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Lay Abstract

In clinical trials, a staggering 90% of drugs fail during testing in people. Traditional
preclinical drug screening methods rely on culturing human cells on flat surfaces
or using animal models, both fraught with limitations such as lacking structural
complexity or having DNA differences from humans. Addressing this issue could
notably reduce efforts and costs.

This thesis is dedicated to advancing preclinical drug testing through micro-vessel
models. It focuses on constructing 3D vessels using human cells, offering a more
accurate representation of human physiology. Two models are discussed: one with
self-assembled vessels featuring complex structures, and another emphasizing sacrifi-
cial materials to design simpler vascular shapes, ensuring consistency in testing.

By leveraging these innovative models, researchers can subject various drugs to
micro-vessels constructed in vitro, enabling them to predict their effects in humans.
This approach has the potential to transform drug testing methodologies, moving

towards the utilization of artificial human organ models.
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Abstract

Conventional pre-clinical drug screening, reliant on 2D cell cultures and animal stud-
ies, faces challenges—the former lacks biological complexity, and the latter lacks pre-
dictability due to differences between animals and humans from genetic to functional
levels. Organ-on-chip technologies have evolved to bridge the gap between preclin-
ical and clinical trials, necessitating human cells for precise predictions of human
responses. Considering the significance of the vascular system in various diseases,
incorporating vascular units into organ-on-chip devices is critical.

For effective drug discovery using vessels-on-chips, achieving high-throughput and
consistency between samples is crucial. However, many vessels-on-chips are manually
handled during preparation and data collection, reducing throughput and increas-
ing sample-to-sample variations. The conventional closed microfluidic chip format
further impedes accessibility, hindering automation. This thesis focuses on two high-
throughput micro-vessel models replicating vascular functions under perfusion in a
384-well plate format. These open-top models allow automated preparation and ex-
amination, enhancing efficiency in compound screening.

The first model features a self-assembled perfusable micro-vascular network on a

384-well plate, co-culturing endothelial cells (EC) with stromal cells in a hydrogel.
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Automated using a robotic system and a fluorescent plate reader, it supports organ-
specific functions and enables nanoparticle transport to target tissues. Utilized for
testing cancer therapeutic drugs, it demonstrates dose-related responses in vascular
permeability and architectures.

The second model is dedicated to crafting micro-vessels of consistent quality for
biological testing and disease modeling. It employs a sacrificial material for pre-
designed tubular shapes for EC seeding. The integration of automated processes and
a straight channel design minimizes sample discrepancies. Furthermore, a tri-culture
system enhances barrier integrity, enabling effective drug screening that distinguishes
between vasculotoxic and non-vasculotoxic agents with notable sensitivity and speci-
ficity.

Looking ahead, there is potential to further refine these models to encompass a
broader range of vascular diseases, which could lead to novel insights and therapeutic

targets.
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assembled microvascular networks with and without fibroblasts on day

I,day 3,and day 7. . . . . . . ...
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B.2

C.1

The flowchart describing the major processes in code to control the
robotic handling system for preparing microvascular networks on IFlow-
Plate™. Created in Lucid (lucid.co) . . . ... ... ... ... ....
Step-by-step fabrication of AngioPlate-384™. First, using standard pho-
tolithography, we fabricated a PDMS mold with various patterns con-
nected to an inlet and outlet well. The mold was then capped onto
a polystyrene sheet to form an array of micro-channel networks. The
networks were loaded with 3 wt.% alginate solution. Next, the en-
tire mold was immersed in a calcium bath (1 mM), where calcium ions
gradually diffused from the inlet and outlet wells into the alginate solu-
tion within the network, cross-linking the alginate overnight. With this
approach, we were able to pattern 128 independent alginate fiber net-
works in the format of a 384-well plate. PEGDM solution was injected
into the channels in the same way to encapsulate the alginate fiber
to facilitate alginate release and to create the inlet/outlet channels.
Finally, the polystyrene sheet patterned with alginate and PEGDM
was assembled onto the base of a bottomless 384-well plate, encasing

and sealing the alginate networks with a high-viscosity PDMS glue.
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C.2

C.3

D.1

D.2

Optimization of hydrogel matrix cross-linking condition for network
formation. Fluorescent images of networks perfused with 1 # m fluo-
rescent particles (green) under various gelling conditions in both the
collagen-based gel and fibrin-based gel. Red boxes label the good con-
ditions that resulted in the formation of complete perfusable networks.
Scale bar, 2mm.
Structural variation of vasculature in AngioPlate™. (a) Brightfield time-
lapse images of networks seeded with human endothelial cells. Scale bar
Imm. (b) Quantification of variation in vasculature structure. n=12.
(c) Variation in the network structures from 12 different wells. Scale
bar ITmm. . . . . ..
[lustration of vessel development on AngioPlate™. Hydrogel casting
and sacrificial material removal are performed on day 0. Stromal cells
are cultured from day 0 to day 4 for maturation, and ECs are seeded
on day 4 and cultured until day 14 for further vascular maturation.
Treatments and data collection occur from day 14 to day 17. Created
with BioRender.com. . . . . . . .. ... ... ... ... ...
Brightfield images of vessels built with different stromal cell conditions

on day 4, day 11, and 18 (continued) . . . .. ... . ... ... ...
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D.3

D4

D.5

DAPI analyses of vessels cultured with different stromal cell conditions.
(a) Visualization of the DAPI from vessel images and quantification
demonstrated as polar histogram for each nuclei identified from each
vessel. Three vessels from each condition were used: vessels built with
HUVECs (vessel 1: n = 141, vessel 2: n = 84, vessel 3: n = 111),
HUVECs with FBs (vessel 1: n = 136, vessel 2: n = 142, vessel 3:
n = 69), HUVECs with PCs (vessel 1: n = 127, vessel 2: n = 155,
vessel 3: n = 93), and HUVECs with PCs and FBs (vessel 1: n = 101,
vessel 2: n = 93, vessel 3: n = 101). (b) The average circularity of
the nuclei identified in each vessel for vessels built with HUVECs only,
with HUVECs and FBs, with HUVECs and PCs, and withHUVECs,
PCs, and FBs. n = 3. (c) The fraction of cells that are aligned with the
flow direction, having DAPI centre line direction within 10° away from
the vessel centre line. The fraction of aligned cells for each condition
was compared to the HUVECs only group (n =3) : HUVECs with FBs
(** P = 0.0033, n = 3); HUVECs with PCs (* P = 0.0104, n = 3);
HUVECs with PCsand FBs (n=3). . . ... ... .. ... .....
(a, b) Quantification of TRITC 65-85 kDa (a) and FITC 4 kDa (b)
dextran diffusion in the vessels on day 11 and day 18 for conditions
developed without cells, with HUVECs, with FBs, with HUVECs and
FBs, with PCs, with HUVECs and PCs, with PCs and FBs, and with
HUVECs, PCs, and FBs. . . . . . .. .. .. ... ... ... ....
(a-c) Measurements of differential concentrations of cytokines between

the control group (n = 6) and the IFN 7 group (n = 3). (continued) .
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D.6

D.7

D.8

(a-c) Brightfield images of vessels taken with 4x objectives and enlarg-
erd regions for vessels built with different organ specific cells on day
4, day 10, and day 16: (a) HUVECs and Lung FBs; (b) liver ECs and
liver FBs; (¢) lung ECs and lung FBs. . . . . .. ... ... ... ...
The illustration of the sterile reagents and devices loading locations on
the robotic handlying system. . . . . . . . ... ... ... ......
The flowchart describing the major processes in code to control the
robotic handling system for preparing vessels on AngioPlate™. Created

in Lucid (lucid.co) . . . . . .. o
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Definitions, and Abbreviations

Definitions

Angiogenesis Angiogenesis is the physiological process through which new blood

Array

Assay

Cytokine

vessels form from pre-existing vessels. This complex, multi-step pro-

cess is vital for growth, development, and wound healing in the body.

An array in the context of scientific research and laboratory termi-
nology is an orderly arrangement of samples where specific reactions
can take place or be measured. It allows for systematic analysis and

is often used to conduct multiple experiments simultaneously.

An assay is a laboratory procedure that measures the presence, quan-
tity, or functional activity of a target entity, which can be a drug,
biochemical substance, or a cell in an organism or organic sample.
Assays are used for a variety of purposes, such as disease diagnosis,
detecting the concentration of a particular molecule (like glucose in
blood), determining the effects of a drug, or measuring the purity of

a substance.

Cytokines are a broad category of small proteins that are important

XXX1



in cell signaling. They are released by cells and have a specific effect

on the interactions and communications between cells.

High-throughput

High-throughput refers to techniques and processes that allow for
the rapid and simultaneous analysis of a large number of samples or

the testing of multiple variables with minimal manual intervention.

Organ-on-a-chip

Perfusability

Permeability

An organ-on-a-chip is a microfluidic cell culture device created with
the intent to mimic complex biological functions of an organ in a
small-scale, controlled environment. This technology leverages ad-
vances in microfabrication, tissue engineering, and microfluidics to
create three-dimensional models of human organs on a chip — essen-

tially, miniaturized versions of full-scale organs.

In tissue engineering and vascular research, perfusability is defined as
the capability of a synthetic or engineered vessel to support the flow
of blood or a blood-mimicking fluid through it under physiological

conditions.

In vascular engineering, permeability refers to the capacity of blood
components, nutrients, and other molecules to pass through the

endothelial layer lining the blood vessels. The design of vascular
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Stromal cells

grafts or synthetic vessels aims to replicate this selective permeabil-
ity, thereby maintaining physiological functions such as nutrient de-
livery and waste removal. This approach also supports proper cellu-

lar communication and homeostasis.

Stromal cells are a type of connective tissue cells found in various
organs and tissues throughout the body. They play a fundamental
role in supporting the structure and function of the specific tissue in

which they reside.

Vascularization

Vascularization in tissue engineering refers to the formation of func-
tional blood vessels within engineered tissues. It is a critical process
for providing nutrients, oxygen, and waste removal to sustain living
cells, especially in thicker tissue constructs where diffusion alone is

insufficient for cell survival.

Abbreviations

IL-1RA Interleukin-1 Receptor Antagonist
BMP-9 Bone Morphogenetic Protein 9
DAPI 4’ ,6-Diamidino-2-Phenylindole
EC Endothelial Cell

EGF Epidermal Growth Factor
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F-actin

FB

FGF-1

FGF-2

FITC

G-CSF

GM-CSF

HB-EGF

HepG2

HGF

HUVEC

IFN~

IL-153

IL-10

IL-12(p40)

IL-12(p70)

1L-13

1L-2

Filamentous Actin

Fibroblast

Fibroblast Growth Factor 1

Fibroblast Growth Factor 2

Fluorescein Isothiocyanate

Granulocyte-Colony Stimulating Factor

Granulocyte-Macrophage Colony-Stimulating Factor

Heparin-Binding Epidermal Growth Factor

Hepatocellular Carcinoma Cell Line

Hepatocyte Growth Factor

Human Umbilical Vein Endothelial Cells

Interferon Gamma

Interleukin-1 Beta

Interleukin-10

40 kDa Subunit of I1.-12

70 kDa Subunit of I1L.-12

Interleukin-13

Interleukin-2
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1L-4

IL-5

IL-6

IL-8

LPS
MCP-1
PC
PLGF
Poly(1:C)
SEM
TEM
TGFS
TNF«
TRITC
VEGF-A
VEGF-C

VEGF-D

Interleukin-4

Interleukin-5

Interleukin-6

Interleukin-8

Lipopolysaccharide

Monocyte Chemoattractant Protein-1

Pericyte

Placental Growth Factor

Polyinosinic:Polycytidylic Acid

Scanning Electron Microscopy

Transmission Electron Microscopy

Transforming Growth Factor Beta

Tumor Necrosis Factor Alpha

Tetramethylrhodamine Isothiocyanate

Vascular Endothelial Growth Factor A

Vascular Endothelial Growth Factor C

Vascular Endothelial Growth Factor D
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Abstract

Organ-on-a-chip devices, also known as microphysiological systems, have gained sig-
nificant attention in recent years. Recent advances in tissue engineering and micro-
fabrication have enabled these devices to provide more precise control over cellular
microenvironments to mimic the tissue-level or organ-level function of the human
body. These more complex tissue models can provide either an improvement in

the functional expression and maturation of cells or an avenue to probe biological
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events and function that would otherwise be difficult to visualize and mechanisti-
cally study. This high-value information, when complemented with the existing gold
standards of cell-based assays and animal models, could potentially lead to more in-
formed decision-making in drug development. A prevalent biological component in
many organ-on-a-chip devices is an engineered vascular interface that is present in
almost all organs of the human body. The vasculature and the vascular interface
are particularly susceptible to biomechanical forces; they function as the conduits for
inter-cellular and inter-organ interactions and regulate drug transport. In this re-
view, we examine the various approaches taken to model the human vasculature with
an emphasis on the engineering of organ-specific vasculatures and discuss various
challenges and opportunities ahead as the field advances.

Keywords: organ-on-a-chip, vascularization, microfludics, microfabrication

1.1 Introduction

The rising cost of drug development is a major healthcare issue. Despite the increasing
expenditures invested in drug development, the number of drugs approved annually
has been decreasing over the past 20 years [3]. This trend is at least in part due
to the lack of tools to dissect and predict the effects of drugs prior to clinical trials.
Existing clinical models, such as cell-based assays in the monolayer culture format,
can be powerful tools because of their low costs and high-throughput capability, and
they will be irreplaceable as initial screening tools. However, it is clear that cell-based
assay, even complemented with animal testing, falls short in accurately predicting the

effects of drugs as the success rate from Phase I clinical trial to market approval is
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only 9.6% [4]. More advanced tissue model that provides a physiologicalrelevant mi-
croenvironment could drive more matured expression of cellular functions or provide
a way to model and probe complex biological events that would otherwise be impos-
sible to dissect or even observe in either monolayer culture or animal tests. Built
on this principle, organ-on-a-chip technology emerged from the advancement in mi-
crofabrication and tissue engineering. Such platforms could provide high-value data
that would otherwise be difficult to acquire in the existing drug discovery pipeline.
However different models will offer different types of high-value data. Therefore, the
utility of organ-on-a-chip devices will vary based on the specific biological question.
For instance, in a lung-on-a-chip device, Ingber’s group demonstrated neutrophil
transendothelial migration in response to bacterial infection followed by phagocytosis
in real time, which is a very complex biological event that would otherwise be difficult
to observe directly during pulmonary inflammation and infection [5]. In a liver-on-a-
chip device, Bhatia’s group showed robust functional improvement in gene expression
profiles, phase I/IT metabolism, canalicular transport of primary hepatocytes under
patterned co-culture of hepatocytes and stromal cells compared to standard mono-
layer culture [6]. In one case, the organ-on-a-chip device offered a new capability
to observe biological events, while in the other case, the organ-on-a-chip device of-
fered more matured cellular functions that could alter the results of drug response
(Figure 1.1, Table 1.1). Organ-on-a-chip technology clearly presents an enormous
potential. However, translation of this technology will require further refinement in

the manufacturing and engineering to address issues in usability, robustness, material
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What do complex in vitro
models (Organ-on-a-chip) offer?

NP

Access to complex
biological events
and fucntional
readouts that
were inaccessible
before
High-value information that
will aid drug discovery

Improved cellular
function and
maturation

Figure 1.1: Value proposition of advanced in vitro models, organ-on-a-chip.

compatibility, and end-point analysis. More importantly, extensive biological valida-
tion will be expected to justify the additional costs and lower experimental through-
puts. Overcoming these barriers to adoption will require collective efforts from the
scientific community. In order to move the technology forward, this community will
include not only bioengineers but also clinicians and biologists. Nonetheless, success
in this endeavor will lead to enormous economic values as many major organ-on-a-
chip companies are starting to explore and expand this market space: US company
Organovo (market cap $389 M) endeavors to bioprint liver organoids for drug testing;
Wyss Institute startup Emulate raised $45 M to develop lung and gut organ-on-a-chip

platforms [3].

A common component of many organ-on-a-chip devices is the blood vessels or
the vascular interfaces, which are so prevalent in almost every organ in the body

(Figure 1.2). In this review, we specifically focus on the vasculature which functions
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Table 1.1: Representative contributions to the modeling of vascular physiology from
organ-on-a-chip devices with a vascular component.

Improved functions Value added capabilities References
Mechanical cyclic stretch shows Visualizing neutrophil [5]
exacerbated nanoparticle infiltration transendothelial migration in
of the vascular-alveolar barrier, response to bacterial infection

more closely resembles the

o o Observation of cell-free layer [1]
physiological response in vivo

under physiological perfusion of
blood in engineered
microcapillaries

Observation of vascular (7]
architecture-dependent VWF
assembly after vessel injury

Visualizing the process of 8]
thrombosis that involves

collagen I deposition in blood

clots by fibroblasts

Visualizing cancer cell 9]
extravasation from engineered
microcapillaries
Improved response to known Visualizing vessel regression [10]
anti-cancer drugs compared to and inhibition of tumor growth

cell-based assays (e.g., mitomycin C, in response to anti-cancer drugs

itabi d vorinostat, et o —
gemcitabine, and vorinostat, etc) Visualizing vessel dilation and [11]

contraction in response to
chemical stimuli

Improved function of hepatocytes in [12]
the presence of vasculature (e.g.,

cytochrome P450 expression,

albumin/urea secretion, etc)

Reduced vascular permeability in [13]
blood—brain-barrier with direct
neurovascular contact
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as both the conduit and the barrier for inter-cellular interaction, inter-organ inter-
actions, and drug delivery. Correctly incorporating a perfusable vascular component
in an in vitro model is a critical aspect of the organ-on-a-chip technology that dif-
fers from the conventional monolayer cell culture. Blood vessels are anatomically
unique in the sense that they experience a multitude of mechanical factors in their
environment. Environmental factors, such as mechanical shear stress, cyclic stretch-
ing, flow pattern, and geometrical constraints, have been shown to have profound
effects on the permeability, surface activity, and remodeling capabilities of blood ves-
sels. Many engineering approaches have been developed to model the vasculature,
but capturing all facets of the vascular physiology in a single model still remains a
challenge. Furthermore, blood vessels develop different architectures, flow patterns,
anatomical structures, and morphologies in different organs or even in different parts
of an organ. These organ-specific differences in the vasculature are closely linked to
the specific function of an organ, hence it remains to be seen if reproducing these
organ-specific characteristics would lead to improved biological functions and specifi-
cation as well as capture unique organ-specific biological events (e.g., the presence of
tissue-specific oxygen gradients and drug delivery). So far only a few organ-on-a-chip
devices have attempted to capture the organ-specific hallmarks of a vasculature while
the majority of studies have incorporated the vascular component with only generic
functionalities. In this review, we discuss the current state-of-the-art technologies in
the modeling of blood vessels with organ-on-a-chip devices and present a unique focus
on the modeling of organ-specific vasculature. Lastly, we discuss future challenges in

device development and the path to commercialization.
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Figure 1.2: The rise in academic publishing in the field of organ-on-a-chip. The
keywords ‘organ-on-a-chip’ or ‘organ-on-a-chip AND vascular’ were searched in
Google Scholar. The number of publications found from the search for each
corresponding year was plotted from 2008 to 2017. The rise in publications on the
topic of organ-on-a-chip exemplifies the increasing activity in the field. Vasculature
has been mentioned in nearly two-thirds of all organ-on-a-chip publications,
indicating the prevalence and importance of this biological component in
organ-on-a-chip models.

1.2 Engineering Approaches in Building Blood Ves-

sels In Vitro

1.2.1 Blood vessel in a channel

Advances in soft-lithography allow us to easily construct optically transparent mi-
crofluidic devices containing microchannels in which human endothelial cells can be
coated on the inner luminal surface to mimic an artificial blood vessel or a blood vessel
network. Within these devices, the microenvironment of the endothelial cells can be
fine-tuned by controlling fluid-induced shear stress and geometrical constraints, etc
[14, 15]. The effects of fluid-induced shear stress on endothelial cell alignment and
elongation, and on the secretion of angiogenic growth factors, etc have been widely

demonstrated. Fluid shear forces imposed on the apical surface of endothelial cells
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are transmitted to the intracellular cytoskeleton through transmembrane mechanosen-
sors, leading to endothelial cells’” morphological adaptation [16]. These microfluidic
devices also facilitated the study of the interaction between the circulating cells in the
blood and the endothelium. A recent study used a simple microfluidic channel coated
with a layer of endothelial cells to examine the role of a glycosaminoglycan-rich layer
(presented on the surface of the endothelium) in regulating the surface interaction
with blood cells (Figure 1.3(a)) [1]. This device offers an important capability to
closely examine the distribution of red blood cells (e.g., observation of cell-free-layer)
under physiological perfusion inside micro-capillary mimics (Table 1.1).

In this case, however, microfabrication yielded microchannels with a square cross-
section. Although this does not limit endothelial coverage, it presents a geometrical
configuration that deviates from the physiological condition. This issue can be re-
solved with additional modification steps, including sequentially injecting a silicone
oligomer solution and air through the micro-channels to produce a circular cross-
section [17]. The macro-architecture of the vascular network can also play a role in
regulating the interaction between the endothelium and the circulating cells [18-21].
Microfluidic devices can be used to recapitulate parts of the physiological microcir-
culation captured from clinical images. The role of bifurcations, tortuosities, and
cross-sectional changes of the microfluidic network in the preferential adhesion of cir-
culating cells or drug carriers can be studied on such systems to offer new biological
insights [20, 22]. Although growing endothelial cells in microfluidic channels can pro-
vide robust control of the vascular structure, vascular permeability is an important

parameter that cannot be easily probed in such systems. To overcome this issue,
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the vascular channels and the parenchymal space can be compartmentalized and con-
nected through permeable barriers composed of channel walls with micro-gaps. This
configuration allows diffusion of biomolecules across the vascular barrier to enable the

interaction between the endothelium and the parenchymal tissue [23-27].

a. Blood vessel in channel b. Blood vessel on a membrane
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Figure 1.3: Selected examples of various approaches to create a blood
vessel-on-a-chip as an in vitro model for drug discovery. (a) Human umbilical vein
endothelial cells cultured on the inner luminal surface of a PDMS microchannel
with a cross-section of 30 x 30 «m. Reproduced from [1]. CC BY 4.0. (b) Human
trophoblasts and endothelial cells cultured on two sides of a PDMS membrane and
stained for E-cadherin (red) and VE-cadherin (green), respectively. Reproduced
from [2] with permission of The Royal Society of Chemistry. (continued)
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Figure 1.3: (continued) (¢) Human endothelial cells cultured on the inner luminal
surface of a microchannel (100 x m in diameter) embedded inside a collagen I
hydrogel matrix and stained for CD31 (red). Reproduced with permission from [28].
(d) Human endothelial colony-forming cell-derived endothelial cells (red) isolated
from cord blood formed vascular networks perfused with 70 kDa FITC-dextran
(green). Reproduced from [10] with permission of The Royal Society of Chemistry.
(e) Hlustration of the integration of isolated mouse arteries and microfluidic devices
to control and visualize vessel dilation and constriction. Reproduced from [11] with
permission of The Royal Society of Chemistry. (f) An engineered AngioChip hepatic
tissue with a built-in branched vasculature perfused with a blue dye next to the tip
of a ball-point pen to show the scale. [29] 2016 Copyright (C) Springer Nature.

1.2.2 Blood vessel on a membrane

Another way of looking at the vasculature is to zoom in on the vascular interface
at where the endothelium can be viewed as a flat cell monolayer. In this format,
a number of organ-specific vascular interfaces have been developed (Figure 1.3(b)).
Donald Ingber et al. demonstrated an in vitro model that can capture the organ-
level functionality (e.g., breathing) of the human lung [5]. This breakthrough involved
the culture of endothelial cells and lung epithelial cells on opposite sides of an elastic
membrane that was subjected to both fluid-induced shear stress and cyclic stretching,
thus mimicking the dilation of the lung alveoli. This platform captured many aspects
of the vascular physiology, including the transendothelial migration of circulating im-
mune cells followed by phagocytosis under physiological flow, which would otherwise
be impossible to model on a 2D monolayer culture (Table 1.1). The significance of
being able to track and visualize these types of complex biological events is that as
we look at disease and drug treatments (e.g., inflammatory disease or drugs) we will
be able to precisely determine which step breaks down in this sequence of biological

processes instead of solely relying on end results. This will not only allow us to gain
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confidence in the understanding of a disease but also the mechanism of action of a
drug. In this study, the significance of cyclic mechanical strain was also highlighted
with the demonstration of elevated nanoparticle uptake across the vascular-epithelial
barrier, which is in agreement with animal studies. Building on this seminal work,
the Ingber group and others have developed a series of biological models: placenta-
on-a-chip [30, 2] glomerulus-on-a-chip [31], blood-brain barrier (BBB)-on-a-chip [32],
vessel-on-a-chip [33], blinking eye-on-a-chip [34], and cancer-on-a-chip [35], etc. This
expansion of membrane-based devices is a clear indication of the potential to replicate
a diverse set of biological environments. To further enable multi-organ integration by
potentially linking these individual organ models together with a continuous vascu-
lar interface, endothelialized elastomeric tubing was also developed to facilitate the

connections [36].

1.2.3 Blood vessel in hydrogels

One important concern, however, in regenerating the vascular interface with a membrane-
based approach is the membrane itself. The elastic membrane, with a thickness of
around 10 u m, is an artificial barrier in between the endothelium and the under-
lying parenchymal tissue or epithelial cells. However, the basement membrane that
separates the endothelium from the parenchymal tissues, which the elastic mem-
brane mimics, has a thickness of no more than 100 nm in vivo. Although patterned
micro-holes on elastic membranes allow cell migration and molecular diffusion, direct
intercellular contact or vascular remodeling can be difficult to establish. This limita-
tion can be overcome with compatible natural hydrogel matrices. Recent advances in

hydrogel molding techniques have enabled the fabrication of hollow channels within
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a soft hydrogel using 3D printing of sacrificial materials [37], soft-lithography [28],
etc. (Figure 1.3(c)). Culturing endothelial cells within these micro-channels, which
are surrounded by compatible hydrogels embedded with parenchymal or stromal cells,
allowing close contact between the endothelium and the parenchymal tissues to estab-
lish a more realistic vascular interface [28, 38]. In addition, the mechanical stiffness
of the hydrogel matrix can be fine-tuned to better model the physiological condi-
tions compared to synthetic materials such as polydimethylsiloxanes (PDMS) and
polystyrenes. Within the hydrogel matrices, endothelial cells can readily modify the
microenvironment to form circular vessels or vascular branching through angiogenic
sprouting [28, 39, 40]. Enabling biological remodeling is as important as controlling
the initial biological structure. This type of platform could help visualize and study
transient cellular events (e.g., vascular sprouting, regression, and rearrangement) that
would only happen during tissue growth and remodeling.

Moreover, the emergence of 3D printing and microfabrication makes it feasible to
construct complex 3D vasculatures, opening the gateway to engineering large vascu-
larized tissues as well as examining complex blood flow dynamics in 3D [39, 7, 41—
44). For instance, after vessel injury, the endothelium becomes activated and starts
to secrete von Willebrand factors (vVWF). Secreted vWF quickly assemble into thick
bundles or complex meshes. Using a microfabricated vascular model, the study found
high shear stress, sharp geometrical turn, and smaller vessel diameter all induce more
vWF assembly [7]. VWEF assembly is an important step in the initiation of microvas-
cular thrombosis because the presence of vWF bundles binds platelets, leukocytes,
and erythrocytes as well as obstructs blood flow [7] (Table 1.1). This study highlights

the significant role of vascular architecture in disease modeling. In a different study,
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the complex interaction among the endothelium, blood, thrombi, and stromal cells
in post-thrombotic remodeling was captured in a simple bifurcated vessel that was
3D printed to model thrombosis on-a-chip [8]. By incorporating fibroblasts, endothe-
lium, and blood clots, the study demonstrated the deposition of type I collagen in
the blood clot by fibroblasts, which resembles the fibrosis remodeling process in vivo

(Table 1.1).

1.2.4 Blood vessel in a multi-well plate

To simplify and accelerate commercial translation, organ-on-a-chip devices would also
benefit by adapting the model from a microfluidic setup to a conventional multi-well
plate format, which is widely used in the pharmaceutical industry for drug screening.
MIMETAS, an organ-on-a-chip company based in Leiden, Netherlands, is leading this
effort with their proprietary phase-guided hydrogel patterning technique. On their
commercialized microfluidic titer plate, an array of hydrogel-liquid interfaces can be
rapidly created in a multi-well plate format with this technique. Endothelial cells [45],
intestinal epithelial cells [46], kidney proximal tubular cells [47], and other parenchy-
mal tissues [48-50] have been cultured in this format under perfusion. In contrast to
other blood vessel on-a-chip technologies based in microfluidic devices, MIMETAS’
OrganoPlate®) provides high-throughput experimentation (e.g., 96 vessels in a sin-
gle plate) with the use of simple gravity-driven flow that requires no bulky external
pumps and is highly scalable. However, this platform thus far is limited to modeling
tubular vessels without any branched vascular structures. The native vasculature is
dynamic and constantly evolves through remodeling and rearrangement, especially

in response to disease or tissue regeneration. Based on the intrinsic tendency of
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endothelial cells to self-assemble into a rudimentary vascular network, a perfusable
vascular bed can be engineered in a hydrogel given the right experimental conditions.
Several different microfluidic devices have been developed to facilitate anastomoses or
the connection of self-assembled microvascular networks with microfluidic perfusion
circuits at pre-established hydrogel-liquid interfaces to establish perfusion [51-55].
Without physical constraint on the self-assembled microvessels within the hydrogel,
dynamic vascular events, such as angiogenesis and vessel regression, can be studied
and visualized in response to drug stimuli under perfusion. This capability is power-
ful as traditionally only simple cellular functions, such as endothelial cell migration,
can be studied in a 2D transwell system while more complex vascular remodeling
events have to be studied on animals with cranial windows. Organ-on-a-chip plat-
forms based on this principle have also been productized in the multi-well plate format
(Figure 1.3(d)) [10, 56, 9, 57]. In this format, a panel of FDA-approved anti-cancer
compounds with different anti-tumor and anti-vessel effects were tested on an array
of vascularized tumor models. The platform successfully captured the anti-vascular
effects of linifanib, axitinib, and sorafenib and the anti-tumor effects of mitomycin
C, gemcitabine, vorinostat, and tamoxifen, while monolayer cell assay failed to cap-
ture the anti-tumor effects of mitomycin C, gemcitabine, and vorinostat at the same

dosage (Table 1.1).

1.2.5 Blood vessel explants

Another important aspect of the vascular physiology is the smooth muscle cells. Many

clinical drugs target smooth muscle cells to modulate vessel dilation and contraction.
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But incorporating smooth muscles in a blood vessel-on-a-chip model has been chal-
lenging, partly due to the complexity involved in reproducing the circumferential
alignment and concentric geometry of the smooth muscles. Nonetheless, microfluidic
chips have been developed to study explanted small arteries and veins [11, 58], where
the vascular explants can be loaded, cultured, and stimulated with drugs inside the
chip (Figure 1.3(e)). In this format, vessel dilation and contraction in response to
drug stimuli can be visualized in real time. The core of this technology is in the
controlled manipulation of organ explants and engineered tissues. Therefore, this
technology can potentially integrated with organoid technology and tissue engineer-
ing that seek to provide sophisticated human tissue substitutes. For example, stem
cell-derived organoids, although structurally sophisticated, may benefit from the dy-

namic perfusion offered by this type of microfluidic platforms.

1.2.6 Blood vessel in a scaffold

Many vascular models were developed separately from the parenchymal tissues (e.g.,
liver, cardiac, and skeletal muscles) [28, 59], whereas many parenchymal tissues have
been developed in the absence of vasculature [60-62]. There is often a technical gap
between these two types of models. However, placing a perfusable vascular interface
within a 3D functional tissue is a critical step toward high-fidelity organ models. Re-
cently, we engineered functional heart muscles and liver tissues with a built-in stable
vasculature using a microfabricated bio-scaffold (Figure 1.3(f)) [29]. The vascular
interface supported by the elastomeric polymer is both permeable and mechanically
stable to withstand extensive parenchyma remodeling without collapsing. This fea-

ture allows us to effectively place a perfusable vasculature inside a functional tissue
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with high cell density. Vascular sprouting from the predefined vessel network is also
possible. It is important to note that vascular remodeling/sprouting and mass trans-
port in a hydrogel are very different from that of a dense tissue [63]. Therefore,
establishing perfusable vasculature within a dense functional tissue at a physiological
cell density (10%cells cm 3) is a challenge and a physiological hallmark that should

not be overlooked.

1.3 Organ-Specific Vasculature-on-a-Chip

The interactions of blood flow, vessel architecture, endothelium, and parenchymal
tissues vary drastically from organ to organ. These differences largely arise from the
anatomical and functional differences between the vasculatures in different organs.
For instance, the endothelium from different organs displays different morphologies.
One of the classifications of the vascular system, developed by Majno in 1965, catego-
rized the vascular endothelium into three major groups based on their characteristics
of the endothelial lining and the basement membrane: type I vessels have continuous
endothelial lining (e.g., skeletal muscle, brain, myocardium, lung, skin); type II vessels
have continuous endothelial lining but with fenestrations (e.g., endocrine glands, kid-
ney); type I1I vessels have discontinuous endothelial lining (e.g., liver, spleen) [64, 65].
These morphological differences impart the vasculature with widely different perme-
ability and barrier functions. In addition, the parenchymal tissue structures provide
important physical cues to the development of the vascular networks. For instance,
the microvasculature in muscles develops along the muscle fiber whereas the vascu-
lature in kidney glomeruli forms spherical clusters, a striking contrast as a result of

different developmental processes [65, 66]. Therefore, to correctly model drug delivery
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or biological interactions in these organ-specific microenvironments, it is essential to

recapitulate the organ-specific vascular architectures and morphologies.

1.3.1 Cardiac vasculature-on-a-chip

For a typical human at rest, the blood is pumped through the heart at a rate of 6
liters per minute. To support this mechanical demand, the heart develops a muscular
wall that is supported by nutrients delivered through a dense vascular network [67].
In fact, in the myocardium, each cardiomyocyte is located no further than approx-
imately 20 xm away from a capillary. The average diameter of capillaries in the
adult human is 8 « m [68], and the density of capillaries in the myocardium is around
2000 capillaries mm 2. To reproduce this highly organized and dense vasculature,
Thomas Eschenhagen et al. developed a 3D microvessel system with a high vascular
density (lumina diameter of 6-8 u m, intervessel distances of 20-60 « m) in a strip of
cardiac muscle [69]. A dense capillary network can also be induced with an explanted
artery or vein on micropatterned substrates that contain a thymosin /3 4-hydrogel
in the presence of soluble vascular endothelial growth factor. Cardiomyocytes can
be seeded on top of the established vascular bed, which can then be perfused to
study the impact of the capillaries on the functions of the adjacent myocardial cells
(Figure 1.4(a)). Radisic et al. used the same scheme integrated with cellular pro-
cesses and lumen propagation to engineer endothelial cell proliferation and capillary
outgrowth [70]. Even though the study reproduced aligned blood vessel structures,
the model only included a single layer of vascular network physically separated from

the cardiomyocyte layer. To establish a multi-layer vessel network, a continuously
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extruded hydrogel tube that mimics blood vessels can be 3D printed into a 3D lat-
tice matrix, which can be subsequently populated with cardiomyocytes [71]. This
approach, although scalable, cannot provide branched vascular structures due to lim-
itation in the 3D extrusion process. Alternatively, we have engineered a 3D branching
vasculature with a 3D stamped polymer scaffold that can be populated with a vari-
ety of parenchymal cells (e.g., cardiomyocytes and hepatocytes). Different from soft
hydrogel materials, the polymer scaffold can provide sufficient mechanical support to
the built-in vasculature to support a contractile cardiac muscle [29]. This platform
would allow us to deliver drugs indirectly to a beating cardiac muscle through the
vasculature barrier, mimicking the actual physiological condition. In a different study
that delivered drugs to an engineered liver tissue through a built-in vascular inter-
face using a liver-on-a-chip device, the results showed a delayed drug response in the
presence of the vascular barrier [72]. This study indicates that to better understand
the rate of tissue response to drugs, the vascular barrier is a critical parameter to
consider even for small molecule drugs.

The endothelium that lines the vascular system has been shown to play a key role
in controlling cardiac functions. Regulation of the subjacent cardiomyocytes was first
described for the endocardial endothelium, and further established for the vascular
endothelium in the myocardial capillaries [73]. While both endothelia have similar im-
pacts on cardiac functions and growth, possibly as autocrine or paracrine modulators,
it has been shown that each undertakes different paths in terms of signal processing. In
addition, they differ in developmental and morphological features. Past developments
in heart-on-a-chip models have focused mainly on the myocardial capillaries, while the

endocardial endothelium has yet to be incorporated. The endocardial endothelium
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plays a critical role in the embryonic development of myocardial cells through the
neuregulin growth factor signaling pathway. The endocardial endothelium controls
trabeculation of the heart by releasing neuregulins as a paracrine [74]. The modula-
tion of the development of myocardial cells, executed by the myocardial capillaries,
occurs much later compared to the endocardial endothelium. These physiological
differences can potentially inspire the development of a heart-on-a-chip device with
a built-in vascular component. Therefore, to accurately replicate the cardiac physio-
logical environment, specific models that include the endothelium at different regions

of the heart need to be developed in the future.

a. Heart

Figure 1.4: Selected examples of in vitro models with organ-specific vasculatures
(heart, liver, lung, kidney, and brain) for drug discovery. (continued)
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Figure 1.4: (continued) (a) High magnification image of troponin T immunostained
(red) sections of engineered cardiac tissue cultured on top of a Th4 gel embedded
with capillaries, where the cell nuclei are stained with Hoechst dye (blue).
Reproduced with permission from [70]. (b) Liver endothelial cells (green) patterned
in fibrin hydrogel and integrated with hepatic aggregates (red) to form free-standing
liver tissue seeds. From [75]. Reprinted with permission from AAAS. (¢) Human
airway epithelial cells (Calu-3) cultured on suspended hydrogel and stained with
goblet cell marker MUC5AC (green) and ZO-1 tight junctions (red). Reproduced
from [76] with permission of The Royal Society of Chemistry. (d) An engineered
human kidney microvessel at a junction of a vessel network stained for F-actin (red)
and plasmalemma vesicle-associated protein-1 (green). Reproduced with permission
from [40]. Copyright (C) 2016 by the American Society of Nephrology.(e) An
engineered brain microvessel composed of human endothelial cells (stained for
VE-Cadherin, Magenta) and surrounded by brain astrocytes (stained for F-actin,
green). Reproduced from [77]. CC BY 4.0.

1.3.2 Liver vasculature-on-a-chip

The hepatic sinusoids and the hepatocytes are the fundamental units that enable
the liver to perform metabolism, store glycogen, synthesize proteins, and carry out
detoxification. Hepatocytes are responsible for metabolic reactions and require orga-
nized vascular and stromal support [78, 79]. The highly organized hepatic sinusoids
are open pore capillaries that have a discontinuous endothelium [80]. This feature
of the liver endothelium, together with the presence of the perisinusoidal space (the
space of Disse), underlies the efficient mass transport between the blood and the
hepatic tissues [78]. To reproduce this intricate tissue organization, multiple types of
cells need to be fabricated in an orderly fashion. An InVERT (Intaglio-Void/Embed-
Relief Topographic) molding technique was developed by Stevens et al. to create an
organized hepatic environment with compartments containing different cells in vitro

(Figure 1.4(b)) [12, 75]. Endothelial/ stromal cells and induced pluripotent stem
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cell (iPSC)-derived hepatocyte-like cells were patterned in PDMS topographic sub-
strates and then transferred into a 3D hydrogel, yielding an engineered tissue with
pre-defined microscale architectures. A rudimentary vasculature, for instance, can be
patterned into a lattice matrix surrounding isolated islands of hepatocytes. However,
with this approach the fabricated vascular system lacks perfusion in vitro. Liver-
specific vasculature can also be engineered using a decellularized liver matrix. Uygun
et al. have successfully built a transplantable recellularized liver graft that can carry
out cytochrome P450 expression, albumin secretion, and urea synthesis [81]. The
preserved vascular architecture in the liver matrices can be perfused and reendothe-
lialized. Decellularized scaffolds can provide direct access to the high-level biological
architectures of an organ, which are still largely missing in organ-on-a-chip mod-
els. Even though deceullarized matrices are generally used for in vivo implantation,
they can still play an essential role in an in vitro model when used as miniaturized
scaffolds or processed hydrogels to overcome the issue of mass production and the

high-throughput experimentation required in drug testing applications.

1.3.3 Pulmonary vasculature-on-a-chip

The minimal functional units for carrying out gas exchange in the lung are the alveoli,
which are spherical capsules that have an average diameter of 0.2 mm. A group of
alveoli are bundled together around an alveolar duct that has a luminal diameter of
0.3 mm [82]. Around the alveoli, a vascular-ductal complex is formed to facilitate
the exchange of oxygen and carbon dioxide between the blood and the air. This
blood-air interface, lined with alveolar epithelium and capillary endothelium, can be

as thin as 0.5 #m and it directly regulates pulmonary permeability [83]. Moreover,
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this barrier also needs to withstand mechanical changes in the microenvironment
such as transmural pressure. To reproduce this organ-level physiological function, the
Ingber group has developed a lung-on-a-chip device that can be populated with human
alveolar epithelial cells and human pulmonary microvascular endothelial cells on two
sides of an elastic membrane to mimic the alveolar wall [5, 84]. However, in the native
lung, instead of an elastic membrane, type I and IV collagen provide the necessary
strength to the barrier between the alveolar epithelium and the capillary endothelium.
The collagen layer is also an essential component that regulates the rate of oxygen
diffusion in vivo [85]. Therefore, to better mimic this physiological environment,
a recent advance in microfabrication was able to successfully replace the synthetic
elastic membrane with a natural collagen membrane (Figure 1.4(c)) [76]. Thus far,
these devices are designed to recapitulate the alveolar interface in a plane. Future
development is needed to capture the organ-specific 3D architecture of the alveolar
vascular-ductal complex. For instance, in chronic obstructive pulmonary disease, the
merging of smaller alveoli to form fewer larger alveoli, trapping of air sacs, clogging
due to the accumulation of mucus, and collapsing of the alveoli are examples of lung

damage that will only manifest through the organ-specific architecture of the lung.

1.3.4 Kidney vasculature-on-a-chip

Nephrons are the minimal functional units in the kidney that filter and reabsorb
extracellular fluid. To perform this demanding task, there are about 1.25 x 10°
nephrons in each functioning adult kidney [86]. The main components in a nephron

are Bowman’s capsule, the proximal tubule, the loop of Henle, the distal tubule, and
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the collecting tubule, all of which are surrounded and supported by a dense net-
work of capillaries. This highly organized microvasculature uses up to approximately
20%-25% of the total cardiac output [87]. The glomerulus, which carries out the
first round of blood filtration, is composed of an aggregate of microvessels that are
surrounded by a layer of podocytes responsible for the selective permeation of a va-
riety of molecules across this barrier. Musah et al. developed a glomerulus-on-a-chip
device to recapitulate the kidney filtration function in the glomerulus using human
iPSC-derived podocytes along with glomerular endothelial cells [88]. When treated
with biochemical insults, the model can mimic physiological podocyte injury. A sim-
ilar membrane- based glomerulus-on-a-chip device, developed by Zhou et al., used
mouse glomerular endothelial cells and podocytes to study hypertensive nephropathy
resulting from mechanical impacts [31]. Another platform, developed by Wang et
al., used explanted glomeruli from rat kidneys in a microfluidic perfusion platform to
model diabetic nephropathy by introducing a high glucose medium [89]. Thus far,
the focus of these models has been the vascular interface. However, the glomerular
vessels have a very unique convoluted 3D architecture that likely plays a key role in
blood filtration. For instance, glomerulosclerosis can lead to the widespread collapse
of glomerular capillary loops, which will drastically reduce renal function. Modeling
this process could require this tissue-level 3D vascular architecture which is yet to be
replicated in an organ-on-a-chip system.

To replicate the anatomy of the peritubular capillaries around the kidney tubules,
collagen gel can be fabricated with soft-lithography to generate a 3D microvascu-
lature populated with primary human kidney peritubular microvascular endothelial

cells (Figure 1.4(d)). In this system, the presence of endothelial fenestration and
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the variation in barrier permeability can be visualized over the entire vascular net-
work [40]. To replicate the convoluted proximal tubular architecture, hollow chan-
nels of pre-designed architecture can be fabricated in a hydrogel with 3D printing of
sacrificial materials. The open lumen can be populated with primary human proxi-
mal tubule cells [90]. In this perfusable microenvironment, the tubular cells showed
remarkable improvements in cell morphology (e.g., polarization, columnar shape, in-
crease in microvilli length and density, etc.), as well as in the dose dependent response
to Cyclosporine A (nephrotoxin). To reproduce the entire renal tubule and vascular
complex in future development, kidney-specific micro-vasculatures will need to be
combined with region-specific networks that mimic the proximal convoluted tubule,
the loop of Henle and the proximal straight tubule, which collectively contributes to

the entire process of filtrate reabsorption.

1.3.5 BBB-on-a-chip

The endothelium of cerebral blood vessels, along with neurons, astrocytes, and oligo-
dendrocytes, form the BBB, which is the minimal functional unit that regulates the
material exchange between the blood and the brain [91]. Wang et al. developed a
microfluidic BBB model for drug permeability screening by culturing hiPSC-derived
cerebral vascular endothelial cells and primary rat astrocytes on each side of a porous
membrane to mimic the BBB interface. Incorporated with transendothelial electrical
resistance sensors, this model can track transendothelial permeability in real time [92].
Even though the porous membrane permits biochemical interaction and crosstalk be-
tween the astrocytes and the endothelium, it has been shown that astrocyte end-feet,

which physically extend to the cerebral endothelial cells, and pericytes play a key
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role in maintaining the barrier tightness and permeability [93]. In addition, astro-
cytes have a group of receptors relevant to the innate immune responses [94], while
pericytes participate in immune responses by releasing mediators such as nitric oxide
and cytokines [95].

To allow the direct physical interaction between the endothelium and the astro-
cytes/pericytes, Herland et al. developed a 3D model by culturing primary human
brain microvascular endothelial cells in a hollow cylindrical channel within a collagen
hydrogel embedded with pericytes or astrocytes (Figure 1.4(e)). Following inflamma-
tory stimulation with TNF- « | the neuroinflammatory response from the 3D BBB-on-
a-chip model showed a more robust cytokine release profile than the transwell sys-
tem [77]. Another 3D BBB model with a vascular network in the presence of neural
cells was developed by Bang et al. This platform can supply the endothelial cells
and the neural cells with different media, such as endothelial growth medium and
neurobasal medium, respectively. Synaptic structural features and astrocytic contact
with the vascular network can also be readily established [13]. Potentially due to the
higher degree of neurovascular interfacing and the presence of synapses on this plat-
form, a low vascular network permeability, comparable to values reported in vivo, was
successfully achieved (Table 1.1). The importance of establishing direct neurovascu-
lar contact in enhancing vessel barrier function is a direct evidence of the utility of
organ-on-a-chip devices in improving tissue-level function and maturation compared

to traditional cell-based assays.
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1.4 Future Challenges in Device Development

1.4.1 The challenge of material selection in device develop-

ment

The use of PDMS as an easily moldable material has accelerated the field of organ-
on-a-chip and microfluidics in general by providing a means for rapid device proto-
typing. Its biocompatibility, optical transparency, elasticity, and gas permeability
are desirable parameters for cell cultures. However, its hydrophobicity renders it a
drug-absorbing material, especially to small hydrophobic drugs, which complicates
its use in drug testing. This is especially true for small hydrophobic drugs used
in microfluidic channels with a large surface-to-volume ratio. In this case, surface
drug absorption can significantly alter the drug concentration in the solution. For
experiments requiring long-term drug exposure, the presence of PDMS can alter the
drug concentration [96], even in devices with a low surface-to-volume ratio. As many
organ-on-a-chip prototypes move toward commercialization, adapting industrial man-
ufacturing methods with non-absorbent hard plastics, such as polystyrene, becomes
essential. Using polystyrene in the prototyping stage can be costly because expen-
sive industrial equipment, such as hot embosser and injection molding system, are
required to mold polystyrene. However, this issue can be circumvented by the sol-
vent casting of polystyrene with the use of proper solvent (e.g., gamma-butyrolactone
(GBL)) [97]. On the other hand, for devices that require an elastic material, several
alternative elastomers show minimal drug absorption while preserving many desir-

able characteristics of PDMS are available, such as styrene-ethylene/butylene-styrene
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(SEBS) block copolymer [98-100] and polyurethane [101]. For drug testing appli-
cations, it is crucial to make this transition, especially for blood vessel models that

require accurate modeling of mass transport.

1.4.2 The challenge of clinically relevant cell sources

Human umbilical vein endothelial cells (HUVECs) are commonly used as a general
source of human endothelial cells in many organ-on-a-chip models. However, the
organ-specific origin of the endothelial cells can have a profound effect on the bio-
logical model [65, 66]. For instance, HUVECs lack the fenestrations present in the
microvascular endothelial cells, which is important in the modeling of hepatic sinu-
soids. Therefore, the choice of endothelial cells will depend on the specific model and
the corresponding parenchymal tissues. It remains to be seen if the finely controlled
microenvironments offered by the organ-on-a-chip devices can alter the identity of
endothelial cells or induce the organ-specific differentiation of endothelial progenitor
cells. But prior to that, accurate modeling of organ-specific vasculature will still
depend on the availability of specialized endothelial cell sources. Advances in stem
biology and primary tissue isolation techniques will provide us with increasingly spe-
cialized endothelial cell populations, such as the BBB endothelial cells [102] and the
kidney peritubular microvascular endothelial cells [40], which are urgently needed to

further advance this field.
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1.4.3 The challenge of sensor integration and device opera-
tion

As tissue models become more realistic, experimental readouts can also increase in
complexity. Recent advances in tissue clearing techniques have made it feasible to
visualize cells deep within a solid organ or even a whole animal [103, 104]. Tis-
sue clearing procedures may become routine for visualizing built-in vasculature in
engineered biological models. Built-in electronic sensors may also provide real-time
functional readouts on tissue health and conditions [105-107]. This is especially crit-
ical if the experimental throughputs of an organ-on-a-chip device are to be increased.
Furthermore, device standardization is another important aspect [108]. Ultimately,
organ-on-a-chip devices will be operated by non-experts. Therefore, minimizing the
learning curve required in device operation will help accelerate device translation.
Some organ-on-a-chip companies have approached this issue by adapting their device
to the standard multiwell plate format, which can be operated with standard pipet-
ting techniques and is accessible to biologists (e.g., devices from MIMETAS [50],
AIM Biotech [109], 4Design Biosciences [54], and AlveoliX [110]). Meanwhile, others
are building integrated systems to automate the operation of organ-on-a-chip devices
without compromising the complexity of the device itself (e.g., devices from Emu-

late [5], Quorum Technology [58], and Nortis [111].)

1.5 Conclusions

The specific benefit of organ-on-a-chip devices, especially in modeling blood vessels

will depend on the specific biological questions we seek to answer. For instance,
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specific organ models will be required to model organ-specific vascular physiology.
Considering the multitude of biological factors in the vascular environment that are
uniquely present in different human organs, the current ‘gold standards’ of generalized
2D cell culture and animal models are simply inadequate. Pharmaceutical compa-
nies are cautiously optimistic about this technology. By actively collaborating with
academic labs, they hope to shape the technology early on in this emerging field to

enhance their technical competitiveness in drug development.
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Abstract

Vasculature is a key component of many biological tissues and helps to regulate a wide

range of biological processes. Modeling vascular networks or the vascular interface in
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Figure 2.1: Abstract for Chapter 2

organ-on-a-chip systems is an essential aspect of this technology. In many organ-on-
a-chip devices, however, the engineered vasculatures are usually designed to be encap-
sulated inside closed microfluidic channels, making it difficult to physically access or
extract the tissues for downstream applications and analysis. One unexploited bene-
fit of tissue extraction is the potential of vascularizing, perfusing, and maturing the
tissue in well-controlled, organ-on-a-chip microenvironments and then subsequently
extracting that product for in vivo therapeutic implantation. Moreover, for both
modeling and therapeutic applications, the scalability of the tissue production pro-
cess is important. Here we demonstrate the scalable production of perfusable and
extractable vascularized tissues in an “open-top” 384-well plate (referred to as IFlow-
Plate™), showing that this system could be used to examine nanoparticle delivery to
targeted tissues through the microvascular network and to model vascular angiogen-
esis. Furthermore, tissue spheroids, such as hepatic spheroids, can be vascularized

in a scalable manner and then subsequently extracted for in vivo implantation. This
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simple multiple-well plate platform could not only improve the experimental through-
puts of organ-on-a-chip systems but could potentially help expand the application of
model systems to regenerative therapy.

Keywords: tissue spheroids, vasculature, liver, organ-on-a-chip, hydrogel, angio-

genesis

2.1 Introduction

Blood vessels play vital roles in organ function and development. Our vascular sys-
tems not only supply tissues with oxygen and nutrients but also participate in many
biological processes, such as transporting immune cells in an inflammatory response,
trafficking cancer cells in tumor metastasis, establishing biochemical gradients, im-
proving parenchymal tissue survival and function through paracrine signaling, re-
pairing tissues through angiogenesis, etc. The incorporation of vascular networks in
biological models is integral to accurately model human diseases as well as to maintain
proper tissue function in vitro. Microphysiological systems, also known as organ-on-a-
chip, have been developed to model various cellular microenvironments in the human
body [112]. For instance, Huh et al. developed lung alveoli-on-a-chip, lung airway-on-
a~chip, and placenta-on-a-chip, etc [113—-115]. These organ chips consist of multilayer
microfluidic channels separated by a porous membrane which is lined with epithelial
cells and human endothelial cells to model the epithelium and vascular interface of
various organs. Some of these membrane-based systems have also been scaled up to
a well-plate format [116]. The membrane-based vascular barrier is advantageous for
tracking drug and biomolecular transports, immune cell extravasation, as well as sim-

ulating blood circulation. To directly shape blood vessel networks inside hydrogels,
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hydrogel patterning or 3D printing has been used [117-120]. These systems provide
well-controlled vessel structures, but vessel sizes are usually over 100 um [121].
Other microfluidic systems have also been developed to culture smaller microvas-
cular networks to study angiogenesis, vasculogenesis, and various vascular events by
taking advantage of the ability of endothelial cells to self-assemble into a microvas-
cular network given the right conditions [122]. This type of system allows intimate
contact between the endothelial cells and other stromal and parenchymal cells. It is
particularly useful for studying the remodeling process of blood vessels in response
to chemical gradients, fluid flow, and drug treatments [123-127]. However, these
self-assembled vascular networks are often constrained inside a closed or semi-closed
microfluidic channel that limits their physical integration with other larger tissue mod-
els [128, 129]. Even though vasculature is an essential biological component, models
of the vascular network alone have limited biological significance and applications.
To overcome the challenge of integrating vasculature into other parenchymal tis-
sue models, we sought solutions outside of the traditional microfluidics setup, which
inevitably contains closed channels or membranes that would present unnecessary
physical constraints. Instead, we used the conventional 384- well plate with open
wells, which is widely used in biological research, as our starting point. We cus-
tomized the 384-well plate (referred to as IFlowPlate™) with a simple modification
so that an array of up to 128 perfusable vascular networks can be formed, connected,
and perfused inside these open wells. The formed vascular barrier guides fluid perfu-
sion in the vascular lumen from an inlet to an outlet well while the interstitial space
outside of the vascular network can be accessed from the center well. Without the

physical constraints of a microfluidic channel, microtissue spheroids of various sizes
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and quantities can be incorporated and vascularized by a microvascular bed spanning
over an area of 3.4 x 3.4 mm. The “open-top” well design not only facilitates tissue
seeding but also allows future tissue extraction for either downstream analysis or im-
plantation - an important feature that could potentially help expand the application

of microphysiological systems to regenerative therapies.

2.2 Materials and Methods

2.2.1 Plate fabrication

The IFlowPlate™ platform consists of two components: a 384-well bottomless plate
(82051544, Greiner Bio- One), and a 813- 4 m-thick, 7.5 mm x 11.4 mm polystyrene
sheet (V16013, Jerry’s Artarama) as the bottom. To embed an array of microchannels
inside the plate, we patterned a sacrificial material, poly(ethylene glycol) dimethyl
ether (PEGDM, M2000, 445908- 50G, Sigma-Aldrich) onto the polystyrene sheet.
First, a polydimethylsiloxane (PDMS, Sylgard 184, 4019862, The Dow Chemical
Company) mold containing the patterned microchannels were made using the stan-
dard lithography technique. The PDMS mold had a base-to-catalyst-mix ratio of 30:1
and was allowed to cure overnight at 47.5 °C to ensure complete curing while keep-
ing the PDMS mold soft. The PDMS mold was then capped onto a plasma-treated
polystyrene sheet. Next, PEGDM pellets were melted at 65 °C and injected into the
microchannels with a syringe. The injected PEGDM fluid was allowed to solidify at
4 °C; the PDMS mold was then slowly peeled off from the polystyrene sheet, leaving
behind the patterned PEGDM features on the polystyrene sheet.

To bond the patterned polystyrene sheet with the 384-well bottomless plate, we
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used a PDMS glue (Sylgard 186, 2137054, The Dow Chemical Company). Before
bonding, the bottom side of the bottomless plate was plasma-treated for 90 s. This
plasma treatment step is important to ensure the PDMS glue applied will spread
easily and evenly across the plate surface. Otherwise, the glue sealing will be uneven.
5g of the PDMS glue (base-to-catalyst-mix ratio of 10:1) was first spread onto a glass
slide, and the glass slide was then used to stamp the PDMS glue onto the bottom of
the bottomless plate. The polystyrene sheet containing the PEGDM features (with
a cross-sectional area of 150 x 300 u m) was then pressed onto the well plate to seal
the bottom. The two components were held together by metal clips overnight before
the PDMS cured. The metal clips were removed and the plate was packaged in a
sealed plastic bag and gamma-ray sterilized at the irradiation facility at McMaster
University. Prior to use, 90 u L of sterile distilled water was added to each well of
the plate and then the plate was incubated overnight at 37 °C, followed by using 5%

CO2 to wash off the PEGDM features and prime the device for cell seeding.

2.2.2 Cell culture

Human umbilical vein endothelial cells (GFP-HUVECSs) tagged with green fluorescent
proteins were purchased from Angio-Proteomie (CAP-0001GFP). The GFP-HUVECs
were cultured in an endothelial cell growth medium (ECGM2, C-22011, Promo Cell).
Normal human primary lung fibroblasts and hepatocellular carcinoma cells (HepG2s)
were purchased from the American Type Culture Collection (ATCC, CRL-10741).
The fibroblasts were cultured in a Dulbecco’s modified Eagle's medium (DMEM,
319005-CL, Wisent Bioproducts) containing 10% fetal bovine serum (FBS, 098150,

Wisent Bioproducts). The HepG2s were cultured in an Eagle’s minimum essential
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medium (EMEM, 302003, ATCC) containing 10% FBS. Cells between passages 3 and
4 were used in all experiments. To track the hepatocytes, we stained the cells with
CellTracker Red CMTPX (C34552, Thermo Fisher Scientific) following the supplier’s
instructions. Aggrewell800 plates (STEMCELL technologies) were used to prepare
the liver spheroids according to the supplier’s instructions. The plates were treated
with an anti-adherence rinsing solution (07010, STEMCELL technologies) to prevent
cell attachment. 1100 cells were added per well. The cells were allowed to form
aggregates for 6 days in the Aggrewell800 plate before seeding into the IFlowPlate™.
EMEM and ECGM2 media at a ratio of 1:1 (v/v) were used as the coculture media

for the vascularized spheroid culture.

2.2.3 Gel casting and cell seeding

For gel casting, 25 u L of fibrin gel (10 mg/mL, F38791G, Sigma-Aldrich) with
GFP-HUVECs at a seeding density of 35 M cells/mL and thrombin (0.25U/mL,
T6884100UN, Sigma-Aldrich) were cast in each center well. For vascularized spheroids,
2030 spheroids were used per 25 u L of fibrin gel. After casting, the gel was allowed to
cross-link for 25 min at room temperature. It is important to note here that the fibrin
gel we used was very sticky. They strongly adhered to the well plate. In addition,
we plasma-treated the entire plate prior to packaging the plates. Plasma treatments
helped activate the plate surface and make the plate even more adhesive. We did not
observe any delamination between the fibrin gel and the well surface except when we
manually tried to remove the fibrin gel from the well plate. After the gel crosslinked,
the coculture media were supplemented with 20 u g/mL aprotinin (616370100MG-M,

Sigma-Aldrich) and added to the inlet, outlet, and center wells at volumes of 80, 80,
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and 40 u L, respectively. The IFlowPlate™ was then placed on a perfusion rocker
with the stage tilt at a 30° angle and the tilt direction programmed to change every
15 min. Media in the inlet, outlet, and center wells were changed daily. The in-
let /outlet channel size, the tilting angle of the stage, and the frequency of tilting are
parameters that could be further optimized to better control the perfusion condition.
When designing the system, the inlet and outlet channels should be small enough
to provide enough resistance to prevent the gel solution from entering the channel
during casting but also large enough to allow sufficient fluid flow under a pressure
gradient. The tilt angle could be adjusted to control the flow rate. The frequency
of the tilt direction change should be set to avoid abrupt changes in the flow rate
over time. The tilt angle and the frequency of the tilt direction change synergistically

determined the flow rate.

2.2.4 Functional assays

To confirm the perfusability of the self-assembled vasculature, we used fluorescein
isothiocyanate-dextran (2 mg/mL, average Mw 70,000, 46945100MG-F, Sigma-Aldrich)
in DPBS. On day 6 after cell seeding, all the media in the wells were aspirated. 60
1 L of media was added to the center well. No media were added to the outlet well,
and 90 u L of the dextran solution was added to the inlet well. The vasculature
was imaged immediately using a Cytationd multimode reader. To visualize the flow
inside the vasculature and the vascularized spheroids in the IFlowPlate, we added
90 u L of fluorescent particle solution (1.0 x m, amine-modified polystyrene, L10301
ML, Sigma-Aldrich), diluted at a ratio of 1:250 in D-PBS, to the inlet wells. Fluo-

rescent and brightfield videos were captured using the Cytation5 multimode reader
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and a Nikon tissue culture microscope. Iterative calculations of the cross-correlation
between the two images’ interrogation windows were conducted to determine the par-
ticle displacement. For the angiogenesis assay, we seeded 90 u L. of GFP-endothelial
cells suspension (0.6 M cells/mL) in the inlet wells. During seeding, the plate was
tilted at 30° for 10 min to allow more cells to settle into the inlet channel. 25 u L
of Fibrin gels with or without fibroblasts (0.5 M cells/mL) were cast in the center
wells. ECGM2 medium was added to all three wells and changed every day. The
IFlowPlate™ was then placed on the rocker for perfusion. Fluorescent images were

taken with a Cytation5 multimode reader to track vascular sprouting every 3 days.

2.2.5 Immunofluorescent staining and TEM imaging

To assess the morphology of the assembled vasculature, the tissue samples were fixed
in 10% formalin (HT5011284L, Sigma-Aldrich) 8 days after seeding and then blocked
with 5% normal goat serum (NS02L-1 ML, Sigma-Aldrich). The tissues were then
immunostained for F-actin (phalloidin-iFlour 594 conjugate, 20553300, Cedarlane
Laboratories) and DAPI (D95425MG, Sigma-Aldrich) following standard procedures.
Finally, the tissues were imaged with a confocal microscope (Nikon Al confocal with
ECLIPSE Ti microscope). Transmission electron microscopy (TEM) images were
taken to capture the morphologies of the vascular networks and the liver spheroids
formed. The samples were picked out from the IFlowPlate™ using a tweezer and sent
to the Faculty of Health Sciences EM Facility at McMaster University for processing.
Specifically, the samples were rinsed two times in phosphate buffer solution after
fixing in losmium tetroxide in 0.1 M phosphate buffer for 1 h. Next, the samples
were dehydrated through a graded ethanol series (50, 70, 70, 95, 95, 100, and 100%).
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Final dehydration was done in 100(PO). The samples were then slowly infiltrated with
Spurr’s resin through a graded series (2:1 PO:Spurr’s, 1:1 PO:Spurr’s, 1:2 PO:Spurr’s,
100% Spurr’s, 100% Spurr’s, 100% Spurr’s) with rotation of the samples in between
solution changes. The samples were then transferred to an embedding mold filled with
fresh 100% Spurr’s resin and polymerized overnight in a 60 °C oven. Thin sections
were cut on a Leica UCT ultramicrotome and placed onto a Cu grid. The sections
were poststained with uranyl acetate and lead citrate. The processed sections were

imaged at the Canadian Centre for Electron Microscopy (CCEM).

2.2.6 Albumin assay

For the static liver spheroids-only group, the liver spheroids were cultured in a stan-
dard 384-well plate without perfusion. All media were collected and changed daily.
For the perfusable liver spheroids with vasculature group, liver spheroids were cul-
tured in the IFlowPlate™ in the presence of endothelial cells. All media were collected
and changed from the inlet, outlet, and center wells daily. Quantification of secreted
albumin in collected culture was conducted using an Albumin Human ELISA kit
(50140096, Cayman Chemical Co) according to the manufacturer’s protocol, and the

data were normalized to the number of hepatocytes.

2.2.7 Sample size and statistical analysis

Normality and equality of variance were tested using SigmaPlot. One-way ANOVA
in conjunction with Tukey’s test at p < 0.05 and a power greater than 0.90 was used
to determine the statistical significance. Means and standard deviation were plotted

in all graphs. * denotes significant differences with p < 0.05.
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2.3 Results

2.3.1 IFlowPlate™ operation and culture of perfusable mi-

crovascular bed

We developed a customized 384-well plate (IFlowPlate™) embedded with microchan-
nels that connect three adjacent wells to form an array of 128 individually perfusable
units (Figure 2.2(a, b)). Natural hydrogel, such as fibrin gel, seeded with human
endothelial cells and fibroblasts can be cast into the the center well, whereas the
other two wells function as inlet- and outlet-reservoirs for perfusion (Figure 2.2(c)).
A gelliquid interface forms in between the center well and the inlet/outlet channels.
Perfusion is established with gravity by tilting the plate at a 30° angle, with the
direction of the tilt being alternated every 15 min to maintain perfusion. Intersti-
tial flow was first established through the porous fibrin gel, which allows rapid mass
transport through the hydrogel as shown by the diffusion of color dyes from the inlet
and outlet (Figure 2.2(d)). In comparison, without a pressure head driven by gravity,
passive diffusion alone led to much slower mass transport through the hydrogel with
no discernible gradient established in 30 min (Figure 2.2(d)).

When the fibrin gel was embedded with endothelial cells (GFP-human umbil-
ical cord vein endothelial cells;, GFP-HUVECSs), the cells can self-assemble into a
perfusable microvascular network that will connect to the inlet and outlet channels.
Therefore, the initial interstitial flow through the hydrogel will be gradually redi-
rected through the vascular network after the vascular connection is established as

early as 5 days after cell seeding. We found the endothelial cells can self-assemble

42


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

a Inlet well  Center well b
IFlowPlate™ N Channels

Figure 2.2: TFlowPlate™ operation and interstitial flow in hydrogel. (a, b) Image
and illustration of IFlowPlate™ containing an array of three-well perfusion units
connected with microchannels. Scale bar, 3 mm. (c) [llustration of vascularized
hepatic spheroids in IFlowPlate™. Blood vessels are shown in red while hepatic
spheroids are shown in green. (d) Distribution of color dye in fibrin gel over time
under either interstitial flow or passive diffusion in IFlowPlate™. White dotted lines
outline the edge of the well. Scale bar, 3 mm.

into a perfusable microvasculature, with or without the presence of fibroblasts, emu-
lating the vasculogenesis process (Figure 2.3(a, b)). The density of endothelial cells
seeding is crucial to forming a connected vessel network, and we found a seeding
density of 35 million/mL was adequate for vessel connection (Supplementary Figure
A.1). The fibrin gelation time, controlled by the final concentration of thrombin in
the gel mixture (0.25 U/mL), was sufficiently slow so that the gel could be cast into a
large number of wells before gelation to facilitate high-throughput tissue production
and screening. The self-assembled vessels had a diameter between 10 and 80 u m,

similar to native capillary vessels [130]. It was observed that fibroblasts were always

43


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

located outside of the microvasculature and some wrapped around the microvascula-
ture from the exterior vessel surface. It was determined that the addition of aprotinin
(1% (v/v)) in the culture media is necessary to prevent fibrin gel degradation over
time [131]. The resulting endothelial cells formed a tight vascular barrier that can
confine large fluorescent proteins (70 kDa dextran) in the luminal space with minimal
leakage over time (Figure 2.3(c)). Microparticles can also be perfused through the
network (Supplementary Video A.1).

a Day 1 Day 3

Without fibroblasts

With fibroblasts

Perfusion

4 mins 10 mins

Figure 2.3: Culture of perfusable microvascular bed on IFlowPlate™. (continued)
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Figure 2.3: (continued) (a) Fluorescent images of GFP-HUVECs (green) assemble
into a microvascular network over time with or without the presence of fibroblasts.
Images are stitched from multiple images. Dotted white lines outline the edge of the
wells and the microchannel. Scale bar, 2 mm. (b) Confocal image of the
microvascular network with or without fibroblasts on day 5 stained for Factin (red),
GFP (green), and DAPI (blue). Scale bar, 200 #m. (c) Perfusion of fluorescent 70
kDa dextran (green) from the inlet well, through the microvascular bed, to the
outlet well. Images are stitched from multiple images. The white arrow indicates
the flow direction. Scale bar, 3 mm. High-magnification fluorescent images of the
microvascular network perfused with the dextran over time.

2.3.2 Angiogenesis assay on IFlowPlate™

Even though the presence of fibroblasts did not make a significant difference in the
vasculogenesis process, vascular sprouting in angiogenesis appeared to be guided by
the presence of fibroblasts. To study angiogenesis, endothelial cells can be seeded
inside the inlet channel against the gel liquid interface located between the center well
and the inlet channel (Figure 2.4(a)). When fibroblasts were present inside the gel in
the center well, endothelial cells were able to sprout into the gel toward the fibroblasts
(Figure 2.4(b)). However, without fibroblasts, minimal sprouting was observed. We
did not see the effect of fibroblasts on vasculogenesis likely because endothelial cells
intrinsically have the ability to self-assemble. However, directional angiogenesis will
require guidance from fibroblasts. This is consistent with previous findings using
conventional microfluidic devices which showed the presence of fibroblasts helps to
facilitate angiogenic sprouting [123, 132]. The extent of sprouting can be quantified
and can be used as an assay for screening pro- or antiangiogenic drugs on this high-

throughput platform (Figure 2.4(c)).
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Figure 2.4: Angiogenesis assay on IFlowPlate™. (a) Illustration of the experimental
setup for the angiogenesis assay. (b) Fluorescent image of GFP-endothelial cell
sprouting into fibrin gel with or without fibroblasts (FBs). Scale bar, 100 4 m. (c)
Quantification of the length of vessel sprouts in fibrin gel with or without
fibroblasts. NS indicates no sprouting. * indicates p < 0.05. n = 3.

2.3.3 Culture of vascularized liver spheroids on IFlowPlate™

To integrate this vascular network with larger solid tissues, we fabricated liver spheroids
with a diameter of around 200-300 u«m by aggregating hepatocytes (HepG2), en-
dothelial cells (GFP-HUVECSs), and fibroblasts in an array of funnel-shaped microw-
ells (Figure 2.5(a)). These spheroids were then mixed with endothelial cells and fi-
broblasts in fibrin and cast into the IFlowPlate™. Endothelial cells inside the spheroids
were able to self-assemble within the spheroids while the endothelial cells outside of
the spheroids formed a microvascular network around the spheroids. In some cases,
the endothelial cells were able to form microvessels that penetrate through the tissue
spheroids (Figure 2.5(b, c)). Around the spheroids, microvascular remodeling was

also visible, where small changes in the vascular network structure can be seen and
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tracked daily. The vascular network around the spheroids is also perfusable, indicat-
ing that nutrients and oxygen can be delivered with convective flow directly to the
spheroids after the vasculature is established on day 6 (Figure 2.5(e)). Taking advan-
tage of the fact that tissues can be physically extracted for downstream analysis, we
imaged sections of the extracted tissues with transmission electron microscopy (TEM)
and found cross-sections of microvessels with tight intercellular junctions between the
endothelial cells (Figure 2.5(d)). In the application of drug testing, other downstream
analyses, such as histology sectioning, transcriptome, and proteomic assays could also
be performed on the extracted tissues in the future.

Day 0 Day 2 Day 2

4

Figure 2.5: Culture of vascularized liver spheroids on IFlowPlate™. (continued)
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Figure 2.5: (continued) (a) Bright-field and fluorescent images of liver spheroids
cultured in microwells over 2 days prior to seeding into IFlowPlate. Hepatic
spheroids containing hepatocytes labeled with red cells tracker (red),
GFP-endothelial cells (green) and fibroblasts. Scale bar, 500 # m. (b) Bright-field
images of well seeded with microvasculature, fibroblasts, and liver spheroids over
time. Dotted white lines outline the edge of the wells and the microchannel. Scale
bar, 1 mm. (c¢) Fluorescent images of corresponding wells seeding with
microvasculature (GFP, green), fibroblasts, and liver spheroids (labeled with
cell-tracker red) over time. Liver spheroids also contain GFP-endothelial cells
(green). Images are stitched from multiple images. High-magnification images were
derived from areas labeled with dotted white boxes. White arrows label the
microvessels that penetrate the liver spheroid. Scale bar, 1 mm. (d) TEM of a
cross-section of a self-assembled microcapillary vessel. Scale bar, 5 um. (e)
Perfusion of fluorescent 70 kDa dextran (green) through the microvascular network
around the hepatic spheroid, indicating a perfusable vascular network is established
in proximity to the liver cells.

We also delivered GFP-nanoparticles through the established microvasculature
and found that the particles tend to leak out from the vessels in the region around
the spheroids (Figure 2.6(a, b) and Supplementary Video A.2). Some particles were
able to enter the tissue spheroids and accumulate inside the spheroid. These observa-
tions could be due to the growth of the hepatic spheroids, which then cause structural
changes in the nearby vessels. This delivery process can easily be visualized on the
platform and could be used to model drug delivery to target tissues or tumor mi-
croenvironment. Because of the size of the well and the limited amounts of culture
media in the three-well perfusion unit, there is an upper limit on the number of tissue
spheroids this system can support. We found that at least 30 spheroids can be main-
tained within one well (Figure 2.6(c)). However, when more than 60 spheroids are
present, the lack of nutrients and oxygen led to the deterioration of the vascular net-

work without which the rate of mass transport inside the hydrogel was slowed down

48


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

even further. At a density of 90 spheroids per well, microvasculature was visible only
in the peripheral of the well and failed to form in between the spheroids. We thus
chose to apply 30 spheroids per well as the optimized liver spheroid seeding density
which could change depending on the metabolic rate of the specific tissue spheroids.
Furthermore, we found that perfusion and the presence of vasculature significantly
improved the production of albumin from the hepatic spheroids on day 2 (Figure
2.6(d)). The production of albumin plateaued after that, consistent with previous
findings [133]. In this demonstration, we used a liver cell line (HepG2) that has been
conditioned to in vitro culture and expansion. Freshly isolated primary liver cells,
however, could potentially show more significant functional improvement in the pres-
ence of vasculature as previously demonstrated [134]. Finally, we demonstrated that
vascularized tissues can be physically extracted from the well plate for implantation
(Figure 2.6(e)). Studies are currently underway to validate whether pre-vascular as-
sembly and perfusion in vitro could accelerate vascular connection and maturation,

thus improving parenchymal tissue survival and post-implantation in animal models.
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Figure 2.6: Nanoparticle and nutrient delivery to liver spheroids on IFlowPlate. (a)
[lustration of intravascular nanoparticle deliver to liver spheroids. (b) Bright-field
and fluorescent time-lapse images of nanoparticles (1 u« m, green) perfused from the
vasculature and then leaked into the liver spheroid. Red arrows label the particle
exiting the vessel and entering the liver spheroid. White arrows label a cluster of
particles accumulating inside the spheroid. Scale bar, 200 «m. (c¢) Fluorescent
images of wells seeding with microvasculature (GFP, green), fibroblasts, and
different numbers of liver spheroids (labeled with cell-tracker red) on day 6. Liver
spheroids also contain GFP-endothelial cells (green). The final images are stitched
from multiple images. High-magnification images are derived from areas labeled
with dotted white boxes. Scale bar, 1 mm. (d) Quantification of albumin secretion
from spheroids cultured with or without vasculature and perfusion. n = 4. *
indicates p < 0.05. (e) Image of extracted vascularized hepatic tissue that can be
used for implantation. The ruler shown is in mm scale.
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2.4 Discussion

We developed a platform that allows easy integration of microvasculature with solid
tissue spheroids to build complex tissues. The platform is based on the conventional
384-well plate, which is the gold standard in biological research, easy to use, and
can be operated with just simple pipetting techniques. The same platform can po-
tentially be applied to building other vascularized tissues such as vascularized tumor
spheroids, adipose tissues, organoids, etc. In the current configuration, endothelial
cells embedded inside the gel could potentially connect to the top surface of the gel.
However, this problem could be solved by casting a second layer of fibrin gel that is
free of cells. The second layer of fibrin gel will serve as a barrier to prevent these
open connections. Because the luminal space of the vasculature can be compartmen-
talized from the parenchymal space outside the vasculature, different culture media
or stimuli could be applied from the center well and the inlet/outlet wells to facilitate
multicellular coculture. Furthermore, inside the 3D gel, fibroblasts and other stromal
cells can also closely associate and interact with the parenchymal tissues and the mi-
crovasculature. These intercellular interactions play an important role in the study
of diseases such as fibrosis, edema, and thrombosis, etc. In future studies, epithelial
cells could also be added onto the hydrogel surface over the microvascular bed. For
instance, if used to model the interface of the lung epithelium or the human skin,
culture media in the center well could be removed to create an airliquid interface.
Nutrients can be supplied to the epithelium layer through the underlying perfusable
microvascular network.

One novel feature of this system is that the entire tissue, including the microvascu-

lature, can be extracted from the center well in its entirety for downstream analyses,
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as well as for implantation. This allows for the tissue to first be matured in vitro
under vascular perfusion and then implanted in vivo. Implantation of an already
perfused microvascular network could potentially accelerate vascular integration and
perfusion in vivo. Accelerating vascular connection upon tissue implantation is criti-
cally important to ensuring tissue survival in regenerative medicine [135]. Previously,
patterned vasculature has been shown to improve vascular integration in vivo but has
not been pre-perfused in vitro prior to implantation [134]. Other systems designed for
the culture of perfusable microvasculature in vitro do not allow for easy tissue extrac-
tion for implantation [128]. To the best of our knowledge, this is the first system that
allows microvascular perfusion in vitro followed by the complete removal of the vas-
cularized tissue for implantation on a scalable platform. The ability to produce large
quantities of these vascularized tissues in the format of a 384-well plate is another
important feature that could find application in high-throughput drug discovery or
regenerative therapy with a modular tissue engineering approach [136].

In future studies, the fibrin-based hydrogel matrix could be replaced with organ-
specific decellularized matrices [137]. When combined with organ-specific endothelial
cells, a more organ-specific microvascular environment could be established [138].
The inclusion of stromal cells, such as pericytes or smooth muscle cells, in addition to
fibroblasts, will also further enhance vessel maturation and stability. To improve the
liver model, Kupffer cells that are responsible for regulating inflammation and fibrosis
could be included in the liver spheroids for disease modeling [139]. The current design
relies on duo-directional fluid flow to maintain perfusion. However, if the unidirec-
tional flow is needed, the platform could be adapted based on a recently published

strategy that can achieve unidirectional perfusion with gravity-driven flow [140].
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2.5 Conclusions

In conclusion, we have established a simple-to-use microphysiological system in the
format of conventional 384-well plates that enables the scalable production of perfus-
able vascularized liver spheroids. By growing tissues in this dynamic, vascularized,
and perfusable microenvironment with an “open-top” well design, tissue spheroids
can be matured in vitro and used for either high-throughput drug screening or ex-
tracted for in vivo implantation. With this platform, a microphysiological system
that provides a highly controlled microenvironment to guide tissue maturation could
be applied to tissue transplantation therapy, leading to the convergence of microphys-

iological systems with regenerative medicine.
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Abstract

Recent advancements in organ-on-chip technology have substantially enhanced drug

screening capabilities, particularly in evaluating the complex vascular interactions
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of chemotherapeutic agents. Utilizing the IFlowPlate™, a customized 384-well de-
vice, our study investigates the vascular toxicities of bortezomib and vincristine—two
chemotherapeutics known for their efficacy against various cancers and their potential
vascular side effects. By integrating a robotic handling system with the REAVER
image-analysis program, we achieve high consistency and precision in the preparation
and analysis of arrays of self-assembled microvascular networks. This setup effectively
mimics dynamic vascular architectures, incorporating critical physiological factors
such as interstitial flow and cell-to-cell crosstalk, thus replicating in vivo conditions
more accurately. Our findings reveal dose-dependent toxicities and emphasize the util-
ity of microvascular networks in bridging the gap between preclinical screenings and
clinical realities. This approach enhances drug evaluation strategies and optimizes
therapeutic outcomes by providing a more accurate prediction of chemotherapeutic

impacts on vascular health.

3.1 Introduction

Recent advances in organ-on-chip technology have significantly enhanced the capabili-
ties of drug screening, particularly in understanding the complex interactions between
chemotherapeutic agents and vascular systems [141-143]. The development of high-
throughput vessel assays [144], represents a critical step forward in mimicking human
vascular responses under controlled laboratory conditions. These models provide a
valuable platform for assessing the vascular toxicity of cancer treatment drugs, which
is crucial for optimizing therapeutic strategies and minimizing adverse effects.

Our study utilizes the previously developed IFlowPlate™ [145, 146], a customized

o6


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

384-well device, which allows for the preparation and analysis of up to 128 self-
assembled microvascular network sets per device. This setup significantly enhances
our ability to conduct large-scale drug screening efficiently. By leveraging the pre-
cision of advanced robotics [147, 148] integrated with the REAVER image-analysis
program [149], we have achieved high consistency and reliability in sample prepara-
tion and data collection. This integration is pivotal in ensuring the quality of the mi-
crovascular networks, which are essential for accurate drug toxicity assessment. In this
study, we focus on the vascular toxicities of bortezomib and vincristine, two widely
used chemotherapeutic agents known for their efficacy in treating various cancers but
also associated with potential vascular side effects. The strategic design of our assay
closely mirrors the dynamic nature of vascular architecture, accommodating factors
such as the presence of interstitial flow [150] and cell-to-cell crosstalks [151], both of
which significantly influence vascular responses under chemotherapeutic stress. These
elements are critical in the context of drug administration, as they closely replicate
the in vivo environment, enhancing the relevance of our findings.

This study is designed not only to delineate the dose-dependent vascular toxicities
elicited by these drugs but also to assess the translational potential of using microvas-
cular networks as reliable models for preclinical compound screening. Through this
approach, we aim to bridge the gap between in vitro findings and clinical expecta-
tions, providing a more accurate prediction of chemotherapeutic impacts on vascular

health.
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3.2 Materials and Methods

3.2.1 Cell culture

Original vials of GFP Expressing Human Umbilical Vein Endothelial Cells (GFP-
HUVECs, Angio-Proteomie, CAP-0001GFP) at passage 3 (P3) and Human Primary
Lung Fibroblasts (Lung FBs, ATCC, PCS-201-013) at P2 were acquired. GFP-
HUVECs were cultured in T75 flasks (CELLSTART, 82050-856) precoated with a
0.2% w/v gelatin (Sigma-Aldrich, G9391) solution in PBS (Gibco, 14190144) for
20 minutes at 37 °C with 5% CO2. Lung FBs were cultured in T75 flasks. GFP-
HUVECs were cultured in Endothelial Cell Growth Medium2 (ECGM2, PromoCell,
(C-22011) and Lung FBs were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, 11995065) supplemented with 10% FBS, 1% HEPES (Gibco, 15630106), 1%
Penicillin-Streptomycin (Pen-Strep, Wisent Inc., 450-201 EL). Harvesting of GFP-
HUVECs and FBs as conducted using Trypsin-EDTA (0.05%, Gibco, 25300054).
Working cell banks were established by expanding GFP-HUVECs and Lung FBs
to P7. Subsequently, GFP-HUVECs and Lung FBs were resuspended in a freezing
medium comprising 5% DMSO (Sigma-Aldrich, D2650), 20% FBS, and 75% culture
media to achieve a concentration of 7 x 105 cells/mL. Cell suspensions were aliquoted
into cryogenic vials (VWR, 66008-751) at 1 mL each. Fresh frozen vials were sourced

from the working cell banks for each experimental iteration.

3.2.2 Vascular networks formation

The methodology for manually preparing human microvascular networks on IFlow-

Plate™ has been previously described [145, 146]. To automate the development of
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microvascular networks on IFlowPlate™ using a robotic handling system (Hamilton
Company, NIMBUS4), on day 0, GFP-HUVECs and Lung FBs, nearing confluence in
T75 flasks, were harvested, counted, and 0.5625 and 0.1125 million cells of each type,
respectively, were placed into autoclaved 2.0 mL microcentrifuge tubes (VWR, 10025-
738) for centrifugation. Following centrifugation, the supernatant was aspirated, and
62.5 nL. of PBS was added to resuspend the cell pellet. The required number of
microcentrifuge tubes for various experimental setups is outlined in Supplementary
Table B.1. Additionally, four 2.0 mL tubes containing 20 mg/mL Fibrinogen (Sigma-
Aldrich, F3879), four 2.0 mL tubes of 1.5 U/mL Thrombin (Sigma-Aldrich, T6884,
stock solution at 10 U/mL, resuspended in 0.1% w/v BSA (Sigma-Aldrich, A9418)
in PBS), and four 15 mL falcon tubes of water were prepared and positioned in the
robotic handling system as specified in Supplementary Table B.1 and Figure 3.1(d).
After ensuring that all tubes and plates were positioned correctly in their designated
spots, the software automated the process of mixing and casting the hydrogel. The
flowchart illustrating the programming code is provided in Supplementary Figure B.2.
While the IFlowPlate™ was left to incubate for 30 mins on a flat surface at RT, the
Thrombin and Fibrinogen present in the hydrogel underwent crosslinking, resulting in
the formation of the Fibrin gel, with GFP-HUVECs and Lung FBs suspended within
its matrices. To enhance cell survival within the channels connecting the inlet and
outlet wells to the central wells, a coating medium of ECGM2 supplemented with 1
mg/ml Fibrinogen, 0.1 U/ml Thrombin, and 20 ug/ml aprotinin was prepared. After
30 mins of hydrogel crosslinking, the water in the inlet and outlet wells was removed,
100 ul of the coating medium was added to each inlet and outlet well, and 40 pl added

to the middle wells. The plate was then placed on a leveled surface at 37 °C with 5%
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CO2 overnight for incubation. On day 1, the coating medium was removed from all
wells, and 50 ul of ECGM2 supplemented with 20 pg/mL aprotinin was added into
the inlet and outlet wells, and 80 pl to the middle wells. The discrepancy in total
volume between the side wells and the middle wells was intended to aid in the re-
moval of bubbles from the channels. Subsequently, the device was placed on a rocker
at 37 °C with 5% CO2 overnight On day 2, GFP-HUVECSs, nearing confluence, were
harvested, counted, and placed in a 50 mL falcon tube to undergo centrifugation and
be adjusted to a concentration of 5 x 10° cells/mL in ECGM2 supplemented with 20
u g/mL aprotinin. The media were removed from all wells, and 120 pL of the GFP-
HUVECs suspension was introduced into both the inlet and outlet wells. This was
followed by a 2-h incubation at 37 °C with 5% CO2 on a leveled surface, facilitating
the attachment of GFP-HUVECs within the channels. After this period, 40 u L of
ECGM2 supplemented with 20 u« g/mL aprotinin was dispensed to the middle wells.
Following this, the device was cultured at 37°C with 5% CO2 on a rocker to facilitate
the formation of self-assembled microvascular networks. ECGM2 supplemented with
20 u g/mL aprotinin was replenished daily by adding 90 « L to the inlet and outlet
wells and 50 u L to the middle wells. The quality of the vessels was assessed from

day 7 onwards for further investigation.

3.2.3 Purfusion and permeability assay

To evaluate the barrier function of the vessels, a perfusion medium containing 1
mg/mL of 65-85 kDa TRITC dextran (Sigma-Aldrich, T1162) in ECGM2 was utilized.
A standard curve was established by serial dilution of 65-85 kDa TRITC dextran and

4 kDa FITC dextran (Sigma-Aldrich, 46944) in media, consisting of concentrations
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of 1 mg/mL, 0.1 mg/mL, 0.01 mg/mL, 0.001 mg/mL, 0.0001 mg/mL and 0 mg/mL
for each dextran. 100 u L of each concentration was added three times, with 100
# L added to the inlet well, 100 « L added to the middle well, and another 100
u L added to the outlet well. Following this, the media were removed from the inlet
and outlet wells, and 90 u L of perfusion medium was added to the inlet wells. Upon
switching to the permeability medium, the IFlowPlate™was placed into a plate reader
(Agilent, BioTek Cytation 5) for intensity measurement. A two-wavelength reading
was established with excitation at 544 nm and emission at 570 nm for TRITC and at
491 nm and 516 nm for FITC. Fluorescent intensities of all sample wells were collected
at t = 0 and t = 60 mins. During the 60 mins of perfusion with the perfusion medium,
the IFlowPlate™was incubated at 37 °C with CO2, on a leveled surface. After the
fluorescent reading at t = 60 mins, fluorescent imaging was conducted using TRITC
and FITC filters and the 4X objective with the same plate reader to determine if
the microvascular network was perfusable and to obtain qualitative visual data. A
microvascular network is deemed perfusable when the perfusion medium is observed
to reach the outlet well by traveling through the lumen of the microvascular network.
Subsequently, the perfusion medium was aspirated, and all sample wells were washed
twice with ECGM2, using 90 u« L of medium for the inlet and outlet wells, and 50 u L
of medium for the middle wells. ECGM2 supplemented with 20 x« g/mL aprotinin
was added back to all sample wells if continued culture was required. The standard
curve was not aspirated if further permeability testing was to be conducted on the
same plate. Data analysis was performed using Microsoft Excel, GraphPad Prism

10.2.1, and Fiji 2 software.
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3.2.4 Treatments

Bortezomib and vincristine doses, sourced from NIH (Approved Oncology Drugs Set
X, plates 4893-4894), were prepared at concentrations of 1, 0.1, 0.01, 0.001, and 0
u M in ECGM2 supplemented with 20 pg/mL aprotinin. To mimic the intravenous
administration of chemotherapy drugs, we added the treatment media to the inlet
and outlet only, with normal media added to the middle well. A vehicle medium
was created by incorporating 0.01% DMSO into the culture media. Quality control
involved conducting permeability tests for these treatments on day 7. Treatments
were administered from day 10 to day 13. Fresh media were prepared on day 9 and

refreshed daily.

3.2.5 Imaging analysis

GFP intensities of the microvascular networks were normalized using the FITC stan-
dard curve and were further analyzed using GraphPad Prism 10.2.1. The GFP signal
ratio was calculated as the 72 h GFP signal divided by the 0 h GFP signal of the same
well. The image-analysis program Rapid Editable Analysis of Vessel Elements Rou-
tine (REAVER) [149] was utilized to analyze microvascular structures. Data collected

using REAVER were imported into GraphPad Prism 10.2.1 for further analysis.

3.2.6 Statistical analysis

To determine EC50, a nonlinear regression, log(inhibitor) vs. normalized response
with variable slope, was used on normalized raw data. The data were represented
by their mean and standard deviation (SD). Shapiro-Wilk normality testing was con-

ducted on all datasets. Fore more than two groups analyses, if all groups within
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the data passed the normality test, we assumed a Gaussian distribution and applied
ANOVA; otherwise, a nonparametric test was utilized. Equal SDs were presumed if
the ratio between the largest and smallest SDs among the tested groups was 4; other-
wise, equal SDs were not presumed. In cases where the data were assumed to follow
a Gaussian distribution with equal SDs, statistical significance was evaluated using
ordinary one-way ANOVA followed by Fisher’s LSD test. If the data were assumed
to follow a Gaussian distribution but did not have equal SDs, statistical significance
was assessed using Brown-Forsythe and Welch ANOVA tests, followed by Dunnett’s
T3 multiple comparisons test. For datasets not assumed to follow a Gaussian dis-
tribution, statistical significance was assessed using the Kruskal-Wallis test, followed
by Dunn’s multiple comparisons test. For two-group analyses, if the data passed a
normality test and both groups had equal standard deviations, an unpaired t-test
was conducted. If the data passed a normality test but unequal standard deviations
were observed, an unpaired t-test with Welch’s correction was performed. If the data
could not be assumed to follow a Gaussian distribution, a Mann-Whitney test was
used. Significance levels were denoted as ns for not significant, * for P < 0.05, ** for
P < 0.01, *** for P < 0.001, and **** for P < 0.0001. Analysis was conducted using
GraphPad Prism 10.2.1 software. Principal Component Analysis (PCA) was imple-
mented for the vessel morphological features extracted from the REAVER software
for different doses of drugs. Raw data were standardized to have a mean of 0 and a

standard deviation of 1. PCA was applied based on parallel analysis.
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3.3 Results

3.3.1 Automated high-throughput microvascular network as-

say setup

We utilized a previously developed customized 384-well device, IFlowPlate™, for
building an automated high-throughput microvascular network assay [145, 146]. In
total, 128 sets of microvascular networks can be prepared on one device. In each
tissue culture unit, three wells are interconnected by two channels. The inlet and
outlet wells serve mainly as media reservoirs, while the middle wells are for growing
the major microvascular network (Figure 3.1(a)). Based on our pre-existing protocol
(145, 146], we chose a HUVECs to FBs ratio of 5:1 to proceed (Supplementary Figure
B.1), and we integrated a robotic handling system into our hydrogel casting process.
Reagents including distilled water, cell suspension, Fibrinogen, and Thrombin and
tools including the 300 pL tips and the IFlowPlate ™were loaded into the robotic han-
dling system to prepare high-throughput microvascular network assay (Figure 3.1(b-
d)). The program coordinating the robotic handling system has been optimized to
achieve consistent hydrogel mixing and casting between tissues (Supplementary Fig-
ure B.2). A timeline is designed for various compound screenings to standardize the
usage of the high-throughput microvascular network assay (Figure 3.1(e)). On day 0,
hydrogel containing ECs and FBs was cast into the middle well, and on day 2, ECs
were added to the inlet and outlet wells and to the channels connecting the middle
wells to the outer wells. The high-throughput microvascular networks were exam-
ined on day 7 to perform quality control, and only perfusable microvascular networks

were selected to be used as a compound screening assay from day 10 to day 13. The

64


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

treatment was started on day 10 and continued until day 13. Before and after the
compound introduction, the microvascular networks were examined for perfusability
and GFP-HUVECs’ fluorescent signal. Microvascular structures and permeability
collected on day 13 were also analyzed. All data collected were incorporated into

the interpretation of the compounds’ impacts on the microvascular networks (Figure

3.1(e)).
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Figure 3.1: (continued) (a) The IFlowPlate™consists of 128 sets of tissue culture
units, each comprising an inlet well, a middle well, and an outlet well connected by
two channels. One channel connects the inlet and middle wells, while the other
connects the middle and outlet wells. (b) A schematic overview of the robotic
handling system and the reagents involved. Created with BioRender.com. (c)
Pictures of the microvascular networks prepared by the robotic handling system.
The top image shows 16 tissue culture units with hydrogel cast into the middle well,
captured under ambient light. The bottom image, captured with the FITC filter for
GFP-HUVECs and the TRITC filter for the 65-85 kDa dextran, shows the
microvascular networks in the same 16 tissue culture units. (d) A layout overview of
the reagents and devices setup inside the robotic handling. Created with
BioRender.com. (e) Standardized timeline and procedure for utilizing the built
microvascular networks for screening various compounds. On day 0, hydrogel
containing ECs and FBs is cast into the middle well. On day 2, extra ECs are
seeded into the inlet and outlet wells. On day 7, quality control is conducted to
check for vascular network formation and perfusability. From day 10 to day 13, the
microvascular networks are treated with various compounds to study their impact
on vascular function and architecture. Perfusability data and GFP-HUVECs
florescent intensity are collected before and after treatment, while vascular structure
and permeability data are collected on day 13 after treatment. Created with
BioRender.com.

3.3.2 Structural analyses of the microvascular networks

Vessels can undergo various mechanisms to adapt their architectures to the needs
present in the microenvironment. Researchers have grouped the commonly observed
vascular mechanisms into four categories [152]. The fusion describes when two nearby
vascular branches merge into one vessel. The intussusception describes a process con-
trary to the fusion, which is when one vessel splits into two branches. Sprouting
is a process when a new vessel grows out side-way from an existing vessel. Lastly,
regression happens when a vascular branch retracts back to the vessel from which it
originally grew out (Figure 3.2(a)). The four vascular mechanisms can affect nine vas-

cular structural parameters, including vessel area fraction, vessel length, vessel length
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density, number of branchpoints, number of segments, mean segment length, mean
segment diameter, mean tortuosity, and complexity (Figure 3.2(b)). We adopt these
parameters to describe the microvascular architecture based on the image-processing
program, REAVER, developed by Peirce’s group [149].

When conducting quality control on the vessels prepared by hand and the ves-
sels prepared by the robotic handling system, we noticed that the morphologies of
the microvascular networks formed were similar and the network became perfusable
by day 10 of culturing (Figure 3.2(c, d)). By utilizing REAVER, we can identify
microvascular networks’ vessels, their branchpoints, and the segments between the
brancpoints (Figure 3.2(e)). Based on the analyzed data from the vessels prepared
manually or by the robotic handling system on both day 3 and day 7, we observed that
there was no significant difference between the microvascular development between
the manual and the robotic groups regarding the vascular architectural parameters,
except for the vessel area fraction, which showed a 0.91-fold decrease on day 3 and a
1.13-fold increase on day 7 when comparing the robotic group to the manual group
(Figure 3.2(f-n)). In sum, the robotic handling system can replace manual hydrogel

preparation to re-produce similar and consistent microvascular networks.
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Figure 3.2: Structural analyses of microvascular networks. (continued)
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Figure 3.2: (continued) (a) Illustrations depict four major vascular mechanisms
adapted from Udan et al. (2013) [152], along with example images captured
regarding each mechanism of the microvascular networks on IFlowPlate™. (b) A list
of vascular parameters and how they can be affected by the four major vascular
mechanisms. (c¢) Representative images of microvascular networks prepared
manually and automatedly on day 7, showing GFP-HUVECs in green and perfusion
medium containing TRITC 65-85 kDa dextran in red. (d) Representative images of
microvascular network formed on day 3 and day 10. (e) Representative images of
the original GFP image of the microvascular network in the middle well of
[FlowPlate™imported into REAVER [149] and the processed image output via
REAVER. Green lines outline the vessels, red dots indicate the branchpoints, and
the blue bar labels the segment element found between the branchpoints. (f-n)
Structural analyses of the microvascular network built manually and automatedly
using REAVER on day 3 and day 10 for (f) the vessel area fraction (Day 3: * P =
0.0400, Day 10: * P = 0.0133) ; (g) the vessel length; (h) the vessel length density;
(i) the number of branchpoints; (j) the number of segments; (k) the mean segment
length; (1) the mean segment diameter; (m) the tortuosity; (n) the complexity. n =
6 for each condition.

3.3.3 Testing chemotherapy drugs using the vasculature as-

say on IFlowPlate™

We then used the microvascular networks to test for chemotherapy drug impact.
The first drug we selected for screening was bortezomib. As a proteasome inhibitor,
bortezomib has been reported to be vascular-toxic in various studies [153, 142]. We
investigated the effect that bortezomib exerted on the microvascular networks after
72 hr of treatment, on day 13, with doses of 1, 0.1, 0.01, 0.001, and 0 # M and com-
pared the results to the 0 hr data. The doses applied bracketed the C,,, found in the
literature [154]. Fluorescent images were taken with the TRITC filter for visualizing

65 86 kDa dextran and the FITC filter for GFP-HUVECs 1 h after the addition of
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the perfusion medium into the networks, showing that the microvascular networks re-
mained perfusable for the vehicle group and the lowest doses, while starting from dose
0.01 «M and up the microvascular networks became non-perfusable (Figure 3.3(a)).
A heat map containing each middle well’s signal from the GFP-HUVECs was con-
structed based on 0 h and 72 h after treatment with doses. There were significant
GFP signal drops, indicating HUVEC apoptosis, in the groups with the two highest
doses, 0.1 and 1 « M (Figure 3.3(c)). Additionally, we also calculated the mass of
diffused dextran across the vascular lumen into the interstitial space. The percentage
of the perfusable networks, the middle well GFP signal ratio, and the diffused dextran
mass were plotted in the same graph to capture the different facets of the effect that
bortezomib exerted on the microvascular networks. We also calculated EC50s for the
perfusability and GFP signal results to demonstrate the half-maximal effective con-
centration of bortezomib to induce total non-perfusability (EC50per fusabitity = 8-68
x 107°M) and loss of GFP signal in the microvascular networks (EC50qrp = 8.66 x
1078M) (Figure 3.3(b)). Bortezomib’s EC50s related to different protease activities
and cell growth were previously reported to be between 0.05 nM to 0.7 u M [155-
157]. The EC50s we detected using the microvascular networks on IFlowPlate™agree
with the effective concentration range determined previously. We analyzed images
of the GFP-microvascular networks using REAVER to assess structural features at
each dose. Nine vascular parameters were investigated, including vessel area fraction,
vessel length, vessel length density, branchpoints, segments, mean segment length,
mean segment diameter, mean tortuosity, and complexity (Figure 3.3 (d-1)). Borte-
zomib exhibited significant dose-dependent variations compared to the vehicle group

in five vascular parameters. Specifically, at concentrations of 0.01 # M and 0.1 u M,
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bortezomib resulted in a 1.28-fold and 1.27-fold increase in the vessel area fraction,
respectively (Figure 3.3 (d)). Conversely, the vessel length decreased by about 0.91-
fold at 0.01 x« M, and the vessel length density decreased by about the same factor at
this concentration (Figure 3.3 (e, f)). the segment diameter demonstrated a 1.55-fold
increase at 0.001 4 M and a 1.59-fold increase at 0.01 u M (Figure 3.3 (j)). Addi-
tionally, the tortuosity increased by approximately 1.02-fold at both 0.1 # M and 1
u M (Figure 3.3 (k)).
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Figure 3.3: Figure 3. 3. Screening chemotherapy drug bortezomib on IFlowPlate™.
(a) Representative images of microvascular networks before and after 72 h
bortezomib treatment at various concentrations. n = 4 for the vehicle group and n
= 5 for the rest groups. (b) Graph quantifying diffused dextran during the 1-hour
permeability assay in u g, percentage change of perfusable networks, and percentage
change of GFP signal ratio. n = 4 for the vehicle group and n = 5 for the other
groups. (c¢) The heat map visualizes the GFP signal measurements of the middle
wells containing microvascular networks. (continued)
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Figure 3.3: (continued) (d-1) Structural analyses of the microvascular network after
72 h treatment of doses of bortezomib using REAVER [149] on day 13 for (d) the
vessel area fraction (0.01 pM compared to the vehicle: * P = 0.0187, 0.1 pM
compared to the vehicle: * P = 0.0261); (e) the vessel length (0.01 pM compared to
the vehicle: * P = 0.0324); (f) the vessel length density (0.01 pM compared to the
vehicle: * P = 0.0324); (g) the number of branchpoints; (h) the number of segments;
(i) the mean segment length; (j) the mean segment diameter (0.001 nM compared to
the vehicle: * P = 0.0315, 0.01 nM compared to the vehicle: * P = 0.0228); (k) the
tortuosity (0.1 pM compared to the vehicle: * P = 0.0440, 1 pM compared to the
vehicle: ** P = 0.0097); (1) the complexity. n = 4 for the vehicle group and n = 5
for the other groups.

We repeated the same drug screening procedure but with a different chemother-
apy drug, vincristine. Vincristine is used to treat various cancers by disrupting mi-
crotubule function. Others have found that vincristine could lead to vascular toxic-
ity [158]. In this study, we observed that vincristine affected perfusability at doses
0.01 # M and up (Figure 3.4 (a)). The GFP signal heat map revealed significant drops
in GFP signal at concentrations of 0.1 M and 1 M (Figure 3.4 (c)). Together with
the perfusability data, we determined the EC50 for the perfusability change (1.67 x
107?M) and the EC50 for GFP signal loss (2.90 x 1073M) (Figure 3.4 (b)). The deter-
mined EC50 values fall within the clinical range of vincristine concentrations (1 nM
to 0.9 mM) previously established for cancer treatment [157]. The REAVER analysis
revealed that the presence of vincristine significantly affected five vascular parameters
compared to the vehicle group (Figure 3.4(d-1)). Specifically, at a concentration of
1 u M, the vessel length, the vessel length density, and the number of branchpoints
decreased by 0.64-fold, 0.64-fold, and 0.50-fold, respectively (Figure 3.4(e-g)). Addi-
tionally, the number of segments exhibited a 0.55-fold decrease at both 0.1 M and

1 uM (Figure 3.4(h)). Moreover, the complexity showed a 1.88-fold increase at 0.01
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uM (Figure 3.4(1)). The principal component analysis demonstrated clusters and
distributions of bortezomib and vincristine impacted vascular architecture on day 13
(Figure 3.4(m)). In sum, we can see that bortezomib and vincristine, albeit both
affected endothelial integrity, induce vascular toxicity with distinct dose-dependent
patterns. These data show that we can use multi-faceted data analysis to generate
a comprehensive examination of the compound screening run on these microvascular

network assays.
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Figure 3.4: Figure 3. 4. Screening chemotherapy drug vincristine on IFlowPlate™.
(a) Representative images of microvascular networks before and after 72 h
vincristine treatment at various concentrations. n = 5 for each group. (b) Graph
quantifying percentage change of perfusable networks and percentage change of
GFP signal ratio. n = 5 for each group. (¢) The heat map visualizes the GFP signal
measurements of the middle wells containing microvascular networks. (continued)
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Figure 3.4: (d-1) Structural analyses of the microvascular network after 72 h
treatment of doses of vincristine using REAVER [149] on day 13 for (d) the vessel
area fraction; (e) the vessel length (1 pM compared to the vehicle: * P = 0.0317);
(f) the vessel length density (1 ptM compared to the vehicle: * P = 0.0317); (g) the
number of branchpoints (1 ptM compared to the vehicle: * P = 0.0203); (h) the
number of segments (0.1 pM compared to the vehicle: * P = 0.0481, 1 uM compared
to the vehicle: * P = 0.0203); (i) the mean segment length; (j) the mean segment
diameter; (k) the tortuosity; (1) the complexity (0.01 pM compared to the vehicle: *
P = 0.0255). n = 5 for each group. (m) PCA of both bortezomib and vincristine
treated microvascular networks structural analyses after 72 h treatment.(continued)

3.4 Discussion

The utilization of the IFlowPlate™, a customized 384-well device, in our study pro-
vided a unique opportunity to leverage technology in enhancing the efficiency of
microvascular network assays. As previously documented, this device allows for the
preparation of up to 128 microvascular network sets, facilitating high-throughput
screening capabilities [145, 146]. Our current methodology builds upon the established
protocols, optimizing the cell ratio and integrating advanced robotics to streamline
the hydrogel casting process. This integration is pivotal as it facilitates uniformity in
network formation, crucial for reliable experimental outcomes. Moreover, the strate-
gic design of the assay timeline aligns with the dynamic nature of vascular architec-
ture, which is influenced by various microenvironmental factors such as extracellular
matrix [159], flow dynamics [160], and cell-to-cell crosstalks [161]. By initiating treat-
ment on day 10 and monitoring through day 13, we align our observations with the
critical periods of vascular adaptation mechanisms such as fusion, intussusception,
sprouting, and regression, which are essential for understanding compound effects on

vascular health [152]. Additionally, the application of REAVER, an image-processing
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program, facilitates a detailed analysis of vascular structures, enabling us to quantify
changes across multiple parameters such as vessel area fraction and vessel complex-
ity [149]. This analytical approach is crucial for our comparative structural analyses
between the manual and robotic groups of microvascular networks. Our findings in-
dicate no significant differences in microvascular development between the manual
and robotic methods, suggesting that the robotic handling system produces tissues of
comparable quality to those prepared manually. This equivalence is meaningful, as it
validates the scalability and standardization of robotic systems for tissue engineering
applications, offering a pathway towards more reproducible and efficient production
of tissue constructs [141].

Our study utilized the high-throughput microvascular network assays developed
on IFlowPlate™ to evaluate the vascular toxicities of two distinct chemotherapeutic
agents, bortezomib and vincristine, known for their efficacy in cancer treatment but
also associated with vascular side effects. Bortezomib, a proteasome inhibitor [153],
and vincristine, a microtubule-disrupting agent, were assessed for their impact on
endothelial cell integrity and microvascular architecture [158]. The assays revealed
that both drugs affect microvascular perfusability and endothelial viability in a dose-
dependent manner. For bortezomib, we observed that microvascular networks main-
tained perfusability at lower concentrations but exhibited loss of perfusion starting
from 0.01 « M, accompanied by endothelial cell apoptosis at higher doses of 0.1
and 1 u M, as indicated by significant drops in GFP signal. Similarly, vincristine
affected perfusability at doses starting from 0.01 u M, with notable reductions in
GFP signal also at 0.1 and 1 « M, reflecting severe endothelial damage with similar

patterns compared to bortezomib. However, quantitative analysis using REAVER
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revealed dose-dependent changes in vascular parameters varied for bortezomib and
vincristine. Bortezomib resulted in an increase in vessel area fraction and segment di-
ameter, suggesting edematous expansion at certain concentrations, whereas decreases
in vessel length and density indicated a loss of structural integrity. In contrast, vin-
cristine showed a more pronounced decrease in vessel length, density, branch points,
and segments, highlighting its disruptive effect possibly leading to more fusion events
(Figure 3.2(b)). The PCA demonstrated distinct patterns of vascular response for
each drug, also underscoring their differential impacts on vascular architecture. The
EC50 values for bortezomib and vincristine provided insights into their potency win-
dows and potential for vascular toxicity. With both drugs’ EC50 falling in the clinical
range [157], it shows that the microvascular networks have the potential to be trans-
latable for preclinical compound screening purposes. These findings illuminate the
capability of using the microvascular networks on IFlowPlate™ to study the nuanced
ways in which different chemotherapeutic agents can induce vascular toxicity and to
provide implications for dose management of side effects.

In summary, our comparative analysis of bortezomib and vincristine using high-
throughput microvascular network assays highlights the unique and shared influences
with which these drugs manifest their inducing vascular toxicity. This approach not
only elucidates the multi-faceted analyses of drug-induced vascular damage but also
reinforces the utility of advanced microvascular assays in preclinical drug screening

for optimizing chemotherapy regimens and mitigating adverse effects.
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3.5 Conclusions

Our study has demonstrated the efficacy of the IFlowPlate™ system in conduct-
ing high-throughput microvascular network assays to evaluate the vascular effects of
chemotherapeutic agents such as bortezomib and vincristine. By integrating advanced
robotics and the REAVER image-analysis program, we have enhanced the precision
and consistency of our experimental setups, streamlining the detailed quantification
of vascular changes. These assays have confirmed that both drugs can induce signif-
icant vascular toxicity in a dose-dependent manner, affecting both perfusability and
endothelial cell viability. The dose-dependent effects observed, alongside the EC50
values falling within clinical ranges, underscore the potential of these microvascular
networks as translational models for preclinical drug screening. This approach not
only aids in understanding the specific vascular impacts of different chemotherapy
drugs but also provides a robust platform for optimizing treatment regimens and
minimizing adverse effects. Through this work, we have illuminated the nuanced
interactions between chemotherapeutic agents and vascular architecture, offering in-
sights into the management of their vascular side effects, and advancing the field

towards more effective and safer chemotherapeutic interventions.
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AngioPlate™ - Predesigned Vessels
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Abstract

Organ-on-a-chip systems that recapitulate tissue-level functions have been proposed
to improve in vitro—in vivo correlation in drug development. Significant progress has
been made to control the cellular microenvironment with mechanical stimulation and
fluid flow. However, it has been challenging to introduce complex 3D tissue structures
due to the physical constraints of microfluidic channels or membranes in organ-on-
a-chip systems. Inspired by 4D bioprinting, we develop a subtractive manufacturing
technique where a flexible sacrificial material can be patterned on a 2D surface, swell
and shape change when exposed to aqueous hydrogel, and subsequently degrade to
produce perfusable networks in a natural hydrogel matrix that can be populated
with cells. The technique is applied to fabricate organ-specific vascular networks
in a customized 384-well plate. This biofabrication method eliminates the physical
constraints in organ-on-a-chip systems to incorporate complex ready-to-perfuse tissue

structures in an open-well design.

4.1 Introduction

To address the limitation in existing preclinical models, there is an increasing effort
towards building advanced 3D human tissues by incorporating multiple cell types,
scaffolds, and dynamic forces. Advances in biofabrication are an integral part of
this effort. 3D bioprinting techniques, such as Freeform Reversible Embedding of
Suspended Hydrogels (FRESH) [162] and stereolithography [163], have been used to
build tissues with boundless structural complexity. However, although the tissue pro-

duction process is generally automated, each 3D-printed tissue construct needs to be
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manually connected for media perfusion or cell seeding before tissue culture can be
initiated.3 This represents a significant engineering manipulation step to transition
from tissue printing to perfusion culture. On the contrary, an organ-on-a-chip system,
based on microfluidic devices or microtiter plates, provides built-in perfusion connec-
tions [164, 165], but lacks the flexibility to introduce complex 3D tissue structures that
are possible with 3D bioprinting [166, 167]. Although many key functional features
of complex organ systems can be replicated with organ-on-a-chip systems, the phys-
ical constraints of plastic microchannels and membranes in these closed microfluidic
devices limit the structural design of the tissue microenvironment that can be engi-
neered. To integrate perfusion and complex 3D tissue structures, microfluidic chips
could be pre-fabricated, and perfusable networks can be subsequently introduced in
the chip with a 3D laser beam microdissection technique [168-170]. While this tech-
nique produces high-resolution features, it can be slow and difficult to scale. Hence,
producing tissues with unrestrained 3D structures, built-in connection for perfusion,
and high scalability is not trivial and still much needed.

4D printing, defined as “3D printing + time”, is an emerging concept where the
shape of a 3D-printed structure can change as a function of time. For instance,
encoded with localized swelling behavior, printed composite hydrogels can be pro-
grammed to build complex architectures that change shape over time when immersed
in water [171]. We exploited this observation and further extended this concept to
demonstrate that a flexible sacrificial material patterned on a 2D surface can change
shape in 3D when in contact with a natural hydrogel solution. As the gel cross-

links, the structurally transformed flexible sacrificial material is locked in place. It
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can subsequently be degraded to produce perfusable networks, which are then pop-
ulated with human cells to emulate complex organ-specific structures. We termed
this method subtractive manufacturing with swelling-induced stochastic folding due
to the swellable and shape-changing property of sacrificial material. As a result, the
sacrificial material initially patterned in 2D could easily integrate with a pre-designed
microfluidic-based perfusion system and give rise to a 3D structure when triggered
at a later stage. Furthermore, taking advantage of the scalability of 2D patterning,
we adapted the technique to a high throughput format of a 384-well plate (here re-
ferred to as AngioPlate™, Figure 4.1) on which we can readily transition from tissue

fabrication to perfusion culture for an array of units.

Step 1. AngioPlate with Step 2. Cast hydrogel matrix.
patterned alginate network to induce alginate shape change

. Step 3. Remove alginate in Step 4. Formation of perfusable
AngioPlate calcium-free media or buffer network in hydrogel matrix

Design _ Construct

Figure 4.1: Subtractive manufacturing with swelling induced stochastic folding of
sacrificial materials for fabricating complex perfusable tissues. (a) Image of
encapsulated alginate fiber networks in a 384-well plate. (b) Schematic on the use of
AngioPlate™, which includes gel casting, folding of the alginate network in the
hydrogel, and degradation of the sacrificial alginate template. (c) Illustration of a
generic bifurcating network design. (continued)
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Figure 4.1: (continued) (d) Perfusion fluorescent particles (1 xm, green) through
the assembled 3D network in a hydrogel matrix based on the generic bifurcation
network design shown in c. Scale bar, 1 mm. (e) Perfusion of multiple networks in
AngioPlate™. Scale bar, 2 mm. (f-j), Image of organ-specific networks with
structural variation from different initial designs shown on the left and the resulting
3D network perfused with fluorescent particles (1 « m, green) for visualization on
the right. Scale bar, 1 mm.

4.2 Materials and Methods

4.2.1 AngioPlate™ fabrication

Standard photolithography techniques were used to create each SU8 master mold. To
create a negative mold, a PDMS (Ellsworth Adhesive, 4019862) mixture at a ratio
of 1:30 was poured onto the SU8 master mold and cured at 47 °C overnight. The
cured PDMS mold was soaked in 5% w/v pluronic acid (Sigma Aldrich, P2443) for 30
minutes, washed with distilled water, dried, and then capped onto a plasma-treated
polystyrene sheet (11.5 x 7.5 c¢m, Jerry’s Artarama, V16013). Assembled PDMS
mold and polystyrene sheet were then transferred to a one-well plate. To fill the entire
pattern with 3% w /v alginate solution (Sigma Aldrich, A2033), 75 mL of the solution
was poured into the one-well plate (VWR, 30617-594) containing assembled PDMS
mold and sheet. After the alginate solution filled up the patterned microchannels,
the residual solution was aspirated out. To cross-link alginate, 75 mL of 5.5% w/v
calcium chloride solution (CaCl) (Sigma Aldrich, 223506) was added and left to cross-
link overnight. After cross-linking, the residual CaClsolution was removed and rinsed
with distilled water. Cross-linked alginate within the PDMS channels was then air-
dried for 48 hours. Melted poly (ethylene glycol) dimethyl ether (PEGDM) (Sigma
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Aldrich, 445908) was then injected into the channels and allowed to fill at 70 °C for
1 hour to encapsulate and preserve alginate features. Once PEGDM re-solidifies,
the PDMS mold was peeled off and the alginate fibers encapsulated in PEGDM were
transferred onto the polystyrene sheet. The polystyrene sheet containing the patterns
was then bonded onto a bottomless 384-well plate using a high-viscosity PDMS glue
(Ellsworth Adhesive, 2137054) at a ratio of 1:10. The assembled device was allowed
to cure overnight at room temperature. Assembled devices were sterilized for 2.5
hours using 70% w/v ethanol and PEGDM was washed off during the sterilization
process. The plates were air-dried inside a biosafety cabinet (BSC) for 12 hours and

stored at 4 °C until use.

4.2.2 Cell culture

Green Fluorescent Protein-tagged Human Umbilical Vein Endothelial Cells (GFP-
HUVECs, donor sex: pooled from multiple donors, Angio-Proteomie, CAP-0001GFP)
were grown in Endothelial Cell Growth Media (ECGM2, (PromoCell, C-22011) in cell
culture flasks coated with 0.2% w/v gelatin (Sigma Aldrich, G9391).

4.2.3 Hydrogel casting and device operation

The hydrogel used in our device was 10 mg mL™! fibrinogen (Sigma Aldrich, F3879).
Before hydrogel casting, the hydrogel was aliquoted into 125 u« L aliquots, and each
aliquot was mixed with 25 u L of thrombin (7 U mL™!, Sigma Aldrich, T6884). Im-
mediately after mixing, 25 u L of gel solution was then cast into each well. The plate
was left in a BSC for 30 minutes to allow for gelation. Alternatively, neutralized rat

tail collagen (2-2.5 mg mL~!, Corning, CACB354249) with an extra 20% v/v D-PBS
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(Thermo Scientific, 14190144) can be used as another source of natural extracellular
matrix. To degrade the alginate polymers, D-PBS supplemented with 1% aprotinin
was added to all wells, and the platform was placed on a rocker at 4 °C for 48 hours
with daily buffer change. Alternatively, DMEM containing 10% FBS, 1% penicillin-
streptomycin, 1% HEPES solution, and 1% aprotinin was added to all wells and the
platform was placed in an incubator incubated at 37 °C and 5% CO2 for 48 hours
with daily media change. The device was then primed again with cell culture media
and incubated at 37 °C and 5% CO2 for 24 hours prior to cell seeding. After removing
all the media, 30 u L of fresh media was added into the middle well and 125 u L of
the cell suspension (0.6 million cells per mL) was added to the inlet and outlet wells.
The plate was placed flat in the incubator for 2 hours to allow cell attachment. After
cell attachment, culture media was removed, and 50 u L fresh media was added to
the middle well, and 90 u« L to the inlet and outlet wells. To initiate perfusion, the
entire platform was placed on a programmable rocker that tilts at a 15° angle and
alternates its tilting direction every 15 minutes. 1% v/v aprotinin (2 mg mL™!, Sigma
Aldrich, 616370-M) was added to all media to prevent fibrin gel degradation. Media
was changed every other day.

To test alginate degradation, the networks were perfused with fluorescent FITC
and/or TRITC latex beads (1.0 # m, Sigma Aldrich, L1030 and L2778), diluted at a
ratio of 1:5 in D-PBS. An image cytometer (BioTek Instruments Inc.) was used for

imaging the networks.
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4.2.4 Vascular variability, permeability, and drug testing

12 tissue samples were used to quantify variations in vasculature. The average di-
ameters for each vascular tissue were measured using Image J Fiji software at 10
different locations on each sample. The numbers of branches were counted manu-
ally. To visualize the vascular permeability differences in the networks, 70 kDa FITC
dextran (Sigma Aldrich, 46945) were perfused through the networks after treatments
and imaged using an image cytometer (BioTek Instruments Inc.). To quantify the
permeability changes in the vascular networks that were exposed to various external
stimulations, vessels were treated with Triton™ X-100 (0.1% v/v), TNF-a (0.5 or 1
g mL~! Sigma Aldrich, SRP3177) or lipopolysaccharides (LPS) from Escherichia
coli (200 u g mL™*, Sigma Aldrich, L4391) for 24 hours before the permeability test.
70 kDa FITC dextran were perfused through the networks after each treatment. The
fluorescent intensities in the middle wells were measured at 0 minutes and 15 minutes
after adding the dextran solution. The change in fluorescent intensity was quanti-
fied and correlated to a standard curve to calculate the amounts of dextran diffusing

across the vascular barrier.

4.2.5 Immunostaining and histology

To prepare for immunostaining, culture media was first removed from all wells, and
the tissues were washed with D-PBS three times. The tissues were fixed in 4%
paraformaldehyde solution (Electron Microscopy Sciences, EMS 15710-S) at 4 °C
overnight. Fixed tissues were washed with D-PBS, then blocked and permeated
overnight at 4 °C under perfusion with 10% FBS containing 0.1% Triton™ X-100.

Then the tissues were incubated in primary antibody solution for 48 hours at 4 °C
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Table 4.1: List of antibodies used and their catalog numbers

Antibody Type Host Dilution Brand, Cat No.

Laminin Primary Rabbit 1:200 Abcam, ab11575
F-Actin Conjugated - 1:200 Cayman Chemical, 20553
CD31 Primary Rabbit 1:10 Abcam, ab28364

vWF Primary Rabbit  1:200 Abcam, ab6994

DAPI : - 1:1000  Sigma-Aldrich, D9542
Anti-Mouse FITC Secondary  Goat 1:200 Sigma-Aldrich, F0257

Anti-Rabbit Alexa Fluor 488  Secondary  Goat 1:200 Abcam, ab150077
Anti-Mouse Alexa Fluor 594  Secondary  Goat 1:200 Abcam, ab150120
Anti-Rabbit Alexa Fluor 594  Secondary  Goat 1:200 Abcam, ab150080

followed by D-PBS wash at 4 °C for 48 hours to remove residual primary antibodies
from the gel. Secondary or conjugated antibodies were added along with DAPI and
incubated for 48 hours at 4 °C. The tissues were then washed with D-PBS for 48 hours
at 4 °C prior to imaging with an image cytometer. Dilutions used for all antibodies
are shown in Table 1 below. For 3D confocal images, stained tissues were imaged
using Leica SP5 confocal microscopy. The transmission electron microscope images
show the subcellular features of the endothelium were imaged with the transmission
electron microscope at the Electron Microscopy Facility of the Canadian Centre for

Electron Microscopy at McMaster University.

4.2.6 Statistical analysis

SigmaPlot and Prism were used for all statistical analyses. All data were tested for

normality and equality of variance. To determine statistical significance, one-way
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ANOVA or one-way ANOVA on ranks with the Holm—Sidak method was applied.
Data in all graphs were plotted as mean with standard deviation using Graphpad
and at least three independent samples were used per condition for all quantitative

analysis.

4.3 Results

Our objective is to develop a scalable 3D tissue culture platform (AngioPlate™) that
includes built-in fluid connections as in most organ-on-a-chip systems but also a way
to obtain tissues with a high level of structural complexity as made possible with 3D
bioprinting. To achieve this, we proposed using a flexible sacrificial material that can
be patterned in 2D so that it can be integrated into a micro channel-based device
for perfusion but can also transform in 3D to produce complex structures when trig-
gered by hydration. The flexible sacrificial material should be inert, patternable, and
compatible with various natural hydrogel matrices. Most importantly, it should also
degrade in response to a second trigger to carve out a 3D network inside a hydro-
gel. In search of a material that meets these criteria, we converged on a well-known
biomaterial, alginate, which can be rapidly cross-linked and degraded in response
to calcium ions. Alginate has been widely used in biological applications as tissue
scaffolds [172] and drug delivery carriers [173]. Using a combination of techniques,
including standard photolithography and diffusion-based calcium gelation (Supple-
mentary Figure C.1), we patterned an array of 128 networks of branched alginate
fibers on a polystyrene sheet corresponding to the format of a 384-well plate. The
patterned alginate fibers were dried first (Supplementary Figure C.1) and then as-

sembled against a bottomless 384-well plate (Figure 4.1(a)). In this format, the plate
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can be packaged, sterilized with gamma radiation, and then stored. When using the
plate, 25 u L of hydrogel solution (Fibrin or Collagen) was dispensed onto the algi-
nate network to rehydrate the alginate (Figure 4.1(b), step 1). During incubation,
the dried alginate network quickly swelled, detached from the polystyrene base, and
changed shape inside the hydrogel (Supplementary Video C.1). Then the hydrogel
is cross-linked at 37 °C (e.g., collagen and Matrigel) or through enzymatic reaction
(e.g., fibrin), locking the folded alginate structure in place (Figure 4.1(b), step 2).
Finally, phosphate buffered saline (D-PBS) or culture media with low calcium and
magnesium concentration (Ca2+ < 200 mg mL~! and Mg®" < 100 mg mL™!) was
used to extract the calcium from the alginate and dissolve away the alginate net-
work, resulting in an open perfusable network that is pre-designed to connect with
the inlet/outlet wells for perfusion (Figure 4.1(b), step 3). Perfusion was initiated
with gravity-driven flow by simply tilting the plate at a 15° angle on a programmable
rocker (Figure 4.1(b), step 4). To ensure the stability of the tissue model over time,
the fibrin gel used was highly adhesive and can attach to the polystyrene surface to
form a tight seal that prevents leakage. Further, the endothelial cells can grow into
the inlet /outlet channels which help in forming a continuous barrier at the transition
between the plastic and the gel interface. With 1% aprotinin added fresh every other
day, fibrin gel degradation was completely prevented. The hydrogel scaffolding was
stable, even in the presence of fibroblasts. This feature of fibrin gels is important
when compared to collagen, where gel compaction and degradation can be a major
issue in long-term culture. However, extra care is needed when working with fibrin
gel as the crosslinking speed needs to be fine-tuned by controlling the the concentra-

tion of thrombin used since slower gelation time caused alginate features to dissolve
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resulting in incomplete network formation inside the hydrogel (Supplementary Figure
C.2). Fibrin gel stiffness can also be modified by changing the concentrations of both
fibrinogen and thrombin to mimic tissue-specific matrix stiffness. Previously, it has
been shown that as the concentration of fibrinogen and/or thrombin increases, the
structural modulus of matrices increases, yielding stiffer fibrin matrices [174].

The extent of alginate folding is determined by the crosslinking speed and vis-
cosity of the hydrogel solution and can result in completely distinct structures from
the same initial design, which adds one more dimension of control. However, even
under the same gelling conditions, the exact positioning of resulting networks will
vary in the 3D space (Figure 4.1(c—e) and C.3). In the native tissue, no two biolog-
ical structures are identical. Hence, this degree of stochasticity is natural. Despite
the stochastic behavior, distinct vessel network organizations that resemble various
organs or even various parts of an organ can be captured (Figure 4.1(f-j)). The
overall architectural design (i.e., the diameter, density, and location of the branches,
etc.) was pre-defined in the initial design (Supplementary Figure C.3). We have built
a 3D network resembling a convoluted tubule (Figure 4.1(f)), an intricately folded
glomerular vessel in a kidney (Figure 4.1(h)), densely packed vessels in a liver (Figure
4.1(i)), and well-aligned vessels as in a muscle (Figure 4.1(j)). Although a significant
structural transformation from the initial design is not always necessary, the detach-
ment of alginate from the plastic base due to alginate swelling is useful to create a
softer microenvironment that is away from direct contact with the hard plastic for
seeded cells.

We next populated the network in the vasculature design with endothelial cells
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which formed a confluent endothelium in 8 days (Figure 4.2(a)). In some areas, vas-
cular sprouting was also observed. The numbers of branches formed vary from 13 to
19 and the vasculatures formed in the platform had average diameters ranging from
63 u#m to 104 um (Supplementary Figure C.3). The resulting vasculature is a 3D
structure that contains a hollow lumen and spans the depth of the hydrogel as shown
from the confocal x—z plane view (Figure 4.2(a, e)). The vascular network in the
presence of a confluent endothelium was significantly less permeable and displayed
barrier function to large proteins. When exposed to Triton™ X-100 and TNF- «, the
vascular permeability increased significantly and showed a dose-dependent response
to TNF-a. When exposed to lipopolysaccharides (LPS) from E. coli. to simulate
infection, the networks showed no significant changes in permeability and barrier func-
tion (Figure 4.2(b, c¢)). The endothelial cells also deposited a basement membrane
that contained laminin which was localized on the basal side of the endothelium indi-
cating apicobasal polarity of the vessels developed (Figure 4.2(d)). Furthermore, the
endothelial cells produced and distributed von Willebrand factor (vWF) both intra-
cellularly and extracellularly, which is a key protein for regulating blood coagulation
(Figure 4.2(f)). Lastly, transmission electron microscopy showed that the endothe-
lial cells form intercellular tight junctions consistent with the vessel barrier function

shown (Figure 4.2(g)).
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Figure 4.2: Vasculature in AngioPlate™ device. (a) 3D volumetric rendering of
confocal z-stack images of a vascular network populated with human umbilical cord
vein endothelial cells. View from xz-plane is maximum projection. Cells were
stained for CD31 (green) and DAPI (blue). Scale bar, 500 xm. (b) Fluorescent
images of vascular networks perfused with 70 kDa fluorescein-dextran (green) with
or without the presence of endothelial cells and/or Triton™ X-100 treatments. Scale
bar, 2 mm. (c¢) Quantification of dextran (70 kDa) diffusion rates of the vascular
networks in response to no treatment, Triton™ X-100 (positive control), and drug
treatments, n = 3. Statistical significance was determined using one-way ANOVA. *
p < 0.05 ¥ p < 0.01 *** p < 0.001. ns indicates not significantly different. (d—f)
Fluorescent image of a vascular network stained for laminin (green), F-actin (red),
CD31(red), extracellular vWF (green), and DAPI (blue). Scale bar, 100 xm. g,
Transmission electron microscope image of endothelium on a vessel wall showing the
tight junction between two adjacent endothelial cells. Scale bar, 1 u«m.
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4.4 Discussion

For the first time, highly complex hydrogel-embedded perfusable tissues can be inte-
grated with multi-well plates to mimic tissue specific structures and interfaces without
the use of synthetic membranes or plastic channels [175, 176]. Furthermore, unlike
other 3D bioprinted tissues that requires multiple steps of device assembly to intro-
duce perfusion [177], our method provides built-in vascular and tubular connections
to the biofabricated tissues directly inside a standard 384-well plate. There is no man-
ual procedure needed to establish connection and perfusion, making the system more
scalable and user-friendly. The subtractive manufacturing technique not only takes
advantage of the scalability of 2D patterning to integrate with widely adopted multi-
well plates for ease of use but also applies a swellable sacrificial material to transform
a 2D pattern into a 3D perfusable structure for improved model complexity. Because
the network structures are pre-fabricated, the time it takes to build tissues using the
AngioPlate™ is just the typical duration for matrix gelation. Therefore, different from
3D printing, cells or tissues embedded within the gel matrix will experience minimal
stress during the biofabrication process.

Compared to a previously published platform, IFlowPlate™, from our group, which
also allows for the generation of high-throughput vascularized tissues, the Angio-
Plate™ provides users with the capability to create hierarchical vascular networks
with a pre-defined number of vessel branches and diameters [178, 179]. AngioPlate™
also allows users to create perfusable epithelial tubes that don’t easily self-assemble
like endothelial cells. When compared to the previously published InVADE platform,
epithelial tissues on AngioPlate™ does not contain a thick polymer wall which creates

an artificial barrier that doesn’t allow for mechanical actuation [180, 181]. Although
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the swelling-induced stochastic folding method introduces structural variations as we
have characterized (Supplementary Figure C.3(b)), these structural variations were
not significant enough to prevent us from capturing significant changes to vessel per-
meability caused by cytokines or toxins (Figure 4.2(c)), which means the system
can be used for biological studies, especially with significant experimental samples
supported by the high-throughput format of this platform.

The use of fibrin is also an important aspect of the tissue fabrication process. We
found fibrin strongly adhered to the polystyrene surface to form a tight seal between
the inlet and outlet connection channels and the network inside the gel. Collagen
on the other hand results in weaker adhesion and connection, sometimes delaminate
from the polystyrene surfaces. The use of gravity driven flow provides enough pressure
to perfuse the networks with various sizes to support cell growth. The networks in
the 384-well version of AngioPlate™ are sufficiently perfused with gravity-driven flow.
However, gravity-driven flow is not designed to achieve physiological shear stress in
these vessels. The shear stress in these engineered vessels is usually below 1 dyne per
cm?.

Another key feature of our platform is the open-well design. Different from the con-
ventional closed microfluidic-based systems, our device allows easy tissue extraction
for downstream analysis. We demonstrated that it is compatible with histopatho-
logical assessment, which is the gold standard in clinical diagnosis of disease and
drug injury. Molecular analyses including RNA sequencing and proteomics are also
possible experimental readouts with this system. These features could allow direct
comparison of the in vitro data with human clinical data in future studies for model

validation.
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The open-well design also allows pre-fabricated tissue to be easily added to each
well. For instance, a monolayer of organ-specific epithelial cells could be cultured on
the top surface of the gel with a supporting perfusable vascular network underneath.
Alternatively, tissue spheroid, organoids, or tissue explants could be vascularized by
placing them on top of the gel and the supporting vascular bed. The platform could
also potentially be integrated with extrusion-based 3D printing in the future to ex-
pand model complexity further. The platform becomes highly versatile by having an
open-well design and by removing the geometric constrain of synthetic membranes
or microfluidic channels. The tissue models, built entirely inside a natural hydrogel
with no restrictive boundaries, could be seeded with stem cell-derived organoids and
serve as the initial structural template to study tissue development and morphogen-
esis [182]. Lastly, when using our device, users need only pipetting techniques for
handling all reagents. It does not require users to assemble tubes or pumps, making
the platform compatible with the robotic fluid handling system for automation.

From the aspect of device fabrication, our current process uses PDMS glue to
bond a bottomless well plate with a polystyrene base. PDMS is prone to drug ad-
sorption [183] and may need to be replaced depending on the application. In addi-
tion, the spread of the PDMS glue into the middle well is not always easy to control,
which could damage the patterned features and lead to device failure. Compared to
our previously published platform with a simpler design, the increased complexity
of AngioPlate™ with multiple inlets and outlets required for perfusion does reduce
experimental throughputs. plate. However, to compensate for any loss of tissue due
to quality control, around 20 tissues are usually routinely established per plate. The

main point of failure we often encounter is in the plate gluing step which can be
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improved with the use of pressure-sensitive adhesive, hot embossing bonding, or laser
welding methods that are more accessible in industry. Because of the lack of access
to these industrial techniques, PDMS glue was used to bond the plastic device which
inevitably involves additional fabrication steps that are prone to failure.

From a design aspect, different from 3D printing, our current method does not
provide the flexibility of changing the design on demand. However, the master molds
we used for alginate patterning could be 3D printed without the time-consuming
photolithography step, which would combine the scalability of the 2D patterning
with the versatility of 3D printing to allow rapid design iterations. Alternatively, the
patterned 2D alginate features could be directly 3D printed with an extrusion-based
3D printer without using any PDMS molds, which could significantly shorten the
fabrication process while providing even more design flexibility. To avoid the use of
any calcium chelating agents that could potentially damage cells, we used buffer or
culture media with low calcium ion concentration for the degradation of the alginate
sacrificial material. This degradation is a slower process that can last two days. But
considering the overall length of a typical culture and tissue maturation process, this
is a minor delay from an end-user perspective. During tissue culture, it’s important
to note that media perfusion is entirely driven by gravity which varies over time due
to the depletion of the pressure heads. Moreover, the flow pattern is bi-directional. If
a constant unidirectional flow is required, customized lids with built-in microfluidic
pumps could be used to recirculate the media from outlet wells back to inlet wells to

maintain fluid pressure [176].
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4.5 Conclusions

The trade-off between model complexity and experimental throughputs has been a
long-standing issue [184]. More studies are needed to understand the level of tissue
complexity that is necessary for model systems which are likely specific to the biolog-
ical question of interests. But when complex tissue structures and the use of natural
extracellular matrix are needed, the subtractive manufacturing technique could offer
a new way of approaching tissue production and culture to close the existing disparity
between model complexity and throughputs. Moreover, the emergence of stem cell-
derived organoids will require platform technology that can accommodate organoid
growth with an amenable matrix and offer perfusion capability without compromising
experimental throughputs [167]. In future work, the integration of organoids and the

AngioPlate platform could be explored [185].
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Abstract

The development of new pharmaceuticals is significantly hindered by the high costs

and low predictive accuracy of traditional preclinical models, which often inadequately
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mimic human physiological responses. Recent advancements in organ-on-a-chip tech-
nology have ushered in sophisticated 3D vascular models and microfluidic systems
that closely replicate the microarchitecture and physiology of human blood microves-
sels . These systems are pivotal in addressing previous limitations by integrating
stromal cells such as pericytes and fibroblasts, which aid in the structural and func-
tional maturation of endothelial cells. This paper highlights the use of the Angio-
Plate™ platform, which utilizes automated preparation techniques to develop human
microvessel arrays. These microvessel arrays have demonstrated high predictive ac-
curacy in assessing vascular toxicity levels and have been instrumental in developing
organ-specific models, particularly for the liver and lungs. The technological advances
discussed offer insights into vascular biology and could potentially improve the trans-
lational relevance of preclinical findings. Such progress suggests possible avenues for
enhancing drug development efficiency and effectiveness, with implications for future

pharmaceutical research and therapy optimization.

5.1 Introduction

The development of new pharmaceuticals is constrained by high costs and low pre-
dictive accuracy in the preclinical phase. The limitations of traditional models exac-
erbate this challenge in accurately mimicking human physiological responses, leading
to substantial inefficiencies when drugs transition to clinical trials [186, 187]. In
this context, vascular models are crucial for evaluating the pharmacokinetics, phar-
macodynamics, and potential vascular side effects of new drug candidates [188, 189].
Traditional in vitro models, including 2D cell cultures and animal studies, often fail to

represent human vascular functions accurately. While animal models provide valuable
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organism-level data, they suffer from interspecies variability that may not translate to
human systems [190]. Conversely, 2D cultures lack the three-dimensional cell-cell and
cell-matrix interactions that are critical in human tissues [191]. Recent advancements
in organ-on-a-chip technology have led to the development of 3D vascular models and
microfluidic systems that better simulate the microarchitecture and hemodynamics of
human blood microvessels [192-194]. Alongside these innovations, an increasing num-
ber of vascular models have begun to integrate high-throughput capabilities essential
for extensive pharmaceutical testing [195, 196], while others have emerged to more
accurately recapitulate specific organ responses [197, 198]. Robotic handling systems
have also been integrated into organ-on-a-chip workflows to streamline model devel-
opment and enhance precision [199]. This automation allows for more consistent and
efficient management of culture conditions, significantly improving the reproducibility
and scalability of experiments [200].

Specifically, innovations in physiological vascular modeling have included the inte-
gration of various stromal cells, such as pericytes (PCs) and fibroblasts (FBs), which
support the structural and functional maturation of endothelial cells (ECs) [201-203].
These models are instrumental in studying endothelial-stromal cell interactions in a
controlled environment, providing insights into their roles in vessel stability and blood
barrier integrity under physiological and pathological conditions. Moreover, research
into vascular models has expanded to include the simulation of various disease states
using inflammatory and fibrotic agents like TNFa, TGF 3, IFN~, thrombin, Poly(I:C),
and LPS. These studies are crucial as they reveal the complex cytokine interactions

and endothelial responses that characterize different vascular diseases, improving our
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understanding of disease mechanisms and the effectiveness of therapeutic interven-
tions. In addition to modeling the disease, researchers have also investigated the en-
dothelial responses to chemotherapy agents in vascular models [204, 205], which has
been pivotal for understanding biomolecule mechanisms that underlie drug-induced
vascular damage. The development of organ-specific vascular models has become in-
creasingly important for more precise drug testing and disease modeling [206]. By
mimicking the unique microenvironments of specific organs, such as the liver [207]
or lungs [208], these models allow for more accurate predictions of organ-specific
drug effects and disease processes, enhancing the translational relevance of preclinical
findings.

In response to these needs, human microvessel arrays on the preciously developed
AngioPlate™ platform [209] have been designed to provide a sophisticated candidate.
We demonstrated preparation, both manually and automatedly, the utilization of
these microvessel arrays, testing 670 vessels, to enable extensive and detailed studies
of vascular responses under various conditions. This scale of testing is complemented
by the customized 384-well plate platform’s ability to accurately simulate and ana-
lyze vascular dynamics using mature vessel arrays and detailed cytokine profiling. In
examining the ten chemotherapy drugs, the microvessel arrays proved to have the ca-
pability to predict the vascular toxicity level precisely. Furthermore, by incorporating
specific sources of stromal cells and ECs into these models, AngioPlate™ facilitates
the development of organ-specific vascular models, liver, and lung vessels, revealing
the vascular microenvironments for different organs, enhancing the understanding of

organ-specific vascular biology.
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5.2 Materials and Methods

5.2.1 Cell culture

Original vials of Human Umbilical Vein Endothelial Cell Line (HUVEC Line, Ever-
Cyte, CHT-006-0008), Human Primary Lung Fibroblasts (Lung FBs, ATCC, PCS-
201-013) at passage 2 (P2), Human Pericytes from Placenta (PCs, PromoCell, C-
12980) at P2, Human Primary Liver Sinusoidal Microvascular Endothelial Cells (Liver
ECs, CellBiologics, H-6017) at P3, Human Primary Liver Fibroblasts (Liver FBs,
CellBiologics, H-6019) at P3, and Human Primary Lung Microvascular Endothelial
Cells (Lung ECs, CellBiologics, H-6011) at P3 were obtained. HUVECs, Liver ECs,
Lung ECs, and Liver FBs were cultured in T75 flasks (CELLSTART, 82050-856)
coated with a 0.2% w/v gelatin (Sigma-Aldrich, G9391) solution in PBS (Gibco,
14190144) for 20 minutes at 37 °C with 5% CO2. Lung FBs and PCs were cultured
in T75 flasks. HUVECs were cultured in Endothelial Cell Growth Medium2 (ECGM2,
PromoCell, C-22011) supplemented with 20 ug/mL G418 (Invivogen, ant-gn-1). Liver
ECs and Lung ECs were cultured in ECGM2 supplemented with an extra 3% FBS
(Thermo Fisher Scientific, 12484028). Lung FBs and Liver FBs were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11995065) supplemented with
10% FBS, 1% HEPES (Gibco, 15630106), 1% Penicillin-Streptomycin (Pen-Strep,
Wisent Inc., 450-201 EL). PCs were cultured in Pericyte Growth Medium2 (PGM2,
PromoCell, C-28041). All ECs and FBs were harvested using Trypsin-EDTA (0.05%,
Gibco, 25300054). PCs were harvested using Accutase (Gibco, A1110501). Working
cell banks were prepared by expanding HUVECs to P4, Lung FBs, PCs, Liver ECs,
Liver FBs, and Lung ECs to P6. HUVECs, Lung FBs, and PCs were resuspended
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in a freezing medium containing 5% DMSO (Sigma-Aldrich, D2650), 20% FBS, and
75% culture media to a concentration of 7 x 10° cells/mL. Liver ECs, Liver FBs, and
Lung ECs were resuspended in a freezing medium containing 10% DMSO, 50% FBS,
and 40% culture media to a concentration of 5 x 10° cells/mL. Cell suspensions were
aliquoted into each cryogenic vial (VWR, 66008-751) at 1 mL each. Fresh frozen vials

were obtained from the working cell banks for each round of experiments.

5.2.2 Hydrogel casting
Manual preparation

To generate human microvessels the AngioPlate™ manually, on day 0, stromal cells
nearing confluence in T75 flasks were harvested, counted, and added to autoclaved
1.5 mL microcentrifuge tubes (VWR, 10025-726) for centrifugation. The list of cell
densities added to each microcentrifuge tube used for different setups in this study is
provided in Supplementary Table D.1.

After spinning down the cells in the microcentrifuge tubes, the supernatant was
removed, and 125 uL of 10 mg/mL of Fibrinogen (Sigma-Aldrich, F3879) was added
to resuspend the cell pellet. Next, 25 uLi of 7 U/mL Thrombin (Sigma-Aldrich, T6884,
stock solution at 10 U/mL, resuspended in 0.1% w/v BSA (Sigma-Aldrich, A9418)
in PBS) was added to the cell suspension in Fibrinogen and mixed by pipetting up
and down five times. Right after mixing, 25 ul. of the cell suspension containing
Fibrinogen and Thrombin was cast into five middle wells, followed by a light tap of

the plate to assist hydrogel spreading inside the wells.
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Robotic preparation

To generate human microvessels on AngioPlate™ using a robotic handling system
(Hamilton Company, NIMBUS4), on day 0, nearly confluent stromal cells in T75
flasks were harvested, counted, and added to four autoclaved 2.0 mL microcentrifuge
tubes (VWR, 10025-738) to be spun down. The list of volumes of Fibrinogen and
Thrombin needed in each microcentrifuge tube for different numbers of microvessels
is provided in Supplementary Table D.2. After spinning down the cells in the mi-
crocentrifuge tubes, the supernatant was removed, and PBS was added to resuspend
the cell pellet. For microvessels containing HUVEC, lung FBs, and PCs, a final con-
centration of 0.1 million/mL for both lung FBs and PCs was achieved. Depending
on the number of columns to be set up on the AngioPlate™, four tubes containing a
certain volume of 20 mg/mL Fibrinogen and another four tubes of 7U/mL Thrombin
are prepared and loaded into the robotic handling system at corresponding locations
(Supplementary Figure D.7). The list of volumes of Fibrinogen and Thrombin needed
in each microcentrifuge tube for different number of microvessels is provided in Sup-
plementary Table D.2. A standard non-treated 384-well flat bottom plate (VWR,
732-2906) was placed inside the robotic handling system to serve as a mixing reser-
voir. The AngioPlate™ was also placed inside the robotic handling system onto a
shaker. Once all the tubes and plates were placed securely at designated locations
(Supplementary Figure D.7), the system automated the hydrogel mixing and casting.
The flowchart of the programming code is provided in Supplementary Figure D.8.
During the 30-min incubation of AngioPlate™ on a leveled surface at RT, Throm-
bin and Fibrinogen in the hydrogel crosslinked and formed the Fibrin gel with stromal

cells suspending in its matrices. To remove the sacrificial fiber on AngioPlate™, warm
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PBS was added to all wells, 100 L to inlet and outlet wells and 50 pL to middle wells,
followed by a 40-min incubation at 37 °C with 5% CO2 on a rocker (OrganoBiotech,
[FlowRocker™) set to rock at +£15 degree, switching the angle every 5 mins. After 40
mins, the PBS was aspirated and changed to fresh PBS, followed by another 20-min
incubation, then the PBS was aspirated out. Finally, ECGM2 supplemented with 8%
v/v FBS, 20 pg/mL aprotinin (Sigma-Aldrich, 616370-M) [210], and 1% Pen-Strep
was added to all wells: 90 pL to inlet and outlet wells and 50 uL to middle wells.
Stromal cells were cultured at 37 °C with 5% CO2 on the rocker to maturity from

day 0 to 4 with daily changes of fresh media.

5.2.3 Vessels formation

On day 4, nearly confluent ECs were harvested, counted, and added to a 50 mL Falcon
tube to be spun down and resuspended to a concentration of 5 x 10° cells/mL. Media
were removed from all wells and 120 pL of the ECs suspension was added to both
inlet and outlet wells. This was followed by a 2-h incubation at 37 °C with 5% CO2
on a leveled surface, allowing HUVECs to go into the hollow tubular structure in
the hydrogel and attach. After 2 h, 40 uL. of ECGM2 supplemented with 20 pg/mL
aprotinin and 1% Peni-Strep was added to middle wells. ECs and stromal cells were
cultured at 37 °C with 5% CO2 on the rocker to vessel maturity. Media were changed
daily by adding 90 uL to inlet and outlet wells and 50 L to middle wells. The quality

of the microvessels was checked on day 11 and onwards for further studies.
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5.2.4 Permeability assay

To assess the barrier function of the vessels, a permeability medium containing 1
mg/mL of 65-85 kDa TRITC dextran (Sigma-Aldrich, T1162) and 4 kDa FITC dex-
tran (Sigma-Aldrich, 46944) in ECGM2 was used. A standard curve was prepared by
serial dilution of the permeability medium, consisting of concentrations of 1 mg/mlL,
0.1 mg/mL, 0.01 mg/mL, 0.001 mg/mL, 0.0001 mg/mL, and 0 mg/mL. 100 uL of
each concentration was added three times:100 pL to the inlet well, 100 pL to the
middle well, and another 100 pL to the outlet well. Then all media were removed
from all sample wells. 60 uL. of ECGM2 was added to each middle well, and 90 ul. of
permeability medium was added to the inlet and outlet wells. Right after switching
the media to the permeability medium, AngioPlate™ was placed into a plate reader
(Agilent, BioTek Cytation 5) for intensity reading. Two-wavelengths reading was set
up with excitation at 544 nm and emission at 570 nm for TRITC and at 491 nm and
516 nm for FITC. Fluorescent intensities of all sample wells were collected at t = 0
and t = 60 mins. During the 60 mins of perfusion with the permeability medium,
the AngioPlate™ was incubated at 37 °C with CO2, on the rocker. After the fluo-
rescent reading at t = 60 mins, fluorescent imaging was also conducted with TRITC
and FITC filters and the 4X objective using the same plate reader to obtain visual
qualitative data. The permeability medium was aspirated, and all sample wells were
washed twice using ECGM2 with 90 pL of medium for the inlet and outlet wells, and
50 pL of medium for the middle wells. ECGM2 supplemented with 20 pg/mL apro-
tinin and 1% Peni-Strep was added back to all sample wells when continued culture
was needed. The standard curve was not aspirated if further permeability testing

was to be conducted on the same plate. The amount of dextran diffused from the
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vessel into the hydrogel during the 60 mins interval was calculated by correlating the
flurescent intensity to the dextran mass using the standard curves. After calculating
the dextran masses at the 0-mins and 60-mins, the transportation rate of the dex-
tran in pug/h can be determined. Data analysis was performed using Microsoft Excel,

GraphPad Prism 10.2.1, and Fiji 2 software.

5.2.5 Treatments

Treatment base medium I was prepared using ECGM2 supplemented with 20 pg/mL
aprotinin and 1% Pen-Strep. Treatment base medium II was prepared using ECGM2
supplemented with 20 pg/mL aprotinin, 1% Pen-Strep and 100 ng/mL IFN~. Treat-
ment base medium III was prepared using ECGM2 Kit (PromoCell, C-22111) without
adding heparin, supplemented with 20 pg/mL aprotinin and 1% Pen-Strep. In treat-
ment base medium I, doses of IFNy and TNFa«, each at 1, 0.1, 0.01, 0.001, 0.0001,
and 0 pg/mL; TGFS at 0.1, 0.01, 0.001, 0.0001, 0.00001, and 0 pg/mL; thrombin
at 1, 0.5, and 0.1 U/mL; and Poly(I:C) and LPS, each at 10, 1, 0.1, 0.01, 0.001,
and 0 pg/mL, were prepared. Doses of TNFa at 1, 0.1, 0.01, 0.001, 0.0001, and 0
pug/mL, and TGFS at 0.1, 0.01, 0.001, 0.0001, 0.00001, and 0 pg/mL, were prepared
in treatment base medium II. Doses of TGF# at 0.1, 0.01, 0.001, 0.0001, 0.00001, and
0 pg/mL, and Thrombin at 1, 0.5, and 0.1 U/mL, were prepared in treatment base
medium III. Treatment media were added to all wells, except the Thrombin group,
where the media containing Thrombin was only added to the inlet and outlet wells
to mimic the location of thrombosis taking place [? |.

A panel of chemotherapy drugs was obtained from NIH to prepare drug treat-

ment media using treatment base medium I. Doses of drugs including bortezomib,
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vincristine, paclitaxel, axitinib, bleomycin, mitomycin, sorafenib, amifostine, ima-
tinib, and tamoxifen were prepared at concentrations of 1 x 10-6, 1 x 10-7, 1 x 10-8,
1 x 10-9, and 0 M. Vehicle medium was prepared by adding 0.01% DMSO into treat-
ment base media I. Quality control was conducted by conducting permeability tests
for these treatments on day 11. Treatments were applied from day 14 to day 17. Fresh
media were prepared on day 13 and changed daily. Cytokine samples, 80 pl from
the inlet and outlet wells and 50 pLi from the middle wells were collected daily from
day 15 to day 17. Treatment media were applied exclusively to the inlet and outlet
wells, while the middle wells were filled with drug-free media. This configuration
was engineered to replicate the pharmacokinetics and pharmacodynamics observed
in intravenous or oral administration of chemotherapy agents.

To study organ-specific vessels’ responses to TGFEb, doses of TGFS at 0.1 and 0
pug/mL, were prepared in treatment base medium II. Quality control by conducting
permeability tests for these treatments was done on day 10. Treatments were applied
from day 13 to day 16. Fresh media were prepared on day 12 for day 13 to day 16
daily media change. Tissues treated with TGF3 were cultured with treatment base
medium [T without TGFfg from day 16 to day 20. Fresh media were prepared on day
16 and day 18 for daily media change. Treatment media were added to all wells. The
list of catalog numbers and stock concentrations of all compounds and drugs used in

this study is provided in Supplementary Table D. 3.

5.2.6 Cytokine analysis

Media collected at relevant time points, 24, 48, 72 hr after treatment started, were

stored at -80 °C until analysis. Media collected at different time points were pooled for
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each sample and transferred to 1.5 mL microcentrifuge tubes to be spun down at 1000
RPM for 10 mins at 4 °C. 75-100 uL of supernatants were collected and transferred
into 0.65 mL microcentrifuge tubes. The supernatants were stored at -80 °C until
analysis. Measurements of the cytokine concentrations in samples were performed at
Eve Technologies. Human Angiogenesis & Growth Factor 17-Plex Discovery Assay
were conducted for different vessel culture conditions and Human Cytokine Proin-
flammatory Focused 15-Plex Discovery Assay for all treatment groups. Analysis of
cytokine concentrations and clustering was done using GraphPad Prism 10.2.1 and

MATLAB R2023a.

5.2.7 Immunofluorescent staining and TEM imaging

Samples were washed twice with PBS and then fixed with 4% PFA (Electron Micro-
scope Sciences, EMS 15710-S, diluted in PBS) for 1 h at RT. After fixation, samples
were washed three times with PBS with 15-min intervals and blocked with 10% FBS
for 1 h at RT. Next, Samples were stained with primary antibodies in 2% FBS, in-
cluding anti-VE-cadherin (Abcam, ab33168, diluted 1:1000), overnight on a rocker
at 4 °C. Following overnight incubation, samples were washed with PBS for two
nights on a rocker at 4 °C, changing PBS once after the first night. After primary
antibodies staining, samples were stained with corresponding secondary antibodies
and conjugated antibodies in 2% FBS, including Alexa Fluor 488 anti-rabbit (Ab-
cam, ab150077, diluted 1:200), Phalloidin-iFluor 594 Conjugate (Cayman Chemical,
20553, diluted 1:1000), and DAPI (Sigma-Aldrich, D9542, diluted 1:1000), overnight
on a rocker at 4 °C. Following this, samples were washed again with PBS for two

nights on a rocker at 4 °C, changing PBS once after the first night. Samples were
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then imaged using a confocal microscope (ZEISS, 3i Marianas LightSheet).
Transmission electron microscopy (TEM) images were captured to observe the
morphologies of both the vessel and the stromal cells in its vicinity. The pressure-
sensitive adhesive sheet at the bottom of the samples was cut along the well walls
from the back side of the AngioPlate™, and the sample was carefully removed from the
device using tweezers, along with the pressure-sensitive adhesive sheet. Subsequently,
the samples were sent to the Faculty of Health Sciences Electron Microscopy Facility
at McMaster University for processing. The processed sections were then imaged at

the Canadian Centre for Electron Microscopy (CCEM).

5.2.8 Imaging analysis

Fiji 2 was used to measure diameters at five different locations of a vessel. The average
of these five measurements was used to represent the vessel diameter for each sample.
The data were imported to GraphPad Prism 10.2.1 for generating a summary figure.
Images of vessels’ DAPI signals were imported into Fiji 2. After applying thresholds
and conducting computerized measurements, data on nuclei direction, circularity,
and alignment were exported to MATLAB R2023a and GraphPad Prism 10.2.1 for
generating polar histogram figures and bar graphs. Nuclei with less than 10° from

the vessel’s centreline are considered as ”aligned” with the flow direction.

5.2.9 Statistical analysis

The data were plotted with the mean and standard deviation (SD). Shapiro-Wilk
normality testing was performed for all data. If all groups in the data passed the

normality test, we assumed a Gaussian distribution and used ANOVA; otherwise,
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a nonparametric test was used. If the ratio between the largest and smallest SDs
among the tested groups was 4, equal SDs were assumed; otherwise, equal SDs were
not assumed. When the data were assumed to have a Gaussian distribution and equal
SDs, statistical significance was assessed using ordinary one-way ANOVA followed by
Fisher’s LSD test. When the data were assumed to /have a Gaussian distribution
but not equal SDs, statistical significance was assessed using Brown-Forsythe and
Welch ANOVA tests followed by Dunnett’s T3 multiple comparisons test. When the
data were not assumed to have a Gaussian distribution, statistical significance was
assessed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
Significance is represented as ns for not significant, * P < 0.05, ** P < 0.01, *** P

< 0.001, and **** P < 0.0001. GraphPad Prism 10.2.1 was used.

5.3 Results

In this work, we built a customized 384-well device based on previously developed
technologies [209], named AngioPlate™. On this device, one can grow over 100 sets of
physiologically relevant microvessels to maturity and use them to screen drugs, induce
inflammation, and develop disease models. Furthermore, cell sources can be switched

to establish organ-specific microvessels for organ-specific studies (Figure 5.1(a)).
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Figure 5.1: AngioPlate™for building human microvessels assay. (a) A schematic
overview of vascular assays building on AngioPlate™. Samples such as drugs,
inflammatory cytokines, and pathogenic agents can be screened on
AngioPlate™through the vessels. Each AngioPlate™contains 128 sets of tissue
culture units available for building vessels. Each tissue culture unit consists of one
inlet well, one middle well, and one outlet well. One channel connects the inlet and
middle wells in the same tissue culture unit, while another channel connects the
middle and outlet wells. Additionally, a gelatin fiber served as the sacrificial
material is placed in the center of the tissue culture unit, crossing the inlet, middle,
and outlet wells. Various human vessel assays can be built on AngioPlate™using
human organ-specific stromal cells and ECs, such as lung and liver-specific vessels.
(continued)
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Figure 5.1: (continued). Created with BioRender.com. (b) Vessel assays can be
utilized for various studies with a standardized timeline and procedures. On day 0,
the hydrogel with stromal cells was cast into the middle wells, and the sacrificial
material was removed. After four days of stromal cell maturation, endothelial cells
were seeded into the tube created by the removal of the sacrificial fiber to attach
and form vessels. After seven days of culturing, on day 11, the permeability
medium, containing 1 mg/mL of each TRITC 65 86 kDa and FITC 4 kDa dextran,
was added to test vascular barrier function. Permeability medium was added to the
inlet and outlet wells of the tissue culture unit. The fluorescent intensity of the
middle well was read at t = 0 mins and t = 60 mins. During the 60 mins incubation
time, the plate was placed on the IFlowRocker ™for rocking at a 15-degree angle
with a directional change every 15 mins. After 60 mins, fluorescent imaging of the
microvessels with dextran was also conducted. On day 14, the treatment began by
adding the treatment media into the inlet and outlet wells, representing drug
administration intravenously or orally. For studying systemic administration, the
treatment media could be added to all the wells. From day 15 to day 17, the
treatment continued, media were collected daily for later cytokine analysis, and new
treatment media were added back to the culture unit. On day 17, the same
permeability assay was run again to examine the vascular barrier function. Created
with BioRender.com.

5.3.1 Co-culture with stromal cells improves vascular barrier

function

We achieve vascular barrier function maturity through the co-culture of HUVECs
with other stromal cells, including PCs and/or FBs. We selected these two stromal
cell types because they have been individually reported to contribute to vascular
maturation [201, 194, 211]. Additionally, the concept of a tri-culture involving both
PCs and FBs together with ECs is supported by a previous study showing a synergistic
effect of having both of these stromal cells [212]. We selected a total of 0.1 million
stromal cells per mL to be mixed into the hydrogel, considering the cell density found

in the human body and previously used in the literature [213, 214, 201]. A PCs to
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F'Bs ratio at 1:1 was chosen based on the previous research [212]. The stromal cells, at
the concentration described above, were mixed into the fibrinogen component of the
hydrogel before casting and cultured from day 0 to 4 with 10% FBS in AngioPlate™to
elongate and proliferate before ECs were perfused into the device (Figure 5.1(b) and
Supplementary Figure D.1, 2). The FBS concentration was strategically reduced to
2% after seeding the endothelial cells into the AngioPlate™ on day 4. We designed
this protocol specifically to slow down stromal cell proliferation while promoting the
health of endothelial cells.

HUVECs seeded into the hollow tube embedded in hydrogel proliferated to form a
monolayer of endothelium (Supplementary Figure D.2) with and without the presence
of stromal cells in the vicinity. By studying the DAPI signals from each condition,
we observed that stromal cells assist HUVECs in aligning along the direction of flow
(Supplementary Figure D.3(a, ¢)) [215] while having minimal impact on HUVECs’
elongation (Supplementary Figure D.3(b)). Compared to the HUVECs-only group,
confocal imaging revealed that in the presence of stromal cell co-culture, HUVECs
expressed higher levels of VE-cadherin, a major endothelial molecule involved in ad-
herens junctions. This suggests that the presence of stromal cells improves vascular
formation and maturation (Figure 5.2(a)) [216]. A cross-sectional view constructed
from z-stack scanning demonstrated that the vessel has an open lumen (Figure 5.2(c)).
When zooming in to the level of cellular features using TEM imaging, we observed
that the distance between stromal cells and endothelial cells can be closer than 1
pum (Figure 5.2(b)), comparable to the cellular distribution near microvessels [217],
optimizing the crosstalk between cells [218]. We further verified the improvement

in the maturity and barrier function of microvessels under the influence of stromal
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cells by conducting a series of permeability tests. HUVECs cultured alone, with lung
FBs, with PCs, and with both PCs and Lung FBs on AngioPlate™ were examined
on days 11 and 18 using 65-85 kDa dextran and 4 kDa dextran. On day 11, sig-
nificantly tighter barriers were observed in all conditions where stromal cells were
present. Particularly, conditions with PCs and with both PCs and Lung FBs showed
greater improvement in vascular maturity, as evidenced by a reduction of over half in
the transportation rate of both dextran sizes crossing the endothelium(Figure 5.2(e,
f)). However, stromal cells alone did not contribute to lowering the transportation
rate of dextran. On day 18, the same permeability test was conducted again. The
results showed that changes in barrier function within the same group were not sig-
nificant (Supplementary Figure D.4), suggesting that the microvessels are suitable for
studying at least up to day 18. We also demonstrated that the microvessels prepared
on AngioPlate™have the potential to run high-throughput assays. This was shown
by our capacity to prepare a large number of microvessels (more than 50) on one
plate (Figure 5.2(g)), and there was consistency between vessels, as indicated by a
coefficient of variation (CV) less than 30% for 65-85 kDa dextran, less than 20% for

4 kDa dextran (Figure 5.2(h)), and less than 10% for diameters (Figure 5.2(i)).
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Figure 5.2: Establishment of mature microvessels with stromal cells. (continued)
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Figure 5.2: (continued) (a) Representative images of microvessels built with
HUVECs, with HUVECs and FBs, with HUVECs and PCs, and with HUVECs,
PCs, and FBs on day 20. Stromal cells (F-actin) are embedded within the hydrogel
and localized near the microvessels (VE-cadherin and F-actin). Nuclei of all cells
were stained with DAPI. The white box in the HUVECs, PCs and FBs image
indicates the zoom-in section used in (c). (b) TEM imaging demonstrates
co-localization between ECs and stromal cells. The enlarged region indicates the
distance between an EC and a stromal cell. (c¢) Cross-section of vessels, showing a
projection onto the yz-plane. (d) Representative images of microvessels built with
HUVECs, PCs, and FBs prepared manually and automatedly. TRITC 65-85 kDa
dextran (red) indicates the lumen of vessels. Confocal imaging shows F-actin of the
cytoskeleton, VE-cadherin of ECs, and DAPI-stained nuclei. (e, f) Quantification
and visualization of TRITC 65-85 kDa (e) and FITC 4 kDa (f) dextran
permeability assay. The transportation rate of diffused dextran on day 11, four
conditions had no ECs seeding included no cells in hydrogel, FBs in hydrogel, PCs
in hydrogel, and PCs and FBs in hydrogels; and four conditions having microvessels
built with HUVECs, with HUVECs and FBs (4 kDa: * P = 0.0450), with HUVECs
and PCs (65-85 kDa: *** P = 0.0002, 4 kDa: **** P<0.0001), and with HUVECs,
PCs and FBs (65-85 kDa: *** P = 0.0007, 4 kDa: **** P<0.0001), n = 5 for each
culture condition. Fluorescent images of diffused dextran after 1 h perfusion of the
permeability medium. (g) Visualization of microvessels built with HUVECs, PCs
and FBs on day 11 after 1 h perfusion of the permeability medium using the TRITC
filter, n = 54. (h) Quantification of the permeability, transportation rate, and
corresponding CV for 65-85 kDa and FITC 4 kDa dextran across three plates on
day 11. Plate 1, n = 52; plate 2, n = 45; plate 3, n = 78. (i) Measurement of
vascular diameters across three plates on day 20. Plate 1, n = 50; plate 2, n = 46;
plate 3, n = 81.

To convert the transport rate - diffused dextran per hour, to the apparent perme-

ability (P,,), the following equation [219, 220] was applied:

dQ 1

Papp(cm/s) = U A O

(5.3.1)

where dQ/dt is the transport rate in pg/h, A is the surface area of the vessel
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that is in contact with the hydrogel (1.06 x 10? cm?) and Cgopnor is the initial fluo-
rescent dextran concentration (1 mg/ml) added to the inlet and outlet wells. After
simplifying the equation, the relationship between dQ/dt and the P,,, was rewritten
as:

dQ

P.p(cm/s) = — 262 % 107°((em - h)/(ug - 8)) (5.3.2)

Thus, the data can be presented with either the design-specific transport rate in
pg/h or with the universal P,,, in cm/s through a one-step conversion. From this
conversion, we obtained an average P, of 4.16 x 1076 cm/s for 65-85 kDa dextran
and a 2.38 x 1075 cm/s for 4 kDa dextran (Figure 5.2(h)), which is about five to six
times higher than the data collected in vivo, but agrees with other monolayer and 3D

tubular models in vitro [221, 193].

5.3.2 Different co-cultures of stromal cells and HUVECs ex-

hibited distinctive cytokine patterns

We examined the cytokine profiles of HUVECs-only, HUVECs with PCs, and HU-
VECs with both PCs and FBs culture conditions to understand the major cytokines
contributing to the observed differences in EC growth shown in Figure 5.2(e, ). We
plotted all cytokine data points collected on day 7 in a heat map, and the hierar-
chical clustering analysis revealed that the groups with PCs and both PCs and FBs
were more closely similar to each other compared to the HUVECs-only group (Fig-
ure 5.3(a)). To further delve into the results, we determined the cytokines from the
two groups with stromal cells that were significantly different from the HUVECs-only
group and plotted them as individual bar graphs (Figure 5.3(b-k)). In HUVECs with
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PCs condition, we observed significant modulation of pro-angiogenetic markers, in-
cluding upregulation of HGF (6.08 Logy(FC)) [222], G-CSF (0.95 Logs(FC)) [223],
IL-8 (0.84 Logs(FC)) [224], and VEGF-C (0.63 Logs(FC)) [225], and downregulation
of endothelin-1 (-0.29 Logs(FC)) [226]. Additionally, the dual-modulatory marker
BMP-9 (0.26 Logy(FC) [227] was upregulated (Figure 5.3 (I, m). In the HUVECs
with PCs and FBs condition, similar trends were noted with HGF (6.23 Log,(FC)),
IL-8 (0.84 Logy(FC)) » and VEGF-C (0.44 Log>(FC)) showing upregulation, while
endothelin-1 (-0.39 Logs(FC)) exhibited a decrease (Figure 5.3 (o, p)). Other cy-
tokines that were in the top-10 upregulated list include FGF-1 (1.52 Log,(FC)),
VEGF-A (1.08 Logy(FC)), leptin (0.79 Logs(FC)), VEGF-D (0.58 Log>(FC)), and
angiopoietin-2 (0.02 Logs(FC)) for the HUVECs with PCs condition. And VEGF-
A (1.12 Loge(FC)), FGF-1 (0.79 Logs(FC)), endoglin (0.57 Logs(FC)), leptin (0.38
Logy(FC)), and EGF (0.15 Logs(FC)) for the HUVECs with PCs and FBs condition.
Although didn’t pass the significance analysis, endothelin-1 (-0.65 Logs(FC)) was the
top-1 downregulated factor in the HUVECs with PCs condition, and VEGF-D (-0.42
Logy(FC)) in the HUVECs with PCs and FBs condition (Figure 5.3 (n, q)). The
cytokine profiles suggest that these stromal cells play a crucial role in promoting
and maintaining vascular barrier function. They achieve this by upregulating several
pro-angiogenic factors, such as HGF [222], while simultaneously downregulating cer-
tain factors, including endothelin-1. Endothelin-1, renowned for its vasoconstrictive
properties, possesses the capacity to induce fibrosis in endothelial cells and trigger
the generation of ROS [228]. To summarize, we observed alterations in the profile of
angiogenetic factors specific to microvessels constructed with different compositions

of stromal cells on AngioPlate™, linking cell-to-cell crosstalk to functional changes

125


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

in barrier integrity. We opted to proceed further with additional studies using com-

pounds with the HUVECs co-cultured with PCs and FBs setup.
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Figure 5.3: Cytokine analysis reveals the influence of stromal cells on vascular
maturation. (continued)
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Figure 5.3: (continued) (a) The heat map displays differential expression of human
angiogenesis cytokines and growth factors in microvessels built with HUVECs alone,
with HUVECs and PCs, and with HUVECs, PCs, and FBs on day 11. Supernatants
were obtained from n = 3 independent tissue culture units. (b-g) Measurements of
differential concentrations of cytokines between the group HUVECs alone and the
group with HUVECs and PCs: (b) VEGF-C, * P = 0.0235; (c) HGF, ** P =
0.0013; (d) IL-8, * P = 0.0237; (e) BMP-9, * P = 0.0224; (f) G-CSF, * P = 0.0129;
(g) EGF, * P = 0.0283. (h-k) Measurements of differential concentrations of
cytokines between the group with HUVECs and the group with HUVECs, PCs, and
FBs: (h) VEGF-C, * P = 0.0114; (i) HGF, ** P = 0.0012; (j) endothelin-1, ** P =
0.0011; (k) IL-8, * P = 0.0234. (1) Illustration of cytokines that were significantly
modulated in the group with HUVECs and PCs compared to the group with
HUVECs only, including VEGF-C, HGF, IL-8, BMP-9, G-CSF, and EGF. Created
with BioRender.com. (m) A volcano plot of differentially expressed cytokines
between the group HUVECs alone and the group of HUVECs and PCs, with the
significantly upregulated and downregulated cytokines labeled (P < 0.05). (n)
Ranking of expression of cytokines in the group of HUVECs and PCs from the most
upregulated to the most downregulated compared to the HUVECs only. (o)
[lustration of cytokines that were significantly modulated in the group with
HUVECs, PCs, and FBs compared to the group with HUVECs only, including
VEGF-C, HGF, endothelin-1, and IL-8. Created with BioRender.com. (p) A
volcano plot of differentially expressed cytokines between the group HUVECs alone
and the group of HUVECs, PCs, and FBs, with the significantly upregulated and
downregulated cytokines labeled (P < 0.05). (q) Ranking of expression of cytokines
in the group of HUVECs, PCs, and FBs from the most upregulated to the most
downregulated compared to the HUVECs only.

5.3.3 Modeling pathophysiological microvessels with biolog-

ical compounds

We were intrigued by the possibility of inducing multiple physiological states using
the microvessels constructed on AngioPlate™. To validate this concept, we selected
microvessels that were cultured with PCs and FBs and passed quality control (P, <

8 x 107% cm/s for 65-85 kDa dextran and Pa,, < 2.6 x 107° cm/s for 4 kDa dextran)
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on day 11 and subsequently administered biochemical compounds from day 14 to
17 to induce various disease states. Subsequently, we examined the corresponding
dose-dependent vascular responses and the cytokines released (Figure 5.1(b)). In
experimental studies, researchers frequently utilize concentrations of TNF« typically
ranging from 0.01 to 0.1 pg/mL, and IFN% concentrations ranging from 0.001 to
0.01 pg/mL to provoke vascular damage and induce inflammation [229, 230]. It
has also been reported that a synergistic effect on inflammation was observed with
the combination of TNFa and IFN~v [231]. Thus, to induce inflammation in the
vessels, we exposed them to varying doses of IFN~ (1, 0.1, 0.01, 0.001, 0.0001, and 0
pug/mL) and TNFa at the same doses, both with and without 0.1 pg/mL of IFN~y.
Inflammation in the microvessels was assessed on day 17, 72 h after the initiation of
treatment. Permeability tests were conducted for all groups, and confocal imaging
was performed on the TNF« groups. After the IFN-gamma treatment, microvessels
did not show significant changes in barrier function, except at the dose of 0.01 pg/mL
with 65-85 kDa dextran (Figure 5.4(a)). The cytokine profile related to the highest
[FN~ treatment revealed a 0.22-fold decrease in I1L-8, a 5.41-fold increase in IL-1RA,
and a 3.66-fold increase in MCP-1 compared to the vehicle group (Figure 5.4(n) and
Supplementary Figure D.5(a-c)). Two of these factors, IL-8 and MCP-1, are known
to increase vascular permeability [232, 233|, while IL-1RA plays a protective role
in maintaining vascular integrity [234]. Therefore, the minimal change observed in
vascular permeability could potentially result from the combined effects of decreased
IL-8 levels and increased IL-1Ra, which together counteract the impact of MCP-1.
Additionally, other factors specific to this microenvironment may also contribute to

the observed outcome.
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The same test was conducted on the TNFa groups. In the TNFa groups with-
out IFN~, disruptions in vessel barrier function were determined to be significant at
concentrations of 1, 0.1, and 0.01 ug/mL with 65-85 kDa dextran, and at 1 and 0.01
pg/mL with 4 kDa dextran (Figure 5.4(b)). The cytokine profile revealed a 6.01-fold
change in IL-10, a 278.48-fold change in IFN~, an 11.44-fold change in IL-13, and a
3.74-fold change in MCP-1 (Figure 5.4(n) and Supplementary Figure D.5(d-g)). Uti-
lizing confocal imaging, damage to VE-cadherin was captured for all concentrations
of the TNFa groups, and the level of damage is qualitatively proportional to the con-
centration of TNF«, indicating the loss of the VE-cadherin is another major index of
losing vascular barrier function (Figure 5.4(d)). In the TNFa groups with 0.1 pg/mL
of IFN~, significant vascular disruptions were observed at 0.1 pg/mL with 65-85 kDa
dextran and at 1 and 0.1 pg/mL with 4 kDa dextran (Figure 5.4(c)). Compared
to the vehicle, four cytokines in this treatment group exhibited significant changes,
including a 6.95-fold increase in IL-1/3, an 11.08-fold increase in IL-1RA, a 9.64-fold
increase in IL-13, and a 3.65-fold increase in MCP-1 (Figure 5.4(n) and Supplemen-
tary Figure D.5(h-k)). Notably, compared to the TNFa-only group, both IL-15 and
IL-1RA levels are elevated, suggesting that the combination of TNFa and IFNv may
have exerted a synergistic inflammatory effect on vessels, as previously reported [235].

Another compound, TGF/, has been demonstrated to promote fibrosis by stim-
ulating the differentiation of fibroblasts into myofibroblasts [236], while also exerting
a suppressive effect on immune responses [237]. Given the presence of fibroblasts
in our setup, we tested various concentrations of TGF/ in the microvessels on An-

gioPlate™to observe their impact on vascular functions. Additionally, a synergistic
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effect of combining TGF/ and IFN~ has been demonstrated, wherein they recipro-
cally suppress each other’s activities [238]. Furthermore, it is important to note that
ECGM2 contains heparin at a concentration of 22.5 pg/mL, which has been shown
to bind to TGFf and alter its functions [239]. TGFfS was added to microvessels
at concentrations of 0.1, 0.01, 0.001, 0.0001, 0.00001, and 0 pug/mL alone, with 0.1
pg/mL IFN~v, and without heparin. In microvessels treated with TGFf alone in nor-
mal culture media, a significant increase in vascular permeability was observed for
both 65-85 kDa and 4 kDa dextran at a concentration of 0.001 ug/mL (Figure 5.4(e))
but not at other concentrations. Cytokine analysis revealed a 0.68-fold decrease in
IL-8 and a 0.09-fold decrease in IL-12(p40) (Figure 5.4(n) and Supplementary Figure
D.5(l-m)). For microvessels treated with both TGFS and IFN~, changes in perme-
ability for both dextran sizes were also observed at a concentration of 0.001 pg/mL.
However, the microvessels became tighter instead of leakier (Figure 5.4(f)). The cy-
tokine analysis revealed nine significant changes, including a 13.14-fold increase in
IL-18, a 2.81-fold increase in IL-1RA, a 12.62-fold increase in IL-10, an 8.17-fold
increase in IL-12(p70), a 10.97-fold increase in 1L-4, a 1.93-fold increase in IL-5, an
11.44-fold increase in IL-13, and a 3.66-fold increase in MCP-1 (Figure 5.4(n) and
Supplementary Figure D.5(n-u)). Among these cytokines, IL-1RA, IL-10, IL-13, and
IL-4 are all known for their anti-inflammatory roles [234, 240, 241], while IL-17 is
pro-inflammatory and has been shown to increase vascular permeability [234]. The
data suggest that anti-inflammatory TGF S and pro-inflammatory IFN~ had a syner-
gistic impact through their reciprocal regulation [238, 242], as we observed numerous
pro- and anti-inflammatory cytokine being upregulated, potentially by altering the
TGF//Smad signaling and JAK-STAT pathways [238, 243, 244]. The group treated
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with TGFf in the absence of heparin displayed significant vascular disruptions at all
concentrations except in the vehicle group (Figure 5.4(g)), accompanied by a 0.11-
fold decrease in IL-6, a 0.26-fold decrease in IL-8, and a 0.53-fold decrease in MCP-
1 (Figure 5.4(n) and Supplementary Figure D.5(v-x)). These results, along with
those observed in other TGF g-treated groups, suggest that heparin-binding impedes
TGFf’s impact on vascular [239]. We used the microvessels on AngioPlate™to exam-
ine TGF{’s anti-inflammatory properties [238], as reflected in the cytokine profiles,
as well as to mimic TGF-induced disruptions in endothelial integrity [245, 246].

We then studied the thrombosis process using the microvessels on AngioPlate™by
increasing the level of Thrombin presented in the lumen. Notably, the presence of
heparin can also hinder Thrombin’s activity by binding to antithrombin III [247],
which is produced by ECs. We prepared Thrombin concentrations of 1, 0.5, 0.1, and
0 U/mL with and without heparin in ECGM2. No significant change in vascular
permeability was observed except at 1 U/mL without heparin for 65-85 kDa dextran,
aligning with our expectation of thrombosis-induced barrier function disruption in
the absence of heparin (Figure 5.4(h, i)).

We also applied Poly(I:C), a synthetic analog of double-stranded RNA [248], at
concentrations of 10, 1, 0.1, 0.01, 0.001, and 0 ug/mL to mimic vital infection in
microvessels on AngioPlate™. At the highest dose, a disruption of the vascular bar-
rier was observed with both 65 86 kDa dextran and 4 kDa dextran (Figure 5.4(j)),
demonstrating our ability to capture the influence of viral infection on microvessels
on AngioPlate™. Meanwhile, confocal imaging didn’t show damages to VE-cadherin
as severe as observed in the TNFa group (Figure 5.4(k)). The cytokine analysis also

captured a 4.29-fold increase in MCP-1 (Figure 5.4(n) and Supplementary Figure
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D.5(y)).

To study the impact of bacterial infection on vessels, we applied LPS at concen-
trations ranging from 10 pg/mL to 0 pg/mL [249]. However, no significant changes
were observed in permeability, VE-cadherin expression, or cytokine analysis (Figure

5.4(1, m)).
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Figure 5.4: Development of microvessels that mimic pathological conditions using
biological substances. (continued)
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Figure 5.4: (continued) (a-c) Quantification and visualization of the dextran
diffusion across multiple doses for (a) IFNv: 65-85 kDa at 0.01 ug/mL, * P =
0.0365, n = 23 in total; (b) TNFa: 65-85 kDa at 0.01 pg/mL, * P = 0.0233, at 0.1
pg/mL, * P = 0.0191, at 1 ug/mL, ** P = 0.0069, 4 kDa at 0.01 pug/mL, ** P =
0.0062, at 1 pg/mL, ** P = 0.0078, n = 18 in total; (¢) TNFa with IFN~v: 65-85
kDa at 0.1 pg/mL, * P = 0.0236, 4 kDa at 0.1 ug/mL, * P = 0.0433, at 1 pug/mL, *
P = 0.0290, n = 17 in total. (d) Confocal imaging shows adherens junctions’
deterioration due to the presence of TNFa. F-actin in the cytoskeleton,
VE-cadherin of adherens junctions, and DAPI-labeled nuclei are shown. (e-j)
Quantification and visualization of the dextran diffusion across multiple doses for
(e) TGFp: 65-85 kDa at 0.001 pug/mL, * P = 0.0419, 4 kDa at 0.001 pug/mL, * P =
0.0410, n = 22 in total; (f) TGFS with IFN~: 65-85 kDa at 0.001 pug/mL, * P =
0.0236, 4 kDa at 0.001 pug/mL, * P = 0.0475, n = 17 in total; (g) TGFS without
heparin: 65-85 kDa at 0.00001 pg/mL, * P = 0.0180, at 0.0001 pg/mL, * P =
0.0212, at 0.001 pug/mL, ** P = 0.0066, at 0.01 ug/mL, * P = 0.0102, at 0.1
pug/mL, ** P = 0.0024, 4 kDa at 0.00001 pg/mL, * P = 0.0214, at 0.0001 pg/mL, *
P = 0.0111, at 0.001 pg/mL, ** P = 0.0090, at 0.01 pg/mL, * P = 0.0177, at 0.1
pg/mL, ** P = 0.0028, n = 29 in total; (h) Thrombin, n = 13 in total; (i)
Thrombin without heparin: 65-85 kDa at 1 U/mL, * P = 0.0318, n = 16 in total; (j)
Poly(I:C): 65-85 kDa at 10 pug/mL, * P = 0.0119, 4 kDa at 10 ug/mL, * P =
0.0390, n = 18 in total; (k, 1) Confocal imaging demonstrates intact adherens
junctions under the influence of Poly(I:C) (k) and LPS (1). F-actin in the
cytoskeleton, VE-cadherin of adherens junctions, and DAPI-labeled nuclei are
shown. (m) LPS, n = 16 in total. (n) The heat map displays differential expressions
of human inflammatory cytokines in microvessels both untreated and under the
influence of various conditions. These conditions include IFNv, TNFa, TNFa with
IFN~v, TGFS, TGFp with IFN~, TGFS without heparin, Thrombin, Poly(I:C), and
LPS, from day 14 to day 17. Supernatants were obtained from the untreated
condition (n =6) and from each treated condition (n =3) daily from day 15 to day
17. Supernatants from each culture collected were pooled.

5.3.4 Screening chemotherapy drugs and demonstrating vas-

cular dose-dependent responses

We tested ten chemotherapy drugs on the microvessels on AngioPlate™at five concen-

trations ranging from 1 to 0 uM. Six of these drugs have concentrations bracketing
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the human plasma C,4., which is related to their active components (Figure 5.5(b)).
Conventionally, drugs are active in their unbound form [250]. Since all drugs were
dissolved in DMSO at a concentration of 0.01 M, the highest concentration was pre-
pared to achieve a final concentration of DMSO at 0.01% to minimize any potential
impact of DMSO on the vessels. The six drugs with concentrations bracketing their
Chae In the testing concentrations are bortezomib, vincristine, axitinib, imatinib,
and sorafenib. The four drugs with C),,, higher than the testing concentrations in-
clude bleomycin, paclitaxel, amifostine, and mitomycin. The drugs were grouped
into two categories: vasculotoxic and non-vasculotoxic, based on previous trials [251—
269]. After a 72-h treatment period, drugs that increased vascular permeability while
exceeding the quality control threshold, with Pa,, < 1 x 107° cm/s for 65-85 kDa
dextran and Py, < 3.5 x 107° cm/s for 4 kDa dextran, are deemed toxic to vascular,
and vice versa.

Among these ten drugs, it has been shown that bortezomib can induce apoptosis
in endothelial cells [251, 252]; vincristine can damage vascular functions by elevating
TNF« levels [253]; paclitaxel is toxic to ECs due to its impairment of cellular micro-
tubule functions [254, 255]; and axitinib can cause vascular damage through its anti-
VEGF properties [256, 257]. We predicted that these four drugs could damage the
microvessels on AngioPlate™. On the other hand, it has been reported that bleomycin
can damage DNA and haul ECs growth, with its impacts on vascular damage demon-
strated through fibrosis or thrombosis processes [258-260]. Mitomycin can cross-link
DNA and induce cytotoxicity, and it has been associated with inducing pulmonary
veno-occlusive disease, a condition related to systematic atherosclerosis [261, 262].

Both thrombosis and fibrosis are significant events in atherosclerosis. Sorafenib, a
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tyrosine kinase inhibitor, also has been shown to have vascular complications includ-
ing hypertension and atherosclerosis [255, 263]. Since in our data presented above,
we showed that the heparin in ECGM could hinder both fibrosis and thrombosis
processes(Figure 5.4(e, g)), we anticipated attenuated damage on ECs due to these
three drugs. Amifostine, a cytoprotective agent, has been shown to cause hypotension
and reduce the vascular permeability [264, 265]. Imatinib, another tyrosine kinase
inhibitor, has been shown to have anti-angiogenic properties by mainly targeting PCs
and not ECs [266, 267]. Lastly, tamoxifen, a selective estrogen receptor modulator,
has been shown to suppress angiogensis and accelerate endothelial healing [268, 269].
Thus, for these three drugs, we expected them to have minimal impact on the mi-
crovessels on AngioPlate™.

The permeability test yielded an 100% sensitivity, in detecting vincristine, borte-
zomib, paclitaxel, and axitinib’s potential to disrupt the vascular barrier and 100%
specificity in predicting that bleomycin, mitomycin, sorafenib, amifostine, imatinib,
and tamoxifen would not significantly damage the vascular barrier significantly, match-

ing our expectations based on the literature (Figure 5.5(a-k)).
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Figure 5.5: Capturing dose-dependent responses of chemotherapy drugs using
microvessels assay on AngioPlate™. (a) Visualization of the dextran diffusion across
various doses for bortezomib, vincristine, paclitaxel, axitinib, bleomycin, mitomycin,
sorafenib, amifostine, imatinib, tamoxifen. (b) Categorization of the chemotherapy
drugs tested based on their known effects on microvessels and captured impacts.
(c-1) Quantification of the transportation rate for microvessels under the influence of
(c) bortezomib, n = 17 in total; (d) vincristine, n = 14 in total; (e) paclitaxel, n =
12 in total; (f) axitinib, n = 11 in total; (g) bleomycin, n = 9 in total; (h)
mitomycin, n = 11 in total; (i) sorafenib, n = 13 in total; (j) amifostine, n = 10 in
total; (k) imatinib, n = 13 in total; (1) tamoxifen, n = 13 in total. The active Cyqs
concentration for each drug is labeled.
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5.3.5 Organ-specific microvessels reveal the distinctive pat-

terns in cytokines and recovery

We then switch the stromal cells and ECs to organ-specific cell sources to develop
organ-specific microvessels (Supplementary Figure D.6). Control vessels, built with
HUVECs, PCs, and FBs, alongside liver microvessels built with liver ECs and liver
FBs, and lung microvessels built with lung ECs and lung FBs, were examined for
quality using the same permeability medium. The permeability results showed sim-
ilar levels of permeability between the control and the liver vessels, while the lung
microvessels formed tighter barrier functions. Particularly, in the organ-specific mi-
crovessels built on AngioPlate™, with 65-85 kDa dextran, we observed that the lung
microvessels permitted 0.65-fold of dextran transported across the vascular wall com-
pared to the control microvessels and the liver microvessels (Figure 5.6(b)). While
for 4 kDa dextran, the lung microvessels permitted 0.78-fold of dextran to diffuse
out of the vascular wall compared to the control vessels, and 0.74-fold compared to
the liver microvessels (Figure 5.6(c)). This finding matched our expectation based
on the literature, as the lung ECs typically form continuous endothelium to prevent
large molecules and cells from passing through the vascular walls while permitting
gases to diffuse freely [270], and liver sinusoidal ECs form fenestrated endothelium
to allow for rapid exchange of substances between the blood and liver tissue [271].
Confocal imaging also indicated a lower level of VE-cadherin expression in the liver
microvessels compared to the lung vessels. This implies that adherens junctions differ
in the liver microvessels compared to the control microvessels and the lung vessels,

which agrees with findings from previous studies (Figure 5.6(a)) [272, 273].
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Next, we conducted cytokine analyses to further explore the cytokine factors con-
tributing to the variation in barrier function. We generated a heat map plotting all
cytokine data points collected on day 7, and hierarchical clustering analysis demon-
strated that the liver microvessels and the lung microvessels exhibited greater similar-
ity to each other when compared to the HUVECs group (Figure 5.6(g)). Comparing
to the control group, the liver microvessels exhibited significant differences in seven
cytokines: upregulation of VEGF-A (3.53 Logy(FC)), IL-8 (1.05 Logs(FC)), EGF
(1.00 Logs(FC)), and leptin (0.66 Logs(FC)), and downregulation of HGF (-2.91
Logy(FC)), PLGF (-1.68 Logy(FC)), and VEGF-C (-1,22 Logs(FC)) (Figure 5.6(h,
I-r)). The lung vessels, on the other hand, exhibited only one significant difference:
upregulation of leptin (0.57 Logs(FC)) (Figure 5.6(j, s)). In the liver group, there were
four other cytokines among the top-7 downregulated, but they did not pass the signif-
icance test. These included follistatin (-2.91 Logy(FC)), endoglin (-2.43 Logs(FC)),
angiopoietin-2 (-2.28 Logs(FC)), and G-CSF (-0.99 Logy(FC)) (Figure 5.6(i)). In the
lung group, besides leptin, there were two other cytokines among the top-3 upregu-
lated factors: VEGF-A (3.28 Logy(FC)) and VEGF-D (1.21 Logs(FC)). Additionally,
the top-5 downregulated cytokines in the lung group were G-CSF (-2.02 Log,(FC)),
follistatin (-1.91 Logs(FC)), angiopoietin-2 (-1.44 Logs(FC)), PLGF (-1.17 Log,(FC)),
endoglin (-0.70 Logs(FC)),(Figure 5.6(k)). In the liver group, the primary downreg-
ulated factor, HGF, is primarily secreted by FBs and ECs (Figure 5.6(1)) [274-276],
and it has been shown to possess protective properties for endothelial cells [277-279).
Conversely, IL-8, a proinflammatory and proangiogenic factor that can elevate en-
dothelial permeability [280—-282], emerged as the top-2 upregulated factor in the liver

group (Figure 5.6(i)). These alterations in HGF and IL-8 levels relative to the control
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group could potentially contribute to the differences observed in adherens junctions
within the liver group (Figure 5.6(a)). In the lung groups, the contrasting regulations
of HGF and IL-8 observed in the liver group were absent. This uniformity, charac-
terized by higher levels of HGF and lower levels of IL-8 compared to the liver group,
may contribute to the tighter barrier function observed in the lung vessels.

We then utilized these organ-specific microvessels and the control microvessels to
investigate the impact of TGF/ and the subsequent recovery processes after the re-
moval of TGFf. This study aimed to explore the potential induction of organ-specific
fibrosis [283, 284, 236, 237] and to better understand how each organ-specific vessel
group responds to the TGF/ signal. Following a quality control examination, TGF(
at a concentration of 0.1 ug/mL was added to the treatment group from day 13 to
day 16, while the vehicle group received 0 pug/mL. Permeability tests were conducted
for both groups on day 16 and the results were recorded. Subsequently, the TGF(
treated group was cultured for an additional four days after the removal of TGFfS to
allow the microvessels to recover. On day 16, the most significant differences in per-
meability were observed in the lung vessels, showing a 3.23-fold increase with 65-85
kDa dextran, and a 2.70-fold increase with 4 kDa dextran. The second-largest changes
due to TGFfS treatment were observed in the control group, with a 2.95-fold increase
in permeability with 65-85 kDa dextran, and a 1.98-fold increase with 4 kDa dextran.
Lastly, a 1.54-fold increase in permeability with 65-85 kDa dextran, and a 1.75-fold
increase with 4 kDa dextran were observed in the liver group. This indicates that
the lung microvessels were the most susceptible to TGF 3, while the liver microvessels
were the least sensitive in the AngioPlate™microenvironment (Figure 5.6(e, f)). The

microvessels also showed distinctive efficiency in recovery. The highest recovery was
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observed in the lung group, with 64.3% recovery with 65-85 kDa dextran and 42.7%
with 4 kDa dextran. The control group showed 59.5% recovery with 65-85 kDa dex-
tran and 26.2% with 4 kDa dextran. Meanwhile, the liver group demonstrated 51.2%
recovery with 65-85 kDa dextran and 19.2% recovery with 4 kDa dextran (Figure
5.6(e, f)). In conclusion, our findings suggest potential organ-to-organ differences in
vascular responses to the addition and removal of the TGFf signal were captured on

AngioPlate™.
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Figure 5.6: Building organ-specific microvessels and modeling organ-specific
vascular responses. (continued)
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Figure 5.6: (continued) (a) Confocal images featuring organ-specific stromal cells
(F-actin) embedded in the hydrogel, which co-localize with the microvessels built
using organ-specific endothelial cells (VE-cadherin and F-actin), along with
DAPI-stained nuclei. (b, ¢) Quantification and visualization of TRITC 65-85 kDa
(b) and FITC 4 kDa (c) dextran permeability assays applied to microvessels built
with HUVECs, liver ECs, and lung ECs. The transportation rate of diffused
dextran on day 11 is compared among three culture conditions: HUVECs with PCs
and FBs (n = 38), liver ECs with liver FBs (n = 25), and lung ECs with lung FBs
(in comparison to the HUVEC vessels: 65-85 kDa, *** P = 0.0002, 4 kDa, **** P <
0.0001; in comparison to the liver vessels: 65-85 kDa, *** P = 0.0008, 4 kDa, ****
P < 0.0001, n = 23). Fluorescent images of diffused dextran after 1 h perfusion of
the permeability medium, n = 3 for each culture condition. (d) Timeline for
inducing pathophysiology by introducing TGF/ and allowing the microvessels to
recover from the diseased state. (e, f) Quantification and visualization of the barrier
function changes in microvessels after TGF( treatment and recovery, with regard to
TRITC 65-85 kDa (e) and FITC 4 kDa (f) dextran. Three treatment conditions are
displayed for each vessel type, including HUVECs-vehicle (n = 13), HUVECs-TGFf
(in comparison to HUVECs-vehicle: 65-85 kDa, *** P = 0.0006, 4 kDa, **** P <
0.0001, n = 7), HUVECs-recovery (in comparison to HUVECs-TGFj: 65-85 kDa,
P = 0.0014, 4 kDa, *** P = 0.0010, n = 7), liver ECs-vehicle (n = 9), liver
ECs-TGFf (in comparison to liver ECs-vehicle: 4 kDa, **** P < 0.0001, n = 6),
liver ECs -recovery (in comparison to liver ECs-TGFf3: 65-85 kDa, * P = 0.0391, 4
kDa, * P = 0.0314, n = 6), lung ECs-vehicle (n = 12), lung ECs -TGFf (in
comparison to lung ECs-vehicle: 65-85 kDa, **** P < 0.0001, 4 kDa, **** P <
0.0001, n = 10), and lung ECs -recovery (in comparison to lung ECs-TGF3: 65-85
kDa, **** P < 0.0001, 4 kDa, **** P < 0.0001, n = 10). (g) The heat map displays
differential expression of human angiogenesis cytokines and growth factors in
microvessels built with HUVECs, PCs, and FBs, with liver ECs and liver FBs, and
with lung ECs and lung FBs on day 11. Supernatants were obtained from n = 3
independent tissue culture units. (h) A volcano plot of differentially expressed
cytokines between the HUVEC microvessels and the liver vessels, with the
significantly upregulated and downregulated cytokines labeled (P < 0.05). (i)
Ranking of expression of cytokines in the liver microvessels from the most
upregulated to the most downregulated compared to the HUVEC vessels. (j) A
volcano plot of differentially expressed cytokines between the HUVEC microvessels
and the lung vessels, with the significantly upregulated and downregulated
cytokines labeled (P<0.05). (k) Ranking of expression of cytokines in the lung
microvessels from the most upregulated to the most downregulated compared to the
HUVEC vessels. (I-r) Measurements of differential concentrations of cytokines
between the HUVEC microvessels and the liver vessels: (continued)
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Figure 5.6: (continued) (1) VEGF-A, ** P = 0.0016; (m) VEGF-C, ** P = 0.0030;
(n) HGF, ** P = 0.0096; (o) IL-8, ** P = 0.0059; (p) leptin, * P = 0.0138; (q)
PLGF, * P = 0.0166; (r) EGF, * P = 0.0313. (s) The measurement of differential
concentrations of leptin between the HUVEC microvessels and the lung vessels, * P
= 0.04809.

5.4 Discussion

Vasculatures play crucial roles in cancer development and also interfere with drug
delivery and metabolism. As researchers began exploring the use of organs-on-chips
to improve the efficacy of drug screening, the need for sophisticated vascular models
for high-throughput compound screening and vascular studies has become appar-
ent [285]. The AngioPlate™, a 384-well device designed for building organs-on-a-chip,
provides a platform for designing and studying vascular biology under physiologically
relevant conditions. Due to its customized nature, which is based on a conventional
384-well design, this platform can be easily integrated with existing research tools for
high-throughput analyses. Furthermore, we have demonstrated that the AngioPlate™
can be coupled with a robotic handling system for tissue preparation, improving both
efficiency and consistency. This integration significantly enhances the platform’s ca-
pability to streamline studies. In this study, a total of 670 microvessels were employed
to investigate the impact of stromal cells on vascular maturation, compound screen-
ing, and the development of organ-specific vessels.

Our findings provide compelling evidence that co-culturing ECs with stromal cells
such as PCs and FBs significantly enhances the maturity and functionality of mi-

crovessels built on the AngioPlate™. The integration of PCs and FBs with HUVECs
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has been supported by prior studies indicating a synergistic effect on vascular mat-
uration and stability [212, 201, 194, 211]. In our study, the strategic selection of
stromal cell concentration and ratio—0.1 million stromal cells per mL and a 1:1 ra-
tio of PCs to FBs—optimized the cellular interactions within the hydrogel matrix.
This configuration not only supported endothelial cell health but also significantly
enhanced endothelial functionality. This was evidenced by improved barrier func-
tion, as demonstrated with both 65-85 kDa and 4 kDa dextrans. Additionally, the
observed improvement was characterized by an enhanced expression of VE-cadherin.
The use of advanced imaging techniques such as confocal microscopy and transmis-
sion electron microscopy (TEM) revealed that the proximity between stromal cells
and endothelial cells in our models was less than 1 gm. This close proximity is critical
for effective cell-cell communication, which is essential for the proper formation and
function of the vessels [202, 203].

The cytokine profiling conducted with the AngioPlate™ system provides valuable
insights into the molecular dynamics governing vascular maturation in the presence
of stromal cells. These findings underscore the complex interplay between ECs and
stromal cells, highlighting the critical role of the microenvironment in vascular biol-
ogy. Notably, HGF showed a substantial increase in both HUVECs with PCs and
HUVECs with PCs and FBs groups, which aligns with previous in vivo studies that
demonstrated HGF’s protective effects against induced hyperpermeability [277, 286].
Although HGF is known for its angiogenic and protective roles in vascular systems,
it has also been reported to increase vascular permeability in vitro [287]. This dis-

crepancy in vascular responses to HGF underscores the nuanced role of cytokines
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and emphasizes the importance of accurately mimicking the physiological microenvi-
ronment in vitro. Interestingly, endothelin-1, known for its vasoconstrictive and fi-
brotic effects [288-290], was consistently downregulated across tri-culture conditions
involving HUVECs, PCs, and FBs. This suggests a possible protective role of the
stromal cell interaction against potential endothelial dysfunction and fibrosis induced
by endothelin-1 [291], likely contributing to improved vascular function and stability.
The reduction in endothelin-1 levels, alongside the increase in pro-angiogenic factors
like HGF, suggests a shift towards a more angiogenic and less fibrotic vascular mi-
croenvironment. Other notable cytokines that were upregulated in the co-culture and
tri-culture groups include VEGF-C, IL-8, BMP-9, and G-CSF. These molecules play
diverse roles in vascular health, from promoting angiogenesis to regulating vascular
permeability [292, 293, 232, 294-296]. The variation in the expression of these cy-
tokines across different tissue culture setups highlights the tailored microenvironment
that these cellular interactions create.

Our study utilized the AngioPlate™ system to explore the modulation of vascular
behavior under different pathological states through targeted biochemical treatments.
The introduction of inflammatory cytokines TNFa and IFN~, either individually or
in combination, allowed us to observe their synergistic effects on vascular integrity
and cytokine expression. Particularly, the combination of TNFa and IFN~ revealed
enhanced inflammatory responses, with significant increases in IL-15 and IL-1RA
compared to groups where each compound was introduced individually. This suggests
a robust inflammatory reaction likely contributing to the observed changes in perme-

ability, consistent with related findings [297-299, 234]. Notably, a higher ratio of IL-1/3
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to IL-1RA, an anti-inflammatory antagonist [300], may exacerbate vascular disrup-
tion [234]. Although the ratio of IL-13 to IL-1RA was markedly higher at 36.20 in the
TNF«a group compared to 9.74 in the TNFa and IFN~ group, the TNFa group also
exhibited a more significant increase in IL-10, another anti-inflammatory factor [301].
This complex balance between multiple inflammatory factors could contribute to simi-
larly disrupted barrier functions observed in both treatment groups [231]. Conversely,
IFN~ alone did not induce severe endothelial dysfunction, as indicated by signifi-
cantly decreased levels of IL-8 [232], elevated levels of the anti-inflammatory factor
IL-1RA [300] and the monocyte attractant MCP-1 [302]. Further investigations into
the effects of TGFf3, including alone, in combination with IFN~, and alone without
heparin in the media, showcased its dual role in promoting fibrosis and influencing
inflammation [303]. The administration of TGF/ alone resulted in slightly increased
vascular permeability. This specific observation points to TGF3’s capability to alter
vascular barrier properties. The cytokine profile revealed significant decreases in I1L-8
and IL-12(p40), both of which are commonly known to exert a pro-fibrotic effect on
tissue [304, 305]. However, researchers have also shown the depletion of IL-12(p40)
could induce fibrosis [306], which supports the importance of building physiologically
relevant models for recapitulating the complexity of pathways. Interestingly, when
TGFf was combined with IFN~, the effects on vascular permeability were reversed,
leading to tighter microvessels at the same concentration where TGF/ alone increased
permeability. This paradoxical outcome was further elucidated by cytokine profiling,
which showed significant increases in both pro- and anti-inflammatory cytokines, in-

cluding IL-13, IL-1RA, IL-10, and IL-13. In this context, IL-10 and IL-13, known to
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suppress pro-inflammatory cytokines such as TNFa [240], suggest that the upregula-
tion of these anti-inflammatory cytokines may counterbalance the pro-inflammatory
effects in the TGFf and IFN~v group, leading to an overall tightening of the vas-
cular barrier. The presence of heparin in the culture medium introduced another
layer of complexity. Heparin, known to bind TGFf [239], seemed to modulate its
effects on the vessels. In setups where TGFf was administered without heparin, sig-
nificant vascular disruptions were noted at all concentrations except in the vehicle
control. This suggests that heparin may mitigate some of the more damaging effects
of TGFf on vascular integrity, possibly by preventing TGF/ from fully engaging its
receptors or by altering its signaling pathway, i.e. TGF3/Smad [307, 245]. However,
the cytokine profiling from these experiments presented an intriguing result: despite
the increased vascular leakiness, there was a marked decrease in the levels of key
inflammatory cytokines such as IL-6, IL-8, and MCP-1. Given that TGF-£ is known
for its potent immunosuppressive effects [308], it appears capable of suppressing the
production of these inflammatory cytokines within the specific microenvironment of
the AngioPlate™. This occurs even as it induces systemic changes that lead to in-
creased permeability. These findings suggest that TGF-(’s role in vascular dynamics
is multifaceted, involving complex interactions that influence both barrier integrity
and inflammatory responses. Employing a physiological vascular model could further
elucidate how TGF-/3 regulates these processes, enhancing our understanding of its
dual role in inflammatory and fibrotic pathologies. By integrating Thrombin, the
system effectively mimicked coagulation scenarios, revealing that in the absence of
heparin, [247], the highest dose of Thrombin applied significantly compromised vas-

cular integrity, critical for studying thrombosis-related permeability changes [309].
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Meanwhile, the application of Poly(I:C) at various concentrations effectively repli-
cated the impact of viral infections on vascular barriers [248], albeit with notably less
damage to VE-cadherin compared to TNFa-induced changes. However, the response
to LPS treatments, intended to simulate bacterial infections [] did not yield changes in
vascular permeability or cytokine expression, indicating a tolerance to this treatment
by the microvessels on AngioPlate™. Given that LPS can induce either an acute or a
prolonged chronic effect on vascular permeability [249, 310], our results suggest that
different treatment plans might be necessary. For instance, a shorter exposure time
could be used to study LPS’s acute effect, while a longer treatment duration may be
required to observe its chronic effect. The data demonstrate that the microvessels on
AngioPlate™ can be tailored to model a diverse array of vascular responses, establish-
ing it as a versatile tool for conducting in-depth studies of vascular dynamics across
various pathological conditions.

In a comprehensive evaluation using the AngioPlate™ system, ten chemotherapy
drugs were tested at various dilution levels to assess their impact on vascular integrity.
The study delineated drugs into vasculotoxic and non-vasculotoxic categories based
on their effects on vascular permeability. Drugs such as bortezomib [251, 252], vin-
cristine [253], paclitaxel [254, 255], and axitinib [256, 257] demonstrated significant
vascular toxicity, aligning with their known cellular mechanisms such as apoptosis
induction in endothelial cells and impairment of cellular microtubule functions. Con-
versely, drugs like bleomycin [258-260], mitomycin [261, 262], and sorafenib [255, 263],
despite their association with vascular complications in systemic diseases, showed no
significant endothelial damage likely due to the modulatory effects of heparin present

in the culture medium [239, 247]. Similarly, cytoprotective and anti-angiogenic agents
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such as amifostine [264, 265] and imatinib [266, 267] respectively showed minimal vas-
cular impact. This precision in modeling drug effects underscores the AngioPlate™
system’s capability to accurately simulate and predict vascular responses to pharma-
cological agents, offering a potent tool for drug screening and vascular research.

We developed organ-specific microvessels on AngioPlate™by switching the ECs
and stromal cells to organ-specific sources, yielding insightful differences in vascular
behavior. Control microvessels composed of HUVECs, PCs, and FBs were compared
with liver and lung microvessels constructed from liver and lung-specific ECs and FBs
respectively. The lung microvessels exhibited notably tighter barrier functions than
both the control and liver vessels, consistent with the known physiological traits of
lung ECs, which form continuous endothelium crucial for selective permeability [270].
This result was further quantified by reduced permeability in lung microvessels for
both 65-85 kDa and 4 kDa dextrans. Conversely, liver microvessels showed similar
permeability levels to control vessels, aligning with the fenestrated nature of liver
sinusoidal ECs that facilitate rapid substance exchange [271]. Cytokine profiling was
conducted to elucidate the differential responses in organ-specific vascular models
using the AngioPlate™ system. Heat map and hierarchical clustering analysis re-
vealed that liver and lung microvessels exhibit more similar cytokine profiles to each
other than to the control group, suggesting distinct organ-specific inflammatory and
growth environments. In particular, liver microvessels displayed significant cytokine
modulation, with elevations in pro-angiogenic factors like IL-8 [280-282]—known to
enhance vascular permeability—and a notable reduction in HGF [277-279], a pro-
tective factor against endothelial damage. These changes may explain the altered

barrier properties and the distinct pattern of the liver vessels’ adherens junctions
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compared to the control. Conversely, lung microvessels demonstrated a tightened
barrier function, primarily characterized by relatively higher levels of HGF and lower
levels of IL-8 compared to the liver group. Furthermore, when examined with TGF-
beta to develop an organ-specific fibrosis model, these microvessels displayed distinct
patterns in response to and recovery from the TGF-beta treatment. These findings
validate the AngioPlate™ platform’s capability to model organ-specific vascular char-
acteristics, enhancing our understanding of organ-specific vascular dynamics and their

implications in disease contexts.

5.5 Conclusions

In this comprehensive study utilizing the AngioPlate™ platform, we have effectively
demonstrated the platform’s versatility in constructing high-throughput microves-
sel arrays, assessing the impact of various pharmacological agents, and simulating
physiological and pathological stimuli through detailed cytokine analyses and perme-
ability studies. The integration of different stromal cells to build customized vascular
models has allowed us to closely mimic the native vascular environments of different
organs, as reflected in the distinct cytokine profiles and barrier functions observed
in liver and lung vessels. The cytokine analysis has been instrumental in elucidating
the underlying mechanisms contributing to the variation in barrier function across
these models. For instance, the contrasting levels of HGF and IL-8 in liver and lung
microvessels provided insights into the molecular basis of their differing vascular prop-
erties. Additionally, the application of compounds such as TNFa, IFN~, TGFj, and

thrombin in our studies not only validated the system’s capability to model disease
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states but also highlighted how various cytokines modulate vascular responses to in-
flammation, fibrosis, and thrombosis. Drug screening on the AngioPlate™ has further
emphasized its applicability in pharmacological research, with precise categorization
of chemotherapy drugs based on their vasculotoxic potential. This segment of the
study underlines the platform’s effectiveness in predicting the vascular side effects
of drugs, thereby offering a valuable tool for preclinical drug development. Overall,
the high-throughput vessel arrays on AngioPlate™ have been established as a helpful
tool for multifaceted vascular research. This system’s capacity to accurately simulate
and analyze various vascular conditions through mature vessel arrays and detailed
cytokine profiling provides profound insights into vascular biology and disease. These
capabilities not only pave the way for targeted therapeutic interventions but also

enhance drug safety evaluations.
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The development and application of organ-on-a-chip technology, particularly fo-
cusing on vascular interfaces and networks, have underscored its transformative po-
tential in revolutionizing drug development and disease modeling. This thesis system-
atically explores the integration of advanced microfabrication, tissue engineering, and
bioprinting technologies to create dynamic, physiologically relevant vascular models
that better mimic human tissue and organ functions.

In this thesis, the systematic exploration of organ-on-a-chip technology through
the development and application of the IFlowPlate™ and AngioPlate™ platforms has
been instrumental in advancing our capabilities for vascular modeling and drug screen-
ing. Chapter 2 details the innovation and utility of IFlowPlate™, initially focusing
on its role in vascularizing liver tissues, which demonstrates its potential for creating
organ-specific models. Chapter 3 discusses the capability of IFlowPlate™ in high-
throughput screening of chemotherapeutic drugs, utilizing a robotic handling system
to enhance efficiency and consistency. The transition to AngioPlate™ in Chapters
4 and 5 marks a shift towards a pre-designed architectural approach. Chapter 4
introduces the initial development of AngioPlate™ and sets the groundwork for its
application in modeling mature, high-throughput vascular networks that are detailed
in Chapter 5, crucial for various physiological studies—from disease modeling to drug
screening. This progression of each platform not only highlights the technical advance-
ments in organ-on-a-chip systems but also underscores their growing importance in
more accurately mimicking human physiological responses and enhancing throughput

for improved therapeutic outcomes.
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6.1 Comparison of IFlowPlate™and AngioPlate™

When evaluating and comparing the IFlowPlate™ and AngioPlate™ systems, it’s cru-
cial to understand their unique designs, applications, and how each addresses specific
challenges within the realm of organ-on-a-chip technology. Each platform offers dis-
tinct advantages and is suited to different aspects of vascular modeling and biomedical

research.

6.1.1 IFlowPlate™: flexibility and dynamism in vascular mod-
eling

The IFlowPlate™ is particularly noted for its ability to facilitate the formation of self-
assembled vascular beds. This capability is invaluable for studies focused on structural
changes in the vascular architecture under various conditions, such as during drug
treatment or under mechanical stress. The design of the IFlowPlate™, which allows for
the dynamic formation and alteration of vascular networks, offers a unique advantage
for experiments where the natural process of vasculogenesis or angiogenesis needs to
be observed and manipulated in real-time.

Advantages:

e Dynamic vascular modeling: FEnables the study of vascular growth and

response to stimuli in a manner that closely mimics natural processes.

e Flexibility: Allows for various experimental setups, accommodating different
types of cells and treatments to observe how they influence vascular formation

and behavior.

Limitations:
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e Consistency issues: While it offers flexibility and dynamic modeling, the
IFlowPlate™ can sometimes suffer from lower sample-to-sample consistency due
to the nature of self-assembly processes, which slight variations can influence in

experimental conditions.

6.1.2 AngioPlate™: precision and reproducibility in high-throughput
settings

In contrast, the AngioPlate™ is designed with a focus on precision and reproducibility,
utilizing pre-designed, fixed vascular patterns that are embedded into each well. This
approach is highly beneficial for conducting comparative studies across many samples
where high consistency and standardization are required. The fixed patterns allow for
uniform and reproducible vascular structures, which are crucial for high-throughput
screening and detailed comparative analyses.

Advantages:

e High consistency: The pre-defined vascular patterns ensure that each unit
within the platform is almost virtually identical, allowing for highly consistent

results across experiments.

e Suitability for high-throughput screening: The standardization of tissue
preparation and treatment processes makes AngioPlate™ ideal for large-scale
drug screening and toxicity testing, where many compounds need to be evalu-

ated under the same conditions.

Limitations:
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e Less flexibility in vascular structure: The pre-patterned nature of the An-
gioPlate™ means it lacks the flexibility to study dynamic vascular mechanisms,
such as fusion and intussusception, and change in the perfusability in response

to emerging conditions or treatments.

6.1.3 Choosing between IFlowPlate™ and AngioPlate™

The choice between using IFlowPlate™ and AngioPlate™ largely depends on the spe-
cific requirements of the study:

IFlowPlate™ is more suited for research focusing on the mechanisms of vascular
development and the effects of various treatments on these processes, where observing
and manipulating the natural dynamics of vascular network formation is essential.

AngioPlate™ is ideal for applications that require high reproducibility and stan-
dardization, such as comparative drug testing and toxicity studies, where consistent
and uniform vascular models are crucial.

In conclusion, both IFlowPlate™ and AngioPlate™ offer substantial contributions
to the field of vascular modeling and organ-on-a-chip technology. Their applications,
while overlapping in some areas, are distinctly suited to different types of vascular
research, underscoring the importance of choosing the right platform based on specific

experimental needs and goals.

6.2 Future Work

Looking forward, the development and application of the IFlowPlate™ and Angio-

Plate™ platforms present promising avenues for enhancing vascular modeling and
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therapeutic screening in distinct yet complementary ways. Each system has the
potential to revolutionize how we understand and treat vascular and organ-specific
pathologies, especially in the context of cancer and targeted drug therapies. To up-
grade the design for studying tumor progression and their responses to various drugs,
we can create a compartment for tumor seeding inside the hydrogel next to the ves-
sels using a technique we developed in the lab [311]. Additionally, we can upgrade
our robotic system’s algorithm to incorporate the setup steps, including the construc-
tion of these tumor compartments. To increase the biological relevance of the tissue
system, hydrogel with more complex components can be used. One such compo-
nent is decellularized extracellular matrix (dECM), which has been used to improve

organ-specific functions [312].

6.2.1 IFlowPlate™: advanced vascularized tumor models and

organ-specific vascular mechanisms

Vascularized tumor models:Future research with the IFlowPlate™ should focus on
developing sophisticated vascularized tumor models in combination with the stamping
technique previously developed for TFlowPate™ [313]. These models would enable
researchers to study tumor-related vascular changes dynamically and evaluate the
efficacy of cancer therapy drugs against both tumors and their supporting vessels. By
integrating tumor spheroids with perfusable vascular networks, this approach would
allow for a more nuanced understanding of the tumor microenvironment and the
complex interactions between tumor cells and blood vessels. Specifically, this model
can be used to screen anti-angiogenesis agents. Since the system can be adapted to

conventional facilities, the angiogenesis processes can be recorded over a long period
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in a culturing chamber equipped with confocal or fluorescent imaging facilities.
Organ-specific vascular models: Another area of development for IFlowPlate™
involves creating organ-specific models to investigate unique vascular mechanisms in-
herent to different organs. The goal is to build self-assembled microvascular beds,
possibly with distinct structural patterns and barrier functions. This could include
studying the specific vascular responses and pathological changes that occur in organs
such as the liver, kidneys, or lungs under various disease states or therapeutic inter-
ventions. Such models would provide valuable insights into organ-specific diseases

and help tailor treatments that target these unique vascular features.

6.2.2 AngioPlate™: organ-specific drug efficacy and mechan-

ical actuation for disease modeling

Organ-specific drug testing: AngioPlate™ is particularly suited for testing the
efficacy of drugs within an organ-specific environment. In addition to the liver and
lung vessels explored in this thesis, the platform can be adapted to construct other
organ-specific vessels, such as those for the kidney and colon. By accurately mimick-
ing the physiological conditions of specific organs, researchers can assess how drugs
interact with and influence these targeted vessels. This capability is crucial for the
development of more effective organ-targeted therapies, which could significantly im-
prove patient outcomes for diseases that are currently challenging to treat. This
targeted approach allows for a deeper understanding of drug behavior in different
organ contexts, potentially leading to breakthroughs in personalized medicine. Cells
with higher pluripotency, such as iPSC-derived endothelial cells and stromal cells,

can be utilized to enhance the accuracy of cellular responses to stimuli. Compared to
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primary cells, iPSC-derived cells are more sensitive to biochemical cues due to their
pluripotent nature. To enhance the design of the immune microenvironment, organ-
specific immune cells can be embedded into the hydrogel along with stromal cells.
These resident immune cells can migrate and change their phenotype in response to
biochemical cues. Two examples are microglia in the brain and Kupffer cells in the
liver. [314, 315]

Mechanical actuators to model vascular diseases: Introducing mechanical
actuators, such as a syringe pump, to the AngioPlate™ system offers a novel method
for inducing and studying vascular diseases. These actuators can simulate disease
states by altering hemodynamic forces within the microvessels, such as changes in
blood flow and pressure that are typical in conditions like vascular aging or atheroscle-
rosis. The application of the pump would alter the fluid dynamics within the vessel
and induce inflammatory responses. For instance, disturbed and oscillatory flow is
related to inflammatory states in vessels, while undisturbed and steady flow is as-
sociated with vessels having stable skeletal organization [316]. This approach not
only adds a dynamic component to the disease modeling capabilities of AngioPlate™
but also enhances the system’s ability to replicate disease progression and respond to

therapies in a controlled setting.
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3 million cells/mL 5 million cells/mL

Figure A.1: Fluorescent images of GFP-endothelial cells (green) self-assemble into
microvascular networks at different initial cell seeding densities. Scale bar, 3mm.

Video A.1: Nanoparticle perfusion in self-assembled vasculature on IFlowPlate™.

(Click here to download)

Video A.2: Intravascular nanoparticle delivery and accumulation in liver spheroids

on IFlowPlate™. (Click here to download)
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Table B.1: Reagents for establishing different numbers of columns using the

NIMBUS system

Number of Number of sample Volume of  Volume of  Volume of
columns tubes containing  Fibrinogen =~ Thrombin  water (mL)
cells (L) (uL)

1 4 190 140 1

2 8 255 170 1.2

3 12 320 200 1.4

4 16 385 230 1.8

5 20 450 260 2

6 24 515 290 2.2

7 28 580 320 2.4

8 32 645 350 2.6
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@ HUVECs: Fibroblasts: 5 : 1

Without Fibroblasts

Day 1

Day 3

Day 7

Figure B.1: Fluorescent images taken with the FITC filter and 4X objective of
self-assembled microvascular networks with and without fibroblasts on day 1, day 3,
and day 7.
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a
Start Enter the number of
samples to be prepared

««— No.
)

Select wells on Is it valid?
AngioPlate™

Yes

¥

Calculate volumes of
reagents needed

'

Display volumes and allocated
locations for tubes and plates

Load the reagent

tubes and plates

Dispense 25 pL of water into all inlet and outlet
wells of the chosen wells

|=
'

Aliquot 62.5 pL of Fibrinogen into each of four
sample tubes containing 62.5 pL of cell
suspension in PBS

'

Add 25 pL of Thrombin to the tubes containing
Fibrinogen and cell suspension, mix

l

\J

Counter sample tubes =
counter sample tubes + 4

»
Y

Cast the 40 pL of hydrogel into four
wells, then aspirate 15 pL out

.

Counter = counter +1 ——» Iscounter =4? —Yes—p

Have all samples
been processed?

End

Figure B.2: The flowchart describing the major processes in code to control the
robotic handling system for preparing microvascular networks on IFlowPlate™.
Created in Lucid (lucid.co)
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Figure C.1: Step-by-step fabrication of AngioPlate-384™. First, using standard
photolithography, we fabricated a PDMS mold with various patterns connected to
an inlet and outlet well. The mold was then capped onto a polystyrene sheet to
form an array of micro-channel networks. The networks were loaded with 3 wt.%
alginate solution. Next, the entire mold was immersed in a calcium bath (1 mM),
where calcium ions gradually diffused from the inlet and outlet wells into the
alginate solution within the network, cross-linking the alginate overnight. With this
approach, we were able to pattern 128 independent alginate fiber networks in the
format of a 384-well plate. PEGDM solution was injected into the channels in the
same way to encapsulate the alginate fiber to facilitate alginate release and to create
the inlet /outlet channels. Finally, the polystyrene sheet patterned with alginate and
PEGDM was assembled onto the base of a bottomless 384-well plate, encasing and
sealing the alginate networks with a high-viscosity PDMS glue.
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Collagen Concentration (with extra 20% PBS)
2.0 mg/mL 2.5 mg/mL

Fibrinogen Concentration (with 1.5 U/mL Thrombin)
2.0 mg/mL 3.0 mg/mL 4.0 mg/mL 5.0 mg/mL 10.0 mg/mL

Thrombin Concentration (with 2.0 mg/mL Fibrinogen)
0.5 U/mL 1.0U/mL 1.5 U/mL 3.0U/mL 10.0 U/mL

Thrombin Concentration (with 10.0 mg/mL Fibrinogen)
1.5U/mL 3.0 U/mL 5.0 U/mL

Alginate degradation time (with 10.0 mg/mL Fibrinogen, 7U/mL Thrombin) in PBS with 1% Aprotinin
Day 1 Day 2

Figure C.2: Optimization of hydrogel matrix cross-linking condition for network
formation. Fluorescent images of networks perfused with 1 « m fluorescent particles
(green) under various gelling conditions in both the collagen-based gel and
fibrin-based gel. Red boxes label the good conditions that resulted in the formation
of complete perfusable networks. Scale bar, 2mm.
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Figure C.3: Structural variation of vasculature in AngioPlate™. (a) Brightfield
time-lapse images of networks seeded with human endothelial cells. Scale bar 1mm.
(b) Quantification of variation in vasculature structure. n=12. (c¢) Variation in the
network structures from 12 different wells. Scale bar Tmm.

Video C.1: Shape changing alginate fibers on AngioPlate™. (Click here to open)
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Table D.1: Cell suspension preparation for setting up different experimental
manually

Conditions Stromal cells added Final cell density in 125 « L Fibrinogen
to 1.5 mL tubes

HUVEC - -

HUVEC + FB 0.0125 million FB: 0.1 million/mL

HUVEGCs + PC 0.0125 million PC: 0.1 million/mL

HUVEC 4+ PC + FB  0.00625 million each PC & FB: 0.05 million/mL each

Liver EC 4 Liver FB  0.0125 million FB: 0.1 million/mL

Lung EC + Lung FB  0.00625 million FB: 0.05 million/mL
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Table D.2: Reagents preparation for setting up various number of columns using the
NIMBUS system

Number of Volume of cell suspen-

Volume of Fibrinogen

Volume of Thrombin

columns sion™ (L) (uL) (L)
1 195 195 140
2 270 270 170
3 345 345 200
4 420 420 230
b} 495 495 260
6 570 570 290
7 645 645 320
8 720 720 350

* For HUVEC + PC + FB condition: 0.1 million/mL of PCs and FBs each in PBS.

206


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/chemeng/

Ph.D. Thesis — D. S. Y. Lin McMaster University — Chemical Engineering

Table D.3: Compounds’ catalog numbers and stock concentrations

Compound name  Company, Cat No. Stock solution
IFN 7 Sigma-Aldrich, 117001 100 pg/mL in water
TNF a Sigma-Aldrich, SRP3177 10 pg/ml in PBS
TGF 8 R & D Systems, 240-B/CF 2 pg/ml in 0.1% BSA in PBS
Thrombin Sigma-Aldrich, T6884 10 U/mL in 0.1% BSA in PBS
Poly(I:C) Invivogen, tlrl-pic 1 mg/mL in physiological water
LPS Sigma-Aldrich, L4391 1 mg/ml in PBS
Vincristine
Bortezomib
Bleomycin
Paclitaxel
Axitinib NIH, Approved Oncology _
Drugs Set X, plates 0.01 M in DMSO
Imatinib 4893-4894
Amifostine
Mitomycin
Sorafenib
Tamoxifen
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0 g‘FI preparation Day 0 to 4: Stromal cells growth

30 mins
—>

PBS Coating Medium

. 5mi
Gelatin fiber Hydrogel + Stromal cells Hollow tube cells mins

Incubate at 37°C, 5% CO2 Incubate at 37°C, 5% CO2

,‘y 4: Endothelial cells seeding _ Day 14 to 17: Compounds screening

Medium with compounds

\

i/ D
Endothelial cells 4;5 ﬂs

Leveled, incubate at 37°C, 5% CO2 Incubate at 37°C, 5% CO2 Incubate at 37°C, 5% CO2

Data collection

Figure D.1: Illustration of vessel development on AngioPlate™. Hydrogel casting
and sacrificial material removal are performed on day 0. Stromal cells are cultured
from day 0 to day 4 for maturation, and ECs are seeded on day 4 and cultured until
day 14 for further vascular maturation. Treatments and data collection occur from
day 14 to day 17. Created with BioRender.com.
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Figure D.2: Brightfield images of vessels built with different stromal cell conditions
on day 4, day 11, and 18 (continued)
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Figure D.2: (continued) Brightfield images taken with the 4x objective and enlarged
regions for (a) HUVECs only group; (b) HUVECs with FBs; (¢) HUVECs with
PCs; (d) HUVECs with PCs and FBs.

HUVEC 8 e HUVEC e,
+FB 100 | . 1.0
2 0.8
8
§ 0.6 e
O o4
0.2
0.0
, HUVEC HUVEC HUVEC HUVEC
+FB  +PC +PC+FB
HUVEC %° ) HUVEC g ) ns

+PC 100 + PC+FB e

Fraction of Aligned Cells

HUVEC HUVEC HUVEC HUVEC
+FB  +PC +PC+FB

Figure D.3: DAPI analyses of vessels cultured with different stromal cell conditions.
(a) Visualization of the DAPI from vessel images and quantification demonstrated
as polar histogram for each nuclei identified from each vessel. Three vessels from
each condition were used: vessels built with HUVECs (vessel 1: n = 141, vessel 2: n
= 84, vessel 3: n = 111), HUVECs with FBs (vessel 1: n = 136, vessel 2: n = 142,
vessel 3: n = 69), HUVECs with PCs (vessel 1: n = 127, vessel 2: n = 155, vessel 3:
n = 93), and HUVECs with PCs and FBs (vessel 1: n = 101, vessel 2: n = 93, vessel
3: n = 101). (b) The average circularity of the nuclei identified in each vessel for
vessels built with HUVECs only, with HUVECs and FBs, with HUVECs and PCs,
and withHUVECs, PCs, and FBs. n = 3. (¢) The fraction of cells that are aligned
with the flow direction, having DAPI centre line direction within 10° away from the
vessel centre line. The fraction of aligned cells for each condition was compared to
the HUVECs only group (n =3) : HUVECs with FBs (** P = 0.0033, n = 3);
HUVECs with PCs (* P = 0.0104, n = 3); HUVECs with PCs and FBs (n = 3).
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Figure D.4: (a, b) Quantification of TRITC 65-85 kDa (a) and FITC 4 kDa (b)
dextran diffusion in the vessels on day 11 and day 18 for conditions developed

without cells, with HUVECs, with FBs, with HUVECs and FBs, with PCs, with
HUVECs and PCs, with PCs and FBs, and with HUVECs, PCs, and FBs.
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Figure D.5: (a-c) Measurements of differential concentrations of cytokines between
the control group (n = 6) and the IFN 7 group (n = 3). (continued)
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Figure D.5: (continued) (a) IL-8: *** P = 0.0007; (b) IL-1RA: * P = 0.0119; (c)
MCP-1: * P = 0.0015. (d-g) Measurements of differential concentrations of
cytokines between the control group (n = 6) and the TNF @ group (n = 3). (d)
IL-10: * P = 0.0362; (e) IFN 7 : * P = 0.0430; (f) IL-13: ** P = 0.0086; (g)
MCP-1: * P = 0.0248. (h-k) Measurements of differential concentrations of
cytokines between the control group (n = 6) and the TNF @ with IFN 7 group (n =
3). (h) IL-18: ** P = 0.0075; (i) IL-IRA: ** P = 0.0027; (j) IL-13: * P = 0.0114;
(k) MCP-1: * P = 0.0273. (1, m) Measurements of differential concentrations of
cytokines between the control group (n = 6) and the TGF S group (n = 3). (1) IL-8:
* P = 0.0406; (m) IL-12(p40): * P = 0.0253. (n-u) Measurements of differential
concentrations of cytokines between the control group (n = 6) and the TGF £ with
IFN 7 group (n = 3). (n) IL-18: ** P = 0.0035; (o) IL-1RA: * P = 0.0382; (p)
IL-10: * P = 0.0193; (q) IL-12(p70): ** P = 0.0090; (r) IL-4: * P = 0.0289; (s)
TL-5: * P = 0.0452; (t) IL-13: ** P = 0.0011; (u) MCP-1: ** P = 0.0085. (v-x)
Measurements of differential concentrations of cytokines between the control group
(n = 6) and the TGF S without heparin group (n = 3). (v) IL-6: * P = 0.0234; (w)
IL-8: ** P = 0.0014; (x)MCP-1: * P = 0.0162. (y) The measurement of differential
concentrations of cytokines between the control group (n = 6) and the Poly(I:C)
group (n =3). MCP-1: * P = 0.0185.
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Liver EC + Liver FB HUVEC + PC + FB

Lung EC + Lung FB

Figure D.6: (a-c) Brightfield images of vessels taken with 4x objectives and
enlargerd regions for vessels built with different organ specific cells on day 4, day 10,
and day 16: (a) HUVECs and Lung FBs; (b) liver ECs and liver FBs; (c) lung ECs
and lung FBs.
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1 -Shaker + AngioPlate™
2 -300 pL tips

3 -Standard 384-well plate
4* - 20 mg/mL Fibrinogen
5% -7 U/mLThrombin

6 - Cell suspension in PBS
7 -Robotic handling arm

* Prepare equal volumes in four 2.0 mL microcentrifuge tubes

Figure D.7: The illustration of the sterile reagents and devices loading locations on
the robotic handlying system.
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N " l

\J

Is number of wells =

Aliquot 37.5 pL of Fibrinogen into
number of samples?

four wells on the 384-well plate

< Yes J
<t No.
\i ]
Aliquot 37.5 pL of cell suspension in PBS Is number of wells =
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A A
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384-well plate, mix, and then cast the 30 pL of
hydrogel into eight wells in AngioPlate™
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Shake Have all samples

AngioPlate™ > been processed? —Yes—- End

Figure D.8: The flowchart describing the major processes in code to control the
robotic handling system for preparing vessels on AngioPlate™. Created in Lucid

(lucid.co)
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