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1 Introduction

Guiding vascular infiltration through architected
GelMA/PEGDA hydrogels: an in vivo study of
channel diameter, length, and complexity+

Martha Fowler,1® Alvaro Moreno Lozano,}? Julian Krause,? Patrick Bednarz,®
Shalini Pandey, 2@ Mina Ghayour,? Qixu Zhang® and Omid Veiseh (2 *?

Organ shortages for transplantation in the United States impact over 100 000 patients, with 17 dying daily
due to the lack of available organs. This growing need is exacerbated by the limited functionality and
disease risk of donated organs. Tissue-engineered organs present a promising alternative, requiring opti-
mized scaffold architecture and cell integration. Vascular networks within organs are essential for supply-
ing oxygen and nutrients to cells, with a critical distance between blood vessels and surrounding tissue to
allow effective diffusion. Various microfabrication techniques, such as electrospinning, freeze-drying, and
gas foaming, have been employed to develop engineered organs. However, these techniques often lack
the complexity needed to support vascularization. 3D bioprinting, particularly digital light projection
(DLP)-based stereolithography, offers a solution by enabling high-resolution control of both external and
internal architectures. Gelatin methacrylate (GelMA) and polyethylene glycol diacrylate (PEGDA) hydrogels
have shown potential for tissue integration in simple structures but require further optimization for vascu-
larization in more complex constructs. This study utilizes DLP to 3D bioprint GelMA/PEGDA hydrogels,
exploring various channel designs to enhance tissue infiltration and vascularization in rodent models, pro-
viding a potential platform for cell and tissue transplantation. We demonstrate that GelMA/PEGDA hydro-
gels are mechanically robust, biocompatible, and support in vivo vascular infiltration. Channel diameter
significantly influenced vascularization, with 1 mm channels yielding the highest infiltration, while channel
length had minimal impact. Among five tested architectures, one design (GEO3) promoted the greatest
vascular ingrowth, establishing a tunable hydrogel platform for prevascularized tissue engineering
applications.

organ transplantation. There is a wide presence of blood vessel
networks within solid organs that allow for the supply of

Shortage of organs for transplantation affects over 100 000
patients in the United States leading to 17 of those dying every
day due to the lack of organs. For all organs and especially the
liver the shortage of organs keeps growing with time as more
patients need them every year."”” In addition, the functionality
and the risk for disease and/or infection of the donated organs
is another issue that limits the final number of available and
functional organs that can be donated and transplanted.**
Therefore, there is an important need to develop tissue-engin-
eered organs that can be used instead of donor organs for
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oxygen, and nutrients to the embedded cells and the removal
of waste from the organ. The maximum distance between
blood vessels and the implanted cells needs to be within
200-300 pm to allow for effective diffusion of oxygen and nutri-
ents that can keep the corresponding cells alive long-term.’
However other factors such as the metabolic rate of the tissue
might also influence diffusion distance.®”’

Different microfabrication techniques have been used to
develop tissue engineered organs with specific architectures
that can facilitate blood vessel formation in close proximity to
the nearby cells. Some of these techniques include electro-
spinning,® freeze-drying,” and gas foaming'® which are mainly
focusing on the bulk properties of the tissue-engineered device
instead of developing complex internal architectures and
topologies within the device that can promote vascular for-
mation within the scaffold."* Organs within the body follow a
hierarchical structure that is guided by large arteries leading

Biomater. Sci., 2025, 13, 2951-2960 | 2951


http://rsc.li/biomaterials-science
http://orcid.org/0009-0006-1304-993X
http://orcid.org/0000-0003-1153-8079
https://doi.org/10.1039/d5bm00193e
https://doi.org/10.1039/d5bm00193e
https://doi.org/10.1039/d5bm00193e
http://crossmark.crossref.org/dialog/?doi=10.1039/d5bm00193e&domain=pdf&date_stamp=2025-05-22
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00193e
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM013011

Open Access Article. Published on 25 April 2025. Downloaded on 3/15/2026 3:54:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

to arterioles and capillaries. These hierarchical structures are
based on vascular patterning which plays an important role in
tissue engraftment and functionality of the tissue.'*™* Some
of these patterned architectures are specific to different organs
but can be conserved among multiple species.'>™"”

3D bioprinting is a technique that allows for layer-by-layer
fabrication of complex models that are designed using compu-
ter-aided design software. 3D bioprinting leads to high resolu-
tion, replicability, and reproducibility of highly complex archi-
tecture constructures allowing to control not only the external
geometry of the construct but also the internal architecture to
mimic the structure and function of tissues and organs.'®™!
There are several 3D bioprinting techniques which include
extrusion bioprinting, inkjet bioprinting, laser-assisted bio-
printing, dual head printing, and light-mediated
stereolithography.”*® Stereolithography is a 3D bioprinting
technique that allows for fabrication of perfusable architec-
tures using biocompatible material via digital light projection
(DLP).>**"*” In addition, the biomaterial or bioink used for 3D
printing can also affect tissue integration, interconnectivity of
different components within the organ, and diffusion
dynamics of oxygen and nutrients within the 3D printed
device.”**®?° Gelatin based biomaterials for 3D printing
hydrogels have shown potential for integration of the host
tissue within simple architectures inside implanted 3D printed
gelatin methacrylate (GelMA) hydrogels in mice models.”®
However, rapid vascularization within more complex architec-
tures is still required to mimic the structure and function of
organs and tissues.

To isolate the specific effects of hydrogel architecture on
vascularization, we use a cell-free hydrogel platform in this
study. Several recent findings support the use of cell-free
hydrogel to elucidate how structural parameters such as
channel diameter, length, and topography influence vascular
infiltration and tissue integration whilst removing cofounding
factors from embedded cells. Researchers have demonstrated
that introducing patterned channels into acellular constructs
can enhance vascular ingrowth and host cell migration.*
Additionally, cell-free hydrogels have been utilized to study
how microarchitecture alone can promote neovascularization
and integration with the host tissue.*’?* These strategies
mirror the body’s natural reliance on the extracellular matrix
(ECM) and topological cues to guide vessel formation and
remodeling.*?

We and others have previously utilized 3D projection stereo-
lithography bioprinting for patterned vascularization within
GelMA and polyethylene glycol diacrylate (PEGDA) hydrogels
in vivo.”>?® In this study, we further evaluate 3D bio-printed
GelMA/PEGDA hydrogels to screen different channel dia-
meters, channel lengths, and channel architectures that can
improve tissue infiltration and vascularization within the
hydrogels in rodent models (Fig. 1). Our use of an acellular
hydrogel platform uniquely enables this high-throughput
architectural screening while maintaining a physiologically
relevant environment for host-driven vascularization. This 3D
printing screening for enhanced vascularization uniquely
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Fig. 1 Schematic diagram of the development and screening for hydro-
gel channel morphology optimized for enhanced vascular infiltration.

offers a vascular hydrogel architectural platform for cell and
tissue transplantation.

2 Materials and methods
2.1 GelMA/PEGDA synthesis

The synthesis of photoinitiator lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP), gelatin methacrylate (GelMA), and
polyethylene glycol diacrylate (PEGDA) were prepared following
a previously published method.>* Briefly, PEGDA (3.4 kDa) was
synthesized by reacting poly(ethylene glycol) with acryloyl
chloride and triethylamine overnight. GeIMA was prepared by
adding methacrylic anhydride to gelatin in carbonate/bicar-
bonate buffer (pH 9.5) at 50 °C for 4 hours.***®

2.2 3D projection stereolithography bio-printing of GelMA/
PEGDA hydrogels

Monolithic matrices were fabricated using projection stereo-
lithography (pSLA) method, that builds 3D structures by
sequentially crosslinking photosensitive polymers layer by
layer through projected photomasks.** Pre-hydrogel mixtures
were prepared to contain 3.25 wt% 3.4 kDa PEGDA, 10 wt%
GelMA, 17 mM LAP, 10% glycerol, and 2.255 mM tartrazine
(FD&C Yellow 5, E102) as a photo absorber previously estab-
lished.>® The pre-hydrogel mixture is loaded into the PDMS-
coated dish, and the build platform is lowered to the initial
layer position. Since GelMA is thermally sensitive, the vat is
kept at 37 °C to maintain the aqueous pre-hydrogel mixture

This journal is © The Royal Society of Chemistry 2025
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until crosslinked. Each layer height was set to 50 pm with an
exposure time of 6 seconds per layer at 19.5 mW cm™> power
output. Once printing is complete, the 3D hydrogel is removed
from the glass slide using a razor and allowed to swell over-
night in PBS with multiple washes.

2.3 Mechanical testing

Mechanical testing of 3D printed GeIMA/PEGDA hydrogels and
GelMA only hydrogels was performed with a disc hybrid rhe-
ometer (Discovery HR-1, TA Instruments). Hydrogels were
printed into 8 mm discs and compressed using an 8 mm
probe by applying a constant crosshead linear rate of 10 pm
s~'. Young’s modulus was calculated by plotting stress over
strain and calculating the slope over the linear region using a
custom MATLAB code developed in our laboratory.

2.4 Swelling ratio and equilibrium water content (EWC)

Swelling ratio and equilibrium water content of 3D printed
GelMA/PEGDA and GelMA only hydrogels were performed by
obtaining the wet weight of the 3D printed hydrogels and then
placing them overnight in the oven at 65 °C and measuring
the dry wet weight. The equation used for the swelling ratio

igh
we}gt and the equation used for equilibrium water
dry weight
(wet weight — dry weight)

content was x 100.

wet weight

2.5 Intraperitoneal screening of channel diameter and length

All work involving animals was performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of Rice
University and was approved by the Institutional Animal Care
and Use Committee (IACUC) under protocol IACUC-24-069-RU.
Groups with n = 3 male C57BL/6 mice (6-9 weeks old, Charles
River, strain code 027) were implanted with GelMA/PEGDA 3D
bio-printed hydrogels in between the fad pads in the intraperi-
toneal (IP) space. Implantation of 3D bio-printed hydrogels
was performed by first anesthetizing the mice using 2-4% iso-
flurane, followed by shaving and sterilizing the abdomen
region with betadine and isopropanol. Prior to making the
initial incision mice were administered with a pain reliever,
1 mg kg™ buprenorphine SR lab (Zoopharm), and 0.9% saline
to prevent dehydration. During the surgical procedure, a
scalpel and scissors were used to create an incision at the
linea alba, and Adson forceps were used to externalize the left
and right gonadal fat pads. Hydrogels were gently rinsed with
PBS before implantation and sterile 0.9% saline was used to
maintain gel hydration intraoperatively. For the channel dia-
meter screening two gels were implanted in each mouse, one
containing 0.5 mm and 1 mm channels and the other contain-
ing 1.5 mm and 2 mm channels as depicted in Fig. 3. Each gel
was wrapped around and sutured to the fat pads and then
inserted into the abdominal cavity. Finally, both muscle and
skin layers were sutured. For the length screening, only one gel
was implanted per mice and were implanted as described
above. Mice were monitored post-operatively. Hydrogels were
explanted 2 weeks post-surgery.

This journal is © The Royal Society of Chemistry 2025
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2.6 Intraperitoneal implantation of 3D bio-printed hydrogel
geometries

Groups with n = 3-5 male C57BL/6 mice (6-9 weeks old,
Charles River, strain code 027) were implanted with GelMA/
PEGDA 3D bio-printed hydrogels between the fad pads in the
intraperitoneal (IP) space. Implantation of 3D bio-printed
hydrogels was performed following the same procedure as
described in section 2.5. One hydrogel was implanted per
mouse by wrapping and suturing the gel to both gonadal fat
pads before inserting the gel into the abdominal region and
suturing the muscle and skin layers. Mice were monitored
post-operatively and provided care and husbandry as needed.
Implants were retrieved and evaluated at 4-, or 8-weeks post-
surgery to obtain time-dependent data.

2.7 Dextran injection, hydrogel retrieval, and confocal
microscopy of 3D hydrogel explants

CF680-conjugated fixable dextran, 70 kDa (Biotium, catalog
#80129) was prepared at 2.5 mg mL ™" in PBS. A total of 100 uL
of 680 nm fixable dextran solution was injected in the tail vein
of C57BL/6 mice 15 minutes before euthanasia. After euthana-
sia, hydrogels were retrieved by opening the abdominal cavity
and separating them from the fat pads. Retrieved gels were
then imaged using a Sony A7R3 camera (Sony) and a Canon
macro lens EF 100 mm 1:2.8 L IS USM (Canon). Hydrogels
were placed in 10% formalin at 4 °C after explant procedure.
3D bio-printed gels were images with a Nikon A1 rsi confocal
microscope using a 10x objective and 633.3 pm laser source.
Laser power between 50-100% and PMT voltage between
50-150 kV was used, with a pinhole size of 122 pm.

2.8 Matlab code development and quantification for
vascularization

Vascularization was quantified by measuring the mean fluo-
rescent intensity of the region of interest. Because of the com-
plexity of the architectures, a MATLAB app was coded to be
able to quantify the mean fluorescent intensity efficiently and
accurately. Once uploaded into the app, the architecture was
traced and identified on the confocal image. From there, the
image was binarized to remove noise using MATLAB’s built-in
Otsu algorithm. The mean fluorescent intensity in the selected
region was calculated from the binarized image and reported
by the app. All confocal images were quantified three times to
limit any effect of random error in the architecture selection.

2.9 Imaris imaging of hydrogel infiltrated vessels

Z-Stacked Nikon nd2 files were converted in Imaris software
and analyzed in 2D. Manual selection of the boundaries of the
hydrogels and their channels was followed by an analysis of
the infiltrated blood vessels in these channel areas using
intensity thresholding. Here, only pixels with higher intensity
than the background were included. This background intensity
was estimated by measuring the maximum intensity in a
larger non-channel hydrogel area. Additionally, all depicted
confocal scans were standardized by setting their maximum

Biomater. Sci,, 2025, 13, 2951-2960 | 2953
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intensity to ten times the background intensity. Then, the
vessel-covered area was plotted in GraphPad Prism as the per-
centage of the total channel area. Secondly, the total intensity
measurements of neovascularization signals were adjusted by
the infiltration percentage to prevent designs with larger
channel areas from appearing superior solely due to their size.

2.10 Histology

For histological analysis, animals were euthanized by first
anesthetizing them using 1.0 L min™" O, and 2% isoflurane.
After animals were anesthetized, O, and isoflurane were stopped,
and the gas line switched to CO, at 2 L min™". The CO, was left
on until the animals stopped showing signs of breathing. The
animals were then removed from the induction chamber, cervi-
cally dislocated to ensure euthanasia, and hydrogels were
explanted and fixed in paraffin before being submitted for hema-
toxylin and eosin (H&E) histology staining at the Human Tissue
Acquisition and Pathology Core at MD Anderson.

2.11 Statistical analysis

One-way ANOVA statistical analyses were performed using
GraphPad Prism 8 software (GraphPad Software); *P < 0.05, **P
<0.01, ***P < 0.001, and ****P < 0.0001.

3 Results and discussion

3.1 Characterization of GeIMA/PEGDA 3D bio-printed
hydrogels

Nuclear magnetic resonance (NMR) spectroscopy demon-
strated sufficient methacrylation of gelatin and polyethylene
glycol (Fig. 2a). GelMA was prepared by substituting the
hydroxyl and lysine residues on the gelatin backbone with acry-
late groups from methacrylic anhydride. For GelMA (left
panel), the distinct peaks at § = 5.7-5.3 ppm corresponds to
the vinyl protons while the peak at § = 1.9 ppm corresponds to
the methyl protons of the methacrylate group introduced via
methacrylic anhydride modification. Further the peak around
6 ~2.9 ppm which corresponds to the free lysine residues of
the gelatin also got diminished. This is due to the methacryla-
tion of the lysine residues on gelatin backbone.

For PEGDA (right panel), the spectrum also shows clear
vinyl proton peaks around § = 6.4-5.9 ppm, consistent with the
acrylate end groups of the diacrylate. The peaks at 4.2 and
3.6 ppm belong to the (-OCH,CH,) and (-CH,OCO-) protons
of the PEG backbone. The absence of unexpected peaks and
the presence of defined vinyl signals confirm that PEGDA is
pure and functionalized with acrylate groups at both termini.

Taken together, these spectra validate the successful
functionalization of gelatin with methacrylate groups (GelMA)
and confirm the presence of acrylate groups on PEGDA, both
of which are critical for subsequent photo-crosslinking via
radical polymerization during 3D printing. This chemical veri-
fication is essential for ensuring crosslinking efficiency and
mechanical stability of the final hydrogel constructs. The bio-
material properties of our 3D-bioprinted GelMA/PEGDA hydro-
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gels were assessed by measuring their mechanical strength,
swelling ratio, and water content. As a control, we compared
them to 10% w/v GelMA hydrogels without PEGDA. Both
GelMA/PEGDA and GelMA-only hydrogels, with an 8 mm dia-
meter, were 3D-printed using a Lumen Bioprinter. After print-
ing, the hydrogels were weighed and incubated at 60 °C over-
night. Once dried, they were reweighed, and the equilibrium
water content and swelling ratio were calculated. GelMA/
PEGDA hydrogels exhibited significantly higher water content
and swelling ratios compared to GelMA-only controls, which
we attribute to the presence of PEGDA as demonstrated by
others with the incorporation of PEGDA increasing swelling
due to the stability of the poly(ether) backbone and therefore
promoting a lack of degradation that natural proteins and
polymers are subjected to.** In addition, the incorporation
PEGDA to the hydrogels enhances the mechanical properties
through physicochemical interactions such as the formation of
covalent crosslinking as PEGDA contains acrylate groups that
participate in photopolymerization with the methacrylate
groups on GelMA. Additionally the introduction of PEGDA can
influence the hydrogen bonding and ionic interactions pres-
ence of ions can lead to ion-dipole interactions between water
molecules and polymer functional groups, reinforcing the
tightly bound water fraction and impacting the hydrogel’s
swelling properties.>*® Overall, the incorporation of PEGDA
improves hydrogel print stability and increases initial weights,
resulting in greater equilibrium water content and swelling
ratios (Fig. 2b and c). Mechanical strength was assessed
through compression testing of the 8 mm cylindrical GelMA/
PEGDA and 10% GelMA hydrogels using a hybrid rheometer
(Fig. 2d). The GelMA/PEGDA 3D printed hydrogels showed sig-
nificantly higher young modulus compared to GelMA-only
hydrogels, confirming the notion that PEGDA enhances
mechanical stability, resulting in stronger, more durable
hydrogels capable of withstanding stress without breaking,
making them a better candidate for in vivo applications.
Fibrotic tissue formation is a common hinderance for the
therapeutic success and translation of implantable 3D printed
biomaterial constructs. Therefore, mitigating the fibrotic
response is essential for long-term or replacement therapy.
The biomaterial and surface properties determine the immune
response and overall implant fate.*” The 3D printed GelMA/
PEGDA hydrogels were implanted between the fat pads in the
intraperitoneal space of mice for 4 and 8 weeks to evaluate the
presence of a fibrotic layer. After retrieval, the hydrogels were
fixed and sectioned for H&E staining. The resulting images
demonstrated minimal to no fibrotic response and biocompat-
ibility as evident by the absence of a fibrotic layer in the gel
surface both at 4 and 8 weeks (Fig. 2e and f). While GelMA is
of naturally derived gelatin, it is thus subjected to material pro-
perties that promote degradation and enhanced cell recruit-
ment, such as fibroblasts that encourage collagen deposition
and matrix remodeling as well as vascularization.’®*° On the
other hand, PEGDA is thought to be antiadhesive and when
combined with other biomaterials, such as GelMA, can reduce
fibrosis formation.’>*! Therefore making the GelMA/PEGDA

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of GelMA/PEGDA 3D bio-printed hydrogels. (a) Chemical structure and NMR of GelMA material and chemical structure and
NMR of PEGDA material. (b) Swelling ratio of GelMA/PEGDA and GelMA only 3D bio-printed hydrogels after drying hydrogel overnight in the oven.
(c) Equilibrium water content percentage of GelMA/PEGDA and GelMA only 3D bio-printed hydrogels after drying hydrogel overnight in the oven. (d)
Compression testing over GelMA/PEGDA and GelMA only 3D bio-printed hydrogels represented as Young modulus. Representative images of
GelMA/PEGDA hydrogels. (e) Representative image of gel surface of H&E stained GelMA/PEGDA 3D bio-printed hydrogels implanted in C57BL6 mice

for 4 and (f) 8 weeks. Scale bar = 100 um.

biomaterial formulation a candidate for further in vivo 3D
printing applications.

3.2 Invivo channel diameter and channel length screening
within 3D bio-printed GeIMA/PEGDA hydrogels

Blood vessel growth into an implanted construct is required
for tissue regeneration, functionality, transplanted cell survi-
val, and integration of the implant.** Current tissue engineer-
ing approaches such as porous scaffolds are limited and are

This journal is © The Royal Society of Chemistry 2025

not sufficient for robust in-growth of blood vessels from the
host, leading to poor delivery of nutrients and oxygen, followed
by implant morbidity.*® Therefore, we and others have
employed 3D printing strategies to fabricate macro- and micro-
channels into biomaterial construct.** However, the majority
of this work is focused on the development of microchannels
that can be perfused with endothelial cells to fabricate in vitro
tissues, rather than investigating how these open channels
influence blood vessel growth and guidance in vivo. Therefore,

Biomater. Sci,, 2025, 13, 2951-2960 | 2955
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studies have focused on microchannels between 0.2-1 mm in
diameter.”®™*” The significance of these channel diameters on
blood vessel infiltration has yet to be determined. Here,
GelMA/PEGDA hydrogels were 3D printed with channel dia-
meters of 0.5 mm, 1 mm, 1.5 mm and 2 mm. Both hydrogels
were implanted between each fat pad in the IP space of
C57BL6 mice for 2 weeks. Prior to retrieval, 680 nm fixable
dextran was injected into the mice via the tail vein to visualize
infiltration of blood vessels into 3D printed constructs as pre-
viously established (Fig. 3a).*® Confocal analysis revealed
increased blood vessel infiltration within the 1 mm channels
compared to the other diameters. To quantify the dextran
signal within each channel, two complementary methods were
employed: a custom MATLAB code developed in our lab and

View Article Online

Biomaterials Science

Imaris imaging software. Both analyses indicated that the
mean fluorescence intensity within the 1 mm channels was
significantly higher compared to the rest of the channels
(Fig. 3b d and ESI Fig. 2at). These results demonstrated that
1 mm channels have a higher potential to allow for blood
vessel infiltration in vivo as they are large enough to let vessels
and pro-angiogenic molecules invade through the channels.
Therefore, there may be a limited channel diameter that alone
encourages vessel integration in vivo.

Following this, we aimed to evaluate whether channel
length would influence the degree of blood vessel infiltration
within the 3D-printed GelMA/PEGDA hydrogels. Individual
hydrogels with a channel diameter of 1 mm and varying
lengths of 6 mm, 10 mm, and 16 mm were printed. Each

a
Channel diameter Channel length  Top view
Top View Top View —
3mm 3mm E" Day 0 Day 1 Day 14 Day 15 Day 18
to.5mm t1.5mm o | | | | .
el £ | | | I I
Bl Ela mm 3D printing IP hydrogel Dextran Confocal  Histology
[ hydrogels with implantation in injection and imaging analysis
varying channel C57BL/7 mice  gel retrieval
. ) B < 16mm _ |ength/diameter
Side View Side View Efs .
0.5mm 1 mm 1.5mm 2 mm g -
b Top View .

Q.

= 5
=
<3 <3
< 2 34 oS 34 °
Qe os
s o c2
85 g9
83 27 23 2
50 s
3 e 2L
== e
Eg 1 r S5 ]
g3 . 3 4
= = "

i ol

05 10 15 20 6 10 16

Channel Diameter (mm) Channel Length (mm)

coo e mmm ===
.o -

Fig. 3 Hydrogel channel diameter and channel length screening in a C57BL6 mouse model for two weeks. (a) Schematic and timeline for channel

diameter and channel length screening in C57BL6 mice for 2 weeks. (b)

Confocal images of retrieved 3D bio-printed hydrogels with channel dia-

meters of 0.5 mm, 1 mm, 1.5 mm and 2 mm 2 weeks after implantation; scale bar = 1000 pm. (c) Confocal images of retrieved 3D bio-printed hydro-
gels with channel lengths of 6 mm, 10 mm and 16 mm 2 weeks after implantation; scale bar = 1000 pm. (d) Mean fluorescence intensity quantifi-
cation of channel diameter screening. (e) Mean fluorescence intensity quantification of channel length screening. (f) H&E-stained images of
retrieved hydrogels with channel lengths of 6 mm, 10 mm and 16 mm; scale bar = 50 pm.
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hydrogel was implanted between the fat pads in the intraperi-
toneal space of C57BL6 mice for 2 weeks and injected with
680 nm dextran as previously done. Confocal microscopy
showed no clear differences in pro-angiogenic signal between
the three-channel length conditions (Fig. 3a). MATLAB and
Imaris software were used to analyze the pro-angiogenic signal
within the channels in each of the hydrogels. While the 6 mm
channels exhibited a higher signal, the differences between
the 6 mm, 10 mm, and 16 mm channels were not statistically
significant (Fig. 3c, e and ESI Fig. 2b}). Gross imaging and
H&E staining confirmed the presence of blood vessels, with
the most notable infiltration observed in the 6 mm and
10 mm channels ( Fig. 3f and ESI Fig. 2c-et). However, there
appeared to be infiltration at the opening and end of the inlet
or outlet after 2 weeks of implantation.

Together, these results suggest the diameter of the inlet
and outlet of the 3D bio-printed channels significantly influ-
ence blood vessel infiltration within the hydrogel, while hydro-
gel length appears to have a lesser impact. These findings were
then incorporated into the design of the remaining studies,
with a consistent 1 mm opening channel diameter maintained
throughout.

3.3 Fabrication and characterization of intrinsic
architectures within 3D bio-printed GelMA/PEGDA hydrogels

Current bioprinting approaches for micro and macro-channel
blood vessels only use a single layer of endothelial cells,
similar to that of capillaries within channel dimension com-
parable to arteries or arterioles. This often leads to poor trans-
lation as it does not perform the necessary physiological func-
tions of native blood vessels.*®*° Self-assembled vessel net-
works provide a more promising approach; however, these can
lead to irregular vascular network geometries.*>*? After investi-
gating the optimal channel diameter and length for GelMA/
PEGDA hydrogels and guidance of the native vasculature, an
alternative to current engineering of vascular networks could
be providing the host vasculature with guiding channels to
dictate and pattern vascular networks to similar geometries
found within the native environment. We designed hydrogels
with various channel architectures using Blender software to
explore how variations in channel design, such as altering
channel complexity influence blood vessel infiltration within
open channels. Each of the architectures featured channels
with an initial opening of 1 mm, as this diameter previously
demonstrated enhanced blood vessel infiltration. The dimen-
sions of the hydrogels were 9.3 mm x 4 mm x 16.1 mm based
on the dimensions used for a previously published channel
architecture labeled as serpentine, which we used as a control
in these studies.*®*” To evaluate the impact of channel com-
plexity on vascularization, we developed four new architectures
inspired by capillary and alveoli features — geometry 1 (GEO1),
geometry 2 (GEO2), geometry 3 (GEO3), and geometry 4
(GEO4) (Fig. 4a). To verify that the channel architectures
designed within the hydrogels were feasible to be infiltrated by
blood vessels and pro-angiogenic molecules, we studied com-
putational fluid dynamics simulations using COMSOL, a math-
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Fig. 4 Fabrication of architecture patterns for blood vessel infiltration
within 3D bio-printed GelMA/PEGDA hydrogels. (a) Designed architec-
tures in Blender with dimensions of 9.3 mm X 4 mm X 16.1 mm. (b) Fluid
flow analysis images of designed architectures using COMSOL software;
velocity units = mm s™. (c) 3D bio-printed GelMA/PEGDA hydrogels
perfused with red dye ink; scale bar = 2000 pm.

ematical modeling software that was used to analyze the flow
of fluids through the channels. The settings used for the
COMSOL simulation were laminar flow with pressure of 1 atm
and a temperature of 293.15 degrees kelvin following a pre-
viously published system.>* All the designed channel architec-
tures showed different fluid flow patterns. The control archi-
tecture, serpentine, exhibited the fastest fluid velocity symbo-
lized by a red-colored pattern in the flow of the fluid. We
hypothesized that the lack of retention of fluid inside the gel
could decrease the opportunity for vascularizing cells and pro-
angiogenic agents to infiltrate and form blood vessel struc-
tures. In contrast, GEO4, GEO1, GEO2, and GEO3 architectures
all showed areas within the channel architecture with slower
fluid flow, (symbolized by a blue-colored pattern) which could
promote blood vessel formation within the channels (Fig. 4b).
Hydrogels were printed and then perfused with red ink dye to
validate flow patterns. All the hydrogels were able to be per-
fused without the channels bursting or breaking. In addition,
the perfusion of the 3D bio-printed hydrogels via manual
injection of red dye with a 1 ml syringe confirmed the simu-
lation findings, demonstrating that all the architectures have
the potential to be perfused with pro-angiogenic fluids and
allow for blood vessel infiltration (Fig. 4c).

3.4 Invivo architecture screening of intrinsic architectures
within 3D bio-printed GeIMA/PEGDA hydrogels

Following the in vitro characterization of the five distinct
hydrogel architectures, these were implanted between the fat
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Fig. 5 In vivo screening of channel architecture within GelMA/PEGDA 3D bio-printed hydrogels in C57BL6 mouse models for 4 and 8 weeks. (a)
Schematic and timeline of implantation of GelMA/PEGDA bio-printed hydrogels. (b) Representative images of 680 nm fixable dextran confocal
images of retrieved hydrogels 4 and 8 weeks after implantation in C57BL6 mice. (c) Total mean fluorescence intensity of pro-angiogenic signal
within gel channels of hydrogels implanted for 4 weeks and (d) 8 weeks; scale bar = 1000 pm. (e) H&E-stained representative images of lead channel
architecture, GEO3, 8 weeks after implantation in C57BL6 mice; black arrows represent blood vessels scale bar = 100 pm.
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pads in the intraperitoneal space of C57BL6 mice for 4 and 8
weeks (Fig. 5a). To assess blood vessel infiltration, 680 nm fixable
dextran was injected viag the tail vein as described above. Gross
images of explanted hydrogels were taken, GEO3 hydrogels
exhibited an increase in blood vessel and tissue infiltration com-
pared to the rest of the architectures (ESI Fig. 3ct). Retrieved
samples were evaluated for dextran positive signal. Initial visual
observations of confocal microscopy indicated insufficient blood
vessel infiltration at the 4-week mark (Fig. 5b and c).
Quantification using MATLAB and Imaris software confirmed
this, showing minimal signal that made it difficult to distinguish
which architecture promoted enhanced vascularization (Fig. 5¢
and ESI Fig. 3at). We hypothesized that the limited infiltration at
this point was due to the larger dimensions of the hydrogels
(16 mm in length) that were necessary to accommodate the
different architectures and to make it comparable to the pre-
viously published control serpentine architecture.

However, by week 8 confocal images suggest that GEO3
architecture exhibited enhanced blood vessel infiltration
(Fig. 5b and d). This was further validated by both quantifi-
cation methods, which demonstrated that GEO3 significantly
outperformed the other architectures in promoting vasculari-
zation within the 3D-printed hydrogels (Fig. 5d and ESI
Fig. 3bt). We hypothesize that this improved performance is
due to the larger internal volume and unique patterning of
GEO3, which allowed greater infiltration of pro-angiogenic
molecules and vascularizing cells, facilitating the formation of
more robust blood vessel networks. In addition, H&E-stained
images confirmed the presence of blood vessels within the
lead hydrogel, GEO3, 8 weeks post implantation (Fig. 5e). One
possible rationale for the GEO3 architecture demonstrating
superior host vascular infiltration, could be due to the ability
for macro-channels to recruit other cells, such as smooth
muscle cells from the host environment rather than solely
endothelial cells alone as seen with microchannel constructs,
to form complete and robust vascular networks.*?
Furthermore, others have shown that the incorporation of
topographical cues such as channel branching, curvature, and
multiple channels can accelerate vascularization from the host
into a biomaterial implant.”® Our leading architecture was
designed with macro-channels to maximize the volume of
infiltrating blood vessels and possess branching for sufficient
guidance through multiple channels from the inlet to the
outlet.

With these findings, we demonstrated not only that we were
able to screen 3D-printing parameters in vivo, such as channel
length, diameter and architecture, to enhance vascularization
but also that we have developed a 3D printing hydrogel that
can guide blood vessel infiltration for future applications in
tissue engineering, as well as organ transplantation.

Overall, these results demonstrate potential as an in vivo
vascularizing platform, which could further be improved by
perfusion through the channels or incorporation in the bulk of
the hydrogel of pro-angiogenic factors, peptides or cells to
accelerate blood vessel formation and growth for organ trans-
plant as well as tissue engineering applications. Additionally,

This journal is © The Royal Society of Chemistry 2025
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Paper

this work presents an opportunity for an up-and-coming
approach; that prevascularized networks as the most ideal vas-
cularized engineered tissue or organ must already possess
robust and functional blood vessels within the biomaterial
implant.®® Therefore, this leading construct could be
implanted within a host for 8 weeks to form blood vessel net-
works and then retrieved and transplanted to a host.

4 Conclusions

In summary, this work has demonstrated the potential of our
GelMA/PEGDA platform to screen various 3D printing para-
meters to enhance blood vessel infiltration and vascularization
in vivo. Additionally, key parameters were identified, showing
improved blood vessel presence and guidance within the 3D
printed hydrogels in a mouse model. Specifically, these studies
highlight that when 3D printing guiding hydrogels the dia-
meter of the open channels significantly influences blood
vessel infiltration, with 1 mm channels leading to the greatest
infiltration. In contrast, channel length had a lesser effect on
vascularization compared to channel diameter. Additionally,
this platform demonstrates the ability to screen various
channel architectures, which were shown to influence and
guide blood vessel infiltration within the open channels.
These findings highlight that the lead hydrogel design after
optimization of channel diameter, length and architecture can
significantly impact the extent of blood vessels infiltration.
Whether used alone, or in combination with other pro-angio-
genic factors, peptides or cells, the optimized platform pre-
sented in this work holds great potential as a tissue engineer-
ing and organ transplant platform, facilitating blood vessel for-
mation in close proximity to the implant.
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