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Abstract

Detecting the effects of low oxygen on cell function is often dependent on monitoring the 

expression of a number of hypoxia markers. The time dependence of the appearance and stability 

of these markers varies between cell lines. Assessing cellular marker dynamics is also critical to 

determining how quickly cells respond to transient changes in oxygen levels that occurs with 

cycling hypoxia. We fabricated a manifold designed to use flow-encoding to produce sequential 

changes in gas mixtures delivered to a permeable-bottom 96-well plate. We show how this 

manifold and plate design can be used to expose cells to either static or cycling hypoxic conditions 

for eight different time periods thereby facilitating the study of the time-response of cells to altered 

oxygen environments. Using this device, we monitored the time-dependence of molecular changes 

in human PANC-1 pancreatic carcinoma and Caco-2 colon adenocarcinoma cells exposed to 

increasing periods of static or cycling hypoxia. Using immunohistochemistry, both cell lines show 

detectable levels of the marker protein hypoxia-inducible factor-1α (HIF-1α) after 3 h of exposure 

to static hypoxia. Cycling hypoxia increased the expression level of HIF-1α compared to static 

hypoxia. Both static and cycling hypoxia also increased glucose uptake and aldehyde 

dehydrogenase activity. This new device offers a facile screening approach to determine the 

kinetics of cellular alterations under varying oxygen conditions.
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Defining the molecular characteristics of hypoxic tumor tissue in vivo is challenging as 

tissue hypoxia varies spatially and temporally.1 In vitro models offer the capability to 

systematically control both the level of static hypoxia and the amplitude and periodicity of 

cycled oxygen levels. However, typical in vitro experiments may probe only a few levels of 

static hypoxia or a few cycles of intermittent hypoxia that represent only a small fraction of 

the oxygen environments present in the in vivo tumor. We have shown that a permeable-

bottom multiwell plate attached to a custom-fabricated gas mixer and delivery manifold can 

be used to probe a far greater number of static or cycling hypoxic conditions.2 This device 

demonstrated that, in Caco-2 cells, the hypoxia marker hypoxia-inducible factor-1α 
(HIF-1α) was detectable by immunohistochemistry after 24 h of exposure to oxygen partial 

pressure (pO2) levels between 1 – 37 mmHg. However, many reports indicate that HIF-1α 
protein levels vary with time3–13 and that HIF-1α mRNA5 level and transcriptional activity 

do not correlate with protein levels.6 The time course of HIF-1α activity influences 

transcription of downstream genes for the glucose transporter-1 (GLUT-1)14 and also 

controls factors that promote stem cell-like behavior that is often detected by an increase in 

aldehyde dehydrogenase (ALDH) activity.15 Therefore, it is important to assess the time 

dependence of the appearance and stability of molecular makers in any study in which cells 

are exposed to changing oxygen conditions. In addition, the rate of change of molecular 

components will also affect how cells respond to cyclical changes in oxygen content that 

occur in tumor tissue.

In order to facilitate time course studies, we have modified our earlier manifold design2 to 

sequentially expose each row of a 96-well plate to different periods of hypoxia. This device 

offers several advantages to other approaches: (i) Permeable-bottom plate design delivers 

known, uniform gas mixtures to cells. (ii) Low gas consumption compared to hypoxia 

chambers, cabinets or incubators. (iii) Allows rapid switching to mimic cycling hypoxia 

profiles found in vivo compared to the time it takes to flush/equilibrate hypoxia chambers 

and conventional plates. (iv) Flow-encoded switching precludes the need for multiple gas 

delivery systems and/or chambers. (v) Final readouts for multiple time points are performed 

on one plate thereby reducing variations in conditions using different plates. (vi) Multiple 

cell lines or molecular assays can be performed on one plate. (vii) Unlike microfluidic 

devices, this plate can be used with conventional multichannel pipettors and plate readers.
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We used this device to expose PANC-1 and Caco-2 cells to timed intervals of both static and 

cycling hypoxia. We show that upon exposure to static hypoxia, HIF-1α levels are first 

detected by immunohistochemistry after 3 h of exposure and steadily increase over 24 h. 

Cycling, as opposed to static hypoxia, leads to higher levels of HIF-1α staining detected 

after 24 h in both cell lines. Both static and cycling hypoxia lead to steadily increasing 

glucose uptake activity over 24 h that was detected by an increased uptake of the fluorescent 

probe analog 2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl)amino)-D-glucose (2-NBDG). 

Similarly, steadily increasing ALDH activity was detected over 24 h of static hypoxia using 

the fluorescent probe boron-dipyrromethene-aminoacetaldehyde (BAAA, ALDEFLUOR™). 

This study demonstrates how a single multiwell plate can be used to detect the time course 

of molecular and functional activity changes in cells exposed to static or cycling hypoxia.

MATERIALS AND METHODS

Cell Culture.

The human cell line, PANC-1 pancreatic adenocarcinoma and Caco-2 colon adenocarcinoma 

were purchased from the American Type Culture Collection (Manassas, VA) and grown in 

high glucose containing Dulbecco’s Modified Eagle’s Medium (Gibco), with 10% fetal 

bovine serum (Gibco) without antibiotics. Cells were seeded to minimize the ‘edge effect’ 

often seen in 96-well plates.2 Cells were cultured for 24 h under air/CO2 atmospheres before 

placement in the gas manifold for hypoxia experiments.

Device Fabrication.

The gas channels and manifold were fabricated from polymethylmethacrylate (acrylic) 

polymer sheets and the gasket from Buna-N rubber as described previously.2 The manifold 

pattern is etched onto one acrylic plate and heat-bonded to another plate to provide a gas-

tight seal. Membranes were spin cast using polydimethylsiloxane (PDMS) polymer (Sylgard 

184) to yield membranes of 125 μm thickness. Bottomless 96-well plate (Greiner Bio-One) 

were treated with 1% v/v solution of (3-aminopropyl)triethoxysilane (Sigma) in water for 15 

min to adhere the PDMS membrane. The fabricated PDMS membranes were coated with 

fibronectin as described previously.2

Immunohistochemistry.

Adherent cells were fixed with 4% paraformaldehyde in phosphate buffered saline for 15 

minutes, washed with saline, permeabilized with 0.1% Triton X-100 and rinsed with saline. 

The cells were incubated overnight with primary antibodies HIF-1α (1:200, Thermo Fisher, 

catalog #MA1–516) followed by DyLight 488, goat anti-mouse IgG (1:400), (Thermo 

Fisher, catalog #35502). After washing with saline, cells were counterstained with 4’,6-

diamidino-2-phenylindole (DAPI). Microscopy was performed on an Olympus IX-71 

inverted epifluorescence microscope with an ORCA-ER cooled monochrome charge-

coupled device camera.

Glucose Uptake Activity.

Media was removed and the cells were washed three times with PBS. 100μL of glucose-free 

cell media containing 150μM 2-NBDG (Cayman Chemical) was added to each well, and the 
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plate was incubated at 37°C for 35 mins. The reaction was stopped by adding cold PBS. 

After washing with three-times with ice-cold PBS, cells were imaged by fluorescence 

microscopy.

Cell Counting and Image Analysis.

Well plates were seeded with 1.5 x 104 cells/well and allowed to attach for 24 h under 

normoxic incubator conditions. Then N2/CO2 was introduced into the manifold to provide 

static hypoxic conditions for periods ranging between 1 and 24 h. For counting, nuclei were 

stained with DAPI and imaged using fluorescence microscopy. Nuclei in an image field were 

delineated and enumerated using NIH ImageJ software.16 For quantification of HIF-1α 
staining and 2-NBDG uptake, the total integrated fluorescence intensity in the field of cells 

was determined using ImageJ by the procedure of McCloy et al.17 Each data point shown 

was the average fluorescence intensity (± one standard deviation (SD)) for 3 different wells 

at each timepoint. The statistical significance of the data was calculated using Students t-test 

in Microsoft Excel.

Cell Viability.

Cell viability was measured using the Promega CellTiter-Glo bioluminescence assay in 

PDMS-bottom plates and a BioTek Cytation plate reader.

ALDH Activity.

Media was removed and the cells were washed three times with PBS. 100μl of 

ALDEFLUOR™ Assay Buffer (Stem Cell Technologies, Inc.) containing 5μl/mL of BAAA 

Reagent was added to each well and the plate was incubated at 37°C for 40 mins. The 

reaction was stopped by adding cold PBS and washed three-times with ice-cold PBS. To 

slow cellular efflux of the fluorescent product of the ALDH reaction, we filled the troughs 

surrounding individual wells on the Greiner Bio-One plates with ice-cold PBS to keep the 

plates cool during microscopy.

Flow Cytometry.

The ALDH activity was measured using the ALDEFLUOR™ assay kit according to the 

manufacturer’s instructions. 30,000 cells were seeded in each well of the 96 well plate and 

cultured in the manifold. Cells were trypsinized, washed with pre-warmed assay buffer and 

incubated with reagent for 40 min at 37°C in the presence or absence of the inhibitor N,N-

diethylaminobenzaldehyde (DEAB). Following incubation, data were acquired using a BD 

FACSCelesta flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree 

Star, Ashland, OR).

Oxygen Sensing.

Oxygen measurements in gas mixtures, water and cell growth media were obtained from 

fiber optic sensors housed within a protective syringe needle (Profiling Oxygen Microsensor, 

PreSens, Germany). PreSens specifications indicate a sensitivity down to pO2 = 0.4 mmHg.
18 Oxygen partial pressure (pO2) is used to express gas and liquid oxygen content in our 

devices. Sensors were calibrated each day by a two-point calibration method for gas or 
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liquid readings.2 For readings in the wells, we translated the fiber tip to a point 100 µm short 

of the needle tip to prevent breakage as the tip rested on the membrane surface. The fiber tip 

was exposed to the environment but remained within the protective needle bevel. Because 

the fiber optic was recessed, the sensor provided readings 100 μm above the membrane.2 

This partially retracted position did not affect readings.

Gas Flow Control.

Gas supplied to culture plates was delivered by mass flow controllers (Aalborg) directed by 

LabView-based software (National Instruments). All experiments used two feed gas 

mixtures for delivery to the plate mixing tree and manifold: Gas Input 1: 95% N2/5% CO2, 

and Gas Input 2: 95% air/5% CO2. Hereafter, for convenience, these gas mixtures will be 

referred to as N2/CO2 and air/CO2, respectively. Gas flow rates were changed at different 

time points with a LabView program.

Theoretical Modeling.

The designs of the gas channels, manifold and 96-well plates were evaluated by modeling 

the theoretical gas transfer capabilities of each design by finite element analysis using 

COMSOL Multiphysics® software. In COMSOL, the “Transport of Diluted Species” and 

“Laminar Flow” toolboxes were used to create 2D models of oxygen transport in the gas 

channels, manifold and plate. The oxygen diffusion coefficients through culture media and 

the 125 μm thick PDMS membrane are given in our earlier publication.2 For predicting the 

impact of cellular oxygen consumption on gas mixture content, a row of 12 wells were 

modeled with gas flow beneath the row. Each well in the row was ‘filled’ with 50,000 cells 

consuming oxygen at a rate of 3.5 x 10−17 mol O2·cell−1·s−1.19

RESULTS

Manifold Design Principle.

The principle behind this device is to use a gas manifold to deliver one of two different input 

gases to gas-tight channels below each row (A-H) of a permeable-bottom 96-well plate. For 

this study, Input Gas 1 is an anoxic gas mixture consisting of N2/CO2 and Input Gas 2 is a 

high oxygen content gas mixture, air/CO2. In all of the studies reported herein, the tops of 

the wells were not sealed and the media surface in each well equilibrates with the ambient 

surrounding atmospheric oxygen. In these open wells, an oxygen gradient is generated with 

the gas content at the well bottom dominated by the gas mixture from below.2

Initially (t0), air/CO2 is delivered to all wells and then at predetermined time points (t1-t7), 

individual rows are switched to the N2/CO2 mixture thereby generating an anoxic 

atmosphere below the wells in these rows. Rather than relying upon a complex plumbing/

switching system to change gas content, we use a simple manifold design shown in Figure 1, 

combined with gas flow controllers to adjust the flow rates of air/CO2 and N2/CO2 entering 

the manifold. The relative flow rates of air/CO2 and N2/CO2 determine the number of rows 

exposed to each gas. For example, if the flow rates are equal, half the rows will be normoxic 

and the other half anoxic. This “flow-encoded switching” approach has been used to control 
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liquid delivery to cells in microfluidic devices.20 Flow rates can be controlled using manual 

flow meters, or in our case, computer-controlled flow meters.

Computational models of the manifold design.

Flow-encoded switching uses step increases in gas flow rates to sequentially overcome flow 

resistance in a series of parallel gas channels. Since flow resistance is related to the 

dimensions of each gas channel, mathematical modeling was used to design a gas manifold 

that would produce the desired sequential switching pattern. COMSOL software was used to 

determine the channel dimensions and flow rates which would allow sequential switching of 

gas outputs to rows A-G on a 96-well plate from Input Gas 1 to Input Gas 2. In these studies, 

gas output to row H remains as a normoxic control. Since it is easiest to verify our modeling 

results at room temperature using dry gases, this modeling was used to find conditions that 

will deliver either dry air/CO2 (pO2 = 151 mmHg) or dry N2/CO2 (pO2 = 0 mmHg) at 22 °C. 

The final design is shown in Figure 1. The channels in this design are 1 mm wide and 1 mm 

deep. The number of channel meanders are dictated by the need to accommodate a long 

channel in a small footprint. The design has two input gas ports directing gas flow into a 

manifold with eight outlet ports. At t0, flow from Input 1 (N2/CO2) is zero and all flow 

comes through Input 2 (air/CO2) then all eight output channels will deliver air-CO2 (pO2 = 

151 mmHg) to outputs to rows A-H (Figure 1). By increasing the flow rate of N2/CO2, the 

gas delivered to each row can sequentially be changed over to the N2/CO2 gas mixture. The 

predicted flow rates needed to switch outputs to rows A and B at time points t1 and t2 are 

given by the numbers above the red and blue arrows in Figure 1 to produce the pO2 heat 

maps shown. For brevity, only the flow rates needed to switch the first two channels are 

shown in Figure 1. The heat maps showing switching of all channels is shown in Figure S1. 

The predicted flow rates necessary to make the switches to these outputs across all channels 

are given in Table 1. Table 1 shows that by adjusting gas flow rates, pO2 levels can be 

controlled to within 0.6 mmHg of the desired levels of either 0 or 151 mmHg.

The gas pO2 level delivered to a row of 12 cell-filled wells on a plate will change as the gas 

flows past each well as oxygen is consumed. COMSOL modeling was used to determine if a 

flow rate of 3 mL/min will deliver sufficient oxygen to 50,000 cells in each of 12 wells in a 

row to maintain a uniform gas content. Models predict a decrease in gas pO2 = 0.01 mmHg 

when air-CO2 flows at 3 mL/min from beneath a cell-filled well in Column 1 to a well in 

Column 12 (Figure S1). This difference would be undetectable by our probes.

Experimentally measured static gas outputs from the manifold.

Based on the design in Figure 1, the gas manifold was fabricated. Initially, the N2/CO2 flow 

was zero through the manifold as shown in the line t0 in Table 1. Then every five minutes, 

the flow rates were changed as shown in Table 1 to sequentially change outputs to rows A – 

G to the N2/CO2 gas mixture. Oxygen sensors were used to measure the outputs from each 

channel over time and these data are shown in Figure 2. The flow controllers used in this 

study can switch within milliseconds. The oxygen sensors take a reading every second but 

have a reported response time of <15 s for gas measurements. The first flow-encoded switch 

is at the lowest flow rate of 3 mL/min. The fastest flow rate in any output is under the 

conditions designated at timepoint t4 (Table 1), where both inputs deliver at a rate of 100 
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mL/min resulting in each of the eight output channels producing flow rates at 25 mL/min. 

Over this flow range, all outputs produce pO2 readings <1 mmHg within a minute of 

switching (data not shown). The final flow rates used at time point t7 results in the output to 

row H remaining at 151 mmHg for the entire 40 minutes of readings. The data in Figure 2 

indicate that at the end of the timed sequence, the channel output to row A delivered N2/CO2 

for 35 minutes and outputs to rows B - G delivered this gas mixture for 30, 25, 20, 15, 10 

and 5 minutes, respectively.

Experimentally measured cycling gas output from the manifold.

In addition to static gas delivery, the flow controllers can be programmed to produce cycling 

gas levels for increasing periods of time. For example, based on the flow rates given in Table 

1, if the gas flow from Input 1 is switched between 3 mL/min and 19 mL/min periodically, 

then the gas output to row B will continuously cycle between pO2 levels of 0 mmHg and 151 

mmHg while output A remains at 0 mmHg and C remains at 151 mmHg. Figure 3 shows the 

measured outputs when this cycling is done every 5 minutes. Under these conditions, outputs 

D to H remain at 151 mmHg (not shown). Using the flow rates in Table 1, any row can be 

exposed to timed cycling patterns and in our cell studies, 30 min cycling times were used.

Measured O2 levels in the wells under static flow.

The manifold was incorporated into a base plate to deliver the gas mixtures to eight channels 

below each row of a permeable-bottom 96-well plate. A diagram of the device is shown in 

Figure 4(A) using a 96-well plate with a bottom fabricated from a 125 μm thick film of 

PDMS. The assembled device is shown in Figure 4(B). We showed in our earlier work that a 

PDMS membrane is best suited for rapid delivery of gas mixtures to the cells grown on top 

of this membrane.2 The plate, gasket and manifold were assembled and the wells filled with 

0.300 mL of water for testing. In all experiments, the tops of the wells were exposed to 

ambient air atmospheres surrounding the plates. When anoxic gas is applied below a row in 

the plates, this generates an oxygen gradient in the water from high levels at the top surface 

to anoxic conditions in the channels below the permeable membrane and hypoxic conditions 

at the membrane surface.

The data in Figure 5 shows the time response of the oxygen sensor immersed in water in a 

plate well in a humidified air/CO2 incubator at 37 °C. In this case, the Input Gas 2 is 

humidified at 37 °C to deliver a pO2 level of 141 mmHg.19 The sensor records the pO2 

levels at a point 100 μm above the PDMS upper membrane surface (see Methods section). 

The time response is different for 3 and 25 mL/min gas flow rates, which have time 

constants of τ = 0.7 and 0.4 min, respectively. Using 5τ to estimate the time required to 

attain 99% of the desired gas level suggests that the flow rates could be switched every 3.5 

or 2.0 min. The sensor readings equilibrated at a measured pO2 = 2.2 ± 1.0 mmHg at steady 

state. Since the PDMS membrane is 125 μm thick, the oxygen level at the top of the 

membrane, where cells would be growing, is 1.1 mmHg. For three plates fabricated over 1 

month, the average (±SD) for measured pO2 = 1.0 ± 1.1 mmHg when flowing N2/CO2 

through the device. The large SD is due to the sensors operating near their sensitivity limit.
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To demonstrate the resolution in pO2 control attainable in the device, the inset in Figure 5 

shows the sensor readings as the delivered gas is cycled between N2/CO2 and 1% air/CO2; 

(pO2 between 0 and 1.6 mmHg), every 5 min at a flow rate of 25 mL/min. These data show 

we can reliably control and differentiate between pO2 levels of 2 mmHg.

Screening cellular response to changing oxygen levels.

In order to determine the effect of static hypoxia on cell viability or molecular responses, 

flow encoding was used to change wells in row A from 140 mmHg to ~1 mmHg at the first 

time point (t = 0 h). Cells in rows B – G were switched over at t = 6, 12, 15, 18, 21 and 23 h. 

Row H remained at 137 mmHg. This results in a plate with cells exposed to hypoxia for 24, 

18, 12, 9, 6, 3, 1, 0 h periods for rows A – H, respectively. Viabilities or cell numbers were 

no different between normoxic PANC-1 or Caco-2 cells and cells exposed to 24 h of hypoxia 

(Figure S2).

For cycling hypoxia, the flow rates of the gases were altered on 30 min cycles (30 min high 

pO2 – 30 min low pO2) for periods of 24, 18, 12, 9, 6, 3 h for cells in rows B – H.

Time course of changes in HIF-1α expression under hypoxia.

The presence of HIF-1α protein in PANC-1 cells was monitored in fixed cells after exposure 

to 0 – 24 h of hypoxia by immunohistochemistry. The results shown in Figure 6 show little 

or no HIF-1α detectable in cells exposed to normoxia (0 h) or after 1 h of static hypoxia. 

Low levels of HIF-1α are detected after 3 h that increased up to 24 h. These data were 

quantified by image analysis and the results are shown in Figure 7(A). A statistically 

significant increase in HIF-1α is detected at 3 h that increases up to 24 h.

For the PANC-1 cells exposed to cycling hypoxia, HIF-1α staining was seen at 3 h with 

levels increasing up to 24 h. Cycling resulted in higher levels of HIF-1α expression 

compared to static hypoxia. The quantified data is shown in Figure 7(A) with statistically 

significant increases after 3 h.

Similar results were in the Caco-2 cell line with micrographs shown in Figure S3 and 

quantification of the images in Figures 7(A). HIF-1α exposed to static hypoxia is 

significantly increased after 6 h and further increased up to 24 h. When exposed to cycling 

hypoxia, the Caco-2 line also shows increased HIF-1α staining compared to the static levels, 

with significant increases as soon as 3 h.

Time course of changes in glucose uptake activity under hypoxia.

The fluorescent glucose analog 2-NBDG is a functional marker of glucose uptake activity 

via one or more of the glucose transporters.21 The time dependence of 2-NBDG uptake upon 

exposure to static and cycling hypoxia for both the PANC-1 and Caco-2 cell lines were 

detected by fluorescence microscopy. The micrographs are shown in Figures S4. Both static 

and cycling hypoxia induce a steady increase in the uptake of 2-NBDG over 24 h. Cycling 

hypoxia results in a higher level of 2-NBDG uptake at all time points. The image intensities 

due to increased uptake of 2-NBDG were quantified and are shown in Figure 7(B). Static 

hypoxia shows statistically significant increases in 2-NBDG fluorescence at all hypoxic time 
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points compared to the normoxic (0 h) cells. Cycling induces significant changes after 3 h 

for PANC-1 and 6 h for Caco-2 (Figure 7(B)).

Time course of changes in ALDH activity under hypoxia.

The ALDH activity was screened under both static and cycling hypoxia conditions using the 

BAAA fluorescent probe using fluorescence microscopy. The results show that ALDH 

activity increases over 24 h in PANC-1 cells (Figure S5). Cycling hypoxia leads to increased 

activity compared to static hypoxia.

To confirm our microscopy results, BAAA-treated cells were also examined by flow 

cytometry. Control experiments treated cells with ALDH-inhibiting reagent DEAB to 

establish the detection gates (Figure S6). The normoxic control indicated 3.93% of PANC-1 

cells were positive for ALDH activity. Under static hypoxia, this increased over time to a 

maximum of 8.81% of the cells after 24 h (Figure S6). For cells exposed to cycling hypoxia, 

the results are shown in Figure 8. The normoxia control on the cycling plate shows a 

background level of 2.66% of cells staining positive for ALDH activity that increases over 

time to 33.0% at 24 h. On the same plate, 8.23% of cells exposed to 24 h of static hypoxia 

tested positive for ALDH activity.

DISCUSSION

Our laboratory2 and others22–26 have presented designs to control gas delivery to multiwell 

plates. This enables the evaluation of oxygen as controllable variable in high-throughput 

screening studies. However, none of these devices provided a facile method to vary the 

exposure time of cells to altered gas atmospheres. This is important in the study of dynamic 

metabolic networks since cellular response will change over time. For example, earlier 

studies report that hypoxia initially showed increases in HIF-1α protein levels but, 

subsequently, these levels fall even when hypoxic conditions are maintained3–6,8–13. 

However, changes in HIF-1A mRNA5 or transcriptional activity,6 may not correlate with the 

temporal changes in protein levels. Therefore, there is a need to provide a simplified method 

to screen the time dependence of cellular responses to changing oxygen conditions. The 

device described in this report is a modification of our earlier design2 and utilizes a novel 

flow-encoded switching method so that a single plate can be used to follow the kinetics of 

protein or metabolic activity under static or cycling hypoxia. The results show that flow-

encoded switching works well in delivering either one of two input gases to channels below 

each row in a permeable-bottom plate resulting in pericellular pO2 levels of 1 or 137 mmHg. 

This plate design consumes lower gas volumes and is capable of providing rapid cycling 

patterns compared to flushing of hypoxia chambers. In addition, most hypoxia studies use 

standard low-permeability culture dishes and alter media oxygen content through changes in 

gas atmospheres. That approach can result in pericellular pO2 levels that can change over 

time due cellular consumption and oxygen diffusion limitations.27–29 Permeable bottom cell 

plates address this problem and thereby assure cells are exposed to a known, uniform gas 

atmosphere30 and are being utilized to an increasing extent in hypoxia studies.25,26,29,31 

Unfortunately, many hypoxia studies do not report whether permeable bottom plates are 

used and few report on actual pO2 levels in a plate. This new device design provides known 
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and uniform pericellular pO2 levels throughout the experimental time course and is ideal for 

screening the time course of molecular changes induced in cultured cells upon exposure to 

static or cycling hypoxic conditions. Even with measured pO2 ~ 1 mmHg in the wells for up 

to 24 h, cells remained viable.

Using these plates as a screening device, immunohistochemistry is a facile method to rapidly 

and qualitatively evaluate protein expression. In this study, we show that HIF-1α levels 

steadily increase over the 24 h study. This is in contrast to a number of reports that indicate 

HIF-1α levels peak at ≤12 h upon exposure to hypoxia.3–9,12,13 The differences may be due 

to the higher sensitivity for detecting HIF-1α protein by Western blotting in the prior 

studies.

In comparison to cells exposed to static levels of hypoxia, both cell lines showed increased 

staining of HIF-1α in cells exposed to 30 min cycles of hypoxia-reoxygenation at each time 

point. The 30 min cycling period was chosen as an average dominant period found in in vivo 
tumors.32. Previous studies also noted increased HIF-1α protein levels in cells exposed to 

cycling compared to static hypoxia.33,34

Glucose uptake is due, in part to increase in expression of the GLUT-1 protein which is 

under transcriptional control of HIF-1α.14 Activity of GLUT-1 or other glucose transporters 

can be screened using the fluorescent 2-deoxyglucose analog, 2-NBDG.21 Glucose uptake 

increased in both cell lines over 24 h exposure to static hypoxia with greater increases in 

uptake with cycling hypoxia. An earlier study followed the time course of hypoxia-induced 

changes in the GLUT1 gene in Caco-2 cells and initially found lower levels at 3 h than 

higher at 6 h compared to normoxia controls.6 GLUT-1 protein levels were not measured in 

that study and our measure of total functional uptake activity may represent the activity of 

more than one glucose transporter isoform.

Hypoxia, through HIF-1α activation, can also induce stem-cell like characteristics in cells 

characterized by molecular changes that include increased ALDH activity.15 Our data shows 

that ALDH activity increased over time and cycling hypoxia again showed higher levels of 

activity compared to static hypoxia. Earlier studies also demonstrated increased BAAA-

detected ALDH activity upon exposure to hypoxia.35–38 Cycling, as compared to static 

hypoxia is also known to increase stem-like properties in cells.39,40

CONCLUSION

These studies show that flow-encoding, paired with a single permeable-bottom plate can be 

used to easily assess the kinetics of molecular changes in hypoxia-related processes in 

cultured cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
COMSOL modeling of pO2 content in flow-encoding manifold at different flow-rates of 

Input 1 Gas 95% N2 /5% CO2 and Input 2 Gas 95% Air/5% CO2 at an initial time point, t0, 

and arbitrary time points t1,t2. At t1, the N2/CO2 flow rate is increased to 3 mL/min, which 

causes output A to become hypoxic. At t2, the flow rate is further increased to 19 mL/min, 

causing outputs A and B to become hypoxic. The flow rates of the two gases are given above 

the blue and red arrows in each figure. The heat maps of content show sequential switching 

of output gas channels of each row A-B from air/CO2 to N2/CO2 at each time point.
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Figure 2. 
Measured gas outputs from the manifold with flow-encoded switching occurring every 5 

min at the flow-rates given in Table 1. Row H remains at pO2 = 151 mmHg.
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Figure 3. 
Measured pO2 levels at the manifold outputs when the input flow rates were switched every 

5 min and designed to maintain output to Row A at constant N2, output B was cycled 

between N2 and air and the outputs to C-H were held at constant air. Only the outputs to 

rows A - C are shown.
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Figure 4. 
(A) A diagram of the device showing the 96-well plate, the gasket below the plate and the 

gas manifold designed to deliver gas mixtures to channels below each row of wells in the 

plate. (B) A view of the assembled device.

Yao et al. Page 17

Anal Chem. Author manuscript; available in PMC 2021 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Time course of the O2 sensor response in a water-filled well at 37 °C as gas input switches 

from air/CO2 to N2/CO2. The responses shown are for gas flow rates of 3mL/min (black 

line) and 25 mL/min (orange line). The inset shows the response of the sensor in the well 

when gas is cycled between N2/CO2 and 1% air/CO2 (pO2=1.6 mmHg) every 5 min.
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Figure 6. 
Histochemistry of HIF-1α in PANC-1 cells exposed to static hypoxia (top series) between 0 

and 24 h. The bottom series shows cell response to cycles of 30 min of hypoxia followed by 

30 min of air for periods between 0 and 24 h. The top row in each series shows HIF-1α 
staining whereas the bottom rows show DAPI staining of cell nuclei.
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Figure 7: 
Quantification of fluorescent micrographs for (A) HIF-1α immunohistochemistry and (B) 2-

NBDG uptake in PANC-1 cells and Caco-2 cells under static (stat) or cycling (cyc) hypoxia 

for periods ranging between 1 and 24 h (static) or 3 – 24 h (cycling). The key to the bar plots 

in both figures is shown in (A). The asterisks denote statistical significance (P < 0.05) for 

hypoxic cells compared to the normoxic control (0 h).
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Figure 8. 
Flow cytometry results for aldehyde dehydrogenase activity in PANC-1 cells exposed to 

cycling hypoxia. The percent of cells staining positive for ALDH activity are shown in the 

lower right of each plot.
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Table 1.

Predicted pO2 Levels From Input Flow Rates

Flow Rates (ml/min) Predicted pO2 Outputs (mmHg)

time Input1 Input 2 A B C D E F G H

t0 0 100 151.0 151.0 151.0 151.0 151.0 151.0 151.0 151.0

t1 3 100 0.6 149.8 151.0 151.0 151.0 151.0 151.0 151.0

t2 19 100 0 0.5 149.9 151.0 151.0 151.0 151.0 151.0

t3 49 100 0 0 0.5 150.6 151.0 151.0 151.0 151.0

t4 100 100 0 0 0 0 150.6 151.0 151.0 151.0

t5 100 49 0 0 0 0 0.2 150.1 151.0 151.0

t6 100 19 0 0 0 0 0 0.5 149.9 151.0

t7 100 3 0 0 0 0 0 0 0.6 149.8
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