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Accelerating Patterned Vascularization Using Granular
Hydrogel Scaffolds and Surgical Micropuncture

Zaman Ataie, Summer Horchler, Arian Jaberi, Srinivas V. Koduru, Jessica C. El-Mallah,
Mingjie Sun, Sina Kheirabadi, Alexander Kedzierski, Aneesh Risbud,
Angelo Roncalli Alves E Silva, Dino J. Ravnic,* and Amir Sheikhi*

Bulk hydrogel scaffolds are common in reconstructive surgery. They allow for
the staged repair of soft tissue loss by providing a base for revascularization.
Unfortunately, they are limited by both slow and random vascularization,
which may manifest as treatment failure or suboptimal repair. Rapidly
inducing patterned vascularization within biomaterials has profound
translational implications for current clinical treatment paradigms and the
scaleup of regenerative engineering platforms. To address this long-standing
challenge, a novel microsurgical approach and granular hydrogel scaffold
(GHS) technology are co-developed to hasten and pattern microvascular
network formation. In surgical micropuncture (MP), targeted recipient blood
vessels are perforated using a microneedle to accelerate cell extravasation and
angiogenic outgrowth. By combining MP with an adjacent GHS with precisely
tailored void space architecture, microvascular pattern formation as assessed
by density, diameter, length, and intercapillary distance is rapidly guided. This
work opens new translational opportunities for microvascular engineering,
advancing reconstructive surgery, and regenerative medicine.

1. Introduction

Tissue deficiencies can occur after a traumatic event or oncologic
resection.[1] Patients often suffer from infection, immobility, and
dysfunction,[2–4] and with severe injuries, loss of limb, and even

Z. Ataie, A. Jaberi, S. Kheirabadi, A. R. A. E Silva[+], A. Sheikhi
Department of Chemical Engineering
The Pennsylvania State University
University Park, PA 16802, USA
E-mail: sheikhi@psu.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202307928

[+]Present address: Experimental Biology Center (NUBEX), University of
Fortaleza (UNIFOR), Fortaleza, CE 60811, Brazil

© 2023 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

DOI: 10.1002/smll.202307928

life may occur. Over the past two decades,
hydrogel-based scaffolds have become vi-
tal to tissue reconstruction by providing a
base for revascularization.[5–8] Thus, sur-
geons have widely incorporated hydrogel-
based technologies into patient care. Unfor-
tunately, hydrogel scaffolds are still plagued
by some major limitations, including slow
and random vascularization.[9] Slow or in-
adequate vascular integration may lead to
suboptimal outcomes, including seroma,
infection, and reconstructive failure.[10,11]

Surgeons have explored various techniques
to promote angiogenesis in the wound bed,
including intrinsic vascularization.[12,13]

This approach enhances neovasculariza-
tion by supplying host blood via methods,
such as arteriovenous loops (AVL)[14] or
isolated vascular pedicles.[14] Vascular pedi-
cles which consist of arteries and veins are
commonly isolated in plastic chambers and
are able to form vascular networks.[15,16]

When combined with different scaffold
architectures, e.g., microchannels,[17] they accelerate the

neovascularization.[18,19] The field of regenerative medicine has
witnessed the emergence of prevascularized scaffolds as a strat-
egy for cell-based proangiogenic therapies,[20–22] vascularized
tissue flaps,[23,24] and functional organ development.[25] These
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scaffolds integrate porous structures with endothelial cells, co-
cultured with support cells,[26] and/or with human-induced
pluripotent stem cell (iPSC)-derived endothelial cells or early vas-
cular cell progenitors.[25,27–29] Cell-laden hydrogel microparticles
(microgels) have also been used to mimic the complexity and
functionality of engineered vascular tissues.[21,30]

We have recently developed a novel microsurgical approach
termed micropuncture (MP) that significantly expedites scaffold
vascularization.[31] However, the MP-induced neovasculature
in bulk hydrogels is random in nature, which does not ful-
fill the requirements of reconstructive surgeons where form
dictates function.[32] It is well known that the structural char-
acteristics of scaffolds profoundly affect cell infiltration and
vascular ingrowth.[33] We[34,35] and others[36,37] have realized
that bulk hydrogels do not allow immediate cell infiltration,
hence vascularization, because they lack interconnected pores,
have nanoscale pores that are about three orders of magnitude
smaller than cell size, and require degradation and remodeling
that may take weeks, if not months. These shortcomings impede
bulk hydrogel scaffolds from undergoing optimally swift and
patterned vascularization.

Architecturally, microengineered void spaces in hydrogel
scaffolds are a cue for neovascularization.[38] Interconnected
pores enhance cell migration and proliferation, perfusability,
and nutrient/oxygen transfer, which are all pivotal factors in vas-
cularization and tissue growth.[39] By tuning pore characteristics,
such as size, interconnectivity, distribution, shape/architecture,
and surface topography, properties of vascular networks may be
regulated.[39] Different types of biomaterials, such as polyethy-
lene glycol (PEG),[40] gelatin,[41] alginate,[42] and tricalcium
phosphate,[43,44] have been used for fabricating porous scaf-
folds using particle leaching,[40] 3D (bio)printing,[41,45,46]

templating,[43,47] or freeze-drying.[42] These methods based
on postprocessing, often yield random pore networks or cause
non-interconnected void spaces, which may limit physiologic
vascularization. Granular hydrogel scaffolds (GHS), made up
of assembled microgels, enable the formation of precisely con-
trolled, interconnected cell-scale pores. This characteristic is
beneficial for tissue ingrowth, cell extravasation, vascularization,
and tissue regeneration.[48,49] Thus, GHS have been explored for
soft tissue regeneration, e.g., in skin wound healing,[50–52] brain
tissue regeneration after stroke,[53] and cardiac tissue regener-
ation after myocardial infarction.[54] Although some literature
has demonstrated the formation of vascularized tissue using
porous scaffolds,[55] to the best of our knowledge, no efforts have
been devoted to accelerating the formation of patterned vascular
networks in GHS.

In this work, we aim to combine our recent advances in
reconstructive microsurgery[31] and hydrogel microfabrication
technology[34,35,56,57] to provide an innovative synergistic platform
that enables rapid perfusability and microvasculature pattern-
ing within an implanted scaffold. We will induce surgical MP in
which small perforations are created using a microscale needle
in the recipient vasculature to facilitate cellular extravasation and
angiogenesis without causing thrombosis or significant hemor-
rhage, followed by guiding microvascular development using ad-
jacent GHS with well-defined void architecture, formed via the
photoassembly of microgels. We speculate that this technology
may open unprecedented opportunities to redefine the tissue

vascularization landscape with widespread applicability across
all anatomic sites and disease etiology, including cardiovascular-
related pathologies, the leading cause of morbidity and mortality
worldwide.[58]

2. Results and Discussion

To form GHS building blocks, monodispersed droplets of a
gelatin methacryloyl (GelMA) solution (10 wt%) were fabri-
cated as a dispersed phase in a continuous oil phase using
a high-throughput step-emulsification microfluidic device,[35,59]

followed by microgel formation via physical (thermal) crosslink-
ing at 4 °C, as shown in Figure 1A. The physical crosslinking
stabilizes the microgels, enabling oil and surfactant removal and
microgel transfer to aqueous media. Stabilized microgels were
packed in an aqueous medium via centrifugation, and intraparti-
cle crosslinking and interparticle covalent bonding were estab-
lished via the photoinduced free radical polymerization of GelMA
vinyl groups, yielding the GHS. GelMA is a widely used bioma-
terial for engineering vascular networks as it bears a plenitude
of cell-adhesive moieties, such as the arginylglycylaspartic acid
(RGD) peptide motif, providing design flexibility to support en-
dothelial cell adhesion and vessel formation.[60–63] Gelatin-based
hydrogels have commonly been used as protein-based biomate-
rials for microvasculature formation[62,64] alongside collagen and
fibrin,[62] which permit network formation in micropatterned
architectures[65–67] or bioprinted constructs.[66,67]

In the step-emulsification microfluidic devices, droplet size is
regulated by the channel height.[68] Devices with a step size of ≈8,
≈27, or ≈60 μm were fabricated to generate a range of droplet
sizes, as shown in Figure 1B. Figure 1C presents the size fre-
quency histogram of small, medium, or large droplets, which
have an average diameter of 29 ± 3 (small), 81 ± 4 (medium),
or 173 ± 11 μm (large), respectively. These microgel sizes are de-
signed to impart the GHS with a median pore diameter com-
parable with the size of mammalian cells, such as the stromal
vascular fraction (SVF) of adipose tissue, including endothelial
progenitors and immune cells that play key roles in vascular net-
work formation.[69]

GHS may readily be used in combination with our estab-
lished microsurgical approach, i.e., MP, in which blood vessels
are punctured with an ultrafine microneedle to create perfora-
tions in the wall of a target recipient vessel.[31] MP promotes rapid
cell extravasation and accelerates adjacent microvasculature net-
work formation.[31] In this procedure, schematically shown in
Figure 1D, the hindlimb femoral artery and vein undergo MP,
followed by the implantation of GHS on the vessels. Figure 1E
shows the schematic illustration of GHS with small (GHS-S),
medium (GHS-M), and large (GHS-L) microgel building blocks,
alongside a bulk hydrogel scaffold, placed on the vein and artery
after MP. We hypothesize that the vascular microarchitecture
may be guided by GHS pore characteristics.

Figure 2 presents the pore features and mechanical prop-
erties of GHS, fabricated using varying sizes of microgels.
High-molecular-weight fluorescent dextran polymers (≈2 MDa,
equivalent Stokes diameter ≈ 54 nm)[70] did not penetrate the
microgels, labeling the interstitial void spaces of GHS. Figure 2A
and Videos S1–S3 (Supporting Information) show the Z-stacked
and 3D fluorescence images of porous GHS. Void fraction and
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Figure 1. Fabrication of GelMA microgels and GHS formation combined with MP to accelerate and guide vascular microarchitecture. A) GelMA droplets
are converted to microgels via physical crosslinking at 4 °C, followed by packing and chemical assembly via photocrosslinking to yield GHS. B) Opti-
cal Microscopy images of small, medium, and large GelMA droplets. C) Droplet size frequency histogram based on n > 2000 droplets, indicating
monodispersed droplet formation with an average diameter of ≈29 μm (small), ≈81 μm (medium), or ≈173 μm (large). D) To hasten vascularization,
MP is performed on arteries and veins using a 60 μm microneedle at ≈1 mm intervals, followed by the implantation of GHS adjacent to MP vessels to
guide vascular network architecture. E) Small, medium, or large microgel building blocks yield GHS with varying pore microarchitectures that guide the
scattering, diameter, and length of blood vessels. The hybrid GHS and MP will therefore hasten and guide vascularization synergistically.
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Figure 2. Microarchitecture and mechanical/rheological properties of GHS. A) The assembly of small, medium, or large microgels yields GHS with
tailored pore features, imaged at varying heights (Z-stacks) and in 3D. The pores were detected using a high-molecular-weight fluorescent dye (average
molecular weight ≈2 MDa), followed by analyzing fluorescence slices using a MATLAB code for pore detection. B) Effect of microgel size on GHS
void fraction, defined as the volume ratio of interstitial void spaces to the total scaffold volume, showing that the void fraction is independent of the
spherical building blocks (n = 5). C) Equivalent median pore diameter, as an indicator of GHS pore size, increases by increasing microgel size (n =
5). D) Compressive stress–strain curves for GHS comprising of small, medium, or large microgels alongside the bulk hydrogel counterpart (GelMA
concentration = 10 wt%) as a control. E) Compressive modulus is measured based on the slope of strain–stress curves in the elastic region (≈0.05–
0.15 mm mm−1, n = 4). F) Frequency sweep tests, performed on samples at 10−1 – 102 rad s−1 and a constant strain of 0.1%, i.e., the linear viscoelastic
region (LVR). G) The oscillatory shear storage modulus of GHS and bulk hydrogel at 1 rad s−1 and 0.1% of strain (n = 4). B,C,E,G) One-way analysis
of variance (ANOVA) was performed with the Tukey’s multiple comparison test. Significant differences are indicated with ***p < 0.001 and ****p <

0.0001; ns denotes nonsignificant, with p > 0.05. Also, #### shows p < 0.0001 when comparing the bulk hydrogel control with any GHS.
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equivalent median pore diameter were quantified via analyzing
the 3D images. The volume ratio of void spaces to the total
scaffold volume was reported as the void fraction in Figure 2B.
Void fraction of GHS ≈ 20–25%, which was not significantly
affected by varying spherical microgel sizes; however, the void
spaces are enlarged by increasing the microgel size, as shown in
Figure 2C. Small, medium, or large microgels yielded GHS-S,
GHS-M, or GHS-L with a median equivalent pore diameter of
12 ± 2, 20 ± 2, or 44 ± 3 μm, respectively.

Figures 2D–G show the mechanical and rheological character-
izations of GHS via compression and oscillatory rheology tests.
Figure 2D presents the compressive stress–strain curves of GHS
and the bulk hydrogel counterpart comprising similar GelMA
polymer concentration. At any compressive strain, the stress
value of GHS was lower than the bulk hydrogel. This is a result of
the porous GHS structure and limited contact area between ad-
jacent microgels, which has also been reported in our previous
publications.[34,35] The slope of stress–strain curves at the elastic
region, typically at ≈0.05–0.15 mm mm−1, was calculated and re-
ported as the compressive modulus in Figure 2E. The compres-
sive modulus was significantly lower in GHS-L than GHS-S or
GHS-M, possibly resulting from larger void space and weakened
microgel–microgel contact among large microgels per unit vol-
ume. In addition, the compressive modulus of bulk hydrogel was
about one order of magnitude higher than GHS, which also rep-
resents the local compressive modulus of microgels. The GHS
stiffness was in the range of human soft tissues.[71,72]

Viscoelastic properties of GHS were characterized via oscil-
latory rheology. Samples were assessed based on the oscillatory
strain sweep ranging from 10−2 to 102% at a constant angular
frequency of 1 rad s−1 to determine the linear viscoelastic region
(LVR) and flow point (Figure S1, Supporting Information). As the
LVR for all the gels was below ≈1% of strain at 1 rad s−1, the oscil-
latory frequency sweep was performed at 10−1–102 rad s−1 and at
a constant strain of 0.1% (Figure 2F). The oscillatory shear stor-
age modulus for GHS-L was lower than GHS-S or GHS-M, and
the storage modulus of bulk hydrogel was higher than all GHS,
as presented in Figure 2G. Overall, the storage modulus had a
similar trend as the compressive modulus.

To examine the effect of scaffold microarchitecture on in vitro
cell activity, GHS with tailored microscale pores were seeded
with human SVF cells and compared with the bulk hydrogel
counterpart (nanoporous, GelMA concentration = 10 wt%), as
schematically presented in Figure 3A. The time-dependent be-
havior of SVF cells cultured in microvascular endothelial growth
media[73] is shown in Figure 3B. While the cells remained non-
prolific, round-shaped, and incapable of network formation in the
bulk GelMA hydrogel, they were able to readily spread in GHS.
Among GHS, GHS-L was not able to maintain all the SVF cells
among the microgels because the pores were too large compared
with the cell size. Figure S2 (Supporting Information) shows that
within 90 min of seeding, GHS-S and GHS-M hold almost all the
cells, whereas the majority of cells are entrained out of GHS-L.

Figure 3C presents the roundness of cells in the scaffolds,
showing that encapsulated cells in the bulk hydrogel had signif-
icantly higher roundness (0.86 ± 0.02) compared with the elon-
gated cells in GHS (GHS-S ≈ 0.54 ± 0.04, GHS-M ≈ 0.45 ± 0.01,
GHS-L ≈ 0.54 ± 0.05). Importantly, cells started forming net-
works in GHS-S and GHS-M within 2 days; however, no network

was observed in GHS-L. Figures 3D,E present the projected cell
area and the number of network branches, respectively. Unlike
the bulk hydrogel, the porous structure of GHS-S and GHS-M
facilitated network formation via increasing cell coverage (pro-
jected area) and number of branches. The ability to form such
networks is essential for successful in vivo vascularization. When
the median pore size was significantly larger than cell size, i.e.,
in GHS-L, cells were not able to form any network, and cell–
cell connections were weakened. Initial cell seeding density af-
fected the network formation quality in GHS, as presented in
Figure S3 (Supporting Information), which is also reported for
bulk hydrogels.[74] At an exceeding low or high seeding density,
the cells were not able to form any network in the GHS, because
of the lack of cell–cell connection or becoming overconfluent, re-
spectively. Figure S4 (Supporting Information) presents the effect
of SVF cell seeding density on network formation capability in
the bulk GelMA hydrogel. Independent of cell seeding density,
the bulk GelMA hydrogel (10 wt%) was unable to support net-
work formation because of impaired cell spreading. These data
shed light on why currently used bulk scaffolds in clinical set-
tings are unable to provide an optimal vascularization platform.
Accordingly, there exists an optimal pore size range in GHS that
promotes cell network formation and, consequently vasculariza-
tion, which will further be investigated in vivo.

GHS or bulk hydrogel scaffolds were implanted adjacent to the
MP artery and vein. Figure S5 (Supporting Information) shows
a gross image of an implanted scaffold after MP microsurgery.
Implanted scaffolds in MP and non-MP (control) groups were
analyzed at day 7 to assess in vivo cellular infiltration and neovas-
cular network formation, as presented in Figure 4. GHS placed
adjacent to the MP artery and vein underwent an increase in
cellular infiltration independent of microgel size. On the other
hand, no significant cellular infiltration was observed in the im-
planted bulk hydrogels because of its nanoporous structure. MP
allowed for rapid cellular extravasation into GHS, and GHS en-
abled accelerated inward cell infiltration. An increased accumula-
tion of endothelial cells was observed in the lining of MP scaffold
pores, along with the formation of new microvascular capillary
networks around the microgels (Figure 4A).

Accelerated neovascularization was patterned by using differ-
ent sizes of microgel building blocks. Varying the GHS pore size
caused differences in the accessible space for neovascular plexus
formation originating from the adjacent femoral artery and vein.
Using artificial intelligence (AI), the fluorescence images were
analyzed and quantified (Figure S6, Supporting Information).
Figure 4B presents the mean vascular density of GHS and bulk
scaffolds implanted adjacent to MP or non-MP (control) vessels
after 7 days. With MP, the vascular density of GHS-M and GHS-S
was significantly higher than GHS-L and bulk. Results showed
the significance of MP in neovascularization, especially in GHS-
S and GHS-M. GHS-L did not show any significant difference
with MP versus without MP, possibly due to the extra-large void
spaces, which bypass the vessel formation capacity. Results show
that the mean vascular density is significantly impacted by the
synergistic interactions between pore features and MP (Table S1,
Supporting Information). No significant vascular ingrowth was
obtained in the adjacent bulk GelMA scaffold, and the results
could not be analyzed due to vessel scarcity. Under these con-
ditions it appeared that even though MP provided a rapid route
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Figure 3. Scaffold microarchitecture regulates human SVF cell behavior and network formation. A) Schematic of cells seeded in porous GHS assembled
using varying GelMA microgel sizes compared with a bulk, nanoporous GelMA hydrogel scaffold. B) GHS-S and more significantly GHS-M promote
SVF network formation, whereas GHS-L does not yield any network. The bulk GelMA hydrogel scaffold does not support SVF cell proliferation and 3D
network formation. C) Roundness of encapsulated SVF cells in GHS or bulk scaffolds, which is ≈40–60% or 90%, respectively. SVF cells elongate more
in GHS-M compared with GHS-S and GHS-L, and do not elongate in the bulk scaffold at all. D) Total projected area of SVF cells, which was significantly
higher in GHS-M compared with GHS-L and bulk GelMA. E) Number of SVF cell network branches in the scaffolds, showing excellent branch formation
in GHS-M, some branch formation in GHS-S, and no branches in GHS-L or bulk scaffold after 2 days of culture. In panels (C) and (D), one-way ANOVA
was performed with the Tukey’s multiple comparison test. In panel (E), unpaired two-tailed t-test was done. Significant differences are indicated with *p
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; na denotes nonapplicable, ns denotes non-significant, with p > 0.05. In panel (C), #### shows
p < 0.0001 when comparing the bulk hydrogel control with the GHS groups. Number of scaffolds per group was at least 3. The region of interest was
1330 × 1330 μm2.
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Figure 4. Hybrid MP and GHS hasten and pattern in vivo vascularization. A) After explanation, scaffolds were stained against CD31(red) to demonstrate
endothelial cells. A 4′,6-diamidino-2-phenylindole (DAPI) counterstain (blue) was used to delineate all nucleated cells. GHS without MP (control) enabled
some vascular formation. Synergizing GHS with MP resulted in significantly higher endothelial cell infiltration and vascularization across microgel sizes.
The bulk GelMA hydrogel scaffold either without MP (control) or with MP underwent limited vascular formation. B–F) AI quantification of scaffold
vasculature (CD31). Bulk scaffolds (control) could not be analyzed for diameter, length, and intercapillary distance because of vessel scarcity. B) Mean
vascular density in the scaffolds, showing enhanced network formation in GHS-S and GHS-M with MP. MP did not result in any significant difference
in neovascularization using GHS-L or bulk hydrogel. C) The average vessel diameter of vascular networks formed in varying scaffolds, showing almost
similar values for all the GHS groups. D) Total tube length in varying scaffolds, showing that GHS-M with MP promoted the formation of longest tubes.
GHS-S and GHS-L yielded significantly lower tube length than MP GHS-M. E) Intercapillary distance in varying scaffolds, which are correlated directly
with microgel size: the larger the microgels, the higher the intercapillary distances in GHS. F) Number of branches in varying scaffolds, showing that MP
GHS-M yields a significantly higher number of branches than any other study group. Two-way ANOVA was performed with the Holm–Šídák’s multiple
comparison test, and significant differences are indicated with *p < 0.05, **p < 0.01, and ****p < 0.0001. Note na implies nonapplicable, and ns
indicates nonsignificant (p > 0.05). When comparing the control (non-MP) with MP of each group, ns indicates nonsignificant with p > 0.05, and the
level of significancy is shown with #p < 0.05, ##p < 0.01, and ###p < 0.001 above the control group. Number of animals per group was 3. Each data
point in panels (B–F) shows the average of at least three images taken from each hindlimb (region of interest = 580.50 × 435.37 μm2), analyzed using
the AI.
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of cellular extravasation from the targeted vasculature, the bulk
hydrogel scaffold characteristics were insufficient to support cell
infiltration. Increased endothelial cell infiltration (Figure 4A)
appeared concordant with the vascular density observed in MP
GHS.

Figure 4C presents average vessel diameter, which was in the
range of 5–10 μm among the GHS groups. Statistical analyses
show that the size of newly formed vessels is not MP dependent.
Additionally, void space size did not significantly affect the vessel
diameter, except for GHS-M which yielded slightly larger vessels
compared with GHS-S (Table S2, Supporting Information).
Figure 4D shows that the tube length was significantly higher in
MP GHS-M due to the significant expansion of small branching
outgrowths and neovessel formation. MP and void space size
significantly affected total scaffold tube length (Table S3, Sup-
porting Information). As presented in Figure 4E and Table S4
(Supporting Information), intercapillary distance was a function
of spacing, dictated by GHS building block size, which was
independent of MP. This shows that the vascular network can
readily be patterned by GHS microarchitecture in vivo. The total
number of branches in the field of view is shown in Figure 4F,
indicating significantly pronounced neovascular network for-
mation using MP GHS-M. All other groups, including non-MP
(control) groups (Table S5, Supporting Information) did not
yield significant branch numbers as a result of either extremely
small or large pores.

It has been demonstrated that macrophages are integral to
angiogenesis.[75–77] To understand their correlation to enhanced
GHS vascularization after MP, scaffold macrophages were
stained against F4/80 (green) and 4’,6-diamidino-2-phenylindole
(DAPI, blue) at day 7, as shown in Figure 5A. It was observed that
vascularization in the GHS corresponded to early macrophage ac-
cumulation. Figure 5B presents the area correlated to the stained
macrophages across conditions (p-values may be found in Table
S6 in the Supporting Information). The highest extent of scaf-
fold macrophage infiltration was observed in GHS-M, which is
consistent with the highest vascular density, total tube length,
and the number of branches yielded in this scaffold. Accordingly,
the optimum median pore size of GHS to maximize the qual-
ity of neovascularization is about 20 μm, a size that is compa-
rable with the size of macrophages (10–20 μm) and endothelial
cells (10–30 μm).[78,79] Previous research has shown that GHS
comprising varying microgel sizes influence cell infiltration and
macrophage polarization.[80,81] GHS made up of ≈48 or ≈146 μm
microgels resulted in higher M1 polarization or M2 polarization
in macrophages, respectively.[79] The inflammatory response of
macrophages has also been shown to decrease when the GHS
pore size is within the same range of cell size.[80] GHS with a
similar pore size to our GHS-M (average microgel diameter ≈

70–80 μm) had a significantly higher infiltrated cell area after 21
days of subcutaneous implantation compared with GHS made
up of smaller (≈40 μm) or larger (≈130 μm) microgels.[81]

Furthermore, the cytotoxicity of scaffolds was assessed clini-
cally via weight, and there was no associated weight loss in any
animal cohort. Histology was used to demonstrate end organ nor-
malcy, as shown in Figure 5C. No parenchymal injury was ob-
served on liver, kidney, and spleen histology. No animals needed
to be withdrawn from the study. Accordingly, GHS did not have
any toxic side effects after the implantation, which is a key re-

quirement for further translational considerations. Scaffold per-
fusability was assessed using trichrome-stained samples to quan-
tify cell-lined luminal structures with evidence of red blood cell
(RBC) perfusion, relative to the total number of cell-lined luminal
structures (Figure S7, Supporting Information). The evaluation
of RBC-perfused lumens was conducted for both MP and non-
MP conditions implanted with GHS-M at day 7. MP scaffolds
had significantly higher perfusability in vivo.[82]

Figure 6 presents the in vivo perfusability of neovascularized
implanted GHS on Day 7, which indicates that the formed vascu-
lature is functional, interconnected, and guided by the microar-
chitecture of GHS pores. The in vivo perfusion assessment was
conducted using implanted GHS-M (MP and non-MP control) as
shown schematically in Figure 6A based on a fluorescence ves-
sel painting technique[82] (angiogram, Figure 6B). The AI quan-
tification showed that the MP group yielded significantly more
functional and perfusable vessels compared with the non-MP
control group. The MP group had significantly higher vascular
density compared with the non-MP group, indicating an overall
increase in neovascularization using MP (Figure 6C). The aver-
age vessel diameter was also higher, at around 20 μm, which is
comparable to the median pore diameter of the implanted scaf-
fold (Figure 6D). Moreover, the total tube length was significantly
higher in the MP group, reaching as high as ≈8 mm (Figure 6E).
The number of branches was also higher in the MP group, with
a p-value of 0.0524 (Figure 6F). These findings suggest that the
combination of MP and GHS accelerates the formation of func-
tional and perfusable vessels.

3. Conclusions

Limited vascularization is a major bottleneck in reconstructive
surgery and regenerative engineering. The clinical relevance of
GHS lies in their ability to address the limitations of random
vascularization observed in conventional bulk hydrogel scaffolds.
While random vascularization may be sufficient for simple tissue
reconstruction, it hinders advanced tissue regeneration, where
the establishment of a precise microvascular infrastructure is
crucial for achieving both form and function. The lack of ap-
propriate cues to guide the spatiotemporal coordination of vessel
growth, remodeling, maturation, and stabilization leads to aber-
rant angiogenesis and pathological vessel formation that persists
even after vascular perfusion is established.[83] This presents a
significant challenge for surgeons aiming to replace lost tissue
with functional tissue. GHS offer a potential solution to this bot-
tleneck, as their microengineered structure allows for the cre-
ation of precisely controlled and interconnected void spaces that
guide neovascularization for soft tissue engineering and regen-
eration.

In this study, we proposed a hybrid technology using a novel
microsurgical approach (MP) and porous GHS. GHS was engi-
neered using three different sizes of microgel building blocks
to precisely tailor scaffold microarchitecture, which was used
to pattern microvascular networks in rat hindlimbs. MP was
used as a facile microsurgical approach to rapidly vascularize
adjacent GHS within 7 days. Accelerated and guided vascular-
ization were correlated to early macrophage and endothelial cell
accumulation within MP scaffolds, showing that GHS provide a
suitable base for neovascularization. Importantly, the optimum
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Figure 5. Macrophage accumulation in GHS and cytotoxicity assessments. A) Following scaffold explanation and staining with F4/80 (green) and DAPI
(blue), MP GHS had a larger proportion of infiltrating macrophages across all microgel sizes compared with non-MP GHS. Some macrophage infiltration
was seen in GHS without MP (control). Bulk GelMA either without MP (control) or with MP failed to enable significant macrophage accumulation.
B) The area of F4/80-stained cells, quantifying the extent of macrophage accumulation in the scaffolds. MP GHS explants underwent an increase in
macrophage accumulation. Bulk hydrogels did not permit significant macrophage infiltration. C) Histological assessment of systemic toxicity in liver,
kidney, and spleen after 7 days of GHS-M implantation. GHS-M had no adverse effects either clinically or histologically, following a 1 week implantation
period in rats. The two-way ANOVA was performed with the Holm–Šídák’s multiple comparison test, and significant differences are indicated with *p
< 0.05. Here, ns (nonsignificant) is p > 0.05. When comparing the control (non-MP) with MP of each group, nonsignificancy with p > 0.05 was shown
by ns above the control group. Number of animals per group was 3. Each data point in panel (B) shows the average of at least three images taken from
each hindlimb (region of interest = 580.50 × 435.37 μm2), analyzed using the AI.

scaffold microarchitecture was identified in GHS-M, which had
interconnected cell-scale pore characteristics that significantly
promoted vascular network formation in terms of mean vascular
density, average vessel diameter, and total tube length. In addi-
tion, the microvasculature was patterned at varying intercapillary
distances using GHS with varying microgel building block sizes,
and no systemic cytotoxicity was identified. Lastly and most im-
portantly, the induced microvasculature was highly perfusable,
representing a significant advancement in tissue engineering
prior to clinical translation. We anticipate that the hybrid MP–
GHS technology provides unique opportunities for physiologic
neovascularization and sets up a novel translational platform for
reconstructive surgery and regenerative engineering.

4. Experimental Section
Materials: Gelatin type A from porcine skin (≈300 g Bloom),

methacrylic anhydride (containing 2000 ppm topanol A as an
inhibitor, 94% purity), Dulbecco’s phosphate-buffered saline
(DPBS), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F-silane), fluorescein
isothiocyanate–dextran (FITC–dextran) with an average molecular
weight of 2 MDa, hematoxylin and eosin (H&E) staining kit, xylenes
(mixed isomers, histological grade), d-(+)-glucose (1 m, sterile-filtered),
glutaraldehyde solution (grade II, 25 vol% in H2O), and 1,1-dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate (carbocyanine) were
purchased from Sigma, MA, USA. Glass slides, vacuum filtration (pore
size = 0.20 μm) systems, and formalin solution (10 wt% neutral buffered)
were purchased from VWR, PA, USA, and silicon wafers (4 in.) were
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Figure 6. In vivo perfusion assessment and quantification of vascularized GHS-M at day 7. A) Schematic illustration of perfusion assessment procedure,
showing the perfusion of GHS-M with and without MP. B) Fluorescence images were acquired from each group (MP and the non-MP control) and quan-
tified using the AI. Both raw and analyzed images showed significantly more perfusable vasculature formation in MP-GHS at day 7. C–F) Quantification
of C) vascular density, D) vessel diameter, E) total tube length, and F) number of branches for implanted GHS-M with MP or without MP (control) at day
7. Paired two-tailed t-tests were performed, and significant differences are indicated with *p = 0.0130 (panel C), **p = 0.0061 (panel D), **p = 0.0052
(panel E), and ns with p = 0.0524 (panel F). Number of animals per group was 8. Each data point in panels (C)–(F) shows the average of five images
taken from each hindlimb (region of interest = 1161.00 × 870.75 μm2), analyzed using the AI.

procured from University Wafers, MA, USA. Negative photoresists were
all from the KMPR 1000 series, Kayaku Advanced Materials, MA, USA. The
polydimethylsiloxane (PDMS) SYLGARD 184 kit was purchased from Dow
Corning, MI, USA. Ultrapure Milli-Q water with an electrical resistivity of
≈18 MΩ at 25 °C was provided by a purification system, manufactured by
the Millipore Corporation, MA, USA. Dialysis membranes with 12–14 kDa
molecular weight cutoff were purchased from Spectrum Laboratories, NJ,
USA. Novec 7500 Engineered Fluid (Novec oil) was provided by 3 M, MN,
USA. Pico-Surf (5 vol% in Novec) was purchased from Cambridge, UK,
and 1H,1H,2H,2H-perfluoro-1-octanol (PFO) was supplied by Alfa Aeser,
MA, USA. Mesenchymal stem cell growth medium 2 and endothelial
cell growth medium MV (low-serum cell culture medium for endothelial
cells from microvascular vessels, the coronary artery, and the aorta) were

purchased from PromoCell, Germany. Hanks’ balanced salt solution
(HBSS) and phosphate-buffered saline (PBS, 1X, without Ca, Mg, phenol
red, 0.1 μm sterile filtered) were obtained from Genesee Scientific, CA,
USA. CellTracker green 5-chloromethylfluorescein diacetate (CMFDA),
100 and 40 μm strainers, collagenase type I, and RBC lysis buffer were
procured from ThermoFisher, MA, USA. Ethanol (absolute, anhydrous,
200 proof) was purchased from Greenfield Global, CT, USA, and isoflu-
rane was provided by Piramel, PA, USA. Mouse platelet–endothelial cell
adhesion molecule (PECAM-1/CD31) antibody, a betadine-antiseptic
povidone–iodine solution, was obtained from Purdue Products, CT,
USA. Alexa Fluor 493 and 647 and Fluoroshield were purchased from
enQuire BioReagent, CO, USA. Ficoll-Paque was acquired from GE
HealthCare, PA, USA. The primary antibodies used in this study included
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i) Polyclonal Goat Immunoglobulin G (IgG) CD31/PECAM-1 antibody,
antimouse/rat from R&D systems, and ii) Polyclonal Rabbit IgG EMR1
antibody, human, mouse, antihuman/mouse/rat from ThermoFisher.
The following secondary antibodies were used: i) Polyclonal donkey IgG
(H+L) highly cross-adsorbed secondary antibody, anti-goat, Alexa Fluor
Plus 594 from ThermoFisher, and ii) Polyclonal donkey IgG (H+L) highly
cross-adsorbed secondary antibody antirabbit, Alexa Fluor Plus 594 also
from ThermoFisher.

Methods—Microfluidic Device Fabrication: Fabrication of high-
throughput step emulsification was conducted via soft lithography
according to the literature.[35,59] Briefly, two- or three-layered master
molds were fabricated on silicon wafers using the KMPR 1000 series as
the negative photoresists. The first layer was fabricated with KMPR 1005,
KMPR 1025, or KMPR 1035 for small, medium, or large droplet fabrica-
tion, respectively. The spin coating condition for each mold was adopted
from the manufacturer’s specification sheet.[84] The first layer height was
around 8, 27, or 60 μm for small, medium, or large droplet fabrication,
respectively. The second layer was deposited using the KMPR 1035 to
become 2–3 times larger than the anticipated droplet size, providing
enough space for forming and moving droplets. The microfluidic devices
were molded using the PDMS kit. The base and crosslinker of PDMS
were mixed at a 10:1 mass ratio, poured onto the masters, and vacuum
degassed to eliminate air bubbles, followed by curing at 80 °C for 2 h.
The PDMS devices were then bonded onto precleaned glass slides via air
plasma treatment at 400 mTorr for 45 s, followed by F-silane (2 vol% in
Novec oil) treatment to render the devices fluorophobic. Treated devices
were rinsed twice with Novec oil and maintained at 80 °C for 30 min to
evaporate the remaining oil.

Methods—GelMA Polymer Synthesis: GelMA polymer was synthesized
according to the previous publications.[35,56] Briefly, 20 g of gelatin Type
A was added to 200 mL of DPBS at 50 °C while stirring at 200 rpm.
Once gelatin was fully dissolved, the reaction was initiated by adding
16 mL of methacrylic anhydride to the solution at 50 °C. The solution was
protected from light by wrapping the reaction container with aluminum
foil. After 2 h, the reaction was stopped by adding 400 mL of DPBS. The
diluted solution was then dialyzed against Milli-Q water at 40 °C
for 10 days using the dialysis membranes (molecular weight
cutoff = 12–14 kDa). Finally, the purified solution was sterile filtered
using the vacuum filtration system and maintained at −80 °C for 24 h.
The frozen solution was lyophilized to yield solid GelMA. The degree of
substitution was 71 ± 3% (n = 3), calculated based on the published
protocol.[85]

Methods—Microgel Fabrication: A GelMA polymer solution (10 wt% in
DPBS) was converted to small (diameter ≈ 29 ± 3 μm), medium (≈81 ±
4 μm), or large (≈173 ± 11 μm) droplets via injecting the aqueous phase
in a continuous oil phase using the step-emulsification microfluidic de-
vices, comprising a step size of 8, 27, or 60 μm, respectively. To prepare
the aqueous phase, the photoinitiator solution containing 0.1 wt% of LAP
in DPBS was prepared, followed by dissolving GelMA at 50 °C to obtain
a 10 wt% aqueous GelMA solution. The oil phase was Novec oil, supple-
mented with varying concentrations of the Pico-Surf surfactant. The con-
centration of surfactant in the oil was 2 vol% for the fabrication of small
and medium droplets, and 0.5 vol% for the large droplets. To avoid block-
age of microfluidic channels, the droplet fabrication setup was maintained
at ≈40 °C using a space heater and/or a hair dryer. The fabricated droplets
were shielded from light and maintained at 4 °C overnight to form physi-
cally crosslinked GelMA microgels.

Methods—GHS Fabrication: The oil and surfactant were removed
from the physically crosslinked GelMA microgels via adding a solution of
PFO (20 vol% in Novec oil) at a 1:1 volume ratio. The suspension was
then vortexed and centrifuged at 300 × g for 15 s, followed by discard-
ing the excess oil and surfactant and adding the photoinitiator solution
(0.1 wt% in DPBS) at a 1:1 volume ratio. This mixture was again vortexed,
centrifuged at 300 × g for 15 s, and separated from any remaining oil and
surfactant. Microgels were then packed at a higher centrifugal force (3000
× g), and the excess photoinitiator solution was discarded. The packed mi-
crogel suspension was transferred to an acrylic mold mounted on a glass
slide using a positive displacement pipette (Microman E M100E or Micro-

man E M1000E, Gilson, OH, USA). Packed small, medium, or large mi-
crogels were then photochemically crosslinked via light exposure (wave-
length = 395–405 nm, intensity = 15 mW cm−2, exposure time = 60 s)
to form GHS-S, GHS-M, or GHS-L, respectively.

Methods—Bulk Hydrogel Scaffold Fabrication: Bulk GelMA hydrogel
scaffolds were fabricated using a two-step crosslinking approach, similar
to the GHS fabrication method to resemble the same local physicochem-
ical properties.[35] In brief, lyophilized GelMA was dissolved at 50 °C in
the photoinitiator solution (0.1 wt% of LAP in DPBS), yielding a clear so-
lution with a final concentration of 10 wt% GelMA. The GelMA solution
was then pipetted out using a pre-warmed (37 °C) pipette tip and poured
into laser-cut acrylic molds. The molds were maintained in a custom-built
humidity chamber, protected from light, and placed at 4 °C overnight for
physical crosslinking. Molded scaffolds were exposed to light (wavelength
= 395–405 nm, intensity = 15 mW cm−2, exposure time = 60 s) to form
bulk GelMA hydrogel scaffolds.

Methods—GHS Pore Characterization: GHS were fabricated in disk
molds (diameter = 8 mm and height = 1 mm), followed by adding ≈20 μL
of the FITC-dextran solution (concentration = 15 μm in DPBS) on top of
them. The scaffolds were then imaged using a fluorescence microscope
microscope (Leica DMi8 THUNDERED microscope, Germany) to gener-
ate 3D Z-stacked images with a total depth of 160, 110, or 60 μm for GHS-L,
GHS-M, or GHS-S, respectively. The microscope built-in software (LAS X
5.0.3 Life Science Microscope Software Platform) was used to generate 3D
images from the Z-stacked images and determine the void fraction based
on the ratio of space occupied by the fluorescent dye to the total volume of
imaged section. A custom-developed MATLAB code was used to measure
the pore characteristics by detecting the void spaces and approximating
the diameter of circles that would occupy the same area.

Methods—Compression Analysis of Scaffolds: GelMA GHS comprising
varying sizes of microgel building blocks and bulk hydrogel scaffolds (as
a control group, containing 10 wt.% of GelMA polymer) were fabricated
in disk molds (diameter = 8 mm and height = 1 mm). Compression tests
were performed using an Instron mechanical tester (Instron 5542, MA,
USA) at a compression rate of 1 mm min−1. To determine the compres-
sive modulus, a linear regression was performed in the elastic region of
compressive strain-stress curve, typically at strain ≈0.05–0.15 mm mm−1.
The slope of the regression line was reported as the compressive modulus.

Methods—Rheological Assessments of Scaffolds: To evaluate the vis-
coelastic properties of GHS and bulk hydrogels, disk scaffolds (diameter
= 8 mm and height = 1 mm) were fabricated and accessed via oscilla-
tory rheological tests. An AR-G2 rheometer (TA instrument, DE, USA) was
equipped with an 8 mm diameter sandblasted top plate and a 25 mm bot-
tom plate to sandwich the samples at 25 °C. Amplitude sweep tests were
performed at strain ≈10−2–102% and at a fixed frequency (1 rad s−1) to de-
termine the LVR for each scaffold. Frequency sweep tests were performed
at a range from 10−1 to 102 rad s−1 and at a constant strain (0.1%).

Methods—Isolation of Human Adipose-Derived SVF Cells: Human SVF
cells were obtained from discarded adipose tissue, obtained from con-
sented patients undergoing elective lipectomy at The Pennsylvania State
University (Hershey, PA) under Institutional Review Board (IRB) approval
protocol (# 00004972).[86] The lipectomy tissue was cleaned using HBSS
to remove blood, followed by mechanical mincing after which tissue was
enzymatically digested using 1% collagenase at 37 °C on a shaker for 2 h.
Collagenase-digested tissue was centrifuged for 10 min at 300 × g, and the
pellet was collected. The pellet was then suspended in RBC lysis buffer to
remove RBC. The pellet was further centrifuged and filtered through 100
and 40 μm strainers.[87,88] After re-suspension in HBSS, the pellet was
layered on a Ficoll-Paque gradient and centrifuged for 20 min at 300 × g.
The SVF cells, the white layer (middle) band, were identified and collected.

Methods—In Vitro Human SVF Cell Culture: Human SVF cells were
cultured in the complete mesenchymal stem cell growth media at 37 °C
with 5 vol% carbon dioxide (CO2) gas. Media were changed every other
day. The cells were cultured and maintained to reach 80% confluency and
were fluorescently labeled using the CellTracker CMFDA dye according to
the manufacturer protocol. Then, the cells (passage four) and microgels
were mixed using the positive displacement pipette to yield 4 ×103 cells
per μL of microgel suspension. To fabricate cell-laden bulk hydrogel scaf-
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folds, the cells were suspended in a pre-gel solution, and the resulting
suspension was used to fabricate the scaffold. The cell-laden GHS and
bulk hydrogel controls were fabricated and cultured in the endothelial cell
growth medium MV for 2 days. After 2 days, cells were imaged using a flu-
orescence microscope (Leica DMi8 THUNDERED microscope, Germany)
with 10× magnification (region of interest = 1330 × 1330 μm2) and ana-
lyzed using Ibidi Tube Formation AI Analysis (MetaVi Labs, TX, USA) and
Fiji ImageJ software (1.53t, NIH, MD, USA) for number of branches and
roundness/projected area, respectively.

Methods—Precision MP in a Rat Hindlimb Model: Animal surgery was
performed at The Penn State Hershey Medical Center in concordance with
an Institute Animal Care and Use Committee (IACUC) approved protocol
(# 47941). Sprague–Dawley (SD) rats around the age of 12 weeks were
used (Charles River, MA, USA). Male and female animals were alterna-
tively selected for surgery to ensure that any sex-specific differences in the
results would be minimized. Isoflurane was used to anesthetize rats, and
the surgical site was shaved and prepped using betadine solution. On the
inner aspect of each hindlimb, incisions were made to expose the femoral
artery and vein and allowing for circumferential vessel dissection over a
length of 15 mm. A 60 μm needle was used to create 15 MP at 1 mm in-
tervals into the femoral artery and vein. The contralateral hindlimb was
surgically manipulated similarly but without MP. Tested conditions were
MP (n = 12 hindlimbs) and no MP (control; n = 12 hindlimbs). Three
rats were used for each GHS-S, GHS-M, GHS-L, or bulk (control) hydro-
gel group. The GHS-S, GHS-M, GHS-L, and bulk (control) hydrogel scaf-
folds were prepared in a custom-made acrylic mold of 15 mm (length) ×
10 mm (width) × 3 mm (thickness). The scaffolds were directly placed
on the exposed femoral artery and vein. Buried absorbable sutures were
used for skin closure. Rats were placed in individual cages and housed in
a standard day/night light cycle environment with ad libitum food and wa-
ter. Carprofen was used as a single one-time subcutaneous injection for
pain control. Animals were euthanized on day 7 for further analysis.

Methods—Immunofluorescence Staining: Immunofluorescence stain-
ing was conducted to determine cellular infiltration in the scaffolds (n = 3
scaffolds per condition). Anti-CD31 and anti-F4/80 antibodies were used
to detect endothelial cells and macrophages, respectively. To prepare the
tissue slides for immunofluorescence, they were deparaffinized and rehy-
drated by immersion in xylene and ethanol, each two times for 10 min.
Next, slides were immersed in ethanol 95 vol% for 5 min, followed by im-
mersion in 70 and 50 vol% alcohol for 5 min. They were rinsed with deion-
ized water and prepared for antibody staining, as previously described.[86]

Secondary antibodies labeled with AlexaFluor 493 or 647 were used. Sam-
ples were mounted and DAPI counterstained with Fluroshield. Images
were acquired using the EVOS FL Auto Imaging System (ThermoFisher
Scientific, MA, USA). At least three images at 20× magnification (region
of interest = 580.50 × 435.37 μm2) were used from each group for the
AI analysis. AI analysis was shown to provide accurate quantification of
vascular features.[89] Ibidi Tube Formation AI Analysis (MetaVi Labs, TX,
USA) was used for CD31 quantification and vessel analysis. Labeled im-
ages were used to train the AI to detect large blood vessels. These multiple
training sessions were completed with Ibidi prior to final analysis to ensure
accurate vessel density measurements. The total tube length, average ves-
sel diameter, number of branch points, and mean vascular density of the
CD31 positively labeled cells were calculated (Figure S6, Supporting Infor-
mation). The intercapillary distance and immune cell staining area were
counted using the Fiji ImageJ software (1.53t, NIH, MD, USA).[90] A total
of 24 animals, with six hindlimbs per group, were used for detailed analysis
at day 7.

Methods—Demonstration of Perfusability: At day 7, in vivo perfusion
assessment for n = 8 GHS-M per condition (MP or non-MP control) to
provide at least 80% of calculable power to detect a standardized effect
size (Cohen’s d) of 1.60 with respect to the outcome of vascularization us-
ing a two-sided test having a significance level of 0.05. This was done using
a previously described fluorescence vessel painting technique.[82] Under
general anesthesia, an aortotomy was made just proximal to the iliac bi-
furcation. An olive-tipped catheter (Medtronic DLP 1.8" internal mammary
artery Cannula, 1 mm tip, Dublin, Ireland) was then inserted and secured
in place. The lower extremity vasculature was perfused with 50–100 mL of

37 °C PBS. The inferior vena cava was transected to allow outflow. After
PBS flushing, the lower extremity vasculature was fixed by injecting 40 mL
of 2.5 vol% glutaraldehyde solution. Adequate fixation was confirmed by
the observation of nail bed pallor and stiffening of the rodent tail. Imme-
diately after, each limb was perfused with carbocyanine. The lipophilic car-
bocyanine tracer, dissolved in ethanol (6 mg mL−1) and stored at 4 °C as a
6.42 mm stock solution, was diluted 50 times in PBS, containing glucose
(200 mm) to a final dye concentration of 0.128 mm just prior to infusion.
Once again, adequate distal infusion of the vasculature was inferred by a
pink color change in the hind nail beds and pink fluid extravasation from
the transected inferior vena cava. Then, the scaffolds were explanted en
bloc with the underlying femoral vessels. It was ensured to remove any ad-
herent muscle fibers. The explants were placed between two glass slides
and fixed in 10 wt% formalin for 48 h. Specimens were rinsed briefly in dis-
tilled water before being permanently mounted in the mounting medium
and images were captured. For the AI analysis, five images were taken from
each group at 10× magnification, and the region of interest was 1161.00
× 870.75 μm2.

Methods—Histological Evaluation: At day 7, formalin-fixed tissue
blocks of GHS-M and femoral artery and vein were used to obtain thin se-
rial sections. Additionally, tissue samples from the liver, spleen, and kidney
(n = 3 per condition) were collected from control and MP GHS-M groups.
Subsequently, the sections underwent deparaffination and rehydration be-
fore being subjected to either H&E or Masson’s trichrome (MT) staining.
Blinded and random images of the control and MP sections were acquired
by the EVOS FL Auto Imaging System (Thermo Fisher Scientific, Waltham,
MA). The H&E-stained samples were assessed for normalcy by compar-
ing them with the native rat liver, spleen, and kidney characteristics. For
MT-stained samples, 40 high-powered field random images were analyzed
to quantify RBC perfused luminal structures and total luminal structures.
This quantification was performed by manual counting and further ana-
lyzed using the Fiji ImageJ software (1.53t, NIH, MD, USA).[90]

Methods—Statistical Analyses: To ensure the reliability and validity of
the data, a large sample size, multiple measurement points, strict inclu-
sion and exclusion criteria, and appropriate controls and blinding were
used. The statistical analyses were performed using GraphPad Prism
(9.5.0, San Diego, CA). We conducted the unpaired/paired two-tailed t-test
or one-way/two-way analysis of variance (ANOVA) followed by the Tukey’s
or Holm–Šídák’s posthoc multiple comparison test. The group size was
calculated using G*Power software[91] (version 3.1.9.6) based on at least
80% power and probability of type I error of 0.05. All the data were acquired
with at least three iterations (n ≥ 3). The levels of significance were stated
with ns: non-significant, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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