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A B S T R A C T

The key to critical bone regeneration in tissue engineering relies on an ideal bio-scaffold coated with a controlled
release of growth factors. Gelatin methacrylate (GelMA) and Hyaluronic acid methacrylate (HAMA) have been a
novel topic of interest in bone regeneration while introducing appropriate nano-hydroxyapatite (nHAP) to
improve its mechanical properties. And the exosomes derived from human urine-derived stem cells (human
USCEXOs) have also been reported to promote osteogenesis in tissue engineering. The present study aimed to
design a new GelMA-HAMA/nHAP composite hydrogel as a drug delivery system. The USCEXOs were encapsulated
and slow-released in the hydrogel for better osteogenesis. The characterization of the GelMA-based hydrogel
showed excellent controlled release performance and appropriate mechanical properties. The in vitro studies
showed that the USCEXOs/GelMA-HAMA/nHAP composite hydrogel could promote the osteogenesis of bone
marrow mesenchymal stem cells (BMSCs) and the angiogenesis of endothelial progenitor cells (EPCs), respec-
tively. Meanwhile, the in vivo results confirmed that this composite hydrogel could significantly promote the
defect repair of cranial bone in the rat model. In addition, we also found that USCEXOs/GelMA-HAMA/nHAP
composite hydrogel can promote the formation of H-type vessels in the bone regeneration area, enhancing the
therapeutic effect. In conclusion, our findings suggested that this controllable and biocompatible USCEXOs/
GelMA-HAMA/nHAP composite hydrogel may effectively promote bone regeneration by coupling osteogenesis
and angiogenesis.
1. Introduction

Critical bone regeneration remains a major challenge in the ortho-
pedic field, usually treated by bone grafting, Ilizarov bone transportation,
the Masquelet technique, and tissue engineering [1]. While many treat-
ments are available, there is no preferred treatment prescription. One
strategy of growing interest in recent years is tissue-engineered bone
grafts, owing to their advantages of unlimited supply and lack of disease
transmission. In bone tissue engineering, the key to bone regeneration
relies on an ideal bio-scaffold, which provides a biodegradable scaffold
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Recently, the active participation of progenitor cells and growth
factors greatly contributes to the process of bone regeneration [3]. Exo-
somes have been found to contain various lipids, proteins, and nucleic
acids, which play important roles in cell-to-cell communication and
cellular immune reactions [4]. Notably, cells have been successfully
isolated and cultivated from urine [5]. The morphology of these cells is
epithelioid and long spindle-shaped. Similarly, such cells have been
identified as being able to express stem cell markers and have
earch Center of Geriatric Disorders, Xiangya Hospital, Central South University,

earch Center of Geriatric Disorders, Xiangya Hospital, Central South University,

g), xy_huyh@163.com (Y. Hu), dr_xiejie@zju.edu.com (J. Xie).

9 January 2023

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:skak685985@163.com
mailto:xy_zengmin@163.com
mailto:xy_huyh@163.com
mailto:dr_xiejie@zju.edu.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2023.100569&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100569
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2023.100569


W. Lu et al. Materials Today Bio 19 (2023) 100569
multifunctional differentiation potentials [6–8]. Zhang et al. have also
identified a subpopulation of urothelial cells that express stem cell
markers and possess potentiation for multiple differentiation [9]. We
have previously demonstrated that human urine-derived stem cell exo-
somes (human USCEXOs) have multifunctional differentiation potential
under in vitro culture conditions. These exosomes have also been shown
to suppress osteolysis and promote osteogenesis [10,11].

One of the challenges in the therapeutic application of exosomes is
their delivery method, with the most common mode including systemic,
local injection, intrathecal, and intranasal delivery mechanisms [12–14].
These methods have serious weaknesses, which require the consumption
of large amounts of exosomes, besides the exposure of the delivery
pathway to “bystander” tissues, which leads to the inefficiency and the
enhancement of ectopic effects [15]. The repair of bone tissue damage is
a long-term, complex, multi-stage process. Inappropriate exosome de-
livery vehicle, which may limit the effect. Therefore, selecting a pro-
spective exosome delivery system to load exosomes may be an
appropriate therapeutic strategy for bone repair. To overcome this
challenge, exosomes are allowed to be loaded in a hydrogel, which in-
creases the stability and retains the ability of exosomes in vivo and
maintains a biological role around the injury. For some scenarios, pho-
tocrosslinkable hydrogel becomes a popular new treatment tool for or-
thopedists. The ability of chemical photo-crosslinking to rapidly form
hydrogel networks under mild conditions and ambient temperatures is
one of the major advantages. The most employed strategy for cross-
linking is the adoption of polymers (naturally derived or synthetic)
modified with reactive groups that can carry out polymerization chain
reactions (methacrylate and/or methacrylamide) [16,17].

Gelatin methacrylate (GelMA) can undergo rapid photo-crosslinking
due to the methacrylation of amino and carboxyl groups on the gelatin
side chain. In addition, it conserves the Arg-Gly-Asp (RGD) sequence and
enzymatic degradability of gelatin's cell interaction-promoting groups,
which enables improved cell adhesion, promotes cell growth and pro-
liferation, and regulates cell viability [18,19]. Consequently, GelMA is
commonly used in 3D cell culture to study cell proliferation, migration,
differentiation, and tissue engineering. Pure GelMA hydrogels, however,
have poor mechanical properties and a relatively fast degradation rate
[20,21]. Hyaluronic acid methacrylate (HAMA) has also been explored as
a photocrosslinkable hydrogel, and Hyaluronic acid is an essential
extracellular matrix in adult heart valves and skin. Its degradative
properties are slowness, which may increase the structural integrity of
the hydrogel for prolonged experiments. Fan et al. added HAMA to
GelMA hydrogel in order to obtain a composite hydrogel with reinforced
mechanical properties for 3D printing [22]. Nevertheless, HAMA
hydrogels exhibit limited cell adhesion, which may lead to limited cell
spreading capacity [23,24]. Nano hydroxyapatite (nHAP), the main
inorganic component of the natural bone matrix, has been demonstrated
to have biological activity in directing and inducing bone formation. In
addition, nHAP deposition into the GelMA network also enhances the
stiffness of GelMA hydrogel as a whole [25,26]. Gao et al. designed a
series of GelMA and GelMA-hydroxyapatite bilayer hydrogels by 3D
printing which possessed excellent cartilage regeneration ability with
cartilage lacunae and subchondral bone formation in a rabbit bone soft
regeneration model [27].

Previous studies have revealed that HAMA combined with nHAP and
GelMA has improved mechanical properties and biocompatibility [1,28].
Liu et al. prepared hydrogels based on GelMA and HAMA as drug delivery
systems for osteochondral defect repair in the rabbit knee joint [29]. Li
et al. suggest that the introduction of GelMA to construct hybrid hydro-
gels (HAMA-GelMA), compared with GelMA or HAMA single network
hydrogels, demonstrates that the hybrid hydrogels possess appropriate
physical properties and show desirable effects on cell viability, adhesion,
and cell spreading [20]. Zuo et al. designed a modular hydrogel based on
GelMA and nHAP for application in bionic bone-form units. These
composite hydrogels possess a low swelling rate, high mechanical
strength, and better biocompatibility than pure GelMA hydrogels [26].
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Therefore, the degree of densification in the fibril network can be rein-
forced by incorporating HAMA hydrogel and nHAP into GelMA hydrogel
rather than using GelMA hydrogel alone.

Given the above background, we aimed to design a GelMA-HAMA/
nHAP composite hydrogel to develop a drug delivery system. The
human EXOUSCs were encapsulated in the hydrogel for osteogenesis. The
scaffold was systematically characterized to evaluate its physical prop-
erties, release rate, and osteogenesis and angiogenesis capability in vitro.
Then, the in vivo bone repair efficacy was evaluated using a cranial bone
defect model in rats. Our research provided deep insight into the design
of controllable and biocompatible GelMA-based hydrogels and offered an
effective therapeutic approach for critical bone regeneration (Scheme 1).

2. Materials and methods

2.1. Materials

GelMA, HAMA and lithium phenyl-2,4,6-trimethylbenzoylphosphonate
(LAP) were purchased from SunP Boyuan Biotech Co., Ltd (Beijing, China).
NHAP was purchased from Sigma-Aldrich (MO, USA). Osteogenic induc-
tion medium and Alizarin Red Staining (ARS) kit were purchased from
Cyagen Bioscienes (Guangzhou, China). Fetal bovine serumwas purchased
from Moregate Biotech Co., Ltd (Bulimba, Australia). Dulbecco's modified
Eagle's medium (DMEM) and Trypsin were obtained from Gibco (Grand
Island, USA). DMEM/F-12 supplemented with the REGM SingleQuot kit
was bought from Lonza (USA). All the Cytokines were bought from
Peprotech (Rocky Hill, USA). All the antibodies were bought from Pro-
teintech Group Inc (Wuhan, China). Crystalline violet staining kit, DAPI
and FITC were purchased from Solarbio Life Sciences (Beijing, China).
Total protein assay kit, Cell Counting Kit-8(CCK8) kit, Alkaline Phospha-
tase (ALP) staining kit, DiI Fluorescent Staining Kit, DiR Fluorescent
Staining Kit and Calcein-AM/PI staining kit was purchased from Beyotime
Biotechnology (Shanghai, China). Crystalline violet reagent purchased
from Solarbio Life sciences (Beijing, China). Growth factor-reduced
Matrigel was purchased from BD Bioscience (Shanghai, China). Steady-
Pure Universal RNA Extraction Kit, Evo M-MLV RT Premix Kit and SYBR®
Green Premix Pro Taq HS qPCR Kit were purchased from Accurate Biology
(Changsha, China).

2.2. Preparation of composite hydrogels

Initially, different proportions of HAMA, GelMA, and nHAP powder
particles were added to double-distilled water and magnetically stirred
for 1 h at 60 �C under water bath heating conditions avoiding light.
Table 1 shows the composition and abbreviations of the hydrogels in this
study. Then, the sufficiently stirred hydrogel solution was subject to ul-
trasonic stirring whereby the nHAP particles were homogeneously
separated within the hydrogel solution, followed by the addition of 0.1%
v/v LAP for 2 min under 405 nm wavelength illumination for
photocrosslinking.

2.3. Characterization of composite hydrogel

The spectra of pure GelMA、HAMA and composite GelMA—HAMA
(G5H2) were obtained by a 1H Nuclear Magnetic Resonance system (1H
NMR, BrukerAVIII500 M, Switzerland) at room temperature. Firstly, the
methacrylic acid biopolymer samples were photocrosslinked under illu-
mination (405 nm). Then, these samples were Lyophilized to remove
excess liquid prior to dissolving in D20 (30 mg/ml), following the above
solution was characterized by determining its degree of methacrylation.

The chemical properties of the hydrogels photocrosslinked were
characterized by Fourier transform infrared spectroscopy (FTIR). Data
acquisition was performed using an FTIR spectrometer (Varian 670,
Agilent, Santa Clara, CA, USA) connected to a plotting microscope
(Varian 620-IR, Agilent, Santa Clara, CA, USA). Samples were obtained at
samples were analyzed in the interval from 400 to 4000 cm�1 with a



Scheme 1. Novel photocrosslinked hydrogels combined with human urine-derived stem cell exosomes have substantial merits in osteogenic repair. (A) Procedures for
preparation of composite hydrogels. (B) Novel photocrosslinked hydrogels with instantaneous in situ seamless adhesion adapted to various bone defect morphologies
and retaining human urine-derived stem cell exosome function to initiate osteogenesis and angiogenesis for cranial bone regeneration in rats.

Table 1
The composition of different composite hydrogel.

Samples Composition (% w/v)

GelMA HAMA nHAP

G5H1 5% 1% 0.5%
G5H1.5 5% 1.5% 0.5%
G5H2 5% 2% 0.5%
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spectral resolution of 4 cm�1 with 64 scans per minute and a total of 100
scans per spectrum.

The morphology of the hydrogels had an impact on their mechanical
strength and was characterized. G5H1, G5H1.5, and G5H2 hydrogels were
freeze-dried in a vacuum at 80 �C, ruptured from the center and sprayed
with Pt for 60 s. The porous structure of the truncated surface of the
hydrogel scaffolds was identified with a tungsten scanning electron mi-
croscope (SEM, MERLIN, Carl Zeiss, Germany).

The rheometer (HAAKE, MARS60, Germany) is equipped with a 25
mm diameter plate having a gap distance of 1 mm to measure the
rheological properties of laminating inks. The kinetic viscosity (0.1–1000
s�1) and the temperature sweep (1 s�1, 10–40 �C) with constant strain
and frequency were performed at room temperature to investigate the
viscosity properties of the hydrogels for various hydrogels, respectively.
Real-time changes in the energy storage modulus (G0) and loss modulus
(G00) of hydrogels at room temperature during free-radical polymeriza-
tion were measured by oscillation frequency. The modulus of the
hydrogel was measured by an oscillatory sweep at a constant frequency
(10 rad s�1; 0.1–100% strain) and frequency sweep at a constant strain
3

(1%strain; 0.01–100 rad s�1). In these cases, the relationship between the
deformation behavior of the hydrogel and the composition ratio was
investigated.

The compression properties of the hydrogels were evaluated on an
Instron IBTC-3000SL (Care Measurement＆Control Co. Ltd, Beijing,
China). Various group hydrogels were prepared as cylinders（Φ 8 mm �
8 mm） for testing, and samples (n ¼ 3) were submerged in distilled
water to reach swelling equilibrium. The hydrogels were tested at a
constant compression rate of 0.1 mm/min. The compressive modulus of
all hydrogels was calculated by calculating the gradient of the initial
linear stress-strain curve region.

The USCEXOs labelled with DiI red fluorescent dye (200ug) were
mixed with hydrogels according to Table 1(n ¼ 3) and then photo-
crosslinked using a blue light-emitting (405 nm) light source (SunP,
Beijing, China). The percentage of exosomes sustained release was
calculated by measuring the fluorescence intensity of the exosomes
released at the defined time points. The fluorescence intensity was
measured using a multifunctional enzyme marker (ENVISION2105,
PerkinElmer,USA). subsequently, each well was given a new PBS solution
to submerge the hydrogel, and the cumulative release curve was docu-
mented and plotted.

Each hydrogel (Φ 5 mm � 5 mm) was immersed in 1 mL double-
distilled water at a constant temperature of 37 �C to verify the swelling
behavior of hydrogels (n ¼ 3). Hydrogels were removed to record wet
weight (Wt), measured within one day of collection. Each hydrogel was
weighed before immersion and recorded as W0. The swelling rate was
calculated using the following equation: (Wt - W0)/W0 x 100%. Each
group measured three parallel specimens.



Table 2
Primers used for RT-qPCR.

Gene name Forward primer sequence (50-30) Reverse primer sequence ( 30- 50)

GAPDH CAGGGCTGCTTTTAACTCTGG TGGGTGGAATCATATTGGAACA
BMP-2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT
Runx-2 TCTTCCCAAAGCCAGAGCG TGCCATTCGAGGTGGTCG
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
CD31 CACCGTGATACTGAACAGCAA GTCACAATCCCACCTTCTGTC
HIF1A GGGTTATGAGCCAGAAGAACT CCTGTGGTGACTTGTCCTTTA
FGF1 TTCTCAGGGTGTCTAAGCTGC GGGGATCAGTTGGGTTCTTGTT

W. Lu et al. Materials Today Bio 19 (2023) 100569
2.4. Isolation and identification of exosomes

Extraction and purification of exosomes from human urine-derived
stem cells were referenced from previous studies [10,11]. Briefly, upon
70–80% confluence of the human urine-derived stem cells (passage 3) in
the 25 T culture flask, replace the medium depotted exosome and incu-
bate for 48 h. The medium collected above was followed by the centri-
fugation step to remove cell debris: 2000g for 30 min, then filtration with
a 0.22 μm spout for subsequent experiments. The supernatant was added
to an Amicon Ultra-15 Centrifugal Filter Unit (100 kDa; Millipore) and
centrifuged at 4000 g for 20 min. The one-fifth volume of Exoquick
Exosome Precipitation Solution (System Biosciences, USA) was added to
the ultrafiltrate and homogenized by blowing with a 200ul TIP for 12 h at
4 �C. After incubation for 12 h, The mixture was subjected to centrifu-
gation for 30 min (1500 g, 4 �C), and the supernatant was removed. The
precipitate was finally resuspended with 200 μl PBS solution along with
the BCA method, which was stored at minus 80 �C.

The particle size of exosomes was measured by the Nanoparticle
Tracking Analysis (NTA, Particle Mtrix, Meerbusch, Germany). Mea-
surements and analyses of the NTA were conducted at 11 locations. In
addition, exosomes morphology were observed by transmission electron
microscopy (TEM) according to the published protocol [30]. Detection of
TSG101 (ab125011; Abcam), CD63 (sc-5275; Santa) and calnexin
(ab22595; Abcam) in exosomes was performed by western blotting [11].

2.5. CCK8 assay and live/dead cell staining

The hydrogels were co-cultured with 1 � 104 rat BMSCs and EPCs
planted in 96-well plates，respectively. Cell proliferation was detected at
time points of days 1, 2, and 3 using the CCK8 kit. The seeded cells were
washed three times with deionizedwater and incubated in CCK-8 reagent
(10% dilution in culture medium) for 1 h. The mixture was collected at
450 nm to measure absorbance with a microplate reader (BiotekEpoch,
USA). Besides, Live/dead assays were then performed. The co-culture
was continued for 24 h in 24-well plates, after which 100 μl of live/
dead staining solution was added. Subsequently, cells were incubated in
darkness at 37 �C for 30 min. Fluorescent images of live/dead cells were
captured by the confocal laser scanning microscope (SP8-DMIL, Leica,
Germany) and processed with Image J software.

2.6. Internalization assay in vitro

The USCEXOs were incubated with DiI red fluorescent dye for 30 min
at 37 �C in darkness according to the manufacturer's instructions. Then,
the exosomes suspension was added to an ultrafiltration tube (100 kDa)
for centrifugation for 30min (10,500 rpm, 4 �C), and the supernatant was
discarded. The labelled exosomes were added to the BMSCs and EPCs and
incubated for 12 h. Following this, cells were washed with deionized
water and fixed with 4% paraformaldehyde for 15 min. Next, the cyto-
skeleton was stained with FITC for 30 min, and the nuclei were stained
with DAPI for 1 h at room temperature, shielded against the light. Finally,
the signals were analyzed by the confocal laser scanning microscopy
(AirScan, Zeiss, Germany).

2.7. Alkaline phosphatase and Alizarin Red staining

The G5H2 composite hydrogel with USCEXOs (50ug) was used for
experiments. For Alkaline Phosphatase staining, after 3 days of co-
culture, BMSCs (1 � 105) cultured on well plates were washed 3 times
with deionized water, incubated with alkaline phosphatase staining re-
agent for 30 min at room temperature, and finally washed again with
deionized water 1 time before observation under the inverted light mi-
croscope (Ti2-A, Nikon, Japan).

After 14 days of osteogenic induction, for Alizarin Red staining,
BMSCs at the bottom of the plates were fixed with 4% paraformaldehyde
at room temperature for 30 min prior to washing 3 times with deionized
4

water. BMSCs (4� 104) were stained with Alizarin Red S for 20 min after
cell fixation. Finally washed again with deionized water 1 time before
observation under the inverted light microscope (Ti2-A, Nikon, Japan).

2.8. Tube formation assay

To verify the effect of USCExos/G5H2 composite hydrogels on the ac-
tivity of EPCs, the formation of nascent tubule-like structures was per-
formed. EPCs (3 � 104) were inoculated onto Matrigel-coated 48-well
plates (110ul/well) and incubated in mixed media containing 50ug
USCEXOs. After 5 h, bright images of each well were observed and pho-
tographed under the inverted light microscope (Ti2-A, Nikon, Japan).
ImageJ software determined the relevant parameters (total length,
Number of Branches, Number of Junctions) involved in the tube forma-
tion according to bright images. Then, EPCs were stained with calcein-
AM at 37 �C for 15 min. Fluorescent images of each well were acquired
under the inverted fluorescence microscope (Ti2-A, Nikon, Japan).

2.9. Transwell migration assay

G5H2 composite hydrogels containing 50ug USCEXOs were Placed on
the transwell plate's bottom layer, adding the medium containing 10%
serum and cells planted in the upper layer of the chamber adding the
medium containing 5% serum. Then, transwell plates were incubated at
37 �C for 12 h, followed by staining with 4% crystal violet reagent before
water cleaning 3 times with double-distilled water. Finally, the obser-
vation was performed under the inverted light microscope (Ti2-A, Nikon,
Japan) and analyzed statistically using ImageJ software.

2.10. Gene expression analysis

A NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific) was
used to measure the concentration of RNA, when the BMSCs and com-
posite hydrogels in the well plates were incubated for 14 days and the
EPCs were incubated for 1 day. Subsequently, cDNA was synthesized
using the Premix RT Evo M-MLV kit. Finally, qRT-PCR was performed
using the SYBR Green Premix Pro Taq HS kit. Three parallel specimens
were prepared for each group. The Ct (2�ΔΔCt) comparison method was
used to determine the relative expression. Primer sequences, including
GAPDH, Runt-related transcription factor 2 (RUNX-2), bone morphoge-
netic protein (BMP-2), and osteocalcin (OCN), platelet endothelial cell
adhesion molecule-1 (CD31), hypoxia-inducible factor-1 alpha (HIF1A),
and fibroblast growth factor-1 (FGF1), were listed in Table 2.

2.11. Animals

All animal experiments were approved by the Department of Labo-
ratory Animal Management, Central South University
(No.2020sydw0972). All Sprague�Dawley (SD) rats (200–250 g, 8
weeks) were purchased from Hunan SJA Laboratory Animal Company
(Changsha, China).

To track the retention of exosomes, labelled by DiR green, fluorescent
reagent, in the organism. The statistics（n ¼ 3）were analyzed for
fluorescence intensity at various times using a live imaging system (FMT-
4000; PerkinElmer, USA). To verify the biocompatibility of the hydrogels
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in vivo, the sub-skin embedded hydrogels were, at various times,
assembled to do H＆E staining and to observe the morphology of the
hydrogels and the inflammatory reaction involving the periphery under
the inverted light microscope (Ti2-A, Nikon, Japan). The results were
processed using ImageJ software. For the rat cranial bone defect model
after the surgery for 4 weeks, the rats were sacrificed, and all samples
were fixed with 4% paraformaldehyde before being scanned for imaging
evaluation using a micro-CT imaging system (SkyScan 1176; SkyScan,
Aartselaar, Belgium). Then, a cylindrical region of interest (Φ 4 mm � 2
mm) was established to calculate the new bone volume relative to the
total volume (BV/TV), trabecular number (Tb. N), trabecular thickness
(Tb. Th) and trabecular separation (Tb. Sp). Finally, 3D reconstruction
was performed with Mimics v10.01 software (Materialise, Leuven,
Belgium).

2.12. Histological and immunofluorescence staining analysis

Samples were then submerged in 10% EDTA solution for 3 weeks for
decalcification, embedded in paraffin, and prepared into 5 μm sections,
followed by H&E staining and Masson's trichrome staining to assess re-
generated bone and collagen fibers. Subsequently, RUNX-2 and OCN,
osteogenic-associated proteins, were stained by immunohistochemistry
(IHC) and immunofluorescence (IF) assays, respectively. In addition, the
angiogenic-associated proteins CD31 and EMCN were stained by
immunofluorescent staining. After observing the stained sections, a
multispectral tissue scanner (Panoramic midi, 3D HISTECH) was used,
and the sections were analyzed by Case Viewer software.

2.13. Statistics analysis

All data were analyzed using GraphPad 8.0 statistical software. One-
way or two-way analysis of variance (ANOVA) was used to compare
experimental data among groups. Data were considered statistically
significant at p < 0.05.

3. Result

3.1. The physicochemical structure of composite hydrogels

The ingredients employed in the synthesized hydrogels include
nHAP, GelMA and HAMA, which render the inks liquid flowable prior to
photocrosslinking (Fig. 1A). The hydrogels showed injectable properties
and fabricated different shapes under photocrosslinking conditions by
adjusting the composition ratios (Fig. 1B).

The results of SEM show that the porous structure exists in composite
hydrogels with different HAMA constitution proportions, with the pore
size within 300um, certifying the existence of internal connecting pores
in composite hydrogels (Fig. 1C).

Subsequently, we used 1H NMR spectroscopy to confirm whether
GelMA-HAMA was successfully synthesized and retained the
methacrylate-functional molecules. In the methacrylate group, double
bond peaks were observed at 5.38 ppm and 5.61 ppm, while chemical
shift peaks were also observed at 5.7 ppm and 6.13 ppm, which are in
agreement with 1H NMR spectra of GelMA and HAMA, respectively as
shown in Fig. 1D. These chemical shift peaks confirm that –CH––CH–CH3
or –CH––CH2 groups were successfully grafted onto the products [29,31].

The FTIR spectra of the composite hydrogels exhibit bands for poly-
mer components. The maximum values of the amide bond and CH
stretching vibrations are similar to the pure GelMA positions, at 1630,
and 1584 cm�1, respectively, which is consistent with the expected re-
sults, due to the predominance of GelMA in the selected hydrogel
composition. Furthermore, in-plane vibrations corresponding to the C–N
and N–H groups of the bound amide, vibrations of the CH2 group of the
amino-glycine and skeletal stretching at 1540, 1238, and 1067 cm�1,
respectively, indicate intermolecular interactions between GelMA and
HAMA chains during the gel formation of the hybrid hydrogel. In
5

addition, electrostatic interactions were generated between the hydrogen
bonds in the hydrogen-rich portions of the two polymer chains and be-
tween the amino group of the lysine of GelMA and the HAMA carboxyl
group, which may enhance the mechanical strength when the mutual
cross-bonding [22,32].

3.2. The multifunctional properties of composite hydrogels

As demonstrated by rheological results (Fig. 2A and B), GelMA-
HAMA/nHAP inks prepared in various proportions are a non-
Newtonian fluid tending to solid-stability (storage modulus
G0>depletion modulus G00). The results from the strain sweeps
(0.01–1000% strain; 10 rad s�1) revealed that the compression strength
(G0) was enhanced with the increasing HAMA ratio. Otherwise, the re-
sults from frequency sweep measurements (0.01–100 rad s�1; 1% strain)
implied that the curves of G0 and G00 have no tendency to converge, which
possesses a stable condition inside inks irrespective of the angular fre-
quency. As the results of kinetic viscosity (0.1–1000 s�1) and the tem-
perature sweep (1 s�1, 10–40 �C) are shown in Fig. 2D and E, the
increasing percentage of HAMA can enhance the viscosity of the ink at
room temperature. No significant difference in the viscosity of the inks.
However, changed when the environmental temperature varied from 30�

to 40�.
Based on the stress-strain curve results related to photocrosslinked

hydrogels (Fig. 2C), adding HAMA can modify the hydrogel's compres-
sive strength. Also, compressive strength at 40% ultimate strain was
calculated from the curve (Fig. 2F). The compressive modulus of the
hydrogels was 8.4 � 0.6 kPa, 12.2 � 0.7 kPa, and 21.1 � 1.6 kPa, cor-
responding to 1, 1.5, and 2 wt% of HAMA incorporation, respectively.
The swelling behavior of the hydrogels is shown in Fig. 2G. From the 12
th hour onwards, the swelling of hydrogels in various groups tends to
become stable. Nevertheless, there was no significant difference in
swelling values among the groups. The kinetic release behavior of the
hydrogels is shown in Fig. 2H. The exosomes released from the fluo-
rescently labelled hydrogels in each group remained detectable on day
17. Notably, the values of kinetic release were also not significantly
different among the groups.

3.3. The characterization of exosomes

The TEM results were shown in Fig. S2A. The exosomes were in oval
spheres with a membrane structure. The NTA results indicated that the
diameter of the majority of exosomes ranged from approximately 50
μm–200 μm (Fig. S2B). Western blotting results showed that the Cai-
nenxin（endoplasmic reticulum secretory protein） was expressed in
USCs, whereas CD63 and TSG101 (exosome-specific markers) were
expressed in USCEXOS. Characterization of the secretions extracted from
urine-derived stem cells (Fig. S2C).

3.4. The cell biocompatibility, migrations and exosomes internalization of
USCEXOs/G5H2

To assess the biocompatibility of the hydrogels. The hydrogels con-
taining various HAMA ratios were co-cultured with BMSCs and EPCs.
After one day of co-culture, the cells were treated with live-dead staining
assays and observed under a confocal laser scanning microscope (live
cells labelled with green fluorescence, dead cells labelled with red fluo-
rescence). The results demonstrated that the hydrogels were not signif-
icantly cytotoxic (Fig. 3A and Fig. 4A). Meanwhile, the effect of
hydrogels on cell viability was investigated by the CCK8 method on day
1, day 2, and day 3 of co-culture, respectively. Results showed no sta-
tistical difference between the groups of hydrogels on the viability of
BMSCs and EPCs (Figs. 3B and 4B).

To verify whether urine stem cell-derived exosomes can be phago-
cytosed by target cells, BMSCs and EPCs were co-cultured with DiI-
labelled exosomes (fluorescently labelled in red) for 12 h, respectively.



Fig. 1. Physicochemical properties of GelMA-HAMA photocrosslinkable hydrogels. (A) Fluidable composite bioink transformed into concrete hydrogel via photo-
crosslinking. (B) The injectable composite hydrogel demonstrates the ability to vary the shape of the material. (C) The composite hydrogel possesses a sparse,
porous structure observed by SEM after Lyophilization treatment. (D) The 1H NMR of composite hydrogels. (E) The FTIR of composite hydrogels.
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Fig. 2. Characterization of the composite hydrogels. (A), (B), (D) and (E) Rheological and mechanical properties of composite hydrogels with a variety of HAMA
compositions. (C) Compressive stress-strain curve of the composite hydrogel. (F) The ultimate compressive modulus of the composite hydrogel when the strain reached
40%. (G) The swelling properties of composite hydrogels. (H) Composite hydrogels with different HAMA ratios demonstrate the retardation property of exosome
release in vitro. Data are shown as mean � standard error (n ¼ 3). (*p < 0.05, **p < 0.01, ***p < 0.001.)
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Our results demonstrate the ability of exosomes in cell existence by
confocal laser scanning microscopy (Figs. 3C and 4C).

Transwell chambers were stainedwith crystal violet reagent, allowing
BMSCs and EPCs migrating to the bottom of chambers through pores to
be visible under the inverted light microscope (Figs. 3F and 4F). Besides,
the semi-quantitative results according to Figs. 3I and 4 M demonstrate
that the G5H2 hydrogels containing exosomes possess.

3.5. Promotion of osteogenesis with BMSCs

To confirm the osteogenic ability of G5H2 composite hydrogels con-
taining USCEXOs, the composite hydrogels were co-cultured with BMSCs.
Alizarin Red staining on day 14 exhibited significantly more stained
areas in the USCEXOs/G5H2 composite hydrogels than in the blank group
(Fig. 3D and G) and was statistically different (p < 0.01). Nevertheless, it
was not significantly higher than the control group (p > 0.05).

Meanwhile, the Alkaline Phosphatase staining results on day 3
showed that osteoblasts were observed in all groups, as well as the ability
of USCEXOs/G5H2 composite hydrogel to induce osteogenesis was more
robust than the other groups (Fig. 3E and H), which was statistically
significant (p < 0.05).

More importantly, the 14-day qPCR results also confirmed (Fig. 3J-L)
that osteogenesis-related proteins BMP-2, RUNX-2, and OCN were
expressed in the USCEXOs/G5H2 composite hydrogel group than the other
groups (p < 0.05), which was consistent with the results of osteogenesis-
related staining.
7

3.6. Promotion of angiogenesis with EPCs

For tube formation assay in vitro, we recorded the images of tubes
formed by EPCs under the inverted light microscope after 5 h and the
inverted fluorescence microscope after 6 h, respectively (Fig. 4D and E).
Total Length, Number of Junctions, and Number of Branches were
recorded and analyzed by analytical software. Statistical results revealed
that USCEXOs/G5H2 composite hydrogel could effectively promote tube
formation (Fig. 4G-I, p < 0.001).

In addition, CD31, HIF1A, and FGF1, associated with angiogenesis,
were significantly more expressed in the USCEXOs/G5H2 composite
hydrogel group than in the other groups (Fig. 4J-L, p < 0.001).

3.7. USCEXOs/G5H2 enhances USC exosomes retention in vivo

In our initial experiments in vivo, we verified the ability of the
composite hydrogel to retain urine-derived stem cell exosomes subcu-
taneously in the rat skull (Fig. 5B). Both the exosomes loaded in the
composite hydrogel and the exosomes diluted in PBS solution were
retained in vivo for several days in Fig. 5A. Further statistical data
analysis showed that the composite hydrogels were able to enormously
enhance the retention of exosomes in vivo according to Fig. 5C (p < 0.05
and p < 0.001, respectively). The above demonstrated that the photo-
crosslinked composite hydrogels based on methacrylated gelatin and
methacrylated hyaluronic acid possess excellent retention of the incor-
porated exosomes.



Fig. 3. Osteogenic properties of composite hydrogel-loaded human urine-derived stem cell exosomes in vitro. （A）Live/dead assay and (B) CCK8 assay demonstrate
the biocompatibility of composite hydrogels with various HAMA ratios co-cultured with BMSCs.(C) Fluorescently labelled exosomes can be internalized by BMSCs,
observed by laser confocal scanning microscopy. (D) Alizarin red staining and （G）semi-quantitative results in co-culture for 14 days. (E) Alkaline phosphatase
staining and (H) semi-quantitative results in co-culture for 3 days. (F) Crystalline violet staining and (I) semi-quantitative results of Transwell chambers in co-culture
for 12 h. (J–L) Real-time fluorescence quantitative polymerase chain reaction to detect the expression level of osteogenesis-related genes in co-culture for 14 days. Data
are shown as mean � standard error (n ¼ 3). (*p < 0.05, **p < 0.01, ***p < 0.001.). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Angiogenic properties of composite hydrogel-loaded human urine-derived stem cell exosomes in vitro. （A）Live/dead assay and (B) CCK8 assay demonstrate
the biocompatibility of composite hydrogels with various HAMA ratios co-cultured with EPCs. (C) Fluorescently labelled exosomes can be internalized by EPCs,
observed by laser confocal scanning microscopy. (D) Observation of tube formation under the inverted light microscopy in co-culture for 5 h and (E) Observation of
tube formation under the inverted fluorescence microscopy in co-culture for 6 h. (G–I) Semi-quantitative results of tube formation assays. (F) Crystalline violet staining
and (M) semi-quantitative results of Transwell chambers in co-culture for 12 h. (J–L) Real-time fluorescence quantitative polymerase chain reaction to detect the
expression level of angiogenesis-related genes in co-culture for 1 day. Data are shown as mean � standard error (n ¼ 3). (*p < 0.05, **p < 0.01, ***p < 0.001.). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Subcutaneous injection of G5H2 composite hydrogel loaded with human urine-derived stem cell exosomes in rat cranium to establish an in vivo time-release
exosomes model. (A) Fluorescence imaging of fluorescently labelled human urine-derived stem cell exosomes in rat cranium over time. (B) Procedures for sustained
release of exosomes in vivo. (C) Fluorescence intensity of retained fluorescently labelled exosomes in vivo with time. Data are shown as mean � standard error (n ¼ 3).
(*p < 0.05, **p < 0.01, ***p < 0.001.)
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3.8. The biocompatibility of composite hydrogels in vivo

To verify the biocompatibility of the composite hydrogels in vivo, we
employed a rat model in which composite hydrogels containing different
HAMA components were subcutaneously embedded in the back
(Fig. S1B). The hydrogels, collected at different time points, were sub-
jected to H&E staining, and the morphology was observed under the
inverted light microscope. Notably, the hydrogels were homogeneous
without macrophage distribution. However, with a tendency that its in-
ternal morphology gradually collapsed and degraded over time, while
the higher the HAMA composition the slower the rate of internal collapse
of the hydrogel (Fig. S1A). In the case of the hydrogels, we also analyzed
the fibrous capsule thickness around the hydrogels, which showed no
statistically significant difference between the data, as shown in Fig. S1C.
3.9. USCEXOs/G5H2 promotes cranial bone defects regeneration in vivo

Cranial bone defect regeneration was evaluated using a rat model, in
which 3D reconstruction and coronal images were obtained and analyzed
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through micro-CT（Fig. 6A）. The analyzed results of Micro-CT are
shown in Fig. 6B. The bone volume/tissue volume (BV/TV) of regener-
ated bone tissue in the Exo-alone group was 23.3 � 5.9%, which was
significantly high compared to the Hydrogel and Blank groups, corre-
sponding to 12 � 6% and 7.6 � 6%, respectively. Nevertheless, the value
of the Hydrogel-exo group (32.5 � 6.4%) was highest compared to the
other groups. In addition, for regenerated bone tissue in the defective
bone cavity, Trabecular number (1.4 � 0.3 mm-1), Trabecular thickness
(0.4 � 0.1 mm) was higher in the Hydrogel-exo group than in the other
groups, and Trabecular separation (0.3 � 0.1 mm) reversed. The impli-
cation was that the Hydrogel-exo group had an osteogenesis facilitative
effect.

Subsequently, harvested regenerated bone tissue was assessed by
H&E and Masson's trichrome staining. The results of H&E staining
showed that a remarkable amount of new bone in the hydrogel-exo group
occurred in the defect area and integrated considerably with the host
bone. Regenerating bone cavities, and central canals were observed in-
side the new bone tissue. Moreover, the hydrogel implanted was
degrading for a while. The regenerated bone in the Exo-alone group was



Fig. 6. Results of Micro-CT analysis of rat cranial bone defect model at week 4. (A) 3D view and coronal imaging were shown in different groups. (B) Quantitative
results of Micro-CT analysis concerning different groups. Data are shown as mean � standard error (n ¼ 10). (*p < 0.05, **p < 0.01, ***p < 0.001.)
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poorly integrated with the surrounding host bone, and its regenerated
bone morphology was less well-developed than the Hydrogel-exo group.
Nevertheless, rarely newly formed bone was present in Hydrogel and
Blank groups (Fig. 7A). By Masson's trichrome staining, it was observed
that few collagen fibres formed in regions with bone defects which were
present in the Hydrogel and Blank groups. Nonetheless, there was
collagen formation in regions with bone defects in the Hydrogel-exo and
Exo-alone groups, the former with mature collagen fibres (red) and the
latter with relatively immature collagen fibres (blue) (Fig. 7B).

As RUNX-2 immunohistochemistry results illustrate, the positive re-
gions in the Hydrogel-exo and Exo-alone groups were significantly higher
than in other groups. The former had the highest values (Fig. 8A and
Fig. 8D). Immunofluorescence results suggest a high expression of
osteogenic-related protein OCN in the Hydrogel-exo group compared to
other groups (Fig. 8B and E). Interestingly, we identified that the
coupling-associated osteogenic-angiogenic H-type vessels were abun-
dantly expressed in the Hydrogel-exo group (Fig. 8C and F). It demon-
strated excellent osteogenesis. These findings are consistent with the
micro-CT scan analysis and histological staining, reinforcing our syn-
thesized composite hydrogel's superior osteogenic and angiogenic
capabilities.
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4. Discussions

In the present experiment, we developed a novel hydrogel that can
instantaneously fill various regions under photocrosslinking conditions.
Loaded with human USCEXOs, we verified that the composite hydrogel
could accelerate the osteogenic process, mediated by coupling into
angiogenesis. The Microporosity structure of composite hydrogel and its
internal nHAP were confirmed by SEM. The mechanical properties of
pure GelMA hydrogels were less than ideal. Combined with the intro-
duction of photocross-linked HAMA hydrogels and ultrasonically emul-
sified nHAP, the mechanical properties of the composite hydrogels were
significantly reinforced. Besides, the hydrogen proton 1H NMR spectra of
the composite hydrogels demonstrated that the methacrylated gelatin
and hyaluronic acid methacrylate successfully photocrosslinked with
each other and simultaneously retained –CH––CH–CH3 or –CH––CH2
functional groups, which is consistent with the published literature [29,
33,34]. The physiological roles of USCEXOs implicated in osteogenesis,
angiogenesis, and anti-inflammation have been demonstrated [11,35].
USCEXOs fluorescence retardation experiments demonstrated that the
composite hydrogel possesses superior exosomes retention properties via
in vitro and in vivo experiments. Furthermore, it was shown that



Fig. 7. H＆E staining and Masson's trichrome staining results of rat cranial bone defect model. (A) H＆E staining of regenerated bone tissue was observed in different
groups at 4 weeks after the surgery. (B) Masson's trichrome staining was observed in different groups at 4 weeks after surgery. (N: new bone tissue. M: material. F:
fibrous tissue. B: old bone border).
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composite hydrogels loaded with USCEXOs can promote osteogenesis and
angiogenesis in vitro experiments. Intriguingly, composite hydrogels
loaded with USCEXOs promote the generation of H-type vessels, resulting
in coupled osteogenic-angiogenic processes through a rat model of cra-
nial bone defects.

Gelatin, as a protein-based polymer, is a collagen partially degraded
peptide containing an arginine-glycine-aspartate sequence, which can
interact directly with cell surface integrins to promote cell adhesion
[36–38]. It is more attractive as a precursor for hydrogels preparation
due to its processability, superior water solubility, and lower immuno-
genicity compared to collagen [39–41]. Nonetheless, pure gelatin has a
faster degradation rate and poorer mechanical properties, often falling
short of expectations [42]. Hyaluronic acid（HA）, a
polysaccharide-based polymer consisting of a disaccharide unit
composed of glucuronic acid and N-acetyl glucosamine, exists in soft
tissue and synovial fluid, interacts with the extracellular matrix of
cartilage and plays an essential role in mesenchymal cell migration,
cohesion, cartilage differentiation and maintenance of intrachondral
homeostasis [43–45]. HA, in particular, promotes wound healing, tissue
regeneration, and osteoblasts formation. In addition, HA has been
approved by the U.S. Food and Drug Administration for human implan-
tation due to its nontoxic nature and natural mammalian existence [46].
Specifically, the dense internal structure of HA allows it to maintain su-
perior mechanical properties and a slow degradation rate [47,48].

To gelatinize the injectable hydrogels, we employed GelMA and
HAMA to facilitate the formation of hydrogels with three dimensions in
temporal and spatial terms subject to blue light irradiation conditions
(405 nm). In addition, we introduced nHAP into the composite hydrogel
aiming to strengthen the mechanical properties of the composite
hydrogel. Liu et al. reported that the preparation of GelMA-HAMA-based
hybrid hydrogels showed favourable mechanical properties and suc-
cessful drug loading [29]. Yang et al. worked on biomimetic minerali-
zation using bioinks such as GelMA and HAMA as the basis for 3D
bioprinting successful [49]. In our assay, the novel composite hydrogel
we prepared possesses remarkable rheological properties and compres-
sive modulus, demonstrating that the composite hydrogel can maintain
liquid fluidity before photocrosslinking and solid-state stability after
photocrosslinking, providing an excellent three-dimensional loading
network for subsequent experiments. However, the degradation rate of
our prepared composite hydrogels was slow in vitro, and we will further
exploit the composite hydrogel components and optimize the fabrication
method.
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As an important membrane-bound carrier in extracellular vesicles,
exosomes have been increasingly investigated in recent decades. Exo-
somes are endosome-derived membrane-bound vesicles with diameters
between 50 and 150 nm and are released by various cells in all living
organisms under physiological and pathological conditions, mediating
intercellular communication via their inclusions (proteins, nucleic acids,
and lipids) [50,51]. Sutherland et al. were the first to report successful
culture of exfoliated cells from human urine [52]. Rahmoune et al.
demonstrated that most of these cells originate from the renal epithe-
lium, but also from the uroepithelium [5]. Further, a subpopulation of
urothelial cells was identified that expressed stem cell markers and had
multifunctional differentiation potential [35,53]. Our group successfully
demonstrated in the previous study that USCEXOs have the physiological
function of promoting osteogenesis and inhibiting osteolysis [10,11].
Nevertheless, the poor retention of USCEXOs in vivo may restrict other
biological effects and clinical promotion. In this study, we innovatively
loaded USCEXOs into a GelMA-based composite hydrogel, which provided
superior temporal and spatial release properties for exosomes. We
demonstrated that a composite hydrogel loaded with USCEXOs effectively
promoted the osteogenic capacity of BMSCs and the angiogenic capacity
of EPCs in vitro. The regenerated bone tissue in rats' cranial bone defect
region was also significantly increased. In addition, we demonstrated
that our new composite hydrogel could effectively boost the retardation
effect of exosomes, enhancing osteogenesis and angiogenesis in vitro and
in vivo.

Bone regeneration involves the formation of an abundant vasculature,
which is related to bone formation during skeletal development and
intimately related bone remodelling, termed osteogenic-angiogenic
coupling [54,55]. Blood vessels are responsible for providing essential
oxygen, nutrients, and growth factors to bone tissue, and recent research
has identified new vascular subtypes that play an essential role in the
regulation of bone formation. Some researches characterized the capil-
lary subtype as having high expression of CD31 and Endomucin
(CD31hiEMCNhi) as a type H vessel associated with osteogenesis [56,57].
H-type vessels are densely surrounded by bone progenitor cells
expressing Osterix and RUNX-2 transcription factors, both of which
contribute to the efficient formation of bone [58]. Zhai et al. studied the
vascular discrepancy and osteogenic effectiveness associated with the
specification of H-type vessels in healing and non-healing cranial bone
defects through high-resolution multiphoton laser scanning microscopy,
which suggests that the bone tissue-specific H-type vascular specification
may play an essential role in bone regeneration [59]. Kusumbe et al.



Fig. 8. Histological staining results of osteogenic-associated and angiogenic-associated proteins in a rat cranial bone defect model. (A) Immunohistochemical staining
of RUNX-2 (B) Immunofluorescence staining of OCN (C) Immunofluorescence staining of H-type Vessels related proteins. (D) Semi-quantitative results of the
osteogenic-related protein RUNX-2. (E) Semi-quantitative results of osteogenesis-related protein OCN. (F) Semi-quantitative results of H-type Vessels related proteins.
Data are shown as mean � standard error (n ¼ 3). (*p < 0.05, **p < 0.01, ***p < 0.001.).
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found that H-type endothelial cells constituted no more than 2% of the
endothelium, but intriguingly, more than 82% of RUNX-2þ and more
than 70% of Osterixþ osteoprogenitor cells were selectively located
around H-type endothelial cells [60]. In our present experimental study,
we can confirm from the immunohistochemical results of cranial bone
regeneration that RUNX-2 was strongly expressed in the composite
hydrogel group loaded with USCEXOs and the immunofluorescence re-
sults of CD31hiEMCNhi were significantly higher than the rest of the
groups. This is consistent with the published literature. HIF1 was iden-
tified as a transcriptional activator of erythropoietin, as a central mole-
cule in the mechanism of oxygen adaptation [61,62]. In hypoxic or
blood-deficient cells, HIF1A is one of the main isoforms that induce
VEGF expression, which is responsible for markedly expanding endo-
thelial cells and epiphyseal vascular columns of type H concomitant with
increased numbers of RUNX-2þ and osteoprogenitor cells of Osterixþ

[63]. We also confirmed at the genetic level that the experimental
hydrogel could effectively enhance the expression of HIF1A in vitro,
demonstrating that our prepared composite hydrogel loaded with
USCEXOs can effectively accelerate formation of H-type vessels and
evaluate the quality of the regenerated bone tissue. Nevertheless, our
study has yet to reveal the specific mechanism by which the USCEXOs
contribute to osteogenesis and angiogenesis. In future experiments, we
will further investigate the signalling pathways and mechanisms of ac-
tion of experimental hydrogels for bone regeneration.

5. Conclusion

In summary, we propose a strategy to promote bone regeneration
with a hydrogel scaffold capable of loading human USCEXOs. The strategy
developed a composite hydrogel composed of two essential components:
a GelMA-based photocrosslinkable hydrogel delivery system and exo-
somes of urine-derived stem cell origin. Due to the presence of USCEXOs,
the hydrogel scaffold evaluated could accelerated bone tissue regenera-
tion by osteogenesis and angiogenesis. The novel bioactive scaffolds we
developed appear to have promising clinical applications as a prospering
material for bone tissue engineering.
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