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ABSTRACT

Current in vitro cancer models used for screening potential new therapgatits are often 2D monolayers of cells
grown on the bottom of a petri dish or culture flask. These simplistic mtgdsmany of the important biologica
features of in vivo tissue growth, such as the presence of an extracellular (B&N) and cell interactions associated
with this in a 3D structure. The use of spheroids for drug testing drees gpme way to address the limitations of 2D
cultures, however spheroids are still typically handled in static environmeatsablect important physical aspects of
the microenvironment present in vivo, such as fluid flow and associated shssestrin addition, assays involving
spheroids still require many manual pipetting steps in which fluid is replacedingle fluidic operation which is labor
intensive, can be damaging to spheroid structural integrity and is an #wiois physiologically incorrect. Here we
present a microfluidic platform for the high-throughput trapping, cultume exposure of 3D co-culture spheroids to
drugs under physiologically relevant fluid flow. The device is self-supegrallowing multiple devices to be in an
incubator at once without peripheral pumps. Spheroids can be monitoréd wite microscopy and the device is
designed such that spheroids can be recovered for quantitative off-chigi@andélg a first demonstration, the
effectiveness of co-delivering ultrasound (US) triggered microbubbles (MBs) wiibrubicin (DOX) was evaluated.
Spheroids exposed to 3 pM DOX co-delivered with MBs showed a 51% reductidmer®igpviability compared to a
25% reduction in viability of free DOX alone.
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1. INTRODUCTION

Inadequate in vitro models, such as 2D monolayer cultures, are being blamed fdidigydii translating in vitro drug
screening outcomes to in vivo models, causing a failure in the drug diggpeline. It is thought that 2D cultures lack
the biological complexity of in vivo tissues, many features of which are thaéoghklate to drug resistance, such as the
presence of an ECM and fluid flow. 3D spheroid culture models have dmestoped to overcome many of these
shortcomings, using aggregates of multiple cell types to form 3D tumodelmin which cells grow in a more natural
3D structure and produce ECM. In additiohe in vivo structure of solid tumours is better modelled in spheroids,
displaying features such as a necrotic, hypoxic core followed by layersiesfcgnt cells surrounded by a rapidly
proliferating outer layet? These models are more biologically accurate to in vivo tumors and have beentstbetter
predict the clinical effects of new drugs compared to 2D cultufesOne of the reasons for 3D spheroids being a more
accurate predictor of drug outcomes in vivo is due to the presence of MnrEEb-culture models. Fibroblasts are
responsible for laying down the proteins associated with the ECM, such as céflageontribute to the mechanical
‘stiffness’ of tumors. This rigidity associated with the ECM can act as a physical barrier to drug penetration, preventing
cells in deeper layers of the tumour being exposed to effective drelg Bewd resulting in treatment failure.

When MBs are exposed to US, they oscillate and certain US conditions can cahi® theollapse, known as MB
destruction. When MBs are in close proximity to a cell this oscillation and celleps create an effect called
sonoporation in which small holes are punctured in cell membranes. Thianpdreon offers a promising solution to the
issue of drug penetratiaand has been studied extensively as a method by which drugs can be delivetisd’tt7.cEhe



majority of these studies however, have been conducted on 2D monolayers,ahealiing MB effectiveness in 3D
cultures is still relatively undocumented. Recent studies have begun testing MB thenaizsultures, observing the
effects of delivering liposomal drugs conjugated to MBs. Roovers et al tavensthat MB-induced sonoporation
increases delivery of liposomal drugs to the outer spheroid layers, wiictatlh as reservoirs slowly releasing drug.
This was observed to increase drug effectiveness compared to LS alone hawewererall increase in drug
effectiveness was observed compared to free ttp date, MB- spheroid interactions have been performed in static
conditions, neglecting the physical microenvironment of fluid flow.

Here we present a microfluidic platform for high-throughput handling bérmds for drug screening that features
constant fluid flow at physiologically relevant velocities. The devices features an array dbtregpture and culture of
pre-grown spheroids that can be reversed in function for the mycof/epheroids from the device. In addition, fluid
flow is generated by integrated fluid reservoirs and hydrostatic pressnoepggsipheral pumps are required, facilitating
high numbers of device loading into an incubator. The platform wastasedestigate the effect of co-delivering DOX
with MB and US to colorectal and fibroblast co-culture spheroids under fleashdiw that the presence of MBs with an
US trigger with free DOX increases drug penetration and decreases cell viability ¢6t¥pared to free DOX alone
(75%).

2. EXPERIMENTAL
2.1 Reagentsand assays

Colorectal HCT116 tumour cells and Human Foetal Foreskin Fibroblast (HFFF2) cellgneere and maintained in
DMEM 10% FBS (Thermo Fisher), 1% Glutamax (Gibco) in an incubatd&t, 5% CQ. Prior to spheroid seeding,

cell media was removed, the cells washed with PBS (+Ca, +Mg Gibco) then detachedypiith Express (Gibco).

Cell concentrations were determined using a haemocytometer after which cellsuggeaded in a 1:1 ratio at a
concentration of 7.5 x 20cells/mL 200 pL of cell suspension was seeded into ultra-low attachment 96 well plates
(Corning, Costar) and spheroids allowed to form for 5 dagydX (100mg, Generon) was dissolved in 5 mL DMSO then
further diluted in DMEM to the required concentration. DMSO concentration was képt 0.5% to prevent any
reduction in cell viability.

CellTiter-Glo 3D cell viability assay (Promega) was used as an endpoint assay to detehminil wviability. Spheroids
were retrieved off chip 48 hours after exposure by withdrawing the idracontents from the inlet and 100 uL of the
assay reagent mixed with the spheroids in an opague-walled 96 well plate. Aftetimiciat room temperature for 30
min the luminescence was recorded on a plate reader (SpectraMax M2E, Molecular Devicea$ses/pestructions.

MBs were prepared from a mixture of DPPC and DPSE-PEG2000 in a 95:5 molanthtidotal lipid concentration of
2 mg/mL?* and produced using a microfluidic microspray device to produéeMBl/mL with an average diameter
between 1 -2um.

2.2 Microchip fabrication

Devices were fabricated in polydimethylsiloxane (PONBSlgard 184, Dowsil) using standard photolithography and
soft lithography technique'$:'® Briefly, SU8-2075 photoresist was spin coated onto a 3-inch silicon vhafierbiaked
for 90 minutes. This process was repeated giving a total resist height okiagaedy 350 um. 375 nm UV laser
selectively expose the photoresist and pattern the microfluidic design. PDMS was mixedIn zad€: curing agent
ratio, poured onto the wafer and desiccated for 40 minutes to removweilbioles. PDMS was then cured3&@C for an
hour. Devices were then cut, hole-punched and bonded to PDMS coated glass mécstidespusing oxygen plasma.
Reservoirs were fabricated from polycarbonate (Engineering & Design Plastis)vére fabricated from delrin (Par-
group) then 0.22 um PTFE filters (Cole-Parmer) glued on to preaetdrial contamination of the media.

2.3 Experimental set-up and methodology

10 spheroids, with a diameter within the range 280 - 330 um, were loadeghattanlet reservoir and allowed to flow
into the device under hydrostatic pressure. The hydrodynamic farcefiuid flow ensured that spheroids remained in
their traps, unless subject to backflow. Once sufficient numbers of #ithdrad been trapped, media from both
reservoirs was removed and the therapeutic compound added to the inlet refenvdilB exposures, MBs were
directly pipetted into the channel through the reservoir, preventing MBs figsing to the top of the reservoir.
Therapeutic exposure was stopped by simply removing all compound-contaiedig and refilling the inlet reservoir



with fresh media. Microfluidic devices were insonated using a 2.25 MHz centteefregun-focused transducer (V323-
SM, Olympus, US). US pulse for MB destruction was controlled by a function gendie®b011, Agilent
Technologies, UK) and consisted of a duty cycle of 1 %, pulse repetition freqokdckHz and total duration of 2
seconds. Transducer output was calibrated to provide a peak negative pe<s8te+ 0.04 MPa when driven by a +53
dB RF power amplifier (A150, Electronics % Innovation, US). The transducer wpfedao the top of the microfluidic
device via a gel pad (Aquaflex, Parker Laboratories, US). A Leica DMi8/SP8 confarakcope system was used for
fluorescence imaging of spheroids on-chip. Doxorubicin and NucRed Dead dyexeited sequentially using 488 nm
OPSL and 638 nm Diode lasers, respectively. A 10x objective was used to image sphérpidsZ-stack slices.

3. RESULTSAND DISCUSSION
3.1 Device optimization.

For any drug screening assay, the number of samples and subsequent stat#dtise is hugely important. Therefore

in order to trap the maximum number of spheroids, the sgghsize and microfluidic trap dimensions were optimized.
Figure 1a shows a brightfield microscopy image of 7 spheroids trappadsimgle device. The traps were designed
similar to those be di Carlo et al. featuring a ‘pocket’ in which an object such as a cell sits under constant flow?6, The
subsequent filling up of the traps depends on the offset of dowmstraps relative to those upstream and a balance of
fluidic resistances. The device reported here was designed to trap multi-cellulaidgphather than single cells. The
diameter of the pocket width was approximatel® g&n, the width of the trap exhaust channel was 150 pum and the total
depth of the device was 350 um. The size of the spheroid is critical§adbess of the device, as smaller spheroids will
not be trapped while larger spheroids will not flow through the array.
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Figure 1 a) Microscopy image of spheroids (~ 300 pmpped in amicrofluidic trap array. b) Plot of average spheroid size
(220- 320 pm) against device trapping efficiency {100%). As spheroid size increases, spheroid trapping efficiency also
increases.

Figure 2b shows a plot of average spheroid size against trapping efficietesr(thed by the number of available traps
and those that are occupied after loading). The size of the spheroidswestenetween 220 and 300 um in diameter.
The trapping efficiency is seen to increase with increasing spheroid size, watioidgiof ~300 um having the highest
trapping efficiency of 70%. Spheroids larger than 350 pm were fourtitkoirs the channels due to the height of the
device. Therefore all future experiments were performed using sphefagproximately 300 pm in diameter.

3.2 Proof of principle DOX and MB co-delivery.

In order to demonstrate both the device as a platform for rapid dregnsuy against 3D co-cultures and MBs as an
effective therapeutjopre-grown spheroids of HT116 and HFFF2s were trapped and exposgdMdfrée DOX, free
DOX + US trigger and 3 uM DOX + MBs with US destruction trigger as described in the egptirsection. The



concentration of 3 pM DOX was determined by producing a dose-responsdauteacentrations of 8 10 uM wih
respect to spheroid viability (data not shown). The microfluidic devicerfshintegrated reservoirs for fluid handling,
in which the height difference between the inlet and the outlet provided hydrostatier@redsich was optimized to
drive flow at velocities similar to those observed in capillaries{@.3nm/s). The devices therefore did not require any
peripheral instruments such as syringe pumps and could be loaded inuhidpers into a standard incubator. For the
following study, spheroids were loaded oBtbchips giving a spheroid number of n=162 and exposed to DOX tior 8
DOX containing media was then replaced with fresh media and the spheroids allowed forga further 48 h. After
48 h, NucRed stain was added to the device and washed off after 30 min to viselatieath. Spheroids were imaged
in situ using confocal fluorescence microscopy to observe DOX accumulataglthits intrinsic fluorescent signal and
corresponding cell death.

Bright field DOX channel Dead stain channel

a) Control (= Dox)

b) 3 uM DOX

c) 3 uM DOX + US
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Figure 2. Bright field and confocal fluorescence images of spheroids in trapa 1 bright field (first column), DOX
emission (second column) and red dead stain (third column). a) Caittrout DOX exposure b) 3 uM free DOX c) 3 uM
free DOX with US exposure and d) 3 uM DOX co-delivered with MBs and US esgoosu

Figure 2 (ad) is an image panel showing spheroids in traps imaged using brigh{(ffist column) and fluorescence
microscopy (column two and three). The bright field images show an dedreghe structural integrity of spheroids



compared to the control (a) as spheroids are exposed to 3 uM DO>8 [2l) DOX with US exposure (2c¢) and finally,
3 UM DOX co-delivered with MBs with US exposure (2d). The loss of structueggrity through images a-d was due to
the increase in the penetration of the DOX, which can be seen in the DOX dndrigere 2 (a-d) with the inclusion of
US and then MBs and US and the subsequent increase in cell death, as sedludRdy stain figure 2 (a-d) third
column. As cells died, the cell-cell adhesion breaks down, the core densipsiand the spheroid breaks apart under
flow. This effect directly correlates to the increase in DOX penetration and reteeéiorinscolumn two, green signal.
The presence of the US exposure increased DOX penetration into the sphenmdudted in a slight increase in the
dead stain signal compared to free DOX alone. This increase in drug penarati@ubsequent cell death can be
attributed to an increase in cell permeability due to the exposure to US, antleditebas been documented in the
literature "8 However the co-delivery of free DOX with MBs and US exposure shows the greatesf lgisheroid
integrity and increase in DOX signal after 48 hours, suggesting the burétMBwin the vicinity of the spheroids
increased drug penetration. This also correlated with increased NucRed stainirggtisgghigh cell death. MB
destruction under US causes localized shock waves that can penetrate cell membranes, increasibgrtbépores by
which the drug could enter the cell.

In order to quantify cell viability in these studies, spheroids were recovesadtire devices and subjected to the
CellTiter-Glo 3D cell viability assay as described in the experimental section. Figure 3alhowglot of cell viability
(as a percentage standardized to the control), for each exposure tady@X, DOX + US and DOX + US + MBs).
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Figure 3. Boxplot showing spheroid viability in % against eaclvexe study, free DOX (blue), free DOX with US trigger
(red) and free DOX co-delivered with US trigger (Red). Statistical significance Wasated using a Mann-Whitney (MW)
non-parametric t-test with values <0.0001 (****) and 95% confideimterval (C.1.) test performed on each data set.

The cell viability for free DOX wag5 (+ 4)% with a decrease with the addition of th8 trigger to 61 (+ 1)% ah
further decrease to 48 (£ 2)% for co-delivery with MBs Wil8 trigger. These results clearly show the impact of the
presence of MBs and US on the penetration of DOX and subsequent cell death spl@Roids. The decrease in cell
viability of 26% when co-delivering MBs with theS trigger compared to free DOX alone suggests the destruction of
the MBs causes an increase in DOX penetration into cells, which results in an increglsdeath and thus increasing
DOX efficacy. A similar spheroid viability was observed with the use of 5 uM DOX(#4%) %), thus showing an
increase in DOX efficacy of approximately 66% when co-delivered with MBs. These difactsbeen observed in
previous MB studie$®?L. The design of the microfluidic platform allowed for large numbers of sjpde(n = 161) to

be analyzed under the same conditions and therefore statistical tests to bmquedarthe data. A MW t-test was



performed to determine their statistical significance and P-values in each caseowetetd be <0.0001 (****),
confirming the reliability of the results. 95% C.I. calculations gave values3d %0, + 0.8 % and = 2 % for DOX only,
DOX + US and DOX, US + MB respectively.

4. CONCLUSIONS

We have demonstrated a microfluidic platform for the high-throughput esposf 3D co-culture spheroids to
therapeutic agents under continuous flow conditions. The device allows farafftere, culture and exposure of
spheroids to drugs with minimal spheroid handling and is desigm#itht many devices can be used in parallel in an
incubator. Devices trap spheroids with ~70% efficiency and spheroids can bereecérom the device for off-chip
testing. Using this platform, we show how MBs mediated drug delivery increaseffitiaey of DOX therapy in 3D
CRC co-cultures under physiological flow conditions, a study that has no¢getumdertaken. Free DOX co-delivered
with MBs and triggered using US was shown to decrease spheroid viability bgd@thpared to a decrease in viability
of 25% using free DOX alone. The microfluidic device is versatile, so that@aghearf different cancer models could be
used along with different potential therapeutics. Spheroids can be monitoséd with microscopy or recovered for
off-chip assessment, such as viability assays or genetic testing.
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