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A B S T R A C T   

Effective osteogenesis remains a challenge in the treatment of bone defects. The emergence of artificial bone 
scaffolds provides an attractive solution. In this work, a new biomineralization strategy is proposed to facilitate 
osteogenesis through sustaining supply of nutrients including phosphorus (P), calcium (Ca), and silicon (Si). We 
developed black phosphorus (BP)-based, three-dimensional nanocomposite fibrous scaffolds via microfluidic 
technology to provide a wealth of essential ions for bone defect treatment. The fibrous scaffolds were fabricated 
from 3D poly (L-lactic acid) (PLLA) nanofibers (3D NFs), BP nanosheets, and hydroxyapatite (HA)-porous SiO2 
nanoparticles. The 3D BP@HA NFs possess three advantages: i) stably connected pores allow the easy entrance of 
bone marrow-derived mesenchymal stem cells (BMSCs) into the interior of the 3D fibrous scaffolds for bone 
repair and osteogenesis; ii) plentiful nutrients in the NFs strongly improve osteogenic differentiation in the bone 
repair area; iii) the photothermal effect of fibrous scaffolds promotes the release of elements necessary for bone 
formation, thus achieving accelerated osteogenesis. Both in vitro and in vivo results demonstrated that the 3D 
BP@HA NFs, with the assistance of NIR laser, exhibited good performance in promoting bone regeneration. 
Furthermore, microfluidic technology makes it possible to obtain high-quality 3D BP@HA NFs with low costs, 
rapid processing, high throughput and mass production, greatly improving the prospects for clinical application. 
This is also the first BP-based bone scaffold platform that can self-supply Ca2+, which may be the blessedness for 
older patients with bone defects or patients with damaged bones as a result of calcium loss.   

1. Introduction 

Bone defects, which can be created by traumatic injury, tumor 
excision, or infectious diseases such as osteitis and osteomyelitis, present 
a great challenge and burden in clinical surgery [1]. It is estimated that 
the annual number of patients who suffer from traumatic injury in the 
US is over 1 million, and many of which may give rise to devastating 
bone defects, with costs over $10 billion [2]. Furthermore, bone defects 
with a diameter greater than 3 cm are less likely to heal on their own, 

leading to a high incidence of complications, pain, and lower quality of 
life [3,4]. Although therapeutic strategies for bone defects such as au-
tografts and allografts have reached clinical practice, several limitations 
their therapeutic effect. For autografts, drawbacks include insufficient 
bone mass, inferior availability, potential donor injury, and low size 
matching. The potential risks of allografts are contamination or infec-
tion, rejection reaction or immune response, and disease 
cross-transmission [5]. Emerging artificial bone scaffolds, which mimic 
the natural extracellular matrix (ECM), are ideal alternative bone 
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substitutes, since they are likely to have superior biocompatibility, high 
biodegradability, and superior interaction with host cells [6]. A variety 
of techniques such as 3D printing, electrospinning, and microfluidics 
have been employed to manufacture artificial bone scaffolds [7–10]. 
Microfluidics enables precise manipulation of fluids in a low-cost, 
fast-processing, high-throughput, and mass-production manner for 
creating high-quality products [11–15,57] and has attracted increasing 
attention for the synthesis of artificial bone scaffolds [16]. The feasi-
bility of the mass-production of high-quality artificial bone scaffolds is 
extremely important for success in the clinical treatment of bone defects. 
Thus, the exploitation of an artificial bone scaffold with robust 
osteoinduction, osteoconduction, and osteointegration based on micro-
fluidic technology is an appealing alternative strategy for clinical bone 
regeneration. 

Black phosphorus (BP), one of the emerging two-dimensional (2D) 
monoelemental material with a unique folded, layered structure [17–19, 
21,22,53–56], has drawn widespread attention in biomedicine because 
of its unique combination of physicochemical properties (e.g., good 
biocompatibility, excellent biodegradability, and prominent photo-
thermal effects) [17,20,23–27]. Notably, the degradation products of BP 
in the physiological environment are usually non-toxic phosphate ions 
[17,25,28], and phosphorus accounts for approximately 1% of total 
human body weight, mainly as a component of bone in the skeleton [7, 
29]. Recent research has demonstrated that phosphate can facilitate the 
mineralization of biomimetic calcium phosphate, thereby improving the 
adhesion, differentiation, and proliferation of bone cells [30,31]. 
Moreover, other studies have shown that in the physiological environ-
ment, the biodegradation products of BP nanosheets can be converted 
into calcium phosphate nanoparticles with the ability to promote bone 
regeneration through in situ biomineralization [31,32]. Although these 
findings suggest that BP can play a positive role in bone defect treat-
ments, all of these BP-based therapeutic platforms use the body’s cal-
cium ions in the physiological environment to achieve biomineralization 
for bone regeneration [33]. Since a certain Ca/P ratio is vital for the 
bone regeneration process, the therapeutic effect of these calcium-free 
phosphorus strategies based on BP will be greatly compromised if 
applied to older patients with bone defects or patients with damaged 
bones from calcium loss [30]. Therefore, it is highly desirable to design 
artificial bone scaffolds based on BP nanosheets bearing adjustable 
levels of nutrients, rich with mineralized ions. 

Hydroxyapatite (HA) is the main inorganic component of human and 
animal bones. It has excellent biocompatibility and bioactivity and can 
be chemically bonded with other tissues at their interfaces [34,35]. 
Furthermore, it has a high solubility in the body and can release 
nontoxic ions that enter the metabolism for the stimulation or induction 
of bone hyperplasia, thereby promoting the repair of defective tissues 
[36,37]. Numerous studies have demonstrated that HA not only has 
osteoinduction capacity, but can also serve as a calcium source for bone 
regeneration, preventing calcium loss [34,37,38]. Therefore, the com-
plementary combination of HA and BP will ensure an appropriate Ca/P 
ratio for constructing the desired artificial, multifunctional bone scaf-
folds for bone regeneration. Silicon (Si) is also an essential trace element 
associated with bone metabolism and connective tissue growth [39]. Si 
ions play important roles in activating osteogenic differentiation of 
mesenchymal stem cells (MSCs), including facilitating bone matrix 
mineralization, deposition, and recruitment of MSCs [39]. However, 
most inorganics containing Si are coated with external matrix compos-
ites, limiting the release of the Si ions and affecting the direct interaction 
between Si and surrounding cells [40,41]. Furthermore, these Si-based 
composites cannot accurately reproduce the inherent hierarchical 
porous architectures and surface topographies of natural bone that are 
essential for maintaining cell-material biophysical interactions [39,42, 
43]. Coating the surface of an artificial bone scaffold with a layer of 
mesoporous silicon is one alternative strategy to address the above 
considerations. 

Herein we utilized microfluidic technology and fibrous biomaterials 

to construct three-dimensional (3D) BP@HA nanocomposite fibrous 
scaffolds (3D BP@HA NFs) for bone regeneration. The 3D BP@HA NFs 
are made up of HA-porous SiO2 nanoparticles created via a biominer-
alization process, BP nanosheets, and poly (L-lactic acid) (PLLA). In this 
fibrous scaffold, highly biocompatible BP nanosheets have an excellent 
photothermal effect, achieving controlled ion release for HA-SiO2 
nanoparticles, while P is an important element for bone formation in 
biomineralization. The HA part of nanoparticles can provide mineral 
ions for cellular osteogenesis and new bone formation. The prepared 
porous SiO2 nanoparticles not only serve as a Si ion depot but can also be 
an excellent storage medium for HA minerals due to the large number of 
pores on their surface. In addition, our nanofibrous scaffolds have var-
iable pore size distribution and highly porous interconnected structures, 
providing a superior microenvironment for cell differentiation and 
proliferation. Although the use of BP-based materials for bone regen-
eration has been reported in several recent studies, this is the first report 
of Ca2+-supplying BP-based scaffolds, which show great promise in the 
treatment of older patients with bone defects or patients with damaged 
bones as a result of calcium loss. Moreover, the use of microfluidic 
technology also paves the way for the mass-production of our high- 
quality 3D BP@HA NFs. Therefore, fabrication of doped fibrous scaf-
fold with BP nanosheets and HA-SiO2 nanoparticles through micro-
fluidic technology has great clinical potential for effective 3D cell 
culture and stem cell osteogenic differentiation, achieving optimal bone 
regeneration. 

2. Materials and methods 

2.1. Materials 

BP crystals were obtained from Jiangsu Nanfeng Co. (Nanjing, 
China). PLLA (MW = 135 kDa) polymers were bought from Daigang 
Polymer (Jinan, China). Dichloromethane (DCM) and dimethylforma-
mide (DMF) were purchased from Guangzhou Chemical Co. and used 
without further purification. 

2.2. Fabrication of the 3D BP@HA NFs 

First, porous SiO2 nanoparticles were prepared using a facile hy-
drothermal method. In detail, 3.72 g of cetyltrimethylammonium bro-
mide (CTAB) and trioctylmethylammonium bromide (TOMAB, 2.28 g) 
were dissolved in 60 ◦C deionized (DI) water (80 mL) with 300 rpm 
magnetic stirring for 3 h. Afterward, 360 μL triethylamine (TEA) and 
tetraethylorthosilane (TEOS, 15% 1-octadecene solution, 40 mL) were 
continuously added and maintaining at 60 ◦C for another 3 h under the 
stirring. Then, the mixture was centrifugated to obtain the silica nano-
spheres and further washed with water repeatedly to discard residual 
reactants. The prepared products were dried for 24 h at 100 ◦C. The final 
products were further calcined for 10 h at 600 ◦C to discard the 
surfactant. 

HA was then coated onto SiO2 nanoparticles through a biomineral-
ization process using 1.5 simulated body fluid solution (1.5 SBF) for 14 
days. Briefly, SiO2 nanoparticles were placed in a 50 mL centrifuge tube, 
30 mL 1.5 SBF solution was added into the above centrifuge tube and 
incubated at 37.0 ◦C, the fluid was changed every two days. After 14 
days of incubation, the HA-coated SiO2 nanoparticles were washed with 
deionized water and then dried in a freeze drier. Subsequently, 40 mg of 
BP crystals were dispersed in the mixed solution (4 mL) of DCM and DMF 
(DCM: DMF = 1:4, v: v). Then the obtained dispersion was further 
sonicated in an ice bath with a power of 300 W for 2 h. Next, PLLA (8%, 
w: v) and HA-coated SiO2 nanoparticles were added into the above- 
mixed solution and stirred for 12 h. Finally, 3D BP@HA NFs were 
fabricated by microfluidic technology as follows: air flow was applied to 
the solution with suitable pressure, the jet was solidified in air and 
collected using ethanol, washed by DI water 3–5 times, and freeze-dried. 
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2.3. Characterization of 3D BP@HA NFs 

The morphology of nanofibers in 3D BP@HA NFs was evaluated 
using transmission electron microscopy (TEM) and SEM imaging 
(Quanta 200 scanning electron microscope FEI, Netherlands). The 
chemical components of 3D BP@HA NFs were characterized using 
mapping and X-ray diffraction (XRD). 

2.4. Cell culture and characterization 

BMSCs as model cells were obtained from 2-week-old rats as our 
described previously [44], and used to assess the cellular interaction 
between nanofibers of 3D BP@HA NFs and cells. 3D NFs were prepared 
using a method similar to that used for 3D BP@HA NFs and set as control 
groups. For cell culture, the 3D BP@HA NFs and 3D NFs were placed 
into tissue culture plates (24 well, TCP), and sterilized with 75% mixed 
solution of DI water and ethanol (30min), and treated using ultraviolet 
light for 4 h. Then the nanofibrous scaffolds were washed 5 times in PBS 
to remove ethanol, and the cells were cultured into the 3D BP@HA NFs 
and 3D fluffy PLLA nanofibers at a density of 2.0 × 104 cells/well. 0.5 
mL of Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS 
(v/v) was then added to each well. These cell-nanofibrous constructs 
were further cultured under the required environments. During the in-
cubation, the cell medium was changed every two days. 

After incubation of 5 days in the 3D BP@HA NFs, the BMSCs were 
visualized to perform the cellular viability analysis. Firstly, using para-
formaldehyde (4.0%) to fix cells for 30 min. Then, 5 μg/mL of Hoechst 
33258 (Sigma-Aldrich) and 5 μg/mL of Phalloidin-FITC (Sigma-Aldrich) 
were employed to perform the staining of cell cytoskeletons and nuclei. 
Afterward, using a laser scanning confocal microscopy to characterize 
the cells. 

The cellular morphology on the nanofiber surface of 3D BP@HA NFs 

or 3D NFs was evaluated via SEM imaging. After incubation for 5 days, 
using glutaraldehyde aqueous solution (3.0%) to fix the cell-BP com-
posite fiber constructs. Afterward, the dehydration was performed via 
ethanol/water (v/v). The prepared samples were further freeze-dried for 
24 h, then imaging was executed after the samples were coated in 
platinum/palladium with a thickness of 10 nm. 

To investigate the cytotoxicity and the cell proliferation of 3D 
BP@HA NFs, cell counting kit-8 (CCK-8, Dojindo) was utilized at 1, 3, 
and 7 days. In brief, the BMSCs-seeded fibrous scaffolds were cultured in 
the CCK-8 solution (10%) for 1 h at 37 ◦C with 5% CO2. Then, collecting 
the supernatant was collected and transferred to the other 96-well plate, 
and using a microplate reader to test the absorbance at 450 nm of 
supernatant. 

To assess the effect of 3D BP@HA NFs on the osteogenic differenti-
ation of BMSCs, an ALP assay kit (Jiancheng, China) was employed to 
measure the activity of alkaline phosphatase (ALP) on the 14th day. 
Firstly, removing the cell medium from each well. Then, rinsing these 
cells-scaffold composite constructs with PBS, and lysing them via Triton 
X-100 solution (1%) at room temperature for 30 min. Collecting the 
lysates and moving to the other 96-well plate for measurement. 

To evaluate the mineralization, the Alizarin red staining was per-
formed by quantifying the generation of calcium phosphate (Cyagen, 
China). After incubation for 21 days, using paraformaldehyde (4%) to 
fix the cell-scaffold constructs for 1 h, and then washing the samples 4 
times with PBS solution. After that, using Alizarin red solution to stain 
these constructs for 15 min. 

2.5. Bone regeneration in vivo 

To investigate the bone formation in vivo, we established a rat cranial 
bone defect model. Female Sprague Dawley rats (SD rats, 8 weeks, 
220–250 g) were employed to manufacture the cranial bone defect 

Fig. 1. Fabrication and application of 3D BP@HA NFs, which includes two steps, first preparation of HA-SiO2, second fabrication 3D BP@HA NFs by micro-
fluidic technology. 
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model. In detail, 10% chloral hydrate (0.4 mL/100 g) was used to 
anesthetize all rats through intraperitoneal injection. Then, the scalps of 
rats were shaved and disinfected using betadine. In the incisal suture 
area, a midline dermo-periosteal incision was created, and the defects 
with a diameter of 6-mm in the skull bones were made through a 
trephine after the exposure of the cranium under the periosteum. Sub-
sequently, 3D scaffolds (sterile) seeded with BMSCs were incubated into 
the site of bone defects, and using surgical sutures to suture the incision. 
Then, using betadine to disinfect the wounds. During the photothermal 
process, the 808 nm laser (1 W/cm2) was irradiated 3 times per day for 
10 min each time. At the 6 and 15 weeks after surgery, the rats were 

euthanized, and collecting the tissue samples. The obtained samples 
were fixed with paraformaldehyde (4%). 

To investigate the osteogenesis of bone defects after cells-BP@HA 
NFs transplantation, the fixed samples were decalcified for 2 weeks in 
EDTA solution and then dehydrating in ethanol and embedding in 
paraffin. The prepared samples were cut into sections (5 μm of thick-
ness) for the use of hematoxylin and eosin (H&E) staining. In addition, 
endothelial cell adhesion alizarin red, Masson’s staining, and molecule- 
31 (CD31) were performed to stain the above-mentioned sections. The 
histomorphological analysis was carried out to quantify the healing 
response from the H&Estained samples. The new bone was quantified by 

Fig. 2. (A) TEM images of SiO2 nanoparticles. (B) Nitrogen adsorption-desorption isotherm of SiO2 nanoparticles. (C) TEM images of HA-SiO2 nanoparticles. (D) XRD 
pattern of HA-SiO2 nanoparticles. (E) Elemental mapping of HA-SiO2 nanoparticles. (F) SEM images of PLLA NFs fabricated by microfluidic technology. (G) TEM 
image of BP nanosheets. (H) The size distribution of prepared BP nanosheets. (I) SEM images of porous 3D BP@HA NFs (insert: an enlarged high-definition picture of 
nanofibers). (J) TEM image of 3D BP@HA NFs. (K) Elemental mapping of nanofiber in 3D BP@HA NFs. 
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measuring the area of bone nucleation sites (BNS) in each group using 
image J software. Alizarin Red staining was quantified. The high-density 
areas of red staining were identified by using NIS-Elements BR 3.06 
(Nikon, Tokyo, Japan) with a quantified total area fraction of calcified 
nodules. CD31 positive cells were counted in per high power field (HPF) 
[45]. 

3. Results and discussion 

3.1. Preparation and characterization of 3D BP@HA NFs 

As displayed in Fig. 1, the preparation of 3D BP@HA NFs involves 
the following two steps. First, we prepared HA-SiO2 nanoparticles using 
a hydrothermal method and a biomineralization process. Second, the 3D 
BP@HA NFs were fabricated by a microfluidic technology using PLLA 
solution (containing prepared HA-SiO2 nanoparticles and BP nano-
sheets) as the basic material. The prepared porous SiO2 nanoparticles 
with a large number of roughly star-shaped pores have a uniform size 
distribution of ~80 nm (Figs. 2A and S1A), and a large surface area of 
749.06 m2/g (Fig. 2B). From the transmission electron microscopy 
(TEM) images, the HA layers were observed after the biomineralization 
process (Figs. 2C and S1B), and the XRD pattern (Fig. 2D) showed the 
obvious characteristic peaks of HA (i.e., 211, 112, and 300) after bio-
mineralization [35,46,47]. Moreover, the Ca element appeared in the 
element mapping of the final nanoparticles (Fig. 2E), indicating the 
successful binding of HA. Taken all together, these results demonstrated 
the successful synthesis of HA-SiO2 nanoparticles [48,49]. 

It is worth mentioning that, before we moved on to prepare the final 
3D BP@HA NFs, pure PLLA NFs were first prepared using either 
microfluidic technology or electrospinning method. The surface 
morphology of the PLLA NFs was evaluated by scanning electron mi-
croscope (SEM) imaging. We found that the PLLA NFs fabricated by 
microfluidic technology (Fig. 2F) were not obviously different from that 
of nanofibers prepared by the electrospinning process (Fig. S2A), and 
their size distributions were uniform at an average of 800 nm. However, 
the surface of the PLLA NFs fabricated by microfluidic technology was 
much smoother than that produced by the electrospinning process. 
Moreover, the prepared NFs via microfluidic technology had more 
“fluffy” structures, with the distance between two adjacent 3D NFs 
around 10 μm and a large number of pores in the scaffold, with the pore 
size of nanofibers being 10–35 μm. Therefore, besides the mentioned 

mass-production advantages, microfluidic technology-enabled fluffy 3D 
NFs may possess more promising advantages in our designed platform. 

After confirming this, we then used the microfluidic method to 
fabricate the designed 3D BP@HA NFs. For their excellent photothermal 
qualities, BP nanosheets were added to nanofibers. Fig. 2G shows a TEM 
image of BP nanosheets synthesized by the liquid-phase exfoliation 
method. As shown, these nanosheets have an average size of 400 nm 
(200 nm–800 nm), consistent with the size distribution using DLS 
measure (Fig. 2H). Afterward, the HA-SiO2 nanoparticles and BP 
nanosheets mixture were doped with the PLLA solution during the 
fabrication process to prepare 3D BP@HA NFs. The nanofibers in 3D 
BP@HA NFs exhibited obvious porous structures (Fig. 2I). The distance 
between two neighboring nanofibers (i.e., the pore size) ranged from 10 
to 30 μm, much larger than that of nanofibrous mats (Fig. S2B), facili-
tating the easy entry of cells into the interior of the 3D BP@HA NFs 
scaffold without any external help. Further, the nanofiber diameter of 
3D BP@HA NFs ranged from 600 to 900 nm, with an average of 800 nm, 
and their surface displayed a convex-concave interface structure. The 
TEM image shows the morphology of HA-SiO2 nanoparticles on the 
nanofibers (Fig. S2C), and HA-SiO2 nanoparticles can be visualized 
together with the nanofiber. In addition, element mapping (Fig. 2J and 
K) showed HA-related elements in the nanofibers, such as P and Ca [50]. 
The EDS pattern (Figs. S2D and S2E) of composite nanofibers displayed 
rich P content, which majorly originated from BP crystals [51]. These 
results indicate that BP nanosheets were successfully embedded into the 
nanofiber with HA-SiO2 nanoparticles. The final structure of 3D BP@HA 
NFs establishes the foundation for enabling the 3D cell culture and 
promoting stem cell osteogenic differentiation. 

3.2. Photothermal conversion of 3D BP@HA NFs 

Fig. 3A shows the photothermal effect of the BP nanosheets under 
NIR irradiation with various BP concentrations. Upon 0.3 W/cm2 NIR 
laser irradiation, the temperature-increasing trend of BP nanosheets 
showed obvious dependence on concentration and time, i.e., as both 
increase, the temperature of the BP nanosheets solution also increased 
gradually. Notably, the temperature of the 10 mg/mL BP solution rose 
sharply, reaching 41.4 ◦C within 180 s, indicating the excellent photo-
thermal performance of BP-based nanosheets. Furthermore, the degra-
dation of BP nanosheets was evaluated through 808 nm laser exposure 
over 20 repetitions. Fig. 3B showed that after 20 repeated NIR 

Fig. 3. (A) Photothermal conversion of BP nanosheet aqueous solutions with various concentrations. (B) Photo images of BP nanosheets after 20 repeated NIR 
exposures. (C) The temperature of 3D BP@HA NFs under NIR exposure. (D) Temperature changes of 3D BP@HA NFs during 5 on/off cycles. (E) Thermal images of 3D 
BP@HA NFs in the DI water after 5 min NIR exposure. 
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exposures, the color of the BP nanosheet solution gradually became 
paler, and few BP nanosheets remained. This is consistent with a change 
in BP nanosheet size in which the average hydrodynamic size becomes 
unstable after NIR exposure, suggesting the disassembly of BP nano-
sheets (Fig. S3). 

BP nanosheets with photothermal effect also endow the 3D BP@HA 
NFs with good photothermal performance. We next evaluated the pho-
tothermal performance of 3D BP@HA NFs. Under the irradiation of a 
0.3 W NIR laser, the temperature of 3D BP@HA NFs rapidly increased to 
39.5 ◦C in less than 7 min, much higher compared to the effects of the 
0.2 W NIR laser (Fig. 3C). To evaluate the consistency of heat behavior 

under NIR exposure, the 3D BP@HA NFs were treated with 5 consecu-
tive on/off cycles of NIR irradiation. When the NIR laser was on, the 
temperature of the 3D BP@HA NFs quickly increased to 38.5 ◦C. Af-
terward, turn off the NIR laser, the temperature would be immediately 
cooled down to the initial temperature (Fig. 3D). The thermal images of 
3D BP@HA NFs before and after NIR exposure showed that the local 
temperature of the nanofibrous scaffold and the surrounding surface 
rose from 25 ◦C to 39.5 ◦C (Fig. 3E), manifesting robust photothermal 
performance. The above results indicate that the photothermal behavior 
of 3D BP@HA NFs can be repetitively and remotely controlled using a 
NIR laser, which can provide desired photothermal effect for bone 

Fig. 4. (A) The proliferation of cells cultured in different samples. (B) Fluorescent images of cells cultured 5 days onto 3D NFs. (C) Fluorescent images of cells 
cultured 5 days onto 3D BP@HA NFs. (D) SEM images of cells cultured 5 days onto 3D BP@HA NFs and (E) the corresponding pseudo-color SEM. (F) SEM images of 
cells cultured 5 days onto 3D NFs nanofibers and (G) the corresponding pseudo-color SEM. (H) Alizarin red S staining of BMSCs cultured on 3D BP@HA NFs and (I) 
3D NFs. (J) ALP activity of cells cultured for 2 weeks. 
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regeneration, such as sterilization, drug release, or nutrient release, and 
blood circulation. In addition, the combination of HA-SiO2 nanoparticles 
with BP nanosheets not only endows 3D BP@HA NFs with photo- 
responsive heating behavior but also provides a large number of oste-
ogenic elements for the new bone formation due to its stable and long- 
term release. Our 3D BP@HA NFs thus provides an integrated solution 
for tissue replacement/repair with a localized effect. 

3.3. Biocompatibility of 3D BP@HA NFs 

To evaluate the effects of the obtained spatial structure of 3D BP@HA 
NFs on cell incubation, we utilized the CCK-8 assay to evaluate cyto-
toxicity and cell proliferation. 3D NFs were used as controls. Bone 
marrow-derived mesenchymal stem cells (BMSCs) were incubated onto 
the 3D BP@HA NFs and the controls and cultured for 1, 3, and 7 days 
before the assessment. The results demonstrated that cells on the 3D 

Fig. 5. Photo images of the bone defect models (A) before and (B) after transplantation of BMSCs-scaffold constructs. (C) Micro-CT images of bone defects 15 weeks 
after BMSCs-scaffold construct implantation. The quantification analysis of related indicators in bone regeneration: (D) Tb. N, (E) Tb. Th, and (F) BV/TV. 
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BP@HA NFs had a much better attachment than those on the control 
groups after 1-day incubation (Fig. 4A). After 3 days, the BMSCs in the 
3D BP@HA NFs had much higher proliferation than those on the 3D NFs 
scaffold. At the 7 days, the proliferation of BMSCs in the 3D BP@HA NFs 
remained higher than that in the 3D NFs scaffold. The above results 
indicate that the rich elemental nutrients in the “fluffy” spatial structure 
of the 3D BP@HA NFs may improve cell proliferation. Meanwhile, these 
positive results also suggested excellent biocompatibility of the nano-
fibers even after combining the HA-SiO2. 

To evaluate cellular distribution and activity in the nanofibrous 
scaffold, cellular fluorescence images of the 3D BP@HA NFs (5 days 
culture) were checked with the confocal microscope. Cells were stained 
using FITC (fluorescein isothiocyanate) and DAPI (4′,6-diamidino-2- 
phenylindole). Similar to the cells in 3D NFs (Fig. 4B), most cells in the 
3D BP@HA NFs were fully extended (Fig. 4C), exhibiting obvious 3D 
growth and uniform distribution. The above results indicated that the 
fluffy spatial nanofibrous structure of 3D BP@HA NFs might enable the 
cells to easily enter the composite nanofibrous scaffolds and achieved 3D 
cell culture. There were no significant differences in activity and 
morphology between 3D BP@HA NFs and 3D NFs. Furthermore, the 
prepared 3D nanofibrous scaffold provides a superior 3D microenvi-
ronment for cell culture and growth. 

To investigate the morphology of cells incubated in 3D BP@HA NFs, 
the cells cultured for 5 days was characterized via SEM. BMSCs in the 3D 
BP@HA NFs spread widely, and a single integrated cell-fiber construct 
was obviously formed (Fig. 4D and E), which was possibly ascribed to 
the abundant nutrient elements available, providing a superior micro-
environment for cells. Additionally, we observed that the surface of 
nanofibers in 3D BP@HA NFs was slightly changed, which may be due to 
the absorption of nanosheets or nanoparticles by BMSCs for differenti-
ation and growth. In comparison, in 3D NFs, the cells grew along fibers, 
which produced a significant contraction of the nanofibers (Fig. 4F and 
G). Therefore, the nanofibers in the 3D BP@HA NFs provided the 
required elements for cell growth, proliferation, and differentiation such 
as Ca, Si, and P, along with the excellent spatial structure for cells to 
achieve 3D growth. 

3.4. Osteogenic differentiation of 3D BP@HA NFs 

To investigate the effects of 3D BP@HA NFs on the osteogenic dif-
ferentiation of BMSCs, the mineralization was analyzed via alizarin red S 
staining. After incubation for 14 days, BMSCs in 3D BP@HA NFs 
(Fig. 4H) displayed more positive staining with alizarin red S compared 
to BMSCs on the 3D NFs scaffold (Fig. 4I). In addition, the osteogenic 
genes of alkaline phosphatase (ALP) activity were tested to analyze the 
osteogenic capacity (Fig. 4J), the quantified the expression of ALP using 
RT-qPCR in cells grown for 14 d. The ALP activity results suggested a 
prominent difference between the 3D BP@HA NFs and the 3D NFs 
scaffold. The ALP expression of 3D BP@HA NFs was 450 U/gprot, while 
the ALP expression of 3D NFs was only 306 U/gprot, demonstrating the 
greatly superior osteogenic capacity of 3D BP@HA NFs, which was 
consistent with the staining results. These data suggest that the 3D 
BP@HA NFs facilitate the osteogenic differentiation of BMSCs and 
provide the necessary elements (e. g., Ca, Si, and P) for growth and 
differentiation. 

In general, these exciting results demonstrate that the new 3D 
BP@HA NFs played a vital role in the differentiation and proliferation of 
BMSCs, showing that the appropriate 3D micro-environment and pro-
vision of necessary nutrients regulate the osteogenic capacity of BMSCs 
effectively. Furthermore, different shapes and sizes of the fluffy scaffold 
could be tailored to meet the demands of clinical applications. There-
fore, our 3D BP@HA NFs show excellent potential for future efforts in 
bone repair and regeneration. 

3.5. In vivo bone formation 

In this section, we describe the use of rat cranial bone defect models 
to assess the bone generation of 3D BP@HA NFs under the NIR laser 
(808 nm) for 10 min, three times every day, the 3D BP@HA NFs without 
NIR laser and 3D NFs were used as controls. Bone defect models are 
shown in Fig. 5A, the diameter and thickness of bone defects were 6 mm 
and 1 mm, respectively. The BMSCs-scaffold constructs were transferred 
into the defect section after 2 weeks’ culture in both the 3D BP@HA NFs 
and control groups (Fig. 5B), and then the skin wounds were sutured. 
After 6 and 15 weeks, bone formation in rats with cranial bone defects 
was characterized by micro-CT imaging. Six weeks after implantation, 
the results showed that treatment groups differed significantly. New 
bone generation was found in the bone defect repaired by 3D BP@HA 
NFs (Fig. S4A) under NIR exposure. Although there was also new bone 
generation in the group treated with 3D BP@HA NFs without NIR 
exposure, it was much less than that under NIR exposure. In contrast, 
there was less bone formation in 3D NFs and empty defects groups 
compared to 3D BP@HA NFs regardless of NIR exposure. These findings 
suggest that HA-SiO2 nanoparticles elicit the superior formation of new 
bone, which could be attributed to the photothermal properties of BP 
nanosheets in nanofibers that can regulate the release of nutrient ions 
such as Ca and Si. Additionally, the biomineralization between Ca ions 
and the degradation products of BP nanosheets also facilitated bone 
regeneration. Quantification analysis of micro-CT through bone vol-
ume/tissue volume (BV/TV) was also performed to confirm the thera-
peutic effect of 3D BP@HA NFs under NIR irradiation. As shown in 
Fig. S4B, the BV/TV ratio for the 3D BP@HA NFs groups without NIR 
irradiation was only 6.60%, while the BV/TV reached 11.56% for the 
groups treated with 3D BP@HA NFs with NIR laser, both of which were 
much higher than the other control groups. Notably, both the trabecular 
thickness (Tb.Th) and the trabecular number (Tb.N) in the groups 
treated with 3D BP@HA NFs and NIR irradiation were also higher than 
the other three groups. 

In addition, alizarin red, Masson, and immunohistochemical staining 
were used to evaluate bone regeneration. After 6 weeks’ treatment, re-
sults of hematoxylin and eosin (HE) staining (Fig. S5) indicated the 
absence of calcium nodules from the empty defect section, while the 3D 
NFs scaffold displayed a few calcium nodules, demonstrating that the 
scaffold-cells constructs had a positive effect. For BP@HA NFs without 
NIR exposure, a little calcium, which was nearly the same as the 3D NFs 
was seen. For BP@HA NFs under NIR exposure, sections displayed far 
more calcium than those without NIR exposure. These results indicate 
that BP@HA NFs under NIR exposure provide many more osteogenic 
elements for new bone formation than without NIR exposure, and 
compared to 3D NFs. In addition, consistent with the previous studies, 
the osteogenic ability of BMSCs was well improved after periodic and 
appropriate NIR irradiation due to the expression of HSPs, which played 
an important role in promoting osteogenesis. For example, HSP 47 and 
HSP 70 are two kinds of typical HSPs in mammalian cells, which could 
promote osteogenesis. HSP 70 is closely related to the thermo-resistance 
of cells. Especially, HSP 47 is specific to heat shock, which is indis-
pensable for the biosynthesis and molecular maturation of osteogenesis- 
related type I collagen by modulating the cross-linking of collagen to 
generate a unique ECM. The 3D BP@HA NFs could up-regulate the ex-
pressions of cellular HSPs, thereby promoting osteogenesis by remotely 
controlled NIR irradiation [52]. Furthermore, compared with the other 
three groups, Masson staining images of 3D BP@HA NFs under NIR 
exposure demonstrated the best curative effect in bone regeneration. 
Moreover, Masson staining (Fig. S6), alizarin red staining (Fig. S7), and 
CD31 (Fig. S5) images of 3D BP@HA NFs displayed similar trends. Over 
time, bone formation changed after 15 weeks’ implantation. From the 
micro-CT images (Fig. 5C), we found that the bone formation in all 
groups had increased compared to that at 6 weeks. Meanwhile, the 
osteogenesis of the 3D BP@HA NFs groups under NIR exposure was 
much better than that without NIR treatment. Additionally, 3D BP@HA 
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Fig. 6. (A) H&E, (B) Alizarin red, (C) CD31, and (D) Masson staining images of defects in various scaffolds after 15 weeks’ BMSCs-scaffold construct implantation. (E) 
Area of new bone, histomorphological analysis and quantification of alizarin red and CD31 positive staining revealed significant differences among groups. (*p <
0.05, **p < 0.001). Data plotted represents mean ± standard deviation (n = 4). Scale bar：500 μm for 2 X, 50 μm for 20 X. 
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NFs groups also displayed much better bone regeneration than either the 
3D NFs or empty defects groups. Importantly, the BV/TV of 3D BP@HA 
NFs groups (Fig. 5F) with NIR treatment was much higher than the 
groups without NIR: 21.96% and 17.68%, respectively. After 15 weeks 
of treatment, a similar trend in Tb.N (Fig. 5D) and Tb.Th (Fig. 5E) was 
found compared with 6 weeks’ treatment. 

Importantly, after 15 weeks of treatment for the groups of the 3D 
BP@HA NFs with NIR irradiation, the bone formation grew denser with 
the fibrous tissue after the in vivo implantation. From the H&E images 
(Fig. 6A), after NIR irradiation, a large number of cell infiltration was 
observed in the 3D BP@HA NFs, which was much more than the groups 
without NIR exposure and the groups of 3D NFs scaffold. From the 
alizarin red staining images (Fig. 6B, E), for the 3D BP@HA NFs under 
NIR exposure, we could find that newly formed bone trabeculae was 
surrounded by spindle-shaped cells in the lacunae area. Furthermore, 
osteocyte-like cells were observed in the bony islands, and capillaries 
including red blood cells (RBCs) can be found around the area of bone 
trabeculae. However, the effect was not as obvious in the groups treated 
with 3D BP@HA NFs without NIR exposure as in the groups with NIR 
exposure. In contrast, for the control groups and empty defect groups, 
fewer capillaries and bony islands were observed in the 3D NFs. These 
results also confirmed that the number of capillaries in the 3D BP@HA 
NFs was much larger than that in 3D NFs, showing a similar trend to the 
above in vitro experimental results. In addition, in the 3D BP@HA NFs, 
samples with NIR exposure displayed visible brown staining areas in 
bone trabeculae-like structures, as well as the positive staining of CD31 
(Fig. 6C, E). Masson staining (Fig. 6D) also indicated the significant 
formation of cartilage collagen. In comparison, there were only a few 
calcium nodules (brown) scattered in the 3D BP@HA NFs without NIR 
exposure and 3D NFs control groups, along with a lower CD31 expres-
sion, accord with the H&E and alizarin red staining results. Furthermore, 
Fig. 6E also confirmed that the laser-activated scaffold significantly 
enhanced and accelerated new bone formation compared to other 
groups after 15 weeks. 

4. Conclusions 

Here, we provided the first proof-of-concept use of Ca2+-supplying 
black phosphorus-based scaffolds, which were assembled from BP 
nanosheets, nanofibers, and HA-porous SiO2 nanoparticles through 
microfluidic technology, for bone regeneration and tissue engineering. 
The prepared 3D BP@HA NFs contain adjustable levels of nutritional 
elements, are rich in mineralized ions, and also have a capacity for on- 
demand heating for ion release to strengthen osteogenesis. The BP 
nanosheets in this fibrous scaffold not only endow the 3D BP@HA NFs 
with excellent photothermal performance but also provide a P source for 
bone regeneration through biomineralization. Furthermore, the HA- 
SiO2 nanoparticles also offer essential nutrients (e.g., Ca and Si) for bone 
regeneration and greatly facilitate new bone formation. The use of 
microfluidic technology in the preparation of 3D BP@HA NFs also bodes 
well for obtaining high-quality nanocomposite fibrous scaffolds at low 
cost, rapid processing, high throughput, and mass production, all 
necessary for larger-scale clinical applications. More importantly, the 
obtained 3D BP@HA NFs create a microenvironment that maintains the 
stability of the connected pores within the scaffold, which allows BMSCs 
to easily enter the interior of 3D fibrous scaffolds, achieving bone repair 
and osteogenesis. We believe that our newly developed 3D BP@HA NFs 
have excellent potential in bone tissue engineering. 
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