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Abstract
Bone defects pose a high risk of non-union and permanent disability, making 
effective bone regeneration a critical focus in the development of bone repair 
materials. Current research primarily emphasizes enhancing the single osteogenic 
function of bone repair materials, while neglecting the impact of the complex 
microenvironment in bone defect areas. This has resulted in the failure of many 
developed bone repair materials to achieve effective in vivo bone regeneration. In 
this study, a multifunctional near-infrared light-responsive black phosphorus (BP) 
bone repair scaffold was fabricated via low-temperature deposition 3D printing. In 
vitro characterization demonstrated that the scaffold possesses a cancellous bone-
like structure, moderate compressive strength, and cytocompatibility, with the ability 
to promote osteogenesis under inflammatory conditions. In vivo studies further 
confirmed its favorable photothermal responsiveness, enabling photothermal 
therapy (PTT) to accelerate bone regeneration while reducing inflammation in the 
defect area. These findings indicate that the multifunctional BP scaffold achieves 
superior bone repair outcomes through synergistic effects of anti-inflammation, 
promotion of osteogenic differentiation, and PTT, thereby improving the success 
rate of defect repair. Moreover, the simple fabrication process and satisfactory 
therapeutic efficacy of this multifunctional BP scaffold highlight its high potential for 
clinical translation.

Keywords: Anti-inflammation; Black phosphorus; Bone repair scaffold;  
Osteogenic differentiation; Photothermal therapy 

1. Introduction
Bone defects can result from a variety of factors, including trauma, tumors, and 
osteonecrosis.1–3 Failure to adequately repair such defects may lead to persistent pain, 
pathological fractures, and functional impairment.4,5 Epidemiological studies have shown 
that over six million people in China suffer from bone defects or functional disorders 
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each year, among whom approximately two-thirds require 
bone grafting treatment. It is projected that by 2050, the 
costs associated with the treatment of bone defects will 
exceed 600 billion yuan, imposing a significant burden on 
patients and society.6 Autologous bone transplantation, as 
the gold standard for repairing bone defects, is restricted in 
its clinical application due to issues such as limited sources 
and donor site complications.7 Therefore, the development 
of artificial bone repair materials has long been a research 
hotspot in the field of bone tissue engineering.8 Despite 
extensive efforts, there is still no widely accepted bone 
repair material that has successfully transitioned from 
laboratory research to routine clinical application.

Currently, promoting the proliferation and osteogenic 
differentiation of bone marrow mesenchymal stem cells 
(BMSCs) within bone defect areas remains the primary 
research focus for most bone repair materials. For instance, 
strategies include incorporating bone repair factors 
into these materials,9 loading BMSCs onto them,10 or 
engineering material interfaces that are more conducive to 
BMSC adhesion and proliferation.11 Despite the promising 
osteogenic efficacy demonstrated in vitro, such scaffolds still 
fail to achieve satisfactory bone repair outcomes in vivo. This 
discrepancy arises from the intricate microenvironment 
within in vivo bone defects. Under the influence of the 
complex physiological environment in vivo, the robust 
osteogenic capacity of bone repair materials observed in 
vitro does not guarantee their ability to achieve effective 
bone repair outcomes in vivo. Furthermore, previous 
research has revealed that under identical intervention 
conditions, scaffold–host bone integration fails in some 
experimental animals, compromising the overall success 
rate of bone repair materials.12–14 This observation suggests 
the existence of  inter-individual heterogeneity in bone 
repair responses. These challenges have emerged as 
significant barriers hindering the translation of bone repair 
materials from laboratory research to clinical application.

Studies have demonstrated that upon the occurrence 
of bone defects, the microenvironment at the injured site 
undergoes significant alterations, primarily characterized 
by elevated concentrations of hydrogen peroxide and 
pro-inflammatory factors.15 These changes impede the 
expression of osteogenic differentiation transcription 
factors, thereby inhibiting the differentiation of BMSCs into 
osteoblasts. Concurrently, the heightened metabolic activity 
of inflammatory cells (e.g., neutrophils and macrophages) 
leads to the release of substantial amounts of acidic 
substances such as lactic acid and carbon dioxide, resulting 
in a local pH reduction (typically ranging from 5.5 to 6.8, 
in contrast to the physiological pH of approximately 7.3–
7.4 in normal bone tissue).16 This acidic microenvironment 
not only hinders normal bone regeneration but may 

even induce osteolysis. Therefore, excessive levels of pro-
inflammatory factors in the bone defect area compromise 
bone repair through multiple mechanisms. Furthermore, 
previous clinical studies have revealed inter-individual 
heterogeneity in bone repair, which is influenced by 
various risk factors, including age, bone quality, and the 
use of hormonal medications.17–19 For patients with delayed 
bone repair, additional interventions are often required 
to mitigate the risk of repair failure induced by these 
factors. Hence, in addition to osteogenesis-promoting 
properties, bone repair materials need to possess multiple 
functionalities, including regulating local inflammation in 
the bone defect area and balancing inter-individual repair 
heterogeneity through targeted regulatory measures. Such 
multifunctional materials are more conducive to bone 
defect healing and enhance the success rate of repair.

Phosphorus is one of the essential elements for bone 
regeneration, contributing to the maintenance of bone 
growth and mechanical strength.20 Black phosphorus 
(BP), a two-dimensional nanomaterial composed of 
single phosphorus atoms, exhibits broad-band absorption 
in the near-infrared (NIR) region and possesses 
excellent photothermal conversion efficiency.21 This 
unique property renders BP a promising photothermal 
agent, enabling its application in the construction of 
photothermal nanomaterials for photothermal therapy 
(PTT). Literature has reported that BP simultaneously 
exerts both favorable osteogenic and anti-inflammatory 
effects, thereby facilitating effective bone repair in the bone 
defect microenvironment.22 Notably, mild PTT induced 
by NIR excitation of BP not only promotes osteogenesis 
and anti-inflammation but also accelerates the release 
of BP, which in turn enhances its osteogenic and anti-
inflammatory efficacy, thereby achieving a synergistic 
effect.23 Furthermore, PTT allows for additional regulatory 
intervention based on individual bone repair status after 
scaffold implantation, which can accelerate bone healing, 
balance repair discrepancies caused by inter-individual 
heterogeneity in bone repair, and prevent repair failure due 
to delayed bone regeneration. Based on these findings, we 
intend to develop BP bone repair materials, aiming to fully 
utilize their multiple functionalities and synergize with 
PTT to promote bone repair in defect areas, ultimately 
improving the success rate of bone regeneration.

In the present study, based on our previously developed 
poly(lactic-co-glycolic acid) (PLGA)/β-tricalcium 
phosphate (β-TCP) printing paste (composed of β-TCP 
and PLGA) and low-temperature deposition 3D printing 
technology,13 BP/PLGA/β-TCP scaffolds (BP scaffolds) 
were constructed. The scaffolds were characterized, and 
their photothermal response properties were examined. 
Meanwhile, an inflammatory microenvironment was 
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simulated in vitro to assess the osteogenic efficacy of 
the scaffolds under such conditions. Subsequently, the 
scaffolds were implanted into a rat model of distal femoral 
bone defects to investigate their in vivo bone repair 
efficacy under PTT regulation. This study confirmed that 
BP scaffolds can achieve favorable bone repair outcomes 
in defect areas through multiple mechanisms, including 
promoting osteogenic differentiation of BMSCs, regulating 
local inflammation, and enabling efficient osteogenesis 
via PTT modulation, thereby exhibiting potential for 
clinical application.

2. Materials and methods
2.1. Materials
BP nanosheets (Φ100–200 nm) were provided by the College 
of Engineering, China Pharmaceutical University (Nanjing, 
China). PLGA and β-TCP powder were purchased from 
Regenovo Co. (China). Lipopolysaccharides (LPS) were 
purchased from Yuanye Bio-Technology Co., Ltd. (China). 
Minimal essential medium Eagle–alpha modification 
(α-MEM) was purchased from Biological Industries 
(Israel). Fetal bovine serum, penicillin–streptomycin 
solution, Live/Dead staining kit, 4’,6-diamidino-2-
phenylindole (DAPI) staining kit, Alizarin red S (ARS) 
staining kit, and alkaline phosphatase (ALP) staining kit 
were purchased from Beyotime Biotechnology (China). 
Enzyme-linked immunosorbent assay (ELISA) kits (bone 
morphogenetic protein 2 [BMP-2], ALP, runt-related 
transcription factor 2 [RUNX2], osteocalcin [OCN]) were 
purchased from Jingren Medical Research (China). BMP-2 
(66383-1-Ig), tumor necrosis factor-alpha (TNF-α; [17590-
1-AP, and cluster of differentiation 86 (CD86; 26903-
1-AP)]) antibodies were purchased from Proteintech 
Biotechnology Co., Ltd. (China). ALP (sc-365765), RUNX2 
(sc-101145), OCN(sc-73464), and β-actin (sc-517582) 
antibodies were purchased from Santa Cruz Biotechnology 
(United States of America [USA]). Hematoxylin and eosin 
(H&E) and Masson staining kits were purchased from Ai 
Fang Bio Co. (China). 

2.2. Preparation of black phosphorus scaffold
According to a published research protocol,13 a mixture 
was prepared by dispersing 10 g of PLGA granules and 
2.5 g of β-TCP in 42 mL of a 1,4-dioxane solution using 
vortex shaking for 1 min, followed by magnetic stirring 
until a homogeneous solution was obtained. Various ratios 
of BP (0%, 0.5%, 1%, and 2%) were added to the solution 
and stirred again. The resulting BP-doped slurry was then 
transferred to a printing cylinder equipped with a piston 
and a needle of appropriate size (Φ0.25 mm) and loaded 
onto a biological 3D printer (Regenovo Co.). After printing, 
the scaffolds were pre-cooled in a refrigerator at −80°C for 

2 h, freeze-dried for 24 h, and stored at −20°C for future 
use. The resulting scaffolds were named BP scaffolds and 
classified as 0BP, 0.5BP, 1BP, and 2BP according to the BP 
doping amount.

2.3. Characterization of black phosphorus scaffold
The characterization of the scaffolds was based on a 
previously reported research protocol. Specifically, 
scanning electron microscopy (SEM; Apreo 2, Thermo 
Fisher Scientific, USA), atomic force microscopy (Hyperion 
II System, Thermo Fisher Scientific, USA), and energy-
dispersive X-ray spectroscopy (EDS; Dual-X Super-X EDS 
System, Thermo Fisher Scientific, USA), Fourier transform 
infrared spectroscopy (FTIR; Nicolet iS50, Thermo Fisher 
Scientific, USA), X-ray photoelectron spectroscopy (XPS; 
Escalab 250Xi, Thermo Fisher Scientific, USA), and 
X-ray diffraction (D8 VENTURE, Bruker, Germany). 
The compressive strength was measured using a universal 
mechanical tester (Shenzhen SUNS, China). The porosity 
and pore diameter of the scaffolds were calculated using 
the software (Bio Architect) provided by the printing 
company (Regenovo Co.).

2.4. Analysis of the photothermal performance of 
the scaffolds
An 808 nm NIR laser (New Industries Optoelectronics 
Technology Co., Ltd., China) with a power of 0.8 W/
cm2 was used to irradiate different scaffolds for 300 s, 
and the temperature was recorded. Infrared images were 
captured using an infrared thermal camera (Model: H23, 
Hikmicrotech Co., Ltd., China), and the temperatures were 
quantified to plot temperature rise curves. The temperature 
trends of different scaffolds under 808 nm NIR laser 
irradiation at 0.8 W/cm2 were obtained. 

The 2BP scaffolds were irradiated with an 808 nm NIR 
laser at different power densities (0.6, 0.7, 0.8, 0.9, and 
1.0 W/cm2), and the temperature changes were recorded 
and plotted.

An 808 nm NIR laser at 0.8 W/cm2 was used to irradiate 
the BP scaffolds for 300 s, and the endpoint temperatures 
were recorded. The process was repeated 10 times.

2.5. Cytotoxicity analysis

2.5.1. Cell culture
Rat BMSCs and RAW 264.7 cells were purchased from 
the Shanghai Cell Bank of the Chinese Academy of 
Sciences (China) and cultured in α-MEM complete 
medium containing 10% fetal bovine serum and 1% 
penicillin–streptomycin. Cells were maintained at 37°C 
in a humidified atmosphere with 5% carbon dioxide. The 
medium was changed every 2 days. Cells were passaged 
under an inverted microscope (Model, Olympus, Japan) 
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at 80%–90% confluence, and passage 3 cells were used for 
subsequent experiments. Unless otherwise specified, the 
NIR irradiation conditions were as follows: 808 nm, 0.8 W/
cm2, 5 min per day.

2.5.2. Cytotoxicity
Leaching solutions were prepared according to previously 
reported methods. Briefly, the scaffolds were rinsed with 
phosphate-buffered saline (PBS), sterilized with ethylene 
oxide, and placed in extraction vessels. The leaching 
solutions were prepared at a concentration of 0.2 g/mL in 
complete medium and incubated at 37°C for 72 h.

For the Cell Counting Kit-8 (CCK-8) assay, BMSCs were 
seeded into 96-well plates at a density of 1000 cells/well. 
Subsequently, 100 µL of the different leaching solutions was 
added to each well, and the medium was refreshed every 24 
h. After incubation for 1, 3, and 5 days, the medium was 
discarded, and 100 μL of α-MEM containing 10% CCK-8 
solution was added to each well, followed by an additional 
2 h of incubation. The absorbance at 450 nm (A450) was 
measured using a microplate reader (BioTek, USA).

For Live/Dead staining, cells were cultured under the 
same conditions as described above, with 2000 cells seeded 
per well. Live/Dead staining was performed according 
to the instructions of the calcein acetoxymethyl and 
propidium iodide staining kit. Images were captured using 
an inverted fluorescence microscope (Olympus, Japan), 
where green fluorescence represents live cells and red 
fluorescence indicates dead cells.

2.5.3. Co-culture of cells and scaffolds
Cell growth on different scaffolds was observed by nuclear 
staining. Cells were seeded on the scaffolds at a density of 
1×104 cells/well, and the medium was removed after 24 h 
of co-culture. Cells were then fixed with paraformaldehyde 
for 5 min and rinsed with PBS for 10 min. Subsequently, 
0.5% TritonX-100 was added and incubated for 20 min. 
The nuclei were stained with the DAPI (blue) staining 
kit according to the manufacturer’s instructions. Images 
were captured using an inverted fluorescence microscope 
(Olympus, Japan).

2.6. Osteogenic induction under an 
inflammation-free microenvironment
BMSCs were inoculated into 12-well plates at a density 
of 3×104 cells/well and incubated. When cell confluence 
reached 80%–90%, scaffolds that had been immersed 
in complete medium for 30 min were placed into the 
12-well plates. Subsequently, osteogenic induction 
medium was added (50 mg/L ascorbic acid, 10 mmol/L 
β-glycerophosphate, and 100 nmol/L dexamethasone) 
and changed every 2 days. ALP and ARS staining was 
performed according to the manufacturer’s instructions 

after 6 days and 14 days of incubation, respectively. 
After termination of the reactions, the staining results 
were observed under an inverted microscope (Olympus, 
Japan). Six regions of interest were randomly selected for 
quantitative analysis of positive staining areas using ImageJ 
(version 1.54r, Developer: Wayne Rasband, National 
Institutes of Health, USA).

2.7. Photothermal therapy-enhanced bone repair 
efficacy of scaffolds
The 0BP scaffolds were used as the control group, and the 
2BP scaffolds were used as the experimental group. The 
groups were further subdivided into PTT and non-PTT 
groups according to whether NIR irradiation (808 nm, 0.8 
W/cm2) was applied at a frequency of 5 min/day. To observe 
more pronounced in vitro osteogenic effects, ALP and ARS 
staining were performed on days 9 and 21 of osteogenic 
induction, respectively. All other cell culture procedures, 
data collection, and analysis steps were conducted as 
described above.

2.8. Molecular mechanisms underlying scaffold-
promoted bone repair

2.8.1. Western blotting
Scaffolds were co-cultured with the cells for 5 days to 
analyze the expression of osteogenesis-related proteins in 
BMSCs. Cells on the scaffold and in the culture dishes were 
lysed by adding 200 μL of lysis buffer and incubated for 
20 min. After centrifugation at 12,000 rpm for 20 min, the 
precipitate was discarded, and the protein concentration in 
the supernatant was determined using a bicinchoninic acid 
protein assay kit. Protein samples were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride membranes. The 
membranes were blocked with 5% skimmed milk for 2 h 
and then incubated overnight at 4°C with BMP-2 (1:500), 
RUNX2 (1:800), ALP (1:500), OCN (1:1000), and β-actin 
(1:5000). Subsequently, the membranes were incubated 
with secondary antibodies (1:3000) for 1 h at room 
temperature. Target protein bands were detected using a 
chemiluminescent imaging system (Bio-Rad, USA).

2.8.2. Enzyme-linked immunosorbent assay
Cellular proteins were extracted using the same method 
as described above. The levels of BMP-2, RUNX2, ALP, 
and OCN in the protein samples were quantified and 
statistically analyzed according to the ELISA instructions.

2.9. Osteogenic induction under  
an inflammatory microenvironment 
The osteogenic induction medium was prepared under an 
inflammatory microenvironment according to previously 
reported methods. RAW 264.7 cells were seeded in 12-well 
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plates at a density of 5 × 105/well, and the culture medium was 
collected after 24 h of co-culture. After centrifugation, the 
supernatant was mixed with osteogenic induction medium 
at a volume ratio of 1:2 to obtain inflammatory osteogenic 
induction medium. According to the experimental groups 
(control, LPS, LPS+0BP, LPS+2BP, and LPS+2BP+NIR), 
BP scaffolds (0BP or 2BP) pre-immersed in complete 
medium for 30 min were placed into 12-well plates for co-
culture with BMSCs. NIR irradiation frequency and other 
experimental procedures were performed as described 
above. After 14 days of osteogenic induction, ALP staining 
was conducted to evaluate osteogenic differentiation.

2.10. Anti-inflammatory mechanism of black 
phosphorus scaffolds
RAW 264.7 cells were seeded in 12-well plates at a 
density of 5×105/well. After LPS induction, the cells 
were co-cultured with different BP scaffolds for 48 h 
and subjected to NIR irradiation according to the group 
design (LPS+0BP, LPS+2BP, and LPS+2BP+NIR). CD86 
immunofluorescence staining was performed following 
the cytotoxicity assay. The culture medium was discarded, 
and the cells were washed with PBS for 5 min. Cells were 
fixed with 4% paraformaldehyde for 15 min and washed 
three times with PBS for 5 min each. Subsequently, cells 
were permeabilized with 2 mL of 0.5% Triton X-100 for 
10 min and washed with PBS. Blocking was performed 
using 2% goat serum for 30 min. Cells were then incubated 
with fluorescent primary antibodies against CD86 for 1 
h at room temperature, washed with PBS, and incubated 
with fluorescent secondary antibodies for 40 min. After 
washing three times with PBS, DAPI was added for 5 min 
to stain the nuclei. After final washing (three times), images 
were captured using an inverted fluorescence microscope 
(Olympus, Japan). Western blotting was conducted as 
described in Section 2.8.1.

Total RNA was extracted and sequenced on an Illumina 
NovaSeq 6000 platform (PE150; Illumina, USA). Clean 
reads were aligned to the rat reference genome (mRatBN7.2) 
using HISAT2 (v2.0.4). Transcript assembly and fragments 
per kilobase million quantification were performed 
using StringTie (v1.3.0). Differentially expressed genes 
(DEGs) between the 0BP and 2BP groups were identified 
using edgeR, with thresholds of |log2FC| ≥ 1 and Q-value 
≤ 0.05. Functional enrichment analysis of DEGs was 
conducted using DAVID. Selected DEGs were validated 
by quantitative polymerase chain reaction (qPCR) using 
gene-specific primers (Table S1). Complementary DNA 
was synthesized from total RNA, and qPCR reactions 
were performed using SYBR Green (Bio-Rad Laboratories, 
USA). Gene expression levels were normalized to Gapdh 
and calculated using the 2−ΔΔCt method, with six biological 

replicates (n = 6). Statistical significance was assessed using 
Student’s t-test (p < 0.05).

2.11. Animal feeding and modeling

2.11.1. Animal husbandry
This study was approved by the Ethics Committee of the 
Affiliated Hospital of Nanjing University (Approval No. 
2025 DW-002-01). Thirty Sprague–Dawley male rats 
(200 ± 10 g; Jiangsu Qinglongshan Biotechnology Co., 
Ltd., China) were housed at 24–26°C. All animals were 
humanely cared for in accordance with the Guide for the 
Care and Use of Laboratory Animals.

2.11.2. Bone defect modeling and scaffold 
implantation 
After anesthesia, the surgical area was prepared with the 
lateral femoral condyle as the center. A 1 cm incision was 
made to expose the femoral shaft, centered on the lateral 
femoral condyle. The skin, fascia, and muscle were incised 
layer by layer to expose the lateral side of the knee joint. 
A bone tunnel with a diameter of 3 mm was drilled in the 
center of the lateral femoral condyle using a handheld 
electric drill. The scaffold was then implanted into the 
bone defect area, and the incision was closed in layers and 
sterilized with iodine. 3 days postoperatively, 200,000 units 
of penicillin were administered intramuscularly daily to 
prevent infection, and incision healing and the animals’ 
condition were monitored.

2.12. Evaluation of the near-infrared response of the 
scaffold in vivo
After surgery, anesthetized rats were irradiated with 
NIR light (808 nm, 1.2 W/cm2, 10 min) once per week. 
An infrared thermal camera was utilized to capture 
photothermal images, and the corresponding temperature 
variations were monitored.

2.13. Evaluation of scaffolds for bone repair in vivo

2.13.1. Specimen collection
Animals were euthanized at 6 weeks postoperatively to 
collect the distal femur on the operated side for evaluation 
of bone repair. Major organs, including the heart, liver, 
spleen, lungs, and kidneys, were also collected for 
safety analysis.

2.13.2. Radiological evaluation
Bone regeneration within the defect area was assessed 
using high-resolution micro-computed tomography 
(Siemens, Germany) with the following parameters: 80 kV 
voltage, tube current of 500 μA, and a pixel resolution of 
40.5 μm. Reconstructed images in sagittal, coronal, and 
horizontal planes were acquired, and bone quality within 
the defect area was quantified using trabecular thickness, 
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trabecular number, bone mineral density, and bone 
volume/total volume.

2.13.3. Histological evaluation
After fixation in 4% paraformaldehyde, bone tissue 
specimens were completely decalcified in 10% 
ethylenediaminetetraacetic acid and dehydrated in 
ethanol. The samples were then embedded in paraffin, and 
6 μm-thick sections were prepared for histological and 
immunohistochemical analysis. H&E, Masson’s trichrome, 
BMP-2, and CD86 staining were performed according to 
the manufacturers’ instructions. The stained sections were 
examined using a light microscope (Model, Nikon, Japan). 
Image J software was used to evaluate positively stained 
areas for semi-quantitative analysis.

2.14. In vivo biocompatibility analysis
H&E staining of major organs was performed to assess the 
presence of pathological changes.

2.15. Statistical analysis
All data are expressed as the mean ± standard deviation. 
Statistical analyses were performed using analysis of 
variance followed by Tukey’s post hoc test unless otherwise 
stated. A value of p < 0.05 was considered statistically 
significant (*p < 0.05, **p < 0.01, ***p < 0.001) while p > 
0.05 was considered non-different (ns). Statistical analyses 
were performed using SPSS 22.0 software (IBM, USA).

3. Results and discussion
3.1. Morphological and chemical characteristics of 
black phosphorus scaffolds
Figure 1A presents digital images of BP scaffolds with 
varying mass ratios of BP, all of which exhibit regular, 
permeable, and porous structures. Given that BP is a 
black powder, the scaffold without BP incorporation 
appears milky white, while BP-containing scaffolds 
generally display a darker color, with uniformly 
distributed BP visible throughout the scaffolds 
(indicated by red arrows). The color intensity of the 
scaffolds gradually deepens with increasing BP content. 
Notably, excessive BP incorporation leads to clogging 
of the printing nozzle, hindering scaffold fabrication. 
After multiple optimizations, a BP mass ratio of 2% was 
determined to be the maximum feasible concentration. 
SEM images (Figure 1B) reveal that the scaffold struts 
are regularly shaped with slight surface curvature. High-
magnification SEM images further demonstrate the 
complex, hierarchical porous structures characteristic of 
low-temperature deposition technology, which facilitate 
substance metabolism and exchange, as well as cellular 
infiltration into the scaffold interior, enabling creeping 
substitution. Importantly, these porous structures are 

consistently observed across all scaffolds, indicating 
that BP incorporation does not alter the scaffold 
microstructure. Atomic force microscopy further 
confirms the porous structure morphology and verifies 
that BP incorporation does not affect the scaffold 
microstructure (Figure 1C). EDS was employed to 
analyze phosphorus elemental variations in BP scaffolds. 
As BP consists solely of phosphorus, changes among the 
scaffolds were primarily reflected in the phosphorus 
content. With increasing BP ratio, phosphorus content 
exhibited a positive correlation with BP incorporation, 
while the proportions of other elements showed only 
minor, non-significant fluctuations (Figure 1D). 

Figure 1E displays the FTIR spectra of the blank 
scaffold (0BP), and Figure 1F presents the spectra of 
the scaffold containing 2% BP (2BP). The primary 
components of the 0BP scaffold are β-TCP and PLGA. 
Characteristic absorption peaks at 1750 cm−1 and 1080 
cm−1 correspond to the C=O and C–O bonds of PLGA, 
respectively. Peaks at 1453 cm−1, 1381 cm−1, 1266 cm−1, and 
1190 cm−1 are associated with the rocking and bending 
vibrations of CH2 and CH3 groups in PLGA.24 Absorption 
peaks in the range of 543–605 cm−1 are attributed to the 
bending vibrations of PO4

3− groups in β-TCP (Figure 1D, 
black curve).25,26 Due to the extremely low BP content and 
overlapping FTIR bands of β-TCP and BP, no distinct 
spectral differences were observed after BP addition 
(Figure 1F, black curve).27 Additionally, Figure 1E and F  
presents the FTIR spectra of scaffolds immersed in 
simulated body fluid for 3 days (red curve), 7 days (blue 
curve), 14 days (green curve), 21 days (purple curve), and 
28 days (yellow curve). No significant spectral changes 
were observed for either 0BP or 2BP over time, indicating 
minimal chemical alteration or degradation of the 
scaffolds. These results suggest that the scaffolds possess 
excellent stability and can maintain their structural and 
physical properties over the examined period. Figure 
S1A shows the X-ray diffraction patterns of 0BP and 2BP 
scaffolds. No obvious differences were observed between 
the two groups, and the diffraction peaks correspond well 
with those of tricalcium phosphate (Ca3(PO4)2, PDF#86-
1585), with characteristic peaks at 2θ = 30.94° and 34.14°. 
To further confirm the presence of BP in the scaffolds, 
XPS was conducted to analyze the surface chemical 
composition. As shown in the XPS survey spectrum 
(Figure S1B), the phosphorus (P2p) signal is detectable, 
although relatively weak due to low BP content. High-
resolution P2p spectra clearly confirm the presence of 
phosphorus in the 0.5BP, 1BP, and 2BP scaffolds (Figure 
S1C), consistent with the EDS results. Collectively, these 
findings confirm the successful fabrication of BP scaffolds.
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Figure 1. Morphology and characterization of BP scaffolds. (A) Top views of scaffolds with different BP contents captured using a digital camera. (B) 
Scanning electron microscopy images of the scaffolds at different magnifications (scale bars: 200 μm [top row] and 10 μm [bottom row]; magnifications: 
60× [top row] and 1000× [bottom row]). (C) Atomic force microscopy images of scaffolds (scale bar: 1 μm; magnification: 2000×). (D) Elemental surface 
analysis of different scaffolds (scale bar: 10 μm; magnification: 1000×). Fourier transform infrared spectra of (E) 0BP and (F) 2BP scaffolds after immersion 
in simulated body fluid for 0, 3, 7, 14, 21, and 28 days (d). 0BP, 0.5BP, 1BP, and 2BP represent scaffolds containing 0%, 0.5%, 1%, and 2% BP by mass, 
respectively. Abbreviations: BP, black phosphorus; EDS, energy-dispersive X-ray spectroscopy.v
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3.2. Physical characteristics and in vitro 
photothermal performance of black  
phosphorus scaffolds 
As scaffolds for bone tissue engineering, appropriate 
porosity and compressive strength are crucial for supporting 
bone regeneration. Figure 2A and B demonstrates that the 
fabricated scaffolds exhibited a porosity of 75 ± 3% and a 
compressive strength of 2.5±0.2 MPa. These parameters 
fall within the commonly accepted range in bone tissue 
engineering for mimicking the mechanical and structural 
properties of cancellous bone.13 These architectural features 
are critical for facilitating nutrient exchange, cellular 
infiltration, and ultimately, the formation of new bone tissue 
within the defect site. In addition to structural suitability, 
adequate mechanical strength is pivotal for maintaining 
stability at the defect area during the early stages of bone 

healing. Figure 2C shows that scaffolds initially exhibited 
compressive strength comparable to that of cancellous 
bone, enabling effective mechanical support immediately 
after implantation. Although a gradual decrease in 
compressive strength was observed during degradation, 
the scaffolds retained most of their mechanical integrity 
within 4 weeks, ensuring sufficient support during the 
critical early phase of bone regeneration. Subsequently, 
the in vitro photothermal performance of BP scaffolds was 
evaluated. Figure 2D illustrates the temperature changes 
of different scaffolds under NIR irradiation at a constant 
power. All BP scaffolds exhibited excellent photothermal 
responsiveness, characterized by a rapid temperature 
increase within 5 s, followed by a stable plateau. This rapid 
and stable heating profile is advantageous for achieving 
controlled thermal stimulation in a timely manner.

Figure 2. Characterization and photothermal response of black phosphorus (BP) scaffolds. (A) Porosity, (B) pore size, and (C) compressive strength of the 
scaffolds over time. (D) Temperature rise curves of different scaffolds under near-infrared (NIR) irradiation (808 nm, 0.8 W/cm2). (E) Temperature rise 
curves of 2BP under NIR irradiation at different power densities (808 nm, 0.6–1.0 W/cm2). (F) Infrared thermal images of 2BP under NIR irradiation (808 
nm, 0.8 W/cm2). (G–I) Cyclic photothermal performance of different scaffolds. 0BP, 0.5BP, 1BP, and 2BP represent scaffolds containing 0%, 0.5%, 1%, and 
2% BP by mass, respectively.
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To optimize the NIR power density, the temperature 
response of the 2BP under varying NIR power densities 
was further investigated (Figure 2E). At 0.6 W/cm2, 
negligible temperature changes were observed, indicating 
that a threshold power density is required to trigger 
effective photothermal conversion. As the power density 
increased, both photothermal response efficiency and 
scaffold temperature rose accordingly, with irradiation 
at 1.0 W/cm2 resulting in a stable high temperature 
exceeding 90°C. However, such extreme temperatures pose 
a risk of thermal damage to surrounding cells and tissues, 
underscoring the need to identify an optimal power density 
that balances therapeutic efficacy and biocompatibility. 
Notably, numerous studies have reported that PTT 
induced by mild thermal stimulation (40–42°C) promotes 
BMSC proliferation and osteogenic differentiation, 
enhances ALP activity, and accelerates mineralization—
key processes in effective bone regeneration.28 Under 0.8 
W/cm NIR irradiation, the 2BP scaffold demonstrated 
efficient photothermal conversion, with the temperature 
stabilizing within the optimal range (40–42°C) within 5 s 
(Figure 2E). This observation was further corroborated by 
infrared thermal images acquired at different time points, 
which confirmed stable maintenance of mild hyperthermia 
(Figure 2F). For in vivo applications, repeated NIR-
irradiation is often required to sustain therapeutic 
effects, necessitating stable photothermal performance 
over multiple cycles. Figure 2G–I shows that the 2BP 
maintained consistent photothermal conversion efficiency 
over 10 NIR irradiation cycles, ensuring its suitability for 
repeated therapeutic interventions.

Collectively, these results demonstrate that the BP 
scaffolds possess favorable physical properties, including 
appropriate porosity, pore size, and mechanical strength, 
as well as efficient photothermal conversion capability. 
Under the optimized NIR power density (0.8 W/cm2), the 
scaffolds can generate controlled mild thermal stimulation 
(40–42°C), which is expected to synergistically enhance 
bone regeneration by modulating cellular activities 
while providing structural support. This combination 
of structural and functional attributes establishes a solid 
foundation for potential applications in bone defect repair.

3.3. Cytotoxicity and osteogenic induction under an 
inflammation-free microenvironment in vitro
For scaffolds intended for in vivo implantation, non-
cytotoxicity is a fundamental prerequisite to ensure 
biocompatibility and avoid adverse host responses. Rat 
BMSCs were selected as the model cells to evaluate the 
cytocompatibility of BP scaffolds (Figure 3). Live/Dead 
staining after co-culture (Figure 3A) revealed minimal red-
stained dead cells at all-time points, with extensive green-

stained viable cells uniformly distributed, confirming the 
non-cytotoxic nature of the scaffolds. Consistent with these 
observations, CCK-8 assays (Figure 3E) demonstrated 
robust proliferation of BMSCs in all groups over time, 
further validating the excellent cytocompatibility of the 
scaffolds. Additionally, nuclear staining of cells co-cultured 
with scaffolds for 24 h revealed abundant cell adhesion 
on the scaffold surfaces (Figure 3B), indicating that the 
scaffolds provide a favorable microenvironment for initial 
cell attachment. This initial adhesion is a critical step for 
subsequent cellular processes such as proliferation and 
differentiation. To determine the optimal BP mass ratio 
for enhancing osteogenesis, osteogenic induction assays 
were performed. BMSCs were co-cultured with scaffolds 
in osteogenic induction medium, and ALP staining was 
conducted to assess early osteogenic differentiation, as ALP 
is a key marker enzyme of mature osteoblasts and directly 
reflects the extent of BMSC osteogenic commitment.29 The 
ALP staining results (Figure 3C) showed that the positively 
stained area increased with increasing BP mass ratios, with 
statistically significant differences observed among groups 
(Figure 3F). These results indicate that BP scaffolds promote 
BMSC osteogenic differentiation in a dose-dependent 
manner within the tested range, with the 2BP exhibiting 
the strongest effect. ARS staining was further employed to 
evaluate late-stage osteogenic mineralization, as calcium 
nodule formation by osteoblasts represents a terminal 
marker of mineral deposition. As shown in Figure 3D 
and G, BP scaffolds significantly enhanced mineralization 
compared to the control, and a higher BP content was 
associated with increased mineral nodule formation. 
Collectively, these findings demonstrate that BP scaffolds 
exhibit excellent biocompatibility (non-cytotoxicity) and 
significantly promote BMSC osteogenic differentiation 
and mineralization under inflammation-free conditions. 
Among the tested formulations, the 2BP scaffold showed 
the most pronounced osteogenic effect, supporting its 
selection for subsequent in vitro and in vivo studies.

3.4. The promotional effect and mechanism of 
photothermal therapy on osteogenesis of black 
phosphorus scaffolds
Building upon the above preliminary screening, 2BP was 
identified as the optimal formulation and was therefore 
selected for subsequent investigations into the effect 
of mild PTT (40–42°C) induced by NIR irradiation on 
osteogenesis. The study design included a control group 
(0BP) and an experimental group (2BP), with additional 
NIR-irradiated subgroups to evaluate photothermal-
mediated effects. In the absence of NIR stimulation, 2BP 
already exhibited superior osteogenic potential compared 
with 0BP, as evidenced by more intense ALP staining 
and larger areas of mineralized nodules in ARS staining  
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(Figure 4A & B). Upon NIR irradiation, the 2BP+NIR 
group showed the most robust osteogenic induction among 
all groups, with maximal positive expression in both ALP 
and ARS staining under the same induction period. In 
contrast, NIR irradiation failed to enhance osteogenesis in 
the 0BP group, which can be attributed to the lack of BP—a 
critical photothermal converter—resulting in the inability 
to generate the requisite mild hyperthermia for PTT.

To explore the underlying mechanism by which 2BP 
promotes BMSC osteogenic differentiation, an ELISA was 
performed. The results revealed that the 2BP upregulated 

the expression of key osteogenic proteins, including BMP-
2, RUNX2, ALP, and OCN, with further enhancement 
observed upon NIR irradiation (Figure 4C). These 
proteins play pivotal roles in orchestrating osteogenic 
differentiation and bone maturation: BMP-2 initiates the 
osteogenic cascade, RUNX2 acts as a master transcription 
factor regulating osteoblast commitment, ALP mediates 
early mineralization, and OCN is a late marker of osteoblast 
maturation, collectively contributing to bone regeneration. 
The synergistic effect of NIR irradiation is likely dual-
faceted: NIR not only accelerates BP degradation to 
release bioactive phosphorus ions but also provides mild 

Figure 3. Biocompatibility and osteogenic capacity of black phosphorus (BP) scaffolds. (A) Live/Dead staining of bone marrow mesenchymal stem cells 
(BMSCs) cultured in scaffold leaching solutions (scale bar: 200 μm; magnification: 40×). (B) Nuclear staining of BMSCs on scaffold surfaces (scale bar: 100 
μm; magnification: 40×). (C) alkaline phosphatase (ALP) staining after 6 days of co-culture and (D) Alizarin red S (ARS) staining after 14 days of co-culture 
(scale bar: 200 μm; magnification: 40×). (E) Cell Counting Kit-8 (CCK-8) assay of BMSCs cultured in scaffold leaching solutions. (F) Semi-quantitative 
analysis of ALP staining. (G) Semi-quantitative analysis of ARS staining. n = 6; ns = p > 0.05, *** p < 0.001. 0BP, 0.5BP, 1BP, and 2BP represent scaffolds 
containing 0%, 0.5%, 1%, and 2% BP by mass, respectively.
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Figure 4. Evaluation of PTT-promoted scaffolds for in vitro osteogenesis. (A) ALP staining after cells were co-cultured with scaffolds for 9 days and ARS 
staining at 21 days (scale bar: 200 μm; magnification: 40×). (B) Semi-quantitative analysis of ALP and ARS staining. (C) Enzyme-linked immunosorbent 
assay after co-culture of scaffolds with BMSCs. (D) WB after co-culture of scaffolds with BMSCs. (E) Semi-quantitative analysis of WB. Notes: NIR 
parameters: 808 nm, 0.8 W/cm2, 5 min per day. n = 6, *p < 0.05, **p < 0.01, ***p < 0.001. 0BP and 2BP represent scaffolds containing 0% and 2% BP by mass, 
respectively. Abbreviations: ALP, alkaline phosphatase; ARS, Alizarin red S; BMP-2, bone morphogenetic protein 2; BMSCs, bone marrow mesenchymal 
stem cells; NIR, near-infrared; OCN, osteocalcin; PTT, photothermal therapy; RUNX2, runt-related transcription factor 2; WB, Western blot.
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thermal stimulation to amplify osteogenic signaling. This 
mechanism was further validated by Western blot analysis, 
in which the expression trends of BMP-2, RUNX2, ALP, 
and OCN were consistent with the ELISA results, with 
statistically significant upregulation in the 2BP+NIR 
group (Figure 4D and E). Taken together, these findings 
demonstrate that 2BP inherently possesses favorable 
osteogenic capacity and that its combination with NIR-
induced mild PTT synergistically enhances osteogenesis 
through the upregulation of critical osteogenic proteins. 
This NIR-responsive osteogenic amplification effect 
highlights 2BP as a promising smart platform for controlled 
bone regeneration.

3.5. Osteogenic induction under an in vitro 
inflammatory microenvironment
The acute phase of bone injury is typically accompanied 
by a massive accumulation of pro-inflammatory factors, 
among which TNF-α and CD86 exert detrimental 
effects on bone regeneration by disrupting osteoblast 
differentiation, promoting osteoclast activation, and 
impairing matrix mineralization. Therefore, modulating 
the levels of these pro-inflammatory mediators represents 
a crucial yet often underappreciated strategy to facilitate 
early-stage bone healing. To address this issue, an in vitro 
model was established to mimic the early inflammatory 
microenvironment following bone defects, using LPS to 
induce post-traumatic inflammation, and to evaluate the 
osteogenic potential of 2BP under pathological conditions 
(Figure 5).

ALP staining (Figure 5A) and quantitative analysis 
(Figure 5D) revealed that LPS treatment significantly 
suppressed BMSC osteogenic differentiation, highlighting 
the inhibitory effect of excessive inflammation on bone 
formation. In contrast, 2BP partially reversed this 
LPS-induced impairment, as evidenced by increased 
ALP activity compared with the LPS-treated control 
group. Notably, NIR irradiation further potentiated the 
osteogenic capacity of 2BP, resulting in the highest ALP 
expression among all experimental groups and indicating a 
synergistic interaction between BP and mild photothermal 
stimulation in counteracting inflammatory inhibition. To 
elucidate the anti-inflammatory mechanisms underlying 
these observations, immunofluorescence staining was 
performed to assess the expression of CD86, a key marker 
of pro-inflammatory M1 macrophage polarization and a 
critical mediator of sustained inflammatory cascades.30 To 
further analyze the anti-inflammatory mechanism of BP 
scaffolds and NIR irradiation, the scaffolds were co-cultured 
with RAW 264.7 cells induced by LPS. As shown in Figure 
5B and F, CD86 expression was markedly downregulated 

in both the 2BP and 2BP+NIR groups, with the latter 
exhibiting the most pronounced reduction. This suggests 
that 2BP, particularly when combined with NIR irradiation, 
exerts robust anti-inflammatory effects by suppressing the 
expression of pro-inflammatory mediators. These findings 
were further validated by Western blot analysis (Figure 
5C & E), which demonstrated decreased protein levels of 
both CD86 and TNF-α in the 2BP groups compared with 
the LPS-treated control. The 2BP+NIR group showed 
the lowest expression of these pro-inflammatory factors, 
confirming that NIR-induced mild PTT synergizes with BP 
to enhance anti-inflammatory efficacy. This synergism may 
arise from two complementary mechanisms: (i) accelerated 
BP degradation under NIR irradiation, releasing bioactive 
phosphorus species with inherent immunomodulatory 
properties; and (ii) mild thermal stimulation directly 
suppressing pro-inflammatory signaling pathways in 
BMSCs and infiltrating immune cells.

Collectively, these results indicate that 2BP possesses 
intrinsic anti-inflammatory properties, enabling it to 
partially reverse inflammation-mediated osteogenic 
inhibition. Under NIR irradiation, this dual functionality—
attenuating excessive inflammation while promoting 
osteogenesis—is significantly enhanced, making 2BP a 
promising therapeutic platform for bone defect repair 
under pathological inflammatory conditions. This 
capacity to simultaneously modulate the inflammatory 
microenvironment and enhance osteogenic activity 
addresses a critical unmet need in bone tissue engineering 
scaffolds. 

To further investigate the underlying mechanisms, 
RNA sequencing analysis was performed on cells from 
the 0BP and 2BP groups (Figure 6). As shown in Figure 
6A, compared with the 0BP group, a total of 4775 genes 
were significantly upregulated and 2372 genes were 
significantly downregulated in the 2BP group. Among 
these DEGs, key regulators including Hmox1, Grem1, 
Sqstm1, Egr1, and Irf9 were markedly upregulated (Figure 
6B & E). Hmox1 is a central gene in anti-inflammatory 
and antioxidant responses, exerting broad cytoprotective, 
anti-inflammatory, and immunomodulatory effects by 
degrading heme to produce carbon monoxide, biliverdin, 
and bilirubin. Furthermore, Hmox1 promotes osteoblast 
differentiation, inhibits osteoclastogenesis, and facilitates 
bone repair.31,32 Grem1, acting as a BMP antagonist, plays 
a pivotal role in skeletal development and homeostasis 
by precisely regulating the balance between osteogenesis 
and chondrogenesis.33 Sqstm1 is involved in autophagy 
and the nuclear factor erythroid 2-related factor 2–Kelch-
like ECH-associated protein 1 signaling pathway and is 
crucial for maintaining osteoblast function; its deficiency 
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Figure 5. Osteogenic differentiation of BMSCs in an inflammatory microenvironment induced by macrophage-conditioned medium and secretion of 
inflammatory factors by RAW 264.7 cells under different culture conditions. (A) Alkaline phosphatase staining of BMSCs cultured in conditioned medium 
for 14 days. The osteogenic induction medium under inflammatory conditions for the control group was prepared by mixing RAW 264.7 culture medium 
(without additional intervention) and regular osteogenic induction medium at a 1:2 volume ratio (scale bar: 100 μm; magnification: 40×). (B) CD86 
staining of LPS-incubated RAW 264.7 cells treated with different BP scaffolds for 48 h. (C) Pro-inflammatory protein expression (CD86, TNF-α) in LPS-
incubated RAW 264.7 cells after co-culture with different BP scaffolds for 48 h. (D) Quantitative analysis of BMSCs cultured in conditioned medium for 
14 days. (E) Relative protein expression levels. (F) Percentage of CD86-positive cells in different groups. Notes: NIR parameters: 808 nm, 0.8 W/cm2, 5 min 
per day. n = 6, ns = p > 0.05, ###p < 0.001 vs. control group; **p < 0.01 and ***p < 0.001 vs. LPS group. 0BP and 2BP represent scaffolds containing 0% and 
2% BP by mass, respectively. Abbreviation: BMSCs, bone marrow mesenchymal stem cells; CD86, cluster of differentiation 86; DAPI, 4’,6-diamidino-2-
phenylindole; LPS, lipopolysaccharide; NIR, near-infrared; TNF-α, tumor necrosis factor α.
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Figure 6. Sequencing results of cells from the 0BP and 2BP groups. (A) Volcano plot of DEGs; downregulated and upregulated genes are shown in blue and 
red, respectively. (B) Hierarchical clustering heatmap of DEGs. (C) Gene Ontology functional analysis and (D) Kyoto Encyclopedia of Genes and Genomes 
enrichment analysis of DEGs. (E) Relative expression levels of selected DEGs. n = 6; **p < 0.01, ***p < 0.001. 0BP and 2BP represent scaffolds containing 
0% and 2% BP by mass, respectively. Abbreviations: AKT, protein kinase B; cAMP, cyclic adenosine monophosphate; DEGs, differentially expressed genes; 
ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; NOD, nucleotide-binding oligomerization domain-like; PI3K, phosphoinositide 
3-kinase; Rap1, ras-proximate-1.
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can lead to disrupted bone metabolism. Studies also 
indicate that Sqstm1 can induce the expression of various 
anti-inflammatory genes, including Hmox1.34–36 Egr1 
is a key transcription factor in mechanotransduction-
induced osteogenesis, directly promoting the expression 
of osteogenic genes.37 Irf9, a core component of the 
interferon signaling pathway, plays a dual role in immune 
regulation.38 Collectively, the upregulation of these genes 
suggests that 2BP can promote the expression of genes 
associated with both osteogenesis and anti-inflammation. 
Gene Ontology enrichment analysis of the DEGs revealed 
several biological processes potentially linked to these 
effects (Figure 6C), including responses to xenobiotic 
stimulus, LPS, bacteria, and acute-phase response, all 
of which are closely associated with anti-inflammatory 
mechanisms. Conversely, processes such as angiogenesis, 
cell migration, positive regulation of cell migration, cell–
matrix adhesion, and regulation of actin cytoskeleton 
organization are critically relevant to the proliferation, 
adhesion, and function of osteogenic cells. Kyoto 
Encyclopedia of Genes and Genomes pathway analysis 
further highlighted several signaling pathways that may 
mediate the osteogenic and anti-inflammatory properties 
of 2BP, including the phosphoinositide 3-kinase/protein 
kinase B, mitogen-activated protein kinase, and Wnt 
signaling pathways, which are well-established regulators 
of bone formation and inflammatory responses.38–40 
In summary, these transcriptomic findings indicate 
that the 2BP scaffold may exert its beneficial effects by 
activating key biological pathways related to osteogenesis 
and anti-inflammation.

3.6. Radiological evaluation of bone regeneration in 
vivo promoted by black phosphorus scaffolds
A rat model of distal femoral bone defect was established, 
and scaffolds were implanted into the defect area to evaluate 
their in vivo bone regeneration efficacy (Figure 7A). Figure 
7B shows the scaffold (indicated by red arrows) implanted 
into the bone defect region (marked by green arrows). 
Infrared thermometry monitoring revealed that the 
femoral defect area of rats implanted with 2BP exhibited 
a gradual temperature increase under NIR irradiation, 
confirming that 2BP can mediate photothermal effects 
in vivo (Figure 7C and D). Specifically, 2BP generated 
moderate photothermal feedback in vivo: under 808 
nm NIR irradiation at 1.2 W/cm2, the local temperature 
increased significantly within 20 s and reached 41.1°C after 
60 s, which falls within the optimal range for promoting 
osteogenesis without inducing thermal damage. These 
results further validate that a photothermal converter 
(i.e., BP) is an essential component for fabricating NIR-
responsive scaffolds, as 0BP failed to exhibit measurable 

temperature elevation under identical conditions. 
Collectively, these data demonstrate that 2BP can generate 
mild photothermal effects in vivo upon external NIR 
stimulation, a property hypothesized to accelerate bone 
repair through thermally modulated cellular activities and 
enhanced tissue perfusion.

At 6 weeks post-implantation, micro-computed 
tomography was performed to assess bone regeneration in 
the defect area. As shown in Figure 7E, all scaffold groups 
exhibited new bone formation around the implant, with 
the formation of a regenerative bone bridge connecting 
the host bone and scaffold. Notably, the BP scaffold 
group showed a significantly thicker and denser bone 
bridge compared with the 0BP group, indicating that BP 
incorporation enhances bone repair. Among all groups, 
the 2BP+NIR group achieved the most extensive bone 
regeneration, with visible trabecular ingrowth into the 
scaffold pores, consistent with the in vitro findings of 
synergistic osteogenesis under photothermal stimulation. 
Interestingly, the 0BP+NIR group exhibited slightly 
improved bone repair compared with the 0BP group, 
despite the lack of significant differences in osteogenic 
markers observed in vitro. This in vivo–in vitro discrepancy 
may be attributed to the following: although 0BP cannot 
generate BP-mediated photothermal conversion, NIR 
irradiation may induce mild hyperthermia in the 
surrounding tissues through non-specific absorption, 
thereby improving local blood circulation and nutrient 
exchange—factors that play a more prominent role in vivo 
than in static in vitro cultures. However, this effect was 
relatively modest and did not reach statistical significance, 
reinforcing the necessity of BP as a specific photothermal 
agent for robust therapeutic efficacy. Quantitative analysis 
of new bone formation (Figure 7F) included trabecular 
thickness (μm), trabecular number (1/mm), bone 
mineral density (g/cm2), and bone volume fraction (%). 
All parameters, which are well-recognized indicators of 
bone quality and regeneration extent, positively correlated 
with the qualitative repair outcomes: the 2BP+NIR group 
achieved the highest values, followed by the 2BP group, 
while the 0BP+NIR group showed a non-significant trend 
toward improved outcomes compared with the 0BP group.

In summary, 2BP exhibits excellent NIR responsiveness 
in vivo, and NIR irradiation significantly accelerates 
bone repair. Clinically, such efficient bone regeneration 
could mitigate repair failure caused by inter-individual 
heterogeneity, which remains a major challenge in current 
bone defect treatments. Furthermore, accelerated bone 
healing aligns with the principles of Enhanced Recovery 
After Surgery, which emphasize minimizing surgical 
trauma and promoting rapid functional recovery.41 By 
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Figure 7. In vivo photothermal response properties of scaffolds and radiological evaluation of bone repair. (A) Flow chart of the animal experiment. (B) 
Scaffolds implantation process. Green arrow: bone defect area; red arrow: scaffold. (C) Temperature rise curves at different time points and (D) in vivo 
photothermal effect of 2BP at corresponding time points. (E) Qualitative micro-computed tomography images of bone repair in the distal femur of rats 
6 weeks after surgery. (F) Quantitative analysis of bone repair. Notes: NIR parameters: 808 nm, 1.2 W/cm2, 10 min per week. n = 3, *p < 0.05, **p < 0.01, 
***p < 0.001. 0BP and 2BP represent scaffolds containing 0% and 2% BP by mass, respectively. Abbreviations: BMD, bone mineral density; BV/TV, bone 
volume/total volume; NIR, near-infrared; TB.N, trabecular number; Tb.Th, trabecular thickness.
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Figure 8. Bone tissue analysis for the bone defects of animals. (A) Hematoxylin and eosin (H&E) staining and (B) Masson’s trichrome staining (scale bars: 
5 mm [top row] and 500 μm [bottom row]; magnifications: 4× [top row] and 40×[bottom row]). (C) bone morphogenetic protein 2 (BMP-2) and cluster 
of differentiation 86 (CD86) staining (scale bar: 800 μm). (D) Corresponding relative positive area for Masson’s trichrome, BMP-2, and CD86 staining. 
Notes: Near infrared (NIR) parameters: 808 nm, 1.2 W/cm2, 10 min per week. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. 0BP and 2BP represent scaffolds 
containing 0% and 2% BP by mass, respectively.
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enabling controlled photothermal stimulation to enhance 
regeneration, the 2BP holds promise for addressing unmet 
clinical needs in personalized bone defect therapy.

3.7. Histological evaluation of black phosphorus 
scaffolds for promoting bone regeneration in vivo
To further validate the bone repair efficacy of the scaffolds 
in defect areas, histological evaluations of peri-scaffold 
bone regeneration were performed. H&E staining and 
Masson’s trichrome staining (Figure 8A & B) consistently 
demonstrated varying degrees of bone repair across all 
groups at 6 weeks post-implantation, with the 2BP+NIR 
group exhibiting the most robust regenerative outcomes. 
Specifically, this group showed dense trabecular bone 
formation, a thick and well-integrated bone repair bridge, 
and substantial new bone tissue within the defect area, 
indicating successful scaffold–host bone integration 
and progressive defect filling. BMP-2 is a key cytokine 
that directs BMSC differentiation into osteoblasts, 
promotes osteoblast maturation, and orchestrates bone 
remodeling, making it a critical mediator of in vivo 
bone repair. Immunohistochemical staining for BMP-
2 and subsequent quantitative analysis (Figure 8C & D) 
were consistent with the histological repair patterns: the 
2BP+NIR group displayed the highest BMP-2 expression, 
with statistically significant differences compared with 
other groups, confirming enhanced osteogenic signaling. 
In parallel, CD86 staining (Figure 8C & D) revealed that 
2BP significantly suppressed local CD86 expression, with 
NIR irradiation further amplifying this anti-inflammatory 
effect to a statistically significant extent. These findings 
corroborate earlier in vitro observations, highlighting 
the scaffold’s ability to modulate the inflammatory 
microenvironment in vivo, which is pivotal for establishing 
a favorable milieu for bone regeneration.

Collectively, these results confirm that 2BP outperforms 
conventional scaffolds (0BP) in promoting bone repair, 
likely through the dual mechanisms of upregulating pro-
osteogenic factors and downregulating pro-inflammatory 
markers. Importantly, NIR irradiation synergistically 
enhances these effects, leading to significantly accelerated 
and more robust bone regeneration. Notably, sporadic cases 
of repair failure—characterized by scaffold loosening and 
lack of host bone integration—were observed in all groups 
except the 2BP+NIR group. This observation underscores 
a critical advantage of NIR-mediated photothermal 
stimulation: by enabling highly efficient bone regeneration, 
it mitigates the inter-individual heterogeneity in repair 
outcomes that often compromises conventional bone 
grafting strategies. Consequently, the 2BP+NIR approach 
holds promise for improving the overall success rate of 
bone defect repair, particularly in patient populations with 
limited regenerative capacity.

3.8. Biosafety evaluation of black phosphorus 
scaffolds in vivo
H&E staining (Figure S2) of major organs, including 
heart, liver, spleen, lungs, and kidneys, harvested from 
rats at week 6, revealed no pathological abnormalities. 
These results indicate that the BP scaffolds exhibit good 
biocompatibility and can be safely applied in vivo.

4. Conclusion
In this study, BP—a photothermal agent with excellent 
photothermal conversion efficiency—was incorporated 
into previously developed PLGA/β-TCP slurry to fabricate 
NIR-responsive BP scaffolds. These scaffolds were designed 
for bone defect repair by leveraging exogenous mild 
photothermal stimulation to enable PTT for accelerated 
bone regeneration. Structurally, the BP scaffolds mimicked 
cancellous bone architecture and were characterized by 
interconnected pores that facilitate nutrient exchange and 
cellular infiltration. Biologically, they exhibited superior 
biomineralization capacity, excellent biocompatibility, 
and non-cytotoxicity, as validated by in vitro cellular 
assays. The incorporation of BP endowed the scaffolds 
with robust NIR responsiveness, enabling on-demand, 
repeated, and controllable PTT interventions—a critical 
feature for personalized therapeutic regimens. Among the 
formulations tested, 2BP demonstrated optimal osteogenic 
and anti-inflammatory properties, making it particularly 
suitable for in vivo bone defect repair. These intrinsic 
functionalities were significantly potentiated under NIR 
irradiation, likely through synergistic mechanisms: (i) 
BP-mediated photothermal conversion generating mild 
hyperthermia (40–42°C) to enhance osteogenic signaling 
and modulate immune responses; (ii) accelerated BP 
degradation under NIR irradiation, leading to the release 
of bioactive phosphorus species that further promote 
mineralization and dampen inflammation. Notably, NIR-
triggered PTT using 2BP represents a minimally invasive, 
spatiotemporally controllable intervention strategy that 
aligns with clinical needs for safe and efficient acceleration 
of bone repair. In vivo studies confirmed that the 2BP+NIR 
group achieved the highest bone repair success rate, with 
a reduced incidence of repair failure caused by inter-
individual heterogeneity. This advantage is attributed to 
the scaffold’s ability to override suboptimal regenerative 
microenvironments through controlled photothermal 
stimulation. Collectively, the NIR-responsive BP scaffold 
integrates multiple complementary functionalities, 
including structural mimicry, biocompatibility, 
osteogenesis promotion, anti-inflammatory effects, and 
controllable photothermal stimulation, to drive rapid 
bone defect repair. Its versatility and therapeutic efficacy 
position it as a promising candidate for clinical translation, 
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particularly in challenging scenarios such as large bone 
defects or bone repair in inflamed microenvironments.
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