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A B S T R A C T

Osteoporotic bone defects pose a significant challenge for bone regeneration as they exhibit impaired healing
capacity and delayed healing period. To address this issue, this study introduces a hydrogel that creates a
rejuvenating microenvironment, thereby facilitating efficient bone repair during the initial two weeks following
bone defect surgery. The hydrogel, named GelHFS, was created through host-guest polymerization of gelatin and
acrylated β-cyclodextrin. Incorporation of the human fetal mesenchymal stem cell secretome (HFS) formed
GelHFS hydrogel aimed at mimicking a rejuvenated stem cell niche. Our results demonstrated that GelHFS
hydrogel promotes cell stellate spreading and osteogenic differentiation via integrin β1-induced focal adhesion
pathway. Implantation of GelHFS hydrogel in an osteoporotic bone defect rat model recruited endogenous
integrin β1-expressing cells and enhanced new bone formation and bone strength. Our findings reveal that
GelHFS hydrogel provides a rejuvenating niche for endogenous MSCs and enhances bone regeneration in oste-
oporotic bone defect. These findings highlight the potential of GelHFS hydrogel as an effective therapeutic
strategy for addressing challenging bone healing such as osteoporotic bone regeneration.

1. Introduction

Osteoporosis is a systemic skeletal disease characterized by pro-
gressive bone loss and the deterioration of bone tissue micro-
architecture, which results in compromised bone regeneration [1–3].
Studies on bone regeneration in osteoporotic conditions has shown

compromised outcomes, including diminished mechanical properties of
the callus, such as reduced strength, peak failure load, and bending
stiffness. Additionally, the architecture of trabecular bone is often dis-
rupted, exhibiting reduced connectivity [4]. Basically, the compromised
bone repair in osteoporosis attributed to the disease microenvironment
on local MSCs and osteoprogenitors [5]. Systemic injections of MSCs
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have shown promise in enhancing fracture healing, but low cell reten-
tion and the local diseased environment limit their efficacy [6]. More-
over, MSCs for tissue regeneration face challenges like changes in
therapeutic behavior during in vitro culture [7–10]. Recent studies
suggest that the benefits of MSCs are more related to their secreted
factors than engraftment and differentiation [11–15]. The concept of the
secretome, which encompasses all biological factors secreted by cells
into the extracellular space, has emerged as a promising area in regen-
erative medicine. Our prior research demonstrated that the human fetal
MSCs secretome (HFS) not only promotes wound healing and mitigates
MSC senescence but also enhances bone consolidation [16–18]. These
findings suggest significant potential for the application of MSC secre-
tome in bone regeneration, offering a new avenue for therapeutic stra-
tegies in osteoporotic conditions.
Local delivery of bioactive factors via implanted biomaterials can

significantly enhance outcomes at injury sites [19]. Hydrogels are
appealing as delivery vehicles due to their tunable physical properties,
biological compatibility, and potential for minimally invasive delivery
[20]. A recent innovation in this field is a gelatin-based dynamic
hydrogel known as GelCD, developed through host-guest complexation
between gelatin and β-cyclodextrin (β-CD) [21,22]. The GelCD hydro-
gels exhibit excellent mechanical properties and self-healing ability.
They can also retain and release both hydrophobic drugs and hydro-
philic proteins, enabling sustained drug delivery [19,21]. Moreover, the
dynamic crosslinks enable cell infiltration and migration, potentially
favoring bone regeneration [21]. However, further improvements in the
osteoinductive capacity of this GelCD hydrogels are still needed [21].
Incorporating the secretome from human fetal MSCs (HFS) into the
GelCD hydrogels could potentially boost their therapeutic effectiveness,
making them more suitable for applications in bone regeneration.
In the present study, we aimed to incorporate HFS into a dynamic

GelCD hydrogel network to develop an optimized GelHFS hydrogel. We
hypothesized that the acellular GelHFS hydrogel would create a reju-
venating environment in osteoporotic bone and subsequently enhance
osteogenesis and bone regeneration through effects on endogenous
MSCs behavior.

2. Materials and methods

2.1. GelCD and GelHFS hydrogels fabrication

To prepare the acrylated cyclodextrins (Ac-β-CDs), 10 g of β-CDs
were dissolved in a reaction mixture of 150 mL DMFwith 7 mL TEA. The
mixture was stirred and cooled to 0 ◦C before adding 5 mL of Acryloyl
chloride. After 12 h of stirring, the mixture was filtered to remove tri-
methylamine hydrochloride, and the remaining solution was evaporated
using vacuum rotary evaporation to obtain a clear solution. The
resulting modified β-CDs precipitate was dissolved in 600mL of acetone,
rinsed with acetone several times, and vacuum dried for three days. The
degree of substitution (DS) was determined to be one acrylate per β-CD
by 1H NMR (Bruker Advance 400 MHz spectrometer) using DMSOd6
with DMMA as the internal reference at 37 ◦C.
To create the hydrogel matrix, Ac-β-CDs were physically coupled to

gelatin via host-guest interaction between the Ac-β-CDs and the aro-
matic residues of gelatin. Specifically, a mixture of gelatin and Ac-β-CDs
was dissolved in PBS at a fixed concentration of 8 % (v/v) gelatin and 10
% (v/v) Ac-β-CDs. The initiator I2959 was added at 0.05 % (w/v), and
the mixture was then pipetted into PVC molds at 37 ◦C and cooled to
25 ◦C. Finally, the mixture was exposed to 365 nm ultraviolet light (10
mW/cm2, 10 min) at 25 ◦C. PVC molds of adaptable size were used for
different tests [19,21,23].
To create the GelHFS hydrogel, HFS was mixed with the gel pre-

cursor and then photocrosslinked using initiator I2959. To optimize the
concentration of HFS in the hydrogel, three concentration groups were
established: GelHFS-L (25 μg/ml), GelHFS-M (100 μg/ml), and GelHFS-
H (400 μg/ml).

2.2. Production, characterization and quantification of HFS

Human fetal MSCs (hFMSCs) were recovered from our cryopreserved
stock as previously described [24]. To ensure consistency in the study,
all hFMSCs used in this study were derived from the same donor, and
were exclusively used at passages 3 to 5. The preparation of the human
fetal MSC secretome (HFS) was modified according to existing protocols
[16]. Briefly, hFMSCs were cultured in α-MEM supplemented with 10 %
FBS and 1 % Penicillin-Streptomycin-Neomycin (PSN) (All from Thermo
Fisher Scientific, USA). Once the cells reached 90 % confluence in 175
cm2 culture flasks, they were washed three times with PBS to remove
any residual FBS and cell debris. The cells were then incubated in 30 ml
of FBS-free α-MEM for 24 h under conditions of 5 % CO₂ at 37 ◦C. After
the incubation period, the conditioned media were collected, and re-
sidual cells and debris were removed by centrifugation. The superna-
tants were then concentrated using an Amicon Ultra-15 Centrifugal
Filter Device (Millipore, USA) by centrifuging at 5000×g for 30 min at
4 ◦C. The resulting concentrated supernatant was referred to as the
human fetal MSC secretome (HFS).
To determine the total protein concentration of the HFS, the Pierce™

BCA Protein Assay Kit (Thermo Fisher Scientific, USA) was used ac-
cording to the manufacturer’s instructions, and the protein concentra-
tion was measured by absorbance at 562 nm. The size distribution of the
HFS was analyzed using dynamic light scattering (DLS) on a DelsaMax
PRO Light Scattering Analyzer (Beckman Coulter, USA), which is a
commonly used technique for measuring particle size in solution.

2.3. Determination of HFS released from hydrogel in vitro

GelHFS hydrogels (100 μg HFS per 1 ml GelCD precursor) were
photocrosslinked in 6-mm diameter × 3-mm thickness PVC molds and
then incubated in 350 μl of PBS. PBS solutions were collected and
replenished at 1 h, 3 h, 6 h, 18 h, 1 day, 2 days, 4 days, 6 days, 7 days,
and 14 days. The level of CD63, an exosome universal marker, in the HFS
was measured using a commercial ELISA kit (System Biosciences, Palo
Alto, CA) according to the manufacturer’s instructions. The level of
fibronectin in the HFS was measured using Human Fibronectin ELISA kit
(BlueGene Biotech, Shanghai, China) according to the manufacturer’s
instructions.

2.4. Scanning electron microscopy

As mentioned above, samples were prepared and lyophilized. The
samples were then gold-sputtered for imaging. The microstructure of the
hydrogel was characterized using a Scanning Electron Microscope
(Hitachi SU8010 Scanning Electron Microscope with iXRF) operating at
5 kV.

2.5. Mechanical characterization

To characterize the rheological properties of the hydrogel samples, a
Kinexus Rheometer from Malvern was employed [25]. Prior to the ex-
periments, the samples were formed and subjected to photo-
polymerization. The experiments were conducted at a temperature of
25 ◦C, and frequency sweeps were performed at 1 % strain.

2.6. Swelling ratios of the hydrogels

To determine the swelling ratios of the different dynamic hydrogels,
the hydrogels were immersed in deionized water for 48 h at room
temperature. Subsequently, the samples were frozen and lyophilized for
48 h. The swelling ratio was calculated using the following formula:

Swelling ratio = (Wwet - Wdry) / Wdry × 100% [23].

where Wwet and Wdry represent the weights of the swollen and dried
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hydrogels, respectively.

2.7. Rat MSCs proliferation study

MTS assay was performed to analyze the proliferative capacity of rat
MSCs. MSCs derived from Sprague Dawley female rat bone marrowwere
isolated as we previously described [26]. MSCs at passage 2 reached
80–90 % confluence were trypsinized with 0.25 % EDTA-trypsin and
seeded on a 96- well cell culture plate (Corning, German) with a density
of 1 × 104 cells/ml. Cells were treated with different concentration of
HFS. In indicative timepoint, 20 μl of MTS/PMS reagent (Promega, USA)
was added to each well and incubated at 37 ◦C incubator for 4 h. The
plate was read at 490 absorbance and the results were calculated ac-
cording to manufacturer’s protocol.

2.8. Osteogenic differentiation of rat MSCs

Rat MSCs at passage 2–4 were used in this experiemnt. Once the cell
in the flask has reached 90 % confluency, it is trypsinized and plated at 4
× 105 cell/ml in a 12-well plate with basal medium. When cell mono-
layer reached 80 % confluency, plate was replenished with osteogenic
induction medium (OIM), which is αMEM containing 10 % FBS and 1 %
PSN, 10 nM dexamethasone, 50 μM ascorbic acid, and 10 mM β-glyc-
erophosphate (all from Sigma-Aldrich, USA) and cultured at 37 ◦C, 5 %
CO2.
At the designated time point of osteogenic differentiation, the cell

layer was washed twice with PBS and fixed with 70 % ethanol, for 5 min
for ALP staining and 10min for ARS staining. Following fixation, for ALP
staining, cells were equilibrated twice with ALP buffer (0.1 M NaCl, 0.1
M Tris–HCl, and 50 mM MgCl2.6H2O, pH 9.5) for 5 min each, then
incubated with a substrate solution containing 1 ml ALP buffer, 5 μl
BCIP, and 10 μl NBT (Promega, USA) at 37 ◦C in the dark for 60 min. The
ALP reaction was stopped by washing with distilled water. For ARS
staining, after fixation, cells underwent three washes with ddH2O, were
stained with 0.5 % Alizarin red (pH 4.1, Sigma-Aldrich, USA) for 5 min,
followed by three additional ddH2O washes, and then allowed to air dry.
Both stained plates were then scanned using an HP Scanjet G3110 Photo
Scanner to visualize the results.

2.9. In vitro culture of rat MSCs-laden hydrogels

Sprague Dawley rat MSCs were expanded using complete medium
consisting of α-MEM, 10 % FBS, and 1 % PSN. Cells were mixed into the
hydrogel mixture at a density of 1 × 107/ml before photoencapsulation.
The resulting three-dimensional (3D) culture system measured 6 mm in
diameter and 3 mm in thickness, and was placed into a 12-well plate.
The culture system was replenished with fresh medium every two days
[25].

2.10. Live/dead cell staining

Rat MSCs were encapsulated into GelCD and GelHFS hydrogels,
respectively. At indicated timepoints, the viability of the 3D cell culture
samples was assessed by calcein AM (green, live cells) and ethidium
bromide (red, dead cells) according to the manufacturer’s protocol
(Invitrogen, USA). The quantification of live cell in acquired images was
analyzed by ImageJ (NIH, USA).

2.11. Cell spreading

After encapsulating rat MSCs in the hydrogel, the GelCD and GelHFS
hydrogel constructs were incubated at 37 ◦C for 2 days. The constructs
were then fixed with 4 % paraformaldehyde and stained for Vimentin,
integrin β1, and counterstained with DAPI. Confocal microscopy (Nikon
C2, Japan) was used to visualize the spreading of rat MSCs within the
hydrogels. To quantify rat MSC spreading, Cellpose (https://www.cell

pose.org/) was utilized to segment confocal images of rat MSCs in the
hydrogels. The resulting masks were analyzed using the MorphoLibJ
plugin in ImageJ (NIH, USA).

2.12. Cell migration assay

The migration test was conducted using a Falcon® Permeable Sup-
port for 24-well Plate (Corning, US). GelCD and GelHFS hydrogels, each
with a volume of 50 μl, were formed on the surface of the transwell
membrane. The transwell inserts were then placed in a 24-well plate.
Subsequently, 100 μl of media containing rat MSCs at a concentration of
2× 106/ml were added to the top of the hydrogels, and 700 μl of growth
media were added to the 24-well plates. After 24 h of incubation at
37 ◦C, the hydrogels were fixed with 4 % paraformaldehyde and stained
with DAPI [21]. Confocal microscopy (Nikon C2, Japan) was employed
to visualize the distribution of cells within the hydrogels. Quantitative
analysis was performed on the obtained confocal images using ImageJ
(NIH, USA). The positive intensity area of rat MSCs infiltrating the
hydrogels was calculated.

2.13. Subcutaneous implantation of hydrogel in nude mice

Prior to subcutaneous implantation, two groups of rat MSC-laden
hydrogels (GelCD and GelHFS, n = 3 per group) were cultured in vitro
for 7 days in OIM as previously desbribed.
The hydrogel constructs were implanted into subcutaneous pockets

of 10-week-old female nude mice obtained from the Laboratory Animal
Research Center of the Chinese University of Hong Kong. All animal
procedures were approved by the Animal Research Ethics Committee of
CUHK (AEEC No. 19-156-TBR) and adhered to authentic vivarium
conditions (25–26 ◦C, 70 % humidity) with free access to food and
water. For subcutanous implantation, mice under general anesthesia and
sterile condition were used, and then hydrogels were implanted into the
subcutaneous pockets of nude mice. After 4 weeks, the mice were
euthanized by fatal pentobarbital overdose. The implanted hydrogels
were harvested and fixed in 4 % paraformaldehyde for further analysis.

2.14. Immunofluorescence staining

The harvested hydrogel samples from nude mice were fixed,
embedded in paraffin, and sectioned at 5 μm thickness using a rotary
microtome (RM2255, Leica, Germany). After deparaffinization, the
sections were incubated overnight at 4 ◦C with primary antibodies for
detecting osteocalcin (OCN, Santa Cruz, USA) and collagen I (Col I,
Abcam, UK). The sections were then washed, incubated with
fluorescence-conjugated secondary antibodies for 1 h at room temper-
ature, and mounted with ProLong Gold Antifade Reagent with DAPI
(Thermo Fisher Scientific, USA). Immunofluorescence imaging was
performed using a Leica DM5500 fluorescent microscope (Leica, Ger-
many). ImageJ (NIH, USA) was utilized to analyze and quantify the
fluorescent signals.

2.15. Bioinformatic analysis

The proteomic dataset was obtained from our previous publication
[18]. Isobaric tags for relative and absolute quantitation (iTRAQ) la-
beling were utilized to identify proteins in the HFS. The proteomic re-
sults were analyzed by GO database (http://geneontology.org/) to show
their functional annotation. The FASTA protein sequences of HFS pro-
teins were blasted against the online Kyoto Encyclopedia of Genes and
Genomes (KEGG, https://www.genome.jp/kegg/) database to retrieve
KOs, which were subsequently mapped into pathways in KEGG [27].

2.16. RNA extraction and quantitative PCR (qPCR)

Cellular samples were subjected to RNA extraction and followed by
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qPCR. Total cellular RNA was extracted with RNAiso Plus reagent and
reversely transcribed into cDNA by using PrimeScript RT Master Mix
following the manufacturer’s protocol (all from TaKaRa, Japan). The
qPCR was performed by using Power SYBR Green PCR Master Mix
(Applied Biosystem, USA) with QuantStudio™ 7 Flex Real-Time PCR
System (Thermo Fisher Scientific, USA). Cycling condition was as fol-
lows: denaturation at 95 ◦C for 10 min, 40 cycles at 95 ◦C for 20 s, at an
optimal annealing temperature for 30 s, 72 ◦C for 30 s, and finally at
60–95 ◦C with a heating rate of 0.1 ◦C/s. The relative fold changes of
candidate genes were analyzed by using the 2–ΔΔCT method normalized
to the gene expression of GAPDH. Primer sequences were shown in
Table S1 [26].

2.17. Western blot

Total protein was extracted from sample using radio-
immunoprecipitation assay buffer (RIPA, 25 mM Tris-Cl, pH 8.0, 150
mM NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 % NP-40) supple-
mented with protease inhibitor and phosphatase inhibitor cocktails
(Solarbio® Life Sciences, China). The lysates were centrifuged at 14,000
rpm for 10 min at 4 ◦C to isolate soluble protein. The soluble protein
fractions were mixed with 5× sample loading buffer (Roche, USA) and
boiled for 5 min. Proteins were separated by SDS-PAGE at 100 V for 2 h,
then electroblotted onto polyvinylidene fluoride (PVDF) membranes at
100 V for 1 h at 4 ◦C. Membranes were blocked with 5 % bovine serum
albumin (BSA) and probed with antibodies against TSG101, histone H3,
phospho-FAK, FAK, phospho-Erk1/2, Erk1/2, β-catenin, and GAPDH.
Bands were visualized using the GeneGnome XRQ system (Synoptics
Group, UK) and quantitated by measuring integrated gray values using
ImageJ (NIH, USA).

2.18. Animal groups and establishment of osteoporotic bone defect model

16-week-old female Sprague Dawley rats (average weight 250 g)
were obtained from the Laboratory Animal Research Center of the
Chinese University of Hong Kong. All animal procedures were approved
by the CUHK Animal Research Ethics Committee (AEEC no. 20-136-MIS)
and followed ethical regulations. For surgery, rats under general anes-
thesia and sterile condition were used. Bilateral ovariectomies were
performed through a dorsal approach as previously described [26].
Twelve weeks after ovariectomy, cylindrical defects were created in the
metaphyseal region of the distal femurs. The defects were 2.5 mm in
diameter and penetrated through both sides of cortical bone. The bone
defected rats were divided into 3 groups in detail below. CON: rats
without implantation; GelCD: rats implanted with GelCD hydrogels;
GElHFS: rats implated with GelHFS hydrogels. Rats were euthanized by
fatal pentobarbital overdose at 2 and 8 weeks post-implantation (n ≥ 6
rats per group per timepoint). Femurs were harvested for analysis.

2.19. Micro-computed tomography (micro-CT) scanning

The microstructure of the distal femur was analyzed by micro-CT
(vivaCT 40, Scanco Medical, Switzerland) as previously described
[28]. Image acquisition was performed at 70 kV and 118 μAwith a voxel
resolution of 17.5 μm. Segmentation parameters were set at Gaussian
sigma = 0.8, Gaussian support = 2, and threshold = 158–1000 and
211–1000 to distinguish bone from background. In addition, 75–157
Threshold was used for implanted hydrogel distinguishment.
For distal femur reconstruction, the volume of interest (VOI) con-

tained 530 slices from the distal femur end. For the 3D reconstruction of
the defect tunnel, a consistent 2 mm diameter cylindrical region of in-
terest (ROI) with 160 slices VOI was identified. Bone volume (BV) and
bone mineral density (BMD) were calculated using the manufacturer’s
software (Image Processing Language v4.29 d, Scanco Medical,
Switzerland).

2.20. Decalcified sample analysis

Femurs were fixed in 4 % PFA at 4 ◦C for 48 h, followed by decal-
cification in 10 % ethylenediaminetetraacetic acid (EDTA) solution for 4
weeks. The decalcified samples were embedded in paraffin and
sectioned at 5 μm thickness using a rotary microtome (RM2255, Leica,
Germany).
For bone morphology evaluation, Goldner’s trichrome staining was

performed as previously described [28]. Briefly, sections were sequen-
tially stained with Weigert’s hematoxylin, Ponceau de Xylidine/acid
fuchsin/azophloxin, phosphomolybdic acid/Orange G, and Light Green
solutions (All from Sigma-Aldrich, USA). This differential stain contrasts
mineralized bone (green), osteoid (red), calcified cartilage (light green)
and nuclei (black).
For immunohistochemistry, sections were incubated with primary

antibodies for integrin β1, Col I, MMP2, MMP13 (all from Abcam, UK)
and OCN (SantaCruz, USA), followed by detection with a horseradish
peroxidase-streptavidin system (Thermo Fisher, USA) and hematoxylin
counterstaining. Brightfield microscopy images were acquired using a
Leica DM5500 microscope (Leica, Germany). ImageJ (NIH, USA) was
utilized to analyze and quantify positive immunostaining.
For tartrate-resistant acid phosphatase (TRAcP) staining, sections

were stained by Acid Phosphatase kit (Sigma-Aldrich, USA) in accor-
dance with the manufacturer’s protocol, and then counterstained with
Fast Green and Hematoxylin solutions. TRAcP-positive osteoclasts were
stained in dark red and further identified as having three or more nuclei.
For the analysis of TRAcP-positive osteoclasts, five fields of view at the
defect site were randomly selected for each section. The N. Oc/B.Pmwas
analyzed using an OsteoMeasure Image Analysis System (Osteometrics,
Decatur, GA, USA).

2.21. Dynamic histomorphometry

Ovariectomized rats with distal femoral defects were subcutaneously
injected with fluorochromes at 10 days (calcein, 10 mg/kg, Sigma
Aldrich, USA) and 4 days (xylenol orange, 90 mg/kg, Sigma Aldrich,
USA) prior to sacrifice to label mineralization. At 2 weeks post defect
surgery, rats were euthanized, and femurs collected. Bones were
embedded without decalcification in methyl methacrylate (MMA) ac-
cording to established protocols [29]. Sections of 10 μm thickness were
obtained from MMA blocks using an rotary microtome (RM2255, Leica,
Germany). Fluorescence microscopy images were acquired using a a
Leica DM5500 microscope (Leica, Germany) and analyzed using ImageJ
(NIH, USA) to quantify new bone formation.
For Von kossa staining, the sections were incubated in 1 % AgNO3

solution under UV light for 1 h to detect calcium deposits. The sections
were then washed in distilled water, treated with 5 % Na2S2O3 for 5 min
to remove unreacted silver, and rinsed again in distilled water. Coun-
terstaining was performed with nuclear fast red. Brightfield microscopy
images were acquired using a Leica DM5500 microscope (Leica, Ger-
many). ImageJ software (NIH, USA) was utilized to analyze and quantify
the area of silver deposit.

2.22. Biomechanical test

The biomechanical properties of femurs implanted with hydrogel
constructs were evaluated at 8 weeks post-implantation. Following
established protocols [30], the proximal end of each femur was
embedded in a polymer resin (Ureol 2020, Ciba Specialty Chemicals,
Hong Kong) and mounted on a material testing machine (H25KS,
Hounsfield Test Equipment Ltd., UK) oriented at 25◦ above the hori-
zontal plane. A compressive force was applied to the femoral metaphysis
directly above the defect site at a constant velocity of 25 mm/min using
a metal blade until failure occurred. Load-displacement curves were
generated from which the ultimate load (N) and stiffness (N/mm) were
determined. Data acquisition and analysis were performed using the
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built-in software (QMAT Professional Material Testing Software,
Hounsfield Test Equipment, UK).

2.23. In vitro and in vivo degradation of hydrogel

For in vitro degradation, GelCD and GelHFS hydrogels were formed
and incubated in PBS at 37 ◦C for 1, 3, 5, 7, and 14 days. At each
timepoint, hydrogels were harvested, frozen, lyophilized, and weighed.
The dry mass was measured following lyophilization to quantify
degradation.
For in vivo degradation, fluorescent GelCD and GelHFS hydrogels

were implanted subcutaneously in nude mice. Fluorescein isothiocya-
nate (FITC)-conjugated gelatin was synthesized as previously described
[31] and used to prepare fluorescent hydrogel constructs. In vivo fluo-
rescence imaging was performed at 1, 2, 3, 7, 9, 10, 11, 12, and 13 days
post-implantation using an IVIS imaging system (IVIS 200, Caliper Life
Sciences, USA). Fluorescence intensity was quantified to assess degra-
dation of implanted hydrogels over time.

2.24. Statistical analysis

All the cellular experiments were repeated at least 3 times with 3
biological replicates. A priori power analysis (G*Power, Universität
Düsseldorf) based on the previous studies using a similar rat bone defect
model in evaluating a bone graft performance determined that a sample
size of 6 was needed to obtain 90 % statistic power at the significance
value of 0.05 when comparing quantitative μCT analyses outcome. All
results were shown as mean ± standard deviation (SD). Statistical
analysis was performed by GraphPad Prism (GraphPad Software, USA).
Pair-wise comparisons passing normality test were analyzed with Stu-
dent’s t-test. Multiple comparisons passing normality test were analyzed
with ANOVA and post hoc Tukey’s multiple comparisons test.

3. Results

3.1. Dynamic hydrogel with human fetal MSCs secretome (GelHFS)
exhibits favourable mechanical properties and biocompatibilities

The fabrication of GelCD and GelHFS hydrogels was shown in
Fig. 1A. First, acryloyl β-cyclodextrin (ac-β-CD) was synthesized and the
degree of substitution of β-CD was 1.0 (Supplementary Fig. 1). And then
ac-β-CD was used as the host monomer to form reversible host-guest
complexes with aromatic residues in gelatin via a photo-
polymerization process (Fig. 1A), yielding the host-guest hydrogels,
referred to as GelCD hydrogels. We also produced GelHFS hydrogels by
incorporating HFS into the GelCD precursor (Fig. 1A). Notably, the
quality of HFS was controlled from batch to batch (Supplementary
Fig. 2). SEM images of both GelCD and GelHFS hydrogels are presented
in Fig. 1B, demonstrating that both hydrogel types exhibit a porous
structure with macropores approximately 100 μm in diameter. More-
over, we observed the presence of HFS components including proteins
and extracellular vehicles (EVs), homogeneously distributed within the
hydrogel while maintaining their nanosphere morphology.
We evaluated the release kinetics of CD63 and fibronectin from the

hydrogel to quantify the release profiles of different components from
HFS since it is a heterogenous population. CD63 is a protein enriched in
EVs while fibronectin is a representative extracellular matrix (ECM)
protein. As demonstrated in Supplementary Fig. 3, the GelHFS hydrogel
facilitated a consistent release of HFS over a period of 14 days in vitro.
The maximum release rates for CD63 and fibronectin were 62.26 % ±

5.13 and 34.38 % ± 0.66, respectively.
We then optimized the concentration of HFS for the incorporation of

GelCD hydrogel. Biomechanical properties were assessed, and we found
that GelHFS-L (25 μg/ml) and GelHFS-M (100 μg/ml) did not affect the
storage modulus and swelling ratio of the hydrogels (Fig. 1C and D).
However, high concentrations of HFS (GelHFS-H (400 μg/ml)) resulted
in a reduction in the storage modulus of GelHFS-H hydrogels and an
increase in its swelling ratio. After 7 days of culture, the GelHFS-L
hydrogel demonstrated a high viability rate for the encapsulated rat
MSCs, with the majority (93.67 % ± 1.38) of cells remaining viable
(Fig. 1E & Supplementary Fig. 4). Furthermore, HFS at concentrations
ranging from 25 to 100 μg/ml showed to enhance osteogenesis in rat
MSCs without impairing their proliferation, as demonstrated in Sup-
plementary Fig. 5. Based on these findings, the low concentration of HFS
was selected as the optimized concentration for incorporating GelCD
hydrogels. This concentration provided an adequate balance between
the potential benefits of HFS incorporation and the effects on hydrogel
properties.

3.2. GelHFS hydrogel promotes spreading, migration and osteogenic
differentiation of MSCs

We investigated the behaviors of rat MSCs encapsulated in GelCD
and GelHFS hydrogels. Confocal microscopy imaging was used to
reconstruct the 3D structure of encapsulated cells, which showed that rat
MSCs in GelHFS hydrogels had more substantial spreading and cyto-
skeletal intermediate filament (vimentin) compared to those in GelCD
hydrogels (Fig. 2A). AS showed in Fig. 2B, cells in GelHFS group
demonstrated spindle MSCs-like shape (0.52 ± 0.15) while cells in
GelCD group exhibited spherical morphologies (0.98 ± 0.016). Addi-
tionally, the area per cell in GelHFS groups was significantly larger than
that in GelCD groups (Fig. 2C).
To investigate the ability of GelHFS hydrogels to promote cell

migration, we seeded rat MSCs onto the surface of hydrogels. After 24 h
of culture, we observed that nearly all MSCs infiltrated and migrated
into the GelHFS hydrogels. In contrast, most MSCs remained on top of
the GelCD hydrogels (Fig. 2D and E).
We then evaluated the osteogenic differentiation of rat MSCs in the

GelCD and GelHFS hydrogels in vivo by implanting the rat MSCs laden
hydrogels into subcutaneous pockets in nude mice for 4 weeks (Fig. 2F&
Supplementary Fig. 6). Results revealed mor positive signals for OCN
and Col I immunostaining in the GelHFS group, compared with those in
the GelCD group (Fig. 2G–I). These findings collectively suggest that the
GelHFS hydrogels provide a favourable microenvironment for efficient
cell spreading and infiltration in vitro. Furthermore, in vivo experiments
demonstrate that GelHFS hydrogels promote osteogenic differentiation
of encapsulated rat MSCs, indicating their potential for use in bone tis-
sue engineering applications.

Fig. 1. Formation and properties of GelCD and GelHFS hydrogels. (A) Schematic illustration of the formation of GelCD and GelHFS hydrogels. Left panel (blue
dashed line) shows GelCD hydrogel formation involving gelatin and Ac-β-CD under UV light with I2959 initiator, resulting in a network through reversible host-guest
complexation. Right panel (red dashed line) depicts GelHFS hydrogel formation, which includes GelCD and HFS (consists of ECM and EVs), followed by photo-
crosslinking under UV light with I2959, leading to a more complex hydrogel network. (B) SEM images demonstrate the microstructure of GelCD and GelHFS
hydrogels. The green and yellow rectangles in the GelHFS image correspond to the magnified images. Red arrows indicate aggregated EVs while yellow arrowhead
indicates ECM. The scale bars in the images are 300 μm, 40 μm, 2 μm, and 4 μm from left to right, respectively. (C) Represent frequency sweep curve of GelCD and
GelHFS with various HFS concentrations. (D) The swelling ratio of GelCD and GelHFS with various HFS concentrations. Data are presented as mean values ± SD, n =
3 independent hydrogels per group, ***P < 0.001, ns indicates no statistical difference (one-way ANOVA with Tukey’s HSD). (E) Representative live/dead staining
images of rat MSCs encapsulated within hydrogels after 1 and 7 days of culture. Scale bar = 100 μm. GelHFS-L: GelCD hydrogel with a low concentration of HFS
incorporated, GelHFS-M: GelCD hydrogel with a medium concentration of HFS incorporated, GelHFS-H: GelCD hydrogel with a high concentration of HFS
incorporated.
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Fig. 2. GelHFS hydrogel presents conducive biological properties. (A) Representative images show rat MSCs encapsulated in GelCD and GelHFS hydrogels on
culture day 2, stained for vimentin (green) and nuclei (blue). The scale bar is 100 μm. (B&C) The circularity and area of the rat MSCs encapsulated within the GelCD
and GelHFS hydrogels, respectively. Circularity values range from 0 (highly elongated) to 1 (perfectly circular). Data are presented as mean values ± SD, n = 10 cells
per group, ***P < 0.001 (two-tailed Student’s t-test). (D) Confocal images demonstrate the 3D distribution of DAPI-stained rat MSC nuclei within GelCD and GelHFS
hydrogels after 24 h of in vitro culture. (E) Invasion distance of DAPI-stained rat MSCs nuclei clusters within the GelCD and GelHFS hydrogels. The scanning depth for
(D) was 400 μm. (F) Timeline of ectopic bone formation assay. Rat MSCs encapsulated in GelCD and GelHFS were cultured in osteogenic induction medium for 7 days
before subcutaneous implantation in nude mice. After 4 weeks post-implantation, samples were harvested for analysis. (G) Immunofluorescence staining against OCN
(red) and Col I (green) of rat MSCs-laden GelCD and GelHFS after 4 weeks of subcutaneous implantation in nude mice. Nuclei were stained with DAPI. Scale bar =
100 μm. Overview: the morphology of rat MSCs encapsulated hydrogels after 4 weeks of implantation in nude mice. Scale bar = 1 mm. (H&I) Quantification of
integrin β1 and Col I intensity in (G). Analysis was performed using ImageJ software. Data are presented as mean values ± SD, with n = 3 independent hydrogels per
group. *P < 0.05, **P < 0.01 (two-tailed Student’s t-test).
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3.3. HFS activates integrin β1 mediated focal adhesion pathway

In order to analyze the protein compositions in HFS, we conducted a
proteomic analysis of HFS and found that the majority of HFS compo-
nents originated from the extracellular exosome (55.6 %) and extra-
cellular matrix (13.8 %) (Fig. 3A). Interestingly, a significant proportion
of HFS proteins (13 %) was annotated for extracellular matrix organi-
zation, while 2 % of HFS was annotated for integrin-mediated signaling
pathway (Fig. 3B). KEGG pathway analysis revealed that HFS was also
annotated for focal adhesion pathway (5 %) and ECM-receptor inter-
action (3 %, Fig. 3C). Additionally, we identified significant ECM pro-
teins in HFS (Fig. 3D). All of them can interact with integrins. Our
hypothesis thus far is that the beneficial effect on MSCs behavior and
osteogenesis in GelHFS hydrogels could attributed to activated focal
adhesion pathway by upregulating integrins.
To determine which integrin subunit was regulated by HFS, we

examined the mRNA expression of integrin subunits in rat MSCs
encapsulated in GelCD and GelHFS hydrogels. Our results showed that
GelHFS hydrogels upregulated the gene expression of Itgb1 by 5-fold (P
< 0.01) and Itga3 expression by 4-fold (P< 0.01) compared to the GelCD
group (Fig. 3E). The up-regulated protein expression of integrin β1 of rat
MSCs in GelHFS hydrogels was further confirmed via immunofluores-
cent staining (Fig. 3 F–H). Noteworthy, this enhancement was abolished
by Y15 which inhibits the phosphorylation of FAK. Furthermore,
Western Blot results confirmed that GelHFS hydrogels increased the
protein expression of β-catenin and activated FAK-ERK signaling
pathway of cultured rat MSCs, while such increase was abolished by FAK
inhibitor Y15 (Fig. 3I).
In summary, our findings demonstrate that the GelHFS hydrogels

induce rapid cell spreading and osteogenic differentiation, and these
beneficial effects could be facilitated by the interaction between integrin
β1 of rat MSCs and HFS (ECM components).

3.4. GelHFS hydrogel promotes bone regeneration in an osteoporotic bone
defect model

In this study, we evaluated the effectiveness of GelHFS hydrogels in
facilitating bone regeneration in osteoporotic conditions induced by
ovariectomy in female rats (Fig. 4A). The progression of osteoporosis
was confirmed prior to hydrogel implantation (Supplementary Fig. 7).
Micro-CT analysis revealed rare bony tissue in the control group at both
2- and 8-weeks post-surgery. In contrast, the GelCD group displayed new
bone formation within the defect site, while the GelHFS group exhibited
significantly greater bone-like tissue formation as early as two weeks,
with substantial mineralization evident by eight weeks (Fig. 4B–E and
Supplementary Fig. 8). Biomechanical testing showed that the GelHFS
hydrogels not only supported bone healing but also improved biome-
chanical properties (Fig. 4F and G). The stiffness and ultimate load in the
GelHFS group were significantly higher compared to those in the GelCD
group, with statistical significance (P < 0.05 for both parameters).
Histological analysis using Goldner’s trichrome staining provided

insights into the tissue morphology within the defect sites at 2- and 8-
weeks post-surgery (Fig. 4H). The control group showed almost no
new bone formation throughout the study period. The GelCD group

demonstrated a mix of hydrogel matrix and fibrous tissue with emerging
woven bone at two weeks, which remained marrow and fat tissue by 8
weeks. Remarkably, in the GelHFS group, woven bone had largely
replaced the hydrogel and fibrous tissue by 2 weeks, and by 8 weeks, this
had remodelled into mature lamellar bone. Furthermore, there was very
little hydrogel remained at the defect site. In addition, GelHFS group did
not showed superior effect on osteoclast inhibition compared to GelCD
group (Supplementary Fig. 9).
These results collectively demonstrate that GelHFS hydrogels

significantly enhance the regeneration of osteoporotic bone defects,
including promoting new bone formation and increasing bone me-
chanical properties.

3.5. GelHFS hydrogel recruits integrin β1+ endogenous cells into the
defect site

To observe dynamic new bone formation, in vivo double labels of
calcein and xylenol were measured (Fig. 5A). In details, we injected
calcien and xylenol at day 4 and day 10 post-implantation and harvested
samples at day 14 post-implantation. On day 10 post-surgery, there was
little bony tissue formation, but a sudden increase was observed on day
14 (Fig. 5B). Furthermore, there was no statistical difference in bone
formation between the GelCD and GelHFS groups on 10 days post-
surgery, but a significant increase in newly formed tissue was
observed in the GelHFS group compared to the GelCD group on day 14
(P < 0.05, Fig. 5D).
We next investigated the expression of integrin β1, OCN and Col I at

the defect site using consecutive sections (Fig. 5C). According to the
semiquantitative results (Fig. 5E–G), the GelHFS group exhibited
significantly more intense positive staining against integrin β1, OCN and
Col I at the defect site compared to the GelCD group (P< 0.001, P< 0.01
and P < 0.05, respectively). The results confirmed that GelHFS hydrogel
recruited more integrin β1 expressing cells to the defect site, and pro-
moting the osteogenesis of endogenous cells which leads to more bone
matrix deposition.

3.6. GelHFS hydrogel exhibits faster degradation in osteoporotic bone

Given that GelHFS recruited endogenous cells to the defect site, we
speculated that the recruited cells mediate faster hydrogel degradation,
which further promotes cell infiltration and in situ bone regeneration.
In order to compare the degradation behavior of GelCD and GelHFS

hydrogels, we conducted in vitro and in vivo experiments. In vitro, both
groups showed a gradual decrease in weight over time, with no signif-
icant difference in weight loss between the GelCD and GelHFS groups
(Fig. 6A). In details, 6.58 % ± 0.26 and 6.03 % ± 0.50 of the original
weights in the GelCD and GelHFS groups remained in day 14, respec-
tively. We next investigated the degradation behavior in vivo, we used
FITC-conjugated gelatin to form GelCD and GelHFS hydrogels and
subcutaneously implanted them in nude mice. We found no significant
difference in degradation between GelCD and GelHFS hydrogels for 2
weeks post-implantation (Fig. 6B and C).
However, micro-CT revealed that after implanting in the distal

femur, GelHFS hydrogels degraded significantly faster than GelCD at 2

Fig. 3. GelHFS hydrogel potentially activated integrin β1 induced focal adhesion pathway. (A) GO annotation (cellular component) of HFS proteins. (B) GO
annotation (biological function) of HFS proteins. (C) KEGG enrichment of HFS proteins. (D) Heatmap of Top 5 HFS proteins which annotated into extracellular matrix
GO term in (A). (E) The gene expression levels of integrin subunits Itga1, Itga2, Itga3, Itgav, Itgb1, and Itgb2 were measured by qPCR in rat MSCs-laden GelCD and
GelHFS after 2 days of culture. The data represents the relative expression levels normalized to GAPDH and expressed as fold change compared to the expression
levels in rat MSCs-laden GelCD. (F) Cell spreading in GelCD and GelHFS hydrogels after 2 days of culture with or without treatment with FAK inhibitor Y15.
Representative images show integrin β1 (red), vimentin (green) and nuclei (blue) staining. Scale bar = 15 μm. (G) The circularity of rat MSCs in (F) was quantified
using ImageJ software. Circularity values range from 0 (highly elongated) to 1 (perfectly circular). Data are presented as mean values ± SD, with n = 6 cells per
group. ***P < 0.001, ns indicates no statistical difference (one-way ANOVA with Tukey’s HSD). (H) Quantification of positive area of integrin β1 in (F) was per-
formed using ImageJ software. Data are presented as mean values ± SD, with n = 6 cells per group. ***P < 0.001, ns indicates no statistical difference (one-way
ANOVA with Tukey’s HSD). (I) The protein expression levels of pFAK, total FAK, β-catenin, pERK1/2, ERK1/2, and GAPDH were analyzed in rat MSCs encapsulated
in GelCD and GelHFS in the absence or presence of FAK inhibitor Y15. Protein expression was quantified by Western blotting.
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Fig. 4. GelHFS hydrogel promotes osteoporotic bone regeneration. (A) Timeline of bone defect surgery. Female rats underwent ovariectomy to induce an
osteoporotic condition for 12 weeks. Afterward, they underwent defect surgery on the distal femur with or without hydrogel implantation. Samples were harvested 2-
and 8-weeks post-implantation for analysis. (B) Three-dimensional reconstructed mineralized tissue in the defect tunnels of distal femurs at 2 and 8 weeks after
implantation. The scanning resolution is 17.5 μm at 70 kV, 114 μA. Scale bar = 1 mm (C ~ E) Quantitative data of micro-CT analysis. Quantitative analysis of the
BMD (C). Thresholds of 158–1000 were used to represent total mineralized tissue (D), and thresholds of 211–1000 were used to represent mineralized tissue un-
dergoing remodeling process (E). Data are presented as mean values ± SD, with n ≥ 6 rats per group per timepoint. ns indicates no statistical difference, *P < 0.05,
**P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey’s HSD). (F&G) Biomechanical properties of distal femur at 8 weeks post-implantation. The stiffness (F) and
ultimate load (G) were measured using a mechanical testing machine. Data are presented as mean values ± SD, with n = 4. *P < 0.05 (two-tailed Student’s t-test).
(H) Goldner’s trichrome staining of the defect site in the distal femur of OVX rats, n = 4 per group. The red dashed area indicates the remaining hydrogels within the
defect site. M: materials. WB: woven bone. LB: lamellar bone. FT: fibrous tissue. Scale bar = 500 μm for overviewed images and 50 μm for magnified images.
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weeks post-surgery (P < 0.05, Fig. 6D & E). Furthermore, immunohis-
tology staining showed that there are more matrix metalloproteinases
such as MMP2 and MMP13 expression in the GelHFS implantation than
that in the GelCD group (Fig. 6F–H). These findings suggest that the
faster degradation ability of GelHFS hydrogels attributed by endogenous
cells secreted MMPs.

4. Discussion

In the present study, we introduce the development of a novel
GelHFS hydrogel, in which the HFS is incorporated into the GelCD
hydrogel. GelHFS hydrogel retains biomechanical properties equivalent
to GelCD hydrogel while promoting cell spreading, migration, and
osteogenic differentiation of encapsulated MSCs. Furthermore, the
acellular GelHFS hydrogel facilitates bone regeneration in an osteopo-
rotic bone defect model by recruiting integrin β1+ endogenous cells and
activating integrin β1 induced focal ashesion pathway. This supports our
hypothesis that the acellular GelHFS hydrogel would create a rejuve-
nating environment in osteoporotic bone, thereby enhancing osteo-
genesis and bone regeneration via influences on endogenous cell
behavior (Fig. 7).
GelCD hydrogel was developed using host-guest complexation be-

tween gelatin and β-CD. The weak host-guest crosslinking facilitates the
infiltration and migration of cells into the hydrogels, and the excess
β-CDs enable hydrogel-tissue adhesion and enhance the loading and
sustained delivery of hydrophobic drugs [23]. Previous studies show
demonstrate that GelCD hydrogel is more superior than methacrylated
gelatin hydrogels (a covalently crosslinked gelatin hydrogels). For
example, GelCD hydrogels could encapsulate and sustain the release of
hydrophobic drugs like dexamethasone more effectively than meth-
acrylated gelatin hydrogels [23]. Furthermore, GelCD hydrogels was
reported to emulate the intrinsic structural dynamics of the ECM.
Compared to methacrylated gelatin hydrogels with similar stiffness and
biodegradability, GelCD hydrogels significantly promote the clonal
expansion and viability of encapsulated mouse ESCs [22]. Previous
findings highlight the critical role of the structural dynamics of the
hydrogel matrix in supporting infiltration andmigration of encapsulated
cells.
Despite GelCD hydrogel’s excellent biocompatibility both in vitro and

in vivo, enhancements in its osteoinductive capacity are necessary.
Previously, we found that GelCD hydrogels containing MSCs and icaritin
effectively maintained BMD and facilitated bone regeneration in a
model of steroid-associated osteonecrosis. However, this effect was ab-
sent in the groups using only GelCD or GelCD with icaritin, underscoring
the significant role of encapsulated MSCs [21]. In another previous
study, the incorporation of chondrogenic agents (kartogenin and
TGF-β1) with stem cells into GelCD hydrogel significantly enhanced its
chondroconductivity. Using a rat osteochondral defect model, this
hybrid hydrogel effectively promoted the regeneration of both hyaline
cartilage and subchondral bone. These findings suggest that GelCD
hydrogel is a promising biomaterial for the delivery of therapeutic
agents and cells, supporting its potential in advanced stem cell therapies
[19]. However, given the challenges associated with MSCs treatment,
including low cell retention and diminished efficacy in diseased envi-
ronments [6], we are pursuing the development of an acellular hydrogel
for bone regeneration.

Secretome can be defined as a set of biological factors that are
secreted from cells into the extracellular space, including soluble factors
(growth factors, cytokines, chemokines, and enzymes) and EVs that
transport lipids, proteins, and RNA and DNA subtypes [32–34]. The EVs
are heterogeneous populations of phospholipid bilayer
membrane-bound vesicles that may be grouped into exosomes (30–120
nm), microvesicles (100–1000 nm), and apoptotic bodies (500–2000
nm) based on their size and cellular origin [35–37]. Research on the
application of stem cell secretome in orthopaedics has grown in recent
years. One study incorporated human umbilical cord-derived mesen-
chymal stem cell (hUCMSC) secretome into silk fibroin-based hydrogels,
which were injected into the tibial bone marrow cavity of osteoporotic
rats. This transplantation strategy delayed local bone loss by increasing
bone mass and trabecular structure, potentially due to the
anti-senescence effects of hUCMSC secretome [38]. Beside umbilicus,
researchers also study secretome derive from other tissues/cells. Our
previous study compared HFS and human adult MSCs secretome (HAS)
in different applications and suggest that HFS has superior effects than
HAS. Evidence demonstrated that compared to HAS, HFS down-
regulated the pro-apoptotic gene Bax as well as senescence-associated
genes p53 and p16 of senescent cells [16]. Furthermore, HFS signifi-
cantly enhanced wound healing by promoting vascularization and
inhibiting inflammation in the streptozotocin -induced diabetic rat
model in comparison of HAS [18]. We also showed osteogenic pro-
moting effect of HFS in a distraction osteogenesis model [17]. Consid-
ering the beneficial effects of HFS, we speculated that it could facilitate
osteoporotic bone regeneration.
Osteoporotic bone fracture/defect healing poses significant clinical

challenges, prompting numerous studies aimed at accelerating healing
period and enhancing healing outcome. One such study introduced
bisphosphonate-functionalized injectable hydrogel microspheres
(GelMA-BP-Mg). These microspheres utilized a metal ion ligand coor-
dination reaction to capture magnesium ions (Mg2+), facilitating the
reconstruction of cancellous bone in osteoporotic defects, visible from 4
weeks post-surgery [39]. Further advancements were made in another
study that developed nano-hydroxyapatite, resveratrol, and chitosan
composite microspheres designed to sustain local release of resveratrol.
When these microspheres were implanted into bone defects in osteo-
porotic rat femoral condyles, they enhanced bone regeneration, with
initial signs of healing observed at six weeks post-surgery [40].
Contrasting these findings, our research with GelHFS hydrogel

demonstrated more rapid osteoporotic bone healing. When applied to
femoral defects in osteoporotic rats, the GelHFS hydrogel showed sig-
nificant new bone formation as early as 2 weeks post-surgery. This is
equal to the healing timeline in studies involving normal, non-
osteoporotic rats, which also showed recovery at two weeks post-
surgery [41]. This rapid effectiveness is particularly crucial for osteo-
porotic patients since osteoporotic fracture often demonstrated delayed
healing [5].
The beneficial effects of GelHFS hydrogel in osteoporotic bone

regeneration primarily stem from two mechanisms. First, GelHFS
effectively recruits endogenous MSCs to the defect site, enhancing bone
regeneration through engagement with the integrin β1-induced focal
adhesion pathway. Second, recruited MSCs accelerate the degradation
of the hydrogel, enhancing in situ bone regeneration.
Our results indicate that GelHFS hydrogel upregulates integrin β1

Fig. 5. GelHFS hydrogel recruits endogenous cells into the defect site to promote bone regeneration. (A) Timeline of fluorescence labeling for (B). Female rats
underwent defect surgery on the distal femur and were implanted with hydrogels. Calcein and xylenol were injected at day 4 and 10 post-implantation, respectively.
Samples were harvested at 2 weeks post-implantation for analysis. (B) Representative calcein/xylenol fluorescence microscopic images and Von Kossa staining
images for assessment of bone formation at 2 weeks after hydrogel implantation. Scale bar = 200 μm. (C) Representative IHC images of defect site at 2 weeks post
implantation. Integrin β1, OCN and Col I were stained on adjacent sections 5 μm apart. The yellow rectangles in the overview images correspond to the magnified
images. NB: new bone. FT: fibrous tissue. M: materials. Scale bar = 500 μm for overview and 50 μm for magnification. (D) Quantification of positive area in (B)
analyzed by ImageJ software. Data are presented as mean values ± SD, with n = 3. *P < 0.05, and ns indicating no statistical difference (two-tailed Student’s t-test).
(E ~ G) Quantification of integrin β1, OCN and Col I intensity in (C) was performed using ImageJ software. Data are presented as mean values ± SD, with n = 4. *P <

0.05, ***P < 0.001 (two-tailed Student’s t-test).
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Fig. 6. GelHFS hydrogel exhibits faster degradation in osteoporotic bone. (A)Weight loss of GelCD and GelHFS hydrogels in vitro over time. Data are presented
as mean values ± SD, with n = 3. P > 0.05 (two-tailed Student’s t-test). (B) Changes in fluorescence of hydrogels implanted in nude mice, as measured by in vivo
imaging system. Data are presented as mean values ± SD, with n = 3. P > 0.05 (two-tailed Student’s t-test). (C) Representative in vivo fluorescence intensity images of
hydrogels. (D) Residual hydrogels at the defect site of rats at 2 weeks post hydrogel implantation, as visualized by blue color. White color indicates mineralized tissue.
Scale bar = 1 mm. (E) Percentage of scaffold volume (SV) to total volume (TV) in (D), quantified by micro-CT analysis. Data are presented as mean values ± SD, with
n = 6. ***P < 0.001 (two-tailed Student’s t-test). (F) Representative IHC images of defect site at 2 weeks post implantation. MMP2 and MMP13 were stained on
adjacent sections 5 μm apart. The yellow rectangles in the overview images correspond to the magnified images. NB: new bone. FT: fibrous tissue. M: materials. Scale
bar = 500 μm for overview and 50 μm for magnification. (G&H) Quantification of MMP2 and MMP13 intensity in (F) was performed using ImageJ software. Data are
presented as mean values ± SD, with n = 4. **P < 0.01, ***P < 0.001 (two-tailed Student’s t-test).
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and β-catenin protein expression and activates the focal adhesion
pathway, involving FAK and ERK1/2. This evidence supports the hy-
pothesis that GelHFS hydrogel attracts endogenous MSCs and promotes
their osteogenesis through the integrin β1 pathway. The ECM compo-
nents of HFS, including collagens, thrombospondins, and fibronectin,
likely adhere these endogenous cells due to their known interactions
with integrins [42]. Binding of ECM components to integrins triggers
FAK and ERK1/2 phosphorylation on MSCs, which is vital for osteogenic
differentiation [43–45].
Our research provides robust evidence to support the second mech-

anism. Firstly, GelHFS hydrogel facilitates the spreading and migration
of MSCs, as demonstrated in vitro. Histological analysis further confirms
this, showing large amount of bone matrix but a very small amount of
residual hydrogel material at the defect sites. Additionally, IHC staining
reveal higher levels of integrin β1, osteocalcin, collagen I, MMP2, and
MMP13 in the GelHFS group. These proteins are secreted by MSCs and
osteoblasts, playing a crucial role in bone formation [46]. Notably,
MMP2, which are matrix metalloproteinases, specifically degrade
gelatin, a component of GelHFS hydrogel [47]. MMP2 and MMP13 lead
to a faster degradation rate of GelHFS compared to GelCD when
implanted into a bone defect. Notably, more than 50 % of GelHFS
hydrogel had degraded within two weeks of bone implantation,
compared to only 40 % for GelCD. This rapid degradation did not occur
in vitro or in subcutaneous implants, emphasizing the specificity of the
bone environment in facilitating this process. This degradation property
of GelHFS hydrogel facilitate endogenous cells infiltration and hence
promoting new bone formation.
Our study has several limitations. We used proteomics to charac-

terize the protein compositions of HFS, but more rigorous methods such
as western blot and ELISA are needed to quantitatively verify the specific
proteins presented in the bioinformatic analysis. Furthermore, as this
initial study did not aim to specify the individual effects of each HFS
compositions, the observed outcomes could be due to synergistic or
additive effects of multiple proteins rather than a single factor. Identi-
fying whether a specific protein or combination of proteins mediates the
osteogenic effects of HFS requires further investigation.

5. Conclusion

This study demonstrates that incorporation of human fetal MSC
secretome enhances the performance of gelatin-acrylated cyclodextrins
hydrogels for bone tissue engineering applications. GelHFS hydrogel
induces increased cell spreading, migration, and osteogenic differenti-
ation of encapsulated MSCs. Moreover, GelHFS hydrogel creates a

rejuvenating stem cell niche that supports the recruitment of endoge-
nous progenitor cells and new bone formation, while accelerating
degradation, leading to improved bone regeneration in an osteoporotic
defect model. Ongoing proteomic analyses will identify specific HFS
compositions contributing to its osteogenic effects. Overall, secretome-
enhanced biomaterial scaffolds represent a promising approach for
promoting osteoporotic bone repair.
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