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Abstract

Oxygen concentration varies tremendously within the body and has proven to be a critical variable
in cell differentiation, proliferation, and drug metabolism among many other physiological
processes. Currently, researchers study the gas’s role in biology using low-throughput gas control
incubators or hypoxia chambers in which all cells in a vessel are exposed to a single oxygen
concentration. Here, we introduce a device that can simultaneously deliver 12 unique oxygen
concentrations to cells in a 96-well plate and seamlessly integrate into biomedical research
workflows. The device inserts into 96-well plates and delivers gas to the headspace, thus avoiding
undesirable contact with media. This simple approach isolates each well using gas-tight pressure-
resistant gaskets effectively creating 96 “mini-incubators”. Each of the 12 columns of the plate is
supplied by a distinct oxygen concentration from a gas-mixing gradient generator supplied by two
feed gases. The wells within each column are then supplied by an equal flow-splitting distribution
network. Using equal feed flow rates, concentrations ranging from 0.6 to 20.5% were generated
within a single plate. A549 lung carcinoma cells were then used to show that O, levels below

9% caused a stepwise increase in cell death for cells treated with the hypoxia-activated anticancer
drug tirapirizamine (TPZ). Additionally, the 96-well plate was further leveraged to simultaneously
test multiple TPZ concentrations over an oxygen gradient and generate a three-dimensional (3D)
dose-response landscape. The results presented here show how microfluidic technologies can

be integrated into, rather than replace, ubiquitous biomedical labware allowing for increased
throughput oxygen studies.
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INTRODUCTION

Inhaled oxygen enters the body at an atmospheric concentration of 21% v/v and is
transported by red blood cells where its consumption and diffusion vary tremendously
from organ to organ and even within individual tissues, resulting in a wide range of
physiologic O, concentrations.! Despite this, cells are most often grown in standard cell
culture incubators injected with ambient air and 5% CO,. Additionally, tissue oxygenation
is severely altered in pathological conditions such as, but not limited to, cancer, diabetes,
stroke, and heart disease in which low O, tensions result in hypoxia. This phenomenon

is most actively studied in the field of tumor biology in which O, acts as a “Janus
molecule” resulting in both restrained proliferation and necrosis as well as an aggressive
phenotype and resistance to chemotherapeutic agents.2 Recently, several hypoxia-activated
prodrugs (HAPs) have shown promise in treating various cancers by selectively targeting
areas of low oxygen concentration within a tumor. However, none have yet to be made
available for clinical use. A common mode of failure is off-target action in normal tissues
that experience physiologic hypoxia; for example, the HAP, tirapirizamine (TPZ), caused
hypoxia-dependent retinal toxicity in mice.3 Current studies are performed in hypoxia
chambers or O, control incubators that allow only a single oxygen concentration to be
assayed at a time, thus limiting the throughput and increasing time and expense. A more
high-throughput method is needed to simultaneously screen the effectiveness of the drug at
several oxygen concentrations to predict off-target toxic effects in vivo, thus saving time,
resources, and potentially lives in animal and human testing.

Polydimethylsiloxane (PDMS)-based microfluidic devices have been investigated as a
means for improved control over hypoxia chambers or incubators by our lab and others.*
Due to its high gas permeability and direct contact with cell media, PDMS-based

devices boast impressive control over oxygen concentration and can deliver precise spatial
gradients®® with rapid equilibration, even on the order of seconds.” While powerful, these
devices have been limited to small studies as they do not integrate with high-throughput
equipment such as plate readers and require specialized fabrication processes. For this
reason, our laboratory and others have developed PDMS-based devices that integrate with
multiwell plates®10 or with built-in arrays1:12 to allow for more high-throughput studies.
Despite this, no device has enjoyed mainstream use, most likely due to the nonstandard
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nature of PDMS in biomedical research. When in contact with cell culture media, PDMS
has been shown to absorb and release small molecules'3 such as drugs, growth factors,
hormones, and signaling molecules, thus reducing effective concentration4 and inhibiting
normal cellular function.1> Additionally, it may leach un-cross-linked oligomers'® and

cause increased evaporation and bubble formation.18 These issues prevent reuse of devices
requiring fabrication of a new device for each experiment. Furthermore, variations in the
cross-linker ratio, curing time, and surface treatment may change properties such as stiffness
and surface chemistry resulting in poor initial attachment and growth of certain cell types.1’
This may yield inconsistent results depending on device preparation methods.

The 96-well plate is a ubiquitous, essential tool within the pharmaceutical and biomedical
research community. It consists of a flat plate with an 8 x 12 array of “wells” that serve as
small test tubes that are used in almost every application of life science for a wide variety
of purposes ranging from growing cells and drug screening to optical detection, storage,
and reaction mixing. Microplates and related products are a $1.5B/year industryl8 with an
enormous catalog of dedicated specialized plate-specific instruments and accessories such
as plate readers, washers, and imaging systems. Rather than replacing the current industry
standard, an increasing number of laboratories are creating microfluidic devices designed
to fit with existing multiwell plates.2%-22 This demand is evidenced by microfluidic design
and fabrication houses, such as Microfluidic ChipShop, which now offer multiwell plate
integration in their catalogs. Previously, our laboratory has designed gas control inserts

for both 6- and 24-well plates;23:24 however, they required special cylinders for each gas
condition. Additionally, these devices required submersion in cell media, making media
changes messy and prone to contamination. Biologist collaborators who used the devices
observed negative effects on cell growth from the undesirable contact of PDMS or three-
dimensional (3D)-printed resin with the growth medium. The device presented in this work
(Figure 1) overcomes these problems by seamlessly integrating into 96-well plates without
contacting growth media to feasibly bridge the gap between individual university laboratory
and more mainstream use.

EXPERIMENTAL SECTION

Principle of Device Operation.

An assembled device (Figure 1B) consists of a single gradient generator (Figure 2A) and

12 distribution networks (Figure 2B). The gradient generator mixes two gases over 10
generations into 12 outlets. Each outlet fits into a distribution network (Figure 2C), one for
each column of the plate (12). Thus, each gradient generator outlet provides a unique gas
concentration to a single column of the plate. The distribution networks split flow equally
flowing among the wells of each column and interface with the well plate using a radial
double O-ring design (Figure 3B). This design is also used to connect the gradient generator
to the 12 distribution networks. The distribution networks consist of a mirror image of the
inlet and outlet delivery channels. Constant flow drives gas into the well and out of the
outlet, as shown in Figure 1B,C. Distribution networks are designed to split flow evenly into
eight equal resistance channels branching from a central hub (Figure 2B,D).
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Device Design and Fabrication.

Devices were designed in Solidworks and printed using a desktop stereolithographic 3D
printer (Form-3, Formlabs) using the 25 um resolution setting. Devices were washed in the
Formlabs Formwash resin removal device for 30 min using 70% (v/v) isopropanol (IPA)
followed by flushing of internal channels using a syringe, also with 70% IPA. Next, the
device and internal channels were dried with clean compressed air. Prints were then cured
in the Formlabs FormCure for 1 h at 60 °C and allowed to cool to room temperature
before use. Buna-N O-rings (1 mm thickness x 5.5 mm OD) were manually placed on the
pillars of distribution networks and the gradient generator. An important note is while it is
simple to print a device, the time to print 12 distribution networks for an entire 96-well
plate is approximately 144 h. 3D printing is an excellent option for prototyping and open
distribution but is not a practical solution for production at scale with current machines.

COMSOL Theoretical Modeling.

The designs for the gradient generator and distribution networks were evaluated using

the finite element analysis modeling software COMSOL Multiphysics. For the gradient
generator, a two-dimensional (2D) representation of the design was constructed, and gas
mixing was evaluated using laminar flow and transport of diluted species modules at 37
°C. The distribution network was imported as a 3D model created in Solidworks, and flow
rates were calculated according to the laminar flow module at 37 °C. Since the distribution
network consists of a mirror image of inlet and outlet channels, only inlet flows were
simulated. Outlet channels were assumed to behave identically but with the reversed flow
direction.

Device Assembly and Operation.

A distribution network was inserted into each column of the plate using gentle pressure.
The gradient generator was connected to the 12 distribution networks such that each outlet
of the gradient generator interfaced with each inlet of a single distribution network. The
two feed gas lines, 21% 0,/5% CO, and 0% O,/5% CO,, both balanced with nitrogen,
were connected to the two inlets of the gradient generator using Luer adapters, and flow
rates were set to 100 SCCM using mass flow controllers (Alicat Scientific, MC-100
SCCM). Cheaper, regulated floating-ball mass flow meters may also be used but tend to
fluctuate at lower flow rates. Each of the two feed gases was humidified by bubbling
through an Erlenmeyer flask containing 200 mL of sterilized DI water using stainless steel
carbonation stones with a 0.5 gm pore size. Gas is humidified directly before entering the
device. A filter may be attached to the inlet ports; however, experiments performed with or
without filters did not result in any contamination and filters were not found to influence
humidity (data not shown). Devices were sterilized by O, plasma for 30 s or by briefly
submerging in 70% ethanol and allowing to air-dry in a sterile environment. They may also
be autoclaved if printed using Formlabs high-temperature or dental SG resin. Before cell
culture experiments, devices were warmed to 37 °C in an oven or cell culture incubator
before connecting to plates and gas lines to avoid condensation of humidified gas within
channels. Experiments may be carried out in any 37 °C environment such as incubators,
ovens, or, for live-cell time-lapse imaging, microscope temperature control chambers. Gas
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concentrations outside the device were not found to alter oxygen concentrations within the
wells (data not shown). In our experiments, gas from the distribution network outlets is
vented to the environment (inside of an incubator). If desired, a second gradient generator
may be connected to the outlets to vent gas through tubing elsewhere. Each well may be
seeded and filled up to a maximum of 187 wL of media, which greatly exceeds amounts
typically used in mammalian cell culture.

Device Validation Using Fiberoptic Oxygen Sensors.

A fiberoptic oxygen probe (FOSPOR-R, Ocean Optics) was used to measure the oxygen
concentration within each well. The sensor has a resolution of 0.0005-0.02% across the
range of 0—21% oxygen and an accuracy of 0.01%. A two-point calibration was preformed
within Ocean Optics software (Neofox Viewer, Ocean Optics) using humidified 0% O,/5%
CO5 and 21% 0,/5% CO,. To access the bottom of the well without allowing the gas

to enter or exit, a rubber septum access port was drilled for each well. Briefly, a Dremel
tool was used to drill a 2 mm diameter hole in the bottom of each well, which was
subsequently sealed with a 2 mm thick natural gum rubber sheet using a cyanoacrylate
adhesive. The sheet was punctured using a specialized rubber septum puncture adapter for
the oxygen probe (Needle Puncture Apparatus, Ocean Optics), and oxygen measurements
were performed in each well without introducing gas or allowing it to escape. The oxygen
probe was positioned at the bottom of each well by puncturing the rubber septum with the
needle puncture adapter and positioning the probe approximately 100 um from the tip of the
needle as has been validated by others.®

Burst Pressure Measurement.

Evaporation

Distribution networks with single and double O-rings were evaluated for leaks and

burst pressure. Devices were inserted into 96-well plates, and house-compressed air was
connected to the inlets and a 100 psi gauge pressure sensor (40PC100G, Honeywell).
Outlets were sealed using a cyanoacrylate adhesive creating a closed circuit. Pressure was
increased gradually while checking for leaks using a leak detection fluid (Leak Detection
Compound, Cantesco). Pressure was logged to DAQAMI data acquisition software using
a data acquisition unit (USB-1608FS-Plus, Measurement Computing) until the device
physically dislodged itself (burst) from the plate. Burst pressure was recorded as the peak
pressure attained.

and Relative Humidity Measurement.

Each well of a 96-well plate was filled with 150 £ of media and incubated at 37 °C

using inlet feed rates of 100 SCCM of humidified gas for 2 days. Loss in volume in

each well was measured by pipette aspiration, and results were spot-checked by measuring
the change in weight of the entire plate and dividing by the number of wells. Relative
humidity was assessed within each well using a humidity probe (GSP-6, Elitech) after 2 h
of humidification from bubbling through a stainless steel carbonation stone (0.5 x/m pore
size), a0.18” 1D polyurethane pneumatic tubing, or no humidification. The humidity probe
was positioned at the bottom of each well through modified rubber septum access ports, as
described in performing oxygen measurements.
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5% CO> and routinely split at confluence at a ratio of 1:4. The growth medium consisted of
DMEM containing 10% FBS, 1% penicillin, and streptomycin, as well as 4.5 g/dL glucose.

Hypoxia-Activated Drug Testing.

Each well of a 96-well plate was seeded with 14 000 A549 human lung carcinoma

cells in 65 w4 of media 24 h prior to starting the experiment. In each column of the

plate, four wells were grown in 33 M TPZ and four wells were grown as controls in
nonmodified media. Each column was exposed to a different oxygen concentration ranging
from 20.5% in column 1 to 0.6% in column 12. Cell viability was assessed daily through
the use of the non-destructive cell viability dye, PrestoBlue High Sensitivity (Thermo
Fisher Scientific), in a plate reader (Varioskan Flash, Thermo Fisher Scientific) after the
oxygenation network was removed from the plate. Fluorescence was measured using a plate
reader with monochromator settings of 560/590 excitation/emission. Fluorescence intensity
was normalized as fold change from day O (pre-experiment, 24 h after seeding) levels.

Each plate contained four technical replicates for each condition, and four experimental
replicates were performed to ensure statistical significance. For dose-response experiments,
each column was exposed to a different oxygen concentration ranging from 20.5 to 0.6% as
above, and two rows were assigned for each of the four dose conditions: 0, 25, 75, and 100
UM resulting in two technical replicates per condition. The experiment was repeated on three
separate occasions.

Statistical Analysis.

RESULTS

Oxygen concentrations generated by the device were validated in triplicate in which each
well was measured on three separate days to ensure statistical experimental variance.
Evaporation, humidity, and burst pressure measurements were also validated in triplicate.
Bar graphs depict mean values, and error bars represent standard deviation. For the hypoxia-
activated drug testing experiments, each well was normalized as fold change from a day 0
value taken 24 h after seeding. Graphs represent the average of technical replicate wells per
plate averaged over four experiments, and error bars represent standard deviation. The HAP
experiment had four technical replicate wells per condition per plate, and the dose—response
experiment included two technical replicates per condition per plate. Single-factor ANOVA
in Origin (OriginPro, OriginLab) was used to calculate p-values between conditions.

Oxygen Concentrations.

At 37 °C, with equal flow rates of 200 mL/min, 21% O,/5% CO, and 0% O,/5%

CO», gas streams entered the device and produced 12 distinct oxygen concentrations
ranging from 20.6 to 0.6% (Figure 1A). Wells within each column were remarkably
consistent as demonstrated by a low average standard deviation of 0.076%. Average oxygen
concentrations in each row were 0.6, 2.4, 4.2, 6.6, 8.7, 10.9, 13.2, 14.1, 15.8, 17.7, 19.2, and
20.5%.
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O-Ring Burst Pressure Testing.

Radial double O-ring devices (Figure 3B) sustained an average pressure of 56 psi before
being displaced from the plate, while single O-ring devices sustained pressures of 39 psi,
and double O-ring devices subject to repeated use (100 + insertion and removal cycles over 6
months) could withstand 35 psi on average, presumably due to gradual tearing of the O-ring
from repeated use.

Media Evaporation and Gas Humidification.

Media humidification resulted in an average loss of 1.29% volume per day. Results

are reported in Figure 4A as volume lost, in zL, per day. Gas humidification with the
carbonation stone produced an average relative humidity of 94% compared to that of 87%
with tubing and 12% seen with no humidification (Figure 4B). It is possible that the residual
humidity seen with no humidification could be due to leakage through the rubber septum
measurement port caused by repeated use.

Altering Relative Flow Rates to Change Oxygen Gradient Range.

Feed gas flow rates and concentrations were altered to narrow the range of oxygen
concentrations delivered to the device (Figure 5). Mass flow controllers were used to
increase the nitrogen stream flow rate relative to the 21% oxygen stream 5:1 (20 SCCM
21% 0,/5% CO, and 100 SCCM 0% 04/5% CO») that narrowed the range of oxygen
concentrations to 13.0-0% (Figure 5). By replacing the 21% O, inlet gas with a 10% O
line and providing equal O,/N, feed rates (100 SCCM 21% O,/5% CO, and 100 SCCM
0% 0O,/5% CO»), the concentration of gases was narrowed to 9.8—-0.4% O, By altering the
relative flow rates of the two feed gases or simply changing the feed gases themselves, it is
possible to achieve any range of concentrations.

Hypoxia-Activated Drug Efficacy Testing.

Oxygen concentrations ranging from 20.5 to 0.6% were delivered to cells treated with 33
LM TPZ for 3 days. Viability was measured using the PrestoBlue assay at 0, 24, 48, and
72 h. Each column of the plate received a distinct O, level in which 4 of the wells were
incubated with 33 xM TPZ, while the remaining 4 wells were not given TPZ and treated
as controls. A stepwise decrease in cell viability was seen in columns 8-12 corresponding
to oxygen concentrations of 8.7% and below (Figure 6). All columns showed a significant
difference in survival compared to that of the no TPZ control, except columns 1 and 2,
which were exposed to 20.5 and 19.2% O, respectively. This may be due to insufficient
activation of the drug at high oxygen tensions.

A dose-response experiment (Figure 7) compared four doses of TPZ (0, 25, 75, and

100 M) across 12 oxygen conditions from 20.5 to 0.5% O,. Fold change in viability,
compared to pre-experiment levels, was plotted as a three-dimensional surface (Figure 7A)
with the X7 Y'axis depicting oxygen concentration and TPZ dose and cell viability on the
Z-axis. LDsgg (median lethal dose) was plotted as a dotted line showing oxygen and TPZ
concentrations that resulted in 50% cell death. These results demonstrate how different
combinations of two variables (TPZ dosage and O, concentration) impact cell viability. It
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was observed that increasing TPZ dosage and decreasing oxygen concentration resulted in
the greatest cell death.

DISCUSSION

PDMS remains a major barrier preventing mainstream use of microfluidic devices for cell
culture applications. Although its high oxygen permeability is useful for gas delivery, the
material is widely considered to be “nonideal” for cell contact, and its biocompatibility

has been referred to as a “misnomer”.2> Although treatments and surface modifications
may improve certain aspects of biocompatibility, this may be too labor-intensive for most
researchers who prefer out-of-the-box, standard tissue culture polystyrene.28 Furthermore,
variation in protocols may result in inconsistent results depending on the exact treatment
protocol. For this reason, we have chosen to design a device that adapts to standard labware
and can be easily integrated into biomedical workflows.

Our device dramatically increases the throughput of gas control experiments compared to
standard methods. Traditional experiments will use a single-vessel exposure system, such
as an incubator or hypoxia chamber, which supply a single oxygen concentration at a

time. This approach can be extremely time consuming, especially for studies requiring
eight or more oxygen concentrations, such as is required for determining the potency

of hypoxia-activated prodrugs.2” By mixing two gases using a gradient generator and
distributing them equally to the wells of each column of a 96-well plate using distribution
networks, we produced a linear oxygen profile with 12 quantized concentrations, each with
8 replicates (Figure 1A). Finite element modeling using COMSOL Multiphysics was used
to inform the design and confirmed the generation of 12 unique concentrations (Figure 2A)
and equal splitting of flow rates to the wells of each column using the equal resistance
distribution networks (Figure 2B). While oxygen gradients produced in microfluidic devices
can be robustly predicted and controlled through thorough modeling of variables such

as fluid flow, reaction rates, and material properties,28:29 jsolating cells within a single

well containing a single, quantized oxygen concentration has unique benefits for higher-
throughput applications. Besides adapting to standard workflows, our method may be used
to investigate O, as a standalone variable, decoupled from factors such as fluid flow or
interaction with nearby cells growing at different concentrations along the gradient. This
may be particularly useful for deconstructing complex physiologic phenomena such as liver
zonation, in which metabolism is spatially separated according to the availability of oxygen,
hormones, and metabolites. Current microfluidic models of this phenomena have ascribed
a varying, and sometimes contradictory, effect of O, on enzymatic expression.30-32 By
isolating oxygen as a variable, our device may be used to elucidate the role of oxygen in
complex physiologic or pathophysiologic phenomena.

To achieve accurate and reliable headspace oxygen concentrations, a robust leakproof,
gas-tight seal is needed. This was achieved by incorporating radial double O-ring seals
(Figure 3B) onto the pillars of the distribution networks and gradient generator. Burst
pressure testing confirmed that distribution networks are leakproof up to 56 psi of pressure
(Figure 3A). Interestingly, devices subjected to 100 + use cycles over 6 months showed
lower pressure resistance (35 psi), presumably from O-ring tear or slight shrinkage of the
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3D-printed device over time. Even with repeated use, the seal provides more than adequate
protection against leaks. However, the strength of the seal presents additional opportunities
in that the device may be adapted for studies in hydrostatic pressure biology in which simple
valves connected to outlets could control venting and selectively allow pressure to build
within the wells. Additionally, resistance to leaks at this high level of pressure allows for the
safe delivery of toxic gases, gasotransmitters, and environmental pollutants, which currently
lack reliable in vitro delivery methods.33 Our system can be easily, and safely, adapted to
these studies by placing the device within a small oven set to 37 °C within a chemical fume
hood or by connecting tubing to vent outlet gas into a fume hood.

A major concern for all gas delivery devices is evaporation. This is particularly important
for this device that relies on a constant flow of gas above the cell culture media. We have
addressed this problem by humidifying gas prior to delivery to the device, as shown in
Figure 4. Gas is bubbled through a stainless steel microporous carbonation stone within a
sealed Erlenmeyer flask to increase the contact surface area of the gas with the liquid. Our
results show a slight improvement over evaporation within 96-well plates stored on the top
shelf of a 95% humidity incubator.34

By delivering gas to the headspace, our device is convenient for biologists; however, this
also subjects it to slower diffusion times compared to PDMS-based microfluidic devices. It
is important to note that our device controls the oxygen concentration within the headspace
and not dissolved in the media. As within incubators or hypoxia chambers, gas dissolves
from the headspace into the media according to Henry’s law, which governs the gas
solubility in liquid and then to the bottom of each well according to Fick’s law, which relates
diffusion time to distance (media height) and the concentration gradient. However, due to the
low evaporation observed in our system, it is possible to use small media heights (<2 mm),
which minimize diffusion time and ensure that oxygen flux through the media is more than
sufficient to meet cell metabolic demands.3> While not ideal for fast-switching intermittent
hypoxia experiments, this system is suitable for multiday exposure experiments as shown

in Figures 6 and 7 where we observed oxygen-dependent drug activity over 2 or 3 days.
Additionally, the device can be placed on a heated microscope stage or within a microscope
temperature control chamber for long-term continuous cell imaging experiments. Here, cells
may be observed during gas exposure, which is not possible using end-point measurement
techniques such as plate readers, which require our device to be removed before each
measurement.

It is important that a device be adjustable to the needs of individual users. While 0-21%

O, may be useful for investigating the broad toxicity of hypoxia-activated drugs within

the body (Figures 6 and 7), more targeted O, levels are often required. In the body,

oxygen concentrations vary dramatically, even within individual organs. As mentioned
previously, tissues such as the liver have distinct metabolic zones delineated by oxygen
concentration, which can range from 4 to 14%.36 By adjusting the relative flow rates of the
feed gases within our system, or the concentration of the feed gases themselves, the device
can achieve concentrations suitable for any physiological or pathophysiological system.
This was demonstrated in Figure 5, where concentration ranges were narrowed using 10%
oxygen feed gas or by changing the feed ratio to 5:1 O,/N,. It is our hope that this flexibility
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will allow researchers studying different cell types, tissues, or disease processes to tune
oxygen concentrations specific to their needs.

To validate the biological usefulness of our device, we demonstrated a simple experiment

in which a single 96-well plate was used to test the effectiveness of several concentrations
of hypoxia-activated drug (TPZ) over 12 oxygen concentrations. First, we confirmed the
stepwise increase in drug activity with decreasing oxygen concentration at a single drug
dose (Figure 6) by measuring cell viability over 3 days. This result confirms that a

single plate can perform the work of 12 incubators in a small fraction of the space.

For most laboratories, housing 12 incubators is neither space nor cost-effective. However,
without an entire room dedicated to incubators, this experiment would still take 36 days to
complete with a traditional two incubator setup—this demonstrates an order-in-magnitude
improvement in throughput. In this experiment, each column (supplied by a unique oxygen
concentration) contained four replicates for drug treatment and four replicates for no-
treatment controls. These technical replicates were useful for observing noise caused by

the device or experimental protocol but did not take advantage of the power of the 96-well
plate to test multiple variables simultaneously. To this end, we introduced TPZ dosage

as a variable while still maintaining two technical replicates per condition. Four dosages
were compared across the 12 oxygen concentrations to produce a map of cell viability
under the two variables. Our results confirmed our hypothesis that increasing dosage and
decreasing oxygen concentration result in increasing levels of cell death. A 2D plot allows
for simple visualization of median lethal dose (LDsg values) at each oxygen concentration
and shows the predictable response of decreasing with decreasing oxygen levels (Figure

7B, dotted line). Plotting the results in three dimensions produces a topographical landscape
of cell viability under the varying oxygen and drug concentrations (Figure 7A). Here, it is
easier to visualize concentration combinations that result in steep changes in viability. This
information is critical for determining safe concentrations that minimize off-target action in
tissues, which normally contain lower oxygen concentrations. A topographical plot shows
the richness of information that can be contained within a single 96-well plate and, while not
present in our data, can also be useful for identifying unusual behavior such as saddle-points
and biphasic relationships.

Inexpensive desktop SLA 3D printers are increasingly used by university laboratories and
makerspaces to create tools, often microfluidic,3” for scientific discovery.38 Our device can
be easily printed and used without the need for specialized photolithographic fabrication
techniques or assembly. With the barrier to entry significantly lessened, it is our hope that
this device will allow more laboratories to incorporate gas control in their research.

CONCLUSIONS

Our contactless headspace delivery method avoids an undesirable interface with cell media
and thus provides a convenient way to control gas while still integrating with standard
96-well plates and their associated workflows and instruments. By designing the device for
production using a desktop SLA 3D printer, we hope this will allow wider access to gas
control for laboratories who may now print the device and study the role of oxygen for a
particular organ system, disease process, or drug study. Additionally, our closed-well system
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opens the door for potential use with biologically significant gases such as gasotransmitters
and environmental pollutants, which currently lack reliable methods for in vitro delivery.
The system is amenable to the oxygen concentrations seen within any organ system or
disease process by adjusting the relative flow rates of the two feed gases or the content

of the feed gases themselves. This 3D-printed gas control insert is a powerful tool that
offers flexibility, convenience, and the increased throughput needed for widespread use in
the biomedical research community.

ACKNOWLEDGMENTS

We gratefully acknowledge the financial support from the NIH under award number R21EB024003, the

National Science Foundation and the industrial members of the Center for Advanced Design and Manufacturing
of Integrated Microfluidics NSF I-UCRC award number 11P-1841473, and the American Heart Association
Predoctoral Fellowship Award #20PRE3508008 for Adam Szmelter. Additionally, we would like to thank Haseeb
Syed for his help with oxygen measurements and Bill Myers for taking photographs of the devices.

REFERENCES

(2). Carreau A; Hafny-Rahbi BE; Matejuk A; Grillon C; Kieda CJ Cell. Mol. Med 2011, 15, 1239—
1253.

(2). Vaupel P; Mayer A Cancer Metastasis Rev. 2007, 225-239. [PubMed: 17440684]
(3). Lee AE; Wilson WR Toxicol. Appl. Pharmacol 2000, 163, 50-59. [PubMed: 10662604]

(4). Brennan MD; Rexius-Hall ML; Elgass LJ; Eddington DT Lab Chip 2014, 4305-4318. [PubMed:
25251498]

(5). Adler M; Polinkovsky M; Gutierrez E; Groisman A Lab Chip 2010, 10, 388-391. [PubMed:
20091013]

(6). Koens R; Tabata Y; Serrano JC; Aratake S; Yoshino D; Kamm RD; Funamoto K APL Bioeng.
2020, 4, No. 016106. [PubMed: 32161836]

(7). Mehta G; Mehta K; Sud D; Song JW, Bersano-Begey T; Futai N; Heo YS; Mycek MA; Linderman
JJ; Takayama S Biomed. Microdevices 2007, 9, 123-134. [PubMed: 17160707]

(8). Yao M; Sattler T; Rabbani ZN; Pulliam T; Walker G; Gamcsik MP Am. J. Physiol.: Cell Physiol
2018, 315, 766-775.

(9). Brennan MD; Rexius-Hall ML; Eddington DT PLoS One 2015, 10, No. e0137631. [PubMed:

26360882]

(10). Oppegard SC; Blake AJ; Williams JC; Eddington DT Lab Chip 2010, 10, 2366. [PubMed:
20689862]

(12). Li L; Li Y; Shao Z; Luo G; Ding M; Liang Q Anal. Chem 2018, 90, 11899-11907. [PubMed:
30168712]

(12). Nourmohammadzadeh M; Lo JF; Bochenek M; Mendoza-Elias JE; Wang Q; Li Z; Zeng L; Qi
M; Eddington DT; José Oberholzer J; Wang Y Anal. Chem 2013, 85, 11240-11249. [PubMed:
24083835]

(13). Toepke MW; Beebe DJ Lab Chip 2006, 1484-1486. [PubMed: 17203151]

(14). Su X; Young EWK; Underkofler HAS; Kamp TJ; January CT; Beebe DJ J. Biomol. Screening
2011, 16, 101-111.

(15). Regehr KJ; Domenech M; Koepsel JT; Carver KC; Ellison-Zelski SJ; Murphy WL; Schuler LA;
Alarid ET; Beebe DJ Lab Chip 2009, 9, 2132-2139. [PubMed: 19606288]

(16). Heo Y'S; Cabrera LM; Song JW; Futai N; Tung YC; Smith GD; Takayama S Anal. Chem 2007,
79, 1126-1134. [PubMed: 17263345]

(17). Lee JN; Jiang X; Ryan D; Whitesides GM Langmuir 2004, 20, 11684-11691. [PubMed:
15595798]

(18). Banks P Drug Discovery World 2009, 10, 85-90.

Anal Chem. Author manuscript; available in PMC 2022 March 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Szmelter et al.

Page 12

(19). Huang S-B; Chou D; Chang Y-H; Li K-C; Chiu T-K; Ventikos Y; Wu M-H Sci. Rep 2015, 5, No.
18352. [PubMed: 26669749]

(20). Kittur H; Weaver W; Di Carlo D Biomed. Microdevices 2014, 16, 439-447. [PubMed:
24619125]

(21). Day JH; Nicholson TM; Su X; Van Neel TL; Clinton I; Kothandapani A; Lee J; Greenberg
MH; Amory JK; Walsh TJ; Muller CH; Franco OE; Jefcoate CR; Crawford SE; Jorgensen JS;
Theberge AB Lab Chip 2020, 20, 107-119. [PubMed: 31712791]

(22). Rane TD; Zec HC; Wang TH J. Lab. Autom 2012, 17, 370-377. [PubMed: 22885789]

(23). Oppegard SC; Eddington DT Device for the Control of Oxygen Concentration in Multiwell
Cell Culture Plates. In Proceedings of the 31st Annual International Conference of the IEEE
Engineering in Medicine and Biology Society: Engineering the Future of Biomedicine, EMBC
2009; IEEE Computer Society, 2009; pp 2097-2100.

(24). Brennan MD; Rexius-Hall ML; Eddington DT PLoS One 2015, 10, No. e0137631. [PubMed:
26360882]

(25). Sackmann EK; Fulton AL; Beebe DJ Nature 2014, 507, 181-189. [PubMed: 24622198]
(26). Berthier E; Young EWK; Beebe D Lab Chip 2012, 1224-1237. [PubMed: 22318426]

(27). Hicks KO; Myint H; Patterson AV; Pruijn FB; Siim BG; Patel K; Wilson WR Int. J. Radiat.
Oncol., Biol., Phys 2007, 69, 560-571. [PubMed: 17869669]

(28). Shirure VS; Lam SF; Shergill B; Chu YE; Ng NR; George SC Lab Chip 2020, 20, 3036.
[PubMed: 32716448]

(29). Lam SF; Shirure VS; Chu YE; Soetikno AG; George SC PL0S One 2018, 13, No. e0209574.
[PubMed: 30571786]

(30). Moradi E; Jalili-Firoozinezhad S; Solati-Hashjin M Acta Biomater. 2020, 116, 67-83. [PubMed:
32890749]

(31). van Wenum M; Adam AAA,; van der Mark VVA; Chang J-C; Wildenberg ME; Hendriks EJ;
Jongejan A; Moerland PD; van Gulik TM; Oude Elferink RP; Chamuleau RAFM; Hoekstra RJ
Cell Commun. Signal 2018, 12, 575-588.

(32). Tonon F; Giuseppe Giobbe G; Zambon A; Luni C; Gagliano O; Floreani A; Grassi G; Elvassore
N; Tonon F; Giuseppe G In Vitro Metabolic Zonation through Oxygen Gradient on a Chip. Sci.
Rep 9, 13557. DOI: 10.1038/s41598-019-49412-6.

(33). Whiteman M; Winyard PG Expert Rev. Clin. Pharmacol 2011, 4, 13-32. [PubMed: 22115346]
(34). Esser P; Weitzmann L Thermo Sci. 2011, 2-5.

(35). Place TL; Domann FE; Case AJ Limitations of Oxygen Delivery to Cells in Culture: An
Underappreciated Problem in Basic and Translational Research. In Free Radical Biology and
Medicine; Elsevier Inc: 2017; pp 311-322.

(36). lvanovic ZJ Cell. Physiol 2009, 219, 271-275.

(37). Waheed S; Cabot JM; Macdonald NP; Lewis T; Guijt RM; Paull B; Breadmore MC Lab Chip
2016, 1993-2013 May 24. [PubMed: 27146365]

(38). Silver A Nature 2019, 565, 123-124. [PubMed: 30602740]

Anal Chem. Author manuscript; available in PMC 2022 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Szmelter et al. Page 13

Gas 2 inlet

i
) 3

A. e B. Gas1inlet e

Gradient
generator

Oxygen (%)

Inlet
Outlet

[ ]
+ |Gasket
T

Figure 1.
3D-printed 96-well gas delivery device. (A) Gas concentrations within each well of the

device. Each column of the device receives a unique gas concentration supplied by the
gradient generator (B). The flow to each column is equally split among the 8-wells through
gas splitting distribution networks (C).
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Figure 2.
Device components: gradient generator and distribution networks. (A) Photograph of the

gradient generator injected with artificial coloring (food dye) to demonstrate mixing. (B).
Blue and red dyes are used to denote mirror image inlet and outlet channels, respectively.
Outlet channels (red) are located parallel to, and directly behind, inlet channels (blue).

(C) COMSOL simulation of gradient generator displaying 12 unique concentrations and
(D) COMSOL simulation of distribution network displaying equal distribution of flow rate
streamlines (red) and surface velocity (color map).
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Figure 3.

Burst pressure measurement of devices. (A) Double O-ring devices were able to withstand
higher burst pressures than single O-ring devices or old double O-ring devices (100

+ cycles). (B) Photograph of a single distribution network above a column of wells
highlighting the radial double O-ring design.
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Figure 4.
Evaporation and relative humidity measurement. (A) Evaporation in zL/day from each well

of a 96-well plate. (B) Relative humidity measurements within a well of a 96-well plate after
humidification by carbonation stone, bubbling through tubing, or no humidification.
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9 10 11 12

Altered oxygen concentration range through adjustment of relative feed flow rates. A ratio
of 1:1 O4/N, flow rates produced a gradient from 20.50 to 0.6%, while a 1:5 ratio of O,/N,
flow rates produced a gradient from 13 to 0%. Supplying a 1:1 ratio of 10% O, to 0% N,

produced a gradient from 9.7 to 0.38%.
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Figure®6.

TPZ
= |NoTPZ

20

Hypoxia-activated prodrug, TPZ, is more effective at lower oxygen tensions. Twelve oxygen

concentrations ranging from 20.5 to 0.6% were applied to a 96-well plate containing cells

exposed to TPZ (red) or control (no TPZ, blue). Cells exposed to TPZ below 9% oxygen
showed a linear decrease in survival. Asterisks denote significance between control and TPZ

exposure groups.
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Figure7.
Oxygen and drug concentration landscapes on a single 96-well plate. (A) Surface plot

depicting cell viability (zaxis) under different oxygen and TPZ concentrations within

a single plate. (B) 2D plot depicting cell viability under different oxygen and TPZ
concentrations. Oxygen concentration and drug dose combinations resulting in 50% survival
are depicted by the dotted line. (C) Bar plot depicting cell viability as a function of

the TPZ dose and oxygen concentration (color map). (D) Photograph of a 96-well plate
with PrestoBlue viability dye after 2 days of exposure. Columns are labeled with O2
concentration, and rows are labeled with the TPZ dose. PrestoBlue dye changes color from
light blue, to purple, then pink depending on the number of live cells in the well.
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