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ABSTRACT

Cancer metastasis, which is prevalent in malignant tumors, is present in a variety of cases depending on the primary tumor and metastatic
site. The cancer metastasis is affected by various factors that surround and constitute a tumor microenvironment. One of the several factors,
oxygen tension, can affect cancer cells and induce changes in many ways, including motility, directionality, and viability. In particular, the
oxygen tension gradient is formed within a tumor cluster and oxygen is lower toward the center of the cluster from the perivascular area.
The simple and efficient designing of the tumor microenvironment using microfluidic devices enables the simplified and robust platform of
the complex in vivo microenvironment while observing a clear cause-and-effect between the properties of cancer cells under oxygen tension.
Here, a microfluidic device with five channels including a gel channel, media channels, and gas channels is designed. MDA-MB-231cells are
seeded in the microfluidic device with hydrogel to simulate their three-dimensional movement in the body. The motility and directionality
of the cancer cells under the normoxic and oxygen tension gradient conditions are compared. Also, the viability of the cancer cells is ana-
lyzed for each condition when anticancer drugs are applied. Unlike the normoxic condition, under the oxygen tension gradient, cancer cells
showed directionality toward higher oxygen tension and decreased viability against the certain anticancer drug. The simplified design of the
tumor microenvironment through microfluidic devices enables comprehension of the response of cancer cells to varying oxygen tensions
and cancer drugs in the hypoxic tumor microenvironment.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011216

I. INTRODUCTION

Cancer metastasis refers to the spread of a tumor from the
primary site to the secondary sites within the body. The risk of cancer
metastasis from malignant tumors is emphasized because of the possi-
bility of secondary tumor formation at the target organ which leads to
the increased mortality. In particular, breast cancer, which is most
common among women, is highly metastatic.1 Therefore, early treat-
ment is important to prevent the secondary tumor formation, and
consequently, the market for the cancer treatment is also growing.2,3

In the tumor microenvironment, cancer cells are usually clus-
tered in the form of spheroids and affect the extracellular matrix
(ECM), the vascular system, the lymphatic system, and various cell
types (lymphocytes, macrophages, fibroblasts, neutrophils) around

that milieu.4,5 These excessive tumor mass in a confined space makes
a reduced supply of various nutrients for survival, including oxygen,
relative to the normal tissue.6 The tumor microenvironment with
poor oxygen supply leads to chronic or transient hypoxia, which
changes the characteristics and the physiologies of the cancer cells
including motility and drug resistance through oxygen-specific
marker, hypoxia-inducible factor (HIF).7,8 Changes in the motility of
cancer cells by the HIF pathway can be found not only in the constant
hypoxic environment but also in the periodic hypoxic environment.9

Recently, some studies on the motility of cancer cells under
the hypoxic environment have been conducted, and they revealed
that the hypoxic environment affects the activity of the cancer
cells.10,11 Therefore, when it comes to the cancer metastasis, the
hypoxic environment is a valuable area of discussion. Besides the
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cancer cell motility, the efficacy of anticancer drugs could also be
different in the conditions of hypoxia and normoxia.6 Due to
hypoxic conditions, certain anticancer drugs are known to enhance
their efficacy in a hypoxic environment.12,13 Thus, the study of the
hypoxic tumor microenvironment is essential for understanding
the tumor model as well as when screening for anticancer drugs.

However, it is difficult to observe the distinct causality of cancer
cell behaviors and hypoxic stimulation in vivo because of simultane-
ous action of the various physicochemical factors including blood
flow14 and different kinds of chemoattractants.15,16 These multiple
factors affect the characteristics and physiologies of the cancer cells in
addition to the formation of the hypoxic condition in the tumor
microenvironment.17 As an example, in vivo experiments with xeno-
graft models require a transplantation between different animals,
which means that some genetic defects and the lack of an immune
response make it difficult to achieve the corresponding efficient
results.18 On the other hand, in vitro experiments have the advantages
of cost-effectiveness and high throughput compared to the in vivo
experiments, but the conventional two-dimensional (2D) in vitro
experiments are insufficient to simulate the physiological environ-
ment in the body. Understandably, in three-dimensional (3D) micro-
environment, cells exhibit different morphological and mechanical
behaviors than in the 2D environment.19 Furthermore, cell culture
conditions are crucial to the cellular behavior that depending on the
cell culture condition, even at the same drug concentration, some
anticancer drugs may selectively develop a drug resistance.20

Microfluidic-based 3D in vitro experimental systems have emerged to
overcome this problem and have the advantage in mimicking physio-
logical microenvironment.21 In addition, the hydrodynamically
designed devices allow us to investigate on cellular behaviors by con-
trolling concentration of chemoattractants, flow rate, and various
physical stimuli that were difficult to control with in vivo experi-
ments.22 In these regards, the microfluidic devices not only enable
the simulation of 3D microenvironments in the body but also allow
comparisons on the migratory behavior as well as the drug response
of cancer cells in hypoxic environments.

Indeed, the oxygen tension varies between organs within the
body, and a number of previous studies worked on controlling
oxygen tension in microfluidic devices. Since polydimethylsiloxane
(PDMS), a porous material, has permeable properties to gas, there
have been attempts to control the peripheral area of the device with
diffusion by designing a separate gas channel in the microfluidic
device.23–25 Using this technique, the previous research analyzed the
signaling pathways and the physical behavior of the cells related to
the hypoxic environment by controlling the oxygen tension in the
microfluidic devices.26,27 These studies on the physical properties of
cells have focused on the homogeneous low oxygen levels in the body
and applied constant low oxygen tension environment. However, in
the actual tumor microenvironment, the oxygen tension decreases
toward the center of the tumor, forming an oxygen tension gradient,
and thus, an additional study is required.28

Here, we present a microfluidic device with an oxygen tension
gradient to mimic the oxygen tension gradient produced in a tumor
microenvironment. Fine control of oxygen level allows us to observe
the delicate responses of cells to the external stimuli. We form a
stable oxygen tension gradient in the microfluidic device and show
that the cancer cells tend to migrate in the direction of higher oxygen

tension in the region where the oxygen tension gradient is formed.
Furthermore, in the case of certain anticancer drugs, the oxygen-
dependent efficacy is observed. The microfluidic device, which is
designed to consider the oxygen gradient in tumor microenviron-
ment, makes it possible to more clearly observe the causal relation-
ship between the changes in the oxygen tension and the responses of
the cancer cells that were difficult to observe previously. Therefore,
these results contribute in further development of in vitro models for
future studies on tumor microenvironment and cancer treatments.

II. MATERIALS AND METHODS

A. Microfluidic system

A microfluidic device composed of five channels including a
gel channel, media channels, and gas channels was designed by

FIG. 1. Schematic of the microfluidic system. (a) The microfluidic device consists
of two gas channels (blue), one gel channel (lime green), and two media channels
(red). (b) Schematic under the condition of oxygen tension gradient. Oxygen-
permeable PDMS yields gas exchange between gas channels (light blue and blue)
and the middle gel channel (lime green), where cancer cells (red dots) are present.
The migration of the cancer cells was analyzed by dividing the oxygen tension into
a low level (left) and a high level (right). (c) Definition of migration metrics.
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referring to the previous research [Fig. 1(a)].26,29 The gas channels
are arranged symmetrically about the gel channel. Each gas
channel is spaced 150 μm from the medium channels adjacent to
the gel channel. Since PDMS is gas-permeable, the intermediate
gel and medium channels are thus affected by gases with differ-
ent oxygen tensions that diffuse from the gas channels. A single-
layered SU-8 mold with the device design was made by the nega-
tive photoresist. Briefly, a mixture of polydimethylsiloxane
(PDMS, Dow Corning) base and the curing agent at a weight
ratio of 10:1 was poured on the mold. Then, the bubbles encapsu-
lated in the mold were removed by placing it in a vacuum desic-
cator. After curing for 2 h in an oven at 80 °C, the ports of gel
channel, gas channels, and media channels were punched using a
puncher having a diameter of 1, 2, and 4 mm, respectively.
Perforated PDMS was sterilized in the autoclave with and
without de-ionized water (DI water). Finally, the PDMS and a
coverslip sterilized by the same procedure were bonded after
plasma treatment and incubated in the oven overnight for recov-
ery of hydrophobicity.

B. Cell culture

MDA-MB-231 cells (Korean Cell Line Bank) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Lonza) supple-
mented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1%
(v/v) antibiotic-antimycotic solution (Gibco). The cells were
incubated in a CO2 incubator at 37 °C and 5% CO2. When the
cancer cells reached 70–80 confluency, 0.25% trypsin-EDTA
(Gibco) was used to detach the cancer cells from the culture dish.
The detached cancer cells were concentrated to 0.6 × 106 cells/ml
in 4 U/ml thrombin solution. Next, a fibrin gel at the final con-
centration of 2.5 mg/ml with a cell density of 0.3 × 106 cells/ml
was injected into the gel channel by mixing a 1:1 volumetric ratio
of 5 mg/ml fibrinogen solution and the previous thrombin solu-
tion containing cell suspension [Fig. 1(b)]. The gel-infused
device was placed in the humidity chamber for 12 min for gela-
tion and incubated for one day before each experiment for the
mechanical stabilization of the gel.

C. Generation of oxygen tension gradient and
validation

Oxygen tension gradient was formed in the cell culture region
of the microfluidic device by flowing anoxic gas in the right gas
channel and normoxic gas in the left gas channel. The anoxic gas
consisted of 0% O2, 5% CO2, and 95% N2, whereas the normoxic
gas mixture contained 21% O2, 5% CO2, and 74% N2 [Fig. 1(b)].

Two methods, simulation and experimental approaches, were
used to check the oxygen tension in the microfluidic device. First,
commercial finite element software (COMSOL Multiphysics 5.3a,
COMSOL Inc.) was used for the simulation. The continuity equa-
tion, the Navier–Stokes equations, and the convection–diffusion
equation were employed for the gas flow analysis and calculation of
the oxygen tension in the microfluidic device. The properties
(density, viscosity, diffusivity, etc.) of gel, medium, PDMS, and gas
for the numerical analysis were referred by the previous study.26

And the Péclet number, a dimensionless number, was used to
investigate the convection and diffusion of the oxygen in the device

according to the gas flow rate,

Pe ¼ UL
D

, (1)

where U is the average flow velocity in the gas channels, L is the
hydraulic diameter of the gas channels, and D is diffusivity of
oxygen in the air. The contents of the simulation are divided into
three parts. First, the oxygen tension in the gel and media channels
was calculated according to the magnitude of the Pe number at
steady-state [Figs. S1(a) and S1(b) in the supplementary material].
Next, when the Pe number was 100, the oxygen tension of the gel
channel was calculated in the transient state [Figs. S1(c) and S1(d)
in the supplementary material]. Finally, the oxygen tension at the
center of the gel channel was represented by a convergence curve
over time [Fig. 2(a)].

As an experimental approach to verify the simulation results,
the oxygen-sensitive dye tris(2,20-bipyridyl) dichlororuthenium (II)
hexahydrate (RTDP, Sigma-Aldrich) was used. RTDP at 5 mg/ml
was filled in the gel and medium channels of the device. In order

FIG. 2. Oxygen tension validation through simulation and experimental methods
confirms that the oxygen tension gradient forms stably. (a) The convergence
curve of the oxygen tension at the midpoint of the gel channel (red dot) was cal-
culated. The gas flow velocity was set to Pe = 100. In the graph, the oxygen
tension changed significantly until 30 min and then reached a quasi-steady-state
after 60 min. (b) Fluorescence images from the oxygen-sensitive dye were ana-
lyzed in the direction across the channel as shown. The graph shows the
oxygen tension gradient formed in the gel channel (lime green) as a result of
the experiment and simulation when Pe = 100. Error bars mean the standard
deviation.
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to measure the oxygen tension at the steady-state, a fluorescent
image was measured 90 min after the gas was supplied to the gas
channels (Fig. S2 in the supplementary material). A sufficient flow
rate of gas was flowed to prevent changes in gas composition inside
the gas channels. In order to remove the background noise caused
by the fluorescence refraction generated by the microstructure
of the device, the gray value of the reference fluorescent image,
which was taken before the gas flows, was subtracted from image
under the oxygen tension gradient using ImageJ (Fig. S2 in the
supplementary material). Then, the oxygen tension was calculated
from the corrected gray values by applying the Stern–Volmer equa-
tion.30 To confirm the uniformity of the oxygen tension inside the
device, fluorescent intensities at five different locations between five
pairs of seven microposts were analyzed and averaged.

D. Cellular experiment under controlled oxygen
tension

The experiment for the characterization of the cellular oxygen
tension was conducted under three conditions in a microfluidic device
with 3D microenvironment (Fig. S5 in the supplementary material).
First, in the oxygen tension gradient, the gel channel was divided into
two sections for checking the cellular responses according to the range
of oxygen tension in detail [Fig. 1(b)]. Next, the cellular responses in
normoxic conditions were observed as a comparative group. Finally,
the responses with 100 μM CoCl2, which generates uniform hypoxic
condition, were examined as a positive control.31

E. Immunofluorescent staining

The media in the reservoirs of the media channels was
removed by pipet and washed with phosphate buffered saline (PBS,
Lonza). After fixation of 20 min at room temperature using 4%
paraformaldehyde (PFA), the samples were permeabilized for
30 min with 0.5% Triton X-100 solution. The solution was then
removed from all reservoirs and washed twice with PBS.
CAS-Block (Thermo Fisher Scientific) was treated at room temper-
ature for 1 h, and then, HIF-1α was labeled with rabbit polyclonal
antibody (Thermo Fisher Scientific) at 1:100 dilution was incubated
overnight at 4 °C. After washing the channels five times with 0.1%
bovine serum albumin (BSA) solution, Alexa Fluor 488 (Thermo
Fisher Scientific), 40,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific), and 0.1% BSA solution with the ratio of 5:1:1000
were added to the reservoirs. The incubation continued overnight
at 4 °C. Finally, after washing three times with 0.1% BSA solution,
fluorescence images were taken.

F. Motility and directionality characterization

To quantify the motility and directionality of the cancer cells,
the oxygen tension gradient generated condition and the normoxic
condition were compared. In order to enhance the cellular activity,
a media with the concentration of 50 ng/ml human epidermal
growth factor (hEGF, Sigma-Aldrich) was used.16 For the stable for-
mation of oxygen tension gradient, there was no flow in the
medium channels. The gases were supplied to the gas channels for
8 h and the last 6 h (=T) were measured at 10-min intervals. The
obtained 37 bright-field images were then concatenated, and the

cancer cells were manually tracked for the measurement of net dis-
placement (ND), total path length (TPL), and x-directional dis-
placement (XDD) [Fig. 1(c)],

ND ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(y37 � y1)

2 þ (x37 � x1)
2

q
, (2)

TPL ¼
X36
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(yiþ1 � yi)

2 þ (xiþ1 � xi)
2

q
, (3)

XDD ¼ x37 � x1, (4)

where x and y are x- and y-coordinates, respectively, and the subscript
means the frame number of the microscope images. The direction of
the x axis coincided with the direction in which the increase of the
oxygen tension. After the three properties were measured, average
speed (Savg), persistence (P), directional persistence (DP), and chemo-
taxis index (CI) were quantified using the following equations:

Savg ¼ TPL
T

, (5)

P ¼ ND
TPL

, (6)

DP ¼ XDD
TPL

, (7)

CI ¼ cos θ ¼ XDD
ND

: (8)

G. Drug screening

Two anticancer agents, doxorubicin hydrochloride (DOX,
Sigma-Aldrich) and tirapazamine (TPZ, Toronto Research
Chemicals), were used. For both drugs, stock solutions were pre-
pared with reference to the product protocols. The concentration of
DOX was 0.01 μM, 0.1 μM, 1 μM, or 10 μM, and the concentration
of TPZ was 10 μM, 50 μM, 100 μM, or 500 μM. In each case, the
concentration was determined to cover the range of half-maximal
inhibitory concentration (IC50).32,33 The drug treatments were per-
formed for three conditions with different oxygen tensions:
hypoxia, gradient, and normoxia [Fig. S4(a) in the supplementary
material]. Hypoxia condition was generated by supplying anoxic
gas mixture at the both sides of the gas channel. For each condi-
tion, the experiment was run for 48 h, and the media in the media
channels was replaced with fresh media 24 h after the experiment
starts by introducing the drug-containing medium into the reser-
voirs of the medium channels. Then, the cancer cells were stained
by calcein-AM and ethidium homodimer-1 (Invitrogen) to check
cell viability. Finally, the viability of the cancer cells was quantified
by dividing the number of live cells with the number of total cells.

H. Data analysis

Fluorescence intensity measurements and manual tracking of
the cancer cell migration were measured using ImageJ (NIH).
Significance comparisons between groups in all data were made
using the unpaired Student’s t-test. MATLAB R2019a
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(MathWorks) was used for statistical analysis, and Origin Pro 2019
(OriginLab Corporation) was used for plotting.

III. RESULTS AND DISCUSSION

A. Oxygen tension distribution in the microfluidic
device

The oxygen tension in the microfluidic device was calculated
and measured in two ways through simulations and experiments.
Figure 2(a) denotes the convergence curve of the oxygen tension
in the middle of the gel (red dot) channel over time. As can be
seen in the schematic, the measured point is set opposite to the
direction in which the gas is flowing to ensure that the gas is suffi-
ciently diffused. Besides, the oxygen tension was calculated
according to the Pe number to determine the effect of oxygen
tension on the flow rate of gas in the device [Figs. S1(a) and S1(b)
in the supplementary material]. As shown in the graph, the differ-
ence in the oxygen tension due to the different gas flow rates corre-
sponding to the four Pe numbers was not significant [Fig. S1(a) in
the supplementary material]. And, Fig. S1(b) in the supplementary
material shows the interface between coverslip and PDMS of the
device, except for the case of Pe = 1, where the oxygen tension
remained constant up to the outlet of the gas channel. Therefore,
the flow rate of the gas corresponding to Pe = 100 was set so that a
constant oxygen tension was maintained in the gas channel while
the gas passed through the gas channels. As shown in Fig. 2(a), the
oxygen tension has reached a nearly steady-state after about 60min
of transient state and about 90min after the start time.

Then, the oxygen tension in the channels over time was calcu-
lated with the flow rate corresponding to Pe = 100 [Figs. S1(c) and
S1(d) in the supplementary material]. The oxygen tension dropped
rapidly before 60 min, and from then on, a stable gradient was
formed [Fig. S1(c) in the supplementary material]. The enlarged
graph in Fig. S1(c) in the supplementary material shows the
oxygen tension at the time of 60, 90 min, and steady-state condi-
tions in the gel channel section. After more than 60 min, the gradi-
ent has been formed almost identical to steady-state. It can be seen
from Fig. S1(d) in the supplementary material that the gas has
passed through the channel before 5 min and has reached a steady-
state through diffusion inside the PDMS.

Based on the above results, the fluorescence images for the cal-
culation of the oxygen tension in the experiment were obtained
90 min after the gas started flowing through the gas channels. As
shown in the gray-scale image of Fig. 2(b), the oxygen tension was
measured in the direction across the media–gel–media channel.
Like the convergence curve in Fig. 2(a), the gas flow rate was
adjusted to a sufficient velocity, Pe = 100, for both simulation and
experiment to minimize the oxygen tension change in the gas
channels during the gas flow. The green-colored region in the
graph coincides with that of the gel channel. The results from sim-
ulation and experiment both showed that the oxygen tension in the
gel channeled was between 10% and 17%.

B. Cellular response in different oxygen tension ranges

After the validation of the oxygen tension in the device, the
response of the cancer cells under the oxygen tension gradient in

the device was observed. The responses according to the different
oxygen tension was confirmed by the immunostaining of the
oxygen-specific marker, HIF-1α.34

Cells exposed to each condition for 24 h were immunostained
[Fig. 3(a)], and fluorescent intensities of the nucleus and cytoplasm
were measured under the same microscopic condition (Fig. S3 in
the supplementary material). The mean fluorescence intensity of
the nucleus increased 1.28-fold at the positive control with the
addition of 100 μM CoCl2 (25.8 ± 4.27) compared with that of the
normoxic condition [20.2 ± 2.72; Fig. S3(a) in the supplementary
material]. In the gradient conditions where the oxygen tensions
range from 10% to 13.5% (left gradient) and 13.5% to 17% (right
gradient), the average fluorescence intensities were 21.5 ± 2.68 and
22.3 ± 3.58, respectively, and were higher than normoxic condition.
The mean fluorescence intensity of the cytoplasm was also showed
a similar trend [Fig. S3(b) in the supplementary material]. The
mean fluorescence intensity measured in the cytoplasm in the posi-
tive control was 21.2 ± 3.51, showing a significant difference when
compared with the normoxic condition (19.1 ± 2.45, p < 0.01).

FIG. 3. Different cellular response to changes in oxygen tension. (a)
Representative fluorescence images of HIF-1α (green) and DAPI (blue) corre-
sponding to each condition. Scale bars = 50 μm. (b) The accumulation of
HIF-1α (fluorescence intensity ratio) was observed highest in the positive
control of hypoxia generated with CoCl2 and lowest in normoxia. From positive
control to normoxia in order from left, 127 cells (3 devices), 108 cells (4
devices), 107 cells (4 devices), and 122 cells (3 devices) were used. Error bars
represent the standard error of the mean. *p < 0.05 and ***p < 0.001.
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However, there was no significant difference in the mean fluores-
cence intensity of the cytoplasm between the gradient conditions
(18.8 ± 2.06 for left gradient condition and 20.1 ± 3.16 for right gra-
dient condition) and the normoxic condition. Rather, there was a
significant difference in the positive control and the left oxygen
gradient condition, which is presumed to be influenced by device
variations.

Subsequently, the ratio of fluorescence intensity between the
nuclei and cytoplasm was calculated based on the fact that the
frequency of HIF-1α translocation from cytoplasm to the
nucleus increases under hypoxic condition with less degradation
of HIF-1α in the cytoplasm [Fig. 3(b)].34 The ratio of fluores-
cence intensity by staining of HIF-1α tended to rise with lower
oxygen tension, and the mean value showed significant differ-
ences between oxygen conditions. The ratio of HIF-1α in the
positive control (1.22 ± 0.079) was the highest, which was 15.1%
higher than normoxic condition (1.06 ± 0.059). Two gradient condi-
tions (1.15 ± 0.059 for left gradient condition and 1.11 ± 0.051 for
right gradient condition) increased by 8.49% and 4.72%, respec-
tively, compared to the normoxic condition, and had significant dif-
ferences. Thus, we confirmed that the cells were sufficiently affected
by the hypoxic stress in the device when the oxygen tension gradi-
ent was formed.

C. Biased cancer cell migration under oxygen tension
gradient

Under an oxygen tension gradient, the motility and direction-
ality of cancer cells were observed and quantified (Fig. 4).
Migration behaviors of the cancer cells inside the fibrin gel were
analyzed by setting the x axis coordinates in the direction with
increasing oxygen tension as shown in Figs. 1(b) and 1(c).

It can be seen in Fig. 4(a) that the net displacement (ND)
increased with decreasing oxygen tension. Under the normoxic
condition, the ND averaged 50.1 μm, and 1st quartile (Q1) and
3rd quartile (Q3) of the lower and upper boundaries of the box
plot were 29.2 μm and 67.5 μm, respectively. In the right gradient
condition, the mean value of ND slightly increased to 52.7 μm
and Q1 and Q3 of ND were 28.3 μm and 69.8 μm, respectively,
with no significant difference. However, in the left gradient con-
dition, the mean ND was 55 μm, Q1 was 31.2 μm, and Q3 was
74.7 μm, which were significantly increased compared to nor-
moxic condition. The measured TPL in Fig. 4(b) also showed a
tendency to increase as the oxygen tension decreased. In each
right and left gradient condition, the mean total path length
(TPL) increased by 1.11-fold and 1.13-fold compared to the nor-
moxic condition. This was confirmed to have the similar results
as that of the previous research.26 The x-directional displacement
(XDD) of the cancer cells in the same direction as the oxygen
tension gradient showed slightly different but not significant
results. In Fig. 4(c), in normoxic condition, the mean XDD was
−0.49 μm, whereas in right and left gradient conditions, the XDD
averaged 1.69 μm and 2.44 μm, respectively.

In the context of ND and TPL, the average speed Savg also
increased with decreasing oxygen tension [Fig. 4(d)]. In normoxic
condition, the Savg of cancer cells had the mean of 13.4 μm/h, Q1
of 8.68 μm/h, and Q3 of 16.4 μm/h. In the right gradient condition,

the mean Savg increased to 14.8 μm/h, which is 1.1-fold higher than
that of normoxic condition. Q1 and Q3 also increased to 9.51 μm/h
and 19 μm/h, respectively, compared to normoxic condition. The
Savg of the left gradient condition showed a more marked differ-
ence, the mean Savg is 15.1 μm/h, which is 1.13-fold higher than
normoxic condition, and Q1 and Q3 of Savg are 10.3 μm/h and
19.4 μm/h, respectively, which increased 1.19-fold and 1.18-fold
than those of normoxic condition. This is a result of the same
context as the previous studies that hypoxia stimulates the invasion
of cancer cells.35 The modulation of Rab11 through the stabiliza-
tion of microtubules regulates integrin α6 trafficking could be one
of several factors that affect the cancer cell migration. In addition
to the factors caused inside the cancer cells, the effects of the
factors outside of the cancer cells can be considered. Another pre-
sumable factor, ECM remodeling, which can be caused by hypoxia
makes the ECM stiff and aligned than in normoxia.36 Since the
invasiveness of the cancer cells can be increased within the stiff and
aligned ECM,37 it can be inferred that cancer cells may have a
higher Savg at lower oxygen tension.

Following the motility of the cancer cells, the directionality
was quantified [Figs. 4(e) and 4(f )]. The persistence P under all
three conditions showed similar trends, and under the right and
left gradient conditions, the mean values of P had no significant
differences compared to the normoxic condition [Fig. 4(e)]. On
the other hand, the directional persistence DP in the right gradi-
ent and left gradient increased by 2.27-fold and 9.7-fold compared
to the absolute mean value of DP in normoxic condition, showing
a significant increase in the left gradient condition compared to
normoxic condition [Fig. 4(f )]. The cancer cells tended to migrate
in the direction of higher oxygen tension, which was enhanced in
lower oxygen tension ranges, suggesting that oxygen plays an
important role in cancer metastasis. When compared to the previ-
ous study where the cells showed directionality toward low oxygen
tension, the results are somewhat inconsistent. This was specu-
lated due to the effect of rheotaxis by the flow from upstream to
downstream44 and the structure of the device used in this study,
which induced compensatory action by nutrient supply from
medium channels at both ends of the oxygen tension gradient
which has a similar structure to the previous research.47 The che-
motaxis index CI also indicated this migratory tendency though
no significant difference was confirmed between the oxygen con-
ditions [Fig. 4(g)]. The densely clustered tumor and poor vascu-
larization trigger a poor supply of oxygen including other nutrient
supply.38 Therefore, the cancer cells may tend to move in the
direction of higher oxygen tension by a mechanism inside the
cancer cells to solve this problem. As a preliminary study to
support the directionality of the cells for the oxygen and nutrient
supply, Mosadegh et al. showed the directional migration of the
cancer cells when oxygen was supplied in one direction using a
stacked paper-based invasion assay. Moreover, the cancer cells had
enhanced directionality in the condition where nutrients were not
supplied as well as oxygen.45

The tumor microenvironment with poor oxygen supply leads
to chronic or transient hypoxia, which changes the characteristics
and the physiologies of the cancer cells including motility and drug
resistance through oxygen-specific marker, HIF.7,8 The changes in
the motility of cancer cells by the HIF pathway can be found not
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only in the constant hypoxic environment but also in the periodic
hypoxic environment.9 In both cases, the cancer cells are more
invasive in a hypoxic environment, resulting in a higher probability
of cancer metastasis.39 One of the several downstream events of the
HIF pathway that causes increased migration and metastasis of
breast cancer cells in a hypoxic environment can be associated with
decreased epithelial cadherin (E-cadherin) via Notch signaling.10 In
addition to the casual relationship caused by the HIF pathway,
another pathway caused by the hypoxic environment also upregu-
lates the migration of cancer cells.11 Consistently, the hypoxic envi-
ronment affects the activity of cancer cells in an increasing
direction. Furthermore, it was reported that the cells migrated
toward the lower pH when extracellular pH was not uniform.40

Considering the lowering of the extracellular pH due to glycolysis
in hypoxia,41 this may be considered as one of the factors that pre-
vented the distinct directionality of the cancer cells due to the dif-
ference in the oxygen tension. It is expected that the relationship
among the oxygen tension, cancer cell motility and directionality
will be clearer in the future by expanding and adjusting the range
of oxygen tension.

D. Oxygen-dependent cancer cell viability under
anticancer drug

In the tumor microenvironment, which is locally hypoxic,
some anticancer drugs are affected by the oxygen tension.7

Therefore, as another application of the microfluidic device in
which the oxygen tension was controlled, the anticancer efficacy
was compared (Fig. 5). The oxygen tensions were calculated in the
microfluidic device for uniform hypoxia, gradient, and normoxia
conditions [Fig. S4(a) in the supplementary material]. The different
ranges of oxygen tension were generated in the gel channel, where
cancer cells were introduced. The viability of the cancer cells in the
microfluidic device for 48 h was first checked using a drug-free
culture medium and the results showed no significant differences
in viability due to oxygen tension [Fig. S4(b) in the supplementary
material].

Two anticancer drugs, TPZ and DOX, were then applied to the
cancer cells to compare the efficacy of anticancer drugs according to
the difference in the oxygen conditions. In the case of TPZ, the viability
of the cancer cells varied significantly as the oxygen tension decreased

FIG. 4. Motility and directionality affected by oxygen tension. (a) The net displacement, ND. For 6 h, the cancer cells had greater ND under gradient conditions and the
trend increased with lower oxygen levels. (b) The total path length, TPL. Like (a), TPL also had a higher value when the oxygen tension gradient was formed, and the ten-
dency was larger at lower oxygen tension. (c) The x-directional displacement, XDD. Under gradient conditions, cancer cells showed a small tendency to move toward
higher oxygen levels. (d) The average speed, Savg. The cancer cells had higher Savg at lower oxygen tensions. (e) The persistence, P. The cancer cells showed similar
values of P regardless of differences in oxygen tension. (f ) The directional displacement, DP. Under the oxygen tension gradient, the cancer cells tended to migrate in the
direction of higher oxygen tension, and this tendency was more enhanced in the low oxygen tension range. (g) Chemotaxis index, CI. Although the cancer cells tended to
migrate toward the higher oxygen tension side in the low oxygen tension range, CI did not show any significant difference as in DP. For left gradient, right gradient and nor-
moxia in order from left, 391 cells (7 devices), 334 cells (7 devices), and 590 cells (10 devices) were analyzed. The lower and upper boundaries of each box represent 1st
quartile (Q1) and 3rd quartile (Q3), respectively, and the whisker ranges from minimum to maximum, where the minimum and maximum are Q1 minus 1.5 times the box’s
interquartile range and Q3 plus 1.5 times the interquartile range, respectively. The horizontal line and the rectangular dot in each box are the median and the mean,
respectively, and the circular points outside the whisker is the outliers. *p < 0.05, **p < 0.01, and ***p < 0.001.
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and as the drug concentration increased [Figs. 5(a) and 5(c)]. When
the concentration of TPZ was 10 μM, the viability of the cancer cells
was not significantly affected by oxygen tension (0.8 ± 0.052,
0.85 ± 0.022, 0.85 ± 0.033, and 0.85 ± 0.034 for hypoxia, left gradient,
right gradient, and normoxia, respectively). It seems that the

concentration of TPZ was low to result in any significant. However,
when the concentration of the drug was increased to 50 μM, the effi-
cacy of TPZ was enhanced in the hypoxia and gradient conditions,
showing the viability of the cancer cells of 0.57 ± 0.079, 0.6 ± 0.098,
and 0.6 ± 0.79, respectively, compared to normoxia under which the

FIG. 5. Anticancer efficacy under
various oxygen levels. (a)
Representative live/dead micrographs
different oxygen tensions and TPZ con-
centrations. (b) Representative live/
dead micrographs with different oxygen
tensions and DOX concentration. (c)
Viability of the cancer cells for different
TPZ concentration and oxygen ten-
sions. As the concentration of TPZ
increased, the viability was greatly
affected by oxygen tension. In particu-
lar, at 500 μM, the viability of the
cancer cells was significantly different
due to the difference in oxygen ten-
sions. The lower the oxygen tension,
the lower the viability of the cancer
cells. (d) Viability of the cancer cells for
different DOX concentrations and
oxygen tensions. Cancer cells were not
significantly affected by oxygen tension
at the same DOX concentration.
Although not significant, the viabilities
were lower in the gradient conditions
than in other conditions. For each con-
dition, three devices were used. Scale
bars = 100 μm. Error bars represent
the standard error of the mean (n = 3).
*p < 0.05 and **p < 0.01.
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viability of the cancer cells was 0.8 ± 0.05. With further increased
concentration of the drug at 100 μM, the viability of the cancer cells
in hypoxia and gradient conditions decreased steadily to
0.36 ± 0.021, 0.39 ± 0.073, and 0.46 ± 0.075, respectively, whereas in
normoxia, the decrease was relatively small (0.77 ± 0.022). Finally, at
500 μM, the viability decreased by 88.38% in hypoxia to
0.093 ± 0.029 compared to 10 μM, whereas in gradient conditions,
the viabilities were 0.19 ± 0.018 and 0.28 ± 0.02, which were reduced
by 77.91% and 67.59% compared to 10 μM. Under normoxia, the
viability was 0.51 ± 0.097, which was 40% decrease compared to
10 μM. This trend of enhanced response of the cancer cells to TPZ
under the hypoxic condition is similar to previous research in
which the viabilities of cancer cells treated with 100 μM TPZ under
hypoxic conditions of approximately 1.7%–3.8% oxygen tensions
ranged from 0.05 to 0.35.12,13,32,44 The slight variation of the viabil-
ity values may be due to the difference in the range of oxygen
tension or by the difference in the cell lines used. Comprehensively,
through the previous studies and the above results, it was confirmed
that the efficacy of TPZ, which is activated at low oxygen tension,
increased at lower oxygen levels.

The results with DOX under the same oxygen conditions led
to different trends than those with TPZ [Figs. 5(b) and 5(d)].
Although the viability of the cancer cells decreased as the concen-
tration of DOX increased, as in the case of TPZ, the viability did
not decrease as the oxygen tension decreased [Fig. 5(d)]. However,
there was a small tendency of lower viability in the oxygen gradient
conditions and it is noteworthy that the gradient conditions were
neither the lowest nor the highest oxygen level condition. The via-
bility of cancer cells at the lowest DOX concentration of 0.01 μM
was similar in hypoxia, gradient, and normoxia, 0.85 ± 0.033,
0.82 ± 0.042, 0.83 ± 0.043, and 0.85 ± 0.041, respectively. However,
as the drug concentration increased to 0.1 μM, the viability was
0.75 ± 0.04 and 0.79 ± 0.065 in hypoxia and normoxia, respectively,
while the viability dropped in the gradient conditions (0.67 ± 0.023
and 0.62 ± 0.061). Although not significant, the same tendencies of
lowest viability under gradient conditions were found when DOX
was applied at 1 μM and 10 μM (viability from hypoxia, gradient to
normoxia, 0.39 ± 0.062, 0.28 ± 0.073, 0.28 ± 0.054, and 0.49 ± 0.071
for 1 μM; 0.3 ± 0.085, 0.16 ± 0.015, 0.14 ± 0.03, and 0.37 ± 0.092 for
10 μM). This tendency of the lowest viability in the oxygen gradient
conditions may be due to the combination of different effects of
DOX depending on the oxygen level. In hypoxic tumor microenvi-
ronment, the cancer cells cannot receive enough oxygen for metab-
olism from the outside. Then, the breast cancer cells need to obtain
the energy required through glycolysis, which lowers the internal
and external pH of the cell due to the byproducts.41 The low pH
leads to increase in the ionization of weak bases, whereas drugs
usually pass through the cell membrane in an uncharged state.28

Taken together, the weak base DOX may have relatively less effi-
cacy in low pH conditions.7 For example, Born et al. showed that
the decreased uptake of DOX when the pH was lowered.46 On the
other hand, DOX may also has the characteristic of increasing its
efficacy in hypoxia because it functions to prevent HIF-1α from
binding to DNA.6 Thus, it suggests that there may be conditions
under which DOX will have the best efficacy in the specific oxygen
tension range by competing for the positive and negative effects of
oxygen.

The results of the anticancer drug screening in different
oxygen levels by TPZ and DOX suggest that the dosage of some
anticancer drugs should be considered and adjusted accordingly to
the exposed hypoxic microenvironment. This is also in line with
the recent interests in HIF, which has increased expression in the
hypoxic milieu, as a major target of anticancer drugs.42,43

IV. CONCLUSIONS

We employed a microfluidic device composed of oxygen-
permeable PDMS to mimic the oxygen tension gradient in the
tumor microenvironment and confirmed its feasibility through the
cell response and various applications according to different
oxygen levels. As the results, it was confirmed that the cancer cells
prefer to migrate toward the higher oxygen tension side, implying
the oxygen tension gradient may affect the cancer metastasis in the
body. Also, the necessity of adjusting the concentration of the drug
according to the oxygen tension was raised. Further research on the
directionality of the cancer cells and drug screenings concerning
locally hypoxic tumor environment will give us deeper insight.

SUPPLEMENTARY MATERIAL

See the supplementary material for (1) detailed estimation of
the oxygen tension in the microfluidic device, (2) fluorescent inten-
sities of HIF-1α in nucleus and cytoplasm, and (3) estimation of
the oxygen tension for drug screenings and viability in control.
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