MICROFLUIDIC MODEL O F VASCULARIZED TUMOR
MICRO ENVIRONMENT: PDMS AN D INJECTION -MOLDED
PLASTIC 3D CULTURE PLATFORMS

A Dissertation
Presented to
The Academic Faculty

by

JUNGHO AHN

Doctor of Philosophy in Mechanical Engineering
Joint Ph. D. Program with Seoul National University
George W. Woodruff School of Mechanical Engineering

Georgia Institute of Technology
May 2020

COPYRIGHT © 2020BY JUNGHO AHN



MICROFLUIDIC MODEL O F VASCULARIZED TUMOR
MICRO ENVIRONMENT: PDMS AN D INJECTION -MOLDED
PLASTIC 3D CULTURE PLATFORMS

Approved by:

Dr. YongTae Kim Advisor(GT)
School ofMechanical Engineering
Georgia Institute of Technology

Dr. J. Brandon Dixor{GT)
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Todd SulcheKGT)
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Noo Li Jeon, Advisor (SNU)
School of Mechanical Engineering
Seoul National University

Dr. Yongdae ShirfSNU)
School of Mechanical Engineering
SeoulNational University

Dr. Jangho Kim(CNU)
Department of Biosystems Engineer
Chonnam National University

Date Approved:November 112019



[To the students dhe Georgia Institute of Technology]



ACKNOWLEDGEMENTS

| am greatly indebted to my principal supervisor in Seoul National University, Professor
Noo Li Jeon for supervising me with his instructive criticism, valuable adidesupport
throughout the ladbtal 6 years and for his careful feedback and commentsi® thesis.
His broad and enthusiastic knowledge of orgare-chip field and his logical way of
thinking have inspired me throughout the years | spehtsfaboratory. | also owe my
deepest gratitude to my -®upervisor in Georgia Institute of Techogy, Professor
YongTae Kim, for mentoring me to have confidence all the time, his bottomless support,
precious advice and critical review of this thesis. His confidence in science and optimistic

attitude in general encouraged me to believe in myself.

Besdes my advisors, | would like to thank the rest of my thesis committee: Professor
Brandon Dixon Professoifodd SulchekProfessolYongdae Shinand Professaiangho
Kim, for their insightful comments and encouragement, but also the critical quebtam w

incented me to widen my research from various perspectives.

| am also grateful to DriSudong Kim, Dr. Minhwan Chung, Dr. Hyunjae Lee and Dr.
Yositaka J. Sei who provided me an opportunity to join their teamegual amount of
gratitude is owed t&rof. Taeeun Parkn UNIST andmy colleagued/s. Somin Lee, Mr.
Jihoon Ko, Mr.Suryong Kim, Ms Jungeun Lim, Mr. Jungseub Lee in Seoul National
University and Dr. Songlh Ahn in Georgia Institute of Technology. | also thank my fellow
labmates in for the sintating discussions, for the sleepless nights we were working

together and for all the fun we have had in the last 6 years.



Last but the most, | would like to take this opportunity to express my profound gratitude to
my beloved parents and older sister backne for their endless love and everlasting

support, and for always being proud of me.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS \Y
LIST OF TABLES viii
LIST OF FIGURES IX
LIST OF SYMBOLS AND ABBREVIATIONS Xviii
SUMMARY XX

CHAPTER 1. Introduction

1.1  Tumor-Stromal Interactions on a Chip

1.2  Tumor-Vasculature Interactions on a Chip
1.3 Cancer Cells Transmigration through Vasculature: Metastasis on a Chip 7

g weRE

1.4  Tumor-Extracellular Matrix Interaction 9
1.5 Microfluidic Platforms for Cancer Drug Deliv ery and Screening 10
1.6  PDMS and Injection-molded Microfluidic System 12
1.7  Aims and Approaches 14
CHAPTER 2. PDMS 3D Culture Platform: Vascularized Tumor Spheroid
Culture 16
2.1 3D Microengineered Vascularized Tumor Spheroid Model foiDrug Delivery
and Efficacy Testing 16
2.2  Materials and Methods 19
2.2.1 Cell culture 19
2.2.2 Cell seeding in the microfluidic platform 20
2.2.3 Fabrication of the microfluidic device 20
2.2.4 CUBIC tissue clearing 21
2.2.5 Quantitative RTPCR 21
2.2.6 Imaging 23
2.2.7 Permeability oefficient measurement 23
2.2.8 Statistical methods 24
2.3 Results 24
2.3.1 Selassembled 3D vascularized tumor spheroid model 24
2.3.2 Morphological and relative gene expression characterization of cancer only vs.
cancer EC hybrid spheroids 27
2.3.3 Angiogenic potential of cancer cell only vs. cafdeéC hybrid spheroid in the
VTS model 29
2.3.4 Evaluation of vascularized tumor spheroid permeability 30
2.3.5 Axitinib performance in the vascularized spheroid tumor model 33
2.3.6 Reconstituting lymphatic endothelial célood vascular endbelial cell
incorporated vascularized tumor spheroid in vitro 37

Vi



2.4 Discussion 38

2.5 Conclusion 42
CHAPTER 3. Injection-molded 3D Culture Platform: Vascularized Tumor
Spheroid Culture 44
3.1  Tumor Spheroid-on-a-chip: a Standardized Microfluidic Culture Platform
for Investigating Tumor Angiogenesis 44
3.2  Materials and Methods 46
3.2.1 3D printing for prototypes 46
3.2.2 Fabrication of SphertMPACT 47
3.2.3 Cell Culture 47
3.2.4 Retrovirus production and transfection 48
3.2.5 Spheroid preparation 48
3.2.6 Immunostaining 48
3.2.7 Migration, invasion and tumor sphereigduced angiogenesis assay 49
3.2.8 Drug testing 49
3.2.9 Imaging and data quantification 50
3.2.10 Statistical analysis 50
3.3 Results and Discussion 50
3.3.1 SphereIMPACT design optimization and considerations 50
3.3.2 Gel patterning principle 55
3.3.3 Angiogenesis assay 59
3.3.4 Tumor migration and invasion 65
3.3.5 Tumor angiogenesis and drug screening 67
3.4  Conclusion 69
CHAPTER 4. General Discussion and Future Perspectives 73
4.1 EPR Effect 73
4.2  Solid Tumor Stress 73
4.3  Normalization of Tumor Blood Vessels 74
4.4  Future Microfluidic Platforms 75
CHAPTER 5. Conclusion 77
REFERENCES 79

vii



LIST OF TABLES

Tablel. Primers used for gRPCR and RTIPCR22

viii



LIST OF FIGURES

Figurel.1 The tumor microenvironment (TME) heterogeneouslgsists of cellular and
noncellular components including the surrounding blood vessels, immune cells,

fibroblasts, cancer stem cells and extracellular matrix (EEM).

Figure 12 Tumorstromal interactions on a chip. (A) 3D Microfluidic model to investigate
the carcinoma associated fibroblast promoted tumor spheroid invasionmicrofluidic

chip design (iii) cell loading step. Salivary gland adenoid cystic carcinoma cell line-(ACC
M) were co cultured with carcinoma associated fibroblasts (CAFs)-M@@/aded CAF
embedded matrix in a spheroid fashion. However, ACEells did na invade the adjacent
matrix when cecultured with the fibroblast cell line (HFL1). (B) 3D culture of tumor
spheroids and fibroblasts in a compartmentalized microfluidic chip. (i, ii) Fluorescence
images of HT29 tumor spheroids and CEIBCo human normallroblast cell line. HT

29 spheroids and CCGDBCo cells proliferated within the space of the corresponding
channels over 5 days, during which their growth and interaction were monitored and

characterized.

Figure 13 Tumor angiogenesis on a chip. (A) Human glioblastoma multiforme cells,
(UB7MG) were used to induce angiogenic sprouting. Fluorescence image shows
angiogenic sprouts grown for 2 and 4 days undezutture with U87MG cancer celend

human umbil i cal vein endothelial cedl s (H
vascularized tumor (PVT) spheroid model. PVT spheroid model were introduced breast
cancer (MCF10A, MDAMB-231), Lung cancer (A549) and colon cancer (SW620).

Representate fluorescence images of PVT spheroid model shows robust angiogenic



sprouting. Various PVT spheroid showed different angiogneic sprouting behavior.

Il ntravasation events were only obs&rved fo

Figure 14 Metastasis on a chip. (A) A human 3D vascularized organotypic microfluidic

system to study cancer cell extravasation (i) Cancer cell extravasation was monitored in
real time within a vascular network (ii) m
umbilical vein pericytes were cocultured with human umbilical vein endothelial cells to

form pericytecovered lumens. The extravasation rate from HUMEG cultures was
significantly higher when comparedto HUVECe r i cyt e cocul ture. Sce
Design of biomimetic multiorgan chip (i, i) mulior gan chi p i ncluded an
organo and three downstream Adistant orga
microfluidic chip was compartmentalized using human epithelial and stromal calisedult

on separated side of a porous membrane in order to miimiic) (whysiological respiration

in the microfluidic system; which was followed by the introduction of i(xji lung

fibroblast cells to investigate lung cancer metastasis to distant ®rgan.

Figure 15 Probing the efficacy of drug delivery using TME on a chip. (A) Drepbeed

microfluidic system for multicellular tumor spheroidifieation and anticancer drug testing.

(i) Schematic of the droplet formation and cell culture microfluidic chips. Each chamber
contains 14 sieves for alginate droplet trapping; (ii) Breast tumor cells proliferating and
forming multicellular spheroids whileneapsulated in alginate beads. Tumor cells were
perfused with doxorubicin and |ive/dead as:
on a chip provides an optical window into nanoparticle tissue transport. (i) Schematic of

the microfluidic device; (ii) MDA-MB-435 breast cancer cell embedded within

microfluidic device (iii) Effect of nanoparticle size on tissue accumulation. 40 nm



fluorescent PE@anoparticles entered the tumor spheroid and accumulated in the
interstitial spaces but 110 nm nanopartickese excluded from the spheroid. Scale bar:

100 12 m.

Figure 21 In vitro threedimensional vascularized tumor model. Schematic representation
of microfluidic desigrfor in vivo like 3D vascularized tumor formation by tumor spheroid
and ECs miture in the center channel under paracrine interactions with stromal fibroblasts

in the outermost side channéss.

Figure 22 Bright field images of the development of vascularized tumor spheroid,
composed of tumor spheroid @toped by endothelial cells. White and yellow lines

indicate tumor spher@ d area. Scale bars,

Figure 23 (A) Representative confocal images compare before (left line)/after (right line)
clearing in the same samp{@UBIC tissue clearing does not lead to volume changes. Scale
bars, 150 em. (A, below) 3D reconstruction
is enveloped by blood vessels. (B) Before/after clearing comparison of z axis imaging
depth. (C) Before/afteclearing comparison of xy plane relative intensity according to
distance. (D) Before tissue cleared confocal image of vascularized tumor spheftpid (

top). After tissue cleared vascularized tumor spheteft| bottom) and 3D reconstruction

image ofvascularized tumor spherofdght).26

Figure 24 Multicellular tumor spheroid characterization. (A) Representative confocal
images of HepG2 ECs spheroid with different cell ratio and spheroid sphericity of
di fferent cancer: EC ratios. All spBeroid

(B) RT-PCR results of cancer cell monoculture and cancer celiitored with ECs. Gene

Xi



analysis considered markers 1) PTEN, 2) p53,-8adherin, 4p-SMA, 5) CXCL12 and

CXCRA4.The internal standard housekeeping gene was GAPDHA4{i2&8

Figure 25 RT-PCR results of ECs monoculture and ECsatured with tumor (HepG2)

at day 229

Figure 26 Representative confocal images compared total blood vessel volume induced by
vascularized tumor model of cancer cell only (HepG2) spheroid andrczeliseHepG2a

ECs spheroid. (S®®B0e bars, 400 em. n=4

Figure 27 Evaluation of vascularized tumor spheroid: permeability measurement and
nanoparticle delivery. (A) Time series fluorescence micrographs were taken and analyzed

for intensity changes in the perivascular region to measure permeability. After cell culture
medum was removed, FIT@dextran (10kDa, 70kDa) solution was introduced and image

were captured every 10 s. Red circles in bottom images represent focal intercellular
openings (FI1 Os) (Scale bars, 100 em) (B) T
different conditions (10 kDa) (n=%). (C) The graphs shows permeability coefficient for

two conditions (70 kDa). (D) gRPCR result of ICAM1 mRNA expression (n=3) (E)

Number of focal intercellular openings. [ R¢

and [ROI]l] 2; > 200 em of tI1B2 tumor spheroi

Figure 28 Silica nanopatrticle (NP) delivery through vasculature of vascularized tumor
model at 3 tmgpoi nts (top) . Scal e bars, 400 & m.

different z sections (bottor8y

Xii



Figure 29 Antiangiogenesis and antitumor activities of Axitinib in VTS model. (A)
Timeline of cancer drug treatment experiment. In the early stage of vascularized tumor
model, Axitinib wereintroduced into the reservoirs a day after spheioiECs gel
suspension injected to the central channel. (B) Representative confocal images show
Axitinib dosage dependent response of spheroid and vasculature in the early stage of VTS
model. Scale bars, 80 € m. Rel ative spheroid area (C),
disconnected blood vessel (E) in response to two different dosage of Axitinib (1 nM, 10
nM) at the early stage of VTS model. (F) Timeline of cancer drug treatment experiment.

In the late sige of vascularized tumor model, Axitinib were introduced into the reservoirs

4 days after spheroidl ECs gel suspension injected to the central channel, which
vasculature fully enveloped HepG2ECs hybrid spheroid. (G) Representative confocal
images showAxitinib dosage dependent response of spheroid and vasculature in the late
stage of VTS model. Scale bars, 300 &m. Re
device (1), number of disconnected blood vessel per device (J) in response to twotdifferen

dosage of Axitinib (1 nM, 10 nM) at the late stage of VTS m@&éel.

Figure 210 Monitoring reliable and reproducible response of axitinib treatment. (A)
Representative confocal images show 1 nM axitinib treated vasculéwimed spheroid

conditions. (B) Spheroid3&area per device.

Figure 211 Confocal image of HepGR EC spheroid with lymphatic endothelial cells

(LECs, green; podoplanin) and vascular endothelial cells (ECs, red). Scale bd 30 ¢ m.

Figure 31 Design of the standardized microfluidics platform for tumor sphesoid-chip.

(A) A conceptual image of SpheWIPACT based on a standard-@&ll plate format. B)

Xiii



SphereIMPACT has a media reservoir on each side, centered ordadil guide for cell
culture. The rail guide contains a tapered hole functioned as a culture space for a cell
spheroid. C) Spontaneous fluid patterning by capillary action. Fluid can be transferred
simply and robustly along the rail guide under hydilplcondition. ©) The patterned

fluid configures a concave meniscus at the edges of the structure. A fluorescence image
showing GFPexpressing HUVECs patterned with fibrin gel which forming the meniscus,
and RFPexpressing HUVECs seeded on the reserV&). The crosssections of the
devices filled with a solution of Rodamin B under noted volume were converted to
grayscale images for analysis. White dash lines indicate the fluid rail guide, and yellow

dash lines are traces for curvature studigs.

Figure3.2 Overall schematics of the structural components of tumor spheneaethip.
(A)lllustration of 96well plate SBS formabased microplate.B) A single array of
tumorspheroidora-chip as a prototype modelC{D) Schematic ew detailing the
dimensions of the devicéE) Photograph of the dye being patterned into the rail of the

deviceb4

Figure 33 Process schematic of SphdMPACT design optimization with 3D printing for

mass production througinjection molding. (A) 3D printing prototypes allow for rapid
dimensional testing and optimization prior to high investment but high yield injection
molded production. (B) During the process, we performed the platform validation through
fluid patterning ad cell culture testing. This process was approached through the trial and
error method. (C) Once a design has been configured for injection molding, the design can

be mass produced for easy accessibility for the endbser.

Xiv



Figure 34 Fluid patterning under the hydrophilic and hydrophobic environment.
(A)Investigation of the contact angle of the material used in the device under hydrophilic
conditions © establish the fluid patterning technique. (B) The fluid interface showed
surfaceimbalance under hydrophobic environment. After the plasma treatment, the fluid

was wellpatterned under hydrophilic environmé.

Figure 35 Various in vitro model approaches of SphéPACT. (A) Vasculogenesis;

the platform can perform eculture modeling to develop a 3D perfusable blood vessel
networks. (B) Angiogenesis; induction of directional angiogenesis by attaching HUVECs
to patterned brin gekmeniscus in a rail guide structure. (C) Tumor migration assay; ease
of experimentation and observation through the space for a spheroid inside the platform.
(D) Tumor spheroidnduced angiogenesis; construct tumor model which is vascularized

through coculture of tumor spheroid and blood vessel.

Figure 36 A diagram comparing the time required for production of the device between

softlithography and injection molding proce32.

Figure 37 EngineereBD perfusable blood vessel networks in SpHMBACT. (A) An

illustration of angiogenesis model configuration in SpH&MBACT. (B) A cell culture

approach to construct angiogenesis mod@| Iifvestigating an optimal patterned volume

for inducing effectie angiogenic sprouts. Every sample was cultured for 5 days and stained
with | ectins (green) as mar ker sD)dohetotalndot he
vascular network area and the number of vessel sprouts were quantitatively evaluated to
determire appropriate conditions for angiogenesis depending on the patterning védume. (

Experimental Study on the transport of microbeads with the lapse of time through

XV



perfusable blood vessel devel oped under 6.
5 0 Om. &) Confocal images exhibiting vasculogenesis formed from -&fiPessing
HUVECSs reflecting the effect of LFs spheroids. Observation of cytoskeleton threugh F

actin (red) antibody 64taining. Scale bar =

Figure 38 Tumor invasion assay using a spheroid model. (A) Schematic depiction of tumor
migration and invasion. (B) Configuration of the microfigidevice for modeling tumor

spheroid migration and invasion into 3D ECM. (C) The optical microscope image showing

the U87MG tumor spheroid in the spheroid re
confocal images of tumor migration and invasion uritege different conditions. Scale

bar = 600 & m. (E and F) Quantitative analy
distance. Bars indicate mean £ SEM from at least 4 devices per condition. *p < 0.1 and **p

< 0.01 in the unpaired twiailed Studens ttest67

Figure 39 Tumor spheroidnduced angiogenesis and drug screening validation (A)
Schematic depiction of angiogenic sprouts toward tumor spheroid positioned in the center
hole. (B)Configuration of the microfluidic platform for modeling tumor angiogenesis. The
tumor spheroid collected and mixed with fibrin gel is injected into the hole, and HUVECs
are seeded on around the fibrin gel surface. (C) Maximum projection images of the tumor
angiogenesis cultured for 4 days in SpRB®ACT. Tumor spheroid formed from GFP
expressing U87MG, and blood vessels assembled froreRRpifessing HUVECSs. Under

the same culture conditions, the types of target drugs were treated with medium every two
days . Scal e b akF) Quantitativ® analysis of theDotal vascular network area,

number of sprouts and sprouting length depending on each drug condition. Bars represent

XVi



mean + SEM from at least 8 devices per condition. ****p < 0.0001 in the unpamed

tailed Student'stest/1

Figure 310 Comparison of angiogenic sprouts under different conditions. Uneritae
with U87MG cancer cells, angiogenic sprouts are characterized by the sprouts with
branching tipcells (redarrow) and convoluted and aberrantly converged blood vessels

(yellow arrow)72

Xvii



LIST OF SYMBOLS AND ABBREVIATIONS

TME
PDMS
VTS
EMT
EC

LF
LEC
FIOs
2D

3D
IMPACT
PS
NPs
ECM
CAF
HUVEC
EGM-2
RFP
GFP
FGM
e VDM

ROI

Tumor microenvironment
Polydimethylsiloxane
Vascularized tumor spheroid
Epitheliakmesenchymal transition
Endothelial cells

Lung fibroblasts

Lymphatic endothelial cell

Focal intercellular openings
2-Dimensional

3-Dimensional

Injectionrmolded plastic array 3D spheroid culture platform
Polystyrene

Nanoparticles

Extra cellular matrix

Carcinoma associated fibroblast
Human umbilical vein endothelial cells
Endothelial growth medium

Red fluorescent proteins

Green fluorescent proteins
Fibroblast growth medium
Microvascular network

Region of interest

XVili



TGFb 1 Transforming growth factor beta 1
TNF-U Tumor necrosis factor alpha
BSA Bovine serum albumin
CAD Computer aided design
HCS High-content screening
HTS High-throughput screening

VEGF Vascular endothelial growth factor

XiX



SUMMARY

The ATumor mi TM&)dasbeen ircreasiagly tecognized as an underlying
factor in drug resistance and the recurrence of cancer, both of which are nstacteshto

a cure.The TME is a complex, interacting system including the tumor itséfiero
noncancerous cell types such as immune, stromal and endothelial cells, and the
extracellular matx surrounding these cellShis complexity has largely prevented a
comprehensive understanding of TME in conventional in vitro models, which have been
too simple to recapitulate the intricate interactiofiserefore, dveloping in vitro assays

that closely replicate the pathophysiology of 3D vasculaffadH is critical to understand

the formation and development of tumors and unravel the mechanisms diy temor

cells grow, metastasize, and resist against drugs.

To this end, this thesis first describes the method to create in vivo like vascularize tumor
spheroidPolydimethylsiloxandPDMS)-based modeMWe developed vascularized tumor
spheroid (VTS) modehat reproduces the pathological and morphological characteristics
of in vivo vascularized solid TME. We used human hepatocellular carcinoma (HepG2)
spheroid to reconstitute VTS. The VTS structure closely recapitulates a vascularized tumor
microenvironmet where cancer cells can interface with sefembled vascular
endothelial cells within 3D hydrogel. We introducedadmp tissue clearing technology

that enables 3D intact visualization of the tumeadothelium interaction. We also
conducted comparativatudies of spheroid morphology, relative tumor suppressor (PTEN
and p53) and epithelimhesenchymal transition (EMT) gene expressions, and

microvascular network formation induced by the spheroid. Notably, we observed that

XX



cancefEC hybrid spheroids enhancaiformity of spheroid, tumor aggressiveness, and
tumor angiogenesis compared to those with cancer cells only. Moreover, the
microvasculature coultured with the tumor spheroid showed a higher permeability
coefficient compared to control and increasedafointercellular openings (FIOs) of
microvascular network located in adjacent to tumor spheroid, demonstrating hallmarks of
tumor vasculature; a leaky and fenestrated structure of endothelium. We further visualized
and quantitatively demonstrated the eféeof the FDA approved cancer drug; Axitinib by
monitoring blood vessel area and spheroid tumor size, highlighting the significance of
tumor vascularization and revealing the importance of the dose and treatment timing. The
3D VTS model will be a usefullgform to better understand how tumor develops and
metastasizes in vasculature, screen drugs and their compositions (fine drug cocktails) for
heterogeneous cancer treatment, and explore new therapeutic strategies with 3D

vascularized models of patiederived multicellular tumor spheroids.

Secontly, this thesis introduces Injectionrmolded based vascularized tumor
microenvironment platformonsidering standardized application for industrializatidgre

field of microfluidicsbased threelimensional (3D) cell culture system is rapidly
progressing from academic preofconcept studies to valid solutions to readrld
problems.PDMSbased platform has been widely adopted as in vitro platforms for
mimicking tumor microenvironment. However, PDMS has not been welcomed as a
standardized commercial application for preclinical screening due to inherent material
limitations that make it difficult to scalep production. Here, we present an injection
molded platic array 3D spheroid culture platform (Sph&vtPACT). The platform is

made of polystyrene (PS) in a standardizedn@8 plate format with a usdriendly

XXi



interface. This interface describes a simpler design that incorporates a tapered hole in the
cente of the rail to pattern a large spheroid with 3D extracellular matrix and various cell
types. This hole is designed to accommodate standard pipette tip for automated system.
The platform that mediate open microfluidics allows implement spontaneous fluid
patterning with high repeatability from the end user. To demonstrate versatile use of the
platform, we developed 3D perfusable blood vessel network and tumor spheroid assays. In
addition, we established a tumor spheroid induced angiogenesis model tha¢ can b
applicable for drug screening. Sphak®PACT has the potential to provide a robust and
reproducible in vitro assay related to vascularized cancer research. This-aasyready

to-use platform can be translated into an enhanced preclinical modialitihtadly reflects

the complex tumor microenvironment.
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CHAPTER 1. INTRODUCTION

The cost of drug development has dramatically increased during the last several
decades due to the inefficiency of current-giirical drug screening modeldMajor
disadvantages of conventional drug screening models are (i) the dissimilarity between two
dimensional (2D) in vitro cell culture systems and in vivo models; and (ii) the phylogenetic
difference between human and animal madétbvanced 3D cell culture model systems
have demonstrated advantages in providing more physiologically relevant conditions and
more predictive ability1, 2]. The integration of microfluidic technology and cell biology
research has recently reached a sigomi fican
achi po technol ogargadevetim\avo charaeteristicks].t Devieloptng
improved in vitro models through these innovative technologies will promntiafmental

cancer research and accelerate drug discovery and clinical translation

A tumor microenvironment (TME) consists of a heterogeneous mix of cellular and
noncellular components including surrounding blood vessels, immune cells, fibroblasts,
cancer stem cells and extracellular matrix (EGMpure 1) [4]. The elucidatiorof the
complex cellular interactions within the TME remains one of the main challenges in the
treatment of cancd®]. It has become increasingly recognized that the study of human
cancer cannot be simplified to homogeneous collections of neoplastic cells, but must
instead be studied as complex multicellular systems to properly reflect irdesamttween
malignant and nomalignant celld1, 6, 7]. This interplay between the tumor and the
stroma has been recognized as a characteristic property of the TME, and this paradigm is

now considered to be a hallmark aincer biology8]. Animal models are conventionally



the gold standard for screening cancer therapeutics because of their capabilities to sustain
the complex TMH9]. However, accurate mimicry of human tumorigenesis is extremely
difficult, questioning the usefulness of existing in vivo models for therapeutic efficacy
translationMeanwhile, recent advancements in the microengineering of TME using organ
ona-chip technologies have enabled the development of pathophysiologically relevant

human tumorigenesis models.

In this thesis, we proposed a ngvehysiologically relevanin vitro vascularized
tumor micro@vironment models. Using the advanced 3D microengineechtology, we
developed two microfluidic platforms: PDMS and injectimolded microfluidic platforms.
We designed geometrically defined vascularized tuspbreroidmodel and investigated
hallmarks of tumor vasculaturesing PDMSplatform We also highligtedsignificance
of tumor vascularization and revealitige importance ofreatment timingBased on the
model, we further developed injectiomolded plastic array 3D spheroid culture platform,
which made of polystyrene (PS) in a standardizeav8lb plate format with usefriendly
interface. We propose vascularized tumor spheroid model as th@emeeration of 3D
microfluidic system for robust higthroughput andhigh-content assays with drug

candidate evaluation and investigation of specific pathogenesis.
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Figure 1.1 The tumor microenvironment (TME) heterogeneousiysists of cellular and
noncellular components including the surrounding blood vessels, immune cells,
fibroblasts, cancer stem cells and extracellular matrix (ECM).

1.1 Tumor-Stromal Interactions on a Chip

Tumors interact with the surroundimgicroenvironments incessantly. Tumors typically
consist of cancer cells and stromal cells (i.e., fibroblast and immune cells) that are
nourished through vascular networking. Understanding the interactions between the tumor,
stroma, and vasculature is keythe development of cancer treatmemispecially,the
stromal cells and tumor microenvironment modulate tumor sensitivity, which affects tumor
cell signaling, proliferation, and drug resistanfE0]. Emerging microfabrication
techniques enable the reconstitution of complex in vitrewdture models for studying
tumorstromal interactions. Microfluidic systems provide greater spatial organization
through controlled compartmentalization and higher seitgiteand control over the
diffusion of soluble factors than traditional Transwell insgki$. Several key microfluidic

tumorstromal ceculture models have been developed to investigate the interactions. A



microfluidic device designeatstudy salivary gland adenoid cystic carcinoma (ACC) cells
and CAFs interactions when seeded in a 3D ECM has shown the potential of these
platforms as a higkhroughput parallel caulture assay. This approach revealed that CAFs
promoted ACC cell invasiomto the 3D matrix, identifying a potential target for anti
cancer chemotherapi@sigure 12A) [12]. In addition to compartmentalized microfluidics,
several other approaches have been developed to study-saooeal interactions.
Continuous media supplementation allowed for 3D culture of a mixture of lung cancer cells
and stromal cells for studies of the cans&momal cellular interactiongl3]. Recently,
microfluidic systems offered a physiologically relevant in vitro tumor spheroid model to
study the TME. Integrating 3D tumn spheroids with CAFs in proximity within a hydrogel
scaffold exhibited mutual interactions (e.g., growth rate, ECM expression, morphological
changes and increased migration in fibroblast) between the spheroids and fibroblasts

(Figure 12B) [14].

(i) HT-29 (ii) €CD-18Co

Assembing gass F-actin Calcein AM F-actin Calcein AM
200 POMS lavers

Seeding el ABME
in chamber A

(ii) — e,

Figure 1.2 Tumorstromal interactions on a chip. (A) 3D Microfluidic model to
investigate the carcinoma associated fibroblast promoted tumor spheroid invasion. (i, ii)
microfluidic chip design (iii) cell loading step. Salivary gland adenoid cystic carcinoma
cell line (ACGM) were co cultured with carcinoma associated fibroblasts (CAFs).-ACC
M invaded CAFembedded matrix in a spheroid fashion. However, ACCells did na
invade the adjacent matrix when-coltured with the fibroblast cell line (HFL1). (B) 3D
culture of tumor spheroids and fibroblasts in a compartmentalized microfluidic chip. (i,



i) Fluorescence images of HA9 tumor spheroids and CEIBCo human normal

fibroblast cell line. HT29 spheroids and CCGDBCo cells proliferated within the space of
the corresponding channels over 5 days, during which their growth and interaction were
monitored and characterized.

In addition to fibroblasts, cancer cells activedgnuit macrophages to remodel the TME
and produce growth factors that increase the invasiveness of cancgtseNsDA-MB-

231 metastatic breast cancer cells and tuassociated macrophages were embedded in
collagen | and pattaed within a microfluidic channel. It was found in this study that the
tumorassociated macrophages invade the neighboring gels containing NUE>231

cells, rather than migraty{16].

As Stephen Paget s8gigledtkedpotnhedhies NiSmed
are like seeds being carried in all directions only if they settle into an appropriate soil.
Stromal cells and ECM (soil) play a mutual supportive role in the initiation and progression
of carcinogenesis (seeds). émmains extremely difficult to fully replicate the complex
tumorstromal interactions, although many microfluidic systems have created successful
TMEs to study tumestromal interactions within microfluidic chips. Therefore, the critical
elements to be miroked or possibly ignored in a specific TME model should be carefully

defined in a study to clarify the domain over which the study is relevant.

1.2 Tumor-Vasculature Interactions on a Chip

Tumor growth and metastasis depend on angiogenic vascular netwerkgrotith of

which are largely guided by chemical signals from tumor cells. Without the formation of
new blood vessels, carcinomas neither grow well nor metastasize to colonial distant organs
[17]. This rapidly growing angiogenigasculature around the tumor is highly leaky,

forming an aberrant vascular architectii8]. Several 3D microfluidic systems have been



developed to mimic these characteristics of cancer angiogenesisy bfathese
microsystems allowed 2D endothelial monolayers to be vertically established in the side
walls, which is designed to better image angiogenic sprouting into a 3D hydrogel. For
example, a fibrin gel was either patterned into a microfluidic chaasiel provisional
matrix for endothelial sprouts or into a side channel for highly malignant human
glioblastoma (U87MG). Endothelial cells (ECs) that were attached to the fibrin gel formed
a preexisting wall, 3D sprouting was promoted by the U87MG secrdactors. When
compared to lung fibroblastduced sprouts, U87M&duced sprouts exhibited aberrant
morphology, which is a general characteristic of cancer vascul&igiee 13A) [19]. In
addition, leukemieell-induced bone marrow angiogenesis has been demonstrated using a
microfluidic chip, in which a collagen gel wé#ed into the middle channel, and U937,
HL-60 and K562 cell lines were seeded into an upper channel to study their angiogenic
induction. Upon forming the microenvironment of a bone marrow stromal cell line HS5, a
unique morphogenic signature of angiogasevas induced by different types of leukemic
cells with or without ceculture with bone marrow stromal ce]&0]. In order to study the
complex multicellular interactions in a completely thodmensional setting, a pre
vascularized tumor (PVT) spheroid neddvas introduced to investigate early events of
solid tumor progression. PVT spheroids were formed through direxilaare of EC and
tumor cells and embedded in a fibrin gel mixed with human fibroblasts. After 7 days of
culture, PVT spheroids exhibitedbust sprouting angiogenegisgure 13B) [21]. Despite

major advances in the development of twaogiogenesi®na-chip devices, the

mechanisms by which tumor cells interact with the TME remain to be further studied.



MCF10A

Figure 1.3 Tumor angiogenesis on a chip. (A) Human glioblastoma multiforme cells,

(UB7MG) were used to induce angiogenic sprouting. Fluorescence image shows

angiogenic sprouts grown for 2 and 4 days undesutture with U87MG cancer cells

and human umbilical vein endothel i al cell s
vascularized tumor (PVT) spheroid model. PVT spheroid model were introduced breast
cancer (MCF10A, MDAMB-231), Lung cancer (A549) and colon cancer (SW620).
Representate fluorescence images of PVT spheroid model shows robust angiogenic
sprouting. Various PVT spheroid showed different angiogneic sprouting behavior.

Il ntravasation events were only observed fo

1.3 Cancer Cells Transmigration through Vasculature: Metastasis on a Chip

In metastasis, cancer cells spread locally or distally by traveling through the blood or the
lymphatic system to form a new tumor in other regions of the P22y This metastatic
process involves a broad spectrum of invasion and migration mechanisms that include both
single and collective cell migration strategiga3]. During metastasis, cancer cells
disseminate to other parts of the body by entering the blood stream (intravasation) and
getting out of the blood (extravasation) at proper metastatid 2#Several microfluidic
systems have been developed to mimic cancer cell transmigration through an endothelial
cell lining. A 3D tumor vasculature interface was recreated in a microfluidic assay to
characterize their interaotis through tumor cell migration efficacy and endothelial
permeability 25]. A microfluidic system was developed to mimic the specificity of human

breast cancer metastasis into bosgue by recreating a vascularized ostelbconditioned



microenvironment with BMAIMSC that secreted a behike matrix[26]. This was further
developed to study human metastatic breast cancer cell extravasation within a perfusable
human micovascularized bonmimicking microenvironmen(Figure 14A) [27]. The
method of implementing an in vitro modai metastasis in human microcirculation was
given through multiple steps: early metastatic seeding, arresting, and transendothelial
migration(Figure 14B) [28]. Recently, a multbrgan microfluidic platfom was developed

to reconstitute an in vivo microenvironment of lung cancer metastasis. This study
successfully reproduced lung cancer growth, invasion, and metastasis to target distant

organs including bone, brain and li&igure 14C) [29].

Figure 14 Metastasis on a chip. (A) A human 3D vascularized organotypic microfluidic

system to study cancer cell extravasation (i) Cancer cell extravasation was monitored in
real time within a vascular network (ii) m
umbilical vein pericytes were cocultured with human umbilical vein endothelial cells to

form pericytecovered lumens. The extravasation rate from HUME cultures was

significantly higher when comparedtoHUVECe r i cyt e cocul tur e. Sca
Design of biomimetic multiorgan chip (i, if) multiorgan chip included an upstream

il ung organo and three downstream Adistant
microfluidic chip was compartmentalized using human epithelial and stromal cells



cultured on separated side of a porous membrane in order to mimig physiological
respiration in the microfluidic system; which was followed by the introduction of Xyiii
lung fibroblast cells to investigate lung cancer metastasis to distant organ.

1.4 Tumor-Extracellular Matrix Interaction

The extracellular matrix (ECM), the key noellular component of the TME, consists of
several distinct components including proteins and glycoprof8ljs Tumor growth is
associated with mechanical alteration in the microenvironment, including increased matrix
stiffness and aberrant interstitial fluid flojd1]. Various microfluidic models have
incorporated 3D ECM matrix components and hydrogels into compartmentalized channels
[32]. Fibrin gels[19], collagen geld33], and matrigeldhave been comamly used to
reconstitute 3D microenvironments. These gels have the capacity to not only support tumor
stroma such as fibroblasts and immune cells, but also to modify diffusion distance that
allows for greater spatial control between different cell typaghermore, cancer cells in

their intrinsic environment interact with a 3D ECM, characterized by physical parameters
(e.g., porosity and stiffness) and by chemical parameters (e.g., adhesion site density and
bound ligand concentratioh34]. Increased physical parameters of ECM alter the cellular
force balance, leading to abnormal cell proliferafi8f, , and especially, increase in the
rigidity of the matrix activates integrins and promotes Rho/ROCK pathy&g}. The
crosstalk between the integrin/Rho pathway and Erk signaling cascade may induce self
sustaining process, leading to neoplastic disorganization of cancer tissue archiddgture

In addition, it is crucial to note that ounderstanding of cell migration in 3D ECM is based
largely on fibrous matrices, such as collagenous matrix found in the breast and other
connective tissueg37]. However, othettissues are composed of Roollagenous, less

structured materialg38]. For example, brain ECM is composed of hyaluronic acid and



proteoglycans which form a more amorphous mdg®8. Therefore, it is important to
understand how their unique architecture contributes to tumor growth, and that the
systematic consideration of 3D ECM properties shouldesas an informative set of

design criteria in the TME on a chip.

1.5 Microfluidic Platforms for Cancer Drug Delivery and Screening

3D microfluidic culture models are increasingly being used as prescreening tools for drug
discovery including drug delivery ancanslation in oncologj40]. These models present
more pathophysiologically relevant microenvirsents of solid tumors in which the direct
cell-cell interactions and metabolic mechanisms are better recapitulated in 3D multicellular
spheroids than in conventional 2D cell culture mod@tmventional routes to screening
compounds are a timonsuming ad complex procedur@l]. Microfluidic systems have

the potential to enable highroughput drug screening in a controllable and scalable
manner{42]. A dropletbased microfluidic system was used to form alginate beads with
entrapped breast tumor cells. After gelation, the alginasdevere trapped in a
microsieve structure for cell culture in a continuous perfusion system. This microfluidic
system maintained a constant location for each bead to allow tumor cells to proliferate and
form spheroids. The doskependent response of themor spheroids to doxorubicin, a
common anthracycline, showed a higher survival rate in the multicellular spheroid culture
compared to the conventional monolayer cul{&igure 15A) [43]. Tumor spheroids have
several structural, functional, and physiological similarities to tumors in vivo. 3D tumor
spheroids enable ¢éim to communicate with each other as well as with their surroundings
and provide an optimal environment for the cells to respond like they would in a tumor

[44]. Furthermore, theinclusion of stromal cells to tumor cell culture showed a
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significantly higher drug resistance compared to when tumor cells were culturefil@one
Furthermore, pH and oxygen sensor integrated microfluidstesys allowed the
monitoring of the longerm response of T98G human brain cancer cells to several drugs
[45]. Recent studies consider the importance of the TME properties when evaluating
nanoparticles targeting tumor cells. A turmicroenvironment on a chip {MOC) was

used to investigate nanoparticle transport and the resulting variation to delivery efficacy
due to changes in the TME properties including-aftitpore size, interstitial fluidic
pressure, and tumor tissue microstruet[#6]. To recapitulate the complex transport
process arouna tumor, the IMOC employed a 3D structure formed by stacking
microchannels with a porous membrane inserted. The capillary endothelium was cultured
on the top layer, and the tumor interstitium and lymphatics were created in the bottom layer.
Furthermore,ncorporation of tumelike spheroids into a microfluidic channel allowed for

the realtime analysis of nanoparticle accumulation in pathophysiological flow conditions,
showing that the penetration of nanoparticles into the tissue is limited by their eliamet
and that the retention could be improved by receptor targ@tiggre 15B) [47]. To gain

a beter understanding of cancer drug screening, more physiologically relevant models
need to be developed to reconstitute the complex interactions within the TME that is known
to increase drug resistance. The majority of the microfluidic systems employeadgin d
delivery rely on diffusive drug release over an extended time period, as the drug
administration period lasts from several hours to weeks. To better mimic a physiological
drug release profile, various flow patterns need to be incorporated with moéiptgpes

that exist in the TME, as pulsatile flow patterns are prevalent in vivo.
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Microsieves

Cell culture chip

(1) . (iii)

(ii)

Figure 1.5 Probing the efficacy of drug delivery using TME on a chip. (A) Drepbed
microfluidic system for multicellular tumor spheroid fimation and anticancer drug

testing. (i) Schematic of the droplet formation and cell culture microfluidic chips. Each
chamber contains 14 sieves for alginate droplet trapping; (ii) Breast tumor cells
proliferating and forming multicellular spheroids whilecapsulated in alginate beads.

Tumor cells were perfused with doxorubicin and live/dead assay was assessed. Scale bar:
100 em; (B) Tumor on a chip provides an op
transport. (i) Schematic of the microfluidic device; KlPDA-MB-435 breast cancer cell
embedded within microfluidic device (iii) Effect of nanoparticle size on tissue
accumulation. 40 nm fluorescent PEEGnoparticles entered the tumor spheroid and
accumulated in the interstitial spaces but 110 nm nanopamielesexcluded from the
spheroid. Scale bar: 100 & m.

1.6 PDMS and Injection-molded Microfluidic System
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Conventional microfluidic platforms have historically utilized soft lithographic fabrication
methods with replicanolded polydimethylsiloxane (PDM3$48]. The advent of PDMS
microfluidic systems allowed for unprecedented control over cell patterning and
microphysiological conditions with a reduction in the cell and media requirements. Recent
advances in microfluidic vascularized tumoragdturing have exploited soft lithography

to fabricate microchannels and compartments to simulate the incorporatancarous
masses into established vessel networks, the formation of new vessel networks in tumor
tissues, and the observation of metastatic intra/extravasa@#pn Unfortunately, soft
lithographic fabrication methods have several material and logistical limitations related to
their scalability and the accessibility of microfluidic platforms for indussécle
integration [50]. Although soft lithographic replica molding is one of the most commonly
used techmjues for pilotscale production, the expensive and -ataeted fabrication
processes that are used render soft lithography unsuitable for indssat@l mass
production [51]. In addition, the lack of an industry standard form factor and the
incorporation of many hanrprocessed fabrication practices introduce challenges for
advancing to automated loading, handling, and imaging procedures. Limited attempts at
standardizing PDMS microfluidic inputsave not yet seen wide scale implementation.
Small molecule adsorption into PDMS also poses a problem for the establishment of
cortrolled dosages for drug development applicatiotee application of microfluidic
orgarron-chip designs to injection molded thermopolymer substrates such as polystyrene
(PS) has been alarge trend in microfluidics as a means for the production of tedgubyes
devices that do not exhibit the same adsorptive material limitations of HBMS2].

Massproducible injectioamolded microfluidic platforms provide a higher degree of

13



uniformity between devices due to the minimization of humamipulated production
steps that are prevalent in pHatale PDMS replica molding. Such methods also allow for
the implementation of highg¢hroughput experimentation and require less time and effort,

which could potentially improve the efficiency of drug development.

1.7 Aims and Approaches

This study focused upofive predomimrt aims in order to address unmet neaus

mimicking vascularized tumor microenvironment. The major aims of this study were:

1. To establish an in vitro model directinteraction between the tumor spheroid and
vascular endothelial cells indmensional and find optimal condition farmor
spheroid formation,tumor spheroid vascularizationand tumor vasculature
perfusion with natural endothelial morphogenesis in making the lumenized
structure.

2. Toinvestigate theharacteristic features and response of in vivo Md&culaturg
leaky am aberrant tumor vasculature.

3. To evaluate the developed vascularized tumor model for demonstaginogfof-
concept application of the model for drug screening with varied dose and treatment
timing by monitoiing tumor spheroiénd vasculature simultanesiy.

4. To establiskan injectioamolded plastic array 3D spheroid culture platfpwhich
made of polystyrene (PS) in a standardizednv@8 plate format with a user
friendly interface

5. To demonstrate versatile use of tihgectionmolded plastic array 3D &proid

culture platform, we developed 3D perfusable blood vessel network and tumor

14



spheroid assays. In addition, we established a tumor spheroid induced angiogenesis

model that can be applicable for drug screening

Although many in vitro tumeon-a-chip model have been developed, the three
dimensionalvascularized tumor spheroid model that closely recapitulate in vivo
tumor microenvironment is still absent. Thereforeye presenéd a
micropathological systeraf a 3D n vitro perfusable vascularized tumor model
that recapitulates the closeeractions of tumor spheroids, endothelial cells, and
stromal fibroblasts Also, for tumoron-a-chip industrial application, by utilizing a
standardized injectiomolded PS platfon and capillary forcdased fluid
patterning,we introduceda novel injectiormolded plastic array 3B3pheroid
culture (IMPACT) platform which may serve as a mapsoducible platform for
wider applicationsWe propose our platforms as the next generaifdamoron-
a-chip for biological, clinical, and pharmaceutical investigations requiring robust

high-throughput and higlaontent assay.
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CHAPTER 2. PDMS 3D CULTURE PLATFORM:

VASCULARIZED TUMOR SPHEROID CULTURE

2.1 3D Microengineered Vascularized Tumor Spheroid Modéfor Drug Delivery

and Efficacy Testing

The tumor microenvironment (TME) plays an active role in tumor initiation and
development. Tumor cells efficiently recruit endothelial cells (ECs) and other stromal cells
(e.g., fibroblasts) through intricate patiye, in turn providing tumor cell growth signals,
intermediate metabolites, and favorable environments for tumor progression and metastasis
[53]. Tumor growth depends on angiogenesis that occurs with growth factors (e.g., VEGF)
secreted by tumor cell§]. Tumor angiogenesis is one valid therapeutic target of many
solid tumors, and patrticularly of their metastd84]. The TME is comprised of cellular

and norcellular components, including surrounding blood vessels, fibroblasts, immune
cells, cacer stem cells, and extracellular matrix (ECM)]. The elucidation of these
complex cellular interactions within the TME remains a key challenge in the treatment of
cancer. It is increasingly recognized that cancer should be studied as complex multicellular
systems to properly reflect the interactions between malignant andaamant cells, not

as simplified as conventional models leveraging homogenous collectiamsoplastic
cells[56]. This interplay between the tumor and stroma has been recognized as a critical
characteristic of the TME, and this paradigm is now in turrsickemed to be hallmark of

cancer researdb7].
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Nevertheless, most in vitro studies exploit tdimensional (2D) tumor cell cultures with

no consideration of the TME, which is not suitable to study the effects of the complex
spatid organization and interaction of tumassociated cell&8]. While xenograft animal
models of cancer can provide essential in vivo characteristics on tumor growth and
responses to drug molecules, it remains extremely difficult to accurately mimic the process
of human tumorigenesis due to species discrepancies and lmmetgthnistic approaches

of animal modeld9]. This challenge highlights the importance of more realistic TME
modeling in vitro. Recent advances in engineered TMiagumulticellular orgafon-a-

chip technology have enabled the development of pathologically and physiologically
relevant human tumorigenesis models of processes, such as tumor mefagtdsy

tumor angiogenesi$0, 61], and tumoistroma interactiongl4, 62].

The multicellular tumor spheroid model is the most advanced, widely used method to
mimic the solid TME[63, 64]. Tumor spheroids are compalseterogeneous cellular
aggregates that consist of multiple single cells (e.qg., epithelial, mesenchymal, endothelial).
Distinct from those of 2D cultures and biopsy samples, multicellular spheroids can provide
proliferative gradients, reduced drug and gashange, and céltel and cell ECM
interactiong 65]. Therefore, tumor spheroid models are considered the gold standard for
avascular in vitro tinor researcf66]. To better understand the interaction between cancer
cell and endothelial cells within the spheroid, cancer ¢edisdothekl cell multicellular
spheroids have been investigated of their morphology and spatial invasi\g&fieksleed,
several microfluidic approaches have made important progress toward the recapitulating
in vivo TME [68, 69]. Nonetheless, these microfluidic approaches failed to provide

sufficiently | arge enough (as |l arge as 500
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core andgradient distributions of critical metabolites and growth factors that can be
obtained from solid tumor ma$$0]. Multicellular (cancer cell$ fibroblasts) spheroid
connected with vesséike tubular structure model evaluated the drug response of
paclitaxel and gemcitabiri&1]. Unfortunately, as this vascularized TME models did not
follow natural endothelial morphogenesis in nmgkihe lumenized structure, they were

still limited in their ability to reconstitute the characteristic features and response of in vivo
TME endothelium; leaky and aberrant tumor vasculature. In addition, there is no in vitro
TME models have been reportdte direct interactions between tumor spheroids (> 500
em in diameter) and ECs within a 3D ECM,

network.

Here we present a micropathological system in a 3D in vitro perfusable vascularized tumor
model that recatpulates the close interactions of tumor spheroids, ECs, and stromal
fibroblasts. We incorporated multicellul ar
microfluidic chip that allows the eoulture of 3D perfusable microvessels exhibiting
paracrine iteractions with stromal fibroblasts. Subsequently, the tumor spheroid was
enveloped by perivascular ECs, which was validated using CUBIC-i$saieng method

that reduces light scattering in biological tissues by lipid removal and refractive index (RI)
matching. By this method, we were able to visualize 3D tumor splieasdulature
structures. We first cultured and compared cancer cell only and tB&drybrid
spheroids, and analyzed their morphological characteristics and relative gene expression.
Notebly, we found that the candd&tC hybrid spheroids showed greater-pr@giogenic
behavior than the cancer cell only spheroid. We next investigated permeability coefficient

of the tumor spheroid associated vasculature and monitored tumor spheroid size and

18



vasculature area in response to the FDA approved cancer drug; Axitinib using the
vascularized tumor model with highlighting the importance of tumor vascularization and
revealing the significance of the dose and treatment timing. Such 3D vascularized tumor
model could closely recapitulate morphological characteristic of in vivo solid tumor,

representing a promising platform for in vitro fmiénical experimentation.

2.2 Materials and Methods

2.2.1 Cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza) weuured in Endothelial
Growth Medium (EGM2) and passage 4 was used for the experiments. Red fluorescent
protein (RFP) expressing HUVECs were obtained from Arijiateomie (Boston, MA).
Normal human lung fibroblasts (LFs, Lonza) were cultured in Fibsbi@aowth Medium
(FGM-2, Lonza) and passage 6 was used for the experimentsian hepatocyte
carcinoma cells (HepG2, Korean Cell Line Bank) were cultured in DMEM supplemented
with 10 % FBS, penicillin (100 U/ml) and streptomycin (100 U/ml). All cells were
maintained in a humidified incubator at 37 °C and 5% Q@this study, we prepared four
kinds of spheroidsa HepG2 monoculture spheroldepG2 and HUVEC caulture
spheroid with different ratio (1:4, 1:1, and 4:1) They were grown in-adlbplate with
U-shaped bottom wells (Sumitomo Bakelite, Tokyo, Japan). For suspension culture, EGM
2 medium was used for the cancer monoculture spheroid and-thétee spheroid. All

cell suspensions were prepared for total 5000 cells and mixed with 1% volumefratio o
Matrigel i n 200 ¢ fcultwihg innaeQévelluprate, a Aghéradrwasp r e

introduced into the VTS device. We used 4 to 6 days cultured spheroid for the experiments.
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2.2.2 Cell seeding in the microfluidic platform

A tumor spheroid was collected fromB6we | | pl ate using a 200 eL
with HUVECSs suspension in the fibrinogen solution, at a concentration of Scell/nL.

The cell and spheroid solution were mixed with thrombin (0.5 U/ml, Sigma) and then
immediately introduced into eentral channel and settled atthottom of the channel

(Figure 21). Because the diameter of the spheroid
hei ght ( 1lspheroidwas settotbba sationary at the bottom of the channel. When

the spheroieECs gel suspension was injected, an excess amount of the HUVEC and gel
flowed out through the other two outlet of center channel and did not leak to media channel.

The spherml-ECs suspended gel was allowed to clot for 5 min at room temperature. Next,

LFs were suspended in the fibrinogen solution, mixed with thrombin (0.5 U/mL, Sigma)

and then immediately injected into left and right stromal cell culture channel. The inlet
resrvoirs of the cell culture medium channels were loaded with 2GiMedia, and then

the culture medium was aspirated at the other reservoir to fill media channels. Following

loading all four reservoirs, the microfluidic platforms were incubated at 37 *6%dQ.

2.2.3 Fabrication of the microfluidic device

The microfluidic device was fabricated with PDMS (poly dimethysiloxane, Sylgard 184,

Dow Corning) using soft lithography and replica molding. The microfluidic device was
modified from a previously repted de@ice from our groupThe channels were separated
bymicroposts with 150 em heights and 100 em i
mm, Matsunami) and PDMS were covalently bonded to each other by air plasma treatment

( Fet mo Science) . turé v@&s pattennedt dni thee ksilicent waferc by
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photolithography with St8 150 photoresist (MicroChem). The PDMS base mixed with a
curing agent at a ratio of 10:1 (w/w) was poured on the silicon wafer and cured for 3 hour
on a 90°C hotplate. PDMS was detacheont the wafer when fully solidified. Using
biopsy punch 1 mm and 6 mm, cell injection ports and reservoirs for culture media were
punched out. Gel injection port also punched out by biopsy punch 1mm; used for loading
cancer spheroid and medium. After botdihe device was stored in a 80 °C dry oven for

3 days to be completely cured and to make its surface hydrophobic.

2.2.4 CUBIC tissue clearing

ScaleCUBIG1 (reagent 1) was prepared as a mixture of 25 wt% urea (Nacalai Tesque Inc.,
3590445, Japan), 25 wt% N,NMN, -tétdakis(2hydroxypropyl) ethylenediamine (Tokyo
Chemical Industry CO., LTD., T0O781, Japan), and 15 wt% polyethylene glycol-pono
isooctylphenyl ether/Triton 200 (Nacalai Tesque Inc., 25983, Japan). ScaleCUBIC

2 (reagent 2) was prepared as atome of 50 wit% sucrose (Nacalai Tesque Inc., 30403
55, Japan), 25 wt % -nitrilioteethanol W\ako WareoChé&mic2l 0, 2 0 6
Industries Ltd., 1485605, Japan), and 0.1% (v/v) Tritor1R0. To prevent loss of 3D
blood vessels and spheroid informatiare used CUBIC tissuelearing protocols based

on hydrophilic reagents that preserve fluorescence. After sample fixation, we introduced
the CUBIC 1 solution into the medium channel for 1 week and conducted
immunohistochemistry analysis. CUBIC 2 {Rhtchirg) solution was introduced 1 day

before confocal imaging.

2.2.5 Quantitative RTPCR
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RT-PCR quantitative analysis of HepG2, and HUVEC was conducted using an indirect
transwell ceculture system. Total RNA was extracted from cells using TRIzol (Invitrogen)
accordng t o the manufactureros i nstr uesized ons.

from the extracted RNA using SuperscriptFirstStrand Synthesis System (Invitrogen).

Quantitative Reatime RT-PCR was performed with SYBR Green PCR Master Mix
(Applied Biosysems, USA) using ABI 7300 Real time PCR system (Applied Biosystems,

USA). Rel ative quantification of target mRNA
threshold cycle) (27T popCT) method. The expr
GAPDH. At least hiree independent experiments were performidte sequences of

primers usedra included inTable

Table 1. Primers used for gRT-PCR and RT-PCR.

Genes Forward sequence Reverse sequence
GAPDH TGATGACATCAAGAAGGTGGTG ACCCTGTTGCTGTAGCCAAAT
PTEN CAGCCATCATCAAAGAGATCG TTGTTCCTGTATACGCCTTCAA
P53 GGGTTGCAGGAGGTGCTTACGC TGCTGAGGAGGGGCCAGACC
E-cadherin GCTGGACCGAGAGAGTTTCC CGACGTTAGCCTCGTTCTCA
USMA CAAGTGATCACCATCGGAAATG GACTCCATCCCGATGAAGGA
CXCR4 GGTGGTCTATGTTGGCGTCT ACACAACCACCCACAAGTCA
CXCR7 GAGGCTCCTTTCTGCAGTGTAT TTCTGAGGCGGGCAATCAA
CXCL12 AGATGCCCATGCCGATTCTT AAGGGCACAGTTTGGAGTGT
VEGFR2 CGGTCAACAAAGTCGGGAGA CAGTGCACCACAAAGACACG
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PECAM1 GTGCTGCAATGTGCTGTGAA GCTTGGTCCAAAATGCCTGG
VE-cadherin CTTCACCCAGACCAAGTACACA AATGGTGAAAGCGTCCTGGT
VWF CGTGGTCCTGAAGCAGACATA TTGCTGCTGGTGAGGTCATT
VEGFA ACGAAAGCGCAAGAAATCCC CTCCAGGGCATTAGACAGCA
MCP-1 AGTCTCTGCCGCCCTTCT GTGACTGGGGCATTGATT
ICAM1 GGGAGCTTCGTGTCCTGTAT ACAGAGGTAGGTGCCCTCAA
2.2.6 Imaging

The 3D reconstruction and crassction of the vessels were imaged using a confocal
microscope (Olympus FV1000). The microscope and cheogpled device (CCD)
camera were controlled by MetaMorph (MolecularDevice, USA) software forlapse

imaging.

2.2.7 Permeability coefficientneasurement

To calculate the permeability coefficient, fluorescence images of-Bex@ran (10 kDa

and 70 kDa) solutions were introduced into one of the two remaining media reservoirs.
An open, perfusable microvessel allowed solution perfusion into thenlub® x
magnification pictures were obtained at 10 second interval over 10 min usinlgpisee

mode in FV1000.
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The derivation process for this equation was detailed in a previousfpapesur group

[72]. The permeability coefficient P was derived using the equation below:

P=1/ky x (dl/dt)/}

where v is the length of vessel wall from the micropost that separates the microvessel
from the perivascular region),i$ the mean intensity in the microvessel region and | is the

total intensity in the perivascular regio

2.2.8 Statistical methods

Prism (GraphPad, 8A) was used foronay ANOVA anal ysi-testwi t h
*** denotes p<0.001, ** denotes 0.001<p<.01, * denotes 0.01<p<0.05. For significant
testing between two conditionspna i r e d gestasdused.tAlbdata were

expressed as the mean argtard deviation (SD).

2.3 Results

2.3.1 Seltassembled 3D vascularized tumor spheroid model

Tumor development occurs in two stages. When the tumor is relatively small, there is no
development of neovessels yet to provide nutrients and oxygen to tumor cells; h@aseve
the tumor grows, tumor cells stimulate ECs to initiate angiegis for tumor
vascularizationThe interaction between the tumor and blood vessels ultimately leads to
the systemic spread of malignant tumor cells through the whole body (i.e., mgtabtas
engineer a vascularized tumor spheroid (VTS) model at a chip level, we loaded a tumor
spheroid and HUVEC suspension mixed with fibrin gel intocér@er channel of our VTS

chip (Figure 21). We first demonstrated that the growth of the tumor spheroid within fibrin
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matrix. Assessment of the spheroid growth in the device 5 days after implantation
demonstrated significagrowth of the spheroid (> 115%lrollowing HUVEC elongation

at day 1, the formation of the vascular network and lumen structures were observed after

3i 4 days(Figure 22). Furh er devel opment of the microvas
in a densely interconnectenicrovascular system by day™ clearly present the 3D blood

vessels and spheroid in our VTS chip, we applied CUBIC tissue clearing method that uses
hydrophilic reagents to preserve fluorescence, allowing accurate 3D signal visualization

and quantification ofthe vascularized tumor Bproid. This approach significantly
increased i recti on penetration imaging depth

maintaining evenly distributed DAPI signals in the transverse dire(figare 23).

Tumor spheroid patterning
with hydrogel

Fibroblast channel

. Media channel

. Spheroid channel

Vascularized tumor spheroid

Figure 2.1 In vitro threedimensional vascularized tumor model. Schematic
representation of microfluidic desidor in vivo like 3D vascularized tumor formation by
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tumor spheroid and ECs ntxe in the center channel under paracrine interactions with
stromal fibroblasts in the outermost side channels.
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Figure 2.2 Bright field images of the development of vascularized tumor spheroid,
composed of tumor spheroid estoped by endothelial cells. White and yellow lines
indicate tumor spheroid area. Scale bars,
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Figure 2.3 (A) Representative confocal images compare before (left line)/after (right

line) clearing in the same samp@UBIC tissue clearing does not lead to volume
changes. Scale bars, 150 & m. ( A, bel ow) 3D
Tumor spheroid is enveloped by blood vessels. (B) Before/after clearing comparison of z

axis imaging depth. (C) Before/aftelearing comparison of xy plane relative intensity

according to distance. (D) Before tissue cleared confocal image of vascularized tumor
spheroid left, top). After tissue cleared vascularized tumor spheteft bottom) and

3D reconstruction image @ascularized tumor spherofdght).
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2.3.2 Morphological and relative gene expression characterization of cancer only vs.

cancei EC hybrid spheroids

We investigated the significance of canéeEC coculture in spheroid formation and
relative geneexpression change. We used HepG2 (human hepatocellular carcinitima)
human umbilical vein endothelial cell (HUVEC) cell lines to form the cancer specific
hybrid spheroids. Spheroid formation and growth were investigated with varied-tancer
EC seedingatios (cancer cells only, 4:1, 1:1, and 1:4) for a total of 5,000. Gaisue
clearing by CUBIC allowed us to investigate spheroid volume, sphericity and HUVEC
volume In HepG2, the spheroid volume significantly decreased as the HUVEC ratio
increased (1 and 1:4). The HepG2:EC 1:1 ratio spheroid exhibited the greatest sphericity,
showing a significant morphological difference compared to the camtgrspheroid
(Figure 24A). The mixture of HepG2 EC spheroids showed that as the EC ratio increased,
ECs tend to aggregate at the center of the sphefadfurther explore tumoEC
interaction, we examined the expression of tumor suppressor genes (PTEN and p53),
epitheliatmesenchymal transition (EMT) markers-¢&dherin and alpha smooth muscle

a c t FSMA)(WhenHepG2cells were cecultured with ECs by using Transwell, PTEN
and p53 mRNA expression was significantly downregulated compared to the tumor
monoculture, reflectigp cancer aggressiveness, which plays a key role in the pathogenesis
of human cancers in vivo.-€adherin expression was significantly devegulated,
whereas SMA expression was significantly-regulated in HepG2 compared to tumor
monoculture controlgFigure 24B). This result indicates that HepG2 cells can increase
their aggressiveness whenaaltured with ECs, causing a change in the signaling cascade.

Furthermore, w investigated the expression of cytokine CXCL12 (stresheaived factor
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16 ) and its

receptor

CXCRA4,

whi ch ar e a

progressionHepG2 cecultured with ECs showed higher CXCL12/CXCR4 expression

compared to the canceronaculture condition

To further investigate E€ancer interaction, we checked EC angiogenic markers (vascular

endothelial growth factor receptor 2 [VEGFR2], X&dherin, PECAM1, and VEGFA)

using Transwell culture. When HUVECs wereadtured with He®2 cells, the relative

MRNA expression of VEGFR2, (Eadherin, and VEGFA were significantly upregulated

compared to that of HUVEC monoculture. The mRNA expressions of CXCL12 was highly

upregulated when eoultured with HUVECSs. In particular, von Wilebrafattor (VWF)

expression was dramatically higher under both tumecutture conditions than in the

HUVEC monoculturgFigure 25).
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Figure 2.4 Multicellular tumor spheroid characterization. (A) Representative confocal
images of HepG2 ECs spheroid with different cell ratio and spheroid sphericity of

di fferent cancer:

EC

28

rat.

os. Al sp®eroid



(B) RT-PCR results of cancer cell monoculture and cancer celultored with ECs.
Gene analysis considered markers 1) PTEN, 2) p53,c3dBerin, 4p-SMA, 5)
CXCL12 and CXCRA4.The internal standard housekeeping gene was GAPDHL)(n=3
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Figure 25 RT-PCR results of ECs monoculture and ECsgliured with tumor
(HepG2) at day 2.

2.3.3 Angiogenic potential of cancer cell only vs. canceC hybrid spheroid in the VTS

model

We next evaluated whether the effects of the caB€hybridspheroid on angiogenesis
acceleration. HepGEC (1:1 ratio) hybrid spheroids significantly increased blood vessel
volume compared to caneenly spheroids, indicating that the caride€ hybrid spheroids
accelerate angiogenesis and that this model magédfaldor better modeling of the initial

primary or micrometastatic stages of solid tumor progregsigure 26).
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Figure 2.6 Representative confocal images compared total blood vessel volume induced
by vascularized tumor model of cancer cell only (HepG2) spheroid andr catise
HepG2IiECs spheroid. (S®ale bars, 400 em. n

2.3.4 Evaluation of vascularized tumor spheroid permeability

Tumor vasculature is generally abnormal with aberrant branching and leaky vessel walls
Based on our previous findings (spheroid sphericity &olume and tumor marker
expression), we decided to use a caft€rhybrid spheroid with 1:1 ratio in our next
experiments. Especially, HepG2C hybrid spheroids exhibited highly interconnected
microvessel networks and interactions between blood vessélsha tumor spheroid.
Therefore, we used the Hep&XC hybrid spheroid for further permeability and drug
delivery experimentPermeability coefficients were determined by introducing solutions
containing fluorescein isothiocyanate (FIT@gxtran tracermto the vasculature (10 and
70 kDa), and confocal imaging at-0ntervalqFigure 27A). We then calculated apparent
permeability, as described in the Methods.shavn in Figure 27B, the mean apparent
permeability value of the vasculature only (with no tumor spheroid) was 1.80 eni/fg,
significantly lower than that of the Hep&X hybrid spheroid (5.93 x TOcm/s).

Interestingly, the addition of 50 and 100 ng/mL extrinsic tumor necrosis{aigioa (TNF
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6) produced no si gni®and848m 10cn/s, fegeetive)wbea ( 5. 6!
compared to HepGEC hybrid spheroid caultured condition (5.93 x 10cm/s), but there

was a significant difference when compared to the vasculature only; this suggests that TNF

06 serves as a key f act orlnadditon, whemrE€ave®do v as c |
cultured with HepG2 cancer cells, ICAM mRNA expression was significantly
upregulated compared to monoculture HUVEC, indicating that increased vascular
permeability was closely related to ICAMexpressioltFigure 27C). We then introduced

70 kDa FITG dextran tracers, a greater molecular weight than 10 kDa, into the vascular
network. Permeability coefficient values decreased as the mateagight of FITC

dextran increased; this result was consistent with those of previous sittkesddition

of 70 kDa FITG dextran yielded no significant difference in the permeability coefficient
between vasculature only and HepB@ hybrid ceculture malel (Figure 27D). However,

we observed focal intercellular openings in the vasculature, especially adjacent to the tumor
spheroid (region of ofthetueorsphdroid [bduar§Figule; < 20
2.7E). The number of intercellular openings significantly decreased when farther from the

tumor spheroid boundary (ROI12;>200n f r om t he tumor spheroid
located near tumor tissue, may have had loose interconnections, demonstrating the
abnormality of tumoiassociated vessels. Furthermore, we used 45 nm fluorescently
labeled silica NPs to show NP transport disdribution throughout the vasculature using

a syringe pump at 450 €L/ h. ubhButheyaseuthtural |y f
NPs penetrated through the endothelial pores, corresponding to focal intercellular openings

in the vasculature, whids a hallmarkof tumor associated vasculatifFegure 28).
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Figure 2.7 Evaluation of vascularized tumor spheroid: permeability measurement and
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and image were captured every 10 s. Red circles in bottom images represent focal
intercellular openings (FI Os) (Scale bars,
coefficient for 4 diferent conditions (10 kDa) (n=%). (C) The graphs shows

permeability coefficient for two conditions (70 kDa). (D) ¢iRTR result of ICAM1

MRNA expression (n=4) (E) Number of focal intercellular openings. [ROI] 1; < 200

em of the tumoransdp HeRMli]d 2b,ou>n d2aOr0y e m of t he
boundary (70 kDa).

32



2.3.5 Axitinib performance in the vascularized spheroid tumor model

Next, we determined the antitumor and &aartgiogenic activities of Axitinib, a Federal

Drug Administration (FDAJapproved drg, in our VTS model. Axitinib is a potent
inhibitor of two receptors involved in angiogenesis: VEGFRs 1, 2, and 3, and platelet
derived growth factor receptor (PDGFR). We administered AxHnoibtaining media in

the early and late stages of tumor vasczddion and refreshed every 24 hours for 3 days.

In the early stage, Axitinib was administered prior to formation of the 3D vascular network
adjacent to the tumor spherdiigure 29A). We delivered 0, 1, and 10 nM Axitinib in the

early stage of the tumor spheroid mo¢@gure 29B). The tumor spheroid area was not
significantly different betweervehicle controls with 1 and 10 nM Axitinib treatment
(Figure 29C). However, Axitinib significantly reduced the blood vessel area and increased
the numbeof disconnected blood vessels in a ddespendent manner, indicating the anti
angiogenic effect of Axitinib is reproduced in our mogf@gure 29D and E) In contrast,

when Axitinib was administered in the late stage (day(Fyure 29F), following
vascularization, the area of the tumor spheroid was significantly esnthtn vehicle
control following 10 nM Axitinib treatment, demonstrating the antitumor activities of
Axitinib (Figure 29G and H) This result may be attributed to tldkrect interaction
between perfused blood vessels and the tumor spheroid. The blood vessel area was
significantly decreased and regressed in a dose dependent manner under our experimental
conditions, whereas the number of disconnected blood vessel batveeeontrol and 1

nM Axitinib treatment group did not show a significant statistical difference. This result
indicates drug resistance of tumor vasculature may serve as an irrigation system toward the

tumor spheroid. In higher Axitinib dosage, blood vesseigressed and number of
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disconnected blood vessel increased significantly compared to the vehicle control
condition (Figure 291 and J) We note that the VTS chip dduprovide reliable and
reproducible response of Axitinib treatment regarding spheroid size and blood vessel area
monitoring, since the spheroid and EC gel mixture was gently loattedenter channel

(Figure 210).

0 min 5 min 10 min

Spheroid |

Figure 2.8 Silica nanoparticle (NP) delivery through vasculature of vascularized tumor
model at 3tmgpoi nts (top) . Scal e bars, 400 & m.
different z sections (bottom).
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Figure 2.9 Antiangiogenesis and antitumor activities of Axitinib in VTS model. (A)

Timeline of cancer drug treatment experiment. In the early stage of vascularized tumor

model, Axitinib werantroduced into the reservoirs a day after spheirdi€Cs gel

suspension injected to the central channel. (B) Representative confocal images show

Axitinib dosage dependent response of spheroid and vasculature in the early stage of

VTS model. Scale bars,80 ¢ m. Rel ative spheroid area (C)
number of disconnected blood vessel (E) in response to two different dosage of Axitinib

(1 nM, 10 nM) at the early stage of VTS model. (F) Timeline of cancer drug treatment
experiment. In the lateagye of vascularized tumor model, Axitinib were introduced into

the reservoirs 4 days after spherbiCs gel suspension injected to the central channel,

which vasculature fully enveloped HepGECs hybrid spheroid. (G) Representative

confocal images showxitinib dosage dependent response of spheroid and vasculature in
the | ate stage of VTS model. Scale bars, 3
area per device (I), number of disconnected blood vessel per device (J) in response to two
different dosage of Axitinib (1 nM, 10 nM) at the late stage of VTS model.

A

Figure 2.10 Monitoring reliable and reproducible response of axitinib treatment. (A)
Representative confocal images show 1 nM axitinib treated vascularined spheroid
conditions. (B) Spheroid area per device.
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2.3.6 Reconstituting lymphatic endotial cell-blood vascular endothelial cell

incorporated vascularized tumor spheroid in vitro

Lymphatic and blood vessels form an intricatgsten during tumorigenesisThe
generation of new lymphatic vessels through lymphangiogenesis and the remodeling of
pre-existing lymphatics are considered as imporsa@eps in cancer metastasi® further
demonstrate the feasibility of our system in mimigkpathological vascularized tumor
processes, we patternediB@nphatic EC (LEC) suspension (5 x®t@lls/mL each) with
HepG2 ECs spheroids into the center channel. We observed physical interactions between
the tumor spheroid and lymphatic and blood vesd®bth networks exhibited physical

contact with tumor spheroids, enfolding the spheroid boun@égyre 211).

Figure 2.11 Confocal image of HepGR EC spheroid with lymphatic endothelial cells
(LECs, green; podoplanin) and vascular endothelial cells (ECs, red). Scalebd 50 & m.
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2.4 Discussion

Current tumoitargeted druglelivery systems are usually tested in xenograft mouse
models. However, the data from these animal models often fail to reproduce the results in
clinical studies. This translation issue is believed tdbghylogenetic difference between
human and animal models. This absence of correlation has underscored the importance of
developing alternative approaches ways to better predict the clinical efficacy. Recent
advances in the microengineering of TME usingamon-a-chip technologies have

enabled the development of pathophysiologically relevant human tumorigenesis models.

Solid tumors are composed of tumor and stromal cells (vascular, fibroblast and immune
cells) and ECM components in a highly interactiverBibroenvironment characterized by

celli cell and cellECM interactions, as well as local gradients of nutrients, growth factors,
and oxyger{73]. The tumor stroma consists of ntarmor cells (e.g., fibroblasts, tumor
associated fibroblasts, endothelium, and immune @eild)a highly crosinked fibril-like

ECM structure with collagen and fibrin as its major constitugfs

The tumor spheroid resembles aafiftumor mass in its morphology, growth kinetics,icell
cell and cellmatrix interactons, and nutrient transpoittherefore, the tumor spheroid can

serve as an excellent in vitro 3D tumor model.

Our results show that multicellular spheroids composed uaiot cells and ECs
downregulated tumor suppressor gene and epithettablBerin mRNA expressions. These
results are consistent with those of several studies reporting such gene expression changes
in association with tumoEC interaction[75, 76]. Co-culture of tumor cells ah ECs

causes reprogramming of the signaling within and between the two cell [(§des
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Furthermore, we demonstrated that the camspG2 EC hybrid spheroid significantly
enhanced angiogenesis compared to rauitured cancer spheroid. Our FPCR results
suggest that the cant&C spheroid alters the molecular and cellular factors that drive
angiogenesis. Thus, we demonstrated that theuttare of cancers with ECs is required
for accurate modeling of aggressitumors in vitro. Multicellular hybrid spheroid will
allow for more accurate modeling of the initial primary or metastatic stages of solid tumor

progression than those with cancer cells only.

A main challenge of the conventional tumor spheroid modelseidack of vasculature
adjacent to tumor spheroidhrough microengineering, we successfully incorporated
tumor spheroid associated vasculature at the chip level. Our VTS on a chip model allowed
us to investigate the interaction between ECs and the tyherad. This model captured
some of the complexity of in vivo tumors, including the 3D spheroid structure, EC
vascularization, stromal fibroblasts, ECM, and nutrient and drug delivery via a 3D perfused
vascular network. Our VTS model was able to simuiagevascular network in response

to physiological cues from the tumor spheroid. To establish VTS, we loaded a tumor
spheroid EC suspension mixture within the fibrin matrix into a microfluidic channel. ECs
selfassembled into the vascular network, formingiplex structures interacting with the

tumor spheroid.

To clearly obtain 3D irdepth confocal imaging of our model, we used the tistesring
CUBIC techniqug 78] to overcome the physical constraints imposed by light scattering
and the subsequent challenge to mimic this complex biological system in a native 3D
context. The CUBIC protocol uses basic aminoalcdiasied cocktails in addition to urea

and Triton X100 b enhance its clearing capability9]. The benefits of this method
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include the use of nontoxic reagents and ease of implementation. We introduced the
clearing solution into the medium chatnallowing diffusion toward the spheroid. In the
CUBIC-treated microfluidic chip, general VTS morphology was wedlintained at the

cellular and subcellular levels, despite high lipid losses within the tissue.

One manifestation of tumor vessel abnortyal such defective and leaky endothelium

that are disorganized and irregularly shaped with focal intercellular opef86gsin
addition, the vascular basement membrane has an abnormally loose association with ECs
and pericytes. These physical characteristics together with cytokine (e.g., VEGF)
production are responsible for elevated macromolecular peiiihedbading to potential
coupling between intravascular and interstitial flp8d]. Due to high preangiogenic
signaling, the network of tum@ssociated blood vessels is chaotic, with loose -inter
endothelial ck junctions. The resulting leaky and collapsed/narrowed vessels lead to low
perfusion and starve some tumor regions of nutrients. Our modeldet&2showed

distinct angiogenic behaviors; the Hep&Z hybrid tumor spheroid produced a
perfusable vascularetwork, whereas the U87M&C hybrid tumor spheroid showed poor
vascular perfusion, demonstrating turspecific vascularization characterist{@ata not

shown) When 76kDa FITQ dextran was introduced into the Hepg&Z tumor spheroid

model, we observefibcal intercellular vascular openings especially adjacent to the tumor
spheroid and the subsequent increase in the extravasation of NPs > 40 kDa due to the high
tumor vessel permeabilify82]. In the presence of vascular poresiZQQ00 nm in size,

the fenesated neovascular wall enhanced vascular permeability, resulting in increased
drug accumulation in the tum@83] indicating that these endothelial gaps or transcellular

holes could explain the lemless of tumor vesse[84]. Furthermore, we were able to
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demonstrate redime observation of NP delivery and transport through adjacent
vasculature of the tumor spheroid in our model under patisogbygical flow conditions.
This approach may provide a useful platform to test-tivagded NP delivery to the tumor

through vacular endothelial barriers

As new cancer drugs are introduced for cancer treatment, and as an increasing number of
candidates q@gress through preclinical and clinical development, it is important to
improve our understanding of the effects of cancer drugs on tumor blood vessels and tissues
[89]. Axitinib is a smalmolecule oral tyrosirikinase inhibitor (TKI) that is a more
selective and potent inhibitor of VEGFR 1, 2, and 3 than many other clinical anti
angiogenic agen{$86]. Inhibitory concentrations of Axitinib are 0.1 nM for VEGFR1, 0.2

nM for VEGFR2, and 0-D0.3 nM for VEGFR3, whreas antPDGR activities and ankit

activities are nearly 10 times weaker (IC50: 5nMforPDGFR 1. 6 nM f or PDGH
1.7 nM for Kit) [87]. It was also confirmed that Axitinib had dedependent inhibitory

effects on angiogenesis and tumor growth including xenograft model of human tumors:
Axitinib induced regression of the tumor vasculature, with loss of endothelial sprouts and

decreased vessel density. We successfully confirmed theses effects inSoarodeél

We demonstrated that Axitinib significantly decreased tumor spheroid growth at a high
dose (10 nM) when administered via vascular network after vascularization. This finding
implies that our VTS models promote cellular interaction with Axitinib, resulting in the
suppression of tumor progression and growth, which corresponds to previousakenogr
and clinical studieg88, 89]. More importantly, our model confirmed dosependent
inhibition of angiogenesis by Axitinib before and after tumor vascularization. In particular,

Axitinib caused tumor vasculature regression, with a loss of endothelial sprouts and

41



fenestration and a decreasevessel density. Of note, after vascularization, even though
we administered specific amount of Axitinib (1 nM), tumor spheroid associated blood
vessels still served as a perfused tumor vasculature network, indicating necessity of higher
dosage treatmenf antrangiogenesis drug to regress tumor vasculature. Overall, our VTS
model may offer a promise approach to accelerate the clinical testing of large number of

cancer drug candidates.

We though note that our vascularized tumor model could not repiiaterconnection

or penetration of the surrounding vasculature. Tumors can induce ECs to form new supply
lines to a tumor during angiogenesis. Blood vessels grow into the tumor mass to supply
nutrients and oxygen to rapidly dividing cancer cells. Tisezamother way to feed a tumor,
namely vasculogenic mimicry, in which cancer cells form bloadying channels; this
process can supplement traditional angiogeng¢8® 91]. In this manner, tumor
surrounding vessels hook up to channels within the tumor mass. Potential improvements
to current models include the introduction of blood vessel growth into, or hook up to
channels within, the tumor ass. However, challenges remain in reconstituting the fully

functionality of vascularized tumor tissue.

2.5 Conclusion

We engineered a micropathological system of an in vitro 3D perfusable vascularized tumor
spheroid model that exhibits the pathologicallyvald structure with high reproducibility.

We first analyzed the morphological characteristics of a caB€spheroid mixture with
varying cancer cell to EC ratios. When cancer cells wereuttared with ECs, RPPCR

gene expression analysis showed thatincer cells were highly aggressive. Microfluidic
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experimental and RPCR results showed that caride€ spheroids had greater pro
angiogenic behavior than cancer amily spheroids. Our VTS model also exhibited leaky
and fenestrated vasculature, which a hallmark of tumor vasculature. Finally, we
demonstrated a proaff-concept application of the model for drug screening with varied
dose and treatment timing, which is critical to screen drugs and fine their compositions for
the treatment of heterogenesotumors. With patierderived multicellular tumor spheroids
introduced to our VTS model, this approach may bridge highly specific human in vitro
cultures and pathophysiological in vivo conditions to promote the study of tumor biology

in the context of psonalized precision medicine and immunotherapy.
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CHAPTER 3. INJECTION -MOLDED 3D CULTURE

PLATFORM: VASCULARIZ ED TUMOR SPHEROID CULTURE

3.1 Tumor Spheroid-on-a-chip: a Standardized Microfluidic Culture Platform for

Investigating Tumor Angiogenesis

In vitro model systemdrive biological studies by replicating human body processes and
functions from the molecular to the whole organism |g@]. The human body is
composed of both cellular and roallular components which are organized in a highly
specialized manngb5]. However, it is difficult to mimic all the features of human biology
with one in vitro model system. 3D cell culture systems have demonstrated many important
advantages over 2D cell culture systems; 3D models more accurately mimic the complex
in vivo microenvironment and produce cellular behavior which is closer to natural

conditions[2].

In the area of cancer research, although tumors are complex 3iirgsuwith their own
distinct microenvironments, many conventional 2D culture studies ignore this complexity
for convenience and simplicif®3, 94]. However, recent advances in engineered TMEs
using microfluidics technology have enabled researchers to mimic physiologically relevant
3D TMEs[95], such as tumor angiogenef3$], tumor metastasi®6], and tumor stromal
interaction[97]. Of note, 3D tumor spheroid models have been highlighted and have drawn
attention for their potential applications in acéincer drug screening. Distinct from those

of 2D cultures and bpsy samples, multicellular spheroids can provide proliferative

gradients, reduced drug and gas exchange, aricdekthnd cell ECM interactions which
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are essential characteristics of dicsdumor microenvironmentHowever, without an
appropriate in vim model system, it has been impossible to observe tumor spheroid
induced angiogenesis, which is an essential characteristic of the solid tumor

microenvironmenf63].

The SpherdMPACT is designed as a magsoducible injectiormolded polystyrene (PS)
devicein a standardized 9ell plate SBS format. 3D printing and injection molding have
enabled the rapid prototyping of platierdesigns to scale up productiddased on an
understanding of open microfluidics, a platform utilizing geometrically modeled
spontaeous capillary flow has been announced as having potential for a robust and
reproducible liquid patterning to§®8]. Our previous publications debuting the IMPACT
platform focused on the fabrication, fluid patterning mechanism and 3D vasculature
formation assay with various patterning and culture conditjd@k In this work, we
propose a newly SphetMPACT specialized in a 3D tumor spheroid culture assay with
vasculature. The SphetMPACT provides monitoring of vasculogenesis, angiogenesis,
tumor cell migration and invasion from the spheroid andestigates the effect of

anticancer drugs on angiogenesis induced by tumor spheroids.

This work describes a straightforward design that involves a hole in the middle of the rall

to pattern a | arge spheroid (up XxX{EEM&OD 0O € m)
compared to previous publications. The tapered hole can accommodate pipette tips and
allow onestep patterning of a spheroid in the region of interests with a highly reproducible
manner. This standardized, plagb@ased microfluidic platform ifully compatible with
automated dispensing systems and automated microscopes. In additionpactasible

injection molded platform can provide a higher degree of uniformity per device due to the
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lack of human manual labor steps. Such an approach l&8es dor the accessibility of

higher throughput experimentation with less time and effort.

Our platform is designed to be easyuse by all experimenters and simple to use without
complicated prgreatment. By applying a lung fibroblast (LF) laden hyeag the center

rail channel and attaching human umbilical vein endothelial cells (HUVECS) at the side of

the center rail channel, we were able to observe robust angiogenic sprouting patterns with

a different LFhydrogel patterning volume. Also, we demivaged that the tumor cell

spheroid (brain glioblastoma, U87MG) invasion area increased by adding extrinsic
transforming growth factor beta 1 (T&F1 ) and tumor nectelosis fe
demonstrating the ability to place the spheroid in the regiortarests within our platform

for direct observation. We further demonstrate the applicability of the platform to
vascularization by introducing the tumor spheroids (sizedi®&@O0 & m) , provi
physiologically relevant mimicry of 3D TMEs for anticanceugl efficacy testing. Our
SpherelMPACT can potentially provide a cosffective HTS platform with a
physiologically relevant microenvironment for vascularized cancer biology and

vascularized cancer drug screening.
3.2 Materials and Methods
3.2.1 3D printing forprototypes

SpheralMPACT was tested through 3D printing prior to injection molding. A prototype
of SpherelMPACT was fabricated by a DLP type 3D printer (Perfactory mini 4,
EnvisionTec) with the ERM (Enhanced Resolution Module) system. 3D printed models

were rinsed with isopropyl alcohol for 20 min and post cured by 385 nm UV for 30 min.
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For surface modification and biocompatibility, pol{glene) was deposited with a
thickness of 5 em by plasma enhanced CVD
advanced pofloef i n di agnostic microfluidic medic
substrate for the chip is bonded to the 3D printed body part to complete the device. This

tape is adhesive type coated with silicone acrylic, so it can be pressed and pasted.

3.2.2 Fabricationof Sphere MPACT

Polystyrene (PS) injection molding was performed at an R&D Factory (Korea). The
aluminum alloy mold core was processed by machining and polishing. The clamping force
at the time of injection was set at 130 tons with a maximum injecti@sye of 55 bar,

15 seconds of cycle time, and a 220 °C nozzle temperature. The substrate was bonded to
the injectioamolded PS part to complete the device. The 3d printed spheroid chips and

alloy mold core were designed by Solidworks, Dassault systems.

3.2.3 Cdl Culture

Human umbilical vein endothelial cells (HUVECs, Lonza) were cultured in endothelial

growth medium (EGMR2) and passage 4 was used for the experiments. Red or green
fluorescent proteins (RFP and GFP) expressing HUVECs were obtained from Angio
Proeomie (Boston, MA). Normal human lung fibroblasts (LFs, Lonza) were cultured in

fibroblast growth medium (FGM2, Lonza) and passage 6 was used for the experiments.

Human glioblastoma cells, U87MG (a gift from Dr Sun Ha Paek at Seoul National

University) arl human hepatocyte carcinoma cells (HepG2, Korean Cell Line Bank) were
cultured in DMEM supplemented with 10% FBS, penicillin (100 Urdnd streptomycin

(100 U mi?Y). All cells were maintained in a humidified incubator at 37 °C and 5% CO
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3.2.4 Retrovirus poduction and transfection

The retroviral plasmid vector carrying GFP was purchased from Addgene. Retroviruses
expressing GFP were obtained by transfecting a mixture of viral plasmid and retroviral
packaging plasmids (gag/pol expressing vector, and-GSafvelope vector) into HEK

293FT cells using Fugene 6 transfection reagent (Roche, Basel, Switzerland). 24 hours
after transfection, the medium was replaced by fresh medium and viral supernatants were
harvested at 48 and 72 hours. After filtration through.a406 e m f i | ter wit
membrane (Pall Life Sciences), HepG2 and U87MG were infected with retroviruses in the
presence of polybrene (Sigma). 24 hours after infection, the cells were washed with PBS

three times and expanded in growth medium.

3.2.5 Spheroid pregration

U87MG, the glioblastoma multiforme (GBM) spheroid was grown in-avéiplate with
U-shaped bottom wells (Sumitomo Bakelite, Tokyo, Japan). The U87MG cell suspension
was prepared for a total of 5000 cells per well and mixed with a 1% volume fatio o
Matrigel. After preculturing in a Ushaped 94avellplate for 45 days, a spheroid was
introduced into the SphedMPACT for tumor migration & invasion assay and tumor
angiogenesis evaluation. For the LF spheroid, the LF cell suspension was prepared for a
total of 19000 cells per well and a mixed 1% volume ratio of Matrigel. F&Mas used

to maintain the LF spheroid foi 8 days.

3.2.6 Immunostaining
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For immunofluorescence staining, cells in the device were fixed using paraformaldehyde
(PFA, 4% w/v in PBS) fol5 min, permeabilized with Triton-X00 (0.1% v/v in PBS) for

30 min, and then blocked in bovine serum albumin (BSA, 3% wi/v in PBS) for 1 h at room
temperature. Endothelial cells were marked using Ulex europaeus agglutinin 1 (VECTOR,
USA). Phalloidin (Alxa Fluor 594) and Hoechst 33342 were purchased from Molecular

Probes.

3.2.7 Migration, invasion and tumor sphereidduced angiogenesis assay

The 45 days cultured U87MG spheroid was collected frorshdped 94vell plates.
Using a 200 ¢ L sghergidemad néxed withpa,2.5 ang hloormoentration

of fibrinogen solution. The spheroid and fibrinogen solution were mixed with thrombin
(0.5 U mL'?, Sigma) and then immediately introduced into the central channel of the device.
Since the smheiroigr at5é&r0 tehan t he channel
set to be stationary at the bottom of the channel. For tumor spheroid angiogenesis assay,
the tumor spheroid and LF cell suspension at a concentration of ®lcelllfer mL were

mixed with fbrinogen solution and mixed with thrombin. Next, the spheceié
fibrinogen suspension was immediately introduced into the central channel of the device.
We seeded additional HUVECSs in both the media reservoirs and incubated them for 20
min to adapt tahe surface of the fibrin gel. Next, we introduced EQGIvhedia or cancer

drug containing media for subsequent experiments.

3.2.8 Drug testing

For the monoclonal antibody drug, cetuximab (a gift from Dr. Jo) was diluted to 1 ftg mL

with EGM-2 and bevacizumab @ift from Dr. Jo) was used in 1 mg filconcentration
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in EGM-2. Each antibody drug was introduced to the media reservoir. For the inhibitors,
sunitinib was dissolved in DMSO according to the manufacturers' instructions and added

to cell culture mediaateaoncentrati on of 1 & M.

3.2.9 Imaging and data quantification

The 3D reconstruction and cross section of the vessels were imaged using a confocal
microscope (Olympus FV1000). The microscope and chewgpled device (CCD)
camera were controlled by MetaMorfifiolecularDevice, USA) software for tirdapse
imaging. To quantify the vascular area coverage during angiogenesis blood vessel
formation and tumor migration and invasion assayrgections of the 3D stacks images
were obtained using ImageJ (NIH) and geportion of the fluorescent pixels within the

ROI of each image was calculated. The length of angiogenic sprouting and tumor cell
migration & invasion were determined by manually measuring the distance from the

original gel and spheroid interface.

3.2.10 Statstical analysis

Using Prism (GraphPad, USA), statistical comparisons of the values were obtained from
an unpaired twdailed Student's -test analysis, with the threshold for statistical
significance set at *p < 0.1. **p < 0.01; **p < 0.001; ****p < 0.0Q; and ns (not

significant). The standard error of the mean (SEM) is presented in error bars.

3.3 Results and Discussion

3.3.1 SphereIMPACT design optimization and considerations
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SpherelMPACT is a means to illuminate a more complex microphysiological system. This
3D cell culture array is designed to be able to introduce a cell spheroid, enabling more
diverse assays for vascularized tumor models. The platform is designed to be highly
compatible with most types of laboratory equipment (e.g., microscopes, automated
dispensers) and has a-@ll plate specification to increase its valffégure 31). The
platform consists of a rail guide for cell patterning region and media reseaairside.

The cell patterning region contains a single hole in the center, designed to capture a large
spheroid. As shown iRigure 31B, the tapered hole has a digereof 0.83 mm and draft

of 4.0 degrees, so that i1t fits a 200 ¢l pi
tip completely seals the hole so that the tumor spheroid and hydrogel can be patterned in
the channel in a single step without leakimhe medium reservoir is separated by a 5.0
mm wall in the center, which enables us to use different volumes of conditioning medium
in each channdFigure 3.2). Novel fabrication methods should be developed to increase
the flexibility of microfluidics. 3D printing has recently emerged as an alternative
microfluidics manufacturing method and has bdemonstrated to be a potential solution

to the problems associated with PDM&sed manufacturing methof89]. This rapid
prototyping requires just @step, in comparison to soft lithography, which requires several.
The single step is to transfer a file prepared by computer aided design (CAD) software to
the 3D printer and then wait for the output. Moreover, 3D printing has many advantages in
terms ofmaximizing design flexibility, with convenience of optimizati@®®]. Concerning

the design process, it enables users to change any component, fpleexags that require
modification for optimization purposes, using CAD software and is simple and easy to run

[100. We developed the SpheWIPACT using a follaving rapid prototyping process
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involving fluid patterning and design optimization for 3D multiple cell cul{&igure 33).

To deploy a 3D culture for cancer drug digery and screening, we developed a
standardized microfluidics platform SphdMPACT with the following characteristics:

(1) a 96well plate SBS formabased design with fully automated imaging; (2) a single
spheroid per well, centered for ease of imag(@y;an HTS angiogenesis assay; and (4)
uniform culture conditions for quantitative assessment of various cancer drugs. Although
3D printing has many advantages, it has throughput issues because its production rate is
limited based on the specificationtbe equipmenfl101]. We achieved faster production

by injection molding the final design. We adopted a PS quick delivery model (QDM) for
injection molding to achieve greater conformityansparency, and productivift02.

Unlike other mass production techniques, as the mold core is made of aluminum alloy,
QDM only provides about 3000 guaranteed shots. Hence, it can play an intermediate role
between prototyping @hmassproduction. As shown irFigure 31A, we designed a
microchip array based on the SBS format which reflected a 9 mm pitch in the horizontal
axis, and an 18 mm phcin the vertical axis. Each unit configured reservoirs for media
supply and a rail guide which includes a hole. In our actual cell culture experiment, we
produced eight spheroid culture units in one chip, which fit onto a commonly used slide
glass size @ mm x 2 5 mm), as well as into the-®8ll plate format. These properties are
compatible with conventional automation cell culture systems and confocal microscopy

systems, and thus raise the possibility of Higtoughput drug screening.
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Figure 3.1 Design of the standardized microfluidics platform for tumor sphesoie-chip.

(A) A conceptual image of SpheWIPACT based on a standard-@&ll plate format. B)
SpherelMPACT has a media reservoir on each side, centered ordadil guide for cell
culture. The rail guide contains a tapered hole functioned as a culture space for a cell
spheroid. C) Spontaneous fluid patterning by capillary action. Fluid can be transferred
simply and robustly along the rail guide under hyditipltondition. ©) The patterned

fluid configures a concave meniscus at the edges of the structure. A fluorescence image
showing GFRexpressing HUVECSs patterned with fibrin gel which forming the meniscus,
and RFPexpressing HUVECs seeded on the reserV&). The crosssections of the
devices filled with a solution of Rodamin B under noted volume were converted to
grayscale images for analysis. White dash lines indicate the fluid rail guide, and yellow
dash lines are traces for curvature studies.
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Figure 3.2 Overall schematics of the structural components of tumor spheneaechip.
(A)lllustration of 96well plate SBS formabased microplateB)) A single array of
tumorspheroidora-chip as a prototype modeC+D) Schematic iew detailing the
dimensions of the devicéE) Photograph of the dye being patterned into the rail of the
device.

54



Rapid prototyping

_______________________________

Concept
'| generation and
1| detailed design

3D printing i
prototypes |

Fluid patterning validation

Fluid

'| patterning

testing

Design ]
modification | |
and '
optimization | !

____________________________________________

____________________________________________

3D printed
microfluidic chip

Cell culture
test

preparation
Parylene-C / B

coating

Cell culture validation

Scale-up production

Mold
design and
I | manufacturing

Injection
molding

Mold base

Device

./

Mold core

Figure 3.3 Process schematic of SphdhPACT design optimization with 3D printing
for mass production throughjection molding. (A) 3D printing prototypes allow for rapid

dimensional testing and optimization prior to high investment but high yield injection
molded production. (B) During the process, we performed the platform validation through

fluid patterning ad cell culture testing. This process was approached through the trial and
error method. (C) Once a design has been configured for injection molding, the design can
be mass produced for easy accessibility for the end user.

3.3.2 Gelpatterningprinciple

The promsed device is based on a different fluid patterning approach to that used in

conventional PDMS chips. Fluid guide structures allow fluids to be easily transported

spontaneously by capillary forces in a hydrophilic environment. Hence, structures can be

desgned to engineer capillary flow patterfis03 104]. Important conditions for the

patterning to work reliably is to have hydrophilic surfaces (contact angle <25° and an
adequate gap betweenthesuct ur e

not critical [98]. We mainly considered the height from the substrate as the key factor

influencing

t

he

and

patterning

condi

substrate

ti

(<500

ons.

the device can transport fluid into the zone. The channel and substrate were ligdbphi
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by plasma treatment to ensure that the contact angle was 0 degrees. Fluid exposed to this
surface will trigger a capillary action when it encounters the rail guide structure. The fluid
then formed concave meniscus between the edge of the struatutieeasubstrate. Such

an affinity environment for fluid patterning is significant in that it can acquire smooth fluid
interfaces as well as spontaneous fluid trangjfogure 31C). We patterned the identical

vol ume (4.0 el ) of fluid i n bot h hydr oph
hydrophobic environment, the interface of the fluid showed a surface imbalance due to the
resistance of the rail guide structure. @e pther hand, we visually confirmed that the
fluid was wellpatterned according to the guide structure in a hydrophilic environment
(Figure 34). Based on this resultye applied this concaved meniscus surface as an
additional cell culture region. First, we patterned @xpressing HUVECSs with fibrin gel

in the structure; then, we seeded suspension includeeeRbBssing HUVECs onto the
surface (Figure 31D). This approach has traditionally been considered as a way of
resolving the issues presented by tilting the device to attach cells to the 3D gel surface. The
RFPRexpressing HUVECs were able to migrate towards the fibrin gel due to the growth
factor surrouding the gel. The shape of this curved surface has been shown to vary with
the volume of fluid injected. To assess the dependence of the geometry of the curved
surface on the injection volume, SphdékPACT was filled with rhodamine B solution
volumesof2 0, 4. 0, 6. 0 eecibn @ thédpaterined ardaloktained frors s
the imaging platform was converted into a grayscale image to distinguish the outlines of
each surface. The converted images were analyzed by tracing the curvature with a yellow
dashed line and the fluid guide structure with a white dashed line. We proceeded to explore

the meniscus formed between the fluid guide structure and the substrate by the filled fluid
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according to each volum&igure 31E). Due to the larger curvature, the gentle interface

of the gel makes cell seeding simpler than conventional methods. In previous studies,
particularly with the PDM$ased chip, the meniscus caused by tiyerophobic
environment was convex, which forced the cells to tilt more than 30 min at an angle of 90

degrees to bcated on the gel interface.

The geometry of the interface between the hydrogel and the cell culture medium is
important because the amauwf additional endothelial cells that are injected into the
medium reservoir in the cell suspension form depends on the radius of the curvature of the
interface. In our tumor angiogenesis experiments, endothelial cells were only patterned in

the medium reervoir. As shown iffigure 31E, the radius of the curvature increases with

the injection vol ume, but decreases when t
excess suspension flooding the wall of the central channel. Many other 3D vascularization
platforms have been introduced, including additional procedures for placing endothelial

cells on the hydrogel surface, such as surface cofitlig or gravity-driven attachment

[106. We attached endothelial cells to the patterned hydrogel using a fluid interface
formed from a hydrophilic surface. Upon seeding, HUVECs form a monolayer as they
reach confluency at the gehedia interface. Both the area of the vascular network and the
number of sprouting volumes increases until
decreases when the volume reaches 8.0 ¢l
curvature of the interface is key to enhancing the proliferation and efficiency of cell
attachment, without requiring any additional treatment or procedures. This approach not

only ensures the convenience of the experimenter but also reduces the variability of the

results since there is no additional procedure. SpIPACT allows users texperience
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a variety of assays based on intuitive design and usage. Here, we presenpetiforatied

assays for vasculogenesis, angiogenesis, tumor migration and tumaoichcuced

angiogenesisHigure 35).
A
Untreated Plasma treated
CA=68° CA=25°
PS
body -
CA=104° CA=0°
3M
Tape

e
O e O

Hydrophobic Hydrophilic
condition condition
- 2

_

Fluid guide structure

Figure 3.4 Fluid patterning under the hydrophilic and hydrophobic environment.
(A)Investigation of the contact angle of the material used in the device under hydrophilic
conditions b establish the fluid patterning technique. (B) The fluid interface showed
surfaceimbalance under hydrophobic environment. After the plasma treatment, the fluid
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was wellpatterned under hydrophilic environment.

(A) Vasculogenesis (C) Tumor migration
= Formation of 3D perfusable vascular networks = Tumor spheroid based migration and invasion assay.
= Flowing microbeads (2 um) localize within the lumina of = On-chip assay model with well-defined observation

blood vessels. window.

(B) Angiogenesis

(D) Tumor angiogenesis

= Tumor spheroid-induced angiogenesis model.
Ny | = Anti-cancer drug screening system for
7 B vascularized tumor model.

= Easily accessible cell configuration for
induction of angiogenic sprouts.

= Flow induced by hydrostatic pressure affects
EEs!

Figure 3.5 Various in vitro model approaches of SphéMPACT. (A) Vasculogenesis;

the platform can perform eculture modeling to develop a 3D perfusable blood vessel
networks. (B) Angiogenesis; induction of directional angiogenesis by attaching HUVECs
to patterned brin gekmeniscus in a rail guide structure. (C) Tumor migration assay; ease
of experimentation and observation through the space for a spheroid inside the platform.
(D) Tumor spheroidnduced angiogenesis; construct tumor model which is vascularized
through coculture of tumor spheroid and blood vessel.

3.3.3 Angiogenesis assay

A wide and diverse variety of models have been actively developed for developmental and
pathological angiogene$i®, 107, 108. Preexisting microfluidic platforms have adopted
soft lithography with replicanolding using PDMS. The advent of the PDMS based

microfluidic platform allowed for unprecedented control relgay cell patterning and
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physiologically relevant 3D microenvironments with a reduction in the cell and media
requirements. Moreover, several studies using this microfluidic platform have been
reported recreating TME and angiogenesis in vitro. Althoudtast shown meaningful
results, some of the disadvantages of the platform have lowered the possibility of being

practically used.

Compared to the PDMBased hydrophobic burst valve design, this work utilized the
hydrophilic liquid guide to obtain rapid anejaroducible patterned gels for 3D cell cultures.
When a liquid drop is placed on the device, spontaneous patterning is achieved in a
reproducible manner. Compared to injection molding, the soft lithography based PDMS
chip has a remarkable low productiofi@éncy. There are additional manual steps such

as curing, cutting and mixing, which is labaotensive. However, in the case of injection
molding, a large quantity of devices can be produced quickly, so the experiment can be
carried out with readyo-usedevices(Figure 36). And, for the angiogenesis assay, the
interface of this patterned gel forms a concave meniscus, which provides a beneficial
advantage for placing cells on the gel. In previous studies, the angiogenesis assay had to
be supplemented with a tilting of theuvitee at an angle of 90 degrees for more than 30
min.38 We used a fluid meniscus to simplify this step. It is important to devise a method
to place endothelial cells close to the matrix using a single gel patterning step. We patterned
LFs with fibrin gel asa growth factor supplier, to induce angiogenesis underneath the
structure. After the gel was crelisked, HUVECs were exposed in suspension around the
gel surface. Of the exposed HUVECS, the cells placed on the gel sprouted into the matrix
over time(Figure 37A and B) Based on this outcome, we decided to study angiogenesis

in terms of the amount of hydrogel, while taking into account theuttare conditions of
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thetumor spheroids. Angiogenesis modeling was performed under four patterning volume
conditions, with identical concentrations of fibrin gel and (Fgure 37C and D) The
morphologically quantified results showed that the sprouts were vigorous and uniform
under 6.0 €l volume conditions. I n the cas
due to the lack of volume of fibrin gel under the structure, resulting in uneassular
Ssprouting. On the other hand, when filling
of the fluid guide structure due to overfilling. As a result, the gel interface became so steep

that placement of HUVECs was difficult. We introduced feszence microparticles in the
media reservoirs of cultured samples at 6
perfusable characteristics of the blood vesfgigure 37E). The center hole in the fluid

guide structure can be filled up additionally as the volume of the LF embedded fibrin gel
increases. This appearance can result in a larger amount of VEGF concentration than in the
surrounding environment. Furthermoie,can induce vigorous growth of surroungl

blood vessel cellsVe focused on a preceding study that angiogenesis can occur actively

near the central hole area and tried to show the effect in a different way by inserting the LF
spheroid into the hole. Wabserved vasculogenesis by forming G&#pressing HUVEC

around the spheroids. The model cultured for 4 days showed that vasculogenesis was more

active around the hole througka€tin stainingFigure 37F).
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Production Volume

Production Volume (ea) Mold 100 1k 10k 100k im
Fabrication

Soft Lithography (day) 1 7 70 700 7k 70k

Injection Molding (day) 10 1 1 10 100 1k

* Injection molding conducted by
Quick Delivery Mold (QDM) process

Production time difference between

soft lithography and Injection-molding Soft lithography,

Production time (day)

Injection-molding

Production volume

Figure 3.6 A diagram comparing the time required for production of the device between
softlithography and injection molding process.
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Figure 3.7 EngineeredBD perfusable blood vessel networks in SpHMBACT. (A) An

illustration of angiogenesis model configuration in SpH&MBACT. (B) A cell culture

approach to construct angiogenesis mod@| Iifvestigating an optimal patterned volume

for inducing effectie angiogenic sprouts. Every sample was cultured for 5 days and stained
with |l ectins (green) as mar ker sD)dhetotalndot he
vascular network area and the number of vessel sprouts were quantitatively evaluated to
determire appropriate conditions for angiogenesis depending on the patterning védume. (
Experimental Study on the transport of microbeads with the lapse of time through
perfusable blood vessel devel oped under 6.
5 0 Om. &) Confocal images exhibiting vasculogenesis formed from -©iPessing

HUVECSs reflecting the effect of LFs spheroids. Observation of cytoskeleton threugh F
actin (red) antibody staining. Scale bar =

Developmental studies and pathologicatists on angiogenesis are very important studies.
Various researchers are presenting a-gdelleloped platform for angiogenesis in diverse
styles. Nevertheless, the existing angiogenesis experimental model is not easy to use as a
screening platform due toomplicated device preparation and incompatibility with
screening systemd09. Our platform is feasible for use in various fields because it is
convenient for the experimenter, from the preparation stage to the subsequent analysis. We
obtained image results for all units in the device by performingtioreesample imaging

with a micdoscope array setup for quantitative analysis. We considered the major factors
and configurations of the cell conditions within a device. The modeling of the
microvascular system through a fluid guide structure not only makes it easier to place cells,
butalso acts as a barrier to control the external and internal physicochemical stimulation.
The main structural feature shows the hole provides a wider vertical space than the
periphery, and this space can arrange the slope of the VEGF by additional dowttes.

words, this space is effective in promoting angiogenesis once a tumor spheroid is captured.
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These key findings are expected to reveal that the tumor sphiedoiced angiogenesis

model can be implemented in an appropriate condition.

3.3.4 Tumormigration andinvasion

Aggressive cancer cells are distinguished by increased cell migration and invasion. To
investigate the role of TGE1 and) TNFcancer metasbas{(80 th
ng ml'Y) and TNFU (2 0 "Ynwgre evaluated using SphdMPACT. The US7TMG

tumor spheroid was located in the center of SphdPACT and embedded into 3D fibrin

ECM, enabling reproducible and quantitative analysis of tumor spheroid migration and
invasion. As shown ifrigure 38, the invasion area after 48 h. was significantly increased
inboththe TGFb 1 and) TNREated group compared to thi
demonstrate thatboth T&F1 and) TNEni f i ctle migrhtgry aedinvasivec e
potential of U87MG cancer cells. Furthermore, there was a statistically significant
difference between the U87MG migration distance of the -bGfeated group and that

of the control group, but not between the FNHFeated grop and the control. This

suggests that TGB 1 may promot e mor p h ol olgcreasad c hai
malignancy is frequently related to an epithé&laésenchymal transition, resulting in
enhanced motility and the generation of cancer diieancells. Tumorcell migration

normally occurs in response to hypoxia and soluble mediators (e.g., cytokiaék)

Previous studies demonstrated that, in glioma,-bGF i s secreted from ¢
autocrine signaling, or is released from microgtialls. TGFb 1 e x pr essi on he
reported to promote tumor cell survival, migration and invgdibf. TNF-U can act i v a
the mitogen activated protekinase (MAPK)/extracellular signaégulated kinase (ERK)

signaling pathway, upregulate matrix metalloproteinase (MRNd enhance tumor cell
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invasion and metastagisl1]. Our findings are consistent with cancer cells becoming more
aggressive when treated with TBFL and) T MF t hIMPAST Methods to
investigate cell migration and invasion are important in cancer biology, immunology and
cell biology. Conventional migration and invasion evaluation methods include cell culture
wound closure assays, where a scratch is produced on a confluent cell monolayer, and
Transwell cell migration and invasion assays, which are used to evaluate @él arod
invasiveness towards a chematbractant gradierjtl17. However, these assays inherently

lack 3D microenvironments with ECM and the ability to achieve reproducible, quantitative
results. To address this issue, we developed a simple, reproducible single step tumor
spheroid monitoring chip. We mixed tumor sphdsowith ECM and loaded the tumor
spheroid  gel suspension into the central channel. Our method can significantly accelerate
and simplify the assay with a physiologically relevant 3D microenvironment, but at the
same time produces highly reproducible hesswith 96well plate format standardization.

The assay can easily be modified with different types of matrices (e.g., collagen and
Matrigel). Taken together, the SphdMPACT can be applied to fully automated imaging

and analysis of tumor cell migratianth HTS and bridge the gap between 2D migration

assays and in vivo studies.
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Figure 3.8 Tumor invasion assay using a spheroid model. (A) Schematic depiction of
tumor migration and invasion. (B) Configuration of the microfiuidevice for modeling

tumor spheroid migration and invasion into 3D ECM. (C) The optical microscope image
showing the U87MG tumor spheroid in the s
Representative confocal images of tumor migration and invasion tmaber different
conditions. Scale bar = 600 &m. (E and F)
area and migration distance. Bars indicate mean + SEM from at least 4 devices per
condition. *p < 0.1 and **p < 0.01 in the unpaired tteded Studers ttest.

3.3.5 Tumor angiogenesis and drug screening
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Angiogenesis is a key feature of tumor progression. The formation of new blood vessels
from existing vessels can be induced by a number of ta®maved soluble factors, such

as the VEGF familj13. Therefore, targeting these growth factors and their receptors has
been used to treat several human cancers, includingsmah cell lung cancer,
glioblastoma, and renal cancers. We therefore investigated the effect of representative anti
angiogenic caneedrugs, bevacizumab and sunitinib, in the SpHBHBACT. Before we
investigated the effect of these aatigiogenic drugs in the SphelddPACT, we observed

that within 4 days of caulture, HUVECSs invaded the fibrin matrix, apparently in response

to U87MG-derived factorgFigure 39). Compared to the LF mediated vascular sprouting
experiment, UB7MG tumor spheroid mediated sprouting exhibited aberrant morphology
(Figure 310). The addition of 1 mg nit o f bevaci zumab and 1.0
significantly decreased the vascular network area, number of sprouts, and sprouting length,
demorstrating their antangiogenic effects. We also tested the effect of cetuximab, which

is an epidermal growth factor receptor (EGFR) inhibitor. In our model, there were no
statistical differences between the cetuximab (1.0 mghstteated group and the dool

group, in terms of vascular network area, number of sprouts, and sprouting(Fggtie

3.9D-F).

As new cancer drugs are introduced for cancer treatment, amtreasing number of
candidates progress through preclinical and clinical development, it is important to
improve our understanding of the effects of cancer drugsmartblood vessels and tissues.
Traditional well platebased drug assays are still wideked in industry, thanks to their
standardized format that enables automated handling. The SpRALCT not only

provides a pathphysiologically relevant 3D TME compared to traditional well plate
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assays, but also has a standardizedv@lb plate formatwith robust and reproducible
patterning capabilities. Indeed, PDMS has been widely accepted for fabricating
microfluidics devices in prototyping experiments. However, due to several material
limitations, PDMS is somewhat inaccessible, and it is diffiauié¢ale up production of
microfluidic cell cultures using this method@herefore, we suggested using an injection
molded device to replace existing PDMS microfluidics devices. The SHHMEACT has

the potential to provide a robust and reproducible igbughput tumor spheroid

experimental platform for vascularized TMEs.

3.4 Conclusion

Here we presented an in vitr-oMEBACTOoOcuhaurea
applied to large quantities drug screening for tumor angiogenesis. Our platform hak sever
advantages, including compatibility with a range of laboratory equipment, ease of
experimentation, and readg-use devices. We demonstrated the potential for this platform
can be used as diverse assays in various fields such as biological labomatdries
pharmaceutical companies. Through 3D printed prototypes, we performed optimized
structural designs for 3D fluid patterning techniques and cell culture microenvironment.
The final prototyped model was mass produced by injection molding. This process
improves major problems with preexisting PDM&sed devices; low productivity,
technical hurdles, and the validity of the results of experiments due to small molecule
absorption. We developed SphekdPACT that allows simultaneous patterning of a
spheroid andcell-embedded hydrogels through a singlep patterning by open
microfluidics. We established a variety of models on SphdiACT; (1) 3D perfusable

blood vessel network, (2) tumor spherbigsed migration and invasion assay, and (3)
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tumor spheroigmediated angiogenesis model for drug screening. These in vitro models
were reconstructed and validated under optimized conditions. Our previous research has
included PDMSbased studies, these approaches have many limitations with respect to
meeting the ultima& goals of cancer research. We aimed to develop a practical platform
by focusing on improving the material properties of the device and experimental methods.
Furthermore, we expect SphdiddPACT to be an experimental tool that easer can

easily apply tdheir target experimental purposes.
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Figure 3.9 Tumor spheroidnduced angiogenesis and drug screening validation (A)
Schematic depiction of angiogenic sprouts toward tumor spheroid positioned in the center
hole. (B)Configuration of the microfluidic platform for modeling tumor angiogenesis. The
tumor spheroid collected and mixed with fibrin gel is injected into the hole, and HUVECs
are seeded on around the fibrin gel surface. (C) Maximum projection images of the tumor
angiogenesis cultured for 4 days in SpRB®ACT. Tumor spheroid formed from GFP
expressing UB7MG, and blood vessels assembled fromeRpfessing HUVECs. Under

the same culture conditions, the types of target drugs were treated with medium every two
days . Scal e b akF) Quantifativ® analysis of thelotal vascular network area,
number of sprouts and sprouting length depending on each drug condition. Bars represent
mean + SEM from at least 8 devices per condition. ****p < 0.0001 in the unpamed

tailed Student'stest.
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