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RESUME

Le cancer est l'une des principales causes de decés dans le monde. Malgré les progrés des
thérapies anticancéreuses au cours des dernieres années, la survie médiane des patients atteints
d'un cancer de haut grade est encore tres faible en raison du diagnostic tardif, des métastases, de
la résistance aux médicaments au traitement standard, etc. L'incapacité a developper de nouveaux
candidats médicaments et des thérapies personnalisées pour traiter le cancer et augmenter le taux
de survie a plusieurs raisons, mais l'une des principales raisons est la fiabilité des modeles
précliniques utilises dans le pipeline de développement de médicaments et le traitement du cancer
pour évaluer les réponses aux médicaments et leurs effets secondaires chez I' humain, ce qui
explique en partie pourquoi les candidats médicaments anticancéreux échouent plus qu'ils ne
réussissent a obtenir une approbation clinique. Divers modeéles in vitro ont été développés pour

étudier les traitements contre le cancer.

La culture en monocouches bi-dimensionnelles (2D) utilisant des lignées cellulaires établies sont
les méthodes in vitro les plus courantes et traditionnellement utilisées dans la recherche sur le
cancer et la découverte de médicaments. Cependant, les modéles 2D manquent du
microenvironnement cellulaire natif et in vivo, car les cellules adhérent a la surface de la culture
cellulaire (par exemple, boites de Pétri, flacons) et se développent a plat dans une monocouche
dans des conditions irréalistes et perdent donc certaines de leurs caractéristiques fonctionnelles
naturelles. La maniére naturelle dont les tumeurs se développent in vivo est en trois dimensions
(3D). Par conséquent, le modele le plus réaliste utilise des cellules tumorales de patients qui se
développent en 3D pour imiter le microenvironnement tumoral complexe et physiologiquement
pertinent en raison de la capacité des cellules a former des interactions cellule-cellule et cellule-

microenvironnement dans des structures 3D.

Les sphéroides sont des agrégats de cellules sphériques auto-assemblées qui sont actuellement les
modeles 3D in vitro les plus utilisés dans la recherche préclinique sur le cancer visant a pallier le
pouvoir prédictif insuffisant associé aux modeles 2D traditionnels. Les sphéroides sont connus
pour imiter certaines des caractéristiques tumorales naturelles importantes qui offrent un modéle
in vitro plus fiable et sont des prédicteurs plus fiables des réponses thérapeutiques chez

I'hnumain par rapport aux monocouches 2D. Compte tenu de l'importance cruciale de la
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prédiction précise des réponses tumorales aux agents thérapeutiques pour développer de
nouvelles thérapies anticancéreuses et personnaliser les molécules thérapeutiques existantes, le
manque de controlabilité de la taille, de la forme et de la densité dans les méthodes de culture
sphéroidales conventionnelles est difficile en réduisant la précision et fiabilité des résultats des

tests de dépistage de drogue dans les sphéroides.

Au cours des dernieres années, les plates-formes des puces microfluidiques ont recu une attention
croissante pour produire des sphéroides uniformes dans des conditions plus physiologiques
significatives parmi diverses techniques de production de sphéroides. La plupart des recherches
en microfluidique se concentrent sur la conception de la plateforme, cependant le matériau des
puces microfluidiques et ses propriétés de surface (par exemple, la mouillabilité, la chimie, la
charge et la rugosité) sont aussi importants que la conception pour influencer I’adsorption des
protéines sur la surface et par conséquent réguler I'adhésion cellulaire a la surface qui peut

affecter la formation de sphéroides sur la puce.

Dans cette thése, j'ai congu et fabriqué des puces microfluidiques optimisées pour produire un

modele sphéroide sur puce uniforme et homogeéne vers des tests de médicaments in vitro fiables.

Ici, j'ai évalué I'impact de la modification de surface sur la qualité et la quantité de formation de
sphéroides uniformes sur des puces microfluidiques en PDMS. L'optimisation de surface pour la
lignée cellulaire de cancer du sein MDA-MB-231 a été présentée dans l'article 1 du chapitre 4.
Dans ce travail, j'ai évalué expérimentalement comment la mouillabilité et la microstructure de la
surface peuvent affecter des sphéroides de taille et de forme uniformes sur la méme conception
microfluidique. La surface optimisée peut supprimer efficacement I'adhésion cellulaire a la

surface du PDMS et moduler en conséquence le nombre et les caractéristiques des sphéroides.

Dans l'article 2 présenté au chapitre 5 par modification du design microfluidique, j'ai évalué
I'impact du design avec un traitement de surface optimisé sur la formation de sphéroides. Dans ce
travail, j'ai pu former avec succes des formes reproductibles, compactes, sphériques et des
sphéroides de taille uniforme a partir de diverses lignées de cellules cancéreuses et d'un modele

de co-culture de cellules tumorales et de cellules stromales.

Dans l'article 3 présenté au chapitre 6, le modele sphéroide sur puce développé sur la conception

et la surface optimisées a l'aide de cellules de métastases vertébrales secondaires a des cellules de
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patients atteints de tumeur pulmonaire, de la lignée cellulaire établie A549 de tumeur pulmonaire
et d'un modeéle de co-culture de tumeur pulmonaire les cellules A549 et les cellules stromales les
ostéoblastes Qth212. Des sphéroides homogenes et uniformes se sont formés sur cette plateforme
de biopuces. Les résultats reproductibles des tests de dépistage de drogue confirment que ce
dispositif microfluidique optimisé a le potentiel de servir d'outil in vitro fiable pour le dépistage

de drogue.

En résumé, ce travail met en évidence I'importance de la conception de puces microfluidiques et
des propriétés de la surface en tant que deux paramétres cruciaux dans la production de
sphéroides uniformes et homogenes pour des tests de médicaments reproductibles et répétables

pour de nouvelles thérapies anticancéreuses et la médecine personnalisée.



ABSTRACT

Cancer is among the leading causes of death worldwide. Notwithstanding advancement in cancer
therapies over the past years, median survival of patients with high-grade cancer is still very low
due to late diagnosis, metastasis, drug resistance to standard treatments, etc. Failure to develop
new drug candidates and personalized therapies to treat cancer and enhance patients survival rates
has multiple reasons. However, one of the main reasons is the reliability of pre-clinical models
used in drug development pipeline and cancer therapy to assess drug responses and their side
effects in humans, which explains in part why anticancer drug candidates fail to carry out clinical
approval more than they succeed.

Various in vitro models have been developed to investigate cancer treatments. Two dimensions
(2D) models using established cell lines are the most common and traditionally used in vitro
methods in cancer research and drug discovery. However, 2D models lack the native and in vivo
like cellular microenvironment as cells adhere to the cell culture surface (e.g. petri dishes, flasks)
and grow flat in a monolayer under unrealistic conditions and therefore lose some of their natural
functional characteristics. The natural manner in which tumors grow in vivo is three-dimensional
(3D). Therefore, the most realistic model is using patient tumor cells growing in 3D to mimic the
complex and physiologically relevant tumor microenvironment due to the ability of the cells to
form cell-cell and cell-microenvironment interactions in 3D structures. Spheroids are spherical
self-assembled cells aggregates, which are currently the most widely used 3D in vitro models in
pre-clinical cancer researches aiming to overcome the insufficient predictive power associated
with traditional 2D models. Spheroids are known for mimicking some of the important natural
tumor characteristics, which offer a more reliable in vitro model to predict therapeutic responses
in humans compared to 2D monolayers. Considering the crucial importance of accurate
prediction of tumor responses to therapeutic agents for developing new anti-cancer therapies and
personalize of existing therapeutic molecules, the lack of controllability of the size, shape and
dense in conventional spheroid culture methods is challenging by reducing the precision and

reliability of drug test results in spheroids.

In recent years, microfluidic biochip platforms have received increasing attention to produce

uniform spheroids under more physiologically meaningful conditions among various techniques



to produce spheroids. Most of the researches in microfluidic are focused on the platform’s design.
However, the biochip materials and its surface properties (e.g. wettability, chemistry, charge, and
roughness) are as important as design to influence protein adsorption on the surface and

consequently regulate cell adhesion to the surface, which can affect spheroid formation on-chip.

In this dissertation, | have designed and fabricated an optimized microfluidic biochip to produce

uniform and homogenous spheroid-on-a-chip models toward reliable in vitro drug testing.

Here, | have evaluated the impact of surface modification on the quality and quantity of uniform
spheroid formation on the PDMS microfluidic biochip. Surface optimization for MDA-MB-231
(a breast cancer cell line) has been presented in the article 1 in Chapter 4. In this work, | have
experimentally assessed how surface wettability and microstructure can adjust uniformly sized
and shaped spheroids on-chip. The optimized surface can effectively suppress cell adhesion to the

PDMS surface and accordingly modulate the numbers and characteristics of the spheroids.

In the article 2 presented in Chapter 5 by modification of the microfluidic design, | have assessed
the impact of the design with optimized surface treatment on spheroid formation. In this work, |
have successfully produced reproducible, compact, spherical forms and uniform-sized spheroids

from various cancer cell lines and co-culture models of tumor cells and stromal cells.

In the article 3 presented in Chapter 6 the spheroid-on-a-chip model developed on the optimized
design and surface using cells from spine metastasis secondary to lung tumor patient cells, Lung
tumor established cell line A549 and co-culture model of lung tumor cells A549 and stromal cells
osteoblasts. Homogenous and uniform spheroids formed on this biochip platform. The
reproducible drug test results confirm that this optimized microfluidic device has the potential to

serve as a reliable in vitro tool for drug screening.

In summary, this work highlights the importance of the design and surface properties of
microfluidic biochip platforms as the two crucial parameters in producing uniform and
homogenous spheroids for reproducible and repeatable drug tests for novel anti-cancer therapies

and personalized medicine.
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CHAPTER 1 INTRODUCTION

1.1 Motivation and overview

Cancer is a highly complex disease, which is the second cause of mortality around the world
(around 10 million deaths yearly) [1]. The number of new cancer cases and cancer-related deaths
will project to increase every year due to population growth and aging [2]. Accordingly, cancer
will likely expect to be the first cause of death worldwide in 2060 (~18.63 million deaths) [1, 2].

Although various progress has been made in the prevention and treatment of some of the major
cancers including lung, breast and prostate, these types of cancer are still the most commonly
diagnosed cancers and the leading cause of cancer death [1]. Moreover, continuous increment in
cancer incidence and mortality in every country in the world highlights the crucial need to

advance reliable techniques for early detection and improvement of therapeutic outcomes [1, 3].

Persistent cancer cells are the major cause of non-effective cancer therapies. This subset of tumor
cells survives cancer treatments and will cause the disease recur [4]. Understanding the
mechanisms of persistent cells is critical for developing novel therapeutics for cancer treatments
[4]. The lack of progress in finding effective cancer treatments despite all efforts has complex
reasons, but reflects the reliability and predictive power of preclinical models, which cannot
accurately mimic the biological responses that occur in cancer patients [3]. This can explain in
part why the majority of successful therapeutic candidates in preclinical stages fail when they

reach clinical trials [3, 5].

Conventional two-dimension (2D) cell culture models are the most popular in vitro models which
have provided most of our current understanding about the biological mechanisms in cancer
research [3]. However, the tumor microenvironment is composed of various cell types, extra
cellular matrix (ECM), physicochemical and mechanical cues that are all interacting in a dynamic
three-dimension (3D) environment [3, 6]. Therefore, 2D cultures lack structural architecture
dynamic interactions in the tumor microenvironment and cannot adequately take into account the
in vivo like natural tumor characteristics in which cancer develops and progress [7, 8].
Accordingly, data obtained by 2D culture models cannot be predictive enough for in vivo
responses [9]. For this reason, 3D culture models have been developed with the hope of more

relevantly representing of natural microenvironment of tumors [3, 7].



Among various types of 3D culture models, spheroids which are spherical and compact self-
assembled 3D agglomerates [10, 11] of cells by recapitulating some of the important
complexities of in vivo tumors [11], have been popular for studies involving cancer development
and drug testing. However, controlling the size, shape and compactness level of spheroids, which
is critical to maintain their functions and behaviours [12, 13], is challenging in conventional
spheroid culture methods and this can reduce the precision and reproducibility of their responses
to therapeutics[13]. Advances in microfabrication technologies lead to develop microfluidic
biochip platforms to facilitate production and culture of spheroids [14, 15]. Spheroid-on-a-chip
models offer apparent advantages over traditional spheroid culture techniques (e.g. hanging drop
methods) as they allow for production, maintenance, testing and in situ analysis of spheroids
within the same device under more physiologically relevant condition[14, 16].

Various microfluidic platforms have been developed over the past years for spheroid formation
and culture[14, 16-18]. However, due to the importance of homogeneity of spheroids in their
responses to drug tests, producing uniform and homogenous spheroids still need to be addressed
in microfluidic platforms. [18]. Most of the research groups relied on developing microfluidic
designs to enhance uniform spheroid production [18-21]. However, surface characteristics (e.g.
wettability, chemistry, roughness etc.) have been shown to play a crucial role in affecting cellular
behaviour [22, 23].

The aim of this dissertation work was to enhance uniformity of spheroids on-chip in a repeatable
manner toward reliable drug testing. In this regard, we have implemented a series of surface
modifications to optimize PDMS surface to elevate the quantity and quality of homogenous multi
cellular tumor spheroids. Following, to validate our finding, we have assessed the reputability of
uniform spheroid production from several cancer cell lines and co-culture models on the
optimized surface in a modified design. To reach the main objective, in the last stage of this
work, we have developed spheroids from patient derived cells obtained from biopsy and

conducted drug test assays on-chip.

1.2 Problematic

Several papers have been published demonstrating the need for producing uniform spheroids [18,
19, 24]. In most of them, engineering design of microfluidic platforms have been discussed but



the role of biochip surface properties did not elucidate. On the other hand, there are many
publications highlighting the importance of surface properties of the PDMS in its anti-biofouling
characteristics [22, 25-28]. Nevertheless, to the best of our knowledge, none of the published
works studied the impact of PDMS surface properties on the quality and quantity of spheroid
production on-chip. However, we believe that surface characteristics and the design are the two
main players in altering spheroid formation on-chip. Accordingly, in this dissertation we have
worked on optimizing these two critical parameters (surface and design) to assess if they can alter

spheroid production and to reach our main research objective.

1.3 Research hypotheses and objectives

The aim of this dissertation is to enhance uniform and homogenous spheroid production on
biochips in a reproducible manner for reliable drug assays. In this context, we have studied the
role of two critical factors: surface modification and design adaptation, to reach our main
objective. The work presented in this dissertation has been driven by three specific research

objectives that align with the enclosed articles in Chapters 4, 5 and 6.

The first objective of this work was to understand the correlation between PDMS surface
properties and cell responses to the surface. In the first study, we aimed to determine how surface
modification of PDMS with different materials in various concentrations and different durations
of treatment could alter spheroid formation on the same device. The work conducted to meet this

objective is presented in Chapter 4.

Objective 1: Optimize the PDMS surface ion microfluidic biochips in order to increase cell
repellent properties and enhance cells self-aggregations to form uniform spheroids on

microfluidic biochips in a reproducible manner.

Hypothesis 1: Change in concentration of surface coating materials and their incubation time
with the surface may affect the PDMS surface wettability.

Hypothesis 2: Changing surface wettability of PDMS can modulate cell responses to the surface.



The second objective of this work was to assess if the optimized PDMS surface recognized in the
first study from one cell line can be expandable to various cancer cell lines and co-culture of
tumor and stromal cells, or it has some limitations dependent to the types of cell lines. In this
work, we have also modified the design of microfluidic cell trapping chambers in order to assess
the synchronous impact of design and surface of biochip in spheroid formation. This constitutes

the second objective, which is addressed in Chapter 5.

Objective 2: Optimize PDMS surface and design of microfluidic device for homogenous and
uniform spheroid production on biochip from various cancer cell lines and co-culture of tumor

cells with stromal cells.

Hypothesis 1: Design optimization and surface modification are the two important parameters in
altering the cell orientation in the microfluidic device.

Hypothesis 2: Optimized PDMS surface from the first study can be expandable as an optimal

surface for various cell types and it can effectively decrease cell adhesion to the surface.

The third objective of this work was to get insights into whether the tumor cells obtained from
patient biopsy can form uniform and compact spherical agglomerates on the biochip with the
optimized surface and design. In this study, we aimed to assess the reproducibility of drug
responses on uniform spheroids. Accordingly, a drug response study performed to determine if
the anticancer drug Doxorubicin can reduce the metabolic activity of spheroids and the repeatable
drug responses can be observed. In this work, we also have compared drug resistance in
spheroids from patient cells, monotype cells and hetero-type multi cellular spheroids. The results

were also compared with 2D culture model. This objective is addressed in Chapter 6.

Objective 3: Produce homogenous spheroids from patient cells on optimized biochips for

reproducible drug testing.

Hypothesis 1: The surface and design optimized biochip can be expandable for patient derived

cells to produce uniform spheroids in terms of size, compactness level and spherical shape.

Hypothesis 2: Spheroids from patient cells and co-culture models can better mimic the
complexity of tumor microenvironment and drug resistance when compared with spheroids from

a single tumor cell type.



Hypothesis 3: Reproducible drug responses on biochips can be a hallmark of uniformity and

homogeneity of produced spheroids on biochips.

Moreover, in this work, we have compared three different types of multi cellular spheroids:
patient derived cells, established cancer cell lines, co-culture of tumor, and stromal cells. We
have also assessed comparison between 2D culture and spheroids on-chip in responses to

anticancer agent (Doxorubicin).

1.4 Dissertation outline

This dissertation is composed of nine chapters. Chapter 1 presents introduction, starting with the
motivation and a brief description of the problematic, followed by the research objectives and
hypothesis, and ending by dissertation structure. Chapter 2 starts with a general literature review
entitled “Evolution of biochip technology: A review from lab-on-a-chip to organ-on-a-chip”
which is published in Micromachines journal in 2020, followed by a concise literature review
focused on the subject of this dissertation. Chapter 3 presents the core of the dissertation, and
general methodology used throughout this work. Chapters 4, 5 and 6 present the main findings
as published manuscripts. These manuscripts are incorporated in the dissertation with
modifications in the formatting and represent a copy of the published works. This dissertation
concludes with a general discussion with respect to the reported articles presented in Chapter 7
followed by conclusions and recommendations for future work in Chapter 8. The bibliography
of this dissertation is listed in the references section. Appendices present a short summary of the
preliminary experiments | have done in this PhD work and the results obtained to move in those
research directions, followed by the extra materials presented in the published articles as articles

appendices.



CHAPTER 2 LITTERATURE REVIEW

2.1 Chapter Overview

This chapter includes two main parts: The first part presents the article entitled Evolution of
Biochip Technology: A Review from Lab-on-a-Chip to Organ-on-a-Chip which is published in
Journal Micromachines in 2020. This work is a comprehensive and detailed review of
microfluidic devices evolution. Here, | have reviewed the background of the microfluidic
technology and lab-on-a-chip (LOC) platforms toward their novel applications as

microengineered cell culture platforms and organ-on-a-chip (OOC) devices.

The second part presents a critical review focusing on the topic of this dissertation. In this part, a
brief introduction to cancer and current cancer treatments and modeling is provided. Then, the
advantages and disadvantages of conventional 2D models versus 3D models are briefly
discussed. Next, | have discussed spheroids as the most popular 3D culture models in cancer
research and various methods of spheroid formation briefly reviewed. Following, a brief
discussion has been made on the microfluidic-based spheroid culture platforms and their
advantages over conventional spheroid formation methods. Then, | have discussed the materials
used in fabrication of microfluidic devices for cell culture and the importance of surface
properties in cell responses to the surface. Lastly, the surface modification of PDMS, as the most

popular material used in microfluidic biochip platforms discussed with more details.

2.2 Article: Evolution of biochip technology: A review from lab-on-a-
chip to organ-on-a-chip
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2.2.1 Abstract

Following the advancements in microfluidics and lab-on-a-chip (LOC) technologies, a novel
biomedical application for microfluidic based devices has emerged in recent years and
microengineered cell culture platforms have been created. These micro-devices, known as
organ-on-a-chip (OOC) platforms mimic the in vivo like microenvironment of living organs and
offer more physiologically relevant in vitro models of human organs. Consequently, the concept
of OOC has gained great attention from researchers in the field worldwide to offer powerful
tools for biomedical researches including disease modeling, drug development, etc. This review
highlights the background of biochip development. Herein, we focus on applications of LOC
devices as a versatile tool for POC applications. We also review current progress in OOC
platforms towards body-on-a-chip, and we provide concluding remarks and future perspectives

for OOC platforms for POC applications.

Keywords: organ-on-a-chip; lab-on-a-chip; microfluidics; microengineering; BioMEMS; point-

of-care; personalized medicine
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2.2.2 Introduction

Soon after the development of micro-electro-mechanical systems (MEMS), the potential of these
miniaturized platforms for various applications in life science has been revealed. During the past
few decades, interest in biological or biomedical MEMS (BioMEMS) has been drastically
increased and it has found widespread applications in a various areas of biomedical and life
science including diagnostics, therapeutics, drug delivery, biosensors and tissue engineering [29].
These integrated systems are also known as lab-on-a-chip (LOC) or micro-total analysis systems
(LTAS). Microfluidic based LOC devices have often been notified as a landmark in biomedical
research and life science [30, 31]. However many microfluidic based devices which are currently
categorized under BioMEMS do not have any electrical or mechanical components (e.g., DNA
and protein arrays) [29].

In recent years, microfluidics technology with many advantages including precise control over
the cellular microenvironment in very small volumes [32, 33], merged seamlessly with cell
biology and tissue engineering techniques [3, 34]. This has enabled us to develop novel
microengineered cell culture platforms [34, 35].

OOC platforms which are microfluidic cell culture devices to mimic tissue- and organ-level
physiology [6, 36], have been developed very rapidly in the past few years. These platforms with
great potential to advance our understanding about tissue and organ physiology [37], offer
portable and cost-effective biomedical tools for diseases modeling [38, 39], pharmaceutical
research [40, 41] and personalized medicine [3, 33]. In OOC, the word chip roots from the
original fabrication techniques [34, 42] (e.g., a modified form of photolithography) which have
been used in computer microchips manufacturing [43]. This allows us to control surface feature
shapes and sizes on the nm to um scale [44].

This paper focuses on development of LOC and OOC technologies from their origins. Here, we
briefly describe LOC devices for POC application. We also highlight previous and recent
progress in both areas of LOC and OOC and introduce some of the major pioneers in this market.
Finally, by looking through specifications of LOC and OOC, we discuss future perspectives in
the development of OOC platforms toward user friendly devices for drug discovery and POC

applications.


https://www.powerthesaurus.org/in_the_past_few_decades/synonyms
https://www.powerthesaurus.org/in_the_past_few_decades/synonyms
https://www.sciencedirect.com/topics/chemical-engineering/microfluidics

2.2.3 BIioMEMS

Dating back to the 1950s, new techniques in microfabrication technology developed rapidly when
the planar technologies were introduced into the microelectronics [45, 46]. At the beginning of
the 1980s, with major progress in microelectronic systems and taking the advantages of
miniaturization and parallel manufacturing, the concept of microelectromechanical systems
(MEMS) appeared as the integration of mechanical and electrical functions into a single chip
with small structures for various applications (e.g., biochemical applications and chemical
engineering applications) [30, 45]. Similar microfabrication techniques as those used in
microelectronics to manufacture integrated circuits (IC) in the semiconductor industry, are used
to fabricate MEMS microdevices [29]. Generally, by repeating particular orders of
photolithography, etching techniques and thin-film deposition steps, fabrication of a micro/nano
scale structure on planar substrates is being achieved. Figure 2.1 demonstrates the basics of the
photolithography process. It starts with spinning a photoresist with a certain speed to spread to a
desired plate thickness on the substrate. The next step is to heat up the photoresist to evaporate
any solvents. The photoresist should be then irradiated with UV light while passed through a
photomask. A post exposure bake may be needed to accelerate the curing of the photoresist. For
the positive tone interaction, the areas which are exposed to UV radiation are removed after
development. This is opposite for the negative tone. Interested readers are referred to References

[47-49] for a review of microfabrication and microstructure formation technologies.
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(a) (b) (c)

Figure 2.1 Process of photolithography

(@) Spinning a photoresist to spread and heat up to evaporate any solvents, (b) irradiating
with UV light through a photomask, (c) positive/negative tone. Figure is reproduced from the
Reference [31]

In the past few decades, various techniques to form micro scale structures have been developed.
A brief description on the techniques which are more relevant with BioMEMS and microfluidics
is provided in the following sections. During the 1980s, the total chemical analysis system
concept emerged in analytical chemistry to propose the process of automation in analytical
systems [30]. In the early 1990s, Manz et al. presented the concept of using planar fluidic devices
to handle small volumes of liquid and established the field of miniaturized total chemical analysis
system (UTAS) for this concept [50]. The high speed electrophoretic separation of fluorescent
dyes [51, 52] and amino acids which are fluorescently labelled [53] are the first examples of
microchip analysis, which was developed in the early 1990s. As MEMS based devices have
evolved, the interest in microsystems as new research tools for biomedical applications has
significantly increased and different start-ups were founded to manufacture and take advantage of
these microsystems in the life science field [45]. Due to their small size, capability to work on
short time scale and ability to act under physiologically relevant conditions, MEMS devices
provide the unique opportunity for fabrication of analytical platforms which are particularly
attractive for biological applications [54].

BIoMEMS is a subset of MEMS which has the biological or biomedical applications. These

miniaturized devices use manufacturing techniques inspired from microfabrication technology.



11

Processing, delivery, manipulation and analysis and/or construction of biological or chemical
samples take place in these micro-devices [55]. Interest in BioMEMS applications such as
diagnostics in DNA and protein micro-arrays, microfluidics platforms, pacemakers, biosensors,
drug delivery systems etc. is increasing very rapidly [56, 57]. Stimulating neural implants, retinal
implants for therapy of blind patients and microneedles for vaccination to prevent suffering from
physical pain are some examples of BioMEMS applications [29]. The progress of BioMEMS
technology coupled with the recent advancements in biotechnology (e.g., genomics, proteomics,
tissue engineering), provide exciting opportunities for advancing the applications of BIOMEMS
devices. BIOMEMS for detection (e.g., antibody detection, bacterial detection, viral detection),
analysis (e.g., identification of bacteria and antibiotic susceptibility), diagnostics (e.g., cancer and
autoimmune diseases), monitoring (blood glucose monitoring in diabetics patients), drug delivery
(e.g., administration of antibiotics), cell culture (e.g., OOC platforms) are some of the practical
applications achieved by the advances in microtechnologies [29, 55]. Just like the important role
of microprocessors in the computer revolutions, BioMEMS devices have a significant role in the
future of biomedical science. BioMEMS technology puts together the innovative talents of
physicians, biological scientists, electrical, mechanical, chemical and materials engineers to
develop miniaturized devices with various biomedical applications [3, 42].

Three categories of materials can be used for fabrication of MEMS based devices for biological
applications. The first group includes silicon, glass and other materials that originate in the
electronic industry and have been used in the early MEMS devices [29]. The second group of
materials is plastic and polymers (e.g., polydimethylsiloxane known as PDMS). Polymers due to
their biocompatibility, low thermal and electrical conductivities, low cost, ease of fabrication,
rapid prototyping and ease of surface modification are ideally suited for fabrication of BIoOMEMS
[58-60]. We refer the interested readers to References [61-63] for polymer-based
microfabrication techniques. The third group contains biological materials such as proteins, cells
and tissues which can be used in BioOMEMS devices [6, 64]. However the use of biological
materials is quite new. This category of materials offers many attractive opportunities in
biomedical area (e.qg., tissue engineering, OOC) [3, 43].

BioMEMS and uTAS are subsets of MEMS devices. Even though BioMEMS are more focused

on micro-fabricated devices for biological applications, they have significant overlap with uTAS
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which are basically more dedicated to the integration of the sequence of laboratory steps to
accomplish chemical analysis. Such a small platform may gather the whole laboratory functions
into a chip format. The idea of LOC has been developed after realizing that applications of pTAS
technologies are not just limited to analytical purposes. Accordingly, LOC devices also are a
subset of MEMS. LOC platforms use microfluidics, which is the science of manipulation of
extremely small volumes of liquids. LOCs are integrated microfluidics platforms to perform
multiple laboratory processes into a single chip. In the following section, we will review

microfluidic platforms and their applications in the biomedical field.

2.2.4 Microfluidics

The annual number of new publications on the topic of microfluidics is increasing rapidly and
continuously every year [65]. The investigation of fluid transport in plants is a good bio-
mimicking example for studying of fluid mechanics in micro-channels, [66] on which it focuses
on various specific characteristics of the dynamics of viscous flows in very small capillary tubes.
However, because of the advances in microfabrication methods, the subject has received
immense attention in recent decades [31, 67]. A microfluidic platform consists of micro-scale
fluid handling compartments such as channels, valves, reservoirs, membranes etc. which enable
integrated, automated, parallelized and miniaturized biochemical analysis in a consistent and easy
manner. Microfluidics with its specific characteristics such as small size and laminar flow pattern
offer new abilities in terms of spatiotemporal control of molecules [45, 68, 69], enabling
biomedical devices to decrease the size and increase precise control over the platform. Laminar
flow regime happens at very low fluid speed or low Reynolds-number (Re). The Re number is a
critical dimensionless number in fluidic dynamics which is used to characterize the behaviour of
the fluid in the system [30].The Re number is characterized by the ratio of inertial forces to
viscous forces [32]. Since viscous forces tend to keep fluid steams moving very smoothly over
each other without chaotic mixing, when the viscous forces are dominant (at low Re), a series of
parallel fluid streams appears without mixing between them. This type of fluid flow is known as
laminar flow. However, at high Re, inertial forces are dominant which results in unexpected
movements and chaotic mixing between the fluid streams. This type of fluid flow is known as a

turbulent flow [31, 70]. Figure 2.2 demonstrates the schema of the laminar and turbulent flow.
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Fluids behave in a different way at the microscale than they do at the macroscale. One of the
most important differences between macroscopic and microfluidic systems is the type of flow in
microfluidic systems [71]. Generally, the flow is turbulent at the macroscale (Re > 1000), while
at the microscale laminar flow is dominant. In microfluidics, fluids flow in parallel patterns
without any radial, axial and tangential mixing due to the absence of turbulent vortexes and mass
transfer can only happens through the interface between the molecules of the fluid layers by
diffusion. This type of flow, as mentioned, is known as laminar when the viscous forces are
dominant on inertia forces which are characterized by smooth flow (Re < 1) as oppose to the
characteristics of turbulent flow. Thus, microfluidics provide precise and spatiotemporal control

over the fluid by providing a laminar regime over the system [32].

9 Laminar flow Fluid 1 K Turbulent flow
Fluid 2 Fluid 2
\
=
ﬁ:>l\f1ixed by diffusion
VD
Re = — <2000 Re<4000 10 000
Laminar Transition region Turbulent

Figure 2.2 Laminar versus turbulent flow in the microfluidic channels
Figure is reproduced from Reference [70] and presenting the differences between laminar flow

and turbulent flow in fluidic channels

Surface tension is another important feature in microfluidic systems. The small amount of fluids
in microfluidic systems and big surface to volume ratio will result in insignificant gravitational
and inertial forces and significant surface interactions such as capillary and hydration forces in

these systems. Therefore, surface tension becomes dominant in such systems [71].
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Culture bottles which have been in use since almost 1850 [65] and culture dishes which were
introduces by Petri in 1887 [72] are some of the basic classical liquid handling tools for
biological analysis and diagnostic assays. These traditional liquid handling tools have the
potential of high-throughput sample processing and are easy to handle [3, 65], but lack of
portability, lack of automation and high expenses to have a complex automated laboratory are
some of their disadvantages [65]. Microfluidic devices have advantages to overcome these limits
such as simpler automation, use of less sample volume, portability, simultaneous and parallel
tests, faster analysis, lower cost per assay etc. [45, 70] and compete well against these
conventional tools.

Microfabricated micro-channels have been used by many researchers in this field to accomplish
capillary electrophoresis assays [73], to observe deformation of red blood cell membrane under
hydrodynamic flow [74], in chemical micro-reactors [75], to transport living cells [76] and
micromixers [77], among other applications.

Microfluidics have been raised from different origins of microelectronics, molecular biology, and
chemical analysis [30, 78, 79]. One of the origins of microfluidics is microelectronics where
microfabrication technigues such as photolithography have been shown to be very successful in
microelectronics and MEMS devices. Microfluidics have been developed as a branch of MEMS
devices which are specialized in liquid handling. The initial work in microfluidics has used
silicon and glass as materials and microelectronic manufacturing techniques for the fabrication of
micro-devices. However these materials are favorable when chemical or thermal stability is
required, but neither silicon nor glass has the appropriate requirements such as gas permeability,
full compatibility, and desired wettability for biological assays.

The other contribution to develop microfluidics systems has been raised from molecular biology.
Genomics, Proteomics and other areas related to molecular biology (e.g., high-throughput DNA
sequencing) require more sensitive and high throughput analytical methods. The ancient route of
microfluidics comes from chemical and biochemical analysis. Chemical analysis techniques such
as gas-phase chromatography (GPC), high-pressure liquid chromatography (HPLC) and capillary
electrophoresis (CE) merged with the power of laser in optical detection to achieve sample
analysis in low volume with high sensitivity. However, the number of commercialized

microfluidics platforms in practical applications still is quite low and they have not been widely
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used yet, but microfluidics is very well established in academia for the development of new
methods and various applications in biomedical areas [3, 6].

At the beginning of the 1950s EIlmquvist patented the first practical Reyleigh break-up ink-jet
platform by efforts to distribute very small volume of liquids (nanoliter and picoliter)[80]. This
innovation provided the basis for ink-jet techniques which are already used in printers. Later, in
the year 1979, Terry et al. developed a miniaturized gas analysis platform based on the principles
of gas chromatography (GC), using photolithography and chemical etching techniques on a
silicon (Si) wafer [81]. Manz et al. by using Si-Pyrex technology have developed the first high-
pressure liquid chromatography column device. At the beginning of the 1990s, several
miniaturized microfluidics structures [82, 83] have been developed by the techniques used in the
fabrication of micro-scale structures in silicon [65]. Later, simple and easy to operate
microfluidic devices based on capillary liquid transport have been developed. Test strips for drug
abuse [84], pregnancy tests [85], cardiac markers [86] are among the first few commercial
microfluidic devices which obtained a significant market and still have high sales potential.
Following the efforts towards miniaturization to reduce the time of analysis and to have better
performance, the newly emerging concept of “micro total analysis systems” (WTAS) which later
expanded to “LOC” appeared [50]. In the following section, we discuss about microfluidics

application to develop LOC devices.

2.2.5 Lab-on-a-Chip

Lab-on-a-Chip (LOC) based-devices integrate multiple laboratory functions on a single chip of
only a few square millimeters to a few square centimeters in size. These platforms provide
miniaturized, automated, integrated and parallelized chemical and/or biological analyses [87]
which can offer cheaper, faster, controllable and higher performance of bio-chemical assays at a
very small scale when compared with conventional laboratory tests. These microengineered
devices are capable of handling extremely small fluid volumes down to less than a few picoliters.
[31]. Just a few micro-droplets of whole blood, plasma, saliva, tear, urine or sweat have the
potential to be tested in these miniaturized platforms for medical diagnostics [88]. This last is

highly important in many clinical trials and biomedical research where usually very small
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volumes of patient samples are available. In another side, automation with eliminating the human
interfering parameters can increase the confidence in the analysis [89].

A clear example that demonstrates the principle of LOC is the portable blood test device which
has been developed by the Biosite Company. Just a drop of patient’s blood is required to displace
into the reservoir of the device then the entirety of the assay takes place on a single platform and
the diagnostic can be done in only a few minutes [45].

Other biomedical applications for LOC have been reported, including proteins and DNA
detection [44], hormone detection [90], pathogen detection [91]. In the following section, we

focus on the application of LOC platforms in POC diagnostic devices.

2.2.5.1 Lab-on-a-Chip Devices for Point-of-Care Diagnostics

Point-of-care (POC) diagnostic platforms are small medical devices which provide diagnostic
results quickly in the easiest way [67]. However, these diagnostic procedures can be performed
by healthcare professionals, but working with these devices does not need trained specialists and
the tests can be done by the patient in a range of settings including home, laboratory, hospital or
clinic. Increasingly, the need for the fast diagnostic of acute diseases such as acute myocardial
infarction and for home care testing such as blood glucose monitoring in diabetic patients, has
grown the interest to develop POC systems. The high surface area to volume ratio in microfluidic
systems results in a significant decrease in the time of analysis in LOC for POC testing [92]. This
provides the chance for rapid diagnosis and treatment at the point of care. Moreover, non-expert
users can easily work and obtain the test results with these POC devices.

Lateral flow tests or capillary driven test strips which have been well known since the 1960s [87],
are the major class of POC systems which use a membrane or paper strip to confirm the presence
or absence of a target analyte such as host antibodies. By adding a small volume of sample,
capillary action [65] is induced and the sample moves along the channel passing through the
membrane where immobilized antibodies and labels have been stored. If the targeted particles are
present in the sample, it will bind to the immobilized antibodies and labels and continue to move
along the device. As the sample moves, the binding reagents which are located on the membrane
will attach to the targeted compound at the test line. The test results can be read out qualitatively
where a colored line forms, or quantitatively where the device has been combined with reader
technology to provide results [92, 93].
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These automated and on-site diagnostic devices provide cost-effective, easy to handle and
disposable tools to detect different biomarkers including proteins, nucleic acids, cells and
metabolites such as glucose, urea nitrogen, lactate, etc. [92]. Test strips for detection of infectious
diseases such as pneumonia [94] and influenza [92], also for detection of sexually transmitted
infections like syphilis and HIV [67], are some of the examples of lateral flow tests in POC. In
developing countries, due to the little or no medical infrastructure, the mortality rate from
infectious disease is quite high [95, 96]. Therefore, POC systems by fast detection of infectious

diseases significantly help to increase patient survival rate [44].

The test strips for glucose-level monitoring [97] for glycemic control and the lateral-flow
immunoassay [98] for home pregnancy test are some of the well-established early examples of
POC systems which obtained a remarkable market. Based on the first capillary driven
immunoassay system that was introduced in the later 1970s [65], the over-the-counter pregnancy
test was developed and commercialized in the 1980s [99]. The device consists of a sample inlet, a
sample layer, a conjugate layer, incubation and detection layer, a detection window and an
absorbent layer. When the patient’s sample (urine) is introduced into the sample layer through the
device’s inlet, it moves by capillary forces. In the conjugate layer, where the antibodies have
been stored, binding between antibodies and sample’s antigens (human chorionic gonadotropin or
hCG) takes place. As the sample is transported into the detection layer, this binding reaction
continues. Another type of antibody on the test line catches the particles which are coated with
antigens. There is a third type of antibody on the control line to catch particles which did not bind
to antigens. The presence or absence of hCG (pregnancy hormone) in the sample will be detected
by the detection line, while the control line, which appears on every test, demonstrates that the
test works properly. Within minutes, the result appears in detection window indicating whether or
not hCG hormone has been detected in the sample [65, 100] (Figure 2.3).
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Figure 2.3 Lateral flow assay schematic design

(@) A lateral flow test strip including sample inlet, sample layer, conjugate layer (i.e., reactive
agents and detection molecules), incubation, detection zone and final absorbent layers including
test and control lines (i.e., analyte detection and functionality test), (b) introduction of sample
into the test strip via sample inlet, (c) antibodies conjugated to labeled nanoparticles start to bind
to the analyte, (d) antibodies with antigens bind to the test line and antibodies without antigens

bind to the control line. Reproduced from Reference [65].
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lonic blood chemicals and metabolites can be used as biomarkers to determine various health
conditions such as liver disease, diabetes etc. Glucose monitoring systems for management of
diabetes, have occupied the majority of the biosensor market [101]. Blood glucose monitoring
devices (Figure 2.4) that significantly improve diabetic patients’ lives, also perform on
membranes but its analytical method is different from lateral flow immunoassay as it use signal
amplification by a redox enzyme. Reaction between glucose oxidase in the test strip and the
glucose in the blood will produce an electrical current which determines the concentration of the

glucose in the sample and provides numerical results for readout by the meter [67].

<— Glucose meter

T T

Immobilized enzymes l

<— Replaceable biosensor strip Electrodes ——

———————
L <«— Inlet of blood's droplet Bottom foil _

@) (b)

Figure 2.4 Blood glucose monitoring system
(@) Scheme of a commercial blood glucose test device, (b) different layers of a biosensor test

strip. Reproduced from Reference [102]

POC diagnostic devices have significant impacts in public health of developing countries.
Although, low power consumption, cost-effective analysis, fully-automated test, ability to use
unprocessed specimen (e.g., whole blood), being highly user-friendly, provide interpreted results
quickly and less challenges regarding to transportation and storage are some of the parameters
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which should be given more attention to design of POC devices for resource-limited settings in

the developing world. Table 2.1 provides a list of current microfluidics companies which provide

commercialized LOC-based point of care diagnostic devices.

Table 2.1 List of selected microfluidic companies working to manufacture integrated point-

of-care (POC) diagnostic devices
Adapted from Reference [67]

Materials and

Highlights of Technology

Company Name . Analytes Applications Sample Types  Signal Detection .
Manufacturing Suited for POC
Compact analyzer,
Small o L .
. o Blood chemistries (e.g., injection-molded plastic
Abaxis Plastic disc molecules, . Whole blood Absorbance . .
. metaboliteselectrolytes) discs, no pre-processing of
proteins
sample
Small Sample pre-processing
Advanced Liquid ~ Glass, insulated molecules, HIV/AIDS, lysosomal Whole blood Fluorescence, compact, benchtop
ole bloo
Logic electrodes proteins, storage disease chemiluminescence  analyzer, manipulation of
nucleic acids nano-and micro-droplets
Plastic and Disposable cartridge,
Alere(formerly .
. elastically . o portable analyzer,
inverness Proteins, cells HIV/AIDS, clotting time  Whole blood Fluorescence .
. deformable automated image-based
Medical) . )
materials immune hematology test
o Small Cardiovascular disease, Portable reader, disposable
o Strip with textured Whole blood, ) .
Biosite (Alere) . molecules, drugs of abuse, Fluorescence capillary-driven
microstructures ] ) plasma ) N .
proteins waterborne parasites microfluidic test strips
. . . Disposable cards with
. . Respiratory infections .
. Disposable plastic o . . Whole blood,  Fluorescence (with  benchtop analyzer , on-
Cepheid . Nucleic acids  (bacterial and viral), .
cartridge sputum molecular beacons)  card sample processing
cancer
(sputum)
. Handheld instrument,
. Electrochemical .
Daktari . . . label-free electrochemical
. . Plastic cartridge Cells HIV/AIDS Whole blood (impedance .
Diagnostics sensing of captured cell
spectroscopy)
lysate
Small ~
Diagnostic For b ecul Liver damage from Whole blood, Colorimetri Instrument-free tests based
aper molecules, o . olorimetric Marv-dri
All Protei HIV/AIDS medication urine on paper, capillary-driven
roteins

microfluidics, colorimetric
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readout

Self-contained cards,
Film, epoxy Small o Electrochemical, patterned electrodes for
Epocal (Alere) ) Blood chemistries Whole blood o . .
laminates molecules chemiluminescence sensing, wireless data
transmission
. Nasal and .
Plastic . . . Portable detector, discs
Focus Dx (Quest) Nucleic acids Flu, intestinal pathogens  pharyngeal Fluorescence . .
(polypropylene) with on-board extraction
swabs
Disposable cards with
. Bacterial infections and . . integrated heating,
Disposable o . Vaginal, rectal, Fluorescence (with .
HandyLab (BD) . Nucleic acids drug susceptibility detection, sample
cartridges . nasal swabs  molecular beacons) o
testing processing in a portable
instrument
. . o Electrochemical Portable analyzer,
. Plastic cartridge Blood chemistries, . . .
i-STAT Corp o Small . . Whole blood, (potentiometry, capillary-driven
with silicon coagulation, cardiac . . o o
(Abbott) . . molecules urine amperometry, microfluidics, thin-film
microchip markers . .
conductivity) electrodes for detection
. . . Disposable cartridges
. . . Malaria, shiga toxin- L
. . Plastic, laminates, Proteins, . . Whole blood, Absorbance, composed of thin-film
Micronics (Sony) o producing E-coli, ABO . . L
paper nucleic acids . stool colorimetry laminates and injection-
blood typing )
molding
Nucleic acids, . Handheld reader with self-
. Optical (frustrated . .
. . ) small Cardiac damage, drugs ~ Whole blood, ) concentration of magnetic
Philips Plastic cartridge . total internal . .
molecules, of abuse, hormones saliva nanoparticles for rapid
. reflectance) )
proteins analysis
Portable osmolarity reader
Small Dry eye disease (tear with disposable cards;
ma
TearLab Polycarbonate osmolarity), ocular Tear Electrochemical
molecules

allergy (IgE antibodies)

capillary-driven flow, gold
electrodes for detection,

resultsin5s

Increasing the interests towards microfluidics and its applications in biomedical areas in the last
two decades led to the emergence of novel fabrication technology using biocompatible polymers

for biological applications [3, 42]. The incorporation of microfluidics with MEMS manufacturing
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techniques has provided the possibility of producing delicate molds for casting microfluidic
patterns by use of a biocompatible polymer such as PDMS. PDMS has unique properties
including gas permeability, biocompatibility, optical transparency, elasticity, low cost and ease of
microfabrication with soft lithography technique [3, 6]. These advancements in microengineering
have led to innovate new generation of cell culture platforms known as OOC. In the following

section, we highlight current achievements in this field.

2.2.6 Organ-on-a-Chip

As mentioned above, microfluidic cell culture platforms by providing a dynamic physiological
microenvironment for cells and precise control over small amount of sample, offer unique
advantages over traditional cell culture techniques (e.g., culture in Petri dishes) and static 3D cell
culture models (e.g., scaffold techniques and scaffold free techniques). The majority of research
relies on monoculture cell signaling and cell-cell interactions in two dimensions. However,
cellular interactions in three dimensions at the tissue and organ levels have significant impacts in
cellular responses to environmental cues [34, 103]. Conventional 2D cell-cultures are not able to
mimic the 3D structure, mechanical properties and biochemical microenvironment that cells
experience in a living organ [34, 104]. Various static 3D cell-culture models (e.g., bioreactors,
spheroid and gel based cell culture techniques) were developed over 50 years ago to overcome
the limitations related to 2D cell-culture [3]. Compared with conventional 2D models, 3D cell
culture models better simulate the 3D microenvironment that cells normally experience in vivo
and advanced our understanding of the cell behaviour in better bio-mimicking tissue models [38].
On the other hand, microfluidic cell culture platforms provide better mimicking of a more
sophisticated manner of cell culture and analysis at the microscale [105]. As compared to static
cell culture models, microfluidic cell culture platforms are able to emulate the dynamic
microenvironment for the cells when macroscopic cell culture models fail to reproduce the
microenvironment of the cells as it is in vivo. Microfluidic cell culture based platforms offer the
possibility of creating biochemical gradients of metabolites, soluble factors, cytokines and other
molecules in the cellular microenvironment [3]. The specific characteristics of microfluidic
systems, such as the laminar flow pattern, can provide sustained biochemical gradients. For

instance, Han et al. developed an in-vivo like inflammatory model in a microfluidic platform to
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characterize neutrophil migration behaviour influenced by a gradient of two chemoattractants.

This study showed that neutrophils demonstrate different responses to the chemoattractants [106].

With other unique benefits such as decrease in reagent consumption, smaller volume of samples,

decrease the risk of contamination, and reproducibility, microfluidic based culture models offer

unique in vitro platforms for high throughput cell culture assays [107]. Table 2.2 illustrates an

overview of the significant advantages of microfluidic cell culture versus macroscopic cell

culture models (e.g., 2D cell culture and static 3D cell culture models).

Table 2.2 A comparison between the advantages and disadvantages of macroscopic cell

culture models and microfluidic cell culture platforms

Cell Culture
Methods

Advantages

Disadvantages

2D cell culture

Well established Methods
Easy to work
Cost effective

Lack of 3D environment for cell-cell and cell-
ECM interactions

Uniform concentration of nutrients and drugs
Fail to produce dynamic microenvironment

Not enough biological relevant model

3D cell culture

models

Provide 3D environment for cell-
cell and cell-ECM interactions
Present of soluble gradient
(nutrients and drugs)

Provide more physiologically
relevant model for drug testing

Extra expenses

Fail to produce dynamic microenvironment
Lack of fluid flow perfusion

Expensive

Challenges in microscopy and measurement

Microfluidic cell

culture platforms

Precise control over cellular
microenvironment

Diffusion gradient of nutrients and
drugs

Ability to provide fluid flow
Produce in-vivo like and dynamic
environment

Cost-effective(less reagents
consumption)

Less sample needed (advantage for
personalized medicine)

Provide fast test results

Possibility of merging with

Non-standard protocols

Expenses and difficulties associated with
fabrication

Bubble formation in channels

Channel clogging by cells

Complex design and manufacturing process
and challenges associated with operational

control
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mechanical stimulus and sensors
= Real-time and on-chip analysis

= Custom made device

OOC platforms are new generation of 3D cell culture models that better emulate the dynamic,
physicochemical, biochemical and microarchitecture properties of the microenvironment of
living organs. These microfluidic cell culture platforms recapitulate the cellular
microenvironment, tissue—tissue and cell—cell interface interactions, spatiotemporal, biochemical
gradients and biomechanical properties of a whole living organ with the aim of mimicking the
smallest functional unit of an organ.

Figure 2.5 represents the general process to fabricate a microfluidic OOC platform. The
principles to manufacture OOC based platforms are almost similar. Basically, after considering
various parameters to emulate the specifications of a specific organ, the desired design would be
drawn with a design and drafting software (e.g., AutoCAD, CATIA). Later, an appropriate
microfabrication technique (e.g., photolithography, stereolithography, soft lithography etc.)
according to the aims of the device will be used to fabricate the device. Cell culture or tissue
culture will be performed on the biochip in order to mimic the functionality of a specific organ

and to perform biochemical or biophysical assays and drug testing.

Evaluate parametersto Drow desired a Cl:gorsizte Cell culture or
emulate the specifications design by the appropriate tissue culture on
microfabrication o
of an organ software . biochip
technique

Figure 2.5 General process to fabricate a microfluidic OOC platform

Design, microfabrication, tissue culture and biological assays are the main steps to develop an

OOC microfluidic platform for biological or pharmaceutical tests

In the following section, we highlight the current advancements in OOC platforms.

2.2.6.1 Current Organ-on-a-Chip Platforms

2.2.6.1.1 Lung
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Gas exchange between air and blood takes place in the pulmonary system which has a complex
structure. A bio-mimicking in vitro model of the lung is critical to model lung diseases (e.g.,
infectious diseases), drug development and toxicity tests. The most specific characteristic of the
lung is its dynamic and periodic mechanical motion. In the pioneering work by Huh et al. [38],
the first breathing lung-on-a-chip model has been introduced. In this biomimetic microdevice, the
critical functional unit of the living lung (alveolar-capillary interface) has been constructed. To
mimic the effect of breathing, this breathing lung-on-a-chip model used a lateral vacuum to apply
cyclic stretching motion on a thin porous flexible PDMS membrane which acts as the interface
between pulmonary microvascular ECs and alveolar epithelial cells (Figure 2.6). This model has
been used to test immune responses to pulmonary infection and the response to nanoparticles.
Interestingly, the periodic mechanical motions influenced the experimental data. This highlights
the importance of physiologically relevant in vitro platforms to model human diseases and drug
testing.

Douville et al. [108] developed an alveolar model. In this platform, alveolar epithelial cells were
influenced by two different physiological conditions: the combination of solid mechanical
stresses and surface-tension stresses, and exclusively cyclic stretch. The impact of fluid-filled
alveolar cavities (e.g., in pneumonia) in alveolar epithelial cell death has been studied. The
results demonstrated that cell detachment and cell death increased when cells experienced a
combination of fluid and solid mechanical stresses.

Stucki et al. [109] presented a lung-on-a-chip model by the construction of an alveolar barrier in
respiratory dynamics. A patient derived bronchial epithelial cell line demonstrated how
mechanical stretch influenced epithelial barrier permeability. This model also showed that cell
culture improved in the in vivo like dynamic model compared to a static one.

Recently, Jain et al. [110] developed a therapeutic model of microfluidic lung-on-a-chip for
intravascular thrombosis in lung alveolus. Antagonist to protease-activated receptor-1 has been
tested in this platform. This platform offers the potential to mimic pulmonary thrombosis
pathophysiology towards antithrombotic drug development.

Benam et al. developed a small airway-on-a-chip model. This model has an air channel on top

and a fluid flow channel on the bottom, between which a mucociliary bronchiolar epithelium
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layer has been placed. Asthma has been mimicked in vitro by exposing the epithelium to
interleukin-13 (1L-13). This model was able to recapitulate in vivo like responses to therapeutics.

The global public health crisis linked to the 2019 novel Coronavirus (SARS-CoV-2 or COVID-
19) pandemic and its socio-economic disaster [111] brings so much attention to the OOC
community regarding the crucial importance of developing reliable models of lung-on-a-chip
platforms for disease modeling and drug development purposes to tackle the continuous
spreading of COVID-19 and other human respiratory viral infections. In the recent work by Si et
al. [112] a human lung airway biochip was developed and lined by human lung airway epithelial
cells and pulmonary microvascular endothelial cells. To investigate the potential of this lung-
airway-on-a-chip to mimic lung physiology and pathophysiology, seven anti-viral therapeutics
have been tested on this platform. This study demonstrated that OOC models are promising in

vitro tools to emulate human lung responses to respiratory infections.

Side chamber to apply

vacuum
Mechanical stretch

Side chamber to apply PDMS layer covered with alvealar
vacuum epithelium and microvascular
endothelium

Figure 2.6 Schematic design of the microengineered lung-on-chip model

An alveolar-capillary interface constructed on a flexible and porous PDMS membrane. By
applying vacuum to the side chambers, a mechanical stretch has been created on the alveolar-
capillary barrier to mimic a human breathing lung. Figure is reproduced from Reference [38].

2.2.6.1.2 Cardiovascular
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Multiple design factors need to be considered to mimic the cardiovascular physiological
microenvironment. Cardiac muscle tissue consists of organized cardiac muscle cells (or
myocardium) and fibroblasts. Blood vessels also have complex structures including smooth
muscle cells, endothelial cells and blood flow which result in fluid shear and vessel deformations.
Microfluidic platforms are able to apply defined shear profiles into the cells cultured in the
system. In addition, microfluidic platforms can take advantages of using syringe pumps and on-
chip valves [113] or Braille display devices [114] to move fluid flow over the cultured cells to
create more a physiologically relevant in vivo like blood vessel microenvironment.
Cardiovascular diseases are one of the leading causes of death worldwide [115] Therefore, new
drugs and therapies to treat or prevent cardiovascular diseases are urgently needed. Moreover,
many drugs to treat other diseases have adverse side effects on the cardiovascular system [115,
116] which highlights the importance of in vitro models of the cardiovascular system for drug
testing.

Au et al. [117] developed a polystyrene cell culture chip with microgrooves. Electrical
stimulation applied and mutation and elongation of neonatal rat cardiomyocytes augmented to
form gap junctions. Marsano et al. [118] fabricated a three-dimensional beating cardio tissue on a
microfluidic chip (Figure 2.7). Mechanical stimuli which have been applied on the platform
during the culture ended up with better cell maturation and augmented the electrical and
mechanical coupling. Various concentrations of isoprenaline have been tested on this device
which highlights the application of this heart-on-a-chip model in drug discovery and toxicology

tests.
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Figure 2.7 Schematic design of the heart-on-a-chip platform

This includes two microchambers which are divided by a PDMS membrane. The top chamber is
subdivided into a central channel to grow 3D cell culture, and two side channels to refill culture
media. The cardiac muscle’s contraction and relaxation mimicked through deformation of PDMS
membrane by applying pressure on the bottom channel. Figure is reproduced from Reference
[118].

A mussel-inspired microfluidic chip was fabricated by Ahn et al. [119] to test cardiac
contractility. Gelatins as an extracellular matrix as well as silver nanoparticles and titanium oxide
have been used to fabrication of this three-dimension chip. In vitro contractile effects can be
measured on this biomimetic analytical platform by cardiotoxicity of nanoparticles that affect
calcium signal to sarcomere.

Lind et al. [120] used 3D printing to develop a cardiac tissue on a chip for drug testing
applications. Xiao et al. [121] developed a microfabricated bioreactor to incorporate aspects of
perfusion into the cardiac tissue model. Polytetrafluoroethylene (PTFE) tubing template, covered
with neonatal rat cardiomyocytes (CMs) and human ESC derived CMs was used to create this
perfusable 3D microtissue (which is called Biowire). This platform has been used for drug
testing. Another cardiac model was developed by Ren et al. [122] to mimic hypoxia-induced
myocardial injury. This microfluidic platform emulates the interface between cardiac tissue and
blood vessels. By using the specific oxygen consumer blocking agent in the channels, hypoxic
conditions were created. This resulted in morphological changes (e.g., cell shrinkage) and signs
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of apoptosis. Finally, Guenther et al. [123] fabricated an artery-on-a-chip platform to study the
physiological response of the small blood vessel. In this microfluidic platform, small blood
vessels have been placed within the channel, and then negative pressure to specific regions
applied to clamp them in place. Various concentrations of biochemical solutions can be perfused
in the channel. This platform mimics the complexity of the physiological structure of the blood

vessels.

2.2.6.1.3 Brain

The brain is one of the most sophisticated organs which comprises of a wide variety of cells.
Human brain genetics and functions are significantly different than animals. Therefore, animal
models only can give us a basic understanding of the brain functions and diseases [124].
Microfluidic brain-on-a-chip models have been developed to better mimic in vivo conditions
including chemical, electrical and physical conditions of the human brain [3, 125]. Here, we
briefly review the current developments of microfluidic brain models.

Owing to the importance of axons in neurodegenerative disease, some researchers only focused
on neuronal axons. A microfluidic platform has been developed by Taylor et al. for high-
resolution axonal transport. Isolation and monitoring of axonal mitochondria and axonal growth
have occurred in this platform [126]. A circular microfluidic chip presented by Park et al. [127]
in which the soma compartment was located in the center with sealed microgrooves divided from
the axonal compartment. A straight pathway for axonal growth resulted from these microgrooves.
An image processing method to quantify the axonal growth has been developed by these
researchers to address the issue of invasive sampling to characterize the growth of axons. Effects
of various extracellular matrix (ECM) components (e.g., matrigel, collagen, laminin and etc.)
have been assessed on axons growth and soma compartments separately. Based on which parts of
the neurons are exposed to these biomolecules, they have different effect on axon growth.

A multilayer microfluidic platform fabricated has been developed by Park et al. [128] to mimic in
vivo brain microenvironement for neurodegenerative diseases and high-throughput drug testing.
The pluripotent human cells were grown on a chip to incorporate the blood-brain barrier. The
cellular interactions between human fetal neural progenitor cells and the mature model have been
assessed in this platform. By using an osmotic micropump, the effect of flow on
neurodevelopment has been investigated. Kunze et al. [129] developed a microfluidic platform
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for neural cell culture to construct neural layers and 3D architecture. They described agarose—
alginate mixtures which build multilayered scaffolds with layers of embedded primary cortical
neurons apart from cell-free layers. To form concentration gradients, B27 supplementation has
been delivered. This 3D scaffold based microdevice has the potential to be used for in vitro
studies and drug testing.

A silicone elastomer brain-on-a-chip in vitro model was presented by Kilic et al. [130].
Neurospheroids were cultured on a microfluidic chip with flow control. Complex neural network
and neural differentiation occurred on the platform by changing the flow. Toxic effects of
amyloid-B in two different conditions (with and without flow) have been assessed in the system.
The results showed that neurospheroids develop better in the dynamic conditions. Dauth et al.
fabricated a multiregional brain-on-a-chip model [131]. Particular disease models can be
developed on this platform. A decrease of firing activity and change in the amounts of astrocytes
and particular neuronal cell types in comparison with separately cultured neurons was noticed in
their research. The effects of phencyclidine (known as angel dust) which is a mind-altering drug
have been investigated in this platform as well.

Magnetic hyperthermia therapy attracted researchers’ attention in cancer therapy due to the
generation of local heat to minimize damage to healthy cells nearby and optimize the treatment.
Recently, a microfluidic based brain tumor-on-a-chip model was developed by Mimani et al.
[132] to access the therapeutic effect of magnetic hyperthermia on the chip. A 3D cell culture of
glioblastoma has been cultivated in the central zone of the microfluidic channel. Cell viability
after exposure to magnetic hyperthermia therapy has been studied on the device. Results of
fluorescence imaging have demonstrated that cell viability decreased by 100% after 30 min of
exposure to magnetic hyperthermia therapy. However, tumor vasculature is absent in this model;
the results of this study showed that this brain tumor OOC model has great potential to emulate

the characteristics of glioblastoma brain tumor in vitro (Figure 2.8).
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Figure 2.8 Schematic of Brain tumor-on-a-chip model

This model was developed by Mimani et al. to access magnetic hyperthermia therapy on-a-
chip. This chip was formed by a central and an external compartment separated by a porous
interface. Magnetic nanoparticles through the central microfluidic channel were introduced
to central region of the chip which tumor cells have been cultivated in the 3D model. Then,
through an alternating magnetic field, magnetic energy transforms to thermal energy and

produce heat. Image reproduced from Reference [132].

2.2.6.1.4 Liver

The liver with its crucial functions such as metabolization, detoxification of blood from various
metabolites and production of biomolecules for digestion, is one of the most vital organs. Since
toxicity of the liver is one of the main causes of drug failure, an in vitro model of the liver that
can mimic the in vivo like microarchitecture of the liver is crucial in drug development processes.
Hepatic lobule (which is comprised of sinusoids and blood vessels lined with endothelial cells) is
the functional unit of the liver [133]. Since the perfusion of fluid is the main characteristic of the
liver, microfluidic cell culture platforms must provide perfusion conditions that better emulate
liver function in vitro when compared to conventional cell culture models [134].

Powers et al. [135] developed a liver-on-chip model which had a silicon sheet scaffold with an
array of channels which were separated by a microporous filter to provide upper and lower
chambers for perfusion of the culture medium. They observed morphogenesis of 3D tissue

structures under continuous flow perfusion in this platform. Lee et al. [136] presented a
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microfluidic liver-on-a-chip platform to assess hepatocytes interactions and hepatic stellate cells
in 3D culture model. This platform was able to provide the continuous perfusion of culture
medium to the cells through an osmotic pump without the need for an external power source.
They developed monoculture and co-culture of hepatocytes and hepatic stellate cells and
investigated cellular interactions with or without flow.

Lee et al.[137] introduced an artificial microfluidic liver sinusoid on a chip by packing a high
density of hepatocytes into a microchannel. This platform recapitulates the transport phenomena
in sinusoid in which sinusoidal endothelial cells facilitate blood and plasma transport to the
hepatic cords. Transport properties of the sinusoid (e.g., continuous nutrient exchange and cell-
cell interactions) were maintained in this platform to give the possibility to primary rat and
human hepatocytes to stay viable for a period over 7 days. By using a liver toxicant,
hepatotoxicity has been assessed in this liver sinusoid on chip platform.

Bavli et al. [138] developed an integrated microfluidic liver-on-a-chip platform to monitor
metabolic activities (e.g., glucose uptake, lactate production and oxygen uptake) in vitro. Khetani
et al. [139] introduced a model in which hepatocytes and 3T3 fibroblasts were cultured on a
micropatterned collagen in 24-well plates. Cho et al. [140] presented microfabrication and
micropatterning techniques to create layered hepatocytes on micropatterned fibroblast feeder
layers. This platform has been used to assess cellular interactions in the co-culture model of
hepatocytes and 3T3-J2 fibroblasts.

In the liver-on-a-chip model presented by Delalat et al. [141], a 3D cellular microstructure was
developed to mimic the hepatic sinusoid for screening the drug cytotoxicity. Furthermore, some
other liver-on-a-chip platforms have been developed for in vitro modeling of liver injury and
disease [142, 143].

Recently, Kamei et al. [144] introduced a simple 3D liver-on-a-chip model with mature
hepatocyte-like cells which have been differentiated from human pluripotent stem cells (hPSCs).
In this study, a microfluidic cell culture platform was used for the hepatocyte-like cells
maturation. This platform can be served in drug testing and chemical-safety assays.

2.2.6.1.5 Kidney

The Kidney is one of the most sophisticated organs to mimic since it is comprised of several

tissues. The kidney is known as a vital organ for its crucial functions including filtration of blood,



33

toxin removal and maintenance of electrolyte balance. One of the most reported adverse effects
during the drug development process is the toxicity of the kidney. The first model of toxicity was
a study on a kidney-on-a-chip microdevice reported by Jang et al. [145]. In this model, primary
kidney proximal tubular epithelial cells have been cultured on a microfluidic device under
perfusion. Fluidic flow emulates the key characteristic of the human kidney proximal tubule.
Reabsorption of glucose, transport of albumin and alkaline phosphatase activity have been
studied in this microfluidic kidney-on-a-chip model.

According to the importance of glomerulus which is critical in blood filtration, Musah et al. [146]
developed a kidney-glomerulus-on-a-chip model. In this platform, human induced pluripotent
stem cells differentiated into podocytes which are the cells that regulate selective permeability in
glomerulus. Glomerular basement-membrane collagen to provide tissue—tissue interactions with
glomerular endothelial cells have been generated in vitro. Adriamycin-induced albuminuria and
podocyte injury have been emulated via this glomerulus-on-a-chip model.

A glomerulus-on-a-chip microfluidic platform developed by Zhou et al. [147] emulated the
vascular and epithelial interface between podocytes and endothelial cells in the kidney
glomerulus. To mimic the glomerular microenvironment in vitro, perfusion of fluid flow and
mechanical forces have been applied in this microdevice. This study demonstrated the importance
of shear stress and hydrodynamic pressure in cellular cytoskeletal rearrangement and cellular
damage to emulate kidney disease such as hypertensive nephropathy.

Recently, a virus-induced kidney disease model was fabricated by Wang et al. [148] by
developing a three-layer microfluidic platform. This distal tubule-on-a-chip model was presented
to investigate the pathogenesis of virus induced renal dysfunction in regulation of electrolyte.

A review published by Wilmer et al. [149] focuses on development of kidney-on-a-chip
technology to mimic the structural and functional properties of the human kidney for prediction

of drug-induced kidney injury.

2.2.6.1.6 Gut

Human in vitro models of the intestine are very important in pharmacokinetics studies.
Conventional in vitro models fail to recapitulate physiological microenvironment (e.g., cyclic
peristaltic motion) of the human gut. Therefore, microfluidic platforms provide a powerful in

vitro model of intestine to mimic in vivo like microenvironment for drug testing.
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A microfluidic device consisting of two lumens which have been separated by a porous
membrane was developed by Kimura et al. [150]. A stirring pump was integrated to the platform
to control the fluid flow in the system and to create a dynamic environment for the cells. Caco-2
cells have been cultured in the system for over 30 days and Rhodamine 123 was added into the
system to investigate the cells permeability.

The microfluidic gut-on-a-chip model developed by Kim et al. [151] provides in vivo like
peristaltic movements and fluid dynamics were applied on the system to induce intestinal
epithelial cells to undergo multiple intestinal cell types differentiation. The 3D structures and
complex physiological functions of the human intestine can be recapitulated in this platform. An
intestinal inflammation model was developed on a gut-on-a-chip platform presented by the same
group. The platform can be used for the pathophysiological study of human intestinal
inflammation produced by overgrowth of bacteria [152].

Recently, a gut-on-a-chip model was developed by Shin et al. [153], which provides mechanical
movements and perfusion of fluid flow in the system to investigate the role of physical stimulus
on intestinal morphogenesis. Human intestinal Caco-2 and primary intestinal epithelial cells have
successfully been cultured in this gut-on-a-chip model. Other cell types such as mesenchymal
cells can be incorporated to this system to investigate how they can contribute to intestinal
morphogenesis. The 3D morphology which was observed in this model, matches perfectly with
the related computational simulations.

2.2.6.1.7 Skin

The skin is considered as the largest organ with several specific functions including regulation of
body temperature, prevention of dehydration and acting as the first protection shield to protect
other organs against environmental stressors (biological, physical and chemical). For toxicology
testing of new compounds, physiologically relevant skin models are of crucial importance for
pharmaceutical, chemical and cosmetic industries to identify potential hazards on the skin [154].
In this section, we highlight the current developments on skin-on-a-chip models. One of the key
features to develop biomimetic skin models is to simulate vasculature and blood circulation in
vitro. Thus, the combination of tissue engineering with microfluidic technology by providing the
possibility of media perfusion is expected to reconstitute more relevant skin models and provide

valuable evaluation of drug tests [155].
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Wagner et al. [156] developed a microfluidic platform integrated with a peristaltic micropump for
co-cultures of human artificial liver microtissues and skin biopsies. In long-term (14 days)
exposure to fluid flow, crosstalk in the co-culture has been observed. In this platform, tissue
sensitivity by exposure to troglitazone, a pharmaceutical substance, has been investigated. In
vitro skin models which consist of dermal and epidermal layers are more physiologically relevant
when compared to single epidermal layer models. A skin-on-a-chip platform designed by Abaci
et al. [157] had a specific capability of recirculating the media without the need for pumps or
external tubing at favorable flow rates. Physiological residence time of blood in the skin tissue
has been established in this platform to provide relevant concentration of drugs in the blood. This
platform is used for toxicity drug testing.

The incorporation of biosensors with biochips provides in situ and real-time monitoring of skin
tissue responses to the test item. A sophisticated skin-on-a-chip platform integrated with a sensor
was developed by Alexander et al. [158] for monitoring the transepithelial electrical resistance of
recreated human epidermis. Metabolic parameters and change of skin tissue over time have been
monitored in this platform. Recently, Kwak et al. [159] fabricated a skin-on-a-chip microfluidic
platform in which epidermal and dermal layers were co-cultured with human umbilical vascular
endothelial cells. Immune responses such as an increase in secretion of cytokines and migration
of neutrophils into the demal layer after exposure to Doxorubicin and UV irradiation have been
observed.

A three-layer PDMS microfluidic skin-on-a-chip device with two porous membranes was
fabricated by Wufuer et al. [160] In this model, a co-culture of human skin cells (epidermal,
dermal and endothelial layers) has been developed. Separate microfluidic channels in this system
provide the possibility of perfusion of various kinds of media with different flow rates. By
perfusion of tumor necrosis factor alpha into the channels, skin inflammation and edema have
been mimicked in this system. Drug toxicity testing by studding dexamethasone’s effect on
reducing inflammation and edema has been performed in this model. Although this dynamic and
multilayer co-culture platform lacks the 3D microenvironment of the skin.

Lee et al. [161] developed a skin-on-a-chip model based on 3D co-culture. In their design, dermal
primary fibroblasts have been embedded in hydrogel to provide a 3D dermal layer. Then, on top

of the collagen-fibroblast layer, primary keratinocytes have been cultured to represent the
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epidermal layer. Endothelial cell-coated microfluidic channels have maintained the growth and
differentiation of skin cells in this biochip. Cell culture experiments combined with mathematical
modeling have demonstrated that perfusion through a microfluidic network maintains the long-
term culture of skin cells for up to two weeks. A skin-on-a-chip platform has been presented by
Jusoh et al. [162] to mimic the effect of skin irritants on angiogenesis. In this model, irritated
keratinocytes biochemically stimulate vascular endothelial growth factors. Autocrine and
paracrine interactions between dermal fibroblasts and keratinocytes increase angiogenic sprouting
in this model. The effect of the sodium lauryl sulphate (a well-known chemical irritant) and
steartrimonium chloride (which is known as a non-irritant compound) has been studied in this
platform.

More recently, a simplified gelatin-based skin-on-a-chip model has been developed by
Jahanshahi et al. [154] for studying wound infection, skin’s pro-inflammatory response and drug
screening. In this platform, keratinocytes have been cultured on the microchannels which have
been embedded in a gelatin matrix. After long term (6 weeks) culture, a multilayer structure of
epidermis layer was formed. However this model lacked the presence of other cell types (e.g.,
fibroblasts). It is still a functional model to study the skin’s pro-inflammatory responses to
bacterial infection and drug testing.

As briefly reviewed here, in the past few years, various skin-on-a-chip models have been
fabricated. However, to develop more reliable skin models to mimic the complexity of 3D
architecture of human skin, the presence of vascular network and immune cells is crucial for

toxicology tests and study skin diseases.

2.2.6.2 Body-on-a-Chip

Multi-OOC platforms or body-on-a-chip platforms refer to in vitro models which emulate
interactions between two or multiple human organs within a microfluidic system. These complex
microfluidic platforms can be used to emulate interactions among diverse organs for drug
discovery, toxicity tests etc. [163]. There are some biological challenges such as creating a
suitable media for all cell types, appropriate scaling of organs, immune responses in the system
etc. that need to be considered in multi-OOC platforms. Moreover, technical challenges including
avoiding bubble formation in these complex systems, maintaining long term sterility, optimizing

the physiological parameters for different organs etc. need to be addressed in these sophisticated
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microdevices. References [163, 164] highlight the critical design parameters for biomimetic
multi-OOC platforms to develop physiologically based pharmacokinetics (PBPK) and
pharmacodynamics (PD) models which have the potential to be used in the pharmaceutical
industry.

Since liver and kidney are the two crucial organs in metabolism and excretion of drugs, a liver—
kidney co-culture model [165] was developed on a microfluidic platform to investigate
metabolism changes under drug components. HepG2/C3A cells co-cultured with kidney cells for
toxicity test of a variety of molecules. This platform can be used in pharmaceutical and
environmental toxicology testing. A liver-kidney model has been presented by Choucha-Snouber
et al. to investigate the toxicology of an anticancer agent (Ifosfamide). By comparing the results
of the liver—kidney co-culture with the kidney monoculture biochip, this study highlights the
importance of multi-organ microfluidic in vitro models in toxicity tests and drug testing.

An integrated liver—heart—vascular microdevice developed by Vunjak-Novakovic et al. [166]
incorporated liver, cardiac and blood vessel cells in a microfluidic platform which potentially can
be used in toxicity tests of cardiovascular drug components.

In another interesting study which was presented by Maschmeyer at al. [167] Troglitazone, an
antihyperglycemic and anti-inflammatory drug which was withdrawn from the market because of
its toxicity effects on liver, has been tested on microfluidic platforms. The liver toxicity was
observed in response to Troglitazone on two separate microfluidic co-culture platforms (liver-
intestine and liver-skin) which highlights the efficacy of in vitro multi-OOC models in drug
testing.

A microfluidic liver-intestine model introduced by Bricks et al. [168] demonstrates the critical
role of intestine in oral medications absorption and excretion. This model emulates the
interactions between HepG2 C3A cell lines and intestinal Caco-2 TC7 cell lines to assess
intestinal absorption and liver metabolism of drug components. They studied the interactions
between liver an intestine cells in a conventional co-culture model and a microfluidic co-culture
biochip. The results demonstrated that the functionality of the liver in microfluidic biochip
increased when compared with conventional models. Moreover, drug metabolism was elevated in
the biochip co-culture platform when compared to co-culture in Petri dishes and with

monoculture on a microfluidic platform.
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A four-OOC model was presented by Maschemeyer et al. [169] to study absorption, distribution,
metabolism and excretion in co-culture model of intestine, liver, skin and kidney. Other multi-
OOC platforms have been reported by several research groups word wide including liver-tumor-
bone marrow [170], liver-lung-adipose tissue-other tissue [171], liver-lung-kidney-adipose tissue

[172], liver-vascular -adipose tissue [173, 174].

2.2.6.3 Organ-on-a-Chip Market

While various challenges [3, 59, 175] remain to be addressed before adoption of OOC technology
by clinicians and pharmaceutical industry, a number of start-ups have been raised in the past few
years to occupy the high-potential market by their own innovative technology. Some start-ups are
more specialized in developing specific OOC, while others propose to develop an independent
biochip with the possibility of developing different organs. Some others have the intention to
fabricate a single organ device and some others prefer multi-organ platforms to assess
interactions between organs. Each player in the field proposes its own unique technology, which
has specific applications, drawbacks and strengths. However, still there is a significant gap
between market needs and available technologies and it seems new players need to show
noticeable progress to demonstrate the predictive validity and reproducibility of OOC platforms
for disease modeling and drug discovery. The adoption of OOC technology by industry will start
with contract research organizations (CROs), which support biotechnology and pharmaceutical
industries in R&D services [176]. Therefore, OOC companies require abundant quantitative and
qualitative research to prove that these OOC devices are true mimics of human organ functions
and accelerate their adoption by CROs and consequently by industry and health care system [59].
Here, we have briefly summarized a number of pioneers in commercialized OOC devices
(Table 2.3). Interested readers refer to Reference [59] for extensive details and discussion in this

regard.



Table 2.3 List of some of the OOC start-ups and highlight of their technology

C > Summary of A _—
ompany’s - ry Applications Cell source Highlight of the technology Year
name specialties
00C. L Brug di di In vitro models inspired by nature,
AlveoliX » Lung-on- - Drug discovery, diSease y man cell lines reproduce lung breathing motion, 2015
a-chip modeling - .
elastic and ultrathin membrane
Preclinical testing, 3D
. 0OOC, nerve-on- cell cyl_ture, Primary cultures, Biomimetic human tissues, combination of
AxoSim . neurotoxicity tests, . . 2014
a-chip . Organoids neurons, astrocytes, and oligodendrocytes.
neurodegenerative
diseases
. Lo Long-term 2D or 3D culture under flow
Disease modeling, in condition, 2D-3D co-culture, simulation of
BEONChip 0ooC vitro tests, drug Human cells L . ! . 2016
: physiological environments involving flow
screening
and shear stress
Drug screening, drug cardiomvocytes
0O0C, heart-on-a-  cardiotoxicity, anti- derivedyfrglm 3D co-culture, mechanical stimulations,
BiomimX chip, Cartilage- arrhythmic drug - human cardiac tissue, human osteoarthritic 2017
. L . human iPSCs, . .
on-a-chip efficiency, discovery cartilage, customized OOC
- i, human cells
anti- osteoarthritic drugs
00C,
BI/OND’s Dyngn_uc cell cuItL_Jre en_wronrr_wnt by
. - Human cells, providing mechanical stimulation and
microfluidic . - - - -
In vitro tests, Drug ~ Organoids, patient continuous fluid flow, two compartments
BI/OND plate . . 2017
discovery derived cells or connected by a porous membrane
tissues BI/OND’s plate to run up to six cultures in
parallel, 3D and 2D models
. Primary human
Human physiology cells 1¥issue or
. 0OOQC, ), liver-on- modelling, liver diseases ' . Multi organ studies, portable and compact
CN Bio . . o Organ Slices, -
. a-chip, Body-on- modelling, Preclinical device, programmable flow rate, open well 2009
Innovations . . L IPSCs,
a-chip (7-O0C ) drug discovery, toxicity N plates
- Immortalised cell
tests, drug metabolism -
lines
0O0C, Lung,
Bone marrow,  Personalized medicine, Organ-Chips personalized with individual
Emulate, Inc. kidney, brain, disease modelling, drug ) patients’ stem cells, stretchable biochip, 2014

blood vessels
and intestine-on-
a-chip

screening, study human
physiology

flexible and dynamic environment by fluid
flow and mechanical stretch

39
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Company’s S“m”?ar.y of Applications Cell source Highlight of the Year
name specialties technology
00C, multi-organ- ) Pumpless platform, recreate
on-a-chip ( heart, Invitro tests, drug muscle and tissue function,
liver, king, brain, discovery, toxplty.tests, neural and inter-organ
Hesperos skin. muscle, pharmacokinetic/ human stem cells communication, customized 2015
kidney, pancreas, pharmacodynamic human-on-a-chip platform,
bone marrow) modeling possibility to add immune
rolle in multi-arnan-nlatfarm
Disesse modelling, drug OrganoPlates (a microfluidic
- L Human cells, patient 3D cell culture plate), 3D co-
MIMETAS ooc testing, Toxwlty t?SFS’ derived cells or tissues culture, biomimetic, 2013
personalized medicine .
compatible. easv to use
brggcﬁelg:(tjnﬁzér Disease modeling, cancer
Nortis immur;e s st;em ar;d study, drug testing, study Human derived tissue  Perfusion system, standard 2012
blood ves)s/els-on-a- Alzheimer’s disease and models cell culture incubator,
. ageing, toxicity tests
chip
Mimic microvascular
. - environment, dynamic
. Drug discovery, toxicity . ' -
- 0OO0C, blood-brain- - -
SynVivo, Inc . . test, targeted drug delivery, Human cells e_nwr(_)nm_ent, real-time 2014
barrier-on-a-chip cancer researches visualization, controlled
condition, 3D co-culture
model
Cardiac Toxicology,
Precision Cardiology, . . Cardiac tissue models,
B.TARtA 00C, hﬁgrt-on-a- Heart Failure Drug 'PE_CS denvid patient derived disease 2014
iosystems chip Discovery, Drug cardiomyocytes models
development, study healthy
;g()j(:ecl:%te;;?;:rﬁiize(j Multi-organ platforms, rapid
medi‘cine drug Cell lines, human prototyping, compatible with
. 0OO0C, body-on-a- ! . L i imagi icati
TissUse y development, application in  primary cells, biopsies tissue imaging, application of 557

chip :
pharmaceutical and
cosmetic researches

physiological sheer stress,
long-term performance

2.2.7 Discussion and Future Perspectives

This state of art summarizes current progress regarding BioMEMS, LOC for POC applications,

OOC platforms and the history of developing these technologies specially for new players in the

field. Indeed, this review is dedicated to background and current advancements in LOC and OOC

technologies and their applications in life. Since the main intention of developing biomedical

devices is to bring the technology from academia to the market for improving human health, a list

of pioneers in commercialization of LOC and OOC devices has been summed up for interested
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readers. Here, having a look at developed LOC devices for POC applications and OOC platforms

by considering their specifications, limitations and strengths presented above and summed up in

Table 2.4 we highlight possible future perspective for OOC technologies.

Table 2.4 A summary of specifications, limitations and strength of current LOC and OOC

Technology LOC ooC
. Study human physiology;
. Recapitulate one or several laboratory functions . .
o . . . Disease modeling;
Applicationsin  on a single chip; .
. . . ) . . . Drug screening and development;
life science . POC diagnostic devices (e.g., hormone detection, o
L . . . Toxicity tests;
viral infection detection and etc.)
. Personalized medicine
. Integration with miniaturized sensors, valves and
pumps;
. o . . Ability to be integrated with miniaturized
. Use microfabtication techniques (e.g.,
. . L sensors and actuators;
photolithography, etching, 3D printing and etc.);
o . . . Advantages linked with new microfabtication
. Possibility to collect data with non-trained . ] o
Lo techniques (e.g., softlithography, 3D bioprinting and etc.);
Advantages individuals;
. . . Small volume of sample and reagents
. Small size and being portable; .
. consumption;
. Low volume of sample and reagents consumption; . . .
. ) . Real-time and on chip analysis;
. Quick sample analysis; ) . .
. . Precise control over microenvironment
. User friendly;
. Automation opportunities
. Need well-trained experts to collect and
. Problems linked with traditional microfabrication .
interpret data;
techniques (costly, time consuming, need for highly trained . o .
T . Current problems with fabrication materials
experts for fabrication and etc.); .
(e.g., absorption of small molecules by PDMS)
. Complex configuration with multiple pumps,
Drawbacks . Current platforms mostly are not automated;
valves and sensors; . ] .
) ) o . Problem linked with cell clogging and bubbles
. Problems associated with microliter scale due to L
. formation in microchannels;
surface dependent effects (e.g., capillary forces and surface )
. Non-defined protocols;
roughness)
. cell damages due to shear stress
Size . Few square millimeters to few square centimeters . Few square centimeters
. . . Biocompatible and cytocompatible materials
. . Silicon, glass, metal, ceramic, polymers, . . .
Materials . such as polymers (e.g., PDMS); glass; biological materials
thermoplastics, paper and etc. .
(e.g., proteins, cells etc.)
Biological

samples

. Body fluids (e.g., Saliva, blood, urine)

. Cells, spheroids, organoids, tissue biopsies
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It has therefore been shown that materials, microengineered technologies, functionality,
reproducibility, being user friendly and automation through integrated systems are the main
parameters involved during development of each one of these inventions. Although many
features of these technologies have been described in the literature and summarized in the present
work, numerous others have to be investigated further.

MEMS based devices have a wide variety of applications from the electronic industry [30] to
environmental [177] and biomedical fields [29]. Development of commercialized BioMEMS
including LOC for POC devices and microfluidic biochips continue to increase consistently.
Various exciting directions are expected for the future of LOC highly integrated devices for
diagnostic and therapeutic are some of the interesting applications of LOC devices. For instance,
rapid detection of viral infections [178, 179] and early detection of cancer biomarkers [180, 181]
directly from body fluids are some of the highly attractive subjects in this area.

According to the literature, some of the LOC devices have been already commercialized years
ago (e.g., home pregnancy tests, real-time glucose monitoring, etc.). Miniaturized portable LOC
devices for POC applications are ideally suited for testing in developing countries where
expensive and complex laboratories do not exist. These automated, accurate and cost effective
diagnostic devices do not need highly trained health care experts and can be used on-site by
patients. In most of the LOC devices which are categorized as a subset of BioOMEMS, electrical
and/or mechanical parts are integrated to the system [46, 89]. Therefore, in these platforms,
normally whole patient samples (e.g., blood, saliva, urine and etc.) are introduced into a single
chip and all the steps of the laboratory process including separation, filtration, analysis and read
out of the results take place on the small single chip. The result of the assay usually would be
available visually (e.g., yes or no in pregnancy tests or digital numbers of the blood glucose level
in glucometers) and hence it does not need inferences by the experts. The global health crisis due
to SARS-CoV-2 (COVID-19) [182] pandemic highlights the critical importance of LOC for POC
testing for early diagnosis of suspected cases and treatment monitoring of infected people to
prevent further spread of the infection. Real-time reverse transcriptase polymerase chain reaction
(rRT-PCR) is the current diagnostic approach for COVID-19 [183]. However, this is a time-

consuming and costly method which requires developed facilities and highly skilled staff and is
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not robust in the early stages detection and can show false negatives for up to two weeks. Hence,
rapid, sensitive and automated LOC devices for POC applications are urgently needed to detect
COVID-19 from patient samples (e.g., saliva, plasma and etc.) [111, 184].

Since cell culture is a critical aspect in biomedical science for understanding human physiology
and pathophysiology, toxicology tests, drug screening etc., microfluidic-based cell culture
platforms with the aim of mimicking the in vivo like microenvironment for cells have strongly
attracted researchers' interest in recent years worldwide. However, most of the microfluidic-based
cell culture devices, which have been developed in academia, are not integrated with electrical or
mechanical parts, but in terms of microfabrication technologies and principals, these platforms,
which are well known as OOC platforms, have been categorized as a subset of BIOMEMS
systems. These platforms take advantage of microfluidic systems and microfabrication techniques
to provide cell culture and tissue culture platforms which recapitulate tissue—tissue interactions,
biochemical and biomechanical microenvironments of living organs. OOC systems use cells,
spheroids, organoids and tissue biopsies to mimic tissue or organ level functionality in vitro.
Hence, unlike LOC platforms, these samples are required to be prepared by trained experts and
the results of the analysis need to be concluded by scientists in the field. Most of the microfluidic
OOC platforms are still in the proof-of-concept stage because of some major challenges including
low throughput (e.g., due to single channel designs), short lifespan of the biochip (e.g., due to
channel blocking or clogging), complex sample preparation and limitations linked with material
for fabrication (e.g., absorption of small molecules by PDMS). Making balance between
academic research and commercialization is worthwhile to expand microfluidic based OOC
platforms into clinically useful in vitro tools. Achieving organ physiological function in vitro is
not an easy process. Another key point to develop commercialized OOC devices is the design of
the device. An appropriate design for microfluidic OOC platform needs to be simple enough for
the ease of manufacturing and operation for the end users, while having an adequate complexity
to mimic the sophisticated structure and physiological function of an organ or a tissue to be
adopted by the market. Although, based on the works presented above, it can be established that
the state of knowledge is currently insufficient to design efficient and realistic mimics.
Automation and integration of OOC devices is another important aspect to be considered for

transferring OOC technology from discovery to broad availability and adoption by industry for



44

drug toxicity and efficacy tests. Indeed, commercialized OOC devices need to be multiple-organ-
on-a-chip platforms which are integrated with various sensors (e.g., physical and electrochemical
sensors) for real-time and continuous measurement of micro-environmental parameters (e.g.,
temperature, pH, oxygen level, soluble biomarkers, drug concentration and etc.) during a long
period of an assay (7 days or more). Integration of a miniaturized microscope with such a
platform, by providing in situ monitoring of morphological changes, offers a versatile tool for
clinicians, biotechnology and pharmaceutical industries [175] . However, to achieve this goal,
effective collaboration between clinicians, scientists and engineers is required.

Advances in OOC technology have increased the hope for personalized medicine and POC
testing. Since disease modeling and drug screening are the two main goals of OOC platforms, by
using patient-derived samples (cells, tissue biopsies etc.) on these platforms, we can develop
individual patient-on-a-chip models for POC application. Indeed, personalized patient-derived
OOC platforms have the potential to accelerate time-consuming and expensive drug discovery
processes. Hence, fast detection of the best approach for treatment brings personalized health care
for individuals with genetic differences[3]. For instance, targeted drug delivery [185] and
combination therapy [14, 186] have gained great interest in cancer therapy to develop novel
treatments. Direct and localized delivery of drug molecules to specific tissues or organs in the
body enhances desired therapeutic concentration in the targeted tissue, while minimizing
systematic drug side effects [185]. In combination therapy, clinicians combine two or more
therapeutic agents or approaches to discover a patient’s optimal treatment [14]. OOC platforms
have the potential to play a critical role in the future to advance combinational therapy and
targeted drug delivery assays specially for diseases like cancer, which time is crucial and there is
no place for trial and error on the patient.

Finding new therapeutics for rare diseases [187, 188], which affect a small population, is another
expected application for OOC devices in the future. Small market size and high expenses to
develop new treatments for rare disease are the main reasons that most pharmaceutical companies
are not interested in investing to develop treatments for rare diseases. However, in recent years,
advances in biomedical technologies have increased the attention of governments and the

pharmaceutical industry for drug discovery for rare diseases. Personalized OOC devices using
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patient’s samples allow us to conduct trials on a biochip to tackle the challenges of therapeutic
discovery for rare diseases.

As mentioned above, automation and integration of OOC devices with different sensors and
microscopes by in situ and real-time data collection decrease user interference and facilitate the
device’s operation. Therefore, integrated patient multi-organ-on-a-chip platforms have the
potential to be used by pharmaceutical companies and clinicians for POC applications. As
reviewed above, these patient-on-a-chip platforms are required to recapitulate the complexity of
living organs and organ—organ interactions while keeping the device simple to promote the

operation by users.

2.2.8 Conclusion

Along with advancements in microtechnologies and the development of LOC devices in life
science, particularly for POC applications, microfluidics have merged seamlessly with tissue
engineering to develop OOC platforms which use building blocks of human organs on biochips
to mimic organ physiology and to recapitulate organ functionality in vitro. However, there are
still many challenges to be addressed before OOC technology finds its own place among other
preclinical methods used by CROs, the pharmaceutical industry and clinicians. This requires
effective and close collaboration between scientists, clinicians and engineers to bring this
technology to the POC.

We believe that future OOC devices for POC applications need to be multi organ platforms
which are personalized and use patient-derived cells or tissue biopsies to recapitulate the
complexity of each patient on a biochip while keeping this complexity clinically relevant to
facilitate their adoption by clinicians and pharmaceutical pipeline to accelerate patients’

treatment.
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2.6 Critical review

In this section, the most relevant literature regarding the main topic of this dissertation reviewed.
First, a quick background about the cancer as motivation of this dissertation is presented,
followed by current in vitro models in cancer treatment. Then relevant literature concerning
spheroid formation methods briefly reviewed with the focus on microfluidic spheroid-on-a-chip
platforms. Then, the influence of surface properties in cell behaviour discussed in more details.
Following, surface modification of the PDMS as the most popular materials in biochip formation
have been reviewed with focus on available literature on PDMS surface modifications with
Pluronic and BSA as the two popular materials used in this dissertation to provide anti bio-
fouling properties for PDMS.

2.6.1 Cancer

Cancer is the second leading cause of death worldwide [1, 2]. According to the 2021 annual
report Cancer Research Society, over 30% of the annual total mortality in Canada is due to
cancer. In the United States, cancer is the primary cause of death in people over 80 years old,
after cardiac-related deaths and it is the leading cause of dead for people aged 40 to 79 [189,
190]. The number of new cancer cases and cancer-related deaths is estimated to increase yearly
due to the growth in population and aging. Therefore, in 2060, cancer expected to be the first

cause of mortality worldwide [1, 2].



47

Cancer is a very complex disease in which transmutation of genetic instabilities with random
environmental factors and epigenetic perturbations empower normal cells within healthy organ to
progressively generate deadly properties, including invasive behaviour, uncontrolled growth and
metastatic properties [191]. Due to its asymptotic nature, cancer is often discovered in late stages
and a great proportion of cancer patients who initially responded to standard chemotherapy
treatments, develop resistance to these treatments during the course of cancer therapy. Therefore,
despite advances in surgery and chemotherapy over the past decades, median survival rate of
cancer patients is still very low. Hence, better understanding of the complex mechanisms of
cancer progression and drug resistance phenomenon is crucial to develop effective and reliable
cancer therapies [4]. Failure in finding effective treatments for cancer despite all efforts by
researchers and clinicians is due, in part, to the reliability of pre-clinical models to predict
effectiveness of drug responses and their toxicity and adverse effects in cancer patients, which
can explains in part why most of the drug candidates fail to achieve clinical approval more often

than they succeed.

2.6.2 Tumor microenvironment

Tumors are a diverse mixture of malignant cancer cells and non-malignant cells or stromal cells,
which support the microenvironment of the tumors [103, 192]. The complex and dynamic cross-
talking in the tumor microenvironment (TME) between malignant cancer cells and surrounding
extra cellular matrix (ECM), immune cells, blood vessels, lymphocytes, fibroblasts, bone
marrow-derived inflammatory cells and signalling molecules critically affects cancer initiation,
progression, spread metastasis and tumor response to the treatments [192, 193]. Simulation of
such a complex microenvironment in vitro will offer an in-depth understanding of the cancer
cells behaviour in their TME and provide crucial insights into the biological behaviour of tumors
and their responses to therapeutic agents. Fundamental understanding of TME can provide
essential information in cancer study in vitro to develop new cancer therapeutics to target TME
for controlling tumor progression [193].
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2.6.3 In vitro models in cancer research

Here, current in vitro models in disease modeling and drug development have been discussed.
First, the type of the cells that are usually used in preclinical study is briefly reviewed followed

by in vitro models in cancer research.
2.6.3.1 Cell sources in preclinical research

2.6.3.1.1 Immortalized cell lines

Immortalized cell lines are a population of cells that due to genetically manipulation can keep
undergoing division and proliferate indefinitely and therefore can be cultured in vitro for long
period. Immortalized cell lines are easy to use, cost effective, provide an unlimited supply of cells
and most common types of cells used in in vitro researches. However, they may provide different
results as they can not sufficiently mimic primary cells since their phenotype, genotype, and

native function can be varied over the extended time of culture [194].

2.6.3.1.2 Primary cells

Primary cells are patient cells that directly taken from the patient tissue and therefore most
closely represent the tissue of origin. These cells processed to culture in vitro for short period
under optimized culture conditions before any immortalization and genetic changes occur.
Therefore, they exhibit phenotype and genotype similar to the original tumor. However, limited
supply, low division rate and short survival time make them more complicated to use in in vitro

researches when compared with immortalized cell lines [6].

2.6.3.2 Conventional 2D culture models

The culture of the cells in vitro is the most widely used tool to gain insights into cell biology,
pathophysiology, disease modeling, and drug action. Modeling cancer in vitro began with

growing cancer cells in two-dimensional (2D) tissue culture flasks and Petri dishes [3].

Conventional 2D cell culture which is the most common has been developed almost one hundred
years ago [3]. In 2D culture model, cells grow as a monolayer attached to the plastic surface of a

Petri dish or culture flask. 2D culture models are well established, simple, easy to work, and cost-
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effective [6]. However, they have numerous disadvantages [3, 6]. This culture method cannot
mimic the natural 3D structure of tissues and tumors including 3D cell-cell and cell-extracellular
matrix interactions [3]. These micro-environmental interactions are responsible for cell functions
including cellular proliferation, differentiation, gene expression and cell responses to various
phenomena [3, 151]. Cell morphology, polarity, gene expression, biochemistry of the cells and
cell functions changes in 2D culture systems [103, 195]. Moreover, in 2D model, the cells have
unlimited access to oxygen, nutrients and metabolites[196]. However, in natural
microenvironment of tumor, cancer cells experience spatiotemporal chemical gradients of
nutrients, oxygen and metabolites[3]. Therefore, 2D models lack the natural tumor
microenvironment and cannot mimic in vivo like condition and complex interactions between the
cancer cells and the dynamic physicochemical microenvironment that exists within natural
tumors [172]. Recapitulating this complex cellular microenvironment is essential to better
understanding the cancer cell biology and behaviour. The irrelevant 2D culture in cancer research
provides misleading results regarding the predicted responses of tumor cells to anticancer
therapeutic agents [193, 196]. This is one of the possible causes of the failure of more than 95%
of anticancer drugs in clinical trials [3]. Limitation of 2D culture models lead to development of
3D in vitro models to more closely mimic in vivo tissue/tumor microenvironment [3, 8]. These
3D models allow for better understanding of cancer biology by more effectively mimicking the

natural cell structure and architectures[6].

2.6.3.3 3D culture models

To answer the limitations of 2D culture, a number of 3D cell-culture models have developed over
the past 50 years where the culture environment takes into account the spatial organisation of the
cells to mimic the native tissue as closely as possible [3, 6]. Compared with conventional 2D
culture, 3D cell culture models more realistically bio mimicking the 3D microenvironment that
cells experience in vivo and have an invaluable role in our understanding of tumor cells behaviour
by providing important insights into cancer biology [3, 172]. 3D cell culture models can
categorized into the whole animals and organotypic explant cultures, scaffold-based tissue
engineered models, microcarrier cultures and multicellular tumor spheroids (MCTSs) [6, 12].
Spheroids are the most widely used 3D model in preclinical oncology researches due to their

specific features to mimic natural tumor [11, 197, 198]. Since the focus of this dissertation is
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spheroid between other 3D culture models, | will discuss specifically about spheroid models and

various spheroid formation methods in the following section.

2.6.3.3.1 Multi cellular tumor spheroids (MCTSs)

Multi cellular tumor spheroids (MCTSs) stand out as the most widely used 3D cell culture
models in oncology preclinical research [17, 199]. Spheroids defined as compact and spherical
3D cell agglomerations [10, 200]. Hence, loose cell aggregates that easily detach or other forms
of spatial cells aggregates should not be considered as spheroids since the compactness and the
spherical geometry of spheroids [200] are the essential spheroids characteristics, which give them
in vivo like tumor features and make them as a reliable tool in cancer research and drug screening
[10, 13].

MCTSs have proven their power of drug response prediction by more accurately reproducing the
key structures of solid tumors including the formation of nutrients/waste gradients, providing
different proliferation layers of cells, cell-cell and cell-extracellular matrix (ECM) interactions in
3D forms, chemoresistance, etc. [13, 201]. However, the uniformity in size and shape of the
spheroids play a critical role in their response to anti-cancer drugs [12, 13]. Therefore, it is
important to produce in vitro platforms to reduce the heterogeneity of the spheroids for accurate
drug testing [13, 202]. MCTSs contained three different proliferation zones (Figure 2.9) (outer
layer of proliferating cells, intermediate zone of quiescent cells, and a central necrotic zone)
resembling an actual tumor [11].
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Figure 2.9 Fluorescent image of MCTS

MCTS demonstrates spherical geometry with different regions for proliferating, quiescent and
dead cells. Different mass transport rates are present in the multilayer structure for oxygen,
nutrients and metabolites. The spheroid presented in this image is formed from MDA-MB-231

cells. The green color is due to green fluorescent protein (GFP)

MCTSs dated back to 1970 when Sutherland et al. [203] have developed cell aggregates of
Chinese hamster V79 lung cells to study the effect of chemotherapy and radiotherapy in vitro.
These cell aggregates were compact, having uniform spherical shape [200, 203]. MCTSs mostly
generate from single cell suspension from cancer cell lines [13, 204] but not often from tumor
cell suspensions derived from patient tumor tissue [202, 205]. Yet, not all cell lines are able to
generate MCTSs [13]. The first MCTSs developed by single cancer cell line to recapitulate the
3D tumor structure. Later, by co-culture of noncancerous cells (e.g. immune cells [206],
fibroblasts [207] , and endothelial cells [208]) with cancer cells, heterotype MCTSs formed to

mimic the heterogeneous interactions between tumor and stromal cells [11, 13].

Several techniques have been used for spheroid formation with the same principle in which
adhesive forces between cells is prominent than cell-substrate adhesion [13, 209]. In this
condition, depending on the method and the cell line, compact and spherical forms of cells self-
aggregates obtain after 1 to 7 days of culture [12, 209].


https://www.sciencedirect.com/topics/medicine-and-dentistry/endothelial-cell
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2.6.4 MCTSs culture methods

Several methods used to produce spheroids. One of these methods is the hanging drop method
[210] in which cell suspension drops up to 30 ul are deposited on a dish lid. Upon inversion of
the dish lid, cells accumulate at the free interface between liquid and air and MCTSs will be
obtained. One of the disadvantages of this technique is that MCTSs need to be transferred to
another plate for further investigations [13, 208]. MCTSs can be generated by the liquid overlay
technique (LOT) [13, 211] by culturing the cell suspension over plates covered with a thin inert
substrate like agarose [212] or agar [211], or by seeding cells on plates with ultra-low adhesion
properties without any coating to induce the cells self-aggregation instead of adhesion to the
surface [213]. Spinner flasks [214] and stirred-tanks [215] are other techniques to produce
MCTSs by spontaneous cell aggregation.

Each one of the above mentioned methods for spheroid formation have some deficiencies
including variable sizes of spheroids, low-throughput, harmful effects on cells due to high shear
stress and static microenvironment around spheroids which influence on spheroids and

consequently on drug screening results [3, 12, 13].

2.6.4.1 Microfluidic biochip for spheroid culture

Recent advances in microengineering and microfabrication lead to address some of the
abovementioned limitations by developing microfluidic platforms for spheroid formation and
culture [3, 6]. Microfluidic devices by providing precise control over tumor microenvironment,
concentration gradients, use small amount of cells and reagnets, controlled mixing, control of
shear stress, possibility of continuous perfusion, perform multiple assay on a single chip,
possibility to be integrated with sensors and etc. bring significant advantages over other spheroid
formation methods [6, 16, 216]. Moreover, microfluidic platforms by providing a dynamic
microenvironment for the cells can better mimic in-vivo like cellular microenvironment [6, 38].
For instance, spheroids in dynamic microenvironment when compared with spheroids in static
condition demonstrated to be more resistant to cancer treatment [16, 217], having higher cell
viability [14, 136], different gene expression profiles [218], and they better mimic tumor-like
properties [3, 201]. There are numerous microfluidic-based devices for spheroids formation and

studying. Some of them used only for spheroid culture, which means that the spheroids made by
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other techniques will transfer and culture on-chip for drug screening or tumor study [16, 219].
Some other microfluidic devices use as spheroid formation platforms, which mean that they use
different techniques (e.g. emulsion-based [220, 221], cell trapping microchamber [14, 205, 222])

to form spheroid on-chip from the cell suspension and use them for drug tests and cancer study.

Numerous microfluidic platforms have been developed for generating MCTSs using small liquid
volume, as a key advantage of microfluidics [3, 16]. Torisawa et al. developed a two layers
PDMS microfluidic platform separated by a semi-porous membrane for the spheroid formation
and culture [223]. A multilayer microfluidic array platform containing concave microwells and
flat cell culture chambers has been developed by Kang et al. for embryonic stem cell spheroids
[19]. Spheroid formation using gravity oriented multi-level structured microfluidic device was
performed by Lee et al. [224]. Lee et al. developed a spheroid-based 3D liver chip to study
hepatocyte cell viability in static culture condition compared with the dynamic condition [136].
Lim et al. developed a microfluidic platform with pillars to generate size-controlled spheroids.
The size of the spheroids can be controlled by adjusting the center-to-center distance between
pillars. They have successfully formed spheroids from glioblastoma cell lines (U251 and U87)
and patient-derived cells (PDCs) and performed anti-cancer drug tests on this platform [18].
Eilenberger et al. developed a microfluidic platform using live, lung, colon, and skin cells and a
co-culture model of blood-brain-barrier (BBB) to assess the effect of the spheroid size on drug
toxicity [20]. A multicellular spheroid skin model on-a-chip from dermal fibroblasts was
developed by Chen et al. to test the active ingredients of skin care products [225]. Prince et al.
developed a breast cancer spheroid-on-a-chip platform for studying the effects of drug dose and
supply rate on the chemosensitivity of breast tumor spheroids [17]. Collins et al. developed a
dynamic microfluidic platform under continuous perfusion conditions at a flow rate relevant to
natural tumor interstitial fluid flow, to better recapitulate the dynamic of the tumor
microenvironment. The viability and migratory capabilities in this device were studied and

compared with static conditions [15].

One of the most common problems with spheroid culture is producing homogenous and uniform
size and shape spheroids as the size, compactness level, and spherical shape of the spheroids give
them special characteristics similar to in vivo tumors [10, 12, 13]. These specific features make

spheroids more reliable tools for in vitro cancer study and drug testing [13]. Geometry design of
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the channels and cell trapping chambers play an important role in this regard [18, 226].
Moreover, the materials used for microfluidic fabrication and their surface characteristics (e.g.
wettability, chemistry, roughness and etc.) also play a critical role in regulating cell responses to
the surface and quality of spheroid formation on-chip [202, 227]. Accordingly, in the past years,
surface engineering has attracted great attention in cell-based biomedical applications including

microfluidic platforms for cell culture [22, 26, 28].

2.6.5 Influence of surface properties on cell behaviour

Adhesive interactions between cells and their substrate are important to control cell activation,
differentiation, proliferation, migration, and survival [23]. A series of physicochemical reactions
between cells and the material’s surface happens when cells adhere to a surface. The first step is
the adsorption of the proteins to the surface [228]. This can modulate cell adhesion and send
signals to the cells through cell adhesion receptors (e.g. integrin) [23]. When the cells adhere to a
surface, they can release active compounds to mediate ECM deposition, cell differentiation, and
proliferation [229]. Interfacial interactions between cells and surfaces are crucially important to
be considered for developing biomedical devices (e.g implants) and require biologically inert
materials (e.g. PDMS) to suppress non-specific adhesion and prevent immunological responses
and thrombosis [230]. The culture medium, the type of cells and substrate’s surface properties
(e.g. stiffness, surface charge, surface chemistry, roughness and wettability) are important
parameters that modulate cell behaviors in terms of adhesion, morphology, metabolism, and
proliferation[23, 230].

The effect of PDMS substrate stiffness on cell adhesion and proliferation has been studied
recently [231, 232]. Softer PDMS substrate was demonstrated to promote cell adhesion and

growth while stiffer PDMS substrate was less compatible with cell adhesion and growth.

Mammalian cells carry negative charges [23]. Therefore, the interactions between negatively
charged surfaces and cells can be employed to decrease cell-substrate adhesion by electrostatic
repulsion. Several studies have demonstrated the effect of surface charge on cell adhesion and
proliferation. For instance, Kim et al. demonstrated how degree of charge density of hydrogels
based on 2-hydroxyethyl methacrylate (HEMA) and 2-methacryloxyethyl trimethyl ammonium
chloride (MAETAC) copolymer can increase endothelial cell attachment and proliferation [233].
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Surface roughness or topographical features at micro and nano scales (e.g. grooves, ridges, pores,
etc.) are other important parameters to modulate cell behavior and adhesion [234]. The effect of
surface roughness is depending on the cell size. For instance, the macroscopic effect of the
surface roughness can modulate larger cells including osteoblasts and neurons [235]. However,
the surface roughness at the nanometer scale can be used to improve cell adhesion for small size
cells including human vein endothelial cells [236]. Ranella et al. [237] have studied the adhesion
and viability of fibroblasts on different roughness level of 3D silicon surfaces. In this work, lower

roughness ratios demonstrated higher fibroblast attachment.

Surface wettability can be considered the main controlling factor for cell behavior [23]. Water
contact angle (WCA), is the key experimental tool to assess surface wettability. WCA is the angle
subtended by the droplet of water and the surface[23, 238]. A surface is considered hydrophobic
when WCA is between 150° and 90° while when it is between 90° to 10° the surface is considered
hydrophilic[23]. Superhydrophobic surfaces have WCA higher than 150° while superhydrophilic
surfaces have WCA lower than 10° [239]. Protein adsorption onto the hydrophobic surfaces
occurs through direct interactions of hydrophobic moieties on the surface of the protein and the
denaturation process, allows the proteins to expose the internal hydrophobic residues and bind to
the surface [23]. When the surface is hydrophilic, minimal protein denaturation occurs because of
the interaction of the hydrophilic moieties on the protein surface with the hydrophilic surface[23,
239]. The influence of coating polyester fabric at different surface wettability on mammalian cell
viability has been studied [240]. Cell viability on standard tissue culture-treated polystyrene
coated to rendered superhydrophobic significantly decreased. Comparing the ratio values with
those observed on uncoated surfaces and more hydrophilic coating, the 3T3 or HaCaT cell line
decreased their individual responses by 10 times the ratio values. The hydrophobic surfaces
decreased the viability of the HeLa line when compared with the TCPS surface. These results
concluded that tumor cell lines and non-tumor cells can be discriminated based on their adhesion

to polyester fabrics.

2.6.6 Materials for fabrication of microfluidic biochip

As discussed above, it is been proven that surface properties including surface wettability, surface

charge, and surface chemistry affects protein adsorption onto the surface and regulate cell-surface
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adhesion and proliferation[23, 238, 240]. Various materials (e.g. polymers, thermoplastics, glass,
silicon, paper, etc.) are used to fabricate microfluidic biochips [6, 241]. However, fabrication of
most of the microfluidic devices for cell culture relies on replica molding and soft lithography
due to the speed, cost-effectiveness, and ease of the process [6, 216]. In the replica molding
process, microfabricated molds produce, using photolithography or stereolithography and several
biochip replicas can be generated from the same mold using soft lithography. Hence, polymers,
specifically PDMS due to their unique advantages are the most widely used materials in biochip
fabrication [3, 6, 241].

2.6.6.1 Polydimethylsiloxane (PDMS)

PDMS is a synthetic polymeric elastomer based on silicone, which has been widely used for the
fabrication of microfluidic cell culture devices due to its numerous advantages including
biocompatibility, transparency, oxygen permeability, rapid prototyping, ease of processing,
etc.[6]. Whitesides’ group employed PDMS for micro-molding techniques in the 1990s [242,
243]. Since then, PDMS become popular in microfluidic research due to several advantages
mentioned above. PDMS has Young’s modulus of 2.63 MPa for the commonly used pre-polymer
to curing agent ratio (10:1) [244]. This makes PDMS a flexible and high compliance material in
microfluidic platforms, providing several advantages including micro-scale features preservation
from a master mold imprinted in the PDMS replicas, reliable bonding to other surfaces,
stretchable devices to mimic the biological movements (e.g. lung-on-a-chip) [6, 38]. However,
these advantages of PDMS can be problematic in some applications. For instance, PDMS devices

can be deformed under pressure conditions and initial geometry and design can vary [3, 38].

The major drawback of PDMS is its innate hydrophobic nature (water contact angle ~108° £ 7°)
which is due to methyl groups present in its structure leading to biofouling, protein adsorption,
cell adhesion to its surface, and bubble formation [3, 245]. It is been demonstrated that PDMS
surface wettability greatly influences cell behaviors. There are pieces of evidence that surfaces
with low wettability have higher levels of protein adsorption when compared with surfaces
having a higher level of wettability [3, 246]. Increasing protein adsorption leads to cell adhesion
on the PDMS surface. This can affect the quality and quantity of spheroid formation on PDMS-

based biochips [238]. However, the uniformity in size and shape of the spheroids play a critical
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role in drug test results [12, 13]. Therefore, it is important to produce in vitro platforms with low
adherent properties to decrease cell-surface adhesion and promote homogeneity of the spheroids
for accurate drug tests. Prediction of the effect of surface properties on cancer cell responses is
complicated and remains unclear. To decrease cell adhesion to the PDMS surface various
methods have been developed [6, 247, 248]. Surface treatment with Plasma oxygen and surface
coating strategies are the most common methods for cell adhering, spreading, and proliferating on
PDMS-based platforms [3, 248, 249].

2.6.7 PDMS surface modification

As mentioned above, the major limitation of PDMS is its hydrophobic nature [6, 238]. Hence,
various surface treatment strategies have developed to render PDMS surface more hydrophilic to
prevent non-specific protein adsorption and cell adhesion onto the surface. In this dissertation, we
aimed to study the effect of PDMS surface coating with two popular materials, “Pluronic F-68
and BSA”, commonly used to modify PDMS surface and provide cell repellent properties. First, |
reviewed Oxygen plasma treatment as a standard inseparable step in the fabrication of closed
PDMS microfluidic devices, which also increases the surface wettability of PDMS temporarily.
Following, | reviewed relevant literature regarding surface coating of PDMS with BSA and

Pluronic, the two popular materials to render PDMS biochip surfaces cell-repellent.

2.6.7.1 Surface activation by physical treatment of oxygen plasma

Oxygen plasma treatment is the most widely used technique for surface modification of PDMS
[6, 250]. Plasma oxygen is commonly utilized in the fabrication process of microfluidic platforms
to irreversibly bond PDMS layers to each other or into other surfaces (e.g. polystyrene, glass) to
produce closed microfluidic devices[3, 216]. The key advantages of this technique are the fast
treatment and ease of use, which make oxygen plasma treatment one of the most efficient
techniques to modify PDMS surfaces[6, 25].

Under plasma conditions, electrons own high Kkinetic energy and break and ionize the
incorporated gas molecules [251]. The photons and reactive species produced by gas discharge
cause chemical reactions on the surface. The bulk properties of the polymer do not change in this

process[23]. The efficiency of the plasma treatment determines by the composition of the gas,
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pressure, power, and time of exposure[6]. The oxygen plasma attacks the siloxane backbone and
generates reactive species that form silanol groups (Si-OH) [252]. The silanol groups of the
PDMS layers, which are plasma-activated covalently bind to each other when two layers of
PDMS bring into contact. Oxygen plasma by introducing hydroxyl groups on the PDMS surface
temporarily render the PDMS surface hydrophilic and increase electro osmotic flow (EOF)
leading to facilitate fluid flow into the microchannels [26, 252]. However, the plasma-activated
silanol groups on the PDMS surface thermodynamically are not stable[253]. Therefore, the
PDMS surface undergoes hydrophobic recovery by aging time due to the migration of low-
molecular-weight species (oligomers) from the bulk to the surface [6, 251]. In addition to the
silanol groups, oxygen plasma treatment can induce alcoholic hydroxyl groups (C-OH) and
carboxylic groups (COOH) on the PDMS surface. Silanol and carboxylic groups have negative

charges and induce negative charges on the PDMS surface [253].

2.6.7.2 PDMS surface modification using surface coating materials

Cell repellent property of PMDS via physical modification is temporary and recovers after a
certain period [6, 253]. While chemical modifications provide a relatively stable cell repellent
property for PDMS surface [254]. Surface coating of PDMS by using various materials for
physical and covalent surface modification is often used to render PDMS surface more
hydrophilic [26, 252]. Bovine serum albumin(BSA) [136, 223, 255], PEO-terminated triblock
polymers (e.g Pluronic [14, 256, 257]), polyvinyl alcohol (PVA) [258], poly (hydroxyethyl
methacrylate) [259, 260] poly(ethylene oxide) (PEO), poly(vinyl pyrrolidone) (PVP), hyaluronic
acid poly(N-hydroxyethyl acrylamide) (PHEA), poly(acrylic acid) (PAA), dextran, etc. [3, 6] are
some of the common examples for surface modification of PDMS [26].

Fouling derives from the non-specific adsorption of proteins into the surfaces and it is very
challenging in most biomedical applications (e.g. implants, biosensors, organ-on-a-chip
devices)[26]. Due to its hydrophobic nature, PDMS demonstrates biofouling problems from non-
specific protein adsorption and cell adhesion[6]. The adsorption of the proteins onto the surface
of PDMS can be initiated by the hydrophobic interactions between the hydrophobic methyl
groups of the PDMS surface and the unfolded hydrophobic core or hydrophobic domains of the

protein [253]. Hence, coating of PDMS surfaces to provide desirable anti-fouling properties for



59

biomedical applications have studied in many pieces of research [26, 261, 262]. Whitesides et al.
[32] reported that compositions of the PDMS surfaces can influence cell adhesion and growth
rates of primary human umbilical artery endothelial cells and can transform 3T3 fibroblasts,
osteoblast-line MC3T3-E1 cells and Hela cells. Toworfe et al. [263] demonstrated that coating
the PDMS surface with fibronectin can enhance MC3T3-E1 cellular attachment and spreading on
the PDMS surface. The topography and stiffness level of PDMS surfaces influence human

epidermal stem cell and mesenchymal stem cells differentiation [28].

2.6.7.2.1 Bovine serum albumin (BSA)

Bovine serum albumin (BSA) is one of the most common materials to prevent non-specific
adsorption on the PDMS surface [27, 264, 265]. BSA is a heart shape carboxylic acid rich protein
with having a molecular weight of approximately 66000 Da. BSA has 584 amino acids and three
homologous domains connected by disulfide bonds together [264, 266]. BSA adsorb on the
hydrophobic surface of PMDS by the combination of hydrophobic and electrostatic interactions
between BSA molecules toward the PDMS surface [264, 265]. Surface modification with BSA
coating is an effective method to decrease cell adhesion to the surface due to the presence of the

anti-fouling layer of BSA on the surface [27].

Tan et al. used BSA with heparin followed by chemical crosslinking with glutaraldehyde for
more stability. This surface demonstrated resistance to platelet adhesion with no thrombus
forming [267]. Wang et al. coated BSA on PEM of chitosan and citrate stabilized nanoparticles of
gold for prevention of protein adsorption [252]. Windvoel et al. studied surface coating of PDMS
with a solution of 50mg/ml BSA for 10 minutes. Treated surfaces washed off with PBS. The
surface wettability of the PDMS surface coated with BSA increased compared with the bare
PDMS surfaces. (WCA=76.4° for PDMS surface coated with BSA compared with WCA=105°
for bare PDMS surface). BSA also modified the chemical structure of PDMS by demonstrating
amide peaks on the PDMS surface [268]. Schrott et al. investigated the Electrokinetic
characteristics of the PDMS microfluidic chips treated with BSA molecules by a mathematical
model and experimentally. AFM analysis demonstrated a “peak and ridge” structure of the
protein layer and an imperfect substrate coating. AFM analysis demonstrated that average surface

roughness increased from 0.68 nm to 4.28 nm when compared bare PDMS with BSA treated
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PDMS. They have concluded that an increase in surface roughness provides higher resistance to
the electro-osmotic flow [27]. Zhang et al. [28] studied the attachment of SUM159 and MDA-
MB-468 cells on cell culture plates coated with PDMS and treated with aqueous solutions of
fibronectin, BSA, or collagen. Effects of changes in stiffness level of PMDS and surface
modification on cell attachment and growth have been studied in this work. This study
demonstrated that PDMS surface coating with collagen and fibronectin maintain breast cancer
cells phenotypes similar to the phenotypes observed over polystyrene Petri dishes. But surface
coating with BSA provides a weak cell-substrate adhesion and stimulates stem cell-line
phenotypes. They have observed that the surface modification of PDMS influences interactions
between cells and their substrate. They have demonstrated that the stiffness level of PDMS did
not significantly alter the cell phenotypic equilibrium. However, the surface coating of PDMS
affects cell-substrate interactions. Therefore, depending on the research aim, an appropriate

surface coating method should take under consideration.

2.6.7.2.2 Pluronic surfactants

Various coating materials including polymers have been developed to physically adsorb onto the
PDMS surface via hydrophobic or electrostatic interactions [6, 269]. Non-ionic surfactants are
examples of such materials, which can strongly adsorb on a hydrophobic surface and render it

non-ionic and hydrophilic to prevent the interactions between proteins and the surface [239, 269].

Pluronic belongs to a group of widely used synthetic surfactants for surface coating of PDMS.
Pluronic surfactants are triblock copolymers of PEO poly (propylene oxide)-PEO (PEO-PPO-
PEO) [270, 271]. These molecules directly can attach to the hydrophobic surface of PDMS
through spontaneous surface adsorption of their central hydrophobic heads (poly (propylene
oxide) (PPO)). Their hydrophilic PEO tails extend out freely from the PDMS surface [254, 270].
Solubility of Pluronic in the PDMS matrix is less than in water. Hence, when PDMS contacts
aqueous solutions, the hydrophobic PPO heads adsorb onto the hydrophobic PDMS surface via
physisorption and hydrophobic interaction while hydrophilic PEO tails tend to migrate to the
PDMS-water interface and render the PDMS surface hydrophilic and protein/cell resistant [254].

Several research demonstrated that Pluronic surfactants can significantly decrease protein
adsorption and cell adhesion onto the PDMS surface [249, 254, 272]. Boxshall et al. [269]
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studied the ability of Pluronic F-68 and F-127 and Tween 20 in preventing serum protein
adsorption and adhesion of fibroblasts on PDMS surfaces. In another study, Wu et al. [249] have
investigated the long-term ability of 3% Pluronic F-68 to decrease cell adhesion onto the PDMS
surface. This surface showed anti-fouling properties where chondrocytes do not spread over the
surface and clump together on days 2 and 6 after seeding. Pinto et al. [273] modified the PDMS
surface in order to enhance the surface wettability. They have used argon plasma treatment to
modify PDMS surfaces followed by coating with Pluronic F-68, or poly (ethylene glycol) methyl
methacrylate (PEGMA). They have assessed the surface morphology by AFM and surface
wettability by WCA measurements. Surface elemental composition was confirmed by X-ray
photoelectron spectroscopy (XPS). Thrombosis and hemolysis assays were performed to assess
the influence of the surface modifications on the blood compatibility of the materials. They have

used mouse macrophages to evaluate the cytotoxicity of the modified PDMS.

Wou et al. studied the surface modification of PDMS by gradient-induced migration of embedded
Pluronic F-127 [274]. The modified surface rendered hydrophilic and non-specific protein
adsorption significantly decreased. Another study demonstrated the effects of coating of PDMS
bioreactor with Pluronic and observed 85% decrease in serum protein adsorption compared with
the bare PDMS [275].

Surface modification of PDMS via BSA and pluronic surfactants commonly was used as an
effective method to change surface wettability of PDMS and decrease protein adsorption and
consequently cell adhesion onto the surface have been proved in several studies as reviewed
above. However, most of the previous works have only focused on single or binary protein
models instead of on the real 3D cell culture environment in which the substrate will be
employed. Moreover, to the best of our knowledge, there is no available study in the current
literature to access the impact of this surface modification on spheroid formation on microfluidic
devices. Since the main objective of this dissertation is producing uniform spheroids on the
microfluidic biochips, we have studied the effect of BSA concentration and duration of surface
treatment with BSA on modulating surface properties of the PDMS and accordingly on quality of
spheroid formation on microfluidic devices in terms of spheroid compactness level, spherical

shape and uniformity.
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CHAPTER 3 STRUCTURE AND ORGANIATION OF THE ARTICLES

In this chapter, the relation between the articles and each specific research objective is stated to
present the coherence of the articles in order to reach the main objective of this PhD dissertation.
The scientific contributions of this dissertation were presented in the form of a comprehensive
literature review and three original articles. This review paper presented in Chapter 2, is entitled
Evolution of biochip technology: A review from lab-on-a-chip to organ-on-a-chip and more than
100 peer-review publications in the field were covered in this work. In this review article, | have
discussed the background of biochip development and the advancements in the field of
microfluidics toward its novel biomedical application in recent years as cell/tissue culture
platforms to more relevantly mimic the microenvironment of living cells/tissues. This work is
published in the journal micromachines and it was ranked within the first 10 highly cited articles
in this journal in 2020. To the best of our knowledge, this is the first existing comprehensive
review that covers the background and evolution of microfluidic devices toward the recent
biochip platforms for studying human pathophysiology and drug screening. Performing this
review guided me to better design my experimental research and to address my research
questions during my PhD. Chapters 4 to 6 present the core of this dissertation and cover the

research work conducted to fulfill the research objectives in this work.

The first objective of this work was to optimize the PDMS surface of the microfluidic biochip
platform to increase cell repellent properties and accordingly enhance cells self-aggregations to
form uniform spheroids in a repeatable manner. The results of this work are presented in detail in
Chapter 4 in the article entitled Uniformity of spheroid-on-chip by surface treatment of PDMS
microfluidic platforms is published in the journal Sensors and Diagnostics. | consider this
publication to be one of my most significant research contributions to date. In this work, we
aimed to by modifying the PDMS surface wettability and microstructure provide an optimized
biochip surface to reduce cell adhesion. To this purpose, | have developed and fabricated PDMS
microfluidic platforms for spheroid production on-chip. | have used bovine serum albumin (BSA)
and Pluronic F-68, which are well-known for their cell repellent properties, to treat PDMS
surfaces. In this work, | have investigated the effect of the concentration of the material and their
incubation time with the surface as the two important variables to alter PDMS surface wettability
and microstructure. Following, the roles of surface wettability on MDA-MB-231 breast cancer
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responses and adhesion to the surface were investigated. Characteristics of spheroids produced in

biochips with different degrees of wettability have been studied in this work.

Considering surface wettability as one of the main regulators modulating cell-surface responses
and since different cell lines can response differently to various degrees of surface wettability due
to their specific cell surface proteins, the second objective was to address if the optimized PDMS
surface for spheroid formation from the specific cell line used in the first study (MDA-MB-231
breast cancer cell line) can be expandable as an optimal surface for various cancer cell lines.
Therefore, spheroid formation from five cancer cell lines (MDA-MB231, C4-2B, H1299, A549
and U251) and Fibroblasts IRM-90, plus hetero-type multi-cellular tumor spheroids (MCTSs) by
co-culture of IRM-90 cells with A549 cells to mimic the heterogeneous tumor microenvironment
have been studied. In this work, we have also modified the design of microfluidic cell trapping
chambers in order to assess the synchronous impact of design and surface of biochip in
homogenous spheroid production. This constitutes the second objective, which is addressed, in
the article entitled Surface optimization and design adaptation toward spheroid formation on-chip

which is published in journal Sensors, and presented in Chapter 5.

The objective of my third study was to produce homogenous and compact spheroids from patient
biopsy samples on the surface-optimized biochip in order to assure reproducibility of drug
screening on-chip. In this study, three types of spheroids were produced in order to compare their
drug resistance. Spheroids from patient bone metastasis secondary to lung, mono-type of MCTSs
from A549 human lung carcinoma, epithelial cell line, and hetero-type MCTSs from a co-culture
A549 cells with osteoblasts have been produced in this study. Changing in the cellular metabolic
activities under different concentrations of anticancer drug (Doxorubicin) has been studied to
assess integrity and reproducibility of data, which can represent homogeneity of spheroids. In
addition, the drug tests have been studied in 2D culture model of the same cell lines in terms of
comparing drug resistance in 3D and 2D models. This study is described in details in Chapter 6 in
article entitled Uniform tumor spheroids on surface optimized microfluidic biochip for
reproducible drug screening and personalized medicine. This article is published in journal

Micromachines.
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4.1 Abstract

Spheroids have emerged as a reliable model in preclinical oncology researches. Uniformity of
spheroids is the key parameter in reproducibility and precision of drug test results. Microfluidic-
based biochips have many advantages over other spheroid formation methods, including a better
control over the size of spheroids. Decreasing of cell adhesion into the surface is one of the most
important challenges in microfluidic platforms, which could be controlled by appropriate surface
engineering methods. We have studied the effect of surface modification of PMDS microfluidic
biochips by two commonly used anti-fouling coating materials, BSA and Pluronic F-68, on
uniformity of spheroids production on-chip. The optimized PDMS surfaces effectively inhibited
cell adhesion into the surfaces and promoted cells self-aggregations to produce homogenous and
uniform spheroids on-chip. This work highlights the importance of surface modification on

quality and gquantity of spheroid formation on microfluidic-based biochips.

Keywords: microfluidic, 3D cell culture, spheroid, surface modification, PDMS, cancer

4.2 Introduction

The tumor microenvironment is known to play a crucial role in the development of cancer [3, 7].
It is therefore important to mimic the in vivo like tumor microenvironment in vitro, to better
study the mechanisms of cancer progression and enhance new therapeutics. Studies of the cancer
mostly rely on 2D cell culture models using immortalized cell lines [3]. However, it is known
that signals from extracellular matrix and 3D tumor microenvironment play crucial role in the
maintenance of tissue specifications [103]. Nevertheless, tumor cells respond to chemotherapy
and environmental cues differently when they are cultured in 3D microenvironment [3, 276]. 3D
cell culture has gained much attention over the past decades with its evident advantages of more
physiologically relevant data and more predictive responses in drug discovery and disease
modelling [216]. Among various 3D cell culture models, spheroids are cell aggregations formed
by self-assembly which act as excellent physiologically relevant models to provide more reliable
therapeutic readouts [197, 277]. Spheroids can be made by cancer cell lines or cells isolated from
patients [11, 278]. These in vitro models can reproduce some physiological aspects of in vivo
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tumors such as non-uniform distribution of nutrients and oxygen, limited availability of nutrients
and/or drugs in their center, various metabolism and proliferation of cells in different part of the
spheroids and being drug resistance [197]. They also have gene expression profiles similar to
native tumors when compared with 2D models [196]. Size, geometry and compactness level of
spheroids directly influence spheroid viability and drug uptake profile [10, 201]. However,
production of spheroids with uniform and homogenous spheroids is the main challenge for broad
use in cancer researches [10, 201, 203].

[201]Accordingly, developing platforms to simply provide size-controlled spheroids are crucially
important. Microfluidic, which is the science of working with fluids in very small guantities
(between 10 to 10 liters) in a set of micro-channels with dimensions in the range of tens to
hundreds of micrometers, have recently been employed by various research groups worldwide to
generate spheroid-based tumor-on-chip models [204, 256, 259]. However, quantity and quality of
spheroids formed in these platforms and the ability to provide long-term monitoring of cellular

activities are still among the remaining challenges.

Spontaneous spheroid formation occurs when cell-cell interactions dominate over cell-substrate
interactions. Numerous studies have demonstrated that material surface properties (e.g. surface
wettability, surface chemistry, surface charge and roughness) influence protein adsorption on the
surface, which consequently regulates cell adhesion, cellular communications and their
proliferation [247]. Different materials have been used to fabricate microfluidic-based cell
culture devices [6, 241]. In the past few years, polydimethylsiloxane (PDMS) has attracted more
interest in microfluidic biochip fabrication due to its unique properties and particularly because of
its biocompatibility, transparency, ease of fabrication and rapid prototyping [6, 279, 280].
However, cell culture results on the PDMS biochips greatly depend on the physicochemical
properties of the PDMS surfaces [22]. PDMS is inherently hydrophobic due to a high surface
energy barrier, which may cause challenges for the flow of aqueous solutions into the channels
[3, 281]. It is mostly believed that hydrophobic surfaces have higher levels of protein adsorption
than that of hydrophilic surfaces [3, 246, 280]. Protein adsorption will promote cell adhesion on
PDMS surface, which consequently results in channel clogging in microfluidic based cell culture
platforms [26, 246]. Various methods have been used by researchers to reduce cell attachment on

the PDMS surfaces, yet full optimization remains to be determined.
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Plasma oxygen is widely used in microfluidic devices to permanently bond PDMS layers to each
other or into another surface (e.g. glass slide). Plasma oxygen introduces hydroxyl groups on the
PDMS surface temporarily to render the surface hydrophilic and increase in electroosmotic flow
(EOF). This leads to facilitated fluid flow into the micro channels. However, the treated PDMS
surfaces can undergo hydrophobic recovery by aging time due to the migration of low-molar-
mass PDMS species from the bulk to the surface [6]. Alternatively, surface modification with
non-ionic surfactants including poly(ethylene oxide) (PEO)-terminated triblock polymers (e.g.
Pluronic) [254] and modification with blocking molecules with strong anti-fouling properties
(e.g. bovine serum albumin (BSA)) [282] has been widely used to “block” protein adsorption and
cell adhesion on the PDMS surface. PDMS chemical surface modifications to reduce protein
adsorption and cell attachment have been studied earlier elsewhere [22, 28, 254, 269, 283] [22,
254, 282, 284, 285]However, the impact of PDMS surface modification on spheroid formation

remained unclear.

Here, the impact of PDMS surface modification on uniformity of spheroid production on
microfluidic biochip platforms has been investigated. In this work, BSA and Pluronic F-68 used
as the two most common materials to treat PDMS surfaces of biochips before cell culture to
decrease cell adhesion into the surface. By changing the incubation time and concentration of the
BSA and Pluronic F-68, various surface wettability and microstructure produced on PDMS
surface. We have observed that surface properties of PDMS drastically affect spheroid formation
on-chip. Overnight treatment of PDMS surfaces with 10% BSA provides a moderate surface
wettability (around 62 °) and desirable surface morphology to provide optimized surfaces with
anti-fouling properties, which enhance uniform spheroid production. We believe that surface
modification is an easy to use and cost-effective method to produce homogenous spheroids for

reliable and reproducible data in drug assays and cancer researches.

We anticipate that this method can lead to efficient surface treatment in microfluidic-based

biochips for cancer studies.
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4.3 Materials and methods

4.3.1 Fabrication of PDMS layer

Constant three-millimeter thick PDMS layers were cured by mixing elastomer base and curing
agent with the ratio of 10:1 (w/w) (Sylgard 184 Silicone elastomer kit, Dow Corning). The
PDMS mixture was poured into petri dishes. Then, they degassed for 1 hour under vacuum to
remove bubbles and cured at 65 °C in the oven for 2 h. When the PDMS samples were cured,

they were cut into approximately 2.5 cm x 2.5 cm pieces.

4.3.2 Surface Modification of PDMS layer

Surface modification process was performed in two steps as described below:

4.3.2.1 PDMS surface treatment with oxygen plasma

The cured PDMS layers were exposed to oxygen plasma (liquid air, alphagaz 1, 99.999% purity)
which was set at a flow rate of 20 sccm (standard cubic centimeters) controlled by a mass flow
controller (MKS 247C channel readout MKS 1259B-00100RV (0-100 sccm). The pressure in the
chamber (Cylindrical with a 9” diameter and 1.25” height) was set at 600 mTorr (80 Pa) and
fixed using a butterfly valve during the process. The plasma was initiated by radio frequency
plasma at 13.56 MHz (ENI model HF-300 impedance matching unit Plasma therm AMNS 3000-
E) and the applied power was set at 20 Watts, with a plasma exposure time of 20 seconds per

sample.

4.3.2.2 PDMS surface treatment with chemical coatings

To repeat each experiment in a minimum of three replicates, numerous PDMS pieces have been
fabricated with soft lithography and have been treated with oxygen plasma as described above.
The hydrophobic recovery of PDMS after treatment with oxygen plasma occurs by the aging time
of plasma treatment due to the migration of lower molecular weight species to the surface [250].
Therefore, all PDMS pieces have treated with chemical coating on the day 7" after plasma
exposure to provide the same physicochemical properties for all the samples before coating with

chemicals. Samples surfaces were washed gently with Ethanol 99% and then, samples were
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washed with chemical coating solutions and were immersed in their chemical coating solutions.
In this study, we have chosen two different coatings with three different concentrations of each (6
different coatings in total). BSA and Pluronic F-68 which are commonly used surface coatings to
reduce cell adhesion into the surfaces have been chosen for this purpose. Chemical coatings were
prepared in concentrations of 3% w/v, 5% w/v, and 10% w/v of each, to treat sample surfaces.
Two time points have been used in this study. One set of samples has been treated by immersion
in freshly prepared BSA solution and Pluronic F-68 solution for approximately one hour at 37 °C,
and another set of samples has been treated over night at 37 °C to ensure maximum time for

adsorption.
4.3.3 Surface characterisation

4.3.3.1 Water contact angle (WCA) measurement

After surface treatment, each sample was gently washed with HBSS (Wisent Bioproducts, St-
Bruno, QC) to remove the excess BSA and Pluronic on top of the PDMS, also to access if the
WCA changes and morphology changes on the PDMS surface were long term or just visible due
to excess Pluronic and BSA crystals on the surface. Then, surfaces have been washed with
complete cell culture media, in order to follow the same procedure which we use before the cell

culture on PDMS biochips.

WCA were measured directly on clean and flat surfaces with a goniometer (Data Physic OCA,
SCAZ20 software) using the sessile drop technique. An intermediate equilibrium of water-air-solid
contact angle was obtained by depositing a 2 pl water droplet on the surface using the calibrated
syringe. A photograph of each droplet was taken 30 sec after contact with the surface by using
the VCA Optima contact angle analyzer (AST products, Billerica, MA) to study the
hydrophobicity. Water contact angle measurements were measured in triplicate for each sample

on the contact side.Atomic force microscopy (AFM) measurement

The surface morphology of treated PDMS surfaces along with non-treated surfaces was studied
using an Atomic force microscopy (AFM). All AFM images were captured in the air at room
temperature using tapping mode on a (Dimension ICON AFM, Bruker/Santa Barbara, CA).

Intermittent contact imaging (i.e., "tapping mode") was performed at a scan rate of 0.8Hz using
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etched silicon cantilevers (ACTA from AppNano) with a resonance frequency around 300kHz, a
spring constant of = 42 N/m, and tip radius of 'lt;10 nm. All Images were obtained with a medium

tip oscillation damping (20-30%).

4.3.4 Fabrication of microfluidic device to form spheroids on biochip

Each microfluidic device is composed of two PDMS layers obtained from 3D printed master
mold. Design of the channels is adapted from Astolfi et al. [33] and the parameters of each
channel and wells are broadly the same as the device described by them [33], except that the
height of the wells have been increased to 540 um to optimize device operation [226]. The
bottom layer of the device consists of 2 open channels with a 600 um wide square cross-section.
Each channel is containing of five 600 um-wide square-bottom micro- wells of 540 pm in height.
The top layer PDMS with 3mm diameter inlet and outlet holes bonded with Plasma Oxygen
(same conditions described above for PDMS surface treatment with plasma oxygen) to the
bottom layer. The polymeric resin molds (HTM 140 resin, EnvisionTEC GmbH, Gladbeck,
Germany) have 3D printed using stereolithography printer (Freeform Pico and Pico 2 HD, Asiga,

Alexandria, Australia).

Briefly, a mixture of PDMS (Sylgard 184 polydimethylsiloxane elastomer kit; Dow Corning,
Midland, USA) base polymer to curing agent at a mass ration of 10:1 prepared and mixed well,
degassed and poured into each resin mold and allowed to crosslink and cure for 2 hours in 65 °C
oven [284-287]. When it is cured, the PDMS layer is gently peeled off from the mold. Following
surface treatment with oxygen plasma, the two layers of the PDMS have bond together to form
closed microfluidic channels and assembled into the microfluidic device.

4.3.5 Surface treatment of the microfluidic channels

Each microfluidic device was sterilized and air bubbles were removed from each channel by
using 99.9 % ethanol (Sigma-Aldrich). Then, the channels were washed a minimum of three
times with chemical coating solutions (BSA or Pluronic F-68) to clean the channels surface from
ethanol residues. After, the channels were treated with relevant chemical coating solutions (BSA
or Pluronic F-68) in order to assess the role of surface coating to reduce cell adhesion into the
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channels and facilitate spheroid formation on-chip. As described above, two chemical coatings
have been used in this study for surface treatment of PDMS. Triblock copolymer surfactant
Pluronic F-68 (Sigma-Aldrich) and BSA (Sigma-Aldrich) which are the most commonly used
materials for surface treatment in PDMS-based microfluidic devices to decrease cell adhesion
into the surface, have been prepared in three different concentrations of 3% wi/v, 5% wi/v and
10% w/v of each to incubate with PDMS surface. We have divided the devices into two groups to
be treated with the same surface coating for two different incubation times. One group of devices
have been treated with each chemical coating for approximately one hour at 37 °C, and the
second group of devices have been treated over night at 37 °C. Simply, by using P1000
micropipette, each one of the chemical coatings has been introduced through each channel inlet
and washed the channel for three to four times. Then each channel was filled with the chemical
coating for the specific time designed for each group (Less than one hour for group one and
overnight for group two of devices) and placed in the incubator ((37 °C, 5% CO2, 95% ambient

air).

4.3.6 Cell culture and spheroid formation on-chip

MDA-MB-231-GFP cells (human mammary gland adenocarcinoma) were donated by the
laboratory of Professor M. Park (McGill University) and were maintained in high glucose
Dulbecco’'s Modified Eagle Media (DMEM, Sigma Aldrich) supplemented with 10% (v/v) Fetal
Bovine Serum (FBS) (Sigma-Aldrich) and 1% (v/v) penicillin—streptomycin (Sigma-Aldrich) at
37 °C, 5% CO2 and 95% relative humidity (RH). Cells were seeded and passaged one or two
times into 75cm 2tissue culture flasks (Corning Inc., New York, USA) before spheroid
formation on chip. 80-90% confluent cell cultures were used for the experiments on biochip. For
spheroids culture on biochip, cells were washed with sterile phosphate buffered saline (PBS,
Sigma Aldrich) and trypsinized with 0.25% Trypsin-EDTA solution (Sigma-Aldrich) to create a
cell suspension right before the cell culture on chip. Then, microfluidic devices removed from the
incubator and channels were rinsed three times with sterile HBSS (Wisent Bioproducts, St-
Bruno, QC) to clean the channels from chemical coating residues. Then, cell suspension with the
concentration of 5x 10°cells/mL was introduced into the channels inlet by using P200

micropipette. Cell suspension flowed into the channels using gravity-driven flow. The tube
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connected to the outlet will be lowered to approximately 10-15 cm below the inlet during cell
seeding process. Accordingly, gravity resulted from this difference in height, will create a force
to facilitate cell seeding. When the channels were completely filled with the cell mixture, flow
was stopped and allowed cell sedimentation into the wells. The devices were then incubated
under static conditions at a humidified incubator with 5% CO, at 37 °C for 24 hours. Spheroid
formation was occurred by on-chip sedimentation and containment [204, 259]. During the cell
loading process into the inlet of the channels, a portion of the cells were trapped and settled down
into the wells and the rest flowed into the rest of the downstream wells or were ejected through
the outlet. Since the surface of the channels were treated and became cell-resistant, cells self-
aggregation to form spheroids occurred inside each well within one day after the cell seeding
process. On the first day post-seeding, non-adherent cells were washed off by gently rinsing the
channels with complete media and cell aggregated spheroids remained inside the wells. Inlets and
outlets of the devices filled with complete media and devices were kept in the incubator under
static conditions for a period of 7 days for daily monitoring and media exchange by using P200
micropipette.

4.3.7 On-chip observation of spheroid formation and growth tracking

Spheroid formation and growth were imaged directly through the thin PDMS layer by using
Epifluorescence inverted microscope (Axio Observer.Z1, Zeiss, Oberkochen, Germany) and
sCMOS camera (LaVision, Gottingen, Germany) and the objective lens EC Plan-Neofluar 5x /
0.15 for duration of 7 days incubation. The size of the spheroids was determined by measuring

their diameters after they were imaged by fluorescent microscopy.

4.3.8 Image J and data analysis

As explained above, spheroid images were recorded by using Epifluorescence inverted
microscope (Axio Observer.Z1, Zeiss, Oberkochen, Germany) and sCMOS camera (LaVision,
Gottingen, Germany) with the objective lens EC Plan-Neofluar 5x / 0.15. To analyze the
fluorescent images of spheroids, Image J (National Institute of Health, Maryland, USA) was
used. The fluorescence intensity of green fluorescent has been obtained by a digit value from zero
to maximum 255 with Image J. The analyzing area of the spheroid cell culture has been carefully

selected on their 2D fluorescence image. All images had high resolution of more than 1900 dpi.
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The average mean diameter were calculated as Dm= (Dmax+Dmin)/2 [288]. Dm, Dmax, and
Dmin are representing mean diameter, maximum diameter, and minimum diameter of the
spheroid, respectively. The average of spheroids size for each types of surface treatment on days
1, 3, and 7 after cell seeding was reported as average of mean diameter for 10 spheroids per each
condition + standard error (SE). The circularity of the spheroids has been calculated as
circularity=Dmin/Dmax x%100. Dmin, and Dmax are representing the minimum diameter and
maximum diameter around a single spheroid, respectively. The circularity of spheroids for each
types of surface treatment on days 1, 3, and 7 after cell seeding was reported as average of
circularity for 10 spheroids per each condition + standard error (SE). Brightness level ratio
(BLR) is calculated as BLR=Brightness level/255 x 100. By using Image J, fluorescent signals
obtained from fluorescent images of spheroids as the function of cell density in the spheroids
were used as brightness level for BLR calculations. All Data have been reported as the
mean + standard error (SE) of minimum three independent replicas. All error bars in figures
indicate SE. Experiments were repeated at least three times per each condition. One
representative image is presented where the same trends were observed in multiple trials.Results

and discussion

Previous studies have demonstrated that surface treatments with BSA and poly (ethylene oxide)-
poly (propylene oxide)-poly (ethylene oxide) (PEO/PPO/PEQ) co-polymers (Pluronics) strongly
have anti-fouling characteristics [270, 289]. Liu et el. [270] were demonstrated that
PEO/PPO/PEO co-polymers can modify the surface to completely prevent cell attachment. But in
the present study, we have observed that the success in the surface treatment highly depends on
the concentration of the chemical coating and their incubation time with the surface. The
objective of this work was to study the impact of PDMS surface modification on spheroid
formation on-chip. To reach this objective, we have modified the PDMS surfaces with the two
popular and commonly used materials with anti-fouling properties to decrease or inhibit cell
adhesion into the PDMS surfaces of microfluidic biochips. We have assessed surface wettability
and surface morphology of PDMS on treated surfaces compared with bare PDMS surfaces.
Following, spheroid formation in various surface treated biochips were compared in terms of
spheroid size, spherical form, and compactness level of the spheroids measured or estimated to

assess the impact of surface properties on spheroid production.
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4.3.9 Water contact angle

Contact angle measurements were performed for bare and treated PDMS surfaces with BSA and
Pluronic F-68 coatings. Plasma treatment is an inseparable step in microfluidic biochip
fabrication to permanently bond the two PDMS layers together or into another surface (e.g. glass
slide) to form closed microfluidic channels [3]. WCA decreases immediately after plasma
treatment due to the temporarily present of polar groups (e.g. SiO2, Si—-OH and Si—-CH2O0H) on
the PMDS surface [25, 250]. However, PDMS surfaces undergo hydrophobic recovery by the
aging time due to the migration of low-molar mass PDMS species from the bulk of PDMS onto
the surface [243, 250]. Usually, there is few days/weeks gap between fabrication of biochip and
use them for cell culture experiments. Therefore, the PDMS surfaces go through hydrophobic
recovery after this certain time and before cell culture experiments. We have mimicked this
condition to provide the exact steps, which PDMS surfaces of microfluidic biochips go through
before cell culture. Therefore, first, we have treated PDMS surface with plasma oxygen. Then,
surface treatment with chemical coatings carried out on day 7" after plasma treatment to have the
integrity in all data and to provide the same conditions for PDMS pieces similar to biochip
surfaces before cell culture. [25]. It is observed that for both surface treatments with BSA and
Pluronic F-68, WCA decreased when the incubation time and concentration of chemical coatings
increased. The results showed that WCA for BSA coated surfaces decreased to close to 60

degrees, while WCA for Pluronic F-68 coated surfaces decreased to around 82 degrees.

We have observed that WCA of PDMS surfaces treated with BSA and Pluronic F-68 is lower
than that of the bare PDMS surface, which means that both of these surface coating materials
reduced the hydrophobicity of PDMS (Figure 4.1)
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Figure 4.1 Measurement of WCA on the treated PDMS surface

(@) with BSA, (b) with Pluronic F-68 demonstrate the WCA of PDMS layers in the contact side
vs different concentrations of chemical coatings: A) The difference between water contact angles
of PDMS coated after 1 hour and 24 hours of incubation with three concentrations of BSA, B)
The difference between water contact angles of PDMS coated after 1 hour and 24 hours of
incubation with three concentrations of Pluronic F-68. Error bars represent SE for 3 independent
sets of experiments. Within each experiment, WCA was calculated by averaging data points on

the same sample (n = 3)

Previous studies have demonstrated the effect of surface wettability on protein adsorption and
consequently cell adhesion into the surfaces [237, 251, 290]. Here, we have observed that surface
treatment of PDMS with BSA and Pluronic F-68 has changed PDMS surface wettability.
Following, we have assessed the impact of this change on cell responses to the surface and

spheroid formation on-chip.
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4.3.10 PDMS surface topology and AFM analysis

Surface microstructure and topology are among key parameters to affect protein adsorption and
unwanted cell adhesion into the surfaces [237, 251, 269]. In the present study, we have used
AFM to assess the possible topological effects on cell adhesion into the surface. The topology
and microstructure of PDMS surfaces before and after treatment with BSA and Pluronic F-68, as
two commonly used surface coating materials in the microfluidic-based devices to reduce cell
adhesion into the surfaces were characterized. In this regard, we have studied if surface
morphology of PDMS changes by surface treatment when compared with the bare PDMS.
Moreover, we have investigated if this change is repeatable and reproducible in several trials.
Clear changes have been observed on surface treated PDMS layers compared with the bare
PDMS. First we have assessed the impact of incubation time. To do this, 5% BSA and 5%
Pluronic F-68 incubated with PDMS layers in two different groups. The first group was treated in

less than one hour and the second group was treated overnight with surface coating materials.

AFM images of PDMS surfaces for bare PDMS and treated surfaces have plotted in Figure 4.2
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Time Less than 1 hour treatment Overnight treatment

PDMS surface treated with 5%
Pluronic F-68

7.9 nm

-9.1 nm

400.0 nm

PDMS surface treated with 5% '
BSA
o -20.0 nm
4(Wmn 4()().Tmn
3.2nm
Bare PDMS surface

-5.3 nm

400.0 nm

Figure 4.2 AFM images of the chemical coated and bare PDMS surfaces
Surface treatment for less than one hour and overnight treatment with 5% BSA and 5% Pluronic
F-68, vs bare PDMS compared

AFM images of treated PDMS layers have demonstrated changes in surface microstructure
compared with bare PDMS. The results obtained from AFM indicate that bare PDMS surfaces
have homogenous and smooth surfaces with smaller vertical height for pick and valley structures
[25, 28, 291]. Increasing the incubation time decreased the maximal vertical height for pick and

valley structures. We assume this could be related to more surface coverage by increasing the
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incubation time. It means that BSA or Pluronic molecules have more time to adsorb into the

surfaces and cover the gaps between heights and depths on the surfaces [27].

Table 4.1 summarized the average of maximal vertical height value for pick structures formed on
PDMS surfaces after surface treatment with BSA and Pluronic in short term (less than one hour)
and long term (overnight treatment). Three AFM images considered to calculate the average of

maximal vertical height of the peaks.

Table 4.1 Average maximal vertical height value for pick structures formed on PDMS surfaces

after short term and long term treatment with chemical coatings ( Average + SD, n=3)

) Short treatment Long treatment
Material ] )
with 5% agent with 5% agent
Average maximal vertical height for pick
structures (nm) for surface treatment with
Pluronic F-68 8.3£0.8 7.940.5
Average maximal vertical height for pick
structures (nm) for surface treatment with BSA 19.1+0.8 18.3+0.6

To assess the impact of concentration of the coating materials, in another set of experiment,
PDMS surfaces have been treated with three different concentrations of BSA and Pluronic F-68
overnight (3% wi/v, 5% w/v, and 10% w/v of each). AFM images obtained from PDMS surfaces
treated with different concentration of BSA and Pluronic clearly showed the formation of peak
and valley structures which proved that surface modification occurred. AFM images have

demonstrated that by increasing the concentration, maximal vertical height for pick and valley
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structures have been decreased. We assume that increasing in concentration provided more
molecules to cover the PDMS surfaces. Therefore, more gaps and free spaces between the heights
and depths on the surface have been covered. Accordingly, the height differences between height

and depths on the surface decrease (Table 4.2 and Figure 4.3)
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Concentration 3% 5% 10%

Surface treated

15.0 nm 7.9 nn [ S L 7.70m

with Pluronic
F-68

-15.4 nm 9.1 nn ‘ a8 -5.3 nm

400.0 nm 400.0 nm 400.0 nm

Surface treated
with BSA

400.0 nm 400.0 nm 400.0 nm

3.2nm

Bare PDMS

-5.3 nm

400.0 nm

Figure 4.3 AFM images of the three concentrations of chemical coated PDMS surfaces with BSA
and Pluronic F-68 vs bare PDMS

Table 4.2 summarized the average of maximal vertical height value for pick structures formed on
PDMS surfaces after surface treatment with different concentration of BSA and Pluronic F-68.

Three AFM images considered to calculate the average of maximal vertical height of the peaks.
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Table 4.2 Average maximal vertical height value for pick structures formed on PDMS surfaces

treated with three concentration of chemical coatings ( Average + SD, n=3)

PDMS +
_ PDMS+ PDMS +
Material 10%
3% agent 5% agent
agent

Average maximal vertical height for pick structures (nm) for
13.4+0.6 7.9+0.5 7.8£0.5

treatment with Pluronic

Average maximal vertical height for pick structures (nm) for
treatment with BSA

25.1+0.7 18.3+0.6 16.8+0.4

Average maximal vertical height for pick structures (nm) for 4.6£0.4
Bare PDMS

As explained above and as summarized in increasing the incubation time and concentration of
chemical coating clearly change the surface morphology of treated PDMS compared to the bare
PDMS. This morphological change was repeatable and showed the formation of peaks and
valleys structures on the PDMS surfaces which proved that surface modification occurred and
BSA and Pluronic molecules adsorbed into the PDMS surfaces [25, 250, 273].
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4.3.11Spheroid formation on microfluidic biochips

Microfluidic devices have been used in this work to assess the impact of surface modification on
homogenous spheroid production were inspired by design developed by Astolfi et al. [33]. The
design has been modified to have two separate microfluidic channels in each device. The height
of each well is also modified according to the theoretical simulation [226] for optimal cell
trapping. The cell mixture of MDA-MB-231 cells is introduced into the inlet of each channel. A
portion of cells trapped and settled down into the micro-wells by sedimentation [204, 259]. Since
the surfaces were modified and became cell-repellent [25, 26], cell-cell adhesions became
dominant over cell-substrate adhesions [13, 201, 292].The sizes of the spheroids were relatively
uniform in each group and it mostly depends on the initial cell concentration of the cell mixture.
We have experimentally optimized the initial cell concentration to 5 x 105 cells/mL in cell

mixture for our device (Figure 4.4).
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125k cells/mL 250k cells/mL 500k cells/mL 1M cells/mL 2M cells/mL

Day O

200 um

MDA-MB-231-GFP 200 um

Figure 4.4 Spheroid formation on-chip with different initial cells concentration and their growth

during 7 days

Fluorescent images of MDA-MB-231-GFP spheroid formation within microchannels. Different
initial cells concentration applied to adjust the optimal initial cells concentration. (Size of
chambers: 600, 600, 540 um, Size of microchannel: 600 um width, 600 pm height. Scale bar is
200 mm. The green color is due to green-fluorescent protein (GFP) in MDA-MB-231 cells.
Images of the cells in day O (cells injection inside the microfluidic channels) were captured by
bright field microscopy. Images of the spheroids on day 1 and 7 were captured by fluorescent

microscopy

Microscopic observations have demonstrated that there is no significant difference between the
spheroids formed in different micro-wells through the channel and have confirmed the uniform
distribution of cells along the length of each channel. Fluorescent images of spheroids have
shown the progressive development of spheroid sizes through 7 days of culture. Cells are capable
to self-aggregating and form cellular clusters after one day of culture and transform into compact



84

uniform-sized spheroids after the second day of culture. Figure 4.5 demonstrates the cell
aggregation process on non-treated biochips compared with devices which have been treated with
chemical coatings (BSA or Pluronic F-68) to be resistant to cell adhesion into the PDMS surface.
In contrast with biochips which have been treated overnight with chemical coatings, devices
without any surface modifications and devices which only have been treated for a maximum of 1
hour of incubation with chemical coating were favourable for the attachment of MDA-MB-231
cells. In these devices, cells tended to attach to the walls of the microfluidic channels and
exhibited spread morphology which was propagated to adherent cell clusters attached to the

surfaces of the micro-wells.

The spheroids morphology on the BSA-coated and Pluronic F-68-coated devices was observed to
be very similar and it seems to be mostly depends on the concentration of the chemical coating.
As a control, cells were seeded on a PDMS device without any surface treatment. A significantly
greater number of cell adhesions qualitatively were observed on non-treated PMDS channels as
demonstrated in the Figure 4.5 which illustrate the impact of surface treatment in reducing cell
adhesion into the PDMS surfaces. When the PDMS surfaces of microfluidic biochips were
treated with BSA or Pluronic F-68, surfaces became cell-repellent. According to the surface
characterisation experiments, explained above, we assume that the changes in surface wettability
and microstructure of PDMS due to surface modification affected cell responses into the surface.
Therefore, cell-substrate interactions decreased while cells self-agglomerations have been
promoted to facilitate spheroid production. On the other side, cells tend to attach to hydrophobic
surfaces of non-treated PDMS biochips. Therefore, in most of the micro-wells they have been
proliferated randomly without formation of spherical cells clusters. The growth pattern of the
MDA-MB-231 cells within the 3D environment over the course of 1 week is shown in this figure.
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3% BSA 5% BSA 10% BSA 3% Pluronic 5% Pluronic 10% Pluronic Bare PDMS

Figure 4.5 MDA-MB-231-GFP Spheroid formation on-chip

MDA-MB-231-GFP Spheroid formation on-chip surface treated with various concentrations of
chemical coatings (BSA and Pluronic F-68) compared with non-treated PDMS biochips. Each
square in this image is representing 600 um x600 pum. Green color is due to green fluorescent
protein GFP. (n=3)

4.3.12Monitoring of spheroids growth

Daily growth of spheroids has been performed by using fluorescent microscopy. In this work, we
have observed that surface modification of PDMS biochips is a simple and cost-effective method
to produce uniform spheroids on-chip. Our observations indicated the key role of surface
modification of biochips on cell responses into the surfaces and accordingly on spheroid
formation on-chip. More specifically, this work highlights the impact of incubation time and
concentration of the chemical coating to modify PDMS surface wettability and microstructure.
These two demonstrated to play critical role on spheroid production on PDMS biochips. We need
to take in the consideration that non-uniform cell aggregations, lobular structures, and loose cell-
cell connections should not be considered as spheroids [10, 203]. Hence, this work, highlight the
crucial impact of surface modification to produce uniform and compact cell clusters, known as

spheroids.

In Figure 4.6 Image J has been used to analyze size, spherical shape, and compactness level of
spheroids during 7 days of culture. The average of 10 spheroids has been used per condition. All
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experiments have been repeated in three independent replicas. The brightness level of the green
fluorescent color obtained by a digit value from zero to maximum 255 which respectively
corresponds to darkest and brightest pixels in image J. The analysing area of the spheroids have
carefully selected on 2D fluorescent images of spheroids. Brightness level ratio was presented as
BLR=Brightness level/255 x 100 in our calculations. This number qualitatively can be
representative of compactness level of spheroids. This means that when the fluorescent image is
brighter, BLR value obtained by image J is a higher number. This can be representative of more
cells in the spheroids that have been produced more intense fluorescent signals captured by
fluorescent microscopy. BLR increased from day 1 to day 7. As explained in detail in Methods,
we have calculated the spherical shape of the spheroids as Circularity=Dmin/Dmax x 100 around
a single sphere. Spheroids size have been presented as the average mean diameter calculated as
Dm=(Dmax+Dmin)/2.

Figure 4.6 demonstrate changes in size, shape and compactness level of the spheroids during 7

days of culture.
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Figure 4.6 Image J analysis of spheroids formed in biochips treated with different concentrations
of BSA and Pluronic F-68 overnight

a) and b) show the brightness level ratio of green fluorescent for BSA and Pluronic F-68
respectively. Brightness level ratio demonstrated the intensity of green fluorescent measured by
Image J. This can be representative of the cellular concentration or compactness level of the cells
inside the spheroids that produced fluorescent signals. ¢) and d) show the circularity of the
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spheroids formed in BSA and Pluronic F-68 treated biochips, respectively. Circularity can
demonstrate how spheroids are spherical shapes or homogenous. e) and f) show the spheroid size
measured as the average mean diameter in um. 10 spheroids were used for calculations per
condition. Experiments have been repeated in three independent trials (Error bars represent + SE,
n=3)

Our data reveal that the BSA coating produced a cell repellent pattern similar to that observed
following Pluronic F-68 surface treatment. However, BSA was more effective starting at the
concentration of 5% and the optimized results have been recorded at the concentration of 10% to
reduce cell adhesion to the surfaces. On the other hand, Pluronic F-68 has been shown to be
effective in reducing cell adhesion to surface starting at the concentration of 3%. According to
our observations we believe that 5% is the optimal concentration for Pluronic F-68 to achieve
higher percentage of uniformly sized spheroid formation on-chip as it seems that with 5% of
Pluronic F-68, we are going to have enough surface coverage to prevent cell attachment into

surfaces.

In our experiments, spheroid formation on surface treated with 10% BSA and 5% Pluronic F-68
was greater than to the other surfaces, suggesting that the moderate wettability (62-88 degree
water contact angle) shared by these two surface coatings promoted higher cell repellent

properties for PDMS surfaces.

We believe that the concentration of the chemical coatings and the incubation time are the two
important factors to regulate surface wettability and morphology of PDMS surfaces, which are
providing optimal anti-fouling property for PDMS surfaces.. In this study, we only have focused
to investigate the impact of PDMS surface wettability and microstructure on spheroid production
on-chip. However, we need to take in the consideration that the impact of surface properties on
cellular responses into the surfaces is very complicated and it is not completely understood yet
[22, 23, 251]. Further investigations required for better understanding the influence of various

surface properties on cell responses into the PDMS surfaces.



89

4.4 Conclusion

Understanding the correlation between surface properties and cellular responses into the surfaces
is essential to design optimal surfaces in biomedical applications including microfluidic based
biochip platforms. Although enormous studies have been performed concerning PDMS surface
modifications, a systematic study on the effect of anti-fouling coating on the PDMS surface
properties and its impact on spheroid production on PDMS microfluidic biochip platforms was
still missing in the literature. As the cells behaviour is deeply influenced by the cellular
microenvironment and their substrates, the objective of this study was to investigate the
influence of PDMS surface properties (specifically surface wettability and microstructure), on

uniform and homogenous spheroid production on microfluidic biochips.

In this work, we have used BSA and Pluronic F-68 as the two commonly used materials to
decrease cell adhesion into the surfaces of microfluidic platforms. We have studied the effects of
incubation time and concentration on changing the PDMS surface wettability and microstructure.
Then, the impacts of PDMS surface properties on spheroid formation from MDA-MB-231-GFP

cells on PDMS microfluidic biochips have been investigated.

This study provides not only fundamental understanding about control of cell behaviour in
PDMS-based microfluidic platforms, but also a simple and cost-effective method to effectively
enhance spheroid formation on-chip for in vitro assays. Our observations have been demonstrated
that moderately hydrophilic surfaces (62-88 degree water contact angle) promoted the highest
level of cell repellent properties. Here, we have observed that overnight PDMS surface
modification with 10% BSA provided an optimized surface to effectively supress cell adhesion

into the PDMS surfaces and promote spheroid formation on-chip.

In this study, we have produced homogenous and uniform-sized and shaped spheroids in a
repeatable manner. In this work, we have used breast cancer cells Ithough the technology
described here is versatile. In our future work, we will use other cell lines to assess the capability
of this surface optimized biochip to effectively capture cells from various cell lines and produce
uniform spheroids on-chip. On the whole, the results of this work indicated the importance of the
surface properties to modulate cell responses into the surfaces and decrease non-specific cell

adhesion.
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In summary we have shown a simple, effective, practicable and repeatable method to modify the
PDMS surface of biochips to effectively enhance spheroid formation on PDMS biochips without
the need of using expensive additive materials (e.g. hydrogel, matrigel, etc.) into the cells

mixture to produce uniform spheroids for drug testing and cancer studies.
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5.1 Abstract

Spheroids have become an essential tool in preclinical cancer research. The uniformity of
spheroids is a critical parameter in drug test results. Spheroids form by self-assembly of cells.
Hence, the control of homogeneity of spheroids in terms of size, shape, and density is
challenging. We have developed surface-optimized PDMS biochip platforms for uniform
spheroid formation on-chip. These biochips were surface modified with 10% bovine serum
albumin (BSA) to effectively suppress cell adhesion on the PDMS surface. These surface
optimized platforms facilitate cells self-aggregations to produce homogenous non-scaffold-based
spheroids. We have produced uniform spheroids on these biochips using six different established
human cell lines and a co-culture model. Here, we have observed that the concentration of the
BSA is important in blocking cell adhesion to the PDMS surfaces. Biochips treated with 3% BSA
demonstrated cell repellent properties similar to the bare PDMS surfaces. This work highlights
the importance of surface modification on spheroid production on PDMS-based microfluidic

devices.

Keywords: microfluidic, 3D cell culture, spheroid, surface modification, PDMS, cancer

5.2 Introduction

Cancer is among the top causes of death in developed countries. According to the statistics
Canada [293], cancer causes over 30% of the total deaths in Canada annually. Major issues for
successfully treating cancer include early diagnosis and proper radio-, chemo-, and/or surgical
therapy. Chemotherapy has long stood as the adjuvant for radiation and surgical approaches;
however, not all cancer types or patients respond to chemotherapy. One reason for this can be
linked-to methods used for developing the chemotherapies, which rely heavily on in vitro two-
dimensional cell culture and animal models which do not recapitulate the physiological human
tumor microenvironment. Spheroids, tumoroids, and tumorospheres have been developed
compact and spherical three-dimensional (3D) cell agglomerations widely used advanced in
preclinical oncology in vitro models [11, 12, 209]. Hence, loose cell aggregates that easily detach
or other forms of spatial cells aggregations should not be considered spheroids since the

compactness and the spherical geometry of spheroids are the essential characteristics giving them
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in vivo-like tumor features to make them more reliable tools in cancer research and drug safety
assessment [10, 200, 209].

Focusing on spheroids, various techniques have been used for their formation with the same
principle in which adhesive forces between cells are more prominent than cell-substrate adhesion
[13, 209]. Producing uniform and homogenous spheroids in terms of size, shape, and
compactness level has proved to be challenging using conventional spheroid formation methods
such as liquid overlay technique (LOT) [13, 211], hanging drop method [210], spinner flasks
[214] and stirred-tanks [215]. Recent advances in microengineering and microfabrication aim to
address this limitation by developing microfluidic cell culture systems to generate more uniform,
reproducible spheroids by providing better control over the cellular microenvironment [3, 6].
These devices are particularly useful for capturing small numbers of circulating tumor cells from
patient liquid biopsies[294].However, most of the developed platforms only rely on the design of
the channels and cell trapping chambers geometries to effectively direct cell aggregations [21,
226, 257, 295]. Surface engineering has become more popular in the past decades due to the
importance of substrate surface properties to alter cellular responses (e.g. cell adhesion) [222,
227]. However, there remains ample room for surface optimization toward spheroid-on-a-chip
technology. PDMS has a long history of use in microfluidic biochip platforms [3, 216] The
hydrophobic nature of the PDMS [3], which is associated with the methyl groups present in the
PDMS structure [245, 296], leads to protein adsorption and consequently cell adhesion to the
PDMS surface is problematic specifically in the cell culture-based platforms [3, 216]. Therefore,
the optimal surface engineering approach to render PDMS more hydrophilic remains to be

determined for tumor-on-a-chip studies and drug screening [3, 136, 202, 258, 259].

We previously designed a PDMS-based tumor-on-a-chip model for capturing tumor cells and
generating uniform spheroids [238]. We observed that 10% BSA can render PDMS surface
hydrophilic and block adhesive properties, leading to higher cell-cell interactions compared to
cell-substrate interactions. This resulted in homogenous spheroid production from MDA-MB-231
breast cancer cells conducive to future co-culture experiments and therapeutic screening. The
objective of the present study was to expand the use of the microfluidic platform to multiple

tumor cell types in an effort to broaden the scope of therapeutic screening. In this work, the
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impact of surface modification of PDMS on the uniform and homogenous spheroid production

from several tumor cell lines and the co-culture model of tumor-stromal cells has been studied.

5.3 Materials and methods

5.3.1 Fabrication and surface treatment of the microfluidic devices

5.3.1.1 Fabrication of microfluidic biochip to produce spheroids

The general design of the channel is similar to our previous work which is adapted from the
design developed by Astolfi et al. [33] In this work, the shape of the micro-wells was modified to
the cylindrical form instead of the cube shape to prevent sticking the cells to the corners of the
micro-wells and promote spheroid formation on the device (Figure 5.1). This device is composed
of two PDMS layers. The bottom layer of the device consists of two open channels with 840 pm
x 840 um wide square cross-sections. Each channel is containing five 840 um in diameter circle-
bottom micro-wells of 756 um in height. The top layer PDMS has 3mm diameter inlet and outlet
holes bonded with Plasma Oxygen to the bottom layer as described before. 3D-printed molds
(HTM 140 resin, EnvisionTEC GmbH, Gladbeck, Germany) have been kindly printed by
Prof.D.Juncker’s lab, Biomedical engineering department, McGill University, using a
stereolithography-based printer (Perfactory MicroEDU, EnvisionTEC Inc., Germany).

To obtain microfluidic devices from the 3D-printed mold, we have made PDMS replicas by soft
lithography. To prevent sticking of the PDMS to the resin mold, we have pre-treated molds with
a silicone spray (Ease Release 200®, Mann Formulated Products, USA) prior to replication of
PDMS. To make PDMS replicas, as described before[238], elastomer base and curing agent
(Sylgard 184 polydimethylsiloxane elastomer kit, Dow Corning, Midland, USA) were mixed
properly in a 10:1 ratio. The mixture then was degassed for about 1 hour and poured into the 3D-
printed mold while placed in a petri dish. PDMS replicas were cured for 2 hours in a 65 °C oven
and then peeled off from the mold. Due to the presence of the silicone spray residues, the first
PDMS replicas from each mold were discarded and subsequent replicas were used to fabricate
microfluidic devices. The two PDMS layers have bonded together to form closed microfluidic
devices following surface treatment with oxygen plasma at Prof.M.Wertherimer’s lab,

Engineering Physics department, Polytechnique Montréal. An oxygen gas (air liquide, alphagaz
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1, 99.999% purity) was set at a flow rate of 20 sccm (standard cubic centimeters) controlled by a
mass flow controller (MKS 247c channel readout + MKS 1259B-00100RV (0-100 sccm). The
pressure in the chamber (cylindrical with a 9" diameter and 1.25"height) was set at 600 mTorr
(80 Pa) and fixed using a butterfly valve during the process. The plasma was initiated by
radiofrequency plasma at 13.56 MHz (The power source: ENI model HF-300 + impedance
matching unit, plasma therm AMNS 3000-E) and the applied power was set at 20 Watts, with a
plasma exposure time of 20 seconds.

5.3.1.2 Surface treatment of PDMS biochips

Before introducing the cells to the devices, by using 99.9% ethanol (Sigma-Aldrich) microfluidic
channels were sterilized and the air bubbles were removed from the channels. In order to reduce
cell adhesion to the PDMS surfaces and promote the spheroid formation, we have performed
surface coating with BSA. BSA (Sigma-Aldrich) solutions in two different concentrations of 3%
w/v and 10% wi/v in sterile phosphate buffered saline (PBS, Sigma Aldrich) have prepared [238]
and were sterilized by filtration through a 0.2 pum filter (Millipore Sigma). The microfluidic
channels were flushed out 3-4 times with the BSA solutions to remove the ethanol residual.

Then, by incubation of freshly prepared BSA solutions with biochips, their surfaces were
modified to assess spheroid formation on-chip. One group of biochips was surface treated with
3% BSA, and, another group of biochips was surface treated with 10% BSA to assess the impact
of surface treatment on spheroid production. Only 10% BSA was used for co-culture model
assays. All the devices were incubated overnight in the incubator (37 °C, 5% CO 2, 95% ambient

air) right after cell seeding process.

5.3.1.3 Cell culture and spheroid formation on-chip

Six different cell lines have been used in this study: The epithelial breast cancer cell line MDA-
MB231 (Green-fluorescent protein, GFP), stromal connective tissue cells including IRM-90
mCherry Fibroblasts (Red-fluorescent protein, RFP), Derivative subline of human prostate cancer
LNCaP-derived C4-2B cells, the human non-small lung adenocarcinoma cell line H1299, human
lung carcinoma epithelial cell line A549 and Human glioblastoma cell line U251. MDA-MB231,
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IRM-90, and C4-2B were kindly provided by the laboratory of Prof.M. Park at McGill
University. H1299 and A549 were generously provided by the laboratory of Prof.M.Lavertu at
Polytechnique Montréal. U251cell line was a generous gift from the laboratory of Dr.R.J.Diaz at
The Montréal Neurological Institute-Hospital, McGill University. C4-2B, H1299, A549, and
U251 cells were fluorescently labeled with cell-labeling solution (Vybrant Dio, V22886;

Molecular Probes, Invitrogen) in accordance with the manufacturer's protocol.

H1299 and C4-2B cells were cultured in RPMI-1640 medium supplemented with 10% v/v fetal
bovine serum (FBS) and 1% v/v penicillin/streptomycin (PS). All the other cell lines were
cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented as
above. (All products from Gibco, Thermofisher). All the cell lines (less than 5 passages) were
seeded in T-75 flasks (Corning Inc., New York, USA) at the density of 1.5 x 10 ° cells per flask
and placed in the incubator at 37 °C, 5% CO 2 and 95% relative humidity (RH). After reaching
80%-90% confluence, cells were washed two times with sterile phosphate buffered saline (PBS,
Gibco, Thermofisher), and trypsinized with 0.25% Trypsin-EDTA solution (Gibco,
Thermofisher. Then supplemented fresh culture medium (Gibco, Thermofisher) was added to the
cell suspensions and centrifuged for 5 min at 1500 rpm to collect the cells. Prior to cell seeding,
microfluidic channels were rinsed properly with sterile PBS (Gibco, Thermofisher) three times to
clean the channels from the BSA residues, then the fluid within the channels was replaced with a
fresh supplemented culture medium. Then, cell suspensions with the concentration of 1 %10 6
cells/mL were injected into the microfluidic channels inlets by using a micropipette (P200) and at
the same time, 100 pl of the medium were removed from the channel’s outlet. Consequently, the
cell suspension was pipetted into the outlet, and 100 pl of cell suspension inside the channel was
removed from the inlet. To provide uniform and homogenous cell distribution across the
channels, we have repeated this process on both sides (inlet and outlet) of the channels three
times. Following the cell seeding process, microfluidic devices were put in the incubator. The

culture medium was refreshed every 24 hours using a micropipette (P200).

5.3.2 On-chip observation of spheroid formation and growth

Using Epifluorescence inverted microscope (Axio Observer.Z1, Zeiss, Oberkochen, Germany)

and sCMOS camera (LaVision, Goéttingen, Germany) and the objective lens EC Plan-Neofluar 5x
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/ 0.15 Spheroids formation and growth were imaged directly through the thin PDMS layer for the
duration of 7 days. The size of the spheroids, their compactness, and their spherical geometry was

quantitated on day 1, 3, and 7 using Image J software.

5.3.3 Image J and data analysis

The images of the spheroids which were recorded as explained above have been used for analysis
with Image J (National Institute of Health, Maryland, USA) to assess spheroid growth. All
images had a high resolution of more than 1900 dpi. The brightness level of fluorescent images
was assessed by a digit value from zero to a maximum of 255. The average mean diameter of
each spheroid can be written as D m= (D max+D min)/2 from 10 repeats. We have reported the
average size of the spheroids as mean diameter + standard deviation. We have defined the
circularity of the spheroids by the Circularity= 100 x (D min/D max around a single sphere).
Brightness level ratio is equal to BLR= (Brightness level/255) x 100. We have used fluorescent
signals as the function of increasing the number of cells in the spheroids. All Data have been
reported as the mean=+SE of minimum of three independent tests. All error bars in figures
indicate SE. One representative experiment is presented where the same trends were seen in

multiple trials.

5.3.4 Assessment of multicellular spheroid co-culture model on-chip

We have assessed spheroid morphology and growth in co-culture models. 3D tumor model
consisting of a co-culture of A549 cells and IRM-90 cells (Ratio of 1:1, 1:2, 2:1) have been used
to form hetero-type MCTSs in comparison with a monoculture of either A549 or IRM-90. The
initial cell suspension had a concentration of 1 x10 ° cells/mL in all the experiments. Process of

cell seeding and spheroid formation on-chip repeated as described above for mono-type MCTSs.

5.3.5 Adhesion and morphology assays on biochips treated with 3% BSA

As a comparison and a control model for spheroid formation assays on PDMS biochips which
were surface treated with 10% BSA, spheroid formation and cell adhesion were assessed on
biochip treated with 3% BSA.
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5.3.6 Statistical analysis

All experiments were repeated in three independent biological replicates (n=3) in order to
evaluate the reproducibility of the data. For each experiment, a minimum of 10 spheroids were
analyzed per condition. Statistical analyses were performed using Microsoft Excel 2016 (Version
1803, Build 9126.2259). All data is represented as mean * standard error of the mean. One-way
ANOVA was performed to assess statistical significance between means, with post-hoc Tukey

tests for comparison between means. A p < 0.05 was considered statistically significant.

5.4 Results and discussion

To generate compact and uniform spheroids adhesive forces between cells and their substrate
need to be weaker than adhesive forces between the cells. Our previous work [238] has
demonstrated the impact of surface properties of the PDMS in uniform spheroid formation on-
chip. Our observations have indicated that PDMS biochips surface modified with 10% BSA
provide optimal cell repellent properties characterized by greater surface wettability (moderate
contact angle between 70° to 60°) when compared with the bare PDMS (contact angle > 100°).
The PDMS surface modification with 10% BSA has illustrated a desirable surface microstructure
upon which MDA-MB 231 cells reproducibly do not tend to adhere. Hence, PDMS surface
treatment with 10% BSA has promoted cell self-aggregations and homogenous spheroid
formation on-chip. On the other hand, the biochips that were surface treated with 3% BSA have
demonstrated lower surface wettability (contact angle > 90°) when compared with 10% BSA
upon which MDA-MB 231 cells tend to adhere to the surface. The microstructure of PDMS
surfaces treated with 3% BSA was less smooth with less surface coverage when compared with
PDMS surfaces treated with the 10% BSA. Therefore, the quantity and quality of cellular self-
aggregations and spheroid formation on devices drastically were reduced. We have previously
studied the impact of PDMS surface modifications on spheroid formation using MDA-MB 231
cells. Since cells’ adhesive interactions with the surfaces are complicated due to the different
cells' surface receptors and various surface properties [297-299], in the present study, we have
investigated the impact of our surface-optimized biochips treated with 10% BSA on the uniform

and homogenous spheroid production from several cell lines.
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5.4.1 Design and fabrication of the microfluidic biochip

The physicochemical properties of the microfluidic biochips play a crucial role in spheroid
formation on devices[238]. In the present study, we have optimized the design of the micro-wells
to improve the chance of spheroid formation on our surface-treated device. We have developed a
design[238], adapted from Astolfi et al. [33] [226]. We have observed that the cube shape of the
wells could increase the chance of cell adhesion to the corners of the cell trapping micro-wells
and could affect the quality of spheroid formation by increasing the chance of producing lobular
shapes and non-spherical cell aggregations. To overcome this limitation, in this work we have
modified the form of the cell trapping micro-wells to cylindrical shapes which have resulted in

more effective cell aggregation and centered position of resulting cell clusters (Figure 5.1).
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600 pm 840 pm

Figure 5.1 Microscopic image and schematic of the cube shape cell trapping microwell

A) Image of the channel in previous design with cube shape cell trapping chamber Each channel
has 78 mm length with a cross-section of 600 pm x600 um with five cube shape cell trapping
chambers for cell sedimentation and spheroid formation, B) Image of the modified design used in
this work with cylindrical shape cell trapping chambers. Each channel has a 109.2 mm length
with a cross-section of 840 um %840 pum with five cylindrical cell trapping chambers for cell
sedimentation and spheroid formation, C) Top view of microscopic image of cell trapping
chamber of the previous design, size of the chamber is 600 umx600 pum and the height of the
chamber is 540 um D) Top view microscopic image of modified cylindrical shape cell trapping
chamber in the present study, the radius of the chamber is 840 pm and the height of the chamber
is 756 um E) Schematic top view of cube shape cell trapping chamber in previous design,
F)Schematic top view of cylindrical shape cell trapping chamber in the current design used in this

work
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5.4.2 Spheroid formation on model surfaces treated with 3% and 10% BSA

The uniform spheroid formation on surface-modified PDMS biochips has been studied.
[238][238] [238]We have observed that biochips treated with 10% BSA solution boosts a greater
number of spheroid formation on-chip and increase the quality of spheroids for various cell lines

studied here, in a reproducible manner.

The principle of spheroid formation is the same for all the cell lines studied in this work. After
micro-channels were filled with the cell suspension, cells began to sediment into the cylindrical
micro-wells. When the surfaces of the channels are pre-treated with 10% BSA, cell-cell adhesive
forces become dominant over cell-substrate adhesive forces. Hence, during the first 24 hours of
incubation, cell aggregations were occurred for all the cell lines and the co-culture models, except
for C4-2B cells spheroid formation did not observe during the first 72 hours of culture. After 24
hours, non-aggregated and aggregated cells inside the channels were rinsed with a fresh medium.
During the second day of incubation (48 hours post-seeding), growth and spheroid compaction
were observed for all the cell lines and co-culture models, except for C4-2B cells. For C4-2B
cells, spherical cell agglomerations were observed on day 3 (72 hours) post-seeding. All the cell
lines were successfully made spheroid on biochips pre-coated with 10% BSA and spheroid
growth was assessed over a period of seven days (Figure 5.2).

MDA-MB-231 A549 H1299 C4-2B

Day3 Day 1

Day 7
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Figure 5.2 Spheroid formation on PDMS biochips pre-coated with 10% BSA

Fluorescent images of spheroids captured on days 1, 3, and 7 showed that each cell line had its
own growth rate in 3D model. All cell lines studied here were able to form spheroid during 7
days of culture. The red color is due to red-fluorescent protein (RFP) in IRM-90 cells and the
green color is due to green-fluorescent protein (GFP) in MDA-MB-231 cells. For other cell lines,
green color is due to fluorescently labeled with cell-labeling solution Vybrant Dio VV22886. Scale
bars: 200 pym

Laminar flow in microfluidic channels provided protection of spheroids from the shear stress
caused by exchange of medium, while the diffusion-based mass exchange is quick enough to
effectively remove cellular waste and provide nutrition for spheroids [33, 226, 300]. We have
observed that the growth pattern is different in 3D for different cell lines which leads to different
sizes of spheroids on day 7 post-seeding while the initial cell concentration is the same (1 x10 °
cells/mL) in all groups. As a control model, we have studied the spheroid formation on biochips
pre-coated with 3% BSA (Figure 5.3). When the cell suspension is introduced to the channels,
due to the higher protein adsorption to the surface, cell-substrate interactions are greater than cell-
cell interactions. This leads to cell adhesion to the surface depending on the cell type which can

influence the quality of cells’ self-aggregations and spheroid production.
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Figure 5.3 Culture of different cell lines on PDMS biochips pre-coated with 3% BSA

Day1

Day 7

Cell adhesion pattern to the surface is different and it depends on the cell type. In some cell lines
like C4-2B cell-substrate interactions are dominant over cell-cell interactions, therefore they
cannot form compact cell clusters on surfaces treated with 3% BSA. On the other hand, some cell
lines like U251 demonstrated to have greater cell-cell interactions when compared with cell-
substrate interactions, therefore this leads to the formation of more compact cell clusters. The red
color is due to red-fluorescent protein (RFP) in IRM-90 cells and the green color is due to green-
fluorescent protein (GFP) in MDA-MB-231 cells. For other cell lines, the green color is due to

fluorescently labeled with cell-labeling solution Vybrant Dio V22886. Scale bars: 200 um

5.4.3 Spheroid characterization

Routine monitoring of the spheroids was performed for 7 days. Fluorescent images of the
spheroids were recorded directly from the thin PDMS layers. By using Image J software,
morphometric parameters including minimum and maximum diameter, spheroid size, BLR, and
circularity were obtained. Various parameters (e.g. flow rate, cell density during seeding,
duration of cell seeding) modulate spheroid size [209] on the same design/size of
channels/chambers of a microfluidic platform. Here we have studied the influence of cell type in

the spheroid size, growth and spherical shape on our optimized design treated with 10% BSA.

Figure 5.4 shows the seven day growth pattern of the spheroids cultured on biochips pre-coated
with 10% BSA.
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Figure 5.4 Growth pattern for spheroid production on biochip pre-coated with 10% BSA

(A) Spheroid size over the seven days of culture. Spheroid size varied and was significantly
increased on day 7 compared to day 1 for all cell lines (D1 Vs. D7 **p<0.001 and ***p<0.0001).
C4-2B cell line only was able to produce spheroid after day 3 of culture, we only saw the size on
day 7 accordingly. (B) BRL for U251, A549, and H1299 significantly increased on day 7
compared to day 1 (D1 Vs. D7 *p<0.05 and **p<0.001) and for IRM-90 and MDA-MB 231
varied non significantly (NS=non-significant). (C) Circularity is representative of the spherical or
circular shape of spheroids. Circularity increased non-significantly on day 7 compared to day 1
for all of the cell lines. C4-2B cell line only was able to produce spheroid after day 3 of culture,

as previously mentioned. All assays were performed as triplicates per trial in three independent
experiments. (Error bars represent + SE, n=3)

Here, we have observed that contrary to 2D cultures which grow exponentially, spheroids were
characterized by an exponential growth phase followed by a decrease in growth with an increase

in non-growth rate. According to our observations duration of each phase is depending on the
type of the cell line.
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5.4.4 Study of co-culture multicellular spheroids

Spheroids can also be formed from a co-culture of tumor cells with stromal cells [11, 209]. These
co-culture models are advantageous for cancer research as they better mimic the complexity of

the tumor microenvironment [11, 201].

We have developed scaffold-free multicellular spheroids consisting of tumor cells (A549) and

fibroblast (IRM-90) to provide the crosstalk between tumor and stroma cells.

Figure 5.5 shows the images of the co-culture models for three ratios of tumor-stromal cells

including 1:1, 1:2, and 2:1 for the total number of 1 x10 ® cells/mL in each experiment.

TRM-90:A549 (1:1) IRM-90 : A549 (1:2) IRM-90 : A549 (2:1)
IRM-90 AS549 Merged IRM-90

Day3 Day1

Day 7

Figure 5.5 Image of co-culture A549 and IRM-90 cells with different ratios between the two cell
lines

The total initial cell concentration 1s 1 x10 6 cells/mL for all experiments. Our observations
demonstrated that there are no remarkable differences in terms of the growth pattern including
the size and the shape of the spheroids by varying the ratio between tumor and stromal cells. The
red color is due to red-fluorescent protein (RFP) in IRM-90 cells and the green color is due to
fluorescently labeled with cell-labeling solution Vybrant Dio V22886 for A549 cells. Scale bars:
200 pm

We have studied the effect of changes in the ratio of tumor cells and stromal cells in the size and
growth pattern of the co-culture models. In terms of spheroid size, circular shape, and the chance
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of spheroid formation on-chip no significant changes were observed by changing the ratio

between the tumor and stromal cells in this study (Figure 5.6).
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Figure 5.6 MCTSs produced from different ratio of tumor (A549) and stromal (IRM-90) cells

(A) Spheroid size in day 1, 3 and 7 of culture. In all three ratio between tumor and stromal cells,
size of the spheroids significantly changes in day 7 when compared to day 1 (D1 Vs. D7
***n<0.0001). However, spheroids from different ratio of tumor-stromal cells (1:1, 1:2, and 2:1)
on day 7 do not have statistically significant difference in size. (B) Circularity of spheroids for
stromal-tumor ratio of IRM-90:A549 1:1 and IRM-90:A549 2:1 is increased significantly on day
7 when compared to day 1 (D1 Vs, D7 *p<0.05) and for IRM-90:A549 1:2 is not statistically
significant (non-significant= NS). However spheroids from different ratio of tumor-stromal cells
(1:1, 1:2 and 2:1) on day 7 do not have statistically significant difference in terms of circularity.
(C) Probability of spheroid formation on-chip. By changing the ratio of tumor and stromal cells
probability of spheroid production does not change statistically significant. Total number of cells
is 1x10 ° cells/mL for all three ratio. p<0.05 is considered statistically significant. All assays
were performed as triplicates per trial in three independent experiments. (Error bars represent +
SE, n=3)

According to our data presented in Figure 5.6 since remarkable differences in terms of size,
geometry, and the chance of spheroid formation did not observe by changing the ratio between

A549 and IRM-90 cells in our experiments, we have chosen the ratio of 1:1 between tumor cells
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(A549) and fibroblasts (IRM-90) for further experiments. In this regard, we have studied the
effect of the presence of the stromal cells in the tumor microenvironment on spheroid size,

morphology, and chance of spheroid formation.

Spheroid size on day 7 of culture had a significant difference when comparing mono-type
MCTSs with hetero-type MCTSs which are consisting stromal cells in their microenvironment
(***p<0.0001). However, the circularity of the mono-type and hetero-type MCTSs did not show
a statistically significant difference. Moreover, the chance of spheroid formation on the device by
adding the stromal cells into the tumor microenvironment significantly increased (**p<0.001)
(Figure 5.7). We have considered the images from spheroids having the ratio of 1:1 between the

tumor and stromal cells as the co-culture model in our calculations.
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Figure 5.7 Comparing mono-type MCTSs with hetero-type MCTSs

Mono-type MCTSs were produced from tumor cells (A549) and hetero-type MCTSs were
produced from tumor: stromal (A549:IRM-90, ratio 1:1) cells (A) Spheroid size over 7 days of
culture changes. In both conditions (mono-type and hetero-type MCTSS) size of the spheroids on
day 7 was significantly increased when compared to day 1 (D1 Vs. D7 ***p<0.0001). Spheroid
size on day 1 was significantly different when comparing mono-type with hetero-type MCTSs
(**p<0.001). The size of mono-type MCTSs compared with hetero-type MCTSs on day 7 was
significantly different (***p<0.0001). The size of spheroids in the co-culture model did not
change significantly after day 3 of culture while in mono-culture spheroids size increased
significantly on day 7 when compared to day 3 (D3 Vs. D7 ***p<0.0001). (B) Circularity of the
spheroids is not significantly different in mono-type MCTSs when compared to the co-culture

model. (C)Probability of spheroid formation on-chip is greater in the co-culture model when
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compared with the monotype MCTSs model (**p<0.001). The total number of cells is 1 x10 °
cells/mL for all three ratios. p<0.05 is considered statistically significant. High-resolution images
of 10 spheroids in each independent experiment have been considered for calculations per each
condition. All assays were performed as triplicates per trial in three independent experiments.

(Error bars represent + SE, n=3)

It is proven that the presence of the stromal cells in the tumor microenvironment increases the
physiological relevance of the spheroid models and influences the cellular responses to
therapeutic agents [11, 13]. Our observation demonstrated that the presence of the fibroblasts
cells (IRM-90) in the tumor microenvironement provides dynamic interactions and strong
adhesion between tumor cells and stromal cells.. This can explain why we do not see a
remarkable change in the size of the heterotype MCTSs after day three while they proliferate and

become more compact with uniform and spherical shapes.

5.5 Conclusion

Spheroid size and morphology influence the robustness of in vitro assays [209]. Therefore, the
generation of homogenous spheroids in terms of size, compactness, and spherical morphology is
important for reliable drug testing [12, 13, 209]. The relationship between surface properties and
cell adhesion is complex, and it depends on various factors including but not limited to surface
wettability, charge, morphology, roughness, and also to the type of the cells and cell’s surface
receptors [23, 26, 247, 289]. In this work, we have used 10% BSA to develop surface-optimized
biochips with having optimal cell repellent properties. We have studied the effect of surface

modification on the uniformity of spheroid production from several cell lines.

The microenvironment, including multicellularity, can drastically influence the formation of
spheroids [11, 199]. Recapitulating this microenvironment is highly important for assessing
physiological responses to therapy [13]. We have observed that cell behavior is deeply influenced
by their cellular microenvironment and the surface properties of the substrate on which they

grow.
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Here, we conclude that surface treatment with 10% BSA is a simple, effective and reproducible
method for surface modification of PDMS-based biochips to promote the formation of scaffold-
free spheroid models on-chip for various cell lines studied in this work. This platform holds the
possibility to be used as a tool for the assessment of the efficacy of various therapeutic strategies
in vitro. A fundamental understanding of interactions between cell-surface is particularly
important for directed control of cell function for biomedical applications. Future work will
explore capturing patient-derived circulating tumor cells from liquid biopsies, as well as assess
the impact of spheroid formation from patient-derived solid-tumor and stromal cells. The
continued research effort in the field of biomaterials and surface engineering in microfluidic
platforms will help to create desirable surfaces for lab-on-a-chip and organ-on-a-chip

applications.
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6.1 Abstract

Spheroids are recognized for resembling the important characteristics of natural tumors in cancer
research. However, the lack of controllability of the spheroid size, form, and density in
conventional spheroid culture methods reduces the reproducibility and precision of bioassay
results and the assessment of drug-dose responses in spheroids. Nonetheless, the accurate
prediction of cellular responses to drug compounds is crucial for developing new efficient
therapeutic agents and optimizing existing therapeutic strategies for personalized medicine. We
have developed a surface optimized PDMS microfluidic biochip to produce uniform and
homogenous multicellular spheroids in a reproducible manner. This platform is surface optimized
with 10% bovine serum albumin (BSA) to provide cell repellent properties. Therefore, weak cell-
surface interactions lead to promoting cell self-aggregations and produce compact and uniform
spheroids. We have used lung cancer cell line (A549), a co-culture model of lung cancer cells
(A549) with (primary human osteoblasts, and patient-derived spine metastases cells (BML, bone
metastasis secondary to lung). We have observed that the behavior of cells cultured in three-
dimensional (3D) spheroids within this biochip platform more closely reflects in vivo like cellular
responses to chemotherapeutic drug, Doxorubicin, rather than on 24 well plates (two-dimensional
(2D) model). It is also observed that the lung spheroid co-culture and patient-derived spheroids
exhibit resistance to anti-cancer drugs more than the mono-culture spheroids. The repeatability of
drug test results in this optimized platform is the hallmark of reproducibility of uniform spheroids
on-chip. This surface-optimized biochip can be a reliable platform to generate homogenous and

uniform spheroids to study and monitor tumor microenvironment and drug screening.

Keywords: spheroid-on-a-chip, spheroid, cancer, drug test, microfluidic, personalized medicine
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6.2 Introduction

Lung cancer has been one of the leading causes of cancer death worldwide for several decades
[301, 302]. Notwithstanding all efforts to develop new cancer therapies, the overall survival rate
of patients with lung cancer is still very low [303, 304]. Most frequently patients with advanced
lung cancer develop bone metastases during the course of their disease [305]. Although these
patients have a relatively short survival time, they are likely to experience debilitating bone
lesions and a significant reduction in their quality of life [305, 306]. One of the most challenging
issues in cancer treatment is developing effective drugs in a timely manner [3]. Failure to develop
novel therapies to tackle lung cancer has multiple reasons, but one of the most important reasons
is the reliability of pre-clinical models to predict drug response and their side effects in humans
[3, 35, 307], which explains in part why drug candidates fail to achieve clinical approval more

often than they succeed.

Traditionally, established cancer cell lines in two-dimension (2D) monolayers on flat plastic
substrates (e.g. Petri dishes) are used for the first phase of drug screening [3]. These culture
models can not reflect many critical characteristics of an actual tumor [3, 35]. They often lack
spatiotemporal chemical gradients [308], three-dimension (3D) cell-cell [309, 310] and cell-
extracellular matrix (ECM) interactions [311] which are all essential to maintain cellular
functions [3] and define cell phenotypes [195, 312]. 3D cell culture models have been developed
over the past decades to avoid certain drawbacks of 2D culture models [3, 256], by bio-
mimicking the 3D microenvironment of the tumor [35, 313], at least in part.

Multicellular tumor spheroids (MCTSs) stand out as the most widely used 3D cell culture models
in oncology preclinical research [11, 314]. MCTSs have proven their power in drug response
prediction by more accurately reproducing the key structures of solid tumors [201, 315, 316].
However, the uniformity in size and shape of the spheroids play a critical role in their responses
to anti-cancer drugs [12, 13]. Therefore, it is important to produce in vitro platforms to reduce the
heterogeneity of the spheroids for accurate drug testing. Various techniques have been developed
for spheroid production including the hanging drop method, liquid overlay technique (LOT),
spinner flasks, and stirred-tanks [3, 16, 257]. Advancements in microfluidics have led to the
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development of numerous microfluidic biochip devices to generate spheroid-on-a-chip platforms

using a small liquid volume of cell suspension, as a key advantage of microfluidics [3, 17, 317].

Spheroids’ size, shape, and compactness level play a critical role in responses to drug compounds
[10, 13]. However, one of the most common problems with spheroid culture is producing
uniform size and shape spheroids [13]. Geometric design of the channels and cell trapping
chambers play an important role in this regard [18, 226, 257]. However, the materials used for
microfluidic fabrication and their surface characteristics (e.g. wettability, chemistry, roughness,
etc.) also play a critical role in regulating cell responses to the surfaces [202, 227]. Accordingly,
in the past years, surface engineering has attracted great attention in cell-based biomedical

applications including microfluidic cell culture platforms [6, 22, 23, 262].

In our previous work [238], we have designed a surface-optimized PDMS spheroid-on-a-chip
platform to capture tumor cells and produce uniform spheroids. We have used 10% BSA to block
cell adhesion to the surface and promote cell aggregations to form homogenous spheroids. We
have demonstrated the impact of surface modification of PDMS on the uniform and homogenous
spheroid production on-chip [238]. In the present study, we have investigated the reproducibility
of uniform spheroids formation on optimized biochips. We have used the repeatability of drug
test on-chip as a hallmark of reproducibility and homogeneity of produced spheroids. Patient-
derived cells were demonstrated to retain the heterogeneity and complexity of the original tumor
[6, 318]. Therefore, in the present study we have investigated the capability of our surface-
optimized biochip to capture tumor cells from the patient biopsies and produce uniform MCTSs
from patient-derived bone metastasis secondary to lung (BML) cells. Lung cancer bone
metastases involve complex communications between tumor cells and the bone
microenvironment [6, 305]. Cross-talking between tumor cells and their surrounding
microenvironment is important in cancer progression and drug resistance [309, 310]. [320,
321][6, 307] Hence, to mimic such a structure, a co-culture model of lung cancer cells (A549)
and primary human osteoblasts was also developed on our optimized biochip. A 3D monotype
MCTSs model of lung cancer cells (A549) was produced in this study to compare with patient-
derived and co-culture spheroids. We have studied the efficacy of the anti-cancer drug,
Doxorubicin (Dox) [319], on patient-derived MCTSs, MCTSs from lung cancer cell line A549,
and a hetero-type MCTSs model (A549-primary human osteoblasts, 1:1). Here, we have
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observed that hetero-type MCTSs and patient-derived MCTSs exhibited drug resistance to Dox
more than the monotype MCTSs. In our model, we conclude that microscale interactions within
sophisticated MCTSs made by patient-derived cells or hetero-type co-culture of cell lines
strongly support its usefulness as a preclinical tumor model for drug screening and for studying
interactions in the cancer microenvironment. To investigate the superiority of this 3D culture
model in testing the therapeutic agents, we have compared the drug efficacy in the 3D MCTSs
models with 2D culture models using the same cells cultured on 24 well plates. We have
observed that drug resistance is significantly reduced in 2D culture models compared with 3D
MCTSs. Our observations were in a positive correlation with a growing body of evidence
conferred by various studies [3, 11, 217, 320] suggesting that 3D MCTSs models compared with
2D conventional culture more accurately replicate the tumor microenvironment and therefore

cellular behavior in 3D will reflect their in vivo responses more relevantly.

6.3 Materials and methods

6.3.1 Fabrication and surface treatment of microfluidic biochip

Microfluidic biochips were made using polydimethylsiloxane (PDMS) (Sylgard 184 PDMS
elastomer kit, Dow Corning, Midland, USA) as previously explained [238]. The biochips then
were used for cell culture experiments 7 days or more post-fabrication. Right before starting cell
culture on-chip, channels and chambers were sterilized and the air bubbles were removed by
using 99.9% ethanol (Sigma-Aldrich). In order to decrease cell adhesion to the PDMS surfaces
and increase uniformly sized spheroids, microfluidic channels were treated overnight in the
incubator (37 °C, 5% CQO2, 95% ambient air) with sterile 10% BSA (Sigma-Aldrich) solution in
phosphate buffered saline (PBS, Sigma Aldrich) as previously reported.

6.3.2 2D Cell culture and on-chip spheroid formation

6.3.2.1 Preparation of cell lines and patient derived cells

We have used three types of the cell for the spheroid formation and 2D culture experiments:
Human lung carcinoma epithelial cell line A549 was kindly provided by the laboratory of

Prof.M.Lavertu at Polytechnique Montréal. Primary human osteoblasts and Patient-derived spine
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metastases cells secondary to lung cancer (BML) were kindly provided by Dr.M.H.Weber’s
laboratory at the Research Institute of McGill University Health Centre (RI-MUHC). The ethics
approval for patient sample collection is through McGill Scoliosis and Spine Group, Rl MUCH
REB Extracellular Matrix Protocol # 2020-5647. Resected metastatic spine tumors secondary to
lung cancer were collected with consent from a patient undergoing surgery at the Montréal
General Hospital. By washing tissue samples in PBS (Gibco, Thermofisher) and then cutting
them into 5 mm x 5 mm sections samples were processed. Then samples were incubated at 37 °C
overnight in a collagenase type Il (Thermofisher, Gibco, Burlington, ON, Canada). Digested cells
were strained in a 100 uM cell strainer and then pelleted for five minutes in a centrifuge at 300x
g. Isolated cells consisting of a mixed population of bone metastasis-derived patient cells and
bone cells were cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco,
Thermofisher)  supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v
penicillin/streptomycin (PS), 1% glutamax (Gibco, Thermofisher), and 1% fungizone (Gibco,
Thermofisher) at 37 °C in a humidified atmosphere of 5% CO?2.

Before processing spheroid formation on-chip, A549 cells and primary human osteoblasts
(passage less than 3) were seeded in T-75 flasks containing DMEM (Corning Inc., New York,
USA) supplemented with 10% v/v fetal bovine serum (FBS) and 1% v/v penicillin/streptomycin
(PS) at the density of 1.5 x 10 ® cells per flask, then incubated in the incubator at 37 °C, 5%
CO2 and 95% relative humidity. When they reached 80-90% confluence, cells were washed two
times with PBS (Gibco, Thermofisher), and trypsinized with 0.25% Trypsin-EDTA solution
(Gibco, Thermofisher). Then supplemented fresh culture medium (Gibco, Thermofisher) was

added to the cell suspensions and centrifuged for 5 min at 1500 rpm to collect the cells.

6.3.2.2 Construction of MCTSs on the biochips

Prior to the cell seeding process, the channels were gently rinsed a minimum of three times with
sterile PBS (Gibco, Thermofisher) to remove the BSA residues, and then the fluid within the
channels was replaced with a fresh supplemented culture medium and warmed by placing them in
a CO2 incubator. Then, the cell seeding process started by introducing a cell suspension
(concentration of 1 x10 ® cells/mL) into the inlet of the microfluidic channel using a micropipette

(P200) and removing 100 pl of the medium from the channel’s outlet. Then the process was
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repeated in the other direction by pipetting the cell suspension through the outlet and removing
100 pl from the inlet. By injecting and removing the cell suspension at the same time, we need to
make sure that channels are filled with the suspension all the time (to prevent bubble formation
inside the channels). For homogenous cell distribution across the channels, this process was
repeated in both directions at least three times. Microfluidic devices were put in the incubator
after the cell seeding process. Culture medium was refreshed every 24 hours using micropipette
P200.

Three types of MCTSs formed on biochip for further experiments: A mono-type MCTSs model
containing tumor cells A549, a co-culture of hetero-type MCTSs model containing A549, and
primary human osteoblasts (1:1 ratio), and spheroids produced by patient-derived cells (BML).
The cell concentration in cell suspension keeps to 1 x10 ° cells/mL in all three types of spheroids.

6.3.2.3 2D cell culture

Three types of cell suspensions mentioned above were seeded separately for the 2D culture in
triplicate on 24 well plates (Falcon Tissue Culture 24 Well Plate, Thermofisher) with the initial
cell seeding of 0.03 x10 ° cell/well in DMEM supplemented as mentioned above for spheroids.

6.3.2.4 Cells/spheroids microscopic monitoring

Cell growth in 2D and uniformity of spheroid formation on biochip platforms were monitored
daily from day one post-seeding by bright field (BF) microscopy. The culture media was

refreshed every day.

6.3.3 Drug testing evaluation

To assess cell sensitivity to anti-cancer drugs, doxorubicin (Dox, Sigma-Aldrich) was chosen as
an anti-cancer drug model. Dox was stored at 1000 mM aliquots in PBS at -20 °C and diluted to
the desired concentrations in PBS. Right before the drug test experiments 3 concentrations of 0.1
mM, 1 mM, and 10 mM of Dox in low-serum media (1% FBS) were prepared. As a control

group, 0 mM concentration of Dox in media was prepared using PBS.

Three days after cell seeding in the microfluidic biochip, compact and uniform size spheroids

were treated by either sterile PBS vehicle or drug (Dox) in low-serum conditions (1% FBS) for
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two days. Culture medium containing the drug or PBS was introduced into the channels inlets
and placed in the incubator for 24 hours. The medium was exchanged after 24 hours with a
freshly prepared medium containingthe relevant dose of drugs or PBS and incubated for another

24 hours (a total of 48 hours of drug treatment).

To compare differences and similarities in 2D and 3D culture responses to Dox treatments, we
have compared their sensitivities to Dox. For this purpose, monolayer 2D cell cultures were
treated with either the sterile PBS vehicle or Dox 48 hours after cell seeding in 24 well plates for
a duration of two days. The media containing the drugs or PBS were refreshed every day during
the two days of drug treatment. For each concentration of Dox at least three independent

experiments were performed for both 2D and 3D models.

6.3.3.1 Metabolic activity assays post drug treatment

To assess 2D and 3D cell viability after exposure to the selected concentration of drugs for 48
hours, Alamar Blue (Thermofisher) assay was carried out according to the manufacturer’s
instructions. Briefly, after removing the drugs from the cells/spheroids, Alamar Blue dye was
added to the culture media in 10% vol on the last day of drug treatment (48 hours after drug
exposure) and incubated with cells/spheroids in the incubator (37 °C, 5% CO2) for 4 hours. After
incubation, the fluorescence intensity at excitation wavelengths 560 and emission wavelengths
590 were recorded using the Tecan Infinite M200 Pro microplate reader (Tecan Trading, AG,
Mannedorf, Switzerland). The metabolic activity was presented as a percentage of the negative
control (cells/spheroids untreated with Dox) from the same series of experiments. Three
independent experiments (with three replicates each time) were performed for each cell type and
each concentration of Dox.After the measurements, spheroids were washed with PBS for further
fluorescence-based Live/dead assay.

6.3.3.2 Differential staining

To visualize the distribution of the live and dead cells in the spheroids on the last day of the
experiments a fluorescence-based live/dead assay was performed using the Live/dead
Viability/Cytotoxicity kit (Invitrogen, Sigma-Aldrich) according to the manufacturer's
instruction. Two days after drug exposure and right after the Alamar Blue assay, spheroids were
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washed with PBS and incubated with the live/dead staining solution for 20 minutes protected
from light at 37 °C incubator. By using Epifluorescence inverted microscope (Axio Observer.Z1,
Zeiss, Oberkochen, Germany) and sCMOS camera (LaVision, Gottingen, Germany) and the
objective lens EC Plan-Neofluar with respective fluorescence filter for Calcein AM (ex 485 nm,
em 530 nm) and ethidium bromide EthD-1 (ex530 nm, em 645 nm) spheroid images were

captured.

6.3.4 Statistical analysis

All experiments were repeated in three independent replicates (n=3) in order to evaluate the
reproducibility of the data. For each experiment, a minimum of 10 spheroids were considered for
analysis at each time point per condition. Statistical analyses were performed by using Microsoft
Excel 2016 (Version 1803, Build 9126.2259). All data are represented as mean + standard error
of the mean. We have performed one-way ANOVA to assess statistical significance between
means, with post-hoc Tukey tests for comparison between means. A p <0.05 was considered
statistically significant.

6.4 Results and discussion

Cells randomly aggregate to form spheroids in conventional spheroid culture methods (e.g. 384
well plate) [18]. As a result, the spheroid size and shape can be heterogeneous which leads to the
difference in diffusion distance of the drug within various spheroids [18, 319]. However, to
accurately evaluate the drug efficacy on spheroids, the generation of uniform-sized, compact, and
spherical spheroids are essential for comparison of the responses under various drug
concentrations [10, 12, 13].

6.4.1 Biochip fabrication and surface treatment

Microfluidic platforms by providing relatively uniform spheroids compared to conventional
spheroid formation methods demonstrated to be a reliable in vitro platform for testing drug
efficacy [17, 18, 201]. We have developed an optimized microfluidic biochip surface treated with
10% BSA which is statistically demonstrated to be successful to form uniform and compact

spheroids compared to non-treated devices [238]. This optimized surface treatment by decreasing



120

the cell-surface interactions [13], promote tumor cells to self-aggregate more tightly, and
produces compact and homogenous spheroids. We have used stereolithography to fabricate the
resin mold and consequently soft lithography was performed as explained before for the
fabrication of PDMS biochips. Each device has two layers of PDMS which are permanently
bonded with oxygen plasma. Figure 6.1 represents the images of the biochip, microfluidic
channel, and an image of lung tumor A549 spheroid captured inside the cylindrical chamber by a
bright field microscope.

D= 840 pm

X=840 pm H=756 pm D= 840 ym

Figure 6.1 Microfluidic biochip design and spheroid formed in cylindrical cell trapping chamber

A) Image of two layers PDMS microfluidic device fabricated by the soft lithography technique.
Each device has two independent channels of 109.2 mm in length with a cross section of
840x840 um. Each channel has five cylindrical cell trapping chambers for cell sedimentation and
spheroid formation. Error bar represents 1 cm. B) Top view image of a single channel with inlet,
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outlet, and five cylindrical cell trapping chambers. Error bar represents Imm. C) Schematic of the
top view of the cylindrical cell sedimentation trap. The Diameter is 840 pm D) Side view
schematic of the cell trapping chamber. The diameter of the cylindrical chamber is 840 pum and
the height of the chamber is 756 um. X represents the size of the cross-section of the channel
which is 840 um. E) Microscopic image from day five of a lung tumor (A549) spheroid formed

in the cell trapping chamber. The scale bar represents 100 um
6.4.2 Cell culture and spheroid formation experiments

6.4.2.1 Spheroid formation on biochips and drug test

In this work, we have produced a mono-type MCTSs (A549) (name as group A), a hetero-type
MCTSs (A549: primary human osteoblasts, ratio 1:1) (name as group B) and a patient-derived
MCTSs model (BML) (name as group C). Our main goal was to investigate the capability of this
optimized biochip to produce uniform and homogenous spheroids on-chip. The chemosensitivity
of the anti-cancer drug, Doxorubicin (Dox), was studied as a hallmark of the reproducibility and
uniformity of the spheroids. Prior to investigating the drug sensitivities of these three cell
conditions, the ability of these cells to form uniform-sized and compact MCTSs on our surface

optimized biochip was assessed in accordance with our previous work [238].

Figure 6.2 demonstrates changes in the size and circularity of the spheroids. We have used the
same method as our previous work to calculate circularity. Accordingly, circularity defines as the
percentage of minimum diameter (Dmin) divided by maximum diameter (Dmax) around a single
spheroid. This parameter shows if spheroids are uniformed-shape and spherical. By qualitatively
monitoring the three groups of cells (A, B, C), we observed that mono-culture and co-culture
spheroids demonstrated a significantly increases in size on day 5 when compared with day 1
(p<0.05). The size of BML spheroids did not significantly increase from day 1 to day 5. This
difference can be explained by the fact that primary cells mostly grow slower than the cell lines.
Moreover, in spheroids made by primary cells more dynamic cellular interactions and strong
adhesion within the tumor microenvironment are expected to play a role to form tight cell-cell
connections. This could be some of the reasons for no remarkable changes in their size when

comparing day 5 to the first day of culture. Since the PDMS layers are transparent, the size and
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shape of each spheroid can be easily observed using an optical microscope without the need for

fluorescence cell labelling before spheroid formation.
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Figure 6.2 Spheroid size and circularity during the 5 days of culture

A) Spheroid size changes in three groups during the 5 days of culture. Spheroid size increased
significantly on day 5 compared to day 1 for mono-culture and co-culture spheroids (D1 Vs. D7
*p<0.05). The size of BML spheroids did not changed statistically significant when compared
day 5 to day 1. On day 5, the size of 3 groups of spheroids was significantly different when
compared to each other (*p<0.05). B) Change in circularity in the spheroids during the 5 days of
culture. This shows how the spheroids’ shape is spherical and uniform. Spheroids in all three
groups have a homogenous circularity and spherical form. Circularity did not change statistically
significant when compared day 5 to day 1 for the 3 groups. Circularity is not significantly
different on day 5 when comparing 3 groups to each other. Total initial number of cells is 1 x10 o
cells/mL in all 3 groups. p<0.05 is considered statistically significant. All assays were performed

as triplicates per trial in three independent experiments. (Error bars represent £ SE, n=3)

Spheroid formation on-chip has been achieved due to the gravity by sedimentation and
containment [33, 259]. As the PDMS surfaces are pre-coated with 10% BSA, cell repellent
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properties of the surface [136] and the cylindrical shape of each cell trapping micro-well enabled
the precise and quick cell agglomerations. Due to the adhesive interactions between cells surface
proteins and extracellular matrix, the spheroids were formed [13, 209]. The cell aggregation of
A549, co-culture of A549: primary human osteoblasts (1:1), and the spine metastasis patient-
derived cells (BML) were observed 24 hours after the cell culture on-chip. However, the compact
spheroid formation was observed three days after the cell seeding (Figure 6.3.A). The drug
screening on-chip was performed according to this timeline: the day of the cell seeding was
considered day 0, 24 hours after the cell seeding was considered day 1. On day 3 the spheroids
are more compact, spherical, and bigger in size when compared with day 1. Therefore, drug
administration was performed on day 3 for 48 hours. Then, on day 5 drugs were removed from
the devices and the Alamar Blue assay was performed followed by live/dead viability staining on
the same day. We have monitored spheroid growth and culture medium was exchanged on a daily
bases. For the two days of drug treatment, the culture medium with the corresponding
concentration of the drug was refreshed once a day. Figure 6.3.B represents the timeline of the

experiments.
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Figure 6.3 Spheroid formation and the experimental timeline for drug test

A) Cell suspension introduces through the channel’s inlet and some of the cells will settle down
into the cell trapping chambers due to the gravity. As the PDMS surface of the channel is treated
with 10% BSA and became cell repellent, cells effectively agglomerate and form compact and
uniform spheroids on day three after cell seeding. At the bottom of the figure, we see images of
A549 lung cancer cells that produced spheroids captured by bright field microscopy. B)
Experimental timeline for the spheroid formation and drug test on the biochip. The start of the
drug dosing is on day 3 post-seeding and on day 5 post-seeding (after 48 hours of drug exposure)

drug response analysis were performed
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6.4.2.2 2D culture model as comparison with 3D MCTSs

In the drug development process, having appropriate in vitro pre-clinical tools provide a major
contribution to more precisely predicting drug responses in clinical trials. To assess drug
sensitivity in 3D MCTSs compared with the 2D model, we have compared our optimized
microfluidic platform with a 2D monolayer culture model on 24 well plates for all three cell

conditions.

Here, we have evaluated Doxorubicin (Dox) sensitivity on three groups of cells: mono-type A549
cells, hetero-type A549: primary human osteoblasts and patient-derived cells using both 2D (24
well plate) and 3D (MCTSs) in vitro models. Doxorubicin [319] is known as one of the most
widely used chemotherapy agents in the early and advanced treatment of several types of cancer.
However, tumor resistance has limited the effectiveness of Dox in single-drug treatment [18].

The mechanism of drug resistance is poorly understood [319].
6.4.3 Drug testing evaluation

6.4.3.1 Metabolic activity testing post-drug treatment using the Alamar Blue assay

To assess the metabolic activity after drug exposure, the Alamar Blue assay has been performed
due to nontoxicity of Alamar Blue to cells [321]. 48 hours after drug administration, culture
media was removed from the microfluidic channels and 24 well plates and replaced with Alamar
Blue solution which was incubated with spheroids in microfluidic channels and with the cells in
24 well plates to measure the metabolic activity of the cells/spheroids. Alamar Blue assay [320]
defines the viability of the cells/spheroids and the toxicity effect of the Dox on cells. Resazurin
[321] is an oxidation-reduction (REDOX) indicator of Alamar Blue which undergoes
colorimetric change (from blue to red) when reduces to fluorescent Resorufin by metabolically
active cells. Resorufin can be reduced to non-fluorescent hydroresorufin later. Cells and
spheroids untreated with the drug (0 mM Dox) were considered as a control group.
Cells/spheroids viability after drug treatment was calculated in the relation to the control group.
A Blank sample was prepared by using only dye solution (10%vol Alamar Blue). The incubation
time with Alamar Blue was adjusted experimentally by incubation of 10%vol Alamar Blue with

cells/spheroids at 37 °C for 1, 2, 3, 4, 5, 6 hours. After each time the fluorescence intensity was
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recorded. 4 hours of incubation were selected for all experiments as the highest fluorescence
intensity signal was detected after 4 hours of incubation. Fluorescence intensity was measured
using fluorescence spectrophotometry and red fluorescence while excitation and emission

wavelength were set as 560 nm and 590 nm, respectively.

The metabolic activity of mono-type spheroids A549 significantly decreased compared to the
control group when exposed to 1 uM and 10 uM of Dox (1 uM Dox Vs. control *p<0.05 and 10
uM Dox Vs. control *p<0.05). However, co-culture and patient-derived spheroids exhibited more
resistance to Dox administration and metabolic activity did not change statistically significant.
This drug resistance could be related to tumor-stromal cells interactions which consider as a
crucial factor of cancer cell growth and their resistance to anti-cancer therapies [276, 322]. The
interactions between the tumor cells and its microenvironment modulate cellular signaling which
has an effect on tumor cells’ responses to chemotherapeutic agents [322]. Our results can
demonstrate that the co-culture models and using patient cells can better reflect the in vivo like

tumor conditions in vitro.

Alamar Blue assay results show when the cells were exposed to Dox in the 3D model, they
demonstrated greater resistance than the cells in the monolayer in all three cell conditions. Most
of the spheroids in all groups treated with Dox maintained a spherical shape but many of the
spheroids in high drug concentrations displayed a rough surface and could be considered dead. A
similar trend was observed in all three groups. In all three groups, spheroids treated with all
concentrations of Dox (0.1, 1, and 10 mM Dox) showed lower metabolic activity compared with
the spheroids in the control group (OmM Dox) (Figure 6.4). In the 2D model, all three groups of
cells show a decrease in metabolic activity by increasing the drug concentration. This decrease is
non-significant when cells were exposed to 0.1 uM Dox. However, metabolic activity
significantly decreased compared to the control when the cells exposed to 1 pM and 10 uM of
Dox (1 uM Dox Vs. control *p<0.05 and 10 uM Dox Vs. control *p<0.05 and **p<0.001) in all
groups (Figure 6.4).

At the high concentration of Dox (10 mM), most of the spheroids became loose and lost their
compact and circular shape which can be related to general cell death. Spheroids subjected to
lower concentrations of Dox (0.1 uM, and 1uM) maintained their integrity but their growth was

limited and therefore detected fluorescent signal was lower compared with the control group.
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Figure 6.4 Metabolic activities of treatment groups compared to the control group

A) Metabolic activity of MCTSs measured after 48 hours of drug exposure (Dox). Metabolic
activity of mono-type spheroids A549 has been decreased statistically significant compared to the
control when exposed to 1 uM and 10 puM of Dox (1 uM Dox Vs. control *p<0.05 and 10 uM
Dox Vs. control *p<0.05). MCTSs from patient-derived cells demonstrate more resistance to Dox
when compared with the other two groups. B) Metabolic activity measured in the 2D model (24
well plates). Metabolic activity significantly decreased compared to the control when the cells
were exposed to 1 uM and 10 pM of Dox (1 uM Dox Vs. control *p<0.05 and 10 pM Dox Vs.
control *p<0.05 and **p<0.001).p<0.05 is considered statistically significant. All assays were

performed as triplicates per trial in three independent experiments. (Error bars represent + SE,
n=3)

We have observed that treatment of cells with Dox in the 2D culture for two days inhibited cell
growth and survival dramatically. Compared with the 2D models, MCTSs in all three groups
represent more resistance to Dox and better demonstrate in vivo like interactions between drugs
and cancer tissues. The slower growth rate of cells grown in the 3D conditions compared to the

2D monolayer culture plays an important role in drug resistance. Since the cytotoxicity may be
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less effective in cells with a slower growth rate when compared to cells with a higher growth rate.
When the cells grow in 2D, cells spread in monolayer on a culture surface. Therefore when a
drug is tested in 2D, the drug components need to only diffuse the distance across the cells to
reach its target. However, in 3D cells arrange in multilayers and the drug needs to diffuse across
layers of cells to reach its target. This could be one explanation for higher drug resistance in 3D
MCTSs compared with the 2D model. Figure 6.5 shows the comparison of metabolic activity

between 3D MCTSs and 2D for each group of cells.
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Figure 6.5 Metabolic activity after drug exposure in 3D and 2D culture

A) Patient-derived cells metabolic activity in 3D MCTSs and 2D model. Spheroids are drug
resistant as drug penetration is harder in 3D form. Therefore the metabolic activity of spheroids
did not changed statistically significant compared to the control group when they were exposed to
various concentrations of drugs. On the other hand cells in 2D demonstrated statistically
significant decrease compared to the control group when exposed to 1 uM (*p<0.05) and 10 uM
(**p<0.001) of Dox. B) Established lung cancer cells A549 show a significant decrease in
metabolic activity when exposed to 1 uM of Dox and higher in both 3D and 2D conditions
(*p<0.05). C) Co-culture of lung cancer cells A549 and primary human osteoblasts with the ratio
of 1:1 to mimic the tumor-stromal reaction. Metabolic activity in spheroids did not changed
statistically significant when compared to the control group by increasing the Dox concentration.
In the 2D model, metabolic activity decreased statistically significantly compared to the control
when the cells were exposed to 1uM (*p<0.05) and 10 uM (**p<0.001) of Dox. p<0.05 is



129

considered statistically significant. All assays were performed as triplicates per trial in three

independent experiments. (Error bars represent + SE, n=3)

Our results demonstrate that our surface optimized biochips by providing a cell repellent surface
produce homogenous MCTSs that can be served as a reliable in vitro tool for drug sensitivity
assays. These observations were supported by live/dead assay images presented in the following

section.

6.4.3.2 Differential staining (live/dead assay)

On the last day of experiments, differential staining and microscopic observation were performed
to observe the live and dead cells distribution in the spheroids. As these compounds are toxic to
cells, this experiment was carried out as the last point additional reference method to confirm the
results obtained in the Alamar Blue assay. A mixture of PBS containing Calcein AM and
ethidium bromide EthD-1 according to the manufacturer guideline was introduced into the
microfluidic channels and incubated at 37 °C for 20 minutes. After this time, spheroids images
were captured using a fluorescence microscope. Living cells (green fluorescence) and dead cells
(red fluorescence) were observed in recorded images. Figure 6.6 shows how the number of live
(green color) and dead (red color) cells changed for spheroids exposed to different concentrations

of Dox compared to the control group in all three groups of cells.
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Figure 6.6 Images of differential staining (Live/dead assay)
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The green color is due to the Calcein AM and it is representing the distribution of the live cells in
the spheroids. The red color is due to the EthD-1 and it is representing the dead cells in the
spheroids. In all the three groups of cells, increasing in the area of dead cells and a decrease in the
area of the live cells were observed by increasing the drug concentrations. The initial total
number of cells keeps as 1 x10 ° cells/mL for all experiments. The ratio of 1:1 considered for the
co-culture model of lung tumor cells A549 and primary human osteoblasts by keeping the total
initial cells of 1x10 ° cells/mL. All assays were performed as triplicates per trial in three
independent experiments. Images represent when a repetitive phenomenon observed in three

independent experiments. Scale bar represents 200 um

Changes in the cellular viability and spheroids morphology can be associated with the cell’s
death as apoptotic and necrotic cells lose their ability to stay tightly connected with other cells.

The phenomenon of spheroids showing more drug resistanceOne of the challenges in using of the
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live/dead assay in the 2D culture compared to the 3D model is that the dead cells usually detach
from the surface in monolayer (2D) culture plates. Therefore they are easily removed during the
pipetting of the live/dead solutions. Hence, the results demonstrate higher viability compared to
its actual viability due to the under-representation of the dead cells in the monolayer culture.
Therefore, for 2D models, other methods (e.g. flow cytometry) is more appropriate to determine
live/dead cell populations when we can first remove all the cells (live and dead) from the culture
plates and then stain and image/count them to reduce the under-counting effect of dead cells.
Accordingly, in this work, we have only used the live/dead staining method as a complementary
technique for the Alamar Blue assay for spheroid models only. Since, the main objective of this
work is to assess the repeatability of these surface-optimized biochips to produce uniform

spheroids for reliable drug test.

The co-culture and patient-derived spheroids have a higher sensitivity to Dox. These spheroids
are more compact (dense) due to the stronger cellular interactions inside the spheroids [10]. There
IS some evidence that the increase in the hypoxic center inside the spheroids has a positive
correlation with the compactness level of the spheroids [323, 324]. Hypoxia is known to be one
of the important factors in drug resistance in spheroids [324]. Hence, we can conclude that
hypoxic status in patient-derived and co-culture spheroids can be one of the causes of their
resistance to the chemotherapeutic drugs. The phenomenon of spheroids showing more drug
resistance compared with monolayer culture has been attributed to various mechanisms. These
can be including decreased drug penetration to the cells, hypoxia inside the spheroids, and up-

regulation of genes giving drug resistance.

From our results, we can conclude that mono-type MCTSs cannot accurately recapitulate the in
vivo like tumor microenvironment. As tumor cells’ interactions with stromal cells play a critical
role in mimicking tumor microenvironment in vitro, co-culture models of tumor cells with

stromal or patient-derived 3D MCTSs models might better represent the tumor features in vitro.

MCTSs represent the in vivo like features of the tumor microenvironment, with respect to
gradient distribution of oxygen, nutrients, metabolites, and drug penetration. Therefore, having
the other key components of tumor tissue (e.g. immune cells, fibroblasts, osteoblasts, etc.) will
increase the in vivo like characteristics of MCTSs models. We assume that MCTSs can

significantly contribute to the development of optimized cancer treatment for patients. Our results
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showed the potential of our surface-optimized biochips for reproducible production of uniform

and homogenous spheroids toward reliable and repeatable drug testing.

6.5 Conclusion

The fact that numerous anticancer drugs are eliminated during the clinical phase of drug
development demonstrates that current 2D culture models are not efficiently predictive. The 3D
tumor spheroids showed to recapitulate the feature of the tumor microenvironment more
precisely and to better estimate the efficacies of the chemotherapeutic drug compounds compared
to the 2D models. However, one of the most important challenges in using spheroids for drug
testing is producing uniform spheroids [10, 12, 13].

In the present work, we have developed surface-optimized microfluidic biochips for uniformly
sized MCTSs formation, culture, and drug testing. Uniform spheroids from lung cancer cell lines
A549, co-culture of lung cell lines A549 and primary human osteoblasts, and patient-derived
spine metastasis secondary to lung (BML) cells has been produced in these optimized platforms
in a repeatable manner. The modified PDMS surfaces of the biochips provided cell repellent
properties. Therefore, cell-cell interactions became dominant over cell-surface interactions. This
leads to the reproducible formation of compact and uniform spheroids on-chip. We have

observed that drug test results are repeatable which is a hallmark of reproducibility and

Overall, the present study highlights the importance and suitability of our in vitro model for drug
testing. In conclusion, these surface optimized microfluidic platforms, may be convenient in
vitro tools for uniformly sized and homogenous spheroid formation and culture from established
tumor cell lines, co-culture models, and patient-derived cells. Further surface optimization of
these biochips is subject of work in progress to better elucidate the efficacies of these platforms
and to serve as a reliable drug testing device for developing new therapeutic agents and

optimizing the existing drug compounds in personalized medicine.
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CHAPTER 7 GENERAL DISCUSSION

7.1 Discussion

The fact that the majority of the successful chemotherapeutic drug candidates in the preclinical
stage fail when they reach to clinical phase is mainly due to the inefficiency of current preclinical
models. To increase the predictive power of in vitro preclinical models, 3D culture spheroids
have been developed to more precisely recapitulate the characteristics of the tumor
microenvironment and accordingly more efficiently predict drug responses in human. The lack
of reproducibility of the spheroids in terms of size and morphology is one of the most significant
limitations in conventional spheroid culture platforms, which drastically influence on robustness
of drug screening assays. Using microfabrication and microfluidics, helped to increase the
uniformity of the spheroids by having better control over the spheroid size and growth. However,
most of the current researches focus on modifying the microfluidic design to control the
homogeneity of the spheroids, which can increase the cost and complication of manufacturing

process and the increase the need for involvement of highly educated experts.

The main goal of this PhD dissertation was to produce uniform spheroids on-chip in terms of
size, compactness level and spherical morphology for standardized and reproducible data from
drug testing to accelerate drug development process. Out main hypothesis was that surface
modification of microfluidic biochip can modulate spheroid formation on-chip toward uniform
and homogenous spheroids production for repeatable drug testing. In this chapter, | present a
general discussion by reviewing the articles in terms of each specific research objective. Here, the

limitations of this work are discussed as well.

Study 1: Uniformity of spheroid-on-chip by surface treatment of PDMS microfluidic

platforms

To design an optimal surface with effective anti-fouling properties for spheroid-on-a-chip
platforms, understanding the correlation between the surface characteristics and cell responses is
crucially important. Accordingly, the first objective of this dissertation, as explained in detail in
Chapter 4, was to optimize the PDMS surface of biochip in order to decrease PDMS

hydrophobicity and increase its anti-fouling properties. Therefore, our first hypothesis was that
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by changing the concentration of the anti-fouling materials to treat the PDMS surface and by
changing the incubation time, we may modify the surface wettability of the PDMS. Our second
hypothesis was that changes in surface wettability might have an impact on modulating

cellular responses to the surface and promote cell self-aggregations.

The originality of the first part of this PhD dissertation was that for the first time, the impact of
the surface wettability of the PDMS and its microstructure on quality and quantity of spheroid

formation on microfluidic platforms was investigated.

In this work PDMS surface wettability and its microstructure by modifying with the two well-
known anti-fouling materials, BSA and Pluronic F-68, have been studied. Here, | have studied
the effect of two important variables: “concentration and time of incubation” on PDMS surface
wettability and microstructure. Water contact angle measurements, SEM and AFM analysis
demonstrated that by changing the concentration of the surface modifying materials to “3%, 5%
and 10%” and modifying the duration of surface treatment in two different time points of “one
hour treatment” or ‘“overnight treatment” various degrees of surface wettability and
microstructure for PDMS surface have been observed. Our observations demonstrated that by
increasing the concentration and incubation time, better surface coverage will be provided and
accordingly, the hydrophobicity of the PDMS surface decreases. Then, spheroid formation from
MDA-MB-231 cells on PDMS biochips following surface treatment with six different degrees of
wettability and morphology was compared. Microscopic observations showed that a moderate
hydrophilic surface in the range of 88° to 62° provides optimized surface repellent properties
which lead to effective cell self-aggregations and compact and uniform spheroid production.

This study highlights the important role of surface properties of microfluidic-based spheroid
culture platforms in effectively blocking non-specific cell adhesion to the surface. Our
observations reveal that surface optimization is a simple, powerful and cost-effective method to
enhance homogenous and uniform spheroid production on microfluidic platforms just from a
simple cell suspension without the need of using expensive additive materials (e.g. hydrogel,

matrigel).
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Study 2: Surface optimization and design adaptation toward spheroid formation on-chip

After confirming the role of PDMS surface wettability and its morphology on cell adhesion to the
surface and spheroid formation on-chip, the versatile capability of the optimized PDMS surface
in the first study was investigated using 6 different cell lines and co-culture models. Accordingly,
my second objective was to optimize the surface and design of a biochip for homogenous
spheroid production from various cancer cell lines and co-culture of tumor cells with stromal
cells. In the second part of this dissertation, as explained in Chapter 5 in detail, 1 have first
hypothesized that design optimization and surface modification are the two important
parameters in altering the cell orientation in the microfluidic device. Therefore, the design of
cell trapping chambers modified to cylindrical shape instead of cube shape toward enhancing
central cell-aggregations, which can result in more spherical shape of cell clusters. To fully fit
reach to our second objective, the second hypothesis of this work was that the optimal PDMS
surface from the first study may possess strong enough anti-fouling properties to deter various
cell types from the PDMS surface. In the other words, | was interested to see if this optimized
surface is cell line-dependent or can be considered as an optimized surface for several cell lines
to enhance uniform spheroid production. In this regard, cell adhesion to the PDMS biochip
surface and spheroid formation from 6 different cell lines and co-culture models on biochips
treated with 10% BSA as an optimal surface have been investigated. The microscopic results
have been analyzed in comparison with cell adhesion and spheroid formation on biochip pre-

coated with 3% BSA, which demonstrated the least cell repellent properties in our first study.

The originality of the second part of this PhD dissertation was that in this work | have
investigated the effect of two crucial parameters on spheroid-on-a-chip platforms: microfluidic
design and surface properties. This is the first optimized platform assessing spheroid formation
from several cell lines and co-culture models with considering the effect of surface wettability

and morphology to enhance uniform scaffold-free spheroids in a repeatable manner.

Study 3: Uniform tumor spheroids on surface optimized microfluidic biochip for

reproducible drug screening and personalized medicine
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The final research objective was to produce uniform spheroids from patient samples on our
optimized platform and to assess reproducibility of the drug test on-chip. Accordingly, my first
hypothesis was the optimized biochip developed in the two previous study, possibly can
demonstrate strong enough cell repellent properties to deter cell adhesion to the biochip
surface and therefore, promote compact and homogenous spheroids from patient cells. To
validate this hypothesis, | have used cells obtained from patient biopsy samples from bone
metastasis secondary to lung to assess their spheroid formation on-chip.

In the two previous studies, | successfully produced spheroids from established cell lines and co-
culture models. In the third study of this dissertation, | intended to compare drug resistance in the
three different types of spheroids: 1. Spheroids from established tumor cells (lung cancer cell
lines A549), 2. Spheroids from co-culture of tumor and stromal cells (lung cell lines A549 and
osteoblasts cells Qth212) and 3.Spheroids from patient cells (patient derived spine metastasis
secondary to lung (BML) My second hypothesis in this work was that spheroids from patient
cells and co-culture models may better represent the complexity of the tumor
microenvironment and demonstrate drug resistance more closely to the natural tumors when
compared with spheroids from single tumor cell type. Here, | have used Doxorubicin as an
anticancer agent. Cellular metabolic activity after drug exposure has been compared in the three
different types of spheroids developed on our optimal platform. In this work, I was interested in
comparing drug responses in 3D spheroids with 2D models. Therefore, 2D culture models from
the same cells used in spheroids production have been developed on 24 wells, and analysis has
been performed after drug exposure to both models (2D and 3D). As the uniformity of spheroids
in terms of size, shape and level of cellular compactness play the crucial role in spheroid
responses to drug compounds, my third hypothesis in this work was that observing reproducible

drug responses on biochip may be a hallmark of uniformity of spheroids.

Due to the modified surface properties of PDMS, relatively homogenous spheroids were
produced in our platforms from various cell types including cells obtained from patient biopsy,
which was my main goal of this dissertation. Therefore, our optimized biochip demonstrated to
have the potential to be used as a reliable and reproducible drug-screening platform to accelerate

cancer drug development and personalized medicine to improve clinical relevance.
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The possibility of using patients own cells in physiologically relevant spheroid-on-a-chip
platforms is a revolutionary approach in the field of cancer treatment, for precise and prompt

decision on individualized cancer therapy for specific patient.

Our observations demonstrated that cell culture methods (2D or 3D) and the types of the cells
(established cell lines, co-culture models, patient cells) are the two critical parameters to mimic
tumor microenvironment and need to be considered to reproduce more physiologically relevance

drug testing assays.

In summary, in the study 1, | have optimized the PDMS surface of the biochip to enhance
spheroid formation. In the study 2, homogeneity of spheroid production from several cell lines
has been investigated on the biochip with optimized surface and design. In the study 3, to reach
to my main goal, production of uniform and homogenous spheroid from various cell types
ranging from established tumor cells, co-culture of tumor-stromal cells and patient cells have
assessed, followed by drug test to investigate the reproducibility of the drug testing on our
platforms. | have observed that spheroids represent the complexity of native tumor tissues on an
optimized biochip when compared to 2D models. As | have hypothesized, surface properties and
design are the two critical players in reproducibility of uniform spheroids. This optimized
platform demonstrated to have the potential to be used for drug development assays, disease

modeling and personalized medicine.

7.2 Limitations of this dissertation work

The goal of this PhD dissertation was to develop a reproducible spheroid-on-a-chip platform with
uniform and homogenous spheroids for reliable drug testing. This goal was achieved, as
described in detail in previous chapters above. There are some limitations related with this work

to be improved in the future.

One of these limitations is the design of the microfluidic chip. However, this design demonstrated
to be an optimal design to produce long-term culture of the scaffold-free and uniform spheroids
from various cell lines. This design can be adjusted to produce a higher number of spheroids on a

single platform. This will lead to high throughput of uniform spheroids production.
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Another drawback in this work, which is common in most biochip platforms, is losing the cell
during the cell loading process on-chip. As during the introducing of the cells into the device’s
inlet, only some of the cells trap and sediment inside the microwells and the rest of the cells will
rinse out and exit from the outlet during the medium exchange without taking part in the spheroid
production. This problem is more prominent in the case of working with patient samples when
the number of available cells is not high. Changing the design of the device probably can reduce
the number of cells lost.

In our first study, we have observed that incubation time in surface treatment had a significant
effect on surface wettability. Accordingly, the PDMS surface treated for 1 hour had similar
surface properties to bare PDMS, while overnight treatment could significantly change the
surface wettability at higher concentrations. However, this finding is very important toward
surface optimization of PDMS; it can be considered as one of the limitations of this work. As
decreasing this incubation time while keeping the same optimal surface wettability, can be useful

when rapid spheroid production is required.

However, there are some potential limitations in this work, but also there are more exciting paths

to explore in the future, which I will discuss in the final chapter.
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CHAPTER 8 CONCLUSION AND RECOMMANDATIONS

8.1 Conclusion

This dissertation focuses on combining “surface optimization” with “design adaptation” of
microfluidic biochip platforms to create an optimal and easy-to-use spheroid-on-a-chip device to
generate uniform and homogenous scaffold-free spheroids for reproducible drug testing. This
PhD work made a concrete advance in terms of spheroids on-chip platforms by highlighting the
influence of surface wettability and morphology on spheroid production on biochips. Here, for
generating uniform spheroids, | have proposed to consider surface modification as an efficient,
simple, cost-effective and reproducible method. The results presented in this work demonstrated
that this optimized spheroid-on-a-chip platform could be used to produce homogenous, spherical
shape and compact spheroids, which allow researchers to recreate the tumor microenvironment in
vitro in a controlled manner, enabling investigation in cancer cell behaviour and drug safety and
efficacy testing. This platform incorporates cell-cell interactions and cell-extra cellular matrix
interactions leading to creating tumor microenvironments much closer to in vivo, allowing a more
physiologically relevant and clinically translatable assessment of therapeutic safety and efficacy.
On this platform, uniform spheroids produced by cancer cells derived from patients could be
tested against commercially available anticancer drugs to define personalized patient-specific

testing.

8.2 Recommendations for the future work

Although beyond the scope of this dissertation, the following suggestions are worth considering

for future research:

= In this dissertation, | have used two surface coating materials with well-known anti-fouling
properties for surface modification of PDMS: BSA and Pluronic F-68. However, there are
various surface coating materials (e.g. other PEO-terminated triblock polymers, PVA, poly
(hydroxyethyl methacrylate) etc. which are worth investigating their effect on modifying
PDMS surface properties and consequently on spheroid formation on PDMS biochips.

= One of the limitations of this dissertation is the duration of PDMS surface treatment for

optimal modification of PDMS surface. To have an optimal PDMS surface wettability and
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morphology for uniformly spheroid production, I needed to treat the PDMS biochip overnight
with BSA or Pluronic F-68. Another interesting suggestion for future work is to assess the
possibility of decreasing the duration of treatment while maintaining the optimal surface
properties for PDMS. In this regard, the effect of different variables including concentration,
temperature and other parameters can be investigated in the future.

Other types of patient cells can be used to generate uniform spheroids in the same way
described in this dissertation for further investigations.

Other types of chemotherapeutics can be screened on this platform developed in this
dissertation. Moreover, the effect of combinational therapy (e.g. chemotherapy, radiotherapy
etc.) is worth investigating on this optimized biochip.

The gene expression profile of tumor cells worth to investigate in spheroids produced over
biochip with different surface wettability. This can prove valuable information on the role of
cell’s substrate characteristics at the molecular level that needs to be carefully considered
when designing an optimal platform.

Another improvement can be implemented in future studies by applying this surface
optimization developed in this dissertation to other microfluidic designs. In this dissertation
we highlight the effect of surface properties and design on uniformity of spheroids in our
platform, however, this optimized surface can be investigated on spheroid production in
different microfluidic designs.

Integrations of this microfluidic biochip with sensors to create an automated platform for
online measurements and in situ recording of data would be an interesting pathway for future
work.

In this dissertation, | have successfully demonstrated an optimized spheroid-on-a-chip
platform to produce uniform and homogenous spheroids for drug screening. However, the
design of this platform allowed for having one type of spheroids per single channel. In the
future, unique design approaches allow for the fabrication of multiple microfluidic
components on the same platform, which can include several types of spheroids interacting
with each other to capture multi-organ/or body-on-a-chip platform.
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APPENDIX A SIMULATE AND DESIGN OF THE MICROFLUIDIC
BIOCHIP

This appendix presents the preliminary work on design of the first microfluidic platform used in
this PhD dissertation. To design the biochip platform for spheroid formation and culture on-chip,
I have used analytical modeling and simulation to understand the physical principals behind the
phenomena and to predict experimental results to accordingly reduce the time and costs of
experiments [305]. Several parameters could be determined by simulation to design a
microfluidic platform for long-term culture of spheroids. Channel dimensions, cellular glucose
uptake rate and oxygen consumption rate are the principal parameters to simulate and determine
the required time to replenishment the culture media for keeping the spheroids viable for duration
of the study. The 3D geometry of the microfluidic device has drawn and influences of different
physical parameters solved numerically with COMSOL Multiphysics®. COMSOL Multiphysics
(version 5.4, COMSOL) software generously has provided by Prof. Thomas Gervais to perform

finite element analysis.

The first design of the microfluidic devices used in this dissertation were adapted from the design
developed by Astolfi et al. [1]. The parameters of each channel and wells were broadly similar to
the device described by Astolfi et al, except the height of the wells have been changed to 540 um
instead of 500 um to optimize device operation according to the results have been done by
Rousset et al [306]. Rousset et al. demonstrated that if d is the tissue diameter, the optimal
dimensions of a well are a square base of 2d x 2d (W=D=2d) with a height slightly lower than 2d.
(h=0.9 W) [306]. The geometric properties of the channel (H, W, L) determine the volume of
accessible culture media for each sphere and have influence on the time required to completely
change the culture media in the system and also on the nature of the flow in the system to
minimize the flow velocity and Reynolds number as much as possible [307]. Each channel with
the length of 78 mm, consists of five micro-wells, which are distributed all along the channel.
This provides the maximum amount of available nutrients for spheroids in non-infusion
conditions [1]. Square section of the channel is 600 um by 600 um and square bottom of wells
have 600 um wide by 540 um deep. The total volume of each channel is 29 pL. This dimensions

can provide enough space for spheroids around 300 pum diameter [1].
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To guarantee that a consistent number of cells will be trapped into each well, an appropriate flow
rate to form spheroids on-chip by sedimentation had been calculated. We had considered
sedimentation for a cell with about 30 um diameter in our calculations when the sedimentation

distance is the radius of the cell to trap the cell in the well. Sedimentation will happen if:

tsed < tcross the well

With considering the Stokes' law for settling velocity of a sphere falling in a fluid:

(Pp — Py)
7

v = % g R?

We had calculated the velocity of sedimentation and flow rate with above equations. When cell
suspension is loaded into the channel, a portion of the cells will be settled down into the micro-
well by sedimentation. According to the results of calculations, to guarantee that a consistent
number of the cells will be trapped into each well, we need to apply flow rate less than 0.16 pl/s
during cell loading process. Also, there is a chance that cells agglomerate before reach to the
wells and increase the sedimentation mass. This will increase the velocity of the sedimentation

into the wells.

To determine appropriate flow rate in the system when perfuse the media, | refer to the work
presented by Astolfi et al. [1]. As long as Reynolds number is low and the system is in laminar
regime, spheroids stay stable at the bottom of wells (Re <0.1) and there is laminar regime and
dominate viscous forces, if the flow rate is approximately 2 to 3.6 uL / min. But Re> 10 when the
flow rate exceeds about 200 to 360 puL / min while the system is still in laminar regime, but the
inertial forces are dominate [1]. Astolfi et al. observed that at flow rates above 800 puL / min
samples could release from their wells [1]. Since the maximum flow induced in the channels with
a micropipette are 300 uL / min, even if the inertial forces are dominate the samples remain in the
wells. Therefore with this geometry design of the channels and wells, they are not released at
normal operating rates [1].

Refill the culture media regularly in specific time periodic in a non-perfused system is the key
factor to sustain and maintain high viability of cells. In this model, |1 have focused on

characterizing oxygen and glucose which are the two essential nutrients for cell growth found in
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culture media. According to the equation of diffusion time for a molecule (bellow), since the total
distance to the bottom of each well is very small in our design (540 pm), diffusion transport of

glucose and oxygen is easy within a reasonable time.

Total distance to the bottom of the well
x2 /

t ~—

2D
X Diffusion constant of a molecule

To determine the replenishment time of culture media in the non-perfused system and to access if
cells have enough oxygen and nutrients to survive for at least first 24 hours, oxygen consumption
rate and glucose uptake rate by spheroids have simulated by COMSOL Multiphysics® software.
The critical review has been down for the parameters of diffusion, solubility and consumption of
glucose and oxygen through literature. For simulations, parameters referred by Astolfi et al. [1]
have been chosen (Table B.1). The diffusion-reaction with a time-dependent solver and a
threshold on the minimum tissue concentration at the Michaelis-Menten constant (KM) have been
used to solve the numerical simulations in COMSOL Multiphysics® software to find the
exchange times of the medium. I used a simple diffusion model for theoretical calculation of the

oxygen distribution inside the spheroids.

In steady state (0C / ot = 0), the equation is simplified and can solved with these equations:

dc
i DVZc — q(c)

Cells in spheroids consume metabolites with Michaelis-Menten kinetics:

() = :
q ¢ _qmaxc

e + Ky ~_
Maximum consumption rate Michaelis-Menten constant



167

Oxygen diffusion in a PDMS microfluidic device

We need to consider that in the spheroids, there is diffusion and consumption of oxygen.
However, in the surrounding environment, oxygen only diffuses. To solve this problem we
consider that all domains (spheroids, media and PDMS) are saturated with oxygen. When there is
no perfusion in the system, we can simplify the convection-diffusion equation to its diffusion
terms. This is obvious that there is continuous consumption of oxygen by the cells in spheroids.
In this model, all walls are set with no-flux (Neumann) boundary conditions. The interface
boundary of PDMS/Medium is set with a continuity condition on metabolite concentration
normalized by the saturation concentration in the material, and on diffusive flow through these
interfaces (Figure A.1).

PDMS layer 3 mm

] PDMS laver 1.14 mm

Figure A.1 Schema of the front view of each micro-well

We put symmetry condition in COMSOL to solve the problem, since each block will repeat five
times. Red flashes are to show the patrician coefficient between PDMS and media. | have
considered no-flux condition for the system to be able to measure oxygen consumption in

simulations.

Results of the simulations showed that we would have enough oxygen for at least first 24 hours
before replenishment of media (Figure A.2).
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Figure A.2 Oxygen consumption in the spheroid
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Oxygen consumption in a spheroid during the first 24 hours after refreshing the media has been

simulated with COMSOL. We have put the no-flux condition on all walls to measure the

consumption rate

Diffusion of glucose from media to spheroid

Glucose will be consumed by cells and will decrease in the medium. Therefore, to refill glucose,

medium needs to be change. A time-dependent solver on the spheroids domain applied and

initially available nutrients in the medium consumed. When the minimum concentration of

nutrients in sphere reaches the Michaelis-Menten constant (kwm), the threshold commonly

accepted under which concentration limits uptake Kinetics. In this level of concentration, the

uptake rate of cells is reduced to half of that of cells with an abundance of nutrient (gmax with a

zero order kinetic). Figure A.3 shows the results of simulation by COMSOL for glucose uptake

by spheroid.
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Glucose concentration changes in Spheroid in 24 hr
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Figure A.3 Glucose uptake in the spheroid

Glucose uptake profile during the first 24 hours after refreshing the media has been simulated by
COMSOL. This simulation demonstrates that there is enough glucose for the first 23-24 hours.
We use high glucose concentration media (25mM) for cells and after 24 hours, cells consumed

approximately %12 of the available glucose in media.
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These presented results above, are for the first design of microfluidic biochip, which | have
fabricated and employed in the first study of this dissertation presented as article 1, in Chapter 4.
For the study 2 and 3, | have modified the design as explained in details in Chapters 5 and 6.
Since the new design is enlarged compared to this initial design presented above, while the initial
numbers of cells to make spheroids did not change, we assured that the new design provide
enough oxygen and glucose for spheroids by replenishment of media every 22-24 hours.
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APPENDIX B DESCRIPTION OF THE PARAMETERS USED IN

COMSOL

Table B.1 represent parameters defined for simulations in COMSOL in terms of oxygen

consumption and glucose uptake by spheroids inside the chambers.

Table B.1 Parameters defined for COMSOI simulations

Description of the parameters to characterize the microfluidic system in term of the operation of

the device and cellular uptake parameters

Description of parameter Value References
Geometry
Thickness of PDMS layer (bottom) 3 mm [1]
Well height 540 um N/A
Well width (square-bottom) 600 um [1]
Channel width (square section) 600 um [1]
Channel length lcm [1]
Distance between wells 1.5mm [1]
Spheroid diameter 400 um N/A
Diffusion parameters

Diffusion of oxygen through PDMS 34x10° cmis [1]
Diffusion of oxygen through water 26x10 > cmis [1]




172

Diffusion of oxygen through human | 183x 10> cm?/s [1]
cancerous spheroid

Diffusion of glucose through water 927x10 % cms [1]
Diffusion of glucose through cancer | 270x 10 ° cmz/s [1]

tissue

Solubility parameters

Solubility of oxygen in PDMS vs water

6.8

[1]

Solubility of oxygen in tissue vs water

4.81

[1]

Concentration of glucose in DMEM

medium

25x 10 mol/L

Wisent Inc. website

Concentration of oxygen in medium

0.2x 10> mol/L

Michaelis-Menten

parameters

[1]

Maximum uptake rate of glucose by | 939x 10 2% mol/cell/s [1]
cancerous cells

Maximum uptake rate of oxygen by | 737x 10 %" mol/cell/s [1]
cancerous cells

Uptake saturation constant of glucose | 4 0ox 10 > mol/L [1]
by cancerous cells

Uptake saturation constant of oxygen | 4 63x 10 ° mol/L [1]

by cancerous cells
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APPENDIX C SPHEROID FORMATION ON BIOCHIPS

This appendix presents the materials | have presented as the appendix of article 1. Article 1 is
presented in chapter 4. The first part of the appendix of article 1 is already reviewed in chapter 2
(critical review) of this dissertation. Therefore, in Appendix C | only present the rest of the
materials which is already published as the appendix article 1. Figure C.1 shows the schematic of
the 2D view of a spheroid which have been used for calculations of the average mean diameter,
spheroid size and the circularity of each spheroid. The average mean diameter is calculated as
Dm= (Dmax+Dmin)/2 m [281]. The spheroid’s sizes were presented as mean diameter + standard

deviation. The circularity of the spheroids has been reported by the Circularity=Dmin/Dmax.

Figure C.1 Schematic of the 2D view of the spheroid
Maximum diameter (Dmax) and minimum diameter (Dmin) which have been used in image J

calculations to access the growth pattern and spheroid size over the 7 days periods

Figure C.2 demonstrates the microscopic image of the microfluidic channels and chambers, a
picture of the resin mold which is fabricated by stereolithography technic and a picture of the
PDMS biochip which is used in this study.

Figure C.2 Microfluidic biochip platform
(a) Microscopic image of channels and chambers, (b) Picture of the 3D printed resin mold, (c)

Picture of the PDMS microfluidic device with inlets
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Figure C.3 demonstrate the initial cell seeding process on biochip. Cell mixture is introduce to
the inlet and some of the cells will trapped inside each well and the rest of the cells will exit
through the outlet of the channel. As the inner surface of the PDMS biochip is treated with
chemical coatings and render cell repellent properties, cells which are trapped inside the wells
through sedimentation and containment will agglomerate together and proliferate to make 3D

tumour spheroids on the day after cell seeding.
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Figure C.3 Schematic illustrations of the cell seeding process and spheroid formation through

sedimentation and containment

Figure C.4 shows a comparison between the different treated PDMS surfaces in terms of the
chance of the numbers of the spheroids formed on biochip. As discussed above, between 6
studied surfaces in this work, BSA 10% show the best cell repellent properties by increasing the
number of possible spheroid formed on biochip. BSA 3% showed the least cell repellent

properties and the less number of spheroid formed on-chip.
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Percentage of the numbers of the spheroids
formed in the biochips treated with different
surface coatings
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Figure C.4 The chance of spheroid formation on-chip with different surface treatments

Error bars represent + SE, n=3



176

APPENDIX D CELL ADHESION TO THE CORNERS OF THE
CHAMBERS

In this appendix, | present the materials which are presented in appendix article 2. Article 2 is
presented in chapter 5. Here, | show that cells have more chance to stick to the corners of the
cube shape cell trapping micro-wells design of our microfluidic device, therefore in the study 2,
the shape of the cell trapping micro wells have modified to cylindrical shapes to decrease this

phenomenon.

Figure D.1 Cell attachment to the corners of the cube shapes micro-wells

Cells sometimes tend to attach to the corners of the cube form cell trapping microwells even
though the surfaces were pre-coated with 10% BSA. This could lead to decrease the chance of
spheroid formation on chip by increasing the possibility of forming the lobular or any non-
spherical cell agglomerations. Figures a, b and c are representing different forms of cell
aggregations which produced in different cube shape cell trapping chambers in our old design.
MDA-MB-231-GFP cells are pictured in this image. The green color is due to green-fluorescent
protein (GFP) in MDA-MB-231 cells. Scale bars: 200 um.





