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Abstract:

Therapeutic delivery from microvasculature to cancerous sites is influenced by many factors
including, endothelial permeability, vascular flow rates/pressures, cancer secretion of cytokines and
permeabilizing agents, and characteristics of the chosen therapeutics. This work, uses bi-layer
microfluidics capable of studying dye and therapeutic transport from a simulated vessel to a cancerous
region while allowing for direct visualization and quantification of endothelial permeability. 2.5 to 13
times greater dye transport was observed when utilizing small dye sizes (FITC) when compared to larger
molecules (FITC-Dextran 4kDa and FITC-Dextran 70kDa), respectively. The use of lower flow
rates/pressures are shown to improve dye transport by factors ranging from 2.5 to 5 times, which result
from increased dye diffusion times within the system. Furthermore, subjecting confluent endothelial
monolayers to cancerous cells resulted in increased levels of vascular permeability. Situations of cancer
induced increases in vascular permeability are shown to facilitate enhanced dye transport when
compared to non-diseased endothelial monolayers. Subsequent introduction of paclitaxel or
doxorubicin into the system was shown to kill cancerous cells resulting in the recovery of endothelial
confluency overtime. The response of endothelial cells to paclitaxel and doxorubicin are quantified to
understand the direct influence of anti-cancer therapeutics on endothelial growth and permeability.
Introduction of therapeutics into the system showed the recovery of endothelial confluency and dye
transport back to conditions experienced prior to cancer cell introduction after 120 hours of continuous
treatment. Overall, the system has been utilized to show that therapeutic transport to cancerous sites
depends on the size of the chosen therapeutic, the flow rate/pressure established within the
vasculature, and the degree of cancer induced endothelial permeability. In addition, treatment of the
cancerous region has been demonstrated with anti-cancer therapeutics, which are shown to influence
vascular permeability in direct (therapeutics themselves) and indirect (death of cancer cells) manners.
Lastly, the system presented in this work is believed to function as a versatile testing platform for future

anti-cancer therapeutic testing and development.



1. Introduction:

The presence of diseased regions near vasculature can lead to states of increased endothelial
monolayer permeability’™. These increases in vasculature permeability are often the result of vascular
. . . . . 135
permeabilizing agent production and excretion from diseased regions, such as cancerous regions>™. In
the case of cancerous regions, tumor benefits from increased vascular permeability include improved
supply of nutrients and removal of cellular waste products as well as access to the vascular system

allowing for easy metastasis®2.

In order to combat such diseased conditions, therapeutic delivery via the vascular system is
often utilized’*'. However, this approach for delivering drugs can be difficult due to varying degrees of
endothelial permeability and differences in pressure between the vasculature and the diseased
site®>1012715  Eor the case of cancer, fluctuations in capillary level endothelial permeability occur as
cancerous cells are killed off by anti-cancer drugs, resulting in an overall decrease in the production of
vascular permeabilizing agents!®’. In turn this allows for the vasculature to begin to repair and reduce
permeability’®!’. As further cancerous cells are targeted and killed, the degree of vascular permeability

further reduces, in turn reducing the overall free transport of anti-cancer therapeutics'®?’,

In addition to fluctuations in endothelial permeability, the occurrence of pressure differentials
between blood vessels and diseased sites can also greatly influence therapeutic delivery®*~°. Situations
when vascular pressure is lower than that of the diseased region causes added difficulty when

1013715 Examples from literature where interstitial fluid pressure is

attempting to deliver therapeutics
greater than vascular pressure leads to difficulties in delivering therapeutics to solid tumor sites and
inflamed pulpal cells®1°. As such understanding how differences in pressures and flow rates can

influence the transport and delivery of therapeutics is beneficial for disease treatment.

In order to better understand the role of the endothelial barrier and the effect of cancerous cells
on the transport of therapeutics to diseased regions, a bi-layer microfluidic device has been fabricated
which allows for the co-culture of healthy endothelial cells with a secondary cell type?®2L. This is
achieved while also providing a means of control over the pressures generated in both layers of the
device. Throughout the following work, physiologically relevant flow conditions are established in the
mimicked vasculature while cancerous cells are used to create a tumor microenvironment. Presence of

the cancerous cells provides the system with permeabilizing agents which act to modulate endothelial



confluency. The application of flow induced pressures and the application of therapeutics provides

insight into optimal treatment options for patient specific disease conditions.

As in any model, the physiological relevance of specific parameters varies. For example, a rather
unconventional approach has been utilized to manipulate pressures within the system in a controlled
manner. The pros and contras of this and other features of the model are carefully evaluated in the

Discussion with consideration given to the data provided by the model.

Overall, this work has been geared around better understanding how the transient nature of the
endothelial barrier, presence of flow derived pressures, and variations in system conditions influence
the transport and delivery of therapeutics. Through this work we aim to quantify tumor cell induced
permeability of microvessels within a mimetic microfluidic system. In addition, we aim to quantify the
temporal effect of therapeutics on the measured microvessel permeability throughout time-course

treatments.
2. Results:

Microfluidic Device Production:

Bi-layer microfluidic devices were produced and sterilized using an autoclave in order to permit
culturing of both bovine aortic endothelial cells (BAOECs) and human colorectal cancer cells (HCT116s).
Device integrity was suitable to allow for the flow of media, dyes and therapeutics without leakage
through the use of syringe pumps. A device schema can be observed in Fig. 1 which depicts the device
layout and locations within the device where the BAOEC and HCT116 cells are grown for experimental
testing. Full schemas depicting all device setups and testing conditions can be observed in SF 1 and SF 2.
Physiologically relevant factors such as the presence of HCT116 cancer cells in close proximity to the
vasculature and the natural production/excretion of permeabilizing agents were possible utilizing the
microfluidic setup>??%*. However, it is recognized that for some factors, especially the oncotic
pressures, the total range and method utilized to achieve the desired goals are not physiologically
relevant or accurate'®?224, For this study a wide range of pressures, including extremes, were coupled
with the use of shear derived pressure on the side of the cancerous region. Such experimental
conditions were established in order testing the total capabilities of the system while providing the

greatest amount of control over the system as a whole. The use of more physiologically relevant



pressure ranges and use of protein concentration gradients to drive the pressure differences in the

system would be more realistic'®2>25,
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Figure 1| Device schema depicting culturing setup and experimental conditions for dye and therapeutic transport to cancer
region in basal channel.

a, Bi-layer microfluidic device setup with apical and basal channel separated by semi-permeable membrane. A BAOEC
endothelial monolayer is grown on the surface of the semi-permeable membrane and a HCT116 cancer monolayer is grown in
the basal channel. Cytokines and growth factors released by the HCT1 16s influence the permeability of the BAOEC monolayer.
b, Device setup depicting therapeutic and dye transport across the permeabilized BAOEC monolayer and semi-permeable
membrane in order to function on the HCT116s present in the basal channel. ¢, Image of bi-layer device showing apical and
basal channel along with respective inlets and outlets.

Cell Confluency Measurements:

Cell confluency was measured using a plasma membrane stain, fluorescence imaging and
confocal microscopy throughout time-course treatments with anti-cancer therapeutics. From the scans
and images collected, the degree of cell monolayer coverage was measured as the area covered by cells
expressed as a percentage of the whole viewing area. When only BAOECs were cultured within the
devices the cell coverage was determined to be 97.5%. However, when HCT116s were introduced and
grown in the basal channel, the degree of cell monolayer confluency dropped to 67.8%. Subsequent
treatment of the diseased condition resulted in a steady increase in cell area coverage over the course
of 120 hours, back to similar conditions prior to introduction of the HCT116s. These changes in cell area

coverage throughout Paclitaxel (Fig. 2a) and Doxorubicin (Fig. 2b) treatment can be seen in Fig. 2.

Complementary data was collected from confocal scans where conditions without HCT116s

grown in the devices resulted in a low gap coverage of 2.8%. However, when HCT116s were introduced
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into the channels, the gap coverage increased to 37.9% as can be seen in SF 3. Both testing conditions
and methods of data collection produced similar results indicating that the technique for quantifying the

degree of BAOEC monolayer permeability functions well.
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Figure 2 | Normalized percentage of BAOEC monolayer permeability under various culturing conditions. Data shown as sum
of means * S.D. (n=5 independent microfluidic devices) for each image collection method.

a, Percentage of confluent BAOEC monolayer intact without HCT116s, with HCT116s, after treatment with Paclitaxel, and after
treatment with Doxorubicin for 24 hours, measured as a percentage of the entire imaging field, collected via standard fluorescent
microscopy. One way ANOVA statistical analysis with statistical significance indicated by * brackets in plot at p<0.05. Sample
collection was carried out from 5 independent devices (biological replicates). All statistical tests have been justified as appropriate.
b, Percentage of intercellular gap coverage without HCT1 16s, with HCT116s, after treatment with Paclitaxel, and after treatment
with Doxorubicin, measured as a percentage of the entire imaging field, collected via fluorescent confocal microscopy. One way
ANOVA statistical analysis with statistical significance indicated by * brackets in plot at p<0.05. Sample collection was carried
out from 5 independent devices (biological replicates). All statistical tests have been justified as appropriate. ¢, Representative
Sfluorescent image of highly confluent BAOEC monolayer prior to introduction of HCT116s into the device. Cells in image were
stained with Cell Tracker Green and red arrow indicates direction of flow within the channel. d, Representative fluorescent image
of permeabilized BAOEC monolayer after introduction of HCT116s into the device. Cells in image were stained with Cell Tracker
Green and red arrow indicates direction of flow within the channel. Both red scale bars are 50um in length.



Representative images of typical results experienced under conditions when only BAOECs were
grown in the device, as well as typical results experienced under conditions when BAOECs and HCT116s
were grown in the device can be seen in Fig. 2 c and d, respectively, along with SF 4. Fig. 2c clearly
shows a highly confluent monolayer of BAOECs aligned with the direction of flow indicated by the red
arrow. Dark spots between cells indicate that gaps are present in very low numbers and are small in
size. Conversely, Fig. 2d shows sparsely spaced BAOECs with large dark gaps present between individual
cells. In addition to standard fluorescence microscopy, representative confocal scans of highly
permeabilized BAOEC monolayers were obtained and can be observed in SF 5. Verification of the effect
of paclitaxel and doxorubicin on the HCT116 cancer cells utilized in the study can be observed in SF 11,
where application of either anti-cancer drug resulted in HCT116 death over time. Additionally, the
effect of paclitaxel and doxorubicin on BAOECs was verified over time. BAOECs were grown within
microfluidic channels and subjected to culture media shear flow (200sec™) containing anti-cancer
therapeutics. The concentrations of the therapeutics used and the durations of the flow tests were held
constant with all other testing. The presence of the anti-cancer therapeutics was shown to influence the
survival and confluency of BAOECs grown within microfluidic devices. Treatment of the BAOECs
occurred over the course of 120 hours without the presence of any cancer cells in order to quantify the
effect of the therapeutics on endothelial cells. The resulting data indicated a slight increase in cell count
over the first 24 hours of treatment with the therapeutics. Further treatment of the ECs with
therapeutics over the full 120 hours resulted in slight reductions of the cell counts. ECs treated over the
same 120 hour timeframe with standard culture media displayed improved growth which slowed over
time as the ECs become more and more confluent within the devices. Likewise, when analyzing the
coverage area of the EC monolayers as percentages over the time-course treatments, an initial increase
was observed over the first 24 hours followed by a reduction in the percentage of the area covered. The
data and representative images relating to the BAOECs response to anti-cancer therapeutics can be

observed in SF 6.

Dye Transport under Equal Flow Rates and Pressures:

Bi-layer microfluidic devices were utilized to track dye transport from the apical channel into the
basal channel under various experimental conditions. The specific dyes used in these studies were FITC,
FITC-Dextran 4kDa, and FITC-Dextran 70kDa, chosen for their increasing size and molecular weight in

order to mimic various small and large molecule therapeutic candidates. Additionally channel flow rates



of 9190, 70150, and 253050 pL/hr which correspond to average channel pressures of 632.8, 4832.4, and
17431.2 Pascals (Pa), respectively, were chosen to investigate the influence of a wide range of
flow/pressure on therapeutic transport. The following figures contained in Fig. 3 plot out the
normalized dye transport averaged across all testing conditions, using the confluent BAOEC monolayer
testing conditions as a baseline (set equal to 1). All of the dye transport data collected has additionally

been normalized to account for any loss of dye due to binding with channel walls or cells.

Fig. 3a depicts the averaged dye transport achieved based on varying dye sizes. The data points
represented in the figure are the average values from all tests run at various pressures and under
various device conditions. The figure shows that on average, across all other testing conditions, the
smallest FITC dye underwent the greatest degree of transport across the EC monolayer. Subsequently,
the FITC-Dextran 4kDa and FITC-Dextran 70kDa dyes underwent less transport respectively. This trend
based on dye size was observed for equal pressure testing due to diffusion which acts as the main
driving factor for transport when no pressure gradient exists across the membrane. The amount of dye
in each flow test was held constant and due to its small size, the FITC dye was able to undergo the
greatest diffusion and subsequent transport when compared to the two larger dyes. Next, we turn our

focus onto the influence of established pressures on the overall transport observed.

Fig. 3b depicts the averaged and normalized dye transport achieved under various pressures
established within the channels. It should be noted that no pressure gradient exists across the semi-
permeable membranes in this work. As such, the pressures within both the apical and basal channels
are changed equally to ensure no flow driven transport of dye occurs. When comparing the degree of
dye transport it is shown that the lowest pressure established resulted in the greatest amount of dye
transport across all dye sizes and device conditions. Generally, the trend shows that increasing
pressures within the channels results in lower transport regardless of dye size. The reason why this
trend is observed is again due to the fact that the total amount of dye introduced during each test was
held constant. As such, the total duration of the higher pressure flows was shorter when compared to
the lower pressure tests due to the manner in which pressure is established in each channel. The
shorter period of flow for the higher pressure cases results in less time for the dyes to undergo diffusion
which ultimately results in less overall transport. If all established pressures for each dye test were

given equal flow durations through the channels, the observed difference in transport would not be



present, as demonstrated in SF 10. Lastly for the equal pressure tests, the degree of dye transport

achieved under various device conditions was examined.

Fig. 3¢ depicts the normalized transport achieved under various device conditions which has
been averaged for all dye sizes run and all pressures tested within the devices under equal pressure
conditions. From the figure it is observed that a large degree of transport occurs when no cells are
present within the devices, as expected. Subsequent addition of an EC monolayer resulted in a drastic
reduction of overall transport regardless of dye size. Later addition of cancer cells into the basal channel
of the devices resulted in an increase in overall transport on average by a factor of around 6. After the
addition of cancer cells, treatment with either paclitaxel or doxorubicin over the course of 120 hours
showed a slow drop in the amount of total transport. After a full 120 hours of treatment, the observed
dye transport was reduced to conditions experienced with a confluent monolayer of ECs prior to the
introduction of cancerous cells. Fig. 3c contains a representative schema for each condition of the
devices throughout the establishment of an EC monolayer, establishment of a cancerous region, and
subsequent time-course treatment with therapeutics. It should be noted for Fig. 3¢ that no statistically
significant difference existed between the overall transport observed during the time-course treatments

with paclitaxel and doxorubicin.

Lastly, it should be noted that cell-free device conditions without cells were run in order to
verify that the resistance of the membrane incorperated into the microfluidic system was in the same
order of magnitude as values reported in literature for in vivo tumors?’~3, and to function as benchmark
testing cases. Additionally, breakdowns of specific data for before averages were calculated across

features such as dye size, pressure, or device condition can be seen in SF 7 through SF 9.
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Figure 3 | Averaged and normalized dye transport based on solute size, established pressure, and device condition for equal
pressure tests. Data shown as sum of means £ S.D. (n=15 independent microfluidic devices) for each image collection method.
a, Overall degree of dye transport based on dye size, averaged over all established channel pressures and device conditions tested.
Statistical significance of p<0.05 indicated by * b, Overall degree of dye transport based on established channel flow rates,
averaged over all dye sizes and device conditions tested. Statistical significance of p<0.05 indicated by *. ¢, Overall degree of
dye transport based on device condition, averaged over all dye sizes and established channel pressures tested. Statistical
significance of p<0.05 indicated by *. Schema of typical device conditions depicted for each step of the time-course treatment
data.



3. Discussion:

From this work, a platform for studying transport phenomenon in a bi-layer microfluidic device is
offered which allows for co-culturing of a variety of cell types. The overall goal of the study was to
demonstrate the influences of factors, such as the presence of cancerous cells and established
pressures, on the transport of dyes and therapeutic agents in a mimicked blood vessel. The system has
also been shown to allow for physiologically relevant flow in the apical channel mimicking
microvasculature blood flow and shear. While some portions of the system are held to physiologically
relevant conditions, there are several features which are tested over wider ranges for the sake of testing
the systems capabilities. The total range, magnitude, and method of generating oncotic pressure in this
work are examples of conditions not strictly held to physiologically relevant values. Studying the
responsiveness of the system over a wider range of values provided verification that the system is
capable of being applied to different disease conditions beyond the scope of cancer microenvironments.
Additionally, the unrealistic approach of controlling pressure differences between channels via shear
flow allows for more precise regulation when compared to physiological oncotic pressure controlled

mainly by protein concentration gradients!®2%24

, while also providing a means of maintaining a constant
therapeutic flux. The use of bovine endothelial cells as opposed to human derived endothelial cells in
this work introduces the possibility of variations in observed results stemming from interspecies
differences in EC responses to human cancer cell cytokines, inflammatory agents, antibody interactions

and therapeutic agents333

. In order to facilitate more reliable data collection, future uses of the
developed microfluidic system will incorporate the use of human derived endothelial cells such as
human umbilical vein endothelial cells (HUVECs). Facilitating the future growth of human derived
endothelial cells will require improvements to our microfluidic device performance and functionality in
order to ensure that healthy and confluent cultures of human endothelial cells can be grown. As a final
note, the use of a semi-permeable membrane within the bi-layer microfluidic model also introduces a
physical barrier which is not found in vivo and as such introduces an added resistance to the transport of
dye and therapeutic molecules. Ideally, such a microfluidic model would be capable of growing a self-
supported tubular vessel comprised of human derived endothelial cells, in turn preventing any added
resistance to the transport of materials across the device. As such, it should be noted that the observed
permeability measurements are lower than what would be expected in vivo. This occurs because

transport within the boundary of any gaps formed between endothelial cells should occur in an

unrestricted manner, however, the presence of the semi-permeable membrane restricts the total free
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area in the cell monolayer gap resulting in a higher resistance and overall reduced transport. Future
improvements of the techniques utilized to produce microvasculature within the bi-layer microfluidic

system will allow for these issues to be resolved in order to better mimic conditions experienced in vivo.

The microfluidic system has been shown to allow for the monitoring of EC permeability and
confluency which can be varied based on conditions established within the system. Use of serum-
conditioned culture media as opposed to whole blood facilitated ease of use related to data collection
and imaging without interference of blood cells, while still providing many of the proteins and small
molecule components found in blood plasma. Specifically, the ability to quantify EC monolayer
coverage when isolated, exposed to cancerous cells and throughout the anti-cancer treatment process
has been demonstrated. EC coverage was shown to be maximized when only ECs were grown within
the apical channel covering nearly 100% of the entire channel. However, upon introduction of HCT116s,
the EC coverage dropped to around 65% coverage. The initial EC coverage near 100% was achieved
because no cytokines or permeabilizing agents were present within the devices. Later introduction of
HCT116s into the basal channels resulted in the release of cytokines and permeabilizing agents into the
system. As such, the diffusion and transport of the cytokines/permeabilizing agents to the apical
channel resulted in a high degree of EC permeability. Subsequent treatment of the system with either
paclitaxel or doxorubicin over 120 hours resulted in the slow recovery of the EC coverage back to
conditions of nearly 100% coverage. Treatment with either anti-cancer drug, assisted in the recovery of
EC confluency by functioning to kill off the HCT116s growing within the system. As HCT116s were killed
off by therapeutics, the production and excretion of cytokines/permeabilizing agents was reduced in
turn allowing for EC recovery. It should be noted that the usage of endothelial cells within the
microfluidic system was carried out in the form of cell monolayers as opposed to tubular structures. The
subsequent use of EC monolayers in turn is recognized to have the potential to influence the
performance of the system by altering the regulation of cell-cell and cell-matrix adhesion characteristics
based on matrix dimensionality (2D vs. 3D)34. In addition, it is recognized that the use of endothelial cell
monolayers, limits the functionality of the microfluidic system due to the rapid loss of tissue-related
functions which impairs the predictive capabilities of the system as a whole3>. The use of a three
dimensional growth system to form endothelial tubes is preferred in order to better mimic EC responses
to permeabilizing agents and shear while ensuring that no impairment of the systems predictive
capabilities occurs. As such three dimensional tissue growth of endothelial cells into tubular structures

will be adopted for future studies involving studies of vasculature.
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In addition to observing the influence of the therapeutics on the cancer cells, flow tests were
run in devices containing only ECs using therapeutic conditioned media. The resulting data showed
initial increases in EC cell counts and confluency over the first 24 hours. Continued treatment showed
slight decreases in cell counts and confluency as a result of the therapeutics presence. The exposure of
ECs to therapeutics slowed their normal growth as apparent when comparing the growth curves of cells
treated with standard media and those treated with therapeutic conditions media as seen in SF 6. The
slow of EC growth and slight reduction in cell counts agrees well with previous findings in literature and
is known to occur as a result of the manner in which the two therapeutics function to cause cell death3®~
39, In addition, only slight variations in EC confluency were noted as a result of being exposed to the
therapeutics. The variations which were observed can be contributed to the combination of fluctuations
in cell counts and changes in EC morphology. The scale of fluctuation in EC permeability resulting from
the therapeutics alone was relatively low when compared to the fluctuations observed when cancer
cells were present in the system. As such, the major focus of the work was geared around permeability
induced by the presence of the HCT116 cancer cells. Overall, this work has shown that the system is
able to function as a suitable method for observing cellular scale changes in EC confluency and
permeability resulting from the presence of cancer cells and anti-cancer therapeutics. It should be
noted that measurements of EC permeability were carried out with direct cell imaging measurements
and indirectly via dye transport studies. The observed gaps which formed between ECs as a result of
being exposed to cancerous cytokines and permeabilizing agents are what facilitated the apical to basal
transport of the dyes used. The presence of a semi-permeable membrane in the microfluidic system
was required to function as a physical substrate onto which ECs could anchor, which also serves to
introduce a small amount of resistance to fully unrestricted dye transport. However, decisions on the
pore size and density for the membranes was chosen to reduce the unavoidable transport resistance as
much as possible. As such, this study focuses on quantifying the influence of factors such as
cytokines/permeabilizing agents (resulting from cancerous disease conditions), pressure differentials,
and shear flow on the observed permeability of the vascular endothelium to variously sized dye
molecules. Beyond the scope of monitoring EC monolayer integrity, the system was shown to be

capable of performing therapeutic/tracer delivery studies which will be discussed next.

Leveraging the ability to dictate precise pressures within both channels of the devices, a variety of
equal pressure cases were tested to observe the effect of pressure/flow rate on therapeutic delivery.

Given that the pressures established in each channel can be controlled independently, we chose to
12



investigate the effects of various equal pressure test cases on therapeutic transport. In addition to the
use of equal pressures, a range of dye sizes and device conditions were established in order to further

understand how transport if influenced.

When considering the influence of solute size on transport, the maximum amount of transport
observed occurred for FITC, followed by FITC-Dextran 4kDa, and FITC-Dextran 70kDa, respectively. This
trend in transport is observed due to the dye molecules various sizes. The smallest FITC dye underwent
the greatest transport because it is more freely able to diffuse through the system. The larger dyes take
longer times to diffuse around in the system and as such, they undergo less transport over the same
time-period. The large influence of dye size on the observed transport is credited to the fact that under
equal pressure conditions, the main factors driving transport are the natural diffusion of the dyes and
the concentration gradients which exist across the semi-permeable membrane. Since size plays a large
role in dye diffusion, a large difference in transport is observed between the three dyes. In addition to

dye size, the established pressures within the channels also largely influences transport.

The wide range of equal pressures tested resulted in differing degrees of transport. Given the
resulting transport trend, it was observed that increasing the pressure within the system while still
maintaining equal pressures on both halves of the device, resulted in reduced transport of dyes
regardless of size. This trend was observed due to the fact that the total volume of dye suspension
introduced into each device was held constant. As such, the increased pressures being generated by
increased flow rates, resulted in less time for the dye molecules to diffuse while in the system. If the
duration of flow for each pressure case was held constant instead of the total volume, then no
difference in transport between established channel pressures would be expected, as verified via cell-
free device testing data in SF 10. Moving beyond the scope of established channel pressures, studies

were conducted to identify the influence of system conditions on the transport of therapeutics.

From this section of the study, a range of system conditions were established including cell-free, EC
confluent, EC and HCT116 diseased devices and the subsequent application of time-course therapeutic
treatments. The greatest degree of dye transport was observed under device conditions containing no
cells (cell-free) which agreed well with the predicted theoretical model based on the Kedem-Katchalsky
transport equations®® (see SF 7a). Later establishment of an EC monolayer within the apical channel
resulted in greatly reduced transport due to the formation of a confluent monolayer. The overall
transport was reduced due to coverage of the pores present in the semi-permeable membrane by the

13



ECs. Instead of being able to transport across the semi-permeable membrane, the dyes introduced into
the apical channel were forced to exit the system from the apical channel outlet. These observed results
agree well with trends published in similar studies utilizing microfluidic system to study endothelial

permeability to tumor cells*.

Further addition of HCT116s resulted in the partial recovery of transport within the system. The
observed partial transport recovery is the result of cytokines and permeabilizing agents, released by the
newly added HCT116s, functioning to permeabilize the EC monolayer. The formation of large gaps
between ECs in the apical channel allowed for the exposure of pores in the membrane which in turn
allowed for increased dye and therapeutic transport. Again, the observed results agree with previous
literature findings using metastatic cancer cell lines, tumor conditioned media containing excreted
cytokines/permeabilizing agents, and similar dye molecules®'. Moving beyond the diseased state of the
system, the application of anti-cancer therapeutics was investigated in order to verify that the system as

a whole responds to the presence of therapeutic agents.

Paclitaxel and Doxorubicin were utilized to treat the cancerous regions of the devices in order to
observe the recovery process of the EC monolayers. Subsequent treatment of the system with either of
the therapeutics over the course of 120 hours resulted in the recovery of the EC monolayers as
measured directly with imaging (see Fig. 2) and indirectly via dye transport measurements. The
observed increase in cancerous cell death upon treatment with either paclitaxel or doxorubicin agrees
with other literature studies**=*. Additionally, the observed reduction in EC permeability during
treatment with either of the anti-cancer therapeutics agrees with trends observed in literature®*¢,
Time-course treatments were only run over the course of 120 hours because the EC permeability and
dye transport were able to recover back to conditions similar to those experienced prior to the
introduction of cancerous cells. Additionally, there exist other in vivo based tumor studies which have
been run over the course of five to seven days, making the choice of 120 hours of treatment in our

model suitable!4*-52,

Introduction of therapeutics into the apical channel along with dye molecules was performed in
order to observe if the amount of transported dye would be influenced by the treatment of the diseased
cancerous environment. Transport of the anti-cancer therapeutics across the membrane functioned to
slowly kill off the HCT116s present in the basal channel of the devices. In turn the death of HCTs
reduced the amount and degree of cytokine/permeabilizing agent secretion. The EC monolayers were
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shown to recover over the 120 hour treatment process as a result of HCT116 cell death. These results
confirmed that the system was functioning to facilitate therapeutic transport across the EC monolayer
and semi-permeable membrane. The observed changes in dye transport resulting from therapeutic
treatment serve as an indirect technique for quantitatively analyzing the degree of EC permeability.
Additionally, an understanding of how therapeutic treatments influence cancerous and endothelial cells
can be gained through the use of the developed microfluidic system. As noted previously, the direct
influence of the therapeutics on EC permeability have been quantified and should be given

consideration when choosing potential anti-cancer therapeutic treatments for patients.

Overall, the developed microfluidic system has been shown to allow for the establishment of EC
monolayers which are responsive to their local environment while also facilitating physiologically
relevant flows in the apical channel. The additional ability to grow secondary cell types, such as
cancerous cells, in close proximity to the mimicked blood vessel provides the opportunity to study
interactions and responses between the chosen cell types. Further, the ability to precisely control and
regulate pressures within each channel provides opportunities to study various disease conditions such
as tumor microenvironments. In this work, we have utilized endothelial and tumor cells to establish a
simplified tumor microenvironment in order to study endothelial responses to cancerous cells/anti-
cancer therapeutics, the therapeutic delivery process in a mimicked vessel, and the responsiveness of
HCT116 cells to treatment with paclitaxel and doxorubicin. It should be noted that this approach does
not consider all conditions experienced in an in vivo tumor microenvironment. Furthermore, it is noted
that certain parameters and conditions established within the system do not always fall within
physiologically relevant ranges. The use of values outside of physiologically relevant ranges is
performed for the sake of testing the system’s functionality for potential work outside the scope of
mimicking tumor microenvironments. Future applications of this technology towards early stage testing
of personalized therapeutic options has the potential of utilizing patient derived cells as a means of
improving the delivery and effectiveness of therapeutic systems. Future work for the system is being
focused on improving functionality for improved testing. Some specific improvements include the
establishment of a more diversified set of applications for additional disease models (inflammation and
gastrointestinal drug delivery), establishment of culturing procedures to provide a wider range of cell
types to be used, and introduction of a 3D environment for growth of tumor spheroids as opposed to

monolayers of cancer cells as utilized in the current work.
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4. Methods:

Device Fabrication:

Microfluidic devices were fabricated using polydimethylsiloxane (PDMS) (SYLGARD 184, Dow
Corning) and assembled into a bi-layer device as depicted in Fig. 1. The devices were fabricated using
two separate pieces of PDMS with channels molded into them and a polycarbonate semi-permeable
membrane (Whatman Cyclopore, Sigma-Aldrich). The semi-permeable membrane is adhered to both
pieces of PDMS and sandwiched between the overlapping regions of the channels. The regions where
the channels in both pieces of PDMS overlap facilitates transport from one channel into the other
through the pores in the semi-permeable membrane. As a result, the pores of the membrane act to
dictate the maximum size of materials which can be transferred. In order to only allow for culturing
media and small chemical components to pass from one channel to the other while restricting the
transport of cells, a membrane with an average pore size of one micrometer was chosen. Because cells
are not capable of passing through the membrane, a co-culture setup is achievable by growing bovine
aortic endothelial cells (BAOECs) on the top surface of the membrane within the apical channel, while
human colorectal cancer cells (HCT116s) are grown on the bottom surface of the lower channel termed

the basal channel as depicted in SF 1.

Cell Growth on Device:

After fabrication of the microfluidic devices, both the apical and basal channels were filled with
a 0.5% porcine gelatin (PG) (0.5%, Sigma-Aldrich) solution and incubated for 30 minutes at 37°C and 5%
CO,. After incubation, the PG is removed and replaced with BAOEC (Cell Applications, San Diego, CA)
suspension in the apical channel and incubated for 12 hours to allow for cell adhesion to the top side of
the semi-permeable membrane. After 12 hours, all remaining cell suspension is washed away by
establishing media (DMEM(1x) + GlutaMAX — | (gibco, life technologies), 10% HI-FBS (Sigma-Aldrich), 1%
Penn/Strep Antibiotic(1X) (Gibco, life Technologies)) flow within the channel using sterile tubing, syringe
and syringe pump (PHD 2000, Harvard Apparatus). The flow rate established within the channel is kept
low for purposes of media exchange and aligning the BAOECs to flow. These flow based incubation
conditions are held constant typically for 3 to 4 days until the endothelial monolayer on the semi-

permeable membrane reaches confluency. Upon achieving a confluent BAOEC monolayer in the apical
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channel, HCT116s (ATCC, Manassas, VA) are introduced into the basal channel and allowed to settle and
adhere to the bottom of the basal channel for 24 to 48 hours. HCT116 cells are introduced into the
devices in order to permeabilize BAOEC monolayers similar to conditions found in various cancerous
disease states. Once the HCT116 cells have properly adhered, a flow rate equivalent to that established
in the apical channel is setup in the basal channel using a secondary syringe pump. Both the BAOEC and
HCT116 cells are grown within the bi-layer device under these flow conditions within an incubator until

experimental proceedings begin.

Establishing Shear Rate:

The effect of fluid shear on the growth of cells and transport of compounds from channel to
channel is established using syringe pumps (PHD 2000, Harvard Apparatus). The syringe pumps allow
for control over the flow rates established in both channels of the device. By altering the flow rate
within the channels, we are able to specifically set and control the shear rate imparted on the cells
growing within each channel and any other materials introduced into the channel along with the flowing

media. The equation governing®? the shear rate established in each of the channels is as follows:

6Q

Shear Rate = (5~

(1 + %)(f*)(%), where Q is the established flow rate within the given channel, W

is the channel width, H is the channel height, and f* is a geometrical factor based on channel dimensions
which for the microfluidic devices used is 0.7946. The width and height dimensions for the channels
utilized in this study were 500 micrometers and 100 micrometers, respectively. In order to stay within a
physiologically relevant range>*™°, the shear rate in the apical channel containing the BAOECs was held
at 200 sec! which is at the lower end of range typically experienced within the arterioles of the body.
The shear rate established within the basal channel containing HCT116s was held constant with the
shear in the apical channel to prevent any convective flux between channels when not desired. While
initially culturing cells within both channels, the shear rate was typically set around 50 sec™ as a means
of simply refreshing media exposed to the cells for continued growth while not imparting drastically high
shear. It should be noted that both equal and differing shear rates were established in the channels

depending on if a pressure difference across the semi-permeable membrane was desired.

Establishing Pressures within the Channels:

In order to simulate the effect of pressures within the system, the relative shear rates

established in the channels were varied to achieve desired average channel pressures. In order to
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prevent the establishment of a pressure differential across the semi-permeable membrane, the shear
rates established in both the apical and basal channel were maintained at equal values. The governing
equation®® used to relate the established shear rates in each channel with the average pressure

difference across the membrane is as follows:

12p, L4104 12u,L,Q,
WlHi% Wsz3
o 1= (o) (on () 1 () (sanh (52)
A= 2 - >

where i and p; are the viscosity of the fluid in the apical and basal channels respectively, L; and L, are
the overall length of the apical and basal channel respectively, Qi and Q; are the flow rates established
in the apical and basal channels respectively, W; and W are the widths of the apical and basal channels
and H; and H; are the heights of the apical and basal channels, respectively. The above equation
calculates the average pressure generated in the apical channel and subtracts from it, the average
pressure generated in the basal channel. In this case, when P, is equal to zero, it indicates that the
average pressures in both the apical and basal channels are the same, allowing for the determination of

the flow rates required to achieve the balance of apical and basal channel pressures.

Cell Imaging and Confluency Measurements:

Cells grown on devices were imaged utilizing standard fluorescence imaging microscopy
(Olympus 1X70, Hamamatsu C9300, Plan Fluor 10x & 20x, NA: 0.3, Rl: 1). For fluorescence imaging, the
plasma membranes of the cultured cells were stained with Cell Tracker Green ™ (10uM, Thermo Fisher
Scientific) plasma membrane stain to identify the outer most boundaries of the cells occupying the
culturing area. This method of cell plasma membrane (PM) staining allows for the quantification of the
area specifically covered by cells within the viewing area of the various fluorescence microscopes.
Images taken via conventional fluorescence microscopy were utilized to determine the overall cellular
monolayer confluency. These measurements were carried out using the FIGI (ImageJ) software suite®’>®
and the collected image. The imaging technique was used to obtain the average degree of monolayer
confluency as well as to quantify the area occupied by gaps between cells. The analysis for the cell
coverage measurements were taken once the cells had reached confluency within the apical channel of

the device just before HCT116s were introduced into the basal channel. A second measurement of all

devices was taken at 24 to 48 hours after introduction of HCT116s into the basal channel. Lastly, final
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measurements for each device were taken 12, 24, 48, 72, 96, and 120 hours after introduction of anti-
cancer therapeutics into the device. Image acquisition software utilized includes HCImage Live
(Hamamatsu Photonics) for standard fluorescence imaging and NIS-Elements (Nikon) for acquisition of

confocal images.

Anti-Cancer Therapeutics:

In order to study how particle transport is influenced by variations in endothelial monolayer
permeability, BAOECs were exposed to HCT116s. Treatment of the microfluidic system with the anti-
cancer therapeutics, Paclitaxel and Doxorubicin, allowed for varying degrees of BAOEC permeability
within the diseased state setup. The working concentrations for both Paclitaxel and Doxorubicin were
5ng/mL for all experimental testing. Paclitaxel and Doxorubicin functioned to eliminate cancer cells and
were chosen due to their wide use, high degree of documentation for in vitro and in vivo data, and
relatively inexpensive cost. The anti-cancer therapeutics were introduced into the apical channel of the
devices in order to mimic an intravenous administration. For time-course studies, the anti-cancer
therapeutics were continuously introduced into the system via the apical channel over the entire course
of 120 hours. Any therapeutic introduced into the microfluidic system was subjected to the shear
established within the device in order to mimic the situation or blood flow within the body.
Therapeutics which successfully transitioned from the apical channel through the semi-permeable
membrane into the basal channel were able to act on the HCT116s present. Interaction of the anti-
cancer drugs with the HCT116s resulted in the death of affected cells, which in turn were washed away
downstream and eventually out of the device into the waste media collection containers. As such, the
HCT116 cells which were killed off and washed away could no longer contribute to the secretion of
permeabilizing agents. Lastly, in order to ensure that the presence of the anti-cancer therapeutics
caused HCT116 cell death, microfluidic devices containing only HCT116s were subjected to either of the
two therapeutics, with cell death verified via cell staining and fluorescence microscopy before and after
treatment, as seen in SF 11. Chemical authentication and validation data for the Paclitaxel and
Doxorubicin utilized in this work were provided by LC Laboratories (Paclitaxel - Prod. No: P-9600 Lot:

ASM-118) (Doxorubicin — Prod. No: D-4000 Lot: DXR-110).

Interaction of the anti-cancer therapeutics with BAOECs and subsequent EC cellular responses
were investigated by establishing endothelial monolayers within the microfluidic devices without the
presence of any cancer cells. Therapeutic solutions were prepared at the same concentrations as
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described previously. Therapeutic conditioned media was flown through the devices and the BAOECs
were stained with Cell Tracker Green in order to facilitate fluorescent imaging. Therapeutic solution
flows were established for 120 hours with cell images collected every 24 hours. The resulting images
were collected for cell count and EC monolayer permeability measurements. Relative comparisons were

made between values measured prior to therapeutic flows (0 hours) and all other measured time points.

Dye Cross-Vasculature Equal Pressure Transport Studies:

Dye transport was achieved by flowing dye into the bi-layer channel via syringe pump. In order
to quantify the degree of transport for each test case, the outlet flow of both the apical and basal
channels was collected separately and distributed into well plates. The fluorescence intensities of the
flow-through were measured via plate reader with excitation at 490nm and emission read at 525nm.
The dyes utilized in the study include FITC at a working concentration of 0.625mg/mL, FITC-Dextran
4kDa at a working concentration of 5mg/mL, and FITC-Dextran 70kDa at a working concentration of
5mg/mL. The working concentrations for each dye was chosen so that a sufficient fluorescence intensity
signal was obtained from the experimental testing for measurement purposes. The basal outlet
contained dye which successfully transported across the semi-permeable membrane, and dye exiting
out of the apical outlet were collected and measured to ensure that the total dye concentration

introduced into the devices was accounted for at both of the outlets.

The transport studies were carried out under three device conditions as follows, cell-free
devices, devices with only a BAOEC confluent monolayer, and diseased devices containing a monolayer
of BAOECs in the apical channel and a monolayer of HCT116s in the basal channel which were then
subjected to a time-course therapeutic treatment. The second and third device conditions established
allowed for studies on the ability of dyes to transport under varying degrees of BAOEC permeability. All
rounds of transport studies were carried out with flow established in the apical and basal channels. In
order to mimic the various pressure conditions experienced within the vasculature, the first rounds of
testing were carried out so that no pressure difference was established across the semi-permeable
membrane. The pressures established in both the apical and basal channels for these studies were
632.8,4832.4, and 17431.2 Pa, which were established in addition to the physiologically normal
pressure of 10666 Pa (80mmHg). Cell-free device studies did not utilize any cell culturing within the
channels prior to introduction of particle suspensions. Devices run with BAOEC confluent monolayers
were established 3 to 4 days prior to dye flows to ensure that a highly confluent monolayer was present
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in the apical channel over the semi-permeable membrane. Lastly, the diseased state devices, were
prepared 6 to 8 days in advance of dye flows. 3 to 4 days were spent growing a confluent apical BAOEC
monolayer and the remaining days were spent producing a cancer cell monolayer in the basal channel.
The transport studies were carried out under adjusted timeframes to ensure that the same amount of
dye introduced into each device was the same regardless of the pressure being used. One final note for
the diseased state devices, was the later introduction of an anti-cancer therapeutic to influence the
cancer cells in the basal channel and the confluency of the BAOEC monolayer in the apical channel. The
degree of dye transport was documented throughout a time-course treatment with Paclitaxel and
Doxorubicin to understand how the BAOEC monolayer integrity influenced the dye transport

capabilities. Experimental schema for this testing can be observed in SF 1 and SF 2.

Statistical Analysis:

Statistical analysis of all obtained results were run utilizing IBM’s SPSS statistical software
package (IBM Corp.). All of the figures have significant differences indicated above elements within the
plots. One way ANOVA tests were run for each data set with confidence levels of 95% held throughout
all plots. All analyses were carried out under conditions of Tukey equal variances assumed, along with
tests of homogeneity of variance further verified by both Brown-Forsythe and Welch analyses. Based on
the obtained statistical results, all bar graphs contain grouped pairs between groups and within groups

“xn

indicating statistically significant differences between means indicated by . For all line plots,
statistically significant differences in means are compared against the baseline tests for the spherically
shaped particles. Significance between both the short rod particle and long rod particle values are

" ox u

indicated by . Significant differences between means for short rod and long rod particles are
indicated by “ ** “, noting that all differences are given at a confidence level of 95%. Within group F
values and degrees of freedom for each plot are noted in their respective legends. Sample sizes for all
experimental testing were determined by performing estimation for multiple-sample one-way ANOVA
pairwise comparison based on piolet studies utilizing the standard sample size approximation of: n;; =

2(za +zp)?0?

—22——— All statistical comparisons are run under assumptions of equal variance between groups.

€ij
This assumption is verified via the Levene’s Test where all p values must be greater than 0.05 in order to

verify the equal variance assumption across groups. All data sets presented in this work pass the

Levene’s Test with p values greater than 0.05.
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Data Availability:

The datasets generated during and/or analyzed during the current study are available from the

corresponding author upon reasonable request.

Cell Line Authentication:

The cell lines utilized in this work do not appear on the “List of Commonly Misidentified Cell
Lines” maintained by the International Cell Line Authentication Committee (ICLAC). Cell line
authentications (BAOEC: Cell Applications B304-05 & HCT116: ATCC CCL-247) have been provided
directly from cell line source. Mycoplasma tests were negative for both cell types used via fluorescence

mycoplasma detection kit (MycoFluor Mycoplasma Detection Kit, Sigma-Aldrich, M7006).

5. Supplementary Materials:

The supplementary materials for this work include experimental schemas along with supporting
figures of data and representative images collected throughout the experimental work. Figures in the
supplementary materials include data regarding time-course measurements of cell confluency and dye

transport under various experimental conditions.
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