
Analyst

PAPER

Cite this: Analyst, 2021, 146, 5255

Received 25th May 2021,
Accepted 24th July 2021

DOI: 10.1039/d1an00927c

rsc.li/analyst

Three dimensionally printed nitrocellulose-based
microfluidic platform for investigating the effect of
oxygen gradient on cells†

Ping Liu,a,b Longwen Fu,b,c Zhihua Song,d Mingsan Man,b Huamao Yuan,e,c

Xiaoli Zheng,a Qi Kang,a Dazhong Shen, *a Jinming Song,e,c Bowei Li *b,c and
Lingxin Chen *b,c

In this article, we present a novel nitrocellulose-based microfluidic chip with 3-dimensional (3D) printing

technology to study the effect of oxygen gradient on cells. Compared with conventional polydimethyl-

siloxane (PDMS) chips of oxygen gradient for cell cultures that can only rely on fluorescence microscope

analysis, this hybrid nitrocellulose-based microfluidic platform can provide a variety of analysis methods

for cells, including flow cytometry, western blot and RT-PCR, because the nitrocellulose-based chips

with cells can be taken out from the growth chambers of 3D printed microfluidic chip and then used for

cell collection or lysis. These advantages allow researchers to acquire more information and data on the

basic biochemical and physiological processes of cell life. The effect of oxygen gradient on the zebrafish

cells (ZF4) was used as a model to show the performance and application of our platform. Hypoxia

caused the increase of intercellular reactive oxygen species (ROS) and accumulation of hypoxia-inducible

factor 1α (HIF-1α). Hypoxia stimulated the transcription of hypoxia-responsive genes vascular endothelial

growth factor (VEGF) and induced cell cycle arrest of ZF4 cells. The established platform is able to obtain

more information from cells in response to different oxygen concentration, which has potential for ana-

lyzing the cells under a variety of pathological conditions.

1. Introduction

Oxygen is fundamental to biological processes, when the
supply of oxygen is low, it can lead to a condition known as
hypoxia.1 Hypoxia can alter immune responses, increase
disease and reduce growth of individual organisms,2,3 in brief,
hypoxia influences life from genes to ecosystem responses.4

In order to study the behaviour of cells under low oxygen
concentration, hypoxic workstations perfusion chambers and
hypoxic culture chambers have been used to create hypoxic
environments for cells.5 However, these devices are expensive,
and they do not provide physiological hypoxic gradients. To
overcome these shortcomings, the hypoxic platforms of micro-
fluidic chip have been developed. Microfluidic chips have the
advantages of miniaturization, reduced reagent, and low energy
consumption. Due to the advancement of microfluidic tech-
niques, a number of microfluidic devices capable of controlling
oxygen content have been developed, including devices relying
on oxygen scavenging chemicals,6–9 multi-gas incubator10 and
gaseous perfusion.11–13 Among these devices, gas perfusion is
the most direct and popular way for oxygen control, because the
viscosity of gas is low, it can be mixed quickly. Moreover, the gas
flow can be driven by pressure tanks, which eliminates the use
of injection pump.5 The advantages of simplicity and conven-
ience make gas perfusion a good choice for oxygen control.

Polinkovsky et al. presented a multilayer microfluidic device
of oxygen gradient based on gas perfusion. Two gases (N2 and
O2) flow through a three-step on-chip mixing channel network,
which culminates in nine discrete O2 concentration varying
linearly between 0 and 100%. The gas layer flow over the
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growth chambers, making the medium in the growth
chambers contain different concentrations of oxygen.14 This
device presents a way to produce different oxygen concen-
trations using one platform. But this multilayer microfluidic
device is made of highly gas-permeable polydimethylsiloxane
(PDMS) by photolithography, which needs multiple production
steps, substantial human labor and high cost of equipment.
Moreover, the analysis of cells in the growth chamber mainly
depends on the fluorescence microscope, which makes some
physiological changes impossible to detect.

3D printing technology has recently attracted attention as a
method to manufacture microfluidic systems.15–17 Compared
to traditional fabrication techniques of microfluidic chip such
as the soft lithography, 3D printing has the advantages of one-
step production, low costs and high throughput.17 So recent
years 3D printing has been widely used in manufacture of the
gradient generator, micromixer, droplet extractor, and devices
of isotachophoresis.18,19

Paper is a cellulosic and porous material, it has many
unique features, such as high biocompatibility, low cost, ease
of handling, and facilely integrated with other devices.20–27

Over the past few years, paper has been used in various fields
for cell research, including invasion assays of cancer cells,28

stem cell differentiation,29 three dimensional cell culture,30

cardiac ischemia construction and single cell analysis.31,32

These reported paper microfluidic devices were generally man-
ufactured with filter paper whose pore size was larger than
2 µm, however, large pore size made the cells leaking out of
the filter paper easily. Nitrocellulose membrane (NC mem-
brane) is a kind of paper substrate made from pure cellulose
nitrate, and has quite small (<0.45 µm) and uniform pore size.
The surface of the NC membrane is much smoother than filter
paper, and the hydrophilicity of NC membrane is strong.33,34

The above characters highlight the flexibility of NC membrane
as a substrate for cell culture.

Herein, we used nitrocellulose membrane (NC membrane)
to make paper-based chip and combined with 3D printing
technology to construct stable oxygen gradient platform for
cell culture. The cells of fish who suffers from environmental
hypoxia in water was used as a model to show the performance
and application of our platform. The effects of hypoxic on the
cell cycle, signal molecule and gene expression of fish cells
were investigated. This hybrid platform of cell culture provides
an excellent way to research the effect of hypoxia on cells with
minimal equipment. Moreover, the established platform offers
a variety of analytical methods for cells on it, which will greatly
expands the application field of microfluidic chips and has the
potential to be a versatile platform for studying cellular
responses under various oxygen gradients.

2. Experimental
2.1 The design and manufacture of 3D printed device

The 3D printed device was designed in Auto CAD. It contained
two layers including a bottom plate and a top cover (Fig. S1†).

A gas-mixing microchannel network embedded in the bottom
plate. The microchannel network consisted of two kinds of
pipes, serpentine pipes were used to mix the gas by diffusion,
and horizontal pipes were used to redistribute gas.14,35 The
diameter of serpentine channels was 2.0 mm, and horizontal
channels had diameter of 4 mm. There were two gas inlets
with the diameter of 1.8 mm at the top of the networks,36,37

and five growth chambers were connected to the gas channel
network, whose dimension were 12 mm wide, 12 mm long and
9 mm deep, respectively. A cover plate with dimension of
90 mm length, 26 mm width and 2 mm thickness was put
above the growth chambers. Twelve threaded holes were pene-
trated the bottom plate and top cover to install screws, which
make sure two pieces were in closed contact. The channel with
2.0 mm in diameter was connected to each growth chamber as
the outlet of gas. Then the microfluidic chip was printed on a
3D printer with transparent resin according to the design
drawing (Future Factory Company, Shenzhen, China).

2.2 Verify the efficiency of 3D printing chip to generate
oxygen gradients

To calculate the profile of oxygen gradient in the cell culture
chambers of 3D printed microfluidic chip, an oxygen fluo-
rescence probe named ruthenium tris (2,2′-bipyridyl) dichlor-
ide hexahydrate (RTDP) (5 mg mL−1) was exploited in the
experiments.38 Added 300 μL solution of RTDP into the cell
growth chambers, then assembled the chip with screws. One
of the gas inlets connected to a N2 tank through a gas buffer
bottle, the other connected to a compressed air tank also
through a gas buffer bottle. The pressure was set at 80 psi for
both gases. The growth chambers were numbered 1–5 from N2

to air (Fig. 1). As shown in Fig. S4,† the gas in the cell culture
chamber equilibrated to a steady state in about 23 min. So, let
the system equilibrate for 30 min, then detected oxygen con-
centration in the cell culture chambers. The solution in each
cell culture chamber was imaged by laser scanning confocal
microscope (Olympus FV1000, Japan) with excitation wave-
length 488 nm and collection wavelength 500–600 nm. The
fluorescence intensity of the images was quantified using
image processing software of laser scanning confocal micro-
scope. The oxygen tension in each culture chamber was calcu-
lated using the respective fluorescence intensity according to
Stern–Volmer equation:39

I0
I
¼ 1� Kq O2½ � ð1Þ

I0 represents the value of fluorescence intensity without
oxygen, I indicates the fluorescence intensity in the presence
of different oxygen concentration, and Kq represents quench-
ing constant.40 In order to calibrate [O2], I0 and Iair (the value
of fluorescence intensity in 0% and 21% oxygen content) were
used. In this way, quenching constant Kq can be obtained by
changing eqn (1):

Kq ¼ I0 � I21 þ I21 O2½ �air
I21 O2½ �air

� 1 ð2Þ
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where [O2]air is 21%. Consequently, the [O2] in every cell
culture chamber could be calculated on the base of the
measured fluorescence intensity value I and obtained values of
Kq using eqn (1).13

2.3 Manufacture of the paper-based chip in NC membrane

Freehand software was used to design the square array of chip.
The side length of the square hydrophilic area was 10 mm.
The wax microstructures was printed onto the surface of the
nitrocellulose (NC) membrane (0.45 μm, Beyotime) with a wax
printer (Xerox Company, Japan) as previous reports.41,42 The
wax-printed NC membrane were then roasted at 125 °C for
5 min, which made the wax to penetrate to the other side of
the of NC membrane.33 We cut out the square chips from the
NC membrane layer with scissors (Fig. S5†), then sterilized the
NC paper-based chips under ultraviolet lamp for 4 h, and steri-
lized the other side for 4 h.

2.4 Fish cells culture and identification in the 3D printed
chip

To check the growth state of cells in the 3D printed chip, zeb-
rafish embryonic cell line ZF4 was used. The culture methods
for ZF4 cells were described in the support information. The
NC paper-based chips were pre-coated with Matrigel (diluted
1 : 40) at 4 °C for 12 h, then incubated at 37 °C for 1 h to soli-
dify the Matrigel.34 Put the NC paper-based chips into a cell
culture plate of 24 wells, then ZF4 cells were seeded onto the
NC paper-based chips at 1 × 104 cells per cm2, and the cells
were incubated in a culture incubator (28 °C, 5% CO2) over-
night for ZF4 cells attaching to the NC paper-based chips. The
3D-printed chip was soaked in 75% alcohol for 30 minutes to

sterilize, and washed three times in deionized water. It was
then air-dried in a super clean bench. 300 μL culture medium
was added to each culture chamber of the 3D-printed chip,
then the NC paper-based chips with cells were put into the
growth chambers, or they were transferred to other wells of
24-well plate as controls. After the cells in the 3D-printed chip
and 24-well plate were cultured for 12 and 24 hours, the cell
viability was performed using live cell imaging and cell pro-
liferation assays. For live cell imaging assay, the cells were
stained with NucBlue Live Cell Stain Ready Probes reagent
(Invitrogen, USA) and imaged on laser scanning confocal
microscope. Cell proliferation assay was based Cell Counting
kit-8 (CCK-8, Beyotime, China), when the reaction was com-
pleted, 100 μL liquid from each group was removed to a
96-well plate, the absorbance at 450 nm was detected by a
microplate reader (Tecan, Austria).

2.5 Fish cells cultured on the platform with oxygen gradient

ZF4 cells were seeded on the NC paper-based chips as
described above, then the NC paper-based chips with fish cells
were put into growth chambers of 3D printed chip, then the
two pieces of the chip and soft silicone pad were assembled
with screws. Compressed N2 and air were injected into the
microfluidic chip through the gas inlets at the pressure of
80.0 psi. The whole platform was transferred to a cell culture
incubator (28 °C and 5% CO2) and then cultured for a period
of time according to the experimental requirements. When the
time was up, disassembled the 3D-printed chip and took out
the NC paper-based chips for processing and analysis of cells.

Fig. 1 Working schematic of microfluidic chip oxygen gradient cell culture platform. Zebrafish ZF4 cells were seeded onto the NC paper-based
chips pre-coated with Matrigel and cultured in the cell culture plate. The NC paper-based chips with fish cells were put into the medium of culture
chambers. The two pieces of the chip and soft silicone pad were assembled with screws. Compressed air and N2 were injected into the microfluidic
chip through the gas buffer bottles. The cells were cultured in the oxygen gradient microfluidic chip for a period of time according to the experi-
mental requirements, then disassembled the 3D-printed chip and took out the NC paper-based chips for processing and analysis of cells.
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2.6 Evaluation of cellular oxygen levels

Cellular oxygen levels was evaluated with Image-iT ™ Green
Hypoxia Reagent.43 The NC paper-based chips were put into
the growth chambers of the 3D printed chip. Each chamber
had fresh medium with the Image-iT ™ Green Hypoxia
Reagent of 5 µM. ZF4 cells were exposed to different oxygen
tensions for 4 h in the hypoxic platform.44 The fluorescence
images of cells on the NC paper-based chips were detected on
the LSCM (laser scanning confocal microscope), or the cells
were digested and harvested for Flow Cytometry analysis after
the cells were washed three time with phosphate buffered
saline.

2.7 Detection of cellular reactive oxygen species (ROS)

ZF4 cells (about 1.0 × 105) on the NC paper-based chips were
cultured for 4 h on the platform of oxygen gradient. The NC
paper-based chips were put into EP (Eppendorf) tubes, and
were washed in phosphate buffered saline for three times,
then digested and collected the cells. The cells were stained
with ROS probe DCFH-DA (Beyotime, China) at a final concen-
tration of 10 µM in 28 °C for 30 minutes. Cellular fluorescence
was analyzed by flow cytometry (BD Aria I) after washing by
phosphate buffered saline for three times. The data were ana-
lyzed by Diva software (BD, USA).

2.8 Protein extraction and western blotting

ZF4 cells on the NC paper-based chips were cultured for 4 h in
the platform of oxygen gradient. We took the NC paper-based
chips out from the growth chambers of 3D printed chip with
tweezers and put them into EP tubes. After the cells were
washed with phosphate buffered saline, they were lysed for
30 minutes on the ice with cell lysis buffer RIPA supplemented
with PMSF. The cell lysates were collected and centrifuged
(10 000–14 000g) for 5 minutes to remove the precipitate. The
protein concentration was quantified with BCA Protein Assay
kit following the manufacturer’s protocol. Loaded the same
amount of protein in each group and electrophoresed protein
on 10% SDS-polyacrylamide gels. The separated proteins were
transferred to PVDF membrane of 0.45 μm. The membranes
were sealed with skim milk at room temperature for 1 h, then
primary antibodies were blotted with proteins at 4 °C over
night. After the membranes were washed in TBST for three
times, they were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature,
then they were washed thoroughly in TBST. We imaged the
membranes with Super Enhancer ECL Kit (Novland, China) on
the Chemiluminescence imaging system (Clinx, China) and
analyzed them using Image J Software.

2.9 Reverse transcription-PCR (RT-PCR)

ZF4 cells on the NC paper-based chips were cultured for 12 h
on the platform of oxygen gradient. The NC paper-based chips
were put into EP (Eppendorf) tubes. The cells on the NC
paper-based chips were lysed and then total RNA was extracted
with Easy Pure RNA Kit. The total RNA was reversely tran-

scribed with TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix Kit. PCR was performed in the PCR
Amplifier (Bio-Rad, USA) using Easy Taq PCR Super Mix
according to the manufacturer’s protocol. The primers used
for PCR analysis of vegf165 were: sense: 5′-
CTCCTCCATCTGTCTGCTGTAAAG-3′ and anti-sense: 5′-
CTCTCTGAGCAAGGCTCACAG-3′.45 The primers of β-actin
were: sense: 5′-TTGTAACCAACTGGGACGATATGG-3′, and anti-
sense: 5′-GATCTTGATCTTCATGGTGCTAGG-3′.46 The PCR pro-
tocol was executed for 35 cycles and each cycle consisted of
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 30 S. In the initial cycle, samples were
incubated at 95 °C for 3 min, in the end of the cycle, samples
were incubated at 72 °C for 10 min. The products of PCR were
detected by agarose gel electrophoresis and imaged in the Gel
Imaging System (JUNYI, China), then the bands were quanti-
fied using Image Jo software.

3. Results and discussion
3.1 The characterization of microfluidic chip oxygen gradient
platform for cell culture

As shown in Fig. 1 and Fig. S2,† the 3D printed microfluidic
chip included a bottom plate and an upper cover plate. A gas-
mixing network embedded in the bottom plate, and the gas-
mixing networks design rules of 3D printed microfluidic chip
were similar to the devices introduced in other studies.14,35

The gas-mixing networks consisted of two kinds of pipes, ser-
pentine pipes were used to mix the gas by diffusion, and hori-
zontal pipes were used to redistribute gas. The networks were
designed to produce a linear gradient of O2. When one inlet
fed N2, the other fed air, the chip generated air- nitrogen mix-
tures with [O2] varying linearly between 0 and 21%.14,35 Five
growth chambers were in the terminal of the gas channel. The
gas with different [O2] flowed over the culture chambers where
contain medium, and the cover plate was above the region of
cell culture. The two pieces of the chip and soft silicone pad
(1.0 mm) were assembled with screws, which formed five sep-
arate cell chambers with different oxygen concentrations.
Since the gases in the microfluidic network existed as steady
states and were continuously renewed, the oxygen concen-
trations in the cell chamber were stable.47 The paper-based
chips in NC membrane were used as the matrixes for cell
culture. NC membrane has small pore size, smooth surface
and high hydrophilicity, which makes it an ideal substrate for
cell culture and analysis. Unlike PDMS-based microfluidic
devices, cells could only rely on fluorescence imaging analysis,
the cells on NC paper-based chip in this hybrid platform can
be analysed in different ways, for example, flow cytometry
assay and western blotting. The NC paper-based chips enabled
the 3D-printed microfluidic chip to be reused, each experiment
only needs to replace the NC paper-based chips, which redu-
cing the cost of experiments.
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3.2 Validation of 3D printed microfluidic chip to generate
oxygen gradients

To verify the oxygen gradient profiles within the cell culture
chamber of the 3D printed microfluidic chip, we used an
oxygen-sensitive fluorescent dye RTDP. RTDP produces strong
fluorescence in the absence of oxygen, however, its fluo-
rescence can be quenched by oxygen, so the fluorescent inten-
sity of RTDP decreases as the oxygen content goes up. The
oxygen gradient profiles can be described by imaging the fluo-
rescence intensity in the growth chambers while introducing
N2 and air into them. According to eqn (2) and the value of I0
and Iair in Table S1,† Kq was calculated as 58.24. Using the
fluorescent intensity of images in Fig. 2A and eqn (1), the [O2]
of each cell culture chamber could be calculated. The results
were shown in Table S2.†

According to the calculation formula of [O2] in the chan-
nels: [O2] = 5.25% × (n-1),14 the expected [O2] in channel 1–5
was 0, 5.25%, 10.25%, 15.75% and 21% respectively. The
linear relation between [O2] in each cell culture chamber and
the expected [O2] of respective chamber was good (as shown in
Fig. 2B, R2 = 0.9825), which illustrated the 3D printed micro-
fluidic chip we manufactured could generate linear oxygen
gradients.

3.3 Culture and identification of fish cells on the platform

To assess the growing situation of cells on the NC paper-based
chip, we used live cells fluorescent dye which could make the
live cells to generate blue fluorescence. As can be seen from
the results in Fig. S6,† a lot of cells on the NC paper-based
chips emitted blue fluorescence after 12 h of cultivation, and
the cells with blue fluorescence became denser as time
extended to 24 h. Cell viability in the 3D printed chip was also
tested. As shown in Fig. 3A and C, many cells on the NC paper-
based chips cultured in the well-plate and 3D printed chip

were stained with live cell dye, and as the culture time
increased, the number of live cells increased. The results of
cell proliferation assay (Fig. 3B and D) showed that there was
no obvious difference in the growth activity between cells cul-
tured in the 3D-printed chip and cells cultured in the well-
plate. These results indicated the hybrid platform of NC paper-
based chip and 3D-printed chip were suitable for cell culture.

3.4 Evaluation of intracellular oxygen levels on the oxygen
gradient platform

To demonstrate the application of our proposed platform in
cell experiments, we cultured zebrafish ZF4 cells in the growth
chambers of microfluidic chip, and tested intracellular oxygen
levels. Image-iT™ Green Hypoxia Reagent was used to evaluate
cellular oxygen level, it is a live-cell permeable compound, and
its fluorescence increases in environments with low oxygen
concentrations.43 As shown in Fig. 4A and B, the cells almost
had no fluorescence when the [O2] was 21% and 15.75%, and
the intracellular fluorescence was very weak in the environ-
ment of 10.5% [O2]. However, the cellular fluorescence began
to increase in 5.25% [O2], and strong cellular fluorescence was
observed when the [O2] was 0%. Quantification of the fluo-
rescence intensity demonstrated that the cellular fluorescence
increased gradually along with the decrease of [O2].
Considering that a relatively small number of cells could be
analysed in the fluorescence imaging, we further detect the
density of the cellular fluorescence in each channel with flow
cytometry. The flow cytometry can analyse millions of cells in
a short time and produce statistical results, so it has stronger
analytical reliability. In Fig. 4C and D, the Y-axis of the histo-
gram was the cell counts and the X-axis was the fluorescence
intensity of hypoxia reagent in logarithmic form. The peak of
histogram moved more and more to the right with the

Fig. 2 Concentrations of oxygen generated in 5 channels, as measured
by the fluorescence of RTDP in the culture chambers. (A) Fluorescent
images of culture chambers 1–5 after RTDP was added to the culture
chambers and the system equilibrated for 30 min. (B) Linear relation
between the oxygen concentrations measured by RTDP and the
expected oxygen concentrations in the channels.

Fig. 3 Cell viability in the 3D printed chip. (A and C) The fluorescent
images of ZF4 cells stained with live cell stain reagent after the cells
were incubated for 12 h (A) and 24 h (C) in the 3D printed chip. Cells cul-
tured in a well-plate were used as control. (B and D) Cell viability was
assessed by the CCK-8 method after ZF4 cells cultured in the 3D
printed chip for 12 h (B) and 24 h (D). Cells cultured in a well-plate were
used as control.
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decrease of [O2] in the growth chambers. As shown in Fig. 4D,
the overlays of histogram in five channels showed great differ-
ences from each other. The results obtained by flow cytometry
were in good consistency with those obtained by fluorescence
imaging, which indicated the cellular oxygen level in the chan-
nels of the hybrid microfluidic platform presented a gradient.

3.5 Hypoxia caused cellular stress response

Reactive oxygen species (ROS) are cellular signal molecules
synthesized in cells in response to metabolic processes.
Hypoxia stress induces the production of reactive oxygen
species (ROS) in cells,44 which is a main cause of cell damage
or apoptosis. We used fluorescent probe (DCFH-DA) of ROS to
investigate the change of cellular ROS under different hypoxia
stress. As illustrated in Fig. 5A and B, the position of the histo-

gram moved to the right along with the decrease of oxygen
content, which indicated intercellular ROS increased with the
increasing degree of hypoxia in the channel. Hypoxia-inducible
factor 1 (HIF1) is a heterodimeric transcription factor that
plays an important role in the cellular response to hypoxia
stress. It consists of HIF-1α and HIF-1β subunits.48 HIF1 regu-
lates the transcription of many genes including genes regulat-
ing angiogenesis, erythropoiesis, cell cycle, metabolism and
apoptosis,49 which could accelerate responses to the hypoxic
environment. HIF-1α is degraded rapidly in normoxic cells,
however, hypoxia retards HIF-1α degradation and lead to its
accumulation in cells,50 and HIF-1α is therefore only found in
hypoxic cells. We examined cellular HIF-1α by western blot
after ZF4 cells cultured under different hypoxic conditions for
4 h. As shown in Fig. 5C and D, the content of intracellular

Fig. 4 Fluorescence images and flow cytometry detection of cellular oxygen levels on the oxygen gradient platform. (A) Fluorescent images of cel-
lular oxygen levels after ZF4 cells were cultured in different channels on the platform for 4 h, fluorescence signal resulting from Image-iT™ Green
Hypoxia Reagent, the excitation wavelength was 488 nm and collection wavelength was 500–600 nm. (B) Quantitative results of fluorescence inten-
sity for each group in (A). (C) Flow cytometry results of cellular oxygen levels after ZF4 cells were cultured in different channels on the platform for
4 h. (D) Overlays of histograms in (C).

Fig. 5 The change of intracellular ROS and HIF-1α under different O2 levels. (A) Histograms of flow cytometry for detecting cellular ROS after ZF4
cells were cultured for 4 h under different concentrations of O2. (B) The overlays of histograms in (A). (C) Western blot analysis of intracellular HIF-1α
after ZF4 cells were cultured for 4 h under different concentrations of O2. β-Actin was taken as the loading reference. (D) The quantitative analysis
of HIF-1α and β-actin stripes.
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HIF-1α in channel gradually increased along with the oxygen
concentration decreasing. The above results indicate that both
ROS and HIF-1α were upregulated under hypoxic stress during
4 h. This phenomenon can be attributed to the intracellular
stress response caused by hypoxia.44,49

3.6 Hypoxia activated the transcription of vascular
endothelial growth factor (VEGF) in zebrafish cells

Vascular endothelial growth factor (VEGF) is an effective factor
that promotes angiogenesis. VEGF and its tyrosine kinase
receptor have been confirmed to play important roles in
embryonic and tumor angiogenesis.51 It has been reported
that Vegf165 and Vegf121 are the main expression forms in zebra-
fish embryos.51 To study the impact of hypoxia on cellular
VEGF of zebrafish, the mRNA expression level of vegf165 was
quantitatively analysed using RT-PCR method after ZF4 cells
were exposed to different oxygen tensions on the platform of
oxygen gradient for 12 hours. As a control, a housekeeping
gene, β-actin was also analysed by RT-PCR using a pair of
β-actin specific primers. As shown in Fig. 6, VEGF mRNA
expression levels increased as the oxygen level in the channel
decreased, which indicated hypoxia activated the transcription
of vascular endothelial growth factor. In vitro studies of mam-
malian systems revealed that many inducible genes are regu-
lated by a ubiquitous DNA-binding protein hypoxia inducible
factor 1 (HIF-1). In mammal and fish, HIF-1 receives signals
from the molecular oxygen sensor through redox reactions
and/or phosphorylation. HIF-1α then activates the transcrip-
tion of a number of hypoxia-inducible genes, including: vascu-
lar endothelial growth factor (VEGF),4 which to enhance pro-
liferation of blood vessels for increasing oxygen supply.52 Our
results revealed that hypoxia induced hypoxia-inducible factor

1α (HIF-1α) accumulate, and HIF-1α in turn stimulates the
transcription of hypoxia-responsive genes VEGF in the ZF4
cells of zebrafish.

3.7 Hypoxia caused cell cycle arrest in zebrafish cells

In mammalian cells, hypoxia can change the course of the cell
cycle by HIFs (hypoxia-inducible factors) whose transcriptional
targets are present in cell cycle regulation.53 In order to deter-
mine the effect of hypoxia on cycle progression of fish cells,
ZF4 cells were exposed to different oxygen tensions on the plat-
form of oxygen gradient for 12 hours, and intracellular DNA
content was analysed by PI staining. As shown in Fig. 7A, the
results of flow cytometric analysis, the Y-axis of the histogram
was the cell counts and X-axis was the DNA content of
different cell phase. DNA histograms revealed that there was a
change in the cell cycle distribution of ZF4 cells. The statistical
results indicated that the proportion of G0/G1 phase increased
as the decreasing oxygen levels in the channels (Fig. 7B),
which indicated hypoxia induced cell cycle arrest at G0/G1
phase. The results of Fig. 5C and D showed that hypoxia also
caused intracellular HIF-1α increasing. These results indicated
that HIF-1α accumulation under hypoxic conditions would be
responsible for the hypoxia-induced cell cycle arrest, which
was reported in other research.49 The cell proliferation could
be repressed through blocking cell cycle progression, this
stress response is essential for maintenance of cell viability
under hypoxia.

4. Conclusion

This work developed a platform integrating 3D printing and
nitrocellulose -based microfluidic chip to investigate the effect
of oxygen gradient on cells. This platform could generate
steady oxygen gradient for cells in short time (30 min).
Compared with conventional PDMS chips of oxygen gradient
for cell cultures that can only rely on fluorescence microscope
analysis, this hybrid nitrocellulose-based microfluidic platform

Fig. 7 Hypoxia induce cell cycle arrest to zebrafish cells. (A) Cell cycle
histogram of ZF4 cells under different O2 levels. The cell cycle phase
analysis was performed by flow cytometry after cells cultured on the of
the oxygen gradient platform for 12 h. (B)The statistics of ZF4 cells in
channels 1–5 in G0/G1, S and G2/M phase.

Fig. 6 RT-PCR analysis of zebrafish cellular vegf expression. (A) RT-PCR
analysis of zebrafish cellular vegf165 expression under different O2 levels.
Standard loading was indicated by β-actin expression. (B) The relative
intensity analysis of vegf165 and β-actin expressions shown in (A).
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can provide a variety of analysis methods for cells, including
flow cytometry, western blot and RT-PCR, which greatly
expands the application potential of microfluidic chips. To
better illustrate the performance and application of this plat-
form, it was applied in studying the effect of oxygen gradient
on fish cells. Hypoxia caused the increase of intercellular ROS
and HIF-1α accumulation, HIF-1α in turn stimulates the tran-
scription of hypoxia-responsive genes VEGF in the ZF4 cells of
zebrafish. Hypoxia also caused cell cycle arrest in zebrafish
cells, which could lead to cell growth repression. This 3D-
printed nitrocellulose microfluidic device could provide a low-
cost and user-friendly route for cell research under different
oxygen environments. It is expected that this hybrid platform
has good potential for detecting the responses of cells to
oxygen gradient in many fields.
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