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Abstract

Objective Ischemic diseases, characterized by impaired blood flow and progressive tissue necrosis, remain a major chal-
lenge in regenerative medicine. Surgical revascularization remains the gold standard for restoring blood flow in major
vessels, but still shows limited effects on microvascular regeneration. To address this unmet need, various strategies in
therapeutic angiogenesis have been explored to induce microvascular formation, including delivery of bioactive molecules,
stem cells, or pre-vascularized grafts. However, injection-based approaches often suffer from off-target effects, and conven-
tional implantable grafts lack sufficient angiogenic secretory activity. To address these limitations, we aimed to develop a
dual-function prevascularized graft that accelerates neovascularization and promotes vascular integration to restore tissue
perfusion in ischemic conditions.

Methods and results The graft was engineered by combining a microvascular pattern (LVP) with spatially organized mes-
enchymal stem cell (MSC) spheroids, fabricated via high-precision coprinting of endothelial cells and MSCs. Optimization
of spheroid density and spatial arrangement enhanced VEGF secretion and increased host capillary infiltration nearly two-
fold. In a murine critical limb ischemia model, implantation of these engineered grafts achieved a 60% limb salvage rate and
reduced limb loss by ~ 15%, representing a 4.5-fold improvement over conventional grafts. Histological and morphometric
analyses confirmed reduced muscle degeneration, enhanced neovascularization, and seamless anastomosis between engi-
neered and host vessels.

Conclusions These findings demonstrate a dual-functional graft that couples paracrine stimulation with structural vascular
support, providing a promising regenerative strategy to promote therapeutic angiogenesis and ischemia therapy, while indi-
cating its potential for preclinical and future clinical applications in ischemic disease.

Graphical abstract
Schematic illustration of engineered grafts designed to enhance secretion and vascular integration, thereby promoting thera-
peutic angiogenesis and restoring blood perfusion in hindlimb ischemia
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ADSCs  Adipose derived stem cells

DAPI 4'.6-diamidino-2-phenylindole

ECs Endothelial cells

GFP Green fluorescent protein

H&E Hematoxylin and eosin

LDPI Laser doppler perfusion imaging
MT Masson's trichrome

MSCs  Mesenchymal stem cells

PCL Polycaprolactone

PSR Picrosirius red

VEGF  Vascular endothelial growth factor
pVPp Microvascular pattern
Introduction

Ischemia is a pathological condition resulting from impaired
blood circulation, resulting in insufficient delivery of oxy-
gen and nutrients to tissues [1]. When prolonged, it can
cause tissue necrosis, resulting in irreversible damage or
life-threatening outcomes [2]. An example includes myocar-
dial infarction caused by coronary artery occlusion, which
remains one of the leading causes of mortality worldwide
[3, 4]. In current clinical practice, surgical revascularization
is widely employed [5, 6]. Procedures such as stenting or
catheterization reopen occluded vessels and restore blood
flow, offering the advantage of rapid functional recovery [7,
8]. However, these approaches primarily target large arteries
and have limited applicability owing to interpatient anatom-
ical variability and the risk of periprocedural complications
[9]. Additionally, restenosis can occur post-procedure, while
the surrounding microvasculature often fails to regenerate
spontaneously, representing a major surgical revasculariza-
tion limitation [10, 11]. Without re-establishing the dense
capillary networks responsible for local oxygen and nutrient
delivery, the functional recovery of affected tissues remains
restricted [12, 13].

To address these clinical limitations, therapeutic angio-
genesis has emerged as a promising strategy for restoring
microcirculation [14—16]. This approach enhances neovas-
cularization within ischemic tissues, supports collateral ves-
sel formation, and improves tissue perfusion. Among the
strategies examined, the direct delivery of proangiogenic
proteins or mesenchymal stem cells (MSCs) into ischemic
sites has been extensively investigated [17-21]. Numerous
preclinical studies have demonstrated that appropriate doses
of bioactive factors or cells can restore perfusion, and sev-
eral clinical trials are currently underway [22—-24]. Among
the MSC subtypes, adipose-derived stem cells (ADSCs)
are widely utilized in ischemic disease treatment owing
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to their strong secretion of proangiogenic factors and ease
of isolation [25]. Studies further indicate that delivering
MSCs as spheroids rather than as single-cell suspensions
enhances their survival and function performance in vivo
[26-28]. However, injection-based therapies face numer-
ous challenges: injected cells can be displaced by blood
flow, causing off-target effects, while therapeutic responses
often vary considerably among patients, complicating treat-
ment outcome standardization [29]. To address these chal-
lenges, hydrogel-based delivery systems using materials
such as collagen and fibrin have been developed for local-
ized delivery of therapeutic factors or stem cells [30-32].
These hydrogels possess tissue-mimetic mechanical prop-
erties, thereby enabling stable adhesion to target sites and
providing an extracellular matrix (ECM)-like environment
that supports cell survival and function [30]. Recently, pre-
vascularized implants incorporating endothelial cells (ECs)
into hydrogel matrices have been engineered for ischemic
therapy [33-37]. Implanted grafts containing pre-induced
capillaries have been shown in various in vivo studies to
integrate with host vessels and progressively develop into
functional vascular networks [34, 38—41]. These prevascu-
larized structures, capable of vascular integration, have been
associated with accelerated perfusion recovery and reduced
tissue necrosis compared to conventional implants [35-37].
However, the majority of prevascularized grafts are lim-
ited to forming microvascular structures and lack sufficient
paracrine activity to drive functional therapeutic angiogen-
esis. In our previous work, we showed that the design of
prevascularized patterns influences graft vascularization.
In particular, combining two distinct spatial patterns—pre-
induced capillary networks positioned adjacent to angio-
genic factor—secreting cell regions—enhanced in vivo
neovascularization compared to capillary-only constructs
[40]. In a separate study, we also found that spatially pat-
terned MSC spheroids promote host vessel infiltration and
improve graft integration through localized paracrine sig-
naling [42]. While these findings suggest that spatial control
over angiogenic factor—secreting components is important
for neovascularization, they were examined independently
and in non-ischemic contexts, which do not fully capture the
impaired vascular environment of ischemic tissues. There-
fore, we hypothesized that integrating pre-induced micro-
vascular networks with spatially organized MSC spheroids
within a single construct could synergistically enhance
vascularization by providing both structural guidance for
vascular integration and localized proangiogenic signaling,
with potential to improve therapeutic angiogenesis in isch-
emic tissues.

In this study, we developed a dual-function prevascular-
ized graft aimed to enhance angiogenesis for treating isch-
emic diseases (Fig. 1). The implantable graft was fabricated
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Fig. 1 Schematic illustration of a

Bioprinted dual-functional graft to enhance therapeutic angiogenesis for ischemia treatment
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by bioprinting MSC spheroids and EC-based microvascular
patterns (LVPs), thereby offering complementary functions
for ischemic tissue regeneration. The MSC spheroids were
embedded within a printed matrix ink to provide sustained
angiogenic factor secretion, thereby promoting host ves-
sel neovascularization. Simultaneously, predefined pVP
were bioprinted across the graft and pre-induced into high-
density capillaries prior to implantation, promoting anasto-
mosis with host vasculature and enabling rapid blood flow
restoration. The graft design was systematically optimized
to enhance the functionality and maturation of each bio-
printed component, thereby supporting effective neovas-
cularization in vivo. To evaluate the synergistic therapeutic
effect of combining MSC spheroids with pVP, the graft was
applied in a mouse model of critical limb ischemia, while its
ability to promote vascular regeneration in ischemic tissues
was assessed.

Materials and methods
Cell culture

Human ADSCs (Lonza, Basel, Switzerland), employed as
the MSC source in this study, were cultured in HyClone™

Dulbecco’s Modified Eagle Medium with low glucose
(Cytiva, Marlborough, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, Marcq-en-Baroeul, France)
and 1% penicillin/streptomycin (Gibco) and maintained up
to passage 8. Green fluorescent protein (GFP)-expressing
human umbilical vein endothelial cells (Angio-Proteomie,
Boston, MA, USA) were cultured in EGM-2 (Lonza)
medium up to passage 7. Culture medium for both cells was
replaced every 2 days, while cells were subcultured every 3
days using 0.05% trypsin-EDTA (Gibco).

Preparation of printing inks

Three types of printing inks—matrix ink, MSC bio-ink, and
WVP bio-ink—were utilized in this study, with their com-
positions based on our previous studies [40, 42]. Detailed
formulations are presented in Tables S1 and S2. All bio-
inks were prepared by dissolving the hydrogels using a
rotator. Regarding the matrix ink, hyaluronic acid HA
(Sigma-Aldrich, Darmstadt, Germany) was dissolved in
calcium- and magnesium-free minimum essential medium
(MEM; ATCC, Manassas, VA, USA) overnight. The follow-
ing day, additional components were simultaneously added
and incubated at 37 °C as follows: alginate (PRONOVA UP
MVG; NovaMatrix, Norway) for 2 h, fibrinogen (F8630;
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Sigma-Aldrich) for 1 h, and gelatin (G6144; Sigma-Aldrich)
for 30 min. For the MSC bio-ink, HA was dissolved in MEM
overnight, followed by pluronic-127 (9003-11-6, Sigma-
Aldrich) at 4 °C. Gelatin was dissolved for 30 min at 37 °C,
while CaCl, (Junsei Chemical, Tokyo, Japan) was added. As
regards the pVP bio-ink, HA was dissolved in MEM over-
night at 37 °C, followed by fibrinogen for 1 h and gelatin for
30 min. All bio-inks were then sterilized by filtration using
a 0.45 um syringe filter. Prior to bioprinting, detached cells
(MSCs and ECs) were homogeneously mixed with their
respective bioinks. Cell concentrations were determined
based on our previous studies to ensure stable capillary and
cell-aggregate formation [40, 42]. Finally, all bio-inks were
loaded into 1 mL tuberculin syringes for the printing.

3D bioprinting process

The custom-built bioprinter, described in a previous study
[40], was used for all experiments. The printer comprised
a three-axis stage, numerous dispensing modules, and an
enclosure equipped with a temperature controller, UV lamp,
HEPA filter, and humidifier. Printing was conducted at 18 °C
with humidity above 70%. An in-house software generated
printing paths based on the construct design. Printing proce-
dures varied by experimental group: First, a polycaprolac-
tone (PCL; Polysciences, Inc., Warrington, PA, USA) frame
was printed and filled with matrix ink. The pVP bio-ink was
deposited linearly, while the MSC bio-ink was printed in dot
form. PCL was printed using a metal nozzle (200 um diam-
eter) at 90 °C and 280 kPa. Metal nozzles with diameters of
300 and 200 pm were used to print the matrix ink and pVP
bio-inks, respectively. For dot-printing MSC spheroids, a
metal needle nozzle (120 pm diameter and 6.5 mm length)
with dispensing times of 3, 6, or 9 s were utilized. Printed
constructs were crosslinked by treatment with 40 mM CacCl,
and 5U/mL thrombin for 30 min to stabilize the alginate and
fibrinogen in the matrix ink. After adding culture media,
constructs were incubated at 37 °C in a CO, incubator. Con-
structs containing only MSC patterns were cultured in low-
glucose DMEM supplemented with 10% FBS and 1% P/S,
while those with pVP designs, including EC, were cultured
in EGM-2.

Measurement of mechanical properties of printing
inks

To analyze the shear-thinning properties and measure the
viscosity of the matrix inks, shear sweep analysis was per-
formed using a modular compact rheometer (Anton Paar
MCRI102; Anton Paar, GmbH, Austria). After the thermal-
crosslinking of gelatin at 4 °C for 10 min, measurements
were conducted at 0.1-100 s~ using a plate with a diameter
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of 20 mm. The viscoelastic properties of the matrix ink and
nVP bio-ink were further evaluated by measuring the stor-
age modulus (G') and loss modulus (G"”) through dynamic
frequency sweep analyses using the same rheometer.
Measurements were performed over a frequency range of
0.05-100 Hz at room temperature after the crosslinking.
The compressive moduli (mechanical stiffnesses) of the
ionically and enzymatically crosslinked matrix inks were
measured using an Instron Model 3342 universal testing
machine (Illinois Tool Works Inc., Massachusetts, USA).
Disks (5 mm diameter) were prepared for each of the four
matrix ink compositions: (i) A12 (control), (i) A12F10, (iii)
AS8F10, and (iv) A4F10 (Table S1). Under controlled condi-
tions, each specimen was compressed at a rate of | mm/min,
while force-displacement data were recorded. The stress—
strain curves were plotted, and the slope in the initial 10%
strain region used to determine the compressive modulus.

Quantitative analysis of spheroid diameter,
sprouting, capillary formation, and cell viability

Printed constructs were observed using an inverted bright-
field microscope (Leica DMI-1; Leica Microsystems, Ham-
burg, Germany) and a fluorescence microscope (DM2500;
Leica Microsystems) for general imaging. Detailed
z-stacked 3D images were acquired using a confocal laser
scanning microscope (FV1000; Olympus, Tokyo, Japan).
Spheroid regions were identified as high-density cell clus-
ters in bright-field images, while their diameters were mea-
sured manually during the culture period. Sprout length was
denoted as the distance from the spheroid edge to the tip of
each extension. Capillary formation within printed p VP con-
struct was quantified using AngioTool software (National
Cancer Institute, Bethesda MD, USA) to measure the vessel
area coverage (%) and average vessel length (um).

Cell viability was assessed using a Live/Dead Viabil-
ity/Cytotoxicity kit (L3224; Invitrogen). Constructs were
washed with Dulbecco’s phosphate-buffered saline (dPBS)
and incubated at room temperature for 30 min in a stain-
ing solution containing 0.5 pL/mL calcein-AM and 2 pL/
mL ethidium homodimer in dPBS. Stained constructs were
imaged using a confocal microscope (FV1000; Olympus),
while dead cell density was calculated as the number of
dead cells divided by the area occupied by live cells using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Analysis of vascular endothelial growth factor
(VEGF) secretion of printed MSC spheroids

Constructs were cultured for 4 days, while conditioned
media were collected on days 2 and 4. VEGF concentrations
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in the conditioned medium was determined using an
enzyme-linked immunosorbent assay (ELISA) kit designed
for Human VEGF (Quantikine ELISA Kit; R&D Systems,
Minneapolis, MN, USA). To enable accurate comparisons,
VEGEF levels were normalized to ATP content, quantified
using the CellTiter-Glo® 3D cell viability assay (Promega,
Madison, WI, USA).

Immunocytochemistry

Constructs were fixed in 4% paraformaldehyde (Junsei)
at 4 °C overnight, followed by washing in saline contain-
ing 2.5 mM CaCl, at 4 °C for 2 days. Samples were then
permeabilized with 0.1% Triton X-100 for 1 h at room
temperature (RT) and blocked with 5% bovine serum albu-
min (Sigma) for 3 h at RT to prevent nonspecific antibody
binding. Primary antibodies were applied for 48 h at 4 °C:
rabbit anti-CD44 (Proteintech, Chicago, IL, USA, Cat#
15675-1-AP, 1:100 dilution) and rabbit anti-SOX2 (Abcam,
ab92494, 1:100 dilution. After incubation, constructs were
washed overnight in PBS at 4 °C and then incubated with
the secondary antibody, Alexa Fluor 568-conjugated goat
anti-rabbit IgG (Invitrogen, Cat# A-11036, 1:1000 dilution),
for 2 h at RT. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Burlingame,
CA, USA; 1:1000 dilution) for 30 min at RT. Stained con-
structs were imaged using a confocal microscope (FV1000,
Olympus).

Animal studies

All animal experiments were conducted in accordance with
institutional guidelines and approved by the Institutional
Animal Care and Use Committee (IACUC) of UNIST
(UNIST-IACUC-23-39) and Pusan National University
(PNU-2026-0751). BALB/c nude mice (Orient Bio, Repub-
lic of Korea) were used for all in vivo studies, with sex and
age specified for each experimental model as described in
the corresponding sections.

Subcutaneous implantation model

To evaluate neovascularization and host vessel infiltration,
printed constructs (8 x8x 1 mm?®) were cultured for 6 days
prior to implantation. Eight-week-old male BALB/c nude
mice were anesthetized with isoflurane, and a dorsal skin
incision was made to implant the constructs into the sub-
cutaneous space. Incisions were closed using 6—0 prolene
sutures (Ethicon, Somerville, NJ, USA). Grafts were har-
vested after 1 or 2 weeks by careful dissection from the
surrounding skin and muscle. The harvested grafts were
imaged using a Dino-Lite digital microscope (AM4113T,

AnMo Electronics, New Taipei City, Taiwan) and then fixed
with 4% paraformaldehyde for subsequent immunohisto-
chemical analysis.

Cutaneous wound healing model

Six-week-old male BALB/c nude mice (18-22 g) were
used. Anesthesia was induced by intraperitoneal injection
of Avertin (2,2,2-tribromoethanol, Sigma-Aldrich) at a dose
of 400 mg/kg. A full-thickness square excisional wound
matching the dimensions of the printed constructs was cre-
ated on the dorsal skin of each mouse.

Five different printed constructs were prepared using the
same parametric designs and culture conditions as those in
the subcutaneous implantation model. To match the total
number of mesenchymal stem cells (MSCs) between the
Cell-mixed Gel and Spheroid Only groups, the MSC con-
centration in the Cell-mixed Gel group was determined
based on the number of spheroids, the estimated cell den-
sity per spheroid, and the construct volume. Specifically, the
concentration was calculated as (16x1x 108 x 3.9x107%) /
(8 x8x 1 mm?), resulting in a final concentration of approxi-
mately 0.98 x 10° cells/mL, corresponding to ~ 1 x 10¢ cells/
mL. Prior to implantation, the PCL frame was removed to
avoid interference with wound closure. On day 0, constructs
corresponding to each experimental group were implanted
into the wound sites. The wounds were then covered with a
transparent dressing film to prevent dehydration and mini-
mize disturbance. Wound healing progression was moni-
tored by photographing the wound area at predetermined
time points. Wound areas were quantified using ImageJ and
normalized to the initial wound size to calculate the percent-
age of wound closure over time.

In vivo blood perfusion measurement using Doppler
flow imaging

Blood perfusion at the wound sites during the healing
process was assessed using a laser Doppler flow imaging
system (MoorLDI2-HR, Moor Instruments, UK). All mea-
surements were performed under controlled environmental
conditions at an ambient temperature of 26 °C. The imaging
head was positioned approximately 35 cm above the anes-
thetized mice to enable scanning of the wound area together
with the adjacent inter-wound regions.

The laser Doppler perfusion imaging (LDPI) index,
which reflects the level of blood flow within the tissue, was
quantified using Moor LDI v5.3D software (Moor Instru-
ments, Inc.). For each measurement, the wound region and
surrounding inter-wound areas were scanned, generating a
blood perfusion image. To obtain the LDPI index per unit
area, the wound region and a 6-mm-wide section extending
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from the midpoint of the inter-wound region were selected
and analyzed. The obtained LDPI values were normalized
against those measured from intact skin. LDPI images were
acquired on days 6 and 9 following wound induction. Blood
perfusion was visualized using a color-coded scale, where
red indicated high perfusion and blue represented low perfu-
sion. The LDPI index was used as a quantitative indicator of
blood flow within the wound region, enabling comparison
of perfusion dynamics during the wound-healing process.

Hindlimb ischemia model

A critical limb ischemia model was established based on a
previous protocol [43]. Six-week-old female BALB/c nude
mice (Orient Bio) were anesthetized, and incisions made on
the left limbs. Electrocauterization was performed at two
points between the left iliac and femoral arteries to com-
pletely excising the main vessel bundles, thereby accom-
modating the printed construct size (6 8 x 1 mm?). Prior to
implantation, the PCL frame of the printed graft was care-
fully removed to prevent tissue damage caused by sharp
edges. The grafts were placed on the exposed muscle tis-
sue in the vessel-resected area, while incisions were closed
using 60 prolene sutures (Ethicon) to maintain proper
implant positioning. On days 3, 7, and 14, the physiological
status of the left lower limb was evaluated using a scoring
system. Limb loss was recorded in cases of lower-extremity
amputation, while deteriorating skin and muscle, darkened
nails, and cyanotic skin indicated foot loss. Preserved limb
without complications were considered salvaged. Two
weeks after implantation, mice were euthanized and sacri-
ficed for immunohistochemical and histological analyses.
To analyze the therapeutic effects and vascular regeneration
of the implanted grafts, tissue samples were harvested from
the quadriceps muscle at the implantation site, distal to the
electrocauterization site. This region enables direct assess-
ment of local therapeutic effects and allows for consistent
analysis across all experimental groups.

Histological analysis and immunohistochemistry

The harvested ischemic muscles were fixed in 4% parafor-
maldehyde (Junsei) at 4 °C overnight, followed by washing
in PBS at 4 °C overnight. Tissues were processed, paraf-
fin-embedded, and sectioned into 8 um-thick slices using a
microtome. For histological analysis, sections were stained
with hematoxylin and eosin (H&E), picrosirius red (PSR)
and Masson’s trichrome (MT). For immunohistochemis-
try, sections were stained with Alexa Fluor 647 anti-mouse
CD31 (BioLegend, California, USA, Cat# 102416, 1:100
dilution), rabbit anti-a-SMA (Abcam, Cat# ab5694, 1:100
dilution), and rabbit anti-GFP (Abcam, Cat# ab6556, 1:100
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dilution) antibodies, with PBS used for washing. The sec-
ondary antibody was then added by incubation with Alexa
Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, Cat#
A-11008, 1:1000 dilution) for 2 h at RT. Nuclei were coun-
terstained with DAPI for 5 min at RT, and sections were
imaged using a confocal microscope (FV1000, Olympus).
Immunostained sections were examined under a fluores-
cence microscope (DM2500; Leica Microsystems) and
confocal microscopes (FV1000, Olympus; LSM780, Zeiss
Oberkochen, Germany). For bright-field-based histological
analysis, H&E- and MT-stained sections were imaged using
a dotSlide digital virtual microscope (BX51/22, Olym-
pus, Tokyo, Japan), and PSR images were acquired under
polarized light using a THUNDER imaging system (Leica
Microsystems). To quantitatively investigate neovascular-
ization among experimental groups, at least two images
per animal were analyzed using ImageJ (National Institutes
of Health). The numbers of capillaries and arterioles were
manually counted based on CD31- and a-SMA-positive
vessel-like structures showing clear lumens. Capillary den-
sity was quantified as the CD31-positive area divided by the
total image area. Vessel and arteriole sizes were determined
by measuring the area of CD31- and a-SMA-positive ves-
sel-like structures with clear lumens. For statistical analy-
sis, measurements from multiple images of the same animal
were averaged to obtain a single representative value per
animal, and all comparisons were performed using biologi-
cal replicates (independent animals).

Statistical analysis

Data collected in this study are presented as the mean+stan-
dard deviation. Statistical analyses were conducted using
Origin Pro 2020 (OriginLab Corporation, Northampton,
MA, USA). Unpaired Student’s t-tests and one- or two-way
analysis of variance (ANOVA) were applied as appropri-
ate statistical tests based on the experimental design. Sta-
tistical significance was denoted as *p<0.05, **p<0.01,
**%p<0.001, and ****p<0.0001.

Results and discussion

Fabrication of MSC spheroids with enhanced VEGF
secretion via in-bath bioprinting

To promote enhanced therapeutic angiogenesis, we devel-
oped an in-bath bioprinting process to fabricate MSC
spheroids with high angiogenic factor secretion at pre-
defined locations. We previously developed a spheroid
bioprinting technique that utilizes alginate as a matrix ink
and a calcium-containing cell bioink to entrap the printed
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bioink within the surrounding matrix ink [42, 44]. Based
on this technique, in this study, we prepared an alginate-
fibrinogen-based matrix ink containing RGD-binding sites
and a gelatin-based MSC bioink, specifically using ADSCs,
at high cell density (100 million cells/mL). The effects of
varying in-bath printing parameters on MSC spheroid for-
mation and VEGF secretion were systematically evaluated
(Fig. 2A). First, we evaluated how alginate and fibrinogen
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resulted in irregular structures (Fig. 2B, bottom two images).
Based on the printable conditions identified in Fig. 2C,
four matrix ink formulations—A12, A12F10, A8F10, and
A4F10—were selected for further experiments. These con-
ditions were chosen by fixing the fibrinogen concentration
to provide a consistent RGD-binding environment while
varying the alginate concentration to assess spheroid forma-
tion during the culture period. Here, “A” and “F” denote
alginate and fibrinogen concentrations (mg/mL), respec-
tively. To further elucidate the printability of the selected
matrix inks, rheological analysis demonstrated shear-thin-
ning behavior in all formulations, with A12F10 exhibiting
the highest viscosity (Fig. 2D).The mechanical properties
of the cross-linked matrix inks were measured under each
condition. As the alginate concentration increased, the com-
pressive modulus increased, with A12 exhibiting the high-
est modulus among the groups (Fig. 2E). Although A12F10
contained additional fibrinogen, its modulus was lower
than that of A12. This result corresponds with previous
reports indicating that fibrinogen incorporation can soften
alginate-based hydrogels, thereby disrupting the formation
or compaction of ionically crosslinked network [45—47].
Interestingly, A12 exhibited the highest compressive modu-
lus, while A4F10 showed a significantly lower modulus,
whereas A12F10 and A8F10 exhibited values closer to that
of native skeletal muscle (~ 10—17 kPa) [48, 49], indicating a
more favorable mechanical environment for implantation in
ischemic tissues. After bioprinting under these conditions,
the aggregation behavior of printed MSCs was observed
during culture using bright-field microscopy. At day 4, the
A12 group showed a noticeable reduction in spheroid size
compared with other groups (Fig. 2F). Quantitative analysis
confirmed that spheroid diameters decreased over time in all
groups, although the reduction was more prominent in the
A12 condition (Fig. 2G). The A12 group exhibited a rapid
decrease in diameter by day 2, while the other groups exhib-
ited more gradual compaction. Live/dead staining on day 4
confirmed high cell viability across all groups, with notice-
able cell migration at the periphery of spheroids, particu-
larly in fibrinogen-containing matrix inks (Fig. 2H). F-actin
staining further revealed the elongated morphology of
migrating cells surrounding the spheroids (Fig. 21). Quanti-
tative analyses indicated that lower alginate concentrations
promoted longer sprout formation, with the A4F10 group
exhibiting the longest sprouts (Fig. 2J). Immunostaining
analysis showed that stemness-associated markers (CD44
and SOX2)were consistently expressed across matrix com-
positions (Fig. S1), suggesting maintenance of a stem-like
phenotype without apparent differentiation during culture.
VEGEF secretion analysis revealed that lower alginate con-
centrations and the inclusion of fibrinogen enhanced VEGF
release from MSC spheroids (Fig. 2K). These findings
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suggest that the inclusion of fibrinogen, which is known to
provide RGD-binding sites, facilitates cell migration and
enhances angiogenic factor secretion. These observations
are also consistent with previous reports demonstrating that
stem-like phenotypes are associated with increased secre-
tion of angiogenic factors in softer hydrogel environments
[50-53]. A positive correlation was observed between
active cellular sprouting and VEGF secretion. However,
the A4F10 group secreted less VEGF than the A8F10 group
despite extensive cell migration owing to inadequate stable
spheroid formation (Fig. 2I). These results suggest that a
balanced matrix mechanical property contributes to stabiliz-
ing MSC spheroids while supporting functional sprouting
and angiogenic factor secretion. Based on these findings,
AS8F10 was identified as the optimal matrix ink formulation
for maximal VEGF secretion, which was selected for sub-
sequent studies.

Hypoxic conditions within stem cell spheroids consider-
ably influence growth factor secretion [27]. This arises from
the limited diffusion of oxygen and nutrients into the core of
larger spheroids, creating a hypoxic environment that drives
the upregulation of proangiogenic factors. Hence, spheroid
diameter serves as a key determinant of angiogenic fac-
tor production. To assess this effect, MSC spheroids were
printed using dispensing times of 3, 6, and 9 s, while their
size and function were evaluated (Fig. 2L). Increasing dis-
pensing time resulted in an increase in spheroid diameter,
resulting in spheroids ranging from approximately 350-
520 um after 4 days of culture (Fig. 2M). Live/dead staining
demonstrated high overall viability, though larger spheroids
contained a higher density of dead cells (Fig. 2N), which
corresponds with quantitative analyses (Fig. S2A). ATP
measurements on day 4 showed that MSC spheroids printed
at 6 s exhibited the highest metabolic activity, while those
printed at 9 s exhibited the lowest (Fig. S2B). The reduced
viability in larger spheroids may be attributed to severe
hypoxic [54, 55]. Hypoxia, in turn, enhances angiogenic
factor secretion [27]. VEGF secretion per cell, normalized
to ATP activity, was highest at 6 s, followed by 3 and 9 s
(Fig. 20). While previous reports using microwell-based
spheroid fabrication have shown enhanced VEGF secretion
in spheroids with diameters ranging from 150 to 250 um
[54-58], in our system the highest VEGF secretion was
observed at approximately 400 um. This discrepancy may
be attributed to variations in the hypoxic microenvironments
arising from the RGD-binding matrix (fibrinogen) and mild
compaction process utilized herein, which differs from con-
ventional microwell-based spheroid fabrication (Fig. 2F).
In conclusion, MSC spheroids printed at 6 s in fibrinogen-
containing matrix ink exhibited the highest VEGF secretion
and were selected for subsequent experiments.



Angiogenesis (2026) 29:38

Page9of22 38

Spatial influence of MSC spheroids on capillary formation
within uVPs

To determine optimal conditions for fabricating prevascular-
ized grafts with enhanced capillary formation, linear uVPs
were printed using a fibrinogen-based bio-ink containing
ECs and MSCs, following formulations established in our
previous study [40]. MSC spheroids were simultaneously
printed at three distances (250, 500, and 1,000 um) from
the uVP (Fig. 3A and B). Vasculogenesis-like responses of
ECs within the pVPs were monitored over time. By day
2, ECs clustered along the central axis of the puVPs across
all groups (Fig. 3C). By day 6, closer proximity between
the uVPs and MSC spheroids resulted in more robust and
denser capillary formation. Quantitative analysis confirmed
these trends, with vessel area coverage and length consider-
ably increasing as the spheroid-to-pVP distance decreased
(Fig. 3D and E).

To assess endothelial junction formation, immunostain-
ing for the tight junction marker Zonula Occludens-1 (ZO-
1) was performed. Elongated ZO-1-positive vessel walls
were observed in all the groups, indicating the formation of
endothelial junctions (Fig. S3). Although signal intensities
were similar across groups, capillary density varied with
spheroid-to-u VP distance. Additionally, MSCs within the
pVP exhibited a-smooth muscle actin (a-SMA) and neural/
glial antigen 2 (NG2) positivity, suggesting they acted as
pericyte-like supporting cells contributing to vessel stabi-
lization (Fig. S4) [59, 60]. To evaluate endothelial junction
and angiogenesis-related gene expression influenced by EC-
MSC spheroid interactions, quantitative reverse transcrip-
tion-polymerase chain reaction (qQRT-PCR) was performed.

Fig. 3 Investigation of capillary
formation within microvascular
patterns (LVPs) based on the
distance from MSC spheroids. A
Schematic illustration of bio-
printed constructs with varying
distances (250, 500, or 1,000 um)
between uVP and MSC spheroids
to investigate capillary formation.
B, C Fluorescent images showing
bioprinted pVP and MSC spher-
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Among the groups, the 250-um distance group exhibited
the highest expression of endothelial junction-associated
markers (Fig. 3F), with statistically significant upregulation
of ZO-1 and Claudin-5. A similar trend was observed for
angiogenesis-associated markers, including Angiopoietin-1
(ANGPT1) and VEGF. These results are consistent with
enhanced endothelial organization and angiogenic activity
at shorter distances, likely mediated by increased paracrine
interactions [61]. Constructs cultured for up to 10 days
exhibited no further increase in vascular density or ves-
sel length beyond day 6 (data not shown). Based on these
results, a 250-um spheroid-to-p VP distance was identified
as an optimal condition for prevascularized graft fabrica-
tion, yielding enhanced capillary formation and endothelial
organization.

Hydrogel systems coencapsulating ECs and MSCs have
been widely investigated as a prevascularization strategy to
promote microvascular structure formation [35, 41, 59-62].
Beyond stimulating EC angiogenic responses, MSCs can
act as pericyte-like supporting cells when in direct contact
with ECs within hydrogels, thereby contributing to vascu-
lar stabilization [59, 60]. Pre-formed capillaries co-cultured
with MSCs within hydrogels have shown promising out-
comes in vessel regeneration following implantation in vari-
ous animal models [35, 41, 59, 62]. In our previous study,
we also demonstrated that the formation of stable micro-
vascular structures within pVPs comprising MSCs and
ECs promoted graft vascularization in vivo [40]. Further,
we observed that the designed grafts incorporating both
MSC patterns and pVPs enabled a more spatially defined
angiogenic factor gradient, resulting in enhanced vascular-
ization compared to grafts containing pVPs alone. Based
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on these findings, we applied precision printing of angio-
genic MSC spheroids to fabricate prevascularized grafts,
as MSC spheroids have been shown to enhance angiogenic
factor secretion for ischemic tissue repair [26—28]. Given
their role as localized sources of paracrine signaling, we
hypothesized that the spatial relationship between MSC
spheroids and pVPs would influence in vitro capillary for-
mation, and observed that reduced spacing promoted more
active capillary formation within the printed pVPs (Fig. 3).
This result corresponds with a previous study demonstrating
that bioprinted MSC-endothelial cell patterns maintained at
~200 um spatial proximity yielded stronger capillary for-
mation than simply mixing two cell types [61]. Our findings
highlight that spatial proximity between MSC spheroids
and pVPs enhances capillary formation during a 6-day in
vitro culture period. While extended in vitro culture may
further promote the development of more mature capillary
structures with in vivo-like endothelial phenotypes [41],
our primary objective was to leverage MSC spheroids as
localized sources of paracrine signaling to enhance neovas-
cularization after implantation. Therefore, we defined the
pre-implantation culture period as 6 days, consistent with
our previous study [40].

Effect of MSC spheroid number on in vivo
neovascularization and retention of implanted vascular
structures

Transplanting prevascularized grafts promotes in vivo
neovascularization and host vessel infiltration, initiating
dynamic interactions between host and engineered vascu-
lature that result in functional microvessel [38, 41]. In this
study, we investigated how the number of embedded MSC
spheroids within prevascularized grafts influenced this pro-
cess, notably neovascularization and host vessel infiltration.
Prevascularized grafts (8 x8x 1 mm?®) containing different
spheroid numbers were subcutaneously implanted into the
dorsal region of mice (Fig. 4A). The experimental groups
were prepared with 0, 8, 16, 24, or 32 spheroids per graft,
with MSC spheroids printed in four rows according to the
specified numbers and cultured for 6 days prior to implanta-
tion to enable uVP and spheroid formation (Fig. S5). Two
weeks post-implantation, host vascularization around the
explanted grafts exhibited distinct differences among groups
(Fig. 4B). In the 0-spheroid group, minimal host vessel for-
mation was detected near the graft. Conversely, grafts con-
taining MSC spheroids—particularly those with 8-, 16-, and
24 spheroids—exhibited dense networks of branching host
microvessels that infiltrated the graft. Interestingly, host ves-
sels containing red blood cells infiltrated the graft through
the three pVP regions in these groups. To further assess host
vessel infiltration into the graft interior, hematoxylin and
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eosin (H&E) staining was performed (Fig. 4C). The MSC
spheroids maintained their aggregated morphology within
the matrix ink, with minimal infiltration of surrounding tis-
sue (Fig. 4C, blue box), while numerous vessel-like struc-
tures containing red blood cells were observed in the pVP
regions (Fig. 4C, red box). This spatial pattern of tissue
infiltration between the two printed regions, which share a
same fibrinogen composition (Tables S1 and S2), may be
attributed to the use of high molecular weight alginate in the
matrix ink, which is commonly employed for cell encapsu-
lation due to its ability to permit molecular diffusion while
limiting cellular infiltration [63, 64]. Consistent with this,
our rheological analysis revealed that the matrix ink exhib-
ited a higher storage modulus, whereas the pVP bioink were
significantly softer (Fig. S6), thereby creating a selective
microenvironment that facilitates host tissue infiltration into
the uVP regions while maintaining MSC spheroids for the
sustained release of angiogenic factors. The presence and
morphology of these vascular structures within uVP regions
varied with spheroid density (Fig. 4D). Notably, grafts with-
out spheroids exhibited few or no microvessels, while the
8-, 16-, and 24-spheroid groups exhibited multiple vessel-
like structures with relatively large diameters. Contrarily,
the 32-spheroid group primarily exhibited smaller capillary-
like structures.

To examine the microvascular structures within the pVP,
immunohistochemical staining for CD31 and a-SMA was
conducted (Fig. 4E). Consistent with the H&E results, few
CD31-positive capillaries were observed in the 0-spher-
oid group, while the 16- and 24-spheroid groups exhibited
abundant CD31-positive capillaries and a-SMA-positive
arterioles. In the 32-spheroid group, the vasculature com-
prised small-diameter capillaries. Quantitative analy-
ses revealed that the number of capillaries and arterioles
increased with an increase in MSC spheroids, reaching a
peak at 16 spheroids, but decreased when the spheroid num-
ber exceeded this level (Fig. 4F and G). A similar trend was
observed in the vessel diameter, with the 16-spheroid group
exhibiting the largest mean diameter and widest diameter
distribution (Fig. 4H). These findings indicate that incorpo-
rating 16 to 24 spheroids results in the most extensive neo-
vascularization and host vessel infiltration within the pVP
regions of the implanted grafts. Although previous studies
have applied direct injection of MSC spheroids to enhance
in vivo neovascularization [54-57], the influence of the
spheroid number on host neovascularization has, to the best
of our knowledge, not been systematically investigated.
Further, these approaches often lack spatial control, thereby
complicating the evaluation of spheroid numbers owing
to spheroid migration and heterogeneous retention within
the graft. Conversely, our approach allows precise spatial
placement of MSC spheroids within the graft, enabling
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replicating the in vivo metabolic dynamics of implanted
spheroids remains technically challenging, our study on
bioprinting adipose tissue grafts with spatially organized
MSC spheroids identified an optimal spheroid number for
promoting vascularization [42]. These findings indicate that
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for an 8x8x 1 mm? graft, incorporating approximately 16
MSC spheroids per construct yields the most effective in
vivo vascularization, thereby balancing vessel density and
maturity.

While the effect of spheroid number on in vivo neovas-
cularization was observed, the origin of vessel structures
within the pVP regions after implantation remained unclear.
To further examine this, prevascularized constructs contain-
ing pVP and 16 MSC spheroids were implanted for 1 and
2 weeks, and the harvested grafts were co-immunostained
for GFP-labeled ECs and the endothelial marker CD31
(Fig. 4I). At 1 week post-implantation, numerous GFP-
positive/CD31-positive vessel structures were detected
within the uVP regions, indicating retention of implanted
EC-derived capillaries. In addition, small CD31-positive
but GFP-negative structures were observed, suggesting that
host endothelial cell infiltration had already begun at this
stage. By 2 weeks, GFP-positive vessels were still pres-
ent, but their number was reduced. Several larger GFP-
positive vessels contained luminal contents lacking DAPI
signal and showing strong autofluorescence in the absence
of quenching, likely representing red blood cells (Fig. S7).
Similar blood-containing structures were also observed in
H&E staining (Fig. 4D), suggesting functional integration
between implanted vessels and the host vasculature. Quan-
tification showed that the mean number of GFP-positive
vessels decreased from 47.2 at 1 week to 21.5 at 2 weeks
(Fig. 4J), indicating dynamic changes in the implanted
vascular structures. In addition, the presence of a-SMA-
positive vessels and red blood cell-perfused structures sup-
ports features associated with vascular maturation (Fig. 4E
and S7). Consistent with previous reports, these results may
reflect ongoing vascular remodeling involving host vessel
infiltration and interaction with implanted structures [38,
39, 41]. Taken together, these results indicate that prevascu-
larized grafts with 16 MSC spheroids promote host vessel
infiltration, while retaining implanted EC-derived vascular
structures and enabling subsequent vascular integration.

MSC spheroid-embedded prevascularized grafts accelerate
wound healing and perfusion recovery in a cutaneous
wound healing model

To first examine the therapeutic potential of our prevas-
cularized grafts, we employed a cutanecous wound healing
model previously established in our studies [65], which
allows monitoring of wound healing and perfusion recovery
over time (Fig. 5A). The dorsal skin wound, characterized
by a relatively low density of neighboring host vascula-
ture, provides a suitable environment to assess tissue repair
and neovascularization [66]. This model was used prior to
evaluation in a more severe ischemic environment with

@ Springer

compromised blood flow. As illustrated in Fig. 5A, five
groups were prepared, including two control groups (Gel
Only and Cell-mixed Gel) and three experimental groups
(Spheroid Only, pVP Only, and puVP+ Spheroid). To isolate
the effect of MSC spheroid formation, the Cell-mixed Gel
group was designed with a homogeneous distribution of
MSC:s at a concentration (~ 1 x 10 cells/mL) matched to the
total cell numbers of the Spheroid Only group. After 6 days
of in vitro culture, all constructs were implanted into dorsal
cutaneous wounds with consistent dimensions, and the outer
frame was removed prior to implantation to avoid interfer-
ence with wound closure. Wound healing was tracked by
measuring wound closure and blood perfusion every 3 days
using laser Doppler perfusion imaging (LDPI).

Wound closure progressed in all groups over time,
but clear differences emerged by day 9 (Fig. 5B). The
wVP+Spheroid group showed nearly complete closure,
whereas the control groups remained only partially healed.
Quantitative analysis confirmed these differences (Fig. 5C),
with the pVP+ Spheroid group reaching 71.5% wound cov-
erage, compared to 50.1% and 48.7% in the Spheroid Only
and pVP Only groups, respectively. In contrast, the Gel Only
and Cell-mixed Gel groups showed limited closure (23.5%
and 33.5%). LDPI images at days 6 and 9 showed weak
signals in the control groups, mainly confined to the wound
periphery, whereas the experimental groups showed stron-
ger signals extending toward the wound center (Fig. 5D).
The pVP+Spheroid group showed the highest perfusion
recovery. Quantitative analysis further showed that the
Cell-mixed Gel group had significantly higher LDPI values
than the Gel Only group, while both the Spheroid Only and
wVP Only groups showed further increases compared to
the control groups. The pVP+ Spheroid group exhibited the
highest LDPI index among all groups (Fig. 5E). Notably,
the implanted constructs gradually lost their original shape
and showed clear structural shrinkage over time. In several
wound sites from the pVP+spheroid group, the hydrogel
structure was barely visible by day 6. This is likely due
to the absence of the PCL supporting frame, unlike in the
subcutaneous model (Fig. 4), along with the relatively thin
thickness (~1 mm) of the constructs. Despite this structural
change, enhanced wound closure and perfusion recovery
were consistently observed in the cell-containing groups,
suggesting that the hydrogel primarily acts as a transient
microenvironment that supports early tissue regeneration
rather than a long-term structural scaffold. Histological find-
ings were consistent with the differences in wound healing.
Hematoxylin and eosin (H&E) staining at day 6 showed that
the control groups (Gel Only and Cell-mixed Gel) exhib-
ited relatively immature tissue architecture, with loosely
organized and irregular tissue formation (Fig. 6A). In con-
trast, the experimental groups (Spheroid Only, pVP Only,



Angiogenesis (2026) 29:38

Page 130f22 38

Fig.5 Investigation of wound heal- A

ing and blood perfusion recovery wml:/lgg's:a :nv:g:rlms Evaluation of wound healing and blood perfusion recovery
in a cutaneous wound healing GoLaly el 3 [0 Bioprinted |9 ¥\ Dayo < Surgery
model. A Schematic illustration Neighboring graft
of the experimental workflow in Dorsal e
a mouse dorsal wound model. B Wodnds \ Day 3 +<LDPI
Representative photographs of D D
wound sites at days 0, 6, and 9 Exporimartal Groups implagggon Wound closure
post-implantation. C Quantification SHLTEEer)y PRy (HPSEREC Y™ G ey Lol
of wound coverage over time (n=5 i ’ s
for days 0-6; n=2 for day 9). D N
Laser Doppler perfusion imaging Day9 < LDPI
(LDPI) analysis showing blood
perfusion at day 6 (n=>5). *p<0.05 g ) c

Gel Only Cell-mixed Gel Spheroid Only

Al

and pVP+Spheroid) showed more densely organized tis-
sue, indicating faster healing progression. By day 9, tissue
density increased across all groups, with more continuous
tissue formation. The pVP+ Spheroid group, in particular,
showed a clearly defined epidermal layer and improved
structural organization, consistent with the macroscopic
wound closure (Fig. 5B). Picrosirius red (PSR) staining
further revealed differences in collagen deposition among
groups (Fig. 6B). At day 6, the uVP+Spheroid group
exhibited a more collagen-rich and dense tissue structure,
whereas the control groups showed relatively sparse col-
lagen distribution. By day 9, collagen deposition increased
in all groups; however, the experimental groups maintained
a more densely organized collagen matrix compared to the
controls (Fig. S8).

To evaluate neovascularization at the wound site,
immunofluorescence staining for CD31 and a-SMA was
performed (Fig. 6C). The control groups showed limited
CD31-positive capillary formation and minimal a-SMA-
positive vessel structures. In contrast, the experimental
groups exhibited increased vascularization, with a higher
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number of CD31-positive capillaries. The uVP+ Spheroid
group showed the most extensive vascular structures, along
with stronger a-SMA-positive signals. Capillary density
was higher in all experimental groups than in the Gel Only
group, with the pVP+Spheroid group showing the highest
density (Fig. 6D). The number of arterioles also increased
in the experimental groups, with the pVP+ Spheroid group
exhibiting the greatest number of a-SMA-positive vessels,
suggesting the formation of more mature vascular structures
(Fig. 6E). Vessel size did not differ substantially among
groups; however, slightly larger vessels were observed in
the Spheroid Only and pVP+ Spheroid groups compared to
the Gel Only group (Fig. 6F). This likely reflects the early
stage of angiogenesis at day 9, with vascular sprouting
being more prominent than the formation of mature vessels
during the proliferative phase of wound healing [67, 68].
Overall, these results show that prevascularized constructs
incorporating MSC spheroids promote enhanced wound
healing, perfusion recovery, and the neovascularization in
the cutaneous wound healing model.
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Picrosirius red (PSR)-stained images showing collagen fiber deposi- not significant. *p<0.05, *p<0.01, *p<0.001, *p<0.0001
tion at day 6. C Immunohistochemical staining of CD31 and a-SMA
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MSC spheroid—embedded prevascularized grafts enhance
therapeutic angiogenesis in a critical limb ischemia model

To assess the therapeutic efficacy of the prevascularized
graft developed in this study, an in vivo experiment was con-
ducted using a mouse model of critical limb ischemia. The
model was generated by surgically excising a portion of the
femoral arteriovenous bundle (Fig. 7A). Three types of con-
structs—u VP Only, Spheroid Only, and uVP+spheroid—
were fabricated and implanted at the ischemic site. Each
construct (6 x 8 x 1 mm?®) was designed to contain 18 MSC
spheroids, reflecting the implantable dimensions suitable for
the mouse limb. This spheroid number was also selected in
reference to the previously identified optimal range (16-24).
To assess the host regenerative response and baseline effect
of the acellular hydrogel, no-treatment and hydrogel-only
groups (No Treat and Gel Only) were included as controls.
Ischemic progression of the operated limb was monitored
after surgical procedure(Fig. 7B). To determine an appro-
priate evaluation time point, a pilot study was conducted
to compare outcomes at 2 and 4 weeks post-implantation
(Fig. S9). No substantial differences in limb outcomes were
observed. Therefore, 2 weeks timepoint was selected as the
primary endpoint, consistent with previous studies evaluat-
ing early therapeutic responses [69—71]. By day 3, severe
tissue necrosis was observed in the control group. By day
14, limb loss occurred in 78.57% of the untreated mice and
63.63% of those receiving hydrogel alone (Fig. 7C). Con-
structs containing a single component (VP Only and spher-
oid Only) exhibited slightly reduced necrosis than controls,
but above 50% of the animals still experienced limb loss by
day 14. Contrarily, the uVP+spheroid group demonstrated
considerably improved outcomes, with 64.29% limb preser-
vation and only 14.28% limb loss, highlighting its superior

Fig. 7 In vivo therapeutic effects A4 induction of 2,
of bioprinted grafts in a murine fimb ischernia
critical limb ischemia model. A \, \
Schematic illustration showing the Femoral 4
experimental design to investigate AV bunde
the in vivo regenerative effects of
prevascularized grafts on a critical

limb ischemia mouse model. B
Representative photographs of

mice showing serial changes in
ischemic limbs on days 3, 7, and ¢
14. C Scoring graph for the physio-
logical status of ischemic limbs on

day 14 (n=11-14). D H&E (upper) 40
and Masson’s trichrome (MT)
(lower) staining results of cross-
sectioned ischemic muscle from
the quadriceps at the implantation

Implanted
region

WP+ AS

Limb Loss Toe Necrosis WM Salvage
100 n=14n=11n=14n=14n=14

Limb scoring (%)
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therapeutic effects. While the hindlimb ischemia model is
well-established, therapeutic outcomes can vary substan-
tially depending on surgical procedures and experimental
conditions [30]. Nevertheless, previously reported limb
salvage rates under comparable conditions generally fall
within a similar range [35, 37, 70—72], indicating that our
results are consistent with prior studies.

Two weeks after implantation, muscle tissues from the
ischemic limb at the implantation site were harvested for
histological analysis. H&E and Masson’s trichrome stain-
ing revealed severe muscle degeneration and fibrosis in
the untreated and Gel Only groups, respectively (Fig. 7D).
The pVP- and Spheroid Only groups exhibited moderate
tissue damage, while the pVP+spheroid group exhibited
well-preserved, densely aligned muscle fibers. To evaluate
microvascular preservation, immunohistochemical stain-
ing using anti-CD31 and anti-a-SMA antibodies was per-
formed (Fig. 8A). Quantitative analyses demonstrated that
the pVP+spheroid group possessed considerably higher
capillary density and arteriole counts than all other groups
(Fig. 8B and C). Furthermore, diameter analysis of a-SMA—
positive arterioles indicated that the pVP+spheroid group
had numerous arterioles and a larger average vessel diam-
eter (Fig. 8D).

To evaluate the in vivo functionality of pVPs within
the prevascularized graft, constructs from the pVP+spher-
oid group were explanted on day 3 and subjected to co-
immunostained for engineered vessels (GFP-positive ECs)
and host vessels (mouse CD31) (Fig. 8E). Overlapping
signals for both markers were observed within the uVP
regions, indicating vascular integration and the formation
of chimeric vessels composed of host and engineered cap-
illaries within implanted grafts. Z-stacked confocal imag-
ing revealed that host vessels surrounded the implanted

MVP + Spheroid
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e
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Fig. 8 Histological evaluation of bioprinted and implanted grafts on
ischemic disease model. A Immunohistochemical images with CD31
and a-SMA in cross-sectioned ischemic muscles. B-D Quantification
of CD31-positive capillary density, a-SMA-positive arterioles, and
arteriole size was performed using n=3 biological replicates (indepen-

vasculature, with host-derived signals decreasing at greater
depths along the z-axis, while engineered vessels with larger
lumens became more prominent (Fig. S10). These results
correspond with previous studies showing that the host
vasculature integrates with implanted vascular structures
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Green channel only

Red channel only

dent animals), with multiple images analyzed per sample. *»<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. E Immunohistochemi-
cal images with anti-GFP antibody (implanted endothelial cells, green)
and anti-mCD31 antibody (host endothelial cells, red) within pVP
regions of cross-sectioned grafts 3 days post-implantation

through perivascular interactions and anastomosis forma-
tion [38, 39, 73]. Such integration enhances therapeutic
angiogenesis, as reported in previous studies [34-36]. Over-
all, our findings indicate that prevascularized graft—incor-
porating uVPs capable of vascular integration with highly
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angiogenic MSC spheroids—achieves enhanced therapeutic
efficacy in ischemic tissue environments.

Numerous biomolecules, biomaterials, and cell-based
approaches have been investigated for ischemic therapy
[74]. Among these, MSCs have demonstrated enhanced
secretion of angiogenic factors and superior in vivo regen-
erative effects [17-21], and are currently under clinical
investigation for myocardial infarction and critical limb
ischemia [22-24]. Hydrogel-based implants have emerged
as effective delivery platforms [30-32], with prevascular-
ized hydrogel exhibiting promise in restoring perfusion by
promoting neovascularization and enhancing therapeutic
angiogenesis in ischemic tissues [33-37]. Preformed vas-
cular structures have been demonstrated to promote neovas-
cularization and integrate with the host vasculature [34, 35].
Further, spatially organized vasculature promotes host inte-
gration with implanted constructs and improves therapeutic
outcomes in ischemic models [34-36]. However, numerous
prevascularized constructs comprise only ECs and lack suf-
ficient angiogenic factor secretion, thereby limiting their
ability to initiate early host neovascularization and reducing
their therapeutic efficacy in ischemia. Successful integration
of engineered grafts with host vasculature critically relies
on host vessel infiltration via neovascularization, a crucial
step for forming functionally connected microvessels [38].

To address this limitation, we developed a printing tech-
nique that enables precise spatial controlling of prevascu-
larized patterns and positioning of angiogenic spheroids,
thereby enhancing anastomosis with host vessels and regen-
erative efficacy in ischemic tissues. Based on our previous
study [44], the printed MSCs formed spheroid-like struc-
tures, maintained their stem-like phenotypes, and exhibited
high VEGF secretion under optimized matrix conditions
(Fig. 2). Using this approach, MSC spheroids could be
positioned at defined distances from the pVPs (Fig. 3), with
spheroids approximately 250 um away promoting enhanced
EC-MSCs crosstalk, capillary formation, and maturation.
Following implantation into dorsal subcutaneous tissue,
which has low vascular density [66], the incorporation of
MSC spheroids significantly enhanced neovascularization,
and EC-derived vessel structures within the pVP regions
were retained after transplantation (Fig. 4). In addition, vari-
ation in neovascularization across spheroid configurations
near the p VP suggests that spatial organization of angiogenic
factor sources is important for functional graft vascular-
ization, consistent with our previous findings [40]. Nota-
bly, prevascularized constructs containing MSC spheroids
showed accelerated wound closure and improved perfusion
recovery (Fig. 5). Furthermore, pVP+spheroid constructs
demonstrated superior therapeutic efficacy in a critical limb
ischemia model than constructs containing only either uVP
or spheroids (Fig. 7). However, these effects may have

been attributable to an increased total cell number within
the uVP+spheroid constructs. To investigate the interac-
tive effects of both components, comparative experiments
were conducted using constructs containing either 12 or 24
spheroids alone versus pVP+ 12 spheroids (Fig. S11A). The
24-spheroid-only construct, despite having twice the MSC
spheroid number, resulted in a lower limb salvage rate than
the wVP+12 spheroids group, which achieved~50% limb
salvage with only half the spheroid number (Fig. S11B).
Conversely, the nVP+24 spheroids group exhibited even
higher limb loss rates despite the increased spheroid count.
These results correspond with the subcutaneous implanta-
tion findings, wherein excessive spheroid density led to
reduced neovascularization, likely due to hypoxic condi-
tions within the implant (Fig. 4). This is also consistent with
our previous findings, where excessive spheroid densities
resulted in poor graft vascularization and reduced implanted
cell viability, as confirmed by TUNEL staining after the
transplantation [42]. These findings demonstrate the syn-
ergistic therapeutic effect of combining pVPs with MSC
spheroids, while highlighting the importance of spatially
designed spheroid distribution to avoid adverse therapeutic
outcomes associated with overly dense cell populations.

In this study, we developed a dual-function prevascu-
larized graft fabrication strategy using in-bath bioprinting,
enabling precise spatial positioning of highly angiogenic
MSC spheroids alongside the formation of densely pat-
terned capillaries. This approach offers a notable technical
advancement over conventional spheroid fabrication and
prevascularized hydrogel methods, which lack the spatial
resolution necessary for maintaining pattern fidelity. Fur-
ther, the platform allowed quantitative assessment of para-
crine interactions as a function of the distance between uVPs
and MSC spheroids (Fig. 3). The platform also provides a
versatile framework for investigating interactions between
microvascular structures and biological models such as
cancer aggregates or organoids. As the constructs are fab-
ricated within a 3D hydrogel matrix, the technique is read-
ily scalable, providing translational potential for clinically
relevant grafts while maintaining optimized parameters.
Our findings indicate that incorporating 18 MSC spheroids
within a 6 x8x1 mm? graft resulted in the most effective
therapeutic outcome in ischemic rescue (Figs. 7 and 8),
suggesting the potential for broader application, although
further validation in clinically relevant models is needed.
While the mouse hindlimb ischemia model is widely used
for proof-of-concept studies for ischemia therapy [43], it
does not fully recapitulate the complexity of human clini-
cal conditions, particularly in terms of scale. To explore the
translational potential of this strategy toward clinically rel-
evant scales, we next fabricated larger-area constructs appli-
cable to ischemic diseases such as myocardial infarction,
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where several preclinical studies for the treatment of mild
myocardial infarction have reported graft sizes on the order
of ~10 cm? [75, 76]. Based on this consideration, a cell-
free hydrogel construct with dimensions of approximately
3.2x3.2x 0.1 cm® was fabricated (Fig. S12). Within this
construct, 224 MSC spheroids and 13 parallel pVPs were
spatially organized while maintaining sufficient mechanical
integrity for graft handling, demonstrating the feasibility of
scaling up the proposed fabrication strategy to human-scale
constructs while preserving architectural control of vascular
and spheroid components. However, this study was con-
ducted using an immunodeficient animal model, which does
not fully capture the role of immune responses that are criti-
cal for vascular regeneration. For large-scale constructs and
clinical applications, additional supporting strategies such
as oxygen-generating hydrogels and immune-modulating
biomaterials may be required to enhance cell viability under
hypoxic conditions and modulate host immune responses
through macrophage polarization [77, 78]. In addition,
while HUVECs were used in this study for their accessi-
bility and reproducibility, autologous endothelial cells such
as induced pluripotent stem cell (iPSC)-derived ECs could
be incorporated in future clinical applications to improve
translational relevance and reduce immunological concerns
[79]. Additionally, given that the geometric configuration
of microvascular structures considerably affects blood flow
recovery in ischemic tissues [34-36], future studies will
investigate engineering human-scale uVP architectures to
promote rapid neovascularization and collateral circulation
formation. In addition to ischemic repair, this strategy may
be applicable to other grafts requiring prevascularization,
such as islet transplantation in subcutaneous implantation
sites, which are surgically accessible yet poorly vascular-
ized [39, 80]. Precisely controlling the spatial arrangement
of MSC spheroids and pVPs to enhance vascularization
while maintaining distinct islet-encapsulating regions may
provide a promising approach for constructing durable,
large-scale grafts. We believe that optimizing the synergis-
tic functions of pVPs and spheroids will establish a foun-
dation for translationally relevant graft designs capable of
enhanced angiogenic performance and therapeutic effect
into ischemic tissues.

Conclusion

We developed a dual-function prevascularized graft that
leverages the synergistic effects of spatially organized MSC
spheroids and pVPs to enhance therapeutic angiogenesis
in ischemic tissues. By optimizing fabrication parameters,
highly angiogenic MSC spheroids and pre-matured capil-
lary bundles were successfully incorporated into the printed
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grafts. Grafts containing an optimal number of MSC spher-
oids promoted robust host vessel infiltration into pVP
regions, supported the retention of implanted-EC derived
vascular structures, and achieved superior therapeutic out-
comes in ischemic tissue models. Together, these findings
establish a novel therapeutic strategy for enhancing angio-
genesis and restoring blood perfusion, and may provide a
basis for future translational applications in ischemic dis-
ease treatment.
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