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ARTICLE INFO ABSTRACT

Keywords: Background: A pivotal determinant for the success of tissue regeneration lies in the establishment of sufficient
Bone repair vasculature. Utilizing autologous tissue grafts from donors offers the dual advantage of mitigating the risk of
Hydrogels disease transmission and circumventing the necessity for post-transplant immunosuppression, rendering it an
Microvascular fragments N . . . .

Osteogenesis exemplary vascularization strategy. Among the various potential autologous donors, adipose tissue emerges as a
Vascuirizaﬁon particularly auspicious source, being both widely available and compositionally rich. Notably, adipose-derived

microvascular fragments (ad-MVFs) are a promising candidate for vascularization. ad-MVFs can be isolated
from adipose tissue in a short period of time and show high vascularized capacity. In this study, we extracted ad-
MVFs from adipose tissue and utilized their strong angiogenic ability to accelerate bone repair by promoting
vascularization.

Methods: ad-MVFs were extracted from the rat epididymis using enzymatic hydrolysis. To preserve the integrity
of the blood vessels, gelatin methacryloyl (GelMA) hydrogel was chosen as the carrier for ad-MVFs in three-
dimensional (3D) culture. The ad-MVFs were cultured directly on the well plates for two-dimensional (2D)
culture as a control. The morphology of ad-MVFs was observed under both 2D and 3D cultures, and the release
levels of vascular endothelial growth factor (VEGF) and bone morphogenetic protein 2 (BMP-2) were assessed
under both culture conditions. In vitro studies investigated the impact of ad-MVFs/GelMA hydrogel on the
toxicity, osteoblastic activity, and mineralization of rat bone marrow mesenchymal stem cells (rBMSCs), along
with the examination of osteogenic gene and protein expression. In vivo experiments involved implanting the ad-
MVFs/GelMA hydrogel into critical-size skull defects in rats, and its osteogenic ability was evaluated through
radiographic and histological methods.

Results: ad-MVFs were successfully isolated from rat adipose tissue. When cultured under 2D conditions, ad-MVFs
exhibited a gradual disintegration and loss of their original vascular morphology. Compared with 2D culture, ad-
MVFs can not only maintain the original vascular morphology, but also connect into a network in hydrogel under
3D culture condition. Moreover, the release levels of VEGF and BMP-2 were significantly higher than those in 2D
culture. Moreover, the ad-MVFs/GelMA hydrogel exhibited superior osteoinductive activity. After implanting
into the skull defect of rats, the ad-MVFs/GelMA hydrogel showed obvious effects for angiogenesis and
osteogenesis.

The translational potential of this article: The utilization of autologous adipose tissue as a donor presents a more
direct route toward clinical translation. Anticipated future clinical applications envision the transformation of
discarded adipose tissue into a valuable resource for personalized tissue repair, thereby realizing a paradigm shift
in the utilization of this abundant biological material.
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Z. Liet al.
1. Introduction

The pivotal determinant for successful tissue regeneration is the
establishment of adequate vascularization. The inception of novel blood
vessels plays a pivotal role in fostering tissue regeneration, ensuring
optimal oxygenation, and facilitating material exchange for cells within
the implanted tissue [1]. Consequently, the last few decades have wit-
nessed the introduction of myriad vascularization strategies within the
realms of tissue engineering and regenerative medicine [2,3]. While
prior investigations predominantly focused on approaches such as the
addition of growth factors, prefabricated vascular networks, and
vascular transplantation, these methodologies have grappled with issues
of low efficiency and security during practical implementation [4].
Addressing these challenges necessitates an exploration of the autolo-
gous tissue vascularization strategy, which mitigates the risk of disease
transmission and obviates the need for post-implantation immunosup-
pression. Adipose tissue emerges as a particularly promising source of
autologous donors for vascularization, being widely available,
frequently discarded, and exhibiting a low donor site incidence [5].
Beyond its conventional role as a lipid repository, research has unveiled
adipose tissue’s rich composition, encompassing fibroblasts, vascular
cells, immune cells, endothelial cells, and mesenchymal stem cells [6].

A noteworthy advancement in adipose tissue-derived vascularization
is the isolation of adipose tissue-derived microvascular fragments (ad-
MVFs), demonstrating substantial promise as vascularization units.
Endothelial cell-combined scaffolds have been reported can improve the
revascularization of tissue grafts [7]. However, it may take more than a
week for these cells to reassemble into new microvessels [8]. Compared
to the scaffold-containing cells, the ad-MVFs show unique advantages
for vascularization [9]. ad-MVFs can be enzymatically isolated from
adipose tissue, obtaining natural vessel segments with an average length
of 50-150 pym from arteriolar, capillary, and venular [10]. Retaining
both vessel morphology and function, ad-MVFs exhibit the capacity to
swiftly reassemble into new microvascular networks [11]. Reports
indicate that ad-MVFs establish interconnections with blood vessels at
the injury site within 3~6 days post-implantation, facilitating early
onset blood perfusion within the implants [12]. As a plentiful source of
multipotent mesenchymal stromal cells within their physiological niche,
ad-MVFs emerge as promising candidates for generating vascularized
tissue-specific substitutes [13]. Their diverse composition includes
various stem cells, progenitor cells, and lymphatic vessel fragments
[14], imparting an immunomodulatory effect that enhances immune
acceptance of implanted scaffolds [15,16]. Applications of ad-MVFs in
revascularizing diverse tissues, such as epicardial plaques [17], islet
structures [18], dermal substitutes [19,20], random pattern flaps [21],
and dental pulp [22], underscore their potential for effective vascular-
ization compared to endothelial cell-combined scaffolds. Notably,
numerous studies underscore the pivotal role of vascularization in bone
repair processes [23]. Beyond facilitating mesenchymal stem cell
migration, vascularization supplies oxygen and nutrients to metaboli-
cally active bone tissue while clearing waste products [1]. In the after-
math of bone injury, blood vessels sustain damage, leading to hematoma
formation, subsequent migration of inflammatory cells to the injury site,
and regulation of osteoblastic and osteoclastic progenitor cell migration
by vascular endothelial cells [24,25]. New blood vessel growth is inte-
gral to the formation of a soft callus comprising fibroblasts and chon-
drocytes, transitioning into a calcified callus through ossification.
Further mineralization and remodeling processes culminate in effective
bone repair [26]. Considering these findings, the application of ad-MVF
in bone defects emerges as a promising strategy for enhancing bone
healing.

However, cultivating ad-MVFs in isolation for an extended duration
poses significant challenges due to their diminutive size and inherent
susceptibility to disintegration. Consequently, a scaffold is imperative,
providing a stable milieu to preserve vascular morphology and facilitate
the growth of new blood vessels. In comparison to two-dimensional (2D)
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conditions, the three-dimensional (3D) culture microenvironment,
facilitated by scaffolds, aptly recapitulates the native extracellular ma-
trix, thereby fostering optimal conditions for cellular proliferation [27].
This technology, as substantiated in existing literature, holds substantial
promise, offering a biomimetic microenvironment endowed with phys-
ical and biological properties conducive to microvessel growth within
scaffolds [28,29]. For the construction of an optimal 3D culture micro-
environment, hydrogel emerges as a judicious choice owing to its
elevated water content and intricate three-dimensional network struc-
ture. Van den Bulcke et al. successfully synthesized MA-modified gelatin
hydrogels (Gelatin methacryloyl, GelMA) by substituting the amino
group on Gel’s side chain with methacrylic anhydride (MA). It is
currently a commonly used hydrogel for 3D cell culture and tissue en-
gineering platforms. GelMA initiates atom group polymerization by ul-
traviolet (UV) irradiation in the presence of a water-soluble
photoinitiator [30]. Characterized by its low antigenicity and stability at
physiological temperature, GelMA provides an aqueous environment for
the cells and supports their adhesion, growth, and proliferation, as well
as promotes in-scaffold nutrient and waste of effective exchange [31].
Therefore, GelMA has been widely used in cell culture and bone tissue
engineering [32], demonstrating that it helps to cultivate a favorable
three-dimensional microenvironment for the growth of ad-MVFs.

In this study, ad-MVFs were encapsulated into GelMA to create ad-
MVFs/GelMA hydrogels, combining "waste utilization" and "tissue-to-
tissue" strategies to expedite vascularization for bone repair (Scheme 1).
The ad-MVFs could grow in GelMA hydrogel, and the formation of
network structure, secretion of growth factors such as BMP-2 and VEGF,
and expression of CD31 will be investigated. The impact of ad-MVFs/
GelMA hydrogels on the osteogenic differentiation of rBMSCs will be
assessed, and the bone repair efficacy of ad-MVF/GelMA will be evalu-
ated in a rat critical-sized skull defects.

2. Materials and methods
2.1. Isolation of the ad-MVFs

All procedures involving animals adhered to the National Institutes
of Health Guidelines for the care and use of experimental animals and
received approval from the animal ethics committee of Soochow Uni-
versity (SUDA20220711A05). The ad-MVFs were isolated from epidid-
ymal adipose tissue of Sprague Dawley (SD) male rats (weighing 350
g-400 g) by limited type I collagenase digestion (5 mg/mL, Yeasen,
Shanghai, China). The samples were incubated at 37 °C for 15 min under
vigorous shaking conditions. Subsequently, the suspension was centri-
fuged at 800 rpm for 5 min, and the supernatant was discarded. The fat
cells were removed by filtration. The vascular fragments were resus-
pended in high glucose medium with 10 % (v/v) fetal bovine serum
(FBS, Euroclone, Milan, Italy) and maintained in the humidified incu-
bator at 37 °C with 5 % CO,. To assess the characteristics of ad-MVFs,
freshly isolated ad-MVFs were observed by an optical microscope(Carl
Zeiss Inc, Thornwood, NY, USA). The ad-MVF were subjected to cryo-
sectioning, and subsequently, incubated with a primary antibody (rabbit
anti-CD31, 1:100, Abcam, Cambridge, UK) overnight at room temper-
ature. This was succeeded by exposure to the corresponding IgG Alexa
594 secondary antibody (goat anti-rabbit, 1:200, Beo Tianmei,
Shanghai, China) for a duration of 1 h at room temperature. Nuclear
staining was conducted using DAPI 33342 (2 mg/mL, C, and the resul-
tant images were captured using a fluorescence microscope (Carl Zeiss
Inc, Thornwood, NY, USA). The diameter and length of ad-MVFs were
measured using Image J software (NIH Image, Bethesda, MD, USA).

2.2. Preparation of the ad-MVFs/GelMA hydrogels
ad-MVFs/GelMA hydrogels were prepared by adding ad-MVFs into a

10 % w/v GelMA solution (with 0.25 % w/v photoinitiator) and sub-
sequently crosslinked with blue light (405 nm wavelength) for 1 min.
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2.3. Physicochemical properties of composite hydrogels

Mechanical test: The mechanical properties of cylindrical hydrogels
(diameter: 4.5 mm; height: 5 mm) were assessed at a constant speed of 2
mm/min using a universal mechanical testing system (Shanghai Hengyi
Precision Instrument Co., Ltd., Shanghai, China).

Degradation and swelling test: The hydrogels were submerged in a
phosphate-buffered saline (PBS) solution. After 24 h, the weight of both
GelMA and ad-MVFs/GelMA composite hydrogels was measured. The
weight of the hydrogel post-dehydration was denoted as Wp, while the
weight after reaching swelling equilibrium was labeled as Ws. The
swelling rate of GelMA and ad-MVFs/GelMA was computed using the
following formula:

Swelling rate (%) = Ws/Wp x 100%

Subsequently, the hydrogels were immersed in PBS solution, with the
initial weight of the hydrogel recorded as Wy and the final weight as Wg.
The remaining mass of GelMA and ad-MVFs/GelMA was monitored over
intervals of 1, 3, 5, 7, 9, 14, 21, 28, and 35 days.

Remaining mass (%) = Wr/W; x 100%

These standardized methodologies ensured accurate evaluation of
the hydrogel’s physicochemical characteristics, essential for compre-
hensively understanding their properties and potential applications.
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2.4. Viability and growth of the ad-MVFs under 2D and 3D culture
conditions

Under 2D culture condition, ad-MVFs were directly cultured in tissue
culture plates with high glucose medium containing 10 % FBS. For 3D
culture conditio, ad-MVFs were added into 10 % w/v GelMA hydrogel.
ad-MVFs were cultured in 3D and 2D conditions for 1, 3, 5, 7, 14, 21, 28,
and 35 days, respectively. Subsequently, ad-MVFs/GelMA (3D) and ad-
MVFs (2D) were fixed in 4 % paraformaldehyde for 30 min, per-
meabilized with 0.3 % Triton X-100 (Beyotime, Shanghai, China) for 20
min at room temperature, and blocked with immunofluorescence
blocking solution (Beyotime, Shanghai, China) for 1 h. After incubation
with primary antibody (rabbit anti-CD31, 1:100, Abcam, Cambridge,
UK) at 4 °C overnight, the appropriate IgG Alexa 488 secondary anti-
body (goat anti-rabbit, 1:200, Beyotime, Shanghai, China) was applied
for 1 h at room temperature. Nuclear staining was done with DAPI
33342 (2 mg/mL, Sigma-Aldrich, Munich, Germany), and images were
acquired using a laser scanning confocal microscope (Zeiss LSM710/
780, Oberkochen, Germany).

2.5. Measurement of VEGF and BMP-2 secreated by MVFs under 2D and
3D culture conditions

The amount of BMP-2 and VEGF released from ad-MVFs/GelMA (3D)
and ad-MVFs (2D) was measured using ELISA kits (VEGF, Beyotime,
Shanghai, China; BMP-2, Sangon Biotech, Shanghai, China). The culture
medium of ad-MVFs/GelMA (3D) and ad-MVFs (2D) were collected on 1,

Aclipess issue
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Scheme 1. The diagram of ad-MVFs isolation and experimental study design. The ad-MVFs were isolated by enzymatic digestion of the epididymal fat pads of
donor rats. After removing the fat supernatant, ad-MVFs were enriched up to pellet size and mixed with GelMA. ad-MVFs rapidly form blood vascular network due to
the suitable three-dimensional microenvironment provided by GelMA hydrogels. The new blood vessels are just like clouds, and VEGF and BMP-2 continuously fall
from the clouds like rainwater, watering BMSCs in bone injured area and promoting bone repair.
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3,5, 7,14, 21, 28, and 35 days, respectively. Afterward, 100 pL super-
natant from each well was analyzed by commercial ELISA kits.

2.6. Cell morphology and viability of BMSCs co-cultured with the
composite hydrogel

According to the previous method [33,34], rBMSCs were extracted
from the femur of rats. As a control group, rBMSCs were seeded in tissue
culture plates. After 48 h of incubation, 4 % paraformaldehyde was first
added to the sample to fix the cells. Then Triton X-100 was added for
perforation, followed by the addition of immunofluorescence blocking
solution. After that, TRITC-phalloidin was used for F-actin staining, and
DAPI was used for nuclear staining.

Scanning electron microscope (SEM) was used to further observe the
spreading of rBMSCs on hydrogels. The rBMSCs were seeded on different
hydrogels and incubated for 48 h. The samples were fixed with4%
paraformaldehyde and dehydrated. Finally, the cell morphology was
observed by SEM after drying at the critical point.

The viability of rBMSCs on hydrogels was assessed using a live dead
cell staining kit (Invitrogen, Carlsbad, CA, USA). Images were acquired
by a fluorescence microscope (Carl Zeiss Inc, Thornwood, NY, USA). The
proliferation of rBMSCs cultured on hydrogels was determined by Cell
Counting Kit-8 (CCK-8) assay (Dojin Laboratories, Kumamoto, Japan).
On 1, 3, and 5 days of cell culture, CCK-8 reagents were added and
incubated for 2 h. Finally, the absorbance at 450 nm was measured by
BioTek Instruments (Vermont, USA).

2.7. Alkaline phosphate (ALP) and Alizarin red staining (ARS)

rBMSCs were seeded on a six-well plate (2 x 10° cells/well), and
divided into four groups: Group 1: rBMSCs were cultured with a-MEM
medium (Ctrl group); Group 2: rBMSCs were cultured with osteogenic
differentiation medium comprising 10 mM p-glycerophosphate, 10 nM
dexamethasone, and i-ascorbic acid 2-phosphate (50 pg/ml; Sigma-
—Aldrich, USA). (Induced group); Group 3: GelMA were placed in trans-
well plate chambers for stratified culture with rBMSCs (GelMA group);
Group 4: ad-MVFs/GelMA were placed in trans-well plate chambers for
stratified culture with rBMSCs (ad-MVFs/GelMA group). The medium
was changed every 2-3 days.

To detect ALP activity, rBMSCs were fixed in paraformaldehyde and
stained using an ALP activity assay kit (Beyotime, Shanghai, China) after
7 days of culture. After 21 days of culture, staining was done with 0.1 %
Alizarin red staining solution (Solarbio, Beijing, China). Images of red-
stained calcium nodules were taken using an inverted microscope, and
5 % perchloric acid was added after the photographs were taken.
Absorbance was measured at 420 nm using a microplate reader.

2.8. In vitro osteoclastic differentiation of bone marrow-derived
macrophages (BMMs)

BMMs were isolated from 4-week-old mice and cultured for 24 h.
Subsequently, the supernatant containing bone marrow cells was
collected, centrifuged, and cultured in a-MEM supplemented with 10 %
FBS, 1 % penicillin/streptomycin, and 10 ng/mL macrophage colony-
stimulating factor (M-CSF) (R&D Systems, America) for 3 days.
Following this, the culture medium was replaced with osteoclastic dif-
ferentiation medium composed of a-MEM, 10 % fetal bovine serum, 1 %
penicillin/streptomycin, 20 ng/mL M-CSF, and 50 ng/mL receptor
activator of nuclear factor kB ligand (RANKL) (R&D Systems, America).

Tartrate-resistant acid phosphatase (TRAP) staining: Osteoclastic
differentiation was evaluated using TRAP staining. BMMs were seeded
into the lower chamber of a 24-well transwell at a density of 1 x 10*
cells per well, with various hydrogels added to the upper chamber. After
7 days of induction, the cells were stained using a TRAP staining kit
(Sigma-Aldrich, Munich, Germany) following the manufacturer’s
instructions.
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2.9. Tube formation assay

Human umbilical vein endothelial cells (HUVECs) were seeded on
the surface of growth factor-reduced Matrigel at a density of 1.8 x 10*
cells per well in the lower chamber of a 24-well transwell. Various
hydrogels were introduced into the upper chamber. After 6 h, the
morphology of HUVECs was examined using an inverted microscope,
and the average parameters of tube formation across 6 randomly
selected fields were quantified using ImageJ software.

2.10. Quantitative polymerase chain reaction (qPCR) detection

rBMSCs were cultured in the lower layer of 6-well trans-well plate (1
x 10° cells/well). Hydrogels (ad-MVFs/GelMA, GelMA) were placed in
the trans-well chambers. On the 7th and 14th day after osteogenic in-
duction, RNA from rBMSCs was extracted using TRIzol reagent (Invi-
trogen, California, USA). The purity and concentration of RNA was
measured by NanoDrop 2000 spectrophotometers (Thermo Fisher Sci-
entific,c, MA, USA). RNA was reverse transcribed to ¢cDNA using RT
Master Mix (ABM, Canada). The expression of the osteogenesis-related
target genes (Alpl, Sppl, Runx2, Collal and Bglap) was performed by
qPCR. The primer sequences are listed in Table 1.

2.11. Western blot analysis

Total cellular protein was extracted using RIPA lysis buffer (Beyo-
time, Shanghai, China), resolved on 10 % SDS-PAGE gels, transferred to
nitrocellulose membranes (Beyotime, Shanghai, China), and blocked in
non-fat milk. Membranes were incubated with primary antibodies
(rabbit anti-COL I, 1:1000, Abcam, Cambridge, UK; rabbit anti-RUNX2,
1:500 ABclonal, Boston, MA, USA; rabbit anti-OPN, 1:1000, ABclonal,
Boston, MA, USA; rabbit anti-OCN, 1:1000, ABclonal, Boston, MA, USA;
B-actin, 1:1000, Abcam, Cambridge, UK) in antibody dilution buffer
(Beyotime, Shanghai, China).The membranes were incubated with the
horseradish peroxidase-conjugated secondary antibody (goat anti-
rabbit, 1:1000, Beyotime, Shanghai, China) at room temperature for 1
h. Proteins were detected by autoradiography (Bio-Rad, Hercules, CA,
USA), and grayscale values were quantified with Image J software.

2.12. Animal study

In this phase of the investigation, male Sprague Dawley (SD) rats at 8
weeks of age were categorized into three groups: the Control (Ctrl)
group, the GelMA group, and the ad-MVFs/GelMA group. The animals
underwent intraperitoneal injection of sodium pentobarbital for anes-
thesia, followed by shaving and disinfection. A sagittal incision of
approximately 1.5 cm was made on the cranial roof, exposing the bone
surface. A full-thickness circular defect, 5 mm in diameter, was created
at the center of bilateral cranial parietal bones using a trephine. Sub-
sequently, ad-MVFs/GelMA and GelMA hydrogels were injected into the
cranial defects, while the Ctrl group received an injection of phosphate
buffer solution.

Table 1
PCR primer sequences.

Target Forward primer sequence (5-3") Reverse primer sequence (5-3")
gene

Alpl TATGTCTGGAACCGCACTGAAC CACTAGCAAGAAGAAGCCTTTGG
Sppl GCGGTTCACTTTGAGGACAC TATGAGGCGGGGATAGTCTTT
Runx2 ATCCAGCCACCTTCACTTACACC GGGACCATTGGGAACTGATAGG
Collal CAGGCTGGTGTGATGGGATT CCAAGGTCTCCAGGAACACC
Bglap AACGGTGGTGCCATAGATGC AGGACCCTCTCTCTGCTCAC
Gapdh GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
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2.13. Micro-CT analysis

Following anesthesia induction with sodium pentobarbital, rat
hearts were perfused with PBS and 4 % paraformaldehyde. The skulls
were then carefully excised with scissors and fixed in 10 % formalin.
After 24 h, the specimens underwent triple washing with phosphate
buffer solution. Micro-computed tomography (Micro-CT) scans were
conducted using SkyScan (Aartselaar, Belgium) at settings of 65 kV, 1
mm Al filter, and 385 mA. The Skyscan NRecon program facilitated 3D
reconstruction and analysis of the sample data. Additionally, the quan-
tification of newly formed bone mass was performed.

2.14. Histology analysis

Skulls were initially fixed in formalin for 24 h, followed by immer-
sion in 10 % EDTA decalcification solution (Sangon Biotech, Shanghai,
China). After a 30-day decalcification process, specimens were dehy-
drated in an ethanol gradient. Femoral specimens were dehydrated in n-
butanol overnight and then embedded in paraffin. Using a Leica paraffin
microtome (Leica, Wetzlar, Germany), samples were sectioned at a
thickness of 6 pm. Hematoxylin and eosin (H&E) and Masson staining
were applied to visualize new bone formation, while CD31 immuno-
fluorescence (Abcam, Cambridge, UK) was utilized to assess vascular
reconstruction. CD31 positive areas were quantified with ImageJ
software.

2.15. Statistical analysis

Quantitative data are expressed as mean + standard deviation. Sta-
tistical analyses were conducted using Prism 8 (GraphPad Software,
Inc). Significance between experimental groups was assessed via one-
way analysis of variance (ANOVA), followed by Tukey’s multiple com-
parisons. A probability value (p) less than 0.05 was considered statisti-
cally significant.

3. Results
3.1. Characterizations of the ad-MVFs

ad-MVFs were meticulously isolated from the epididymal adipose
tissue of Sprague Dawley (SD) male rats (body weight: 350 g-400 g)
through enzymatic digestion, as depicted in Fig. 1A. Immunofluores-
cence analysis of the extracted microvessel fragments exhibited con-
spicuous CD31 expression (Fig. 1B). Approximately 6000 ad-MVFs could
be extracted from one side of the epididymal region, featuring diameters
ranging from a few microns to tens of microns, with a prevalent range
between 10 and 20 pm (Fig. 1C). Moreover, the length of isolated ad-
MVFs exceeded 400 pm, primarily falling within the range of
100-200 pm (Fig. 1D).

3.2. Characterization of composite hydrogels

The mechanical test results revealed that the compression modulus
of the ad-MVFs/GelMA hydrogel was lower compared to that of the
GelMA hydrogel, attributable to the inclusion of ad-MVFs (Fig. S1,
Supporting Information). This reduction can be attributed to the
disruption of the GelMA hydrogel’s microstructure following the addi-
tion of ad-MVFs. Despite this decrease, the composite hydrogels main-
tained adequate mechanical properties, ensuring stability in shape.
Degradation test further demonstrated that the degradation rate of ad-
MVFs/GelMA hydrogels surpassed that of GelMA hydrogels (Fig. S2,
Supporting Information). Additionally, swelling test indicated a higher
swelling capacity for ad-MVFs/GelMA hydrogels compared to GelMA
hydrogels (Fig. S2, Supporting Information). This may be attributed to
the insufficient cross-linking of hydrogel molecular chains induced by
ad-MVFs, facilitating easier penetration of water molecules into the
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hydrogel matrix. Consequently, this enhances the hydrogel’s water-
absorbing capacity and overall swelling degree.

3.3. The growth of ad-MVFs under 2D and 3D culture conditions

To assess the viability and growth of ad-MVFs, isolated from the
adipose tissue of the epididymal regions, under different conditions,
cultures were conducted in both 2D and 3D settings. In the 2D culture
condition, ad-MVFs retained their vascular morphology on the first day
post-extraction but displayed disintegration on the second day, even-
tually regrowing on the plate (Fig. 1E). Conversely, 3D culture within
GelMA hydrogel provided a conducive microenvironment for ad-MVFs,
facilitating their assembly into a vascular network (Fig. 1E). Under 3D
culture conditions, ad-MVFs exhibited proliferative behavior, forming a
complex capillary network by day 7. Additionally, some cells within ad-
MVFs displayed altered morphology, generating membrane protrusions
like filopodia and forming new sprouts from tip cells. Notably, ad-MVFs
supported the generation of new lateral branches in the microvessels. By
day 35, a well-formed capillary network had emerged under 3D culture
conditions.

3.4. Secretion of VEGF and BMP-2 by ad-MVFs under 2D and 3D culture
conditions

The secretion of VEGF and BMP-2 from ad-MVFs was examined
under both 2D and 3D culture conditions. Results indicated an increase
in both VEGF and BMP-2 secretion over time. In the early stages, VEGF
release from ad-MVFs/GelMA (3D) mirrored that of ad-MVFs (2D).
However, after 7 days, VEGF secretion in the 3D setting surpassed that in
the 2D condition. BMP-2 secretion from ad-MVFs/GelMA was slightly
lower than ad-MVFs at 2D during the initial 2 weeks but exhibited
higher levels in the later period under 3D culture conditions (Fig. 1F and
G).

3.5. Morphology and proliferation of rBMSCs on the surface of the ad-
MVFs/GelMA hydrogels

Cytocompatibility of ad-MVFs/GelMA hydrogels was assessed by
seeding rBMSCs on the hydrogel surface. Cytoskeleton staining revealed
robust cell adhesion and spreading on both GelMA and ad-MVFs/GelMA
hydrogels after 48 h, indicating excellent biocompatibility. SEM images
further confirmed successful cell growth on the hydrogel surfaces
(Fig. 2A and B). Live/dead staining and CCK-8 assay results demon-
strated negligible cytotoxicity and consistent proliferation of rBMSCs
across all groups during the culture process, confirming the favorable
biocompatibility of ad-MVFs/GelMA hydrogels (Fig. 2C and D).

3.6. In vitro osteogenic differentiation of rBMSCs co-cultured with the
hydrogels

ALP is a marker enzyme for early-maturity osteoblasts. The ALP
staining (Fig. 3A) and quantitative analysis (Fig. 3B) of rBMSCs were
performed after 7 days of culture. The results show that there was no
significant difference in ALP activity between Induced group and GelMA
group. The ALP activity of rBMSCs was significantly enhanced in ad-
MVFs/GelMA group compared to the other groups (Fig. 3A). The
quantitative results were consistent with the ALP staining (Fig. 3B). ARS
was conducted to assess the mineral ability of rBMSCs. More calcium
nodules were observed in the ad-MVFs/GelMA group than that in the
other groups after 21 days of induction (Fig. 3C). In addition, the results
of quantitative analysis also indicate that the ad-MVFs/GelMA group
could produce a large amount of calcium deposition, exhibiting obvious
osteogenic activity. The results of qPCR show that the ad-MVFs/GelMA
hydrogels could promote the expression of osteogenesis-related genes,
such as alkaline phosphatase (Alpl), runt-related transcription factor 2
(Runx2), collagen type I alpha 1 chain (Collal), secreted
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Figure 2. Growth of rBMSCs on the hydrogels. (A) The images of cytoskeleton staining. (B) SEM images of rBMSCs on the surface of GelMA and ad-MVFs/GelMA
hydrogels. (C) The images of live/dead staining. (D) Cell proliferation measurement by CCK-8 assay.

phosphoprotein 1 (Spp1), and bone gamma-carboxyglutamate protein
(Bglap) (Fig. 4). The results of Western blot indicate that the protein
expression including that the expression of RUNX2, OPN, COL1, and
OCN was significantly increased in ad-MVFs/GelMA group compared to
others, which was consistent with the results of qQPCR (Fig. 4). All the
above demonstrate that ad-MVFs/GelMA hydrogels showed excellent
osteoinductive activity.

3.7. Invitro osteoclastogenesis of cells cultured with hydrogels

Cells within the RANKL + group displayed heightened osteoclast
characteristics in comparison to the RANKL-group, which did not un-
dergo osteoclast induction. Notably, there were no discernible differ-
ences observed in the quantity and size of osteoclast-positive cells
among the RANKL+, GelMA, and ad-MVFs/GelMA groups (Fig. S4,
Supporting Information).

3.8. Bone formation ability of the hydrogels in rat skull defects

The efficacy of hydrogels in facilitating bone formation was evalu-
ated by implanting them into skull defects in rats. 3D reconstruction
images captured at 4 weeks post-surgery revealed minimal new bone
formation in the Ctrl group, a modest amount in the GelMA group, and a
significantly higher level in the ad-MVFs/GelMA group (Fig. 5A).
Remarkably, the bone volume percentage (BV/TV) in the ad-MVFs/
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GelMA group reached approximately 22 % at the 4th week, demon-
strating a substantial increase compared to other groups. This trend
continued, with 3D reconstruction images at 8 weeks showcasing
enhanced new bone formation in the ad-MVFs/GelMA group, and a
notable BV/TV value of approximately 41.7 %, which is significantly
higher than the other groups.

Corroborating the micro-CT results, histological analyses through
H&E (Fig. 5C) and Masson (Fig. 5D) staining underscored the superior
bone formation ability of the ad-MVFs/GelMA group at both 4 and 8
weeks in comparison to the control and GelMA groups. Additionally,
CD31 immunofluorescence at 4 and 8 weeks post-implantation
demonstrated the presence of new blood vessels across all groups,
with a discernibly higher vascular density in the ad-MVFs/GelMA group
(Fig. 5E). Impressively, by the 8th week, the ad-MVFs/GelMA group
exhibited the formation of a well-defined vascular network, showcasing
exceptional potential for vascularization(Fig. 5E and F). This finding is
consistent with the results obtained from in vitro tubule experiments
(Fig. S5, Supporting Information).

4. Discussion

Vascularization is a fundamental requirement for bone repair.
Developing predictable and sufficient vascular networks in scaffolds
remains one of the major challenges for bone tissue engineering [35].
Various strategies for in vitro vascularization of the bone tissue scaffolds
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have been developed and implemented in the past [36-39]. Recently,
the strategies for vascularization are based on the use of angiogenic
growth factors, the implantation of endothelial cells, microfabrication of
blood vessels through bioprinting, and microsurgical principles [40,41].
Each strategy has its specific advantages and disadvantages. Various
studies demonstrate that added exogenous VEGF to bone scaffolds could
significantly promote new blood vessel formation and bone regeneration
[42]. However, some growth factors show a short half-life and opti-
mizing drug release remains a challenge [43]. It has been reported that
endothelial cells can adhere and differentiate in endothelialized bio-
mimetic microvessels, promoting bone repair by vascularization [3].
Through 3D printing technology, highly ordered tissue engineering
scaffolds can be manufactured, simulating the internal environment and
providing physical and chemical support for cell regulation and survival
[44]. It has been reported that bio-ink which contains both HUVECs and
human bone marrow mesenchyml stem cells (hBMSCs) was used in
pre-vascularization 3D-printed polycaprolactone (PCL) scaffolds, and
achieving excellent osteogenesis after implanting the scaffolds into
critical size femoral defects of rats [45]. However, both strategies
mentioned above exhibited limited survival rate of implanted cells.
Microsurgical techniques can achieve the purpose of vascularization by
anastomosing the blood vessels carried by the graft with the host blood
vessels. However, this approach is technically challenging and requires a
high level of skill on the part of the operator. Another drawback is the
need for two major surgeries, and a treatment period of several months.
Not only that, all these methods could not make the scaffold vascular-
ized quickly enough after implantation. Thus, it is necessary to explore a
more effective way to accelerate revascularization.

ad-MVFs emerge as a promising candidate for vascularization,
leveraging the inherent microvessels within adipose tissues. These
fragments exhibit exceptional vascularization potential, providing a
faster and more efficient means to reconstruct vascular tissues from
these minute tissue fragments. ad-MVFs, derived from adipose tissue in a
brief timeframe, present with intact arterial, capillary, or venous
morphology, and boast a rich composition of diverse pluripotent stem
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cells and macrophages [35]. These cells reside within the vessel walls of
microvascular segments or, at the very least, tightly attach to peri-
vascular locations [5]. This advantageous localization ensures that
transplanted stem cells remain within their physiological stem cell
ecological niche, thereby promoting survival, self-renewal, prolifera-
tion, mobilization, and differentiation [36]. In comparison to stem cells
derived from a single adipose tissue, those associated with microvas-
cular fragments showcase heightened proliferation rates and increased
gene expression related to neural, osteogenic, and adipose differentia-
tion [5]. Flow cytometry analysis highlights the presence of cells in the
microvascular debris expressing the surface marker (Sca)-1/vascular
endothelial growth factor receptor-2 (VEGFR-2), a key identifier for
endothelial progenitor cells [37]. Endothelial progenitor cells play a
dual role by not only producing angiogenic growth factors but also
demonstrating the ability to develop into new vascular structures in vitro
and in vivo, a critical factor contributing to the high angiogenic po-
tential of microvascular fragments [38]. Freshly isolated microvascular
fragments further include macrophages, reported to play a pivotal role
in promoting the reorganization of ad-MVFs into a novel microvascular
network and expediting its maturation. Moreover, macrophages exhibit
immunomodulatory functions and release an array of proinflammatory
and pro-fibrotic cytokines [39]. These released cytokines attract diverse
immune cells to the biomaterial implantation site, participating in the
regulation of collagen deposition and binding of the implant to the
surrounding host tissue [40]. Consequently, ad-MVFs, with their intact
vascular morphology, demonstrate a superior vascular differentiation
potential compared to single endothelial scaffolds. This underscores the
intriguing prospect of harnessing waste adipose tissues for this purpose.

Cultivating ad-MVFs in isolation for extended periods poses signifi-
cant challenges due to their small size and inherent susceptibility to
disintegration. Recognizing the advantageous role of the physiological
3D environment in fostering the angiogenic process, GelMA emerged as
an ideal carrier to ensure the stability of ad-MVF vascular morphology.
The decision to employ GelMA is rooted in its ability to provide a sup-
portive milieu for sustained ad-MVF culture. Notably, the intricacies of
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cell-to-cell contact within a 3D culture setting better emulate the
physiological conditions of native tissue compared to conventional 2D
culture methods. Prior studies have underscored the efficacy of 3D
culture in enhancing cell survival, promoting superior cell proliferation,
and fostering differentiation [35]. In the current investigation, the uti-
lization of GelMA hydrogel for ad-MVF culture revealed its efficacy in
preserving the original vascular morphology. By the 7th day of culture,
ad-MVFs exhibited notable growth, generating new branches from the
extremities of the original vascular structures. These newly sprouted
branches interconnected, reshaping into a discernible vascular network.
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In stark contrast, ad-MVFs cultured under 2D conditions experienced a
gradual disintegration, leading to the loss of the initial vascular
morphology. In this scenario, the fragments dispersed into cells that
colonized the bottom of the culture plate (Fig. 1C). This comparative
analysis underscores the pivotal role of GelMA in maintaining the
structural integrity of ad-MVFs and highlights the superiority of 3D
culture in preserving the physiological features essential for successful
vascularization.

To elucidate the role of ad-MVFs in bone repair, we assessed the
content of crucial cytokines, VEGF and BMP-2, by collecting culture
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medium from ad-MVFs cultivated under both 3D and 2D conditions.
VEGF and BMP-2 have garnered recognition as potent cytokines pivotal
for angiogenesis and osteogenesis. Taking VEGF as an exemplar, its
significance in angiogenesis and bone formation is underscored by its
multifaceted impact, including the promotion of endothelial cell sur-
vival, proliferation, migration, and differentiation [46]. Additionally,
VEGF regulates vessel wall permeability and plays a crucial role in
epithelialization and collagen deposition during bone repair [47].
Moreover, VEGF mediates the survival and differentiation of chon-
drocytes and osteoblasts, alongside contributing to osteoclast recruit-
ment [48]. BMP-2, extensively employed in tissue regeneration,
enhances the recruitment of osteoblast progenitor cells and facilitates
osteogenic differentiation of stem cells [49]. Signaling through the Smad
and MAPK pathways, BMP-2 activates transcription factors RUNX2 and
0OSX, instigating osteoblast-specific gene expression for accelerated bone
formation [50]. The reported synergy between VEGF and BMP-2 in
regulating cell communication during angiogenesis and osteogenesis
emphasizes the importance of their coordinated delivery [51].
Furthermore, upregulation of BMP-2 expression in response to VEGF and
low oxygen levels in bone defects enhances the therapeutic potential
[52]. Our investigation suggests that the ad-MVFs/GelMA hydrogel
exerts its bone repair influence through the release of these growth
factors. Significantly, the quantification of VEGF and BMP-2 from
ad-MVFs in 3D culture conditions surpassed that in 2D culture. This
disparity can be attributed to the interconnected networks formed by
3D-cultured ad-MVFs, fostering superior cell proliferation and differ-
entiation, consequently augmenting growth factor secretion.
Conversely, 2D-cultured ad-MVFs experienced disintegration, settling at
the dish bottom post-isolation, limiting space for prolonged prolifera-
tion. Hence, the findings underscore the superior vascular morphology
maintenance and sustained growth factor secretion of ad-MVFs in 3D
culture, substantiating their role in promoting vascularization and bone
regeneration.

5. Conclusion

In this study, ad-MVFs were isolated from adipose tissue and cultured
in 3D hydrogel microenvironment, exhibiting an inherent capacity for
autonomous assembly and interconnection, and thereby forming
vascular networks within the hydrogel. These ad-MVFs consistently
release essential vascular growth factors and osteogenic factors, pro-
moting the regeneration of blood vessels and new bone within cranial
defects. Looking forward to prospective clinical applications, the dis-
carded adipose tissue from patients emerges as a valuable reservoir of
resources. The isolated ad-MVFs, with their demonstrated potential for
tissue regeneration, are poised to make a substantial contribution to the
personalized repair of patients’ own tissues. This approach holds a
distinct advantage over alternative pre-vascularization methods, as the
use of one’s autologous adipose tissue as a donor is not only more
feasible but also safer, facilitating a more straightforward path for
clinical translation and enhancing the prospects for meaningful thera-
peutic impact.
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