BIOMICROFLUIDICS 8, 054117 (2014) @ G

A microfluidic device to study cancer metastasis under
chronic and intermittent hypoxia

Miguel A. Acosta, Xiao Jiang,' Pin-Kang Huang,? Kyle B. Cutler,®

Christine S. Grant,' Glenn M. Walker," and Michael P. Gamcsik®®

'UNCINCSU Joint Department of Biomedical Engineering, North Carolina State University,
4206D Engineering Building 111, 911 Oval Drive, Raleigh, North Carolina 27695-7115, USA
*Department of Chemical Engineering, National Taiwan University of Science and
Technology, No. 43, Sec. 4, Keelung Road, Da’ an District, Taipei City 106, Taiwan
3Department of Biomedical Engineering, Beckman Laser Institute, University of California
Irvine, 1002 Health Services Road, Irvine, California 92617, USA

(Received 2 September 2014; accepted 8 October 2014; published online 17 October 2014)

Metastatic cancer cells must traverse a microenvironment ranging from extremely
hypoxic, within the tumor, to highly oxygenated, within the host’s vasculature.
Tumor hypoxia can be further characterized by regions of both chronic and
intermittent hypoxia. We present the design and characterization of a microfluidic
device that can simultaneously mimic the oxygenation conditions observed within
the tumor and model the cell migration and intravasation processes. This
device can generate spatial oxygen gradients of chronic hypoxia and produce
dynamically changing hypoxic microenvironments in long-term culture of can-
cer cells. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898788]

1. INTRODUCTION

The presence of large regions of hypoxic tissue within tumors is a demonstrated indicator
of poor patient outcomes.' Hypoxic tissue within tumors, however, can be static (chronic) or
dynamic, with constantly changing oxygen partial pressures.” These dynamic changes are
referred to as cycling or intermittent hypoxia. Chronic hypoxia is caused by poor oxygen diffu-
sion from tumor vasculature and surrounding tissues, whereas intermittent hypoxia is caused by
cyclical fluctuations of blood flow to the tumors.” Both chronic and intermittent hypoxia can
have very different effects on the aggressiveness and survival of migrating cells. For example,
Pires er al.,* showed that re-oxygenation after chronic hypoxia can cause DNA damage and
inhibit replication and tumor progression, whereas intermittent hypoxia can increase genomic
instability. In addition, Jessup er al.” reported that re-oxygenation can kill weakly metastatic
cells. In vivo, metastatic cells must migrate from the hypoxic tumor and enter the normoxic
vasculature while being exposed to significant gradients in oxygen concentration that may affect
their survival.

Studies of intermittent hypoxia in vivo rely upon placing entire animals within environmen-
tal chambers with altered oxygenation levels that enhance metastasis and leads to poor out-
comes.® However, tumor oxygen content is difficult to assess and to control in these models.
There is a need, therefore, for an in vitro platform that can provide dynamic oxygenation
control, recreating either chronic and/or intermittent hypoxia, while simultaneously assessing
the invasive capability of cells. The chemo-invasion assay is an established method for studying
the invasive capabilities of tumor cells.” It simulates tumor cell invasion through the extra
cellular matrix (ECM) tissue barriers using a Boyden chamber. Although Boyden chambers
with inserts to create hypoxia have been developed,® migrating cells in these designs do not
experience oxygen gradients similar to what occurs during the intravasation process in vivo.
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Furthermore, no in vitro models have been developed that can mimic clinically observed cycles
of intermittent hypoxia.

Microfluidic technologies have been successfully employed as tools for studying cell
migration and tumor cell metastasis.”"® This includes devices to study chemotaxis,'*'? drug
responses,'? and drug resistance.'® In addition, microfluidic technologies can easily be adapted
to measure the influence of other cells''"'>'”'® or varying electric fields'* on cell migration. Of
particular interest is the work of Chaw er al.,”'” who developed a microfluidic device that com-
prised two channels connected by narrow migration portals plugged with an ECM membrane.
Cell migration in response to the presence of a chemo-attractant could be easily monitored with
microscopy, creating a micro-scale system very similar to a conventional Boyden chamber.

Microfluidic technologies can also elegantly integrate both temporal and spatial control of
oxygen concentrations with a variety of methods. Placing microdevices inside environment
chambers with controlled gas flow can achieve chronic hypoxia®>?' or cycles to model ische-
mia/reperfusion injury.”” Temporal control of oxygen concentration also has been achieved
with the inclusion of gas channels either overlying,”*** or underneath®>~® the cell culture chan-
nels. Similarly, spatial control of oxygen concentration has been achieved with the inclusion of
gas channels adjacent to*’ >’ and overlying®® the cell culture channels. Cellular oxygen con-
sumption has also been used to generate oxygen gradients in single->' and multi-layer’? devices
and in multicellular aggregates.”® Furthermore, spatial gradients have been achieved by chemi-
cal control®® and electrolytic control of oxygen concentration.”> Lo et al.,’® demonstrated
oxygen control to study calcium signaling and insulin kinetics of islet cells with intermittent
hypoxia cycles of 1 min.

We sought to adapt the aforementioned technologies to create a tumor-on-a-chip microflui-
dic device that combines temporal and spatial oxygen control with an invasion assay with the
goal of assessing the effect of chronic and intermittent hypoxia on metastatic cancer cell lines.
Herein, we present the device’s design, demonstrate that it can generate the desired oxygen
temporal patterns and spatial gradients, and maintain cells in long-term culture. These devices
allow for future comparative studies of the effects of chronic and intermittent hypoxia in tumor
cell models.

Il. MATERIALS AND METHODS

All reagents were purchased from either Fisher Scientific (Pittsburgh, PA), or Sigma-
Aldrich (St. Louis, MO), unless otherwise stated.

A. Preparation of oxygen-sensing microparticles

The oxygen-sensing microparticles were prepared as described by Acosta er al.>® However,

for the particles presented here, no reference luminophore was employed. Briefly, 2 g of silica
gel (Davisil, grade 710) was stirred in 40ml of 0.01 N NaOH for 30 min. Then, 10ml of a
0.05mM solution of the oxygen-sensitive luminophore tris-(4,7-diphenyl-1,10-phenanthroline)
ruthenium (II) dichloride, or Ru(Phyphen3)Cl, (GFS Chemicals, Powell, OH), in pure ethanol
was added to the suspension and stirred for an additional 30 min. Next, the suspension was cen-
trifuged for 5min at 500 g, and the supernatant was removed. The particles were washed and
centrifuged three times with 30 ml of deionized water and once with 30 ml of pure ethanol.
After the ethanol wash, the particles were oven dried at 70 °C overnight and later stored in the
dark.

B. Microfluidic device design and fabrication

Fabrication of the microfluidic device was performed by replica-molding poly(dimethylsi-
loxane) (PDMS, Sylgard 184) from SU-8 photoresist (MicroChem Corp., Newton, MA) pat-
terned on a silicon wafer. The device comprised two layers of replica-molded PDMS, as shown
on Fig. 1. The first layer, the cell-channel layer, consisted of three channels with dimensions of
3cm x 400 um x 50 um (L x W X H, respectively), separated by a series of 50 um x 50 um posts
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FIG. 1. (a) Schematic of photoresist master patterns. The enlarged diagram shows the 50 x 50 um posts along cell-channel
layer length. (b) Isometric view of combined cell- and gas-channel layers. The enlarged diagram shows a cross-section indi-
cating the cell and vascular channels and the gas channels used for delivery of the hypoxia and normoxia gas mixtures.
(c) Schematic of the device fabrication process. Step 3 displays the microfluidic device bound to PS dish and the circular
reservoir bound atop of the device to hold cell medium for withdrawal and maintenance of the cells during culture.

Reservoir

with a pitch of 50 um. The posts helped hold the basement membrane gel in the middle chan-
nel. The second layer, the gas-channel layer, consisted of two channels with dimensions of
3cm x 800 um x 100 um (L x W x H, respectively), separated by 200 um. SU-8 masters for
both cell- and gas-channel layers were treated with trichloro(octyl)silane, by vapor deposition,
to facilitate removal of PDMS replicas and extend master lifetime.

The cell-channel layer was fabricated by spin-coating PDMS at 890 rpm for 1 min on the
cell-channel master and then curing it for 1h at 90°C. A second layer of PDMS was then spun
on top of the first at the same rate and cured at the same conditions, resulting in a layer with a
total thickness of 200 um. The gas-channel layer was an arbitrary thickness and was prepared
also by curing PDMS on the gas-channel master for 1h at 90°C. A third, blank, wafer was
spin-coated with uncured PDMS at 5000 rpm for 1min. The gas-channel layer was removed
from its master, cut to size, punctured for tubing connections, and then gently pressed on the
third wafer to ink it with the uncured PDMS. Then, it was aligned on top of the cell-channel
layer by stereoscope. After alignment, the construct was cured at room temperature for 1h,
prior to baking for another hour at 90 °C, to prevent drifting and misalignment. Finally, a circu-
lar PDMS reservoir with dimensions of 1cm x 1.5cm (H x D, respectively) was bound to the
top of the completed device using the PDMS stamping procedure above.

For empirical characterization of oxygen transport, the completed devices were plasma
bonded to a 200 um thick PDMS film, containing the oxygen-sensing microparticles. This
oxygen-sensing layer was fabricated by first spin-coating PDMS at 890rpm for 1min on the
surface of a blank wafer, and curing at 90 °C for 1h to yield a 100 um layer. Next, a 2:1 solu-
tion of PDMS diluted in hexane, containing 0.2 g/ml of the oxygen-sensing microparticles, was
spin-coated at 890rpm for 1 min and cured at 90°C for 1h on top of the first layer. The final
device, containing the particle layer, was subsequently bound to a polystyrene (PS) cell culture
dish using a modified protocol based on Sunkara ef al.,’” and Hwang er al.*® Briefly, a PS cell
culture dish was plasma treated and immediately coated with a 1% (v/v) solution of (3-amino-
propyDtriethoxysilane (APTES). After 20 min, the dish was rinsed thoroughly with pure ethanol
and dried with compressed air. Next, the PDMS microfluidic device was plasma treated and
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immediately bound to the APTES-treated dish. The construct was then baked at 70 °C for 2h.
Devices fabricated for cell culture experiments did not contain the 200 yum microparticle film
and were bound directly to the PS dish.

C. Finite element analysis of oxygen mass transfer

COMSOL Multiphysics software was used to create 2D models of oxygen transport within
the tumor-on-a-chip device. Specifically, the models were for transport across the cross-section
of the device. The “Transport of Diluted Species” toolbox was used for the model.
Furthermore, the model was constructed with the assumption that the device was under steady-
state, i.e., the oxygen concentrations within the device did not change with time. Boundary con-
ditions for the model were: (1) there is oxygen flux through the outside walls of the PDMS out
to the atmosphere, and (2) there is oxygen flux through the interface between the PDMS and
the PS dish. Values for oxygen diffusivity in water, PDMS, air, and PS and initial concentra-
tions of oxygen in the gas mixtures are presented in Table I. The collagen gel was assumed to
have the same oxygen diffusivity as water. Additionally, the initial concentration of oxygen
within the collagen gel was assumed to be equivalent to the saturation value for oxygen in
water at room temperature. Two models were constructed: one for a device bound directly to
the PS dish, to simulate conditions during cells culture; and a second for a device with the
200 pum thick film of PDMS containing oxygen-sensing microparticles.

D. Collagen gel loading

The middle channel of the cell-channel layer was filled with a collagen gel to mimic an
in vivo ECM. Rat tail type I collagen was diluted to a concentration of 2mg/ml in a solution
composed of water and 10% (v/v) 10x Hank’s balanced salt solution. The solution was kept on
ice and titrated to a basic pH with 0.IM NaOH. Immediately after titration, the collagen solu-
tion was loaded into a 1 ml syringe, without a plunger, and connected to the device via Tygon
tubing (Cole Parmer, Vernon Hills, IL). The collagen was infused into the middle channel by
slightly elevating the syringe above the level of the device to increase hydraulic pressure. After
filling, the device was incubated for 30 min at room temperature, and then placed in the cell
culture incubator for an additional 90 min to complete gel formation.

E. Empirical characterization of oxygen mass transfer

Once the middle channel was filled with collagen, the cell and vascular channels were
filled with phosphate buffered saline (PBS) by gravity feed. Gas was delivered to the upper gas
channels at a rate of 5ml/min and a syringe pump was used to infuse PBS through the lower
channels at a rate of 2 ul/min for 30 min. Gas and PBS flow was concurrent. This initial pri-
ming step served to remove any bubbles that remained within the device after filling. Once bub-
bles were removed from the device, it was transferred to the stage of a fluorescence microscope

TABLE I. Constants used for the COMSOL model of oxygen transport within the tumor-on-a-chip device.

Parameter Value Description

Doz, w 2.1x 1077 cm?/s 0, diffusivity through water

Doy, poms 4.1 %1073 cm?/s 0, diffusivity through PDMS*

Doo. a 0.175 cm?%/s O, diffusivity through air

Do, ps 2.3 %1077 cm?/s 0, diffusivity through PS**

Coz. w 8.32mg/l Saturation concentration of O, in water
Cuyp 7.6mm Hg, 16 mm Hg, 38 mm Hg O, partial pressures used in hypoxia channel. 1%,

2%, and 5% O,, respectively
Coz, A 160 mm Hg O, partial pressure used in normoxia channel, 21% O,
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(Olympus IX-71; Olympus, Center Valley, PA). During characterization experiments, PBS flow
rate was reduced to 0.1 ul/min.

Mass flow controllers (Aalborg, Orangeburg, NY), under LabView direction, were used to
deliver gas flow in the normoxia and hypoxia gas channels. Two controllers were used to mix
two gases off-chip, a gas containing 95%-N,/5%-CO, and another containing 21%-0,/74%-N,/
5%-CO,, in appropriate proportions. A third controller was used to flow 21%-0,/74%-N,/5%-
CO, through the normoxia channel during experiments where gradients within the device were
generated. Gas flow rates in both gas channels on-chip were maintained at 5 ml/min.

The oxygen-sensing microparticles were calibrated by generating step increases in oxygen
concentration and measuring their changing fluorescence intensities. After each step-change, a
5 min interval was allowed to enable the system to equilibrate. Five fluorescence images of the
microparticles were captured using a 1100 v3 UV filter set (Chroma Technology Co., Bellows
Falls, VT), at 6.4x magnification, 20 s apart. Excitation and emission wavelengths for
Ru(Ph,phens)Cl, are 470 and 610 nm, respectively. This time-lapse imaging was repeated after
each step-change in oxygen concentration. Images captured the entire width of the cell-channel
layer and the underlying microparticles. Three replicate calibrations were performed, each in a
randomly chosen location of the device. Image analysis was conducted using NIH-ImageJ. Line
scans across the length of all images were used to calculate the average values of microparticle
fluorescence intensity. The average values of intensity represented a global measurement of in-
tensity across the area of the image.

Oxygen diffusion from the gas channels will cause changes in the fluorescence intensity of
the Ru(Ph,phen3)Cl, containing particles in accordance with the Stern-Volmer model. In this
study, the two-site Stern-Volmer model was used,

Iy /i £ -
Y _ 1
I <1 + Kv1[0,] * 1 +st2[02]> ’ )

where Iy and I are the fluorescence intensities of Ru(Ph,phens)Cl, in the absence and presence
of oxygen, respectively. This model, proposed by Carraway er al.,*' is required when an
oxygen-sensitive luminophore, such as Ru(Ph,phen;)Cl,, is immobilized within a polar carrier
that is distributed through a non-polar polymer matrix. The luminophore is divided into two
populations, a quenchable and an unquenchable population, with molar fractions (f; and f>,
respectively) and associated quenching constants (Ksy; and Kgv», respectively). Generally, the
quenching constant for the unquenchable population (Kgv;) is assumed to be very small, and
the two molar fractions are additive (f; +f>=1). This simplifies Eq. (1) to

Iy—1

m = KSV [02] (2)

Equation (2) is a simpler two-parameter fit and results in a direct relationship between the
known oxygen concentrations and the fluorescence response from the microparticles.
Microparticles were calibrated prior to each experiment. After the calibration measurements,
gas flow was changed to generate an oxygen gradient within the device. The gas mixture con-
taining only 21% O, was delivered to the normoxia channel, and gas mixtures containing 1%,
2%, or 5% O, (hypoxia) were delivered to the hypoxia channel. Five fluorescence images were
captured 20s apart. Image analysis was performed in the same manner as described above. The
two-site Stern-Volmer calibration was used to convert fluorescence intensity to oxygen partial
pressure and to compare the measured oxygen gradients in the device to the COMSOL model.

F. Cell culture experiments

PANC-1 (pancreatic adenocarcinoma) cells were maintained with Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% (v/v) fetal bovine serum (FBS) and 1%
(v/v) penicillin/streptomycin. Cell growth was compared in the microfluidic device and in
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conventional cell culture flasks. For the latter, PANC-1 cells were seeded to an initial density
of approximately 2000/flask within T-25 flasks and incubated in an atmosphere of air/5% CO,
at 37°C. Cells were harvested with trypsin and counted each day for 8 days using a Trypan
blue exclusion assay. Three replicates were performed.

All tumor-on-a-chip devices used for cell culture experiments were bound directly to PS
dishes, sterilized with 70% ethanol, and baked for 2h at 70°C, prior to collagen gel loading
and cell seeding. Once the collagen gelled, both the cell channel and the vascular channel were
filled with medium by gravity feed from Tygon tubing connected to their respective inlets. To
seed the cells, a suspension of 1 x 10° cells/ml was added to the reservoir. Gravity driven flow,
in the opposite direction to how the medium was loaded, was continued for 2 min, after which
the tubing was clamped and the reservoir was washed free of the cell suspension and reloaded
with fresh medium. The devices were transferred to the CO, incubator, and the cells were
allowed to settle and adhere for 4 h. After attachment, medium was withdrawn from the circular
reservoir at a rate of 0.1 ul/min by syringe pump to maintain the cells. Initial cell number was
obtained by microscopic examination. For normoxia experiments, no gas flow was used, as the
device equilibrated with the atmosphere within the air/5%CO, incubator. For the hypoxia
experiment, a gas mixture of 1% O, was delivered to the gas channel above the PANC-1 cells.
Air was delivered to the gas channel over the vascular side containing only growth medium.
Cell counts were obtained from microscopic examination of the entire length of the
cell-channel for 8 days. Three replicates of each condition of oxygenation were performed. The
specific growth rate (i) of the cells was compared in the device, both for normoxic culture
and while in the presence of an oxygen gradient, and in conventional cell culture flasks. The
specific growth rate of a culture is defined as

N
In{— ) = t 3
n (N()> luilet ) ( )

where Ny and N are the cell numbers at 7, and ¢,, respectively, and ¢ is the time measured in
hours. A logarithmic plot of each culture’s growth curve was used to identify its exponential
growth phase, which is later subject to linear regression. The specific growth rate is the slope
of this regression. Subsequently, the doubling times (t,) for the cultures were determined from

~ In(2)
Hner .

“

Td

The percentage of cells present in the collagen and vascular channel was calculated from the
number of cells within these channels divided by total number of cells within the device, multi-
plied by 100.

G. Statistics

The two-site Stern-Volmer calibration of the oxygen-sensing microparticles is presented as
mean * standard error of the mean (SEM). All remaining data are presented as mean * stand-
ard deviation (STDEV). Specific growth rates for cell experiments were compared with an anal-
ysis of variance (ANOVA) and a Student’s z-test, for pair-wise comparisons, both at p < 0.05.
Migration and intravasation percentages were also compared with a Student’s #-test, p < 0.05.

lll. RESULTS AND DISCUSSION

The current design of the tumor-on-a-chip device is an adaptation of previously reported
microfluidic technologies for invasion/migration assays.”'*'> Initially, the cell layer was
designed by adapting the invasion device of Chaw et al.,'® with narrow migration channels
directing cell movement, but this required multi-layered microfabrication protocols.
Additionally, since another goal of our studies is to determine the effect of the oxygen gradients
on directed migration of cells,” the design of Huang er al.'> became a subsequent starting
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point. In his design, two parallel channels are separated by an ECM-filled channel defined by a
series of hexagonal posts that will allow directional mobility for migrating cells. Adapting this
design proved to be advantageous as it simplified the fabrication of the cell-channel layer
master.

None of the previously reported devices for invasion/migration assays, however, were
designed to incorporate the capability for oxygen spatial or temporal control. An important ini-
tial design criterion was that the cells be exposed to a uniform oxygen partial pressure across
the width of the channel. Here we define uniformity as all oxygen partial pressures within the
channel are within 10% of the mean. Although there are many options for controlling oxygen
levels in microdevices, the design using gas channels positioned above the cell channel®>** was
adapted to offer the most uniform oxygen content. With these initial designs for the device,
computational modeling of oxygen mass transport was used to determine the optimal dimen-
sions and orientations of cell, migration, vascular, and gas channels.

A. Finite element analysis of oxygen mass transfer

The goal was to create two cell culture channels; one that could experience chronic or
intermittent hypoxia over its entire width, and another that could be maintained at normoxia.
The middle channel would then contain an oxygen gradient. Initial models tested the mass
transfer characteristics of a device in which the gas channel width was equal to the cell channel
width.

The oxygen concentration profile across the cell channel width in this device shows little
uniformity (see supplementary material, Fig. S1*%). Widening the gas channel but maintaining a
400 yum gap between the channels improved the uniformity of the oxygen profile (see supple-
mentary material, Fig. S2*%). However, in this design, the profile of the right half of the cell
channel between the 400 and 600 um positions varied too widely. Through interactive refine-
ment of the models, the optimum width for the gas channels was found to be 800 um, with a
separation of 200 um between the two. This width provided a good balance between uniform
oxygen concentrations within the cell and vascular channels and a near linear gradient through
the collagen gel. A separation of less than 200 um made the oxygen gradients very steep, while
even wider gas channels, >800 um, would necessitate widening of the collagen channels to dis-
tances that would impede diffusion of molecules (e.g., cytokines) from the vascular to cell
channel.

We modeled the distribution of oxygen within the device when gas containing 1%, 2%, and
5% O, was delivered through the hypoxia channel and the normoxia channel was maintained at
21% O,. Fig. 2(a) shows a map of the oxygen partial pressure throughout the device when 1%
O, is delivered through the hypoxia channel. The models were evaluated by plotting partial pres-
sures along the bottom surface of the cell-channel layer, where cells would be seeded. The gas
mixtures within the hypoxia channel, 1%, 2%, and 5% O,, correspond to partial pressures of
7.6, 15.2, and 38 mm Hg, respectively, and the gas delivered to the normoxia channel, 21% O,
corresponds to 160mm Hg. The surrounding atmosphere was set to 21% O,. The predicted oxy-
gen gradients at the cell-channel layer surface for all three levels of hypoxia are shown in
Fig. 2(b). For all three oxygen concentrations, 75% of the cell channel width experiences a
standard deviation in oxygen partial pressure of less that 10% (9.1 £0.6, 17.4 0.6, and
39.2 = 0.5mm Hg for 1%, 2%, and 5% O,, respectively), demonstrating that the device can
generate a uniform hypoxic microenvironment for cells. The model shows that the region of
the cell channel between the positions of 500 and 600 um (Fig. 2), adjacent to the collagen,
would show the largest variation in oxygen partial pressure levels due to its proximity to
the normoxic atmosphere over the vascular channel. An approximately linear increase in oxy-
gen partial pressure from hypoxia to normoxia over the width of the migration channel is
evident from the models, demonstrating that the device creates the desired spatial oxygen
gradients.

Despite the diffusivity of oxygen through PS being two orders of magnitude lower than
that for PDMS, the models predict that there is some loss of oxygen through the PS dish.
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FIG. 2. (a) Oxygen concentrations at steady-state within cross-section of the microfluidic device bound to PS dish. The ox-
ygen content in the hypoxia and normoxia channels is 1% and 21% respectively. Scale bar marks 400 um. (b) Predicted ox-
ygen partial pressure gradient across the width of cell-channel layer of device bound directly to a PS dish. The theoretical
oxygen gradient was obtained with a line profile at the interface between the device and the PS (represented by the dotted
white line).

Randers-Eichhorn ef al.,** found that oxygen penetrating through the walls of a standard PS
flask supplies 30% of the oxygen to cells. Therefore, the permeability of PS cannot be
ignored in the model, even with its low diffusivity. Additionally, for the constructed models,
the collagen gel was assumed to have the same oxygen diffusivity as water. Data are scarce
for diffusivity of oxygen through any type of collagen gel; particularly for a 2mg/ml gel.
For a 3mg/ml solution, previous researchers have used values in the range of 0.6-2.5 x 10>
em?/s.** There is no evidence of oxygen molecules interacting chemically with collagen
fibers in its hydrogel form. Hence, the only likely interaction that oxygen could have with
the collagen is through physical collisions with fibers, which is influenced by protein concen-
tration. Therefore, the higher end of this diffusivity is a good estimate for a 2mg/ml gel,
which is the value we used for both water and collagen (2.1 x 107> cm?/s, as reported in
Table I).
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B. Device fabrication and collagen filling

Fig. 1 shows detailed schematics of our device design, including post location and spacing.
The middle channel of our device is defined by 50 um posts, separated by 50 um gaps, in order
to leave sufficient room for cell migration and still create enough surface tension to allow for
gravity-induced loading of the collagen solution. In our trials, we found gravity loading of the
gel solution to be considerably more reliable than injection loading.

Unlike previous on-chip invasion devices, the application of flowing gas created unique
problems with medium perfusion. During assembly, the devices were primed by infusing buffer
or medium through the cell channel while gas was flowing through the overlying gas channels.
After the lower channels were filled with liquid, small air pockets remained trapped in between
the posts. During early experiments, we observed that gas flow through the top gas channels
would generate bubbles within the cell channels as a result of the presence of these air pockets.
Therefore, priming the device by infusing medium/buffer at a rate of 2 ul/min for 30 min under
the presence of flow through the gas channel eliminated the air pockets, and any bubbles
formed from them, post-gel loading.

C. Oxygen sensing across the cell, collagen, and vasculature channels

Once fabricated, several approaches were explored to measure the oxygen concentration
within the cell-channel layer. Initially, the cell-channel layer was filled with water containing
the soluble oxygen-sensing luminophore tris-(2,2” bipyridine) ruthenium (IT) chloride hydrate,
but the quantum yield was too low (data not shown), precluding accurate assessment of oxygen
variability across the device. Alternatively, oxygen sensor coated glass slides (e.g. FOXY
slides; Ocean Optics, FL) were evaluated, but the non-uniform coating of these slides did not
have the spatial resolution necessary to chart the oxygen homogeneity across the device.
Finally, oxygen-sensing microparticles were used. These needed to be immobilized in the vicin-
ity of the channels and uniformly distributed across the device. To meet these requirements, the
microparticles were embedded within a 200 um thick PDMS film below the cell-channel layer.
The Ru(Phyphens)Cl, luminophore used in this study is a polar molecule and does not dissolve
and distribute evenly in the PDMS film. Therefore, it was immobilized on a silica carrier that
acts to maintain its charged, oxygen-sensing state,*® and allows uniform distribution of the sus-
pended particles within the 200 um thick PDMS film below the cell-channel layer. Although
this significantly modified the initial design, the high quantum yield and uniform distribution of
these particles proved appropriate for accurate oxygen measurements and outweighed the disad-
vantage of including a 200 um thick layer.

To determine the effect of adding a 200 um thick PDMS layer on oxygen transport proper-
ties, a separate COMSOL model was created. Fig. 3(a) shows a heat map for a device bound to
the microparticle containing PDMS film. Both heat maps shown in Figs. 2(a) and 3(a) are for
1% O, in air. The heat maps from models corresponding to 2% and 5% O, are similar, and
therefore not shown. Fig. 3(a) shows a larger hypoxic region below the gas channel compared
to that in Fig. 2(a). Similarly, Fig. 3(b) demonstrates that the addition of the microparticle film
changes the oxygen transport properties of the device, reducing the uniformity across the chan-
nels, and exhibiting a broader gradient between the cell and vasculature channels. The change
in the predicted gradient is expected, as the PDMS film below the cell-channel layer allows for
increased oxygen penetration from the surrounding atmosphere. Although inclusion of this thick
PDMS film containing the microparticles is not ideal, the sensing capabilities allowed for good
sensitivity and resolution of the oxygen gradients across the device.

D. Stern—-Volmer calibration of oxygen-sensing microparticles

Oxygen sensors based off of fluorescence collisional quenching by oxygen of ruthenium
analogs and porphyrins have been employed in a host of applications, ranging from microfluidic
devices, fermentation, and for measurements of oxygen gradients in engineered tissues.**®
These sensors are used in place of conventional Clark-type electrodes due to their adaptability,
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FIG. 3. (a) Map of oxygen concentrations at steady-state within cross-section of microfluidic device bound to 200 um
PDMS film containing the oxygen-sensing microparticles. The oxygen content in the hypoxia and normoxia channels is 1%
and 21%, respectively. Scale bar marks 400 um. (b) Predicted oxygen partial pressure gradient across the width of cell-
channel layer of device bound microparticle containing PDMS film. As with the PS model, a line profile was used at the
interface between the device and the film (represented by top line of the dotted rectangle marking the microparticle film) to
create this figure.

rapid response to changing oxygen and their non-invasiveness; i.e., they do not consume oxy-
gen during operation. We chose Ru(Ph,phen3)Cl, due to its high quantum yield and stability at
low oxygen concentrations. The calibration of the oxygen-sensing microparticles was performed
by combining oxygen and nitrogen, both containing 5% CO,, in step-wise increments and deliv-
ered through the gas channels. Oxygen concentrations within the cell-channel layer were moni-
tored by capturing fluorescence images of the sensing microparticles housed within a 200 um
thick film of PDMS. The microscope was focused on the layer of microparticles immediately
below the cell channel. The focal plane and location were not changed between the calibration
and characterization data collection. The correlation of oxygen content and fluorescence inten-
sity from the captured images was obtained by using the two-site Stern-Volmer model. Fig.
4(c) shows the calibration. Regression results were 0.0087 = 0.0008 (mm Hg)*l for the Stern-
Volmer quenching constant (Kgy) and 0.9979 for the coefficient of determination (R2), which
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FIG. 4. Fluorescence images of oxygen-sensing microparticles embedded within 200 ygm PDMS film for (a) 0% O, and (b)
at 21% O, at 6.4x magnification. Scale bar marks 200 um. (c) Calibration of microparticle film using two-site
Stern—Volmer model (R*>=0.9979). Calibration data shown as mean * standard error of the mean for the three replicates
(n=3). (d) Reversibility response of oxygen-sensing microparticles within the PDMS film. Reversibility data shown as
mean * standard deviation for the three replicates (n = 3).

demonstrates a linear model. The value obtained for the quenchable luminophore fraction (f)
was 0.92 £ 0.02, stating that approximately 92% of the Ru(Ph,phen;)Cl, luminophore is avail-
able for quenching during our experiments. This value is very close to that previously reported
for Ru(Phyphensz)Cl, immobilized within silica gel and later dispersed within PDMS films.*!
Most importantly however, Fig. 4(c) shows that the particles within the PDMS film are capable
of measuring oxygen partial pressures relevant to those to be employed for the characterization
of the microfluidic device.

E. Empirical characterization of oxygen mass transfer

Characterization of the microfluidic device was performed by delivering a gas mixture con-
taining low oxygen (1%, 2%, and 5% O,) into the hypoxia gas channel and 21% O, into the
normoxia gas channel. Oxygen concentration was monitored by capturing fluorescence images
from the underlying microparticle film. Fig. 4(a) shows fluorescence from the particles at 0%
O, infused through both gas channels, and Fig. 4(b) shows fluorescence from the particles at
21% O, infused through both gas channels.

As expected, oxygen quenches fluorescence from the microparticles, leading to diminished
intensity, which is evident in Fig. 4(b). Fluorescence intensity was converted to oxygen partial
pressure by using the two-site Stern—Volmer calibration shown in Fig. 4(c). The temporal
response of the device is important for recreating intermittent hypoxia patterns analogous to
those observed in clinical tumors. Intermittent hypoxia within murine and human tumors has
been shown to occur for periods ranging between 20min to 2h.**~! Reversibility experiments
performed with the microparticle film (Fig. 4(d)) demonstrate the fast diffusion times within the
device and the stability of the microparticles within environments with varying oxygen concen-
trations. In addition, Fig. 4(d) demonstrates that the steady-state assumption we chose for the
computational models is valid, as the oxygen content sensed by the microparticles equilibrates
within 2 to 3 min after a change in concentration. The data in Fig. 4(d) also demonstrates that
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the fluorescence intensity of particles at a given oxygen concentration was stable during the
course of the experiments and, therefore, did not photobleach. Fig. 5(a) shows the fluorescence
from the particles in response to a gradient generated by infusing 1% O, through the hypoxia
gas channel parallel to 21% O, within the normoxia gas channel. Figs. 5(b)-5(d) show the
results of the measured spatial gradients in oxygen concentration, compared to those predicted
by the computational models for a device with the 200 um PDMS film containing the oxygen-
sensing microparticles. The measured spatial gradients show the spatial variation in oxygen
concentration across the width of the cell-channel layer. The measured gradients follow the pre-
dicted models closely. The microparticle-containing PDMS films were used only for oxygen
transport characterization of the microdevices and were not present in cell culture experiments.
Future experiments may incorporate these sensors in PDMS patches in the migration channels
to report upon oxygen consumption.

F. Cell experiments and growth rate comparison

The ability of this device to maintain long-term culture was validated by comparing growth
rates of PANC-1 cells in the microfluidic device and in a standard cell culture flask. Cells were
maintained within the devices for 8 days under a medium withdrawal rate of 0.1 ul/min and gas
infusion rates through the gas-channel of 5 ml/min.

Calculated growth rate values are shown in Table II. For cells grown in static culture in
standard tissue culture flasks under air/5% CO, and for cells perfused at 0.1 ul/min within the
device under normoxia, there was no statistical difference between their growth rates
(p =0.2070). This demonstrates that the perfusion conditions within the device are favorable
for normal cell growth. For PANC-1 cells grown within the device under an oxygen gradient
with a 1% 0,/5% CO, atmosphere overlying the cell channels and a 21% O,/5% CO, atmos-
phere delivered to the vascular channel, and with medium perfusion, the growth rate was
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FIG. 5. (a) Fluorescence image of the spatial gradient in fluorescence observed from the oxygen-sensing microparticles em-
bedded within the 200 um PDMS film at 6.4 x magnification. The gradient was created by infusing 1% O, through the hy-
poxia channel and 21% O, through the normoxia channel. Scale bar marks 200 um. (b)-(d) Comparison between predicted
oxygen partial pressure gradients (dashed lines) and empirical characterizations (data points) across the width of the cell-
channel layer of the device bound to the PDMS film containing the oxygen-sensing microparticles for (b) 1% O,, (c) 2%
0,, and (d) 5% O,. Measured gradient data shown as mean * standard deviation for the three replicates (n = 3).
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TABLE II. Growth rate and doubling times results for cell culture experiments. Data shown as mean * standard deviation
for three replicates (n = 3) after 8 days of culture.

Culture conditions Growth rate (Upeg, h™ b} Doubling time (1, h)
Flask (normoxia) 0.0261 +=0.0036 26.9 £3.6
Device normoxia 0.0214 = 0.0040 32.6£6.2
Device hypoxia 0.0116 =0.0011 60.3 5.7

statistically different (p =0.0026) and less than half that compared to the device under air/5%
CO,. The cells were expected to grow at a much slower rate under hypoxia, compared to nor-
moxia. Both normoxia and hypoxia experiments were maintained for up to 8 days, affirming
the devices’ capability to maintain long-term culture. The only limitation on the duration of
these experiments was the inability to count individual cells beyond 8 days as they approached
confluency. In theory, slower growing cell lines could be maintained for even longer with
replenishment of the medium within the reservoir.

Cell images (Fig. 6) also show the effects of the oxygen atmosphere on the invasion and
migration of the cells through the collagen barrier. The images show the cells after staining
with crystal violet to enhance their contrast against the transparent PDMS/PS background. The
crystal violet stain is retained to a small extent in the collagen gel resulting in the dark regions
in these images. The devices were not thoroughly rinsed to remove excess stain to avoid dis-
turbing the cells and collagen membranes. Fig. 6(a) shows the PANC-1 cells after culture
within the device for 8 days under a homogenous atmosphere of air/5% CO,. The majority of
the cells remained within the cell channel throughout the course of the experiment, stopping
their movement at the interface of the collagen barrier. This shows the collagen barrier adheres
tightly to the cell surface effectively preventing cell spread into the middle channel. In compari-
son, Fig. 6(b) shows the cells after 8 days in culture within the device under a continuous O,
gradient established by applying a 1% O, gas mixture to the cell channel and a 21% O, mix-
ture to the vascular channel. This image shows breakdown of the collagen barrier with
increased cell invasion through this middle channel. In all cases, the cells in each channel can
be enumerated by microscopic evaluation. Table III shows the percentage of cells that migrated
into the collagen gel channel and the vascular channel. Under conditions where no oxygen gra-
dient was present (air in both channels), few cells migrated into the collagen. Under conditions
in which an oxygen gradient was present, i.e., 1% O, in the cell channel and 21% O, in the
vascular channel, almost a ten-fold higher percentage of cells migrated. The differences in per-
centage of migrating cells between the uniform and gradient culture was statistically significant
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FIG. 6. Phase contrast image of PANC-1 cells within microfluidic device during culture under (a) air/5% CO, for 8 days
and (b) 1%/21% O, gradient for 8 days at 10x magnification. Scale bar marks 100 um. Cells were stained with crystal vio-
let to enhance their contrast against the transparent background of the device. The dye also stained the collagen barrier. In
(b), the image shows cell migration in response to the created gradient, as well as breakage of the collagen barrier due to
the cells’ invasion.
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TABLE III. Cell migration and intravasation percentage results for cell culture experiments in the tumor-on-a-chip device.
Conditions shown reflect oxygen content in the cell channel (C) and vascular channel (V). 5% CO, is present in all gas mix-
tures. Data shown as mean * standard deviation for three replicates (n = 3) after 8 days of culture.

Culture conditions Cells in collagen channel (%) Cells in vascular channel (%)
Air (C)-Air (V) 2.4 +0.6 0.010 = 0.018
1% O, (C)-21% O, (V) 20.6 = 4.0 0.029 = 0.036

(p =0.0206). In addition, the percentage of cells that crossed the collagen gel and attached to
the surface in the vascular channel is very low. These cells model the intravasation process and
would be expected to be low in number. With the limited trials performed here, the standard
deviations in these data are high; therefore, there was no statistical difference between the two
results (p=0.6521). Since the vascular channel also contained flowing medium, some cells
emerging into the vascular channel may have been swept away before cell fixing, staining and
enumeration. These results demonstrate that the device can indeed be used to generate an oxy-
gen gradient similar to that in the studies of Lo er al.,*® and Adler er al.*® However, in this de-
vice, a gradient is applied across an ECM matrix providing an in situ invasion assay and
mimics the process of both tumor cell invasion and intravasation. None of these earlier devices
have this capability. The breakdown of the collagen barrier is expected due to the presence of
various proteolytic enzymes excreted by PANC-1 cells including matrix metalloproteinase-2.>
The staining/rinsing procedure also likely resulted in some mechanical breakdown of the weak-
ened matrix.

The observation of increased migration in the device with cells maintained under 1% oxy-
gen is consistent with an extensive literature, suggesting that hypoxia generates a more aggres-
sive phenotype”** and was found in traditional transwell chamber assays for the PANC-1 cell
line.”>” It should be noted that in these earlier studies, cells were trypsinized and re-
suspended in low-serum medium and a chemoattractant was used in each invasion assay.’> >’
In this communication, trypsinization, which may affect viability and invasiveness, was not nec-
essary for the invasion assay nor was a chemoattractant (other than oxygen) added to induce
migration.

The device reported herein will be used to systematically study intermittent hypoxia in can-
cer cell progression. Currently, the literature shows a wide range of cycling times from 10 min
hypoxia periods™® to 1 week hypoxia periods,” cycled with similar periods of normoxia.
Computer control of our device allows any of these cycling profiles to be investigated. Since
cycling compared to chronic hypoxia can induce additional changes in cellular phenotype,®® the
ability to probe a wide range of cycling patterns may be invaluable to defining the mechanistic
details of aggressive cancers. In addition to cycles, the oxygen spatial profile across the cell
channels can be tailored to probe whether uniform hypoxia across the channel has a different
effect on cell invasion as compared to a gradient of hypoxia across the cell channel. This may
be used to study metabolic symbiosis in which highly hypoxic cancer cells feed substrates to
neighboring cells under more oxygenated conditions.®' Future features we plan to incorporate
into the next generation of the device is to include the ability to co-culture other cells such as
fibroblasts and macrophages and line the vascular channel with endothelial cells. This should
enhance our abilities to better mimic the in vivo cell microenvironment for studies of the meta-
bolic changes in tumor invasion and as a more relevant model for anti-metastatic drug
screening.

IV. CONCLUSIONS

We have developed and characterized a microfluidic platform for studying cancer cell
migration under both spatial and temporal changes in oxygenation. The device can create the
desired gradients in oxygenation and either chronic or intermittent hypoxia. Finally, the device
is capable of sustaining long-term culture of cancer cells and assessing both metastatic and
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intravasation potential using gradients in oxygen concentration as its stimulus. Future experi-
ments with this device will compare cell invasion during normoxic and hypoxic culture and
assess their viability and protein expression in response to both chronic and intermittent
hypoxia.
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