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a b s t r a c t
Hydrogels designed to sustainably release bioactive molecules are extensively used to enhance tissue repair and
regenerative therapies. Along this line, numerous efforts are made to control the molecular release rate and
amount. In contrast, few efforts are made to control the molecular release pattern, and, subsequently, modulate
the spatial organization of newly forming tissues, including blood vessels. Therefore, using a hydrogel printed to
release vascular endothelial growth factor (VEGF) into a pre-deﬁned pattern, this study demonstrates that spatial
distribution of VEGF is important in guiding growth direction of new blood vessels, and also in retaining the
structural integrity of pre-existing vasculature. Guided by a computational model, we fabricated a patch composed of micro-sized VEGF-releasing poly(ethylene glycol) diacrylate (PEGDA) hydrogel cylinders using an
ink-jet printer. Interestingly, hydrogel printed with computationally optimized spacing created anisotropically
aligned vasculature exclusively when the printed gel pattern was placed parallel to pre-existing blood vessels.
In contrast, vascular sprouting from placing the printed gel pattern perpendicular to pre-existing vessels resulted
in deformation and structural disintegration of the original vasculature. We envision that this study will be useful
to better understand angiogenesis-modulated neovascularization and further improve the treatment quality for
various wounds and tissue defects.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Efforts to regenerate functional tissue have emerged as a promising
strategy to prepare biomedical tools invaluable to better understand development, homeostasis, and pathogenesis [1–6]. These tools enable the
further enhancement of treatments for acute and chronic diseases as
well as tissue defects [1,7]. One of the main approaches to accomplish
this goal is to deliver cell-instructive bioactive molecules, such as
growth factors and cytokines, in order to activate or deactivate cellular
phenotypic activities involved in tissue development and homeostasis
[8,9]. To sustain bioactivity of these molecules, various biomaterials
processed in the form of particles, microporous matrices, and hydrogels,
are being assembled as molecular carriers [10–14]. Extensive efforts
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were made to control the release rate of these bioactive molecules
from biomaterials, because control of the release rate is important
for stimulation of cellular activities during the desired time period
[2,11,15,16].
In contrast, few efforts were made to tailor the spatial distribution of
bioactive molecules, despite its potential importance in guiding growth
direction and spacing of newly forming tissues [17]. For instance, an approach to rebuild microvascular networks, termed as revascularization,
is performed by activating capillary sprouting from pre-existing vasculature. Success in this approach greatly relies on the ability to control
spatial organization of vasculature, because it is not only important in
attaining uniform tissue perfusion, but also retaining the structural integrity of pre-existing blood vessels [1,17,18]. If the spacing between
new vasculature is too narrow (i.e., smaller than 300 μm), then there
is a high likelihood of inﬂammation [19,20]. In contrast, if the spacing
between vessels is too large, then the vasculature fails to sufﬁciently
perfuse tissues of interest. In addition, new vasculature sprouting from
pre-existing blood vessels may exert tensile forces and affect structural
integrity of the original vasculature [21,22].
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This study demonstrates that the spatial distribution of proangiogenic growth factor such as VEGF is not only important in increasing the density of new blood vessels but also retain structural integrity
of pre-existing vasculature. A patch constituting of micro-sized, vascular
endothelial growth factor (VEGF)-releasing poly(ethylene glycol)
diacrylate (PEGDA) hydrogel cylinders was constructed using an inkjet printer. Guided by diffusion-based computational simulation, the hydrogel cylinders were built to present spacing large enough to attain
local increases in growth factor concentration. The resulting patch was
implanted on a chicken chorioallantoic membrane to examine vascularization under the patch. Speciﬁcally, the hydrogel cylinders were placed
in parallel with pre-existing vessels or perpendicular to them, in order
to examine whether the growth direction of capillary sprouts affects
the structural integrity of pre-existing blood vessels (Scheme 1). Overall, the results of this study will greatly serve to improve the quality of
revascularization therapies and also better understand developmental
and pathological vascularization processes.
2. Experimental section
2.1. Materials
Poly(ethylene glycol) diacrylate (PEGDA) (M n ~ 700) and
Pluronic® F-127 were purchased from Sigma Aldrich. Human
recombinant VEGF 165 and human Duo VEGF enzyme-linked
immunosorbent assay (ELISA) kits were purchased from R&D
Systems. Phosphate buffered saline (PBS) without magnesium
and calcium and Penicillin/Streptomycin (P/S, 10,000 U/mL and
10,000 mg/mL) was purchased from Cellgro. Fertilized chicken
eggs (Hy-Line W-36) were obtained from the University of Illinois
Poultry Farm (Urbana, IL). Rhodamine B-Dextran (10,000 MW) was
purchased from Invitrogen. Circular 18 mm cover glass no. 1 was purchased from VWR. Dimatix materials printer cartridges (DMC-11610)
were purchased from Fujiﬁlm. 3-(Trimethoxysilyl)propyl methacrylate
was purchased from Sigma Aldrich. 200 proof ethyl alcohol (2701)
came from Decon labs. The photoinitiator, 1-[4-(2-hydroxy-ethoxy)phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959) was

purchased from Ciba. Dimethyl sulfoxide (DMSO) was purchased from
Fisher Scientiﬁc.
2.2. Characterization of hydrogel properties
Hydrogel stiffness was quantiﬁed by measuring the compressive
elastic modulus (E). After incubating the gel disks with 1 mmthickness and 1 cm-diameter in PBS for 48 h, gel disks were uniaxially
compressed at a rate of 1 mm per minute using a mechanical testing
system (MTS Insight). The slope of the stress versus strain curve was
used to calculate E from the ﬁrst 10% of strain. The swelling ratio (Qm)
was calculated by measuring the ratio of wet mass to dry mass of the
gels. The wet mass of the gel was measured after incubating the gel in
PBS for 48 h.
2.3. Formulation of hydrogel-forming solution
The ink was prepared by mixing 4 vol.% PEGDA solution and
10 vol.% Pluronic solution at varied ratios. These two solutions were diluted with deionized water to attain the desired concentrations in the
mixture. Additionally, 40 μL of Irgacure 2959 was added per mL of
PEGDA ink. For vascularization study, 1 μg of VEGF was added per mL
of PEGDA ink.
2.4. Measurement of viscosity of hydrogel-forming solution
The viscosity was measured using a viscometer (Brookﬁeld DV II+
pro). A 750 μL PEGDA ink was loaded between a cone with 48 mm diameter and a plate. The shear rate was ﬁxed at 20 rpm and the resulting
stress was measured by the viscometer. The viscosity, a ratio between
shear stress and shear rate, was recorded by a computer.
2.5. Measurement of surface tension of gel-forming solution
A drop tensiometer (Attension Theta Lite) was used to measure the
surface tension of the PEGDA ink. Approximately 1 mL PEGDA ink was
loaded into a syringe, inverted, and then the needle was centered and
focused in the frame of tensiometer's camera. Next, the biggest hanging
drop possible was formed on the tip of the needle. A picture was then
taken of the hanging drop. The Attension Theta computer software
was then used to quantify the radius of drop curvature at apex (R0),
the difference in density between the ﬂuid and air (Δρ), the gravitational constant (g), the shape factor (β), and the Young–Laplace equation,
Eq. (1),
γ ¼ Δρg

R20
β

ð1Þ

in order to determine the surface tension of the ﬂuid.
2.6. Printing of PEGDA ink and subsequent gel assembly

Scheme 1. Schematic of the dependence of implant orientation on neovessel quality. The
schematic depicts that alignment of VEGF-releasing hydrogel bars in the patch parallel to
pre-existing vessels results in new vessels with similar, anisotropic alignments (top). In
contrast, aligning VEGF-releasing hydrogel bars perpendicular to pre-existing vessels
causes the deformation of pre-existing vessels. The vascular deformation results in tortuosity of and blood-leaking from vessels (bottom).

The gel-forming PEGDA ink was printed on circular cover glass with
18 mm diameter. Prior to the printing, the glass was exposed to plasma
for 5 min, and subsequently immersed in a 2% 3-(trimethoxysilyl)
propyl methacrylate solution diluted in 200 proof ethyl alcohol
for 10 min. Then, the coverslips were baked at 110 °C on a hot plate
until dry and rinsed with 200 proof ethyl alcohol. For imaging of
the resulting gel, PEGDA ink was mixed with rhodamine B-Dextran
(MW ~10,000 g/mol) at a concentration of 0.5 vol.%.
Three coverslips were placed on a microscope slide, 500 μm (thickness) × 75 mm (length) × 25 mm (width), held down by 5 μL of deionized water. 1 mL of the PEGDA ink was degassed and ﬁltered through a
0.22 μm ﬁlter for sterilization. Then, the ink was loaded into the ink-jet
cartridge (Dimatix type 11610). Droplet ejection condition was optimized using the Dimatix Drop Manager software as described
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previously [23]. Voltage applied to expel the ink through the jets was set
to −30 mV. Substrate height was set to 600 μm and temperature was
kept constant at room temperature (25 °C). Patterns for printing were
programmed through the Drop Manager software as described previously [23]. Following completion of printing, the slides were exposed
to UV light at 254 nm for 10 min to activate the cross-linking reaction
to form a gel. The printed gel constructs were incubated in PBS supplemented with 2 vol.% penicillin/streptomycin until use. The resulting
printed gel construct was imaged using a ﬂuorescent microscope
(Olympus BX51 Upright Fluorescence Micro).
2.7. Analysis of VEGF release
The VEGF release from the printed hydrogel over 10 days was characterized by measuring the VEGF concentration in incubation media
using the human VEGF ELISA kit per the manufacturer's protocol. Briefly, a 96 well plate was coated with capture antibody overnight. Any antibody that failed to adhere to the plate was then washed away and the
plates were blocked with bovine serum albumin for 1 h. The plates were
then washed and incubated with the samples and standards for 2 h
followed by another wash step. The plates were then incubated with detection antibody (2 h) followed by washing and further incubated with
streptavidin-horseradish-peroxidase (20 min). Following another
washing step, the samples were incubated with a 1:1 mixture of hydrogen peroxide (color reagent A) and tetramethylbenzidine (color reagent
B), called substrate solution. The colorimetric reaction was stopped with
2 N sulfuric acid. Finally, the absorbance of the plate at 570 nm was
subtracted from the reading at 450 nm to determine the absorbance
of the samples and standards. The PEGDA hydrogel disk formed by
exposing bulk PEGDA solution to UV light was prepared for a control experiment. A standard curve was developed by measuring the absorbance of solutions with known VEGF concentrations and then used to
determine the concentrations released at different time points from
the hydrogels.
2.8. Simulation
3D ﬁnite element models for hydrogel constructs and chorioallantoic membrane (CAM) were created using Comsol Multiphysics 4.1. It was
assumed that the protein release from the hydrogel was governed by
the Fick's ﬁrst law of diffusion. Two hydrogels used in the model include
(1) the linear arrays of half-cylinders with 160 μm-diameter and
120 μm-spacing, and (2) the linear arrays of half-cylinders with
160 μm-diameter and 350 μm-spacing. The concentration of VEGF in
the hydrogel was kept constant at 5 × 105 mol/m3. The CAM membrane
was modeled as being 300 μm thick with a constant concentration of
zero at the lower boundary of the model. This constant zero concentration acted as a sink, thereby consuming the VEGF once it reached the
bottom surface of the model. It was assumed that hydrogel arrays
were embedded in the top of the membrane. In this numerical analysis,
diffusion coefﬁcients of drug in media, tissue, and hydrogel were approximated to be 100 μm2/s, 1 μm2/s, and 0.02 μm2/s, respectively [24]
. The units used for all simulations were meters, seconds, and kilograms.
2.9. In vivo chorioallantoic membrane (CAM) assay for neovascularization
Fertilized eggs were incubated horizontally at 37 °C and 65% humidity for 7 days. A window was then made in the shell big enough to insert
the coverslips, while being careful to avoid shell fragments falling onto
the membrane. Then, the window was covered with scotch tape and
the egg was incubated overnight at 37 °C to ensure the egg's viability
after making the window. On the following day, hydrogel samples
were implanted onto the CAMs of the embryos and incubated at 37 °C
for 7 days. Pictures of the CAM were taken after the initial implantation
and after 7 days to capture neovascularization using a Leica S6E
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stereomicroscope linked with a Leica D-Lux E Camera. The entire CAM
experiment was performed under sterile conditions.
On the seventh day following implantation, the CAM was ﬁxed using
a 4% neutral buffered formalin solution at 4 °C for 2 h. The CAM around
the coverslip was cut out using suture scissors and imaged using the stereoscope. Finally, the ﬁxed CAM was prepared for parafﬁn embedding,
sectioning, and stained for α-smooth muscle actin (αSMA) using standard histological procedures. Images of the αSMA stained tissue were
used to quantify the average number of blood vessels including ones
not visible through top-view digital images of the explanted tissue.
The vessel diameter and the ratio of blood vessel to total tissue area
were quantiﬁed using ImageJ.
2.10. Statistical analysis
Four samples were analyzed per condition. One-way analysis of variance (ANOVA) was used to determine the statistical signiﬁcance of
data. Tukey's post-hoc tests were applied to all the pairwise differences
between means. Data was considered signiﬁcant for p values b 0.05.
3. Results and discussion
Success in controlling spatial distribution of exogenous VEGF greatly
depends on the ability to print a VEGF-releasing gel in a pre-deﬁned
micropattern. It is well agreed that viscosity and surface tension of a
pre-gel solution are critical to print it in a desired pattern [23], because
they inﬂuence solution ﬂux during jetting and also retention of the
printed pattern on the substrate. For example, the pre-gel solution
with too high viscosity or surface tension does not steadily ﬂow out of
a jet nozzle. Conversely, the solution with too low viscosity and surface
tension cannot retain the printed pattern. In this study, we tailored the
viscosity and surface tension of the gel-forming PEGDA solution using
Pluronic with a molecular weight of 12,700 Da (Fig. 1A).
At a given PEGDA concentration, increasing the Pluronic concentration resulted in an exponential increase of the viscosity of pre-gel solutions (Figs. S1A & S2). For 4 and 6 vol.% PEGDA solutions, increasing the
Pluronic concentration from 0 to 10% resulted in an 8-fold increase of
the solution viscosity. Separately, the surface tension of the PEGDA solution was decreased from 55 to 44 mN/m by adding 2 vol.% Pluronic, at
given PEGDA concentrations. Further increase of the Pluronic concentration to 6 vol.% made minimal changes to the surface tension
(Figs. S1B & S2). These results address that Pluronic controls the viscosity of pre-gel PEGDA solution over a broad range, while keeping the surface tension at a constant level of 40 mN/m.
We further printed pre-gel PEGDA–Pluronic solutions with varying
viscosity and surface tension on a glass substrate using an ink-jet printer,
in order to validate the important roles of these two properties in the
quality of gel printing (Fig. 1A). The 4 vol.% PEGDA + 0 vol.% Pluronic solution with viscosity of 2 cP and surface tension of 55 mN/m (Fig. 1A-I)
and the 6 vol.% PEGDA + 10 vol.% Pluronic solutions with viscosity of
10 cP and surface tension of 40 mN/m (Fig. 1A-II) were bled from the
originally printed area and could not maintain the printed pattern on
the substrate. The 10 vol.% PEGDA + 10 vol.% Pluronic solution with viscosity of 16 cP and surface tension of 40 mN/m was printed with frequent
interruption, due to unsteady ﬂow of pre-gel solution during jetting
(Fig. 1A-IV). In contrast, the 4 vol.% PEGDA + 10 vol.% Pluronic solution
with viscosity of 12 cP and surface tension of 40 mN/m was printed in
a desired form without any solution run or discontinued defects
(Fig. 1A-III). Overall, this study demonstrated that viscosity and surface
tension of the pre-gel solution for optimal printing should be 12 cP and
40 mN/m, respectively.
The pre-gel solution with viscosity of 12 cP and surface tension of
40 mN/m allowed us to build a gel with varied shape and spacing via
sequential printing of the pre-gelled solution on a methacrylatefunctionalized glass substrate followed by exposure to UV light
(Fig. 1B). For instance, a hydrogel was printed in forms of multiple linear
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half-cylinders or cross-patterned half-cylinders with controlled width
and spacing (Fig. 1C). Hydrogel circles with 50–172 μm diameters
were also printed on a substrate while varying spacings over a broad
range. The printed hydrogel remained adhered to the glass substrate
during incubation in phosphate buffer saline (PBS). The hydrogel
printed on the unmodiﬁed glass was separated from the glass during incubation in PBS. Pluronic made minimal effects on both elastic modulus
and swelling ratio of the resulting gel (Fig. S4).
These printed PEGDA hydrogels were further functionalized by
mixing VEGF with the pre-gel solution and activating the cross-linking
reaction of PEGDA. The PEGDA hydrogel sustainably released VEGF
over 10 days, independent of its printed pattern (Fig. S3). The release
pattern from the patch consisting of multiple gel cylinders well ﬁtted
to a model with an approximation of Fick's second law of diffusion,

3
Mt
Dt 2 Dt
¼4
− 2
M∞
πR2
R

ð2Þ

where Mt is the concentration of VEGF at time t, M∞ is the concentration
released after inﬁnite time, and R is the radius of the printed halfcylinder. According to the calculation, the D of the VEGF in the printed
PEGDA hydrogel was 2 × 10−14 m2/s, independent of the spacing between printed hydrogel half-cylinders.
We further computationally estimated the distance between printed
hydrogel above which VEGF concentrations would be locally increased

Fig. 1. Properties of inkjet-printed hydrogel. (A) Images of inkjet-printed pre-gel solution
showing the dependence of print quality on viscosity and surface tension. (B) Scheme of
preparing the micropatterned gel via silanization of a substrate, printing of pre-gel solution, and photo-induced cross-linking reaction for gel-formation. (C) At the optimal surface tension and viscosity (40 mN/m and 11.80 cP), it was possible to print the ink in a
variety of patterns demonstrated in the ﬂuorescence images. Fluorescence images were
taken by dissolving 0.01% rhodamine into the pre-gel solution.

within tissue in contact with the gel cylinders. According to the simulation result conducted using ﬁnite element modeling, a hydrogel printed
with spacing of 120 μm would result in a local increase in VEGF concentration around the gel bars, similar to a bulk hydrogel (Fig. 2A & B). In
contrast, increasing the gel spacing to 350 μm would generate a local increase of the VEGF concentration around the printed gel cylinders in implanted tissue (Fig. 2C). These results implicate that hydrogel bars larger
than 350 μm-spacing are able to build vasculature following the printed
gel pattern, while those with 120 μm-spacing would fail to control vascular growth direction and spacing.
To validate the simulation result, the VEGF-encapsulated PEGDA hydrogel was printed in a form of multiple, line-shaped bars with 160 μm
width and 350 μm spacing, and implanted on the chicken chorioallantoic
membrane (CAM) (Fig. 3A). Hydrogels were printed with a width of
160 μm, as that was the smallest printable width with our formulated
pre-gel solutions. In this study, the printed gel was placed between two
pre-existing vessels with the bar direction parallel to the pre-existing vessels (Fig. 3B). Very interestingly, throughout implantation over 7 days,
multiple, anisotropically aligned blood vessels with an average 300 μmspacing were created between two pre-existing vessels covered with hydrogel cylinders with 350 μm-spacing (Fig. 3C3-II). These vessels were
connected to two blood vessels branched out of the pre-existing vasculature. Therefore, the direction of new vessels was in parallel with preexisting ones. In contrast, control conditions including CAMs implanted
with a bulk hydrogel and hydrogel bars with 120 μm spacing showed
new vessel growth under the implant, but without any discrete vascular
pattern (Fig. 3C1-II & C2-II). Additional control experiments with no implant, implant of bulk gels containing no VEGF, and implant of VEGF-free
hydrogel bars with 120 μm and 350 μm spacings demonstrated that very
few blood vessels formed in these conditions (Figs. S5, 3D, and E).
According to histological analysis of mature blood vessels marked by
α-smooth muscle actin, increasing the spacing between hydrogel bars
led to a larger vascular density of the implanted tissue, although the
mass of VEGF loaded in the gel was equivalent between conditions
(Fig. 3C3, D & E). Speciﬁcally, hydrogel bars with 350 μm-spacing created 3 and 1.5-times larger number of blood vessels than the bulk hydrogel without any spacing and that with 120 μm-spacing, respectively. In
particular, the hydrogel bars with 350 μm-spacing signiﬁcantly increased the number of vessels with 40 to 140 μm-diameter, compared
to those with 120 μm-spacing. However, for blood vessels with diameters larger than 200 μm, the number of blood vessels was slightly higher
with the hydrogel printed with 120 μm spacing than that printed with
350 μm spacing (Fig. 3D & E).
Additionally, the alignment of hydrogel bars with pre-existing blood
vessels played very important roles in stimulating sprouting of capillaries while retaining structural integrity of pre-existing vessels
(Fig. 4A). Hydrogel bars placed perpendicular to pre-existing vessels
stimulated sprouting of multiple blood vessels, most of which were
aligned normal to the direction of pre-existing vessels (Fig. 4B). These
multiple blood vessels greatly deformed the original blood vessels into
a tortuous form. Additionally, some pre-existing vasculature displayed
the rupture, thus causing bleeding into tissue (Fig. 4C). Furthermore, according to hematoxylin and eosin (H&E)-stained histological images, a
larger number of immune cells were mobilized in CAM implanted
with hydrogel bars printed perpendicular to pre-existing vessels than
CAM implanted with hydrogel bars aligned with pre-existing ones. Subsequently, CAM became thicker when the printed gel bars were aligned
perpendicular to pre-existing ones.
Overall, this study demonstrates a unique method to formulate a hydrogel that can be printed in a desired micropattern and used to control
spatial distribution of molecular distribution. We interpret that Pluronic
copolymers introduced into PEGDA solution self-aggregate in the pregelled solution, thus serving to increase the viscosity of the solution proportional to its concentration. These self-aggregated Pluronic molecules
also reduce surface tension of the pre-gelled solution, because of the interaction with the hydrophilic portions of the polymer. It is suggested
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Fig. 2. Computational simulation of VEGF distribution in tissue implanted with a bulk gel
(A), inkjet-printed gel bars with a spacing of 120 μm (B), and inkjet-printed gel bars with a
spacing of 350 μm (C). Diameter of the hydrogel was kept constant at 18 mm. In (A)–(C),
(I) displays two dimensional distribution of VEGF within tissues implanted with materials
and (II) does one dimensional VEGF concentration within tissues. In (I), number on the Yaxis represents distance from tissue implanted with hydrogels.

that the Pluronics self-organize to present hydrophobic portions at the
air–water interface, limiting the interactions between water molecules
and, thereby, reducing the surface tension [25]. The surface tension
could not be further reduced past 40 mN/m, though, likely because
the air–water interface is fully saturated with the hydrophobic portions
of the Pluronics. This approach to control viscosity and surface tension
of hydrogel-forming solution for a printing using an ink-jet printer is
distinctive from previous approaches that printed various cell adhesion
molecules on a hard substrate for cell culture, assay, biosensors, and biochips [26].
Another highlight of this study is that a drug-releasing hydrogel
could be printed into a pattern that can control growth direction and
spacing of blood vessels, guided by the computational modeling.
The vascular patterning attained by the hydrogel bars with proper spacing should be attributed to the local and temporal increase of VEGF concentration in tissue area in direct contact with the printed gel, according
to the diffusion-based modeling. It is suggested that endothelial precursor cells in pre-existing blood vessels develop endothelial sprouts following such locally increased VEGF patterns and ﬁnally form the
vasculature with the equivalent spacing as the printed gels. Such vascular patterning was advantageous to increase vascular density within
targeted tissue, thus potentially enhancing perfusion. It is likely that
the effects of vascular patterning would be further improved by increasing VEGF loading in the printed gel, incorporating supplemental
proangiogenic factors such as platelet-derived growth factor (PDGF)
[27], and conjugating growth factor-binding peptides to the gelforming polymer [28]. Additionally, in future studies using a mouse
model implanted with various printed hydrogel patches, the vascular
density including capillaries will be examined.
This study further demonstrated that alignment of newly formed
blood vessels with pre-existing blood vessels is important in stimulating

Fig. 3. In vivo CAM analysis of effects of hydrogel bar spacing on vascularization.
(A) Fluorescence images of hydrogel printed with 120 μm and 350 μm spacings.
(B) Schematic describing hydrogel bars implanted in parallel with original arteries.
(C) CAM implanted with a hydrogel disk (C-1), CAM implanted with an inkjet printed hydrogel with a bar spacing of 120 μm (C-2), and CAM implanted with an inkjet printed hydrogel with a bar spacing of 350 μm (C-3). Images on the ﬁrst column were captured on
the ﬁrst day of implantation. The dotted lines outline the implant. Those on the 2nd column were captured seven days after implantation. Images on the 3rd column are crosssectional images of CAM stained for α-smooth muscle actin. The red arrows in the 3rd column point to mature blood vessels surrounded by smooth muscle actin layer.
(D) Quantitative analysis of the number of blood vessels at given diameter ranges in
CAM implanted with no implant (black), a bulk hydrogel disk (orange), a bulk hydrogel
disk with VEGF (green), inkjet-printed hydrogel bars printed with a spacing of 120 μm
(gray) and 350 μm (white), and inkjet-printed hydrogel bars loaded with VEGF and a spacing of 120 μm (blue) and 350 μm (red). (E) Quantitative analysis of areal fraction of total
blood vessels in CAM. In (D) & (E), * indicates statistical signiﬁcance of values between
VEGF-loading hydrogel bars printed with 350 μm spacing and other conditions
(p b 0.05, n = 4). In (D), † indicates statistical signiﬁcance of values between VEGF-loading
hydrogel bars printed with 120 μm spacing and other conditions (p b 0.05, n = 4).
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Fig. 4. Deformation of original vasculature due to placement of hydrogel bars perpendicular to the pre-existing arteries. (A) Schematic describing hydrogel bars implanted perpendicular to original arteries. (B) Images of vasculature in CAM implanted with the inkjetprinted gel with a bar spacing of 350 μm. (C) Magniﬁed view of the ruptured artery
shown in the box in (B).

functional vasculature without encountering any negative side-effects.
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the understanding on the mechanism by which VEGF-based revascularization therapies are often plagued by undesirable pro-inﬂammation
[31–34], as well as limited increase of the vascular density [35–40].

4. Conclusion
Overall, this study presents an advanced method of printing a
PEGDA hydrogel that can create vasculature with a pre-deﬁned
micropattern. The viscosity and surface tension of the gel-forming
PEGDA solution were tuned to values appropriate for the ink-jet
printing using Pluronic. The sequential printing of the mixture of
PEGDA solution and VEGF into desired micro-pattern and photo
cross-linking reaction resulted in a hydrogel which sustainably
releases VEGF via diffusion. According to the diffusion-based simulation, the hydrogel bars printed to have a spacing large enough to
locally increase VEGF concentration in the implanted tissue successfully created vasculature which followed the micropattern of the
hydrogel bars. The alignment between hydrogel bars and preexisting vasculature was also important in creating patterned
vasculature without disturbing structural integration of the preexisting ones. We propose that the hydrogel assembled in this
study should greatly assist one to better understand vascular development, regeneration, and pathogenesis. Additionally, the gel
would be readily used to treat ischemic tissues and tissue defects
due to its capability to increase vascular density, which will be
examined in near future studies [41,42].
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