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Ligand-Selective Targeting of Macrophage Hydrogel Elicits
Bone Immune-Stem Cell Endogenous Self-Healing Program
to Promote Bone Regeneration

Jiahao Wang, Liang Zhang, Lingjun Wang, Jincheng Tang, Wei Wang, Yichang Xu,
Ziang Li, Zhouye Ding, Xinzhao Jiang, Kun Xi,* Liang Chen,* and Yong Gu*

Targeting macrophages can facilitate the site-specific repair of critical bone
defects. Herein, a composite hydrogel, gelatin-Bletilla striata
polysaccharide-mesoporous bioactive glass hydrogel (GBMgel), is constructed
via the self-assembly of mesoporous bioactive glass on polysaccharide
structures, through the Schiff base reaction. GBMgel can efficiently capture
macrophages and drive the recruitment of seed stem cells and vascular
budding required for regeneration in the early stages of bone injury, and the
observed sustained release of inorganic silicon ions further enhances bone
matrix deposition, mineralization, and vascular maturation. Moreover, the use
of macrophage-depleted rat calvarial defect models further confirms that
GBMgel, with ligand-selective macrophage targeting, increases the bone
regeneration area and the proportion of mature bone. Mechanistic studies
reveal that GBMgel upregulates the TLR4/NF-𝜿B and MAPK macrophage
pathways in the early stages and the JAK/STAT3 pathway in the later stages;
thus initiating macrophage polarization at different time points. In
conclusion, this study is based on the endogenous self-healing properties of
bone macrophages, which enhances stem cell homing, and provides a
research and theoretical basis upon which bone tissue can be reshaped and
regenerated using the body’s immune power, providing a new strategy for the
treatment of critical bone defects.
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1. Introduction

Severe trauma often results in critical bone
defects.[1] However, a bone defect that
exceeds the critical range of the innate
self-healing capacity of a tissue can re-
sult in chronic inflammation at the in-
jury site, with the delay in repair persist-
ing sometimes over an entire lifetime.[2]

Macrophages play a pivotal role in the
immune response that leads to endoge-
nous self-healing,[3] and are thought to ex-
hibit various phenotypes following such
an injury. The “classically activated” M1
macrophages are known for their proin-
flammatory cytokine production and the
“alternatively activated” M2 macrophages
release anti-inflammatory factors.[4] Both
M1 and M2 macrophages are indispensable
for the self-healing of bone, and the targeted
and timely regulation of these macrophages
can promote healing.[5] Currently, biomate-
rials that improve conditions by carrying ex-
ogenous cytokines or cells are used to heal
bone injuries, and the important role of im-
mune cells that initiate endogenous self-
healing at critical bone defects is generally
overlooked.[6]

In recent years, biomaterials with precisely controlled struc-
tures have been widely studied for drug delivery and new tis-
sue regeneration,[7] and the developed cell-free material strate-
gies for the timed and targeted regulation of endogenous bone
repair programs are particularly conducive to fracture healing.[8]

The extracellular matrix (ECM)-like characteristics of hydrogels
means that they can promote cell migration and adhesion, and
these materials have thus been widely used as biomaterials.[9]

Given the uniqueness of critical bone defects, hydrogels that
are formed by Schiff base reactions have the advantage of in
situ gelation and self-healing properties, rendering them suit-
able for filling bone defects of various shape.[10] Moreover, the
excellent biocompatibility and degradability of gelatin-based hy-
drogels renders them nontoxic to the human body.[11] Our previ-
ous research showed that dextran (DEX) structures can form hy-
drogels by binding with the amino groups in gelatin, and can ef-
fectively adhere to fragmented bone pieces and guide bone heal-
ing through degradation.[12] However, DEX-based hydrogels lack
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Scheme 1. Schematic illustration of the construction and application of the inorganic–organic double-cross-linked hydrogel for augmented bone regen-
eration. The GBMgel comprises aMBGN, oBSP, and gelatin. When the GBMgel is applied to the bone defect, it targets macrophages, initiating a brief
inflammatory response that is then controlled, thus inducing the bone immune-stem cell endogenous self-healing program.

immunomodulatory properties and do not stimulate endoge-
nous self-healing via bone immune-stem cells. Polysaccharides
such as Bletilla striata polysaccharide (BSP, comprising repeating
mannose and glucose units), which is extracted from the roots of
the East Asian plant Isatis, have gained significant attention due
to their cell-specific targeting properties.[13] BSP has excellent
biocompatibility and biodegradability, is inexpensive, and has
been shown to promote wound healing, with anti-inflammatory
and antifibrotic properties, and can be applied in medical ma-
terials such as hydrogels, sponges, and microneedles.[14] There-
fore, combining BSP with gelatin-based hydrogels would maxi-
mize the immunoregulatory and bone-promoting characteristics
while filling bone defects. Such a composite hydrogel would offer
superior performance, providing a comprehensive solution for
repairing critical bone defects while simultaneously promoting
bone healing and regeneration, and the introduction of meso-
porous bioactive glass (MBGN), an inorganic material in the
calcium-silicon-phosphate family that promotes macrophage po-

larization toward the M2 phenotype, enhancing osteogenesis; it
would likely improve the gel even further.[15] The rich meso-
porous structure of MBGN would aid in its dispersion and ad-
hesion within a hydrogel, enhancing its overall biological and
mechanical properties.[16] MBGN particles can be recognized by
the endogenous macrophages that are mobilized in the hydrogel;
thus, MBGN can play a continuous role in attracting intervening
macrophages throughout the healing process.[17]

In this study, a bone tissue engineering treatment strategy that
cross-links aminosilane-modified mesoporous bioactive glass
(aMBGN) with aldehyde-functionalized B. striata polysaccharide
(oBSP) and gelatin through the Schiff base reaction (Scheme 1)
was established. The treatment initiates natural bone defect re-
pair by mimicking innate immunity, sequentially mobilizing
immune-stem cells, and triggering the endogenous bone repair
program. Macrophages are recruited to the hydrogel, where they
are reprogrammed to the M1 type in the early stage, releasing re-
lated factors that recruit endogenous stem cells and provide an
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early osteogenesis and angiogenesis matrix. Endogenous stem
cells then enter the defect along the hydrogel filling within the
critical bone defect. As the MBGN particles in the hydrogel are
recognized and endocytosed by macrophages, the macrophages
are polarized to the M2 type, controlling the inflammation and
releasing related factors into the chemotaxis stem cells for os-
teogenesis and angiogenesis. Evaluation of the biological mech-
anisms by which the composite scaffold regulates immune os-
teogenesis was performed by protein transcriptomic analysis and
investigation of the related signaling pathways, and the efficacy
of the GBMgel, which selectively targets macrophages and stimu-
lates the endogenous self-healing program of the immune-stem
cells in the bone to promote healing, was further validated in a
critical cranial bone defect rat model through liposome-mediated
macrophage depletion. The results proved that following a criti-
cal bone defect, filling it with GBMgel via in situ injection leads
to targeting and reprogramming of the macrophages, initiating
brief and acute inflammation that is controlled in a timely man-
ner, and inducing the immune-stem cell endogenous self-healing
program to promote bone regeneration.

2. Results and Discussion

2.1. Preparation and Characterization of Hydrogel

The aim of this study was to create a GBMgel loaded with BSP and
MBGN for the treatment of critical bone defects. The GBMgel was
designed to self-assemble in situ at the site of a bone defect, pro-
viding an applicable cellular microenvironment for the promo-
tion of bone-defect regeneration through immunomodulation.

BSP, known for its high biocompatibility and affinity for
macrophages, was further modified through aldehyde function-
alization, resulting in oBSP.[18] MBGN was prepared based on
a previously reported procedure and further modified by amina-
tion to obtain aMBGN.[19] The successful synthesis of the oBSP
and aMBGN was confirmed by Fourier transform infrared spec-
troscopy (FT-IR) (Figure S1A, Supporting Information),[20] with
results showing a peak at 1730 cm−1 following oxidation of the
polysaccharide, which indicated the presence of reactive alde-
hyde groups on the polysaccharide molecular chain that could
be utilized in subsequent experiments. Additionally, after mod-
ification with aminopropyltriethoxysil-ane (APTES), a peak at
3420 cm−1 in the FT-IR spectrum of MBGN confirmed the pres-
ence of amino groups on the MBGN, which could also be em-
ployed (Figure S1B, Supporting Information).

Observations of synthetic MBGN through scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
revealed a smooth spherical shape with a uniform size distri-
bution (Figure S2A,B, Supporting Information). No differences
were observed in the morphologies or distributions of aMBGN
and MBGN. Dynamic light scattering results indicated an aver-
age diameter of ≈221.3 ± 24.6 nm for aMBGN, with a low poly-
dispersity index of 0.0532 (Figure S2C, Supporting Information),
suggesting relatively narrow size distribution and uniformity for
the aMBGN particles. Furthermore, broad diffraction peaks over
the range 15°–30° in the X-ray diffraction (XRD) spectrum of
MBGN (Figure S2D, Supporting Information) are characteristic
of amorphous bioactive glass,[21] confirming the amorphous na-
ture of the MBGN.

The SEM results indicate that the average pore size of ≈115 μm
for the hydrogel remains relatively unchanged under the addition
of aMBGN (Figure 1A). However, the pore structure is denser,
and irregularities with noticeable spherical protrusions can be
observed on the hydrogel surface. It is generally recognized that
a pore size of around 100 μm is conducive to promoting cell
migration and tissue ingrowth, while uneven surfaces facilitate
cell adhesion.[22] The energy-dispersive spectroscopy spectrum
(EDS) of GBMgel also revealed the additional presence of calcium
(Ca) and silicon (Si) in the structure, confirming the incorpora-
tion of MBGN within the hydrogel. Phosphorus (P) was not ob-
served, which may be because the P content is very low in MBGN
(Figure 1B,C). This structural integration is essential for the in-
tended functions and interactions of the hydrogel with the target
cells and tissues.

To produce the required hydrogel, aMBGN was first mixed
with oBSP solution followed by a gelatin solution of equal con-
centration. These components form hydrogels via Schiff and hy-
drogen bonds. Observation of the hydrogel containing aMBGN
indicated noticeable turbidity (Figure 1D). Additionally, the gela-
tion time was significantly shortened compared to that observed
in the GBgel group to which no aMBGN was added. The GBgel

group required 10 min for gelation, whereas the GBMgel group
with aMBGN required only 3 min. This accelerated gelation is
beneficial for preventing the loss of hydrogel liquid during in situ
injection, which can occur when gelation occurs over excessive
periods.[23] Absorption peaks at 1630 cm−1 in the FT-IR spectra
of GBMgel indicate the presence of Schiff base bonds that have
formed via reactions between the main gelatin chain, the ─NH2
groups on the aMBGN, and the C═O groups on the oBSP. Mean-
while, two new peaks at ≈883 and 1028 cm−1 in the FT-IR spectra
obtained for the GBMgel are attributed to Si─O─Si bending and
stretching vibrations in the silicate glass, confirming the pres-
ence of MBGN within the GBMgel (Figure 1E).

Rheological tests were used to evaluate the frequency sweep
of the hydrogels by comparing both groups at oscillation fre-
quencies of 0–12.5 Hz. The results indicated a higher storage
modulus (G’) than loss modulus (G’’) in both groups, indicat-
ing the formation of an elastic network within the hydrogels
(Figure 1F). Furthermore, the higher G’ for the GBMgel group
compared to that of the GBMgel suggest superior applicability,
which is potentially attributed to the MBGN loading. The results
of strain sweep on the two hydrogel groups showed no particular
change in the storage modulus of either group as the shear
strain was increased, until the critical shear strain was reached,
at which point, the storage and loss modulus intersected before
dropping rapidly, indicating destruction of the 3D network.[24]

The critical strain 191.3% for the GBMgel is significantly higher
than the 111.7% that was obtained for the GBgel, indicating that
MBGN improves the strain tolerance of the hydrogel (Figure 1G).
This may be related to the dispersion of MBGN and the Schiff
base bonds within the hydrogel. Additionally, good injectability
properties are required because the hydrogels injected in situ
into irregular critical bone defects.[25] Injection of the fully gelled
GBMgel into a vial containing phosphate-buffered saline (PBS)
solution (Figure 1H) indicated that the GBMgel retained its
complete structure in the PBS, suggesting that GBMgel can be
injected. Simultaneously, the results of shear viscosity testing
show that the viscosity of the GBMgel decreases as the rotation
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Figure 1. Hydrogel characterization. A) SEM images of GBgel and GBMgel. B) EDS profile of elements in GBgel and C) GBMgel. D) Images showing
sol–gel transition in the hydrogels. E) FT-IR spectra of GBMgel. F) Frequency sweep of GBgel and GBMgel from 0.1 to 12.5 Hz at 5% strain. G) Strain
sweep of GBgel and GBMgel from 1% to 1000% at 1 Hz. H) Injection of gelled GBMgel into PBS to verify injectability. I) Shear viscosity of GBMgel. J)
Images showing the self-healing properties of GBMgel. K) Step strain testing of GBMgel at alternating strains of 1% and 400%. L) Compression testing
of GBgel and GBMgel. M) Tensile testing of GBgel and GBMgel. N) Swelling curves for GBgel and GBMgel. O) Degradation curves for GBgel and GBMgel.
(Data presented as mean ± standard deviation, n = 3).
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speed increases, further proving the good injectability of the
GBMgel (Figure 1I). It is difficult to avoid deformation in hydro-
gel that has been used to fill critical bone defects due to patient
movement. However, hydrogels with Schiff base bonds can
spontaneously repair through the action of reversible covalent
bonds, preventing the hydrogel from being squeezed out of the
defect.[26] To test this process, two complete GBMgel portions
were cut in half and placed together, with results showing that
the two hydrogels healed after 5 min, indicating the self-healing
properties of the GBMgel (Figure 1J). Step strain testing showed
that rapidly increasing the stress to 400%, exceeding the critical
strain value of GBMgel, instantly decreases the G′ value of the
GBMgel to < G″, indicating that the hydrogel was destroyed and
that the gel changed from a solid to a liquid state. Converting the
stress to low strain results in an increase in the G′ value of the
hydrogel to > G″, indicating that the hydrogel has restored its
original gel state, proving the self-healing properties of GBMgel

(Figure 1K).
The mechanical properties of hydrogels were further explored

through compression and tensile tests. The compressive me-
chanical behavior of hydrogels for use in bone regeneration
applications is important because they are primarily subjected
to compressive stress. The compressive stress–strain curve ob-
tained through compression testing showed a typical “J-shaped”
stress–strain curve at 60% compression for both hydrogel groups,
similar to that of biological tissues.[27] Meanwhile, GBMgel exhib-
ited a larger compressive modulus of ≈53.8 kPa (Figure 1L). In
the tensile test, GBMgel has a high strain value of 182.8% and ten-
sile stress of 132 kPa, which is significantly superior to the results
obtained for GBgel (Figure 1M). This suggests that loading with
MBGN enhances the mechanical properties, possibly because of
the relatively high surface reactivity, which reduces the physical
entanglement of the gelatin and pectin chains in the hydrogel
through chemical cross-linking, improving the mechanical prop-
erties of the hydrogel matrix. The relative stability of hydrogels
in the physiological environment of the body is conducive to
their ability to guide cells and avoid deviating from their original
position, while also ensuring early support for tissue regenera-
tion. The slow degradation of hydrogels also provides space for
the growth of new tissue.[28] Measurement of the swelling and
degradation rates of the hydrogels indicated that the swelling
rate of GBMgel loaded with MBGN was significantly lower than
that of GBgel (Figure 1N), which may be attributed to MBGN
cross-linking within the hydrogel, restricting its expansion and
contributing to its shape stability. In addition, the degradation
rate of GBMgel was noticeably lower than that of GBgel, indicating
that the loaded MBGN contributes to the structural stability of the
hydrogel (Figure 1O). The detection of Si4+ in the loaded MBGN
indicates that Si4+ is released rapidly during the initial 12 h;
however, this was followed by a slower, stable release that was
maintained over an extended time period (Figure S3, Supporting
Information). This change may be related to the solubility of the
ions within the solution. The accelerated release of Si4+ in the
early stages of hydrogel placement, followed by the sustained
slow release after reaching ion equilibrium in the solution,
contributes to the immunomodulatory and osteogenic effects of
MBGN on the macrophage-stem cell axis, while also reducing the
risk of rapid Si4+ release, which could lead to toxicity within the
body.[29]

2.2. Cell Viability of Hydrogel

The results of the cell viability assays and live/dead staining fol-
lowing the coculture of bone marrow mesenchymal stem cells
(BMSCs) with the composite hydrogel for 3 d showed that the
BMSCs adhered well to the hydrogel in all groups (Figure 2A–C).
No significant differences were observed in the cell viability
among the various groups as compared to the blank control.
These results indicate that the composite hydrogel did not neg-
atively impact the cell viability to any extent. BMSCs were able
to attach to and disperse within the hydrogel, suggesting favor-
able cell-material interaction. The cell counting kit-8 (CCK-8) as-
say, which measures cell proliferation, further confirmed the bio-
compatibility of the hydrogel. Cell viability was assessed by co-
culturing BMSCs with the different hydrogel groups. The results
showed no statistically significant differences in terms of the cell
survival rate among the various groups as compared to the con-
trol group (Figure 2D). The group that was loaded with MBGN
showed cell viability similar to that of the group without MBGN,
suggesting that MBGN does not adversely affect cell viability. Pre-
vious studies have demonstrated the potential toxicity of MBGN
in cells. However, amine modification (aMBGN) appears to at
least partially mitigate the potential cytotoxicity associated with
MBGN, suggesting that modifying the MBGN aided in improv-
ing its biocompatibility, rendering it suitable for use in the com-
posite hydrogel. Overall, the results of the in vitro experiments
demonstrate that the composite hydrogel, both with and with-
out MBGN loading, is biocompatible and that it supports the vi-
ability and growth of BMSCs without any significant cytotoxicity.
However, further in vivo studies and long-term assessments are
necessary to confirm the safety and effectiveness of the gels in a
physiological context.

2.3. In Vitro Experiment

2.3.1. Impact of Hydrogels on Bone Marrow-Derived Macrophages
(BMDMs)

Macrophages tend to aggregate around defect sites following the
occurrence of a critical bone defect.[30] However, specific path-
ways that guide macrophages toward the center of the bone de-
fect are often lacking, which often leads to nonunion or delayed
healing.[31] One strategy for the targeted repair of critical bone
defects involves filling the defect with a hydrogel while simulta-
neously capturing macrophages. In this study, the polysaccharide
BSP, which targets the mannose receptor (MR) on macrophages,
was used, as demonstrated previously,[32] and in vitro experi-
ments were performed using primary BMDMs extracted from
mice. BMDMs adhere to surfaces when stimulated with a colony-
stimulating factor (CSF). Comparison of the effects of CSF and
a hydrogel containing BSP on BMDMs indicated that a signifi-
cant number of BMDMs adhered to the BSP-containing hydro-
gel, with no significant difference observed as compared to the
CSF-stimulated cells (Figure S4, Supporting Information). Addi-
tionally, SEM images of BMDMs that were cocultured with the
BSP-containing hydrogel showed that the BMDMs were firmly
attached to the hydrogel. It is worth noting that the BMDMs
exhibited a spherical phenotype after coculturing for 3 d, but
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Figure 2. Cell viability. A) Schematic illustration showing the coculture of cells with hydrogel. B) Live/dead staining of BMSCs after 3 d. C) Fluorescence
intensity of live BMSCs. D) CCK-8 assay showing BMSC proliferation. (Data presented as mean ± standard deviation, n = 3, * for p < 0.05, ** for p <

0.01. Nonsignificant differences are indicated by “ns.”).

transitioned to a more elongated shape with more pseudopodia
after 7 d (Figures S5 and S6, Supporting Information), suggest-
ing that capture by the hydrogel may alter the phenotype of the
BMDM.[33]

Macrophages, which are crucial participants in the inflam-
matory response, can polarize to form either the proinflamma-
tory subtype M1 or anti-inflammatory subtype M2 in different
immune microenvironments. M1 and M2 macrophages regu-
late bone regeneration by secreting different cytokines that re-
shape the immune microenvironment, and their involvement
in the inflammatory response is indispensable.[34] The changes
that resulted from the hydrogel-targeted of BMDM capture were
further explored using flow cytometry, with results showing
that after cointervention with lipopolysaccharide (LPS) (100 ng
mL−1) to stimulate an inflammatory environment, the propor-
tion of CD86+/CD11b+ cells was higher and CD206+/CD11b+

cells lower after 3 d (Figure 3A–C), while the proportion of
CD86+/CD11b+ cells showed a decreasing trend and the pro-
portion of CD206+/CD11b+ cells showed an increasing trend
after 7 d (Figure 3D–F). These results reflect the dynamic reg-
ulation of BMDM in an inflammatory environment. After 3 d
of coculture, both the GBgel and GBMgel groups showed an in-
creased proportion of CD86+ cells as compared to the control
and gel groups, whereas no significant increase was observed for
the CD206+ cells. M1 macrophages thus preferentially express

CD86, whereas M2 macrophages preferentially express CD206.
This may be related to the presence of BSP in the hydrogel, be-
cause the mannose in the BSP binds to the MR on the BMDMs,
influencing polarization toward the M1-type. After 7 d of cocul-
ture, the GBMgel group showed the highest proportion of CD206+

cells at 25.9%, which may be related to the presence of MBGN.
As time progressed, the MBGN gradually became exposed, and
the rich Si4+ content in MBGN was confirmed to promote polar-
ization toward M2.

Cell immunofluorescence (IF) staining revealed similar re-
sults, with BMDMs stained green to observe the macrophage sur-
face marker F4/80. After 3 d of coculture, the fluorescence of the
surface marker inducible nitric oxide synthase (iNOS) on the M1
macrophages showed high intensity in all cell groups (Figure 4A),
whereas weak fluorescence was observed for the surface marker
CD206 in the M2 macrophages. After 3 d of coculture, the GBgel

and GBMgel groups showed significantly stronger iNOS fluores-
cence than the other two groups. However, CD206 fluorescence
in the GBMgel group had a higher intensity compared to the other
groups on day 7. Additionally, cells within the GBMgel group dis-
played more elongated morphologies and increased pseudopodia
in comparison to the cells within the other groups. Quantitative
analysis of the fluorescence corresponding to iNOS and CD206
after 3 and 7 d of coculture revealed similar trends (Figure 4B–E).
Based on the phenotypic analysis mentioned above, we conclude
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Figure 3. FCA results showing BMDM polarization. A) CD86 and CD206 expression levels resulting from the presence of BMDMs at 3 d, as determined
by flow cytometry. B,C) Quantitative analysis of the flow cytometry results on day 3. D) CD86 and CD206 expression levels resulting from the presence
of BMDMs at 7 d, as determined by flow cytometry. E,F) Quantitative analysis of the flow cytometry results on day 7. (Data are presented as mean ±
standard deviation, n = 3, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Nonsignificant differences are indicated by “ns.”).

that the coculture of GBMgel with BMDM tended to promote M1
polarization in the BMDMs on day 3, whereas a trend toward M2
polarization was observed on day 7. The GBMgel, which can bind
to BMDM receptors early in the process and continuously release
Si4+ ions, is thus promising for use in ligand-selective targeted
capture and the phenotypic transformation of macrophages at
different stages.

2.3.2. Impact of Coculturing Hydrogels with BMDM for In Vitro
Osteogenesis and Angiogenesis

Following the occurrence of a bone injury, an immune response
is immediately initiated, with relevant immune cells accumulat-
ing at the defect site and secreting specific cytokines to recruit
stem cells. The recruited stem cells then undergo proliferation
and differentiation under the regulation of the local microenvi-
ronment to facilitate tissue regeneration. In the field of bone im-

munology, this process represents an endogenous self-healing
program. However, in refractory bone defects, inflammatory cells
at the damaged site struggle to target the defect, often resulting
in prolonged inflammation that hinders stem cell homing, thus
impeding tissue regeneration.[35] The homing ability of BMSCs
has been shown associating with M1 macrophages.[36] Therefore,
cellular scratch assays and transwell chemotaxis migration ex-
periments were conducted to evaluate the effects of BMDMs on
the hydrogel targeting of BMSCs, for which BMSCs were cul-
tured within the BMDM-conditioned medium that was obtained
after coculturing the BMDMs with hydrogel (Figure S7, Sup-
porting Information). Compared to the group without BSP, both
the GBgel and GBMgel groups exhibited higher BMSC migration
rates. The migration rate in the GBgel group reached its maxi-
mum 30.36% after 24 h, whereas a migration rate of only 10.19%
was observed in the control group at this point. The migration
rate of the GBgel group peaked after 48 h, reaching at 67.13%
(Figure S8A,B, Supporting Information), which is significantly

Adv. Healthcare Mater. 2024, 13, 2303851 2303851 (7 of 20) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 4. IF analysis of BMDM polarization. A) IF staining showing F4/80, iNOS, and CD206 expression after 3 and 7 d. B) Quantitative analysis of
fluorescence intensity for iNOS after 3 and D) 7 d. C) Quantitative analysis of CD206 fluorescence intensity after 3 and E) 7 d. (Data are presented as
mean ± standard deviation, n = 3, * for p < 0.05, *** for p < 0.001, and **** for p < 0.0001. Nonsignificant differences are indicated by “ns.”).
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higher than the rate observed in the control and plain gel groups.
Transwell migration assays yielded similar results, with BMSCs
that were incubated in the culture medium of the GBMgel group,
which was cocultured with BMDMs for 7 d, migrated through the
transwell membrane after 24 h (Figure S8C,D, Supporting Infor-
mation). These results suggest that BSP influences the homing
ability of stem cells by targeting the BMDMs.

BMDMs secrete the cytokines that are required for BMSC
proliferation and osteogenic differentiation.[37] To further ex-
plore the influence of the local microenvironment, which is en-
riched with the osteogenesis-related cytokines that are secreted
by BMDMs after hydrogel intervention, cocultures of BMDMs
and BMSCs were established upon the osteogenic differentiation
of the BMSCs that occurred due to the use of BMDM-conditioned
medium. Alkaline phosphatase (ALP), an enzyme that is secreted
by osteoblasts, serves as a direct indicator of osteoblast activ-
ity and functionality by signifying early osteoblast differentia-
tion and mineralization. BMSCs were harvested for ALP stain-
ing and activity assessment after 7 d. The GBgel and GBMgel

groups exhibited more prominently stained osteoblasts, with the
GBMgel group displaying significantly deeper ALP staining com-
pared to the other groups (Figure 5A,B). Osteocalcin (OCN), a
calcium-binding protein that is synthesized and secreted by ma-
ture osteoblasts, represents a major component of noncollage-
nous bone protein and is considered a marker of osteoblast dif-
ferentiation toward mineralization. BMSCs were thus collected
for OCN IF staining after 14 d. BMSCs in the GBMgel group ex-
hibited the most intense red fluorescence, indicating the pres-
ence of OCN, and displayed superior cell spreading compared to
all other groups (Figure 5C). Quantitative analysis of the OCN
IF intensity corroborated these findings (Figure 5D). Calcium
nodules, which are mineralized ECMs formed by osteoblasts,
represent the final stage of osteogenic differentiation. To test
for their presence, BMSCs were collected 21 d after coculture
and subjected to alizarin red staining, with results showing the
most abundant and densely distributed calcium nodules in the
GBMgel group (Figure 5E). Quantitative analysis of the calcium
nodules yielded results that were consistent with those of the
staining (Figure 5F). Quantitative real-time polymerase chain re-
action (qRT-PCR)analysis of runt-related transcription factor 2
(RUNX2), ALP, and OCN revealed elevated expression levels in
the GBMgel group, aligning with the results of the previous ex-
periments (Figure 5G–I).

Furthermore, the stimulatory effect that coculturing hydrogels
with BMDMs has on angiogenesis was assessed through in vitro
angiogenesis assays using a specialized culture medium. To test
this, the control group was incubated with the specialized cul-
ture medium for 4 h, with results suggesting that no signifi-
cant capillary-like network forms without the presence of the
treated macrophages (Figure 5J). In contrast, abundant capillary-
like tube formation was observed in the culture media from
the GBgel and GBMgel groups, with the GBMgel group exhibiting
considerably greater branching and total length (Figure 5K–M).
ELISA studies of the cytokines that are related to cell migration
and angiogenesis revealed a significant increase in the expression
of vascular endothelial growth factor (VEGF) and platelet-derived
growth factor-BB (PDGF-BB) in both the GBgel and GBMgel

groups, with the GBMgel group showing even greater enhance-
ment than the GBgel group (Figure 5N,O).

2.4. In Vivo Experiments

2.4.1. Establishment of the Animal Model and Hydrogel
Implantation

This study focused on investigating the impact of composite
hydrogels on the targeting and capturing of macrophages to
stimulate the immune cell-related endogenous regenerative pro-
gram for bone-defect regeneration. Using a rat macrophage-
depleted model allowed for effective validation of the impact
that the hydrogel has on bone defect regeneration in the ab-
sence of macrophages, a method that has previously been proven
effective.[38] In this section, a rat cranial defect model is used
to investigate the effects of GBMgel on bone defect repair. The
injectability and favorable mechanical properties of the GBMgel

meant that it could be locally injected and gelled in situ onto a
rat cranial defect. Skull specimens were collected 4 and 8 weeks
postsurgery to analyze the progress of the repair (Figure 6A,B).

2.4.2. Impact of the Hydrogel on Bone Formation and Angiogenesis
at the Defect Site

Bone tissue repair was studied using microcomputed tomogra-
phy (micro-CT) and histological examination. Specimens were
collected and subjected to micro-CT scanning before reconstruc-
tion to evaluate bone repair. The reconstructed images of the
bone defects showed that the normal GBMgel group exhibited
significantly better bone repair than the other groups 4- and 8-
weeks postsurgery. Four weeks after hydrogel implantation, the
normal group that was treated with GBMgel showed new autol-
ogous bone tissue formation around the edges of the critically-
sized defect, whereas the macrophage-depleted GBMgel group
showed little formation. Eight weeks after hydrogel implanta-
tion, extensive new bone generation was observed within the
critically-sized defect in the normal GBMgel group, with the bone
defect almost completely covered by densely-packed new bone
tissue (Figure 6C). Some degree of new bone formation was
also observed in the macrophage-depleted GBMgel group com-
pared to the macrophage-depleted control group, which may
be attributed to the scaffold effect provided by the GBMgel, the
cellular microenvironment, and the ability of loaded MBGN to
dissolve and promote the formation of a calcium silicate layer
upon which bone growth can occur. However, the performance
of the macrophage-depleted GBMgel group was inferior to that
of the control group. As expected, quantitative micro-CT anal-
ysis showed that the normal GBMgel group had significantly
higher bone volume/tissue volume (BV/TV) and mineral den-
sity (BMD) as compared to the other groups (Figure 6D,E), sug-
gesting that the GBMgel group had a greater number of newly
formed and densely packed bone trabeculae. Furthermore, the
values of BV/TV and BMD were higher in the normal control
group than in the macrophage-depleted GBMgel group, which,
in turn, were higher than those in the macrophage-depleted con-
trol group. The results of micro-CT and quantitative analysis in-
dicated that GBMgel has a significantly better bone-defect regen-
eration capacity when macrophages are involved, suggesting that
the GBMgel promotes in vivo bone-immune cell endogenous re-
generative programs that aid in bone regeneration. Additionally,
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of the macrophage-depleted groups, the GBMgel group exhibited
a certain degree of bone regeneration as compared to the control
group. However, the bone regeneration was less effective than
that of the normal control group, underscoring the importance
of macrophages in bone-immune cell endogenous regenerative
programs and further highlighting the positive role of GBMgel

in site-specific bone regeneration, primarily through the targeted
capture of macrophages.

Histological analysis was also conducted on the cranial spec-
imens, with the hematoxylin and eosin (H&E) staining results
demonstrating that bone repair was superior in the normal
GBMgel group compared to the other groups at different time
points; with the normal GBMgel showing the highest continu-
ity of bone tissue regeneration (Figure 6F–H). Masson’s staining
was used to assess the maturity of the newly formed bone tissue,
particularly that of the newly formed to fully remodeled bone,
during repair. Red-blue cross-staining indicated the formation of
new bone tissue at the defect sites in all groups. However, larger
and more continuous areas of red staining were observed for the
normal GBMgel group, which was consistent with the quantita-
tive analysis of the red-stained area and indicates enhanced bone
formation and remodeling activities for the group. In contrast,
the macrophage-depleted GBMgel group exhibited thicker colla-
gen fibers than the normal control group (Figure 6I–K), suggest-
ing that the absence of macrophages in the repair process may
result in an inability to precisely regulate stem cell differentia-
tion, leading to the proliferation of scar tissue.

Immunohistochemical (IH) staining of the osteogenic differ-
entiation markers OCN and osteopontin (OPN) indicated that the
positive expression of OCN and OPN was significantly higher at
different time points in the normal GBMgel group than in the
other groups (Figure 7A–F), indicating superior bone repair abil-
ity. These results suggest that the normal GBMgel group has a
better capacity for bone tissue maturation, and variation in the
osteogenic markers at different time points suggest that GBMgel

had a positive impact throughout the entire process.
To assess the regeneration of blood vessels at the defect site,

CD31 IH and von willebrand factor (VWF) IF staining were
used to study the level of angiogenesis following the different
treatments at the defect site. The results indicated more CD31-
positive stained structures in normal mice than in macrophage-
depleted rats at 4 weeks. Wounds that were treated with the
GBMgel in normal rats showed a higher number of CD31-positive
stained blood vessels than the sham surgery group. Conversely,
in macrophage-depleted rats, wounds treated with the GBMgel

demonstrated a similar number of CD31-positive stained blood
vessels as the control group. At 8 weeks, the CD31-stained area
showed a decreasing trend (Figure 7G–I). VWF is an indicator
of newly formed blood vessels, and at 8 weeks, the expression of
VWF in the GBMgel group was significantly lower than that of the
macrophage-depleted GBMgel group (Figure 7J–L). This decrease

may be attributed to the fact that fewer nutrients and oxygen are
required following repair, and the blood vessels that are formed
during regeneration subsequently regress. These results indicate
that GBMgel can expedite and enhance bone defect healing, even
in the absence of macrophages.

2.4.3. Impact of the Hydrogel on Macrophages at the Defect

We hypothesized that the outstanding performance of the
GBMgel group in promoting bone and vascular regeneration in
the absence of macrophages was based on its ability to target and
intervene with the macrophages. To validate this hypothesis, ex-
periments were conducted using samples collected on days 3, 7,
and 14 and weeks 4 and 8 postoperation using a macrophage-
depleted cranial defect model.

F4/80 was used to label the macrophages and CD90 to label
the stem cells. The results showed that significantly less F4/80+

cells were observed at the defect site in the macrophage-depleted
rat groups as compared to the normal rat group, indicating that
the injection of clodronate liposomes effectively depleted the
macrophages (Figure 8A–C). Furthermore, the distribution of the
CD90+ cells at defect sites was uneven, with cells clustering at
the periphery in the macrophage-depleted rats. The number of
F4/80+ cells was higher in the GBMgel groups than the control
group on day 3, and the CD90+ cells showed a distribution pat-
tern similar to that of the F4/80+ cells, and a noticeable infiltra-
tion of F4/80+ cells toward the defect site occurred on day 7,
with CD90+ cells distributed accordingly (Figure 8D–F). How-
ever, the CD90+ cells were still distributed at the periphery of
the defect site in the macrophage-depleted GBMgel group, with
no statistically significant difference observed compared with the
macrophage-depleted control group.

These results suggest that the distribution of stem cells is in-
fluenced by macrophages and that GBMgel can influence the dis-
tribution of macrophages but does not directly affect stem cell
distribution. Relevant experiments to classify the macrophages
in vivo were then conducted, with M1 macrophages labeled us-
ing iNOS and M2 macrophages with arginine 1 (ARG-1). On day
3, the GBMgel group with nondepleted macrophages had signif-
icantly more iNOS+ cells than ARG-1+ cells, and the proportion
of iNOS+ cells was significantly higher than that of the control
group. On day 7, there were significantly more ARG-1+ cells than
iNOS+ cells in the GBMgel group with nondepleted macrophages,
and the proportion of ARG-1+ cells was significantly higher than
that of the control group. These experimental results suggest
that GBMgel promotes the proportion of M1-type macrophages
on day 3 and subsequently promotes the proportion of M2-type
macrophages on day 7, indicating that the GBMgel can chronolog-
ically polarize macrophages (Figure S9A–C, Supporting Informa-
tion).

Figure 5. Assessment of in vitro osteogenic activities of BMSCs and angiogenic abilities of HUVECs. A) Light micrographs showing ALP staining. B)
Quantitative measurement of ALP activity. C) Immunofluorescence staining of OCN. D) Quantitative comparison of migrated cells in the different
conditioned mediums. E) Light micrographs of alizarin red staining. F) optical density values obtained from calcium nodule staining. G) Expression
levels of Runx2, H) ALP, and I) OCN. J) Light micrographs indicating endothelial network formation in HUVECs. K) Quantitative analysis of the number
of nodes, L) number of segments, and M) total length. N) Quantification of VEGF, and O) PDGF-BB levels obtained using ELISA. (Data are presented
as mean ± standard deviation, n = 5, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Nonsignificant differences are indicated
by “ns.”).
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To evaluate the effect of early M1-induced polarization on os-
teogenesis, RUNX2, an early osteogenic index, was selected for
analysis. Groups that were assessed 14 d postsurgery were sub-
jected to IF staining of the RUNX2 areas. The results suggested
that the RUNX2+ areas were significantly more abundant in
the nonmacrophage-depleted GBMgel group than in the control
group, whereas no differences were observed in the RUNX2+ ar-
eas of the macrophage-depleted GBMgel group as compared to
the control group (Figure 8G,H). This suggests that GBMgel has
a bone-promoting effect in the early stages of repair. IF staining
of 𝛼-smooth muscle actin (𝛼-SMA) at the bone defect site was
also performed 8 weeks postsurgery. The aggregation of 𝛼-SMA+

cells may indicate pathological encasement by a large number
of macrophages.[39] The results suggested no obvious aggrega-
tion of the 𝛼-SMA+ cells in the GBMgel group with nondepleted
macrophages, whereas aggregation was observed in the control
group (Figure 8I,J). This may suggest that the macrophage regu-
lation by GBMgel is controllable and that pathological encapsula-
tion can be avoided. PCR analysis of the factors secreted by each
group at two different time points indicated that on day 3, the
expression of factors such as interleukin (IL)−1, IL-4, IL-12, and
tumor necrosis factor-𝛼 (TNF-𝛼) was significantly elevated in the
GBMgel group with nondepleted macrophages as compared to the
control. However, by day 7, their expression showed a significant
downward trend, indicating that these factors are highly asso-
ciated with inflammation. In contrast, the expression of factors
such as CSF and oncostatin M (OSM) was significantly higher
than it was in the control group on days 3 and 7 (Figure 8K–P).
CSF is associated with macrophage recruitment and adhesion,
whereas OSM is a key cytokine that directly induces osteogene-
sis and is a member of the proinflammatory IL-6 family, which is
beneficial for bone cell function.[40] This suggests that BSP regu-
lates the characteristics of the macrophages following the occur-
rence of a bone injury. Similar patterns of cytokine expression
have been observed in macrophages treated with different con-
centrations of BSP and LPS.

2.5. Mechanistic Insights into the Impact of Hydrogels on
BMDMs

To further investigate the mechanism by which GBMgel promotes
the transition of macrophages to an immunomodulatory phe-
notype at different time points, a proteomic analysis of cocul-
tured BMDMs was conducted, with mass spectrometry identi-
fying 1877 and 1169 proteins in the control and GBMgel groups,
respectively (Figure 9A). Several of the proteins showed signifi-
cant changes (>1.5-fold) in the control and GBMgel groups, with
ARG-1, CSF-3, and C-X-C motif chemokine ligand 3 (Cxcl3) up-
regulated in the GBMgel group (Figure 9B). CSF-3 and Cxcl3
are known to be involved in macrophage recruitment and adhe-
sion, and the observed upregulation suggests that the GBMgel

may enhance the recruitment and adhesion of macrophages.

ARG-1 contributes to the secretion of anti-inflammatory cy-
tokines by macrophages, and its upregulation suggests that
GBMgel may promote the secretion of anti-inflammatory cy-
tokines by macrophages, indicating an immunomodulatory ef-
fect. Myeloperoxidase (Mpo) and CD5l expression was downreg-
ulated in the GBMgel group. Mpo and cd5l are inflammatory-
related factors that are associated with macrophages, and their
downregulation in the GBMgel suggests a potential reduction in
the inflammatory responses of macrophages in the presence of
GBMgel. These proteomic findings provide valuable insights into
the molecular mechanisms that underlie the immunomodula-
tory effects of GBMgel on macrophages at different time points.
The upregulation of proteins that are associated with recruit-
ment, adhesion, and anti-inflammatory responses, coupled with
the downregulation of inflammation-related proteins, suggests
that GBMgel may have implications for tissue regeneration and
immunomodulation in biomedical applications. Gene ontology
enrichment analysis revealed significant differences in the pro-
tein profiles of the GBMgel group as compared to those of the
control group, particularly regarding the immune system pro-
cesses, cell migration, and cell adhesion. These findings suggest
that the GBMgel has a pronounced ability to regulate the behavior
and polarization of macrophages (Figure 9C). Kyoto encyclopedia
of genes and genomes (KEGG) pathway enrichment analysis in-
dicated significant differences between the GBMgel group and the
control group in terms of the TNF, nuclear factor kappa-B (NF-
𝜅B), phosphatidylinositol 3 kinase/protein kinaseB (PI3K/AKT),
and mitogen-activated protein kinase (MAPK) signaling path-
ways (Figure 9D).

To further validate the impact of the hydrogel on the produc-
tion of cytokine by the BMDMs, gene expression analysis was
conducted using qRT-PCR after 3 and 7 d of coculture. The re-
sults showed elevated OSM and CSF expression on 3 and 7 d in
the GBMgel group (Figure S10A,B, Supporting Information). The
GBMgel demonstrated a sustained ability to promote macrophage
and stem cell homing throughout the macrophage intervention.
Regarding the expression of inflammatory-related factors iNOS
and TNF-𝛼, the GBMgel group exhibited significant upregulation
on day 3 but marked downregulation on day 7 (Figure S10C,D,
Supporting Information), while no significant difference was ob-
served for the GBMgel and the control groups in terms of the anti-
inflammatory factors Arg-1 and IL-10 on day 3. However, Arg-1
and IL-10 were significantly upregulated in the GBMgel group on
day 7 (Figure S10E,F, Supporting Information). This may be re-
lated to the opposing inflammatory and anti-inflammatory fac-
tors at different time points, highlighting the multifaceted ben-
eficial effects of GBMgel in stimulating the early secretion of in-
flammatory factors by macrophages, mobilizing the osteoprogen-
itor cells, inducing osteogenic differentiation, and improving vas-
cular formation. Furthermore, after 7 d, as the MBGN within
the GBMgel was recognized and internalized by macrophages,
a reduction in the expression of inflammatory factors by the

Figure 6. Enhancement of bone regeneration by GBMgel in critical rat bone defects. A) Experimental design. B) Image depicting the critical bone defect
model. C) Surface reconstruction of microcomputed tomography for the cranial defect area. D) BV/TV measurement. E) Assessment of BMD in the
bone defect area. F) hematoxylin and eosin staining of the critical bone defect at 4 and 8 weeks. G,H) Quantitative analysis of new bone formation at
4 and 8 weeks. I) Masson staining of the critical bone defect at 4 and 8 weeks. J,K) Quantitative analysis of Masson staining (red-stained areas) at 4
and 8 weeks. (Data are presented as mean ± standard deviation, n = 5, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
Nonsignificant differences are indicated by “ns.”).
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Figure 7. Evaluation of osteogenesis through in vivo histological assessment. A) IH staining of OCN at 4 and 8 weeks. B) Optical density analysis of
OCN IH staining at 4 and C) 8 weeks. D) IF staining of OPN at 4 and 8 weeks. E) Quantitative analysis of positively stained areas for OPN at 4 and F)
8 weeks. G) IH staining of CD31 at 4 and 8 weeks. H) Optical density analysis of CD31 IH staining at 4 and I) 8 weeks. J) IF staining of VWF at 4 and 8
weeks. K) Quantitative analysis of positively stained areas for VWF at 4 and L) 8 weeks. (Data presented as mean ± standard deviation, n = 5, * for p <

0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Nonsignificant differences are indicated with “ns.”).

macrophages was stimulated, prompting the secretion of anti-
inflammatory factors to control the inflammation promptly. On
day 3, upregulation of CD206 expression was observed in the
GBMgel group (Figure S10G, Supporting Information), suggest-
ing that the BSP within the GBMgel may bind to CD206 on the
macrophages, indicating a potential mechanism by which the
GBMgel can influence the macrophages.

To further understand how the differences between the
GBMgel and control groups manifest over time, western blot

(WB) experiments were conducted at different time points, fo-
cusing on selected pathways that are related to proteomic analy-
sis; namely the JAK/STAT-3, TLR4/NF-𝜅B, and MAPK pathways
(Figure 9E). Recent studies have indicated that natural polysac-
charides induce immune cell activation through MAPK and NF-
𝜅B phosphorylation,[41] and the WB results revealed that the
expression of p-NF-𝜅Bp65/NF-𝜅Bp65 and p-ERK/ERK was in-
creased in the GBMgel group compared to the control group by
day 3 (Figure 9F–H). However, no significant differences in the
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Figure 8. Histological assessment of immunomodulation in vivo. A) IF staining of F4/80 and CD90 after 3 d. B) Percentage of F4/80+ cells on day 3. C)
Percentage of CD90+ cells on day 3. D) IF staining of F4/80 and CD90 on day 7. E) Percentage of F4/80+ cells on day 7. F) Percentage of CD90+ cells
on day 7. G) IF staining of RUNX2 on day 14. H) Fluorescence area of RUNX2 on day 14. I) IF staining of 𝛼-SMA after 8 weeks. J) Percentage of 𝛼-SMA+

cells after 8 weeks. K) Expression of osteogenesis-related genes in CSF, L) OSM, M) TNF-𝛼, N) IL-1𝛽, O) IL-12, and P) IL-4. (Data presented as mean ±
standard deviations, n = 5, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Nonsignificant differences are indicated by “ns.”).

expression of p-NF-𝜅Bp65/NF-𝜅Bp65 or p-ERK/ERK were ob-
served compared to the control group on day 7, and significant
upregulation was observed in the expression of p-STAT3/STAT3
(Figure 9I). These results suggest that in the early stages, the
GBMgel group activates the NF-𝜅B signaling pathway by binding
to the TLR4 receptor, promoting the BMDMs to polarize toward
the M1 phenotype while simultaneously activating the ERK sig-
naling pathway to limit the release of inflammatory factors. The
significant upregulation of the JAK/STAT3 signaling pathway in
the later stages promotes BMDMs to polarize toward the M2 phe-
notype. These results further indicate that the GBMgel, compared
to the GBgel without MBGN, exhibits significant enhancement
in precisely regulating polarization and the release of related cy-
tokines.

In summary, these results imply that the medium that has
been conditioned with macrophages containing BSP initiates the

healing process through chemotactic effects, whereas the pres-
ence of loaded MBGN promotes stem cell differentiation in a spe-
cific direction. These findings further underscore the precise im-
munomodulatory properties of the GBMgel, which are beneficial
for both vascular formation and osteogenesis.

3. Conclusion

In summary, the results of this study demonstrate that the appli-
cation of biomaterial ligands for the selective targeting and cap-
ture of macrophages, coupled with the promotion of M1 polar-
ization in the early stages and M2 polarization in the later stages,
contributes to the activation of the bone immune-stem cell-based
intrinsic self-healing program. Additionally, a composite hydro-
gel that was composed mainly of BSP and gelatin that incorpo-
rates MBGN was developed for experimentation. By exploring
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the relevant mechanisms, the role of macrophages in the intrin-
sic self-healing of bone immune-stem cells was elucidated, con-
firming that the targeted capture of macrophages is an effective
means of promoting bone defect regeneration.

4. Experimental Section
Preparation of oBSP: BSP powder derived from the root of B. striata

(Panier Biotech, Xi’an, China) (4 g) was subjected to ultraviolet steriliza-
tion and then dissolved in deionized water to prepare a 2% w/v solution.
Sodium NaIO4 (50 mL) was added as an oxidizing agent (Aladdin, Shang-
hai, China) and the reaction was stirred under protection by argon in the
dark for 8 h. Ethylene glycol (Aladdin) was added to terminate the reac-
tion, the resulting product was transferred to a dialysis bag with a molec-
ular weight cutoff of 3500 and dialyzed in deionized water for 48 h. After
dialysis, the solution was filtered, stored at −20 °C, and freeze-dried for
48 h to obtain oBSP. The degree of oxidation in the oBSP was determined
using a previously reported method, in which oBSP was reacted with ex-
cessive amounts of tert-butyl carbazate (t-BC, TCI, Shanghai, China), and
unreacted t-BC was quantified by adding 2,4,6-trinitrobenzenesulfonic acid
(TNBS, Sigma-Aldrich, USA). The degree of oxidation was determined by
measuring the colored derivatives produced by the excess t-BC and TNBS
reactions at 334 nm using a spectrophotometer, with results showing
70.5% oxidation.

Preparation of aMBGN: MBGN was synthesized following procedures
previously mentioned. A buffer solution of Tris hydrochloride (Macklin,
Shanghai, China) (500 mL) was prepared at pH 8, and a specified amount
was placed in a flask and stirred at 60 °C. Cetyltrimethylammonium
bromide (Sigma-Aldrich) (1.5 g), calcium nitrate tetrahydrate (Macklin)
(2.45 g), tetraethyl orthosilicate (Macklin) (11.5 mL), and triethyl phos-
phate (Macklin) (0.9 mL) were then added to the flask and the reaction
allowed to proceed for 24 h before termination by 5000 g centrifugation.
The resulting product was washed three times with anhydrous ethanol
and deionized water, dried, and finally calcined at 650 °C for 3 h to obtain
MBGN. MBGN (0.4 g) was then placed in n-hexane, agitated, and APTES
(Sigma-Aldrich) (5 mL) was added. The mixture was then stirred at 60 °C
for 24 h, and the product washed three times in anhydrous ethanol and
deionized water before drying to obtain aMBGN.

Preparation of GBgel and GBMgel: Gelatin and oBSP (Aladdin) were dis-
solved in PBS at a concentration of 20% and stirred until uniform. The two
liquids were then mixed at room temperature so that the excess amino
groups on the gelatin could react with the aldehyde groups on the oBSP,
resulting in the formation of the GBgel hydrogel. oBSP was then dissolved
in PBS at a concentration of 20%, stirred until uniform, and aMBGN dis-
solved in the oBSP solution at a concentration of 6%. The mixture was
then stirred using a magnetic stirrer until well mixed at room temperature
so that the aldehyde groups on the oBSP and amino groups on the aM-
BGN could undergo a Schiff base reaction and form covalent bonds. The
mixture was then mixed with an equal concentration of gelatin solution, al-
lowing the excess hydroxyl groups on the MBGN to form hydrogen bonds
with the carboxyl groups on the gelatin, resulting in the formation of the
GBMgel.

SEM and TEM: The surface morphologies of MBGN, aMBGN, GBgel,
and GBMgel were observed using SEM (Hitachi, S-4800, Japan) and TEM
(FEI, F20, USA). Prior to testing, MBGN and aMBGN were dispersed in
anhydrous ethanol and drop-cast onto silicon wafers, followed by air dry-
ing. The samples were then affixed to specimen mounts using a sputter
coater (Quorum Technologies, SC7620, UK) and gold coated over 60 s to

enhance conductivity. The hydrogel samples were then freeze-dried for 3
d and rendered brittle by freezing in liquid nitrogen before testing. EDS
elemental analysis was also conducted to determine the presence of C, O,
Si, Ca, and N on the sample surfaces.

Particle Size Analysis: For particle size analysis, MBGN and aMBGN
were dispersed in anhydrous ethanol via ultrasonic dispersion, and anal-
ysis performed using a research-grade light scattering system (Malvern,
UK).

XRD: The synthesized MBGN was analyzed using XRD (Ultima III,
Japan) over a diffraction angle range of 10–80° (2𝜃) at a scanning speed
of 2° min−1, using Cu K𝛼 radiation with a tube current and voltage of 40 mA
and 40 kV.

FT-IR Analysis: FT-IR (Thermo Scientific, USA) was used to acquire
FT-IR spectra for dried MBGN, aMBGN, BSP, oBSP, GBgel, and GBMgel

samples across the range 4000–500 cm−1.
Observation of Hydrogel Cross-Linking: The gelation of cross-linked hy-

drogels was determined using the small bottle tilt method. Briefly, 2 mL
of gel was added to a glass bottle at 37 °C at different time periods to de-
termine the time at which the gel solution no longer flowed after tilting
the small bottle. This method allows the gelation process to be effectively
observed. Photos were taken before and after the hydrogel cross-linking.

Rheological Behavior: The rheological properties of the hydrogel
samples were assessed using a rheometer (Thermo Scientific, HAAKE
RheoStress 6000). For testing, hydrogel samples (d = 25 mm, h = 2 mm)
were placed on the sample stage and frequency and strain tests conducted
at 37 °C using a flat plate device with a diameter of 25 mm. The storage
and loss moduli of the hydrogels were then measured under an oscillation
frequency varying from 0.1 to 12.5 Hz with the shear strain value fixed at
5%. The storage and loss moduli were also measured under shear strain
ranging over 1–1000% with the oscillation frequency fixed at 1 Hz.

Hydrogel Injectability: The injectability of the GBMgel was evaluated
through macroscopic observation and rheological measurement, for
which GBMgel was drawn up using a 1 mL medical syringe, cross-linked,
and injected into a PBS solution for direct observation of its injectability.
The shear viscosity of the GBMgel was measured by steady-state rheologi-
cal scanning. Tests were conducted at room temperature, with a test gap
of 1 mm, a strain of 1%, and a shear rate range of 1–100 s−1.

Hydrogel Self-Healing Activity: The self-healing activity of the GBMgel

was evaluated through macroscopic observation and rheological measure-
ment. To test the self-healing ability, two pieces of GBMgel were dyed dif-
ferent colors, placed in a mold, and cut. The two cut hydrogels were then
placed together at 37 °C for 30 min, and the self-healing performance
macroscopically analyzed by direct observation of the reconstructed hy-
drogel. Cylindrical GBMgel (d = 25 mm, h = 2 mm) was also placed on a
rheometer and self-healing evaluated by alternate strain scanning at 1%
and 1000%, with a strain interval of 1 min. A total of four cycles were per-
formed. Tests were conducted at room temperature, with the oscillation
frequency fixed at 1 Hz.

Mechanical Properties: To evaluate the mechanical properties of the
hydrogels, samples were examined using a universal mechanical tester
(Hengyi, HY-1080, Shanghai, China). Hydrogels were molded into differ-
ent shapes for compression and tensile tests. A cylinder (d = 10 mm, h =
5 mm) prepared as a compression sample was then subjected to com-
pression at a rate of 5 mm min−1, and the compression modulus of the
hydrogel was determined by calculating the slope of the stress–strain curve
that passed through the origin. Compression was ceased at 60%. Tensile
testing was performed using a sample with a width of 25 mm, thickness
of 2.5 mm, and length of 5 mm, which was subjected to tensile force that
was increased at 20 mm min−1. The test was considered complete when
the hydrogel broke.

Figure 9. Transcriptome sequencing and western blot experiments investigating the mechanism by which GBMgel regulates macrophage polarization.
A) Volcano map showing differentially expressed genes (DEGs) in the GBMgel group as compared to the control group. B) Heat map of DEGs. C) Gene
ontology enrichment analysis of DEGs. D) KEGG enrichment analysis of DEGs. E) Representative western blot images F) Quantitative analysis of toll-
like receptor 4 (TLR4) expression, G) NF-𝜅Bp65 phosphorylation levels of, H) extracellular signal-regulated Kinases (ERK), and I) signal transducer and
activator of transcription 3 (STAT3). (Data presented as mean ± standard deviation, n = 3, * for p < 0.05, ** for p <0.01, *** for p < 0.001, and **** for
p < 0.0001. Nonsignificant differences are indicated by “ns.”).
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Hydrogel Swelling and Degradation Rates: The swelling ratio of the hy-
drogels in PBS was assessed at pH 7.4 to evaluate in vitro swelling. In brief,
≈1 mL of freshly prepared hydrogel was added to 3 mL of PBS at 37 °C and
removed periodically for measurement of the mass. The swelling ratio was
calculated using Equation (1)

Swelling Ratio (%) =
W1 − W0

W0
× 100% (1)

where W1 is the mass of the hydrogel after immersion in PBS and W0 is
the mass of the hydrogel before immersion in PBS.

Similarly, the degradation rate of the hydrogels in PBS with a pH of 7.4
was evaluated to assess in vitro degradation. In brief, ≈1 mL of freshly
prepared hydrogel was added to 3 mL of PBS at 37 °C. The PBS was then
removed periodically, and the mass of the hydrogel measured. The degra-
dation rate was calculated using Equation (2)

Degradation Rate (%) =
W0 − W2

W0
× 100% (2)

where W2 is the mass of the hydrogel after immersion in PBS and W0 is
the mass of the hydrogel before immersion in PBS.

Silicon Ion Release Experiment: An equal volume of the material was in-
troduced into 1 mL of simulated body fluid, replaced at specific intervals,
and the resulting supernatant gathered. The silicon ion concentration in
the supernatant collected at each time point was determined using induc-
tively coupled plasma emission spectroscopy (Optima 7300, PerkinElmer,
USA).

Cell Viability Assay: Following a protocol approved by the Ethics Com-
mittee of Soochow University (Approval No. SUDA20231211A05), BMSCs
were obtained from 8-week-old male C57 mice and employed for in vitro
experiments. BMSCs were cultured in alpha minimal essential medium
(𝛼-MEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (P/S, Gibco). The culture was then
maintained at 37 °C in a 5% CO2 incubator and BMSCs were seeded onto
sterile hydrogel discs (d = 8 mm, h = 1 mm, sterilized with 75% ethanol)
in 48-well plates at a density of 1×104 cells per well. Cell proliferation on
the hydrogel was assessed using the CCK-8 assay on days 1, 3, 5, and 7, fol-
lowing the manufacturer’s instructions. The optical density (OD) value at
450 nm was measured at specified intervals using a microplate reader (n =
3). After 3 d of culture, the cell viability on the hydrogel was evaluated us-
ing a calcein acetoxymethyl ester/propidium iodide live/dead staining kit
and examined with laser confocal microscope. Quantitative measurement
of cell viability was conducted using ImageJ software (National Institutes
of Health, Bethesda, USA).

Cell Culture and Conditioned Medium Collection Translation: In accor-
dance with the protocol approved by the Ethics Committee of Soochow
University, BMSCs and primary mouse BMDMs were isolated from 8-
week-old male C57 mice. BMDMs were obtained from mouse bone mar-
row and cultured for 6 d at a concentration of 1 × 106 cells mL−1 in culture
medium CSF at a concentration of 20 ng mL−1. BMSCs from passages 3–
5, also derived from mouse bone marrow, were used for the experiments.
BMDMs were seeded at a density of 3 × 106 cells per well in a six-well
plate and cultured in dulbecco’s modified eagle medium (DMEM) supple-
mented with FBS and P/S. The culture medium was collected after 48 h and
subjected to centrifugation at 1000 rpm for 3 min, and the resulting super-
natant was collected, stored, and labeled as the control culture medium.
Simultaneously, sterile hydrogels were placed at the bottom of a six-well
plate, and BMDMs were seeded at a density of 3 × 106 cells per well in
six-well plates containing the hydrogel. The cells were then cocultured for
a specific period in DMEM supplemented with FBS and P/S. The culture
medium was then collected, centrifuged at 1000 rpm for 3 min, and the
supernatant collected, stored, and labeled.

Morphological and Behavioral Analysis of Cocultured Macrophages:
Macrophages that were cocultured with hydrogel for a specific duration
were subjected to fixation with 4% paraformaldehyde at room tempera-
ture for 30 min before samples were prepared using the alcohol gradient
dehydration method and subsequently coated with gold over 60 s using

a sputter coater to allow observation of the macrophages with SEM and
TEM.

Polarization Analysis: Flow cytometric analysis was conducted us-
ing a flow cytometer (BD, Canto II, USA) to assess the expression of
the macrophage markers CD86, CD206, CD11b, and CD45 in the co-
cultured BMSCs. Cells were subjected to two cold PBS washes and
then stained with fluorescein isothiocyanate-conjugated anti-CD86 (BD
Pharmingen, USA), phycoerythrin-conjugated anti-CD206 (BD Pharmin-
gen), allophycocyanin-conjugated anti-CD11b (BD Pharmingen), and
phycoerythrin-cyanine7-conjugated anti-CD45 antibodies (BD Pharmin-
gen). Staining was employed to assess the macrophage polarization. IF
analysis of the macrophage markers iNOS (Abcam, UK), CD206 (Abcam),
and F4/80 (Abcam) in the cocultured BMSCs was performed using a laser
scanning confocal microscope (ZEISS, LSM800, Germany). Cells were
fixed using 4% paraformaldehyde (Biosharp, Shanghai, China), blocked
with a rapid blocking solution, and subsequently incubated with pri-
mary and secondary antibodies, and 4′,6-diamidino-2-phenylindole (DAPI,
Yeasen, Shanghai, China). IF-labeled cells were then observed under a mi-
croscope and images captured for analysis.

BMSC Migration Assay: BMSCs were seeded in six-well plates (Corn-
ing, USA) at a density of 1 × 106 cells per well and cultured for 24 h. The
culture medium was then aspirated and a scratch created at the bottom
of each well using a 200 μL pipette tip. Subsequently, the cells were rinsed
twice with PBS, and various BMDMs-conditioned media added to con-
tinue the culture. Cells were periodically observed using an inverted mi-
croscope (DMI 3000 B, Leica, Germany), and images were captured at
different time points to monitor the migration of cells into the scratched
area. For the transwell migration assay, BMSCs were seeded in the up-
per chamber of a 24-well transwell plate (Corning) at a density of 2 × 105

cells per well and cultured in fresh DMEM without FBS and P/S. Different
BMDM-conditioned culture media were also added to the lower chamber
of the 24-well transwell plate and incubated for 12 h. Following incuba-
tion, the upper chamber was removed from the plate and the cells fixed
with 4% paraformaldehyde (Biosharp) before staining with crystal violet.
Cell observation and image capture were performed using an inverted mi-
croscope.

Osteogenic Differentiation: BMSCs were seeded in 24-well plates at a
density of 5×104 cells per well and allowed to incubate overnight before
exposure to various prepared BMDM-conditioned culture media. The cul-
ture medium was refreshed every other day. Following a 7-d culture pe-
riod, the various BMSC groups were subjected to staining and ALP activity
quantification, which was conducted using an ALP staining kit (Beyotime,
Shanghai, China) and an ALP activity quantification kit (Jiancheng, Nan-
jing, China). After a 14-d culture period, immunofluorescent staining of
the different BMSC groups was performed using an OCN primary anti-
body (SAB, USA), following a previously described IF staining procedure.
Upon coculturing for 21 d, the BMSCs were stained to observe calcium
nodules using an alizarin red calcium staining kit (Cyagen, Guangzhou,
China). Calcium nodules were subsequently observed and photographed
using optical microscopy. The calcium nodules were then dissolved in hy-
drochloric acid, and their absorbance measured at 420 nm using a mi-
croplate reader. Total RNA was extracted from the osteogenic cells at var-
ious time points for qRT-PCR. BMSCs were cocultured for a duration of
7 and 14 d before total RNA was extracted using Trizol reagent. The ex-
tracted RNA was then subjected to reverse transcription to obtain comple-
mentary DNA (cDNA) using a reverse transcription kit from Takara (Shiga,
Japan). The MaximaTM SYBR Green/ROX qPCR Master Mix from Thermo
Fisher Scientific was employed for qRT-PCR analysis. All reactions were
conducted in triplicate with 𝛽-actin as the internal reference gene. The
primer sequences were designed by PubMed and synthesized by Shanghai
Generay (Table S1, Supporting Information).

Angiogenesis Experiment with HUVECs: HUVECs were cultured in 24-
well plates (Corning), coated with a low-growth factor matrix gel at a den-
sity of 1 × 105 cells mL−1, and maintained in a culture medium spe-
cific for BMDMs. After a 3 d incubation period, cells were fixed using 4%
paraformaldehyde, examined under an inverted fluorescence microscope,
and images were captured. Quantitative analysis was performed using Im-
ageJ software. In addition, cell culture supernatants were collected and
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the VEGF and PDGF-BB levels quantified using ELISA kits (Elabscience,
Wuhan, China) in accordance with the manufacturer’s instructions.

Preparation of Experimental Animals: Sprague–Dawley (SD) rats from
Zhaoyan New Drug Research Center Co., Ltd. (Suzhou, China) were em-
ployed for animal experiments. Rats were exclusively male and weighed
≈200–220 g on average. All animal-related procedures and surgeries
were carried out in strict adherence with the ethical guidelines ap-
proved by the Ethics Committee of Soochow University (Approval No.
SUDA20231211A05).

Establishment of Rat Models and Hydrogel Implantation: To establish
a rat model with depleted macrophages, clodronate liposomes (Yeasen)
were intraperitoneally administered 1 week before the surgical procedure
and continued once weekly postsurgery to deplete macrophages in the SD
rats. The surgical procedure commenced after 1 week of chloroquine treat-
ment. Rats were then anesthetized with 2% pentobarbital (2.5 mL kg−1),
their heads shaved and their skin disinfected with an anionic solution be-
fore a longitudinal incision, ≈2.5 cm in length, was made along the mid-
line of the skull. Subsequently, the skin and fascia layers were meticulously
separated until the skull was exposed. Two circular defects, each with a di-
ameter of 5 mm, were created on both sides of the skull using a trephine
drill. After rinsing to control bleeding, a nongelled hydrogel was injected in
situ to cover the wound and allowed to gel for 10 min. The control group
received an equal volume of PBS by injection. The incision was meticu-
lously sutured layer-by-layer and disinfected with iodine. Starting from the
day of surgery, penicillin was administered via intramuscular injection for
three consecutive days as a preventive measure against infection.

Collection of Animal Specimens: SD rats were humanely euthanized
3 d, 7 d, 14 d, 4 weeks, and 8 weeks after surgery. Skull specimens
were then carefully retrieved from the respective groups and fixed in 4%
paraformaldehyde (Biosharp) for a duration of 24 h.

Micro-CT Analysis: Micro-CT scanning and processing of the skull
samples 4 and 8 weeks postsurgery were performed using a Micro-CT sys-
tem (SkyScan 1176, Belgium). The scanning parameters were set with a
scanning voltage of 65 kV, a current of 385 mA, and a resolution of 7 μm.
The radial, sagittal, and coronal cross-sections of the radius were recon-
structed with the assistance of CTAnalyzer software (Skyscan). Circular re-
gions of interest were defined for the purpose of morphological and his-
tological analyses, including the assessment of BV/TV at the fracture site
and BMD. The resultant sample models generated by the software were
further subjected to surface reconstruction through the use of Mimic soft-
ware (Belgium).

Histological Analysis: Skull samples were decalcified in an ethylenedi-
aminetetraacetic acid (Biosharp) solution for 4 weeks, then dehydrated
using a sequence of ethanol solutions with different concentrations. Sam-
ples were then immersed in pure xylene and embedded in paraffin wax.
Histological analysis consisted of two distinct components. Samples from
postoperative days 3 and 7 were processed as described above; decalcified,
embedded, sectioned, and subjected to IF staining with antibodies against
F4/80 (Abcam), CD90 (Abcam), iNOS (Abcam), and ARG-1 (Abcam) to ex-
amine the distribution of macrophages and stem cells within the tissue.
Samples collected on postoperative day 14 were subjected to IF staining
with an antibody against RUNX2 (Abcam). Samples from weeks 4 and 8
postsurgery were analyzed using H&E staining and Masson’s trichrome
staining to evaluate bone regeneration. IH staining was performed for
OCN (Abcam) and CD31 (Abcam), and IF staining for OPN (Abcam) and
VWF (Abcam). These markers were used to assess bone tissue vascular-
ization, periosteum regeneration, and bone defect healing.

qRT-PCR In Vivo: Samples collected on postoperative days 3 and 7
were immediately frozen in liquid nitrogen and subsequently ground. To-
tal RNA extraction was performed on each sample using TRIzol reagent
(Invitrogen, USA). The extracted RNA was then reverse-transcribed into
cDNA using a reverse transcription kit from Takara. The Maxima SYBR
Green/ROX qPCR Master Mix from Thermo was employed for qRT-PCR
analysis, with 𝛽-actin as the internal reference gene.

Proteomics Analysis: Proteomics analysis was undertaken to examine
the hydrogels cocultured in this study. After 7 d of coculture, samples
were collected for protein extraction, with three replicates per group. Pro-
tein identification and quantification were achieved through reverse-phase

high-performance liquid chromatography (Bio-rad, USA). Mass spectrom-
etry data were subjected to both qualitative and quantitative analyses using
the MaxQuant/Andromeda software (version 1.3.0.5). Further analyses
were performed with various software tools, including DAVID, String, Cy-
toscape, and OmicStudio. Differentially-expressed proteins were defined
as those exhibiting a significance level of p < 0.05.

WB Experiments: Cocultured BMSCs were harvested regularly for WB
experiments, with total protein extracted using a RIPA lysis buffer (Be-
yotime). Protein concentrations were determined using a bicinchoninic
acid assay kit (Solarbio, Beijing, China). Subsequently, 20 μg of protein
from each sample was loaded onto a 10% Sodium sodecyl sulfate polyacry-
lamide gel electrophoresis gel (New Cell & Molecular, Suzhou, China) and
subjected to electrophoresis. Proteins were transferred to membranes,
which were then blocked. Membranes were incubated with the primary
antibodies anti-TLR4, anti-P65, anti-p-P65, anti-STAT3, anti-p-STAT3, anti-
ERK, anti-p-ERK, and Gapdh (all sourced from Abcam). After thorough
washing with Tris-buffered saline-Tween (Biosharp), colorimetric detection
was carried out using horseradish peroxidase-conjugated secondary anti-
bodies. Protein bands were visualized using an imaging system (Bio-Rad).
Quantitative analysis of the proteins was performed using ImageJ.

qRT-PCR of BMDMS In Vitro: BMDMs were cocultured for 7 d and
total RNA extracted from cells in each sample utilizing Trizol reagent.
The extracted RNA was then subjected to reverse transcription to pro-
duce cDNA using a reverse transcription kit from Takara. The MaximaTM
SYBR Green/ROX qPCR Master Mix from Thermo Fisher Scientific was
employed for qRT-PCR analysis. All reactions were conducted in triplicate,
and 𝛽-actin was used as the internal reference gene.

Statistical Analysis: Five replicates (n = 5) were included for all in vivo
animal experiments. Unless otherwise specified, triple replicates (n = 3)
were studied in other experiments. All experimental data are expressed as
mean ± standard deviation. Statistical analyses and graphical represen-
tation were conducted using GraphPad Prism or Origin software. Group
comparisons were assessed through one-way or two-way analysis of vari-
ance, followed by Tukey’s multiple comparison test. Statistical significance
is represented as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and
**** for p < 0.0001. Nonsignificant differences are indicated by “ns.”
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