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Abstract

Vascular endothelial growth factor (VEGF) has an ability to induce the migration of human umbilical vein
endothelial cells (HUVEC). The objective of this study is to prepare several patterns of gelatin hydrogels for
VEGEF release and evaluate the 3-dimensional pattern of HUVEC migration in Matrigel by VEGF release. VEGF
was incorporated into the gelatin hydrogel sheet to achieve the sustained release and generate the concentration
gradient of VEGF. When Matrigel was put on the gelatin hydrogel sheet incorporating VEGF, the VEGF was released
into the Matrigel to form a gradient pattern of VEGF concentration in the Matrigel with time and the area of VEGF
released by the Matrigel depended upon the position of gelatin hydrogel sheet put on. In addition, HUVEC were
seeded on the surface of Matrigel to evaluate the ability of VEGF released to enhance the cell migration into the
Matrigel. HUVEC were migrated with time into the Matrigel to the direction and the position of VEGF released. It is
concluded that the VEGF release induces the migration of HUVEC in Matrigel based on the concentration gradient

and the position of VEGF formed in Matrigel.
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Introduction

Tissue engineering is a biomaterial technology to assist the
proliferation and differentiation of cells for cell-based tissue formation.
For example, scaffolds with or without growth factor combinations
allow cells to induce 3-dimensioned (3D) tissue regeneration [1-5].
The multi-layer of a cell sheet generated by temperature-responsive
polymers [6-8] and the preparation of cell spheroids by non-adhesive
cell substrates have been reported for the 3D tissue formation [9,10].
However, the insufficient supply of oxygen and nutrient to cells inside
the 3D tissue often causes their reduced function and death [11,12]. In
the body tissue, the vascular network permits the sufficient supply of
oxygen and nutrients. Thus, the formation of blood vessel networks is
critical to allow cells to survive and remain their functions in 3D cell
structures.

Vascular network is generally formed in two ways, vasculogenesis
in which meshwork-like structures are generated de novo, and
angiogenesis in which new vessels emerge from existing ones [13].
In angiogenesis, which is considered to be particularly important for
vascular formation in adult, the migration of vascular endothelial cells
stimulated by VEGF is deeply involved [14-16]. Early angiogenesis
begins with the detachment of pericytes from microvascular tissues
consisting of vascular endothelial cells and pericytes. Endothelial cells at
the site where the pericytes detachment has occurred are then stimulated
by angiogenic growth factors, such as VEGF in turn producing various
proteases that digest the basement membrane [13,16]. This process
leads to the cells migration and proliferation to form new blood vessels.
It is well known that the direction and position of new blood vessels
are well regulated by controlling the type, concentration gradients, and
secretion sites of angiogenic growth factors.

Several researches on in vitro experimental models for angiogenesis
have been reported. For example, a boyden chamber assay is well
known to determine the migratory response of endothelial cells to
angiogenesis factors, such as VEGF and basic fibroblast growth factor
(bFGF) [17-19]. A tube formation assay is one of the most specific
tests for angiogenesis measurement of the ability of endothelial cells
cultured on Matrigel, which is well known as a natural extracellular

matrix (ECM) extracted from the Engelbreth-Holm-Swarm (EHS)
mouse sarcoma [20,21]. In the case of vascular endothelial cells,
Matrigel is commonly used not only as the substrate for angiogenesis
assay both in vitro and in vivo, but also as the 3D substrate. A 3-D in
vitro angiogenesis model by co-culturing HUVEC and GBM cells were
established to study the role of VEGF in mediating capillary tubule
formation [22]. However, the direction of vascular network in these
models is controlled only in the 2D culture, but random in 3D one,
because there is no 3D model system in which well-controlled direction
and position of concentration gradients.

On the other hand, gelatin is used as the substrate to regulate the
release pattern of proteins. For example, our previous studies have
demonstrated that the feasibility of specifying the timing and location
of VEGF release was achieved with a gelatin hydrogel [23,24]. Gelatin
is suitable for regulating the location of the protein, because it is easy
to control shapes and doses. This study is undertaken as one trial to
control the direction and position of VEGF concentration gradient in
the Matrigel of a 3D hydrogel and subsequently regulate the direction
and position of HUVEC migration in the Matrigel.

After VEGF was incorporated into the several patterns of the gelatin
hydrogel sheets, Matrigel was put onto the obtained gelatin hydrogel
sheet. Then, HUVEC were seeded on the surface of the Matrigel. The
direction of HUVEC migration in the Matrigel was evaluated in terms
of incubation time and VEGF release site. We examine the time profile
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and pattern of VEGF released from the gelatin hydrogel sheet in the
Matrigel.

Materials and Method
Materials

A gelatin sample with an isoelectric point (IEP) of 5.0 was kindly
supplied by Nitta Gelatin Inc. (Osaka, Japan). rhVEGF, , was obtained
from R&D Systems, Inc., MI. Matrigel was purchased from Becton
Dickinson & Co., Franklin Lakes, NJ. Other chemicals were obtained
from Nacalai tesque Inc., Kyoto, Japan, and used without further
purification.

Preparation of the several shapes of gelatin hydrogel sheets

Gelatin hydrogel sheets of 100 um thickness were prepared on
glass molds. Briefly 30 w/v % gelatin aqueous solution was preheated
to 40°C, flown into the glass mold with 100 um in depth, and kept at
4°C for gelation. Next, the gelatin hydrogel sheet was removed from the
glass mold, and freeze-dried. The gelatin hydrogel sheet was punched
out to prepare the 5 mm-diameter discs. The discs were cut by a blade
to prepare the arcuate shape of 0.5, 1.5, and 2.5 mm in width. These
samples were performed by dehydrothemal treatment for 48 hr at
140°C.

Evaluation of sorption and release of VEGF for gelatin
hydrogel sheets

VEGF was radioiodinated by the conventional chloramine T
method [25]. Briefly, 5 pl of Na 'I (740 MBq/ml in 0.1 N NaOH
aqueous solution, NEN Research Products, Perkin Elmer, Inc.,
Waltham, MA) was added to 30 pl of an aqueous solution of VEGF (10
pg/ml). Then, 0.2 mg/ml chloramine T in 0.5 M potassium phosphate-
buffered solution (pH 7.5) containing 0.5 M NaCl (100 pl) was added
to the solution mixture. After agitation at room temperature for 2 min,
100 pl of phosphate-buffered saline solution (PBS, pH 7.4) containing
0.4 mg of sodium metabisulfate was added to the reaction mixture to
stop the radioiodination. The reaction mixture was passed through
PD-10 column (GE Healthcare UK Ltd., UK) to remove the uncoupled
1T molecules from the '*I-labeled VEGF. The protein amount in
the '»I-labeled protein solution was quantified by using Micro BCA
Protein Assay Kit (Thermo Scientific, Rockford, IL). The radioactivity
of *I-labeled VEGF was measured on the gamma counter (ARC-360,
Aloka Co., Ltd., Japan) to calculate the specific radioactivity of the
12]-labeled VEGF.

5 mm-diameter discs of gelatin hydrogel sheet were immersed in 5
ul of PBS solution containing '»I-labeled VEGF, and then the amounts
of VEGF incorporated into the gelatin hydrogel sheets were calculated
by measuring the radioactivity. The VEGF-impregnated gelatin
hydrogel sheets were left to stand in PBS at 37°C, and time-dependent
changes in the amounts of VEGF diffused into PBS were monitored.

To evaluate in vitro VEGF release, the gelatin hydrogel sheet
incorporating '*I-labeled VEGF was incubated in 1 ml of PBS solution
with or without 10 pg/ml of collagenase (Sigma-Aldrich Co. LLC,
MO) at 37°C. 24 hr after incubation in the PBS solution, the PBS
solution was changed to fresh PBS with 10 pg/ml of collagenase. At
different time intervals, the solution supernatant was removed and
replaced with the same volume of fresh PBS solution with or without
collagenase. The supernatant was sampled at scheduled times and the
amount of '*I-labeled VEGF in each supernatant was determined by
the radioactivity measurement described above. Experiments were

performed for 3 specimens independently for each sample unless
otherwise mentioned.

Evaluation of VEGF release from gelatin hydrogel sheets in
matrigel

VEGF solution was put onto the discs and arcuate shapes of
gelatin hydrogel sheet to incorporate 3 ng of VEGF. Moreover, a
glass tube (inner diameter: 5 mm, height: 10 mm) was adhered onto
a poly(ethylene terephthalate) (PET) film by a detachable silicon glue.
The obtained gelatin hydrogel sheet was placed onto the PET film
inside the glass tube, and then 50 ul of Matrigel was added into the
glass tube to form the glatin-Matrigel layer (GML) (Figure 2A). After
incubation for 0, 15, and 30 min, or 1, 3, and 8 hr, the GML were
fixed with 4 wt% paraformaldehyde at 37°C for 20 min and removed
from the glass tube. Next, the GML was embedded in an optimal
cutting temperature compound (Sakura Finetek Japan Co. Ltd.,
Tokyo, Japan) and frozen by liquid nitrogen. The frozen sample was
sectioned in the X-Y or Y-Z plane on a cryotome (CM3050S, Leica
Microsystems, Wetzlar, Germany) to prepare each section of 500 or
100 um in thickness, respectively. To dissolve the Matrigel, 150 pl of
PBS containing 500 ug/ml dipase (Gibco’, Invitrogen, Carlsbad, CA)
and 10 pg/ml collagenase was added into every section and incubated
for 24 hr at 37°C. The amount of VEGF in each solution was quantified
with Human VEGF Quantikine ELISA Kit (R&D systems, Inc., MI)
according to the manufacturer’s instructions.

Cell culture

HUVEC (Cambrex Bio Science Walkersville, Inc., Walkersville,
MD) were cultured in Medium 199 (M199, Gibco’, Invitrogen,
Carlsbad, CA) supplemented with 20 vol% fetal bovine serum (FBS,
Hyclone Laboratories, Kagan, Utah), 50 ug/ml endothelial mitogen
(Biomedical technologies, Inc., MA), 292 pug/ml L-glutamin (Sigma-
Aldrich Co. LLC, MO), 100 U/ml heparin (Sigma-Aldrich Co. LLC,
MO), and 1 vol% penicillin-streptamycin (Sigma-Aldrich Co. LLC,
MO) at 37°C in a 5% CO,-95% air atmospheric condition to expand.
Cells between passages 3 and 4 were used for all experiments.

Migration assay

HUVEC were serum-starved in M199 containing 0.5 vol% FBS
and 1 vol% penicillin-streptamycin (starvation medium) for 5-6 hr
before testing. Then, cells were stained with PKH26 Red Fluorescent
Cell Linker Kit (Sigma-Aldrich Co. LLC, MO) by the manufacturing
protocol. After cell preparation, migration assays were performed
in a 24-well cell culture insert fluoroblock (pore size 3.0 pm) and
companion 24-well plates (BD Bioscience, San Jose, CA) (Figure 3A).
Briefly, 50 ul of Matrigel was placed in the top well of the cell culture
inserts, and then incubated for 30 min at 37°C. Next, the starvation
medium containing 0, 1, 10, 50, 100, and 200 ng of VEGF was added to
the bottom well of companion plates. After 1 x 10° cells suspended in
250 pl of starvation medium was added on the Matrigel, the cell culture
inserts were put into the bottom well to start cell culture. After culturing
for 8 hr, the number of cells migrated from the Matrigel surface of the
top well to the opposite side of the well through the porous membrane
was measured by a fluorescence spectrometer (Sectra Max Gemini
EM, Molecular Devices, Sunnyvale, USA) at excitation and emission
wavelengths of 551 and 567 nm, respectively.

Evaluation of HUVEC migration into Matrigel by VEGF
incorporated into gelatin hydrogel sheets

The several shapes of the gelatin hydrogel sheet incorporating 670
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pg of VEGF were placed into the glass tube as described above. While
an arcuate shape gelatin hydrogel sheet of 0.5, 1.5, and 2.5 mm in width
were placed on one side of the PET film, the arcuate shape gelatin
hydrogel sheets of 0.5 mm in width were placed on both sides of the
PET film. And then, 50 ul of Matrigel was added into each sample to
form GML. After incubating at 37°C for 30 min, 1 x 10° cells suspended
in 250 pl of starvation medium was added on the Matrigel and cells
were cultured. After culturing for 1, 3, and 8 hr, the GML was fixed
with 4 wt% paraformaldehyde at 37 °C for 20 min and removed from
the glass tube. The GML was put onto a cover glass to observe the cell
migration by using a confocal microscope (LSM 410, Zeiss, Germany).
The photographs were taken with a depth step of 20 um for the 500
pum-thick GML. The number of cells migrated into the Matrigel was
measured and counted from each photograph. The number ratio of
cells migrated were calculated by the cell number of each step per total
cell numbers.

Statistical analysis

All the data were expressed as the mean + the standard deviation.
The data were statistically analyzed by a one-way ANOVA combined
with a post-hoc Tukey-Kramer multiple comparisons test to determine
the significance at P<0.05.

Results
Release profiles of VEGF from gelatin hydrogel sheets in PBS

Figure 1 shows the amounts of VEGF incorporated and released
from 5 mm-diameter discs of gelatin hydrogel sheets. The amount
of VEGF incorporated into gelatin hydrogel sheet linearly increased
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Figure 1: Sorption and release profiles of VEGF for gelatin hydrogel sheets.
(A) Amount of VEGF incorporated gelatin hydrogel sheets as a function of
VEGF added. (B) Release profile of VEGF from gelatin hydrogel sheets
incorporating VEGF at 37°C in PBS. After 24 hr at release test in PBS, PBS is
changed to PBS containing collagenase indicated by an arrow.
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Figure 2: Time profiles of VEGF release from gelatin hydrogel sheets
incorporating 3 ng of VEGF in Matrigel. (A) Schematic illustration of
2-directional diffusion patterns of VEGF from gelatin hydrogel sheet
incorporating VEGF in Matrigel. (B) Amount of VEGF in the Z-axis direction of
Matrigel from the gelatin hydrogel sheet. The incubation time was 15 (o) and
30 min (Y)or 1 (o), 3(e),and 8 hr (A).

with an increase in the concentration of VEGF solution (Figure 1A).
Approximately 90% of VEGF was released from the gelatin hydrogel
sheets in collagenase-free PBS within 10 hr, followed by the remaining
VEGEF release by collagenase addition.

Distribution of VEGF release from gelatin hydrogel sheets in
the matrigel

Figure 2 shows the time profiles of 2-directional diffusion patterns
of VEGF in the Z-axis direction of Matrigel. VEGF was released from the
gelatin hydrogel sheets into the Matrigel layer. The VEGF concentration
gradually decreased at the site of 0 um. VEGF was released from the
gelatin hydrogel sheets over time, and the concentration differences in
the VEGF concentration between the site of 0 and 500 um of Matrigel
layer become small.

Effect of gelatin hydrogel sheet size on the release pattern of
VEGEF in the matrigel

Figure 3 shows the diffusion patterns of VEGF from gelatin
hydrogel sheet incorporating VEGF in the X-axis direction of Matrigel.
VEGF was released from the gelatin hydrogel sheets into the Matrigel.
Irrespective of the sheet size, the pattern of VEGF concentration
changed with time, and reached the equilibrium within 3 hr. Irrespective
of the sheet size, the VEGF concentration was almost same at the area
where the gelatin hydrogel sheet was present. In addition, the VEGF
concentration decreased with distance from the gelatin hydrogel
sheets. The arrows in Figures 3B-3D indicate the distance where the
amount of VEGF reached zero. This suggests that VEGF was no longer
present at 2 mm from the edge of gelatin hydrogel sheets for any sizes.

Evaluation of HUVEC migration into the matrigel by VEGF

Figure 4 shows HUVEC migration by VEGF using the 24-well
cell culture insert fluoroblock (pore size 3.0 um). Compared with the
VEGF-free group, the number of HUVEC migrated increased as the
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Figure 3: Time profiles of VEGF release from the gelatin hydrogel sheets incorporating 3 ng of VEGF. (A) Schematic illustration of diffusion patterns of VEGF from
gelatin hydrogel sheet incorporating VEGF in the X-axis direction of Matrigel. (B-D) Amount of VEGF in the X-axis direction from the left end of GML. The size of gelatin
hydrogel sheet was 0.5 (B), 1.5 (C), and 2.5 mm (D). The incubation time was 0 (o), 15 (A), and 30 min (o) or 1 (), 3 hr (A).

VEGF concentration became high. The number of HUVEC migrated
was significantly higher for the VEGF dose of 50 ng than other doses.
The number was decreased at the VEGF concentration of 100 ng or
higher.

HUVEC migrations into the matrigel with VEGF incorporated
into gelatin hydrogel sheet

Figure 5 shows migration patterns of HUVEC into the Z-axis
direction of the Matrigel by VEGF released from gelatin hydrogel
sheet. HUVEC migrated into the Matrigel were deeply with incubation
time. On the other hand, no cell migration was observed for VEGF-free
gelatin hydrogel sheet. Figure 6 shows the number ratio of HUVEC
migrated into the Matrigel by gelatin hydrogel sheets incorporating

VEGF. HUVEC were migrated deeply over time to the depth of 300
pm at 8 hr.

Effect of gelatin hydrogel sheet size on the pattern of HUVEC
migration into the matrigel

Figure 7 shows the migration patterns of HUVEC into the Matrigel
by VEGF released from gelatin hydrogel sheets in the X-axis direction
of Matrigel. HUVEC migrated in an area where the gelatin hydrogel
sheet incorporating VEGF was present to a significantly great extent
compared with gelatin hydrogel sheet-free area. More specifically
significant migration was observed at X=4.5 mm and 5.0 mm
incorporating VEGF, X=4.0-5.0 mm, and X=2.5-4.5 mm for 0.5 mm,
1.5 mm, and 2.5 mm gelatin hydrogel sheet, respectively.
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Figure 4: Number of cells migrated by VEGF. The cells number is normalized
based on that at 0 ng of VEGF. *P<0.05; significance against the number of
cells migrated at 0 ng of VEGF.
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Figure 5: Migration patterns of HUVEC into Matrigel by VEGF released from
gelatin hydrogel sheets. (A) Schematic illustration of cells observation in the
Z-axis direction of Matrigel through VEGF release from the gelatin hydrogel
sheet incorporating VEGF. (B) Fluoresent microscopic pictures of Matrigel
layers after 3 and 8 hr incubation. Cell migration was evaluated by VEGF-free
gelatin hydrogel sheets after 8 hr incubation (control). Arrows indicate cells
migrated into Matrigel.

HUVEC migration into matrigel by VEGF incorporated into
patterned gelatin hydrogel sheet

Figure 8 shows the migration patterns of HUVEC into the Matrigel
by VEGF released from patterned gelatin hydrogel sheet in the X-axis
direction of Matrigel. Significant cell migration was observed only at
X=0.5-1.0 and 4.5-5.0 mm, where the gelatin hydrogel sheets were
placed.

Discussion

The present study demonstrates that VEGF is released from
the gelatin hydrogel sheet by a simple diffusion. Many researchers
have been studied the angiogenesis assay by using VEGF and bFGF
[17,22,26,27]. bFGF is an important factor for endothelial cell mitogen,
migration, and capillary tube formation [28,29]. However, it is not
endothelial specific and induces the differentiation and proliferation
of many other cells. VEGF is one of the most well studied factors that
control blood vessel formation and function. The effects of VEGF
on endothelial cells have been studied for many years in an array of
different model systems [17,30-32]. VEGF in humans has at least 3
major subtypes, which are 121, 165, and 189-amino acid proteins [33-
36]. In this study, VEGF , was selected because it is well known as an
important factor that participates in migration of endothelial cells [37-
39]. Previous studies reveal that the pattern of proteins release from the
gelatin hydrogel is generated by the interaction force between gelatin
and protein molecules [23,24,40]. The VEGF molecules have a weak
interaction with gelatin, resulting in the diffusion-determined release.

Itisapparent from Figure 2 that the Z-dimentional gradient of VEGF
concentration in the Matrigel could be formed by the gelatin hydrogel
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Figure 6: The percentage of HUVEC migrated into Matrigel by gelatin
hydrogel sheets incorporating VEGF. The number ratio of the number of cells
was calculated at each depth after 0, 1, 3, and 8 hr incubation. Cell migration
was evaluated by VEGF-free gelatin hydrogel sheets after 8 hr incubation
(control).
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Figure 7: Migration patterns of HUVEC into Matrigel by VEGF released from gelatin hydrogel sheets incorporating 670 pg of VEGF. (A) Schematic illustration of the
cells observation in the X-direction of Matrigel through VEGF release from the gelatin hydrogel sheet incorporating VEGF. (B-D) Amount of cells migrated in the X-axis
direction of Matrigel after 8 hr incubation. The gelatin hydrogel sheet size was 0.5 (B), 1.5 (C) or 2.5 mm (D). Each gelatin hydrogel sheet incorporates VEGF (o) or
PBS (A). *P<0.05; significance against the number of cells migrating of using PBS incorporating gelatin hydrogel sheet.
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sheet. The mechanism of VEGF concentration gradient formation in
the Matrigel can be explained in terms of the simple diffusion and the
VEGF Matrigel interaction. VEGF has a heparin-binding domain that
can be biologically bound heparan sulfate proteoglycan of a Matrigel
component [41-43]. When the VEGF solution was used in the cell
migration assay, a certain amount of VEGF was detected in Matrigel
(data not shown). It is likely that more VEGF molecules are present
in the Matrigel sites closer to the VEGF-supplying gelatin hydrogel
sheet and associated in the Matrigel, resulting in the formation and
maintenance of VEGF gradation. The concentration profile reached a
constant 3 hr later. Unfortunately, the error bars were slightly large
because of the technical barriers in this study. To evaluate the amount
of VEGF in the GML, GML was carefully removed from the glass
tube with tweezers, followed by cutting the GML with the cryotome
manually. However, the phenomena observed in the evaluation of the
amount of VEGF in the GML are reproducible although the significant
difference was not detected.

When the gelatin hydrogel sheet of different sizes was prepared
and contact with the Matrigel, VEGF was not released uniformly
throughout the Matrigel, but was localized around the hydrogel
(Figure 3), indicating the formation of X-directional VEGF
concentration gradient. Because of the interaction between Matrigel
and VEGF, the VEGF concentration of X-direction might be similar
to that of Z-direction (Figure 2). However, the VEGF concentration
of X-direction varied widely and does not correlate to incubation
time. When the GML was cut out to X-direction with the cryostat, it
is difficult to determine strictly the edge and direction of GML. As the
reason, some errors may be observed.

Compared with the VEGF-free group, the number of HUVEC
migrated increased as more VEGF was added at the VEGF amount of
50 ng or less. However, the number of HUVEC decreased at higher
concentrations. It is reported that the HUVEC migration is suppressed
by an excessive amount of VEGF [17]. It is the practically assessed that
when 50 ng VEGF was added to the bottom chamber, approximately
670 pg VEGF was sorbed to the Matrigel layer of the top chamber
(data not shown). We accordingly adjusted the amount of VEGF
in the Matrigel layer to 670 ng in the following HUVEC migration
experiments.

HUVEC migrated more deeply over the time the range of 8 hr
(Figure 5). Many researches have been reported on HUVEC migration
alonga VEGF concentration gradient. Barkefors et al. reported HUVEC
migration by pouring VEGF solution of 2 different concentrations (0
ng/ml and 10-100 ng/ml) in a micro-flow channel (width, 400 pm)
to create a concentration gradient [44]. Shamloo et al. demonstrated
that HUVEC migration was induced by pouring VEGF solutions of
2 different concentrations (0 and 50 ng/ml) to create a concentration
gradient in the cell culture chamber and HUVEC were migrated to
higher VEGF concentrations [45]. On the contrary, HUVEC were
randomly migrated when the distribution of VEGF was consistent in
the chamber. The paper shows that the VEGF concentration gradient
induces filopodia localization, cell polarization, and subsequent
directed migration. Other studies show that the filopodia senses the
VEGF concentration gradient, and then cells migrate toward the
high concentrations of VEGF, because VEGF are binding the VEGF
receptor type II, a tyrosine kinase-type receptor expressed on the cell
surface [17,46]. In our experiment, VEGF was released in the Matrigel
to form a concentration gradient in the Z-direction (Figure 2), while
HUVEC migrated in response to the gradient. This result is consistent
with the results of papers previously reported.

Previous studies showed that most of cells were randomly migrated
by the stimulation of VEGF and bFGF in the 2D culture in the scratch
assay and the migration assay with a microfluidics device [44,45].
On the contrary, a few cells in the 3D culture are migrated into the
hydrogels accompanying with their degrading the matrix. For example,
in the case of a monolayer of endothelial cells seeded at 1 x 10* cells
onto the surface of a 3D collagen gel, only 10 cells were migrated into
the collagen gel [47]. This phenomenon of cell migration in the aortic
ring outgrowth and the sprouting assays, which are well performed
as the 3D angiogenesis assay, show the same behavior [48,49]. It is
suggested that the percentage of HUVEC migrated to total cells is quite
small.  Significant cells migration was observed at X=4.5 mm and 5.0
mm, X=4.0-5.0 mm, and X=2.5-4.5 mm (Figure 7). The space range
of HUVEC migration corresponded well with that of VEGF diffused
shown in Figure 3. The result strongly suggests that VEGF release
from the gelatin hydrogel sheet can form the concentration gradient of
VEGEF in the Matrigel, which causes the HUVEC migration.

In this study, to construct the 3D model system where the
direction of chemokine gradients and cell migration were controlled,
3D pattern of HUVEC migration in Matrigel were regulated by the
VEGEF release from gelatin hydrogel sheets. Several researches on in
vitro experimental models for the migration of HUVEC have been
reported. For example, boyden chamber and scratch assays are well
known as traditional methods to evaluate angiogenesis [17,27]. In the
assays, HUVEC were stimulated by the addition of chemokines in a 2D
culture. On the other hand, since it is well known that blood vessels
are grown by a gradient of chemokine secreted during angiogenesis,
some microfluidics-based techniques are used to make the gradient of
factors and evaluate the effect of gradient on the migration of HUVEC
[44,45]. However, the gradients are not prepared for the 3D culture
system. In this study, the VEGF gradients and Matrigel of 3D system
were combined to mimic the in vivo growth of blood vessels. Several
natural polymers, such as collagen and Matrigel, are used to evaluate
the migration of dendritic cells by making a chemokine gradient [50-
53]. On the contrary, for vascular endothelial cells, Matrigel is normally
used as the substrate for angiogenesis assay both in vitro and in vivo. In
this study, the VEGF gradients were prepared in the 3D Matrigel, and
then the HUVEC migration into Matrigel was evaluated.

Irrespective of the gelatin hydrogel sheet size, VEGF was diffused
over the range of 2 mm from the edge of gelatin hydrogel sheets. Thus,
to prevent the overlapping of VEGF diffused from multiple gelatin
hydrogel sheets, the gelatin hydrogel sheets must be placed at least
4 mm apart to each other. Based on this, 0.5 mm size of the gelatin
hydrogel sheet incorporating VEGF was placed Matrigel at 4 mm
intervals (Figure 8). In response to the VEGF concentration gradient,
HUVEC migrated. We can say with certainly that the localization of
gelatin hydrogel sheets of 0.5 mm-wide at 4 mm intervals enabled
HUVEC to migrate in a 3D gel and form a steric configuration.

It is essential to study the migration of vascular endothelial cells
stimulated by angiogenic growth factors such as VEGF  to understand
the process of angiogenesis. In in vivo angiogenesis, angiogenic
growth factors are secreted from the cells present at the ischemic
area where angiogenesis is required to occur. The growth factors then
create directionally controlled concentration gradients, and vascular
endothelial cells, in turn, migrate in response to the concentration
gradients. However, conventional in vitro studies had the limitation
that cells were allowed to migrate only in 2D environments with less
cell-cell and cell-matrix interactions [17,22,26,27]. It is conceivable
that cells environment in the 3D condition is different from that in
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the 2D condition. There have been reported on the HUVEC migration
of in vitro angiogenesis in 3D conditions. However, most of them
have been performed on the cells migration in the random direction.
In this study, the VEGF release system is applied to form the VEGF
concentration gradient in the 3D matrigel, which affects the direction
of cell migration. We believe this system is one of the new approaches
to experimentally control the direction and position of cell migration
in the 3D matrix.

This study demonstrates that the 3-dimentional gradient of VEGF
in the Matrigel could be formed by adjusting the size of the gelatin
hydrogel sheets incorporating VEGF to control the place of HUVEC
migration. This gradient allowed HUVEC to form the localization in
the Matrigel in response to the VEGF concentration. This technology
may be promising to form the 3D pattern of blood vessels in the
Matrigel in vitro.

Conclusion

We have established the way to control the 3-dimensional pattern
of HUVEC migration in Matrigel by VEGF. In this model, the VEGF
was released into Matrigel from the gelatin hydrogel sheet to form a
gradient pattern of VEGF concentration in the Matrigel. After GML
were prepared, HUVEC were seeded on the surface of the Matrigel to
evaluate the cells migration into Matrigel. HUVEC were migrated with
time into Matrigel to the direction of VEGF released. It is indicated
that the concentration gradient of VEGF formed in Matrigel induce the
migration of HUVEC in Matrigel.
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