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ABSTRACT

Nanoparticles (NPs) are engineered particles in the nanometer range used as carriers to deliver
drugs to the target sites and avoid off-target drug accumulation, a concept applied for several
decades in tumor targeting. Most NPs developed for cancer therapy are intravenously administered
where the endothelial barrier lining the lumen of the blood vessels is the first barrier they interact
with before extravasating into the target tissues. Little is known about the interaction of NPs with
the endothelial barrier under conditions simulating angiogenic blood vessels of the tumor
microenvironment, namely the shear stress on the endothelial cells (ECs) due to blood flow and
the chromosomal abnormalities of this special population of ECs. We hypothesize that the
interaction and the impact of NPs on the ECs are influenced by the shear stress and the
chromosomal instability or aneuploidy of ECs. As conventional models are static, they fail to
account for the dynamism seen physiologically, resulting in discrepancies between in vitro and in
vivo experiments. Therefore, we will rely on microfluidic cell models (organ-on-a-chip models)
that expose the cells cultured in microscale channels to fluids at highly controlled and replicable
flow conditions mimicking in vivo scenarios while using minimum resources. We have used
vessel-on-a-chip models to evaluate a novel class of indium-based quantum dots (QDs) and
compared the results to conventional cadmium-based QDs. Overall, our results support our
hypothesis that dynamic conditions and cell aneuploidy result in different cell phenotypes resulting
in different cell responses, mainly cell viability and cell uptake of QDs. Results in this study are
believed to direct future research lines towards minimizing the discrepancies between in vitro and
in vivo responses and better defining cell responses of NPs using physiologically relevant in vitro

cell-based assays.
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CHAPTER 1: INTRODUCTION, RATIONALE, HYPOTHESIS, AND OBJECTIVES

1. INTRODUCTION:

1.1. Nanomedicine and Nanoparticles (NP) in tumor targeting:

Nanotechnology applications in the medical sciences encompass developing diagnostics and
therapies targeting diseased sites (e.g., tumor or inflamed tissue) and avoiding off-target
accumulation. Nanoparticles (NPs) are engineered particles in the nanometer range with size-
dependent properties. The NP core can have different compositions — lipid, protein, polymeric, or
inorganic. By engineering the design properties of NPs, e.g., size and surface chemistry, NPs can
have a longer systemic circulation time, bypassing the first-pass metabolism, thereby requiring
lower doses of the loaded drug to achieve better therapeutic outcomes.* The design properties of
NPs can also be tailored to control the rate, time, and location of drug release, thereby improving
the safety, efficacy, and transport across biological barriers.>®* These factors are especially

important for delivering potent drugs such as chemotherapeutic agents.

Most clinically approved NP-based therapies are used for tumor targeting and are administered
intravenously.>® Based on their size, circulating NPs exit the leaky angiogenic tumor vessels and
accumulate in the tumor tissues due to the poor lymphatic drainage that characterizes the
microenvironment in many human solid tissue cancers. This phenomenon is called the enhanced
penetration and retention (EPR) effect.? Some examples of marketed NP products are Doxil®, a
PEGylated (polyethylene glycol-coated) liposomal formulation of doxorubicin, nanocrystal drug
Rapamune, an immunosuppressant to prevent organ rejection of kidney transplants in recipients,
inorganic iron oxide NPs coated with amino silane called Nanotherm, which is used in local

thermal ablation of tumors.>”’

1.2.2.1 Quantum Dots

Quantum dots (QDs) are inorganic, metallic nanoparticles with different compositions and
significant biomedical applications. Their size ranges from 2 — 10 nm in diameter, and they exhibit
size-dependent properties.®® QDs are photostable, auto-fluorescent, and not subject to photo-

bleaching.

10



QDs are nanoscale clusters of semiconductor atoms forming the core and the shell, and the surface
is functionalized with a polymeric capping agent. The core constitutes semiconductor material
such as cadmium selenide (CdSe) or indium phosphide (InP). The ions in the core compound do
not exhibit a detectable photoluminescent emission spectrum; however, the epitaxial growth of
shells using semiconductors with wider bandgaps, typically zinc sulphide (ZnS) or zinc selenide
(ZnSe), surrounds and stabilizes the core by sharing electrons with the core compound ions.

Thereby the quantum yield of photoluminescence is increased.!?

Cadmium-based QDs have been prevalent for a long time but are controversial for biological
applications.!*® Cadmium'’ and cadmium-based QDs*®-?2 are known for their toxicity to cells
resulting in inhibition of cell proliferation and differentiation, apoptosis, damage of DNA repair
mechanism, mitochondrial toxicity, and chromosomal aberrations and mutations.’?>2 Hence,
several attempts were conducted to coat the QDs to reduce toxicity.3242% Nevertheless, there is
still a potential for leaching Cd ions from packing defects on the QD surface, resulting in cellular

toxicity.?

QDs with indium phosphide (InP) core and zinc sulphide (ZnS) shell were therefore proposed as
a safe alternative for cadmium-based QDs (toxic), particularly for cancer diagnosis.!*?"2° The InP
core has a very poor visible fluorescence emission, and the emission spectrum becomes visible by
adding multiple ZnS shells. The ZnS shells enhance the optical properties as the core ions share
electrons with the Zn ions of the shell, increasing the bandwidth for the movement of excitons.
The core-shell assembly as initially prepared is hydrophobic and is dispersed as a colloid in organic
solvents like hexane or chloroform.'? The QD then requires surface modification by an
amphiphilic capping agent serving two purposes — to render the QDs dispersible in aqueous media
by addition of ionizable functional groups to the surface and to render it suitable as a drug
carrier/vehicle by covalent functionalization of the nanocrystal with antibodies, drugs, nucleic

acids or other biomolecules.?®

1.2. Nanoparticle - Endothelial Cell Interactions:

Irrespective of the administration site for any NP — be it transdermal, oral, pulmonary, or
intravenous, they eventually end up in the blood circulation (specifically in the microcirculation)

before reaching their target sites. Further, most applications of NPs involve intravenous
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administration. The cells lining the blood vessel walls constitute the first barrier the NPs cross to
reach the target site. So, it is vital to understand the vasculature and the morphology of cells
associated with it to understand better the impact of those NPs on the endothelium lining the blood
vessels before reaching the target site of action.

1.2.2.2 Microvasculature and the Endothelium

The blood vessels form a vast network that supplies the tissues and organs with vital oxygen and
nutrients that nurture and sustain the body. The hierarchy of blood vessels (Figure 1) begins with
arteries. Each artery branches out into several arterioles, meta-arterioles, precapillary sphincters,
and true capillaries. All gaseous and nutrient exchange occurs at the capillary level. Capillaries
converge to form small venules — both are the primary exchange vessels. The venules converge to

form collective venules that further combine to form veins.

Figure 1: Hierarchy of Blood Vessels - Hierarchically, blood vessels progress from the heart and
branch out as arterioles and into capillaries that converge to form venules that further converge
to form veins. Except for capillaries, all higher-order vessels are covered with smooth muscle

layers.

Arterioles Venules Arteriole

Capillaries

Smooth Muscles

Capillaries

A cross-section of blood vessels (Figure 2) shows that primary vessels - arteries, and veins consist
of 3 layers: the outer tunica adventitia, the middle tunica media, and the innermost layer, the tunica
intima. In the subsequent branches, the thickness of the outer and middle layers gradually

decreases. The innermost tunica intima is the only layer in the capillaries and small venules where
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gas and nutrients exchange with the tissues. Hence, the endothelium is the most vital layer, and

the other outer layers essentially offer structural support.3°3

Figure 2: Cross-Section of Blood Vessels Cross-section of all major to minor vessels shows a
progressive decrease in the number of layers of cells. Major vessels like arteries and veins have
five layers — innermost endothelium, tunica intima, tunica media, smooth muscles, and tunica
adventitia. Minor vessels like arterioles and venules have just the smooth muscles and
endothelium, while capillaries have only a layer of endothelial cells covered by the basement

membrane.

i-I:: Smooth Muscles
\

val Tunica media

0

’_-; Tunica intima

& Endothelium

Basement
Membrane

Smooth
Muscles

Endothelium

Endothelium

The tunica intima comprises a monolayer of endothelial cells (EC) and lines the innermost lumen
of the entire circulatory system. The endothelial cells support tissue growth and repair by
sustaining blood supply to tissues and regenerating the microvasculature by angiogenesis. ECs
have a variety of functions. The endothelium maintains vascular homeostasis and regulates local
cell growth, and the extracellular matrix acts as a barrier between blood and organs and is
responsible for transferring nutrients, hormones, and white blood cells in anti-inflammatory
responses. It participates in wound repair processes, regulation of blood pressure, blood flow, and

coagulation and has crucial roles in the pathophysiology of several diseases.®?33

In vivo and ex vivo animal models have been used to represent the physiology of various organ
systems, but their EC phenotype is different from human ECs.* In some studies, in vitro 2D and

3D cell cultures, were shown to replicate the microvasculature.>>2” Several in vitro models were
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therefore developed. These models have helped develop insights into the molecular mechanism of
angiogenesis and vasculogenesis, the degree of differentiation into arteries or veins, and the

interaction between drug molecules and the cells.®®

It is important to develop bio-relevant platforms that mimic the natural dynamic physiology of
human blood vessels and use endothelial cells of human origin to translate developed therapies
and diagnostics, especially those intended for intravenous administration. One of the primary cells
extensively used as an in vitro model to study endothelial cell functions is the human umbilical
vein endothelial cells (HUVEC).*® HUVEC models have been useful for the in vitro study of
cardiovascular pathophysiologies, such as platelet adhesion to the endothelium, endothelial
damage and repair, and the potential impact of atherosclerosis in early and progressive stages.*
However, these in vitro models do not accurately picture the actual pathophysiology that can be
visualized in vivo — both dimensionally and dynamically. Conventional in vitro static models
consist of well-plates, test tubes, or slides/coverslips in petri-dishes on which studies are
conducted. These do not account for the 3D structure of the vessels, the mechanical forces on the
endothelium, and the fluid dynamics in the human blood vessel due to constant laminar blood flow.
With the advent of organ-on-a-chip models for in vitro studies,*® demerits of conventional methods

could be overcome; this is described in detail in the following sections.

1.2.2.3 Vascular Biomechanics: Shear stress-induced phenotypical changes in the endothelial
cells

ECs are subject to wall shear stress (WSS), the unidirectional laminar force exerted by blood flow

on the endothelial cells. According to Poiseuille's law, shear stress (t) is defined as

T= s’ (Equation 1)

T

where Q is the fluid flow rate, and 7 is the fluid viscosity.

WSS is considered a biomechanical stimulus that is responsible for the angiogenic and
vasculogenic functions of ECs, as the laminar force exerted by the blood flow on the ECs, activates
the biomolecules and receptors responsible for cell growth, arrangement, branching, and so on to
be able to function and thrive and provide structural support to the blood vessels.*'#? The
magnitude of WSS and type of flow also alter the phenotype of the cells and impact the expression

of surface receptors and other effects on the EC genetic machinery.****> Acute shear stress in the
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blood vessels activates signaling cascades in ECs, with the consequent acute release of nitric oxide
and prostacyclin. It also triggers responses similar to inflammatory cytokines to adapt to chronic
shear stress. It also adapts by structural remodeling and flattening to minimize shear stress. *3
Chronological increase in WSS, as in pathological vascular conditions such as hypertension, can
be detrimental to the endothelial phenotype tissue. These conditions could result in thrombus
formation due to aggregation of platelets or atherosclerosis and further worsen the already existing

high shear stress impacts.“®

The shear stress ranges from the low value of < 1 dyne/cm2 in the normal physiology of large
veins and tends to be highest in small arterioles, reaching 60 to 80 dynes/cm?. 43444749 Shear stress
in tumor is within the range of 0.1 dyn/ cm?to 1-40 dyn/cm?, whereas in normal physiological
conditions, the shear stress is 1-4 dyn/cm? in the veins, 10-20 dyn/cm? in the capillaries and 4-30

dyn/cm?in arteries.*"48

1.2.2.4 Microfluidic vessel-on-a-chip models

Translating medical research from benchtop to bedside involves three significant steps: in vitro, in
vivo, and clinical trials. This process is time-consuming, utilizes plenty of resources, and does not
always guarantee a successful human translation due to anatomical and physiological differences.
This issue is addressed to a vast extent by microfluidics, a technology that manipulates small
volumes (10° to 108 liters) of fluids (droplets, microchannels, jets, and thin water films) where

at least one dimension of the fluid studied falls below a millimeter.3°1

The use of microfluidic channels enables physiological relevance of the fluid flow properties and
can be explained by understanding the different flow regimes in channels. Fluid flow can be
laminar or turbulent. Laminar flow involves the smooth or regular flow of particles in parallel
paths within the fluid. Thus, laminar flow is also known as streamline or viscous flow. Contrary
to laminar flow, turbulent flow is characterized by the irregular movement of fluid particles. In
turbulent flow, the fluid particles do not flow in parallel layers. There is a great deal of lateral
mixing and disruption between the layers. At the macroscale, the fluid flow properties are
generally turbulent and not predictable. However, at the micro-scale, fluid properties and
characteristics differ vastly from macroscale — fluid viscosity and capillary flow dominate

microchannels, and fluids maintain laminar flow, mimicking physiological conditions. We could
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further explain this using the Reynolds number (Re) to categorize the flow type in the channels. Re
is the ratio of the inertial forces to viscous forces in a fluid flow: it is a dimensionless number.%2:>3

It is defined as
(Equation 2)°

where p is the fluid density, V is the flow velocity, L is the length or diameter of the channel (the
smallest dimension), and p is the dynamic viscosity of the fluid. The flow is laminar when Re is
below 100, and generally, no turbulence occurs until the Re is in the range of 2000. At least one
dimension in microfluidic platforms is in um; the Re is less than 100 and possibly below 10 52°4,
Laminar flow mimics physiological conditions and makes the fluid properties and molecular

transportation predictable, allowing for precise flow through the microchannels. >4

The microscale dimensions also enable cellular and molecular level studies with minimal samples
and reagents to obtain high resolution and sensitivity results, especially useful when handling rare
samples. Its high-throughput capabilities maximize output using minimum resources, resulting in
optimal usage of resources and less wastage. Furthermore, their minimal use of space and time is

undoubtedly helpful.>’

Organ-on-a-chip models are micro-engineered biomimetic systems containing microfluidic
channels in which viable human cell lines are cultured under conditions that replicate the
microstructure of organs and tissues and the dynamic environment, thereby, the pathophysiology
of organs/tissues in vitro. This technology was further explored in recent years to develop valuable
data on the toxicity, efficacy, and interactions of drugs with cells by modeling organs such as the
lungs, the kidneys, the skin, the gastrointestinal system, and many more. These platforms model
healthy and diseased states and can be low-cost, high-throughput alternatives to conventional

animal models for pharmaceutical studies.>83

Different organ-on-a-chip models have been developed using various techniques to carry
endothelial cells of different origin, co-cultured with tumor or other organ cells®-:54% such as
tumor-on-a-chip®®’,  lung-on-a-chip®7°,  retina-on-a-chip’*,  blood-brain  barrier3>7274,
placenta®*">" and so on. Vessel-on-a-chip models are specific platforms that are stand-alone

representative of blood vessels. They consist of channel vessels with endothelial cells of any
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origin, cultured using 2D or 3D methods.?%8! Recent developments in this field of microfluidics
have shown increased interest in studying blood vessels by themselves, and we, therefore, have
come across several models lately.®®828% Fapricated polycarbonate film channels®?, cell
patterning®, sacrificial molds®, 2D and 3D bioprinting®, hydrogel scaffolding®8® are some state-
of-the-art microfluidic vessel models that are currently being studied. These models are used to
study several aspects of vasculature from angiogenesis and vasculogenesis®’®, effects of shear
stress and fluid dynamics within the vascular blood flow*3, studying tumor vasculature?%:°8.668%,
studying other pathophysiological conditions in vasculature®®%-% outcomes of NP interactions
with vascular ECs®:%1% and many more. These models are mostly the first of their kind and
explore single parameters in depth. In our vessel-on-a-chip model, we plan to incorporate a simple
flow system with HUVEC cells (with or without chemically induced aneuploidy) and subject it to
shear stress or static conditions, and test for cellular uptake of QDs and compare the outcome to
similar conditions without exposure to QDs. Although several individual models exist, as stated in
various literature sources, no vessel-on-a-chip model exists for testing the impact of NPs on

euploid and aneuploid ECs (discussed in the next section) under conditions of shear stress.

1.2.2.5 Genotypical Changes: Aneuploidy of tumor endothelial cells

In vitro studies typically employ normal euploid cells to test the various hypotheses of biological
applications. Euploidy is defined as the condition in which a haploid (2n) number of chromosomes
exists in the genes, and this is what we see in normal primary cells. However, circumstantially if
there is a variation in this number, and more or less than two chromosomes are present, it is termed
aneuploidy. Aneuploidy is a state characterized by the presence of aberrations in either the whole
number of chromosomes (more or less than usual) or, by extension, the gains or losses in
chromosome arms. ! It is a consequence of chromosomal instability, a consistently high rate of
gain or loss of chromosomes (whole or arms) seen in human cells, and missegregation of
chromosomes. % Although it occurs commonly in several birth anomalies, aneuploidy is also a
prominent marker for cancer.l%21%® Recently, aneuploidy was also proposed to lead to
chromosomal instability suggesting a positive feedback loop resulting in increasing levels of

aneuploidy.104105

The innermost lumen consists of ECs with a regular spindle-shaped structure without many

cytoplasmic projections in a healthy vasculature. The EC layer is covered by a basement membrane
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(BM) (a layer rich in collagen, laminin, and fibronectin) and Pericytes (vital for the vessels'
structural and functional stability and control). In tumor tissues, the ECs recruited to form the
tumor vasculature are deficient in these structural and functional characteristics showing poor
barrier function and fewer pericytes, causing gaps or leaks called fenestrae. There is also a
defective hierarchical arrangement of vessels, irregularity in size, shape, and vasculogenesis.
Genetic expression profiling of normal versus tumor ECs revealed distinct tumor endothelial
markers known as "Mobile” RNA or mIRNA, which varied amongst primary tumors and
metastases. The role of this mMIRNA is to act as a recruiting agent that moves back and forth from
tumor ECs to normal ECs via gap junctions or exosomes. Its functions are: to promote
angiogenesis of tumor ECs, intravasation, extravasation, and secondary extravasation to

metastasize. 1%

Little is understood about the microvasculature in a tumor-microenvironment at the genetic level.
Until recently, it was assumed to be diploid or euploid like normal vascular ECs. However, there
is clear evidence from recent studies indicating that the tumor ECs are not just aberrant in their
phenotype and function, but this abnormality extends to the aneuploid nucleus as well. 103-105.107-
110 Therefore, chemically induced aneuploidy in lab conditions allows us to simulate a tumor-like

microvascular environment to study these factors in detail. 10114

Despite evidence on aneuploid tumor ECs, in vitro models have commonly employed primary
endothelial cells (euploid) for screening the impact of NPs.2%115116 The impact of NPs on and their
interaction with aneuploid endothelial cells were overlooked in previous work and have not been
considered to date. Using aneuploid cell models for screening NPs, this novel approach will pave
the way for a more in-depth understanding of NP-aneuploid EC interactions. This approach
accurately depicts the impact of NPs on aneuploid ECs in cancer patients and will enable the design
of NPs with expected behavior in angiogenic tumor vessels. As this area is still unchartered

territory, our study will be a one-of-its-kind initiative in this direction.

There have been several studies on chemicals that can induce aneuploidy in cells. Most chemicals
studied in the late 1980s affected the metaphase or anaphase "1 of mitotic cell division, and
more recent studies show that several drugs or chemicals can inhibit mitosis at each stage of

mitosis. %20 Monastrol is one such mitotic inhibitor used to produce a controlled inhibition of
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cell division which is reversible. Studies have especially been using monastrol to induce
aneuploidy®+*2! where the mitosis is inhibited at metaphase, and the cell division is slowed down
long enough to study the outcomes of aneuploidy, and several further observations can be made
using these cells. This method is very useful for our study as we can use the same euploid cell

model and induce aneuploidy in the cells for relevant comparison.

1.2.2.6 State of the art on NP-EC interactions

Several studies focus on investigating the interaction of NPs with cells.'? These studies are limited
to assessing the therapeutic effect or the targeting accuracy and the cytotoxicity of NPs on the
cells. Since the ECs form a selective barrier between the blood and tissues and since most
applications of NPs involve intravenous administration, the interaction between the NPs and the

ECs needs to be investigated and is considered the fundamental basis for the application of NPs.?3

The physicochemical properties of the NPs, such as size, composition, and surface properties, were
shown to have a variable impact on the EC viability and cell uptake under static conditions.!24-126
For instance, cyclic RGD functionalized polymeric NPs associated more with HUVEC cells than
control non-functionalized NP counterparts.?® In another study, Caco-2 cells exposed to a series
of polystyrene NP formulations, 100 nm vitamin E TPGS-coated NPs exhibited approximately
more than two-fold greater uptake than 50 nm NPs and more than one-fold greater uptake than 500
nm NPs, respectively. Contrary to popular belief that cell uptake of NPs increases on decreasing
their particle sizes, this study showed an optimum size range around 100 nm for relatively high
cell uptake.t?’

Apart from these physicochemical properties of the NPs, such as size, composition, and surface
properties, the serum concentration of NPs, environmental conditions such as cell type!!®,
WSS!2812% "and flow type®*° were also found to impact this interaction. Therefore, conventional
in vitro methods used for NP evaluation lack bio-relevance since they disregard the dynamic
conditions.®*1%3 Recently, the use of microfluidics has enabled the development of better in vitro
testing platforms that mimic the dynamic physiological environment.34134135 Scientists have
demonstrated the urgent need for developing such dynamic models to translate nano-therapies

from bench to bedside with accurate and timely screening.®*
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Studies conducted under flow conditions showcase the hemodynamic conditions prevalent in the
blood vessels, which profoundly impact cell morphology and the outcome of NP interactions with
cells.’3  Several biomimetic microfluidic models were developed to simulate different
physiological and pathological conditions.®** Among those models, co-culture models, including
vascular endothelial cells, were developed to test NPs in conditions that mimic different organ

136 137 138

systems such as the placenta™®, the lung™’, the cardiovascular system~°, and tumor

microsystems%,

A 3D lung-on-a-chip model was developed and studied by Zhang et al. **”. This model has two
parallel microchannels lined with human pulmonary alveolar epithelium and HUVEC cells
separately and a middle channel filled with 3D Matrigel. HUVEC cells were subjected to dynamic
physiological fluid flow conditions with a flow rate of 10 ul/hr, corresponding to a shear stress of
0.0035 dyn/cm?, to mimic the fluid flow in vivo. This model was used to study the impacts of acute
pulmonary exposure to different concentrations of ZnO, and TiO2 NPs delivered to epithelial cells.
The alterations in alveolar-capillary integrity, barrier function, and junction protein expression due
to NP exposure as well as stress responses, namely ROS and apoptosis of both cells, were
examined. Collectively, their results showed that cell-cell interactions, cell-matrix interactions,
and vascular mechanical cues collectively promote barrier function. Under these conditions, ZnO
NPs were found to be relatively more cytotoxic and more permeable to the barrier as compared to
TiO2 NPs.

A vessel-on-a chip model comprised of HUVEC cells was used to mimic conditions of
atherosclerosis characterized by permeable microvessels. Permeabilization of the endothelial
barrier was induced using tumor necrosis factor a (TNF-a).1® This pathological model was used
to study the translocation of lipid-polymer hybrid NPs, where Gold nanocrystals (Au NC)
functionalized with Cy5.5 were coated with PLGA and a lipid mixture of DSPE-PEG2000 and
DSPC, across the endothelial barrier. Control vessel-on-a-chip model (not treated with TNF-a)
was used to simulate healthy conditions with tightly connected endothelial barrier. This lipid-
polymer hybrid NPs were infused in the upper channel at a flow rate of 8 pl/min (1 dyn/cm?), and
samples were withdrawn from the lower channel, maintained at a flow rate of 2 uL/min, every 10
min up to 1 hour to measure the concentration of translocated NPs. The percentage NP

translocation across the endothelium was calculated using the ratio of fluorescence intensity of
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sampled NPs from the lower channel to that of the infused NPs in the upper channel. Overall,
endothelialized microchip with controllable permeability could be developed to probe nanoparticle
translocation across an endothelial cell layer. These results were then validated using in vivo rabbit
models. They concluded that the translocation of NPs across the atherosclerotic endothelium is

favored at sites with increased endothelial permeability.

In cancer-on-a-chip platforms, ¥, modeled by Vu et al. in 2019, in a microfluidic 3D tumor
microvasculature model, HUVEC cells and cancer cells (MDA MB-231) demonstrate uptake of
NPs due to the EPR effect. HUVECs were treated with a selective TRPV4 agonist to create
“tunable” leakiness in the adherens junctions. NPs with different sizes and surface chemistries
were tested for extravasation across the endothelial barrier and accumulation in the tumor tissues.
The particle size of 40 nm was most favored compared to 70 and 130 nm NPs to penetrate the cell
barrier. Comparing 70 nm NPs with carboxylic and tertiary amine surface chemistry, carboxylic
acid was more favored in penetrating the cell barrier and avoiding unwanted endothelial
interactions, thus concluding that NP interactions with the vasculature do not solely depend on
particle size but also their surface characteristics.

In summary, there is existing evidence demonstrating the impact of the dynamic conditions on NP
interactions with cells.  Microfluidic organ-on-a-chip models were shown to replicate
physiological and pathological conditions but their use in evaluation of NPs is still at the early

stage.

1.3. Analysis of Impact of NP on the Endothelium:

To fully understand the impact of NPs on the ECs, the cells upon exposure to NPs can be evaluated
for cell viability, cell uptake of NPs, and cellular changes at the genome level, the cell

transcriptome.

1.2.2.7 Cell viability & impact on intracellular machinery

Cell viability is the ratio of healthy, live cells in a population exposed to a specific environmental
condition compared to a control group.24%14! It is essential to determine cell viability to determine
whether the environmental conditions are conducive to cell survival. Several factors like disease

state, exposure to toxins, and external stressors can uniquely impact cell viability.4*
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In the case of cancer or aneuploidy in general, 1° cells exhibit enhanced viability, enabling them
to proliferate abnormally and evade apoptosis, while exposure to toxic metals or degenerative
diseases is characterized by progressive cell loss. Injury and infection also negatively impact cell
survival, resulting in necrotic or apoptotic cell death.2>142 Hence, we can say that there is a crucial
link between cellular health and disease which necessitates the measurement of cell viability under

different experimental conditions.

Several techniques have been developed for determining cell viability.?2141143 | jve/dead cell
counting assay is one such method to assess cell viability. These tests use either cell-permeable or
impermeable dyes or both together to label viable or dead cells in a sample. A good example is
trypan blue, a cell impermeable azo dye that cannot penetrate the cell membranes of healthy cells.
Only dying cells with damaged membranes take it up, enabling us to count the number of dead
(blue) and living (colorless) cells using a hemocytometer.’*! On the other hand, adenosine 5°-
triphosphate (ATP) is a major energy source for cellular processes. ATP is thus considered a good
biomarker for cell viability testing. Bioluminescence measurement of ATP has been previously
described indicating a linear relationship between viable cell number and measured luminescence

using the following luciferin-luciferase reaction 21141144145,

Luciferase/Mg?*

ATP + Luciferin + 0, ———— Oxyluciferin + AMP + PPi (inorganic phosphate) + CO, + Light

While studying NP — EC interactions, screening the cells for possible toxicity is required to
determine a safe concentration to study the impact of NP on ECs. However, there is a chance for
NPs to interfere with the screening agents. Hence, it is good to conduct an interference test for NPs
under investigation before running the assay to eliminate interference errors. Further screening
colloidal stability of NPs in the cell culture media is essential to confirm NP stability, in addition
to the use of suitable controls.?1%® Positive (exposed to a cytotoxin) and negative controls
(exposed to buffer) should be used to depict dead or alive cells. Positive controls are mandatory to
validate the assay protocol itself by comparing both extreme outcomes (cell death and cells
thriving) as previously established by our group.?! It is also required to calibrate the protocol rather

than normalizing the cytotoxicity data solely based on the untreated group alone.

Colloidal stability of NPs is first determined over an extended period to ensure that the NP is stable
in the presence of the culture media and the fluorescence properties are not affected by the
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components in the media. Tracking the fluorescence of the NPs suspended in the media is done
over an extended period, possibly weeks, to ensure their stability. An interference test is done for
NPs and the assay reagents to eliminate the potential interaction of NPs with the assay reagents
due to the high absorptive power of the NPs (particles with high surface area and high surface

energy) or optical interference between the NPs and the assay readings.?

1.2.2.8 Cell uptake by Confocal Imaging

The cell membrane protects the intracellular components from the surrounding environment and
potential intoxicants. However, for many NPs, their safe entry into the cells is an important step
for their diagnostic or therapeutic effect. In either case, cell uptake of NPs is an important outcome
of NP-cell interaction that needs to be investigated to quantify and understand cell responses to
NPs. Cell uptake occurs through endocytosis, which could be of 3 types — phagocytosis,
pinocytosis, and receptor-mediated endocytosis.*?® This is governed by the physicochemical
properties of the NPs and the cell type. Different techniques exist for determining cell uptake of
nanoparticles, including SEM, TEM, confocal microscopy, and so on.**” Of all these methods, the
development of confocal imaging has been considered a great addition to the field by allowing for
obtaining 3D information of the location of the NPs on or within the cell, based on optical

sectioning.#

Cell uptake of QDs has been investigated in several in vitro studies using different cell types under
static conditions, based on their intrinsic fluorescent properties that enable tracking without the

need for labeling that might change the surface properties in case of other NPs,18-20.149-161

Pollinger et al. studied NP targeted delivery in age-related macular degeneration and diabetic
retinopathy. Here Mueller cells and astrocytes represented glial cells (off-target cells), and human
dermal microvascular endothelial cells (HDMECs) were the model for retinal capillary
endothelium. In vitro study of the uptake of CdSe/ZnS QD surface modified with cyclo(-Arg-Gly-
Asp-D-Phe-Cys) [cyclo(RGDfC)] showed negligible uptake in off-target cells and strong avp3
integrin-mediated interaction with HDMEC. These results were comparable to retinal cells
harvested from in vivo mice administered with 200 pmol of QD and sacrificed after 1 hour of
circulation of the QD. The study confirmed that cyclo(RGDfC)-decorated NPs were ideal for
targeting endothelial cells in the posterior eye under physiological conditions.'® Jiang et al. studied

the uptake of amino functionalized CdSe/ZnS QD into HUVECs grown in parallel plates under
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flow conditions and into zebrafish vessels. They observed that surface charge and blood flow

modulate QD-EC association and uptake in both in vitro and in vivo conditions.**

Samuels et al. studied the uptake of negatively charged thioglycolic acid (TGA) -stabilized CdTe
QD (2.7 nm and 4.7 nm) by HUVEC cells in microfluidic channels demonstrating the critical role
of shear stress in NP uptake. Here, vascular inflammation related to endothelial damage was
simulated by either treating with tumor necrosis factor-a (TNF-o) or compromising the cell
membrane using low Triton X-100 concentration. Both groups were exposed to low, medium, and
high SS rates (0.05, 0.1, and 0.5 Pa, respectively). The results showed that a shear stress rate of
0.05 Pa recorded the maximum NP uptake by cells, and this was irrespective of the method of

induction of endothelial damage as it had no significant influence on NP uptake.!®!

Most of these studies examined cadmium-based QDs, very few investigated the uptake of InP/ZnS
QDs into human endothelial cells under static conditions. It is expected that InP/ZnS QDs would
have different uptake than CdSe/ZnS ones despite having the same shell because of the easy
dissociation of Cd ions in the presence of aqueous phase combined with cadmium's inherent
toxicity rendering the quantum dot cytotoxic to the cells, and could also impact the cell membrane

integrity affecting QD internalization.®’

However, not many cell uptake studies for InP/ZnS QDs under dynamic conditions in vitro have
been investigated to date. Our study can be considered a novel and pioneering step due to the lack
of knowledge on NP interactions with aneuploid cells. Understanding the interaction of NPs with
aneuploid cells will enable us to design nano-diagnostics and delivery systems informed by the

tumor tissue's microenvironment and have a high potential for clinical translation in cancer.

1.2.2.9 Cell Transcriptome Analysis

A powerful approach to determine how human cells, including human endothelial cells, respond
to a particular biomechanical environment or biotic conditions is to determine how these applied
conditions change the expression of its genome.!62163 The large-scale profiling of NP exposure-
induced gene expression alterations in the cells sets the stage for a mechanistic understanding of
the behavior of NPs, including targeting, cell uptake, mechanistic toxicological understanding, and

so on.*®* Transcriptome analysis is the study of the transcriptome or the RNA transcripts produced

24



by a genome in a particular cell using high-throughput techniques. A transcriptomic analysis is the

latest approach to understanding the intricate functions of mMRNA and proteins within the cell. 16°

The whole transcriptome has been studied since the early 1990s, and technological advances have
made major transformations in the field. There are two major techniques: microarrays and next-
generation sequencing (NGS), known as RNA sequencing (RNA-Seq). Microarray helps to
quantify the RNA data in a predetermined sequence of genes. RNA-Seq, on the other hand, uses
high-throughput sequencing to capture all sequences present in the transcriptome. Some
advantages of microarrays over RNA-Seq are that it is a highly specific assay, less labor-intensive,
with more than 90% accuracy. Microarrays, however, also have limitations. A higher quantity of
RNA is required, about 1pg, while RNA-seq requires only about 1ng of RNA. A reference genome
transcript is required for further analysis of data which is not required for RNA-Seq. Microarrays
depend on fluorescence detection of arrays of gene sequence while RNA-Seq detects single
nucleotide polymorphism, and lastly, microarrays require confirmation with RT qPCR, whereas it
is not mandatory for RNA-Seq data. Hence, we can say that although the technology has advanced
with time, microarrays are still relevant and will be a useful and economical alternative to RNA-
Seg. 163

Transcriptomic results in combination with bioinformatics tools provide comprehensive
information on the gain or loss of cellular function and thereby the change in the cell's overall
behavior. This helps identify specific pathways and cellular processes that respond when the cell
IS subjected to different conditions. In general, the main purpose of the transcriptomic analysis is
to compare specific cell samples in pairs to study certain biological questions. It is important to
know and understand how the cells are impacted in structure, proliferation, and metabolism in
normal physiological conditions before looking at how any changes to these conditions will affect
the cell transcriptome. This will further help understand which specific genes contribute to the
affected pathways by identifying the up or down-regulation of these genes and the magnitude of

change.

Among the different expression (transcript) profiling techniques, microarray sequencing is a high
throughput method that uses high-density microscopic array elements, planar glass substrates, low

reaction volumes, multicolor fluorescent labeling, high binding specificity, high-speed
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instrumentation for detection, and sophisticated software for data analysis. Specifically,
microarrays consist of short nucleotide oligomers or ‘probes' fixed on a solid substrate in a chip in
small, microscopic spots. The abundance of RNA transcripts isolated from the cells is determined
by hybridizing fluorescently labeled transcripts to these probes. The fluorescence intensity at each
probe location on the array indicates the transcript abundance for that probe sequence. The signal
intensity is normalized to controls and reference samples, indicating whether a particular gene
increased, decreased, or showed regular expression. The Final output summarizes each gene
included in the microarray and whether the gene is up or downregulated. When several samples
are tested in this manner, we can establish a gene expression profile using the microarrays for any
given diseased or abiotic state or an exposure condition under investigation. It is also considered
a high precision tool for understanding the finer nuances of cell functions and the mechanistic
understanding of the cellular functional outcomes in the presence of mechanical stressors and
external agents.'%-1% For instance, hemodynamic factors such as laminar shear stress impact the
phenotype of endothelial cells upregulating factors such as endothelial nitric oxide synthase
(eNOS) and thrombomodulin (TM) that confer potent antithrombotic, antiadhesive, and anti-
inflammatory properties to the endothelium.'®® On the contrary, toxic factors like turbulent flow,
proinflammatory cytokines, or advanced glycation end products'®® are detrimental to normal

endothelial function.

1.3.3.1 Transcriptomics for screening nanoparticle-induced cellular outcomes
Transcriptomics has been recently employed as a useful tool in several nanomedicine-related

works, particularly for screening the impact and potential cytotoxicity of NPs.170-172

Techniques for detecting cell viability, stress response, inflammatory response have been used
conventionally for NP cytotoxicity screening.!”® This could include detecting mitochondrial
activity via MTT assay, detecting LDH release upon necrosis, Annexin V for staining apoptotic
and necrotic cells, detecting intact lysosomes by neutral red uptake, and detecting ATP release by
live cells, detection of apoptosis marker Caspase-3, and so on. The stress response is detected by
measuring reactive oxygen species and Inflammatory response by enzyme-linked immunosorbent
assay (ELISA).® These techniques only focus on the macromolecular consequences of
biochemical processes. However, with time and technological advancements, several refined

techniques classified under '-omics' nomenclature such as genomics, proteomics, metabolomics,
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transcriptomics, lipidomics, cytomics, metallomics, ionomics, interactomics, and phenomics have
been developed.}’* Omics studies allow for exploration of the genome, transcriptome, and
proteome in a broader sense with greater sensitivity and resolution, giving us a new direction for
research.1’217>176 1t provides solutions for target discovery and validation, drug toxicity and safety
assessment, pharmacology, molecular diagnosis and prognosis, and personalized healthcare,
among other implications. The only major limitation of omics is that they are vast and require other
analytical tools like bioinformatics to interpret the data. Transcriptomics and appropriate
bioinformatics tools together are useful in investigating toxicity or therapeutic mechanisms and
cellular responses induced by NPs from environmental, occupational, and pharmacological

Sources.

Currently, several databases exist with various human transcriptome samples. One such database
of interest is the NanoMiner, in which about 400 human transcriptome samples (microarray)
exposed to various types of nanoparticles are documented.*’” Expression profiles can be plotted
for genes of interest, clustering samples within datasets, finding differentially expressed genes in
general, and locating particular genes of interest that are differentially expressed, analyzing
enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO)
terms for the detected genes, searching the expression values and differential expressions of

pathways or GO's of interest are all possible with this data resource. 1’

Lim et al., in 2012, studied the impact of sub-lethal concentrations of 5nm and 100 nm silver (Aqg)
NPs on inflammatory and stress genes in human macrophages to understand the risks of Ag NP
exposure using the cDNA microarray analysis technique. The microarray analysis showing a
significant elevation in protein levels of hemoxygenase-1(HO-1), heat shock protein-70 (HSP-70),
and interleukin-8 (IL-8) together with Western blot analysis demonstrated that low level and early-
stage exposure to 5nm Ag NP and not 100nm Ag NP inflammatory and stress responses in our

immune system. 1’

Akbari et al. developed a novel data mining method to screen long non-coding RNA (IncRNAS)
that are responsible for the regulation of apoptosis in colorectal cancer and validated the data in
vitro by inducing apoptosis in Caco-2 cells with the help of Ag@GIu-TSC nanoparticles
(silver@glutamic acid — thio semicarbazide) at a half-maximal inhibitory concentration (IC 50) of

500 pg/ml.1"® They examined a list of 48 genes obtained from the literature survey, and using the
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Enrichr software, narrowed it down to 12 common genes involved in the apoptotic pathway.
Among them, six genes were identified to have been down-regulated in tumor tissues, and eight
IncRNAs were identified as being associated with 5 of these genes. Four of these genes were later
found to be significantly upregulated in the in vitro study on Caco-2 cells with NP treatment to

induce apoptosis.t’

Zinc oxide NPs have been identified as having an anti-carcinogenic effect against human chronic
myeloid leukemia cells (K562 cells). However, as the transcriptomic approach was never used
before to assess the type of apoptosis induced in these cells by the NP, this study was undertaken
by Alsagaby et al.’%. The cell viability assay (MTT) - a time-dependent analysis, showed an
inverse relationship between time and cell viability. Dissolution analysis of ZnO in the presence
of culture medium also showed dose and time-dependency in the release of Zn ions. FACS analysis
for determining the type of cell death was done with a concentration of 40 pg/ml of ZnO NPs for
15 and 72 hours and showed an increase in apoptotic population with time—cell viability of 73%
versus control at 98% for 15 hours and a mere 5.2% versus 84% for the control group at 72 hours.
These results were compared to results from the microarray-based transcriptomic analysis. The
differential expression of apoptosis genes indicated they are pro-apoptotic. Using the DNA
microarray approach, they were able not just to confirm the results of other tests but also to identify

the possible molecular mechanisms by which the NPs are toxic to the cells, &

Gurunathan et al. studied the effects of Graphene Oxide — a 2D carbon sheet with a single-atom
thickness with many nanotechnological uses. To establish concrete scientific evidence on the
cytotoxicity of graphene oxide in HEK29 cells, the group studied cells exposed to the nanomaterial
at different concentrations for several hours using cell viability and proliferation assays. However,
meanwhile, the transcriptomic analysis points out the mechanism of action to be apoptosis and the
biological processes involved.'®! Similarly, they also worked on a similar study with Pt NPs, which

induced apoptosis inflammation and are generally cytotoxic to monocytic leukemia cells. 8

Lastly, a study by Chen et al. on murine endothelial dysfunction and transcriptome is worthy of
mention as they were studying how it is induced by black phosphorus QD (BP QD) and nanosheets
(NS).18 The group studied HUVECSs as a model for endothelial function and mouse aortas after
exposure to BP QDs and BP NS. In HUVECs, BPNSs were found to inhibit in vitro angiogenesis

at non-cytotoxic concentrations. It also triggered platelet aggregation and decreased nitric oxide
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production due to eNOS dysregulation pointing towards endothelial dysfunction. Although BPQD
and BP NS both inhibit eNOS, BPNSs also down-regulate eNOS expression. In mouse aortas,
though they found no pathological damage, both nanomaterials cause sufficient vascular risks.
RNA-Seq was done to confirm these observations, and they found that BP QD and BP NS triggered
eNOS pathways differently and thereby triggered eNOS dysregulation. They concluded that
although BP NS and BPQD shared similar physico chemical properties, their differences in
morphology could have contributed to the differential vascular outcomes. 3

Some of the most significant works done in transcriptomics research involve several types of
human cells, including endothelial cells and even some types of cancer cell lines. In following
these studies, we are also highly motivated to determine the relationship we have established here
between cells and nanoparticles and how the impact on their transcriptome can reveal or confirm
conventional findings and give direction towards which metabolic pathways and cellular functions
are affected and how. This kind of information helps to build better nanomaterials that are
biologically safe and compatible. However, one common deficit seen in all these studies is that
they are conducted under static conditions. However, the human body, being a dynamic entity, is
not satisfactorily replicated. Recently, the impact of InP/ZnS QDs on the cell transcriptome has
only been investigated using Saccharomyces cerevisiae (yeast) 3 and under static conditions in
HeLa cells!®. Investigating the effect of InP/ZnS QDs on the transcriptome of human cells under
dynamic physiological conditions under euploid versus aneuploid conditions has not been

undertaken in this study to date.

2. RATIONALE

Most applications of NPs in tumor targeting involve intravenous administration.! The NPs are
designed to extravasate through the fenestrae in the discontinuous tumor endothelium.? Tumor
endothelium is also the target for several designed NPs and therapies.*36:18618" This highlights the
significance of studying the EC responses to NPs.

Interaction of NPs with the ECs and their impact on ECs are governed by hemodynamic factors
such as WSS, but the exact mechanism is not fully understood.***° NPs designed for tumor

targeting have been conventionally evaluated in vitro under static conditions. This fails to mimic
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the dynamic in vivo environment, making the results from static studies irrelevant to the actual
physiological scenario.'®!8 Further, the effect of aneuploidy of tumor ECs on their responses to

NPs has not been studied to date.

We will compare outcomes of tumor vasculature (HUVECSs with induced aneuploidy) exposed to
NPs to that of normal vasculature exposed to NPs. These outcomes include cell viability, cell
transcriptome, and cell uptake of NPs. To define the role of a dynamic environment in defining
cell responses, we compare these cell responses in the presence and absence of biologically

relevant fluid flow conditions.

The QDs are being used as a model NP with great biomedical potential due to their fluorescent
properties, facilitating their characterization and tracking.®*° We compare EC responses to Cd-
based and In-based QDs to understand how CdSe/ ZnS QDs interact with cells and the cytotoxicity
of cadmium-based QD to cells and study the proposed study alternative QD made out of Indium
Phosphide to compare the NP-EC interactions.

3. HYPOTHESES

We hypothesize that biomechanical stressors, namely wall shear stress (WSS) and cell aneuploidy,
can alter the cell phenotype and regulate receptor expression, thus dictating NP interaction with
endothelial cells. We also hypothesize that InP/ZnS QDs are less toxic to endothelial cells than
CdSe/ZnS QDs.

4. AIMS

The overarching goal of this thesis work is to understand the impact of wall shear stress and cell
aneuploidy on the interaction of NPs with ECs, namely cell transcriptome and cell uptake. To

achieve this goal, we have two specific aims.

i. To design and characterize quantum dots with different engineered properties,

namely core composition and surface properties.

Cadmium-based QDs are conventionally studied, and extensive data exists on their cytotoxic

nature. However, these studies also precluded their further use in in vivo studies owing to their
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cytotoxic nature. 12172023 Recently, indium based QDs were proposed as a novel alternative with
lower cell toxicity. *%"2° To render them dispersible in aqueous media for use in biological
studies, InP/ZnS QDs were capped using the polymer 3-Mercaptopropionic acid (MPA) in this
study. QDs were characterized for size and zeta potential using TEM and dynamic light scattering,
respectively. Stability was tracked over a month using fluorescence and absorbance measurements

to ensure colloidal stability in water and culture media.

ii. To assess the interaction of NPs with healthy and aneuploid endothelial cells at static

and dynamic conditions using a vessel-on-a-chip model.

We investigated NP interaction with human umbilical vein endothelial cells (HUVEC), being
well-studied primary cells to simulate the microvasculature.?%1518%190 \we have cultured these
cells under different conditions in a microfluidic chip. The microfluidic chip has a channel height
of 0.2mm, a channel length of 50 mm, a width of 5 mm, and Reynold's number of about 8,
making the fluid flow inherently laminar. We used cell culture media with modified dynamic
viscosity to mimic blood (3.0 cP) with 3% of 500,000 MW Dextran.'** We exposed the cells to a
shear stress of 1 dyne/cm?. This shear stress lies within the normal physiological range (1-5

dyn/cm?) of shear stress as seen in veins.*"4

Monastrol, a small, cell-permeable molecule, has been studied as a tool to inhibit the Eg5-
Kinesin motor protein that aids cells in mitosis.'*2 When Euploid primary cells like HUVEC are
treated with monastrol, it renders the cells chromosomally unstable, inducing aneuploidy, albeit

temporarily, as monastrol actions on the cells are reversible.1%
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CHAPTER 2: MATERIALS AND METHODS

MATERIALS

Indium (I11) chloride (InCls, powder ampouled under argon, 99.999%, ultra-dry), zinc chloride
(ZnCl,, anhydrous, 98+%), tris(diethylamino)phosphine ([(DEA)sP, hexaethyl phosphorus
triamide], 97%, 2.5mM), sulphur powder, sublimed (99.5%), tri-n-octyl phosphine (TOP,
technical grade, 90%), zinc stearate (ZnO 12.5-14%), 1-octadecene (technical grade, 90%)
chloroform (spectrophotometric grade, 99.5%), tetramethylammonium hydroxide pentahydrate
(TMAH, 98%) were purchased from Alfa Aesar. Oleylamine (cis-1-amino-9-oleylamine, technical
grade, 70%) and gelatin solution in water (tissue culture grade) were purchased from Sigma-
Aldrich. 3-mercaptopropionic acid (MPA, 99+%) was purchased from Acros Organics, Human
umbilical vein endothelial cells (HUVEC), the culture media EBM-2 — Endothelial cell basal
medium (Clonetics), EGM-2 SinglQuot Kit (supplements and growth factors: Hydrocortisone,
hFGF, VEGF, R3-IGF, Ascorbic acid, hEGF, GA-1000, Heparin), ViaLight™ Plus’®* cell
proliferation and cytotoxicity bioassay kit and ATP Standards were purchased from Lonza™., Fetal
Bovine Serum (FBS), monastrol, cell-permeable mitosis inhibitor; trypsin 0.25% trypsin, 0.1%
EDTA in HBSS without calcium, magnesium, and sodium bicarbonate; trypsin neutralizer solution
(1X); 96 well-plate, tissue culture treated, sterile (Falcon); black 96 well plate, clear-bottom,
unsterile (Falcon); Centrifuge tubes (50ml, 15 ml, 1.5 ml) were purchased from Corning™. Triton-
X -100, electrophoresis grade; Dulbeccos Phosphate Buffered Saline - DPBS (1X); Invitrogen™:
E-cadherin, Alexa Fluor 647, Concanavalin Alexa Fluor conjugate 647, Concanavalin Alexa Fluor
conjugate 488, DAPI, ZO-1, Qdot® 605 ITK™!% and ethanol, anhydrous were supplied by
Fisher™, Dimethylsulfoxide (DMSO) is from ATCC, 500,000 MW Dextran powder is from
Spectrum Chemicals. Bovine Serum Albumin (BSA) is from HyClone™., RNeasy® Mini Kit (50)
is from Qiagen. Nitrogen gas, compressed, was supplied by ConAir. Microfluidic chips, iBidi p-

Slide 192, 1% were purchased from iBidi™ (Germany).
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METHODS:

1. Designing Indium-Based Quantum Dots:

1.1  Synthesis of Indium Phosphide/Zinc Sulphide Quantum Dots

QDs with an indium phosphide (InP) core and a zinc sulphide (ZnS) shell were synthesized
following a protocol adapted from Tessier et al.?8 Briefly, 130 mg of InCl3 (0.45 mM), 340 mg of
ZnCl (2.37 mM), and 5.0 ml of oleylamine (15.25 mM) were combined in a 50ml round bottom
flask while stirring and purging with Nitrogen gas as shown in Figure 3. The temperature was
maintained at 120°C for 30 minutes and then further increased to 180°C. Next, 0.45ml of
tris(diethylamino)phosphine (2.5mM) was injected, and the temperature was maintained at 180°C,

and indium phosphide cores could grow for 30 minutes.

For the first zinc sulphide shell, 1 ml of TOP-S (0.72 g of sulphur powder in 10 ml of
trioctylphosphine) was slowly injected into the reaction mixture. After one hour, the temperature
was increased to 200°C; 1 g of Zn Stearate (1.6mM) in 4 ml of Octadecene (ODE) (6.25 mM) was
added under stirring for 30 min before a subsequent increase in the temperature to 220°C. A second
shell formation was initiated by adding 0.7 ml of TOP-S and stirring for 30 minutes. This mixture
was further heated to 240°C, and 0.5g of Zn Stearate (0.8mM) in 2 ml of Octadecene (ODE) (6.25
mM) was added to it. Finally, the temperature was raised to 260°C and maintained for 1 hour
before cooling down to around 60°C and stopping nitrogen purge. The InP/ZnS QDs were
suspended in 20 ml of chloroform. Figure 4 shows a freshly prepared batch of QDs suspended in
chloroform and its fluorescence under UV light. The QDs are then precipitated and washed thrice

with around 50 ml of 95% ethanol on ice by centrifuging at 4000 rpm for 20 minutes.

The QD pellet thus obtained was resuspended in 40 ml of chloroform to obtain a QD stock. To
render prepared QDs suitable for biological applications, we followed ligand-exchange reactions

to transfer them to bio-compatible solvents.
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Figure 3: Quantum dots synthesis setup — Round-bottomed flask is connected to a condenser,
heated on a mantle with a feedback thermometer, and purged with N2 gas. The chemicals are
constantly mixed with a magnetic glass stir-bar resistant to high temperatures (above 250°C). The
inlets of the round-bottom flask connected to the thermometer and gas are each sealed with a
septum. The chemicals are injected through the septa during synthesis. Gas flow and water flow

through the condenser are constantly monitored owing to high temperatures.

Air bulb
Rubber Stopper Water Out
Condenser
Waterin
Thermometer Nitrogen Gas Inlet

Round-bottom Flask

Heating Mantle (50 mi)

Magnetic Stirrer Temperature Control

Figure 4: (A) Freshly prepared InP/ZnS QDs suspended in chloroform, (B) Prepared QDs show
fluorescent under UV light.
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1.2 Transfer of InP/ZnS QDs into Water via Ligand Exchange:

To render QDs water-dispersible, they were functionalized with 3-mercaptopropionic acid (MPA)

(Figure 5) following a ligand exchange reaction by Pong et al.1%’

Figure 5: Structure of 3-mercaptopropionic acid

HS/\)LOH

A mixture of 3-mercaptopropionic acid (MPA) and tetramethylammonium hydroxide (TMAH)
taken in a 1:1 molar ratio was dissolved in 2 ml chloroform. (Table 1). The solution was incubated
for an hour, during which it separated into two phases and two distinct layers formed. The top
aqueous layer was discarded, and 100ul of InP/ZnS QDs were added to the bottom layer, and the
mixture was allowed to incubate in the dark for 40 hours. Next, 1 ml of distilled water was added,
and the mixture was stirred vigorously until the InP/ZnS QDs transferred into the aqueous phase,
which was then separated. Finally, QDs were washed thrice with ethanol by centrifugation at 4000
rpm for 10 min, then dried the pellet under nitrogen to remove the remaining organic solvent and
resuspension in distilled water. Aqueous dispersions of QDs were kept in the dark at room

temperature till further characterization.

Table 1: Molar concentrations of mercaptopropionic acid (MPA, MW 106.14) and
tetramethylammonium hydroxide (TMAH, MW 181.23) used in the ligand exchange reaction to
prepare water-dispersible quantum dots. For all formulations (QD-1 to QD-4), a molar ratio of

1:1 was maintained.

Formulation | Molar Concentration (mM)
code MPA TMAH

QD-1 0.057 0.055

QD-2 0.28 0.27

QD-3 0.57 0.55

QD-4 0.86 0.83
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Figure 6: Capping InP/ZnS QD with 3-mercaptopropionic acid — The InP/ZnS QD suspended
in chloroform is treated with 3-mercaptopropionic acid (MPA) and tetramethylammonium
hydroxide (TMAH) mixture and incubated for 40 hours at room temperature to get water-
dispersible InP/ZnS QDs capped with MPA.
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2. Characterization:

We characterized the prepared QDs for particle size using transmission electron microscopy
(TEM), and images were analyzed using ImageJ software. The zeta potential of QDs was measured
using Zeta-Potential Analyzer — Zeta PALS (Brookhaven™ Instruments) before and after capping.
Fluorescence correlation spectroscopy (FCS) was conducted on an Alba IV confocal spectroscopy
and imaging workstation (ISS Inc.) to determine the concentration of QD dispersions. The
fluorescence spectra of QDs were recorded using a BiotekGen5 Micro Plate Reader. The excitation

wavelength was set to 500nm, and the emission was measured from 550nm to 700 nm.

3. Colloidal Stability of MPA-Capped InP/ZnS QDs in Water and Culture Media:
Fluorescence measurements were used to track the colloidal stability of MPA-caped InP/ZnS QDs
(QD-1, QD-2, QD-3, and QD-4, Table 1) in distilled water at room temperature and in EGM-2
culture media (with supplements - bovine brain extract with heparin, human endothelial growth
factor (EGF), hydrocortisone, gentamicin, amphotericin B, 2% fetal bovine serum (FBS)) at 37°C
for 30 days and 41 days, respectively.
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4. Cell Culture:

Primary human umbilical vein endothelial cells (HUVEC) were cultured in 75-cc T-flask using 10
ml of EGM2 media supplemented with growth factors at 3% concentration at 37°C and 5% CO..
The reconstituted media with 2% FBS, growth factors, supplements (bovine brain extract with
heparin, human endothelial growth factor (EGF), hydrocortisone, gentamicin, amphotericin B,
2%) had a shelf-life of up to 2 weeks and were utilized immediately. The growth of the cells was
monitored under a light microscope, Olympus CKX41. Media were changed on alternate days

until cells reach 90% confluency in the flask before cell detachment.

Cells were detached from the flask by adding 2.5 ml of trypsin and incubating for 5-7 min at 37°C
and 5% CO.. Trypsin neutralizing solution (5% fetal bovine serum in phosphate-buffered saline
without calcium and magnesium) of about twice the trypsin was added to neutralize the effect of
trypsin. The cell suspension was centrifuged at 200 G for 5 minutes, and the cell pellet was
resuspended in media. The cells are counted, and the concentration was readjusted with media to
approximately 0.5 to 2x10° cells/ml.

To cryopreserve the passages by backing them up for later use, we added 80% complete media,
10% FBS, and 10% DMSO to the cell suspension while maintaining the temperature of the
cryovials at 4°C using an ice bath. The cryovials were immediately transferred to -20°C for 2
hours, followed by -80°C for 12-24 hours before transferring the vials to liquid nitrogen. The cells

were used in passages 9-12.
5. Cell Viability Assay:

The potential cytotoxic effects of CdSe/ZnS and InP/ZnS QDs on normal and aneuploid HUVEC
were investigated using ViaLight™ Plus assay, an ATP bioluminescent assay kit that measures
cytoplasmic adenosine triphosphate (ATP) to assess the functional integrity of living cells. This
bioluminescent assay utilizes the enzyme luciferase to catalyze the formation of light from ATP
and luciferin. The emitted light intensity is linearly related to ATP concentration.'®® Assay was
conducted according to the manufacturer's recommendations.'® Briefly, HUVEC cells were
cultured at a seeding concentration of 2 million cells/ml and incubated for 24 hours to reach

confluence in a clear 96 well-plate (Falcon, Corning brand). These cells were treated for 20 hours
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with 100 ul of 100nM monastrol in culture media for the aneuploid group. Both regular and
aneuploid (monastrol-treated) HUVEC cells were exposed to serial concentrations (2nM, 5nM,
10nM, 20nM, 50nM) of both CdSe/ZnS and InP/ZnS QDs dispersed in culture media for 24 hours
at 37°C and 5% COaz. Next, cells were treated with 50ul of cell lysis reagent for 10 minutes before
transferring 100ul of the cell lysate to a black clear-bottomed 96-well plate (Falcon, Corning
brand) a volume of 100ul of ATP monitoring reagent (AMR) was added. Bioluminescence was

measured using a plate reader (BiotekGen5). Experiments were replicated five times, i.e., n = 5.

Cells grown in culture medium only were considered as negative control (100% cell viability), and
others incubated with Triton X-100 (1pL/mL) were used as a positive control (0% cell viability).
Cells underwent irreversible membrane permeabilization and structural collapse on exposure to
Triton X-100 (non-ionic surfactant) at most micellar concentration and lose cytoplasmic ATP.1%
The percentage viability for each replicate was calculated as follows (Equation 2), and the mean +
SD was plotted graphically versus QD concentration. **° The percentage viability for each replicate
was calculated as follows (Equation 2), and the mean + SD was plotted graphically versus QD

concentration.

Lum, -Lum___..
tiv trol
% Cell viability = “r postitve contre «100

Lum ; - Lum
negative control
*100 g

posttive contrel (Equation 2)

In parallel, ATP controls in concentrations of 1.5 and 0.015uM were prepared in culture media.
Various concentrations of both types of QDs (50ul each) were incubated with 50ul of the two
concentrations of ATP controls. Furthermore, upon adding 100ul of AMR, their bioluminescence
was measured to check for wavelength interference in the absence of cells. Quantum Dots and
AMR interference were also screened to ensure that the optical properties of QDs had no
interference with the AMR.

6. Dynamic Vessel-On-A-Chip Experiments

6.1 Developing a vessel-on-a-chip model:

HUVEC at a cell seeding of approximately 2.5 to 3x10° cells/ml were cultured in a tissue culture-
treated microfluidic channel, iBidi p-Slide I %2; with a channel height of 0.2mm, a channel length
of 50 mm and width of 5 mm, and growth area of 2.5 cm? and incubated for 2 hours to ensure cell
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attachment, after which the media was changed (Figure 7). The chip reservoir was filled with 100ul
of media and incubated at 37°C. The chips were incubated for at least 24 hours to ensure cell
attachment. Culture media were then changed once every 24 hours until cells reach 80 — 90%
confluence before subjecting them to static or dynamic flow conditions. For aneuploid vessel-on-
a-chip experiments, aneuploidy was induced by further treating the cells with 200uM of monastrol
in culture media for 20 hours before further experiments (Figure 8). For all vessel-on-a-chip
experiments, the viscosity of the cell culture media was increased to mimic that of the human blood
(3.0 cP) with 3% of 500,000 MW Dextran.*%*

6.2 Setting-up the Flow Circuit:

The vessel-on-a-chip was placed in a petri-dish, along with two microtubes with 500ul of filtered
distilled water to prevent the media from drying out. We assembled a flow system (Figure 9) —
the media with 5% dextran (with or without QD) was loaded in Hamilton™ 1000 Series Gastight™
Luer Lock Syringes with TLL Termination (10 ml and 5 ml), the resistance tubing, media reservoir,
t — manifold junctions and fittings (Elveflow™ systems) are connected to the system, and it is
primed and filled with media. The system is operated with the mechanical power of a syringe pump
(KD Scientific). 2%

Now, the HUVEC cells cultured in the chips to confluence are also connected and were exposed
to a flow of media for 4 hours at a flow rate of 65ul/min, wall shear stress (WSS) of 1 dyne/cm?
(within the reported range of 0.1-2Pa), to simulate a physiological ambiance for HUVEC %201,
and experiments were compared to others at static conditions. The flowing QDs were dispersed in
cell culture media at a molar concentration of 5 or 10nM. Experimental variables (Table 1) are the
presence or absence of chromosomal instability, in addition to the type of QDs (InP/ZnS QDs
versus CdSe/ZnS QDs). Static experiments were used as controls. Following 4 hours of exposure,
cells were analyzed for barrier integrity, cell uptake, and transcriptomics. The detailed protocols

for experiments using normal and aneuploid cells are illustrated in Figures 7 and 8.
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Figure 7: Vessel-on-a-Chip with Normal HUVEC
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Figure 8: Vessel-on-a-Chip with Monastrol treatment
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Figure 9: Vessel-on-a-chip model connected to the flow system — A vessel-on-a-chip is developed

with normal or aneuploid HUVEC cells and connected to the flow system consisting of a syringe

pump which delivers the media at a constant flow rate and wall shear stress. The QDs are

dispersed in the media at suitable concentrations to study the cellular uptake, and their results are

compared to control groups without QD treatment.
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Calculation of flow velocity and wall shear stress:

Flow rate and dynamic viscosity are required in addition to the dimensions of the microfluidic
channel to calculate the shear stress. The microfluidic chips that we used came with a pre-

determined formula for shear stress calculations which is:
T=n*5129x* ¢ (Equation 3)

Where, T is shear stress (dyn/cm?), ¢ is flow rate (ml/min) and 7 is dynamic viscosity(dyn*s/cm?)
of the fluid.

According to the literature survey, we have already determined the desired shear stress to be 1
dyn/cm2, so we need to calculate the flow rate required to achieve this. As we want to simulate
blood flow, we are also using culture media with blood viscosity, thereby making the dynamic

viscosity the same as blood which is 3.0 cP (or) dyn*s/cm?.

Hence, upon calculation using equation 3, we get the flow rate of 0.0649 ml/min, which amounts
to 3.89 ml/hr.

Reynold's Number Calculation:
Reynold's number is the ratio of inertial force to viscous force in a microfluidic channel.

It is represented by Re and is calculated using the formula:

R, = % (Equation 2)

Where p is the fluid density, V is the flow velocity, L is the length or diameter of the channel, p is
the fluid viscosity. From Equation 3, with a known dimension of channel length as 50 mm, we
calculated the Re value to be 8.19, which falls in the laminar flow range (<10 is common in

microfluidic systems).52-%

7. HUVEC Cell Morphology
Cells were checked for morphology via bright-field (BF) imaging using a Bright-field and
Fluorescent Microscope — Nikon Eclipse Ti. with 10x and 20x magnification objectives before and

after subjecting the chips to the 12 conditions (Table 2).
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Table 2: Groups for Flow Experiment on Vessel-on-a-chip model

Normal HUVEC | Aneuploid HUVEC
Control experiments - No QDs | Static Static

Dynamic* Dynamic
Cells exposed to CdSe/ZnS QDs | Static Static

Dynamic Dynamic
Cells exposed to InP/ZnS QDs | Static Static

Dynamic Dynamic

* Wall shear stress = 1 dyne/cm?

8. Cell Uptake by Confocal Microscopy
Confocal imaging (Zeiss LSM700, ZEISS) was used to study the cellular uptake of QDs, following

cell exposure to QDs (Table 2). The appropriate controls were also prepared and imaged.

8.1 Sample Preparation and Immunofluorescence staining:

All steps were performed at room temperature. Cells were first formalin-fixed (4%
paraformaldehyde / PFA) for 15 minutes, washed thoroughly with a blocking buffer solution
(Dulbecco's Phosphate- Buffered Saline (DPBS) containing calcium and magnesium). Next, the
cells were incubated for 1 hour in an antibody dilution buffer (1X PBS with 5% bovine serum
albumin). Next, the cells were washed thoroughly in DPBS, treated with a nucleus stain solution
of DAPI diluted in antibody dilution buffer (diluted according to manufacturer's instructions) - for
30 min in the dark at room temperature. To stain the cell membrane, we used Concanavalin A
conjugated with Alexa Fluor 647 for CdSe/ZnS QD treated chips, and Concanavalin A conjugated
with Alexa Fluor 488 was used for InP/ZnS/MPA QD treated chips, diluted in antibody dilution
buffer to 50 ug/ml (according to manufacturer's instructions) - for 15 min in the dark at room
temperature. One last wash with DPBS is done before images are acquired using a confocal laser

scanning microscope.
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8.2 Confocal Imaging:

We studied the cell uptake of NPs by confocal microscopy using fixed and stained cells (nuclei
stain: DAPI and plasma membrane stains — Concanavalin A conjugated with Alexa Fluor 647 or
Z0O-1 with Alexa Fluor 488. Lasers used in CdSe/ZnS QD experiments are 610 nm for the QD 647
nm for the plasma membrane and 405nm for the Nucleus stained with DAPI. Lasers used in
experiments with InP/ZnS/MPA QD are 630 nm for the QD, 488 nm or 647 nm for the plasma
membrane, and 405nm for Nucleus stained with DAPI. Z-stacks were sequestered at 1um steps.
At least three Z-stacks in three different areas were imaged per chip, and at least two independent

experiments (chips) were run for each experimental condition.?>

9. Transcriptomic Analysis

Following exposure of the cells to QDs and the different controls, cells were trypsinized and
extracted from the chips. The RNA was extracted using cell lysate and analyzed for concentration,
purity, and quality (n = 3) using a NanoDrop 2000 Spectrophotometer (Thermo Scientific™).
According to the manufacturer's instructions, they were processed using RNeasy® Mini Kit
(Qiagen) and stored at -80°C. Using this kit, up to 100 pg of RNA with 200 bases or longer are
separated from the sample. For this, the sample is first lysed and homogenized with specific buffers
to isolate the RNA, then purified with ethanol and centrifuged to be rid of contaminants. Purified
RNA is then eluted in RNAse free water and results in a sample enriched in mMRNA as most other
RNAs with less than 200 bases like tRNA and rRNA are excluded.

The samples were analyzed using microarray to obtain the complete genetic profile of ECs and the
changes seen in each of the 12 conditions. The microarray kit "Clariom™ S Assay, human"
(Applied Biosystems™, Thermo Fisher Scientific™) was used as the standard of comparison for
this assay. We know the complete gene profile from the kit, and we obtain the gene expression of
the ECs under different conditions from the microarray analysis. Upon comparing the gene
expression using the kit, we can record the changes in gene expressions seen in the ECs, that is,
the gene expressions that were up-regulated and down-regulated under each of those conditions.
The data thus generated for the 12 samples were then analyzed by biostatisticians to generate
comparisons and highlight those specific genes of interest that have incurred changes and analyze

them further.

43



9.1 Pathway Enrichment Analysis:

Based on the raw genetic data for each of the 12 conditions (Table 2), a normalized data matrix
was generated wherein the data at the log2 scale was converted to the unlogged or original scale.
We identified 12 biological questions where the different conditions were compared. We assigned
one as a control group and the other as the case group to compare the two groups. The fold change
(FC) was calculated. When FC>1 (up-regulated genes), the results were kept as it is. When FC<1
(down-regulated genes), we transformed them into -1/FC. In this way, FC= -1.2, downregulated
1.2 folds. We then sorted the absolute fold changes from the largest to the smallest. We selected
genes for follow-up analysis using a fold change cut-off of FC=5 (either up or downregulated).
Following this, the normalized data comparisons were further analyzed using the data enrichment

software g: Profiler found on the website http://biit.cs.ut.ee/gprofiler/.
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Chapter 3: RESULTS AND DISCUSSION

The primary goal of this study is to understand the impact of wall shear stress and cell aneuploidy
on the interaction of NPs with ECs. Towards this, we used QDs as model NPs. We designed
InP/ZnS QDs, characterized them, and conducted a stability study for these newly synthesized
NPs. We then investigated their cytotoxicity on ECs in comparison to commercially available
CdSe/zZnS QDs. Based on the cytotoxicity experiments, we determined a biologically safe dose
for subsequent experiments in which we investigated cell uptake of both QDs and their effect on

the cell transcriptome using a vessel-on-chip model developed by us.

1. Quantum dots — synthesis, composition, and physicochemical properties:

Conventional CdSe/ZnS QDs have been used and studied extensively in the past as a photostable
alternative to fluorescent dyes.?” However, due to the toxicity'®® of cadmium-based QDs, it was
essential to design suitable alternative QDs®2:161, To this end, InP/ZnS QDs were developed as

an alternative with potentially lower toxicity.?%

As described in the Methods section, we synthesized InP/ZnS QDs under high temperature using
a protocol adapted from the work of Tessier et al.?®. The core precursors InCls, ZnCl,, and
oleylamine were brought into solution and heated to a very high temperature in an inert atmosphere
under nitrogen. InClz is the precursor of indium in the InP core. The reaction occurs in oleylamine
(a primary amine) that acts as a solvent and a surface ligand for InP core growth. ZnCl; facilitates
the Zn shell growth in later stages; it is used in the initial reaction solution to passivate surface
defects during InP core growth and has also been shown to reduce the polydispersity of
NPs,28.157:202203 Tris (diethylamino) phosphine (boiling point 240°C) is the precursor for the
phosphide group of InP QD core, which turns the initially colorless reaction mixture into bright

red 20 minutes after its addition indicating the formation of InP core (Equation 3).

R-NH
InCl; + (Amino) 3P — 3 InP core (Equation 3)

The high-temperature resistance (boiling point about 340°C) of oleylamine is conducive to
facilitating shell growth. Aside from ZnCly, the first ZnS shell is formed by slowly adding TOP-S
at 180°C and heating to 200°C before adding a mixture of Zn stearate in octadecene. Again, TOP-

S and the Zn stearate in octadecene mixture are added at 220°C and 240°C respectively to form
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the second shell of ZnS (Equation 4). Finally, the QD dispersion is cooled down and precipitated
with ethanol on ice by centrifugation before resuspension of QDs in chloroform to obtain a QD

stock.

TOP—-S+Zn Stearate TOP—-S+Zn Stearate
InP + ZnCl, InP/ZnS (shell 1) InP/ZnS (shell 2)

(Equation 4)

The InP/ZnS QDs should be rendered dispersible in aqueous media to be suitable for biological
applications. For this purpose, we attempted to cap or functionalize the surface of the InP/ZnS
QDs with two different polymers: 3-mercaptopropionic acid (MPA) and 11-mercaptoundecanoic
acid (MUA) using established ligand exchange reactions.!®” However, capping with MUA did not
result in a stable aqueous dispersion of QDs, and aggregation was observed after 48 hours. Capping
attempts using MPA were only successful. A mixture of MPA and TMAMH in chloroform was used
in a 1:1 ratio (for an optimum yield of MPA-capped QD*®"). After removing the water of
crystallization (Equation 5) that separates from the equilibrated biphasic mixture, QD stock was
added and incubated for 40 hours for the ligand transfer to occur.!’

Tatramethylammonism
hydroxide pentahydrate

o (TMAH) 0 0
/_>*GH ————» THO + {_>*GH —_— = O—NMey
- (aq)
HS CHCL ' Mey N -8
(CHCL)
The agueons fraction must be This erganic fraction was isolated and
completely removed. nsed for ligand-exchange.
(Equation 5)

The InP/ZnS QDs were characterized for size using TEM and zeta potential using dynamic light
scattering. The size of the uncapped InP/ZnS QD was measured using TEM (Figure 10), and the
three images (115 particles) were analyzed for QD size using ImageJ software to be approximately
3.3+0.78 nm. The surface charge of the InP/ZnS QD stock and MPA-capped InP/ZnS QD were -

6.9£2.12 and -15.03+0.98, respectively. Fluorescence correlation spectroscopy was used to
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determine the InP/ZnS/MPA QDs concentration to be 400nM, and their fluorescence peak (Amax)

was at 630 nm as measured using a plate reader (Figure 11).

In our work, we will compare our designed InP/ZnS to commercially available amine(PEG)-
terminated CdSe/ZnS QDs (Qdot® 605 ITK™) which were also characterized earlier by our team
for diameter, PDI and zeta potential (diameter = 13.9 + 0.6 nm, PDI = 0.3 £ 0.1, and zeta potential
= -1.6 + 0.4).2! These dots have emission maxima of ~ 610 nm, as we measured (Figure 10).2%
The molar concentration of CdSe/ZnS QDs (based on the number of NPs) was determined by the

manufacturer and was confirmed by fluorescence correlation experiments, as indicated in an earlier

study by our group.?

Figure 10: Size of InP/ZnS QDs. (A) TEM image of InP/ZnS QDs, (B) Histogram of InP/ZnS QD

diameter.
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Figure 11: Fluorescence curve comparing MPA-capped InP/ZnS QD capped with MPA to
conventional CdSe/ZnS QD
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2. Colloidal stability of MPA-capped InP/ZnS QDs in water and culture media:

The colloidal stability of the capped InP/ZnS/MPA QDs in water and culture media was monitored
over a month using fluorescence measurements. To check whether the surface density of the
capping agent has any role to play in the stability, we used a series of MPA molar concentrations
using the same capping protocol and a 1:1 molar ratio of MPA and TMAH. Tested MPA
concentrations were 0.05, 0.25, 0.55, and 0.8 mM resulting in four formulations QD-1 to QD-4
(Table 1).

Capped QDs were centrifuged and dispersed in DI water, and QD dispersions were stored at room
temperature in the dark for about 40 days, and their fluorescence was measured periodically. As
fluorescence is known to decrease when QDs aggregate®®, tracking the fluorescence emission of
the QDs over time can be considered a reliable method of tracking QD stability, as shown in
studies?21:206-209 Figure 12 shows that their fluorescence intensity peak (Amax) trend was not

significantly altered with time, with minimal variations in fluorescence intensities. On comparing
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the fluorescence intensities of the different QDs (QD-1 to QD-4), we observed an increase in the
fluorescence intensity with an increase in the molar concentration of the capping agent, with QD-
4 exhibiting maximum intensity. This increase in intensity can be attributed to an increase in
capping efficiency and surface passivation. The shell layers and capping agents act towards
increasing fluorescence with increasing MPA concentration, as described by Tessier et al. and

other similar studies on QDs,28157:202,203,210-213

For stability in EGM-2 culture media (with supplements - bovine brain extract with heparin, human
endothelial growth factor (EGF), hydrocortisone, gentamicin, amphotericin B, fetal bovine serum
(FBS)). The InP/ZnS/MPA QD dispersion in water was diluted 1/3 with EGM-2 to obtain a 100nM
dispersion, stored in the dark at room temperature, and its fluorescence was tracked over 30 days
against a blank of water to media in a 1/3 ratio. It was necessary to dilute the QD as the
fluorescence intensity was amplified in the culture media and could not be measured by the plate
reader. When the fluorescence curves were plotted (Figure 13) and compared, we observed that
the magnitude of fluorescence intensity of the QD increased with time. We attributed this to the
deposition of proteins in the culture media on the surface of QDs. This phenomenon where
conjugated proteins amplify the fluorescent intensity of QD was previously reported. For instance,
several-fold increases in the fluorescence intensities of CdSe and CdSe/ZnS QDs were previously
reported in the presence of pseudopeptides?'4. This phenomenon has not yet been observed in the
InP/ZnS/MPA QD and is likely the first time.

Overall, InP/ZnS QDs were stable in water (bench storage) and culture media 37°C. Based on
these results, we will use QD-4 due to their optimal quantum yield and stability for our subsequent
cell experiments, and we will refer to as InP/ZnS QDs in the following experiments and will be
compared to commercially available CdSe/ZnS QDs, which were shown earlier by our team as
stable in EGM-2 culture media for at 37°C.%
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Figure 12: Stability of MPA capped InP/ZnS QD in water over 40 days at 37°C. Fluorescence
emission profiles of (A) QD-1, (B) QD-2, (C) QD-3, (D) QD-4 were prepared using different MPA
concentrations of 0.05, 0.25, 0.55, and 0.8 mM, respectively, and dispersed in water.
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Figure 13: Stability of MPA capped InP/ZnS QD in EGM-2 media with supplements over 31
days at 37°C. Fluorescence emission profiles of (A) QD-1, (B) QD-2, (C) QD-3, (D) QD-4 were
prepared using different MPA concentrations of 0.05, 0.25, 0.55, and 0.8 mM, respectively and
dispersed in EGM-2 media with supplements - bovine brain extract with heparin, human

endothelial growth factor (EGF), hydrocortisone, gentamicin, amphotericin B, fetal bovine serum.
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3. Cell models:
Selection of cells:

There are several types of vascular endothelial cell models used to study vasculature 21521
However, as we are interested in developing a biomimetic human model, primary human umbilical
vein endothelial cells (HUVEC) were chosen from umbilical tissue as a versatile model for
endothelial cells.?®* HUVEC cells exhibit all the essential structural and functional characteristics

common to all endothelial cells and are easy to culture in vitro 8.90.217-221
Induction of aneuploidy in HUVEC cells:

Aneuploid cells have chromosomal abnormalities and can serve as a model for cancer cells in in
vitro studies.’®?1%  Aneuploidy has been studied, and it has been shown that using kinesin
inhibitors like monastrol, we can induce aneuploidy in normal primary cells wherein the mitotic
process is inhibited.'%? This inhibition of mitosis is characterized by inhibiting the formation of
spindles and other phenotypical changes in the cells. Aneuploid cell nuclei are damaged and are
characterized by the formation of micronuclei, bridges, and misshaped holes in the nuclei.??? On
exposure of HUVEC to monastrol for 20 hours, we confirmed aneuploidy using confocal images
of DAPI-stained nuclei and quantifying the confocal images for abnormalities from 4 images and

103 nuclei, as shown in Figure 14.
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Figure 14: (A) Normal and aneuploid HUVEC cells with DAPI stained nuclei at different
magnifications, (B) Quantification of abnormal nuclei after monastrol treatment for 20 hours,

(C) Monoester formation characteristic of mitosis inhibition by monastrol.
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4. Cytotoxicity of Quantum Dots:

Before we studied the NP- EC interactions, the first step was to determine the non-cytotoxic
concentration of QDs?2%, The toxicity of the QDs is a critical determinant for their potential use
in biological studies,!921.153.161.205223.224 This work compares the cytotoxicity of both CdSe/ZnS
QDs and InP/ZnS/MPA QDs (referred to as InP/ZnS QDs) on normal and aneuploid HUVEC cells
using the VialLight assay.

ViaLight™ Plus assay is an ATP bioluminescent assay kit that measures cytoplasmic adenosine
triphosphate (ATP) to assess the functional integrity of living cells. This bioluminescent assay
utilizes the enzyme luciferase to catalyze the formation of light from ATP and luciferin. The
emitted light intensity is linearly related to ATP concentration.®® We treated a group of cells to
work as a reference as negative and positive controls to having 100% and 0% cell viability,
respectively, as explained in the Methods section, where negative controls were only exposed to
culture media and therefore corresponded to 100% cell viability. We induced cell death in positive
controls by subjecting them to irreversible cell membrane permeabilization and structural collapse
by exposure to Triton X-100, causing the cells to lose cytoplasmic ATP.1*® Therefore, we can note
that live cells are capable of ATP synthesis and dead cells will not, and this serves as a comparison

to the test group of cells and for the calculation of percentage cell viability using Equation 1.

A critical factor was to rule out optical interferences of QDs with the AMR (test reagent in
ViaLight assay) to avoid false-positive and false-negative results?®*225-227, \We incubated both QDs
at a series of concentrations (0-50nM) with AMR in the absence of cells, i.e., no source of ATP.
No bioluminescence was measured for all QDs with readings corresponding to empty wells and
no significant differences between measurements (p < 0.05), as shown in Figure 15. Hence, QD
and AMR interference screening showed that both QDs do not show luminescence using the assay
reagent and conditions. Further, to rule out interference of QDs with the Vialight assay due to
surface adsorption of released ATP from the cells, we used the ViaLight assay kit for ATP
standards at two concentrations (1.5 and 0.015 pM) in the presence of either of CdSe/ZnS QD
(Figure 16 A) and InP/ZnS QD (Figure 16 B) at a series of concentrations (0 — 50nM). We observed
no significant difference (p < 0.05) in the luminescence measurements in the absence or presence
of CdSe/ZnS QDs and InP/ZnS QDs.
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Figure 15: Comparing bioluminescence of CdSe/ZnS QDs and InP/ZnS QDs dispersed in culture

media for interference, ns denotes statistical non-significance (p > 0.05).
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Figure 16: ATP Control Assay — (A) CdSe/ZnS QD, (B) InP/ZnS QD capped with MPA, ns denotes

statistical non-significance (p > 0.05).
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Cell viability assays were conducted using normal and aneuploid HUVEC, and the
bioluminescence was used to calculate percentage viability using Equation 1. First, we compared
the viability of control normal and aneuploid HUVEC at 48 hours following confluence in the
absence of QDs. This comparison was to check for the effect of induction of aneuploidy and
cellular growth since the induction of aneuploidy required us to incubate HUVEC with monastrol
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for an extra 20 hours following confluence. On comparing both cell groups, we observed no
significant difference (p < 0.05) in the bioluminescence measurements using ViaLight assay, as

indicated in Figure 17.

Figure 17: Control groups with normal and aneuploid HUVEC cells were compared for Viability
to check for any effect of aneuploidy on the bioluminescence.

15000+
10000

5000

Bioluminescence

e N B

s .
FORIRC
& &
- 00"
Al

Cell type

We then conducted a thorough cytotoxicity study to determine the safe concentration range of both
QDs on normal and aneuploid HUVEC (Figure 18 A-D). Figures 18 A and B show the viability
of CdSe/znS QD in normal and aneuploid HUVEC cells, respectively. From Figure 18 A, no
significant difference in the viability of the cells exposed to CdSe/ZnS QD concentrations of 2 and
5 nM relative to control HUVEC cells. However, a further increase in the concentration of
CdSe/znS QDs was accompanied by a significant reduction in cell viability. At 50 nM, cell
viability was only 22% indicating high toxicity of CdSe/ZnS QDs to normal HUVEC cells at this
concentration. We did the same experiments using aneuploid cells—figure 18 B. On exposing
aneuploid HUVEC cells to CdSe/ZnS QDs, no significant change in cell viability was observed
up to a concentration of 10 nM, compared to 5 nM in the case of normal cells, indicating that the
aneuploid cells could resist the toxicity of CdSe/ZnS QDs to a higher concentration than normal
euploid cells. Further increase in CdSe/ZnS QDs concentration similarly resulted in decreased
viability of aneuploid cells to around 55% and 25% at 20 and 50 nM, respectively.

We then studied the effect of InP/ZnS QDs on the viability of normal and aneuploid HUVEC. As
shown in Figures 18 C, no statistically significant toxicity of InP/ZnS QDs was observed on normal

HUVEC relative to the negative control, with percentage viability ranging between 72 — 88%. The

56



same was observed for aneuploid HUVEC cells (Figure 18 D). However, in aneuploid cells, we
see that all the concentrations show viability over 100%. The increase in cell viability over 100%
for some experiments following exposure to QDs, especially in InP/Zn QDs, can be attributed to
increased cell proliferation over time, as reported for similar studies using NPs.? Cell proliferative
response was shown as a stress response on induction of aneuploidy as discussed later in the

transcriptomic profiling results.

Figure 18: Viability of HUVEC cells in the presence of CdSe/ZnS and InP/ZnS QDs. (A) Normal
HUVEC cells treated with CdSe/ZnS QD, (B) Aneuploid HUVEC cells treated with CdSe/ZnS QD,
(C) Normal HUVEC cells treated with InP/ZnS/MPA QD, and (D) Aneuploid HUVEC treated with
InP/ZnS/IMPA QD. Mean * SD are plotted for all four groups, n = 5. A statistical significance for
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a p-value < 0.05,<0.001, and < 0.0002 is denoted by *, **, *** respectively.

Overall, the results confirm our initial hypothesis that InP/ZnS QDs are generally less toxic to
endothelial cells than CdSe/ZnS QDs. Also, aneuploid cells were shown to be more resistant to an
increasing concentration of the more toxic CdSe/ZnS QDs relative to normal euploid cells. The
cell viability study indicates the concentration range of the QD that is safe to use with the cells.
Based on this study, we selected 5 nM concentrations of either type QDs for subsequent cell

experiments.

5. Development of Dynamic Vessel-on-a-Chip Model:

Blood vasculature in the human body is a dynamic regulatory and transport system.?'® This system
has vascular endothelial cells at its foundation, and in vitro and in vivo studies have shown that
static conditions do not mimic the phenotypical characteristics of endothelial cells*>8%2%¢ ECs
subjected to flow exhibit markedly different cell shapes and orientations upon exposure to shear
stress.*® Cell pathways??°2%, cell uptake?!, and interaction with and permeability to molecules
trafficking the circulation® were also reported to be markedly influenced by the presence of
dynamic flow. Hence, several studies have been performed to understand and improve the
biomimicry of pathophysiology of human microvasculature by studying the endothelial cells in a

dynamic flow model. 80:217.221.232

Several vessel-on-a-chip models have been used for studying ECs.84217:233234 Of these, a simple
single-channel vessel slide (iBidi p-Slide 1 %2) with a channel height of 0.2mm and width of 5 mm
was found to be most suitable for this study, as it allowed us to mimic the physiological range of
wall shear stress using modified culture media at the dynamic viscosity of blood according to
manufacturer’s recommendation. The dimensions of this tissue culture pre-treated microfluidic
channel allowed for good control of the flow rate of the culture media and the shear stress on the
cultured HUVEC cells, calculated using Equation 3, within physiological ranges; we simulated

normal physiological shear stress of 1 dyne/cm?4347

Following cell culture and confluence, the vessel-on-a-chip was connected to a flow circuit, as
depicted in Figure 9. Dextran in 5% w/v concentration was added to the culture media to increase

its dynamic viscosity to 3.0 cP, corresponding to blood*® to mimic blood flow within the blood
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vessels under physiological conditions. The chip with HUVEC cells was subjected to a laminar
media flow via a syringe pump for 4 hours. This syringe pump cannot withstand the moisture and
humidity within the incubator; hence it was placed outside the incubator at room temperature. The
media is pumped from the syringe into a reservoir, maintaining the media at 37°C in the incubator
before entering the vessel-on-a-chip. As the media from the syringe pump is at room temperature,
we have a reservoir for the media inside the incubator to maintain the media passing through to
the chips at 37°C. Otherwise, a sudden variation in temperature can cause bubbles that will damage
the monolayer of cells. A valve separated the syringe from the media reservoir to maintain
backpressure while disconnecting the syringe and replacing it. After circulating the vessel-on-a-

chip, the media is collected at the end of the setup in another reservoir,

6. Nanoparticle — Endothelial cell interactions:

6.1 Cell uptake of QDs using confocal microscopy:

Dynamic models of endothelial cells are vital for studying NP-EC interactions under physiological
conditions. Available studies specifically compare NP interactions with cells under static and
dynamic conditions resulting in cell uptake,849%99.121.130,135138,151,281.235 |y the presence of laminar
flow, the cellular uptake of NPs could be governed by several factors, including flow rate or shear
stress, and NP-related parameters, e.g., NP shape, size, and surface chemistry. These factors could
influence the margination of NPs flowing through the bloodstream and how many NPs get
internalized inside the cells. Not accounting for these factors can cause a discrepancy in the
outcomes of in vitro and in vivo experiments. However, there is a significant gap in our knowledge
regarding interactions between different NPs with the different cells under dynamic
conditions.34991%6.236 For instance, there have been several in vitro studies 18-20:14%-161 on cell uptake
of QDs using different cell types under static conditions. Although several studies examined
cadmium based QDs, very few investigated the uptake of InP/ZnS QDs into human endothelial
cells under static conditions,1%20-151152.1% "However, their cell uptake under dynamic conditions in

vitro has not been attempted to date.

Further, most applications of NPs include intravenous injection for tumor targeting. Studies show

that chromosomal aberrations and missegregation in cancer are not limited to the tumor tissue
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itself. It also affects the cells of the tumor microvasculature, including the endothelial cells 1>237-
239 This may affect the association of NPs with endothelial cells. However, the aneuploidy of the
angiogenic endothelial cells was not accounted for in previous studies using any NPs, including
CdSe/ZnS and InP/ZnS QDs under study. Due to the lack of knowledge on NP interactions with
aneuploid cells, our study can be considered a novel and pioneering step in this direction.
Understanding the interaction of NPs with aneuploid cells will enable us to design nano diagnostics
and delivery systems informed by the tumor tissue's microenvironment and have a high potential

for clinical translation in cancer.

In this work, we compared the interaction of CdSe/ZnS and InP/ZnS QDs with normal (euploid)
and aneuploid HUVEC cells under dynamic and static conditions using the vessel-on-a-chip model
we developed as described earlier in the Methods section; the 12 different experimental conditions
are listed in Table 2. At the end of the experiments, we checked for morphology using brightfield
microscopy. No significant changes in cell morphology were observed, as shown in Figure 19.
After that, we fixed the cells and stained them further to image them using confocal microscopy
to investigate the uptake of both QDs into normal and aneuploid HUVEC cells under different
static and dynamic conditions. Representative images of the different experiments are shown in
Figure 20. For all conditions, we observed higher cell uptake of CdSe/ZnS QDs over InP/ZnS
QDs. These differences in cellular uptake of QDs could also justify the differences in cytotoxicity
observed earlier, where more CdSe/ZnS QDs are taken up by the cells affecting the intracellular
cell machinery than InP/ZnS QDs used at the same concentration. Our group's earlier research
findings showed a strong positive correlation between cell uptake of CdSe/ZnS QDs and

cytotoxicity that supports this finding.?

Differences in the cell uptake of QDs could be attributed to the difference in the physical properties
of both QDs, including surface charge (-1.6 for CdSe/ZnS QDs versus -15.03 mV for InP/ZnS
QDs), as well as surface chemistry (amine (PEG)-terminated CdSe/ZnS QDs versus MPA-capped
InP/ZnS QDs and the size of QDs). Earlier, Chen et al. have observed HCC-15 and RLE-6TN cells
uptake of QDs based on their surface functionalization with InP/ZnS-COOH and InP/ZnS-NH2
QDs being more permeable to cells as compared to InP/ZnS-OH QDs, and the cell uptake of the
QDs was directly proportional to their degree of cytotoxicity.?*® However, we must note that the

cytotoxicity of these QDs was also concentration-dependent. 2** More recently, Tan et al.
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demonstrated that surface-functionalized CdSe/ZnS QDs with polymers acrylic acid and N-(3-
aminopropyl)methacrylamide hydrochloride were less prone to non-specific binding and,
depending on the surface charge of the ligand, were localized at different cell organelles. However,
hydrophobic non-surface functionalized CdSe/ZnS QDs remained at the cell surface. PEGylated
QDs penetrated the cells and localized at the lysosomes.?*? Surface charge was also shown earlier
to affect cellular uptake of QDs.?** CdSe/ZnS QDs coated with quaternary amine-modified PMAT
with positive zeta potential were shown to be efficiently internalized by Ehrlich Ascites Carcinoma
cells, but negatively charged zwitterionic polymer-coated CdSe/ZnS QDs are adsorbed at the cell
membrane only under in vitro conditions by Elena et al.?** Yet another study by Xiao et al.
demonstrated that charged CdSe/ZnS QD permeates both breast cancer cells and macrophages
while neutral QDs do not, and depending on the type of surface charge, QDs localize at different
cell components.?*! Several studies consistently demonstrated that positive charged QDs were
cytotoxic while negatively charged QDs were not.?41242 However, it should be noted that for our

study both QDs were negatively charged.

Interestingly, we could observe cell uptake of QDs under all conditions except for aneuploid
HUVEC cells under dynamic conditions where 3D analysis of the Z-stacks indicated that InP/ZnS
QDs are outside the cells not interact with the cell membrane. Under these conditions, we observed
InP/ZnS QDs as aggregates above the resolution limit of the microscope, as shown in Figure 20,
which could explain the limited cell uptake of these QDs under these conditions that mimic both
physiological shear stress and endothelial cell aneuploidy in a tumor microenvironment. Though
we cannot fully understand why InP/ZnS QDs aggregation only under these conditions, these
results could have several potential implications that warrant future studies. First, the cell uptake
mechanism of both QDs under study could be different, resulting in different cell uptake results
under the same conditions. Second, aneuploid cells under dynamic conditions could result in cell
excretions that compromise the stability of InP/ZnS QDs but not the CdSe/ZnS QDs in the
presence of cells under these conditions. Future studies are required to test the stability of QDs in
the presence of cells. To the best of our knowledge, only one study has attempted to test the
stability of liposomes in the presence of cells showing no change in the stability of liposomes in
the absence or presence of cells.? However, this could be different for the different NPs.
Importantly, our results lend support and prove our initial hypothesis that shear stress and

aneuploidy can dictate NP interaction with endothelial cells. We attributed this to changes in the
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cell phenotype under different stress conditions; hence we decided to conduct an extensive
transcriptomic study to investigate the cell transcriptome under these conditions using microarray

analysis.

Figure 19: Bright field images of HUVEC cells in a vessel-on-a-chip model under different
conditions (static condition, dynamic flow, and cell aneuploidy) without and following QD

exposure.
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Figure 20: Confocal images of HUVEC cells in a vessel-on-a-chip model under different
conditions (static condition, dynamic flow, and cell aneuploidy) without and following exposure
to QDs. Indicated are DAPI-stained nuclei (blue), Concanavalin-stained cell membranes (red),

and QDs (green). A) Control Group with no QD exposure, B) Exposed to CdSe/ZnS QD, and C)
Exposed to InP/ZnS/MPA QD.
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7. Transcriptome Analysis:

The transcriptome is the complete set of all RNA molecules — specifically the mRNAs, translated
into proteins via coding transcripts. However, we can also extract useful data on non-coding RNAs
such as rRNA, tRNA, IncRNA, siRNA, etc. 2 Transcriptome analysis is the study of the
transcriptome or the RNA transcripts produced by a genome in a particular cell using high-
throughput techniques. The earliest method for transcriptomic analysis of a cell is microarray, a
set of defined sequences arranged on a solid substrate that almost entirely represents the
mMRNAs.2*® The information thus obtained from the cells comprises data on the gain or loss of
cellular function and thereby the change in the cell's overall behavior. It helps identify specific
pathways and cellular processes that respond when the cell is subjected to different conditions. In
general, the main purpose of the transcriptomic analysis is to compare specific cell samples in pairs
to study certain biological questions.?*®

For instance, one study conducted a serial analysis of gene expression using coronary artery
endothelial cells (HCAECs) comparing cells exposed to a dynamic laminar shear stress of 15
dyne/cm? for 24 hours to cells exposed to all other similar conditions at a static state. The gene
expressions from the transcriptomic analysis showed a reduced expression of genes for cell
proliferation, angiogenesis, ECM and cell-matrix adhesion, ATP synthesis. An increased
expression of stress response proteins and autosomal polycystic kidney disease genes were
observed. The stress response was associated with anti-inflammatory and vasodilatory vascular
outcomes, and the autosomal polycystic kidney disease genes are associated with a vascular

malfunction that causes impairment of the vasoreactivity process.>®

In another study, the impacts of sustained shear stress for 24 hours on the ECs were studied, and
it was established that a selected few genes — TGF B1, IL- 1B, and TNF o— were flow-responsive.
These genes are responsible for tumor growth promotion, inflammatory response, and necrosis,
respectively. Moreover, metabolism and signal transduction were most upregulated, whereas cell

cycle / growth-related genes were the most downregulated.'%?

Microarray was also used to study the impact of aneuploidy on the physiology of human cells.
Diploid cells of colorectal cancer cell line (HCT-116) and retinal epithelial cells (RPE-1) were

compared to their counterparts with trisomy and tetrasomy created by microcell fusion from mouse
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donor cell lines. Results showed quantitative changes in the genome, transcriptome, and

proteome.*6®

The importance of transcriptomics for NP research, in particular, is that it can help us understand
the cell’s response in the transcriptome upon exposure to specific NP under specific environmental
conditions. 2% Incorporating transcriptomic analysis of cells exposed to NPs gives us a more
detailed understanding of the exact cellular mechanisms and biological processes at play in the
uptake and utilization of the NPs.2*® This can help improve the targeting mechanism for NPs and
mitigate any characteristic that can cause undue harm to the cells. Thereby, the main principle of
nanomedicine designing — to target specific tissues while mitigating off-target effects — can be

achieved with more precision.

Recent transcriptomic studies were conducted to understand the effect of exposure of HUVEC
cells to different NPs. In a study by Hu et al., the HUVEC cells were exposed to air pollutants
(particulate matter < 2.5um in aerodynamic diameter) for 24 hours, and their differential gene
expression was examined. Microarray analysis of gene expression data showed that the
cardiovascular ECs varied largely in cells exposed to laminar shear stress under physiological flow
versus static conditions.?*” In a more recent study, Davenport et al. investigated the transcriptome
profile of HeLa cells treated with InP/ZnS QDs and found evidence of apoptosis induction.®
However, it should be noted that they have used an excessively high concentration of QDs, 69
pg/ml (74 uM) and 167 pg/ml (179.25 uM), as opposed to 5 nM (0.5 pg/ml) concentration in our
study.8 Furthermore, their exposure time is 24 hours as opposed to a 4 hour exposure time herein.
Chang et al. compared Carbon nanotubes?*® and their impact on transcriptome profiles of HUVECs
and alveolar-endothelial co-culture. The direct exposure of HUVECs to carbon nanotubes resulted
in cytotoxicity and showed gene expression changes associated with endoplasmic reticulum stress
response and autophagy signaling. However, no studies exist on the impact of any QD on the gene

expression in HUVEC cells under dynamic conditions.

Our study utilized microarray analysis to understand the impacts of two types of QDs on the
HUVEC cells. Microarray analysis is one of the earliest available approaches to study cell
transcriptomes, where one experiment is enough to screen hundreds of thousands of genes in the

cell.?>24 First, we exposed the cells to different environmental (static and dynamic) and cell
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(euploid and aneuploidy) conditions to compare the effect of both QDs on the cell transcriptome,
examine cell phenotypic changes under the different conditions, and develop an understanding of
how these transcriptomic changes in the cells under these different conditions result in different
impacts of these NPs at the sub-cellular level. The 12 different conditions are listed in Table 2.
Extracted RNA was then analyzed using the microarray kit "Clariom™ S Assay, human" (Applied
Biosystems™, Thermo Fisher Scientific™). The data obtained comprises the transcriptome data
of differentially expressed genes for each condition. The data for each experimental group was
then compared to the corresponding control group, and we thus obtained analyzed data with fold
changes seen under each of those specific conditions. These fold changes represent the up or down-
regulation of a particular gene related to specific processes within the cell. Fold changes >+5
(upregulation), and <-5 (downregulation) were analyzed and presented, and pathway enrichment
was performed on those with > +2 or <-2 to understand these specific alterations in cellular

function.

We will present the expression levels for each condition separately relative to the appropriate
control before discussing the results across different groups ending up with overarching

conclusions.

7.1 Effect of exposure of Euploid HUVEC cells to dynamic conditions:

The effect of dynamic conditions on normal HUVEC cells is shown in Figure 21. Panel A shows
the upregulated and downregulated genes in response to the dynamic condition compared to the
static condition. Two upregulated genes with the highest fold change play a role in the
inflammatory response. SMADG is upregulated and is one of the genes which acts as a mediator
of TGF-beta and BMP anti-inflammatory activity. In addition, it works to suppress IL1IR-TLR
signaling through its direct interaction with PEL1, which in turn prevents NF-kB activation,
nuclear transport, and NF-kB mediated expression of proinflammatory genes.?>® NR4A1 is another
gene that is upregulated, and it works to inhibit NF-kB transactivation of IL2 and plays a role in
the vascular response to injury.?®* C100rf10 is a gene that is downregulated, and it acts as a critical
modulator of FOXO3-induced autophagy through increasing cellular ROS.?? Another
downregulated gene of interest is TNFSF10, also known as Tumor Necrosis Factor Ligand
Superfamily Member 10. TNFSF10 is a cytokine that binds to multiple receptors, and it works to

induce apoptosis.?> Overall, the genes discussed above that are downregulated or upregulated all
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play some role in inflammatory response or act as factors leading to programmed cell death. The
downregulated genes, in particular, play a role in inducing cell death and autophagy, but dynamic

condition helps in the survival of the cells by downregulating those genes.

To further see the effects of the dynamic condition on the HUVEC cells, pathway enrichment
analysis was performed using the g: profiler software. Panel B in Figure 21 shows the biological
processes, cellular components, and pathways upregulated when the g: profiler was run using the
upregulated genes with the fold change of 2 and more. Two biological processes were upregulated,
namely, the SMAD protein complex and adherens junction. SMAD-protein complex is affected
by fluid shear stress where shear stress activates SMAD 2/3 and induces their nuclear translocation.
Low fluid shear stress also increases SMAD 2/3 gene expression and promotes low flow-induced
inward artery remodeling.?>* SMAD-protein complex plays a significant role in regulating artery
size, and endothelial cells use SMAD signaling after perceiving the direction of blood flow to
control the artery size.?® The other cellular component which is upregulated is the adherens
junction. Adherens junction is affected by shear stress, where shear stress causes reorganization of
endothelial adherens junction through pathways involving MAP kinase, Src, and Rho proteins.?*
Both of the upregulated cellular components are affected by fluid shear stress and increased gene

expression for these cellular components.

Two biological processes were upregulated, and they were artery morphogenesis and epithelial to
mesenchymal transition. Artery morphogenesis is the generation and organization of arteries
which are blood vessels built by endothelial cells. These endothelial cells line the interior of the
blood vessels through a process named vascular morphogenesis.?®” The biological process of
endothelial to mesenchymal transition is induced by low shear stress and causes the transition
through the de-differentiation of endothelial cells.?®® Signaling by TGF-beta family members and
NGF-stimulated transcription were the two pathways that were upregulated. The TGF-beta
members such as TGF-beta 3 are induced due to shear stress on endothelial cells, which leads to
the activation of KLF2 and NO signaling, which works to limit endothelial dysfunction and
maintain endothelial homeostasis.?*® The TGF-beta members are a superfamily of ligands that bind
cell-surface receptor serine/threonine kinases to activate SMAD-dependent and SMAD-
independent signaling.?®° TGF-beta has multiple roles, and one of its roles is to stimulate cytostasis

in almost all non-neoplastic epithelial and endothelial cells. It has also been reported to either
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induce or suppress programmed cell death in different cell types and plays a role in cell dormancy
and autophagy.?%! TGF-beta pathway is upregulated and helps the cells maintain their integrity in
dynamic conditions. The nerve growth factor has a role in stimulating endothelial cell invasion,
leading to angiogenesis induction.?®? The pathways that are upregulated are working to maintain
the homeostasis of the cells under dynamic conditions. Panel C in Figure 21 shows the
downregulated processes with the genes of a fold change of -2 and less analyzed using the g:
profiler. No significant downregulation was observed for any of the cellular components and
biological processes.

Figure 21: Effect of the dynamic conditions on the Euploid HUVEC cell transcriptome. (A)
Graph showing genes that are upregulated and downregulated on exposure to a dynamic fluid
flow of 1 dyne/cm? compared to control static group with the upregulated genes having fold change
of =5 and downregulated genes with a fold change of < -5. Manhattan plots illustrating the
pathway enrichment analysis results of (B) Upregulated genes with the fold change > 2, and (C)
downregulated genes with fold change <-2 versus the static control group; results are classified
into three categories: GO: BP (Biological Process), GO: CC (Cellular Component), and
Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information
underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.2 Effect of Induction of Aneuploidy in HUVEC cells under Static Conditions:

The effect of induction of aneuploidy in HUVEC cells is shown in Figure 22. Panel A shows the
upregulated and downregulated genes in response to aneuploidy in static conditions compared to
control euploid HUVEC cells under static conditions. Some of the either upregulated or
downregulated genes have a particular role to play in cellular homeostasis. CLDNL1 is upregulated
and is one of the genes that function as a major constituent of the tight junction complexes. CLDN1
regulates the permeability of epithelia. It is required to prevent the paracellular diffusion of small
molecules through the tight junction. Overall, CLDN1 has a barrier function and regulates the

permeability of epithelial cells.?®3

IFIT1, an interferon-induced protein with tetratricopeptide
repeats 1, is an interferon-induced antiviral RNA-binding protein. It provides the cellular response
to type 1 interferon to exhibit antiviral activity against multiple viruses such as papilloma and
hepatitis C.2%4 Another downregulated gene of interest is LYVEL, which acts as a hyaluronan (HA)
transporter mediating hyaluronan uptake for catabolism with lymphatic endothelial cells
themselves. This gene is important since hyaluronan plays an important role in regulating cell

migration and differentiation.?%

Pathway enrichment analysis was done as described above. Figure 22-B shows the upregulated
biological processes, namely the extrinsic apoptotic signaling pathway and stress-activated MAPK
cascade. The extrinsic apoptotic pathway, in general, begins outside a cell and depends on the
conditions in the extracellular environment. Thus, any changes to the extracellular environment
that signal that cell must die lead to activating the extrinsic signaling apoptotic pathway. For
instance, the extrinsic apoptotic pathway plays a key role in cancer by selectively killing a diverse
range of cancer cells through mediators of the extrinsic apoptotic pathway. Tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL/Apo2L) plays an important role in selectively killing
various cancer cells. The members of the death receptor family are also key players responsible
for the activation of the extrinsic apoptotic pathway and play a role in cancer.422% Stress-activated
MAPK cascade is another upregulated biological process that plays a key role in anti-proliferation
and is proapoptotic.?%” Thus, it plays a key role in inflammatory responses. Two pathways are also
upregulated, and they are interferon signaling and Interferon alpha/beta signaling. Interferons play
a role in cancer by inducing tumor cell apoptosis by various mechanisms.?® Therefore, it can also

be a target of interest when it comes to cancer therapy.
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Figure 22-C shows the downregulated biological process, including the hyaluronan catabolic
process, which has a role in cancer. It has been studied that the catabolism of hyaluronan can be
seized by cancer cells in their growth, invasion, and metastasis.?®® Other downregulated pathways
were also related to hyaluronan, and they were hyaluronan uptake and degradation and hyaluronan
metabolism. Hyaluronan uptake and degradation have been shown to promote endothelial cells'
growth due to the fragments generated with the degradation of hyaluronan. The growth of
endothelial cells also induces angiogenesis.?’® Hyaluronan also plays a role as a reactive oxygen
species (ROS) scavenger. Therefore, hyaluronan helps to remove toxic compounds.?’* Overall, the
downregulated pathways and biological processes here are all related to hyaluronan and show the
importance of the hyaluronan, highlighting the impact of downregulation on the HUVEC cells due

to aneuploidy.

Figure 22: Effect of aneuploidy induction on the cell transcriptome of HUVEC under static
conditions. (A) Graph showing genes that are upregulated and downregulated on the treatment
of HUVEC cells with monastrol to induce aneuploidy compared to control static euploid group
with the upregulated genes having fold change of > 5 and downregulated genes with a fold change
of <-5. Manhattan plots illustrating the pathway enrichment analysis results of (B) Upregulated
genes with the fold change > 2 and (C) downregulated genes with fold change <-2 versus the
control static euploid group; results are classified into three categories: GO: BP (Biological
Process), GO: CC (Cellular Component), and Reactome pathways. The number in the source
name in the x-axis labels shows how many significantly enriched terms were found. The circle
corresponds to term size. The information underneath the graph lists the terms found in each

category with their corresponding term ID and P adjusted value.

71



MAP4.
TOX2
SHST11
HMMR
TOP2A
PREX1
MKI67
JAZF1
sTC1
GPRC5A
LB
HTR1D
TBX1
SLC30A1
HMOX1
ATF3
TNFSF18
HBEGF
GPRC5B
TIPARP
AJUBA
PTCD3
RARB
HSPBS
BCORL1
SYT1
IL1A:
CXCLS
SPX
KCNJ2
cYP2s1
H1F0
MT1H
LAMAS
KLHL23
MT1M
GCNT2
ZBTB7B
NATE
LPXN

A

Genes

Bl Upregulated
Il Downregulated

I

.

o

o
Fold change

e

o @ @ ®
. - ¢ 3¢
) ® s
o4
So, Go,
-ap%/ e ﬂc‘c@
D Source Term ID Term Name Paqj (Query_1)
1 REAC REAC:R-HSA-448706 Interleukin-1 processing 4.419x10°2
2 REAC REAC:R-HSA-5660526 Response to metal ions 1.347x10°2
3 GO:CC G0:0005667 transcription regulator complex 3.627x10°2
4 GO:BP G0:0045926 negative regulation of growth 2.736x10°¢
5 GO:BP G0:0097501 stress response to metal ion 2.846x10"*
18
64 ®
@ @ e &
140 e ®
n - @
12 @ ®
1..] ® ¢
B.' el .
g o ® B ] q
K 9 o N ‘ . N ... .
® ® ° ® o - ‘
e &) & L
- = @ * °
e L o® e . °® ®
o
Go, R
N o '(‘C,J,/ s‘c,aq
13} Source Term ID Term Name Padgj (Query_1)
1 REAC REAC:R-HSA-68877 Mitotic Prometaphase 3.286x10°5
2 REAC REAC:R-HSA-69618 Mitotic Spindle Checkpoint 3.768x10°%
3 GO:CC G0:0005819 spindle 7.670x10M
4 GO:CC G0:0000793 condensed chromosome 1.831x10°9
5 GO:BP G0:0000070 mitotic sister chromatid segregation 5.996x10°16
6 GO:BP G0:0000819 sister chromatid segregation 6.184x10°16

72



7.3 Effect of Exposure of Aneuploid HUVEC Cells to Dynamic Conditions:

The effect of dynamic conditions on aneuploid HUVEC cells is shown in Figure 23. Panel A shows
the upregulated and downregulated genes in HUVEC cells in response to a combination of
aneuploidy and dynamic conditions compared to aneuploidy in static conditions. Many different
genes are upregulated and downregulated, but some have a vital role in different biological
processes. One such upregulated gene is SMADG6, a mediator of the tumor growth factor-beta
(TGF-beta) and bone morphogenetic protein (BMP) anti-inflammatory activity. In addition, it
suppresses IL1IR-TLR signaling, which is involved in an inflammatory response. So overall,
SMADG is working to suppress or inhibit inflammation due to external or internal stimuli.?’2
Another protein of interest is ID2 which is a DNA-binding protein inhibitor ID-2. This protein, in
particular, regulates a variety of cellular processes, including differentiation, apoptosis,
angiogenesis, and neoplastic transformation. The functions of 1D2 are very important since
neoplastic transformation leads to progressive tumors.?”® There are two downregulated genes of
particular interest - GPRC5B and CSF3. GPRC5B, also known as G-protein coupled receptor
family C group 5 member B, regulates inflammatory responses in the glomerulus by modulating
the NF-kB signaling pathway. Therefore, GPRC5B is a positive regulator of inflammatory
responses.?’* CSF3, also called granulocyte colony-stimulating factor, works to induce
granulocytes and controls the production, differentiation, and function of granulocytes and
monocyte-macrophages. Therefore, it is involved in inflammation and works as a cytokine that

leads to inflammatory cellular response.?”

According to pathway enrichment analysis, heart morphogenesis was upregulated (Figure 23-B).
It has been found that shear stress caused by the dynamic condition affects the developing heart
and vasculature. Shear stress particularly impacts cellular differentiation, proliferation, and
growth. Some modulators of cardiomyocytes are also mechanosensitive such as NOS-3, ET-1, and
KLF-2, and they increase and decrease in regions of the heart with higher or lower shear stress.?"
Overall, the role of shear stress on heart morphogenesis is a response to an adaptation to
environmental demands. Another biological process that was also upregulated was the response to
fluid shear stress. It has been found that cancer cells of epithelial origin are more resistant to fluid
shear stress than non-transformed epithelial cells.?’” Overall, the upregulated biological processes

can lead to changes in the state or activity of cells, such as morphogenesis or resistance in cancer
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cells discussed above. The pathways that are upregulated are NGF-stimulated transcription, and
the NOTCH4 intracellular domain regulates transcription. The NGF-stimulated transcription plays
a role in HUVEC proliferation. Nerve growth factor (NGF) can directly interact with the
endothelial cells and lead to angiogenesis.?’”® The NOTCH intracellular domain that regulates the
transcription pathway is important since NOTCH4 is exclusively expressed in vascular endothelial
cells. It promotes proliferation, survival, and migration of endothelial cells. NOTCH4 also
regulates angiogenic sprouting.?’”® These pathways play a very important role in endothelial cells
either through their role in HUVEC proliferation or angiogenesis, making them more suitable for

further studies.

The pathways that were found to be downregulated in response to aneuploidy were the resolution
of sister chromatid cohesion and mitotic prometaphase (Figure 23-C). Both of these pathways are
involved in the cell cycle, which has been affected by induction of aneuploidy with monastrol, a
cell-permeable small molecule that is an inhibitor of mitotic kinesin, Eg5.22° The cellular
components that are downregulated are condensed chromosome, centromeric region, and the
mitotic spindle. Again, these cellular components are involved in the cell cycle, which is affected
by aneuploidy. Chromosome segregation is one of the biological pathways that is downregulated.
Chromosome segregation is also another process involved in mitosis, where the genetic material
in the form of a chromosome is organized into a specific structure and then physically separated
and apportioned to two or more sets.?8! Overall, all the downregulated processes were involved in

cell division or cell cycle, and it clearly shows that they are affected by the induction of aneuploidy.
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Figure 23: Effect of the dynamic conditions on Aneuploid HUVEC cell transcriptome. (A)
Graph showing upregulated and downregulated genes when comparing aneuploid HUVEC cells
in dynamic condition (CDA) with aneuploid HUVEC cells in static conditions (CSA) with the
Upregulated genes having fold change of >5 and downregulated genes with a fold change of <-5.
Manhattan plots illustrating the pathway enrichment analysis results of (B) Upregulated genes
with the fold change > 2 and (C) downregulated genes with fold change <-2 versus control; results
are classified into three categories: GO: BP (Biological Process), GO: CC (Cellular Component),
and Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information

underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.4 Effect of Induction of Aneuploidy on HUVEC cells under Dynamic Conditions:

We were also interested in investigating whether induction of aneuploidy under dynamic
conditions would result in similar phenotypic changes as in the previously analyzed static group.
The effect of induction of aneuploidy on HUVEC cells under dynamic conditions compared to
euploid cells of the control group in dynamic conditions is shown in Figure 24. Multiple genes are
upregulated and downregulated, each having its unique role and function, of which CDCPL1 is an
upregulated gene having a particular role in cell adhesion and matrix association. The CUB
domain-containing protein 1 (CDCP1) plays a role in regulating anchorage versus migration.?82
This protein has a role in regulating the adhesion and motility of ECs and has been proposed to be
involved with metastasis, and it is overexpressed in multiple carcinomas such as colon, lung, and
renal cancers.?® This shows that the role of this protein extends far beyond its normal function of

cell adhesion and matrix association.

As shown in Figure 24-B, the upregulated biological process is a cellular response to type 1
interferon, which acts on the vascular and lymphatic system to inhibit angiogenesis through
downregulation of the Vascular Endothelial Growth Factor (VEGF).?% The pathway that is
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upregulated in interferon signaling. Interferons (IFNs) are cytokines that initiate immune responses
in antiviral and anti-tumor effects.?®® The anti-tumor activities of interferon signaling include
induction of apoptosis, inhibition of angiogenesis, proliferation, cell terminal differentiation, and
immune regulation.?®® This shows that the biological processes and pathways that are upregulated
certainly have a role in inhibiting angiogenesis and play an important role in inhibiting the

development of tumor growth.

On the other hand, the downregulated biological process is the mitotic nuclear division (Figure 24-
C). Itis known that in a mitotic nuclear division, chromosomes are organized and then physically
separated to be apportioned to two or more sets.?®® The downregulation of this process shows that
aneuploidy in HUVEC cells affects their mitotic nuclear division. The spindle is yet another
cellular component with a vital role in cell division, which upon downregulation affects mitotic
division and is found to have a role in cancer through extracellular force generation.?®” The other
key downregulated pathways are cell cycle checkpoints, kinesins, and mitotic prometaphase. In
general, a cell cycle checkpoint is a mechanism that halts the progression of the cell cycle until it
ensures that the earlier process, for example, DNA replication or mitosis, is complete.?% As seen
before, aneuploidy affects the cell cycle by the downregulation of cellular processes related to the
cell cycle. The other downregulated pathway is Kinesins, a superfamily of microtubule-based
motor proteins with functions like transport of vesicles, organelles, and chromosomes and
regulation of microtubule dynamics.®® Another downregulated pathway is the mitotic
prometaphase, which is the second phase of mitosis, the process by which the duplicated genetic
material carried in the nucleus of a parent cell is separated into two identical daughter cells.?*
Again, this shows that a process in cell division is affected due to aneuploidy. Overall, the
pathways and processes that are downregulated affect the cell division, potentially due to

aneuploidy.
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Figure 24: Effect of induction of aneuploidy on HUVEC cell transcriptome under dynamic
conditions. (A) Graph showing genes that are upregulated and downregulated on the treatment
of HUVEC cells with monastrol to induce aneuploidy under dynamic conditions compared to the
euploid control group with the upregulated genes having fold change of >5 downregulated genes
with a fold change of <-5. Manhattan plots illustrating the pathway enrichment analysis results
of: (B) Upregulated genes with the fold change > 2 and (C) downregulated genes with fold change
<-2 versus control; results are classified into three categories: GO: BP (Biological Process), GO:
CC (Cellular Component), and Reactome pathways. The number in the source name in the x-axis
labels shows how many significantly enriched terms were found. The circle corresponds to term
size. The information underneath the graph lists the terms found in each category with their

corresponding term ID and P adjusted value.
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7.5 Effect of CdSe/ZnS QDs on Euploid HUVEC Cells under Static Conditions:

We then investigated the effect of CdSe/ZnS QD on normal HUVEC cells under static conditions
(Figure 25). Panel A shows the upregulated and downregulated genes in response to cell exposure
to CdSe/ZnS QD under static conditions compared to static HUVEC control. Some upregulated
genes have a critical role in the vascular system, like the NR4A1 gene that plays a critical role in
the vascular response to injury®®* and ADAMTS1, which works as an angiogenic inhibitor.
ADAMTSI is an active metalloprotease that is also associated with various inflammatory
responses.?®? The downregulated gene JAZF1 is a transcriptional corepressor of nuclear receptors
such as the nuclear receptor subfamily 2 group C member 2 (NR2C2) involved in embryo

development.®

Figure 25-B shows the upregulated biological processes, cellular components, and pathways with

a fold change of 2 and greater. The biological process upregulated in response to CdSe/ZnS QD is
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heat acclimation, a stress response. Heat acclimation response upregulates proteins such as the
heat shock protein 72 (HSP72), which inhibits the necrosis factor kappa-B pathway, preserving
the epithelial function and reducing inflammation.?** Cellular components like the aggresome are
also found to be upregulated and have been previously shown to take part in the inflammatory
stress response.?®® Another important pathway in terminating the stress response is also found,
which is the attenuation phase, and it attenuates the heat shock transcriptional response, which
occurs with exposure to stress or upon the recovery from stress.?% Overall, most of the processes
and the upregulated pathways are working to resolve a stress response, and, in this case, exposure
to CdSe/ZnS QD leads to a stress response in HUVEC cells.

On the other hand, the response to interferon-gamma was downregulated on HUVEC exposure to
CdSe/zZnS QDs. Interferon-gamma is a proinflammatory cytokine that is involved in the Thl-
driven immune response.?%” On exposure to CdSe/ZnS QDs, this biological process mediated by

interferon-gamma is downregulated, which is also the cell's response to stress.

Figure 25: Effect of exposure to CdSe/ZnS QDs on Euploid HUVEC cell transcriptome under
static conditions. (A) Graph showing genes that are upregulated and downregulated on exposure
to CdSe/zZnS QD under static conditions compared to control static group with the upregulated
genes with a fold change of >5 and downregulated genes with a fold change of <-5. Manhattan
plots illustrating the pathway enrichment analysis results of: (B) Upregulated genes with the fold
change > 2 and (C) downregulated genes with fold change <-2 versus control; results are classified
into three categories: GO: BP (Biological Process), GO: CC (Cellular Component), and
Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information
underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.6 Effect of InP/ZnS QDs on Euploid HUVEC Cells under Static Conditions:

Exposure of normal HUVEC cells to InP/ZnS QDs under static conditions resulted in different
outcomes (Figure 26). For example, a gene named GPRC5A was upregulated on exposure to
InP/ZnS QDs. GPRC5A is involved in modulating differentiation and maintaining the homeostasis
of epithelial cells.?® The downregulated gene JAZF1 seen in panel A is a transcriptional
corepressor of nuclear receptors such as the nuclear receptor subfamily 2 group C member 2
(NR2C2) involved in embryo development.?®® The genes that are either upregulated or
downregulated with cell exposure to InP/ZnS QDs all have an important role in endothelial cell
maintenance, but some are more affected than the others, as seen in the different fold changes for

each gene.

Pathway enrichment analysis showed that the biological process that is found to be upregulated is
negative regulation of growth which is any process that reduces the rate or extent of growth by
either stopping or preventing growth (Figure 26-B).?% The cellular component that is upregulated
is the transcription regulator complex which regulates the transcription of genes. The pathway that
is upregulated with the exposure of InP/ZnS QD is interleukin-1 processing. Interleukin-1 by itself
is an inflammatory mediator that acts directly on human vascular endothelial cells (HUVEC) and
causes changes to their two functional properties. The first functional property it alters is it induces
endothelial cell biosynthesis and surface expression of a tissue factor-like procoagulant activity.
The second functional property that it changes is that the IL-1 dramatically increases the
adhesiveness of the endothelial surface for human peripheral blood polymorphonuclear leukocytes
and monocytes and the related leukocyte cell lines.>® I1L-1 promotes inflammation by inducing the
expression of adhesion molecules on endothelial cells, as described before.*** Another pathway
that is also upregulated is a stress response to metal ions, and this process results in changes in the
state or activity of a cell in terms of movement, secretion, enzyme production, gene expression,
and so on of metal ion stimulus.*2 The upregulated biological process, cellular components, and
pathways all show that some changes occur to HUVEC cells with the exposure to InP/ZnS QD,

whether it is in terms of gene expression, inflammation, growth, or just cellular homeostasis.

Figure 26-C shows the downregulated genes with a fold change of -2 and less analyzed using the

g: profiler. The biological process that affects the cell cycle is also downregulated and is called
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mitotic sister chromatid segregation. Overall, the downregulated processes are mostly involved in

mitosis; thus, it affects cell growth.

Figure 26: Effect of exposure to InP/ZnS QDs on Euploid HUVEC cell transcriptome under
static conditions. (A) Graph showing upregulated and downregulated genes on exposure to
InP/ZnS QDs under static conditions compared to the control static group with the upregulated
genes having fold change of >5 and downregulated genes with a fold change of <-5. Manhattan
plots illustrating the pathway enrichment analysis results of: (B) Upregulated genes with the fold
change > 2 and (C) downregulated genes with fold change <-2 versus control; results are classified
into three categories: GO: BP (Biological Process), GO: CC (Cellular Component), and
Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information

underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.7 Effect of CdSe/ZnS QDs in Euploid HUVEC cells under dynamic conditions:

Application of CdSe/ZnS QDs on normal HUVEC cells in dynamic conditions resulted in several
upregulated and downregulated responses compared to the dynamic control condition (Figure 27).
The upregulated genes with the highest fold change were CHAC1 and ZFAND2A. CHACL1 acts
as a pro-apoptotic component of the unfolded response pathway and catalyzes the cleavage of
glutathione into 5-oxo-L-proline and a Cys-Gly dipeptide.3?3% Depletion of glutathione initiates
and executes apoptosis, showing that CHAC1 has a clear role in apoptosis.>®* This also means that
exposure of HUVEC cells to CdSe/ZnS QD can lead to programmed cell death. In the
downregulated set of genes, one particular gene with a key role in the immune system is CCL20.
CCL20 acts as a chemotactic factor that mainly attracts lymphocytes to small neutrophils, but not
the monocytes.®® It helps recruit 1L-17 which helps produce helper T-cells (th17) and the
regulatory T-cells (Treg) to the site of inflammation.3% This shows that CCL20 plays the role of

attracting and recruiting pro-inflammatory factors involved in an inflammatory response.
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Two pathways are upregulated, namely Regulation of HSF-1 mediated Heat Shock response and
attenuation phase (Figure 27-B). The pathway related to the Heat Shock response is active under
a stress response where the heat shock proteins are activated by HSF-1, which prevent or suppress
apoptosis by regulating both the mitochondrial and death receptor pathways of apoptosis. The heat
shock proteins also interfere with caspase activation at several different levels.>*” This shows that
HSF-1 plays a cytoprotective factor under a stressful condition such as the one that cells might
experience with exposure to CdSe/ZnS QDs. The attenuation phase is another pathway that is
upregulated, which works to attenuate the heat shock transcriptional response. Attenuation occurs
due to continuous exposure to intermediate heat shock conditions or upon the recovery from
stress.?%® This pathway, in turn, is working towards bringing everything back to normal once the
heat shock response has occurred, so overall, it works to modulate the heat shock response. The
cellular component which is upregulated is aggresome. An aggresome is defined to be an inclusion
body formed by dynein-dependent retrograde transport of an aggregated protein on
microtubules.3® Aggresome has been seen to play a role in inflammatory stress response where it
inactivated nitric oxide synthase, which in turn terminates the nitric oxide production. Nitric oxide
is an agent of inflammation, so aggresome works to eliminate a factor that can play a role in

inflammation.2®

Two biological processes were also upregulated: chaperone-mediated protein folding and the
epithelial cell apoptotic process (Figure 27-B). The chaperone-mediated protein folding inhibits
aggregation and assists in the covalent and noncovalent assembly of single chain polypeptides or
multi-subunit complexes into their correct tertiary structures. This process is dependent on the
interaction with a chaperone protein. This process is also important under a stress condition where
the proteins are getting denatured and forming aggregates, and chaperone proteins here can help
fold the proteins into their correct shape.3® As previously stated, the stress conditions can lead to
an increase in the frequency, rate, or extent of the endothelial cell apoptotic process, which is why
the biological process involving positive regulation of the epithelial cell apoptotic process is
upregulated.>®® Since endothelial cells are a type of epithelial cells, the results can comparably be
interpreted for endothelial cells.

On the other hand, the downregulated pathways were chemokine receptors bind chemokines and

signaling by TGFB family members (Figure 27-C). The chemokine receptor binds chemokines
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pathway causes the flux of intracellular calcium when the chemokine binds the chemokine
receptor, leading to chemotaxis. 313 This pathway is downregulated and is probably a feedback
mechanism whereby cells are trying to survive under a stress condition where the inflammatory
response is upregulated due to the toxic environment created by CdSe/ZnS QD. TGF-beta
members such as TGF-beta 3 are induced due to shear stress on endothelial cells, activating KLF2
and NO signaling, limiting endothelial dysfunction, and maintaining endothelial homeostasis.262
The TGF-beta members are a superfamily of ligands that bind cell-surface receptor
serine/threonine kinases to activate SMAD-dependent and SMAD-independent signaling.263
TGF-beta has multiple roles, and one of its roles is to stimulate cytostasis in almost all non-
neoplastic epithelial cells and endothelial cells. Their primary role is to facilitate leukocyte
adherence on endothelial cells by activating integrins and then inducing chemotaxis of those
leukocytes in the tissue environment. It has also been reported to either induce or suppress
programmed cell death in different cell types and plays a role in cell dormancy and autophagy.2%*
Looking at the number of roles that TGF-beta members play, CdSe/ZnS QD exposure in dynamic

conditions has a huge impact on this pathway.

The cellular components that are down-regulated are the adherens junction and SMAD-protein
complex. Adherens junction is affected by shear stress, where shear stress causes reorganization
of endothelial adherens junction through pathways involving MAP kinase, Src, and Rho
proteins.?®® SMAD-protein complex is also affected by fluid shear stress where shear stress-
activated SMAD 2/3 induces their nuclear translocation. Low fluid shear stress also increases
SMAD 2/3 gene expression and promotes low flow-induced inward artery remodeling.?®* SMAD-
protein complex plays a major role in regulating artery size, and endothelial cells use SMAD
signaling after perceiving the direction of blood flow to control the artery size.®'® The two
biological processes downregulated were the chemokine-mediated signaling pathway and the
epithelial to mesenchymal transition. The chemokine-mediated signaling pathway is a series of
molecular signals initiated by the binding of chemokine to its cell-surface receptor and ends with
regulating a downstream cellular process such as transcription of certain genes.3'* Chemokines are
produced by both immune cells and non-immune cells, so cytokines can play a role in chronic
inflammation.®*? Low shear stress affects the epithelial to mesenchymal transition and causes
dedifferentiation of endothelial cells through this process.?> Thus, all the downregulated pathways

and processes play very important roles and are impacted by exposure to CdSe/ZnS QD.

86



Figure 27: Effect exposure to CdSe/ZnS QD on Euploid HUVEC cell transcriptome under
dynamic conditions. (A) Graph showing upregulated and downregulated genes on cell exposure
to CdSe/ZnS QD compared to the control group in dynamic conditions with the upregulated genes
having fold change of >5 and downregulated genes with a fold change <-5. Manhattan plots
illustrating the pathway enrichment analysis results of: (B) Upregulated genes with the fold
change > 2 and (C) downregulated genes with fold change <-2 versus control; results are classified
into three categories: GO: BP (Biological Process), GO: CC (Cellular Component), and
Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information
underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.8 Effect of Exposure to InP/ZnS QDs on Euploid HUVEC cells under Dynamic Conditions:

Exposure of normal HUVEC cells to InP/ZnS QDs under dynamic conditions resulted in different
upregulated and downregulated responses versus control dynamic conditions compared to results
obtained for CdSe/ZnS QDs described above. One of the genes downregulated on exposure to
InP/ZnS QDs on HUVEC cells is HIST1H2BM, also called Histone H2B type 1-M, and is found
to play a central role in transcription regulation, DNA repair, DNA replication, and chromosomal
stability.3'®* Some of the genes that are upregulated also have very important functions. ZFP36 is
an upregulated gene and is part of the mechanism that attenuates protein synthesis. It also plays a
key role in anti-inflammatory responses and suppresses tumor necrosis factor (TNF)- alpha
production.®** We can conclude that the genes are either upregulated or downregulated due to

environmental stimuli and respond to these stimuli to maintain the integrity and function of the

cells.

Term ID

REAC:R-HSA-3...
REAC:R-HSA-3...
G0:0016235
G0:0061077
GO:1904037

REAC:R-HSA-380108
REAC:R-HSA-9006936
G0:0005912
G0:007141
G0:0070098
G0:0001837

So,
8,
“ g

Term Name

Regulation of HSF1-mediated heat shock respo...

Attenuation phase
aggresome
chaperone-mediated protein folding

positive regulation of epithelial cell apoptotic p...

Chemokine receptors bind chemokines

Signaling by TGFB family members
adherens junction
SMAD protein complex

chemokine-mediated signaling pathway
epithelial to mesenchymal transition

88

.QJ.. e°

1
>
P °
° L]

%o, ‘F‘%
C1rg) 2y

P (query_1)

3.270x10°8
8.273x10°8
1.416x10°2
1.981x10"°
2.366x10°¢

1.954x10°¢
5.274x10"4
2.253x10°3
3.669x10°?
7.592x10°7
2.177x10°%



To further investigate the effects of the InP/ZnS QDs on HUVEC cells, pathway enrichment
analysis was performed. One of the upregulated pathways was CLEC7A/inflammasome pathway.
CLEC7A/Inflammasome pathway was shown previously to enable the host immune system to
mount a protective TH17 response against infection.3® Two biological processes were also
upregulated: protein deubiquitination involved in ubiquitin-dependent protein catabolic process
and cellular response to mechanical stimulus. The protein deubiquitination process is part of the
protein catabolism process mediated by ubiquitin, where deubiquitination removes one or more
ubiquitin groups from a protein.3!® The cellular response to the mechanical stimulus is a process
that causes changes in the structural and functional properties of the cells at the cellular, molecular
and genetic levels.®'” The endothelial-related gene expression is increased with the laminar shear
stress, which is mechanical stress.®!8 Overall, all the pathways and processes that are upregulated
have a great effect in many ways on cells, either through changes in gene expression, response to

inflammation, or changes in protein metabolism.

Pathways significantly downregulated are mitotic prometaphase and spindle checkpoint.
Prometaphase is a process in mitosis whereby duplicated genetic material in the parent cell nucleus
is separated into two identical daughter cells.?®® Spindle checkpoint, on the other hand, is a
mechanism that ensures that cells with misaligned chromosomes do not exit mitosis and divide to
form aneuploidy cells.?'® These two pathways are involved in cell division downregulated by
HUVEC exposure to InP/ZnS QDs. During sister chromatid segregation, the replicated
homologous chromosomes are organized and are then separated and apportioned to two sets during
mitosis.*2° Summarily, we can see a repetitive pattern where the cell cycle is affected by exposure
to InP/ZnS QDs, evident by the downregulation of processes and the pathways that are all related

to the cell cycle.
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Figure 28: Effect of exposure to InP/ZnS QDs on Euploid HUVEC cell transcriptome under
dynamic conditions. (A) Graph showing upregulated and downregulated genes on cell exposure
to InP/ZnS QDs in comparison control group under dynamic conditions. Here, the upregulated
genes have a fold change of >5, and downregulated genes have a fold change of <-5. Manhattan
plots illustrating the pathway enrichment analysis results of: (B) Upregulated genes with the fold
change > 2 and (C) downregulated genes with fold change <-2 versus control; results are classified
into three categories: GO: BP (Biological Process), GO: CC (Cellular Component), and
Reactome pathways. The number in the source name in the x-axis labels shows how many
significantly enriched terms were found. The circle corresponds to term size. The information
underneath the graph lists the terms found in each category with their corresponding term ID and

P adjusted value.
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7.9 Effect of Exposure to CdSe/ZnS QD on Aneuploid HUVEC Cells in Static Conditions:

Interestingly, exposure of aneuploid HUVEC cells to CdSe/ZnS QDs did not result in significant
gene upregulations. Figure 29-A shows the downregulated genes in response to the CdSe/ZnS QDs
in aneuploid cells in static condition compared to control aneuploid cells not exposed to QDs in
static condition. Two genes with the higher folded change compared to other genes were
downregulated and have been found to play a role in the immune response. The first gene is CSF3,
a cytokine that acts in the hematopoiesis by controlling the production, differentiation, and
function of two related white cell populations - the granulocytes and the monocytes-
macrophages.®?! The second gene is TNFRSF9 (tumor necrosis factor receptor superfamily
member 9). This gene expresses a receptor for TNFSF9 and activates mediators of the immune

response such as T-cells. 322

Pathway enrichment analysis shows that Chemokine receptors bind chemokine pathway was
downregulated. This pathway causes intracellular calcium flux when the chemokine binds the
chemokine receptor, leading to chemotaxis. Their primary role is to facilitate leukocyte adherence
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on endothelial cells by activating integrins and then inducing chemotaxis of those leukocytes in
the tissue environment.®? This pathway is also involved in cancer, where the altered expression of
the chemokines in malignancies dictates leukocyte recruitment and activation, angiogenesis,
cancer cell proliferation, and metastasis in all stages of the disease. Chemokines have also been
studied to promote tumor cell survival by preventing apoptosis and regulating the balance between
pro-and anti-apoptotic molecules.®** Overall, chemokines are involved in cancer progression and
the inflammation experienced during the disease. Interferon signaling was another downregulated
pathway that has been shown to induce tumor cell apoptosis through various mechanisms such as
the TRAIL pathway via CD95/Fas members of the Bcl-2 family.?%® The cellular component that
was also downregulated was I-kappaB/NF-kappaB complex. This complex contains an inhibitory
kappaB protein and one or more copies of NF-kappaB proteins and works to sequester the NF-
kappaB in the cytoplasm.®?® This cellular component is important since NF-kB plays an essential
role in inflammatory responses where it induces pro-inflammatory genes, including cytokines and

chemokines.326

The biological processes that were downregulated were chemokine-mediated signaling pathways
and response to interferon-gamma. Chemokine-mediated signaling pathway starts with the binding
of chemokine to its receptor found on the surface of a cell and ends with regulating a downstream
cellular process such as transcription.®?” Chemokines themselves are produced both by the immune
and nonimmune cells, and due to this, they may play a pivotal role in orchestrating chronic
inflammation. Therefore, the chemokine signaling pathway is one of the pathways which is
activated during an inflammatory response.®*? Response to interferon-gamma is another pathway
that is also downregulated, and the pathway has plenty of important functions. Interferon-gamma
is a pro-inflammatory cytokine that is involved in Th-1 driven immune responses.?%’ It also acts
directly on vascular muscle cells and induces cellular proliferation and intimal expansion.?® IFN-
gamma also disrupts the epithelial barrier, leading to increased paracellular permeability and
endocytosis of tight junction proteins, including JAM-A and claudin-1.3%° IFN-gamma also reduces
the immune response and stimulates the progression and metastasis of tumor.>® Overall, IFN-
gamma has various roles, including its participation in inflammation, tumor growth, and increased

permeability of barriers.
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Figure 29: Effect of exposure to CdSe/ZnS QDs on Aneuploid HUVEC cell transcriptome in a
static condition. (A) Graph showing downregulated genes on aneuploid HUVEC cell exposure to
CdSe/ZznS QDs in the static condition compared to control static aneuploid cells with the
downregulated genes having a fold change of <-5. Manhattan plots illustrating the pathway
enrichment analysis results of: (B) Upregulated genes with the fold change > 2 and (C)
downregulated genes with fold change <-2 versus control; results are classified into three
categories: GO: BP (Biological Process), GO: CC (Cellular Component), and Reactome
pathways. The number in the source name in the x-axis labels shows how many significantly
enriched terms were found. The circle corresponds to term size. The information underneath the
graph lists the terms found in each category with their corresponding term ID and P adjusted

value.
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7.10 Effect of Exposure to CdSe/ZnS QDs on aneuploid HUVEC cells under dynamic

conditions

It was then important to determine the effect of CdSe/ZnS QDs on HUVEC cells under conditions
capturing the angiogenic vessels in a tumor microenvironment, both endothelial cell aneuploidy,
and dynamic conditions. Figure 30-A shows the upregulated and downregulated genes in response
to the QDs in aneuploid cells in dynamic conditions compared to control aneuploid cells. The two
upregulated genes with the highest fold changes have very important functions. The VPS35 gene,
also known as vascular protein sorting-associated protein 35, acts as a retromer cargo-selective
complex (CSC) component. The CSC is the core functional component of the retromer or
respective retromer complex variant that prevents the mis-sorting of detected transmembrane cargo
proteins into the lysosomal degradation pathway.*** Another gene that is upregulated is FOSB.
This gene interacts with jun proteins enhancing their DNA binding activity.3*? The upregulated
genes are particularly important in maintaining the cells' normal homeostasis, such as the
lysosomal degradation pathway or DNA binding activity required for gene transcription. Two
downregulated genes play very important roles. One of them is RBM26 which plays a role in
mRNA processing, metal ion binding, and RNA.3* PPM1B is the second downregulated gene,
which plays an important role in the termination of TNF-alpha mediated NF-kappa-B activation
through dephosphorylating and inactivating IKBKB/IKKB.33* The downregulated genes discussed
above have multiple roles in normal cells, and their function and role are affected significantly
with exposure to QDs, aneuploidy, and dynamic conditions.

Pathway enrichment analysis was performed to investigate further the effects of the CdSe/ZnS QD
on aneuploid cells under dynamic conditions. The cellular components that were upregulated were
spindle and mitochondrion-derived vesicles. A spindle is a specialized microtubule structure
designed to attach and capture chromosomes to partition them evenly to each daughter cell.3* A
study showed that the spindle orientation appeared to be according to the cell elongation along the
zero-force direction in response to dynamic shear.®* This shows that dynamic conditions can
impact the orientation of the spindles, which in turn can impact the process of mitosis, during
which the spindles take an important part. Mitochondrion-derived vesicle is another upregulated
cellular component that is derived via budding from a mitochondrion. Mitochondrion-derived

vesicles have been found to play a role in inflammation whereby it prevents inflammation by
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controlling the inclusion of mitochondrial proteins into the extracellular vesicles.3%

Mitochondrion-derived vesicles contain inner membrane and, much more and rarely, cristae.3’

Two biological pathways are upregulated, namely chromosome segregation and mitotic sister
chromatid segregation. Chromosome segregation is a process in which the genetic material, in the
form of chromosomes, is organized into specific structures and then physically separated and
apportioned to two or more sets.3*® A study shows that external forces like mechanical disruptions
affect chromosome segregation.*® Upregulation of chromosome segregation process is related to
cell division, which means that with the exposure of CdSe/ZnS QDs on aneuploid cells under
dynamic conditions, cell division is enhanced and thus may contribute to the proliferation of
aneuploid HUVEC cells. Another pathway that is upregulated and related to mitosis is mitotic
sister chromatid separation, a process in which the sister chromatids are physically detached from
each other during mitosis.>*® Again, the upregulated biological processes are related to cell
division; thus, surprisingly, CdSe/ZnS QDs on aneuploid HUVEC cells under dynamic conditions
enhanced cell division and mitosis processes, unlike responses observed earlier for experiments

under static conditions.

Figure 30: Effect of CdSe/ZnS QD exposure on aneuploid HUVEC cell transcriptome under
dynamic conditions. (A) Graph showing upregulated and downregulated genes on aneuploid cell
exposure to CdSe/ZnS QDs compared to control aneuploid HUVEC cells under dynamic
conditions with the downregulated genes having a fold change of <-5. Manhattan plots illustrating
the pathway enrichment analysis results of: (B) Upregulated genes with the fold change > 2 and
(C) downregulated genes with fold change <-2 versus control; results are classified into three
categories: GO: BP (Biological Process), GO: CC (Cellular Component), and Reactome
pathways. The number in the source name in the x-axis labels shows how many significantly
enriched terms were found. The circle corresponds to term size. The information underneath the
graph lists the terms found in each category with their corresponding term ID and P adjusted

value.
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7.11 Effect of InP/ZnS QDs on Aneuploid HUVEC cells under static conditions:

Exposing aneuploid HUVEC cells to InP/ZnS QDs under static conditions compared to their
corresponding control static group of aneuploid cells resulted in the downregulation of two genes
that role in cell survival and inflammation, NR4A3, and BIRC3 (Figure 31-A). NR4A3 regulates
the proliferation, survival, and differentiation of many different cell types and is also involved in
metabolism and inflammation.>** BIRC3, on the other hand, is a multi-functional protein that not
only regulates caspases and apoptosis but also modulates inflammatory signaling and immunity,
mitogenic kinase signaling, and cell proliferation.3*?> All of the functions of these two genes are
downregulated with the exposure of InP/ZnS QDs in aneuploid cells under static conditions

impacts several cell functions.

According to pathway enrichment analysis, the upregulated cellular components were bicellular

tight junction and cell leading edge. The bicellular tight junction is an occluding cell-cell junction
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composed of a branching network of sealing strands that encircle each cell's apical end in an
epithelial sheet.®*3 As such, the bicellular tight junctions are present in all tissues and organs'
epithelial and endothelial cells.>** Cell leading edge is the area of a motile cell closest to the
direction of the movement.3* Both of the cellular components that are upregulated have structural
importance in the cell, and as said before, bicellular tight junctions work as a barrier and seal the

cell whereas the cell leading edge is more related to the movement of the cell.

Two biological pathways were upregulated, playing a role in the immune system. Their
upregulation is thus important on cell exposure to foreign material such as the InP/ZnS QDs. The
first biological process is epithelial cell development. Epithelial cells are non-professional
phagocytes that internalize pathogens via “trigger” or ‘“zipper” mechanisms. A“trigger”
mechanism causes membrane ruffles and then internalization through the modulation of the actin
cytoskeleton, the trigger being when a pathogen secretes effector proteins in the host cell. A
“zipper” mechanism is based on the interaction of the host receptor on the plasma membrane with
invasion proteins expressed on the pathogen surface, leading to localized cytoskeleton
rearrangement and pathogen uptake.3*® This shows the importance of epithelial cells and their role
in the immune system. The second is endothelium development, another biological process that is
upregulated. Endothelial cells are major participants in and regulators of inflammatory reactions.
Resting endothelial cells have been shown to prevent coagulation, control blood flow and passage
of proteins into tissues and inhibit inflammation.3*” Endothelial cells studied in the gene analysis

have multiple roles, of which inhibiting inflammation is an important one.

Pathway enrichment analysis also shows the downregulation of the chemokine receptors binds
chemokines pathway. Chemokines are a large family of cytokines with chemotactic activity, and
both cancer and stromal cells express their cognate receptors. Their altered expression in
malignancies dictates leukocyte recruitment and activation, angiogenesis, cancer cell proliferation,
and metastasis in all the stages of the disease.?* The two downregulated biological processes were
chromosome segregation and mitotic nuclear division. Chromosome segregation is when genetic
material in the form of chromosomes is organized into specific structures and then physically
separated and apportioned to two or more sets.3*® Mitotic nuclear division is a cell cycle process
comprising the steps by which the nucleus of a eukaryotic cell divides. This process involves

condensing the chromosomal DNA into a highly compacted form, resulting in two daughter nuclei
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whose chromosomes complement is identical to the mother cell.>*® Both of these processes related
to cell division are downregulated, which means that the cell cycle is affected by the InP/ZnS QD
exposure. Cell division can only happen if the cells are under optimal conditions, with all the
resources for cell division, but InP/ZnS QDs introduce a stress situation where the cell is striving

to survive rather than proliferate.

Figure 31: Effect of exposure to InP/ZnS QDs on aneuploid HUVEC cell transcriptome in a
static condition. (A) Graph showing genes downregulated on aneuploid HUVEC cell exposure to
InP/ZnS QDs in static condition compared to control static aneuploid cells with the downregulated
genes having a fold change of <-5. Manhattan plots illustrating the pathway enrichment analysis
results of: (B) Upregulated genes with the fold change > 2 and (C) downregulated genes with fold
change <-2 versus control; results are classified into three categories: GO: BP (Biological
Process), GO: CC (Cellular Component), and Reactome pathways. The number in the source
name in the x-axis labels shows how many significantly enriched terms were found. The circle
corresponds to term size. The information underneath the graph lists the terms found in each

category with their corresponding term ID and P adjusted value
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7.12  Effect of InP/ZnS QDs in aneuploid HUVEC cells in dynamic conditions:

Finally, we investigated the effect of InP/ZnS QDs we designed on aneuploid HUVEC cells under
dynamic conditions. Figure 32-A shows the upregulated and downregulated genes in aneuploid
HUVEC cells in response to InP/ZnS QDs in the dynamic conditions relative to control aneuploid
HUVEC cells present in the dynamic conditions dynamic condition. The gene DDIT4 is
upregulated and is called DNA damage-inducible transcript-4 protein, which regulates cell growth,
proliferation, and survival by inhibiting the activity of the mammalian target of rapamycin
complex-1 (mTORCL). In addition, DDIT4 also regulates the p53/TP53-mediated apoptosis in
response to DNA damage by its effect on mTORC1 activity.3*® The PTHLH gene, also called
parathyroid hormone-related protein, is downregulated. This protein is a neuroendocrine peptide
that is a critical regulator of cellular and organ growth, development, migration, differentiation
and survival, and epithelium calcium ion transport.>! The upregulated gene, DDIT4, is working

towards cell survival which is needed since InP/ZnS QDs, which are foreign to the cells, can induce
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a stress response, making cell death imminent. The downregulated gene is important for normal

homeostasis, a cell mechanism absent in aneuploid cells, and exposure to InP/ZnS QDs.

Pathway enrichment analysis was performed to understand further the effect of InP/ZnS QDs on
aneuploid HUVEC cells in a dynamic condition. The upregulated pathways are the HSF1-
dependent transactivation and the response to metal ions (Figure 32-B). HSF-1 dependent
transactivation is an important pathway for transcription activation of target genes.**? HSF-1 also
appears to have a pleiotropic role in cancer by supporting multiple facets of malignancy, including
migration, invasion, proliferation, and cancer cell metabolism.3%® This shows an important role
HSF-1 has in cancer and should be studied to target cancer therapy. The response to metal ions
involves metal regulatory transcription factor 1 (MTF1), which activates gene expression to
upregulate genes encoding proteins, such as metallothioneins and glutamate-cysteine ligase
(GCLC) are involved in sequestering metals. Conversely, MTF1 also represses gene expression to

down-regulate genes encoding transporters that import the metals into the cell .3

Upregulated biological processes were chaperone cofactor-dependent protein refolding and stress
response to metal ions. Chaperone cofactor-dependent protein refolding is the process that assists
in the correct posttranslational noncovalent assembly of a protein.®® The stress response to metal
ions is any process that results in a change in the state or activity of a cell or an organism due to
disturbances in cellular homeostasis caused by a metal ion stimulus, InP/ZnS QDs herein. The
changes experienced are cellular movement, secretion, enzyme production, gene expression, and

much more.3%®

SMAD protein complex is the cellular component that is downregulated. It has been previously
shown that fluid shear stress activates the SMAD 2/3 and induces nuclear translocation and gene
expression maximally when the shear stress is low, promoting low flow-induced inward artery
remodeling.?>* The upregulated biological processes respond to fluid shear stress and epithelial to
mesenchymal transition. A study found that cancer cells of epithelial origin are more resistant to
fluid shear stress than non-transformed epithelial cells. Fluid shear stress has the same effect on
HUVEC cells as seen in cancer cells.?”” The other downregulated biological process is epithelial
to mesenchymal transition, which has been influenced by low shear stress. Low shear stress works

by inducing dedifferentiation of endothelial cells through the endothelial to mesenchymal
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transition (EndMT).2*® Both of these biological processes have been impacted by shear stress
which is the dynamic component of the condition applied to the aneuploidy cell. Dynamic
condition downregulates shear stress response on cancer cells and dedifferentiation of endothelial
cells.

Figure 32: Effect of exposure to InP/ZnS QDs on aneuploid HUVEC cell transcriptome under
dynamic conditions. (A) Graph showing upregulated and downregulated genes on aneuploid
cell exposure to InP/ZnS QDs y to control aneuploid HUVEC cells under dynamic conditions
with the downregulated genes having a fold change <-5. Manhattan plots illustrating the
pathway enrichment analysis results of:

(B) Upregulated genes with the fold change > 2 and (C) downregulated genes with fold change
<-2 versus control; results are classified into three categories: GO: BP (Biological Process),
GO: CC (Cellular Component), and Reactome pathways. The number in the source name in the
x-axis labels shows how many significantly enriched terms were found. The circle corresponds to
term size. The information underneath the graph lists the terms found in each category with
their corresponding term ID and P adjusted value.

A EXT1; hunera -
TLL1=

HEY1=

D2

TNFRSF11B=~
ATP13A3—

HAS2+

SPATSZL =

PTHLH =

CSF3-

I Upregulated
Il Downregulated

DDIT4—

SORBS2=
HSPAE=

HSPA1A; HSPA1B~
TMCC3; MIR7844
BMP4+

AJUBA~
TGFBR3=
SLC1ZAE=
MAP3K12=
CXCLS5—
SH2D3C

EGR1+

S100PBEP =
JADEZ2 =

PRR5L—
CBFA2T24
SERPINH1 =
LCP1-

ITPKE
ZFP36LZ~
CHAC1-
FAM43A <
HSPA1B; HSPA1A S

Genes

MT1F =

GPRCSA; MIRE14 =
BCL3; MIRB08S =
SLC3IBAI—
CRYAB—

TGIF2~

10 20

0
Fold change

101



o ®
J
L &
O
® o g o°
S S—
Go, So, g
3‘"’% O, S, g
D Source Term ID Term Name Pagj (query_1)
1 REAC REAC:R-HSA-3371571 HSF1-dependent transactivation 3.259%104
2 REAC REAC:R-HSA-5660526 Response to metal ions 1.076x10°2
3 GO:CC G0:0005871 kinesin complex 1149x10°3
4 GO:BP GO:0051085 chaperane cofactor-dependent protein refolding 1.599x10°5
5 GO:BP GO:0097501 stress response to metal ion 5.703x10°%
2 C;
o]
2 ¥
00y | S —
g, Sog,, Rere
fag) iy
1D Source Term ID Term Name Padj (query_1)
1 GO:CC GO:0071144 heteromeric SMAD protein complex 2.581x10-3
2 GO:CC GO:0071141 SMAD protein complex 3.318x10-3
3 GO:BP G0:0034405 response to fluid shear stress 5.336x10"
4 GO:BP G0:0001837 epithelial to mesenchymal transition 8.474x1074

In summary, transcriptome sequencing has given us the up and downregulation of genes with
corresponding fold-changes in the presence of different conditions (Table 2). Via Pathway
enrichment analysis, we could evaluate the up-and down-regulated biological processes, cellular
components, and pathways. Our findings confirm observations by cytotoxicity study that indium
phosphide-based QDs were less cytotoxic than cadmium-based QDs, as we could see with
evidence that the latter, under static and dynamic conditions irrespective of chromosomal stability,
showed elevated stress response. Whereas for the indium-based QDs, only pathways and cellular
components related to the cell division are impacted, and not many stress-related factors were
affected significantly. Furthermore, we can observe a pattern of changes among the dynamic
condition and cell aneuploidy compared to those normal euploid cells in the static condition, thus
emphasizing the importance of studying both QDs under a dynamic environment simulating the
angiogenic blood vessel surrounding solid tumors. In the future, we plan to analyze the data further
using hierarchical clustering software to determine the connections between the different pathways
to further understand the changes in the cell transcriptome due to the different experimental

conditions.
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CHAPTER 4 - SUMMARY

Nanoparticles (NPs) have found great applications, especially for tumor targeting. Cadmium-based
QDs such as CdSe/ZnS have as bright fluorophores for diagnostic applications. However, their
inherently toxic nature has limited their translation. Several research attempts have resulted in
several alternatives, of which the InP/ZnS QDs showed great potential with lower toxicity. So far,
these InP/ZnS QDs were only studied under static conditions in vitro or using in vivo models.
These models could potentially be very different and show different results than in actual dynamic
physiological conditions of humans. One of our primary goals has been to develop a biomimetic
in vitro vessel-on-a-chip model that recapitulates the physiological and pathological conditions of
angiogenic vessels surrounding solid tumors and thus overcome these discrepancies seen in results
obtained from static models or models of different species. Our other aim was to successfully
develop InP/ZnS QDs and surface functionalize them to render them suitable for biological
applications and evaluate them using the developed microfluidic vessel-on-a-chip model compared
to commercial CdSe/ZnS QDs.

To this effect, we synthesized InP/ZnS QDs and characterized them for size (3.3+0.78 nm) and
zeta potential (6.9+2.12). Using ligand exchange reaction, InP/ZnS QDs were successfully MPA-
capped and transferred to the aqueous phase in the presence of TMAH as a catalyst.?3%” We then
conducted a stability study for 40 days in water at room temperature and EGM-2 culture media at
37°C. We tracked the fluorescence of InP/ZnS QDs as a metric for their colloidal stability; a
reduction in fluorescence intensity or fluorescence quenching results from QD aggregation and
precipitation. MPA-capped InP/ZnS, prepared using an MPA concentration of 400 nM, were
shown stable for 40 days in water and 31 days in culture media. Similarly, we referred to previous
studies done by our team to establish the stability of CdSe/ZnS QD and deem it as a suitable

cadmium-based QD for comparison.?*3

Before evaluating the cell uptake of QDs and their impact on the cell transcriptome using the
vessel-on-a-chip model, we needed to determine the concentration range that can be used safely
without inducing significant cell toxicity. We used Vialight assay to compare the effect of both
QDs (2 - 50 nM) on the cell viability of healthy (euploid) and aneuploid HUVEC cells after 24

hours under static conditions. We observed no significant impact of CdSe/ZnS QDs on the viability
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of healthy HUVEC cells up to a concentration of 5 nM, whereas higher concentrations of 10 nM
and 20 nM reduced cell viability around 66% and 60%, respectively. CdSe/ZnS QDs were
extremely toxic to healthy HUVEC cells at 50nM concentration with cell viability of 22%.
However, aneuploid HUVEC cells were more resistant to the toxicity of CdSe/ZnS QDs, and no
significant changes in cell viability were observed up to a QD concentration of 10 nM. This
indicates that the chromosomal stability of the cells could result in different responses to NPs.
Unlike the case of CdSe/ZnS QDs, exposure of both normal and aneuploid HUVEC cells to
InP/ZnS QDs resulted in no significant changes in cell viability. This confirms our initial
hypothesis that InP/ZnS QDs (indium-based cores) are less toxic to HUVEC cells when compared

to CdSe/ZnS that are potentially accompanied by the release of toxic cadmium ions.

We then evaluated the cell uptake of QDs and their impact on the cell transcriptome in a dynamic
environment using the vessel-on-a-chip system that we developed. HUVEC cells were cultured
and subjected to dynamic and aneuploid conditions compared with static and euploid counterparts.
These models were then subjected to a combination of conditions that mimic physiological
conditions of shear stress and subjected to the presence or absence of the two types of QDs (Table
2). We have come to the following conclusions at each stage of this study that has further informed
us on our hypotheses — that wall shear stress and aneuploidy both significantly impact cell
phenotype and thereby affect the results of microfluidic in vitro models under biomimetic

conditions.

Confocal studies for cell uptake of QDs show that overall, higher cell uptake of CdSe/ZnS QDs
over InP/ZnS QDs is seen among both euploid and aneuploid groups under both static and dynamic
conditions. This variance trend between the two types of QDs reaffirms the similar trend observed
in cytotoxicity studies wherein both the concentration and overall tendency for cells to take up
more CdSe/ZnS QDs have a massive impact on the ability of cells to survive. Whereas InP/ZnS
QDs studied at the same concentrations did not impact the cell viability at any of those
concentrations. However, we have strong evidence supporting the direct relationship between cell
uptake of CdSe/ZnS QDs and cytotoxicity. The disparity in their cell uptake could also be

attributed to the difference in the properties of QDs, including the surface chemistry.

Interestingly, only for aneuploid cells exposed to InP/ZnS QDs under dynamic conditions, no cell

uptake of QDs was observed, unlike all other cell uptake experiments (Figure 21). This could be
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potentially explained by differences in cell phenotype that resulted in this limited cell uptake of
these QDs under a combination of shear stress and aneuploidy. Since these conditions with
combined dynamic conditions and cell aneuploidy are the closest in replicating a physiological
tumor microenvironment, where aneuploid cells come in contact with the physiological flow of
blood, we can estimate that the endothelial cells will take up CdSe/ZnS QDs but not InP/ZnS QDs.
So far, our confocal results echo the results of cytotoxicity assay and prove our initial hypothesis
that shear stress and aneuploidy can dictate NP interaction with endothelial cells. However, cell
transcriptome analysis was needed to confirm changes in cell phenotype under the different
experimental conditions and to reveal mechanistic insights on the impact of both QDs under these

conditions.

We now examine the transcriptomic results. When comparing HUVEC cells under dynamic to
static conditions, the upregulated cellular components, pathways, and biological processes affected
the vascular system, such as the SMAD complex, artery morphogenesis, and NGF-stimulated
transcription. SMAD complex is activated by fluid shear stress,>**?° a dynamic condition that
promotes inward artery remodeling. The NGF-stimulated transcription pathway can stimulate
endothelial cell invasion and induce angiogenesis,?®® illustrating that dynamic conditions lead to
changes in the vascular system. The downregulated genes play a part in autophagy and apoptosis,
and their downregulation means the reduction of apoptosis and an increase in cell maintenance

under dynamic flow similar to physiological conditions.

On the other hand, induction of aneuploidy using monastrol under static conditions resulted in
upregulation of the interferon signaling pathway?%, which induces cell apoptosis and biological
pathways such as the extrinsic apoptotic signaling pathway stress-activated MAPK cascade®'° that
are anti-proliferative and pro-apoptotic in function. Most downregulated processes and pathways
are related to hyaluronan — the hyaluronan catabolic process is usually commandeered by cancer
cells for their growth, invasion, and metastasis. Its downregulation means a decrease in cell
proliferation. Hyaluronan degradation?’® can promote the growth of the endothelial cells and then
induce angiogenesis. The downregulation of the hyaluronan uptake and degradation pathway and

the hyaluronan metabolism decreases overall cell proliferation.

After discussing the results obtained after studying dynamic and aneuploidy conditions, some

conclusions can be drawn. The dynamic condition affects the vascular system by promoting
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angiogenesis and inhibition of apoptosis. At the same time, the aneuploid cells under static
conditions upregulate pathways related to apoptosis. When these two conditions — dynamic
conditions and cell aneuploidy are combined, the results from the pathway enrichment analysis
were unique in some ways but remained similar compared to the static aneuploidy group. The
similarities in results for aneuploid cells of the control group subjected to dynamic shear stress
compared to aneuploid cells under static conditions showed upregulation of some vascular

responses by activating genes such as the NGF-stimulated transcription gene and SMADS.

In contrast, several phenotypic changes were observed on combining dynamic conditions and cell
aneuploidy. The unique upregulated pathway under combined conditions in comparison to the
static aneuploidy group was NOTCH4 intracellular Domain Regulates Transcription?’®, which is
a pathway that promotes proliferation, survival, and migration of endothelial cells and regulates
angiogenic sprouting. Heart morphogenesis and response to fluid shear stress were biological
processes unique in combined conditions relative to the static aneuploidy group. Most of these
pathways or biological processes directly impact the endothelial cells. Some biological processes
such as the response to fluid shear stress also affect the cancer cells, showing that cancer cells of
epithelial origin, e.g., endothelial cells, are more resistant to fluid shear stress than normal
(euploid) epithelial cells?’’. Overall, when examining the dynamic and aneuploidy conditions
concurrently, we found that the results of the combined groups would not have been obtained if
the conditions were just studied individually. As mentioned before, the individual models, dynamic
and aneuploidy, are important, but the combined conditions provide a better look at pathological
conditions such as cancer. Dynamic condition mimics the physiological condition, whereas the
aneuploidy condition mimics the pathological condition. The combination allows the pathological
conditions to be studied under physiological conditions.

We now compare the impact of both QDs on normal HUVEC cells under static conditions to
validate the cytotoxicity results. On exposure to CdSe/ZnS QDs, strong stress and inflammatory
response associated with vascular response to injury were elicited. However, exposure to InP/ZnS
QDs resulted in a moderate inflammatory response361 compared to CdSe/ZnS QDs. Most of the
upregulated genes had roles in stopping cell growth or regulating transcription or homeostasis
maintenance. Cellular pathways related to the mitotic division were downregulated, demonstrating

that the cells were more driven towards conserving their energy towards their sustenance and
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maintenance. In contrast, this also downregulated proinflammatory cytokine response to counter

the effect of upregulated inflammatory responses.

A similar detrimental effect of CdSe/ZnS QDs through a different mechanism was observed under
dynamic conditions via upregulation of heat-shock response?®#?%, a type of stress response.
Biological processes and pathways related to stress response, such as chaperone-mediated protein
folding, were also upregulated. Downregulated pathways, chemokine receptors bind chemokines
and signaling by transformer growth factor-beta family members?%%26! which have cytokines that
play multiple roles, such as inflammation, maintaining endothelial cells, and inducing or
suppressing apoptosis. The downregulation of these genes causes the stress response to dominate.
On the other hand, exposure of normal HUVEC cells to InP/ZnS QDs elicited an upregulation of
immune response. Cellular response to a mechanical stimulus due to laminar shear stress was
upregulated in addition to the immune response against foreign material and works towards cell
survival. Again, like in static conditions, the downregulated pathways are specifically related to a
mitotic division3®, This shows that when exposed to InP/ZnS QDs under both static and dynamic
conditions, the cell division is downregulated, and cells are trying to survive and maintain

themselves with the aid of the upregulated pathways.

Repeating the same experiments using aneuploid cells, CdSe/ZnS QDs resulted mainly in
downregulation of chemokine receptors bind chemokine3?®3* and interferon signaling®®®
responsible for cell survival by preventing apoptosis. Downregulation results in an increase in
apoptosis of the aneuploid HUVEC cells. Most down-regulated pathways in static aneuploid cells
exposed to CdSe/ZnS QD either promote the growth of tumor cells or repress cell growth but do
not show any cell death response against cancer cells. Inflammatory response pathways are
downregulated as well. However, exposure of aneuploid HUVEC cells to InP/ZnS/IMPA QDs
caused an upregulation of anti-inflammatory reactions and bicellular tight junctions®** that control
paracellular transport of molecules in static conditions. These mechanisms work to preserve
cellular integrity and prevent inflammation. However, mitotic division-related cellular pathways
and processes are downregulated, putting the cells in a survival mode by maintaining the integrity

and prevention of inflammation.
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Under dynamic conditions, aneuploid cells exposed to QDs resulted in different transcriptomic
changes than previously examined conditions. CdSe/ZnS QD exposure to aneuploid HUVEC cells
under dynamic conditions caused cellular components related to mitosis and pathways and
processes that belonged to cell cycle and division to be upregulated. Overall, cell division was
upregulated after the exposure to CdSe/ZnS QDs in aneuploid cells under dynamic conditions.
Following exposure to InP/ZnS QDs, pathways related to cell proliferation and invasion of cells
were upregulated. The DDIT4 gene®”, which regulates cell survival, proliferation, and regulates
apoptotic pathways, was upregulated. The genes that sequester metals were upregulated. Stress
responses to metal ions and chaperone cofactor-dependent protein refolding were also upregulated.
Overall, the upregulated pathways and processes were working towards cell survival and

preventing the aneuploid cells from death caused by exposure to InP/ZnS QDs.

Conclusion:

We could confirm our hypothesis that InP/ZnS QDs were less toxic and were internalized by the
HUVEC cells to a lesser extent when compared to CdSe/ZnS QDs. The InP/ZnS QDs showed no
statistically significant toxicity of InP/ZnS QDs was observed on normal and aneuploidy HUVEC
relative to the negative control at all QD concentrations. However, CdSe/ZnS QDs at a
concentration of 10 nM or higher were accompanied by a significant reduction in cell viability. At
50 nM, cell viability was only 22% indicating high toxicity of CdSe/ZnS QDs to normal HUVEC
cells at this concentration. Aneuploid responded differently to CdSe/ZnS QDs and were more
resistant to the toxicity of CdSe/ZnS QDs than normal euploid cells, where no significant change
in cell viability was observed up to a concentration of 10 nM of CdSe/ZnS QDs, compared to 5
nM in the case of normal cells. As confirmed from the microarray data, differences in cell
responses to the two types of QDs under the different conditions were attributed to different
phenotypic changes, such as cell proliferation, inflammatory response, and cell death. Overall, our
results support our hypothesis that dynamic conditions and cell aneuploidy result in differences in
cell phenotypes resulting in different cell responses, mainly cell viability and cell uptake of QDs.
The groups with combined conditions of aneuploidy and dynamics are the closest in replicating a
physiological tumor micro-environment, where aneuploid cells encounter the physiological flow

of blood and the impacts of shear stress. Results in this study are believed to direct future research
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lines towards minimizing the discrepancies between in vitro and in vivo responses and better

defining cell responses of NPs using physiologically relevant in vitro cell-based assays.
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