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ARTICLE INFO ABSTRACT

Keywords: Bone regeneration heavily relies on bone marrow mesenchymal stem cells (BMSCs). However, recruiting
Aptamer endogenous BMSCs for in situ bone regeneration remains challenging. In this study, we developed a novel BMSC-
Hydrogel aptamer (BMSC-apt) functionalized hydrogel (BMSC-aptgel) and evaluated its functions in recruiting BMSCs and
E;ézic:gl:wus promoting bone regeneration. The functional hydrogels were synthesized between maleimide-terminated 4-arm

polyethylene glycols (PEG) and thiol-flanked PEG crosslinker, allowing rapid in situ gel formation. The aldehyde
group-modified BMSC-apt was covalently bonded to a thiol-flanked PEG crosslinker to produce high-density
aptamer coverage on the hydrogel surface. In vitro and in vivo studies demonstrated that the BMSC-aptgel
significantly increased BMSC recruitment, migration, osteogenic differentiation, and biocompatibility. In vivo
fluorescence tomography imaging demonstrated that functionalized hydrogels effectively recruited DiR-labeled
BMSCs at the fracture site. Consequently, a mouse femur fracture model significantly enhanced new bone for-
mation and mineralization. The aggregated BMSCs stimulated bone regeneration by balancing osteogenic and
osteoclastic activities and reduced the local inflammatory response via paracrine effects. This study’s findings
suggest that the BMSC-aptgel can be a promising and effective strategy for promoting in situ bone regeneration.

Bone marrow mesenchymal stem cells
In situ regeneration

1. Introduction manipulation and transplantation complications compared to the

traditional method of ex vivo culture followed by in vivo transplantation

Bone marrow mesenchymal stem cells (BMSCs) are a promising op-
tion for bone regeneration due to their high pluripotency [1,2]. Despite
the increasing utilization of stem cells from various sources, their
widespread application is still limited by deficiencies, such as stringent
in vitro culture conditions, low in vivo cell survival efficiency, and po-
tential ethical and tumorigenic risks [3,4]. Recruiting endogenous
BMSC:s for in situ bone regeneration can effectively avoid in vitro cell

[5-8]. Nevertheless, the complexity of the cellular components and the
bone marrow microenvironment poses a challenge in specifically
recruiting endogenous BMSCs for in situ bone regeneration [9,10].
Previous studies have indeed emphasized that the employment of spe-
cific antibodies targeting BMSC surface markers such as CD105, CD73,
CD90, and CD106 often lacks precision [8,11,12]. The more recent
identification of CD271 as a highly specific marker for BMSC isolation is
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promising, and the deployment of CD271 antibody-functionalized mi-
crospheres has shown potential in bone regeneration [13]. Alterna-
tively, chemoattractants, such as bone morphogenetic proteins (BMPs)
or stromal cell-derived factor 1 (SDF-1), have been discovered to be
equally effective in recruiting BMSCs. However, BMPs negatively affect
bone regeneration, and SDF-1 is less selective, causing nonspecific
recruitment of hemopoietic stem cells [14-17]. Accordingly, affinity
molecules that can selectively recognize and bind to BMSCs while
remaining safe for use must be explored.

According to previous research, nucleic acid aptamers are a notable
type of synthesized ligands that can specifically bind to target molecules
in the body [18]. Aptamers have the advantage of being chemically
synthesized and therefore manufactured at a lower cost than other li-
gands, such as antibodies [19]. Additionally, aptamers with high affinity
and specificity for their target molecules can be developed by employing
stringent aptamer screening methods [20,21]. These features have
raised interest in aptamer-functionalized hydrogels (aptgel), a new class
of biomaterials. Aptgel has various potential applications, including
protein delivery, cell capture, regenerative medicine, and molecular
biosensing, by recognizing proteins, cells, and analytes [22,23]. For
instance, hydrogels (Gel) loaded with aptamers for inflammatory cells
recruit monocyte macrophages to enhance skin repair [24]. In our
previous work, we employed the systematic evolution of ligands by
exponential enrichment (SELEX) technology to screen a BMSC-specific
aptamer (BMSC-apt) from the ssDNA sequence library [25,26]. How-
ever, the applicability of BMSC-aptgel for bone regeneration still re-
quires further research to investigate whether it can effectively recruit
endogenous BMSCs in situ.

This study aims to develop a biocompatible hydrogel for bone tissue
engineering using maleimide-functionalized multiarm polyethylene
glycol (PEG) and sulfthydryl-flanked PEG crosslinker via a Michael
addition reaction. We modified BMSC-apt with an aldehyde group and
reacted with the PEG crosslinker’s thiol group to enhance its metabolic
stability. The prepared BMSC-aptgel exhibited excellent efficacy in
attracting and facilitating the attachment and proliferation of BMSCs,
due to its unique grid-like structure. Endogenous BMSCs can promote
osteogenic differentiation and play an anti-inflammatory role by
secreting various paracrine factors, thus promoting in vivo bone
regeneration. These findings pave the way for developing advanced
biomaterials that selectively target and recruit specific cell types,
providing a promising strategy for tissue regeneration beyond bone.

2. Materials and methods
2.1. The preparation of gel, BMSC-aptgel and Rd-aptgel

PEG-4ARM-MAL (20 kDa) and PEG-dithiol (HS-PEG-SH; 3.5 kDa)
were provided by JenKem. The BMSC-specific aptamer (BMSC-apt, 5'-
GAATTCAGTCGGACAGCGACGACGGTGA-
TATGTCAAGGTCGTATGCACGA.

GTCAGAGGGATGGACGAATATCGTCTCCC-3) and a random
sequence of nucleotides with the same number of bases (Rd-apt, 5'-
ATCCA-

GAGTGACG-

CAN-
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTGGA-
CACGGTGGCTTAGT-3) were synthesized by Sangon Biotech.

For hydrogels (Gel) preparation, PEG-4ARM-MAL and PEG-dithiol
were dissolved and mixed in PBS (pH = 7.4) at approximately 2:1
thiol to maleimide. Thiolate reacted with the alkene group in maleimide
under base catalysis, forming stable bonds and assembling a polymer
network via a Michael addition reaction. These reactions formed
hydrogels within a short period (approximately 15 s) and were utilized
in this experiment. The hydrogels were loaded with different concen-
trations of BMSC-apt to generate several BMSC-aptgel variants (200,
500, and 1,000 nM). The aldehyde group at the BMSC-apt terminus was
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reacted with a thiol to achieve stable binding to the hydrogels. Similarly,
the hydrogels were loaded with a random nucleotide sequence to create
Rd-aptgel. BMSC-aptgel and Rd-aptgel were prepared at a concentration
of 500 nM unless specified otherwise.

2.2. The loading efficiency of BMSC-aptgel

We exposed 250 nM, 500 nM, and 1,000 nM BMSC-aptgel to PBS for
30 days to determine the loading efficiency of BMSC-aptgel. Then, we
removed any remaining BMSC-aptgel. Next, we crushed the samples,
extracted their RNA, and performed a 33-cycle polymerase chain reac-
tion (PCR) amplification. The resulting product was analyzed using
agarose gel electrophoresis and a mixture of forward and reverse
primers to ensure complete amplification. (forward primer: 5-GAATT-
CAGTCGGACAGCG; reverse primer: 3-CCCTCTGCTATAAGCAGGTAG).

2.3. Scanning electron microscopy (SEM)

The hydrogels were imaged using a scanning electron microscope
(SEM, TESCAN MIRA, S6123) under an accelerating voltage of 5 kV.

2.4. Animal experiments

Experimental procedures and animal care were approved by Xiangya
Hospital of Central South University’s Ethics Review Committee (no.
202101008). All animal experiments were performed at the Department
of Laboratory Animals, Central South University. The animal model used
for surgical fracture was previously described [27]. We selected
eight-week-old C57BL/6 male mice and administered general anesthesia
(approximately 50 mg/kg) before a lateral skin incision on their right
femur. Then, a blunt dissection was performed on the muscle to expose
the mid-femur. A 23-gauge sterile pin was drilled into the distal femoral
intercondylar notch. Then, the needle was penetrated along the med-
ullary canal to the femur, and micro-scissors were used to interrupt the
femur, causing a transverse fracture. These mice were randomly divided
into five groups: Control (only fractures), Gel, BMSC-apt (only 500 nM
aptamer dissolved in PBS), BMSC-aptgel, and Rd-aptgel. According to
the different groups, 20 pL of the corresponding intervention was
administered directly to the fracture site of each mouse. After hydrogel
formation at the fracture site in each group, the wound was sutured, and
various individual signs of mice were observed. Following a three- or
six-week treatment, the right femur was removed and fixed in 4 %
paraformaldehyde in two batches.

2.5. Microcomputed tomography (uCT) analysis

Mice right femora were dissected, fixed with 4 % paraformaldehyde
for 24 h, and scanned using a vivaCT80 scanner (SCANCO Medical AG).
The scanner’s voltage and current were set to 55 kV and 145 pA, with a
pixel resolution of 11.4 pm. The bone parameters were analyzed using
image reconstruction (NRecon), data analysis (CTAn), and three-
dimensional model visualization software (uCTVol). A 3-dimensional
microarchitecture analysis of the callus was performed using the distal
femur. Approximately 700 slices were selected, with the fracture line
placed in the center of the range. The region of interest (ROI) was
meticulously scrutinized slice by slice, and a fixed threshold was used to
distinguish mineralized tissue in the callus. The mineralized bone vol-
ume (BV), total callus tissue volume (TV), and BV/TV ratio of the callus
were recorded and calculated.

2.6. In vivo fluorescent tracer imaging

This study used 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbo-
cyaine iodide (DiR)-labeled BMSCs for near-infrared fluorescence in
vivo distribution imaging. DiR and BMSCs were co-incubated at 37 °C
with 5 % COj for 30 min and then injected into the bone marrow cavity
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of one femur at a concentration of approximately 1 x 10° cells in each
mouse. Mice were subjected to femoral fracture modeling 2 h after in-
jection and divided into Gel, BMSC-aptgel, and Rd-aptgel. At 6 and 12 h
post-intervention, mice were anesthetized, and DiR fluorescence distri-
bution was visualized using an in vivo imaging system (PerkinElmer,
FMT4000) via fluorescence tomography after removal of the femur.

2.7. Histological and immunohistochemical analyses

The dissected femora were fixed with 4 % paraformaldehyde for 48 h
and then decalcified in 10 % EDTA at a pH of 7.4 on a rocking bed for
approximately seven days at 4 °C. Following graded dehydration with
ethanol and paraffin embedding, bone samples were sliced longitudi-
nally into 5-pm-thick sections. Sagittal sections from the fracture area
were stained with H&E (Servicebio, GP1031), SO/FG (Solarbio, G1371),
and Trap (Servicebio, G1050) to conduct histological staining. Primary
antibodies against rabbit anti-Nestin (Abcam, ab105389; 1: 200), OCN
(Servicebio, GB11233; 1: 300), TNF-a (Servicebio, GB11188; 1: 800), IL-
1B (Servicebio, GB11113; 1: 400), and IL-6 (Servicebio, GB11117; 1:
400) were used, along with secondary antibodies for immunohisto-
chemical staining (anti-rabbit, 1: 200). The staining images were all
obtained at the fracture interface.

2.8. Biomechanical test

Three-point bending tests were conducted using a computer-
controlled testing machine (Instron, 3343M1372) to assess the quality
of fracture healing. The femur was positioned in the anterior-posterior
direction of the inferior strut, with the lateral patella side facing up at
a distance of 9 mm. The upper bar span was measured to be 5.5 mm.
Then, a constant vertical compressive load was applied at 3 mm/min
speed until failure. The maximum bending load (N) values were auto-
matically recorded using the computer.

2.9. Cell culture

Sca-17CD29"CD45 CD11b~ BMSCs were isolated from the bone
marrow of C57BL/6 mice using flow cytometry and cultured in Alpha
Modification of Minimum Essential Medium Eagle («-MEM; Biological
Industries). The mouse monocyte/macrophage cell line RAW264.7 was
purchased from Procell and cultured in high-glucose Dulbecco’s Modi-
fied Eagle Medium (DMEM; Biological Industries). Primary monocytes/
macrophages from three-month-old male mice were cultured with
macrophage colony-stimulating factor (M-CSF). All cells were cultured
in a medium containing 10 % FBS (Gibco) and 100 unit/mL of penicillin
and streptomycin (P/S) using a 37 °C, 5 % CO» humidified incubator.

2.10. Cell migration test

A 24-well transwell plate (Costar, USA) with an 8-mm aperture filter
was utilized to measure cell migration. BMSCs (cell density: 1.0 x 10°
cells per well) were cultured in the upper chamber with a complete
medium (containing basal medium, 1 % P/S, and 10 % FBS), while
hydrogels or BMSC-aptgel were added into the lower chamber. After co-
culturing the cells for 24 h, the culture medium was removed from the
cells, washed with PBS, and fixed with 4 % paraformaldehyde for 10
min. Subsequently, the cells on the top membrane surface were elimi-
nated, and 500 pL of 0.1 % crystalline violet buffer was added to every
well for cells on the lower surface for 10 min. After three washes,
positively stained cells were counted under an inverted microscope
(Leica).

2.11. Osteogenesis induction

We seeded primary BMSCs in 48-well plates at a density of 2 x 10°
cells per well. The experimental group was treated with Eagle’s Minimal
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Essential Medium (EMEM; Biological Industries) supplemented with
osteogenic induction factor (10 nM dexamethasone, 5 mM f-phospho-
glycerol, and 50 pg/mL ascorbic acid) and 500 nM BMSC-aptgel. A
positive control (PC) and Gel group were cultured in EMEM containing
osteogenic induction factor, while a negative control group (NC)
received EMEM without osteogenic induction factor or BMSC-apt. Each
group had three accessory wells. After seven days, an inverted micro-
scope (Leica, DMI4000B) was used to image and count BMSC osteogenic
differentiation in each group. Cell supernatants were collected from
each group during cell culture, and supernatant ALP activity was
detected using Alkaline Phosphatase Assay Kit (Beyontime, P0321).
Subsequently, mineralization of the cellular matrix was evaluated by
fixing the differentiated bone marrow stromal cells with 4 % para-
formaldehyde and staining them with 2 % Alizarin Red S (Sigma-
Aldrich, a5553) at pH 4.2.

2.12. Osteoclastogenesis induction

We seeded the murine monocyte/macrophage cell line RAW264.7
cells per well in 48-well plates at a density of 2 x 10°. The experimental
group was treated with DMEM supplemented with 100 ng/mL of
osteoclastogenesis induction factor RANKL (PeproTech, AF-310-01) and
500 nM of BMSC-apt, while the positive and negative control groups
received an equal volume of DMEM with RANKL and DMEM without
osteogenic induction factor or BMSC-apt, respectively. Three replicates
were performed for each group. After 12-day culture, fixed cells were
stained using the Trap staining kit (Sigma-Aldrich, 387A) and observed
under an inverted microscope (Leica, DMI4000B) to quantify osteo-
clastogenesis differentiation (three or more cell nuclei per cluster).

2.13. Calcein-AM/PI staining

The BMSCs (cell density: 2 x 10* cells per well) were plated in a 24-
well plate and treated with control, Gel, or BMSC-aptgel for three days.
The BMSCs were washed with assay buffer and incubated with calcein-
AM and PI solution (Yeasen, 40747ES76) at 37 °C for 30 min. Subse-
quently, the BMSCs were washed with PBS, resuspended in assay buffer
and placed on glass slides. Images were taken using Zeiss Fluorescence
Microscope (Jena, Germany). The dead cells (PI positive) and live cells
(calcein-AM positive) were counted.

2.14. Quantitative real-time PCR analysis

Total RNA was extracted from Formalin-Fixed Paraffin Embedded
(FFPE) fractured bone tissue using FFPE Tissue RNA Kit (G3642, Serv-
icebio) and cDNA was synthesized from 1 pg of total RNA using the All-
in-One cDNA Synthesis SuperMix (Biotool, Houston, USA). The cDNA
was amplified using 2 x SYBR Green qRT-PCR Master Mix (Bimake,
Houston, USA) on an FTC-3000 real-time PCR system (Funglyn Biotech
Inc, Toronto, Canada). Relative gene expressions were measured by the
2-AACT method with reference to GAPDH. The primer sequences for the
mouse used in this study were as follows: Runx2: forward, 5'-
CGCCACCACTCACTACCACAC-3', and reverse, 5-TGGATTTAA-
TAGCGTGCTGCC-3'; Bgalp: forward, 5-TTCTGCTCACTCTGCTGACCC-
3', and reverse, 5'-CTGATAGCTC GTCACAAGCAGG-3'; Colla: forward,
5'-CTGACTGGAAGAGCGGAGAG-3', and reverse, 5-CGGCTGAGTAGG-
GAACACAC-3'; GAPDH: 5-CACCA TGGAGAAGGCCGGGG-3', and
reverse, 5'-GACGGACACATTGGGGGTAG-3'.

2.15. Statistical analysis

The mean and standard deviation (SD) of continuous variables were
denoted in GraphPad Prism 9. One-way or two-way ANOVA with Bon-
ferroni’s post hoc analysis was used for statistical analysis. For all ex-
periments, P < 0.05 was considered statistically significant.
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Fig. 1. BMSC-aptgel characterization and in vitro cell capture.

A) Diagram of the conjugation procedures of PEG hydrogel containing the BMSC-specific aptamer. B) Representative images of the BMSC-aptgel formation process at
different time points. C) Representative SEM images of the BMSC-aptgel with different proportions of PEG-4ARM-MAL and HS-PEG-SH. Scale bars: 200 pm (upper),
100 pm (lower). D) The remaining aptamer in the hydrogel was detected by PCR after immersing the BMSC-aptgel of 250 nM, 500 nM, and 1,000 nM in PBS for 30
days. E, F) Representative images of the transwell migration assay (E) and the numbers of crystal violet-stained migrated cells. *P < 0.05, ***P < 0.001.

3. Results and discussion
3.1. BMSC-aptgel characterization and in vitro cell capture

The BMSC-aptgel skeleton consisted of a four-arm PEG with a ter-
minal maleimide group (PEG-4ARM-MAL). This platform enabled the
construction of structurally defined hydrogels with independently
tunable polymer density, adhesive peptide, and crosslinker [28,29].
While gelatin and hyaluronic acid are indeed known for their bone
regenerative properties [30,31], PEG hydrogel offers distinct advan-
tages. Firstly, PEG is a biocompatible and non-toxic material that has
been widely used in various medical applications. Secondly, PEG
hydrogel has excellent mechanical properties, allowing it to withstand
the mechanical stresses present in bone tissue. Additionally, its chemical
reactivity makes it amenable to various modifications, enabling the
incorporation of functional groups that can promote bone regeneration.
Furthermore, PEG hydrogel can be designed to have a porous structure,

which facilitates cell adhesion, proliferation, and differentiation
[32-35]. In situ, dithiol PEG (HS-PEG-SH) reacted with the maleimide
group to form a PEG hydrogel. It formed a dynamic covalent bond with
the thiol group of the PEG crosslinker by modifying the aldehyde group
at the 5' terminus of the BMSC-specific aptamer (BMSC-apt), resulting in
functional aptamer hydrogels (BMSC-aptgel) that could recruit BMSCs
(Fig. 1A).

In this study, we utilized maleimide-modified 4-arm functional PEG
(PEG-4ARM-MAL) and a thiol-flanked PEG crosslinker that retained the
desirable properties of PEG-based hydrogels. Fig. 1B demonstrates that
the hydrogel gelation time is fast at only 15 s. Scanning electron mi-
croscopy (SEM) images revealed the hydrogel’s highly porous and
physically stable internal structure at a PEG-4ARM-MAL to HS-PEG-SH
ratio of 2:1 (Fig. 1C). In situ rapid gel formation coupled with the
porous structure improved physical support for post-surgical fracture
stability and promoted the attraction of BMSCs for bone regeneration at
the fracture site. Furthermore, the excellent ultrarapid formation ability
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Fig. 2. BMSC-aptgel maintains BMSC activities in vitro.

A, B) Representative images of calcein (green; live cells) and PI (red; dead cells) staining of BMSCs in growth condition medium for 3 days (A), and the percentages of
live cells (B). Scale bar: 200 pm, n = 5 per group. C-E) Representative images of Alizarin Red S staining of mineral deposition of BMSCs in osteogenic conditioned
medium (C), and the quantitative analysis of the mineralization intensity (D) and ALP activity (E). Scale bar: 200 ym, n = 3 (D) or 5 (E) per group. F, G) Repre-
sentative images of Trap staining of osteoclasts of RAW264.7 cells in osteoclastic conditioned medium (F), and the quantification analysis of osteoclast number (G).
Scale bar: 100 pm, n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001; NC, negative control; PC, positive control.

of the hydrogels greatly reduced the operation time of fracture internal
fixation and minimized the risk of infection related to incision exposure
because the duration of surgery was directly associated with the risk of
infection in fracture surgery [36]. We prepared BMSC-aptgel using
specific aptamers at three different concentrations (250 nM, 500 nM,
and 1,000 nM) and immersed them in PBS to determine the optimal
aptamer concentration for sustained standby. After 30 days, the super-
natants were collected for PCR detection. Our data indicated that the
500 nM aptamer concentration supernatant remained strongly positive
(Fig. 1D). Therefore, we selected the hydrogel with an aptamer con-
centration of 500 nM for further research. The transwell assay was
conducted to demonstrate that the function of BMSC-aptgel for BMSC
recruitment was mediated by BMSC-apt. The BMSC-aptgel group
captured a higher number of BMSCs than the control and free BMSC-apt
groups, with no significant difference between the latter two (Fig. 1E
and F).

These initial findings suggested that the BMSC-aptgel had excellent
sustained release properties and provided adequate physical space for
the recruitment of significant numbers of BMSCs.

3.2. BMSC-aptgel maintains BMSC activities in vitro

Next, we evaluated the impact of BMSC-aptgel on cytocompatibility,
osteogenic potential, and osteoclastogenic capacity in vitro. To
demonstrate that its toxicity was comparable to that of an empty
hydrogel, equivalent quantities of BMSCs were seeded on normal plastic
plates, PEG gel-, or BMSC-aptgel-coated plates. Calcein-AM/PI staining
results revealed that the BMSC-aptgel group had an impressive cell
survival rate of approximately 98%-99 % (Calcein-positive, green
staining), with few instances of cell death (PI-positive, red staining)
(Fig. 2A and B). Alizarin red S (ARS) staining presented that the BMSCs
cultured on BMSC-aptgel-coated plates have a slight increase in a
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Fig. 3. BMSC-aptgel recruits BMSCs in vivo.

Mean intensity for Nestin (a.u.)

A) Representative fluorescence tomography images of BMSC-DiR in isolated fractured femora of mice at different time points. Scale bar: 5 mm. B, C) Quantification
analysis of fluorescence intensity after 6 h (B; n = 6 per group) or 12 h (C; Gel: n = 5, Rd-aptgel: n = 6, BMSC-aptgel: n = 8). D, E) Representative images of
immunohistochemical staining of Nestin at the fracture area (D), and quantitative analyses of Nestin intensity (E). Scale bars: 100 pm or 50 pm (zoomed). n = 5 per

group. *P < 0.05, **P < 0.01, ***P < 0.001.

mineral deposition. However, this increase was not statistically signifi-
cant compared to the osteogenic-induced positive control (PC) or Gel
groups (Fig. 2C and D). Additionally, mineral deposition and early
markers, such as alkaline phosphatase (ALP), are often used to assess the
osteogenic differentiation of BMSCs [37]. The supernatants were
collected to perform ALP activity assays. Consistent with the ARS
staining, the ALP activity of the BMSC-aptgel group did not rise signif-
icantly compared to the Gel group (Fig. 2E). We also analyzed its effects
on the differentiation of osteoclasts to evaluate the impact of
BMSC-aptgel on the osteoblastic-osteoclastic balance comprehensively.
Tartrate-resistant acid phosphatase (Trap) staining revealed that
BMSC-aptgel significantly promoted osteoclast differentiation compared
to cells cultured on the Gel and Control groups (Fig. 2F and G).

These findings suggested that BMSC-aptgel could preserve the oste-
ogenic differentiation of BMSCs.

3.3. BMSC-aptgel recruits BMSCs in vivo

In the in vivo imaging experiment, our aim was to verify the efficacy
of BMSC-aptgel in recruiting BMSCs at the fracture site. To achieve this,
we compared it with a hydrogel group and a hydrogel group containing
a randomly sequenced aptamer. Our study evaluated the capacity of
BMSC-aptgel to recruit BMSCs in vivo by developing a mouse femur
fracture model and treating it with the BMSC-aptgel. Additionally, an
equal number of random nucleotide sequences were utilized to create a
hydrogel (Rd-aptgel) to eliminate any potential influence of nucleotide
bases. BMSCs were incubated with the lipophilic deep red fluorescent
dye DiR to acquire BMSC-DiR complexes for later use. Subsequently,
BMSC-DiR was locally administered to the mouse femur’s bone marrow
cavity via injection. A mouse femoral fracture was created under general
anesthesia 2 h after the injection. Then, inert Gel, Rd-aptgel, and BMSC-
aptgel were added to the fracture site. After 6 or 12 h, the treated
fractured femur was dissected to examine BMSCs-DiR aggregation at
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Fig. 4. BMSC-aptgel accelerates fracture healing in vivo.

A) Representative pCT images of fractured femora after different treatments at 3 weeks. Scale bar: 5 mm. B-D) Quantitative analyses of BV (B), TV (C), and BV/TV (D)
of fractured femora at 3 weeks. Control: n = 7, Gel: n = 7, BMSC-apt: n = 7, BMSC-aptgel: n = 9, Rd-aptgel: n = 7. E) Representative pCT images of fractured femora
after different treatments at 6 weeks. Scale bar: 5 mm. F-H) Quantitative analyses of BV (F), TV (G), and BV/TV (H) of fractured femora at 6 weeks. Control: n = 8,
Gel: n = 9, BMSC-apt: n = 7, BMSC-aptgel: n = 8, Rd-aptgel: n = 8. I, J) Representative images of SO/FG staining (I) and quantitative analyses (J) of the positively
stained area at the fracture area. Scale bar: 250 pm, n = 5 per group. K) Representative images of H&E staining of the fracture area. Scale bar: 250 pm. L) Three-point
bending measurement of femoral ultimate load at 6 weeks. Control: n = 5, Gel: n = 4, BMSC-aptgel: n = 4, Rd-aptgel: n = 4. *P < 0.05, **P < 0.01, ***P < 0.001.
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fracture sites ex vivo using a fluorescence tomography imaging system.
The results revealed a strong fluorescence signal at the fracture sites of
BMSC-aptgel-treated mice after 6 h, in contrast to only a weak fluores-
cence signal in the Gel- and Rd-aptgel-treated mice (Fig. 3A, upper).
After 12 h, fluorescent signals could still be observed at the fracture site
of the middle femur in only the BMSC-aptgel-treated mice, while fluo-
rescent signals were hardly detectable in the fracture site of the Gel- and
Rd-aptgel-treated mice (Fig. 3A, lower). The quantitative analysis pre-
sented that the fluorescence intensity at the fracture site of BMSC-aptgel-
treated mice was considerably higher than the Gel- and Rd-aptgel-
treated mice at 6 and 12 h (Fig. 3B and C).

The fractured femur underwent immunohistochemical staining of
Nestin, a progenitor cell marker [38], to evaluate the number of BMSCs
in the fracture site and verify the attraction effect of BMSC-aptgel to
endogenous BMSCs further. Controls included Gel, free aqueous Apt,
and Rd-aptgel. The results revealed a significant increase in the number
of endogenous BMSCs at the fracture site in the BMSC-aptgel-treated
mice than the control mice (Fig. 3D and E). These findings confirmed
that BMSC-aptgel could attract many BMSCs to the fracture site.
Although aptamers are widely used for recognizing, targeting delivery,
and other purposes, the specific mechanisms are the present research
challenge [39]. We hypothesize that the affinity of BMSC-apt for BMSCs
is due to the specific recognition and binding of the aptamers to surface
glycoproteins on BMSCs, which may not be present or as effective for
other cell types. However, we acknowledge that additional experiments
may be necessary to fully validate this mechanism, and we have pro-
posed future studies to further investigate the specificity of
BMSC-aptgels for BMSCs.

3.4. BMSC-aptgel accelerates fracture healing in vivo

Then, to comprehensively evaluate the effect of BMSC-aptgel on
accelerating mouse femoral fracture healing, we expanded our grouping
scope. In addition to a control group, a hydrogel group, and a hydrogel
group containing a randomly sequenced aptamer, we also included a
group with free BMSC-apt alone without the hydrogel. After three
weeks, microcomputed tomography (RCT) coronal and three-
dimensional reconstructions of the fracture site demonstrated that the
BMSC-aptgel-treated group had significantly more new bone formation
(Fig. 4A). At six weeks, the fracture site of the BMSC-aptgel-treated
group had almost completely healed, whereas other groups still had
visible fracture lines or minor callus formation (Fig. 4E). Newly formed
bone tissue was quantified for each group by analyzing the bone volume
to tissue volume ratio (BV/TV). Fig. 4B-D and 4F-4H present that the
volume of new bone in the BMSC-aptgel group was the highest (70.63 +
9.04 % at three weeks and 88.34 + 4.12 % at six weeks), indicating a
continual increase in bone content over time. Additionally, the BMSC-
aptgel group demonstrated a significantly greater volume of new bone
than the control group (44.81 + 10.34 % at three weeks and 71.91 +
7.67 % at six weeks). Notably, the BV/TV ratio of the PEG gel group
(56.79 + 12.82 % at three weeks and 80.09 + 5.04 % at six weeks)
trended to be higher than that of the fracture model control group (44.81
+ 10.34 % at three weeks and 71.91 + 7.67 % at six weeks), indicating
that hydrogels might offer benefits in promoting fracture healing.

Safranin O/fast green (SO/FG) staining revealed significantly lower
areas of new bone formation in the Rd-aptgel and control groups relative
to the BMSC-aptgel group (Fig. 4I and J). Furthermore, histological
analysis with hematoxylin and eosin (H&E) indicated that the BMSC-
aptgel group had a significantly higher number of typical new bone
volumes than the other groups at three weeks (Fig. 4K). Subsequently,
the six-week midfemur underwent a three-point bending test to deter-
mine the biomechanical properties of the fractured femur. The
maximum bending load of femoral fractures was significantly higher in
the BMSC-aptgel group than in the control and Rd-aptgel groups
(Fig. 4L). In comparison to traditional biomaterials such as ceramics and
biodegradable polymers [40,41], the targeting ability of BMSC-aptgel
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allows it to effectively guide BMSCs to the site of bone injury, promot-
ing bone regeneration. Furthermore, compared to biologically active
materials like growth factors and cytokines [40,41], BMSC-aptgel
demonstrates better biocompatibility, minimizing inflammation re-
sponses in the body and reducing the risk of complication. However, we
acknowledge that further research is still needed to optimize its per-
formance and validate its clinical effectiveness.

In our mouse femoral fracture model, the results indicated that the
BMSC-aptgel notably enhanced the initial formation of new bone and
fostered its mineralization progressively. One limitation of our study is
the lack of explicit exploration into the fate of BMSC-aptgel during
fracture healing. However, based on previous research [24,42] and our
experimental results, BMSC-aptgel exhibits excellent sustained loading
capabilities and provides adequate physical space to recruit a large
number of BMSCs, thus promoting bone regeneration and fracture
healing. It can be inferred that during the process of fracture healing,
BMSC-aptgel may persist to some extent at the fracture site. However, it
is also possible that as new bone tissue forms and grows, it gradually
replaces the original BMSC-aptgel. Over time, BMSC-aptgel may un-
dergo gradual degradation and eventual absorption, making way for the
newly formed bone tissue.

3.5. BMSC-aptgel enhances osteoblastic differentiation in vivo

The fracture repair involves a dynamic balance between osteogenesis
and osteoclasts [43,44]. Immunohistochemical staining of osteocalcin
(OCN; osteoblast marker) revealed a greater number of osteoblasts at the
mid-femoral fracture site in BMSC-aptgel-treated mice (Fig. 5A). The
quantitative results also indicated significantly higher levels of OCN
staining intensity in BMSC-aptgel-treated mice than in Gel or
Rd-aptgel-treated mice (Fig. 5B). Quantitative real-time PCR (qQRT-PCR)
analysis revealed that treatment with BMSC-aptgel caused a significant
increase in the expression of osteogenic factors including Runx2, Bglap,
and Colla, as compared with the vehicle-treated mice (Fig. 5C). These
findings suggested that the BMSCs recruited by the BMSC-aptgel might
differentiate into osteoblasts, promoting new bone formation at the
fracture site and accelerating healing in mice. However, Trap staining
revealed that BMSC-aptgel did not significantly increase the number of
osteoclasts on the surface of the trabecular bone at the fracture site
compared to Gel and Rd-aptgel-treated mice (Fig. 5D and E). Therefore,
the BMSC-aptgel effect on osteoclastic activity in vivo was inconsistent
with in vitro study’s results, presenting that BMSC-aptgel promoted
osteoclast differentiation.

While BMSC-aptgel has been shown to promote osteoclast activity in
vitro, this effect is not evident in vivo. This could be attributed to the
differences in the microenvironments between in vitro and in vivo sys-
tems. In an in vivo setting, BMSC-aptgel may be influenced by various
factors, such as the inflammatory environment, blood supply, cytokines,
etc., which could alter its behavior and function. Additionally, the
inherent complexity of in vivo experiments may contribute to the
divergence from in vitro findings. Another possible explanation is the
difference in detection time points between in vivo and in vitro studies.
In our in vivo experiments, we only assessed the osteoclastic activity by
TRAP staining after 3 weeks of treatment, while in vitro TRAP staining
was performed after 12 days of induction. The osteoclast activity
induced by BMSC-aptgel in vitro may be transient or require specific
conditions that are not present in vivo.

3.6. BMSC-aptgel decreases local inflammatory responses in vivo

During the process of fracture repair, the inflammatory response is
one of the crucial biological processes. Inflammation plays a pivotal role
in fracture healing, as it aids in the clearance of necrotic tissue, patho-
gens, and providing essential growth factors and cytokines for the repair
process [29,45]. When a bone fractures, the surrounding soft tissues
become damaged and bleed, triggering an inflammatory response that
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can significantly influence fracture healing [46,47]. However, according
to previous studies and our research, excessive inflammation can stim-
ulate osteoclast precursor cell fusion, leading to bone resorption
[48-51]. Therefore, understanding how BMSC-aptgel modulates the
inflammatory response is of significant importance for optimizing frac-
ture treatment and promoting fracture healing. Multiple studies have
confirmed that BMSCs can regulate the immune response and alleviate
inflammation via paracrine mechanisms and direct interactions with
immune cells, ultimately reducing inflammatory tissue damage [52-55].
Here, the local inflammation levels at the fracture site were measured
after three weeks. We discovered that BMSC-aptgel could decrease local
inflammatory responses in vivo. Immunohistochemical staining of
tumor necrosis factor-alpha (TNF-o; Fig. 6A and B) and interleukin-6
(IL-6; Fig. 6E and F) in the fracture area displayed significantly lower
staining intensity for the BMSC-aptgel group than in other groups. The
BMSC-aptgel-treated group had the lowest interleukin-1 beta (IL-1p)
staining intensity, but this difference was not statistically significant
(Fig. 6C and D). Notably, the above-mentioned proinflammatory cyto-
kines have previously been shown to impair angiogenesis during frac-
ture healing, thereby affecting fracture healing and bone regeneration
[56-58]. These data suggested that BMSCs recruited by BMSC-aptgel
regulated the local inflammatory responses at the fracture site, thus
leading to a favorable microenvironment for fracture healing.

4. Conclusion

In conclusion, we have developed for the first time a novel strategy
based on efficient in situ bone regeneration aiming to promote bone
repair via PEG hydrogels loaded with aptamers that specifically target
BMSCs. We discovered that aptamer-loaded, porous mesh PEG-
engineered hydrogels were highly effective in recruiting BMSCs in a
homogeneous cellular environment. In vivo tracing confirmed the
recruitment effect of BMSC-aptgel to BMSCs at the fracture site, also
supported by the positive impact of BMSC-aptgel on promoting bone
regeneration in the mouse femoral fracture model. The mechanism un-
derlying its efficacy in regulating osteogenic differentiation by BMSCs
induces bone regeneration while reducing the local inflammatory
response via paracrine effects, resulting in faster fracture healing and
mineralization. Therefore, the constructed BMSC-aptgel is a promising
carrier for in situ bone regeneration and further clinical studies are
required for its application. Consequently, we can gain valuable insight
into the recruitment of targeted cells. These results promise the future
regeneration of other tissues and organs.
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