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Abstract
3D-printed polycaprolactone (PCL) scaffolds are widely used for bone tissue 
engineering but suffer from deficiencies, such as difficulty in cell adhesion, lack of 
osteogenic activity, and poor immunomodulatory capacity. Enhancing the biological 
responsiveness of PCL scaffolds remains a key focus in bone tissue engineering. In 
this study, the following three types of scaffolds were prepared: (i) PCL, (ii) strontium 
(Sr)-doped bioactive glass (SrBG)/PCL, and (iii) polydopamine (PDA)/SrBG/PCL. The 
scaffolds were assayed in vitro for their effect on the expression of osteoinductive 
differentiation markers (ALP, RUNX2, and COL1), and their influence on macrophage 
(MP) (CD206, ARG, TNF-α, IL1β, IL-10, and IL-12) behavior was evaluated. Their effect on 
bone defect repair was assessed in vivo using micro-computed tomography (micro-
CT), hematoxylin and eosin (HE) staining, Masson staining, and immunofluorescence 
staining (iNOS, CD163, BMP-2, and VEGF). The results demonstrated that PDA/SrBG/
PCL scaffolds significantly promoted the proliferation and osteogenic differentiation 
of bone marrow mesenchymal stem cells (BMSCs), inhibited the differentiation 
of MPs to the M1 phenotype, and promoted the differentiation of MPs to the M2 
phenotype, resulting in better pro-osteogenic, immunomodulatory, and angiogenic 
effects in vivo. This observation may be associated with the release of Sr²+ from SrBG, 
and surface modification with PDA further enhanced the immunomodulation and 
bone repair ability of the scaffold. The study demonstrated that the PDA/SrBG/PCL 
scaffolds exhibit excellent bone repair capabilities and hold strong potential for 
applications in bone tissue engineering.

Keywords: 3D printing; Bone repair; Immunomodulation; Polycaprolactone;  
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1. Introduction
Bone defects refer to the destruction of bone tissue caused 
by trauma, infection, tumors, or other pathological 
conditions.1 Tissue engineering is a promising strategy 
for reconstructing bone defects, and it has received much 
attention recently. To enhance repair effectiveness, many 
past studies have explored the composition, degradation 
properties, and bone-regenerative properties of composite 
scaffolds.2–4 Although the mechanical properties and 
degradation characteristics of scaffolds have significantly 
improved, bone repair results remain unsatisfactory, 
limiting their clinical application.5,6 In addition, scaffold–
tissue interactions play a central role in tissue repair.7 
Therefore, elucidating and modulating scaffold–tissue 
interactions is essential to improve repair outcomes. 
Recent studies have found that bone filler materials 
trigger innate and adaptive immune responses after 
implantation.8,9 Excessive immune responses may lead 
to chronic inflammation, fibrosis, and implant failure, 
increasing the risk of secondary surgery.10–12 Therefore, 
reducing inappropriate immune responses triggered 
during early implant stages is particularly important. 
Macrophages (MPs) play a key immunoregulatory role 
in bone defect repair, with M1 (pro-inflammatory) and 
M2 (anti-inflammatory) MPs regulating bone formation, 
remodeling, and repair by secreting different cytokines.13,14

Biodegradable polymers create favorable conditions for 
regenerating new bone tissue and defect repair compared 
to permanent implants.15 In comparison with inorganic 
materials, polymer materials have better degradability, 
higher biocompatibility, and more stable mechanical 
properties.16,17 Among various degradable materials, 
synthetic polyesters have controlled biodegradability 
in vivo and are non-toxic.18 Synthetic polyester-based 
materials have better mechanical properties than natural 
polymers and are more suitable for bone repair.19 Among 
them, polycaprolactone (PCL) has good biocompatibility 
and can be effectively combined with biological tissues.20,21 
However, PCL has low bioactivity, poor cell adhesion, 
and lacks osteogenic activity.22,23 In addition, Tang  
et al.24 prepared Panax notoginseng saponin (PNS)-PCL 
scaffolds via 3D printing to evaluate their reparative 
effect on vascular injury in rabbit carotid arteries, and 
the inflammation scoring results indicated that pure PCL 
scaffolds exhibited poor anti-inflammatory performance. 
Therefore, PCL needs to be compounded with other 
biomaterials to enhance its osteogenic activity and 
immunomodulatory ability.

Bioactive glass (BG) is an inorganic bioactive material 
that can form strong bonds with hard and soft tissues, 
and it is widely used in bone tissue engineering due to 

its excellent biocompatibility, degradability, and bone-
enhancing properties.25 Research has demonstrated that 
mesoporous BG (MBG) effectively enhances apatite 
production rate.26 Zhao et al.27 used an MBG composite 
fibrin hydrogel for maxillofacial bone defect implantation, 
and MBG enhanced the mechanical strength, bioactivity, 
and osteogenic properties of the hydrogel. In addition, 
BG exhibits excellent cytocompatibility and antimicrobial 
effects as a coating material for metal implants.28,29 In 
contrast, recent studies have reported that exosomes 
generated from MBG-stimulated mesenchymal stem 
cells (MSCs) are significantly more productive and 
exhibit enhanced immunomodulatory and bone repair 
capabilities.30 In recent years, strontium-doped BG 
(SrBG) has received attention for its ability to promote 
osteoblast proliferation, osteogenic differentiation, and 
angiogenesis.31 Sr²+ inhibits the expression of inflammatory 
genes and provides a favorable environment for tissue 
repair.32 In addition, Sr²+ has immunomodulatory effects 
and is concentration-dependent.33 Ding et al.34 found that 
SrBG was able to mobilize monocytes from the spleen to 
reach the bone defect site and convert them into M2 MPs 
to promote bone tissue regeneration. SrBG promotes bone 
repair by activating the Akt signaling pathway to promote 
M2 MP polarization and release osteogenesis-related 
cytokines.35 Although PCL/SrBG composite scaffolds 
displayed better bioactivity and osteogenic induction 
compared to PCL scaffolds, PCL/SrBG scaffolds alone 
were still insufficient to induce significant osteogenic 
differentiation.36,37 Poh et al.38 cultured PCL and PCL/SrBG 
scaffolds under non-osteoinductive conditions to evaluate 
their positive effect on osteoinductive differentiation; 
the PCL/SrBG scaffolds did not exhibit any significant 
osteoinductive differentiation ability, which may be related 
to the concentration of Sr²+ released by the scaffolds. 
Polydopamine (PDA) is an implant surface modification 
material with good hydrophilicity, biocompatibility, 
antimicrobial properties, and bone-enhancing properties.39 
More importantly, the PDA coating has a large number 
of catecholamine groups for scavenging reactive oxygen 
species (ROS) and anti-inflammatory properties that inhibit 
M1 MP polarization and activate MP polarization toward 
the M2 phenotype, thereby promoting the expression of 
osteogenesis-related cytokines.40 Jin et al.41 demonstrated 
that PDA inhibits pro-inflammatory cytokine expression 
in MPs by downregulating the TLR-4-MYD88-NF-κB 
pathway. Moreover, PDA can regulate ROS production and 
upregulate heme oxygenase 1 (HO-1) expression, thereby 
influencing MP phenotypic differentiation and suppressing 
the inflammatory response. In this study, we innovatively 
and synergistically used PDA and SrBG to modify the 
surface and interior of PCL scaffolds to enhance the cell 
adhesion and proliferation of the scaffolds.42 PDA coating 
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can better regulate the concentration of Sr²+ released 
from the scaffold, helping to modulate the immune 
microenvironment and promote bone regeneration.

Briefly, we used PCL scaffolds as the basis for 
constructing PDA/SrBG/PCL composite scaffolds  
(Figure 1). These were prepared by loading SrBG, followed 
by surface modification with PDA. The study systematically 
evaluated the physical properties, biocompatibility, 
osteogenic differentiation, and immunomodulation of 
PCL, SrBG/PCL, and PDA/SrBG/PCL scaffolds to optimize 
new bone defect repair materials.

2. Materials and methods
2.1. Materials
Ethyl orthosilicate (TEOS), cyclohexane, triethyl 
phosphate (TEP), calcium nitrate tetrahydrate (CN), 
strontium nitrate, sodium hydroxide, anhydrous ethanol, 
and methylene chloride were purchased from Guangzhou 

Chemical Reagent Factory (China). Dodecyl amine 
(DDA) was purchased from Shanghai Aladdin Reagents 
Co. (China). Deionized water was purchased from Merck 
Millipore (Germany). PCL (molecular weight: 54,000) 
was purchased from Jinan Dai Gang Biotechnology Co. 
(China). Vitamin C and sodium β-glycerophosphate 
were purchased from Shanghai McLean Biochemical 
Technology Co., Ltd. (China). Dexamethasone was 
purchased from J&K Scientific (China). Hipure RNA kit, 
HiFiScript cDNA synthesis kit, and Ultra SYBR mixture 
(low ROX) were purchased from CWBIO (China). 
Alkaline phosphatase (ALP) kit, BCA protein assay kit, and 
RIPA lysate were provided by Bi Yun Tian Biotechnology 
(China). Dulbecco’s modified Eagle’s medium (DMEM), 
fetal serum, penicillin-streptomycin solution, phosphate 
buffer, trypsin, and CCK-8 kit were provided by ATCC 
(United States of America [USA]). Rat bone marrow MSCs 
(BMSCs) and MPs (RAW264.7) were provided by ATCC 
(USA). PDA was purchased from Tangshan Wei Hao Co., 

Figure 1. Schematic diagram of the development and systematic assessment of various PCL scaffolds. Abbreviations: ALP, alkaline phosphatase; ARG, 
arginase; BMP-2, bone morphogenetic protein-2; BMSCs, bone marrow mesenchymal stem cells; CD163, hemoglobin scavenger receptor; CD206, cluster 
of differentiation 206 (mannose receptor); COL1, Type I collagen; IF, immunofluorescence; IL, interleukin; INOS, inducible nitric oxide synthase; mCT, 
micro-CT; Runx2, Runt-related transcription factor 2; TNF-a, tumor necrosis factor-α; PCL, polycaprolactone; PDA, polydopamine; SrBG, strontium 
substituted bioactive glasses; VEGF, vascular endothelial growth factor.
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Ltd. (China). Sprague-Dawley (SD) rats were provided by 
Chongqing Teng Xin Hua Fu Laboratory Animal Sales Co, 
Ltd. (China) (animal qualification certificate no. SYXK 
[Qian] 2021-0003). 

2.2. Preparation of PCL, SrBG/PCL, and 
PDA/SrBG/PCL scaffolds

2.2.1. Preparation of SrBG
The molar ratio of the components of SrBG was designed 
as 60 SiO2:30 CaO:6 SrO:4 P2O5. The specific experimental 
method for the preparation of micro- and nano-SrBG 
microspheres using the sol–gel method is described below.

The experimental temperature was maintained at 40°C 
using a water bath, and 5 g of DDA was fully dissolved in 
a mixture of deionized water and anhydrous ethanol. After 
that, 16.5 mL of TEOS and TEP was sequentially added to 
the solution using a syringe pump at a speed of 0.5 mL/min. 
CN and strontium nitrate were then added slowly, and the 
solution was stirred continuously for 3 h. Thereafter, the 
solution was kept at room temperature for 24 h to obtain a 
glass sol, which was subsequently washed and centrifuged 
to obtain a white precipitate. The precipitate was pre-frozen 
in the refrigerator at –20°C for 2 h and then freeze-dried. 
Finally, the freeze-dried precipitate was heated in a muffle 
furnace at 650°C for 3 h to obtain the SrBG, which was 
dried and stored after ball milling and sieving.

2.2.2. Preparation of SrBG/PCL scaffolds
Approximately 100 mg of SrBG powder was dispersed in 
10 mL of dichloromethane solution containing 1 g PCL. 
After stirring, the solution was poured into glass dishes, 
and the dichloromethane was fully evaporated to obtain 
the scaffold raw material SrBG/PCL. The SrBG/PCL was 
transferred to the 3D printer (EFL-BP-6603, Suzhou 
Institute of Intelligent Manufacturing, China), and the 
printing parameters were set as: diameter: 5 mm, number 
of layers: 5 layers, layer thickness: 0.2 mm, infill density: 
75%, barrel temperature: 65°C, and nozzle temperature: 
70°C. The SrBG/PCL was heated, melted, and subsequently 
printed into cylindrical 3D scaffolds (diameter: 5 mm;  
height: 1 mm), referred to as the SBP group. For 
comparison, PCL was directly loaded into the 3D printer 
to fabricate a cylindrical 3D scaffold, designated as group P.

2.2.3. Preparation of PDA/SrBG/PCL scaffolds
The SrBG/PCL scaffolds were then modified using PDA. 
A Tris–HCl buffer (pH 8.5) was first prepared using 1.21 
g Tris-base and 100 mL deionized water, and it was then 
stored at room temperature until further use. Thereafter, 
approximately 0.25 g dopamine hydrochloride (2.5 g/L) 
was added to the Tris–HCl buffer and stirred. The ready-
to-use solution was stored in the dark until further use.  

At room temperature, the 3D-printed SrBG/PCL scaffolds 
were soaked in the weakly basic dopamine solution and 
shaken at 30°C on a shaking bed for 6 h. The SrBG/PCL 
scaffolds were then washed with deionized water to remove 
unattached polydopamine and dried to obtain the PDA/
SrBG/PCL scaffolds (referred to as the PSBP group).

2.3. Scaffold characterization

2.3.1. Morphology of SrBG
The micromorphology of SrBG was characterized using 
a field emission scanning electron microscope (SEM) 
(Merlin, Germany); the particle size distribution of 
SrBG was analyzed using dynamic light scattering (DLS) 
(Malvern Panalytical, England).

2.3.2. Surface morphology of the scaffolds
The surface morphology and structure of the P, SBP, 
and PSBP scaffolds were observed using SEM (Merlin, 
Germany) at an accelerating voltage of 10 kV after gold-
spraying the surface of the scaffolds. The average pore area 
of the scaffold fiber surface was statistically analyzed using 
ImageJ software.

2.3.3. Hydrophilicity of the scaffolds
The scaffolds were placed on a contact angle tester  
(c, KRUSS, Germany), and a 2-μL droplet was placed on 
the surface of the scaffolds. The position of the sample in 
contact with the droplet was adjusted to align with the 
baseline of the measurement; photographs were taken to 
obtain a still image of the droplet, and the magnitude of 
the contact angle (θ ) was calculated using contact angle 
measurement software DSA25 for each scaffold group.

2.3.4. Porosity of the scaffolds
The mass of the dried scaffold sample (M0), the total 
mass of the specific gravity bottle containing anhydrous 
ethanol at room temperature (M1), the total mass of the 
bottle and sample after sonication for 10 min to remove air 
bubbles (M2), and the remaining mass after the sample was 
removed (M3) were measured accordingly. The porosity of 
the obtained scaffolds was calculated using Equation (I):

	 Porosity = M M M
M M

2 3 0
1 3
− −

−
� (I)

2.3.5. Ion release profile of the scaffolds
Each scaffold (approximately 20 mg) was immersed in 
5 mL phosphate-buffered saline (PBS) and shaken at 
37°C and 60 rpm. Samples were collected on days 1 and 
3, and the concentration of Sr²+ was measured using the 
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inductively coupled plasma optical emission spectrometer 
(ICP-OES) (Agilent 5110, Agilent Technologies, America).

2.3.6. Thermodynamic analysis of the scaffolds
The thermal weight loss data of the scaffolds were 
determined using a thermogravimetric analyzer 
(NETZSCH, Germany), in which the samples were heated 
from room temperature to 800°C at a rate of 10°C/min in a 
nitrogen atmosphere.

2.3.7. Mechanical strength of the scaffolds
The mechanical properties of the scaffolds were analyzed 
by placing the scaffolds on an INSTRON tester (34 sc-5, 
Instron, America), drying them, and compressing them at 
a rate of 1 mm/min.

2.4. In vitro experiments

2.4.1. Cell culture and scaffold sterilization
The BMSCs and RAW264.7 cells were cultured in a cell 
culture incubator (MCO-18AIC, PHC, Japan) at 37°C and 
5% CO2. The basal medium used was high glucose medium 
(DMEM), supplemented with 10% fetal bovine serum 
(FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin. 
During culture, the medium was changed daily or every  
2 days, depending on the cell condition. Cells were 
passaged upon reaching 70–80% confluency, and only cells 
from passages 3 to 5 were used. Before the experiment, 
each group of scaffolds was immersed in a 75% ethanol 
solution for 2 h; the scaffolds were rinsed three times and 
stored overnight in PBS inside an ultraviolet (UV) sterilizer 
(30–800 L, Sheng Zhi Yuan and Science and Education 
Equipment Co., China).

2.4.2. Cell activity assay
After BMSCs adhered and proliferated on the scaffold 
surface for 3 days, the morphology and distribution of 
cells on the scaffold surface were observed by staining the 
cells on the scaffold surface with a live-dead cell dye. The 
morphology and distribution of cells on the scaffold surface 
were observed using an inverted fluorescence microscope 
(Leica Microsystems, Germany).

2.4.3. Histocompatibility assessment 
Rat bone marrow MSCs (BMSCs) were utilized to 
evaluate the histocompatibility of different cells with the 
scaffolds. Briefly, sterile scaffold samples were placed in 
48-well plates, and the samples were inoculated with 5 × 
104 BMSCs. The supernatant was aspirated after 1, 3, and  
7 days of incubation, and the rate of cell proliferation on 
the different scaffolds was assessed using the CCK-8 kit 
assay, which was performed using an enzyme marker 
(Tecan Spark, Austria) to measure the absorbance (optical 
density [OD]) at 450 nm.

2.4.4. ALP staining and activity analysis
The scaffolds and BMSCs of each group were cultured with 
an osteogenic induction solution. After 7 days of culture, 
ALP dye was added to stain the samples, and the absorbance 
(OD) at 405 nm was measured by an enzyme marker. The 
cellular activity of the composite scaffold group relative to 
the control group was calculated from the measured OD 
values. The ALP-stained cells on the scaffold surface were 
observed using an inverted fluorescence microscope (Leica 
Microsystems, Germany).

2.4.5. In vitro osteogenic capacity 
Approximately 1 × 105 BMSCs were added to 48-well plates 
containing the scaffold samples. After 24 h of incubation, 
the supernatant was aspirated and discarded. Complete 
medium, osteogenic induction medium (100 mL complete 
medium + 0.39 mg dexamethasone + 1.76 mg vitamin 
C + 306.11 mg sodium β-glycerophosphate), or MP-
conditioned medium was added, respectively; the culture 
medium was changed regularly. After 7 and 14 days of 
osteogenic induction, the expression of osteogenic marker 
genes of ALP (ALP), Runt-associated transcription factor 
2 (RUNX2), and collagen type I (COL1) was measured 
using real-time fluorescence quantitative polymerase chain 
reaction (qRT-PCR). GAPDH was used as the internal 
reference gene. ALP activity was measured on days 7 and 
14 using the ALP kit combined with the BCA method.

2.4.6. MP polarization gene expression levels
RAW264.7 cells were inoculated into the scaffold samples 
and transferred to 48-well plates at a density of 5 × 104 
cells per well. The complete medium was changed every  
2–3 days. The medium removed from each set of samples 
was collected and mixed with osteogenic induction 
solution at a ratio of 1:5 to prepare MP-conditioned 
medium for backup. The expression of the M1 MP immune 
marker genes, including tumor necrosis factor-α (TNF-α) 
and recombinant human interleukin 1β (IL1β), and the 
M2 MP immune marker genes, including CD206 (CD206) 
and arginase (ARG), were detected using qRT-PCR on 
days 1 and 3. GAPDH was used as the internal reference 
gene. As shown in Table 1, the base sequences of each gene 
are presented.

2.4.7. ELISA assay 
The concentrated washing solution (phosphate buffer 
[PBS] containing Tween-20, with a pH value of 7.2–7.4.)  
was heated in a water bath to dissolve the crystals 
completely. The concentrated washing solution was diluted 
with distilled water at a 1:20 ratio. Substrate solutions 
A (chromogenic reagent A, hydrogen peroxide) and B 
(chromogenic reagent B, tetramethylbenzidine) were 
mixed thoroughly in a 1:1 volume ratio and used within  
15 min after mixing. All reagents, including standards, 
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quality controls (QCs), and samples, were equilibrated 
to room temperature before use. Working solutions were 
prepared as instructed by the kit. The required number of 
ELISA strips was removed from the aluminum foil pouch, 
while the remaining strips were resealed in a self-sealing 
bag and stored at 4°C. Wells were designated for standards, 
0 value, blanks, and samples. Each standard received 50 
μL of standards at different concentrations, 0 value wells 
received 50 μL of sample diluent, blank wells were left 
empty, and sample wells received 50 μL of test samples. 
Then, 100 μL of horseradish peroxidase (HRP)-labeled 
detection antibody was added to all standard, 0 value, and 
sample wells. Plates were sealed and incubated at 37°C for 
60 min in a water bath or thermostat. After incubation, the 
sealing film was removed, the liquid was discarded, and the 
plate was gently blotted dry with absorbent paper. Each well 
was then filled with washing solution and allowed to stand 
for 20 s. The reaction plate was then shaken with washing 
solution, and the plate was patted dry with absorbent 
paper; this process was repeated five times. If an automatic 
plate washer was used, the plate was washed according to 
the manufacturer’s instructions, with a 30-s programmed 
soak included to improve assay precision. After the final 
wash, the plate was thoroughly blotted dry on clean, non-
abrasive paper. Substrate solutions A and B were mixed in 
a 1:1 volume ratio, and 100 μL of the mixture was added to 
each well. The plate was then covered with sealing film and 
incubated in the dark at 37°C for 15 min in a water bath or 
thermostat. After incubation, 50 μL of stop solution was 
added to each well, and the absorbance (OD) of each well 
was measured at 450 nm using a microplate reader.

2.5. In vivo assessment of osteogenic performance 
of scaffolds

2.5.1. Establishment of rat cranial defect model
In order to test the bone reparative ability of the scaffold 
material in vivo, a model of bilateral bone defects in 

the skull of SD rats was established. The scaffolds were 
cylindrical (diameter: 5 mm; height: 1 mm) and were 
irradiated and sterilized (10 kGy) before implantation.

The animal experimental study was approved by the 
Animal Ethics Committee of Zunyi Medical University 
(approval no. ZMU21-2412-019). The animal model was 
established with 36 SD rats (280–320 g), kept under the 
same conditions. The rats were randomly distributed into 
the blank, P, SBP, and PSBP groups, respectively. Bone 
regeneration was assessed using a bilateral critical-sized 
cranial defect model (5  mm diameter), with the defect 
area in the cranial bone measuring approximately 5 mm 
in diameter and 2 mm in height. Scaffolds from the three 
groups—P, SBP, and PSBP—were implanted into the defect 
sites, and the scalp was sutured.

The animal model was developed as described herein. 
SD rats were weighed and anesthetized. The surgical area 
of the skull was shaved, the animals were fixed in the prone 
position, disinfected with 1% iodophor, and covered with 
sterile sheets. A midline incision approximately 2 cm  
in length was made along the cranial vault, and the 
subcutaneous tissue was separated using the handle of 
a scalpel. The periosteum was neatly incised along the 
sagittal suture of the skull, and the subperiosteal tissues 
were carefully peeled off with the handle of the scalpel, fully 
exposing the parietal, occipital, and part of the frontal bone 
bilaterally. A 5-mm diameter round full-layer bone defect 
was created on both sides of the parietal midline of the rat 
skull using a low-speed hollow ring drill (1400–1500 rpm), 
taking care to avoid damaging the dura mater. At the start 
of drilling, gentle manual pressure was applied to initiate 
cranial penetration, which was reduced near completion 
to prevent injury to the underlying dura and blood vessels. 
The drill was then tilted at an angle of 20°–30° in forward, 
backward, left, and right directions without additional 
external force, allowing gravity to facilitate intermittent 

Table 1. Specific primers for immunoregulatory and osteogenesis-related genes

Gene 
Primer sequence (5’–3’)

Forward Reverse 
TNF-α GGGTGTTCATCCATTCTC GGTCACTGTCCCAGCAT
IL1β TACAGGCTCCGAGATGAACA AGGCCACAGGTATTTTGTCG
ARG CATATCTGCCAAAGACATCG GGTCTCTTCCATCACCTTGC
CD206 ATGGATGTTGATGGCTACTGG TTCTGACTCTGGACACTTGC
ALP GGAGATGGTATGGGCGTCTC GGACCTGAGCGTTGGTGTTA

RUNX2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT

COL1 CGCTGGCAAGAATGGCGATC ATGCCTCTGTCACCTTGTTCG

GAPDH TGAACTAACACAGAGGAGGATCAG GCTTAGGGCATGAGCTTGAC
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penetration of the cranial bone. A small number of the 
cranial connections were retained. After testing the skull 
with ophthalmic forceps for looseness, the skull was 
removed along the peripheral circular defect. The defect 
area was repeatedly rinsed with saline, and the scaffold was 
implanted into the cranial defect site of rats; no material 
was placed in the blank group. The wound was closed using 
a 4-0 absorbable suture, and antibiotics were injected for 
3 consecutive days postoperation to prevent infection. 
The implantation process of the scaffold is presented in 
Figure 2A–C.

2.5.2. Postoperative observational indicators
Vital signs, activity, diet, urination and defecation, 
and incision recovery of SD rats were observed after 
surgery, with particular attention paid to the presence 
of abdominal distension to prevent the occurrence of 
intestinal obstruction.

2.5.3. Specimen collection
At 1, 2, and 3 months post-surgery, SD rats were euthanized 
to obtain liver, kidney, and skull specimens, which were 
immersed in 4% paraformaldehyde.

2.5.4. Hematoxylin and eosin staining
Rat liver, kidney, and skull specimens with completed 
decalcification were fixed, embedded, and sectioned. 
Paraffin sections were deparaffinized in water by sequential 
immersion in xylene for 20 min (twice), followed by 95% 
ethanol for 5 min, 80% ethanol for 5 min, and 75% ethanol 
for 5 min, before washing them with tap water. 

Frozen sections were removed from a –20°C freezer 
and brought to room temperature. The sections were 
fixed with tissue fixative for 15 min and then rinsed with 
running water. For pretreatment, the sections were treated 
with “HD Constant Staining Pretreatment Solution” for 

1 min. The sections were then stained with hematoxylin 
staining solution for 3–5 min, washed with tap water, 
differentiated with differentiation solution, washed again 
with tap water, returned to blue using the “Return to Blue 
Solution,” and finally rinsed with running water. Later, 
the slices were dehydrated in 95% alcohol for 1 min, then 
stained in an eosin staining solution for 15 s. The sections 
were sequentially dehydrated in 80% anhydrous ethanol 
(2 min), 95% ethanol (2 min), and 100% ethanol (2 min), 
followed by clearing in n-butanol (2 × 2 min) and xylene  
(2 × 2 min). Sections were then mounted using neutral 
gum. Under a light microscope, the nuclei appeared blue 
and the cytoplasm red.

2.5.5. Masson staining
Cranial specimens with completed decalcification were 
fixed, embedded, and sectioned. Paraffin sections were 
deparaffinized in water by sequential immersion in xylene 
for 20 min (twice), followed by 95% ethanol for 5 min, 
80% ethanol for 5 min, and 75% ethanol for 5 min, before 
washing with tap water. 

Frozen sections were removed from the –20°C freezer, 
brought to room temperature, fixed with tissue fixative 
for 15 min, and rinsed with running water. The sections 
were immersed in Weigert’s iron hematoxylin solution 
overnight, followed by rinsing under running tap water. 
Sections were immersed in a 1:1 mixture of Lichun Red 
Acidic Compound Red solution (a mixed dyeing solution 
composed of the main dyes Acid Red 112 and Acid Red 87) 
and 1% phosphomolybdic acid aqueous solution for 1 min, 
washed with tap water, differentiated for a few seconds in 
differentiation solution, and finally rinsed with tap water. 
The slices were stained with aniline blue solution for  
6 min and then rinsed in tap water. They were subsequently 
immersed in 0.2% glacial acetic acid for 1 min. Without 

Figure 2. Preparation of the bilateral cranial bone defect model (diameter: 5 mm) and implantation of scaffolds in SD rats. (A) Establishment of bilateral 
cranial defects in SD rats. (B) Scaffolds implantation process. (C) Scaffolds implantation in the defect area. Abbreviation: SD, Sprague-Dawley.
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further washing, the slices were drained and directly stained 
in 1% hydrochloric acid in alcohol for 2–30 s. After rinsing, 
the sections were further differentiated with 1% acetic acid 
and dehydrated in two tanks of anhydrous ethanol (75% 
and 95%). For sealing, the sections were immersed in a 
third vat of anhydrous ethanol (99%) for 5 min, xylene 
for 5 min for transparency, and sealed with neutral gum. 
Collagen fibers appeared blue, while myofibrils, fibrin, and 
erythrocytes were stained red under a light microscope.

2.5.6. Micro-computed tomography 
Micro-computed tomography (micro-CT) analysis was 
performed using a ZKKS-MCT-Sharp scanner (Zhong 
Ke Kai Sheng, China). Cranial specimens from each 
group at 1-, 2-, and 3-months post-operation were fixed 
in the scanner along the long axis. Scanning parameters 
were set as follows: voltage at 70 kV, power at 7 W, four-
frame superimposition, an angular gain of 0.72°, and an 
exposure time of 100 ms. Each sample was rotated 360° 
to complete the scan. The scanned images were denoised 
and reconstructed to obtain 3D images. Bone repair and 
bone growth in the cranial defects of rats were observed; 
the bone volume fraction of the newborn bone in the 
cranial defects of rats was calculated using a Bruker high-
resolution micro CT (CTAn). Finally, the cranial micro-
CT data of rats from different subgroups were statistically 
analyzed to compare the differences.

2.5.7. Immunofluorescence staining
The SD rats were euthanized at postoperative months 1, 2, 
and 3, and the cranial tissues were removed and fixed in 
4% paraformaldehyde for 48 h. The cranial specimens were 
then placed in a 10% EDTA demineralization solution for 
decalcification. To determine the new bone formation, 
hematoxylin and eosin (HE) staining, Masson staining, 
and immunofluorescence staining were performed on 
the sections of each sample. Sections with 5 μm thickness 
were cut from paraffin-embedded tissues for histological 
assessment. These sections were immersed in 3% (w/v) 
H2O2 and blocked with 3% (v/v) Bull serum albumin (BSA) 
solution. After enzymatic antigen repair, the sections were 
again incubated with the following primary antibodies: 
BMP-2 (rat, 1:100 dilution; Abcam, USA); VEGF (rat, 
1:200 dilution; Abcam, USA); CD163 (rat, 1:100 dilution; 
Abcam, USA); and iNOS (rat, 1:2000 dilution; Abcam, 
USA). After rinsing twice with PBS, the samples were 
incubated with the corresponding horseradish peroxidase-
labeled secondary antibodies and then visualized by 
staining with 4’,6-diamidino-2-phenylindole (DAPI). Cell 
nuclei were stained with hematoxylin.

2.6. Statistical analysis
Data were processed using SPSS 29.0 software (IBM, 
China). The experimental data were expressed as mean 

± standard deviation, and comparisons between groups 
were statistically analyzed using one-way analysis of 
variance (ANOVA) and independent samples t-tests. 
Graphs were plotted using GraphPad Prism (GraphPad 
Software, America) and Origin software (Beijing Tianyan 
Rongzhi Software Co., Ltd, China). Statistically significant 
differences are indicated by *p < 0.05, **p < 0.01, and  
***p < 0.001. 

3. Results
3.1. Scaffold preparation and characterization

3.1.1. Characterization of SrBG
The microscopic morphology of SrBG was characterized 
using SEM. The SrBG prepared consisted of many 
regular stacks of small particles with well-dispersed glass 
particles arranged in clusters (Figure 3A). DLS analysis  
(Figure 3B) revealed that the SrBG particle size distribution 
was 350–700 nm, with the most prevalent size being 493.9 
nm, accounting for about 38% of the total distribution.

3.1.2. Characterization and physicochemical 
properties of P, SBP, and PSBP scaffolds
The surface morphology of the composite scaffolds  
(P, SBP, and PSBP) is presented in Figure 4A. Compared 
to the P scaffolds, the pore size of the SBP scaffolds did not 
change significantly, and the surface became roughened 
by the addition of SrBG. The surface of the SBP scaffolds 
had SrBG particles attached, but the pores on the surface 
became smaller, and the number of pores decreased. After 
the addition of PDA to the SBP scaffolds, there was no 
significant change in the pore size of the scaffolds, but 
the number of pores was further reduced, mainly because 
the PDA coating covered the original pores. At higher 
magnification (× 2000), the surface of PSBP scaffolds was 
smoother compared to the SBP scaffolds, and SrBG particle 
attachment was observed on the surface of PSBP scaffolds. 
The porosity of the P, SBP, and PSBP scaffolds was 68.29 
± 5.62%, 65.00 ± 2.62%, and 60.53 ± 2.87%, respectively 
(Figure 4C). The porosity of the PSBP scaffold was 
slightly lower than that of the P and SBP scaffolds, but the 
difference was not significant, consistent with the results of 
SEM. The contact angles of the scaffolds in each group were 
examined by the static contact angle method (Figure 4B1);  
the contact angles of the P, SBP, and PSBP scaffolds were 
99.01 ± 2.62°, 72.04 ± 2.27°, and 0°, respectively (Figure 4B2).  
Generally, a smaller contact angle would indicate a more 
hydrophilic material. Overall, the addition of PDA and 
SrBG significantly improved the hydrophilicity of PCL 
materials, and the PSBP scaffolds had better hydrophilicity 
compared to the P and SBP scaffolds. The SBP and PSBP 
scaffolds were immersed in PBS, and the release of Sr²+ was 
measured on days 1 and 3. The SBP and PSBP scaffolds 
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Figure 3. Characterization of SrBG. (A) SEM image of the surface morphology of SrBG. (B) Particle size distribution of SrBG. Scale bar: 8 μm (A). 
Abbreviations: SEM, scanning electron microscope; SrBG, strontium doped bioglass.

Figure 4. Characterization of each group of stents. (A) SEM images of the P, SBP, and PSBP scaffold surface. (B1 and B2) Contact angle and hydrophilicity 
analysis of P, SBP, and PSBP scaffolds. Static water contact angle photos of the stents (B1) Static water contact Angle data of the stents (B2) (n = 3; ***p  
< 0.001). (C) Porosity analysis of P, SBP, and PSBP scaffolds (n = 6). (D) Sr²+ release from SBP and PSBP scaffolds. Scale bars: 300 μm (A, top and middle); 
80 μm (A, bottom). Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone 
(PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SEM, scanning electron microscope.
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continuously released Sr²+ over time, but the total Sr²+ 
released from the PSBP scaffolds was lower than that of the 
SBP scaffolds (Figure 4D).

Thermogravimetric analyses of the P, SBP, and 
PSBP scaffolds were performed accordingly. The 
thermogravimetric analysis (TG) curves in Figure 5A 
revealed that all three groups of scaffolds started to 
decompose at 250–300°C. The P scaffold displayed weight 
loss at approximately 300°C, and no further weight loss 
was observed at approximately 450°C; the SBP and PSBP 
scaffolds exhibited weight loss at approximately 250°C, 
and no further weight loss was observed at approximately 
350°C. These observations suggest that the SBP and PSBP 
scaffolds had higher thermal stability than the P scaffolds. 
Thermogravimetric analysis revealed that the weight loss 
of the P, SBP, and PSBP scaffolds was 97.73%, 89.35%, and 
88.78%, respectively. The residual inorganic content in each 
scaffold closely matched the theoretical proportions of the 
incorporated SrBG (0%, 9.09%, and 9.09%, respectively). 
The mechanical properties of the P, SBP, and PSBP scaffolds 
were examined by compressive testing experiments. The 
compressive strengths of the P, SBP, and PSBP scaffolds 
were 5.47 ± 1.41, 15.96 ± 0.87, and 22.52 ± 3.69 MPa, 
respectively (Figure 5B1). The compressive modulus of 
the P, SBP, and PSBP scaffolds was 1166.30 ± 314.05, 
3321.26 ± 24.21, and 4878.65 ± 398.81 MPa, respectively  

(Figure 5B2). With the gradual addition of SrBG and PDA, 
the compressive strength and compressive modulus of the 
P, SBP, and PSBP scaffolds gradually increased, and the 
difference was statistically significant (p < 0.05).

3.2. In vitro experimental results

3.2.1. Biocompatibility of P, SBP, and PSBP scaffolds
To observe the cellular activity of the scaffolds, the 
composite P, SBP, and PSBP scaffolds were co-cultured 
with BMSCs for 3 days and subsequently observed by live-
dead cell staining. The fluorescence on the PSBP scaffold 
was more obvious than that in the P and SBP scaffolds, and 
the amount of adhered BMSCs was significantly higher in 
the PSBP scaffold compared to the P and SBP scaffolds; 
only a small amount of BMSCs were attached to the SBP 
scaffold, while almost no BMSCs were observed on the P 
scaffold (Figure 6A). These observations suggest that the 
PSBP scaffold was the most favorable for cell adhesion 
and proliferation. To assess the potential cytotoxicity 
and cell proliferation of the P, SBP, and PSBP scaffolds, a 
CCK-8 cell proliferation assay was performed. The P, SBP, 
and PSBP scaffolds were co-cultured with BMSCs for 
1, 3, and 7 days. After 1 day of co-culture, no significant 
difference in cell proliferation was observed between 
the three scaffold groups; after 3 days of co-culture, cell 
proliferation in the PSBP scaffold was significantly higher 

Figure 5. Thermodynamic and compressive performance characterization of the support. (A). Thermogravimetric analysis of the P, SBP, and PSBP scaffolds 
to evaluate their thermal stability and decomposition behavior. (B1 and B2) The compressive strength (B1) and compression modulus (B2) of the P, SBP, 
and PSBP scaffolds (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped 
bioactive glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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than that in the P scaffold (p < 0.01); after 7 days of  
co-culture, cell proliferation in the PSBP and SBP scaffolds 
was significantly higher compared to the P scaffold  
(p < 0.05).

3.2.2. Bone-enhancing properties of P, SBP, and 
PSBP scaffolds
To assess the early osteogenic activity of the scaffolds, the P, 
SBP, and PSBP scaffolds were co-cultured with BMSCs for 
7 days and then subjected to ALP staining. The P scaffold 
exhibited weaker and lighter ALP staining, indicating a 
limited effect on promoting osteoblast differentiation. In 
contrast, the SBP scaffold, which included SrBG, displayed 
markedly increased and intensified intracellular ALP 
staining. The PSBP scaffold, incorporating both SrBG and 
PDA, demonstrated the most pronounced ALP staining, 
suggesting a synergistic enhancement of osteogenic 
differentiation (Figure 7A1). The ALP activity in the PSBP 
scaffold was significantly higher than that in the P and SBP 
scaffolds (p ≤ 0.001) (Figure 7A2). To assess the effects of 
the scaffolds on the osteogenic differentiation of BMSCs, 
the expression of osteogenesis-related genes (COL1, ALP, 
and RUNX2) was assessed after co-culturing BMSCs 
with the scaffolds for 7 and 14 days in MP medium. The 
expressions of COL1, ALP, and RUNX2 were significantly 
upregulated in the PSBP scaffold compared to the P 

and SBP scaffolds, suggesting a positive effect on bone 
differentiation. On day 14, ALP expression in the PSBP 
scaffold was 7.1 and 2.4 times higher than that in the SBP 
and P scaffolds, respectively; RUNX2 expression in the 
PSBP scaffold was 10.3 and 3.2 times higher than that in 
the SBP and P scaffolds, respectively; and COL1 expression 
in the PSBP scaffold was 8.5 and 7.1 times higher than that 
in the SBP and P scaffolds, respectively (Figure 7B). These 
observations indicate that the PSBP scaffold had better 
immunomodulatory ability to promote the osteogenic 
differentiation of BMSCs compared to the P and SBP 
scaffolds (p < 0.05).

3.2.3. Immunomodulatory capacity of P, SBP, and 
PSBP scaffolds
To assess the immunomodulatory properties of the 
scaffolds, the expression of MP polarization-related genes 
was detected by co-culturing RAW264.7 cells with the P, 
SBP, and PSBP scaffolds for 1 and 3 days. The expression 
of M2-MP polarization genes (CD206 and ARG) was 
significantly upregulated in the PSBP scaffold compared to 
the P and SBP scaffolds (Figure 8A3 and A4). In contrast, 
the PSBP scaffold significantly inhibited the expression 
of M1–MP polarization genes (TNF-α and IL1β)  
(Figure 8A1 and A2). On day 3, ARG gene expression in the 
PSBP scaffold was 7.1 and 4.3 times higher than that in the 

Figure 6. BMSCs viability assay on scaffolds. (A) Live-dead cell staining after 3 days of co-culturing BMSCs within P, SBP, and PSBP scaffolds. (B) 
Cell proliferation within the P, SBP, and PSBP scaffolds on days 1, 3, and 7 (n = 3; *p < 0.05, **p < 0.01). Scale bar: 500 μm (A). Abbreviations: BMSCs, 
bone marrow mesenchymal stem cells; OD, optical density; P, polycaprolactone (PCL); PSBP, Polydopamine (PDA)/strontium (Sr)-doped bioactive glass 
(SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL). 
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Figure 7. The effect of scaffolds on the osteogenic differentiation performance of BMSCs in vitro. (A1 and A2) ALP staining (A1) and ALP activity analysis 
(A2) of P, SBP, and PSBP scaffolds co-cultured with BMSCs. (B) Expression of osteogenesis-related genes in the P, SBP, and PSBP scaffolds co-cultured 
with BMSCs (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar: 400 μm (A1). Abbreviations: BMSCs, bone marrow mesenchymal stem cells; OD, optical 
density; P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SBP, strontium 
(Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).

SBP and P scaffolds, respectively; CD206 gene expression 
in the PSBP scaffold was 6.5 and 1.6 times higher than 
that in the SBP and P scaffolds, respectively; TNF-α gene 
expression in the P and SBP scaffolds was 2.3 and 2.6 
times higher than that in the PSBP scaffold, respectively; 
and IL1β gene expression in the P and SBP scaffolds was 
12.3 and 14.2 times higher than that in the PSBP scaffold, 
respectively. To further verify the immunomodulatory 

effect of the scaffolds, the levels of pro-inflammatory 
factor IL-12 and anti-inflammatory factor IL-10 were 
detected by ELISA assay. Compared to the SBP scaffold, 
the PSBP scaffold suppressed the expression level of pro-
inflammatory factor IL-12 and increased the expression 
level of anti-inflammatory factor IL-10 (p < 0.05)  
(Figure 8B1 and B2). 
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3.3. In vivo experimental results

3.3.1. Hepatotoxicity and nephrotoxicity of P, SBP, and 
PSBP scaffolds
To assess the biosafety of the scaffolds, liver and kidney 
tissues of rats in each scaffold group were sampled at 
postoperative months 1, 2, and 3, and tissue sections were 
HE-stained to observe the presence or absence of lesions 

in these organs. It was observed that specific structures 
in the rat liver (Figure 9) and kidney (Figure 10)—such 
as the central vein, the confluent area, hepatocytes, 
glomeruli, and mesangial cells—in each scaffold group 
had a clear morphology and boundaries, with no signs 
of inflammatory cell infiltration. This suggests that the 
composite scaffolds have good biocompatibility, as they 
did not have any toxicity effects on the rat liver and kidney. 

Figure 8. The effect of scaffolds on Macrophage Typing Polarization in vitro. (A1–A4) Expression of macrophage polarization-related genes on P, SBP, and 
PSBP scaffolds: TNF-α (A1), IL1β (A2), CD206 (A3), and ARG (A4). (B1 and B2) Expression levels of IL-10 (B2) and IL-12 (B1) in the P, SBP, and PSBP 
scaffolds. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive 
glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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3.3.2. Micro-CT of rat skull 
In order to evaluate the bone repair effect of the three 
scaffolds in vivo, we constructed a bone defect model in SD 
rats and performed cranial bone sampling at postoperative 
months 1, 2, and 3; micro-CT scanning was performed to 
evaluate the repair of the bone defect area. As displayed in 
Figure 11A, in the blank group, the amount of new bone 
production in the bone defect area was low at postoperative 
months 1 and 2, and there was still no significant increase 
in new bone tissue at postoperative month 3, indicating 
that the bone repair effect was relatively poor in the 
absence of scaffolding implantation. Conversely, in the P 
scaffold, there was a low amount of new bone production 
at postoperative month 1, and in months 2 and 3, 
increasing new bone tissue was observed, but large bone 
defects remained visible, indicating that the bone repair 

ability of the P scaffold was limited. Compared to the P 
scaffold, the SBP scaffold—with the addition of SrBG—
displayed bone growth along the composite scaffold in 
the defective area at month 1, gradually increasing over 
subsequent months until the bone trabeculae covered 
almost 50% of the defective area at the end of month 3, 
indicating that the addition of SrBG could promote the 
repair of bone defects. In contrast, the PSBP scaffold—
with the addition of PDA—displayed more bone growth 
across all time points compared to the P and SBP scaffolds; 
the defect area was seen to be significantly filled with bone 
trabeculae at month 1, gradually increasing in subsequent 
months until almost complete coverage of the bone 
defect area with bone trabeculae at the end of month 3. 
The bone volume fraction (Figure 11B) and bone density  
(Figure 11C) of the bone defect area in each scaffold group 

Figure 9. Hematoxylin and eosin (HE) staining of rat liver in each scaffold group. Scale bar: 100 μm. Abbreviations: P, polycaprolactone (PCL); PSBP, 
polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/
polycaprolactone (PCL).
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were statistically analyzed at postoperative months 1, 2, 
and 3. The PSBP scaffold displayed the best bone repair 
effect (among the scaffold types) relative to the blank group  
(p < 0.05). The bone mineral density results were consistent 
with the bone volume fraction analysis.

3.3.3. HE and Masson staining of rat skull specimens
At 1, 2, and 3 months after surgery, the rats were euthanized; 
skull specimens were collected and analyzed by HE staining 
and Masson staining to assess the formation of new bone 
tissue in the bone defect area. HE staining at postoperative 
month 1 revealed that the blank group had more fibrous 
tissue but less new bone tissue in the bone defect area. The 
P and SBP scaffolds displayed a small amount of new bone 
in the defect area, while the PSBP scaffold displayed a large 
amount of new bone formation. At postoperative month 2, 
the new bone tissue in the PSBP group was progressively 
darker in color and more widely distributed compared 

to the other scaffold groups; new bone tissue gradually 
formed in the pores of the stent, and new bone tissue was 
observed at the defect interface and inside the material. At 
postoperative month 3, the new bone tissue in the PSBP 
group was continuous and more widely distributed, and 
the area of the new bone was significantly larger than that 
of the blank, P, and SBP scaffold groups (Figure 12).

The results of Masson staining are displayed in  
Figure 13. At postoperative month 1, the SBP and PSBP 
scaffold groups had more light blue collagen tissue and red 
muscle fiber tissue compared to the blank and P scaffold 
groups. In subsequent months, the neoplastic bone tissue 
of each scaffold group further matured, exhibiting dark 
blue mature collagen, which was most significant in the 
PSBP scaffold group. These results indicated that PSBP 
scaffolds could promote bone defect repair.

Figure 10. Hematoxylin and eosin (HE) staining of rat kidneys in each scaffold group. Scale bar: 100 μm. Abbreviations: P, polycaprolactone (PCL); 
PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/
polycaprolactone (PCL).
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3.3.4. Immunofluorescence staining of rat 
skull specimens
To further assess the immunomodulation, pro-angiogenic, 
and osteogenic differentiation ability of the scaffolds, 
iNOS (red), CD163 (green), VEGF (red), and BMP-2 
(green) were detected by immunofluorescence staining in 
each scaffold group. The results for immunofluorescence 
staining are displayed in Figure 14. 

In immunomodulation, iNOS and CD163 serve as key 
markers for MP polarization, representing the M1 and 
M2 phenotypes, respectively. At postoperative months 1 
and 2, the expression of iNOS (red) in new bone tissue in 
the bone defect area was the highest in the blank group. 
In contrast, the red fluorescence intensity in the bone 
defect area progressively decreased across the P, SBP, 
and PSBP scaffold groups. At postoperative month 3, the 
PSBP scaffold group had the weakest red fluorescence. 
Conversely, the expression of CD163 (green) gradually 

increased over postoperative months 1, 2, and 3, with the 
PSBP scaffold group emitting the strongest fluorescence 
at postoperative month 3. These observations suggest that 
the PSBP scaffolds promoted the expression of M2 MPs 
and inhibited the expression of M1 MPs, thereby inducing 
better immunomodulation to facilitate bone defect repair. 

In terms of vascularization, at postoperative months 1, 
2, and 3, the expression of VEGF (red) in the bone defect 
area of all groups gradually increased. Among them, the 
PSBP scaffold group exhibited the strongest fluorescence 
intensity and the largest expression area, indicating that 
PSBP scaffolds more effectively promoted vascularization 
in the bone defect area, thereby facilitating bone  
defect repair. 

In terms of osteogenesis, at postoperative months 1, 2, 
and 3, the expression of BMP-2 (green) was the lowest in 
the blank group, but gradually increased in the P, SBP, and 
PSBP scaffold groups. At postoperative month 3, the PSBP 

Figure 11. Micro-CT assessment of bone defect repair outcomes. (A) Micro-CT analysis of the cranial bone defect area for each scaffold group. (B and C) 
Bone volume fraction (BV/TV%) (B) and bone mineral density (BMD) (C) in the bone defect area for each scaffold group (n = 3; *p < 0.05, **p < 0.01, ***p 
< 0.001). Abbreviations: Micro-CT, micro computed tomography; P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive 
glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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scaffold group exhibited the strongest green fluorescence, 
with a significantly larger positive staining area compared 
to the other groups, indicating a superior bone repair effect.

4. Discussion
Ideal tissue engineering scaffolds should have good 
osteoconductivity, biodegradability, plasticity, and a 

certain degree of mechanical strength to provide a suitable 
environment for tissue regeneration and cell growth, 
adhesion, and proliferation.43 PCL is used as the main 
material for bone tissue engineering scaffolds due to its 
high plasticity and biodegradation in vivo, providing space 
for new bone tissue and blood vessels to grow.44 However, 
PCL is biologically inert and needs to be compounded 

Figure 12. Hematoxylin and eosin (HE) staining of the bone defect area of rats in each scaffold group. Arrows indicate area of new bone. Scale bars: 300 
μm (top, 5×), 150 μm (bottom, 10×). Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/
polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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with other materials for better bone restoration.45 SrBG has 
demonstrated certain advantages as a bone repair material 
due to its good osteogenic ability and immunomodulatory 
properties.46 As displayed in Figure 3, SrBG comprises 
numerous uniformly arranged small spherical particles 
with a particle size distribution between 350 and 700 nm. 
Among them, SrBG particles measuring 493.9 nm account 

for the largest proportion (approximately 38%) of the total, 
which favors cell adhesion. In addition, functionalization of 
the material surface with PDA increases the hydrophilicity 
and surface adhesion of the material, thus effectively 
improving its biocompatibility.39,47 Likewise, 3D printing 
technology can personalize the geometric shape of the 
scaffold according to the shape of the bone defect, allowing 

Figure 13. Masson staining of the bone defect area of rats in each scaffold group. Arrows indicate area of new bone. Scale bars: 300 μm (top, 5×), 150 
μm (bottom, 10×). Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone 
(PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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Figure 14. Immunofluorescence staining of iNOS, CD163, VEGF, and BMP-2 in the bone defect area of rats in each scaffold group. Scale bar: 200 
μm. Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SBP, 
strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).
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for better fit at the bone defect site and more effective bone 
defect repair.48–50 In this study, P and SBP scaffolds were 
prepared by 3D printing, and PSBP scaffolds were obtained 
by co-deposition of PDA with SBP scaffolds. The physical 
properties, biocompatibility, and immunomodulatory 
ability of the scaffolds were evaluated by in vitro and  
in vivo experiments, and the effects of the scaffolds toward 
osteogenic differentiation in vitro and bone defect repair  
in vivo were assessed.

The three scaffold groups (P, SBP, and PSBP) were 
characterized accordingly. Firstly, the surface morphology 
of the scaffolds was observed by SEM (Figure 4A). There 
was no significant difference in the pore size among the 
three scaffold groups. However, after SrBG addition and 
PDA modification, the PSBP scaffolds had SrBG particles 
attached to their surface, resulting in smaller and fewer 
surface pores and a smoother surface. Secondly, good 
porosity is necessary for the scaffold to fulfill its bone repair 
function.51 As displayed in Figure 4C, all three scaffold 
groups exhibited high porosity, with PSBP scaffolds having 
a slightly lower porosity than P and SBP scaffolds. This is 
due to the filling of some pores during PDA modification 
of the SBP scaffolds.52 It is further demonstrated by the 
average aperture of each group of scaffolds as shown in 
Appendix Figure A1, where the smallest average aperture 
of the scaffolds was observed in the PSBP group. The high 
porosity of the scaffolds facilitates cell adhesion, growth, 
and vascular ingrowth.50 Nonetheless, the differences 
between the scaffold groups were not significant, and the 
slight decrease in porosity had little effect on cell growth 
and angiogenesis. PDA in the PSBP scaffolds filled the 
fiber pores, significantly enhancing their compressive 
properties (Figure 5B1 and B2) and inhibiting Sr²+ release 
(Figure 4D) compared to SBP scaffolds. Moreover, filling 
the porous structure on the fibers increased the scaffolds’ 
compressive strength and reduced their degradation rate, 
consistent with the trends observed in a previous study.53 
Studies have demonstrated that PDA functionalization of 
scaffold surfaces strongly attaches reactive groups—such 
as catecholamines and amines—to the material surface 
via covalent bonds, thereby improving hydrophilicity, 
adhesion, and biocompatibility.54–56 As displayed in 
Figure 4B1 and B2, the PSBP scaffolds featured better 
hydrophilicity after the addition of SrBG and PDA, 
providing more favorable conditions for cell adhesion 
and proliferation. Zhao et al.57 reported that SrBG 
effectively improved the mechanical properties and bone 
repair capability of calcium aluminate cement. In terms 
of mechanical properties, the compressive strength and 
modulus of the PSBP scaffolds were significantly higher 
than those of the P and SBP scaffolds, likely associated with 
the addition of SrBG and PDA. This suggests that the PSBP 

scaffolds possessed strong mechanical properties and 
could withstand greater mechanical loads. In Figure 5A,  
the thermogravimetric analysis revealed that the mass of 
the remaining inorganic particles in each scaffold group 
was close to the theoretical proportion of the mixed SrBG, 
and all three scaffolds exhibited good thermal stability.

Biocompatibility of the stent is a prerequisite for its 
biological functioning.58 As presented in Figure 6A, the 
results of the live-dead cell assay indicated that the PSBP 
scaffold had a higher number of adhered and proliferated 
BMSCs compared to the other scaffold groups, indicating 
non-cytotoxicity. Meanwhile, results of the CCK-8 
proliferation assay indicated that the PSBP scaffold 
could promote BMSC proliferation significantly better 
than the other scaffold groups, which was consistent 
with the live-dead cell staining results. However, the 
scaffold degradation products post-implantation and the 
substances generated by their interaction with the body’s 
microenvironment may be potentially toxic to the host.59 
To evaluate the in vivo toxicity of the scaffolds, an SD rat 
model was established in this study. HE staining analysis 
of liver and kidney tissues revealed no obvious damage or 
abnormal reaction, highlighting the good biosafety for all 
three scaffold groups (Figures 9 and 10).

Ideal bone repair materials must be biocompatible 
and possess strong osteogenic differentiation capacity.57 
However, PCL is limited by its insufficient osteogenic 
capacity, high hydrophobicity, and lack of sufficient cell 
attachment sites.60,61 To overcome these shortcomings, 
Hench et al.62 used the sol–gel method to prepare SiO2-
CaO-P2O5 ternary BGs, characterized by numerous 
microporous structures, a large specific surface area, and 
a fast rate of surface hydroxyapatite (HA) generation, 
enabling them to form strong chemical bonds with 
human bone tissue. In this study, SrBG was compounded 
in PCL scaffolds, and the scaffolds were modified using 
PDA to detect osteogenesis-related genes. ALP is a 
phenotypic marker of early osteogenesis.63 As displayed in  
Figure 7A1 and A2, the PSBP scaffolds strongly induced 
osteogenic differentiation, as indicated by ALP activity 
and staining results. In addition, qRT-PCR revealed that 
after co-culturing BMSCs with the three scaffold groups 
under osteogenic induction conditions, the expression 
of osteogenesis-related genes (COL1, ALP, and RUNX2) 
was significantly upregulated in the PSBP scaffold group 
compared to the P and SBP scaffold groups (Figure 7B). 
This observation was consistent with the ALP activity and 
staining results.

The immune microenvironment plays a crucial role in 
bone repair, and MP phenotypic switching is critical for 
bone defect repair.64 To regulate the microenvironment’s 
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effect on bone repair, some studies have combined MBG 
with PCL to prepare MBG/PCL scaffolds that possess 
better immune-regulating and bone-repair capabilities.65 
Another study prepared SrBG by doping Sr2+ into MBG, 
leading to a significantly enhanced immunomodulatory 
capacity by promoting M2 MP polarization.66 The PSBP 
scaffolds effectively upregulated the expression of M2 MP 
polarization genes (CD206 and ARG) while suppressing 
the expression of M1 MP polarization genes (TNF-α and 
IL1β) (Figure 8). This may be related to the release of 
various ions from SrBG, including Sr²+, Si⁴+, Ca²+, and P⁵+.67 
These ions enhanced the scaffold’s immunomodulatory 
properties by inhibiting M1 MP polarization and 
promoting M2 MP polarization.68,69 Results from the Sr²+ 

release experiments demonstrated that Sr²+ from the SBP 
and PSBP scaffolds was continuously released over time 
(Figure 4D). The overall Sr²+ release concentration in 
the PSBP scaffold group was lower than that in the SBP 
scaffold group. ELISA experiments indicated that PSBP 
scaffolds inhibited the expression of the pro-inflammatory 
factor IL-12 and increased the expression of the anti-
inflammatory factor IL-10 at a greater extent compared 
to SBP scaffolds (Figure 8B1 and B2), suggesting that the 
relatively low Sr²+ concentration in the PSBP scaffolds 
facilitates better immune microenvironment coordination 
to promote osteogenesis. Römer et al.70 found that adding 
3 mM (approximately 263 ppm) of Sr²+ to the culture 
medium significantly inhibited the expression of the 
pro-inflammatory factor IL-6 in human periodontal cells 
compared to a control group. Buache et al.71 reported 
that 10 µM Sr-doped bidirectional calcium phosphate 
significantly inhibited the expression of TNF-α and IL-6 
in human primary monocytes. Both SrBG extracts (Sr²+ 
concentration: 6.227 ppm and 10 µM [approximately 0.88 
ppm]), which are obtained after immersing SrBG in cell 
culture medium and processed, significantly inhibited 
the expression of TNF-α, IL1β, and IL-6 and elevated the 
expression of anti-inflammatory factors IL-1ra, IL-10, 
and Arg-1. Lower Sr²+ concentrations correlated with a 
lower expression of pro-inflammatory factors and a higher 
expression of anti-inflammatory factors.33 This is consistent 
with the results in the present study, validating that PSBP 
scaffolds have excellent immunomodulatory capabilities.

Micro-computed tomography (micro-CT) is a non-
invasive, high-resolution imaging technique that enables 
clear visualization of the internal microstructure of bone 
tissue, especially for detecting new bone tissue in small 
animals.60,72 To evaluate the in vivo bone repair effects of 
the three scaffold groups, this study established a bilateral 
cranial bone defect model in SD rats. SD rats were chosen 
for their low cost and size, which is suitable for surgical 
manipulation.73,74 Micro-CT was used to observe new bone 

growth in the bone defect area. The bone repair effect was 
then microscopically evaluated using quantitative indexes, 
such as bone mineral density and bone volume fraction.75 
The micro-CT 3D-reconstructed images highlighted that 
the PSBP scaffolds—as bone defect-filling materials—
exhibited significant new bone growth (Figure 11A). 
Likewise, the bone volume fraction and bone density 
analysis results were consistent with the micro-CT results 
(Figure 11B and C), further validating that PSBP scaffolds 
have better bone repair effects compared to the other 
scaffolds. In addition, HE staining, a commonly used 
method to observe tissue growth, was performed on rat 
cranial specimens from all scaffold groups to observe bone 
tissue structure.76 The HE staining results revealed that at 
postoperative months 1, 2, and 3, the PSBP scaffold group 
had more bone tissue formation than the SBP, P, and blank 
scaffold groups (Figure 12). Masson staining results also 
indicated that the PSBP scaffold group exhibited better 
osteogenesis (Figure 13).

The immunomodulatory capacity of implanted 
scaffolds is important in promoting osteogenic 
differentiation and angiogenesis.77 To further assess the 
immunomodulation and bone repair effects of each 
scaffold group, immunofluorescence staining was used 
to analyze cranial defect repair in rats. Generally, iNOS 
and CD163 are used as polarization markers for M1 and 
M2 MPs, respectively.78,79 It has been reported that PDA 
reduces the expression of M1 MP markers by scavenging 
ROS80,81 and that Sr²+ activates the PI3K/AKT/mTOR 
pathway to promote M2 MP polarization.66 In this study, the 
immunofluorescence staining results demonstrated that 
the PSBP scaffolds significantly upregulated the expression 
of the M2 MP marker CD163 and downregulated the 
expression of the M1 MP marker iNOS (Figure 14). This 
suggests that the PSBP scaffolds promoted MP polarization 
of M1 MPs to M2 MPs, resulting in more M2 MPs in the 
immune microenvironment. This polarization attenuated 
the inflammatory response in the early stage of bone repair 
and promoted bone defect repair.82,83 In addition, more M2 
MPs contributed to osteogenesis on the scaffold surface, 
ultimately leading to good osseointegration.84 Therefore, 
PSBP scaffolds have good immunomodulatory properties, 
and PDA, together with Sr²+, promotes MP polarization 
toward the M2 phenotype. In promoting bone repair, BMP-
2, a key osteoinductive growth factor, induces targeted 
differentiation of undifferentiated BMSCs into osteoblasts 
and promotes osteoblast differentiation and maturation, 
thereby accelerating bone defect repair.85,86 In this study, 
the PSBP scaffolds expressed higher levels of BMP-2 at the 
defect site, suggesting a strong osteogenic induction ability. 
Additionally, vascularization is a key part of the bone repair 
process and directly affects the repair and remodeling 
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of bone tissue.87 VEGF expression is strongly associated 
with neovascularization,88 and our immunofluorescence 
staining results demonstrated that the PSBP scaffolds 
effectively promoted VEGF expression. This enhancement 
is attributed to the synergistic pro-angiogenic effects of 
Sr²+ and Si⁴+ released by SrBG.89 Furthermore, surface 
modification with PDA further enhanced angiogenesis 
and maturation of the cell as well as tissue.90,91 

Overall, the PDA/SrBG/PCL composite scaffolds 
prepared in this study can better regulate the immune 
microenvironment, promote blood vessel regeneration, and 
facilitate bone defect repair. Nonetheless, the study had several 
limitations, namely the short observation period and the 
preliminary in vivo investigation, thereby warranting further 
investigation into the mechanism of bone defect repair.

5. Conclusion
In this study, a PDA/SrBG/PCL composite scaffold was 
fabricated, combining the multifunctional properties of 
material modification, immunomodulation, and osteogenesis 
induction. Overall, the PDA/SrBG/PCL scaffolds facilitated 
bone differentiation in vitro and bone repair in an in vivo 
cranial defect model. Therefore, the composite scaffold may 
potentially overcome the clinical limitations of traditional PCL 
scaffolds and mark a shift from mere structural replacement to 
functional reconstruction in bone tissue engineering, offering 
a valuable reference for the future development of advanced 
bone repair materials.
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Figure A1. Pore area on the fibers of three groups of scaffolds (n = 6; ***p < 0.001). Abbreviations: P, polycaprolactone (PCL); PSBP, polydopamine (PDA)/
strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL); SBP, strontium (Sr)-doped bioactive glass (SrBG)/polycaprolactone (PCL).

P S BP P SB P
0

200

400

600
A

ve
ra

ge
 p

or
e 

ar
ea

/
m

2
μ * * *

* * *

Appendix

https://doi.org/10.36922/IJB025210211

