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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is characterised by a rich fibrotic stroma, which
stems from the overproduction of extracellular matrix (ECM), resulting from the cancer-
stroma cell interactions. The growing fibrotic stroma, which is additive to the PDAC tumour
growth, results in changes to the tissue mechanics, underlining the disease’s poor clinical
outcome. It is becoming of interest to model the PDAC tumour microenvironment in vitro for
drug discovery, but there is still a lack of an ideal model that takes into account the cancer-
stroma cell interactions and the disease biophysical hallmarks. With the advantage of laminar
flow, microfluidic technology offers fluid control capabilities within a defined environment to
mimic in vivo physiological conditions. However, many microfluidic PDAC cultures perform
drug studies when the cultures do not emulate the in vivo tissue stiffness and flow conditions.
In this thesis, a microfluidic PDAC culture model that recapitulates the disease biophysical

characteristics to study novel ways of introducing drugs to the cancer cells is presented.

First, the PDAC tissue biophysical characteristics were investigated with off-chip PDAC cultures
to determine the optimum culture conditions required to mimic the tissue mechanics on-chip.
Off-chip, PDAC cancer-pancreatic stellate cell (PSC) co-cultures with transforming growth
factor-B1 (TGF-B1) supplement exhibited in vivo-like mechanical stiffness with increasing
collagen content. PSCs are central to the PDAC fibrotic stroma from its symbiotic relationship
with the cancer cells, and their activity is increased with cytokines such as TGF-B. The presence
of hypoxia was then investigated. As in vivo, with a rigid collagenous matrix, there is reduced
interstitial flow, limiting nutrients and oxygen to cells. Finally, resistance to gemcitabine was
explored. On-chip, with a 21-day culture time optimum to mimic the PDAC tissue stroma,
stiffness, reduced interstitial flow, hypoxic environment, and chemoresistance, the use of

microbubbles and ultrasound to increase gemcitabine efficacy was investigated.
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1. Introduction

1.1. Pancreatic ductal adenocarcinoma

The pancreas is one of the largest glandular organs with complex anatomy. Its complexity and
proximity to other anatomical structures make diagnosing and treating pancreatic cancers
challenging. Especially pancreatic ductal adenocarcinoma (PDAC), which is the most prevalent

and aggressive pancreatic cancer.!>®

The aetiology of PDAC is poorly defined, but epidemiological and genetics studies have

s.[245 78] ||lustrated in Figure 1.1, PDAC arises

provided insight into the disease pathogenesi
from ductal epithelial cells of the exocrine pancreas with the successive accumulation of
genetic mutations.’ 7 % 1 The signature mutations for PDAC development are the proto-

oncogene, KRAS, and tumour suppressors CDKN2A, TP53, and SMAD4.2: 7511

A) o B) Epithelial ductal clells with PDAC

An exocrine acini [ \

The pancreas

C) The development of PDAC

@ Cancer cell Extracellular matrix

\Stromal cell (ECM)

Pancreatic Pancreatic Pancreatic Pancreatic ductal
Normal healthy ductal cells intraepithelial intraepithelial intraepithelial adenocarcinoma
neoplasia neoplasia neoplasia (PDAC)
(PanIN) 1 (PanIN) 2 (PaniIN) 3
KRAS
® >
CDKN2A
[ >
TP53 and SMAD4

v

Figure 1.1. The development of pancreatic ductal adenocarcinoma

The pancreas is comprised of the exocrine and endocrine glands. The exocrine pancreas, B) shows a single acinus
with acinar and ductal cells. The exocrine acinar produces digestive enzymes secreted via the pancreatic ducts
into the duodenum, constituting approximately 99% of the pancreatic tissue. C) lllustrates the genetic mutations
that occur for the development of PDAC from pre-cancerous lesions, pancreatic intraepithelial neoplasias
(PaniNs). Adapted from [9].
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The KRAS mutation, specifically KRAS2, which is observed to have a prevalence of > 90 % in
PDAC, is a required malignant lesion to transform pancreatic acinar and epithelial ductal cells
into small microscopic pre-cancerous lesions, pancreatic intra-epithelial neoplasia (PanIN),
towards PDAC development.[**'4 KRAS promotes cell growth and differentiation as part of the
mitogen-activated protein kinase (MAPK) /extracellular-signal-regulated kinase (ERK)
pathway.!> 7% 1% The loss of CDKN2A function, which occurs in 40 % of PanIN towards the
development of PDAC, results in cells becoming cancerous as the CDKN2A gene provides
instruction for making tumour suppressor proteins p16 (INK4A) and p14 (ARF) to regulate cell
cycle progression and to keep cells from growing and dividing in an uncontrolled manner. 7
%10 Moreover, the loss of the CDKN2A function results in the inactivation of the TP53 protein,
as the p14 (ARF) protein helps to maintain TP53 protein stability. TP53 is an important tumour
suppressor gene for regulating DNA repair and cell division. Its inactivation is found in > 50 %
of PDAC.[> 7219 | oss of function of SMAD4 occurs late in the development of PDAC. As part
of the transforming growth factor-g (TGF-B) signalling family cascade, it regulates cell growth

and proliferation.!> 1015171

The genetic alterations underlie the cellular processes and histological changes for the
development of PDAC.1>*7 %1% Although there have been advancements in the understanding
and identifying of hallmarks of the disease to improve treatment outcomes, PDAC remains
highly resistant to therapeutics with a 5-year survival rate of about < 9 %.5 % ® 9 |t accounts

for 90 — 95 % of all pancreatic cancer cases.! !

PDAC is notable for its desmoplastic stroma, which provides a favourable microenvironment
with a niche of cytokines and growth factors for tumour growth. The PDAC stroma exhibits
mechanical forces, which define the disease's tissue architecture and morphology, growth,

and therapeutic resistance.*’-?!

In the following sections of this chapter, 1) the PDAC tumour microenvironment with a
growing fibrotic stroma and tumour mass is discussed, 2) the biophysical forces that ensue
from the growing stroma and tissue mass, and 3) techniques of mechanical assessment and
use on PDAC cultures in the literature, are presented. 4) 2D cultures, animal models, and 3D
cultures are reviewed with an overview of the in vivo and in vitro PDAC models in the literature
and a focus on their cellular and matrix complexities. 5) The different microfluidic cultures of
PDAC in the literature are also presented, and 6) current therapeutic measures against PDAC

are discussed. Finally, the scope and aims of the project and thesis layout are presented.
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1.2. The tumour microenvironment of pancreatic ductal adenocarcinoma

PDAC is commonly diagnosed in its advanced stages with poor prognosis, as symptoms of the
disease are often non-specific. At this stage, a key feature and contributing factor to the
disease’s therapeutic resistance and poor clinical outcome is the pervasive growth of a dense
fibrotic stroma in its tumour microenvironment, which impedes the delivery of therapeutics
to the cancer cells.'”? 3271 The dense fibrotic stroma is from the excess accumulation of ECM
macromolecules (namely fibrillar collagens, proteoglycans, and glycosaminoglycans)
produced from interactions between the PDAC cancer cells and stromal cells, including

cancer-associated fibroblast (CAFs) and pancreatic stellate cells (PSCs).[t> 22 2428, 29]

Stromal cells of the PDAC tumour microenvironment include endothelial and tumour
infiltrating immune cells. The endothelial cells are needed for vasculature formation in the
PDAC tumour tissue. However, the vasculatures formed are dysfunctional and leaky. Immune
cells, such as macrophages, in the tumour microenvironment transition into a mesenchymal
subtype contributing to the CAF population for the fibrotic stroma. Of the fibroblast cells, PSC
cells are essential for the PDAC desmoplastic stroma. Below, the PDAC tumour

microenvironment with PSCs central to the PDAC fibrotic stroma is discussed.

1.2.1. Pancreatic stellate cells

Deriving their name from their star-like morphology, PSCs are the primary fibroblast cells of
the pancreas. PSCs constitute approximately 4 — 7 % of the pancreatic cell mass. Nonetheless,
PSCs have the capacity to mediate the homeostasis of the ECM in healthy and diseased

pancreatic tissue.> 24 26.28,30]

PSCs are identified by vitamin A containing lipid droplets in their cytoplasm in the healthy
pancreatic tissue. In the presence of PDAC cells, they lose their lipid droplets and activate into
myofibroblast-like CAFs expressing alpha-smooth muscle actin (a-SMA) proteins. This key
change disrupts the homeostasis of the healthy pancreatic ECM for a tumour facilitatory
fibrotic stroma.B*33 The activated PSCs proliferate and produce large amounts of ECM by
regulating the balance between the synthesis, activity, and degradation of enzymes and
proteases, including metalloproteinase (MMPs), tissue inhibitor of metalloproteinase (TIMPs),

and lysyl oxidase (LOX), and cytokines such as TGF-B, which further stimulates the activity of

PSCs [18, 26, 28, 29, 34-36]
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Cancer cell
surrounded by a

Cancer cell
surrounded by the
fibrotic stroma

’ Cancer cell

\ Stromal cell

Blood flow with nutrients
and drugs

w g

High Interstitial pressure

Extracellular matrix (ECM) i.e.,
collagen and hyaluronan

Q Deformed/collapsed blood vessel

Figure 1.2. The tumour microenvironment

The increased fibrotic stroma and tumour mass, with the accumulation of cancer cells, stromal cells (i.e.
fibroblasts), and ECM components, increases tumour tissue rigidity, collapsing vasculatures, which are vital for
the delivery of nutrients and drugs to the cancer cells. Adapted from [19].

This makes the ECM a dynamic entity that is continuously remodelled for PDAC growth.[*> &
19,22,26,28,37] As 3 result, there are changes to the mechanics of the PDAC tissue, with a growing
fibrotic stroma and tumour mass, which makes it difficult to validate therapeutic targets
against the PDAC cells.[?% 23253840l Changes in the tumour tissue mechanics are a hallmark of
the disease state preceding and driving tumourigenesis, as seen with the PDAC development
from PanIN.[292241 421 Figyre 1.2 illustrates a schematic of the tumour microenvironment with
a rich fibrotic stroma, influencing how nutrients and drugs are delivered to the PDAC cancer
cells. Figure 1.3 illustrates the interactions between the PDAC cells and the PSCs. The PDAC
cells recruit PSC cells, increasing their growth and proliferation, and in return, the PSCs
promote PDAC cell proliferation and survival with a fibrotic stroma.*> % As the fibrotic stroma
grows and the tumour mass increase from the accumulation of cells, there is an increase in

matrix and tumour stiffness, which leads to increasing tensional homeostasis.[t” 1 4% 43]
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PDAC cells
Increased proliferation
Decreased apoptosis
Increased migratory capability

An environment facilitating
PDAC tumour progression and
chemoresistance
The desmoplastic stroma

PSCs
Increased proliferation
Increased ECM production
Increased cytokine activity Le. TGF-B

Figure 1.3. The symbiotic relationship between PDAC cancer cells and PSC cells

A summary of the interaction between the PDAC cancer cells and PSC cells illustrating the effects of PDAC cancer
cells and PSC cells and vice versa. This interaction is necessary to facilitate an environment for PDAC tumour
growth and malignant behaviour. Adapted from [26].

1.2.2. The biophysical forces of the PDAC tumour microenvironment

The tensional homeostasis within the tumour tissue consists of compressive and tensile
forces. The PDAC cancer cells sense the mechanical forces through mechanoreceptors and
respond by altering their mechanical phenotype with high levels of cell contractility to

counteract the stiff environment.[1& 19 21, 43-46]

Integrins are the main mechanoreceptors involved in transducing mechanical cues into
biomechanical signalling./“> 4”48 Upon activation by a mechanical cue, they activate the Rho
GTPase family that regulates cell cytoskeleton arrangement and intracellular contractile forces
for the cells to undergo physiological changes in response to the increasing matrix stiffness.
The active integrins further stimulate the production of TGF-B from cells which trigger the
secretion of MMPs and LOX to remodel the matrix and increase the cross-linking and
alignment of collagen fibres.*? 851 A vicious positive feedback loop of matrix production
arises, which is additive to PDAC’s tumour stiffness and growth.!*> & 19 43,52 Figyre 1.4
illustrates the growth-induced stress in the tumour tissue with the compressive and tensile

forces.

The ECM components, e.g., collagen and the glycosaminoglycan, hyaluronan (HA), contribute
to tumour tissue stiffness, with their propensity to store and transmit stress depending on

their mechanical properties.[*® 1% 4% 43 Collagens provide the basic framework of the ECM
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A) Stress in the tumour tissue

B) Stress in the tumour interior

C) Stress at the tumour periphery
/O\
D) Interstitial pressure driven flow from a region of high IFP to low IFP,
reducing interstitial flow in the tumour tissue

Figure 1.4. The solid and fluid stress in the PDAC tumour

From the accumulation of cells and the fibrotic stroma, A) there is compression and tensile forces and fluid stress
from high interstitial fluid pressure in the tumour tissue. B) In the tumour tissue, the solid stress on the cells and
ECM components is compressive in the radial and circumferential direction, and C) at the tumour periphery, the
solid stress is compressive in the radial direction and tensile in the circumferential direction. D)There is a
decrease in the interstitial space for the percolation of fluid, which results in high interstitial fluid pressure (IFP).
As a result a steep pressure gradient at the tumour periphery causes interstitial fluid to move out of the tumour
into neighbouring tissues. This proves to be an ineffective mechanism for drug delivery to the cells. Orange
arrows indicate the solid stress in the tumour. The red arrows indicate the interstitial pressure driven flow of
fluids out of the tumour with increasing solid stress. Adapted from [19].

architecture, and collagen type | proteins are the most abundant in the PDAC tumour tissue.
Collagens are stiff in tension, providing tensile strength to tissues. At the same time, the
negatively charged gelatinous HA provides resistance to the compressive stress with their
ability to trap water and swell. Their swelling exerts additional forces on the surrounding cells

and stroma, further contributing to the tumour tissue stiffness.[t& 44 46,5361l

Elevating tissue stiffness reduces the interstitial space available for fluid flow increasing intra-
tumour pressure. As shown in Figure 1.4, this creates a steep pressure gradient for the flow
of interstitial fluid from a high pressure gradient (the tumour interior) to a low pressure
gradient environment (the tumour periphery and neighbouring tissues), a mechanism for the
tumour cells to invade neighbouring and distant sites and for the ineffective delivery of drugs
to the cancer cells.[t7: 19 22:43,44,57,62:65] The increased intra-tumour pressure also results in the
deformation of surrounding tissue structures. The tissue structures include blood and
lymphatic vasculatures, and their deformation increases interstitial fluid pressure and limits
interstitial flow. Interstitial flow is vital for transporting nutrients, oxygen, and drugs to the

cancer cells.[17-19, 24 41, 43, 63]
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Interstitial flow is the movement of intercellular fluid through the intercellular space of tissues.
It is an important fluid mechanism for the delivery and formation of gradients of growth
factors, chemokines, and also chemotherapeutics to cells. It provides a mechanical
environment for the physiological activities of cells and for the physiology and architecture of
healthy and disease tissues.['” 43 44 62:64 661 A reduced interstitial flow leads to a hypoxic
environment, which conversely stimulates the PDAC cell growth and protects them from the
effect of the immune cells and drugs.[*”- ¥ 2% 43671 \ith a hypoxic environment, cancer cells
express genes such as hypoxia-inducible factor-1 alpha (HIF-1 alpha). HIF-1 alpha is a
transcriptional factor central to a cell's adaptation to a hypoxic and acidic environment with a

68731 HIF-1 alpha mediates metabolic pathways and responses,

lack of nutrients and oxygen.!
including anaerobic glycolysis, due to the inadequate supply of glucose, for cell survival. In
effect, there is a high concentration of the glycolytic by-product, lactate, which acidifies the

microenvironment, inactivating immune cells and drug effects.[® 4668 70-74]

Moreover, with the collapsed vasculatures and reduced interstitial flow, there is the
overexpression of pro-angiogenic factors, such as vascular endothelial growth factors (VEGF),
for the formation of new blood and tumour vessels. However, the vessels formed become
compressed with the growing fibrotic stroma and therefore are leaky and dysfunctional.*” **
41,43, 831 The collapsed and dysfunctional vessels elicit fluid accumulation in the interstitial
space, which leads to increased fluid flow resistance, particularly by the glycosaminoglycans
with their ability to trap water in the tumour tissue.lt® 19 4% 43,59 63 Dacreased fluid flow

reduces shear stress on cancer and stromal cells, increasing their motility and activity.

These together, the unorthodox production and accumulation of cells and ECM components,
the dense fibrotic stroma that arises with compressive and tensile forces, leading to increasing
tissue rigidity, and collapsed vessels, which increases interstitial pressure and decreases the
perfusion of nutrients to the cancer cells creating a hypoxic and acidic environment, underlie

how the PDAC stroma shields and compromises therapeutic outcomes. 8 21 22 26,46, 63]

Understanding the PDAC stroma and the stress and forces it exerts, tissue mechanical stiffness
and reduced interstitial flow have provided insights into the mechanism by which tumours
progress and evade therapy. However, recapitulating these biophysical forces in vitro is critical
to further understanding the chemoresistant mechanisms important to effectively assess the
efficacy of drugs against PDAC cells. Currently, in vitro models in the literature do not
encompass the right biophysical characteristics of the PDAC tissue for therapeutic assessment.

Section 1.4 discusses the different culture models for PDAC.

17 |



Introduction

1.3. Mechanical assessment of pancreatic ductal adenocarcinoma

The extracellular matrix defines tissue stiffness. Assessing the mechanical stiffness of the
healthy and diseased pancreatic tissue in vivo, shear wave elastography and magnetic
resonance elastography has been used.“® 7! Ex vivo, multiphoton excitation, and second
harmonic imaging techniques have been used to image the PDAC tumour microenvironment
to investigate the deposition and alignment of collagen fibres.!*® 7689 As illustrated in Figure
1.5, in vitro, tension, compression, indentation, atomic force microscopy (AFM), and shear

rheology techniques are commonly used to measure cell and culture stiffness. 48 7% 81-9]

In tensile and compression testing, a force load is used to pull or press samples to measure
their tensile or compressive strength.[“® 7 9% 921 Similar to compression tests, in indentation
tests, a force load is applied to samples to determine their stress-induced behaviour. With
AFM, a scanning force microscopy, a cantilever probe scans, interacts and indents samples to
provide information on their mechanical properties.®> 8 &1 The rheometer is used to study
the flow of samples under shear deformation. It measures the resultant shear response of a
sample or a sample's response in resisting a change in shape with sinusoidal shear
deformation.®® 924 Shear rheology is a sensitive method for investigating a sample’s

mechanical nature and properties without the need for laborious microscopy and imaging
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Figure 1.5. The different techniques for mechanical characterisation

Schematic of the commonly used techniques for mechanical assessments. A) and B) tensile, compression, and
indentation test with instruments such as the dynamic mechanical analysis, where force is used to pull, press or
indent a sample to measure mechanical behaviour. C) The use of the AFM to determine a sample’s mechanical
stiffness. A cantilever tip with a known geometry probe is used to interact with samples, and the deflection of
the cantilever tip as it interacts with the sample is detected by a laser and recorded by photodiodes to inform of
sample’s mechanical properties. D) Shear rheology with sinusoidal stress at an angular frequency to measure a
sample’s response to sinusoidal strain to determine sample’s stiffness.
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techniques. Shear rheology provides information on bulk stiffness, which is the stiffness of

89, 92-94

samples on average. It takes into account the heterogeneity of samples. ! ' Using the
indentation approach, as shown in Figure 1.5B, Rubiano et al. 2018 investigated and compared
the stiffness of patient-derived pancreatitis tissue, patient-derived PDAC tumour tissue, and
patient-derived PSC cells grown in collagen matrix and maintained with conditioned media,
the supernatant from the 2D culture of murine derived PDAC cancer cells. They found that the
PDAC tumour tissues were stiffer than the pancreatitis tissues, and the stiffness of the PSC
only cultures was within the range of the stiffness measured for the patient-derived PDAC
tumour tissues.®® Although they show that mechanical assessment can help to clinically
distinguish between different disease tissues and that the in vitro culture microenvironment
can be tuned to mimic the mechanics of the in vivo tissue, mechanical assessment with

indentation tests are localised in comparison to the bulk assessment that shear rheology

provides.

Rice et al. 2017 used the AFM to assess and compare the mechanical stiffness of the mouse
pancreatic tissue for normal pancreas, PanIN, and PDAC. They found that as the pancreatic
tissue progress from a healthy or normal tissue into PDAC, there is increasing stiffness with
increasing collagen production, collagen fibre alignment, and thickness. They also used the
AFM to characterise the mechanical stiffness of polyacrylamide gels (based on their
assessment with the murine pancreatic tissues) for culturing of PDAC cancer cells to assess
how tissue stiffness promotes epithelial-mesenchymal transition (EMT).2* EMT is the process
where cells lose their cell-cell adhesion properties, with the loss of epithelial proteins such as
E-cadherin, and gain migratory and metastatic capabilities.®® Although they show how the
AFM can be used to assess the mechanical properties of cells and tissues, the models used are
murine-derived, and they only characterise the stiffness of their matrix gels for the culturing
of PDAC cancer cells. They do not investigate how the cells develop a mechanically stiff
environment for growth.?Y Similar to Rice et al., Nguyen et al. 2016 used AFM to measure the
mechanical stiffness of different single healthy and PDAC cancer cells, HPDE, Hs766T, MIA
PaCa-2, and PANC-1, grown in a petri dish with a thin layer of Matrigel. They assessed how
stiffness influences cells’” invasive capabilities and found that stiffer cancer cell lines were more
invasive.?” However, the mechanical assessment was on single PDAC cancer cells only, which
is unrepresentative of the mechanical stiffness of the in vivo tissue that arises from cell-cell
and cell-matrix interactions. Also, they did not include stromal or fibroblast cells in their

model.
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Shear deformation has been used to characterise the mechanical properties of healthy and
diseased pancreatic tissues.®” Wex et al. 2015 used shear deformation, as illustrated in Figure
1.5D, to assess the mechanical properties of healthy and diseased porcine and human
pancreatic tissues. They showed shear rheology can be used to characterise the mechanical
properties of different pancreatic tissues and to distinguish between healthy and diseased

tissues. %

Mechanobiology is an emerging field focused on learning more about the mechanical
properties of cells and tissues and how this affects cell behaviour and disease progression. Cell
and tissue mechanics are a hallmark of disease states, and cell and tissue stiffening has been
found to precede disease development and drive disease progression.!?% 42 46 80,90, 97-99] The
accumulation of cells and ECM components in the PDAC tissue results in a desmoplastic
reaction, which increases the solid and fluid stress in the tissue, affecting therapeutic delivery
and effects on the cancer cells. As such, it is essential to model the mechanics of the in vivo

PDAC tissue to assess the therapeutic efficacy of the cancer cells.[*7: 1% 26 63,64, 100]

1.4. Modelling pancreatic ductal adenocarcinoma

Therapeutic studies of PDAC have used to date two-dimensional (2D) cell cultures, animal
models, and three-dimensional (3D) culture models, in static well formats, which do not

25, 1011041 1y yijtro and

adequately represent the physiological conditions observed in vivo.!
animal models of PDAC have been informative on disease development and progression.
However, given that PDAC is often diagnosed in its advanced stages,>™ %> %! an adequate
model representing the disease in its advanced stage with its biophysical hallmarks is essential
for the accurate assessment of therapeutics. Table 1.1 summarises the advantages and

limitations of the use of 2D cultures, animal models, and 3D cultures to model tumours.

1.4.1. Two-dimensional cell cultures

2D cell culture is the traditional culture method for providing insight into the physiological
behaviour of cells.[*%1%] |ts reproducibility, cheap cost, and the efficiency to grow numerous
different cell types simultaneously make it a standard culture method for learning about the
nature and behaviour of cells. However, 2D cultures involve growing cells on flat and rigid

[25, 104, 106, 108, 109

plastic environments with the use of culture dishes and flasks. I This promotes

20 |



Introduction

Jnowiny OAIA
ul 9yl 109|J=24 10U OP 1By} UOIHPUOI aJnlNd Jl1els

Jnowiny oAJA Ul
3U3 303]49J 30U Op 3BY3} UOIIIPUOD 3IN}ND D13e3S

suewny 0} paje[sueJ} 8q J0UUEd

18y synsaJ 9dnpoud solweuApodewleyd
pue saiauodewleyd Snip

03 309dSaJ 1M SUBWINY PUB 921W U33M13q
S92UIJ3Y4IP $9109dSI91Ul ‘JSA0BIO|A|
'sinowiny oAJA uj dojaASp 03 pue pasuq

0] 9AISUdXa pue SuIWNSU0D aWl} ‘||eJaAQ

3oue)sisal
pue sialieq dlxnadesayy

pue JUaWUOIIAUD

ND3 419Y3 ‘Sinowiny oAjA

us Jo uoneziuedio gg ayl
JO — SIUBWIUOIIAUD OAJA UJ
3y3 Jo aAleIUaSaIdal JON

sadejueapesiqg

S|apow |ewlue Jo ash ay3 Jo
JUSWISUIRJ pUE ‘UoI3dNPaI ‘JUsWade|dal 3y

sinowny
OAIA U] JO 9AIlRIURSaIdal asuodsal Snup pue
‘a1e)s dljogelaw ‘uolnsodap |ADI ‘Yimoud
‘adAjousyd |ealueydaw pue |92 ‘suoissaldxa
auad 031 12adsaJs YlUM sinolAeyaq Jejn|i@)

S|opow [ewlUe JO 9Sh 3y} 90NpaJ 03 SA|oH =

SINOWINY OAJA U] JO SAITRIUSSDIdD
asuodsas Snup pue ‘91elS Dljogelaw
‘uoiisodap  IND3  ‘ymwous  ‘edAjousyd

SININED 01
uosiedwod ul 91eJauad 03 aAlsuadxaul

S|spow — s|@pow Xdd Pue XdD =

sisAjeue ajdwis  w
Aujiginposdas ysiH  w

|ealueyosw pue 1192 ‘suo|ssaldxa uolssasdoud sadejueApy
9AI109}2150D  m
24n3o911ydJe auad 01 10adsal Ylm Sunoireyaq Jen|ed)  m pue juawdojaAsp Jnown} pueisiapun anbiuya: aldwi
WD3 9yl 4o Suppiwiw 3y} S3|qeud Sanssiy pue uJes| o3 Aljige syl Suipinosd iy lauis =
[9804pAy/plojjedS Xljew e Jo asn 3yl JNOWN} OAM Ul JO UOHEZIURSIO QE A1 sinowny oaa  ul  jo adAjousyd
S9NSSI} JNOWNY OAJA puBe SUO[}DBJDIUI |[20-||22 SOIWIW A|9SOD) = pue soausd By SIWIW — SWINID
ul Jo uoneziuedio Qg 9yl pPue SUOIOEIIIUI
XIJJEW-[|9D puB [|92-]]90 Solwiw  Ajaso|)
anssi
Jnowiny Jo saul| [|92 uewny Jo Jusaweldua ystp 40
0JJe2s 0J}J€2S XII1ew e Inoy}IM elpaw se|4 24n3 N2 auaJAisAjod
pIoy PIOJB95 XLHEL € JNOYIM EIp 2U3 Yum padojenap — sjppow xad pue @) | 1°ER M A uondiasag
X1J1eW B YlMm s||92 4o so1e8a438e Jo ymmouo 94N1|Nd Ul S||92 Jo 21e32438e 3y} JO YIMolH e yum s|duwexs ‘saoepns o
sinowiny 214103ds Yim pajelosse 18] B 43Mm Umous 5|20
uoI1eINW 2133UST JO UOIPPNPOIUI—SININTD =
@ @ OO0
S|9pON

Ppjoffpas xuapw uf 31n3n3 132 g€

uojsuadsns uj ain3na [j32 4s

sjapow asnow

$31n3[na [[33 JaAbjouows gz

S|apow 24n3nd 3UaJJJip 3yl fo Mainiano uy "I°T 3|qoL

21 |



Introduction

cell-plastic interactions over cell-cell and cell-matrix interactions with the lack of the cellular
3D spatial organisation and the mechanical and biochemical signals conferred by factors of a
tumour and its stroma environment. There is also the lack of the in vivo physiological fluid flow

and shear stress conditions, which affects drug delivery to cells.*8 25 104 106, 108-112]

2D cell lines can be genetically programmed to reflect the in vivo cellular behaviour and
interactions.[19 198 1131 pDAC cells have been genetically programmed to express transcription
factors such as c-Myg, involved in cell differentiation and transformation regulation, to learn
about PDAC development and progression.[% 113114 Conversely, genetic manipulation of cells
is often transient in effect. Moreover, genetically programmed 2D cells still lack the

biomechanical properties of the native cells and tissues.[?> 104 106108, 111, 112]

Despite the drawbacks, 2D cultures remain the first approach to growing cells and performing
drug studies due to their simplicity and cost-effectiveness in providing insights into the initial
cell growth and behaviour. Mukubou et al. 2010 assessed the autophagy effects of the
chemotherapeutic drug, gemcitabine, with ionising radiation on 2D cultured PDAC cancer
cells. They found a synergistic effect of gemcitabine and ionising radiation in reducing culture
viability and proposed their potential use in treating pancreatic cancer clinically.™**>! Amrutkar
et al. 2020 and Bjanes et al. 2020 showed gemcitabine-induced cytotoxicity depended on its

uptake and activation into an active metabolite using 2D cultured PDAC cancer cells.!*1® 7]

In addition to 2D cultures remaining a standard cell culture procedure, mouse models are

commonly used for preclinical drug pharmacokinetics and pharmacodynamic assessments. %

113, 118-120]

1.4.2. Mouse models of pancreatic ductal adenocarcinoma

Mouse models have provided considerable insights into the PDAC pathogenesis, offering
strategies to understand the molecular mechanisms underlining the disease.*!3 118 121124l Tha
most commonly used mouse models for PDAC studies are the genetically engineered mouse
models (GEMMs) KC and KPC. The GEMMs are produced by the subcutaneous injection of
tumour cells, with a genetic mutation generated using conditional and inducible systems.!*%
113, 118,125 Tha KC (KRAS mutation, pancreatic and duodenal homebox 1 (Pdx1) expression for

pancreatic cell development, and Cre genetic technique to control where KRAS is turned on)

and KPC (KRAS and p53 mutation and Cre to control where KRAS and p53 gene are turned on)
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models are developed with KRAS and TP53 genetic mutations, and the tumours they develop
closely mimics the histology and physiological aspects of the PDAC development, progression,
the PDAC desmoplasia with the poor vasculature system, and therapeutic response.[*% 113,126,
1271 Nonetheless, despite the advantages mouse models present in understanding the PDAC

tumour biology and therapeutic response, they come with limitations.

The introduction of genetic mutations to develop GEMMs can lead to off-target pathological
effects that can cause harm to the mouse and or result in a disease unrepresentative of the
tumour in question.[*96 113118, 126l \joreover, mouse models are expensive and labour intensive
to develop and maintain, and the difference in drug metabolism between mice and humans
makes the translation of therapeutics to humans cumbersome, underlining why drugs fail in

clinical trials [106, 108, 118, 121, 128, 129]

The principles of the 3Rs, the replacement, reduction, and refinement of the use of animal
models, have presented three-dimensional (3D) models that offer the opportunity and the
advantage of emulating the in vivo tumour mass and its physiological microenvironment with
cell-matrix interactions and the exposure, distribution, and effects of nutrients and oxygen,
and drugs.[?> 104 110,113, 130] particylarly as 2D cultures and animal models do not recapitulate
the 3D hierarchical complexities of the human tumour tissues or predict effectively and

efficiently the pharmacodynamics of the human body.*t 131134

1.4.3. Three-dimensional cell cultures of pancreatic ductal adenocarcinoma

Drugs fail clinical assessments because of the limitations of 2D cell cultures and animal models.
2D cultures do not emulate the fluid shear stresses and the cell-matrix interactions found in
the in vivo tissue, and animal models do not reflect the complexities of human tumour tissues
for practical drug assessments. 3D culture models offer the opportunity to mimic the human

tumour mass and its microenvironment to study drug interactions effectively.

3D cultures are micro-sized aggregates of cells grown with or without a matrix scaffold (Table
1.1). The principle of culturing cells in 3D is based on culture conditions that encourage cell-
cell adhesion forces for a relatively compact spherical cellular structure.[08 110. 111, 135138] 3
cells, or spheroids, without a matrix scaffold, are grown using low-adhesion plates, hanging
drop, and spinner flasks.10% 106,110,135 1361 31 cel|s with matrix scaffold are grown in hydrogels,

which can be natural or synthetic and include collagen, Matrigel, laminin, and agarose to
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mimic the ECM and provide cells with the biomechanical and biochemical cues required for

grOWth [106, 110-112, 129, 135, 136]

Longati et al. 2013 developed a 3D PDAC culture by growing the cancer cells, including BxPC-
3, PANC-1, and KPC, in methylcellulose to explore chemoresistance. There was increased
collagen production, and their cultures were resistant to the effects of gemcitabine.!* Using
the liquid overlay technique with agarose-coated wells, Wen et al. 2013 developed a 3D
pancreatic cancer culture, with MIA PaCa-2 and PANC-1 cells, for drug testing. They treated
their PDAC cancer spheroids grown for four days with 5-fluorouracil and gemcitabine.
Compared to 2D cultures of the cancer cells, there was reduced sensitivity to the effects of 5-

139

fluorouracil and gemcitabine.*** Ware et al. 2016 presented a modified hanging drop method

using methylcellulose to develop pancreatic cancer spheroids with cells including PANC-1.1*%4
Puls et al. 2017, grew their pancreatic cancer cells in a collagen-rich matrix to look at the
effects of the matrix properties on the cancer cell behaviour and resistance to drugs,'**” and
using patient-derived pancreatic cancer cells and cell-repellent well-based plates to promote
cell-cell interactions over cell-substrate interactions, Hou et al. 2018 presented a high-
throughput screening approach to investigate the effects of a panel of chemotherapeutic
drugs, including gemcitabine, on 3D pancreatic cancer cell cultures.™¥ Although the cultures
presented in the aforementioned studies inform how 3D models can be used to assess
therapeutic response accurately, the models presented were mostly of PDAC cancer cells only
without stromal cells, given that stromal cells of the PDAC tumour tissue govern the matrix

stroma environment and biophysical hallmarks. 7 18 2% 24]

3D cultures consisting of cancer and stromal cells have the unique capability of modelling the
heterogenic gene expressions, cancer-stromal cell interactions, and signalling pathways that
promote therapeutic resistance in vivo (Cell interactions, Figure 1.6). With the ability to attain
diameters of more than 400 um, 3D cell cultures capture the in vivo heterogenic exposure and
diffusion of nutrients and oxygen to cells, reflecting the avascular and vascular phases of solid

tumours (Metabolic zonal structure, Figure 1.6).[104 108 111,112,129, 135, 136]

In the avascular phase, where tumour tissues do not require the process of angiogenesis,
there is increased growth with an unlimited source of nutrients and oxygen from surrounding
tissues. In the vascular phase, there is the deprivation of nutrients and oxygen and the
accumulation of metabolic wastes from tumours, as the tumours outgrow the supply of
nutrients and oxygen. This results in the expression of pro-angiogenic factors for vessel

formation (e.g., VEGF observed in PDAC) and ECM proteases (e.g., MMP-2 and MMP-9) to
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Cell interactions Metabolic zonal
structure

Metabolic waste
and low pH

Nutrients and
oxygen

Cell-cell interactions and
signalling with e.g. growth
factors and cytokines

Biophysical properties

ECM protein deposition,
which contributes to culture
stiffness (comparable to
native tissue) and affects
culture growth, behaviour
and therapeutic response.

Figure 1.6. Main characteristics of 3D cell cultures

Schematic summarising the fundamental features of solid tumours, mimicked by 3D cell cultures, which account
for therapeutic resistance and are crucial for the effective screening of cancer therapeutics. Adapted from [108].

remodel the cell microenvironment for nutrients to the cancer cells for growth and survival.l”:

43,108, 111, 129, 135, 136]

In the vascular phase, cells in different metabolic states arise due to the heterogenic diffusion
of nutrients and oxygen. The different metabolic states are identified in 3D cultures with
proliferative cells at the periphery of the cultures with nutrients and oxygen readily available
to them and with quiescent and hypoxic cells within and at the core of the cultures, typically
more than 100 um away from the periphery, deprived of nutrients and oxygen with increased
metabolic waste (Metabolic zonal structure, Figure 1.6).1104 108 111,112,129, 135 136] Tha |3ck of
nutrients and oxygen, and the increased metabolic waste, results in the cells becoming
hypoxic and inhabiting an acidic tumour microenvironment of pH 5.6 — 6.8.[%4% 143 The cells
adapt by inducing and expressing genes and signalling pathways such as hypoxia-inducible

factors and the glycolysis metabolic pathway to obtain nutrients and energy for survival./’* 104

108, 111, 129,135, 136, 1421 F\rthermore, the hypoxic and acidic tumour microenvironment confers
survival benefits to cancer cells by promoting the activity of stromal cells, impairing the activity
of immune cells, and inducing changes in drug properties that influence their cellular uptake
and effects.[% 436973, 111,129,142] | 3ddition to the outgrowth of nutrients and oxygen, there is

the deposition and accumulation of ECM, which forms a barrier and further limits the
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distribution of nutrients and oxygen and therapeutics to the cancer cells (Biophysical

properties, Figure 1.6). 18 1943,108 111,129]

Ware et al. 2016 cultured PDAC cancer cells, including BxPC-3, MIA PaCa-2 and PANC-1, with
PSCs to model the cancer-stromal cell interactions and investigate its effects on tumour
growth. They found increased proliferation of the PDAC cancer cells in the presence of PSC
cells. They also found regions of increased collagen deposition and a decrease in the perfusion

129 |azzari et al. 2018 developed a heterotypic pancreatic cancer

of drugs to the cells.!
spheroid, where pancreatic cancer cells, PANC-1, were cultured with the fibroblast cell, MRC-
5, and the endothelial cells, HUVEC, to model the surrounding tumour microenvironment of
pancreatic cancer for drug screening. They found increased metabolic activity of the cancer
cells, increased spheroid growth, and increased resistance to the effects of gemcitabine
compared to mono-pancreatic cancer cell cultures.*%! Pednekar et al. 2021 cultured the PDAC
cancer cells, PANC-1, with PSCs and found the cellular arrangement of the PDAC cancer cells
with the stroma cells and secreted ECM to mirror that of the in vivo tissue. They also found
increased cell numbers, collagen regions, and a decrease in the ability of drug molecules to

penetrate through dense culture environments.!*4

In addition, Huang et al. 2015, Boj et al. 2015 and Tsai et al. 2018 developed PDAC organoid
cultures with patient-derived pancreatic tumour cells, CAFs, and immune cells. The organoid
cultures they developed maintained the histological and genetic properties of the primary
tumour and stromal compartment, retained the physiological changes of the PDAC tumour
tissue, which includes the expression of hypoxia, and were resistant to gemcitabine.[107- 14% 146l
Organoids, are 3D cultures of stem cells and patient-derived cell lines in a matrix scaffold. The
cultures developed with organoids mimic the architecture and the heterogenic phenotypic
and genetic characteristics of the tissue of origin, and they have been useful in understanding

personalised drug treatment.[106 107,109, 147, 148]

3D cell cultures have become a widely used approach for modelling diseases for pre-clinical
assessments due to their capability of capturing the 3D complexities of in vivo tumour
tissues,[104 106,108, 111,129, 138] Ho\wever, most 3D cell cultures of PDAC are often grown in static
culture well formats, where the in vivo fluid flow and shear stress conditions are lacking to
mimic the hallmarks of the PDAC tumour microenvironment,12 102,103,133, 135,137, 145] 1y yjtrg
PDAC models, which focus on the rich tumour stroma and the drug resistance mechanisms
that ensue, can advance the understanding of the disease's malignancy and enable the

discovery and validation of drugs.
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1.4.4. Microfluidic cell culture models of pancreatic ductal adenocarcinoma

Microfluidics, the science of fluid flow confined on the microscale, has become a widely used
approach in modelling and studying cells and tissues, including the PDAC tumour.[13% 133:149.150]
With the control of fluid flow within a defined physical environment, microfluidics enables 3D

cultures representative of the in vivo tissue with physiological fluid pressures and shear stress.

Matrix scaffolds or hydrogels can be used in microfluidics for 3D cell cultures to recreate
organ-level multicellular architecture and complexity. Moreover, quantitative and qualitative
assessments can be performed on a single device or simultaneously across multiple devices of
the same cell culture, and due to the miniature size of the culture systems developed, micro-
volumes of reagents are used for cell culture and assessments, making microfluidic culture
systems an efficient and cost-effective approach for modelling diseases under physiologically

relevant conditions.[133 134 149, 151-159]

Huh et al. 2015, Kennedy et al. 2019, Lai et al. 2020, and Nikolaev et al. 2020, amongst others,
have demonstrated how advantageous and relevant it is to employ microfluidic technology to
recapitulate aspects of the healthy and disease tissues to advance diagnoses and
treatments.[3% 131 152, 155,156, 160-164] £or nancreatic cancers, Drifka et al. 2013 developed a 3-
channel microfluidic device for culturing the PDAC cancer cells, PANC-1, with PSCs within a
collagen-rich matrix for up to seven days. They evaluated the PDAC cancer cell-stroma
interaction and the effects of the chemotherapeutic drug paclitaxel. They found increasing
ECM contraction and cell-mediated collagen remodelling with the presence of PSCs. They
found paclitaxel to be effective in reducing culture viability. However, apart from the collagen
matrix used for culture, they do not observe additional collagen deposition with the limited
culture time. This can affect how drugs interact with cells as the cultures will not exhibit an in
vivo-like rich stroma and will be mechanically immature.®® Similar to Drifka et al., Lee et al.
2018 presented a 7-channel microfluidic device for culturing PANC-1 cells with PSCs to study
EMT. They cultured the cells for up to five days and found increasing spheroid formation and
EMT-related markers such as low E-cadherin expression levels and increased TGF-f expression
of the cancer cells in the presence of PSCs.[*®*! Bradney et al. 2020 also assessed the EMT of
their PDAC on-chip culture. They report a ductal-like tumour microenvironment device to
mimic the ductal architecture of the PDAC tumour tissue and the cancer cell-stroma
interactions. They seeded murine-derived cancer cells in a collagen-rich matrix into the ductal-
like device and cultured them for up to seven days. They found high levels of the zinc finger

protein, SNAI1, commonly referred to as Snail, and fibronectin, which are transcription factors
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and markers for EMT, and increasing local invasion of their cultures into the stroma. They
showed that the intratumoural heterogeneity of PDAC cancer cells affects invasion
capabilities, whether the cells are of an epithelial subtype or a mesenchymal subtype.
However, the model presented used murine-derived cancer cells, and they did not include
fibroblasts cells, which influence the cancer cell-matrix interactions and thus a response to

drugs.*Y

Kramer et al. 2019 reported a microfluidic device to assess the reduced interstitial flow in the
PDAC tumour microenvironment. Using a 3-channel device for culturing PDAC cancer cells in
a collagen matrix, they evaluated the movement of Tetramethyl Rhodamine Iso-Thiocyanate
(TRITC)-dextran from a localised spot in the culture chamber of their device. With time-lapse
imaging, they found high interstitial flow through the ECM of their cultures and a decrease in
cell proliferation from a lack of nutrients.[*® Although they report their interstitial flow speed
within the in vivo range, the results found are quite conflicting. With increasing intratumoural
pressure in the PDAC tumour tissue, there is reduced interstitial flow with nutrients to the
cells reducing cell proliferation. They found high flow speed through their ECM, affecting cell
proliferation from high shear stress. This raises the question of whether the culture model
they present adequately recapitulates the interstitial flow of the PDAC tumour
microenvironment. They also did not include fibroblast or CAF cells in the culture. Moreover,
the microfluidic device used, the Organoplate, is based in a 384-well plate, requiring a rocking
platform for flow. The use of a well plate format shows that the microfluidic device they
present enables static cell culture conditions, as opposed to the advantage of a perfusion

culture, provided by microfluidics, to recapitulate the in vivo physiological flow conditions.”!

Lai et al. 2020 also presented a well-based microfluidic device for PDAC cell culture. The
INVADE chip is based in a 96-well plate format. Using InVADE, they assessed the interstitial
flow of carboxyfluorescein diacetate through their pancreatic tumour co-cultures. They found
decreased fluid flow in their PDAC cancer cell cultures with human dermal fibroblast cells.
However, their device is in a well plate format, and they did not use fibroblast cells native to
the PDAC tissue, which can influence the phenotypic and genetic characteristics of their

cultures.??

Microfluidics provides a high degree of control over cell culture conditions representative of
in vivo tissues. One can have control of the spatial distribution of cells, fluid flow and pressures
and establish chemical gradients for drug testing. For pancreatic cancer, most microfluidic

cultures focus on the heterogeneity of the disease and the invasive and metastatic behaviour
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of PDAC cancer cells.*¥ 3% 185 The studies highlight how the stroma, with PSC cells and ECM,
are important for the PDAC cancer-stroma interactions vital for effective drug assessments.!*"
38,39,101,16%] Gjyen how the rigidity of the stroma is central to the therapeutic resistance of the
PDAC tissue, there is little research on modelling the rigidity of the in vivo PDAC tissue and its

effects, on-chip, for therapeutic assessment.11 38 39 101,165, 166, 168]

1.5. Therapeutic strategies for pancreatic ductal adenocarcinoma

Due to the lack of distinctive symptoms and biomarkers, PDAC is commonly advanced at the
time of diagnosis. Available and conventional treatments are palliative to relieve symptoms
and prolong survival. Treatments include surgery, chemotherapy, immunotherapy, and
radiotherapy.[*%> 169171 Targeting the PDAC stroma has attracted interest as a possible

treatment to augment available and conventional therapeutic strategies.!?* 4% 105 170-173]

Surgical excision remains the cornerstone treatment for all cancer patients, including PDAC
patients. Nevertheless, very few patients, about 10 — 20 %, are eligible, ! % 10> 171174 gnd the
median survival for PDAC patients is approximately 20 months post-surgery.®! Adjuvant
therapies with chemotherapy, immunotherapy, or radiotherapy, have shown to improve
patient survival in comparison to surgery alone.[® 10> 169,173, 174] Radiotherapy allows the local
control of the PDAC tumour, increasing the chance of complete tumour removal with
surgery.® Y Immunotherapy has been shown effective in other cancers, including the breast,

[105, 171

but in PDAC, the results are conflicting. I'However, immune checkpoint inhibitors have

shown promise in increasing responses to existing chemotherapeutic drugs.[® 10> 171 175-177]

Chemotherapy remains the main therapeutic option for advanced and metastatic cancers. For
patients with PDAC, FOLFIRINOX, a combination of the drugs folinic acid (or leucovorin), 5-
fluorouracil, irinotecan, and oxaliplatin, is used to improve patient survival.l?% 105 169 173l
However, FOLFIRINOX is only suitable for patients with good performance status due to the
increased toxicity effects of the different chemotherapeutic drugs.?* 1> 178181 Gemcitabine,

a nucleoside analog, remains the first-line chemotherapeutic drug for PDAC patients. 24 105170
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1.5.1. The mechanism of action of gemcitabine

Gemcitabine (2’,2’-difluoro-2’-deoxycytidine; dFdC; CoH11F2N303), with a molecular weight of
263.2 g mol, is a hydrophilic nucleoside chemotherapeutic drug and the standard of care for

patients with locally advanced and metastatic PDAC.12% 105 170, 182]

Figure 1.7 shows a schematic of the cellular uptake, metabolism, and mechanism of action of
gemcitabine. Gemcitabine is a deoxycytidine analog, a prodrug active when transported into
cells. As a hydrophilic nucleoside analog, it is transported into cells by a family of integral
membrane proteins called the human nucleoside transporters (hNT).[117: 170. 1821831 hNTs gre
vital for the cellular uptake of nucleosides and nucleoside analogs due to the inherent
diffusion barrier imposed by their hydrophilic nature. Most gemcitabine uptake is mediated
by the human equilibrative nucleoside transporter (hENT) 1.110% 1701821 Once inside the cell
cytoplasm, gemcitabine (dFdC) is either deaminated into 2’,2’-difluoro-2’-deoxyuridine
(dFdU), a process catalysed by cytidine deaminase (CDA), or it is phosphorylated into
gemcitabine monophosphate (dFACMP), a rate-limiting step catalysed by deoxycytidine kinase
(dCK).[70. 182-1841 A5 dFACMP, gemcitabine can be dephosphorylated by 5’ nucleotidases (5'-
NTs) to dFdC, phosphorylated by the enzyme, pyrimidine nucleoside monophosphate (UMP-
CMP) kinase, to gemcitabine diphosphate (dFACDP), or inactivated by deoxycytidylate
deaminase (dCTD) into dFdU monophosphate (dFdUMP), which inhibits the activity of
thymidylate synthase.[*’% 182184 Thymidylate synthase plays an important role in providing
precursors for the deoxynucleotide triphosphate (dNTP) pool, which is vital for DNA synthesis.
If thymidylate synthase is inhibited, there is an imbalance of deoxynucleotides, resulting in
DNA damage and, therefore, cell death.[*’% 18218 \When dFdCMP is dephosphorylated by 5'-
NTs, phosphorylation by dCK is compromised, affecting the metabolism and the overall
beneficial cytotoxicity of gemcitabine. However, if dFdCMP is phosphorylated into dFdCDP by
UMP-CMP, dFACDP inactivates ribonucleotide reductase (RR) by covalently binding to its
active site, and it is further phosphorylated, by nucleoside diphosphate kinase, into
gemcitabine triphosphate (dFdCTP).[17 1821841 RR is a protein also vital for the dNTP pool. RR
inactivation decreases the dNTP pool, reduces dCTD activity, and drives cells to uptake

nucleosides (including gemcitabine) to increase the dNTP pool.[*70 182-184]

Phosphorylation of dFdCDP to dFACTP is the final phosphorylation for the effect of
gemcitabine as a nucleoside chemotherapeutic drug.[*’% 82 181 dFdCTP masquerades as
cytidine, which is incorporated onto DNA strands during DNA synthesis. This results in a mask

chain termination, where dFdCTP incorporation disrupts DNA synthesis and causes irreparable
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DNA damage leading to cancer cell death.*7% 182 183]

Gemcitabine increases patient survival to approximately 18 months with a substantial
improvement in relieving symptoms, but as a chemotherapeutic drug, its side effects prove to
be an ineffective means of treatment. Moreover, the dismal prognosis of PDAC is high

chemoresistance due to the dense fibrotic stroma in the tumour microenvironment.*”- 2 24

173, 185]

1.5.2. Mechanisms of therapeutic resistance and targeting the PDAC stroma

Using 2D cultures of PDAC cell lines, Bjanes et al. 2020 demonstrated hENT1, a determinant
of gemcitabine uptake and retention.**”) Kramer et al. 2019 found high levels of multidrug
resistance proteins (MRPs) with interstitial flow in their cultures, which resulted in a minimal
response to the anti-proliferative effects of gemcitabine.*®® MRPs are expressed in tissues
and act as efflux transporters for eobiotic and xenobiotics, influencing the extrusion of
chemotherapeutic drugs out of cells, 818 35 shown by Kramer et al. Referred to as fibroblast
drug scavenging, Hessman et al. 2018 found high intracellular levels of the gemcitabine
metabolite, dFdCTP, with no effect on their viability, in CAFs and PSC cells.'”®! This entrapment
of active gemcitabine by the fibroblast cells contributes to the limited availability of
gemcitabine to the cancer cells. Also, Dalin et al. 2019 showed the PSC cells secrete large
amounts of the nucleoside deoxycytidine (which is important for maintaining the dCTP pool
for DNA synthesis) into the tumour microenvironment to compete with gemcitabine for
uptake by the PDAC cancer cells.[*8 20 pednekar et al. 2021 show with PSC, with the release
and accumulation of cells and the ECM such as collagen, there is a dense stromal barrier to
the penetration of drugs.#* 18191 Using an integrin o5 (ITGA5) antagonistic peptide, AV3, to

1921 there was

inhibit the activation of PSC and thus the production of ECM macromolecules,!
an influx of drug molecules to the PANC-1 cells. Hessman et al., Dalin et al., and Pednekar et
al. show how central PSC cells are to gemcitabine resistance. Studies with mouse models show
that gemcitabine is sequestered in the PDAC stroma, limiting its availability to the cancer cells,
and drugs that target the PDAC stroma, suppressing the activity of PSCs and the ECM

production, aim to enhance the delivery of drugs to the cancer cells.[2% 24 170.183]

Studies on improving the delivery of drugs to the PDAC cancer cells have resulted in the
reengineering of the PDAC stroma with and including the inactivation and depletion of PSC

cells, the targeting of hyaluronan and the crosslinking of collagen fibrils, or relieving
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(22,42, 65,192, 193] However, vessel patency is reported to have shown

vasculature compression.
early time-points of drug administration and accumulation and does not correlate with drug
pharmacokinetics and pharmacodynamics.*”?! The depletion of fibroblasts, collagen and
hyaluronan, although has proven to reduce fibrosis and increase drug delivery and response,

(192-196] consequently has shown to increase tumour growth and aggressiveness. 2% 42197, 18]

Studies combining chemotherapeutic drugs with stroma targets in mice, by regulating the
hedgehog (HH) signalling mechanisms, for example, have shown an increase in the delivery of
drugs to the PDAC cancer cells, reducing metastasis and prolonging survival.[2% 105 173,185,199,
201 The HH signalling pathway plays a pivotal role in PDAC development, promoting cancer cell
survival and desmoplasia formation. As such, HH is of interest in repressing PDAC development
and progression.[10> 170: 173,181 Ranorted in Olive et al. 2009 the HH inhibitor, IPI-926, has a
synergistic effect with gemcitabine, where the intratumoural concentration of gemcitabine
and delivery to cancer cells is enhanced, increasing overall mice survival. However, in patients,
the results have been conflicting, leading to reduced patient survival.l:9> 170 173, 180, 185, 201]
Matrix metalloproteinase inhibitors have also been tested to determine their effects on

increasing the therapeutic efficacy of gemcitabine. Nonetheless, high expressions of MMPs,

such as MMP1, 2, 7, and 11, are associated with poor prognosis.!#> 73,185 202]

On-going and emerging studies are on decreasing the high interstitial fluid pressure (IFP) in
the PDAC tumour tissue to increase the hydraulic conductivity of the interstitial space and
enhance drug transport to cancer cells.[#4 7 196.200.203] Angiotensin Il type 1 receptor blockers
(ARBs) have shown promising results in relieving solid stress and IFP. Candesartan and losartan
have shown evidence of suppressing the activation of PSC cells, reducing the production of
ECM macromolecules, and prolonging patient survival.[10% 172 199, 200, 204, 2051 Als  the use of
PEGylated recombinant hyaluronidase (PEGPH20) to degrade HA, and therefore deplete HA
accumulation in the tumour microenvironment, in combination with gemcitabine, has been

shown to relieve solid stress and IFP with better mice survival.?? 105 173,185,195, 196, 200, 206]

Altogether, the desmoplastic tumour stroma is central to the malignancy of PDAC, and novel
approaches are required to enhance drug delivery to the cancer cells. The use of ultrasound
contrast agents, microbubbles, has shown to increase cellular drug uptake. Owing to their
sonoporation effects, creating transient pores in cell membranes to increase drug uptake,

their therapeutic potential is widely studied in the context of targeted drug delivery.[*7.207-212]
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1.5.3. Using microbubbles to assist drug delivery to PDAC cells

Microbubbles are phospholipid shell encapsulating gas core bubbles of 1 — 10 um diameter.

Their oscillation and bursting with ultrasound imposes shear stress on cell membranes to
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Figure 1.8. A lipid coated microbubble and its mechanism in drug delivery

An illustration of A) the structure of the microbubble with a phospholipid monolayer shell and a perfluorocarbon
gas core, and B) a mechanism by which microbubbles with ultrasound increase drug delivery to cells. The
oscillation of cavitation or microbubbles under ultrasound exposure induces fluid microstreaming, causing shear
stress on cell membranes. This results in increase cell membrane permeability from the formation of transient
pores in the cell membranes. An increase in cell membrane permeability enhances the uptake of drugs by cells.
D) Schematic of a therapeutic microbubble composed of a microbubble conjugated to drug-loaded liposomes
of up to 200 nm in diameter.

34 |



Introduction

make them permeable for drug uptake. 117207, 208,211, 213217] pioyre 1 8 illustrates the structure

of a microbubble and a mechanism of sonoporation.

The use of microbubbles with ultrasound has been shown to enhance drug uptake and their
effects on PDAC.[2% 218 2191 McEwan et al. 2015 investigated the effect of oxygen-loaded
microbubbles in vitro with 2D PDAC cancer cell cultures and in vivo with orthotopic models of
PDAC. They assessed how oxygen delivered with microbubbles could generate reactive oxygen
species and therefore sensitise hypoxic cells to the effects of sonodynamic therapy using a
rose bengal sensitiser. They found microbubbles with ultrasound to effectively deliver oxygen
to the hypoxic cells, decrease cell viability, and decrease tumour volume in the orthotopic
models.’®”) Following this, the same group and Nesbitt et al. 2018 investigated the effects of
the oxygen-loaded microbubbles with ultrasound on sensitising PDAC cancer cells to the
effects of 5-fluorouracil and gemcitabine. They demonstrated that sonodynamic therapy in
conjunction with the oxygen-loaded microbubbles conjugated to 5-Fluorouracil and
gemcitabine enhanced cell cytotoxicity and significantly reduced tumour growth in the mouse
models.?'® 219 Bressand et al. 2019 investigated the effectiveness of nab-paclitaxel with
microbubbles and ultrasound also on 2D cultures and orthotopic models of PDAC. They
showed that microbubble and ultrasound increased the effects of nab-paclitaxel with a

decrease in cell viability and tumour volume. %

Clinically, Dimcevski et al. 2016
demonstrated the use of microbubbles and ultrasound with gemcitabine to treat patients with
inoperable pancreatic cancers. There was an increase in mean patient survival.?% These
studies show microbubbles with ultrasound promote the effective transport of drugs into cells

for therapeutic effects.

Microbubbles can also be adapted by modifying the composition of the phospholipid shell or
the gas core into drug-carrying vesicles to form therapeutic microbubbles. Such as with the
attachment of drug-loaded liposomes to enhance drug delivery and effectiveness at target
sites.?21224 Liposomes are biocompatible sphere-shaped phospholipid vesicles of more than
one lipid bilayer enclosing a known liquid solution, and their sizes are typically tens to
hundreds of nanometers in diameter (Figure 1.8D).[2?% 22322%) The oscillation of therapeutic
microbubbles under ultrasound allows the shedding of liposomes into the environment of the
target site. With the opening of cell membranes transiently, the released liposomes from the
conjugates are taken up the cells allowing high drug dosage to be delivered into cells. Studies

with gemcitabine-loaded liposomes, including Celano et al. 2004, Kim et al. 2018, Tucci et al.
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2019, Li et al. 2019, and Ruan et al. 2021, show an effective gemcitabine delivery to PDAC

cancer cells, reducing cell and tumour growth. 222 226-230]

Microbubbles are well established and commonly used clinically as contrast agents. As
therapeutic agents, microbubbles are used due to their ability to increase cell membrane
permeability for drug delivery into cells. The idea of microbubbles oscillating and bursting
under ultrasound can be exploited to investigate ways of disrupting the PDAC stroma to
increase drug delivery to the PDAC cancer cells. Therapeutic assessments on in vitro PDAC
cultures that reflect the disease's biophysical hallmarks with microbubbles and ultrasound can

shed light on targeting PDAC cells effectively to improve treatment outcomes.

1.6. Project overview and thesis layout

The aim of this project was to develop a microfluidic PDAC culture model for therapeutic
assessment with microbubbles and ultrasound. The growing PDAC fibrotic stroma, with
increasing tumour rigidity, high intratumoural pressure, and collapsed vasculatures, poses a
physical barrier to the delivery of drugs to the cancer cells.!*’” 14681 pDAC culture models in
the literature do not adequately emulate these biophysical hallmarks for effective therapeutic
studies. Here, the PDAC culture model presented focuses on the disease’s fibrotic stroma,
tissue mechanical stiffness, reduced interstitial flow, and chemoresistance for assessment

with microbubbles and ultrasound.

The PDAC fibrotic stroma, mechanical stiffness, and chemoresistance were investigated off-
chip to determine the optimum culture conditions to mimic these features on-chip.
Microfluidics was used for culture as it enables fluid flow control within a defined physical
microenvironment to recapitulate in vivo conditions. On-chip, the interstitial flow nature of
the PDAC culture and the use of microbubbles and ultrasound to enhance gemcitabine effects
were assessed. The PDAC culture consisted of the PDAC cancer cells, PANC-1, with PSCs and

TGF-B1 supplement.

As the primary aim was to model the PDAC tumour tissue mechanics and to investigate the
role of the PDAC tumour mechanics in therapeutic resistance, PSCs were used in the culture
model as they are the primary fibroblast and stromal cells central to the PDAC desmoplastic.
PANC-1 cancer cell lines were used as a representative PDAC cancer cell line in the culture

model. Figure 1.9 illustrates the mechanical stiffness assessment of the off-chip PDAC cultures
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Figure 1.9. The off-chip and on-chip PDAC culture assessments

A) Oscillatory shear deformation of the off-chip PDAC cultures to assess their mechanical stiffness, and B) the
on-chip PDAC cultures with the interstitial flow and therapeutic assessment (gemcitabine, microbubbles, and
ultrasound treatment together).

with oscillatory shear deformation and the interstitial flow and therapeutic assessments of the

on-chip PDAC cultures.

Based on these assessments, this thesis is structured as follows:

Chapter 1 presented an overview of PDAC and its tumour microenvironment. Different
techniques used to assess the mechanical stiffness of cells and tissues, the different culture

models of PDAC, and the therapeutic measures against PDAC, were discussed.

Chapter 2 describes the theoretical background underlying the use of oscillatory shear
rheology to investigate mechanical stiffness, the assessment of the interstitial flow nature
of the on-chip PDAC cultures, the use of microfluidics for cell culture, and the stability and

production of microbubbles.

Chapter 3 presents the experimental procedures, the materials and techniques used for
the mechanical characterisation of the off-chip PDAC cultures, the development of the
microfluidic device and the on-chip PDAC culture set-up, the therapeutic assessment of the

cultures, and data acquisition and analyses.

Chapter 4 presents results on the off-chip PDAC culture. The growth and mechanical

properties of the cultures and the effect of gemcitabine only treatment.
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= Chapter 5 describes and presents the microfluidic device, the on-chip PDAC culture, and

the interstitial flow assessment as the culture develops mechanically.

= Chapter 6 presents results on the therapeutic assessment of the on-chip PDAC culture with

gemcitabine, microbubbles, and ultrasound together.

= Chapter 7 summarises the main findings presented in this thesis, providing an outlook for

future studies toward improving PDAC treatment outcomes.
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2. Theoretical Background

This chapter contains the theoretical background on the use of oscillatory shear rheology to
investigate the mechanical stiffness of the PDAC cultures, the assessment of the interstitial
flow nature of the on-chip PDAC cultures, the use of microfluidics for cell culture, and the

stability and production of microbubbles.

2.1. Assessing mechanical stiffness with oscillatory shear rheology

Mechanical stiffness is the extent to which a sample can resist mechanical deformation, with
commonly used techniques described in section 1.3.8%°4 231 The response to deformation can
be elastic (e.g. as with steel) or inelastic (e.g. as with a rubber band), and it is expressed as a
modulus. The modulus is the ratio between the stress and strain measurement of a sample,
informing of a sample’s degree of elasticity, the maximal force required to distort the sample.

The modulus is expressed mathematically as

Modulus = % (1)

where o is stress (Pa), which describes the magnitude of the force per unit area during
deformation, and y is strain (dimensionless), which describes the extent to which a sample

deforms under the force applied. The unit of modulus is Pascals (Pa; or N m2).[46:94 231

With shear deformation, the extensional stress is applied perpendicular to the direction of
strain. Shear oscillatory rheology is an ideal technique to probe the mechanical behaviour of
biological systems such as tissues, as such systems are often viscoelastic. Ideal solid materials
are perfectly elastic, i.e., returning all energy input once the applied deformation is removed.
In contrast, ideal viscous materials are perfectly inelastic, i.e., returns none of the input energy
once the applied deformation is removed. However, viscoelastic materials, such as biological
systems, are neither purely elastic nor purely viscous exhibiting cells, ECM, and structural
proteins, which have elastic and viscous behaviours.P* %3 %4 232 |n shear rheology, the elastic
and inelastic components of materials mechanics can be investigated by considering the phase
lag of the strain compared to applied sinusoidal shear stress (Figure 2.1). If the material was
ideally elastic, then the sample strain and stress would be proportional and always in phase (8
=0). The modulus would be defined by its elastic behaviour (storage modulus). If the material

was ideally viscous, then the sample’s strain would be proportional to the rate of stress
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deformation and out of phase (& = w/2). Its modulus then would be defined by its viscous
behaviour (loss modulus). For viscoelastic materials, the strain response would be both in
phase and out of phase due to its elastic and viscous components. The strain response would
be in a phase shift to the stress deformation (0 < & < t/2), and the modulus of the viscoelastic
material would be defined by the complex sum of both its elastic and viscous moduli

components. 4693, 94 231]

Viscous fluid Viscoelastic sample Elastic solid
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Figure 2.1. The sinusoidal strain response to shear deformation

The measured strain to oscillatory shear stress for a viscous, viscoelastic, and elastic samples. The strain
response of a viscous fluid moves out of phase by 90° (6= mr/2) to applied shear stress. Viscoelastic samples are,
however, in phase with an applied shear stress either by less than 45° (d< n/2) for a solid-like sample or by more
than 45° (0>m/2) for a liquid-like sample. An elastic solid is in phase (6 = 0) with the movement of the applied
shear stress. Depending on how viscous or elastic a sample is, a rotational or oscillatory test can be used to
determine the sample’s shear deformation. Adapted from [93].

All units in Pascals (Pa), G”is the storage or elastic modulus, which is the energy stored by the
sample from a change in geometry under shear deformation, recoverable when the
deformation is removed, and G” is the loss or viscous modulus (G”’) which is the energy lost

[46, 93, 94, 231

or used when the sample is recovering into its original geometry. ' The storage and

loss moduli are respectively represented mathematically as
G = % X cos 6 (2)

m_ g A ;
G —chos(6 2)—yxsm(S (3)

The complex shear modulus (G*) is the complex sum of the storage and loss moduli

measurements.8* 9394 231 |t is represented mathematically as
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G* = G' +iG" (4)

In this work the complex shear modulus was used as a measure of the stiffness of the in vitro
PDAC cultures. The Elastic Young’s modulus informs of the maximal force required to deform
a sample with tensile or compressive stress, i.e., extensional stress applied parallel to the
strain. Using the AFM, tensile and compressive stress, has been previously used to investigate
the mechanical properties of pancreatic tissues.!?! In this work, shear oscillatory rheology is
used to probe the mechanical characteristics of in vitro PDAC cultures.® The extracted shear
moduli from the rheological characterisations can be compared to previously measured Elastic

Young’s modulus using the relation outlined in Equation 2,
E =26G" (1+v) (5)

where E is the Elastic Young’s modulus (Pa), G” is the complex shear modulus (Pa), and v is the
Poisson ratio. The Poisson ratio is approximated as 0.5 for hydrogels due to their volume
expansion under compression. The Poisson ratio is the measure of the expansion of a material

in directions perpendicular to the force applied.% 233 234

2.2. Assessing interstitial flow with hydraulic conductivity

Interstitial fluid flow can be measured by assessing the hydraulic conductivity of the interstitial

w.[19:43,63,64, 235 The interstitial space is the fluid-filled

space in a matrix environment to fluid flo
areas surrounding cells composed of a fluid phase of water, electrolytes, and nutrients, and
the ECM, which is made up of a network of fibrillar proteins, glycoproteins, and
glycosaminoglycans. As the ECM influences the architecture of the interstitial space, it governs
interstitial fluid flow.?3623% The interstitial flow is the ease at which fluid moves through the

matrix environment. It is an important mechanism for transporting nutrients and removing

waste from cells. 119 43,203, 238]

The accumulation and properties of the different ECM components result in a dense and
tortuous matrix network that limits the conductivity of interstitial fluid flow. For example,
cross-linkage of fibrillar collagens builds a scaffold, which reduces the size of the porous
structure of the matrix and hence restricts the diffusion of fluids through the matrix. Whiles
glycosaminoglycans, which have the propensity to trap fluid and swell, increase interstitial

tissue pressure and reduce the space for fluid flow. 4% 5% 236-238,240]
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In vitro, the hydraulic conductivity can be assessed by measuring the rate of fluid extrusion
per unit pressure drop across a unit area of a porous fibrous sample of unit thickness.?37 3%
2400 The hydraulic conductivity (Equation 7) can be defined from Darcy’s law (Equation 6) for

low Reynolds number flow through a porous fibrous medium.[29 235238, 2401

K XAX AP
Q a LXxXn (6)
K=%=_-—-2 _ (7)

n (A/L) X AP

where Q is the volumetric flow rate of the fluid (m* s?), K is the hydraulic conductivity (m? s

Pal) of a porous medium, A is the cross-sectional area (m?) of the porous medium, L is the
distance (m) of fluid flow, n is the dynamic viscosity (Pa.s) of the fluid, and AP is the pressure-

gradient (Pa) driving the hydraulic flow through the porous medium.

The hydraulic conductivity depends on the intrinsic permeability of the porous medium. The
intrinsic permeability, specific hydraulic conductivity, or Darcy’s permeability (K in m?) is the
property of the porous medium. It defines the capacity and ability of the porous medium to
conduct fluids. It can be determined from Equation 6 or 7 as

_ _QXxn
~ (4/L) AP (8)

With the hydraulic conductivity, the interstitial fluid velocity (Equation 9) can also be

determined by applying Darcy’s law.[*% 43 23]

IE, = —K X VP (9)

where IFy is the interstitial fluid velocity (um s2), K is the hydraulic conductivity (m? s* Pa) of
a porous medium, and VP (or AP in Equations 6 - 8) is the pressure-gradient (Pa) driving fluid
flow through the porous medium. The higher the hydraulic conductivity, the higher the

interstitial fluid velocity through the interstitial space and vice versa.

In the fibrotic tumour tissue, as illustrated in Figure 1.4, increasing IFP leads to decreasing
interstitial fluid flow and fluid flows from the tumour into the tumour periphery and
neighbouring tissues. This promotes the metastasis and invasion of cancer cells. Moreover, a
reduced hydraulic conductivity or interstitial flow in the tumour tissue means low shear stress
across the tumour tissue, increasing the tumourigenic activity of cancer cells and stromal

cells.[17:43. 44,6264, 971 | o\ shear stress increases the activity and motility of stromal cells (i.e.,
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fibroblasts), which are responsible for the production and structure of the ECM.!16: 17, 43, 48,64,
241, 2421 |n this work, the hydraulic conductivity of the on-chip PDAC culture was investigated
with the flow of fluorescein in culture media solution. This was to determine whether the on-
chip PDAC cultures reflected the reduced interstitial flow of the tumour tissue, resulting from
a fibrotic stroma and increasing mechanical stiffness, compared to the healthy pancreatic

tissue.

2.3. Microfluidic cell culture

There is the initial complexity of designing channels optimal and operational for culture, with
the culture set-up, fluid control and analysis challenging at times. Nonetheless, microfluidics
has transformed how healthy and disease tissues can be modelled and studied in 3D to
recapitulate the in vivo microenvironment and investigate biological, chemical, and physical
mechanisms.[14 164 243-248] Thjs section gives an overview of the use of polydimethylsiloxane
(PDMS) in making devices and the equations governing the nature of fluid flow in microfluidic

devices and which must be taken into account when designing devices.

2.3.1. PDMS based microfluidic devices

To fabricate microfluidic devices, a silicon master mould with a photoresist pattern of
microchannels based on a computer-aided design (CAD) is made using ultraviolet (UV) light.
This process is referred to as photolithography. Then, elastomeric techniques or soft
lithography of polydimethylsiloxane (PDMS) is used to mould numerous replicas of the
microchannel patterns into a solid substrate.!t3% 133,149, 151,153,158, 1591 Saction 3.7.2 describes
the photolithography and soft lithography process in more detail. Figure 3.6 illustrates the

photolithography and soft lithography process.

Silicon and glass materials were used in the development of early microfluidic devices.
However, silicon and glass-based microfluidic devices are expensive and brittle to fabricate

e.[133, 149,150, 153, 191 The ease of handling and performing biological

and handle for cell cultur
experiments must be considered when designing and fabricating microfluidic devices for cell
culture. First used by Whitesides in 1988, PDMS-based microfluidic devices have become a

widely used material for moulding patterns of intricate microchannels for cell culture.[*4% 10
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159,249 ppMS-based microfluidic devices are cheap and easy to set up, and PDMS is an optically

transparent gas permeable elastomer material, which is good for cell culture.

The optical transparency of PDMS allows for imaging cell cultures at high resolution, and the
gas permeable feature of PDMS permits gaseous exchange for cell culture. However, PDMS is
a hydrophobic material, and its porosity results in the absorption of lipids and small molecules
and the evaporation of reagents.[t33 149 150, 153,159, 249251 Nonetheless, PDMS is used for
microfluidic cell cultures due to its biocompatibility. To reduce any effects of absorption and
the evaporation of reagents, culture media reservoirs can be used, and cultures can be placed
in an environment with high humidity, such as a cell culture incubator.4% 251 252 \With media
reservoirs, there is continuous or perfusion culture, but stable flow velocities are needed to

avoid high shear stress, which affects the viability of cells.

2.3.2. Reynolds number

Determining and knowing the fluid flow regime in microfluidic channels is important for viable

cell cultures.?4 252257 The fluid flow regime is governed by Navier-Stoke equation?>®

Mass Acceleration Force
) -(Z—:+VXVV)=pg—Vp+nV2v (10)

where p is the fluid density for the mass component, the acceleration component looks at v,
the fluid velocity, over time, and the force component takes into account any gravity and
electromagnetic effect, pressure gradient, and the viscous effect of fluid with n being the

dynamic fluid viscosity. Here, the equation denotes for an incompressible, Newtonian fluid.
Due to Poiseuille flows in microfluidic channels, Equation 10 can be written as
Vp = nV2v (11)

where p is the pressure driving fluid flow, 1 is the dynamic fluid viscosity (Pa.s), and v is the
velocity (m s?) of the fluid flow. The flow of fluids in microfluidic channels is assumed to be in

the laminar flow regime, which is determined with the measure of the Reynolds number.

The Reynolds number is a dimensionless number that defines the ratio of inertial forces to

viscous forces to determine the fluid flow regime.[24% 254256, 2591 Reynolds number is defined by
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the length of a channel in which fluid travels, the velocity at which the fluid travels, and the

density and dynamic fluid viscosity. It is calculated as

inertial forces _ p XV XD

Re =

(12)

viscous forces n

where Re is the dimensionless Reynolds number, p is the fluid density in kg m?3, Vs the fluid
linear velocity (m s), D is the hydraulic diameter in meters for a rectangular pipe channel, and

1 is the dynamic fluid viscosity (Pa.s).

The hydraulic diameter, D, is calculated as

D =ﬁ=2xwxh (13)
P w +h

where A is the cross sectional area of the microfluidic channel, P is the wetted perimeter of

the channel, and w and h are the channel width and height in metres, respectively.

For a laminar flow regime, where the Reynolds number is < 2000, there is a streamline or
steady flow of fluid particles with dominant viscous forces and negligible inertial forces. For
microfluidic cell culture, the laminar flow regime is required as this offers the fine control of
fluids to be able to have the physiological flow conditions, i.e., fluid flow pressures and shear
stress, representative of the in vivo tissue. Where the Reynolds number is > 4000, there is
irregular movement of fluid particles with high fluid velocity and dominant inertial forces over
viscous forces. This is referred to as turbulent flow. When the Reynolds number is in range of
2000 — 4000, flow is defined as in the transitional flow regime, as flow is unstable with an

onset of turbulence.[24% 2542561

2.3.3. Hydraulic flow resistance

Determining the flow regime in a microfluidic channel is important to ensure viable cell
culture. Moreover, the flow resistance, and pressure drop in channels, must be considered
when designing microfluidic devices to achieve a desirable flow rate for culture.!2°® 2259 They

can be defined mathematically as
AP = QRhyd (14)

Where AP is the pressure drop (Pa) across a microfluidic channel, Q is the volumetric flow rate

(m?s?) in the device, and Rpq is the hydraulic resistance (Pa.s m?).
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The volumetric flow rate is the volume of fluid which passes through a surface per unit time.
As it remains constant throughout the device, irrespective of channel dimensions, it is
commonly used rather than the linear velocity (m s?) when calculating and describing flow

rate in devices, and it is given by

Q = linear velocity X channel cross sectional area (15)

AP s proportional to Q, and Rpys can be defined as the proportional coefficient. Therefore, Rpyq
guantifies the hydraulic pressures along microfluidic channels and can be used to describe and

understand the effects of channel dimensions on flow conditions when designing a device.

The flow hydraulic resistance for a rectangular microfluidic channel is given by [2°¢!

12 x7 XL 1
w X h3

: (16)
1-0.63w

Rhyd =

where Ru,qis the hydraulic resistance for a rectangular channel in Pa.s m=, 1 is the fluid
dynamic viscosity (Pa.s), L, h, and w are the length, height and width of a rectangular channel

in metres, respectively.

2.4. Microbubble stability and production

[llustrated in Figure 1.8, microbubbles are gas-filled bubbles stabilised by a phospholipid shell.
The first class of microbubble agents produced, to resolve the stability of air-filled bubbles in
an electrolyte solution, had a relatively rigid shell corresponding to a decrease in the scattering
of acoustic waves for ultrasound imaging. This led to the development of microbubble
ultrasound contrast agents with a phospholipid shell.?'”> 260 The phospholipid shell,
encapsulating the gas core, forms a resistive barrier against the diffusion of the gas from inside
to outside of the microbubble. This eliminates interfacial tension, offering bubbles a stabilised
gas core against Laplace pressure-driven dissolution.?” %% The Young-Laplace equation
describes the equilibrium pressure difference between the inside and outside of a surface

interface and is given by 26

AP (P — Pp) =y~ (17)

where AP is Laplace pressure, the pressure difference between the inside (Pi) and outside (P,)
of the bubble, which is governed by the interfacial surface tension (y) at the lipid shell, and R

is the radius of the microbubble.
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The decreased interfacial tension and improved microbubble stability are enhanced with high
molecular weight and low water-soluble perfluorocarbon gas core, which leads to increased

microbubble elimination half-life, and, thus, duration of contrast imaging.[?'> 217 260, 262, 263]

The effectiveness of microbubbles as contrast agents is due to the acoustic impedance
mismatch between the microbubbles and the surrounding liquid.!?t> 260 262 264, 265 Aq
microbubbles resonate, oscillating volumetrically, their gas cores contract and expand in
response to the pressure changes of the acoustic waves. This results in the effective scattering
of acoustic waves, which enhances contrast during ultrasound imaging. For therapeutics, as
illustrated in Figure 1.8C, the volumetric oscillation of the microbubbles sensitises cell
membranes to influence the transport and uptake of drugs. Clinically, with a diameter ranging
between 8 — 10 um for capillaries, it is vital microbubbles are less than 10 um in diameter to
avoid embolism. Moreover, a diameter of less than 10 um allows microbubbles to pulsate at
their natural frequency with resonance frequencies between 1 — 10 MHz, the typical

frequency range used in diagnostic ultrasound.?1% 260 262, 266]

Microbubbles are commonly made with the dispersion of a perfluorocarbon or a sulphur
hexafluoride gas core into a phospholipid suspension under high shear mixing.[2%% 1% 260, 262,
2631 Microbubbles can be produced using mechanical agitation or with microfluidics.
Mechanical agitation is the conventional approach of making microbubbles. The process
requires a solution of phospholipid to be placed in a vial, and the remaining head space of the
vial is then filled with a low soluble gas for the microbubble gas core. The vial is then placed in
a mechanical agitator for microbubble production. Although the microbubble concentration
can be approximately 10° — 10 bubbles per mL,1?°72%% there is poor control on the
microbubble size. The mechanical agitation approach results in a heterogeneously sized
microbubble population, where a majority of microbubbles are close to 10 um in diameter,

267, 268, 270

which can cause embolisms.! I The use of microfluidics for the formation of

microbubbles offers the advantage of control over microbubble size.

In this project, microbubbles are formed with a phospholipid mixture and perfluorocarbon gas
using a multiplexed microfluidic device. The multiplexed microfluidic device allows for the
rapid production of homogeneously sized microbubbles in comparison to mechanical
agitation.”®® With a microbubble concentration of ~ 10*° bubbles per mL, a majority of the
microbubbles formed with the multiplexed device were < 3 um. Section 3.11.3 describes the
formation of microbubble using the multiplexed device in more detail. Figure 3.9 illustrates

the CAD of the device used for microbubble formation.
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The experimental procedures described below were carried out in the research laboratories
of the School of Physics and Astronomy, University of Leeds. Where specified, the experiments

were carried out at the Medicines Discovery Catapult (MDC).

3.1. Cell lines and 2D culture

The human pancreatic epithelial ductal adenocarcinoma cell line, PANC-1 (ECACC 87092802)
7] was acquired from Sigma-Aldrich supplied by the European Collection of Authenticated Cell
Cultures (ECACC). The PANC-1 cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific) with 10 % foetal bovine serum (FBS; Sigma-Aldrich)
supplemented with 1 % Penicillin Streptomycin (P/S; Sigma-Aldrich) and 1 % GlutaMAX
Supplement (Thermo Fisher Scientific), which will be referred to as DMEM/10 % FBS culture

medium.

The human pancreatic stellate cells (HPaSteC or PSCs) and respective culture reagents and
supplements were acquired from ScienCell™ Research Laboratories supplied by Caltag
Medsystems Ltd. The PSCs were maintained and expanded in Stellate Cell Medium (SteCM)
with 10 % FBS supplemented with 1 % of Stellate Cell Growth Supplement and 1 % P/S, which

will be referred to as SteCM/10 % FBS culture medium.

The PANC-1 and PSC cells were cultured with their respective culture media, DMEM/10 % FBS
or SteCM/10 % FBS, in either a 25 or 75 cm? culture flask under humidified conditions (95 —
99%) at 37°C with 5 % CO,. The cells were passaged from culture with 1 mL TrypLE Express
Enzyme (1 x) no phenol red (Thermo Fisher Scientific) and used once = 70 % cell confluence
was achieved. For the PSCs, the culture flasks were coated with poly-I-lysine (ScienCell™
Research Laboratories) incubated at 37°C for at least 1 hour, and passages between 2 and 6

were used in the cultures.

For mycoplasma testing, a pellet of 1 x 10° cells mL* PANC-1 and PSC cells were prepared in
1 mL Dulbecco’s phosphate-buffered saline (DPBS; Thermo Fisher Scientific) by centrifugation
at 13,000 r.p.m at room temperature for 5 minutes and sent to MDC for PCR testing. For
cryopreservation of the cells, 1 x 10° cells mL™ of the PANC-1 and PSC cells were prepared in

their respective culture media, supplemented with 10 % dimethyl sulfoxide (DMSO; Sigma-
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Aldrich), and dispensed into cryovials for storage in cryogenic storage dewars. All cell count
were performed by preparing 40 uL of Trypan Blue-treated cell suspension and applying 20 pL

to a haemocytometer.

3.2. Optical microscopy

Images of cultured PANC-1 and PSC cells, off-chip with the ULA plates and in culture dishes
with BME gel and on-chip with microfluidic devices, were taken with bright-field, and confocal
and epifluorescence microscopy. At MDC, the PANC-1 and PSC cells were labelled and co-
cultured for live cell imaging using the IncuCyte® S3 Live-Cell Analysis System (Sartorius, Essen
BioScience). Below are details of the use of the different microscopy systems to image the
PANC-1 and PSCs in culture. All acquired images and videos were analysed with Imagel. Figure

3.1 illustrates how the bright-field, epifluorescence, and confocal microscopy works.
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Figure 3.1. Function of the bright-field and fluorescence microscopy

The performance of A) a bright-field microscope, B) an epifluorescence microscope, and C) a confocal
microscope, where pinhole lens system allows for high spatial resolution and imaging contrast.

3.2.1. Bright-field microscopy

An inverted phase contrast microscope (VWR VisiScope® IT404) with 4 x and 10 x objectives

was used to image and monitor the growth of the PANC-1 and PSC cells in culture.

Bright-field microscopy is the simplest, standard optical microscopy to illuminate samples. As

illustrated in Figure 3.1A, the illumination source travels through a condenser to the sample.
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The contrast in bright-field is generally low, and it is caused by a reduction in the amount of
light transmitted through dense areas of samples. The transmitted light travels through an

objective lens to the eyepiece/camera to view sample images.

The PANC-1 and PSC cells were maintained and expanded in culture flasks. The cells were
harvested once they were > 70 % confluent and seeded for 3D culture using ultra-low
attachment (ULA) plates, culture dishes with basement membrane extract (BME) gel, and
microfluidic devices. Sections 3.4 and 3.8 describe the seeding and culturing procedures using

these platforms.

3.2.2. Epifluorescence microscopy

Epifluorescence microscopy, with an upright and inverted microscope (Ti-U and E600, Nikon,
Tokyo, Japan), were used to evaluate fluid flow through the on-chip PDAC (co-culture of the
PANC-1 and PSC cells) cultures and to characterise microbubble size and population, as
described in section 3.10 and section 3.11.3, respectively. Epifluorescence microscope
permits simple fluorescence imaging. As shown in Figure 3.1B, the incident light from a lamp
is focused through an excitation filter, and the excitation wavelength of interest is permitted
and reflected by a dichromatic mirror onto the sample. Fluorescent dye in the sample
fluoresces, passing through the emission filter to illuminate the area of interest.?’?’4 |mages
and videos of the on-chip cultures with the microscope were taken with a 4 x objective, FITC

setting, an autogain of 1.00, and exposure between 600 ms —1s.

3.2.3. Confocal microscopy

An inverted confocal laser scanning microscopy system (SP8, Leica Microsystems GmbH,
Wetzlar, Germany) was used for high-resolution fluorescence microscopy of the off- and on-
chip PDAC cultures (seeding of the cells for the cultures is described in sections 3.4 and 3.8,
respectively) following incubation with fluorescent dyes. Figure 3.1C shows a schematic of the
optics of the confocal microscope. The confocal microscope uses a pinhole system in the
optical pathway to focus laser light onto a defined region of interest in the sample at a specific
depth. The pinhole system excludes light from the focal plane, eliminating background
fluorescence. As a result, only the fluorescence signals from the illuminated region of interest

enter the light detector. As the pinhole allows images from one focal plane to be captured,

50 |



Experimental Section

images of different focal planes can be captured and rendered into a 3D map of the sample.?’*

272, 274-276)

The Leica confocal fluorescence microscope used was equipped with 405 nm, 488 nm, 552
nm, and 638 lasers. Following incubation of the PDAC cultures with fluorescent dyes, the
cultures were imaged with the confocal microscope using a 10 x objective and pinhole of 1.00
AU. Assessing the flow of ATTO 488 microbubbles through the on-chip PDAC cultures
(described in section 3.11.4), time-lapse series were taken with a 30-second interval for an
average of 250 frames. The fluorophores used in imaging the cultures with the fluorescence
dyes and microbubbles were Hoechst 33324 and DAPI, Calcein AM, Propidium iodide, ATTO
488, and Alexa Fluor 488 and Alexa Fluor 647.

3.2.4. Live cell imaging with the IncuCyte® live-cell analysis system

Live cell imaging of the off-chip PANC-1 only, PSC only and PDAC cultures, and on-chip PDAC
cultures, was done using the IncuCyte® S3 Live-Cell Analysis System at MDC. With IncuCyte
live cell analysis, viable cultures of the PANC-1 and PSC cells were measured in situ in a
physiologically relevant environment (37°C with 5 % CO, and 90 — 99 % humidity) inside an
incubator with bright-field and fluorescent channels. The IncuCyte live cell analysis enabled
continuous analysis of the growth, aggregation of the cells into 3D, and the cellular

interactions between the PANC-1 and PSC cells in co-culture.

Labelled (described in section 3.3) and unlabelled PANC-1 and PSC cells were seeded into 96-
well standard culture plates, 96-well ULA plates (described in section 3.4.1), and 5-channel
microfluidic devices (described in section 3.8) and placed into the IncuCyte system for bright-
field and fluorescence imaging with a 10 x objective. For the on-chip culture using the 5-
channel microfluidic devices (Figure 3.5B illustrates a CAD schematic of the device), imaging

was performed with a 4 x objective using a Corning® 12-well culture plate setting.

3.3. Cell labelling with Qtracker™ 585 cell labelling kit

The PANC-1 cells were labelled with Qtracker® 585 Cell Labelling Kit (Thermo Fisher Scientific)
for live-cell imaging with the IncuCyte system (as described in section 3.2.4). The cells were

labelled to investigate cell behaviour and interactions between the PANC-1 and PSC cells in
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co-culture. The Qtrackers are designed to load cultured cells with highly fluorescent quantum

dot nanocrystals for intense, stable fluorescence labelling for long-term imaging.!?’” 278

As per the manufacturer’s instruction, the protocol for using the Qtracker labelling kit was
optimised to use with the PANC-1 cells. Qtracker labelling solution was prepared by mixing
equal volumes (1 pL) of the Qtracker nanocrystals with the Qtracker carrier. The pre-mix
solution was incubated for 5 minutes at room temperature. 200 pL of DMEM/10 % FBS was
added to the pre-mix solution, and the solution was vortexed for 30 seconds. PANC-1 cells at
a concentration of 1 x 108 cells mL™? were harvested and incubated with the Qtracker labelling
solution for 1 hour at 37°C. After incubation, the cells were washed twice with culture
medium. The labelled PANC-1 cells were seeded with PSC cells in a 1: 3 seeding ratio into the
96-well plate, ULA plate, and the 5-channel microfluidic device for culture and imaging with

the IncuCyte system.

3.4. Off-chip PDAC cultures

Once the PANC-1 and PSC cells, maintained and expanded in culture flasks, were > 70 %
confluent, the cells were harvested for spheroid culture. The cells were seeded into Corning®
96-well clear round bottom ULA plates (Costar 7007s; Scientific Laboratory Supplies) for
spheroid culture in suspension. Or, seeded into 21.5 cm? Nunclon Delta surface treated cell
culture Petri dishes (Thermo Fisher Scientific) with 6 — 9 mg mL? of Cultrex® Basement

Membrane Extract (BME) gel (R&D Systems, Bio-Techne) for spheroid culture with a hydrogel.

Figure 3.2A illustrates the seeding of the cells into the ULA plates. The wells of the ULA plates
are covalently coated with a non-ionic, neutrally charged hydrogel making the surface
hydrophilic. This enhances cell-cell interactions over cell-substrate interactions for spheroid
formation and culture. Figure 3.2B illustrates the seeding of the cells into the culture plates
with basement membrane extract (BME) gel. With a hydrogel, here the BME gel, spheroids

are formed by natural aggregation closely mimicking the tumour microenvironment.

3.4.1. Off-chip PDAC cultures with ultra-low attachment plates

The PANC-1 and PSC cells were seeded into the ULA plates for PSC only, PANC-1 only and PDAC

spheroid cultures at a seeding density of 250, 500, and 1000 cells per well.
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Figure 3.2. The off-chip PDAC culture set up and culture

A) The spheroid culture of the PANC-1 and PSC cells in ULA plates. The wells of the ULA plate are hydrophilic,
forcing the cells to be in a suspended state and to aggregate into a spheroid. B) The spheroid culture of PANC-
1 and PSC cells with a hydrogel. Cells are seeded with BME gel, and due to the ECM environment, the BME gel
provides, the cells naturally aggregate into a 3D structure.

For the PDAC spheroid cultures, the PANC-1 and PSC cells were seeded together at a seeding
density of 1:2 or 1:3 for biological relevance.®* The spheroids were cultured with DMEM/10
% FBS culture medium under humidified conditions at 37°C with 5 % CO,. The culture medium
was refreshed once a week by a half volume media change using the colour of the media as a

guide to pH. Culture media was changed when its colour appeared orange-yellow.

Images were taken daily using the inverted microscope (VWR VisiScope® IT404), and the size
in width (um) and volume (mm?3) of the spheroids were analysed using a MATLAB-based
SpheroidSizer program?’®! to monitor their growth. Figure 3.3 shows an exemplar image of
the use of the SpheroidSizer program to assess the size of the spheroids. The width and
volume estimates were used in Equation 18 below to determine the growth and doubling time
of the spheroids. Similar to determining the doubling time of single cells, the doubling time of

the spheroids was defined as the time it takes for the spheroid size to double in volume.

time * In(2) (18)

Doubling time = - ——
In(final volume/initial volume)

where time was culture time in days, final volume, in mm?, was the spheroid volume at the
end of culture, and initial volume, in mm?, was the volume 24 hours after seeding when the

cells had aggregated into a spheroid.
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Figure 3.3. Exemplar image of the use of the SpheroidSizer program

Morphology and size assessment of the off-chip PDAC spheroids with the MATLAB based SpheroidSizer program.

3.4.2. Off-chip PDAC cultures with basement membrane gel

PANC-1 and PSC cells were seeded at a concentration of 1 x 10° cells mL™" into cell culture
dishes with 6 — 9 mg mL* of BME gel, which includes laminin and type IV collagen?®?, for
PANC-1 only, PSC only and PDAC (PANC-1 and PSC co-culture in a 1: 3 seeding ratio) spheroid
cultures with an ECM environment. The PANC-1 only, PSC only, and PDAC spheroid cultures
with BME gel will be referred to as PANC-1 only, PSC only, and PDAC cultures, respectively.
Matrigel or basement membrane extract was used for the 3D culturing of the cells as it is a
commonly used hydrogel or scaffold for 3D cell culture, including pancreatic cancer cells.[”
146, 148, 281, 2821 Basement membrane was chosen to allow the cells to naturally engineer an
environment as opposed to a synthetic hydrogel, which often lacks the presence of structured
proteins and fails to capture the biophysical structures and cues of the cellular
microenvironment. 283283 With BME gel, collagen deposition from the cells as they naturally

engineer their environment was monitored by staining for collagen as described in section 3.6.
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The PANC-1 only, PSC only, and PDAC cultures were grown with 10 ng mL? of transforming
growth factor beta (TGF-B1) supplement!?%¢-288) in DMEM/10 %FBS culture medium under
humidified conditions at 37°C with 5 % CO, for mechanical stiffness assessment. The cultures
were maintained with TGF-B1 to mimic the fibrotic stroma as the TGF-B1 signalling pathway
is reported to promote solid stress, increasing cell and tumour tissue stiffness.[1>:7: 22 4243199,
2891 TGF-B1 was purchased from Sigma-Aldrich, mixed with 1 mL of sterile water and 2 mg mL
! of bovine serum albumin (BSA; Sigma Aldrich), in phosphate-buffered saline (PBS) for a stock

solution of 1 pug mL?®. The TGF-B1 solution was aliquoted into Eppendorfs (100 pL per

Eppendorf) and stored at -20°C for use.

3.5. Mechanical stiffness assessment of the off-chip PDAC cultures

Oscillatory shear deformation was performed with an Anton Parr MCR 302 stress-controlled
rheometer to assess the mechanical stiffness of the off-chip PANC-1 only and PDAC cultures
(PANC-1 and PSC cell co-culture in a 1: 3 seeding ratio) with and without TGF-1 supplement

(10 ng mLY). The seeding of the cells for culture is as described in section 3.4.2; Figure 3.2B.

Oscillatory shear rheology measures the elastic or storage (G’) and viscous or loss (G”) moduli
response exhibited by a sample in resisting a change in shape under oscillatory shear
deformation (Figure 3.4A). With these measurements, the complex shear modulus (G*), as
shown in Equation 4, is used to determine their mechanical stiffness, the extent to which the

sample resists deformation.[®% 4

Figure 3.4B shows a schematic of the rheometer set-up used to assess the mechanical stiffness
of the cultures with oscillatory shear deformation. Replicate cultures of the PANC-1 only and
PDAC cultures were grown for up to 45 days with and without TGF-B1 supplement. For shear
deformation assessment, the cultures were taken from the incubator and placed on the
bottom plate of the rheometer. A 50 mm diameter parallel plate, with anti-slip material to
prevent sample slippage on the surface!®, was brought into contact with the cultures at a
working gap of 0.8 mm. Pseudo-strain controlled shear deformation time sweeps were
performed at a shear strain of 2 % and a frequency of 0.5 Hz for 600 seconds. As the gap was
set to 0.8 mm, normal force was measured to ensure contact between the parallel plate and
the culture samples. Frequency sweep measurements from 10 Hz to 0.1 Hz, with a constant
shear strain of 2 %, were also performed to determine the long-term structural stability of the

cultures under deformation.
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Figure 3.4. Oscillatory shear deformation of the off-chip PDAC cultures

A) Schematic of the shear deformation of a sample, where within a defined shear area (A) and a working gap
height (h) between two shear plates, shear force is applied, and there is a change in shape (s) resisted by the
sample. Data on the sample’s resistance to change shape informs of the storage and loss moduli components
to determine the sample’s mechanical properties. B) A 50 mm parallel plate rotary system was used for the
shear deformation of the PANC-1 only and PDAC cultures with and without TGF-81 supplement (10 ng mL) to
determine their storage (G’) and loss (G”) moduli components, and their mechanical stiffness, G*.

After shear deformation, the parallel plate geometry was released from contact with the
cultures, and the G” and G” for the different culture conditions, PANC-1 only with and without
TGF-B1 supplement, and PDAC with and without TGF-B1 supplement, were determined by
averaging their steady-state measurements over the measurement time (600 seconds) from
the time sweep curves. The G’ and G” measurements for the different cultures were used in

Equation 4 to determine their complex shear modulus, G*.

Images were taken daily using the inverted microscope (VWR VisiScope® IT404) to assess the
effects of the presence of PSC and TGF- and determine if the measured mechanical stiffness
was due to an increase in cell number, size, or increase in the number of spheroids. The Binary
function in ImageJ was used to assess the effect of cell number, size, and or spheroid number

on the measured mechanical stiffness of the cultures.
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3.6. Immunostaining off-chip PDAC cultures for collagen and HIF-1 alpha

The PSC only, PANC-1 only, and PDAC cultures with and without TGF-B1 supplement (seeding
of the cells for culture is described in section 3.4.2. Figure 3.2B illustrates the cultures) were
fixed with formaldehyde 4 % aqueous solution (VWR; kindly provided by Dr Zhang Y. Ong) in
ibidi chambered tissue culture-treated slides (8-well chamber, removable; Ibidi) for 30
minutes at room temperature, and permeabilised with 0.2 % Triton X-100 (Sigma Aldrich) in 1
% BSA (Sigma Aldrich), 5 % FBS (Sigma Aldrich) solution for 1 hour at room temperature. After
incubation, the cultures were washed 2 x with PBS for 5 minutes each time at room

temperature on a shaker.

The cultures were then stained for collagen and HIF-1 alpha with recombinant anti-collagen 1
antibody (rabbit monoclonal [EPR22894-89] to collagen |) and recombinant anti-HIF-1 alpha
antibody (rabbit monoclonal [EPR16897] to HIF-1 alpha), respectively, overnight at 4°C. The
staining of collagen was to establish the deposition of ECM, where collagen type 1 is the most
abundant, and HIF-1 alpha staining was to show a hypoxic environment in the cultures. HIF-1
alpha is central to the regulation of cellular adaptation to hypoxia. The primary antibodies,
collagen and HIF-1 alpha, were prepared in 1 mL of PBS containing 1 % BSA at 1/250 and 1/500
dilution, respectively. As a control, replicate cultures were incubated with 1 mL of PBS
containing 1 % BSA without the primary antibodies. After incubation with the primary
antibodies, the cultures were washed 3 x with PBS. Each time for 5 minutes at room

temperature in the dark on a shaker.

Secondary antibody staining was performed with goat anti-rabbit Alexa Fluor™ 488
(ab150077) for 1 hour at room temperature in the dark on a shaker, together with phalloidin-
iFluor 647 to stain for F-actin. The secondary antibody and actin stain were prepared in 1 mL
of PBS containing 1 % BSA at 1/100 and 1/500 dilution, respectively. After incubation with the
secondary antibody and actin, the cultures were washed 3 x with PBS for 5 minutes each time

at room temperature in the dark on a shaker.

The cultures were then incubated with 1 pg mL™? DAPI solution for 5 — 15 minutes in the dark.
After incubation, the cultures were washed 2 x with PBS for 5 minutes each time at room
temperature in the dark on a shaker. The primary and secondary antibodies, and actin stain,

were all sourced from Abcam, UK. DAPI was sourced from Boster Biological Technology, USA.

The silicon gasket of the chamber slides was removed with tweezers. Coverslips (24 mm x 60

mm microscope coverslips for chambers; Ibidi) were prepared by washing with 70 % ethanol
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and mounted with Histomount histology mounting media (National Diagnostics) onto the
chamber slides with the cultures stained for collagen, HIF-1 alpha, actin, and nuclei, prior to

imaging. Confocal microscopy was performed as described in section 3.2.3.

3.7. Microfluidic device design and fabrication

Figures 3.5A and 3.5B show a schematic of the computer-aided design (CAD) of the 3-channel
and the 5-channel device used for the on-chip PDAC culture. A 3-channel device was initially
used for the on-chip PDAC cultures and provided insight for the inclusion of gel-containing
channels.' 2% A 5-channel device was then used for an efficient 21-day culture of the PDAC
cells (co-culture of the PANC-1 and PSC cells in a 1: 3 seeding ratio) for subsequent
assessments. The 3-channel and 5-channel devices were designed using Autodesk’s AutoCAD®
software, and their layouts were edited with WieWeb’s CleWin5 software for fabrication using

photo and soft lithography.

3.7.1. Microfluidic device design

The 3-channel device (Figure 3.5A) consisted of a central culture chamber of 1 mm x 5 mm (w
x L) and two 100 um wide media channels for the supply of nutrients (or therapeutics) to the
cells in the culture chamber. The 5-channel device (Figure 3.5B) also featured a central culture
chamber of 1 mm x 6 mm (w x L) and two 100 um wide media channels, and 275 pm wide
gel-containing channels!*® 1% 43 250 petween the culture chamber and media channels.
Separating the channels for both the 3- and 5-channel devices were pillars (Figures 3.5C) of
80 um x 40 um (w x L), with a 5 um interspace, for the perfusion of culture media into the
culture chamber at a stable gradient by diffusion. The height of both the 3- and 5-channel

devices was 100 um.

The devices were designed for culture with media reservoirs at the inlet and outlet of the
media channels. The media reservoirs, designed by Matthew Bourn, eliminated the issue of
using a cumbersome syringe pump and tubing in a cell culture incubator to grow the PDAC

29U The media reservoirs also provided the advantage of culturing the cells under

cells on-chip.!
flow, which is representative of the physical environment of cells in tissues. Figures 3.5D shows
a schematic of the on-chip culture with media reservoirs. Figure 3.5E shows a schematic of a

media reservoir. The media reservoirs, fabricated with a 16 mm diameter Sustanat®
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polycarbonate rod (Engineering & Design Plastics), were approximately 32 mm high with an

inner diameter of 10 mm and a 2 mm wide spout at its bottom to allow the interface with the

2 mm wide inlet and outlet of the culture media channels. The lids of the media reservoirs

were composed of a Delrin (Par-group) ring with a 0.22 um polytetrafluoroethylene (PTFE)

filter for sterile culture.
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Figure 3.5. CAD of the microfluidic devices for on-chip culture with media reservoirs

A) The 3-channel device is composed of a culture chamber with dimensions of 1 mm x5 mm (w x L) and media
channels with dimensions of 100 um x 40 mm (w x L). B) The 5-channel device is composed of a culture chamber
with dimensions of 1 mm x 6 mm (w x L), gel-containing channels of 275 um x 66 mm (w x L), and media
channels with dimensions of 100 um x 43 mm (w x L). C) Separating the channels, a close up of the 5-channel
device in B), are pillars, which are 5 um apart, to permit culture medium and waste into and out of the culture
chamber. D) An illustration of the media reservoirs used for the on-chip PDAC culture with the 5-channel device.
E) Schematic of the culture media reservoirs, which are 32 mm high with an inner diameter of 10 mm and a 2
mm wide spout to interface with the devices for cell culture. F) Image of the culture media reservoirs with the

5-channel device as illustrated in the D).
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The flow of culture media through the media channels with the media reservoirs was 0.5 pL
mint. This was determined from a range of linear velocities calculated (using Equations 14 —
16) from devices reported in the literature for microfluidic cell culture.[t3% 134257, 292-297] Thyjs s
described in more detail in chapter 5, section 5.1. The rate of 0.5 pL min with the dimensions
for the media channels permitted a laminar flow regime with a Reynolds number of 0.02 for

culture. The Reynolds number was calculated with Equation 12.

With the dimensions of the media reservoirs and media flow rate of 0.5 uL min*, a MATLAB
code (Appendix, Hydrostatic pressure driven flow by gravity, adapted from a hydrostatic
MATLAB code by Matthew Bourn) was scripted to determine how often to replenish culture

medium. The code was written with the equations below, based on Equations 14 — 16.

The hydraulic resistance equation used is as seen in Equation 16 and below

12 x7 X L 1
w X h3

Rhyd = D

1-0.63w

where Ryyqis the hydraulic resistance for a rectangular channel in Pa.s m=, 1 is the dynamic
viscosity of the culture media (6.99 x 10 Pa.s at 37°C), L is the length of the media channel

in metres, and h and w are the media channel height and width in metres, respectively.

The equation for the volumetric flow rate, as a function of time, used is given by

Qo x10°xe~2pP4t
Qo x 107w e 2P0t (19)
Rhya 7 (3)

Q) =

where Q(t) is the final volumetric flow rate (m* s?), Quis the initial volumetric flow rate (m? s’
), p is the density of culture media (993.3 kg m= at 37°C), g is the gravitational acceleration
(9.81 m s?), tis time in seconds, Ruygis the hydraulic resistance for a rectangular channel
calculated using Equation 16, m is the ratio of the reservoir circumference to its diameter

(3.14), and d is the inner diameter of the media reservoirs in metres.

The equation for the hydraulic fluid pressure, as function of time, used is given by

Prya = (53) - Rhyd (20)

10°

where Py,qis the hydraulic pressure, Q(t) is the final volumetric flow rate as a function of time
(m? s1), calculated using Equation 20, and Ruyq is the hydraulic resistance for a rectangular

channel calculated using Equation 19.
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Culture medium was replenished approximately every three days, but flow through the

culture media channels were checked daily to identify and resolve any blockages.

3.7.2. Microfluidic device fabrication — photo and soft lithography

In-house, photo- and soft lithography (Figure 3.6) was used to fabricate the devices for the
on-chip PDAC culture. Photolithography was used to make an SU-8 master silicon wafer mould
(Figure 3.6A) of the CAD of the devices in Figure 3.5, and PDMS soft lithography was used to

mould the devices (Figure 3.6B) for the on-chip culture.!?*®

As illustrated in Figure 3.6, SU-8 2075 photoresist (Microchem, Newton, MA) was warmed at
room temperature for 30 minutes. At the same time, a 3 or 4-inch silicon wafer was warmed
in the oven at a temperature of 200°C. Approximately 3 mL of the SU-8 2075 was spin-coated
onto the wafer at a spin rate of 500 r.p.m for 10 seconds and 1, 500 r.p.m for 60 seconds to
achieve an SU-8 coat depth of 100 um. The SU-8 2075 coated wafer was then placed onto a
hot plate to soft bake at 55°C for 90 minutes to evaporate the solvent on the top surface of
the SU-8 photoresist.[?®! After this, the wafer on the hot plate was set to cool down to 25°C,

taking approximately 2 hours.

The CAD designs, processed with CleWin5, were exposed onto the SU-8 coated wafer with a
laser power of 375 nm at a resolution of 2 um using a direct-write laser system (MicroWriter™,
Durham Magneto Optics, Durham, UK). After exposure, the SU-8 patterned master silicon
wafer of the CAD designs was placed onto a hot plate for post-exposure bake at 55° C for 90
minutes to polymerise and cross-link the SU-8.2% After this, the wafer on the hot plate was
set to cool down to 25°C, taking approximately 2 hours. The SU-8 patterned master mould
was developed with an ethylene carbonate (EC) solvent bath (Microposit™, DOW, Midland,
MI, USA) for up to 20 minutes to remove any unpolymerised SU-8.2°®! The developed SU-8
patterned master silicon wafer of the CAD designs was then washed with Isopropanol (IPA)

and dried using an air gun.

Base PDMS and crosslinking agent (Sylgard™ 184 Silicon Elastomer Kit, Dow Chemical,
Midland, MI, USA) were mixed at a weight ratio of 10: 1, centrifuged at 4000 r.p.m for 1 minute
to remove air bubbles and poured onto the SU-8 patterned master silicon wafer in a standard
90 mm Petri dish. The PDMS covered wafer was then degassed for at least 1 hour under

vacuum to remove dissolved gases in the PDMS, and the PDMS covered wafer was placed in
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an oven at approximately 72°C to cure the PDMS for at least 1 hour.?*® After curing, the PDMS
was separated from the wafer, individual devices were cut out, and the inlets and outlets of
the channels formed using a 1 and a 2 mm diameter biopsy punch. The PDMS device moulds
were then bonded onto PDMS coated (50 um thick) glass slides using oxygen plasma
treatment. The oxygen plasma treatment removes hydrocarbons from the surfaces of the
PDMS mould and PDMS coated glass slides, and increases the number of silanol (Si-O-H)
groups on the surfaces of the PDMS mould and coated glass slides. These form covalent

siloxane (Si-O-Si) bonds when the two PDMS surfaces are pressed together.[2%% 2%

The PDMS coated glass slides were made by coating large microscope glass slides (75 x 50
mm) with PDMS (base PDMS and crosslinking agent at a 10:1 ratio) at a spin rate of 800 r.p.m,
for 5 seconds, and 2000 r.p.m, for 20 seconds. The glass slides were washed with isopropanol
before coating with PDMS. The coated glass slides were placed onto a hotplate at 95°C for
approximately 10 minutes to cure the PDMS. PDMS coated glass slides were used to provide
one surface for cell culture and to prevent cells from favouring one surface to another, i.e.,

glass surface versus PDMS.

The bonded devices were placed into an oven at approximately 72°C to finalise the bonding.
The devices were autoclaved at 120°C for 30 minutes prior to cell culture. The media
reservoirs used for cell culture were also autoclaved at 120°C for 30 minutes, and together

with lids on their underside, further sterilised with ultraviolet (UV) light for 30 minutes.

3.8. The microfluidic PDAC culture

PANC-1 and PSC cells were harvested, prepared at 1: 3 seeding ratio and a concentration of 1
x 10° cells mL?, mixed with 6 — 9 mg mL-1 BME for a cell-gel suspension, pipetted into the
culture chamber of the devices, and incubated at 37°C, 5 % CO2, for approximately 30
minutes. After incubation in the 5-channel device, 9 — 12 mg mL™ of BME was pipetted into
the gel-containing channels, and the devices were placed into the incubator for another 30
minutes to polymerise the gel. The gel-containing channels were to prevent cells from growing
into the media channels. After incubation, media reservoirs were placed into the respective
inlets and outlets of the media channels with 2 mL and 200 pL of DMEM/10 % FBS,
respectively, supplemented with TGF-B1 (10 ng mL?Y). The inlets and outlets of the culture
chamber and gel-containing channels were sealed with the filtered pipettes (illustrated in

Figure 3.5D and shown in Figure 3.5F) used in injecting the cells and BME gel into the channels.
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The on-chip PDAC cultures were grown in an incubator at 37°C with 5 % CO, for 21 days.
Culture medium was changed approximately every three days, and culture medium flow was
checked daily, ensuring consistent media flow in the device. The absence of culture medium
flow with nutrients would have been detrimental to the viable culture of the PDAC cells. During
the 21-day culture, culture viability was assessed with live/dead stain and by quantifying ATP

content. Assessment of culture viability is described in section 3.12.

3.9. Immunostaining on-chip PDAC cultures for collagen and HIF-1 alpha

Similar to the immunofluorescence stain of the off-chip cultures for collagen and HIF-1 alpha,
the on-chip PDAC cultures with TGF-B1 supplement were fixed and stained for collagen and
HIF-1 alpha. Collagen staining was performed on day 7, day 14, and day 21 of culture. For HIF-
1 alpha, staining was day 21 only. The staining of collagen was to demonstrate the mechanical
development of the on-chip cultures with the deposition of collagen into the culture
environment. The staining of HIF-1 alpha was to assess for a hypoxic environment, which

affects therapeutic efficacy.

All reagents were introduced on-chip via the media channels using the reservoirs. The inlet
reservoirs were filled with 500 pL of the reagents and the outlet reservoir with 100 uL of the
reagents. With reference to Kim and Ingber. 20131*%?, the on-chip cultures were first washed
with PBS for 5 — 10 minutes at room temperature. The cultures were then fixed with
formaldehyde 4 % aqueous solution (VWR; provided by Dr Zhang Y. Ong) for 10 — 15 minutes
at room temperature and permeabilised with 0.2 % Triton X-100 (Sigma Aldrich) in 1 % BSA

(Sigma Aldrich) and 5 % FBS (Sigma Aldrich) solution for 10— 15 minutes at room temperature.

The cultures were washed with PBS for 5 — 10 minutes at room temperature, and then
incubated with primary antibodies from Abcam, recombinant anti-collagen 1 antibody (rabbit
monoclonal [EPR22894-89] to collagen |) and recombinant anti-HIF-1 alpha antibody (rabbit
monoclonal [EPR16897] to HIF-1 alpha), on day 7, 14, or 21 of culture for 45 minutes to 1 hour
at room temperature. The collagen and HIF-1 alpha primary antibodies were prepared in 1 mL
of PBS containing 1 % BSA at 1/250 and 1/500 dilution, respectively. As a control, replicate
cultures were incubated with 1 mL of PBS containing 1 % BSA without the primary antibodies.

After incubation, the cultures were washed with PBS for 5 — 10 minutes at room temperature.
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Secondary antibody staining was performed with goat anti-rabbit Alexa Fluor™ 488 (Abcam)
again for 45 minutes to 1 hour in the dark at room temperature, together with phalloidin-
iFluor 647 to stain for F-actin. The secondary antibody and phalloidin stain were prepared in
1 mL of PBS containing 1 % BSA at 1/100 and 1/500 dilution, respectively. After incubation
with the secondary antibody and actin stain, the cultures were washed with PBS for 5 — 10

minutes at room temperature.

The cultures were then incubated with 1 pg mL™* DAPI solution (Boster Biological Technology)
for 5 — 15 minutes in the dark at room temperature. After incubation, the cultures were
washed with PBS for 5 — 10 minutes in the dark at room temperature before imaging with the

confocal microscopy. Confocal microscopy was performed as described in section 3.2.3.

3.10. Interstitial flow of the microfluidic PDAC culture

The reduced interstitial flow of the PDAC tissue, with increasing intratumoural pressure, was
assessed by investigating the hydraulic conductivity™® 4> 237 2381 of the developing on-chip
PDAC culture. As illustrated in Figure 3.7, a syringe pump was used to perfuse 5(6)-
carboxyfluorescein in DMEM/10 % FBS culture medium (1: 10 volume ratio) through the on-
chip PDAC culture. The 5(6)-carboxyfluorescein in DMEM/10 % FBS culture medium will be
referred to as fluorescein in media solution. The syringe pump was used to accurately create
a pressure gradient across the culture chamber and, therefore, determine the interstitial flow

nature of the PDAC cultures.

The on-chip PDAC cultures were imaged using an epifluorescence microscope as described in
section 3.2.2. Two 1 mL glass syringes (SGE gas-tight syringes Luer Lock, Sigma Aldrich) were
loaded with fluorescein in media solution or culture media only, and a syringe pump (PHD
ULTRA™ Syringe Pump Infuse/With Programmable, Havard Apparatus) was used to perfuse
the solutions through the media channel inlets at a flow rate of 0.5 and 0.1 pL min?,
respectively. The time taken for the fluorescein in media solution to permeate through the
PDAC culture was determined. As a control, the flow of the fluorescein in media solution was

assessed with just 6 —9 mg mL? BME gel in the culture chamber.

Darcy’s equation for fibrous medium subject to low Reynolds number!*® 432352372381 '35 shown
in Equation 6, was applied to determine the hydraulic conductivity and thus interstitial flow

with Equation 7 and 9, respectively, of the on-chip PDAC culture.
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On-chip PDAC culture
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Fig ure 3.7. The interstitial flow assessment of the on-chip PDAC culture

An illustration of the perfusion of fluorescein in media solution through the PDAC culture in the culture chamber
to assess the interstitial flow nature of the culture, in mimicking the interstitial flow of the PDAC tissue.

The pressure-gradient (Pa) driving the hydraulic flow through the porous medium was
calculated using Bernoulli’s equation

Py + 3pvi +pgys = P, + 3pv; +pgy2 (21)

where P is pressure (Pa), p is the density of culture media (993.3 kg m™3 at 37°C), g is the

gravitational acceleration (9.81 m s?), and y is the height (m) of the culture media channel.

As the device height, irrespective of channel, was 100 um, and DMEM/10 % FBS culture

medium was used for the fluorescein in media solution, Equation 21 was rearranged into
= P+ pv; = P, + pv,

=P —-P,= %Pvl— %Pvz

= VP = ;p(v; —vy) (22)

where VP (Pa) is the pressure-gradient; v, and vy, the flow velocity (m s?) in the respective
media channels.

Moreover, as hydraulic conductivity depends on the porosity of the BME gel or the on-chip

PDAC culture, the percolation threshold or the intrinsic permeability ?*® of the BME gel and

PDAC culture was determined with Equation 8.

Furthermore, fluid shear stress on the PDAC culture in the culture chamber was approximated

with the wall-shear rate model for a rectangular channel, ¥% 3°% which is given by
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= &xnxQ (23)

w X h2

where Tis the shear stress (Pa) converted to dyne cm™, j is the dynamic viscosity of the culture
medium (6.99 x 10* Pa.s at 37°C), Q is the volumetric fluid flow rate (m*®s?), and w and h are

the width and height of the channel in metres, respectively.

3.11.Therapeutic assessment of the PDAC cultures

On-chip PDAC cultures supplemented with TGF-B1 were treated with gemcitabine,
microbubbles, and ultrasound. For this, the optimum gemcitabine concentration, determined
off-chip, was defined as the concentration resulting in a percentage viability of approximately
70 %. This provided sufficient cellular viability to assess further viability decreases of
gemcitabine with microbubbles and ultrasound. Determining the optimum gemcitabine
concentration is described in chapter 4, section 4.3. The flow of microbubbles into the culture
chamber with the PDAC culture, and the effect of microbubbles and ultrasound on the PDAC
culture prior to assessments with gemcitabine, were also investigated. With the optimum
gemcitabine concentration determined and conditions for the application of microbubbles
and ultrasound optimised, the effect of gemcitabine with microbubbles and ultrasound on the
on-chip PDAC culture was assessed. Gemcitabine was purchased from Sigma, dissolved to 5
mg mL? stock solution in dimethyl sulfoxide (DMSO; Sigma-Aldrich), and stored at -20°C for

use.

Figure 3.8 shows a timeline of the seeding of the cells for culture, treatment with gemcitabine,
microbubble, and ultrasound, and their viablity assessment. Assessments with 2D cultures of

the PDAC cells were done to compare results with the on-chip PDAC cultures.

Day 0 Day 21 Day 24

Gemcitabine, microbubble, ATP viability
and ultrasound exposure assessment

| 2D, culture with TGF-B1 until > 70 % confluent | 72 hours incubation |

| 3D, 21 day culture with TGF-B1 to achieve in vivo stiffness | with treatment |

Seed cells for 2D culture

Seed cells into into ULA plate, culture dish
with BME gel, or on-chip for 3D culture

Figure 3.8. Timeline of the therapeutic assessment of the of PDAC cultures

Timeline of the seeding of the PDAC cells off-chip and on-chip for culture and their ATP viability assessment
following treatment with gemcitabine, microbubbles, and ultrasound.
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3.11.1.Therapeutic assessment of the off-chip PDAC cultures with gemcitabine

The PANC-1 and PSC cells were seeded into ULA plates for PSC only, PANC-1 only, and PDAC
spheroid cultures at a seeding density of 250 cells per well (seeding as described in section
3.4.1, Figure 3.2A). The spheroid cultures were maintained with and without TGF-B1
supplement (10 ng mL?) for 21 days, and treated with gemcitabine, between 0.09 — 500 pM
in a 2-fold dilution series, for 72 hours for the cytotoxic effect of gemcitabinel??? prior to ATP
viability quantification (described in section 3.12.2). Viability was normalised to positive and
negative controls with the treatment of adjacent cultures with 10 % DMSO for total cell kill
treatment and 0.01 % DMSO, respectively, to determine the optimum gemcitabine

concentration to use on-chip with the PDAC culture.

The PANC-1 and PSC cells were then seeded with 6 —9 mg mL? BME gel into the culture petri
dishes for PSC only, PANC-1 only, and PDAC cultures at a seeding density of 1 x 10° cells mL?
(seeding as described in section 3.4.2, Figure 3.2B). The cultures were maintained with and
without TGF-B1 supplement (10 ng mL?) for 21 days, and treated with 7.8, 31.25, and 250 uM
of gemcitabine (following the assessment with the spheroid cultures) for 72 hours, prior to
ATP viability quantification (described in section 3.12.2). Viability was normalised to positive
controls (10 % DMSO treated cultures) and negative controls (0.01 % DMSO treated cultures)

in determining the optimum gemcitabine concentration to use on the on-chip PDAC cultures.

3.11.2.Therapeutic assessment of the on-chip PDAC culture with gemcitabine

PANC-1 and PSC cells were seeded into the 5-channel device with 6 —9 mg mL* BME gel at a
seeding density of 1 x 106 cells mL? for a 21-day culture with TGF-B1 supplement (10 ng mL°
1) (seeding as described in section 3.8). The on-chip PDAC cultures were treated with 31.25
UM of gemcitabine for 72 hours. From the off-chip PDAC culture assessment with gemcitabine,
31.25 uM was found as an optimum gemcitabine concentration to use on-chip with the PDAC
culture. ATP viability (described in section 3.12.2) was assessed, and the viability was
normalised to positive controls (10 % DMSO treated cultures) and negative controls (0.01 %

DMSO treated cultures) to determine the effect of gemcitabine on the on-chip PDAC culture.
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3.11.3.Microbubble production

Figures 1.8A shows a schematic of the phospholipid coated microbubble used. For
microbubble production, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene  glycol)-2000] (DSPE-PEG2000),
and ATTO 488-DOPE lipids were mixed together in a molar ratio of 95%: 4.9%: and 0.1%,
respectively for a 2mg mL? final lipid solution concentration. The lipid solution was dried
under a steady stream of nitrogen for 40 minutes then left under vacuum overnight to remove
any remaining chloroform: methanol storage solvent. The DPPC and DSPE-PEGzoq lipids were
purchased from Avanti Polar Lipids (USA). ATTO 488 DOPE lipid, for fluorescent imaging of the
microbubbles, was purchased from ATTO-TEC (Germany). The lipids were dissolved in

chloroform and methanol (1:1 ratio) and stored at -20°C to use.

After drying, the DPPC: DSPE-PEG2000: ATTO 488 lipid solution was resuspended in 2 mL of 4mg
mL?* sodium chloride (NaCl) solution containing 1 % glycerol (vol/vol) for a final lipid solution
concentration of 2 mg mL2. The lipid solution was sonicated in a water bath for a cloudy and
homogenous mix. Microbubbles were produced with the microspray regime by combining the
lipid solution and perfluorocarbon gas (CsF10; Sigma Aldrich) in a 4 x multiplexed microfluidic
devicel?®® at flow rate of 80 uL min™* and a gas pressure of 1000 mbar. Figure 3.9 shows a CAD
schematic of the poly(methyl methacrylate) (PMMA) multiplexed microfluidic device used for
microbubble production. The lipid inlet and gas inlet channels together branch into 4 separate
channels with flow focusing nozzles. Up to the flow focusing nozzles, the device height is 25
um. Pass the flow focusing nozzles, the height of the device is increased by 25 um to facilitate
a rapid pressure drop. This results in an atomisation effect for the production of the
microbubbles in the microspray regime. The multiplexed microfluidic device with the
microspray regime approach allows the production of polydisperse microbubbles at a
concentration of > 1 x 108 microbubbles per mL, with a majority (99%) of the microbubbles

with a diameter of 2 um.!26% 302

Where the multiplexed microfluidic device was unavailable, mechanical agitation was used to
produce microbubbles. For mechanical agitation, 1 mL of the lipid solution was combined with
CaF10 in a vial at a gas pressure between 250 — 300 mbar for at most 2 minutes. The vial was
then sealed with parafilm and shaken vigorously for 45 seconds at a rate of 4300 oscillations

per minute with an amalgamator (3M™ CapMix™ Capsule Mixing device — 230V/50 Hz, GB).
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Figure 3.9. The 4 x multiplexed microfluidic device design for microbubble production

A schematic of the CAD device of the 4 x multiplexed device for microbubble production. The device consists of
four identical flow-focusing nozzles for the rapid production of homogenously sized microbubbles. The device
was designed and developed by Dr Sally Peyman detailed in reference [268]. Image of CAD adapted with
permission from Dr Peyman.

After production, the ATTO 488 DOPE lipid tag, and the size and concentration of the
microbubbles were characterised optically using an epifluorescence microscope. The size and
concentration of the microbubbles were analysed using a MATLAB-based Microbubble

Population Analysis code program.t%3!

The microbubbles were washed to remove excess fluorescent lipids and reduce background
fluorescence for imaging. With a protocol and centrifugation column provided by Jordan
Tinkler, 1 mL of the microbubbles were added to the centrifugation column with 4 mL of PBS.
The centrifugation column consisted of a 5 mL syringe (without the plunger) with a 1-way tap
at the end of the syringe. The centrifugation tube with the microbubble: PBS solution was
sealed with parafilm and placed into a 50 mL falcon tube for centrifugation at 300 x g for 10
minutes. After, the centrifugation column was removed from the falcon tube and suspended
with a clamp to gradually drain the infranatant of the microbubble: PBS solution until 1 mL of
the solution remained. 4 mL of PBS was added to the centrifugation column, placed into a
falcon tube for centrifugation again at 300 x g for 10 minutes. The centrifugation column with
the microbubble: PBS solution was suspended with clamp, and the supernatant of washed

microbubbles were pipetted into a 1 mL Eppendorf tube with a wide bore 1000 pL pipette.
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3.11.4.The perfusion of microbubbles into the on-chip PDAC culture

After washing the DPPC: DSPE-PEGy000: ATTO 488 microbubbles, to assess the microbubbles
permeating and flowing through the culture chamber with the PDAC culture, the
microbubbles were diluted with DMEM/10 %FBS culture media in a 1: 10 ratio and pipetted
directly into a media channel via the inlet through an inlet reservoir spout. The rest of the
microbubbles diluted with culture media were pipetted into the reservoir, and its respective
outlet reservoir was filled with 200 pL of culture media to permit flow through the media
channel. The other inlet and outlet reservoirs were filled with approximately 200 uL of culture
media for little to no flow in the respective media channel to induce a pressure gradient across
the culture chamber with the PDAC cells and allow microbubbles in and through the culture

chamber.

Figure 3.10A illustrates the perfusion of the microbubbles into the on-chip PDAC culture. As a
control, the flow of the microbubbles was assessed with 6 — 9 mg mL* BME gel only in the
culture chamber. Images of the perfusion of the microbubbles into the culture chamber with
the PDAC culture or BME gel only was performed with confocal fluorescence microscopy, as
described in section 3.2.3, using a 10 x objective and a pinhole of 1.00 AU with the respective
excitation and emission wavelengths for the ATTO 488 lipid (Ex/Em: 500/520 nm). All images

were analysed with ImageJ.

3.11.5. Effect of microbubbles and ultrasound on the on-chip PDAC culture

Figure 3.10C illustrates the application of ultrasound to the on-chip PDAC cultures with DPPC:
DSPE-PEGy000: ATTO 488 microbubbles. For ultrasound work, the 5-channel device for the
PDAC culture was moulded with PDMS to a thickness of approximately 1 mm (Figure 3.10B).
Additional 4 =5 mm thick PDMS were made and bonded onto the PDMS moulded 5-channel

device. The additional PDMS was to ensure optimum culture with the media reservoirs.

DPPC: DSPE-PEGag00: ATTO 488 microbubbles were made as described in section 3.11.3 and
diluted with DMEM/10 % FBS culture media in a 1: 10 ratio. The microbubbles in media
solution was pipetted into the media channel via the inlet through the inlet reservoir spouts.
The remaining microbubbles in media solution were pipetted into the inlet reservoirs and the
outlet reservoirs were filled with 200 pL of culture media for microbubble flow through the

media channel and into the culture chamber with the 21-day on-chip PDAC culture.
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Figure 3.10. The perfusion of microbubbles and ultrasound assessments on-chip

An illustration of A) the perfusion of ATTO488 microbubbles through the on-chip PDAC culture, B) of the 5-
channel PDMS moulded to a ~ 1 mm thick device with extra PDMS mould of 4 — 5 mm thickness bonded to the
device around the reservoirs, and C) ultrasound application to the on-chip PDAC culture with microbubbles.

After approximately 2 hours with the microbubbles on-chip with the PDAC culture, the effect
of the microbubbles only (no ultrasound and gemcitabine) and the effect of ultrasound with
and without microbubbles (no gemcitabine) on the on-chip PDAC cultures were assessed by

quantifying ATP content as described in section 3.12.2.
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Shown in Figure 3.10C, a 3 cm x 1.5 cm ultrasound gel pad (Aquaflex®, Parker Laboratories,
Inc. USA) was positioned between the pipette tips placed at the inlet and outlet of the culture
chamber for coupling. A blob of ultrasound transmission gel (Anagel®, Ana Wiz Ltd) was placed
onto the gel pad, and a 0.25 inch (6.35 mm) diameter 2.25 MHz V323-SM single element
ultrasonic transducer (Olympus, Tokyo, Japan) was placed onto the ultrasound gel. Using a
MATLAB-based signal generator the 2.25 MHz frequency ultrasound was applied to the on-
chip culture for a total duration of 5 seconds and comprised of a mechanical index of 0.6, a

pulse repetition frequency of 1 kHz, and a duty cycle of 1 % to avoid damage to the transducer.

The MATLAB signal generator script was written by Damien Batchelor and connected to a
signal generator (TG5011, Aim & Thurlby Thandar Instruments, UK) to produce the signal. The
signal generator was connected to an oscilloscope (WaveRunner LT342L, LeCroy Cooperation,
USA). With the oscilloscope the parameters for the frequency was checked to ensure the set-
up was correct. The oscilloscope was connected to a +53 dB amplifier (A150, Electronics &
Innovation, Rochester, USA), which was connected to the transducer to generate the

ultrasound signal to the on-chip PDAC cultures (Figure 3.10C).

As a control, the effect of ultrasound on-chip with just 6 — 9 mg mL™? BME gel in the culture
chamber with and without microbubbles was assessed. Imaging to assess the effect of
ultrasound for all conditions on the chip-based PDAC cultures was performed with the Leica
confocal fluorescence microscope (described in section 3.2.3) using a 10 x objective and a
pinhole of 1.00 AU with the respective excitation and emission wavelengths for the ATTO 488
lipid (Ex/Em: 500/520 nm).

3.11.6.Therapeutic assessment of on-chip PDAC cultures with gemcitabine,
microbubbles and ultrasound
PANC-1 and PSC cells were seeded into the 5-channel device for ultrasound assessment

(Figure 3.10B) with 6 — 9 mg mL! BME gel at a seeding density of 1 x 10° cells mL™ for a 21-

day culture with TGF-B1 supplement (10 ng mL?) (seeding as described in section 3.8).

DPPC: DSPE-PEG3000: ATTO 488 microbubbles were made as described in section 3.11.3 and
diluted with DMEM/10 % FBS culture media with 31.25 uM of gemcitabine in a 1: 10 ratio.
After 21 days of culture, microbubbles in DMEM/10 %FBS/31.25 uM of gemcitabine solution

were pipetted directly into the media channels via the spout of the reservoirs. The rest of the
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reservoirs were filled with the DMEM/10 %FBS/31.25 uM of gemcitabine solution. Ultrasound
was applied after approximately 2 hours, using the 0.25 inch (6.35 mm) diameter 2.25 MHz
transducer at a mechanical index of 0.6, a pulse repetition frequency of 1 kHz, a duty cycle of
1 %, for a total duration for 5 seconds. The cultures were incubated for a further 72 hours.
ATP viability (described in section 3.12.2) was assessed, and this was normalised to positive
controls (10 % DMSO treated cultures) and negative controls (0.01 % DMSO treated cultures)
to determine the effect of gemcitabine with microbubbles and ultrasound on the on-chip

PDAC culture.

3.11.7.Effect of therapeutic microbubbles on the on-chip PDAC culture

Similar to Abou-Saleh et al. 2020, Ruan et al. 2021, and Xu et al. 2014 [228:230.2701 3nd with the
help of Dr Nicola Ingram, gemcitabine-loaded liposomes were prepared at 40 mg mL? lipid
concentration using DPPC:DSPE-PEG,o00: Cholesterol: DSPE-PEGag00-Biotin:ATTO590 at a molar
concentration of 60:5:30:5:0.01 %, respectively. The lipid solution was dried under a steady
stream of nitrogen for 1 hour and left under vacuum overnight to remove any remaining
chloroform: methanol storage solvent. DPPC, DSPE-PEG2000, and DSPE-PEG,g00-Biotin were
purchased from Avanti Polar Lipids (USA). The ATTO 590 DOPE lipid, to label the liposomes,
was purchased from ATTO-TEC (Germany). Cholesterol was purchased from Sigma-Aldrich.

The lipids were dissolved in chloroform and methanol (1:1 ratio) and stored at -20°C to use.

After drying, the DPPC: DSPE-PEG2000: Cholesterol: DSPE-PEGja00-Biotin: ATTO 590 thin film
was hydrated in 500 plL of 250 mM ammonium sulphate ((NHs)2 SO4). The lipids in (NH4)2 SO4
solution was vortexed for about 3 minutes, incubated in a water bath at 41°C (the transition
temperature of the predominant lipid, DPPC) for 1 hour, and underwent a 5 x freeze-thaw-
vortex cycle using the water bath and liquid nitrogen, each time for 5 minutes, to help with
the resuspension of the lipids and the encapsulation of gemcitabine into the liposomes.?3"
The (NH,), SO4 solution was used to actively load gemcitabine into the liposomes and increase
the encapsulation efficiency (EE %) of gemcitabine.[??% 230304 As shown in Figure 3.11C, the
presence of (NH4); SO4 creates a balanced pH gradient between the internal and external
environment of the liposome with the protonation of gemcitabine to increase EE %, which is

the percentage of drug entrapped into the liposomes defined as 22 230

total drug amount entrapped

EE% = x 100 % (24)

total drug amount used in preparation

74 |



Experimental Section

A)

Biotin-NeutrAvidin linkage

Phospholipid bilayer

Q)

External environment
of liposome
2 Gem-NH;Cl

Internal environment
of liposome

&r
2NHz + 2H* = 2NHJ + SO %l 2 Gem-NH,*+2 CI
W‘

/ {r

2H* + SO3 + 2Gem-NH, 2 Gem-NH, + 2 H*

(Gem-NH3),S0,
) 1
(o Tpenee
) ) A

Figure 3.11. The therapeutic microbubbles with gemcitabine-loaded liposomes

A) Schematic diagram of therapeutic microbubbles or liposome-microbubble complex. Biotinylated liposomes
containing gemcitabine as seen in B) are attached to the surface of the microbubbles with biotin-NeutrAvidin
linkage. B) Schematic of the liposome structures with gemcitabine encapsulated. C) Schematic of the
gemcitabine encapsulation process in the liposomes, where the presence of ammonium sulphate ((NH4);S04)
creates a pH gradient with the protonation of gemcitabine.

The homogenous lipid solution was extruded at room temperature through a 200 nm pore
size polycarbonate membrane 11 x using a sterilised Avanti mini extruder system (Alabaster,
AL, USA). Excess lipids and (NH4), SO4from the solution were cleaned by ultracentrifugation at
60,000 x g for 1 hour at 4°C. After centrifugation, the liposomes were incubated in a water
bath at 41°C with 30 pL of 5 mg mL™ (16.68 mM) gemcitabine (anhydrous purchased from
Sigma-Aldrich and dissolved in PBS) for at least 3 hours. For comparison, blank liposomes were

made by incubating the liposomes with 30 pL of PBS for at least 1 hour. The liposomes after
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incubation were centrifuged at 60,000 x g for 1 hour at 4°C to remove any unencapsulated
gemcitabine. After centrifugation, the liposomes were resuspended in PBS and stored at 4°C

for use.

The liposome size distribution and concentration were measured on a NanoSight NS300
(Malvern Panalytical, UK). The liposomes were diluted 10,000 x in PBS for characterisation.
The concentration of gemcitabine in the liposomes was characterised on a UV-vis
spectrometer (Agilent, UK). Gemcitabine concentrations ranging from 0.19 — 50 pg mL™ (0.65
—166.85 uM), in a 2-fold dilution, were used to calibrate and generate a standard curve (Figure
6.10C) to determine the amount of gemcitabine in the liposomes. 600 pL of the different
concentrations of gemcitabine in methanol was pipetted into a quartz cuvette (Hellma
Analytics, UK; kindly provided by Joel Whipp) for absorbance reading on the UV-vis
spectrometer. The gemcitabine-loaded liposomes were mixed with methanol in a 10,000 x
dilution to break the liposomes and release the encapsulated gemcitabine, centrifuged, and
the supernatant collected into the quartz cuvette for absorbance reading with the UV-vis

spectrometer.

For the therapeutic microbubbles, gemcitabine-loaded liposome-microbubble complex
(Figure 3.11A), approximately 100 pL of the gemcitabine-loaded liposome solution was
incubated with 8 pL of 2.5 mg mL? stock NeutrAvidin (Avidin, NeutrAvidin™ biotin-binding
protein, Thermo Fisher Scientific) for 20 minutes at room temperature. Microbubble lipid
(DPPC: DSPE-PEG,000: ATTO 488) solution were prepared and produced as described in section
3.11.3, and 1 mL of the microbubbles were incubated with the liposomal solution for 20
minutes at room temperature. After incubation, the size and concentration of the therapeutic
microbubbles were characterised optically using an epifluorescence microscope. The size and
concentration of the microbubbles were analysed using the MATLAB-based Microbubble

Population Analysis code program.t%3!

For treatment with the on-chip PDAC cultures, the therapeutic microbubbles was mixed in a
1: 10 ratio with DMEM/10 %FBS culture media, and PDAC cells grown on-chip for 21-days were
treated with the therapeutic microbubble: DMEM/10 %FBS culture medium solution. After
approximately 2 hours with the therapeutic microbubble: DMEM/10 %FBS culture medium
solution, ultrasound was applied using the 0.25 inch diameter 2.25 MHz transducer at a
mechanical index of 0.6, a pulse repetition frequency of 1 kHz, a duty cycle of 1 %, for a total
duration for 5 seconds. As controls, the 21-day on-chip PDAC cultures were treated with

therapeutic microbubbles of blank liposomes conjugated to the DPPC: DSPE-PEGq00: ATTO
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488 microbubbles and incubated for 72 hours. ATP viability assessment was performed and
normalised to positive controls (10 % DMSO treated cultures) and negative controls (0.01 %
DMSO treated cultures) to determine the effect of the therapeutic microbubbles on the on-

chip cultures.

3.11.8.Therapeutic assessment of 2D PDAC cultures with gemcitabine,

microbubbles and ultrasound

To compare, the effect of gemcitabine, microbubbles and ultrasound were assessed on the
2D culture of the PDAC cells. PANC-1 and PSC cells at a ratio of 1: 3, were prepared to a cell
suspension of 5 — 7 x 10° cells mL?, and the cells were seeded into a 96-well or into ibidi p-
Slide (VI 0.4, iBidi, Germany) microfluidic devices. Each of the ibidi p-Slide devices consists of
6 individual channels with a channel height of 0.4 mm and a length of 17 mm designed for the
culturing of adherent cells. 40 pL of the cells were seeded into the ibidi p-Slide devices and
incubated for at least 2 hours, and 60 pL of culture media were added to each reservoir

simultaneously for static cell culture.

The PDAC cells in the 96-well or the ibidi p-Slide devices were cultured with DMEM/10 % FBS
culture media with TGF-B1 supplement (10 ng mL?) until = 70 % confluent and exposed to
gemcitabine, microbubbles and ultrasound. The 2D PDAC cultures were also treated with
therapeutic microbubbles and ultrasound. DMEM/10 %FBS/31.25 uM of gemcitabine
solution, DPPC: DSPE-PEGj000: ATTO 488 microbubble solution, the microbubbles in DMEM/10
%FBS/31.25 uM of gemcitabine solution, or the therapeutic microbubble (gemcitabine-loaded
liposomes or blank liposomes conjugated onto DPPC: DSPE-PEGa000: ATTO 488 microbubbles):
DMEM/10 %FBS culture medium solution was added to the wells of the 96-well plate or a
reservoir chamber of each channel of the ibidi u-Slide devices to induce flow for treatment.
Ultrasound was applied with and without gemcitabine and microbubbles using the 0.25 inch
(6.35 mm) diameter 2.25 MHz transducer at a mechanical index of 0.6, a pulse repetition
frequency of 1 kHz, a duty cycle of 1 %, for a total duration for 5 seconds, and the cultures
were incubated for 72 hours. Viability was assessed as described in section 3.12. ATP viability
results were normalised to positive controls (10 % DMSO treated cultures) and negative
controls (0.01 % DMSO treated cultures) to determine the effect of gemcitabine with

microbubbles and ultrasound application on the 2D cultures.
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3.12.Viability assessment of the PDAC cultures

The viability of the off-chip and on-chip PDAC cultures was assessed with live/dead viability
assay and by quantifying their ATP content. Live/dead viability assessment of the off-chip and
on-chip PDAC cultures was done with 2 uM Calcein AM, 4 uM ethidium homodimer-1 (EthD-
1) and 5 ug mL? of Hoechst 33342, or with ReadyProbes™ Cell Viability Imaging Kit, Blue/Red,
which consists of Hoechst and propidium iodide. The live/dead viability reagents were all
sourced from Thermo Fisher Scientific and performed according to the manufacturer’s
instructions. ATP content of the 2D cultures and off-chip and on-chip 3D PDAC cultures were
quantified with CellTiter-Glo® 2D cell viability assay and CellTiter-Glo® 3D cell viability assay,
according to the manufacturer’s instructions. The 2D and 3D cell viability assay were sourced

from Promega UK Ltd.

3.12.1.Live/dead viability assay

The off-chip PDAC spheroid cultures were treated with 2 uM Calcein AM, 4 uM EthD-1 and 5
ug mL? of Hoechst 33342 and incubated at 37 °C with 5 % CO, for at least 30 minutes before
imaging. Hoechst binds to the cell nucleus of live cells to fluoresce blue, Calcein AM is
enzymatically converted (hydrolysed via the intracellular esterase activity) to the fluorescent
green calcein in live cells, and EthD-1 binds to the nucleic acid of dead cells, cells that have

lost their plasma integrity, to fluoresce red.

The 2D cultures of the PDAC cells grown in the ibidi p-Slide microfluidic devices were
incubated with a solution of the ReadyProbes™ Cell Viability Imaging Kit, Blue/Red, prepared
according to the manufacturer’s instructions. The on-chip PDAC cultures were also treated
with the ReadyProbes™ Cell Viability Imaging Kit. Two drops of NucBlue® Live (Hoechst stain)
and propidium iodide, which binds to the nucleic acid of dead cells, were added to 1 mL of
culture media, and 120 pL of the solution was pipetted into a reservoir chamber of each
channel of the ibidi p-Slide devices to induce flow and stain the 2D cultured cells. For the on-
chip PDAC cultures, two drops of the NucBlue® Live (Hoechst stain) and propidium iodide were
added to the inlet media reservoirs with 1 mL of DMEM/10 % FBS culture media. The 2D and

on-chip 3D PDAC cultures were incubated for 15 — 30 minutes prior to imaging.

All imaging were performed with the Leica confocal fluorescence microscope (described in

section 3.2.3) using a 10 x objective and a pinhole of 1.00 AU with the respective excitation
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and emission wavelengths for Calcein AM (Ex/Em: 494/517 nm), EthD-1 (Ex/Em: 528/617 nm),
Hoechst (Ex/Em: 350/461 nm), NucBlue® Live (Ex/Em: 360/460 nm), and propidium iodide

(Ex/Em: 535/617 nm). All acquired images were analysed with Image J.

3.12.2.ATP viability assay

The metabolic activity of the 2D PDAC cultures, and the off-chip and on-chip 3D PDAC cultures
were assessed by quantifying their ATP content with CellTiter-Glo® 2D and 3D reagent. The
CellTiter-Glo® 3D reagent is optimised for 3D culture assessment as it is a highly concentrated
lytic reagent to penetrate the core of 3D cultures. The CellTiter-Glo® 2D and 3D reagent were
used to measure the luminescence signal from the 2D and 3D cultures, proportional to their

ATP content and, therefore, culture viability.

For the 2D PDAC cultures, when the PDAC cells reached approximately = 70 % confluency, in
a 1: 1 volume ratio DMEM/10 % FBS culture media was mixed with CellTiter-Glo® 2D reagent,
and 200 pL of the DMEM/10 % FBS/CellTiter-Glo® 2D reagent solution was added to the wells
of the 96-well plate or 120 pL of the DMEM/10% FBS/CellTiter-Glo® 2D reagent solution was
added to a reservoir of the channels of the ibidi p-Slide devices. The 96-well plate and ibidi p-
Slides with the PDAC cultures were placed on an orbital shaker at room temperature for about
20 minutes to induce lysis. The lysed cultures from the 96-well plate and the ibidi p-Slide
devices were transferred by pipetting into 96-well opaque-walled plates (BD Falcon) and

incubated further at room temperature for 10 minutes to stabilise the luminescent signal.

For the off-chip 3D cultures grown in the ULA plates, single spheroids were transferred by
pipetting into 96-well opaque-walled plates (BD Falcon) for treatment with the CellTiter-Glo®
3D reagent. For both the single spheroids, transferred into the opaque plate, and the cultures
grown with BME gel in culture dishes, ina 1: 1 volume ratio, equal to the culture media present
in each well or culture dish, CellTiter-Glo® 3D reagent was added. The well plate and culture
dishes were then placed on an orbital shaker at room temperature for 5 minutes to induce
lysis. The lysed cultures grown with BME gel were transferred into 96-well opaque-walled
plates. Then, both opaque plates, with the lysed single spheroids or cultures grown with BME
gel, were placed at room temperature for an additional 20 — 25 minutes to stabilise the

luminescent signal.
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For the on-chip PDAC cultures, in a 1: 1 volume ratio, equal to the culture media present in
the inlet media reservoirs, a volume of CellTiter-Glo® 3D reagent was added, and the cultures
incubated for at most 30 minutes. Cells were then retrieved by pipetting from all outlets of

the device into a 96-well opaque-walled plate for recording of the luminescence signal.

Luminescence signal for the 2D PDAC cultures and the off-chip and on-chip 3D PDAC cultures

were recorded with a SpectraMAX M2 microplate reader (Molecular Devices).

3.12.2.1. Percentage viability assessment
Following treatment of the off-chip and on-chip PDAC cultures with gemcitabine only or

gemcitabine with microbubbles and ultrasound, the viability of the cultures was assessed as
described above, and percentage viability was assessed by normalising to positive controls (10
% DMSO treated cultures) and negative controls (0.01 % DMSO treated cultures). The
percentage viability of the cultures was assessed with Equation 25 below, where RLU is the
relative luminescence unit reading from the microplate reader. Subtracting readings of the
positive control from readings of the test compound and negative control takes into account
any further background noise and variability in measurement as luminescence reading for

positive controls cannot result in a zero value!®!

RLU of test sample—RLU content of positive control

x 100% (25)

RLU content of negative control—RLU content of positive control

3.13. Statistical analysis

All data were expressed as the mean or average + standard error (SE) from biological and
experimental repeats. Moreover, using OriginPro software, statistical significance was
assessed. Paired Sample T-Test was used to assess the effect of TGF-B1 on the stiffness of the
cultures. Student’s t-test as well as the parametric test one-way analysis of variance (ANOVA),
followed by Tukey’s test, were also used to assess the effect of gemcitabine, microbubbles
and ultrasound treatment on the cultures and to determine the effect of the on-chip culture

mechanics on interstitial flow. p < 0.05, was considered statistically significant.

80 |



Experimental Section

3.13.1. Z-factor index

Z-factor score was calculated to measure the quality of the ATP cell viability assessments in
determining the effect of gemcitabine on the off-chip and on-chip PDAC cultures. The Z-factor
is a statistical measure of the suitability or the quality of an assay for use in a high throughput
screen.B06310 The Z-factor was calculated as
3 _
7=1— 3(op=on) (26)
|tp— binl

where, o and u are the standard deviation and mean of both the positive (p) and negative (n)

control samples, respectively. For a quality assay, the Z-factor score must be between 0.5 and

1.0 [305, 306, 308, 309]
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Some of the content of this chapter can be found in the manuscript Kpeglo, D., Hughes, M. D.
G., Dougan, L., Haddrick, M, Knowles, M. A., Evans, S.D. E., and Peyman, S. A. (2022). Modeling

the Mechanical Stiffness of Pancreatic Ductal Adenocarcinoma. Matrix Biology Plus. 100109.

The optimal culture conditions to mimic the growth and mechanical behaviour of the PDAC
tissue on-chip were investigated with off-chip cultures. The PDAC cancer cells, PANC-1, and
pancreatic stellate cells (PSCs) were seeded into ultra-low attachment (ULA) plates and culture
dishes with basement membrane extract (BME) gel and cultured with transforming growth
factor-B 1 (TGF-B1) supplement (as described in section 3.4). BME gel was used to permit the
culturing and growth of the cells in 3D and for the cells to naturally engineer an environment
that reflects that of the PDAC tissue with the laying down of collagen and other ECM into the
surrounding matrix. Figure 4.1 shows images of the PANC-1 and PSC cells expanded in culture

flasks for seeding into the ULA plates or culture dishes with BME gel.

PANC-1 cells, passage 4 PSC cells, passage 1

Figure 4.1. 2D culture of the PANC-1 and PSC cells

Bright-field images of the PANC-1 and PSC cells cultured in 25 cm? culture flasks in their respective culture
media. Both cell lines were > 70 % confluent. Scale bar: 100 um.

PANC-1 cells were chosen as the cell line for the PDAC model as they were derived from a
patient with an adenocarcinoma of the pancreatic head with metastases to the pancreatic
lymph nodes — characteristics of PDAC.> 7 105 171 pSCs the main fibroblast cells of the
pancreas, were chosen as they are central to the increased deposition and cross-linking of
matrices, which results in the heterogeneous, dense, and hypovascularized PDAC fibrotic

environment, exacerbated by the overexpression of TGF-p.[** 100 311-317]
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In this section, the growth and mechanical stiffness of the PANC-1 cells in the presence of PSCs

and TGF-B are presented.

4.1. Growth of the PDAC cultures

PANC-1 and PSC cells were seeded into ULA plates for PSC only, PANC-1 only, and PDAC
spheroid cultures. For the PDAC spheroid cultures, PANC-1 and PSC cells were seeded
together at a 1: 2 ratio or a 1: 3 ratio to determine the optimum seeding ratio between the
PANC-1 and PSC cells. The seeding ratio of 1: 2 and 1: 3 were used as they were reported to

have biological relevance.*

The spheroids were allowed to grow for 14 days or 21 days to gain a spheroid size that
resembled the metabolic stratification of the tumour tissue. Daily images were taken to
monitor their diameter and volume and assess spheroid growth. Figure 4.2 shows the cells
cultured in the ULA plates from the day of seeding to day 7 of culture. Supplementary videos
1 — 3 show the aggregation of the PSC only cells, PANC-1 only cells, and PDAC (PANC-1 and
PSCs) cells in the ULA plates from the day of seeding to day 3 of culture. The videos were
acquired with the IncuCyte® S3 Live-Cell Analysis System at MDC (described in section 3.2.4).
Twenty-four hours after seeding, the cells aggregated into a spherical-like structure. With the
hydrophilic coating of the wells of the ULA plates, cell-cell interactions dominate over cell-
plastic interactions, thus facilitating spheroid formation. By day 7, the cells are compact within

the 3D spheroid structure.

Day of seeding 24 hours after seeding Day 7 of culture

Figure 4.2. 3D spheroid culture of the off-chip PDAC cultures in ULA plates

Representative bright-field images of the PANC-1 and PSC cells seeded into ULA plate for spheroid culture. Due
to the hydrophilic coating of the ULA plate, the cells aggregate into a spheroid structure. Scale bar 200 um.

Figure 4.3 shows images of the different culture conditions, PSC only, PANC-1 only, and PDAC
(PANC-1 and PSCs in a 1: 2 seeding ratio) spheroids (without TGF-B1 supplement) on day 14

of culture, and their respective diameter at two cell seeding densities, 500 and 1000 cells per
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Figure 4.3. Characterisation of the PANC-1 spheroid growth in the presence of PSC cells

A) Bright-field images of the PSC only, PANC-1 only, and PDAC (PANC-1 and PSC, 1: 2 seeding ratio) spheroid
cultures on day 14 of culture. Cell seeding density for each of the different spheroid conditions: 1000 cells per
well. Scale bar, 200 um. The diameter of the B) PSC only spheroids for cell seeding densities of 500 and 100 cells
per well, and C) PANC-1 only spheroids for cell seeding densities of 500 and 100 cells per well, and D) PDAC
spheroids with PANC-1 and PSC cells in a 1: 2 seeding ratio for cell seeding densities of 500 and 100 cells per
well, over the 14-day culture period, and the diameter of E) PDAC spheroids with the PANC-1 and PSC cells in a
1: 3 seeding ratio for cell seeding densities of 250 and 500 cells per well, over a 21-day culture period. N=3 -9

spheroids generated from 2 separate seeding settings.
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well, over the 14-day culture period. The PSC only spheroids were observed to be inactive over
the 14-day culture period with no significant growth regardless of seeding density (Figure
4.3B). The PSCs are reported to be quiescent and active only when in co-culture with cancer
cells 12628 35,316,319,320l Tha PANC-1 only increased in diameter by 40 % and approximately 14
%, from 500 um and 700 um, 24 hours after seeding, to 700 um and 800 um, by day 14 of
culture, for seeding densities of 500 and 1000 cells per well, respectively (Figure 4.3C). The
growth of the PANC-1 spheroids with PSCs, the PDAC spheroids (Figure 4.3D), increased In
diameter by > 100 % in comparison to the PSC only and PANC-1 only spheroid cultures. The
PDAC spheroid diameter was 290 um and 370 um, 24 hours after seeding, and 880 um and
960 um, by day 14 of culture, for 500 and 1000 cell seeding densities, respectively. The PDAC
spheroid growth rate, the time it takes for the spheroid size to double in volume, was
approximately 3 days, irrespective of seeding density and seeding ratio between the PANC-1

and PSCs (Figure 4.3D and E, and Table 4.1).

The effect, increasing compactness and growth, of the PSC cells on the PANC-1 spheroids are
in line with findings from Ware et al. 2016 and Pednekar et al. 2021.11%4 12 144 \\/are et al.
cultured PDAC cancer cells with PSC cells to model the stromal constituent of the PDAC tissue,
and they found spheroids with increasing structural integrity — more compact — with high Ki67
expression, a proliferation maker. Pednekar et al. presented a PANC-1: PSC culture model with
the cellular arrangement and genetic profile of the PDAC tumour tissue and counted the
number of cells in the cultures. They found the number of cells significantly increased in

cultures with PSC cells in comparison to the PANC-1 only cultures.

Table 4.1. Doubling time of the PANC-1 spheroid cultures in the presence of PSC cells
The doubling time in days of the PDAC spheroid cultured for 14 or 21 days, n = 3 to 9 spheroids
generated from 2 separate seeding settings

Culture | Seeding Seeding ratio Cultured Mean volume Mean volume Mean
density | between PANC- for [in [mm3]onday1l | [mm?3]onday doubling
1 and PSC cells days] (24 hours after 14 or 21 of time [in
seeding) culture days]
PDAC 250 1:3 21 0.005 +0.001 0.62 +0.04 2.91+0.06
PDAC 500 1:3 21 0.009 = 0.002 0.84+0.10 3.08 +0.07
PDAC 500 1:2 14 0.017 +£0.005 0.37+0.01 2.91+0.29
PDAC 1000 1:2 14 0.034 +£0.003 0.50 +0.02 3.34+0.13
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A seeding ratio of 1: 3 between the PANC-1 and PSC cells for culture was chosen for
subsequent assessments. In Figure 4.3E, the PDAC spheroids were cultured for 21 days to
investigate the long-term effect of the PSC cells on the PANC-1 spheroid growth.
Supplementary video 4 shows incucyte videos of the co-culture of labelled PANC-1 cells
(labelled with Qtracker dye as described in section 3.3) and unlabelled PSC cells in the ULA
plate. Labelled PSC cells were not used for culture as the Qtracker dye was observed not to
retain well in the cells. With PSC cells, most of the PANC-1 cells were observed to be at the
centre of the spheroids, and the PANC-1 spheroid growth increased steadily and mirrored the

nutrient availability and oxygen gradient of the PDAC tissue as a solid tumour.

Figure 4.4 shows the live/dead viability assessment of the PDAC spheroid cultures using
Hoechst, Calcein AM, and ethidium homodimer-1 (EthD-1). The live/dead viability assessment
was used to investigate the viability of the PDAC spheroids cultured for 21 days. However,
with the ability of spheroids to mimic the gradients of nutrients and oxygen in solid tumours,
104,108, 1111 the PDAC spheroids exhibited an outer region of proliferative cells, shown with the
Calcein Am stain in green, where the cells had enough nutrients to undergo cell division, a
region of quiescent cells, shown with Hoechst stain in blue, where the cells were alive but did
not have enough nutrients and oxygen for cell division, and a central hypoxic environment

with dead cells shown with EthD-1 stain in red, where there was a limited supply of nutrients

and oxygen.

With the PSC cells surrounding the PANC-1 cells, and due to the activity of the PSC cells on the
PANC-1 cells, where there is increasing compactness and growth, there was a limited
perfusion of nutrients and oxygen through the spheroids, rendering the cells to be in different
metabolic states. Again, these findings are in line with observations by Ware et al. 2016,
Zanoni et al. 2016, and Pednekar et al. 2021.1104 112144 \Ware et al. and Zanoni et al. present
spheroids of which there were non-viable cells at the spheroid core, highly proliferative cells
at the culture periphery, and cells in a quiescent state in between. Pednekar et al. looked at
the cellular arrangement of PDAC tumour tissues and observed the pancreatic duct, with CK19
expression, surrounded by high amounts of a-SMA expressing cells (CAFs/PSC cells). They,
therefore, based their PANC-1: PSC cultures on this cellular arrangement, where pancreatic

cancer cells were surrounded by PSC cells.

Figure 4.5 shows the metabolic activity, ATP viability assessment, of the PDAC spheroids, over
the 21-day culture period. Over the 21-day culture period, there was an increase in the ATP

content of the PDAC spheroids, showing the cultures were viable.
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Bright-field Hoechst Calcein AM EthD-1 Merged

Day 7

Day 14

Day 21

Figure 4.4. Live/dead viability of the PDAC spheroids
Confocal images of the live/dead viability assessment of the PDAC spheroids (PANC-1 and PSC cells in a 1:3
seeding ratio) of a seeding density of 250 cells per well, cultured for 21 days, with Hoechst for the cell nucleus
in blue, Calcein Am for live cells in green, and Ethidium homodimer-1 (EthD-1) for dead cells in red. Scale bar
200 um.
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Figure 4.5. Metabolic activity of the PDAC spheroids

ATP viability assessment of the PDAC (PANC-1 and PSC cells in a 1: 3 seeding ratio) of seeding densities of 250
cells and 500 cells per well, from the day of seeding until day 21 of culture .
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In vivo, PSC cells are reported to increase the growth of the PDAC cancer cells, and this is
shown here with the size and growth assessments of the cultures. In the presence of PSC cells
(irrespective of size or seeding ratio between the cells), the PANC-1 size and growth were
enhanced. This shows that the PANC-1 culture with PSCs mimics the growth behaviour of the
PDAC tumour tissue. Assessments on how viable the cultures were also confirmed that not
only were the spheroid growth increasing but also attained the stratified metabolic activity of

the tumour tissue.

4.2. The mechanical stiffness of the PDAC cultures

PANC-1 and PSC cells were seeded into culture dishes with 6 —9 mg mL™? BME gel for PANC-1
only, and PDAC cultures with and without TGF-B1 supplement (10 ng mL?), and their
mechanical stiffness was characterised with oscillatory shear rheology. Seeding of the cells
with BME gel for culture with TGF-B1 and for mechanical assessment is as described in

sections 3.4.2 and 3.5, respectively.

Prior to characterising the culture mechanical stiffness, the effect of TGF-B1 on the growth of
the PDAC cultures was assessed. The cells were seeded into ULA plates and cultured with TGF-
B1. Figure 4.6 shows the growth of the spheroid cultures with and without TGF-1. Again, the
PSCs in the PSC only spheroids were inactive with and without TGF-B1. The growth of the
PANC-1 only spheroids with TGF-B1 was increased in comparison to PANC-1 only spheroids
without TGF-B1. The PANC-1 spheroid cultures without TGF-B1 had a percentage size increase
of > 100 % from day 5 of culture (spheroid diameter of 500 um) to day 21 of culture (spheroid
diameter of 1110 um), but when supplemented with TGF-B1, the percentage size increase was
42 % between day 5 of culture (spheroid diameter of 823 um) and day 21 of culture (spheroid
diameter of 1172 um). TGF-B1 is reported to increase the activities of cells. However, the
increase in spheroid size does not appear to be as significant as with the PDAC spheroids
without TGF-B1. The percentage size increase was about 70 % between day 5 of culture
(spheroid diameter of 688 um) and day 21 of culture (spheroid diameter of 1172 um), and
with the PDAC spheroids with TGF-B1, the percentage size increase of about 26 % between
day 5 of culture (spheroid diameter of 977 um) and day 21 of culture (spheroid diameter of
1237 um). This could be as a result of the effect of TGF-B1 on ECM production, which affects
how dense and compact a spheroid is. TGF-B1 increases the activity of PSCs for the

overproduction of, i.e., collagen, which increases the solid stress in the spheroids. This makes
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Figure 4.6. Effect of TGF-81 on PANC-1 growth in the presence of PSC cells

The spheroid diameter of the PSC only, PANC-1 only, and PDAC (PANC-1 and PSC cells in a 1: 3 seeding ratio)
spheroids with and without 10 ng mL1 TGF- 81 growth factor supplement. N = 6 spheroids per culture condition
generated from 2 separate seeding settings.

the cells contract, and as such, the spheroids become dense and compact. Therefore, the
overall size increase for the PDAC cultures with TGF-81 does not appear to be as significant as

the PDAC cultures without TGF-B1 by day 21 of culture, which are not as compact.

Figure 4.7A shows images of the PDAC cultures in BME gel with TGF-B1 supplement. With the
BME gel, the cells aggregated into 3D structures. Figure 4.7B shows the metabolic activity, ATP
viability assessment, of the different culture conditions grown in BME gel with TGF-p
supplement on day 21 of culture. As the cultures become complex, i.e., co-culture of the PDAC

cells with TGF-B1 supplement, there was an increase in the ATP content.

TGF-B signalling promotes the growth, invasion, and metastasis of PDAC by enhancing the
activity of PSC cells. This influences the PDAC cancer-PSC cell interactions for a favourable
tumour microenvironment, 1t 314 3213231 gnd therefore the increased growth (size) and
metabolic activity of the PANC-1 spheroids in the presence of PSC cells and TGF-B1, in
comparison to the PSC only cultures and the PANC-1 only cultures with and without TGF-B

supplement.

89 |



The Off-chip Pancreatic Ductal Adenocarcinoma Culture

A) B)

ATP assessment of PDAC cultures in BME with TGF-31 supplement

Figure 4.7. The off-chip PDAC cultures with TGF-61

The culturing and viability assessment of the off-chip PDAC cultures. A) Representative bright-field images of
the PANC-1 and PSC (at a 1: 3 seeding ratio) cells seeded into culture dishes with BME gel (6 — 9 mg mL?) for
culture with TGF-81 (10 ng mL?) supplement. With the BME gel the cells aggregated together into a 3D structure
by day 7 of culture. Scale bar: 200 um. B) The metabolic activity, ATP viability assessment, of the different culture
conditions grown in BME gel with the TGF-f1 supplement on day 21 culture. N = 2 culture plate per culture
condition generated from 2 separate seeding settings.
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For mechanical stiffness characterisation, the PANC-1 only and PDAC cultures, grown for 45
days with and without TGF-B1, were assessed using oscillatory shear deformation. As the PSC
only cultures were inactive on their own (Figures 4.3A and 4.6), their mechanical stiffness was
not characterised. The storage or elastic modulus (G”) and the loss or viscous modulus (G”)
components of the PANC-1 only and PDAC cultures with and without TGF-f1 were measured,
and steady state values of G’ and G” measurements were extracted from the time sweep

curves as described in section 3.5.

Figure 4.8 shows exemplar plots of the time sweep curves with the G’ and G” measurements
for the PDAC cultures with and without TGF-B1 supplement, and exemplar box magnification
of the steady-state measurements on day O for the PDAC cultures without TGF-B1 and day 45
for the PDAC cultures with TGF-B1, where the G’ and G” measurements were extracted. Figure
4.9A and B show plots of the average of the extracted G’ and G” measurements for the
different culture conditions over culture time. It shows an increase in the elastic component
and the viscous components of the cultures, corresponding to the mechanical properties of
the ECM produced and that of the resulting mechanical effect on the cells, with increasing

culture time. On day 45, there is a decrease in the loss modulus with an increase in the storage
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Figure 4.8. Examples of the G’ and G moduli measurement of the off-chip PDAC cultures

The G’ and G”" measurements of the PDAC cultures A) without and B) with TGF-61 on day O (3 — 4 hours after
seeding, day 7, day 21, and day 45 of culture, of which an average of their steady state measurement over time,
as seen in the box magnification for the PDAC cultures without TGF-81 on day 0 and for the PDAC cultures with
TGF-81 on day 45 of culture, was used to determine their complex shear modulus, G*.
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Figure 4.9. Mechanical stiffness characterisation of the off-chip PDAC cultures
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The average A) storage (G’), and B) loss (G”) moduli measurements of the PANC-1 only cultures and PDAC
(PANC-1 and PSC co-culture at a seeding ratio of 1: 3) cultures with and without TGF-81 (10 ng mL1) supplement,
extracted from the time sweep curves. C) The complex shear modulus G*, mechanical stiffness, of the PANC-1
only and PDAC cultures with and without TGF-81. N = 9 culture plates per culture condition generated from
three separate seeding settings.

92 |



The Off-chip Pancreatic Ductal Adenocarcinoma Culture

modulus. The increase storage modulus on day 45 in comparison to the decrease loss modulus
could be as a result of increasing cross-linking of, i.e., collagen fibres from increasing ECM
deposition. It has been shown that an increase elastic modulus is proportional to the cross-
linking degree of fibres, which results in a dense network structure contributing to overall
stiffness.223%) Therefore, the energy stored in the cultures with deformation (section 2.1) on
day 45 was greater, accounting for the increased and decreased storage and loss modulus,
respectively, observed. Using the G’ and G” measurements with Equation 4 (section 2.1), the
complex shear modulus for the different culture conditions was calculated. Figure 4.9C shows

the mechanical stiffness, the complex shear modulus G*, calculated.

The PANC-1 only cultures and PDAC cultures, in the absence of TGF-f1 growth factor
supplement, were observed to have a G* of 13 Pa (+ 2) and 15 Pa (+ 3), respectively, 3 — 4
hours after seeding. After a 45-day culture, the G* of the PANC-1 only and PDAC cultures was
23 Pa (% 3) and 650 Pa (% 9), respectively. With TGF-B1, on day 45 of culture, G* of the PANC-
1 cultures increased to 350 Pa (+ 18). However, the G* of the PDAC cultures on day 21 of
culture was 970 Pa (% 143), a value corresponding to an Elastic Young’s modulus (E) of 2.9 kPa
(using Equation 5, section 2.1) and approaching the mechanical stiffness measured for the in
vivo PDAC tissue. The Elastic Young’s modulus of solid tumours, including the PDAC tumour
tissue, is reported to range between 1 — 68 kPa in comparison to normal tissue rigidity, which
ranges between 0.38 — 7 kPa.[?¥ 46 89,326,327 Rjce et gf. 2017 and Wex et al. 2014 investigated
the mechanical stiffness of healthy and fibrotic or pancreatic cancer tissues. Rice et al.
measured an Elastic Young’s modulus ranging between 3 — 4 kPa for PDAC tissues, and Wex
et al. measured a complex shear modulus ranging between 1 — 3 kPa for human fibrotic
pancreatic tissues.?> 8% Here, on day 45 of culture, G* of the PDAC cultures with TGF-B1 was
1500 Pa (+ 310). A decrease in G* between day 5 and day 14 of culture was likely due to the
secretion of enzymes and proteases by the cells, mediated by PSCs, for the remodelling of the

matrix environment for a fibrotic stroma to support their growth.!*’- 26 28 46, 48,58, 313]

Rice et al. showed with increased collagen density, during the progression of the disease
pancreas from a premalignant lesion (PanIN) to PDAC, there is increasing tissue stiffness.?!
Lai et al. 2020, using microfluidics as a platform for their culture model and second harmonic
generation (SHG) imaging, also showed increased collagen deposition with fibroblast or PSC
cells and TGF-B1, corresponding to increasing culture stiffness.** Robinson et al. 2016 showed
PSCs to be central to the remodelling of the matrix environment of their cultures, where

increased PSC cell number correlated with increased collagen alignment in the matrix
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environment.®® With PSC cells, and TGF-B1, there is increasing ECM production, i.e., collagen,

increasing fibre cross-linking and thus in mechanical stiffness as measured for the cultures.

Frequency sweep measurement was done to assess the time-dependent behaviour of the
cultures. Frequency sweep measurements show the physical strength and cohesiveness of a
sample in a time dependent manner. Figure 4.10 shows exemplar plots of the frequency
sweep measurements with the G’ and G”” components of the PDAC cultures with and without
TGF-B1. It shows that the G” measurements were greater than the G” measurements,
indicating that the culture samples were more structurally elastic. Moreover, with both
measurements relatively constant, it shows the G’ and G” components of the cultures were
independent of frequency. These show the networks in the cultures — of the matrix
environment, cell-cell interactions, and cell-matrix interactions — were structurally stable

during the oscillatory shear deformation.

Figure 4.11 shows a plot example of the range of normal forces measured by the parallel plate
rotary system to ensure contact with the cultures during deformation. The range of normal
forces — low, medium, high range — measured indicates that when there was a change in the
volume (an expansion or contraction) of the culture samples as a result of a temperature
change or moisture loss, for example, the rotary system was able to adapt (increase or
decrease) the gap between the parallel plate geometry and culture to ensure continuous

contact for deformation.

Figures 4.12A and B show exemplar bright-field and binarized images, respectively, used to
assess the ratio of cells versus matrix between the different culture conditions with increased
culture time, Figure 4.12C. Bright-field images of the PANC-1 only and PDAC cultures with and
without TGF-B1 were analysed with Imagel to determine if the measured mechanical stiffness
(Figure 4.9C) was due to differences in cell number, size or number of the spheroid cultures.
Figure 4.12C shows the ratio of cells versus matrix against the day of culture for the different
culture conditions. The relative volume occupied by the cells versus matrix gel environment
did not differ between the different culture conditions with increasing culture time. This
shows the mechanical stiffness measured was not due to the number of cells present, which
increased with culture time. Moreover, Figure 4.13 shows G’, G”, and G*, and frequency
sweep measurements of just BME gel over a 21-day incubation period. An overall decrease in
G*, over the 21-day culture period, demonstrates the measured mechanical stiffness for the
PANC-1 cultures in the presence of PSC and TGF-B1 supplement could have been due to the

cells remodelling their matrix for an environment to support their growth.
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Figure 4.10. Examples of the frequency sweep measurements

The frequency sweep measurements of the G" and G” measurements of the PDAC cultures A) without and B)

with TGF-81 on day 0 (3 — 4 hours after seeding), day 7, day 21, and day 45 of culture at 2 % shear strain.
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Figure 4.11. Range of normal forces measured by the parallel plate rotary system

Examples of the range of normal forces measured by the parallel plate rotary system to ensure contact with the
cultures during oscillatory shear deformation with the rheometer.
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Figure 4.12. Ratio of cells in the off-chip PDAC cultures

A) Representative bright-field and B) its binarized image of off-chip PDAC culture with TGF-81 on day 21 of
culture to determine the C) ratio of cells in the different culture conditions versus the matrix environment. N = 3
— 5 images from the 9 culture plates from 3 separate seeding settings in Figure 4.9. Scale bar: 200 um.
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To determine if the measured mechanical stiffness was due to the production of ECM,
accounting for the fibrotic-like structures in the matrix environment (Figure 4.12A), the PANC-
1 only cultures, and PDAC cultures with and without TGF-B1 (10 ng mL?) supplement, were
fixed and stained for collagen type | on day 7, 14, 21, and 30 of culture. The
immunofluorescence stain for collagen type | is as described in section 3.6. Figure 4.14 and
Figure 4.15 show images of the immunofluorescence stain for collagen in the PANC-1 only and
PDAC cultures with and without TGF-B1. Without TGF-B1, the PANC-1 only cultures showed
no evidence of collagen in their matrix environment. Collagen was seen mostly at the culture
periphery. With TGF-B1, collagen was also mostly observed at the culture periphery of the
PANC-1 cultures (Figure 4.14). In the PDAC cultures without TGF-B1, some collagen was
observed in the matrix environment by day 30 of culture, but with TGF-f1, the PDAC cultures
exhibited more collagen in the matrix environment by day 21 of culture, which was much more
on day 30 of culture (Figure 4.15). This shows with the presence of PSC cells and TGF-$1
supplement, there is the overproduction of ECM macromolecules, which is exacerbated by
TGF-B1,126 3% 3542481 3nd this accounted for the increasing mechanical stiffness measured for
the cultures (Figure 4.9C) and reflected in their increasing elasticity and viscosity (Figures 4.9A

and B).

The increase in elasticity and viscosity are due to the concentration, organisation, and
mechanical properties of ECM components. Fibrillar collagen and elastin account for the
elasticity and stiffness of the ECM, providing cells and tissues with the structure, strength, and
extensibility they require to grow and develop. Whereas, glycosaminoglycans, such as
hyaluronans, with their ability to absorb fluid and swell, account for the viscosity of the
ECM.[44’ 54, 57, 60, 328, 329

! Together, the elastic and viscous behaviour of the cultures show the

cells sense and adapt to the mechanical forces exerted from the growing heterogeneous

EC\ 42, 45-47, 49-51, 54, 99, 328]

The PDAC tumour tissue exhibit a stroma where collagen type | is the most abundant providing
the tumour tissue with its stiffness, and this was achieved here with the culturing of the PANC-

1 cells in the presence of PSCs and TGF-B for 21 days.
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Bright-field DAPI Collagen Phalloidin Merged
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With TGF-p1

Figure 4.14. Immunofluorescence stain of collagen type | in PANC-1 cultures with TGF-61

Representative confocal images of the collagen type | stain in the PANC-1 only cultures with and without TGF-
81 supplement on day 7, 14, 21, and 30 of culture. Nuclei stained with DAPI in blue, collagen in green, and actin
with phalloidin in red. Scale bar on day 7 and 14, 50 um. Scale bar on day 21 of culture and 30 of culture, 100
um.
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Figure 4.15. Immunofluorescence stain of collagen type | in PDAC cultures with TGF-81

Representative confocal images of the collagen type I stain in the PDAC (PANC-1: PSCs co-coculture in a seeding
ratio of 1: 3) cultures with and without TGF-81 supplement on day 7, 14, 21, and 30 of culture. Nuclei stained
with DAPI in blue, collagen in green, and actin with phalloidin in red. Scale bar on day 7 and 14, 50 um. Scale
bar on day 21 and 30 of culture, 100 um.
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4.3. The effect of mechanical stiffness on therapeutic effect

As the fibrotic stroma and resulting tissue rigidity affects the delivery and effect of
chemotherapeutics, 17/ 18 21,2446, 105 the effect of gemcitabine on the off-chip PDAC cultures
was assessed. First, PANC-1 and PSCs were seeded into ULA plates at a seeding density of 250
cells per well for PSC only, PANC-1 only, and PDAC spheroid cultures with and without TGF-1
supplement (10 ng mL?). The spheroids were grown for 21 days to mimic the PDAC tumour
fibrotic stroma and mechanical stiffness. After the 21-day culture, the spheroid cultures were
treated with gemcitabine at different concentrations for 72 hours, and their ATP viability was
assessed. The seeding of cells into ULA plates for spheroid culture to assess with gemcitabine

is described in section 3.11.1. ATP viability assessment is as described in section 3.12.2.

Figure 4.16A shows the timeline of the seeding of the cells for culture, incubation of the
cultures with gemcitabine, and ATP viability assessment. Figure 4.16B shows the percentage
viability (normalised to controls) versus the different gemcitabine concentrations (in log scale)
used. There was a decrease in percentage viability for the different culture conditions with an
ICso of 1.5 (£ 0.06), 1.4 (£ 0.06), 1.5 (+ 0.07), 1.7 (+ 0.08), 2.1 (+ 0.09), and 2.08 UM (+ 0.13)
for the PSC only spheroids without and with TGF-B1, the PANC-1 only spheroids without and
with TGF-B1, and the PDAC spheroids without and with TGF-B1, respectively. Z-factor score
for the PSC only cultures without and with TGF-B1, the PANC-1 only cultures without and with
TGF-B1, and the PDAC cultures without and with TGF-B1 was 0.8, 0.6, 0.8, 0.9, 0.6, and 0.7,
respectively. The Z-factor score values between 0.5 — 1.0 show the quality of the ATP assay

assessment of the efficacy of gemcitabine on the mechanically stiff cultures was good.3% 3%

309]

The PDAC spheroids without TGF-B1 were observed to be resistant to a decrease in
percentage viability in comparison to the PDAC spheroid cultures with TGF-B1 until treated
with high gemcitabine concentrations (250 and 500 uM, log 2.4 and 2.7, respectively). This
was believed to be related to the inability of gemcitabine to effectively permeate into and
through the spheroid cultures. As seen in Supplementary video 4, most of the PANC-1 cells
were at the centre of the spheroids. This was also shown in Pednekar et al. 2021, with a-SMA
expressing cells surrounding PDAC cancer cells.!*** 8% 191 Moreover, with PSC cells whose
activity is increased with TGF-B, the spheroids become compact, and there is increase ECM,
which all together limits the perfusion of nutrients and oxygen and of drugs through the
culture. This likely accounted for the high gemcitabine concentration required to decrease

culture viability. Also, the lack of nutrients and oxygen results in a hypoxic, acidic environment
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which also affects the effects of drugs. (& 7% 73108 3301 Eyen if gemcitabine could permeate
through the culture, its activity and effect would be inhibited by the hypoxic and acidic

environment.
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Figure 4.16. The effect of gemcitabine on the off-chip PDAC cultures with TGF-f1

Gemcitabine effect on the PSC only, PANC-1 only, and the PDAC (PANC-1 and PSC co-culture in a 1: 3 seeding
ratio) culture with and without TGF-f1 supplement (10 ng mL1). A) Timeline of the seeding of the PANC-1 and
PSC cells for culture to assess with gemcitabine. B) The percentage viability of the different spheroid culture
conditions versus the log scale of the different gemcitabine concentrations used. N = 12 spheroids per culture
condition generated from two separate seeding settings. C) The percentage viability assessment of the different
culture (cells seeded with BME gel) conditions versus the log scale of the gemcitabine concentrations used. N =
4 culture plates generated from two separate seeding settings. D) The percentage viability versus the PANC-1
only and PDAC cultures in C) and their corresponding complex shear modulus measured from Figure 4.9C. E)
The PDAC cultures grown in BME gel with and without TGF-81 supplement stained for HIF-1 alpha on day 21 of
culture. Nuclei stained with DAPI in blue, HIF-1 alpha in green, and actin with phalloidin in red. Scale bar, 100
Hm. ****p < 0.001, two-way ANOVA followed by Tukey’s multiple comparison test.
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Investigating further, how mechanical stiffness affects gemcitabine efficacy, PANC-1 and PSCs
were seeded into culture dishes with 6 — 9 mg mL* BME gel for PANC-1 only, and PDAC
cultures with and without TGF-B1 (10 ng mL?). The cultures were grown for 21-days to achieve
in vivo mechanical stiffness (Figure 4.9C). The cultures were treated with 7.8, 31.25, and 250
UM of gemcitabine for 72 hours, and their ATP viability were assessed. The seeding of cells
into culture plates with BME gel to assess the effect of gemcitabine is described in section
3.11.1. ATP viability assessment is as described in section 3.12.2. Again, Figure 4.16A shows
the timeline of the seeding of the cells for culture, incubation of the cultures with gemcitabine,
and ATP viability assessment. Figure 4.16C shows the percentage viability (normalised to

controls) versus the 7.8, 31.25, and 250 uM of gemcitabine (in log scale) used.

The ICso for the PSC only cultures without and with TGF-B1, the PANC-1 only cultures without
and with TGF-B1, and the PDAC cultures without and with TGF-f1 was 1.1 (£ 0.05), 1.2 (+
0.06), and 1.7 (£ 0.03), 1.9 (£ 0.07), 2.5 (£ 0.14), and 2.8 uM (+ 0.21), respectively. Z-factor
score for the PSC only cultures without and with TGF-B1 was 0.5 and 0.3, respectively. The Z-
factor score for the PANC-1 only cultures without and with TGF-81, and the PDAC cultures
without and with TGF-B1 was 0.9. The Z-factor value of 0.3 for the PSC only cultures shows
the assay quality was marginal in determining the efficacy of gemcitabine of the PSC only
cultures with TGF-B1. Again, the Z-factor score values between 0.5 — 1.0 shows the quality of
the ATP assay assessment of the efficacy of gemcitabine on the PANC-1 and PDAC cultures

without and with TGF-B1 was good.

The percentage viabilities measured for the cultures were compared to their mechanical
stiffness measured in Figure 4.9C. Figure 4.16D shows the percentage viabilities for the
cultures compared to their measured mechanical stiffness, and with a mechanical stiffness of
970 Pa for the PDAC cultures with TGF-B1, culture viability decreased to approximately 60 %
when treated with a high gemcitabine concentration (250 uM, log 2.4). This shows the PDAC
cultures with TGF-B1 were resistant to a decrease in culture viability. With the presence of
PSCs and TGF-B1, there is the accumulation of ECM proteins (collagen observed in the culture
environment, Figure 4.15), which increases the density of the fibrotic stroma and culture
mechanical stiffness. This reduces the permeation of drugs through the cultures, resulting in
less cells exposed to drugs, and hence the effect of gemcitabine observed on the PDAC
cultures. From this assessment, 31.25 uM (log 1.49) was found as an optimum gemcitabine

concentration to use on-chip with the PDAC culture, as it resulted in a percentage viability of
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approximately 70 %, providing sufficient cellular viability to assess the further viability

decreases of gemcitabine with microbubbles and ultrasound.

In addition, the PDAC cultures with and without TGF-B1 were fixed and stained for hypoxia-
inducible factor-1 alpha (HIF-1 alpha) to determine if they exhibited a hypoxic environment
based on previous assessments (Figures 4.4 and 4.16B). A hypoxic and acidic environment,
further to the physical barrier posed by the fibrotic stroma and mechanical stiffness for the
delivery of drugs to the cancer cells, inactivates the effect of drugs with the concentrated
glycolytic by-product, lactate. (68 7073 1083301 The fixing and staining of the cultures for HIF-1
alpha is as described in section 3.6. Figure 4.16E shows images of the immunofluorescence
stain of the cultures for HIF-1 alpha in green. The expression of HIF-1 alpha shows the PDAC
cultures were hypoxic with no difference with and without TGF-B1 supplement. This
accounted for the effect of gemcitabine observed for the PDAC spheroid cultures without and
with TGF-B1 in Figure 4.16B. With cancer cells deprived of nutrients and oxygen, the cancer
cells adapt, mediated by HIF-1 alpha, for metabolic pathways and responses, such as the
anaerobic glycolysis, for survival. As a result, there is the production of the glycolytic by-

product lactate in the microenvironment, which inactivates any therapeutic effect.!*® 46 68 70-

74, 330]

4.4. Conclusion

The presence of PSCs, whose activity is compounded with TGF-B, in in vitro PDAC cultures is
important to modelling the tumour growth, fibrotic stroma, and rigidity of the PDAC tissue.
PSC cells are central to the PDAC tissue mechanics with the overproduction of ECM
macromolecules in the tumour microenvironment, and TGF-f stimulates PSCs activity with the
secretion of enzymes including LOX and MMPs for a fibrotic stroma.[?® 28424851 Sty dies show
how important PSCs are, [*>17:100.129,318] ly yt most jn vitro PDAC studies do not include PSC cells
or TGF-B to recapitulate the fibrotic stroma and the tumour tissue rigidity central to the

malignancy and therapeutic resistance of the PDAC tissue.

The PDAC culture, PANC-1 cells in the presence of PSC cells and TGF-3, mimics the biophysical
hallmarks of the in vivo PDAC tissue. There is a steady increase in the PANC-1 cell growth
(Figure 4.3, 4.5, and 4.6) and a mechanical stiffness (Figure 4.9C) within in vivo range, with an
increased deposition of collagen type | and the expression of hypoxia in the culture matrix

environment (Figures 4.15 and 4.16E), which accounted for high drug concentrations required
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to reduce culture viability (Figure 4.16). These findings highlight PSCs and TGF- promote a

desmoplastic, stiff tumour microenvironment and resistance to the effects of therapeutics.

Investigating the growth, mechanical stiffness, presence of a fibrotic stroma, and the effect of
culture stiffness on how gemcitabine affected the cells off-chip, the optimum culture
conditions to mimic PDAC’s biophysical nature on-chip was determined. A 21-day culture is
optimum to mimic the PDAC tissue fibrotic stroma, mechanical stiffness, and resistance to
gemcitabine. Current conventional models do not include stromal elements of the PDAC
tumour tissue (i.e., PSC cells and TGF-B), do not grow their cultures for 21 days, and therefore
do not capture these biophysical hallmarks. This makes them unrepresentative as models of

PDAC for therapeutic assessments.
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A 3-channel device (as described in section 3.7, and seen in Figure 5.1A below), was initially
used for the on-chip PDAC culture. The 3-channel device provided insight for the design of a
5-channel microfluidic device (Figure 5.1B) to culture the PDAC cells with DMEM/10 %FBS
culture media supplemented with TGF-B1 (10 ng mL?) for 21 days. The design of the 3-channel
and 5-channel device, both with a height of 100 pm, was based on microfluidic organ-on-chip
systems reported in the literature to adequately recapitulate a microenvironment for cell

culture [38, 131, 132, 162, 165, 331-333]

A) 3-channel device B) 5-channel device

) !F‘/ Y
, ~ £~ Media channel ~
\
/ . [
Media channel / — . \Gel containing
\_\ 2 > \ R o channel X
5 Culture L - Culture -
| chamber \", — “ chamber ﬁ-{ N
5mm 6 mm

Figure 5.1. The 3-channel and 5-channel microfluidic device

The A) 3-channel device composed of a culture chamber and culture media channels, and B) the 5-channel
device composed of a culture chamber, gel-containing channels and culture media channels.

In this chapter, fluid flow assessments of channels for the design and fabrication of the 3-
channel and 5-channel device and with media reservoirs, PDAC cell culture in the 3-channel
and 5-channel device, immunofluorescence assessment for collagen and HIF-1 alpha, and the

interstitial flow assessments of the on-chip PDAC culture are presented.

5.1. Fluid flow assessments

Before designing the 3-channel and 5-channel device, the linear velocities of channels in
microfluidic systems, reported in the literature for cell culture under constant flow 3% 162257,
293-295,297, 334 " \vere investigated to determine an optimal laminar flow regime to use for the

culturing of the PDAC cells. The height, width, and volumetric flow rate (in m? s?) of the
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channels of the reported microfluidic systems were used to determine a range of linear

velocities, using Equation 14 — 16, and to calculate fluid flow regimes using Equation 12.

Table 5.1 shows a list of the channel dimensions of reported microfluidic devices, the linear
velocities, and the fluid flow regime calculated. A laminar flow regime of < 0.2, and a media
flow rate of 0.5 pL min? for the media channels, were deemed optimal for the viable cell
culture of the PDAC cells. A flow regime of < 0.2, and a media flow rate of 0.5 pL min?,
indicated a steady diffusion and transport of nutrients and analytes, with control of the shear
stresses induced in the device with media flow. 3% 162 165 332,335337] gased on the laminar flow
regime and media flow rate of < 0.2 and 0.5 pL min?, respectively, the optimal channel

dimensions for the 3-channel and 5-channel device was assessed.

Table 5.2 shows the dimensions of the different channels for the 3-channel and 5-channel
devices, the linear velocities, hydraulic resistance, flow regime, and microchannel wall shear
stress, calculated based on the flow regime and culture media flow rate of < 0.2 and 0.5 uL
min?, respectively. The microchannel wall shear stress was calculated using Equations 23.
Investigating the linear velocities, hydraulic resistance, flow regime, and microchannel wall
shear stress for the 3- and 5-channel device, was important in determining (particularly for
the culture chamber) channel dimensions optimal for viable cell culture. An optimal channel
dimension was deemed to have a flow regime of < 0.2, a hydraulic resistance less than 1.0 x
103 Pa.s m3, and a microchannel wall shear stress of < 0.5 dyne cm™ as this meant a steady
flow of fluids to enable an in vivo-like physiological behaviour and adhesion properties of cells
crucial for viable cell culture.[*°% 337338 \With the optimal channel dimensions, the 3-channel

and 5-channel devices were designed and fabricated for culture, as described in sections 3.7

and 3.8.

In addition, the flow of culture media in the media channels with media reservoirs was
investigated. This was to establish how often to replenish culture media in the media
reservoirs. A MATLAB code was scripted with the hydraulic resistance and pressure equations
(Equations 16, 19, and 20). The Appendix, Hydrostatic pressure driven flow by gravity, shows
the code, using the culture media channel length for the 5-channel device. Figure 5.2 shows
the volumetric flow rate, the pressure difference, and culture medium height between the
inlet and outlet media reservoir versus time in hours for culture medium in the inlet and outlet

media reservoirs to be equal in volume or height.
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Figure 5.2. Fluid flow assessment in the media channels, between the media reservoirs

A) The volumetric flow rate of culture media in the media channels of, here, the 5-channel device with a media
channel length of 43 mm. B) The pressure difference between the inlet and outlet media reservoirs, which drives
culture medium flow in the media channels. C) The difference in culture media height between the media
reservoirs. All versus time in hours, to determine how long it takes for media in the reservoirs to be equal in
volume or height to change culture media.
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With a flow rate of approximately 0.5 puL min?, a pressure difference of 80 Pa and a culture
media height difference of 18 mm (height of 2 mL of culture medium in the inlet reservoir is
approximately 20 mm, and height of 200 pL of culture medium in the outlet reservoir is
approximately 2 mm), it took about 72 hours for culture media in the inlet and outlet media

reservoirs to be equal in volume or height.

Figure 5.3 shows the experimental assessment of the time it took for culture media in the
media reservoirs to be equal in volume or height. Using the 5-channel device and BME gel
only, the inlet and outlet media reservoirs were filled with DMEM/10 %FBS culture medium
(2 mL and 200 uL, respectively), and the time it took for medium in the reservoirs to be equal
in volume or height was observed. It took 72 hours, and this was in agreement with the
theoretical assessment shown in Figure 5.2. As shown in Figures 5.2 and 5.3, the pressure
difference from the culture media volume, thus height difference, in the inlet and outlet media
reservoirs drives the passive flow of medium in the media channels at a constant flow rate

allowing for long term cell culture.[67, 337,339

5.2. PDAC culture in the 3-channel and 5-channel microfluidic devices

PDAC cells were seeded into the culture chamber of the 3-channel or 5-channel device for a
21-day culture with DMEM/10 %FBS culture media supplemented with TGF-B1 (10 ng mL™).
Figure 5.4A shows bright-field images of the PDAC cells in the culture chamber of the 3-
channel device on the day of seeding, day 7, and 14 of culture. The cells were cultured for 14
days rather than 21 days, as by day 14, cells were observed to grow into the media

(340, 3811 With cells in the media channels by day 14 of culture, the flow of media into

channels.
the culture chamber for a 21-day culture of the PDAC cells will be impeded, which will be
detrimental to the growth and drug treatment of the cells. As a result of cells growing into the
media channels of the 3-channel device, the device was optimised, by including gel-containing
channels for a 5-channel device. The gel-containing channels put a distance between the

culture chamber and media channels to prevent cells from growing into the media channel

with a 21-day culture.

Microfluidic devices for pancreatic cancer studies in the literature culture pancreatic cancer
cells for approximately 7 — 10 days. If the PDAC cells here were cultured for 7 — 10 days, the
mechanical stiffness achieved would be < 300 Pa (Figure 4.9C), unrepresentative of the PDAC

tumour tissue stiffness.
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Figure 5.3. Time for culture media in the inlet and outlet media reservoirs to be equal in volume or height

Representative images showing the inlet and outlet media reservoirs with DMEM/10 %FBS culture media, and
the time it took for the inlet and outlet reservoirs to have the same volume of media. It took approximately 72
hours for culture media in the reservoirs to be equal in volume/height. The pressure difference, from a difference
in the volume or height of culture media in the respective media reservoirs, drives the passive flow of DMEM/10
%FBS in the media channels.

Drifka et al. 2013, Lee et al. 2018, and Bradney et al. 2020 report a 3-channel, 7-channel (3
channels for cell culture and 4 channels for media flow), and a ductal-like channel,
respectively, for a 5 — 10 day culture to study the stroma-cancer microenvironment and
epithelial-mesenchymal transition (EMT) to evaluate the efficacy of potential therapeutics.*"

38,1651 The reason for the 5 — 10 day culture is likely they did not consider recapitulating the
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PDAC tumour mechanics as shown here, where the cells grow and remodel their environment

for a stiff matrix (Figures 4.9 and 4.15, respectively).[2® 48 58 313]

Figure 5.4B shows bright-field images of the PDAC cells in the culture chamber of the 5-
channel device on the day of seeding, day 7, 14, and day 21 of culture. The field of view of the
PDAC culture, with a 4 x objective, was between the 275 um gel-containing channels. The cells
were seen confluent in the culture chamber and gel-containing channels. Very few cells were
observed in the media channels by day 21 of culture (Figure 5.4C), demonstrating the
suitability of the design of the 5-channel device for a 21-day culture. Figure 5.5 shows the
live/dead stain and ATP viability assessment of the PDAC cells grown in the 5-channel device
during the 21-day culture. Live/dead stain of the on-chip culture was performed with
ReadyProbes™ Cell Viability Imaging Kit, Blue/Red as described in section 3.12.1. The
ReadyProbes™ Cell Via bility Imaging Kit consists of NucBlue® Live (Hoechst stain) for live cells
and propidium iodide (PI), which binds to DNA of dead cells to fluoresce red. ATP viability
assessment of the on-chip culture is as described in section 3.12.2. The live/dead stain (Figure
5.5A) with less Pl staining in comparison to the DAPI staining showed, qualitatively, the on-
chip PDAC cultures were viable. This is supported with the ATP viability assessment (Figure
5.5B), which showed quantitatively, the cultures were viable, with increasing ATP
luminescence, which is proportional to the ATP content of the culture, with increasing culture
time. Few dead cells were observed, mostly around the gel-containing channels and the media
channels (Figure 5.5A). This could be due to the shear stress imposed with the flow of culture
medium in the media channels. Shear stress of 0.35 dyne cm? was determined for the media
channels (Table 5.2). This was low in comparison to the physiological shear stress, which
ranges between 0.5 — 120 dyne cm for blood and lymphatic vessels and tissues.***! However,
this induced mechanical forces on cells proximal to the media channels, which might have

affected their viability, as seen in Figure 5.5A.

Beer et al. 2017 and Lai et al. 2020%% >3 show the culturing of pancreatic cancer cells with
dielectrophoresis (DEP) and in devices (InVADE) of a multi-well plate format similar to the
Organoplate, respectively. DEP was used to selectively assemble viable cells for culture, but
long term culture with DEP has shown to cause cell damage, albeit in bacterial cells.l**?
INVADE, microfluidic devices based on a multi-well plate format, requires a rocking platform
for the perfusion of media,® > permitting static culture conditions, which do not emulate

the in vivo physiological flow conditions.¢”!
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Figure 5.4. The on-chip PDAC culture with the 3-channel and 5-channel device

Representative images of the on-chip culture of the PDAC cells (PANC-1 and PSC cells in a 1:3 seeding ratio) with
TGF-81 (10 ng nL1)in A) the 3-channel and B) the 5-channel device on day 7, 14, and 21 of culture. C) An example
image of the media channel of the 5-channel device with very few cells. Scale bar, 200 um.
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Figure 5.5. Viability assessments of the on-chip PDAC culture in the 5-channel device

A) Representative confocal images of the live/dead viability assessment of the on-chip PDAC (PANC-1 and PSC
cells in a 1:3 seeding ratio) with TGF-81 (10 ng nL1) culture on day 7, 14, and 21 of culture with Hoechst for live
cells in blue, and propidium iodide for dead cells in red. Scale bar, 200 um. B) ATP viability assessment of the on-
chip PDAC culture on day 7, 14, and 21 of culture. N = 18 devices per day of culture generated from three
separate seeding settings. ****p < 0.001, and *p < 0.5, one-way ANOVA followed by Tukey’s multiple
comparison test.
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The IncuCyte® S3 Live-Cell Analysis System at MDC (described in section 3.2.4) was used to
observe the PDAC cells in the 5-channel device. The labelling of the cells is described in section
3.3. As mentioned in section 4.1, labelled PSC cells were not used as they did not retain the
Qtracker dye. The IncuCyte® videos of the PDAC cells on-chip, Supplementary 5 and 6, could
only capture up to 2 days and 18 hours of culture. The presence of bubbles in the culture
media channels was detrimental to the flow of culture media into the culture chamber for the
PDAC culture, and there were focusing issues on the culture chamber with the IncuCyte®. This
was improved by placing the PDMS moulds of the 5-channel device approximately 1 cm away
from the edge of PDMS coated glass slides. However, the videos show cells aggregating in 3D

and forming structure networks.

The 21-day on-chip culture of the PDAC cells with TGF-B1 supplement was to achieve the in
vivo-like mechanical growth and behaviour of the PDAC tissue for therapeutic assessment. To
ensure the on-chip culture reflected the mechanical behaviour and growth of the PDAC tissue,
first, the on-chip PDAC cultures were fixed and stained for collagen type | and HIF-1 alpha.
Second, reduced interstitial fluid flow, resulting from a dense fibrotic ECM [4% 63 238.343] "\y 55

assessed.

5.3. The matrix environment of the PDAC culture

As shown in Supplementary videos 5 and 6 of the on-chip cultures forming a network, the on-
chip cultures were stained to investigate the collagen network. Immunofluorescence

assessment of the cultures for collagen type | and HIF-1 alpha is described in section 3.9.

In comparison to Beer et al. 2017, Bradney et al. 2020, and Lee et al. 2018, which embed
pancreatic cancer cells in a collagen matrix to mimic the tumour microenvironment of PDAC
for a 5 — 10 day culture, Figure 5.6 shows the production and accumulation of collagen as the
PDAC cells grows and develop mechanically (Figure 4.9), on-chip. Figure 5.6 show the
immunostained images of the cultures for collagen on day 7, 14, and 21 of culture. On day 7
and 14 of culture, collagen was found mostly around the cells and not in the surrounding
matrix environment. This is in line with what was observed for the collagen levels in the
surrounding culture environment for the off-chip cultures (Figure 4.15) and the measured
mechanical stiffness (Figure 4.9), where on day 7 and day 14 of culture, there was a decrease

in the complex shear modulus of the PDAC cultures from less amount of collagen deposited
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Figure 5.6. Immunofluorescence stain of collagen type | in on-chip PDAC cultures

Representative confocal images of the collagen stain in the on-chip PDAC (PANC-1: PSCs in a seeding ratio of 1: 3)
cultures with TGF-81 supplement on day 7, 14, and 21 of culture. Nuclei stained with DAPI in blue, collagen in
green, and actin with phalloidin in red. DAPI, collagen, phalloidin, and merged images are magnified images of
the red box in the bright-field images. White arrows indicate collagen fibres. Scale bar of the magnified images
on day 7, 100 um. Scale bar of the magnified images on day 14, 50 um. Scale bar on day 21 of culture, 50 um for
image 1 and 100 um for image 2.
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into the surrounding culture environment. Again, comparable to the off-chip cultures on day
21 of culture (Figures 4.9 and 4.15), there were increased amounts of collagen on-chip. This
showed the 21-day on-chip cultures were mechanically mature, mimicking the in vivo PDAC

tissue stiffness.21 344

With a growing dense, fibrotic stroma and tissue stiffening, vasculatures collapse, resulting in
high interstitial pressure for an ineffective fluid flow intratumourally with nutrients and oxygen
or drugs. This results in a hypoxic and acidic environment in which the cancer cells thrive.**
24,681 Reported microfluidic devices on modelling tumour hypoxia show the contributing effect
of hypoxia on chemoresistance.?*3%°! palacio-Castaneda et al. 2020 report a 3-channel
microfluidic platform to study the hypoxic tumour microenvironment, where hypoxia is
induced by blocking the diffusion of oxygen into cultures with the addition of polymethyl
methacrylate (PMMA) to PDMS moulds of the device.?*®! Refet-Mollof et al. 2021 culture
spheroids of more than 750 um in diameter for the natural expression of hypoxia to study the
role of hypoxia in drug resistance.?* Palacio-Castaneda et al. characterised hypoxia levels
with oxygen-sensitive dye probes. High intensity levels of the probe correlated with lower
oxygen concentration in the cultures. Refet-Mollof et al. immunostained for the expression of
carbonic andrase IX (CAIX), which is downstream of HIF-1 alpha in the hypoxia responsive
element pathway and correlates with poor cancer prognosis.***3>3I Here, the 21-day on-chip
cultures were stained for HIF-1 alpha, a key regulator of cellular and systemic responses to

74, 350, 351, 353-355

hypoxia,' I'to determine if the cultures were hypoxic.

Figure 5.7 shows the immunostained images of the 21-day on-chip cultures for HIF-1 alpha.
HIF-1 alpha expression shows the on-chip PDAC cultures developed a hypoxic environment.
This is considered to be in response to the restricted access of nutrients and oxygen from
collagen accumulation (Figure 5.6). With large amounts of ECM resulting in tissue rigidity, the
availability of nutrients and oxygen to cells becomes scarce, a hypoxic, acidic environment
develops, and the PDAC cells adapt by expressing HIF-1 alpha, shifting metabolic activity from

(351, 356-358] | tyrn, with the development of

oxidative phosphorylation to glycolysis to survive.
hypoxia, there is the upregulation of LOX protein which oxidises lysine residues in collagen,
thereby increasing the cross-linking of collagen fibres for a fibrotic, rigid stroma, correlating
to overall poor survival.l*® 351359361 The adaptive response by PDAC cells to hypoxia results in

malignant behaviour and therapeutic resistance as previously observed off-chip (Figure 4.16).
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5.4. The interstitial flow of the PDAC culture

The accumulation of collagen and expression of HIF-1 alpha showed the 21-day on-chip PDAC
culture mimicked the biophysical traits of the PDAC tissue —accumulation of collagen proteins,
resulting in tissue stiffening and a hypoxic environment. A hypoxic environment meant
reduced interstitial flow with nutrients and oxygen. Therefore, the nature of interstitial fluid

flow in the 21-day on-chip PDAC culture was assessed.

The interstitial flow nature of the on-chip PDAC culture was assessed by investigating the
perfusion of 5(6)-carboxyfluorescein in DMEM/10 % FBS culture medium (1: 10 volume ratio),
referred to as fluorescein in media solution. As a control, the perfusion of fluorescein in media
solution was assessed with BME gel on-chip. The assessment of the interstitial flow with
fluorescein in media solution is described in section 3.10. The perfusion of the fluorescein in
media solution through the device culture chamber with BME gel or the 21-day PDAC culture
was captured with an epifluorescence microscope. Supplementary videos 7 and 8 show the
flow through the BME gel and the 21-day PDAC culture, respectively, and Figure 5.8 shows
images of the perfusion flow (Figure 5.8B) and the plot of the fluorescein intensity versus the
distant travelled by the solution over time (Figure 5.8C). In comparison to the flow of the
solution through the BME gel on-chip, it took more than 90 minutes for the intensity of the
fluorescein in media solution to be the same throughout the culture chamber with the 21-day
on-chip PDAC culture. This demonstrated a reduced interstitial flow due to the accumulation
of collagen in the culture. With increasing collagen content, the cultures become dense,
compact and rigid as seen off-chip, which reduces the size of the porous structure in the
culture matrix, restricting flow. Lai et al. 2020 investigated interstitial flow through their on-
chip PDAC cultures, grown in the InVADE chip, using carboxyfluorescein diacetate (CFDA).E%
They found a decrease in the flow of CFDA solution through denser areas (with high collagen

accumulation) of their cultures.

To quantify the interstitial flow, the hydraulic conductivity of the BME gel or the PDAC culture
with the flow of the fluorescein in media solution, using Darcy’s law (Equation 6), was
calculated. Shown in Table 5.3 and Figure 5.9, the hydraulic conductivity (K) of the BME gel
and the developing on-chip PDAC culture (day 7 and 14 of culture) were 1.9 x 10° + 6.3 x 10°
1 50x10°+1.2x10° and 4.2 x 107 £8.4 x 10 m? s Pa’?, respectively. In comparison to
the hydraulic conductivity for the 21-day on-chip PDAC culture, which was 9.1 x 10° + 6.9 x

10 m? st Pa}, this showed that there was an increased perfusion of the fluorescein in media
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Table 5.3. The interstitial flow assessment of the on-chip PDAC culture

The hydraulic conductivity, interstitial flow velocity and shear stress with the perfusion of fluorescein in
culture media solution in the culture chamber with BME gel only or PDAC culture. N = 3 or 4 devices for
the BME gel only and the on-chip PDAC per day of culture from three separate seeding settings

Culture

Ks [m?]

K [m2s1Pal]

IFy [um s1]

T [dyne cm?]

BME gel only

12 -14
13x10 *4.4x10

-9 -11
19x10 +6.3x10

-4 5
6.3x10 +£2.1x10

-8 -10
26x10 +87x10

PDAC culture _Day 7

-12 -13
35x10 +8.5x10

-9 -9
50x10 £1.2x10

-3 -4
1.6x10 +4.1x10

-8 -8
6.9x10 £2.3x10

PDAC culture _Day 14

-12 -13
29x10 £5.8x10

-9 -10
42x10 £84x10

-3 -4
14x10 +2.7x10

-8 -8
5.8x10 £1.2x10

PDAC culture _Day 21

-13 -14
6.3x10 +4.8x10

-10 -11
9.1x10 +6.9x10

-4 5
3.0x10 +£23x10

-8 -10
1.2x10 +9.6x10
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Figure 5.9. The hydraulic conductivity of the on-chip PDAC culture

The hydraulic conductivity of BME gel only and the on-chip PDAC culture on day 7, 14, and 21 of culture
compared to the measured complex shear modulus (Figure 4.9). N = 3 or 4 devices for the BME gel only and the
on-chip PDAC per day of culture generated from three separate seeding settings. * p < 0.5, one-way ANOVA
followed by Tukey’s multiple comparison test.
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solution in the developing on-chip culture. Increased perfusion indicates the matrix
environment for the BME gel and the developing on-chip PDAC cultures were not dense and
therefore rigid. This then resulted in increased intrinsic permeability (Ks) to allow the flow of
the fluorescein in media solution, resulting in increased K and, therefore, high interstitial flow
(IFy). High interstitial flow also means high shear stress (t), which affects culture viability.
Kramer et al. 2019 reported reduced cell proliferation in their PDAC cultures grown in the
Organoplate. The rocking platform required for flow (the Organoplate is based in a well-plate
format permitting static cell culture) likely resulted in high shear stress, which affected the
proliferation of their cells.**® For the 21-day culture, with the collagenous, rigid matrix
environment, there is increasing cross-linking of fibres, which decreases the size of the porous

structure of the matrix, resulting in reduced Ks, IFv, and t. [236-238, 240, 362]

The reduced interstitial flow for the 21-day on-chip PDAC culture is in agreement with the HIF-
1 alpha expression (Figure 5.7), as with reduced flow there is limited perfusion of nutrients

and oxygen to the cells.

5.5. Conclusion

The 5-channel device was optimal, compared to the 3-channel device, in culturing the PDAC
cells (PANC-1 and PSC co-culture) with TGF-B for 21 days. In developing the 5-channel device,
it was important to investigate the linear velocities of reported microfluidic devices in the
literature to determine optimum channel dimensions and flow regime to ensure continuous
flow for the culturing of the PDAC cells. With the optimum channel dimensions and flow
regime, the PDAC cells were seeded with BME gel for a 21-day culture. Using collagen hydrogel
to mimic the PDAC stroma, Bradney et al. 2020, Lee et al. 2018, and Lai et al. 2020 grew their
PDAC cells for up to 10 days. However, they failed to allow the cells to remodel their matrix
into a rigid, hypoxic environment with reduced interstitial flow. They did not include stromal
cells and cultured their cells in a static culture conditions. Here, with the 21-day culture, the
PDAC cells remodelled their ECM into an environment that supported their growth. They
mimicked the hallmarks of the PDAC tumour tissue — a fibrotic, hypoxic environment with

reduced interstitial transport — for effective therapeutic studies.
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6. The effect of Gemcitabine with Microbubbles and Ultrasound
on the On-chip Pancreatic Ductal Adenocarcinoma Culture

In this chapter, results of gemcitabine treatment with microbubbles and ultrasound exposure
investigated on the on-chip PDAC culture are presented. The viability of the 21-day on-chip
culture treated with gemcitabine only, the ability of microbubbles to penetrate through the
on-chip culture, and the effect of microbubbles only, ultrasound only, and combined, and the
efficacy of gemcitabine with microbubbles and ultrasound together, are presented. Figure 6.1
shows a timeline of the culturing of the 21-day PDAC culture and assessments with

gemcitabine, microbubbles, and ultrasound exposure.

Cells seeded into culture Gemcitabine, microbubble, and ATP viability
chamber for culture ultrasound exposure assessment
| Cultured for 21 days with of TGF-B1(10 ng mL1) to | 72 hours with |
| achieve in vivo mechanical stiffness | Treatment |
Day O Day 21 Day 24

Figure 6.1. Timeline of the on-chip PDAC culture treatment with gemcitabine, microbubbles, and ultrasound

Timeline of the seeding of the PDAC cells on-chip for a 21-day culture, and the ATP viability assessment of the
on-chip cultures following treatment with gemcitabine, microbubbles, and ultrasound.

6.1. The effect of gemcitabine on the PDAC culture

Figure 6.2 compares the ATP metabolic activity of the on-chip PDAC cultures with and without
gemcitabine. The ATP metabolic activity of the on-chip cultures without gemcitabine is also
shown in Figure 5.5B. As shown in Figure 6.1 above, the PANC-1 and PSC cells were seeded
on-chip, grown with TGF-B1 for 21 days, and treated with 31.25 uM of gemcitabine for 72
hours. The concentration of gemcitabine used was found to be optimum as it resulted in
sufficient cellular viability to assess further viability decreases with gemcitabine,
microbubbles, and ultrasound together. The concentration was determined from the effect of

varying gemcitabine concentrations used on the off-chip PDAC cultures (section 4.3).

With gemcitabine, the ATP luminescence of the on-chip cultures decreased by about 10 %. Lai
et al. 2020, with the InVADE platform, exposed their cultures to 1 uM of gemcitabine for 96

hours and observed no cytotoxic effects.?® They observed cell viability of approximately >
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Figure 6.2. The effect of gemcitabine on the on-chip PDAC cultures

ATP viability assessment of the on-chip PDAC culture (PANC-1 and PSC co-culture in a 1: 3 seeding ratio with
TGF-1 supplement [10 ng mL1) with and without gemcitabine, normalised to controls. N = 18 devices generated
from three separate seeding settings for the on-chip cultures without gemcitabine treatment. N = 12 devices
from three separate seeding settings for the on-chip cultures treated with 31.25 uM gemcitabine.

70 % for their fibroblast only, pancreatic tumour organoid (PDAC cancer cells only), and co-
cultures (the pancreatic tumour organoids and fibroblast cells) in Matrigel solution. This could
be due to the low gemcitabine concentration used, but Lee et al. 2018 exposed their co-
cultures (PANC-1 and PSC in collagen solution) to 1 mM of gemcitabine for 72 hours, and 80 —
90 % of tumour cells were still viable.***! Kramer et al. 2019, with the OrganoPlate platform,
exposed their PDAC cells grown in collagen rich solution to varying concentrations of
gemcitabine (0 — 64 nM) for 72 hours and observed lower sensitivity.!**® Lai et al., Lee et al.,
and Kramer et al. cultured their cells for up to 10 days, and they used contrasting
concentrations of gemcitabine and different to the 31.25 uM of gemcitabine used here for
the 21-day on-chip PDAC cultures. However, the effect of gemcitabine observed demonstrates
the impediment of the dense, collagenous PDAC stroma on the cytotoxic effects of
gemcitabine (Figure 4.16). Gemcitabine molecule has a longer dimension of around 1.1 x 10°
4 um (11A),1%%3) and this indicates the stroma of the 21-day on-chip PDAC culture might have a
pore size of less than 1.1 x 10* um to impede the interstitial transport of gemcitabine. As
such, it was perceived disrupting the stroma and inducing delivery and uptake of gemcitabine

would increase its efficacy.

125 |



The Effect of Gemcitabine with Microbubbles and Ultrasound on the On-chip PDAC Culture

6.2. Effect of microbubbles and ultrasound on the PDAC culture

Before treatment with gemcitabine, the ability of microbubbles to permeate through the on-
chip PDAC culture, its effect on the culture viability, and the effect of ultrasound exposure

with and without microbubbles on culture viability was evaluated.

6.2.1. Microbubble production

As described in section 3.11.3, microbubbles were produced on-chip and with mechanical
agitation. Mechanical agitation was used where the multiplexed device used for microbubble
production on-chip was unavailable. The multiplexed microfluidic device was developed by Dr
Sally A Peyman.?%%3%2 Figyre 6.3A shows a schematic of the multiplexed device, with a focus
on one of the flow focusing nozzles, where there is an atomisation effect for the production
of microbubbles in the microspray regime. Figure 6.3B shows bright-field and ATTO 488
fluorescent images of the microbubbles produced with the multiplexed microfluidic device
diluted 10 x with PBS for size and concentration analysis. Figure 6.3C shows a typical
population distribution data for the microbubble concentration and size characterisation. The
concentration and size of the microbubbles produced on-chip were 2.3 x 10° + 4.93 x 108
bubbles per mL and 2 £ 1.5 um in diameter, respectively. Shown in Figure 6.3D, compared to
microbubbles produced on-chip, microbubbles produced by mechanical agitation were more
polydispersed,?°”-392 but with sizes still within the clinical range of 1 — 10 um.[?1% 260,262,266 Tha
concentration and size of the microbubbles were 8.43 x 108 + 3.34 x 108 bubbles per mL and

2.46 £ 2.3 um in diameter, respectively.

6.2.2. Microbubble perfusion and effect on the on-chip PDAC culture viability

As described in section 3.11.4 and illustrated with Figure 3.10, the ability of microbubbles to
permeate through the on-chip PDAC culture was investigated. DPPC: DSPE-PEG;00: ATTO 488
microbubbles were made as described in section 3.11.3, diluted with DMEM/10 %FBS culture
media in a 1: 10 ratio, and introduced into the device with the 21-day on-chip PDAC culture.
As a control, the flow of microbubbles was assessed with BME gel only on-chip. Imaging was
performed with confocal microscopy, using a 10 x objective and a pinhole of 1.00 AU with the

respective excitation and emission wavelengths for the ATTO 488 lipid (Ex/Em: 500/520 nm).
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Figure 6.3. On-chip microbubble production and the size distribution

A) CAD of the multiplexed microfluidic device for microbubble production in the microspray regime. The device
was designed and developed by Dr Sally A. Peyman detailed in reference [268]. Image of CAD adapted with
permission from Dr Peyman. B)Bright-field and ATTO 488 images of the DPPC: DSPE-PEGaop0: ATTO 488
microbubbles produced on-chip. C) and D) data on the microbubble concentration and size produced on-chip

and with mechanical agitation, respectively.
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Figure 6.4 shows the microbubbles in the device with BME gel only and the 21-day on-chip
culture. The microbubbles used in the assessments had an average size of 2 um, as shown in
the exemplar population distribution graphs (Figures 6.3C and D). Supplementary videos 9 to
12 show the bright-field and ATTO 488 fluorescent videos of the flow of microbubbles passing
between the pillars into the device with the BME gel only and 21-day on-chip PDAC culture.
They show the microbubbles were able to flow between the pillars, permeating through the
porous structure of the BME gel only (Figure 6.4A) and the dense, collagenous matrix of the

PDAC culture (Figure 6.4B).

Pednekar et al. 2021 assessed the penetration of 100 nm silica nanoparticles in their PANC-1:
PSC cultures with a dense ECM and grown in 4 or 5 mg mL? of collagen. Fisher et al. 2018
analysed the pore size of their 3D collagen matrix scaffolds and found a median pore size of
10.99 um and 6.84 um for 1.5 mg mL™ and 3.0 mg mL? of collagen, respectively.#* 364 For
the microbubbles to permeate through the BME gel only and the 21-day on-chip PDAC culture,
in comparison to Pednekar et al. and Fisher et al., the size of the matrix pore could have been
< 5 um. SEM images of the BME gel only and the culture environment of the PDAC cultures
could have been used to confirm the pore structure and size given more experimental time.
Moreover, with a reduced hydraulic conductivity measured (Figure 5.9), it is likely less than a
majority of the microbubbles flowing in the media channels entered into the culture chamber

with the PDAC culture.

Figure 6.5 shows the effect of the microbubbles only on the viability of the 21-day on-chip
PDAC culture. With microbubbles only, the viability of the 21-day on-chip PDAC culture was
about 84 %. A decrease in viability in comparison to the on-chip culture without treatment
could be a result of the effects of the lipid preparation for the microbubble production. The
phospholipids are biocompatible®®> %! and were prepared under aseptic conditions.
However, the lipids were prepared in a chemistry laboratory, where the lipid solution could
have been contaminated, as oppose to its preparation in a tissue culture lab under sterile

conditions.

6.2.3. The effect of ultrasound with and without microbubbles on the on-chip

PDAC culture viability

For ultrasound application, as described in section 3.11.5, the 5-channel device for the on-

chip culture was made to a 1 mm thickness.
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Figure 6.4. Flow of microbubbles in the on-chip PDAC culture

DPPC: DSPE-PEG;g00: ATTO 488 microbubbles were perfused into the device with A) BME gel only and B) the 21-
day on-chip culture. The microbubbles were observed in the culture chamber of the device with the BME gel 21-
day on-chip PDAC culture. Red circles in A) show microbubbles in the gel. Scale bar 200 um.

This was to reduce the attenuation of the ultrasound signals travelling through the PDMS to
the culture chamber.®”! For optimal culturing with the media reservoirs, additional PDMS of
4 to 5 mm in thickness was bonded onto the inlet and outlet media regions of the device

(Figures 3.10B).

DPPC: DSPE-PEGa000: ATTO 488 microbubbles were made, diluted in a 1: 10 ratio with
DMEM/10 % FBS culture media, and introduced into the device with the 21-day on-chip PDAC
culture. After approximately 2 hours, with the microbubbles in the culture chamber with the
PDAC culture, ultrasound was applied. Confocal imaging and ATP viability assessments were

performed (described in sections 3.2.3 and 3.12.2, respectively) to determine the effect of
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Figure 6.5. On-chip culture viability with microbubbles and ultrasound treatment

ATP viability assessment for the 21-day on-chip PDAC cultures treated with microbubble only (MBs only),
ultrasound only (US only) and microbubble and ultrasound together (MBs and US). N = 6 — 8 devices per
treatment generated from three separate seeding settings. ns, p > 0.5, one-way ANOVA followed by Tukey’s
multiple comparison test.

ultrasound with and without microbubbles on the cultures. As a control, the effect of

ultrasound application with and without microbubbles was assessed on BME gel only.

Figure 6.6 shows images of the effect of ultrasound with and without microbubbles on the
BME gel only and the 21-day on-chip culture. Figure 6.6A, there was no effect observed when
ultrasound only (no microbubbles) was applied to the BME gel only on-chip. The only effect
observed was to do with the confinement of the BME gel around the pillars, between the
media channel and the gel channel (Figure 6.6Aii). There was an expansion of the BME gel into
the media channel, and this was likely to do with the expansion of air pockets (from no fluid
flow in the media channel), which affected the integrity of the confined BME gel. With
microbubbles, Figure 6.6B, the structure of the BME gel in the culture chamber seemed
disturbed. The stiffness of the BME gel over a 21-day incubation period was 10 — 15 Pa (Figure
4.13) and, therefore, the oscillation and bursting of the microbubbles with ultrasound

application may have easily disrupted the BME gel structure.
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Figure 6.7 shows images of the effect of ultrasound only and ultrasound with microbubbles
on the 21-day on-chip PDAC culture. There were no noticeable differences observed with the
ultrasound only application (Figure 6.7A). With ultrasound and microbubbles, what was
observed was an increase in the ATTO 488 fluorescent intensity (Figure 6.7B). Without
microbubbles, the viability of the on-chip PDAC cultures with ultrasound only application was
93 %. With microbubbles, the viability of the on-chip PDAC cultures with ultrasound was 90 %
(Figure 6.5). This further demonstrated that there was no effect on the on-chip PDAC cultures
with ultrasound only application. The effect of ultrasound with microbubbles on the culture

viability was likely to do with the preparation of the lipid solution used for the microbubbles.

6.3. Effect of gemcitabine, microbubbles, and ultrasound on the PDAC
culture

Studies on the use of sonoporation, the formation of small pores in cell membranes with
ultrasound, to transfer therapeutics into cells, show an increase in drug uptake by cells and
drug efficacy.?* Kotpoulis et al. 2014 investigated a combination of gemcitabine, ultrasound,
and microbubbles on orthotopic pancreatic cancer mouse models and found a significant
decrease in tumour growth with increased median survival.**® Dimcevski et al. 2016 and
Kotopoulis et al. 2013 investigated the combination of gemcitabine, ultrasound, and
microbubbles in the clinical setting and found an improved efficacy of gemcitabine, where
there was an increase in PDAC patient survival.?% %) McEwan et al. 2016 and Nesbitt et al.
2018 assessed the effect of gemcitabine together with microbubbles (although oxygenated;
02MBs) and ultrasound in human xenograft SCID mice models as well as on the 2D cultures of
the PDAC cancer cells MIA PaCa-2, BxPC-3, and PANC-1, and a patient-derived cell line,
T110299. O,MBs were used to increase the reactive oxygen species and sensitivity of the
cancer cells to the effects of gemcitabine. They observed a significant reduction in the PDAC

cancer cell viabilities and tumour growth in the mice.?!8 2%

So far, the effect of gemcitabine, microbubbles, and ultrasound has not been investigated in
3D PDAC cultures that reflect the mechanics of the PDAC tumour. However, using 3D tumour
spheroids Roovers et al. 2019 and Bourn et al. 2020 show sonoporation allows the release of
doxorubicin into the deep layers of spheroids resulting in a significant reduction in cell

viability.[2°%370
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Figure 6.6. The effect of ultrasound on BME gel on-chip
Confocal images of the effect of ultrasound with and without microbubbles on BME gel only in the culture
chamber of the device. A) images of the effect of ultrasound without microbubbles on 6 — 9 mg mL-1of BME gel.
Ali) Effect of ultrasound on the BME gel around the pillars between the gel channels and media channels. The
red box in the bright-field image, top, is of the magnified image below. B) Images of the effect of ultrasound
with microbubbles on the 6 — 9 mg mL1 BME gel. Where not specified, the scale bar is 100 um.
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Figure 6.7. The effect of ultrasound on the 21-day on-chip PDAC culture

Confocal images of the effect of ultrasound with and without microbubbles on the on-chip PDAC culture
grown for 21 days. A) images of the effect of ultrasound without microbubbles, and B) images of the effect
of ultrasound with microbubbles. Scale bar, 200 um.
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Utilising the idea and effect of sonoporation in forming pores in membranes and increasing
drug efficacy, microbubbles and ultrasound was exposed to the 21-day on-chip PDAC cultures
to disrupt the ECM and sensitise the PDAC cells to the effects of gemcitabine. PDAC cells were
seeded into the 5-channel device, cultured for 21 days with TGF-B1 (10 ng mL?), and treated
to DPPC: DSPE-PEGa000 microbubbles diluted in a 1: 10 ratio with DMEM/10 %FBS/31.25 uM
of gemcitabine solution. After approximately 2 hours, ultrasound was applied, and culture
viability assessed (Figure 6.1). As controls, the cultures were treated with gemcitabine only,
gemcitabine and microbubbles, and gemcitabine and ultrasound to compare and determine

the effect of gemcitabine with microbubbles and ultrasound treatment together.

Figure 6.8 shows the percentage viability of the effect of gemcitabine only, gemcitabine with
microbubbles, gemcitabine with ultrasound, and gemcitabine with microbubbles and
ultrasound together normalised to controls. The percentage viabilities of the culture with the
different treatments were approximately 62 %, 64 %, 69 %, and 61 %, respectively. Compared
to the effect of gemcitabine only, there was no significant reduction in the cell viability for

cultures treated with gemcitabine, microbubble, and ultrasound together.

100 ~ ns

%0 - ns

ns
80

70 - il

50
40 -

30

On-chip culture viability (%)

20

10

0 T T T T T T T '
Gem only Gem + MBs Gem + US Gem + MBs + US

Figure 6.8. On-chip culture viability with gemcitabine, microbubbles, and ultrasound treatment

Culture viability assessment of the 21-day on-chip PDAC cultures 72 hours after treatment with 31.25 uM of
gemcitabine, microbubbles, and ultrasound. The on-chip PDAC cultures were treated with gemcitabine only
(Gem only), where n = 12 on-chip cultures; gemcitabine and microbubbles (Gem + MBs), where n = 7 on-chip
cultures; gemcitabine and ultrasound (Gem + US), where n = 7 on-chip cultures, and gemcitabine, microbubbles,
and ultrasound together (Gem + MBs + US), where n = 9 on-chip cultures, all from three separate seeding
settings. ns, p > 0.5, one-way ANOVA followed by Tukey’s multiple comparison test.
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Although microbubbles were observed in the culture chamber of the 21-day PDAC culture
(Figures 6.7B; figure show the top view of the chip) with a dense, collagenous matrix and a
reduced hydraulic conductivity, compared to the hydraulic conductivity measured for the BME
gel only with a complex shear modulus of 10 — 15 Pa, it is likely a significantly smaller number
of microbubbles entered the culture chamber from the media channels. This then resulted in
not enough microbubbles to interact and disrupt the ECM and sensitise the cells to the effect
of gemcitabine under ultrasound exposure. Therefore, a small reduction in the culture viability

with gemcitabine, microbubble, and ultrasound treatment together.

To compare, the effect of the gemcitabine, with microbubble, and ultrasound treatment was
also assessed on the 2D culture of the PDAC cells. As described in section 3.11.8, PDAC cells
were seeded into a 96-well plate and ibidi u-Slide microfluidic devices, cultured until = 70 %
confluency, and treated with gemcitabine only, microbubbles only, ultrasound only,
gemcitabine and microbubbles together, gemcitabine and ultrasound together, and

gemcitabine, microbubbles, and ultrasound treatment together.

Figure 6.9 shows the results of the ATP viability assessment of the 2D PDAC cultures with the
different treatment conditions. Although there was no significant difference between the
effect of the gemcitabine only treatment and the gemcitabine, microbubbles, and ultrasound
treatment together, the percentage viability of 55 % and 45 %, respectively, indicated that the
mechanics of the on-chip PDAC cultures (i.e., dense, collagenous matrix with reduced
hydraulic conductivity) resulted in their percentage viabilities of 62 % and 61 % with
gemcitabine treatment only and gemcitabine, microbubble, and ultrasound treatment

together, respectively.

6.4. Effect of therapeutic microbubbles on the PDAC culture

The sonoporation of microbubbles conjugated to drug-loaded liposomes (therapeutic
microbubbles) has shown to be a useful therapeutic tool to avoid low therapeutic index — high
toxicity effects in cells and tissues whiles maintaining high therapeutic delivery and effect.!??*
370,371 Simijlar to Ruan et al., 2021 and Tucci et al., 2019 28229 \who treated their cell cultures
and mice models with conjugates of microbubbles and gemcitabine-loaded liposomes and
ultrasound, here, the 21-day on-chip PDAC culture was treated with therapeutic
microbubbles, a gemcitabine-loaded liposome-microbubble complex (Figure 3.11A), and

ultrasound exposure. With ultrasound, the oscillating microbubbles will shed the attached
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Figure 6.9. Viability assessment of 2D PDAC cultures

Culture viability assessment of PDAC cells cultured in 2D. PDAC cells were seeded into a 96-well plate and ibidi
u-Slide microfluidic devices, cultured until confluent, before treatment with 31.25 uM of gemcitabine,
microbubbles, and ultrasound. The 2D PDAC cultures were treated with gemcitabine only (Gem only),
gemcitabine and microbubbles (Gem + MBs), gemcitabine and ultrasound (Gem + US), and gemcitabine,
microbubbles, and ultrasound together (Gem + MBs + US), where n = 6 well of a 96-well plate and 8 ibidi u-
Slide channels, for each of the treatment condition, all from three separate seeding setting. ns, p > 0.5, one-
way ANOVA followed by Tukey’s multiple comparison test.

gemcitabine-loaded liposomes, which will be deposited close to the PDAC cells, and the
encapsulated gemcitabine will be released from the liposomes under ultrasound exposure.
With liposomes, the amount of gemcitabine in the culture chamber with the PDAC culture will
be concentrated.!??? 2?7 |t is important to note that due to limited experimental time, the
viability data presented here on the effect of therapeutic microbubbles on the 21-day on-chip

PDAC culture were of one seeding setting.

Gemcitabine-loaded liposomes were made as described in section 3.11.7. The liposome size
distribution and concentration were characterised, and Figure 6.10A shows the size and
concentration of the gemcitabine-loaded liposomes. The mean size and concentration of the

gemcitabine-loaded liposomes were 190.2 + 1.3 nm and 1.42 x 10** £ 5.91 x 10 particles
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Figure 6.10. Concentration and size of the gemcitabine-loaded liposomes

A) The concentration and size characterisation of the gemcitabine-loaded liposomes with the Nanosight. The
average size and concentration of the liposomes were 190.2 +1.3 nm and 1.42 x 10%3 +5.91 x 10* particles
mlL2, respectively. B) UV-vis spectra of the absorbance of different gemcitabine concentrations for C) a
calibration or standard curve to determine the concentration of gemcitabine encapsulated in the liposomes.
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mL?, respectively. The gemcitabine concentration in the liposomes was also characterised
using a UV-vis spectrometer. A standard curve with different gemcitabine concentrations was
generated to determine the amount of gemcitabine in the liposomes. Figure 6.10B shows the
UV-vis spectra data of absorbance versus wavelength (nm) for the different gemcitabine
concentrations and of gemcitabine in the liposomes. The peak absorbance of gemcitabine for
the different concentrations was 275 nm. From this, the standard curve, shown in Figure
6.10C, was generated. A peak absorbance reading for the gemcitabine-loaded liposomes was
found at 208 nm. Although this did not appear to be a peak for gemcitabine, with reference
to the standard curve (Figure 6.10C), this corresponded to a gemcitabine concentration of
about 1.8 pg mL! (6 uM). With a total drug concentration of 5 mg mL? (16.68 mM)
gemcitabine used to prepare the liposome, the EE % (using Equation 24) was calculated as
0.036 %. The minimal 3 hour incubation of the liposomes with gemcitabine, compared to an
overnight incubation, likely resulted in less or no gemcitabine encapsulated, with a peak
absorbance at 208 nm for the gemcitabine-loaded liposomes. However, the gemcitabine-
loaded liposomes were used in making the therapeutic microbubbles for treatment with the

on-chip PDAC culture.

The therapeutic microbubbles were made as described in section 3.11.7. After production,
the size and concentration of the therapeutic microbubbles were characterised. Figure 6.11A
shows a plot of the size and concentration of the therapeutic microbubbles. Figure 6.11B
shows the bright-field and fluorescent images of the therapeutic microbubbles with the ATTO
590 fluorescently labelled gemcitabine-loaded liposomes surrounding the microbubbles. The
mean size and concentration of the therapeutic microbubbles were 2.1 + 2 pm and 2.63 x 10°
+2.85 x 10% bubbles per mL, respectively. The therapeutic microbubbles were then mixed in
a 1: 10 ratio with DMEM/10 %FBS culture media and used to treat the PDAC cells grown on-
chip for 21-days with and without ultrasound. As controls, the 21-day on-chip PDAC cultures
were treated with therapeutic microbubbles of blank liposomes conjugated to the DPPC:
DSPE-PEG2000: ATTO 488 microbubbles, and 2D PDAC cells were treated with the therapeutic
microbubbles (gemcitabine-loaded liposomes or blank liposomes conjugated onto DPPC:
DSPE-PEG2000: ATTO 488 microbubbles) with and without ultrasound. ATP viability assessment
was performed to determine the effect of the therapeutic microbubbles on the on-chip

cultures.

Figures 6.11C shows the percentage viability of the 21-day on-chip culture and the 2D PDAC

cultures treated with the therapeutic microbubbles. There was no difference observed
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Figure 6.11. Concentration, size, and effect of the therapeutic microbubbles

A) The concentration and size of the therapeutic microbubbles. B) The bright-field and epifluorescence images
of the therapeutic microbubbles with the ATTO590 fluorescently labelled gemcitabine-loaded liposomes
conjugated to the microbubbles. Scale bar, 25 um. C) Culture viability of the 2D PDAC and the 21-day on-chip
PDAC cultures 72-hours after treatment with therapeutic. The therapeutic microbubbles and treatment were
blank-loaded liposome-microbubble complex with and without ultrasound exposure (Blank lipo + MBs + US and
Blank lipo + MBs only, respectively) and gemcitabine-loaded liposome-microbubble complex with and without
ultrasound exposure (Gem lipo + MBs + US and Gem lipo + MBs only, respectively). N = 3 ibidi u-Slide channels
for each treatment group for the 2D PDAC cultures, and n = 2 on-chip cultures for each of the blank-loaded
liposome treatment groups and n = 3 on-chip cultures for each of the gemcitabine-loaded liposome treatment
groups for the on-chip PDAC cultures.
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between the effect of the therapeutic microbubbles on the 21-day on-chip PDAC cultures and
on 2D PDAC cultures and between the gemcitabine-loaded liposome-microbubble complex
and the blank liposome-microbubble complex with and without ultrasound exposure. In
comparison to Ruan et al., who saw a reduction in the viability of their 2D cultured bladder
cancer cell lines and tumour growth in orthotopic mouse models, here, there was no
therapeutic effect observed. This could be as a result of 1) less or no gemcitabine encapsulated
in the liposomes. The EE % was 0.036 % (with a peak absorbance at 208 nm not corresponding
to gemcitabine), and as such, there was not enough or no gemcitabine to cause a therapeutic
effect on both the 2D and the on-chip culture. Any reduction in viability could have been due
to effects of microbubbles and ultrasound, as seen in Figures 6.5 and 6.9. 2) As observed with
the gemcitabine, microbubble, and ultrasound treatment together (Figure 6.8), the effects of
the reduced interstitial flow (Figure 5.9) likely resulted in less of the therapeutic microbubbles
entering into the culture chamber to cause an effect on the 21-day on-chip culture. However,
this does not explain the percentage viabilities for the 2D culture. On-going ways of increasing
the amount of gemcitabine encapsulated in the liposomes, for example, an overnight

incubation of the liposomes with gemcitabine, are being investigated.

6.5. Conclusion

Findings of the mechanism of gemcitabine resistance include the entrapment of the drug by
fibroblasts and CAF cells, competition for its uptake into cells with deoxycytidine, its active
uptake into cells by hENT1, and high levels of MRPs.[117 166,179,190, 228, 3721 5t dies on improving
drug delivery to cancer cells include the use of ultrasound-targeted delivery. The use of
sonoporation to increase the efficacy of gemcitabine has been shown in 2D culture studies,
mice models, and clinically in patients, where there is a decrease in 2D cell culture viability
and an improvement in the survival of mice and patients. However, the effect of sonoporation
has not been investigated on the microfluidic culture of PDAC, which mimics the hallmarks of

the disease.

Ultrasound-targeted delivery of gemcitabine on the 21-day PDAC culture was investigated,
and in comparison to the percentage viability of the culture with gemcitabine only treatment,
there was no significant decrease in the viability of the cultures with gemcitabine,
microbubbles, and ultrasound treatment together. The 21-day PDAC culture as shown in

Figures 4.9, 5.6, 5.7, and 5.9 mimics the fibrotic stroma, mechanical stiffness, the hypoxic

140 |



The Effect of Gemcitabine with Microbubbles and Ultrasound on the On-chip PDAC Culture

environment, and reduced interstitial flow of the PDAC tumour tissue, and this likely
accounted for the percentage viabilities. Other models in the literature have observed a
significant effect in the efficacies of chemotherapeutic drugs with microbubbles and
ultrasound, and this could be because their models do not encompass the biophysical
hallmarks of the PDAC tissue. For example, Nesbitt et al. assessed the ultrasound-targeted
delivery of gemcitabine in vitro with 2D cultures of PDAC cells.?*! Shown here is how
important it is to model the mechanics of the PDAC tumour tissue, in 3D, to effectively assess
drug efficacy. More studies are needed to know of the mechanics of the PDAC tumour tissue
and the effects on treatment outcomes to improve patient survival. Targeting of the PDAC
tumour tissue with, e.g., ECM depleting drugs, such as losartan, or by targeting microbubbles

to the stroma will enhance the delivery of chemotherapeutic drugs to the PDAC cancer cells.
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In this work, a microfluidic PDAC culture model, recapitulating stromal elements of the PDAC
tumour tissue (i.e., the presence of PSC cells and cytokines such as TGF-B), with the natural
deposition of collagen type |, increasing mechanical stiffness, and reduced interstitial flow for

assessment with gemcitabine, microbubbles, and ultrasound together, was presented.

Chapter 4, The Off-chip Pancreatic Ductal Adenocarcinoma Culture, presented off-chip 3D
PDAC cultures used to investigate the culture conditions required to mimic the rigid,
collagenous PDAC tumour microenvironment on-chip. The PANC-1 spheroids (cells grown in
ULA plates) in the presence of PSCs and TGF-B showed increased compactness and spheroid
growth (Figure 4.3, Table 4.1, and Figure 4.6). This, in addition to the PSC cells surrounding
the PDAC cancer cells (Supplementary video 4), decreased the perfusion of oxygen and
nutrients through the spheroids, rendering the cells to have different metabolic activities
(Figure 4.4). These findings are in line with Ware et al. 2016 and Pednekar et al. 2021 on the
increased compactness and growth of PDAC cancer cells with PSCs, the cellular arrangement
of the PDAC cells surrounded by PSCs, and the nutrient and waste gradients of solid
tumours.1104 1291441 |n replicating a mechanically stiff PDAC stroma, the cells were then seeded
into culture dishes with BME gel to investigate collagen deposition and culture stiffness.
Mechanical stiffness was measured with oscillatory shear deformation, and the PDAC cultures
(PANC-1 and PSC co-culture in BME gel with TGF-B1 supplement) were stained for collagen
type | to determine whether the increased culture stiffness was due to ECM deposition by the
cells. The cultures were also stained for HIF-1 alpha as with increased ECM deposition or
collagenous regions, there is decreased interstitial transport, and the cells adapt to
inadequate oxygen and nutrient supply by switching on alternative metabolic pathways, i.e.,
anaerobic glycolysis, to survive. By day 21, where the PDAC cultures were in reach of in vivo
mechanical stiffness,!?" ¢ 89 there was collagen in the culture environment and the cells
expressed HIF-1 alpha (Figures 4.9, 4.15, and 4.16E). The effect of gemcitabine at varying
concentrations was assessed, and the percentage viability achieved with a concentration of
250 uM was > 60 % (Figures 4.16B — D). This demonstrated that with a rigid, stroma
environment, therapeutic effectiveness is decreased. With the culture conditions optimum for
the on-chip PDAC culture determined, a 21-day culture to mimic the PDAC tissue fibrotic
stroma, mechanical stiffness, and resistance to gemcitabine, the PANC-1 and PSC cells were

seeded on-chip for culture.
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Chapter 5, The On-chip Pancreatic Ductal Adenocarcinoma Culture, presented a 5-channel
microfluidic device (Figure 5.1) for the 21-day culture of the PANC-1 cells with PSCs and TGF-
B supplement. Optimum channel dimensions and flow rates were first investigated for the
design and fabrication of the 5-channel device (Tables 5.1 and 5.2 and Figure 5.1), and with
the device fabricated, the cells were seeded for culture (Figure 5.4B). The on-chip culture
viability was assessed, and the cultures were stained for collagen type | and HIF-1 alpha. This
was to ensure that the on-chip culture emulated the growth, mechanical behaviour and
stroma environment observed off-chip. The 21-day on-chip PDAC cultures were viable (Figure
5.5), and exhibited collagen and a hypoxic environment (Figures 5.6 and 5.7) mirroring the
collagenous, rigid microenvironment observed off-chip. The interstitial flow nature of the
cultures was evaluated by investigating their hydraulic conductivity, and as the cultures
developed mechanically, mirroring the collagenous, rigid microenvironment observed off-
chip, their hydraulic conductivity and thus interstitial flow decreased (Figures 5.8 and 5.9 and

Table 5.3).

Chapter 6, The effect of Gemcitabine with Microbubbles and Ultrasound on the On-chip
Pancreatic Ductal Adenocarcinoma Culture, the increase in gemcitabine success with
microbubbles and ultrasound was investigated. First, the ability of microbubbles to be able to
perfuse into the culture chamber with the PDAC culture, and the effect of microbubble only,
ultrasound only, and microbubbles, and ultrasound together were assessed. Microbubbles
were able to perfuse into the culture chamber with the PDAC culture (Figure 6.7), and the
effect of microbubbles only, ultrasound only, microbubbles and ultrasound together resulted
in a percentage viability of approximately > 80 % (Figures 6.5). The viabilities of the cultures
with gemcitabine, microbubbles, and ultrasound treatment together resulted in a 61 %
viability compared to gemcitabine only treatment, which resulted in a 62 % viability (Figure
6.8). With reduced interstitial flow, a smaller number of microbubbles were in the culture

chamber to disrupt the rigid stroma and sensitise the cells to gemcitabine with ultrasound.

Here, the importance of modelling the growth, stroma, tissue stiffness, and reduced
interstitial transport of the PDAC tumour tissue, in vitro, to effectively assess the effect of
therapeutics was highlighted. To develop effective therapeutics against PDAC and improve
patient survival, it is vital to encompass the correct biophysical microenvironment in in vitro
models. The 21-day on-chip PDAC culture model is useful for evaluating novel treatments
against PDAC in a biologically relevant way. Future studies could implement more cell types,

cytokines, and a plethora of key factors in the PDAC tumour microenvironment to increase
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model complexity and understand the contribution of the different elements of the stroma

on the disease progression and drug resistance.

7.1. Future studies

7.1.1. Making the on-chip PDAC culture heterogeneous

The PDAC tumour microenvironment consists of diverse cellular and acellular components.
On the cellular aspects, in addition to the CAFs and PSC cells, which are essential to the PDAC
desmoplastic stroma, with the PSC cells being the predominant cellular composition, are
endothelial and tumour infiltrating immune cells. On the acellular part, in addition to the
fibrillar collagen type |, which predominantly makes up the fibrillar interstitial matrix of the
tumour tissue, is hyaluronan, the predominant glycosaminoglycan of the PDAC stroma,
contributing to the increase in interstitial fluid pressure, and signalling molecules such as
interleukin (IL) -6, in addition to TGF-B.?* 373373 The 21-day on-chip PDAC culture model
consists of PDAC cancer cells and PSC cells. However, endothelial cells and immune cells, such
as tumour-associated macrophages (TAMs), could be included to make the culture model

heterogeneous and representative of the diverse cellular PDAC stroma compartment.273-37¢!

PDAC is known for its hypovascularity from the surrounding dense stroma, and endothelial
cells could be included in the model to investigate and observe the collapse of vasculatures as
the on-chip PDAC culture develops mechanically. The architecture of the vasculatures during
the on-chip culture development, the change in interstitial flow as the vessels fragment with
the development, and the effect of their impairment on the delivery and subsequent effect of
gemcitabine with microbubbles, and ultrasound, can be studied. This will add knowledge on
the process of vasculature collapse in the PDAC tissue and its effect on the availability of
nutrients, oxygen, drugs and therapy response. Gene expression analysis could look at the
levels of vascular endothelial growth factor receptors or epithelial growth factor receptors
(which are highly expressed in PDAC) and the levels of interleukin secretion (e.g., IL-8) by the
cells, as the endothelial cells become activated and transition into a mesenchymal subtype

contributing to the CAF population.!”-24373.377]

TAMs are the most dominant immune cell population in many tumours, including PDAC. They
correlate with poor prognosis with the secretion of immunosuppressive cytokines including

TGF-B, IL -6 and -10, and tumour necrosis factors (TNFs) to inhibit immune response with the
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inactivation of natural killer and T effector cells and the overexpression of ligands of program
death receptor 1. This facilitates the malignant progression of PDAC, its metastasis, and
recurrence, as it stimulates an inflammatory response, which increases the fibrotic reaction in
the PDAC stroma.!® 37> 376378380 There gre other immune cells such as tumour-associated
neutrophils and regulatory T cells that contribute to the overall immunosuppressive
microenvironment of the PDAC tumour, which could be added to the on-chip culture.!® 24 144
3751 The addition of the immune cells could add knowledge to the mechanistic role the cells

play in the immunosuppressive tumour microenvironment and therapeutic resistance.

TGF-B was included in the PDAC culture model as it promotes PDAC cancer cell growth and
survival by stimulating the activities of CAFs and PSC cells to increase ECM synthesis and
deposition. TGF-B also contributes to the immunosuppressive environment by stimulating
cells to secrete pro-inflammatory cytokines.’> 376 Other signalling molecules secreted by the
cancer cells, CAFs, PSCs, and the immune cells that could be added to the PDAC culture model
include IL-6. High expression of IL-6 has been found in the serum of PDAC patients, and IL-6
has been associated with pro-tumorigenic signalling cascades, i.e., the JAK/STAT signalling
pathway, stimulating cell growth and their secretion of ECM to maintain the stroma
microenvironment. IL-6 has been found to also contribute to the immune regulation of PDAC
to enhance its progression.*®y Looking at the mechanistic role of IL-6 could reveal new

therapeutic opportunities to manage PDAC cancer progression.

Collagen type | gives the PDAC tumour microenvironment its rigidity, whiles hyaluronan (HA)
retains large amounts of water molecules, resulting in a viscous gel increasing the interstitial
fluid pressure of the tumour tissue and compressing vessels.”- > 6% 296 HA has been found
associated with the dismal survival of PDAC patients due to its hydrodynamic properties.% 4%
1953821 The addition of HA to the model will be representative of the ECM composition of the
PDAC microenvironment and also can provide insight into the high interstitial pressures and

vasculature collapse when seeded with endothelial cells on-chip. Adding HA could also provide

insight into the role the viscous compartment has on PDAC progression and drug response.

Furthermore, the device could be optimised to accommodate the endothelial cells, immune
cells, and the addition of HA to make the PDAC culture heterogeneous and representative of
the PDAC tumour microenvironment, in inquiring on the role of the different components of

the microenvironment on the disease advancement and its response to therapy.
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7.1.2. Assessing the mechanics of the on-chip PDAC cultures

The mechanics of the on-chip PDAC cultures was assessed with the staining of collagen type |
and assessment of its hydraulic conductivity (chapter 5). This was to ensure that the on-chip
PDAC culture encompassed the characteristics of the rigid PDAC tumour microenvironment
observed off-chip (chapter 4). With increasing collagen synthesis, is increasing cross-linking of
collagen fibre, which correlates with increasing tissue stiffness.[“® >8 The stiffness of the on-
chip PDAC culture could be investigated to assess the change in the culture mechanics as it

develops.

Due to the microscale of the culture model, the stiffness of the on-chip PDAC cultures can be
assessed with commonly used techniques such as AFM, particle-tracking microrheology, and
with Brillouin microscopy. Brillouin microscopy is a type of optical elastography, which uses
laser light and thermally induced sound waves to probe the viscoelastic properties of biological
samples, and its use holds promise for the early diagnosis of diseases.**33% AFM is a type of
scanning force microscopy at high resolution that allows the unique capability of probing and
providing information on the viscoelastic properties of biological samples in real-time in a

physiological environment.[?t 3873%]

Particle-tracking microrheology is a passive
microrheological technique that measures the Brownian motion or trajectory of micro-sized
tracers within a sample for information on the sample's mechanical properties. Fluorescent
tracers or beads of approximately 1 um in diameter can be introduced into the on-chip culture,
and the displacement of these beads can be tracked and recorded.®® 3°3% Moreover, as
shown by Ito et al. 2016 and Zareei et al. 2020,3°3%! the 5-channel microfluidic device could

be modified for real-time analysis of the mechanics of the on-chip PDAC cultures with

electrical force sensor probes or ultrasonic transducers.

7.1.3. Assessing the porous structure and size of the PDAC culture stroma

Moreover, looking at the mechanics of the on-chip PDAC cultures, the matrix or culture
environment could be imaged with scanning or transmission electron microscopy. This will
provide information on the porous structure of the PDAC stroma with increasing ECM
deposition and on how this influences the rigidity of the culture environment and its effect on

interstitial transport.

SEM will provide 3D images of the culture surface and its composition, whiles TEM, although

with complex sample preparation, will provide 2D images with information on the inner
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structure morphology of the cultures and its matrix. Pednekar et al. 20201*** used SEM to
observe the porous nature of their PANC-1: PSC co-cultures showing the individual collagen
fibres, the resulting porous size of the stroma, and how this influenced the penetration of
silica nanoparticles used in their therapeutic assessment. Ishiwata et al. 2018, Shichi et al.
2019, and Norberg et al. 2020 used both SEM and TEM to examine the intercellular space and

cellular junctions of their PANC-1 spheroid cultures.!397-3%

In comparison to the SEM and TEM, second harmonic imaging (SHG), a non-invasive
microscopic approach to looking at the ECM structure of cell cultures and tissues, % & 77, 78,400,
40l could be used to investigate the ECM of the PDAC cultures. SHG is a non-linear optical
process, which is based on the interactions of laser light, radiated at half the excitation
wavelength, with non-centrosymmetric structures such as fibrillar collagen. As such, SHG has
emerged as a powerful label-free technique to visualise fibrillar collagen within tissues.® 7678
400, 4021 \oreover, SHG can be used in conjunction with Raman spectroscopy to determine the
different ECM components in the PDAC culture environment. Wang et al. 2008, Mortati et al.
2012, and Moura et al. 2019 used SHG with coherent anti-stokes Raman scattering (CARS) to
image not only the fibrous collagen structure of the matrix environment but also other ECM
such as elastin and glycosaminoglycans.!#0% 403 4941 CARS is a type of Raman spectroscopy,
which can be used to collect information on the different chemical signatures of the culture

ECM, and therefore determine the make-up of the PDAC culture ECM.

Imaging the ECM composition of the PDAC culture microenvironment can provide valuable
information on the matrix composition and its porous structure, and genetic and protein
expression of lysyl oxidase (LOX) could be performed to support assessments on the matrix
porous structure and the increasing culture rigidity. LOX oxidises lysine residues in fibrillar
proteins, i.e., collagen, thereby resulting in the covalent cross-linking of collagen fibres. This
will help in understanding how the rigid PDAC stroma results in the ineffective transport and

delivery of therapeutics to the cancer cells.

7.1.4. Assessing the rigidity sensing mechanisms of the PDAC cells

Figure 4.9 (chapter 4) presents the changes in the mechanics of the PDAC cultures as they
grow and develop. It reports on increasing culture stiffness with increasing culture time, as
the cells grow and remodel their microenvironment, with the production of collagen (Figure

4.15). The increasing culture stiffness with increasing culture time implies cellular responses
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to the mechanical forces in the culture environment,?*°% and it would be interesting to look
at the mechanical feedback mechanisms of the cells — how the cells sense, communicate and

respond to the increasing mechanical forces and rigidity in their microenvironment.

Cells sense and respond to the mechanical forces in their environment via integrins.[4” >4 328
405,408] | ntegrins facilitate cell-ECM and cell-cell signalling. They couple the ECM to the cell actin
cytoskeleton and, therefore, are involved in the cell shape, orientation, and motility. The
integrin protein family consist of alpha and beta subtypes and function as adhesion receptors
to transduce mechanical cues into cells. Integrins are bound to the ECM through focal
adhesions, and upon activation with a mechanical cue, activate intracellular signalling
pathways to induce a change in the cell cytoskeleton structure for growth and survival.% 35
405,407, 4081 Be|ow et al. 2021 show integrins to be important to cell-ECM interaction and the

survival of their pancreatic organoids.*

Integrins in the ECM of the PDAC cultures can be identified with techniques such as
immunostaining and real-time quantitative PCR, and this will help to identify the
mechanosensing mechanisms and their effect on the culture development. Table 7.1 shows
examples of the types of integrins that could be identified.*>*'3 |dentifying the integrins in

the PDAC cultures can also highlight the ECM composition of the culture matrix.

Table 7.1. Examples of the types of integrins

Types of integrin in the pancreatic ductal adenocarcinoma tumour tissue stroma

Integrin Ligand/ECM component Function/Effect of activation
2P Collagen |, IV, & V Proliferation and migration of cancer cells
o Correlates with CAFs/PSCs expression with a role matrix
111 Fibrillar collagens . . .
remodelling and the metastatic potential of cancer cells
asP1 Fibronectin & Collagen lll | Metastatic potential and poor differentiation of cancer cells
o3P Laminin Cancer cell migration and CAF maintenance
avBzand ofs CAFs CAF and TGF-f activation, cell migration of cancer cells

7.1.5. Durotaxis study

The rigid microenvironment of the PDAC stroma is a potent contributor to PDAC’s malignant

behaviour. This includes the metastatic potential of the cancer cells, as elevated ECM stiffness
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is associated with cancer cell invasion. Referred to as durotaxis or reverse durotaxis, it has
been reported that cancer cell migration is affected by rigidity gradients, where the cancer
cells can move from a soft substrate region to a stiff substrate region and vice versa,

respectively.[326 414, 415]

The movement of the PDAC cells can be assessed to determine if the cells, with increasing
culture stiffness, migrate from the culture chamber to a region with soft hydrogel or a region
with stiff hydrogel. The microfluidic device could be optimised to have channels with a soft
hydrogel and or a stiff hydrogel. Investigating the direction of the PDAC cancer cell migration
in response to the rigidity gradient will add understanding to the effect of the increasing rigid

tumour microenvironment on PDAC cancer cell migration and invasion.

7.1.6. Stroma reduction

The stiffness of the stroma is a critical biophysical hallmark of disease progression, and
targeting the ECM by preventing or reversing the stiffening of the tumour microenvironment
is an emerging interest to increase drug efficacy.!?% 4% 43 193, 418l Figyres 5.6, 5.9, and 6.8 of
chapters 5 and 6 show how the rigid collagenous PDAC culture was less conductive to
interstitial flow and, therefore, resistant to the effects of gemcitabine with microbubbles and
ultrasound. Future studies of the PDAC culture model presented here could look at reducing

the density of the rigid collagenous culture environment.

Targeting tumour tissue stiffness includes the depletion of CAFs or PSC cells with saridegib, or
IPI-2, an experimental sonic hedgehog inhibitor to suppress the paracrine signalling between
cancer cells and CAFs, the use of all-trans retinoic acid to regulate the cell transcription to
restore the quiescence state of PSC cells, the use of pegylated hyaluronidase (PEGPH20) to
reduce the ability of hyaluronan to imbibe large amounts of water molecules, and the use of
collagenase and metalloproteinase 1 to degrade collagen.?? 42105410 |n comparison to these
measures of which some show unfavourable outcomes (e.g., collagenase and MMP-1 are
associated with toxicity and poor tumour prognosis), angiotensin receptor antagonists or
blockers (ARBs), which are approved anti-hypertensive drugs with mild and short-lived side
effects and have been shown to have anti-fibrotic activity,*** *% 47} can be assessed on the
PDAC cultures to determine its effects on the collagen production, culture mechanical

stiffness, and the efficacy of gemcitabine with and without microbubbles and ultrasound.
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The renin-angiotensin-aldosterone system is essential for the regulation of blood pressure,
fluid balance, and the regulation and production of the ECM via the TGF-B1 pathway. Via the
TGF-B1 pathway, matrix degrading enzymes and proteases are suppressed to drive matrix
stiffening, exacerbating tumour fibrotic stroma.l*** 1% 418 ARBs, such as candesartan and
losartan, have been shown to enhance fluid flow in the interstitial space, improving interstitial
transport and therapeutic efficacy. They suppress the activity of fibroblasts and CAFs by
attenuating TGF-B1 pathway, decreasing ECM synthesis and accumulation and mechanical
stiffness.!193 199 4174191 \\jjth 3 decrease in the amounts of ECM in the PDAC culture
environment, there will be an increase in the interstitial flow and transport of gemcitabine
and microbubbles to the cells in the culture chamber. Moreover, ARBs could be used in
conjunction with integrin inhibitors such as the integrin a5 (ITGA5) antagonistic peptide, AV3,

used by Pednekar et al. 20211**¥, to further suppress the activity of PSC cells.[**?

7.2. Summary

Pancreatic ductal adenocarcinoma is the most aggressive pancreatic cancer. In addition to the
genetic factors for the disease development and advancement, its desmoplastic tumour
microenvironment accounts for the low efficacy of current therapeutics. It is becoming of
interest to model the PDAC rigid tumour microenvironment to understand more about the
disease biology for better therapeutic measures.™* 344 However, conventional and current
models of PDAC do not encompass the biophysical characteristic of the PDAC tumour
microenvironment and perform therapeutic measures when the models do not adequately
capture the mechanics of the disease. In this study, the importance of having a relevant in
vitro PDAC culture model with the biophysical characteristic of the disease is emphasized. The
advantage of precise fluid control, due to the presence of laminar flow, that microfluidics
provides enabled the culturing of PDAC cells within a physiologically relevant environment.
The disease fibrotic stroma with increasing collagen deposition, mechanical stiffness, and
reduced interstitial flow was captured on-chip, and the cultures showed resistance to the
ultrasound-targeted delivery of gemcitabine. This has provided insight into the development
of better therapeutic strategies against PDAC. It is important that in vitro cultures model the
biophysical characteristics of PDAC, as presented here, to improve the development of

effective therapeutic strategies for better treatment outcomes.
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Appendix

Hydrostatic pressure driven flow by gravity code

Defining the cross section of culture media channel

1
2
3
4.
5
6
7

W = 100*10"-6; %culture media channel width (unit in metres, m)

w1l =w*1076; %unit in microns, um

h = 100*107-6; %culture media channel height (unit in metres, m)

herr = 2*107-6; %error in channel height (unit in metres, m)

h1l =h*1076; %unit in microns, um

L = 43000*107-6; %culture media channel length of the 5-channel device (unit in m)

L1 = L*10”"3; %unit in millimetres, mm

Defining values in relation to culture media fluid level and reservoirs

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

rho = 993.3; %density of water (unit in kg per m-3) at 37 C [culture media]

n =6.922*10"-4; %dynamic viscosity of water (unit in Pa.s) at 37 C [culture media]

pi =3.1415; %ratio of the reservoir circumference to its diameter

g =9.81; %gravitational acceleration (unit in metres per second”-2)

d =10*10"-3; %reservoir inner diameter about 12 mm, rounded to 10 mm (unit in m)

d1 = 10; %unit in millimetres, mm

HCM1 = 20; %culture media height level in inlet reservoir with about 2 mL of culture
media (unit in mm)

HCM2 = 2; %culture media height level in outlet reservoir with about 200 ulL of culture
media (unit in mm)

dHO = (HCM1-HCM2)*107-3; %difference in culture media height level between inlet and
outlet reservoir (unit in m)

dHPc = (20-10)*107-3; %height for Pc calculations, when culture media in reservoirs
equilibrate (unit in m)

Pc = rho*g*dHPc; %capillary pressure (unit in Pa) with dHPc determined experimentally

when culture media in inlet and outlet reservoir equilibrates

Defining values for the figure plots

19.
20.
21.
22.

%t = 0:0.1:500000; time varies for 0 - 500000 seconds in steps of 0.1
x = 168; %x axis in hours
t = 0:1:(x*3600); %time in seconds

thrs = t/3600; %time in hours
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Defining values and calculations for the hydrostatic pressure driven flow by gravity between

the reservoirs

23.

24,
25.
26.

27.

28.

29.

30.

31.

32.

33.
34.

Rhyd = (12*n*L/((h"3)*w))*(((1-(0.63*h/w))"-1)); %hydraulic resistance for rectangular
channel, the culture media channel

Rhyderr = (12*n*L/((herr*3)*w))*(((1-(0.63*herr/w))*-1));

QO = ((rho*g*dH0)-Pc)/Rhyd; %flow = hydraulic pressure/hydraulic resistance

Q = QO0*1079*exp((-2*rho*g*t)/(Rhyd*pi*((d/2)"2))); %volumetric flow rate =
flow/hydraulic resistance*cylinder (reservoirs) volume (unit in uL/sec)

Phyd = (Q/1079)*Rhyd; %hydraulic pressure = flow velocity*hydraulic resistance (unit Pa)
Qmin = Q*60; %volumetric flow rate of culture media (unit in uL/min)

V = cumtrapz(t,Q); %volume of culture media at time t with a volumetric flow rate of Q
(unit in uL)

H1=HCM1 - (V/(pi*((d1/2)"2))); %change in culture media height level with flow out the
inlet reservoir (unit in mm)

H2 = HCM2 + (V/(pi*((d1/2)"2))); %change in culture media height level with flow into
the outlet reservoir (unit in mm)

dH = H1 - H2; %difference in culture media height level between inlet and outlet reservoir
dHerr = dH * (herr/h);

y = [thrs; dH]; %for figure plot of culture media volumetric flow rate against time in hours

Culture media volumetric flow rate through culture media channel figure plot

35.
36.
37.
38.
39.
40.
41.
42.
43.
44,

figure(1)

plot (thrs, Q*60, 'LineWidth', 1)

xlabel ('Time (hours)')

xticks ([0 24 48 72 96 120 144 168))

ylabel ('"Volumetric flow rate (\muL / min)")

title ('Culture media volumetric flow rate (\muL / min) v Time (hours)')

legend ('Culture media channel length: 40mm"')
ax = gca;
ax.FontSize = 9.5;

saveas (figure(1), ['Culture media volumetric flow rate, DH="', num2str(HCM1),'mm, w=

, num2str(w1), 'um, h=", num2str(h1), 'um", ' L=", num2str(L1), 'mm.tiff'})

Culture media pressure difference between the inlet and outlet reservoirs figure plot

45.
46.

figure(2)
plot (thrs, Phyd, 'LineWidth', 1)

184 |



Appendix

47. xlabel ('Time (hours)')

48. xticks ([0 24 48 72 96 120 144 168])

49. vylabel ('Pressure difference (Pa)')

50. ylim ([0 100])

51. title (‘Pressure difference between reservoirs (Pa) v Time (hours)')

52. legend ('Culture media channel length: 43mm’)

53. ax=gca;

54, ax.FontSize =9.5;

55. saveas (figure(2), ['Pressure difference between reservoirs, DH=", num2str(HCM1),'mm,

w=", num2str(w1), 'um, h=", num2str(h1), 'um', ' L=", num2str(L1), 'mm.tiff'])

Culture media height level difference between the inlet and outlet reservoirs figure plot

56. figure(3)

57. plot (thrs, dH, 'LineWidth', 1)

58. xlabel ('Time (hours)')

59. xticks ([0 24 48 72 96 120 144 168])

60. vylabel ('Culture media height difference (mm)")

61. ylim ([10 20])

62. title ('Culture media height difference between reservoirs (mm) v Time (hours)')

63. legend ('Culture media channel length: 43mm’)

64. ax=gca;

65. ax.FontSize =9.5;

66. saveas (figure(3), ['Culture media height level difference between reservoirs, DH= ",
num2str(HCM1),'mm, w=", num2str(w1), 'um, h=", num2str(h1), 'um','L=", num2str(L1),

'mm.tiff'])

Saving culture media height level difference between the inlet and outlet reservoirs as text
file

67. filelD = fopen ('Culture media height level difference between reservoirs.txt', 'w');

68. fprintf (filelD,'Culture media height level difference between reservoirs\r\n', y);

69. fprintf (filelD,'%f %A\r\n', y);

70. fclose (‘all');

Published with MATLAB® R2017b
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Supplementary videos

Supplementary video 1: Off-chip PSC spheroid culture. Video shows early time points of the
spheroid culture of the PSC cells, where the cells were observed aggregating into a spheroid
structure. The video was acquired with the IncuCyte® S3 Live-Cell Analysis System at MDC, as

described in section 3.2.4.

Supplementary video 2: Off-chip PANC-1 spheroid culture. Video shows early time points of
the spheroid culture of the PANC-1 cells, where the cells were observed aggregating into a
spheroid structure. The video was acquired with the IncuCyte® S3 Live-Cell Analysis System at

MDC, as described in section 3.2.4.

Supplementary video 3: Off-chip spheroid culture of the PDAC cells. Video shows early time
points of the spheroid culture of the PDAC cells, where the cells were observed aggregating
into a spheroid structure. The video was acquired with the IncuCyte® S3 Live-Cell Analysis

System at MDC, as described in section 3.2.4.

Supplementary video 4: Off-chip PDAC culture of labelled PANC-1 cells with unlabelled PSCs.
Video shows the PANC-1 cells at the centre of the PSC cells. The video was acquired with the

IncuCyte® S3 Live-Cell Analysis System at MDC, as described in section 3.2.4.

Supplementary video 5: Live-cell imaging of the PDAC cells with TGF-1 supplement in the 5-
channel microfluidic device. Video shows early time points of the on-chip culture, where the
cells are aggregating into 3D, forming structural networks. The video was acquired with the

IncuCyte® S3 Live-Cell Analysis System at MDC, as described in section 3.2.4.

Supplementary video 6: Live-cell imaging of the PDAC cells with TGF-1 supplement in the 5-
channel microfluidic device. Video shows early time points of the on-chip culture, where the
cells are aggregating into 3D, forming structural networks. The video was acquired with the

IncuCyte® S3 Live-Cell Analysis System at MDC, as described in section 3.2.4.

Supplementary video 7: The flow of fluorescein in media solution through BME gel on-chip.
The perfusion of the solution through 6 — 9 mg mL™* BME gel in the culture chamber of the 5-
channel device was captured with an epifluorescence microscope to assess the hydraulic
conductivity (as described in section 3.10) and therefore the interstitial flow nature of the

BME gel only on-chip.
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Supplementary video 8: The flow of fluorescein in media solution through the 21-day on-chip
PDAC culture. The perfusion of the solution through the 21-day on-chip PDAC culture in the
culture chamber of the 5-channel device was captured with an epifluorescence microscope to
assess the hydraulic conductivity (as described in section 3.10) and therefore the interstitial

flow nature of the 21-day on-chip PDAC culture.

Supplementary video 9: Bright-field view of the flow of microbubbles, passing between the
pillars, into the 5-channel device with 6 — 9 mg mL! BME gel in the culture chamber.

Assessment of the flow of microbubbles on-chip with BME gel is as described in section 3.11.4.

Supplementary video 10: Close up ATTO 488 fluorescent view of the flow of microbubbles
(from Supplementary video 9) into the 5-channel device with 6 — 9 mg mL™* BME gel in the
culture chamber. Assessment of the flow of microbubbles on-chip with BME gel is as described

in section 3.11.4.

Supplementary video 11: Bright-field view of the flow of microbubbles into the 5-channel
device with the 21-day on-chip PDAC culture. Assessment of the flow of microbubbles on-chip

with BME gel only is as described in section 3.11.4.

Supplementary video 12: ATTO 488 fluorescent view of the flow of microbubbles into the 5-
channel microfluidic device with the 21-day on-chip PDAC culture. Assessment of the flow of

microbubbles on-chip with BME gel only is as described in section 3.11.4.
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