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Abstract

Gas-perfused microchannels generated a linear oxygen gradient via diffusion across a 100 μm 

polydimethylsiloxane (PDMS) membrane. The device enabled exposure of a single monolayer of 

cells sharing culture media to a heterogeneous oxygen landscape, thus reflecting the oxygen 

gradients found at the microscale in the physiological setting and allowing for the real-time 

exchange of paracrine factors and metabolites between cells exposed to varying oxygen levels. By 

tuning the distance between two gas supply channels, the slope of the oxygen gradient was 

controlled. We studied the hypoxic activation of the transcription factors HIF-1α and HIF-2α in 

human endothelial cells within a spatial linear gradient of oxygen. Quantification of the nuclear to 

cytosolic ratio of HIF immunofluorescent staining demonstrated that the threshold for HIF-1α 
activation was below 2.5% O2 while HIF-2α was activated throughout the entire linear gradient. 

We show for the first time HIF-2α is subject to hyproxya, hypoxia by proxy, wherein hypoxic cells 

activate HIF in close proximity normoxic cells. These results underscore the differences between 

HIF-1α and HIF-2α regulation and suggest that a microfluidic oxygen gradient is a novel tool for 

identifying distinct hypoxic signaling activation and interactions between differentially 

oxygenated cells.
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INTRODUCTION

Cells adapt to environmental oxygen levels by shifting metabolic processes and initiating 

transcriptional programs. When oxygen demand exceeds the supply, the intracellular oxygen 

levels decrease, and cells experience hypoxia. Hypoxia signaling pathways regulate a broad 

array of biological processes including angiogenesis1,2, embryonic development3,4, stem cell 

differentiation5,6, extracellular matrix remodeling7, tumor growth and progression8, and 

metastasis9. Hypoxia-inducible factors (HIFs) are a family of transcription factors that are 

the central regulators of the transcription of hypoxia-response genes, including growth 

factors, receptors, and metabolic enzymes. The key α-subunits, HIF-1α and HIF-2α, are 

subject to rapid turnover under normal physiological oxygen (normoxic) conditions via the 

action of prolyl-hydroxylases (PHDs) which hydroxylate proline residues within the 

oxygen-dependent degradation domain (ODD) of HIFs and thus promote ubiquitination and 

proteasomal degradation. Hypoxia suppresses PHD activity, thus allowing HIF-1α and 

HIF-2α to accumulate and translocate to the nucleus where they bind to the ubiquitously 

expressed HIF-1β (also known as ARNT) and initiate hypoxia-activated transcription.

The threshold for HIF activation has been reported to be cell type specific. Oxygen levels 

<1% O2 are considered particularly hypoxic and activate HIF-1α in several cell types10–12. 

However, there are notable exceptions such as papillary tip cells in rodent kidneys which do 

not demonstrate any significant HIF-1α activation even though these cells are 

physiologically exposed to <1% O2, but HIF-1α is strongly induced in those papillary cells 

during systemic in vivo hypoxic injury13. Especially at moderate hypoxia (O2 levels ≈1–

10%), thresholds for hypoxic HIF-activation can vary widely between cell types and this is 

in part due to varying PHD isoform expression levels across tissues and cell types14. 

Dynamic studies showed transient 3 hour pulses of HIF-1α and HIF2α expression during a 

constant hypoxic condition15. Additionally, a temporal gradient was reported to demonstrate 

that HIF-1α responds to decrements in oxygen and not absolute oxygen levels16. Together, 

these studies underscore the complexities involved in understanding HIF activation. 

Importantly, factors that may be important in oxygen sensing and HIF activation may have 

not yet been defined. One such factor is a spatial oxygen gradient to examine the effect 
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differentially oxygenated cells may have on each other. To date, no study has investigated 

HIF activation as a function of position within a spatial oxygen gradient, primarily from a 

lack of adequate tools.

Even though previous studies of the threshold of HIF activation examined a range of oxygen 

levels, these studies were conducted in homogeneous oxygen environments where each 

experiment exposes a whole monolayer of cells to a single homogeneous oxygen level 17–20. 

However, homogeneous oxygenation does not reflect in vivo hypoxia where oxygen 

gradients are present both radially and longitudinally in the microvasculature and tissue 

oxygenation decreases rapidly with increased distance from a microvessel21.

Microfluidic devices enable the exposure of cells to precisely controlled oxygen 

environments22,23 but have also predominantly been used to generate single-condition, 

homogeneous environments24–28. Some devices have demonstrated generation of oxygen 

gradients, but these have relied on complex internal or external architecture, including many 

gas inputs, off-chip gas mixers, and on-chip dilution trees29,30. Other microfluidic devices 

require flow of media perfusate or oxygen scavenging chemicals31–34. There has been 

limited control of gradient shape with most gradients having non-monotonic, sigmoidal, or 

exponentially decreasing profiles29,30,35,36. The few linear oxygen gradients reported have 

had significant drawbacks including requiring many gas inputs, not being characterized with 

respect to time required to reach equilibrium, and not considering the ability to tune the 

slope by altering the diffusion gap between microchannels29,35,36.

Here we report the generation of a stable, linear oxygen gradient with a tunable slope that 

depends on the size of the diffusion gap between two gas-perfused microchannels. We 

validate the gradient with oxygen measurements and show the equilibration of a linear 

profile over time. Importantly, we quantify the expression of HIF-1α and HIF-2α in human 

brain endothelial cells as a function of position via immunofluorescent staining and observe 

important differences in HIF-activation thresholds when cells are exposed to oxygen 

gradients as compared to homogeneous oxygen levels.

EXPERIMENTAL

Microfluidic device design and fabrication

The microchannel layer was fabricated using standard soft lithography techniques. Briefly, 

polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning) base was 

added to the curing agent at a weight ratio of 10:1. The mixture was mixed and degassed in a 

planetary centrifugal mixer (Thinky; Laguna Hills, CA) and cast on a silicon master 

containing SU-8 (MicroChem) microchannel features. The microchannel dimensions were 

500 μm (width) × 20 mm (length) × 100μm (height). The PDMS channel layer was cured at 

85 °C on a hot plate for 2 h and inlet/outlet ports were punched with a 15 gage (1.37 mm ID, 

1.83 OD) blunt needle.

The PDMS membrane was fabricated by spinning uncured, degassed PDMS (10:1 weight 

ratio of base to curing agent) on a 100 mm diameter silicon wafer (University Wafer, Boston, 

MA) at 1000 rpm for 30 s using a spin coater (Laurell Technologies Corporation, North 
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Wales, PA). After curing at 60 °C for 40 min, the membrane was bonded to the 

microchannel layer using surface treatment from a handheld corona discharge device 

(Electro Technic Products, Chicago, IL). The bonded membrane was punched with inlet/

outlet ports, and the PDMS construct was then bonded on a 75 mm × 50 mm glass slide 

(Fisher Scientific).

Oxygen Modulation

Two microfluidic perfusion channels (500 μm width and 100 μm depth) were separated by 

varying widths of a diffusion gap (Fig. 1A). One channel was continuously perfused with 

5% CO2, balanced air and the second channel was continuously perfused with 5% CO2, 

balanced nitrogen. Diffusion of the gases across the 100 μm membrane and into the bulk 

created a linear gradient surface oxygen profile to which the cells cultured on the membrane 

were exposed. The experimental setup for gas perfusion flowed compressed gas from the 

regulator on the gas tank to a glass tube rotometer and then through a mini gas regulator and 

into a microchannel of the device (Fig. 1B). The connection of a manometer by a three-way 

valve allowed for real-time monitoring of the pressure within the microchannel. The 

pressure in the two microchannels was kept equal at 5 psi to establish a stable oxygen 

gradient and minimize variation within and between experiments.

Oxygen gradient validation

The surface oxygen profile was characterized using oxygen sensors constructed from a 100 

μm gas-permeable PDMS membrane impregnated with platinum(II) 

octaethylporphyrinketone (PtOEPK). The sensor was fabricated by first making a 35% w/w 

toluene/polystyrene mixture and then adding 0.5 mg mL−1 of PtOEPK to the solution of 

polystyrene dissolved in toluene. The PtOEPK-containing mixture was spin-coated on a 

cured 100 μm PDMS membrane on a silicon wafer. The dried polystyrene was washed away 

with isopropanol, leaving behind a PDMS membrane containing PtOEPK that can easily be 

cut to convenient sizes for desired sensors. The fluorescence of the PtEOPK fluorophore in 

the sensor is quenched in the presence of oxygen. Prior to beginning perfusion of 

compressed gas, the PDMS oxygen sensor was placed on top of the device’s PDMS 

membrane and the open well was filled with 5 mL of PBS. Scans across the sensor were 

used to determine the surface percent oxygen profile. Scans were taken over a 4 h period 

after introducing gas flow. Percent oxygen was plotted from the fluorescent intensity by 

solving the Stern–Volmer equation. The hypoxic channel was perfused with 5% CO2, 

balanced nitrogen, and the normoxic channel was perfused with 5% CO2, balanced air. The 

fluorescent intensity of the sensor at 4 h within the region directly above the hypoxic 

channel when perfused with 5% CO2, balanced nitrogen while nitrogen gas was injected in 

the environment surrounding the device was used as the 0% O2 calibration. The fluorescent 

intensity of the sensor directly above the normoxic channel under ambient conditions prior 

to gas perfusion was used as the 21% O2 calibration. The fabrication and oxygen validation 

of the homogeneous control devices is reported elsewhere36.

Oxygen conditions were modulated by introducing desired gas compositions from 

compressed gas tanks. Plastic connectors (McMaster-Carr) interfaced between the access 

ports of the device and the tubing (Tygon 1.59 mm (1/16 inch) ID and 3.18 mm(1/8 inch) 
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OD; Cole-Parmer)supplying the compressed gas. The gas pressure was stabilized by running 

polyurethane tubing (6.35 mm (1/4 inch) OD, McMaster-Carr) from the gas regulator on the 

compressed gas tank to a glass tube rotameter (Omega Engineering, Inc., Stamford, CT) and 

then to a mini gas regulator (Marsh Bellofram, Newell, WV). Each gas line was adjusted to 

5 psi in the device as monitored by a manometer (Dwyer Instruments, Michigan City, IN).

Endothelial cell culture

Fabricated devices were autoclaved and then filled with 2 mL of 0.1% gelatin (porcine skin 

type A; Sigma-Aldrich) in water. Gelatin was incubated at 37 °C overnight on the PDMS 

membrane. Gelatin was then aspirated, and endothelial cells were seeded at 250 000 cells 

per device. The human cerebral microvessel endothelial cell line hCMEC/D3 was cultured in 

EGM-2 MV (Lonza). Devices with cells were placed in Petri dishes and kept in a standard 

incubator at 37 °C in 5% CO2, balanced air. Media was changed every 24 h until cells 

reached >80% confluency.

In-device immunofluorescent staining

Cell culture media was aspirated, and the cells were washed twice with PBS, fixed with 4% 

paraformaldehyde for 10 min at room temperature, and washed two additional times with 

PBS. Cells were permeabilized in 0.2% Triton X-100 in PBS for 10 min at room 

temperature, washed three times with PBS, and blocked in 3% bovine serum albumin (BSA) 

in phosphate-buffered saline with Tween 20 (PBST) for 1 h at room temperature. Cells were 

subsequently incubated with anti-HIF-1α antibody or anti-HIF2α antibody (Novus 

Biologicals, Littleton, CO) with a 1:200 dilution in 3% BSA in PBST overnight at 4 °C. 

After three washes with PBST, cells were incubated with fluorescent secondary antibody 

(Alexa Fluor 633; Invitrogen, Carlsbad, CA) in 3% BSA in PBST with a 1:300 dilution for 2 

h at room temperature. Cells were washed three times with PBST and nuclei were stained 

(Hoechst 33342; Invitrogen) with a 1:5000 dilution in PBST for 10 min at room 

temperature. Then a drop of antifade mounting solution (ProLong Gold AntifadeMountant; 

Thermofisher) was added directly to the immunostained cells on the membrane, a glass 

coverslip was placed on top, and left to cure in the dark for 24 h before imaging.

Microscopy and image analysis

Images were acquired using a confocal laser scanning microscope (Zeiss LSM 710). Devices 

were placed upside down in the slide holding stage insert to be imaged on the inverted 

confocal microscope. The entire gradient was imaged using the tiling function in the Zen 

imaging software. A63X Plan-Apochromat (1.46NA) objective was used during acquisition. 

Images were processed using FIJI open source software. Nuclear/cytosolic ratios were 

determined as follows: a nuclear mask was made from the Hoechst staining channel. Images 

acquired of the HIF staining channel were background subtracted and filtered (median). The 

nuclear mask was applied to quantify the mean pixel value of the 12-bit image (intensity 

min, max: 0, 4095) within the nuclear regions of the HIF staining channel per field of view 

frame. The mask was also used to subtract the area of the nuclei, leaving behind the 

cytosolic staining. The cytoplasmic signal was determined as the mean pixel value of the 

area in a field of view frame thresholded above a set background value (100 was used for 
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HIF-1α and 200 was used for HIF-2α). The nuclear/cytoplasmic ratio was measured by 

dividing the mean nuclear intensity by the mean cytoplasmic intensity.

Statistical analysis

Oxygen validation experiments were repeated three independent times. The data are 

expressed as the mean ± SD. The slope was determined from a linear regression of the data 

across the spatial gradient after 4 h of oxygen modulation. Cell culture experiments were 

repeated three independent times. During each independent experiment, three scans of the 

cells across the gradient were acquired. The data are expressed as the mean ± SEM. 

Significance was determined from a two-way ANOVA with Bonferroni’s multiple 

comparison post hoc test. Analyses were performed using Prism 5 by Graphpad.

RESULTS

The microfluidic cell culture platform generates linear oxygen gradients

We developed a micro-engineered system to generate a stable, linear oxygen gradient and 

study HIF activation in a monolayer of human endothelial cells exposed to a range of 

oxygenation from 0% to ambient 21% (Fig. 1A), thus better mimicking the physiologic 

oxygen microenvironment in vivo where gradients of oxygen exist in tissues and within the 

vasculature. Gas perfusion of buried microchannels covered in a gas-permeable PDMS 

membrane allowed for diffusion of gas across the membrane to expose cells to a spatial 

gradient. The linear gradient allowed us to precisely assign a known level of oxygenation to 

which cells are exposed with a specific position. The linear gradient also allowed equal 

contribution of all the oxygen levels within the range of established oxygenation for the 

spatial profile. The experimental setup for gas perfusion integrated real-time monitoring of 

the pressure in the two microchannels via connection of each microchannel to a manometer 

(Fig. 1B).

The size of the diffusion gap tunes the slope of the linear oxygen gradient

We first determined the oxygen gradient in the device as a function of the position along the 

x-axis (Fig. 2A–D). Devices with a diffusion gap of 3 mm (Fig. 2A), 5 mm (Fig. 2C), and 7 

mm (Fig 2B) were fully characterized with gradients from 21% to 0% O2 over a 4-hour 

duration of oxygen modulation. The 5 mm diffusion gap device was further characterized in 

the range from 7.5% to 0% O2 by substituting a 5% CO2, 7.5% O2, and balanced nitrogen 

tank for perfusion into the first microchannel (Fig. 2D) to demonstrate the usage of the 

device in a narrower range of oxygenation. The linear gradient developed over time, and by 

2 hours of oxygen modulation, the established gradients were near equilibrium for all tested 

diffusion gaps. The slope of the gradient could be tuned by altering the width of the 

diffusion gap (Fig. 2E). The slope did not vary linearly with the diffusion gap width (Fig. 

2F). However, a reduction in the diffusion gap resulted in a steepening of the oxygen 

gradient. The slopes characterized from the 21% to 0% range of the 3 mm, 5 mm, and 7 mm 

gaps were −5.5% ± 0.3%, −3.4% ± 0.1%, and −2.7% ± 0.1% O2/mm, respectively.
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The oxygen gradient is maintained in the presence of cells

To determine whether the oxygen gradient was affected by cells cultured on the membrane, 

oxygen levels were measured in the presence of the cell monolayer to assess whether the 

linear gradient was preserved. Cells were cultured directly on a PDMS membrane 

impregnated with PtOEPK. Tiled scans of the PtOEPK signal on the membrane were 

acquired after 4 h of oxygen modulation with cells (Fig. 3A) and without cells (Fig. 3B) on 

the membrane of the device. The post Stern–Volmer analysis demonstrated that the spatial 

gradient was not affected by the presence of cells (Fig. 3C). As expected for such a device 

with constant perfusion of gas at constant, high pressure (5 psi) through the microfluidic 

channels, the cells do not consume oxygen at a rate fast enough to significantly alter the 

surface oxygen profile to which the cells were exposed. The slope of the gradient with cells 

and without cells was equal to −3.8 ± 0.2% O2/mm.

HIF-1α requires low oxygen levels for activation

We next evaluated the activation of HIF-1α and HIF-2α in human endothelial cells within 

the oxygen gradient. The 5 mm gap device was used for all subsequent cell studies. D3 

endothelial cells were cultured in the device until approximately 80% confluency. The cells 

were then subjected to 8 hours of a linear oxygen gradient. Immunofluorescence imaging of 

HIF-1α in the spatial gradient clearly showed nuclear translocation of HIF-1α in the cells 

cultured directly above the device’s hypoxic channel (Fig. 4D) and homogeneous hypoxic 

control devices (Fig. 4B) as compared to cells cultured above the normoxic channel (Fig. 

4C) and homogeneous normoxic control devices (Fig. 4A). A tiled image scan of the entire 

gradient allowed us to determine the nuclear to cytosolic ratio for each field of view and 

these were plotted as the x-coordinate of the position at the center of the field of view. The 

nuclear to cytosolic ratios of cells within the oxygen gradient provided a measure of HIF-1α 
activation because active HIFs are translocated to the nucleus and were compared to the 

ratios found in cells exposed to homogeneous oxygen levels. The nuclear to cytosolic ratio 

of a homogeneous normoxic control device was normalized to 1. Nuclear to cytosolic ratio 

quantification of HIF-1α showed that the two closest fields of view to the hypoxic channel 

were statistically significantly different from the homogeneous normoxic control (Fig. 4E). 

Oxygen levels in the linear gradient below 2.5% resulted in statistically higher HIF 

activation. Importantly, all the positions with O2 levels higher than 2.5% (x-axis coordinate 

lower than 4.8 mm) did not show any significant HIF-1α activation. Importantly, the degree 

of HIF-1α activation at the 0–1% level approximated that of cells placed in homogeneous 

hypoxia (blue range, Fig 4E).

HIF-2α is activated throughout the spatial oxygen gradient

In contrast to the narrowly confined range of HIF-1α activation at the extremely low O2 

levels (0–2.5%), HIF-2α activation was seen throughout the entire spatial gradient. Even 

cells exposed to normoxia (by diffusion of 5% CO2, balanced air and cultured directly above 

the normoxic supply channel in the gradient device) had observable HIF-2α activation (Fig. 

5C) when compared to cells cultured in homogeneous normoxic conditions (Fig. 5A), 

suggesting that normoxia within an oxygen gradient elicits HIF-2α activation whereas 

homogeneous normoxia does not. Quantification of images from a tiled scan of the gradient 
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demonstrated widespread HIF-2α activation throughout the gradient when compared to cells 

exposed to homogeneous normoxia (Figure 5E).

DISCUSSION

In our gas perfusion-based linear oxygen gradient cell culture platform, we showed the 

spatial gradient develops over time, becoming completely developed after several hours due 

to the bulk PDMS in the diffusion gap on the scale of several millimeters. Although this time 

to equilibrate may be seen as a limitation of the device, cells could easily be exposed 

specifically to the fully developed spatial gradient if, for example, the cells were cultured on 

a gas-permeable PDMS membrane that was placed on top of the base PDMS membrane 

after several hours of oxygen modulation. Oxygen diffuses across an additional 100 μm 

PDMS membrane on the scale of tens of seconds36,37.

Although our primary focus was demonstrating a linear spatial gradient, we acknowledge 

that certain oxygen control applications may also call for control of a temporal gradient. 

Computer-controlled microdispensing nozzles have been successfully used to deliver 

intermittent hypoxia to a PDMS-based gas perfusion device38 and could be applied to our 

platform to temporally control the oxygen levels in the device or change the direction of the 

gradient. Furthermore, not all physiological gradients are necessarily linear, however, for the 

purpose of defining clear activation thresholds, linear gradients are suitable for the 

experimental design.

Differences between the oxygen-dependent stabilities of HIF-1α and HIF-2α have been 

reported by others, although it is not known whether these two transcription factors respond 

differentially to oxygen gradients. HIF-2α has a different sub-nuclear distribution than 

HIF-1α, lending to its increased stability and slower mobility as compared to HIF-1α39. 

Higher levels of oxygen have been shown to inhibit HIF-2α degradation and allow for rapid 

accumulation in human endothelial cells as compared to oxygen levels required to inhibit 

HIF-1α degradation (3.5% O2 vs. 1.0% O2, respectively)40. The vast majority of studies 

which have established oxygen level thresholds have been performed in cells exposed to a 

single, homogeneous oxygen environment (e.g. one cell culture plate is exposed to 3% while 

a separate plate is exposed to 1%). Using microfluidic devices, we studied whether the 

threshold of activation differs if cells are cultured in an open-well gradient which allows for 

biological interactions between cells that are exposed to varying oxygen levels. Here, we 

show in endothelial cells exposed to an oxygen gradient from 0% to 21%, HIF-2α is 

activated throughout the entire gradient when compared to cells exposed to homogeneous 

normoxia, suggesting a “contagion” of HIF-2α activation. Even cells within the spatial 

gradient that are exposed to continuous normoxia exhibit significant accumulation and 

nuclear translocation of the HIF-2α transcription factor, likely due to the close proximity of 

cells exposed to hypoxia within the same gradient.

The activation of HIF-2α demonstrates hyproxya (hypoxia by proxy), which describes the 

activation of hypoxic signaling in normoxic cells by hypoxic neighbors which may 

constitute an adaptive signal within a tissue in which localized hypoxia can elicit a broader 

systemic response. It is noteworthy that this was only true for HIF-2α activation but not for 
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HIF-1α activation, suggesting that HIF-1α is only activated in hypoxic cells and not when 

neighboring cells experience hypoxia.

The mechanism by which hyproxya of HIF-2α activation occurs is not yet known. It likely 

involves a multitude of potential signals by which hypoxic cells can act as sentinels for 

normoxic neighbors and could include paracrine signals such as the secretion of exosomes, 

metabolites, or growth factors. It has been previously reported that exosomal miRNAs may 

activate HIF independent of hypoxia2,41. Therefore, one can envision a scenario in which the 

exosomes from the hypoxia-exposed cells contain miRNAs that activate HIF in the nearby 

normoxia-exposed cells. Additionally, hypoxia alters cellular metabolism, increasing a cell’s 

dependence on glycolysis over oxidative phosphorylation to produce ATP. As a result, 

metabolites such as lactate, succinate, and fumarate have been shown to accumulate 

intracellularly42,43. These metabolites may then be secreted into the extracellular space and 

affect surrounding cells. A specific cell surface receptor for lactate and succinate has been 

identified44–46.

The source of the reported biological effects in hypoxia-conditioned media experiments is 

thought to be the secreted molecules or microvesicles. The disadvantage of traditional 

conditioned media experiments is that there exists a single, isolated time point when cell 

culture media is harvested and transferred to other cells. Oxygen gradient devices in which 

differentially oxygenated cells share media allow for continuous exposure of normoxic cells 

to the hypoxia-induced secretome. Interestingly, HIF-2α transactivation is reported as being 

sensitive to the composition of cell culture media. HIF-2α specifically acts as a response 

factor to glucose concentration in media47,48. Media supplemented with acetate, which can 

be released by tumors, results in acetylation of HIF-2α and nuclear localization of an 

acetate-dependent acetyl CoA synthetase ACSS2 required for induction49. Hypoxia-

conditioned media from cells secreting acetate can induce this HIF-2α acetylation48.

Understanding how HIF-1α and HIF-2α are differentially regulated in oxygen gradients is 

critical because HIF-1α and HIF-2α can have opposing roles based on their downstream 

targets50–55. Our findings demonstrate a novel aspect of differential HIF-1α and HIF-2α 
activation: their upstream activation by low oxygen. HIF-2α activation does not require 

hypoxia in all cells but can be activated when only selective cells are exposed to low oxygen 

levels. These results highlight the importance of understanding the effect of cell-cell 

interactions in an oxygen gradient environment. Further mechanistic studies using the 

microfluidic device we engineered could allow for the isolation of the intercellular signals 

which mediate HIF-2α hyproxya –hypoxia by proxy– and allow for therapeutic modulation 

of HIF-2α levels even in the absence of direct hypoxia.
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Insight Box

Gas control microfluidics generated linear spatial oxygen gradients to study the 

regulation of HIF-1α and HIF-2α, the transcription factors mediating cellular adaptation 

to hypoxic microenvironments. Prior studies have identified HIF activation thresholds in 

uniform oxygen levels but little is known about activation thresholds in oxygen gradients. 

We found that HIF-1α was activated in low levels of oxygen (below 2.5%) in the 

gradient. In contrast, HIF-2α activation was markedly influenced by the oxygenation of 

surrounding cells. The presence of hypoxic cells in close proximity to normoxic cells 

activated HIF-2α throughout the entire spatial gradient including cells exposed to 

ambient oxygen levels. Assessing hypoxic activation within oxygen gradients better 

reflects conditions in vivowhere metabolic consumption and oxygen transport generate 

physiological gradients.
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Figure 1. 
Constant perfusion of oxygen and nitrogen compressed gasses into microchannels separated 

by a diffusion gap exposes cells to a spatial linear oxygen gradient. (A) A schematic cross-

sectional view of the microchannel device demonstrates diffusion from an oxygen channel 

and a nitrogen channel across a thin PDMS membrane establishes an oxygen gradient to 

which cells cultured on the membrane are exposed. (B) The experimental setup schematic 

for gas perfusion shows flow from a compressed gas tank to a glass tube rotometer and then 

through a mini gas regulator and into a microchannel of the device. The connection of a 

manometer by a three-way valve is used to monitor that pressure remains equal within each 

microchannel.
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Figure 2. 
Sensor measurements characterized the oxygen gradient. (A–C) The surface percent oxygen 

over a 4 h duration is shown as a function of position with microchannel inputs of 21% O2 

and 0% O2 for a 3 mm, 7 mm, and 5 mm diffusion gap, respectively. (D) Microchannel 

inputs of 7.5% O2 and 0% O2 for a 5 mm diffusion gap demonstrates that choice of inputs 

determines the range of the linear gradient. (E) The 21%-0% range for 3 mm, 5 mm, and 7 

mm diffusion gaps are compared, demonstrating that the slope is tunable by altering the 

diffusion gap parameter. The middle of each diffusion gap is centered at the 0 mm position. 

(F) The slope is plotted as a function of the size of the diffusion gap.
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Figure 3. 
Cells cultured on the membrane do not affect the oxygen gradient to which the cells are 

exposed. Tiled scans of brightfield images of the membrane (top) and fluorescent images of 

the PtEOPK signal (bottom) demonstrate the presence of the oxygen gradient (A) with cells 

and (B) without cells. Scale bar: 100 μm. (C) The surface percent oxygen level as a function 

of position does not vary between the cell-occupied and cell-vacant condition.
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Figure 4. 
HIF-1α activation in endothelial cells occurs at low oxygen levels within a linear oxygen 

gradient. (A–B) Panels of HIF-1α immunofluorescent staining for normoxic and hypoxic 

homogeneous control devices. (C–D) HIF-1α immunofluorescent staining in the oxygen 

gradient device of cells directly above the normoxic gas supply microchannel and hypoxic 

gas supply microchannel, respectively. Scale bar: 20 μm. (E) Quantification of the nuclear to 

cytosolic ratio as a function of the position in the oxygen gradient. * p < 0.05 as compared to 

homogeneous normoxia.
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Figure 5. 
HIF-2α is activated throughout the entire linear gradient. (A–B) Panels of HIF-2α 
immunofluorescent staining for normoxic and hypoxic homogeneous control devices. (C–D) 
HIF-2α immunofluorescent staining in the oxygen gradient device of cells directly above the 

normoxic gas supply microchannel and hypoxic gas supply microchannel, respectively. 

Scale bar: 20 μm. (E) Quantification of the nuclear to cytosolic ratio as a function of the 

position in the oxygen gradient. * p < 0.05 as compared to homogeneous normoxia.
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