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A B S T R A C T

Sprouting angiogenesis is an essential process for expanding vascular systems under various physiological and
pathological conditions. In this paper, a microfluidic device capable of integrating a hydrogel matrix for cell
culture and generating stable oxygen gradients is developed to study the sprouting angiogenesis of endothelial
cells under combinations of oxygen gradients and co-culture of fibroblast cells. The endothelial cells can be
cultured as a monolayer endothelium inside the device to mimic an existing blood vessel, and the hydrogel
without or with fibroblast cells cultured in it provides a matrix next to the formed endothelium for three-
dimensional sprouting of the endothelial cells. Oxygen gradients can be stably established inside the device for
cell culture using the spatially-confined chemical reaction method. Using the device, the sprouting angiogenesis
under combinations of oxygen gradients and co-culture of fibroblast cells is systematically studied. The results
show that the oxygen gradient and the co-culture of fibroblast cells in the hydrogel can promote sprouting of the
endothelial cells into the hydrogel matrix by altering cytokines in the culture medium and the physical properties
of the hydrogel. The developed device provides a powerful in vitro model to investigate sprouting angiogenesis
under various in vivo-like microenvironments.
1. Introduction

Sprouting angiogenesis is the growth of new blood vessels from pre-
existing ones [1], and the angiogenic vessel network formation is
essential for expanding the vascular systems. The scale of the vascular
network expands is according to the response of demanding changes in
metabolism during physiological organ growth in order to supply suffi-
cient oxygen and nutrients [2]. Sprouting angiogenesis occurs continu-
ously in both physiological and pathological developments throughout
the lifespan. During the process, angiogenesis can be affected by many
biological, chemical, and physical factors. For instance, vascular endo-
thelial growth factor (VEGF) has been identified as a primary key regu-
lator to dynamically adjust the angiogenic sprouting behaviors [3]. Also,
change of metabolic signaling in cells can activate the different cellular
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responses during the angiogenic formations [4,5]. In addition, the
physical properties of the matrix around the blood vessels also play
important roles in regulating angiogenesis, and it has been found that the
increase in matrix stiffness can promote angiogenesis [6].

Among various factors, oxygen is one of the essential factors capable
of regulating sprouting angiogenesis from different perspectives. Oxygen
has been identified as a crucial factor for cellular metabolism and bio-
energetic processes, and oxygen further regulates various sprouting
angiogenesis behaviors [7–9]. In recent decades, the hypoxic cellular
microenvironment has been identified as a driving factor of sprouting
angiogenesis through the hypoxia induced factor (HIF) pathway. Pro-
longed stabilization of HIF during hypoxia promotes various
pro-angiogenic pathways involving interactions between endothelial and
stromal cells during both physiological and pathological vascular
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development [10,11]. In addition, stromal cells in the neighboring areas
around the blood vessels and their secreted cytokines also play essential
roles in regulating sprouting angiogenesis and the vessel lumen forma-
tion in vivo. The cytokines secreted from fibroblasts such as
angiopoietin-1, angiogenin, and hepatocyte growth factor (HGF), have
been found to promote endothelial cell sprouting [12]. Also, the presence
of fibroblast cells in the matrix results in significantly stiffer matrix that
has been found to enhance the lumen formation [12]. In addition, hyp-
oxia has also been found to induce extracellular matrix (ECM) remod-
eling and further alter the matrix stiffness that promotes angiogenic
migration and sprouting of endothelial and stromal cells [13,14]. As a
result, the oxygen microenvironment, stromal cells, and their interaction
can greatly affect the sprouting angiogenesis during the new blood vessel
formation through various mechanisms.

However, oxygen tension is usually not uniform in vivo due to the
arrangement of heterogeneous cell types and various biological activities,
and the direct effects of oxygen gradients on the sprouting angiogenesis
are seldom studied due to lack of reliable cell culture platforms capable of
consistently generating oxygen gradients without tedious operation and
complex instrumentation. Recently, a variety of three-dimensional in
vitro cell culture models have been developed due to their capability of
reconstituting similar in vivo microenvironments. The models can pro-
vide more insightful information comparing to conventional monolayer
cell cultural models [15].

Among various models, microfluidic cell culture devices have been
broadly exploited to construct in vitro models due to their great
controllability of cell culture microenvironments and the possibility for
automation and scale-up [16–19]. Recently, several microfluidic devices
have also been developed to control oxygen tensions and generate oxy-
gen gradients for cell culture in two- and three-dimensional manners
[20]. However, most of the devices rely on direct chemical addition or
gas purging for oxygen gradient generation which may alter the cellular
responses or introduce undesired bubbles for cell culture, respectively. In
this paper, a microfluidic device capable of consistently generating ox-
ygen gradients is developed. The oxygen gradient is generated using the
previously developed spatially-confined chemical reaction method with
a simple setup, short transient time, long-term stability, and cell culture
incubator compatibility [21–24]. The device also allows a
three-dimensional hydrogel matrix to be embedded into a microfluidic
channel for cell culture and sprouting angiogenesis study [25,26]. The
established oxygen gradients are quantitatively characterized using an
oxygen sensitive fluorescence dye with fluorescence lifetime-based
measurement, and the sprouting angiogenesis of endothelial cells is
characterized based on image analysis. Exploiting the device, the direct
effects of oxygen gradients, neighboring stromal cells, and matrix
remodeling on sprouting angiogenesis can be better studied in vitro.

In the experiments, endothelial cells are cultured as a mono-layer to
mimic an existing endothelium in a blood vessel, and a hydrogel matrix is
placed next to the endothelium for three-dimensional sprouting angio-
genesis. The effects of oxygen gradients on sprouting angiogenesis are
first studied using the devices with different dimensions to generate
various oxygen gradients. In order to further investigate the effects of the
stromal cells, fibroblast cells are cultured in the hydrogel matrix for the
study. The angiogenesis sprouting of the endothelium is quantified by
analyzing the captured microscopic images, and angiogenesis cytokine
array analysis is also performed to explore the possible underlying
mechanisms. Moreover, the physical properties of the hydrogel are
characterized using atomic force microscopy (AFM) to observe thematrix
remodeling. The experimental results demonstrate the functions of the
designed device, and confirm the critical roles of oxygen gradients and
fibroblast cells on cytokine secretion and matrix remodeling that can
greatly affect sprouting angiogenesis. The developed device provides a
simple yet powerful platform to study sprouting angiogenesis and more
interesting biological activities under controlled oxygen gradients.
Furthermore, the experimental results provide insightful information and
may open a new window for sprouting angiogenesis research.
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2. Materials and methods

2.1. Device design and fabrication

In order to perform cell culture under controlled oxygen gradients, a
microfluidic device is designed and fabricated in the experiments. The
microfluidic device (Fig. 1) consists of two layers of poly-
dimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI). The
top layer is designed with patterns of three microfluidic channel sets
including a cell culture channel, a hydrogel channel, and an oxygen
scavenging channel as shown in Fig. 1(a). The bottom layer is a PDMS-
coated glass slide to be sealed against the top layer forming the micro-
fluidic channels. In the experiments, the endothelial cells are cultured in
the cell culture channel (width: 800 μm, height: 100 μm) as a mono-layer,
and the hydrogel is introduced into the hydrogel channel (width: 200 μm,
height: 100 μm) as a three-dimensional matrix into which the endothelial
cells sprout for angiogenic vessel formation. The cell culture channel and
the hydrogel channel are separated by a line of trapezoid pillars to
confine the hydrogel in the hydrogel channel while allowing direct
contact to the endothelial cells on the interface. The oxygen scavenging
channel is designed with two inlets and one outlet to generate the oxygen
gradient in the neighboring channels using the previously developed
spatially-confined chemical reaction method [22–24]. The hydrogel
channel and the oxygen scavenging channel are separated by a PDMS
thin wall with three different widths (50 μm, 75 μm, and 100 μm) to
generate different oxygen gradients inside the cell culture and hydrogel
channels.

The top layer is fabricated utilizing the well-developed soft lithog-
raphy replica molding technique [22]. The master mold with negative
relief features is fabricated by patterning a negative tone photoresist
(SU-8 2050, MicroChem, Newton, MA) on a silicon wafer using con-
ventional photolithography. The mold is then silanized using 1H,1H,2H,
2H-perfluorooctyl trichlorosilane (97%) (L16606, Alfa Aesar, Ward Hill,
MA) in a desiccator to prevent undesired bonding between the mold and
PDMS [27]. The PDMS prepolymer made of a mixture of base and curing
agent with a 10:1 (w/w) ratio is then poured onto the mold and cured in a
65 �C oven for more than 4 h. After curing, all the inlets and outlets are
punched using a biopsy punch with a diameter of 1.5 mm. The bottom
layer is prepared by spinning the PDMS prepolymer onto a glass slide to
form a 30 μm-thick layer of PDMS. To assemble the entire device, the top
PDMS layer and the bottom PDMS-coated glass slide are aligned and
irreversibly bonded using an oxygen plasma surface treatment (90W) for
30 s (PX-250, Nordson MARCH, Concord, CA) (Fig. 1(b)). The fabricated
devices are sterilized by UV exposure for 30 min before performing the
cell experiments.

2.2. Cell culture

To investigate sprouting angiogenesis of endothelial cells into the
three-dimensional hydrogel matrix, human umbilical vein endothelial
cells (HUVECs) (EndoGRO™ Normal HUVEC, SCCE001, Millipore, USA)
are utilized. HUVECs have been broadly exploited to construct in vitro
models to investigate endothelial angiogenic sprouting and tubular
capillary network formation [28,29]. In the experiments, the HUVEC
cells are cultured using a commercially available growth medium
(EndoGRO™ Media Products for Human Endothelial Cell Culture,
SCME002, Millipore, USA). To further study the effects of stromal cells on
the sprouting angiogenesis of the endothelial cells, a human fetal lung
fibroblast cell line (MRC-5) cultured using a growth medium (MEM
medium, Gibco 41,090, Invitrogen Co., Carlsbad, CA) with 10% v/v fetal
bovine serum (FBS) (Gibco 10,082, Invitrogen Co.) and 1% v/v anti-
biotic–antimycotic (Gibco 15,240, Invitrogen Co.) is exploited in the
experiments. MRC-5 cells have also been broadly used for in vitro cell
co-culture models due to their well-studied properties. Moreover,
co-culture of HUVEC and MRC-5 has also been used to investigate in-
teractions between endothelial cells and fibroblasts [30]. The stocks of



Fig. 1. (a) The schematic of the designed microfluidic device to perform the experiments investigating endothelial cell sprouting into hydrogels under various
controlled oxygen microenvironment and cell co-culture conditions. The oxygen gradients are generated using the devices with different wall widths (50 μm, 75 μm
and 100 μm) between the oxygen scavenging channel and the hydrogel channel. (b) Photo of the fabricated microfluidic device (wall width: 50 μm) filled with
food dyes.
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both cells are maintained in T75 cell culture flasks at 37�C in a humid-
ified incubator with 5% CO2. The growth media are changed one day
after the passage, and the cells are sub-cultured every three days. The
cells are passaged by dissociating the cells with 0.25% TrypLE Express
(Gibco 12,605, Thermo Fisher Scientific, USA). The cell suspensions for
the experiments are prepared by centrifuging the dissociated cells at
1000 rpm for 5 min at room temperature and resuspending the cells with
desired densities using the according growth media. For consistent
experimental results, the HUVECs and MRC-5 cells with passages 3 to 5
and 28 to 33 are used in all the experiments, respectively.
3

2.3. Three-dimensional hydrogel matrix formation

In order to construct an in vivo-like three-dimensional matrix for
sprouting angiogenesis of the endothelial cells, fibrinogen from human
plasma (F3879, Sigma-Aldrich, St. Louis, MO, USA) is exploited as the
hydrogel matrix in the experiments. The hydrogel solution contains 100
μl human fibrinogen solution with a concentration of 1 mg per 75 μl of
EndoGRO™ Media (SCME002, Millipore, USA), 2.5 μl Aprotinin with a
concentration of 30 U/ml (A3428, Sigma-Aldrich, St. Louis, MO, USA),
and 25 μl Thrombin with a concentration of 25U/ml (T6884, Sigma-
Aldrich, St. Louis, MO, USA). To further investigate the effects of the
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stromal cells on the sprouting angiogenesis, the lung fibroblast (MRC-5)
cells are mixed into the hydrogel solution with a density of 106 cells/ml
for the experiments. After preparing the hydrogel solution, 100 μl of the
solution without or with the MRC-5 cells is then introduced into the
hydrogel channel and incubated for 10 min at 37 �C to cure the hydrogel.
After curing the hydrogel, 200 μl of the cell growth medium is injected
into the channels to prevent drying of the hydrogel.

2.4. Oxygen gradients generation and characterization

In order to investigate the endothelial sprouting under different ox-
ygen microenvironments, the oxygen gradient is generated in the
microfluidic device using the spatially-confined method [22]. In the ex-
periments, pyrogallol (benzene-1,2,3-triol, C6H6O3) (87-66-1, Alfa Aesar,
Ward Hill, MA) and sodium hydroxide (NaOH) (30,620, Sigma-Aldrich,
St Louis, MO) solutions are introduced into the oxygen scavenging
channel from the two separate inlets. The two solutions are mixed when
flowing into the serpentine channel, and pyrogallol can rapidly absorb
oxygen when in an alkaline solution. In the experiments, the pyrogallol
(50 mg/ml) and NaOH (1 M) solutions are introduced into the channel
with flow rates of 0.5 μl/min for the oxygen scavenging chemical reac-
tion. It is noticed that only 0.72 ml of each chemical is required for a 24-h
experimental period, which can greatly reduce chemical consumption
and the oxygen scavenging method is suitable for long-term cell
experiments.

To characterize the oxygen gradients generated inside the hydrogel
and cell culture channels, an oxygen sensitive fluorescence dye, tris (2,20-
bipyridyl) ruthenium (II) chloride hexahydrate (5 mg/ml) (50525-27-4,
Acros Organics, Geel, Belgium), is utilized as an oxygen sensor in the
experiments. The ruthenium-based fluorescent dye provides great pho-
tostability and is specifically sensitive to oxygen variationwithout known
complex in the ground state with different lifetime [23,31,32]. Since the
fluorescence lifetime of the dye can be shortened by the presence of
oxygen, the oxygen gradient profiles are estimated using the lifetime
measurement. The lifetime measurement provides a more precise and
reliable quantitative method due to its insensitivity to ambient optical
noise. According to the Stern–Volmer equation, the quantitative oxygen
concentration can be calculated as

½O2� ¼ 1
Kq

�τ0
τ
� 1

�

where τ0 and τ are the fluorescence lifetimes without and with the
presence of oxygen, respectively, and Kq is the quenching constant. For
quantification of oxygen tension values, a fluorescence image of a droplet
of the dye in an ambient environment with oxygen tension of approxi-
mately 20.9% is used as a reference with the fluorescence lifetime of 381
ns in the experiments [32].

For the oxygen tension measurement inside the microfluidic device,
the microfluidic device is treated with oxygen plasma to make the
channel surfaces hydrophilic. The hydrogel matrix is first formed in the
hydrogel channel of the device. In addition, the pure H2O is introduced to
fill up the cell culture channel for maintaining the hydrophilic condition
before injection of the oxygen sensitive dye. Afterwards, the oxygen
sensitive dye solution is then introduced (flow rate: 5 μl/min) into the
cell culture channel by a syringe pump for 10 min to allow the dye
diffusion into the hydrogel and kept static for more than 2 min for the
measurement. The pyrogallol and NaOH solution are then introduced
into the oxygen scavenging channel using a syringe pump for the mea-
surement. The measurements are performed under the normoxic (21%
O2) condition, and the detailed measurement setup is described in the
Supplementary Information (Fig. S1).

2.5. Sprouting angiogenesis assay

To perform the sprouting angiogenesis assay, the cell culture channel
4

is first treated with 50 μl of ECM protein, fibronectin (FC010, Merck
KGaA, Darmstadt, Germany), with a concentration of 0.1 mg/ml for 2 h
at 37 �C to promote the cell adhesion after the hydrogel matrix forma-
tion. The fibronectin solution is replaced by the complete growth me-
dium after the treatment, and the HUVECs (30 μl with a cell density of
107 cells/ml) are then seeded into the cell culture channel. The HUVECs
are cultured for more than 3 h in the devices before applying the oxygen
gradients, and the entire cell experiments are performed for more than
72 h.

2.6. Angiogenic sprouting length analysis

To quantitatively estimate the length of which the HUVECs sprout
into the hydrogel under different oxygen gradients and co-culture con-
ditions, image analysis is performed on the brightfield images captured
using an inverted fluorescence microscope (DMi8, Leica Microsystems,
Wetzlar, Germany). The image analysis is achieved using a computer
code programmed on a commercially available mathematics software,
Matlab (R2019b, The Math Works, Inc., Natick, MA). The length of
sprouting angiogenesis (LSA) is defined as LSA ¼ A/L, where A and L are
sprouting angiogenesis area and channel length, respectively (Fig. 2).
The estimated sprouting angiogenesis length is helpful for investigating
the effects of oxygen gradients and co-culture conditions on the sprouting
angiogenesis of the endothelial cells.

2.7. Cell viability assay

To confirm the cell compatibility of the device and confirm the
viability of the HUVECs during their sprouting in the hydrogel under
different culture conditions, the cells cultured in the devices for 72 h
were stained using a fluorescence-based live/dead cytotoxicity assay
(LIVE/DEAD Viability/Cytotoxicity kit, L3224, Thermo Fisher Scientific,
USA). The live/dead stain solution contained Calcein AM (2 μM),
ethidium homodimer-1 (EthD-1) (2 μM), and Hoechst 33,342 (50 μl/ml)
(NucBlue™ Live ReadyProbes™ Reagent, R37605, Invitrogen, USA)
were introduced into the device and incubated for 45 min at 37 �C
protected from light for the staining. The cell viability of the HUVECs is
observed using an inverted fluorescence microscope (DMi8, Leica
Microsystems, Wetzlar, Germany).

2.8. Immunocytochemistry staining

To observe the cytoskeleton and arrangement of HUVECs during the
sprouting process, F-actin and adherens junction (VE-Cadherin) fluores-
cence staining is performed in the experiments. The cells are first fixed
with 4% Paraformaldehyde (PFA, #15710 Electron Microscopy Sciences,
Fisher Scientific, USA) for 30 min at room temperature and washed 3
times with DPBS. To permeabilize the cell membrane, the samples are
treated with 0.1% Triton for 5 min at room temperature, and then
washed 3 times with DPBS. Afterwards, the samples are treated with a
blocking solution of 3% bovine serum albumin (BSA, A7906, Sigma-
Aldrich Co.) in DPBS at 4�C overnight. The blocking solution is
removed and the samples are incubated with the solution of VE-cadherin
primary antibody at 4�C for overnight (1:250 with BSA solution, SC-
9989, Santa Cruz Biotechnology Inc., Santa Cruz, CA). After 12–16 h,
the paired secondary antibody Alexa Fluor 488 goat anti-mouse IgG
antibody (1:800 with PBS, A-11,001, Thermo Fisher Scientific Inc.) is
introduced for 1.5 h at room temperature. The solution is then aspirated
and the samples are washed 3 times with DPBS. In addition, the staining
solutions of F-actin in PBS (50 μl/ml) (ActinRed™ 555 ReadyProbes®
Reagent, R37112, Invitrogen, USA) and DAPI (50 μl/ml) (NucBlue™
Fixed Cell ReadyProbes™ Reagent, R37606, Invitrogen, USA) are added
into the samples in the dark for 1.5 h at room temperature.

Moreover, to investigate the influences of hydrogel-MRC-5 mixture
solution on HUVECs during sprouting processes, MRC-5 has stained with
cell tracker (1:1000 with cell culture medium; C34552, CellTracker Red



Fig. 2. (a) Experimental setup and photo for the cell sprouting experiments under normoxia and oxygen gradient microenvironments. The entire setup is placed in a
humidified cell incubator supplied with 5% CO2 and maintained at 37 �C. The oxygen gradient is generated inside the microfluidic device using the spatially confined
chemical reaction method. Three different oxygen gradients are generated in the devices designed with the wall widths of 50 μm, 75 μm and 100 μm between the
oxygen scavenging channel and the hydrogel channel. (b) The image acquisition and analysis method to estimate the average length of the cells sprouting into the
hydrogel. Both brightfield and fluorescence images are acquired in the experiments, and the area of the cells sprouting into the hydrogel is automatically identified
using a computer program for the average sprouting length estimation.
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CMTPX Dye, Invitrogen, USA) for 30 min before mixing with hydrogel
then injected into the hydrogel channel of devices. After 72 h experi-
mental period, samples are fixed, permeabilized, and blocked by using
the same method as mentioned previously. Afterwards, in order to clarify
the MRC-5 and HUVECs, samples are incubated with the solution of CD-
31 primary antibody at 4�C for overnight (ab76533, Abcam, dilution
1:250 with BSA). Next, the paired secondary antibody (1:800 with PBS;
Invitrogen) is introduced for 1.5 h at room temperature, and the same
DPBS wash protocol is processed. In addition, the staining solutions DAPI
(50 μl/ml) (NucBlue™ Fixed Cell ReadyProbes™ Reagent, R37606,
Invitrogen, USA) are added into the samples in the dark for 1.5 h at room
temperature. The samples are washed 3 times with DPBS and visualized
under a confocal laser scanning microscope (LSM 880, Carl Zeiss Mi-
croscopy GmbH, Oberkochen, Germany).
2.9. Cytokine array analysis

To investigate the possible molecular mechanisms of the effects from
the co-culture and oxygen microenvironments, cytokine assay analysis is
performed on the medium collected from the microfluidic device on Day
3. The conditioned medium is collected from HUVEC without or with
MRC-5 co-culture for analysis using the human angiogenesis antibody
array (Human Angiogenesis Antibody Array C1000, RayBiotech, Inc.,
Peachtree Corners, GA). The detailed information and results of the
cytokine array exploited in the experiments are described in Fig. S2(a) in
the Supplementary Information. The analysis is performed according to
5

the instructions provided by the manufacturer. Briefly, 2 ml of the
blocking buffer is pipetted into the well with the angiogenesis antibody
arraymembrane and incubated for 30 min at room temperature. After the
incubation, the blocking buffer is removed, and the antibody membrane
is washed twice with the array wash buffers. 1 ml of the conditioned
medium is added into the well, and the antibody array membranes are
incubated overnight at 4�C. The array membranes are then washed twice
with the wash buffers. 1 ml of the prepared Biotinylated Antibody
Cocktail is pipetted into each well and incubated overnight at 4�C. The
membranes are washed twice with the wash buffers. 2 ml of the HRP-
Streptavidin solution is added onto the membrane and incubated for 2
h at room temperature. After washing, the membranes are addedwith the
chemiluminescent detection buffer mixture and transferred to an auto-
mated imaging system (UVP BioSpectrum 810, Thermo Fisher Scientific)
to capture the images of the array spots. The antigen-specific antibody
spots are analyzed and quantified using an image processing and analysis
software, ImageJ (National Institutes of Health) with a MicroArray Pro-
file plugin (https://www.optinav.info/MicroArray_Profile.htm).
2.10. Atomic force microscopy (AFM) analysis

Other than cytokines, physical properties also play important roles in
regulating endothelial cell sprouting into the hydrogels. In the experi-
ments, three 100 μl hydrogel samples without MRC-5 cells and three 100
μl hydrogels samples with MRC-5 cells (106 cells/ml) are prepared in the
wells punched by a 6 mm diameter biopsy punch on 1 mm thick PDMS

https://www.optinav.info/MicroArray_Profile.htm
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coating layers inside the conventional 3.5 cm petri-dishes (93,040, TPP
Techno Plastic Products AG) and cultured using the HUVEC medium for
72 h. The biological atomic force microscopy (Bio-AFM) (JPK Nano-
Wizard 3, Bruker Nano GmbH, Berlin, Germany) is then exploited to
measure the elasticities of the hydrogels cultured without and with the
MRC-5 cells covered by the medium. In the measurement, a four-side
pyramid tip (PNP-TR20, Nanoworld, Neuchâtel, Switzerland) is used
under the QI mode of the Bio-AFM setup (JPK NanoWizard Control,
Bruker Nano GmbH) as an indenter to scan across a 30✕30 μm2 area of
the samples. To ensure accurate measurement of the elasticity, the
maximum indentation depth of 4000 nm andmaximum indentation force
of 5 nN are set for the measurement. During the scanning, the force-
displacement curve measured at each indentation pixel is collected and
further used to calculate the Young's modulus of each position of the
hydrogel samples by optimum curve fitting according to the Hertz model
[23].
2.11. Statistical analysis

A Student's t-test is performed to statistically analyze the difference
between the control (uniform oxygen concentration) and experimental
(with oxygen gradients) groups, data are analyzed from brightfield im-
ages and cell viability fluorescence images. If the P value is less than 0.05,
the difference is considered significant (*: p< 0.05; **: p< 0.01; ***: p<
0.001). One-way ANOVA is applied to investigate the angiogenic
sprouting area length differences under three types of wall widths. Nu-
merical values are expressed as means � SDs of more than three inde-
pendent experiments.

3. Results

3.1. Oxygen gradient profiles in the microfluidic devices

In order to investigate the actual oxygen tension profiles generated
inside the hydrogel and cell culture channels, the oxygen sensitive
fluorescence dye and the widefield frequency domain fluorescence life-
time image microscopy (FD-FLIM) measurement system are utilized for
quantitative characterization [23]. Fig. 3(a) shows the fluorescence
lifetime image experimentally measured using the FD-FLIM in the
microfluidic device with a 50 μm-wide wall between the oxygen scav-
enging channel and the hydrogel channel. The image shows that the
lifetime of the dye is longer in the area on the left side due to the lower
oxygen tension resulted from the oxygen scavenging chemical reaction in
the neighboring chemical reaction channel.

In addition, the oxygen tension profile can be further quantified ac-
cording to the measured lifetime and the Stern-Volmer equation. The
detailed calculation procedure has been previously described in the
Fig. 3. (a) The measured fluorescence lifetime and the calculated oxygen gradient p
scavenging channel and the hydrogel channel in the experiment. (b) The measured av
wall widths.
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published works [23,31]. The calculated result is plotted in Fig. 3(a). The
plot shows the oxygen gradient can be successfully established along the
width of the hydrogel and cell culture channels. For the device with 50
μm-wide wall between the oxygen scavenging channel and the hydrogel
channel, the oxygen can be reduced to lower than 1% on the left side.

To compare the oxygen gradient profiles established in the devices
with different wall widths (50, 75, and 100 μm) between the oxygen
scavenging channels and the hydrogel channels, Fig. 3(b) plots the oxy-
gen tension profiles in the devices with three different dimensions. The
generated oxygen gradients range from 0.6%–14.8%, 2.0%–15.4% and
3.9%–17.4% in the devices with the wall widths of 50, 75, and 100 μm,
respectively. The results indicate that the oxygen tensions can be lowered
by decreasing the wall width between the oxygen scavenging channel
and the hydrogel channel. In addition, to confirm the long-term stability
of the generated oxygen gradients, the oxygen gradients established in
the same device at different time points are also measured. Fig. S3(a) in
the Supplementary Information shows the oxygen tension profiles
calculated from the measured fluorescence lifetime using the FD-FLIM at
5 time points (0.5, 3, 8, 24, 72 h). The quantitative data as show in
Fig. S3(b) plots the average oxygen tension along each x position. The
results show that the oxygen tension values at the same x position at
different time points are similar to each other, and the differences are no
larger than 1% confirming the great long-term stability of the device for
oxygen gradient generation.
3.2. Cell viability analysis

To confirm the cell culture compatibility of the device and observe the
cell viability under various oxygen gradients, fluorescence-based cell
viability assays are performed in the experiments. Fig. 4(a) and (b) show
the brightfield phase and fluorescence images of the fluorescently stained
HUVECs cultured within the devices (wall width of 50 μm) for a period of
72 h under normoxia and the oxygen gradient, respectively. The images
show that the HUVECs can attach well on the substrate during the 3-day
culture for both conditions. Furthermore, the sprouting of the HUVECs
into the hydrogel can be observed in the experiment with the oxygen
gradient. In addition, the images show that the majority of the cells show
green fluorescence from the Calcein AM labeling the live cells suggesting
that the cell can maintain great viability after culture under different
oxygen microenvironments (normoxia and the oxygen gradient) for 3
days.

To further quantify the cell viability assay results, image analysis is
performed to enumerate live numbers and total cell numbers on the
fluorescence images. Fig. 4(c) plots the quantification and statistically
analyzed results showing the viabilities of the HUVECs cultured within
the devices under different oxygen microenvironments. The results
indicate that the cell viabilities for all the cell culture conditions are
rofile within a microfluidic device with a 50 μm-wide wall between the oxygen
erage oxygen tension profiles within the microfluidic devices with three different



Fig. 4. (a) The brightfield phase images of the HUVECs cultured under normoxia on Day 0, 1, and 3; and the image of the HUVECs cultured under an oxygen gradient
on Day 3. The width of the wall between the oxygen scavenging channel and the hydrogel channel is 50 μm. (b) The fluorescence images of the HUVECs stained with
live/dead fluorescent dyes (green: Calcein AM for live cells; red: Ethd-1 for dead cells; blue: Hoechst 33,342 for nuclei) cultured under normoxia and the oxygen
gradient on Day 3. (c) Quantified viabilities of the HUVECs on Day 3 cultured under normoxia and oxygen gradients generated in the devices. (d) Confocal images of
the HUVECs cultured under various oxygen microenvironments generated using the devices with the different wall widths between the oxygen scavenging channels
and the hydrogel channels (green: VE-cadherin; red: F-actin; blue: nuclei). (e) The estimated average lengths of the HUVECs sprouting into the hydrogels under
normoxia and various oxygen gradients generated in the devices. The results significantly different from the normoxia (control) experiments are labeled with asterisk
symbols (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Data are expressed as the mean � standard deviation (n ¼ 3).
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higher than 95%, and no statistical differences between the cell viabil-
ities obtained from the experiments under the normoxia and the oxygen
gradient microenvironments in the devices with identical geometries.
The results confirm the great cell compatibility of the microfluidic device
and the functionality of the oxygen gradient generation scheme, and also
suggest that the cells live well under various oxygen microenvironments
established in the microfluidic devices.
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3.3. Sprouting of HUVECs under different oxygen microenvironments

In the experiments, the effects of the oxygen gradients on endothelial
cell sprouting into three-dimensional hydrogels are first studied. Fig. 4(d)
shows the confocal images (maximum intensity projection) of the
HUVECs cultured under normoxia and oxygen gradients in the micro-
fluidic devices with three different wall widths between the oxygen
scavenging channels and the hydrogel channels. The cells are stained
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with adherens junction protein, VE-cadherin (green), cytoskeleton, f-
actin (red), and nuclei (blue). The images show that the VE-cadherin
expresses at the cell-to-cell junctions suggesting that HUVECs can form
endotheliumwith great integrity in the cell culture channels under all the
culture conditions. In all the experiments performed under normoxia, the
HUVECs tend not to sprout into the hydrogel after the 3-day culture. In
contrast, the HUVECs sprouting into the hydrogels is observed from the
experiments performed with the oxygen gradients. Moreover, the length
of the HUVECs sprouting into the hydrogel becomes greater for the de-
vice with the narrower wall widths leading to the similar oxygen gradient
profiles but with lower oxygen tension values. Also, the cells sprouting
into the hydrogel show abundant f-actin expression.

The areas of the HUVECs sprouting into the hydrogels are automati-
cally quantified based on the brightfield images using the computer
codes. The average sprouting lengths (LSA) are then calculated based on
the aforementioned equation, and the results are plotted in Fig. 4(e). The
results indicate that the cell sprouting length possesses no significant
differences among the devices with different wall widths under the
normoxia culture condition, and all the average cell sprouting lengths are
no greater than 3.5 μm. In comparison, the cell sprouting length can be
affected by the oxygen gradient profiles established in the devices with
different wall widths. The average sprouting lengths are 111.1, 50.3, and
24.7 μm for the devices with wall widths of 50, 75, and 100 μm,
respectively. The results indicate that the sprouting lengths significantly
increase when the HUVECs are cultured under the oxygen gradients with
lower oxygen tensions established in the microfluidic devices with nar-
rower wall widths. The sprouting lengths obtained from the experiments
conducted under normoxia and the oxygen gradients are further
compared. The results reveal that using the devices with the wall widths
of 50, 75, and 100 μm, the sprouting lengths are 48.3, 21.8, and 10.7
times as the average values obtained from all the experiments performed
Fig. 5. (a) The brightfield phase images of the HUVECs co-cultured with the MRC-5 c
3 in the microfluidic devices with 50 μm-wide walls between the oxygen scavenging c
without and with MRC-5 cells in the hydrogels under normoxia and the oxygen gra
cadherin (green), F-actin (red), and nuclei (blue) of the HUVECs are fluorescently
ments, the HUVECs and the MRC-5 cells are fluorescently labeled using CD31 (green)
also fluorescently labeled (blue). (c) The estimated average length of the HUVECs s
represent a significant difference between the co-culture conditions and the oxygen
standard deviation (n ¼ 3).
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without the oxygen gradients in the devices with three different di-
mensions on Day 3, respectively. The statistically greater sprouting
lengths suggest that the critical roles of the oxygen gradient in endo-
thelial cell sprouting into the three-dimensional hydrogels.
3.4. Sprouting of HUVECs with co-culture of MRC-5 cells in the hydrogel

To further investigate the role of stromal cells in endothelial cell
sprouting, co-culture of fibroblast cells is performed in the experiments.
The human fetal lung fibroblast cells (MRC-5) are cultured in the
hydrogels located in the hydrogel channel within the microfluidic device.
For simplification, the co-culture experiments are all performed in the
device with the 50 μm-wide wall between the hydrogel channel and the
oxygen scavenging channel for comparison. The effects of the MRC-5
cells cultured in the hydrogel on the oxygen gradient profile are first
investigated in the experiments. The oxygen tension profiles on the same
device containing the MRC-5 cells in the hydrogel are characterized for 3
days. The measured results are compared to the gradients measured on
the device without the cells, and the results are shown in Fig. S4 in the
Supplementary Information. The results suggest that the MRC-5 cells
cultured in the hydrogel have minimal effects on the oxygen gradients
generated using the chemical reaction method, and the stable oxygen
gradients can be maintained in the devices with or without the MRC-5
cells cultured in the hydrogel.

Fig. 5(a) shows the brightfield phase images of co-culture of the
HUVECs and the MRC-5 cells within the devices under normoxia and the
oxygen gradient conditions on Day 1 and 3. The images show that both
cell types can live well in the devices, and the HUVECs sprout into the
hydrogels under both oxygen microenvironments. Fig. 5(b) shows the
confocal images (maximum intensity projection) of the cells cultured in
the microfluidic devices on Day 3. For the experiments without co-
ells in the hydrogels under normoxia and the oxygen gradients on Day 1 and Day
hannels and the hydrogel channels. (b) Confocal images of the HUVECs cultured
dients on Day 3. In the experiments without co-culture of MRC-5 cells, the VE-
stained. In order to differentiate different cell types in the co-culture experi-
and CellTracker Red CMTPX (red), respectively. The nuclei of both cell types are
prouting into the hydrogels under different culture conditions. Different letters
microenvironments (a, b, c, d ¼ p < 0.05). Data are expressed as the mean �
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culture of the MRC-5 cells, the HUVECs are stained with VE-cadherin
(green), f-actin(red), and nuclei (blue). In the co-culture experiments,
the HUVECs and the MRC-5 cells are labeled using CD31 (green) and
CellTracker Red CMTPX (red) for cell type differentiation, respectively.
Under the normoxia condition, the presence of MRC-5 can promote the
HUVECs sprouting into the hydrogels making the average sprout lengths
increase from 1.1 to 25.6 μm. When the oxygen microenvironment
changes from normoxia to the oxygen gradient, the sprouting lengths can
be further increased. The sprouting lengths increase from 1.1 and 25.6
μm to 111.1 and 74.5 μm for the HUVECs cultured without and with the
MRC-5 cells, respectively. The results suggest that both oxygen gradient
and co-culture of the stromal cells do promote the sprouting of HUVECs
into the hydrogel; however, the two factors are not synergistic.
Comparing the results performed in the device with the wall width of 50
μm, the sprouting length greatly increases more than a hundred times
when the culture environment changes from normoxia to the oxygen
gradient albeit the HUVECs are not cultured with the MRC-5 cells. In
contrast, the length only increases about 2.9 times in the HUVEC/MRC-5
cell co-culture experiments. In addition, comparing the results obtained
from the experiments with the oxygen gradients, the average sprouting
length of the HUVECs co-cultured with the MRC-5 cells is 74.5 μmwhich
is about 32.9% than that of the HUVECs cultured alone (about 111.1 μm).
Furthermore, the images show that the morphologies of the HUVECs
sprouting into the hydrogels are different in the experiments without and
with co-culture of MRC-5 cells. In the co-culture experiments, the
HUVECs tend to form tubular structures with larger diameters.
3.5. Cytokine array analysis

The cytokine array analysis is conducted to investigate the cytokine
secretion difference among the cell experiments performed under
different oxygen microenvironments (normoxia and oxygen gradient)
and co-culture conditions (without and with MRC-5 cells). The images of
Fig. 6. (a) Images of the angiogenesis cytokine arrays showing different cytokine
ronments (normoxia and oxygen gradient) and co-culture conditions (without and wit
different oxygen microenvironments and cell co-culture conditions.
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the cytokine arrays obtained from different experimental conditions are
shown in Fig. 6(a), and the quantitative results of all the cytokines
analyzed in the array are shown in Fig. S2(b) in the Supplementary In-
formation. The images highlight the six angiogenesis-related cytokines
having distinct expression levels among the experimental conditions,
including: angiogenin, epithelial-neutrophil activating peptide 78 (ENA-
78), interleukin 6 (IL-6), placenta growth factor (PlGF), transforming
growth factor β 1 (TGFβ-1), and vascular endothelial growth factor D
(VEGF-D). Fig. 6(b) shows the quantified results calculating the inte-
grated intensities normalized to the control experiment (culture of
HUVEC under normoxia without MRC-5 cells). The plots show that
concentrations of pro-angiogenesis cytokines: angiogenin, ENA-78, and
IL-6 are greatly elevated for more than 34%, 104%, and 270% in the
medium of the HUVECs cultured with MRC-5 cells in the hydrogels,
respectively. Furthermore, the angiogenin and ENA-78 concentrations
are further increased when the cells are co-cultured under the oxygen
gradients comparing to normoxia. In contrast, the IL-6 cytokine with
broad-ranging effects is slightly decreased when the co-culture is per-
formed under the oxygen gradient. The results suggest that co-culture
with the fibroblast cells promotes the secretion of the pro-angiogenesis
cytokines angiogenin, ENA-78, and IL-6. Furthermore, culture under
the oxygen gradient environment has synergistic effects to further in-
crease the secretion of angiogenin and ENA-78.

In addition, when the HUVECs are co-cultured with the MRC-5 cells,
the secretion of PlGF, a multitasking cytokine and a member of the VEGF
family [33] is decreased by more than 50% under normoxia. No matter
the HUVECs cultured without or with MRC-5 cells, the PlGF secretion is
increased when the cells experience the oxygen gradients. Similarly,
VEGF-D secretion is decreased by about 20% when the MRC-5 cells are
present in the hydrogel under normoxia, and is increased when the cells
are cultured under the oxygen gradients. TGFβ-1 belongs to the TGFβ
superfamily having important regulatory roles in many cellular functions
like proliferation, differentiation, apoptosis, chemotaxis, and
patterns among the experiments performed under different oxygen microenvi-
h MRC-5 cells). (b) Normalized integrated intensities of the cytokines vary under



H.-H. Hsu et al. Materials Today Bio 21 (2023) 100703
angiogenesis. In the experiment, TGFβ-1 secretion slightly increases
(approximately 16–20%) when the HUVECs are cultured with the
MRC-5 cells. In contrast, the TGFβ-1 secretion decreases when the cells
are cultured under the oxygen gradients (approximately 20% comparing
to the normoxia condition) regardless of the co-culture condition. The
results suggest that co-culture with MRC-5 and the oxygen gradient have
the opposite effect on the TGFβ-1 secretion.

3.6. AFM analysis

Other than cytokines, the physical properties of hydrogels may also
play important roles in regulating endothelial cell sprouting. To charac-
terize the elasticity of the hydrogels without and with MRC-5 cells
cultured in them, atomic force microscopy is performed to quantify the
elasticity of the hydrogels. Fig. 7(a) shows the spatial distributions of the
elasticity values measured using the AFM with 30 μm ✕ 30 μm areas on
the hydrogels without and with MRC-5 cells. The images show that both
hydrogels possess non-uniform elasticity distributions, and the one with
MRC-5 cells has higher elasticity comparing to that without the MRC-5
cells. To further quantitatively compare the elasticities of both hydrogels,
Fig. 7. (a) The spatial distribution of the elasticity values obtained from AFM measu
samples without and with MRC-5 cells cultured in them respectively. (b) Comparison
from the AFM measurement on the hydrogel samples without and with the MRC-5 c
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the histograms and the average values of the elasticity values are further
plotted in Fig. 7(b). The histograms show that most of the elasticity
values of the hydrogel without the MRC-5 cells are smaller than 4 kPa. In
contrast, the elasticity values of the hydrogel with theMRC-5 cells mainly
distribute between 4 and 8 kPa. The average elasticity values of the
hydrogels without and with the MRC-5 cells are approximately 2.2 and
5.9 kPa, respectively.

4. Discussion

The results confirm the functionality of the developed device for
investigating the effects of oxygen gradients and stromal cell co-culture
on the sprouting angiogenesis, and indicate the key roles of the two
factors and their combination. The experimental observation suggests
that either the oxygen gradient, co-culture of MRC-5 cells, or their
combination can promote the sprouting angiogenesis. When the endo-
thelial cells are cultured under the oxygen gradients, it has been found
that the endothelial cells tend to collectively migrate toward to lower
oxygen tension sites on a substrate under the oxygen gradients, and the
proliferation can be promoted [23,24]. The similar oxygen
rements within 30 μm ✕ 30 μm areas (128 ✕ 128 data points) on the hydrogel
of the histograms and the average values (n ¼ 10) of the elasticities estimated
ells.
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gradient-driven cellular response has also been found on the HUVECs
sprouting into the three-dimensional hydrogel matrix in the experiments.
Furthermore, under similar oxygen gradient slopes, the HUVECs sprout
into the matrix with higher rates under the lower oxygen tension values.

The cytokine assay results show that expression of PlGF and VEGF-D
proteins belonging to the proangiogenic VEGF family increase during the
HUVEC culture under the oxygen gradients without or with MRC-5 co-
culture [34]. PlGF has been found to be highly expressed in endothelial
cells and identified as a multitasking cytokine that can affect the activ-
ities of various cells including endothelial cells and fibroblasts [33,35].
On the endothelial cells, VEGF receptor-1 (VEGFR-1) has been identified
as the receptor for PlGF [36]. PlGF can induce endothelial cell migration
and proliferation, and also promote vascular remodeling toward a normal
phenotype [37,38]. Furthermore, PlGF is found to support the prolifer-
ation of fibroblasts promoting vessel maturation [39]. In addition, pre-
vious data have shown that hypoxia increases endothelial cell PlGF
expression post-transcriptionally [35], and similar positive modulation
of PlGF expression under hypoxia has also been observed in other cell
types including fibroblasts [38,40]. VEGF-D is also a member of the VEGF
family, and it can promote the remodeling of blood vessels in the
development and disease [33]. Different from PlGF, the receptors of
VEGF-D are VEGFR-2 and VEGFR-3, which can regulate angiogenesis and
lymphangiogenesis, respectively [41]. Both VEGFR-1 and VEGFR-2 are
required for normal development and angiogenesis [42]. It has been
identified that VEGF-D plays a key role in new blood vessel growth, and
stimulates proliferation andmigration of endothelial cells in vitro as other
members of the VEGF family. Recent studies also reveal that the
expression of VEGF-D is tightly linked to hypoxia, which activates its
expression at both transcriptional and translational levels [43].

In contrast, the expression of TGFβ is downregulated when the
HUVECs are cultured under the oxygen gradients. It has been found that
TGFβ family is a crucial regulatory factor in many cellular functions and
biological processes, such as proliferation, differentiation, migration,
apoptosis, wound healing, and angiogenesis [44,45]. TGFβ is considered
as a key factor during vascular remodeling and the disintegration phase
of angiogenesis, which is generally recognized as an inhibitor of angio-
genesis [46]. Furthermore, TGF-β can decrease cell growth and further
lead to cell cycle arrest in most normal cells and early-stage of cancers
[47]. The mechanisms of TGFβ family proteins as the role of being anti-
or pro-angiogenic factors during blood vessel formation processes are
still unclear. TGFβ-1 has been found to induce angiogenesis in vivo
[48–50]; however, it has also been shown that TGFβ inhibits certain
endothelial cellular functions including cell proliferation, migration and
proteolytic activity in vitro [51–53]. When endothelial cells are exposed
to hypoxia, it is demonstrated that messenger RNA and protein levels of
TGFβ-2, a cytokine with potent regulatory effects on vascular inflam-
matory responses, are increased [54]. The increased TGFβ level contra-
dicts to the observation from the oxygen gradient experiments in this
research. The effects of oxygen gradient besides lowered oxygen tension
values on the cytokine expression variation during sprouting angiogen-
esis are still not clear. Further investigation is desired to decipher the
underlying mechanisms of the observed oxygen gradient mediated
cellular response.

The role of fibroblasts in angiogenesis has been recognized under
physiological and pathological conditions [12]. In the experiments, when
the HUVECs are co-cultured with the MRC-5 fibroblasts, it is observed
that the expression of angiogenin, ENA-78 (i.e., C-X-C motif chemokine
ligand 5, CXCL5), and IL-6 are increased, while the PlGF level is
decreased. Angiogenin and ENA-78 have been identified as potential
angiogenic promoting cytokines. Angiogenin is found to support endo-
thelial and fibroblast cell adhesion [55], and it can also induce angio-
genesis by activating endothelial cells and triggering cell migration,
invasion, proliferation, and formation of tubular structures [56]. ENA-78
can be secreted by fibroblasts, and it has been found to promote angio-
genesis through various pathways [57,58]. For IL-6, its potential as an
angiogenic agent has not been fully investigated. In a recent study, it has
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been found that IL-6 can directly induce blood vessel sprouting, endo-
thelial cell proliferation andmigration as VEGF. However, IL6-stimulated
vessel sprouts can be defective compared with VEGF-stimulated ones
[59]. In contrast, PlGF concentration is decreased when the HUVECs are
co-cultured with the MRC-5 cells. Since the PlGF is most highly expressed
in endothelial cells [35], the concentration decrease may be resulted
from the uptake by the fibroblast cells.

The co-culture of fibroblast in the experiments not only provides
additional cytokines but also alters the hydrogel elasticity. The physical
property of the hydrogel extracellular matrix (ECM) has been identified
as a pivotal factor in affecting the sprouting angiogenesis and lumen
formation of the endothelial cells [12]. Stiffness of the hydrogel has been
shown to affect the cell proliferation, signaling and differentiation on
endothelial cells [60–62] and to regulate cell formation during angio-
genic processes [63]. Furthermore, it is noticed that sprouting angio-
genesis and sprouting distance can be promoted by increasing the
stiffness of the ECM [63]. The microelasticities of normal healthy tissues
from various organs have been characterized, and they range from
one-tenth to several tens kPa [64]. In the experiments, the elasticity of
the hydrogel without fibroblasts is estimated to be 2.2 kPa that is within
the range of the normal tissues. It is found that sprouting angiogenesis is
limited without oxygen gradient application or fibroblast co-culture,
which agrees well with the reported observation. Since the co-culture
of fibroblasts increases the elasticity of the hydrogel to 5.9 kPa, the
sprouting angiogenesis can be greatly promoted. It is observed that the
average sprouting distance increases more than 23 times resulted from
increased hydrogel elasticity and additional cytokines secreted from the
fibroblasts.

With the combination of the oxygen gradient culture environment
and the co-culture of the MRC-5 fibroblasts, they have synergistic effects
on increasing expression of pro-angiogenic factors angiogenin and ENA-
78 and opposite effects on expression of IL-6, PlGF, and TGFβ-1. Both
oxygen gradient and co-culture of fibroblast promote sprouting angio-
genesis. It is found that the sprouting distance is greater when the
HUVECs are cultured under the oxygen gradients comparing to the co-
culture experiments. However, the vascular lumen formation of the
HUVECs cultured under the oxygen gradient is much less observed due to
lower hydrogel elasticity and shortage of cytokines secreted from the
fibroblasts such as angiogenin and ENA-78. The result confirms the
critical role of fibroblasts in sprouting angiogenesis with better vessel
formation from biomolecular and physical property viewpoints. The
angiogenesis can be further promoted when the HUVECs are co-cultured
with the fibroblasts under the oxygen gradient. The sprouting distance is
further increased by approximately 2.9 times as that observed in the co-
culture experiments without the oxygen gradient, and the HUVECs can
still form vessel-like tubular structures as those observed in the co-culture
experiments. Additionally, the decrease of IL-6 and TGFβ-1 when the
HUVECs co-cultured with fibroblasts under oxygen gradients may help
the endothelial cells to form less defective blood vessels in a more
physiological-like condition. The developed device can greatly help to
advance the sprouting angiogenesis research under the effects of in vivo-
like oxygen gradients, and more exploration can be conducted to better
study the sprouting angiogenesis under various physiological and path-
ological conditions.

5. Conclusion

In this paper, a microfluidic device capable of integrating a hydrogel
matrix for cell culture and generating stable oxygen gradients is devel-
oped to study the sprouting angiogenesis of endothelial cells. The
endothelial cells can be cultured as a monolayer endothelium inside the
device to mimic an existing blood vessel, and the hydrogel without or
with fibroblast cells cultured in it provides a matrix next to the formed
endothelium for three-dimensional sprouting of the endothelial cells.
Taking advantage of the spatially-confined chemical reaction method,
the oxygen gradient can be established inside the device for cell culture.
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Consequently, the sprouting angiogenesis under combinations of oxygen
gradients and co-culture of fibroblast cells can be systematically studied
using the device. In the experiments, the established oxygen gradients are
quantitatively characterized, and the endothelial cell sprouting areas are
estimated by imaging analysis. In addition, the cytokine array is per-
formed to observe the cytokine variation among different experimental
conditions, and the AFM is exploited to investigate the mechanical
property change of the hydrogel matrix due to its remodeling. The results
confirm the functionality provided by the device, and the critical roles of
the oxygen gradients and co-culture of fibroblast cells to affect the
cytokine compositions in the cell microenvironments and promote
sprouting angiogenesis into the three-dimensional matrix. Using the
developed device, sprouting angiogenesis can be systematically investi-
gated to better explore blood vessel formation under various physiolog-
ical and pathological conditions.
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