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Abstract

A microfluidic system for cell culture and drug response studies was developed to elucidate the 

effects of hypoxia on drug susceptibility. Drug response studies were performed in prostate cancer 

cells and Ramos B cells under normoxic and hypoxic conditions. A vacuum actuated microfluidic 

culture device was used for cell culture and PC3 cells were cultured in the chip up to 16 hours. 

Cells were treated with several concentrations of staurosporine and apoptosis was assayed using 

the fluorescent probes MitoTracker Red and Annexin-V. For hypoxic samples, the chip was 

placed in a hypoxia chamber and pre-conditioned at <1% oxygen before inducing the cells with 

staurosporine. Cells exposed to 2 μM staurosporine were 32% ± 10% apoptotic under normoxic 

conditions but only 1.5% ± 12% apoptotic under hypoxic conditions. As little as 1 hour of hypoxic 

preconditioning increased drug resistance. Cell apoptosis correlated with drug dose, although in 

each case hypoxia reduced the apoptotic fraction significantly. Given the rapid nature of cell 

adaptation to hypoxia, this chip and analysis approach can be used to identify compounds that can 

induce cell death in hypoxic tumor cells rapidly.

Introduction

Resistance to chemotherapy has been identified as a significant problem in the treatment of 

cancer (1,2). The behavior and prognosis of malignant tumors are influenced by 

heterogeneities in tumor microenvironment (3,4). One of the critical features of the solid 

tumor environment is hypoxia (1–4). Inadequate or defective vasculature in the tumor mass 

leads to decreased oxygen concentration in a subset of tumor masses causing them to be 

hypoxic. Hypoxia can be acute or chronic depending upon the length of hypoxic periods 

(5,6). In chronic hypoxia, the distance of the blood vessel from the tumor creates low 

oxygen concentration within the tumor mass for several days whereas acute hypoxia is 

caused by the fluctuations of the oxygen concentration and it is more transient in nature. 

Hypoxia has been detected previously in human prostate cancer cells (7). Movsas and 

coworkers have used oxygen microelectrodes during surgery to detect the presence of 

hypoxic regions in prostate cancer (8). In another study, positron emission tomography 

(PET) was used to detect the regional hypoxia on various kinds of cancer (9). Reports on 

tumor hypoxia suggest that hypoxic adaptation should be considered in management of solid 

tumors (10,11,12). Hypoxia has been associated with resistance of cancer cells towards 
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radiotherapy and chemotherapy (1–4). Resistance to therapy may be developed because of 

several factors such as direct lack of oxygen, altered cellular metabolism of drugs under 

hypoxic conditions, hypoxia-induced changes in cell cycle or via genetic instability 

(13,14,15). During the course of hypoxia, tumor cells may adapt to low oxygen levels by 

changing their gene expression pattern. The Hypoxia Inducible Factor (HIF-1) has been 

identified as one of the gene regulators during hypoxia (16,17,18). Studies performed on the 

efficacy of cancer drugs are usually carried out at a normal oxygen concentration which 

might not be a true indicator of effects of cancer therapies. Therefore, while testing cancer 

drugs, it is important to test on hypoxic cells.

Microfluidic platforms are amenable to cell based studies. Microfabricated devices provide 

an increase in temporal and spatial resolution and the throughput of analysis and at the same 

time are more cost effective than traditional culture systems (19,20). In the past, several in 

vitro drug response studies and gradient based drug studies have been performed in 

microfluidic devices (21,22,23). The temporal resolution of cellular assay increases greatly 

in a microfluidic system when compared to tissue sections or in vivo studies performed on 

animals. Microfabricated devices offer parallelization and high throughput drug screening at 

a shorter time (24,25,26). Also, microdevices can be integrated with several functionalities 

such as oxygen sensing (27,28,29). In the past, our group has used low-shear microfluidic 

device with oxygen sensing capability to study cardiomyocyte response towards ischemia/

reperfusion injury (29). In that work, we demonstrated that reperfusion of oxygen triggers 

apoptosis in hypoxic cardiomyocytes.

In this paper, we used a vacuum actuated culture device to study the cellular response 

towards an anti-cancer agent under both normoxic and hypoxic conditions. The device has 

been used previously in our group for long-term culture of multiple cell lines and to study 

apoptosis of 4 different cell lines at the same time under normoxia (30). Vacuum actuation 

has been developed as a straightforward approach to cell loading in low-shear devices (31). 

In this work, we were able to deplete oxygen from the chip in under 5 minutes, allowing us 

to control the period of hypoxia. Oxygen sensing was achieved using fluorescence 

quenching of ruthenium dye. Our device was able to create a precise and independent 

control of oxygen and nutrients. Prostate cancer cells were cultured in a low-shear 

environment at 21% oxygen and at <1% oxygen concentrations. Mitochondrial membrane 

potential was measured after treating the cells with various doses of staurosporine. Our 

approach offered real time imaging of cells with improved temporal dynamics, identifying 

apoptotic cells as early as 1 hour after drug treatment. Our findings show that there is a 

significant difference in the response of cancer cells towards the same dose of the drug at 

normoxic vs. hypoxic conditions; at 2 μM drug concentration, cells at normoxic conditions 

were 20 times more depolarized than the cells at hypoxic condition at the first hour of drug 

treatment. Moreover, we show that even a short period (1 hour) of hypoxia is sufficient to 

enhance drug resistance in cancer cells.
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Materials and Methods

Chip fabrication

Devices were fabricated using standard multilayer soft lithography procedures. The detailed 

description of device fabrication and operation is described in our previous work (30). The 

dimensions of the channels are given in Table E1 (see Supplementary Information). To 

fabricate devices, a 5:1 ratio mixture of PDMS pre-polymer and curing agent (Dow sylgard 

184) was weighed and degassed to make the top layer (control layer). The mixture was then 

molded against the wafer and baked at 95 °C for 1 h. A 25:1 ratio was used for the bottom 

fluidic layer. The mixture was then poured onto the silicon wafer and spin-coated at 2000 

rpm for 30 s. After baking at 70 °C for 30 min, the control layer was placed on top of the 

fluidic layer. The assembly was then baked at 120 °C for 2 h to form a seal. The resulting 

PDMS slab was then sealed onto a glass slide using oxygen plasma after punching holes for 

inlet and outlet connections. The device consisted of 256 culture chambers. The volume of 

each culture chamber was 5.7 nL and number of cells loaded into in each chamber varied 

from 10–50 cells.

Cell culture and loading

Human prostate cancer cells (PC3, ATCC CRL1435) were maintained in a culture flask in 

an incubator at 37 °C and 5% CO2. On the day of the experiment, cells were removed from 

the flask by trypsinization and stained with MitoTracker DeepRed (Invitogen) solution (150 

μM in PBS) for 30 minutes at 37° C to measure mitochondrial membrane potential loss. For 

experiments of phosphatidylserine externalization, Mito Tracker Deep Red was not used. 

After washing once with PBS, the cells were resuspended in culture medium (RPMI + 10% 

FBS + 20mL Antibiotic) and kept in the incubator until the device was ready for loading. 

The chips were injected with the cell solution and vacuum pump was connected to the 

vacuum line. The vacuum pump was turned on and the cells were seeded in the side 

channels using vacuum actuation (30). Once all the chambers were filled with medium, the 

vacuum was turned off. The medium was then flowed into the chip at the rate of 0.1mL/hr, 

which was optimized in our previous work (30). At the flow-rate of 0.1mL/hr, the device has 

been shown to produce apoptosis response in the time span comparable to the Petri dish 

studies

Oxygen control

For chips where hypoxic conditions were produced, the chips were placed inside a small 

metal hypoxic chamber on the microscope stage. The bottom part of the chamber consisted 

of a rectangular opening and the top part was made of polycarbonate to facilitate cell 

imaging (Figure 1B). The chamber consisted of an inlet and outlet for nitrogen flow to 

displace oxygen and induce hypoxia. This setup allowed for rapid and precise control of the 

oxygen content on the chip. Fluorescence quenching of Tris(4,7-diphenyl-1,10-

phenanthroline)- ruthenium(II) dichloride (250 μM) was used to monitor oxygen content in 

the chip at the inlet and the main channel. The calibration of the device is described in our 

previous work (29). A 3-point calibration was performed at 0%, 21% and 100% oxygen. The 

Stern-Volmer equation was used to convert fluorescence intensity to oxygen percentage. For 

the control experiment and the normoxic sample, the chip was placed on a heating stage 
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maintained at 37 °C. For the hypoxic sample, the chip was placed in a hypoxic chamber 

which was then placed on the heating stage. Nitrogen was then flushed in the chamber to 

remove the oxygen. For the drug response studies, staurosporine in RPMI was flowed 

through the inlet in normoxic and hypoxic samples. Hypoxic samples were pre-conditioned 

without the drug under <1% oxygen for at least 1 hour before starting the flow of drug 

solution.

Fluorescence microscopy and apoptosis study

MitoTracker Deep Red (MTDR) was used to assay membrane potential in PC3 cells and 

Ramos B cells. The loss of membrane potential as the mitochondria depolarized resulted in 

the release of MTDR from the mitochondria and a subsequent decrease in fluorescence. At 

each time frame, 3–9 culture chambers were analyzed (n = 30–150 cells. Cells were imaged 

on an inverted microscope (IX71, Olympus) with a 10X, 0.25 NA objective for white light 

and fluorescence images. A 200 W metal halide lamp (Prior Scientific) and filters 

appropriate for MTDR were used for fluorescence excitation and collection. Images were 

acquired with a 16-bit CCD camera (Orca, Hamamatsu) and processed in ImageJ software 

(National Institutes of Health). The exposure time was 50 ms. The intensities of cells 

induced with staurosporine at normoxic and hypoxic condition was measured as a function 

of time. Control experiments were performed without any drug. The mean intensities of 

control cells were used to set the threshold. Cells falling below (μ-3σ) were counted as 

depolarized cells, where μ is mean of the control fluorescence intensities and σ is the 

standard deviation. For the measurement of phosphatidylserine externalization, Annexin V-

Alexa Fluor 647 (Invitrogen) was used in combination with the viability dye Sytox Green 

(Molecular Probes). For this experiment, cells were stained on chip after 8 hour long drug 

treatment by flowing the dye solution at 0.1ml/hr for 30 minutes. Cells stained positively 

with Annexin V-Alexa Fluor 647 and negatively with Sytox Green were counted as 

apoptotic and cells stained with both dyes positively were counted as dead.

Results and Discussion

Chip operation

The cell culture chip, shown in Figure 1A, was based on our previous vacuum actuated 

design (30). The bottom fluid layer and top control layer were separated by a thin PDMS 

layer. The gas permeability of PDMS led to facile cell loading and assisted in the removal of 

air bubbles. The air in each culture chamber was removed by the use of vacuum and resulted 

in cell loading at the same time. This kind of chip design has been previously shown to 

culture the cells up to 168 hours with >96% viability (29). For our experiment, we cultured 

prostate cancer cells (PC3) up to 16 hours in the chip. For the experiments involving 

hypoxia, the chip was placed in the hypoxic chamber (Figure 1B) to remove the oxygen and 

produce hypoxic condition for the cells. In the current study, we continuously created a 

hypoxic environment for the cells during the period of drug treatment. Hypoxic pre-

conditioning was performed for multiple time frames, 1 hr, 4 hrs and 8 hrs.

Solid tumors experience hypoxia as they grow. As the distance between the blood vessel and 

the core increases, the cells within the sections of the tumor start experiencing low oxygen 
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environment. The oxygen concentration can reach lower than 1%. The design of the chip 

allowed it to be conveniently placed inside the hypoxia chamber and oxygen concentration 

was measured by using oxygen sensing dye, Tris(4,7-diphenyl-1,10-phenanthroline) 

ruthenium(II) dichloride, as described in our previous work (29). This method allowed for 

measurement of oxygen concentration without the use of electrodes which require physical 

access to the chip. The oxygen permeability of PDMS is very high which allowed for the 

attainment of 1% oxygen within 5 minutes (Fig 2). As shown in the figure, the increase in 

intensity of the oxygen-sensing dye corresponds to the decrease in oxygen concentration. To 

eliminate the possibility of oxygen introduction in chip through the constant flow of 

medium, we performed oxygen measurements at the inlet of the chip and the beginning of 

the culture chamber regions in the main channel. The difference between the oxygen 

concentration in the inlet and the main channel was less than 1% within the first 5 minutes. 

Moreover, within 8 minutes, both regions measured in the chip had oxygen concentrations 

that were close to 0%. Although the medium was oxygenated, the fluidic volume in the chip 

is much smaller than the volume of PDMS. As seen in Figure 2, within one minute the 

oxygen in the chip fluidic circuit decreased to approximately 6% at the inlet, indicating that 

the bulk PDMS was deoxygenated and allowed oxygen to permeate out of the medium. 

After five minutes the PDMS was deoxygenated enough to make the difference between the 

inlet of the chip and the culture chambers in the main channel nearly identical. Thus, 

induction of hypoxia was very rapid in the chip allowing for shorter period of pre-

conditioning to have a significant difference in the drug response of prostate cancer cells. In 

addition, the continuous introduction of oxygenated medium did not affect hypoxic 

conditions in the chip.

Drug response under normoxic and hypoxic condition: early stage apoptosis markers

Hypoxia causes therapeutic resistance to chemotherapy (1–5). Cells can adapt to low oxygen 

levels by changing their gene expression patterns. This adaptation occurs via a 

transcriptional response pathway mediated by the Hypoxia Inducible Factor (HIF)-1. Cancer 

cells experience hypoxia when the distance between the blood vessel and the cells is large 

and mass transport is limited. In cells treated with staurosporine under normoxia, 

MitoTracker Deep Red fluorescence decreased at a greater rate as compared with the cells 

treated under hypoxic conditions (Figure 3A). At 1 hour of drug treatment alone, the 

percentage of apoptotic cells was 32% ± 10% at normoxic conditions, but only 1.5% ± 12% 

at hypoxic conditions. These fractions of apoptotic cells were statistically different from 

each other at the 95% confidence level. It is important to note that even one-hour 

preconditioning of hypoxia was enough to instill resistance to the drug. Over the entire 

course of study, the number of apoptotic cells continued to increase in the normoxic, drug 

treated cells. However, hypoxic, drug treated cells continued to remain healthy and were 

statistically identical to control cells. These results indicate that even short periods of 

hypoxia decrease susceptibility to staurosporine. Changes in cellular metabolism of the drug 

in lower oxygen microenvironment or hypoxia induced changes in genes might be the 

reason behind the chemotherapeutic resistance in hypoxic cells.

In order to look at the response of prostate cancer cells according to drug dose, we then 

treated cells with lower (0.2 μM) and higher (10 μM) doses of staurosporine. At lower 
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concentrations, the control cells and drug treated cells did not show significant difference in 

the apoptosis percentage, regardless of oxygen concentrations (data not shown). The lack of 

apoptosis might be because the 0.2 μM concentration was insufficient to trigger apoptosis in 

the eight-hour experiment duration. At a concentration of 10 μM under normoxic conditions, 

the fraction of apoptotic cells reached 95% ± 7% after 6 hours. However, only 15% ± 6% of 

drug treated cells under hypoxic condition were apoptotic (Figure 3B). Interestingly, the 

fraction of apoptotic cells in the hypoxic case did not increase after this maximum value was 

reached, indicating that only a fraction of the cells were susceptible to apoptosis induction at 

higher drug concentrations.

In order to further investigate this possible subpopulation of cells that were more susceptible 

to higher doses staurosporine under hypoxic treatment, we studied the effect of hypoxic 

preconditioning on the drug responses. Cells were pre-conditioned for 4 hours and 8 hours 

before inducing with 10 μM staurosporine (Figure 3B). At longer pre-conditioning, the 

susceptibility to staurosporine was not statistically different than 1 hour pre-conditioning. 

Therefore, we concluded that 1 hour pre-conditioning was sufficient to study hypoxic 

modulation to drug susceptibility. It is important to note that in future studies hypoxia 

preconditioning duration must be evaluated for new cell lines. We have shown that drug 

efficacy testing can be performed in our device, and that short hypoxic periods result in 

significant resistance to drug-induced apoptosis. In recent work by Qiao and Ma (15), they 

showed that LNCap and HeLa cells were less susceptible to radiation damage and drug 

treatment under hypoxia. Interestingly, we observed a greater difference between hypoxic 

and normoxic drug treated cells, although our assay for membrane potential differed from 

their measurements of DNA damage.

Hypoxia is a feature of solid tumors. Suspended cells such as lymphocytes on the other hand 

do not routinely undergo hypoxia. Thus, the ability to rapidly adapt to hypoxia might not be 

present in case of suspended cells. In past, we have used Ramos cells as a cell model for 

apoptotic studies (30). We treated Ramos B cells with 2 μM staurosporine under normoxic 

and hypoxic condition (Figure 4). At 3 hours, the fraction of apoptotic cells under normoxic 

and hypoxic conditions were not significantly different from each other. Our result indicates 

that the hypoxic mechanism plays a role in decreased drug susceptibility.

Phosphatidylserine externalization

One key benefit of our approach is that we can use different approaches to determine cell 

response instead of only one assay. Staurosporine triggers apoptosis via the mitochondrial 

pathway, resulting in the loss of membrane potential and release of cytochrome c in the 

earliest steps. To support our result of mitochondrial membrane potential loss, we also 

measured phosphatidylserine externalization in drug treated cells under normoxic and 

hypoxic condition. Annexin V probes are commonly used to assay phosphadylserine 

externalization, and indicate mid-stage apoptosis. We first cultured prostate cells in the chip 

and induced apoptosis with 2 μM staurosporine for 8 hours and afterwards stained the cells 

for phosphatidylserine externalization and viability. For hypoxia measurements cells were 

preconditioned for 1 hour.
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Cells positive for Annexin V-Alexa Fluor 647 and negative to Sytox Green were counted as 

apoptotic cells and cells positive for both dyes were counted as dead cells. The Total 

percentage of apoptotic and dead cells was approximately 5% in the hypoxic sample, 

compared to an apoptotic fraction of 38% in the normoxic sample (Figure 5). These 

fractions of apoptotic cells were statistically different from each other at the 95% confidence 

level. In this case viability was also assayed, and as expected a larger fraction of cells were 

already dead after the eight-hour drug exposure in the normoxic case. The fraction of 

apoptotic and dead cells was nearly identical to the control cells, indicating that necrosis is 

not an alternate death pathway for hypoxic cells. The phosphatidylserine externalization 

experiments show that apoptosis continues to its end point in our studies, and that hypoxia 

conditions cells toward drug resistance. In future work, we will explore other cellular 

parameters to determine mechanisms of drug resistance, and also expand the types of cells 

and drugs assayed in these chips.

Conclusion

Drug resistance in cancer cells continues to be a problem in cancer treatment and drug 

discovery. Hypoxia in solid tumor masses plays an important role in cellular adaptation and 

changes in gene expression that result in resistance towards chemotherapy and radiotherapy. 

Our approach was able to produce 1% oxygen within 5 minutes and was able to elucidate 

cell response to a therapeutic compound under hypoxic and normoxic conditions. Cells 

preconditioned under hypoxic conditions for 1 hour showed a significant difference in drug 

response as compared to the cells cultured under normoxic conditions, indicating that our 

methods can be used to rapidly assess the efficacy of anti-cancer compounds against 

hypoxic tumor cells. In the future, we will use this microfluidic device to culture multiple 

cancer cell lines at the same time and study the differences in cell response under normal 

and hypoxic conditions for a wide range of anti-cancer compounds.
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Figure 1. 
Hypoxia Chip design (A). The multilayer device contains a bottom layer with identical, low-

shear culture units. In this work, each unit has the same conditions. The upper layer contains 

vacuum channels to load cells into the culture units (ref. 30, 31). Cells were loaded by 

vacuum actuation into the culture units and constant medium flow maintained nutrients in 

the culture units. The chip is placed in a hypoxia chamber (B) to control oxygen 

concentrations in the chip. The chamber was placed on a heating stage and allowed for 

fluorescence and white light imaging. The medium flowing into the chip inlet was changed 

to introduce fluorescent probes when needed. For oxygen concentration measurements, the 

chip was filled with a solution of an oxygen-sensitive dye and fluorescence images were 

recorded.
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Figure 2. 
Oxygen concentrations in hypoxia chips with constant introduction of medium. The 

concentration of oxygen was measured at two points in the chip, the inlet and the main 

channel (located at the first culture unit). The increase in fluorescence intensity of the 

ruthenium dye corresponds to the decrease in oxygen concentration. After 5 minutes, the 

oxygen concentration at both points was 1%. Errors represent 1 standard deviation of the 

mean signal (oxygen concentration error bars are too small to be seen). The deoxygenated 

PDMS served as an oxygen sink, so that oxygen entering the chip (via infused medium) was 

removed before reaching the culture inlets.
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Figure 3. 
Dose response study of prostate cancer cells towards staurosporine under hypoxic and 

normoxic conditions. The number of cells with depolarized mitochondria (indicated early 

stage apoptosis) were measured as a function of time. Control measurements were 

performed (black squares) for 8 hours under normoxic conditions without staurosporine. 

Hypoxic studies (red circles) were conducted at <1% oxygen in the presence of 

staurosporine. Normoxic measurements (purple triangles) were conducted at 21% oxygen in 

the presence of staurosporine. The dashed rectangle represents a one-hour period of hypoxic 

preconditioning that preceded hypoxia studies in (A), but not normoxia and control 

measurements. At 2 μM staurosporine (A), there was a statistically significant difference in 

the number of drug-treated apoptotic cells under hypoxic and normoxic conditions. 32% ± 

10% of cells were depolarized under normoxia, while less than 1.5% ± 12% of cells were 

apoptotic under hypoxia. At 10 μM staurosporine (B), the fraction of apoptotic cells after 6 

hours of drug treatment was 95% ± 7% under normoxia and 15% ± 6% under hypoxia. . 
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These fractions of apoptotic cells were statistically different from each other at the 95% 

confidence level. Lower concentrations (0.2 μM) of staurosporine did not elicit a response 

from cells for the 6 hour measurement period under hypoxic or normoxic conditions (data 

not shown). The short period of hypoxic preconditioning was sufficient to instill increased 

resistance to staurosporine, indicating that cell protective measures are rapidly activated and 

greatly affect drug efficacy measurements. PC3 cells were also pre-conditioned at <1% 

oxygen for 4 hours and 8 hours (B) before drug induction. Periods of 1 hour, 4 hour and 8 

hour pre-conditioning did not yield statistically significant differences in drug response.
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Figure 4. 
Drug response of suspended B lymphocyte cancer cells. Ramos B cells were treated with 2 

μM staurosporine at normoxic (purple triangles) and hypoxic (red circles) conditions. 

Control measurements were performed (black squares) for 6 hours under normoxic 

conditions without staurosporine. The number of cells with depolarized mitochondria were 

measured as a function of time. The response of B cells toward staurosporine was not 

significantly different under hypoxic and normoxic conditions. Suspended cells do not 

posses hypoxic regions. Therefore, hypoxia adaptive mechanism is not present in these 

kinds of cells rendering them susceptible to drugs even at hypoxic conditions.
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Figure 5. 
Late-stage apoptosis measurements under hypoxia and normoxia. Measurement of 

phosphatidyl serine exposure using Annexin V and Sytox Green showed that apoptotic cells 

continued through the cell death cascade when treated with the drug (2 μM staurosporine). 

(A) Representative white light and fluorescence images of apoptotic (Annexin V + and 

Sytox Green -) and dead (Annexin V + and Sytox Green +) cells. After 8 hours of drug 

incubation 1.2% ± 6% of cells were apoptotic and 4.2% ± 6% of cells were dead under 

hypoxic conditions, indicating hypoxia continued to safeguard cells against apoptosis. In 

normoxic chips, 39 ± 8% of cells were apoptotic and 31% ± 8% cells were dead after 8 
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hours of treatment with the drug. The fractions of apoptotic and dead cells were statistically 

different from each other and the control samples at the 95% confidence level.
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