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Abstract

Background: Chemokine (C-C motif) ligand 2 (CCL2) enhances bone regeneration when integrated into a composite scaffold and show
promise for clinical applications in persistent bone defects. Methods: A composite biodegradable scaffold was fabricated using 3D
bioprinting with a polylactic acid-glycolic acid copolymer (PLGA) and β-tricalcium phosphate (β-TCP). Gelatin methacrylate (GelMA)
hydrogel was used as carrier of CCL2 to enable prolonged release. The scaffolds were immersed in GelMA solution with or without
CCL2. In vitro experiments were conducted to analyze the kinetics of CCL2 release and its influence on the proliferation and osteogenic
differentiation of rat bone marrow mesenchymal stem cells (BMSC). Scaffolds PLGA/β-TCP (PT), GelMA/PLGA/β-TCP (GPT), and
CCL2-conjugated GelMA/PLGA/β-TCP (CGPT) were implanted into a rat femoral defect model (n = 8) and analyzed to evaluate bone
mass regeneration at 4 and 8 weeks. Results: CGPT exhibited a prolonged release period lasting 30 days. In vitro, CCL2 significantly
promoted BMSCs proliferation (p < 0.05) and the formation of mineralized nodules, and it markedly increased tube formation in HU-
VECs. In the femoral defect model, bone mineral density and volume fraction in the CGPT group increased compared to the controls (PT,
GPT, and control) after implantation. Histological analysis revealed enhanced new bone formation, and integration of the scaffold with
surrounding tissue in this group. The expression of osteogenic markers (runt-related transcription factor 2 (Runx2), osteocalcin (OCN),
and osteopontin (OPN)) and the angiogenic factor vascular endothelial growth factor (VEGF) significantly increased at the defect site
within the CGPT group. Conclusions: Scaffolds made from a composite of GelMA-infused 3D-printed PLGA/β-TCP incorporated with
CCL2 greatly enhance osteogenesis and angiogenesis to facilitate bone healing.
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Introduction
The occurrence of delayed healing and non-union in

bones poses a considerable obstacle in orthopedic care, sig-
nificantly affecting the well-being of patients [1]. This
issue arises from multiple factors, including chronic in-
fections, aggressive conditions like bone tumors, fractures
that involve severe soft tissue damage (e.g., multiple open
fractures), and individual patient characteristics, including
older age, comorbidities, and weakened immune systems
[2]. Presently, targeted treatment options include autolo-
gous or allogeneic bone grafts, vascularized fibula grafting,
and the Masquelet technique, among others [3,4]. Bone
grafting, a practice that has been in use for over a cen-
tury [5], continues to be the most common method for
treating bone defects, typically provoking a low immune
response[6]. However, autologous grafting has its limita-
tions, such as donor site pain and restricted availability,
which can heighten the risk of infection due to surgical
trauma [7]. In contrast, allogeneic grafting is gaining trac-
tion in clinical practice because of its greater availability
and adaptability in size, although it carries the potential
for immunogenic reactions and disease transmission [8].
Therefore, our aim is to create a safe and effective bioma-
terial that promotes bone regeneration and accelerates heal-
ing.

Chemokine (C-C motif) ligand 2 (CCL2), also re-
ferred to as monocyte chemokine 1 (MCP1) [9], is rec-
ognized as the first CC chemokine identified in humans.
Found on chromosome 17, CCL2 consists of 76 amino acids
and has a molecular weight of 13 kDa. It can be produced
and released by a variety of cells, such as epithelial, en-
dothelial, smooth muscle cells, fibroblasts, and monocytes.
CCL2 plays a vital role in directing the movement and in-
filtration of monocytes and macrophages [10,11]. Research
byWhelan DS and colleagues suggested that CCL2 derived
from mesenchymal stem cells (MSCs) enhances the effec-
tiveness ofMSC therapy by facilitating the repolarization of
macrophages [12], a crucial step for wound healing induced
byMSCs, which is also important for the regeneration of ar-
ticular cartilage [13]. Consequently, CCL2 may be essen-
tial in the inflammatory response of hematomas during the
initial stages of fracture healing. In the realm of bone repair,
angiogenesis and bone remodeling are closely linked pro-
cesses. A significant factor affecting fracture healing is the
degree of blood supply disruption at the injury site. The role
of CCL2 in angiogenesis is notable, as the CCL2/CCR2 sig-
naling pathway greatly enhances this process [14]. CCL2
functions as a regulatory element in angiogenesis by acti-
vating the ETS-1 transcription factor in vascular endothelial
cells [15] and indirectly fostering angiogenesis through the
modulation of mononuclear macrophages [12,16–18]. Ad-
ditionally, CCL2 has been implicated in bone healing by co-
ordinating inflammatory responses with bone remodeling,
thereby facilitating effective skeletal repair [19,20]. It me-
diates mechanical responses between osteoblasts and bone

mesenchymal cells [21] and is crucial for the formation of
osteoclasts[22]. Moreover, CCL2 influences the recruit-
ment of macrophages and osteoclasts, thereby promoting
the growth of prostate tumors and their metastasis to bone
[23]. Importantly, CCL2 shows the highest levels of in-
duction of parathyroid hormone (PTH) during intermittent
therapy [9], working in conjunction with PTH to affect bone
dynamics. PTH activates the PKA pathway in osteoblasts,
which increases the expression and release of CCL2, further
encouraging the recruitment of osteoclasts and their precur-
sor monocytes for bone remodeling [24]. Thus, strategies to
harness CCL2 are of great importance. Presently, 3D print-
ing has gained traction as a method for creating composite
scaffolds [25,26]. This technology allows for the fabrica-
tion of biocompatible scaffolds that incorporate bioactive
factors or specific medications, customized to fit the shape
of bone defects in patients with particular lesions, while also
mimicking the pore structures and mechanical characteris-
tics of natural bone. Various materials have been utilized
in bone tissue engineering, with polylactic acid-glycolic
acid copolymer (PLGA) being a prominent synthetic poly-
mer known for its simple production and cost-effectiveness,
making it suitable for large-scale applications. Its high bio-
compatibility and controllable degradation rates, compara-
ble to those of natural polymers, position PLGA as an ideal
carrier [27]. β-tricalcium phosphate (β-TCP), an inorganic
material, is noted for its excellent mechanical properties and
significant osteoinductive potential, playing a key role in
bone mineralization [28]. It is employed as a delivery sys-
tem for various bioactive factors, including bone morpho-
genetic protein (BMP2) and VEGF [29,30].

This study posits that CCL2 is crucial for angiogen-
esis and aids in the healing of bones. We developed an
innovative composite scaffold by integrating CCL2 with
a PLGA/β-TCP scaffold, which was then immersed into
a 10% GelMA hydrogel solution. The influence of CCL2
on bone development and blood vessel formation was ex-
amined through both a cellular model and an in vivo study
involving femoral defects in rats.

Materials and Methods
Animals and Ethics Approval

This study employed 32 male rats, each 12 weeks old
and weighing approximately 400 grams (with a variance of
± 30 g). The subjects were descendants of rats procured
from Sperfu (Beijing) Biotechnology Co., Ltd., and were
kept in typical laboratory settings. The Laboratory Ani-
mal Ethics Committee of Guangdong Medical University
granted approval for all experimental activities (Approval
ID: GDY1902126; Date: May 25, 2019). All pertinent
guidelines and regulations were adhered to throughout the
study, ensuring that anesthesia and euthanasia were car-
ried out in strict accordance with the ARRIVE guidelines.
Sodium pentobarbital at a 1% concentration was the chem-
ical used in the animal experiments.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v057a08


www.ecmjournal.org 169

European Cells and Materials Vol.57 2026 (pages 167–180) DOI: 10.22203/eCM.v057a08

Preparation of Composite Porous Material Scaffolds

A solution consisting of 8% (W/V) PLGA (RE-
SOMER; Boehringer-Ingelheim, Germany) and 2% (W/V)
β-TCP [31,32] (Sigma-Aldrich, Germany) was mixed to
create a consistent liquid paste, which was subsequently
printed via a 3D bioprinter (CLRF-2000-II; Tsinghua Uni-
versity, China). This process yielded a PLGA/β-TCP
composite porous scaffold, as referenced in our previ-
ous study [32]. A 10% GelMA hydrogel solution (EFL-
GM60; Suzhou Yongqinquan Intelligent Equipment Co.,
Ltd., China) was prepared and subjected to ultrasound un-
til fully dissolved. A scaffold block of 5 × 5 × 5 mm was
immersed into this solution. A 1-mL syringe needle was in-
serted into the center of the block, and through repeated suc-
tion, the GelMA hydrogel permeates the material’s pores.
The GelMA hydrogel/PLGA/β-TCP scaffolds were then
formed by photocuring with a 405 nm light source. To fab-
ricate the CCL2/GelMA hydrogel/PLGA/β-TCP compos-
ite scaffold, 1 µg of CCL2 (cat. no.10134-H08Y; Sino Bio-
logical Inc, China) was pre-mixed with the 10% GelMA
hydrogel and sonicated until completely dissolved and
bubble-free. The resulting scaffolds were categorized into
three groups based on their composition: PLGA/β-TCP
(PT), GelMA/PLGA/β-TCP (GPT), and CCL2-conjugated
GelMA/PLGA/β-TCP (CGPT).

Morphological Observations and Porosity Measurement
in Composite Porous Scaffolds

Composite scaffolds with dimensions of
5 × 5 × 5 mm were examined through a scanning electron
microscope (SEM) (Zeiss EVO18; Carl Zeiss SMT, Ger-
many). Images were captured at various magnifications
(70×, 600×, and 1000×). Localized small particles of
the CCL2 sample within the hydrogel composite scaffold
were visible. The porosity of each scaffold group was
determined using the wetting liquid replacement technique
[33].

Sustained Release Measurement Curve of CCL2

In this study, three different concentrations of
CCL2/10% GelMA hydrogel mixtures (600, 800, and
1200 pg/mL) were created using the previously described
method. Equal volumes of these mixtures were then placed
into a 96-well plate to undergo a photocuring process. A
specific volume of phosphate buffer saline (PBS) buffer
was introduced into each well containing the mixture. So-
lutions were collected and measured for CCL2 at various
time points (2, 3, 5, 7, 10, 14, 21, and 30 d) using the Elisa
Kit (MCP-1 Human Instant ELISA Kit; Thermo Fisher Sci-
entific, USA).

Cell Model Experiment of CCL2
Flow Cytometric Analysis for Phenotypic Identification of
BMSCs

BMSCs were obtained and grown from three-week-
old Sprague-Dawley (SD) rats using a whole-bone marrow
technique. The BMSCs were screened for mycoplasma
contamination using the Myco-Lumi™ Luminescent My-
coplasma Detection Kit (cat. no.C0298S; Beyotime Insti-
tute of Biotechnology), and all tested samples were found
to be negative. Once BMSCs reached 80–90% confluence,
they were treated with trypsin, neutralized with a complete
medium, and their viability was evaluated using Trypan
Blue, showing over 90% viability. A cell suspension of
5 × 104 per tube was incubated with FITC Mouse lgG2a,
κ Isotype Control Antibody (cat. no. 400207; BioLe-
gend, San Diego, CA, USA), FITC-labeled CD44H (cat.
no. 156007; BioLegend, San Diego, CA, USA) and CD90
(cat. no.166403; BioLegend, San Diego, CA, USA), and
PE-labeled CD11b/c (cat. no. 201807; BioLegend, San
Diego, CA, USA) for 30 min in the dark. Then, the cells
were washed with PBS and analyzed using flow cytometry
(BD FACSCalibur).

CCK-8 Experiments
The third generation of BMSCs, once digested, was

uniformly distributed across a 96-well plate at a density of
2 × 103 cells per well. Following a 24-h incubation with
complete culture medium, the medium was removed, and a
mixture containing varying concentrations of CCL2, specif-
ically 0, 50, 100, 150, and 200 ng/ml, was added once at the
beginning of the experiment. Each concentration group in-
cluded five replicate wells. After co-culturing for intervals
of 24, 48, 72, and 96 h, 10 µL of CCK-8 solution (cat. no.
C0038; Beyotime Institute of Biotechnology, China) was
added to each well. The absorbance at 450 nm was then
recorded using a microplate reader.

Osteogenic Differentiation
Third-generation BMSCs were harvested and seeded

in 6-well plates at a density of 2 × 104 cells per cm2.
The cells were cultured in complete DMEM medium, sup-
plemented with 10% fetal bovine serum (FBS) (Gibco,
Thermo Fisher Scientific, Inc., USA) and 1% penicillin-
streptomycin (Beijing Solarbio Science & Technology Co.,
Ltd., China), and maintained until they reached 60–70%
confluence. The cells were then allocated into four groups
based on CCL2 concentrations (0, 100, 200, and 300
ng/mL), with each group having three wells. Following
fixation with 4% paraformaldehyde for 30 min and sub-
sequent washing with PBS, calcium nodules were stained
with 0.1% alizarin red solution (cat. no. C0148S; Bey-
otime Institute of Biotechnology, China) at a volume of 1
mL per well for 15 min and subsequently examined and
imaged under a microscope (OLYMPUS DP71; Olympus
Corporation, Japan).
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Tube Formation Assay
In vitro angiogenesis was assessed using a tube for-

mation assay in 24-well plates. Lynjune matrix gel was
thawed on ice, and 20 µL was gently dispensed into the
center of each well. Using a pre-chilled pipette tip, the
gel was evenly spread into a thin layer, carefully avoid-
ing contact with the well walls to minimize material loss
and ensure unobstructed imaging fields. Sterile water was
added to the inter-well spaces to reduce evaporation. After
overnight incubation at 4 °C to allow uniform diffusion, the
plates were transferred to 37 °C for complete polymeriza-
tion. Cells were treated with 0, 100, or 200 ng/mL CCL2,
or with 200 ng/mL CCL2 in combination with a CCR2 an-
tagonist (RS504393; Aladdin, China). HUVECs were then
seeded at an optimized density of 1.5 × 105 cells per well
in 500 µL of complete medium (final concentration: 3 ×
105 cells/mL). Tube formation was monitored and imaged
6 h after seeding. These optimized conditions consistently
yielded well-defined and robust vascular-like networks.

Animal Experiments
Grouping and Operation of Animals

All animal experiments were carried out under the
approval of the Animal Ethics Committee of Guangdong
Medical University. Supplementary Fig. 1 illustrates the
methodology employed to create a bone defect model in SD
rats. Male rats, each weighing between 350 and 400 grams,
underwent osteotomy at the mid-shaft of the left femur.
These rats were randomly assigned to one of four groups
according to the implant type with eight rats per group: con-
trol, PT, GPT, and CGPT. The control group consisted of
untreated bone defects without any scaffold implantation.
Prior to surgery, the rats were fasted for 8 h and allowed
to drink for 2 h. Anesthesia was induced via an intraperi-
toneal injection of 30 mg/kg of 1% pentobarbital sodium,
while monitoring vital signs, such as heart rate and respira-
tion, for indications of a marked decrease in muscle tension
and loss of corneal and light reflexes. After disinfecting
the left leg’s skin with povidone-iodine (PVP-I) twice, the
rat was positioned prone. A 1.5-cm incision was made on
the lateral side of the left femur, and the superficial fas-
cia, deep fascia, and muscle layers were meticulously sepa-
rated to reveal the femur. An external fixator (Tianjin Jinlei
Technology Co., Ltd.) was used to drill holes at specified
locations, followed by the insertion of four screws (4.5 cm
in length; 0.7 mm in diameter). The fixator was then se-
cured with clamps and nuts. A 3-mm osteotomy was ex-
ecuted between the second and third screws using a wire
saw. After adjusting the external fixator to ensure optimal
bone-implant contact at the defect site, the wound was thor-
oughly irrigated with sterile saline and closed surgically. To
prevent postoperative infections, intramuscular penicillin
sodium (80,000 IU/kg/day; Harbin Pharmaceutical Group)
was administered every 24 h, along with daily monitoring
of the wound and application of PVP-I every 24 to 48 h.

Changes in Bone Mass
After 4 or 8 weeks of implantation, micro-CT scan-

ning (SkyScan 1176; Bruker, Germany) was employed to
examine the femoral defect sites filled by the composite
scaffolds as well as both ends measuring 5 mm at both the
top and bottom. The analysis and reconstruction of bone
parameters, including BV/TV and BMD, were conducted
using NRecon, CTAn, and CTvox software.

Histological Staining and Immunohistochemical Analysis
Following the micro-CT analysis, femur tissue sam-

ples were immersed in a 10% EDTA decalcification solu-
tion (cat. no. 6381-92-6; Beijing Solarbio Science & Tech-
nology Co., Ltd., China) for decalcification, for which the
solution was refreshed bi-weekly. After 6 to 8 weeks, suc-
cessful decalcification was indicated when the bone sam-
ples could be easily penetrated by a needle, at which point
programmed gradient dehydration was initiated. The speci-
men was extracted, preserving the area filled with the com-
posite scaffold, as well as a 1-cm segment from both the
proximal and distal ends of the bone. An incision was
made along the femur’s longitudinal axis (sagittal plane),
followed by wax immersion and embedding. The embed-
ded samples were then sliced to a thickness of 5 µm us-
ing a paraffin slicer (LEICA2155; Leica, Germany) in ac-
cordance with experimental protocols. The resulting sec-
tions underwent standard processing and were stained with
hematoxylin (cat. no. H3136; Sigma-Aldrich) and eosin
(cat. no. 318906; Sigma-Aldrich, St. Louis, MO, USA) to
detect newly formed bone within the samples. Immunohis-
tochemical analysis was conducted as previously outlined.
After decalcification and a gradual hydration process us-
ing xylene, the tissue sections were subjected to antigen re-
trieval and blocking. They were then incubated overnight
with primary antibodies diluted to 1:500, including VEGF
(cat. no.sc-57496; Santa Cruz Biotechnology, Inc.) and
osteogenic transcription factors, such as Runx2 (cat. no.
sc-390351; Santa Cruz Biotechnology, Inc.), OPN (cat. no.
sc-21742; Santa Cruz Biotechnology, Inc.), and OCN (cat.
no. sc-365797; Santa Cruz Biotechnology, Inc.). Follow-
ing a 24-h incubation with the primary antibodies, the sec-
tions were treated with secondary antibodies. The final
steps involved dehydrating, clearing, and sealing the sec-
tions with neutral resin.

Statistical Methods
All numerical data were organized into statistical ta-

bles and presented as mean± standard deviation (SD). Data
were analyzed using SPSS version 20.0 (IBM Corp., Ar-
monk, NY, USA). After checking of normal distribution by
Kolmogorov-Smirnov test, all parameters were analyzed by
ANOVA and post-hoc Tukey’s HSD. Significance levels in-
cluded ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, reflecting
the presence of statistical differences in the data. The graph-
ical representation was created using GraphPad Prism ver-
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sion 8.01 (IBM Corp., Armonk, NY, USA). All in vitro ex-
periments were conducted with three biological replicates
(n = 3), while the in vivo bone defect model included four
animals per group (n = 4). Immunohistochemical analyses
were quantified using five representative images (n = 5).

Results
Physical Properties and CCL2 Release Profiles of
Composite Scaffolds

The composite scaffolds were created as uniform
macroporous cubes with dimensions of 5 × 5 × 5 mm3.
Scanning electron microscopy (SEM) was utilized to cap-
ture images of these scaffolds at different magnification lev-
els (Fig. 1A). At a 70× magnification, all scaffolds dis-
played macroporous structures without notable variations.
The average sizes of the macropores in the PT, GPT, and
CGPT groups were around 530, 500, and 540 µm, respec-
tively. The SEM images of the PT group at magnifications
of 600× and 1000× revealed a network of small pores inter-
linked with the larger openings. Conversely, the GPT and
CGPT groups at the same magnifications showed a promi-
nent presence of hydrogel filling. Furthermore, the SEM
images of the CGPT group illustrated a well-distributed
granular material from CCL2 that effectively covered the
scaffold’s surface. To assess the release profile of CCL2
from GelMA hydrogel under load, a drug release curve was
plotted over a span of 30 days. As depicted in Fig. 1B,
CCL2 exhibited a gradual, time-dependent release during
the initial 14 days, with a sharp increase in the first five
days followed by a steady rise until it reached its maximum
on the 14th day. The concentrations of CCL2 recorded
for the low, medium, and high dose groups were 378.9,
544.4, and 850.9 pg/mL, respectively, with cumulative re-
lease percentages of 63%, 65.6%, and 71%. Based on the
release curves, it can be calculated that a composite scaf-
fold loaded with 1 µg of CCL2 would produce a cumula-
tive peak release of 665.3 ng (Fig. 1C). After 14 days, the
CCL2 concentration in PBS gradually declined, which may
be attributed to the inherent chemical instability of CCL2
in PBS [34]. These findings suggest that GelMA hydro-
gel possesses remarkable loading capacity and sustained-
release characteristics.

Effects of CCL2 on BMSCs Proliferation, Osteogenic
ifferentiation and HUVECs Tube Formation

At passage 3, cultured BMSCs displayed a distinct
elongated spindle shape with a tightly organized, whorl-like
structure (Fig. 2A). Flow cytometry confirmed the clas-
sic immunophenotype of BMSCs, showing high expres-
sion of CD44H (86.3%) and CD90 (96.8%), with minimal
expression of CD11b/c (1.2%) (Fig. 2B). CCK-8 assays
conducted on BMSCs over days 1 to 4 with varying con-
centrations of CCL2 (0-250 ng/mL) indicated a prolifera-
tion increase that was both dose- and time-dependent (Fig.
2C). Importantly, the highest concentration of 250 ng/mL

CCL2 significantly improved cell viability compared to
the control group at all measured time points. Moreover,
CCK-8 assays results confirmed that the composite scaf-
folds of GPT and CGPT did not exert any appreciable in-
hibitory effects on BMSC viability (Fig. 2D). To assess
the impact of CCL2 on the mineralization of BMSCs, cells
were subjected to osteogenic induction for 21 days with
CCL2 (0–300 ng/mL). As illustrated in Fig. 2E, the control
group showedminimal calcium nodule formation, while the
groups treated with CCL2 exhibited central cell clustering,
greater calcium accumulation, and a higher number of nod-
ules, suggesting a dose-dependent enhancement of miner-
alized nodule development in BMSCs. To further examine
the functional effects of CCL2 on angiogenesis, tube forma-
tion assays were performed in HUVECs treated with CCL2
alone or in combination with a CCR2 antagonist. CCL2
markedly promoted tube formation, whereas the addition
of the CCR2 antagonist substantially diminished this effect,
indicating that CCL2 facilitates angiogenic tube formation
(Fig. 2F–G).

Micro-CT and Histological Examination Evaluation of
Bone Healing Induced by CCL2-doped Composite
Scaffolds

Micro-CT imaging and reconstruction assessments
were performed on femur specimens at 4 and 8 weeks fol-
lowing surgery in a bone defect model. The 3D images
revealed that the extent of femoral bone regeneration at 8
weeks was notably better than at 4 weeks (Fig. 3A). Fur-
thermore, intergroup comparisons showed that both BMD
and BV/TV at 8 weeks were significantly elevated com-
pared to the 4-week measurements. At the 8-week mark,
the CGPT group exhibited superior bone morphology, with
remodeling nearing normalcy, while the GPT, PT, and
control groups displayed considerable gaps at the fracture
sites. Additionally, the CGPT group had higher BMD read-
ings than the GPT, PT, and control groups at both time
points, with BV/TV values reflecting a similar pattern (Fig.
3B and 3C). Histological examination through HE stain-
ing indicated the presence of cellular infiltration and blood
vessel-associated fibrous tissue with red blood cells in the
CGPT group. By the 8-week evaluation, all groups showed
improved healing. However, the CGPT group exhibited
more pronounced material degradation, increased mineral-
ized tissue, and amore cohesive interface between themate-
rial and tissue compared to the control, PT, and GPT groups
(Fig. 3D).

Immunohistochemical Evaluation of Bone Healing by
CCL2-doped Composite Scaffolds

Immunohistochemical analysis of the femoral samples
revealed positive expressions of osteocalcin (OCN), osteo-
pontin (OPN), Runx2, and VEGF in the osteogenic areas
across all groups (Fig. 4A–H). Notably, at both 4 and 8
weeks, the expression levels of these markers were sig-
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Fig. 1. Characterization and CCL2 release profile of composite scaffolds. (A) An in-depth examination of the structural character-
istics of composite scaffolds, highlighting the ultrastructural variations and resemblances observed at magnifications of 70×, 600×, and
1000× using SEM. (B) Dynamic release profiles of varying CCL2 concentration gradients over a 30-day period, showing cumulative
release percentages. (C) Dynamic cumulative release concentrations of CCL2 from composite scaffolds with varying concentration gra-
dients over a 30-day period. Scale bar: 250 or 25 µm in A. Data were graphed using GraphPad Prism 8, images were processed in Adobe
Photoshop CS6, and final figures were assembled in Microsoft PowerPoint.
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Fig. 2. Effect of CCL2 on proliferation, mineralization and tube formation. (A) Microscopic examination of passage 3 BMSCs at
40× and 100× magnification. (B) Flow cytometry assessment of protein expression levels for CD44H, CD90, and CD11b/c in BMSCs.
(C) CCK8 assay to evaluate the impact of varying CCL2 concentrations on BMSC viability over days 1 to 4. (D) CCK-8 assay evaluating
the effects of GPT and CGPT composite scaffolds on BMSC viability after 48 h. (E) Results of Alizarin red staining for BMSCs exposed
to different CCL2 concentrations over a 21-day period. (F) Tube formation in HUVECs treated with CCL2 or CCL2 plus a CCR2
antagonist. (G) Quantitative analysis of total tube length in HUVECs. Data are presented as mean± SD (n = 3). Statistical significance:
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale bar: 100 or 250 µm in A, E, and F. Data were graphed using GraphPad Prism 8, images
were processed in Adobe Photoshop CS6, and final figures were assembled in Microsoft PowerPoint.
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Fig. 3. Bone healing assessed by micro-CT and HE in the CCL2-doped scaffold group. (A) Micro-CT assessments illustrate the
3D bone reconstruction BMD and BV/TV for the control, GPT, PT, and CGPT groups at 4 and 8 weeks. (B) Quantitative bar graph of
BMD. (C) Quantitative bar graph of BV/TV (%). (D) HE staining outcomes for samples from each group at both 4 and 8 weeks, viewed
at 100× magnification. Data are presented as mean ± SD (n = 4). Statistical significance: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale
bar: 100 µm in D. Data were graphed using GraphPad Prism 8, images were processed in Adobe Photoshop CS6, and final figures were
assembled in Microsoft PowerPoint.
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Fig. 4. Immunohistochemical evaluation of bone healing by CCL2-doped composite scaffolds. Representative immunohistochem-
ical staining images and quantitative analysis of osteogenic and angiogenic markers (OCN, OPN, Runx2, and VEGF) in the control,
PT, GPT, and CGPT groups at 4 and 8 weeks. (A) Immunohistochemical staining of OCN. (B) Quantitative analysis of OCN-positive
areas. (C) Immunohistochemical staining of OPN. (D) Quantitative analysis of OPN-positive areas. (E) Immunohistochemical staining
of Runx2. (F) Quantitative analysis of Runx2-positive areas. (G) Immunohistochemical staining of VEGF. (H) Quantitative analysis of
VEGF-positive areas. Data are presented as mean ± SD (n = 5). Statistical significance: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scale
bar: 100 µm in A–H. Data were graphed using GraphPad Prism 8, images were processed in Adobe Photoshop CS6, and final figures
were assembled in Microsoft PowerPoint.
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nificantly elevated in the CGPT group relative to the con-
trol, PT, and GPT groups. Moreover, the improvements in
these markers at 8 weeks post-surgery were significantly
more pronounced than those at 4 weeks, indicating that
the CCL2-loaded composite scaffold is highly effective in
enhancing osteogenic differentiation and promoting angio-
genesis.

Discussion
In bone tissue engineering, composite scaffolds are fa-

vored for their physical and chemical properties that sup-
port cell adhesion, migration, differentiation, and nutrient-
waste exchange [35]. Natural bone is primarily made up
of a matrix of hydroxyapatite and collagen fibers [36].
PLGA is widely used for drug and biomolecule delivery
due to its capacity to encapsulate both hydrophilic and
hydrophobic compounds [37]. Hydrogels offer stimuli-
responsive properties (e.g., temperature, pH, light, and bio-
chemical cues), promoting cell growth and uniform nu-
trient/metabolite transport [38]. Compared with conven-
tional polymer/bioceramic composites, hydrogel-mediated
protein delivery provides uniform, sustained factor re-
lease, and simpler handling. Incorporating β-TCP enhances
mechanical strength and mimics natural bone, offsetting
polymer stiffness [28]. A degradable GelMA/PLGA/β-
TCP composite scaffold integrates these advantages: β-
TCP and PLGA provide osteoconductivity, osteoinductiv-
ity, and tunable degradation that aligns with new bone for-
mation, while the GelMA hydrogel offers a porous, bone-
mimicking microarchitecture that supports cell adhesion,
proliferation, and osteogenic differentiation [39,40]. Com-
pared with single-polymer or ceramic scaffolds, this com-
posite facilitates more efficient bone regeneration and en-
hanced scaffold–host integration [41–43]. The dimensions
of pore size and overall porosity are critical factors influ-
encing osteogenesis; an appropriate pore size can improve
capillary and blood vessel formation, which is essential for
bone development [44]. It is generally advised that compos-
ite scaffolds maintain a porosity between 60% and 90% and
an average pore size exceeding 150µm [45]. Research indi-
cates that lower porosity can enhance mechanical strength
and reduce tissue stress, while a decreased level of stim-
ulation may promote osteoblast differentiation [44]. The
composite scaffolds examined in this research exhibited an
average pore size greater than 500 µm and a porosity ex-
ceeding 60%.

CCL2 recruits CCR2 positive monocytes and
macrophages to bone injury sites and enhances osteo-
genesis in MSC macrophage co-cultures. It promotes
M2 polarization, increasing IL-10 and reducing pro-
inflammatory cytokines such as TNF-α and IL-6. It also
enhances angiogenesis through endothelial migration and
proliferation, activating the PI3K/Akt, MAPK/ERK, and
Wnt/β-catenin pathways, likely underpinning the improved
osteogenesis and vascularization observed [18,46–48].

Our findings demonstrated a consistent release pattern
of CCL2, with similar release profiles across various
concentrations (low, medium, and high), peaking on day
14 with approximately 63–71% of CCL2 released. This
release pattern served as a benchmark for subsequent in
vivo studies in rats. When assessing the impact of CCL2
on BMSCs, CCL2 was found to significantly enhance cell
viability compared to lower concentrations at a concen-
tration of 250 ng/ml, indicating a dose-dependent effect
with heightened cell proliferation at higher levels. BMSCs
were exposed to different concentrations of CCL2 to stim-
ulate osteogenic differentiation, and Alizarin red staining
demonstrated an increase in calcium nodule formation
correlating with elevated CCL2 levels, confirming the
dose-dependent enhancement of BMSC mineralization.
Furthermore, tube formation assays showed that CCL2
promoted angiogenic tube formation in HUVECs, whereas
co-treatment with a CCR2 antagonist significantly reduced
this effect, supporting the pro-angiogenic function of
CCL2.

Bioactive agents that facilitate controlled and sus-
tained release, or cells, are incorporated into compos-
ite scaffolds to enhance cell proliferation and differentia-
tion, and have found extensive applications in bone tissue
engineering[49,50]. For instance, BMP-2 is known to trig-
ger osteogenic responses and promote bone formation, es-
tablishing itself as a key factor in the differentiation of bone
marrowmesenchymal stem cells [51]. In another approach,
osteoblasts and chondrocytes were simultaneously cultured
and implanted into a TCP scaffold, resulting in a dual-layer
composite scaffold that encouraged the development of os-
teochondrocytes [52]. Recent studies highlight muscle-
bone biochemical cross-talk as a key regulator of muscu-
loskeletal homeostasis [53]. Bone-derived osteocalcin pro-
motes osteoblast differentiation and enhances muscle func-
tion, while muscle-derived myokines modulate bone re-
modeling; for example, irisin stimulates bone formation,
whereas myostatin inhibits both muscle and bone growth
[54]. In composite biodegradable scaffolds, osteocalcin
may thus support local bone regeneration while influenc-
ing systemic musculoskeletal dynamics, underscoring the
potential for scaffold design to integrate bone repair with
broader musculoskeletal regulation [55,56]. Micro-CT 3D
imaging of femoral specimens indicated that the composite
scaffold loaded with CCL2 significantly improved bone re-
generation when compared to both control and non-CCL2
groups. The CCL2 scaffold demonstrated enhanced bone
formation and a more developed bone structure, with re-
modeling patterns closely resembling those of healthy bone.
These findings were corroborated by quantitative bone as-
sessments, which indicated elevated BV/TV and BMDmet-
rics in the presence of CCL2. Histological analysis further
revealed amore cohesive interface between the scaffold and
tissue, characterized by a less distinct boundary, and an en-
larged mineralized region. Immunohistochemical staining
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highlighted a stronger expression of osteogenic and angio-
genic markers (OCN, OPN, Runx2, and VEGF) at the in-
terface of the CCL2 composite scaffold.

Our findings indicate that CCL2 contributes to os-
teogenic repair; however, we did not compare its effects
with other bone inducers such as BMP-2, the only FDA-
approved osteogenic protein, and biomechanical testing
was not performed due to the early sampling time and lim-
ited mechanical integrity of newly formed tissue. While
micro-CT and histological analyses demonstrated enhanced
osteogenesis and angiogenesis, these results reflect struc-
tural and biological improvements rather than confirmed
functional recovery, as mechanical competence cannot be
inferred solely from morphology or protein expression.
Furthermore, our evaluation of angiogenesis was limited by
the absence of immunofluorescence staining for endothe-
lial and vascular maturation markers such as CD31 and α-
SMA, which would enable direct visualization and quan-
tification of neovascularization. Although VEGF immuno-
histochemistry and supplementary in-vitro assays offer sup-
portive evidence, the lack of these in-vivo angiogenic mark-
ers remains a notable limitation that warrants further inves-
tigation. To address these limitations, future studies should
include BMP-2 as a positive control to more comprehen-
sively assess the osteogenic potential of CCL2-loaded scaf-
folds, perform biomechanical testing at later time points to
confirm functional recovery, and incorporate additional in-
vivo angiogenesis markers such as CD31 and α-SMA for
quantitative evaluation.

Importantly, high doses of CCL2 may pose potential
safety risks, including local or systemic tumorigenic effects,
chronic inflammation, and fibrotic tissue formation[57,58].
Since our current study did not include hematology, serum
chemistry, or histological evaluation of distant organs, a
comprehensive safety profile cannot yet be established. Fu-
ture studies should aim to define the minimum effective
dose and establish a safe dose ceiling, incorporating lon-
gitudinal monitoring of systemic biomarkers and detailed
histopathological assessments. Furthermore, translational
validation in large-animal models will be critical, employ-
ing sustained-release scaffolds, multiple dose levels, and
long-term assessment ofmechanical competence, alongside
functional, imaging, and vascular analyses. Direct com-
parisons with BMP-2 will also help contextualize the os-
teogenic potential of CCL2 and inform translations into
clinical practice. Additionally, in vitro and in vivo studies
using CCR2 antagonists or anti-CCL2 neutralizing antibod-
ies are essential to definitively establish the causal role of
CCL2-CCR2 signaling.

Conclusions
This study demonstrated that CCL2-doped

GelMA/PLGA/β-TCP composite scaffolds significantly
enhance bone regeneration through dual osteogenic and
angiogenic mechanisms. Compared with previous CCL2-

based strategies, our scaffold achieves sustained, localized
release of CCL2 while synergizing with the 3D-printed
composite microenvironment, promoting BMSC prolifer-
ation and mineralization in vitro and accelerating in vivo
bone defect healing. This is evidenced by increased bone
mass (BMD and BV/TV), elevated osteogenic markers
(Runx2, OPN, and OCN), and enhanced vascularization
(VEGF). These findings highlight a novel mechanistic and
translational advance beyond simple “factor swapping”,
offering a promising alternative to conventional bone
grafts.
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