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Abstract

Background Injectable bone cement is commonly used in clinical orthopaedics to fill bone defects, treat vertebral
compression fractures, and fix joint prostheses during joint replacement surgery. Poly(propylene fumarate) (PPF)
has been proposed as a biodegradable and injectable alternative to polymethylmethacrylate (PMMA) bone cement.
Recently, there has been considerable interest in two-dimensional (2D) black phosphorus nanomaterials (BPNSs)

in the biomedical field due to their excellent photothermal and osteogenic properties. In this study, we investi-
gated the biological and physicochemical qualities of BPNSs mixed with PPF bone cement created through thermal
cross-linking.

Methods PPF was prepared through a two-step process, and BPNSs were prepared via a liquid phase stripping
method. BP/PPF was subsequently prepared through thermal cross-linking, and its characteristics were thoroughly
analysed. The mechanical properties, cytocompatibility, osteogenic performance, degradation performance, photo-
thermal performance, and in vivo toxicity of BP/PPF were evaluated.

Results BP/PPF exhibited low cytotoxicity levels and mechanical properties similar to that of bone, whereas

the inclusion of BPNSs promoted preosteoblast adherence, proliferation, and differentiation on the surface

of the bone cement. Furthermore, 200 BP/PPF demonstrated superior cytocompatibility and osteogenic effects,
leading to the degradation of PPF bone cement and enabling it to possess photothermal properties. When exposed
to an 808-nm laser, the temperature of the bone cement increased to 45-55 °C. Furthermore, haematoxylin

and eosin-stained sections from the in vivo toxicity test did not display any anomalous tissue changes.

Conclusion BP/PPF exhibited mechanical properties similar to that of bone: outstanding photothermal proper-
ties, cytocompatibility, and osteoinductivity. BP/PPF serves as an effective degradable bone cement and holds great
potential in the field of bone regeneration.
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Background

Bones have essential roles in providing a framework
for soft tissue attachment and allowing physical move-
ment, as well as protecting internal organs from dam-
age. Furthermore, bones have a robust regenerative
function [1]. However, larger bone defects, known as
critical size defects (CSDs), cannot regenerate self-tis-
sue and require surgical intervention. Nonetheless, the
current surgical clinical treatment has drawbacks [2].

Injectable bone cement is extensively used in ortho-
paedics to fill bone defects and provide stability to
fractures. It is also used in the treatment of vertebral
compression fractures in elderly patients and for the
fixation of joint prostheses during joint replacement
surgery [3-5]. Over the last few decades, polymethyl-
methacrylate (PMMA) has been predominantly used
as a component of bone cement. Despite being bio-
logically inert, it cannot effectively integrate with bone
tissue and may lead to prosthesis loosening [6—8]. How-
ever, PMMA has several drawbacks, including damag-
ing the cell curing temperature, mechanical property
mismatch in bone, and poor bone conductivity [6, 9,
10]. Additionally, inaccurate composition and prepa-
ration may cause toxic effects [11]. Numerous modi-
fiers, such as graphene oxide, chitosan, magnesium,
calcium phosphate, and various antibiotics, have been
used to improve the biological and degradation proper-
ties of PMMA bone cement [11-14]; however, most of
the modified complexes have defects that hinder their
clinical application. Therefore, researchers are cur-
rently seeking alternative materials for bone cement.
These materials should be biocompatible, degradable,
absorbable by the human body and possess specific
mechanical properties, such as those found in calcium
phosphate, calcium sulphate, and poly(propylene fuma-
rate) (PPF) bone cement [15-17].

In recent years, the biodegradable compound PPF
has used in bone tissue, the cardiovascular system, and
ophthalmology [17]. Thermal cross-linking PPF with
N-vinyl-2-pyrrolidone (NVP) has biodegradability and
mild curing temperature [18]. Fumaric acid and propyl-
ene glycol, the degradation products of PPF, are harmless
to the human body and have mild curing temperatures
and functionalised chemical double bonds, making them
a superior option compared to other biological materials
[17, 19]. However, PPF lacks bone conductivity and anti-
microbial properties; does not promote adhesion, pro-
liferation, and differentiation of bone tissue; and cannot
release phosphate and other components necessary for
bone during degradation, resulting in incomplete bone
defect repair. Therefore, PPF is frequently combined with
other osteogenic materials to enhance its cytocompatibil-
ity and mechanical properties.
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Low-layer black phosphorus nanosheets (BPNSs) rep-
resent a new class of two-dimensional nanomaterials that
exhibit exceptional photothermal effects, cytocompatibil-
ity, antibacterial activity, and degradability. Consequently,
BPNSs have been thoroughly researched to evaluate their
potential applications in tumour treatment and bone
regeneration [20-22]. Recent studies have demonstrated
that black phosphorus promotes cellular adhesion and
proliferation and exerts significant osteogenic effects
[23-26]. Moreover, BP nanosheets can combine with free
calcium ions present in the blood and transform them
into non-toxic calcium phosphate, which contributes to
the promotion of bone regeneration [27].

This research involved the generation of BPNSs via the
liquid phase stripping process and subsequently incor-
porating them into the liquid composition of PPF bone
cement in a specific proportion followed by thermal
cross-linking (Fig. 1). We conducted an analysis of the
photothermal properties, phosphate release, mechanical
property, in vitro degradability, cytocompatibility, osteo-
genic induction, and in vivo toxicity of BP/PPF to demon-
strate its practicality and feasibility in clinical treatment.
Our research aims to highlight the potential applications
of BP/PPF and encourage future clinical use.

Materials and methods

Preparation of PPF

The synthesis of PPF involved a two-step method [28,
29]. Initially, diethyl fumarate, 1, 2-propylene glycol,
hydroquinone, and zinc chloride were mixed in a ratio
of 1:3:0.01:0.002 (mol) to establish the reaction system.
Subsequently, the system was gradually heated to 150°h
and maintained under vacuum for 12 h to produce the
PPF reaction product. After cooling, the reaction prod-
uct was treated with dichloromethane solvent at a 1:1
volume ratio. Impurities were removed, and the product
was purified using anhydrous sodium sulphate, hydro-
chloric acid, and saturated sodium chloride. Then, the
purified product was subjected to a rotary evaporator at
40 ry to remove the methylene chloride solvent, resulting
in a transparent, light brown and yellow viscous liquid.
The gel permeation chromatography (1515 GPC, Waters,
USA) (n=3) was used to measure the average number
and PPF’s molecular weight, as well as its polymerisa-
tion degree distribution index. Furthermore, the 'HNMR
spectrum (Avance III 400, Bruker, GER) was used to
determine the structure of the PPF.

Preparation of BPNSs

BPNSs were produced via a liquid-phase stripping
method [30]. In brief, bulk black phosphorus (Macklin,
B916424, CN) weighing 40 g was crushed with a quartz
bowl and added to 80 mL of N-methylpyrrolidone (NMP)
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Fig. 1 Schematic diagram of the preparation of BP/PPF bone cement

Table 1 Composition of BP/PPF Cement

Group PPF(g) NVP(ml) BPO(mg) DMT(ul) BP (ug)
PPF 1 025 5 1 0
100 BP/PPF 1 025 5 1 100
200 BP/PPF 1 025 5 1 200
300BP/PPF 1 025 5 1 300

while being shielded by argon in an ice-water bath. The
mixture was then subjected to ultrasonic treatment at
250 W for 14 h, followed by simultaneous probe ultra-
sonic treatment for the same duration at 180 W with a
switching period of 3 s/3 s. The mixture was centrifuged
at 1073xg for 10 min to separate the lower bulk of black
phosphorus. Then, it was centrifuged again at 9660xg for
20 min to remove the upper layer of NMP. The remaining
precipitate was the BPNSs.

Preparation of BP/PPF

The prepared BPNSs underwent three rounds of rins-
ing with N-vinyl-2-pyrrolidone (NVP) before being
redispersed in the NVP in accordance with the propor-
tions listed in Table 1. Next, benzoyl peroxide (BPO) was

added to the NVP dispersion and agitated via ultrasound.
The resulting mixture was then combined with PPF
and stirred magnetically. Finally, the initiator dimethyl
1,4-benzenedicarboxylate (DMT) was added, stirred, and
rapidly transferred to a polytetrafluoroethylene (PTFE)
mould (d=6 mm), where the sample was cured for
10 min. The formulation designs are detailed in Table 1.
The control group comprised PPF bone cement without
BPNSs, whereas the other cement containing BPNSs was
identified as BP/PPFE.

Characterisation

The molecular structure of PPF was verified through
"HNMR analysis. Gel permeation chromatography (n=3)
was used to measure the number-average molecular
weight, weight-average molecular weight, and degree dis-
tribution index of polymerisation of PPFE. Furthermore,
the morphologies of PPF and BP/PPF were examined
using field-emission scanning electron microscopy (SEM,
Zeiss Gemini 300, GER). The particle size distributions of
the BPNSs were measured using dynamic light scatter-
ing (DLS, Zetasizer Ultra, USA). Transmission electron
microscopy (TEM, FEI Talos F200X, USA) was used to
establish the morphologies of the BPNSs. The crystal
structures of the BPNSs were identified and analysed by
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the X-ray diffractometer (XRD, Rigaku Ultima IV, JP) at
a scanning rate of 0.02°/s in two ranges between 10° and
85°. Moreover, the atomic vibration mode of the BPNSs
was analysed using Raman spectroscopy (LabAM-HR,
FRA). The surface components and their chemical states
of the BPNSs were analysed via X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, USA). The compo-
sition of the BPNSs was examined through Fourier-trans-
form infrared spectroscopy (FT-IR, Thermo Scientific
Nicolet iS20, USA).

Mechanical properties

The specimens (10 mm diameter and 15 mm height) were
designed for the compression experiments according to
the ISO 604 standard. An electromechanical universal
testing machine with a load cell of 30 kN (E44.304, MTS
systems (China) LTD, CN) was used to conduct the com-
pression experiment. The compression speed was set to
the standard 2 mm/min. Before the compression experi-
ment, the top and bottom surfaces of the specimens were
carefully polished with sandpaper to ensure that the
upper surfaces were parallel to the lower surfaces.

Setting properties

The final curing time was recorded using a Vicat appa-
ratus (WKY-1000, Tianjian Instrument Co., LTD, CN),
which was calculated as the duration from the cross-link-
ing initiation to the formation of a solidified structure.

Cell culture

MC3T3-E1 cells were cultured and resuscitated using
a-MEM medium containing 10% foetal bovine serum
(FBS) and 1% penicillin/streptomycin. For the osteogenic
differentiation test, the «-MEM medium was substituted
with osteogenic induction medium OriCell, compris-
ing 10% FBS and 1% penicillin/streptomycin, as well as
100 nM dexamethasone, 50 pug/mL AA, and 10 mM B-GP.
Prior to culture with cells, the cement samples were
immersed in 75% alcohol and air-dried under ultraviolet
light.

Cell adhesion and cytotoxicity assay

First, disinfected discs of PPF and BP/PPF bone cement
(diameter =6 mm, height=1 cm) were placed in 24-well
plates and soaked in «-MEM medium for 30 min. The
log-growth process was then initiated. The suspension
of mouse preosteoblast cells (MC3T3-E1) was digested
using pancreatic enzymes, and 5x 10* cells per well were
uniformly inoculated onto the 24-well plate. Follow-
ing an incubation period of 24 h, the bone cement was
removed and washed with PBS. Fixed in 2.5% glutaral-
dehyde for 30 min, the samples were subsequently dehy-
drated using gradients of ethanol (50%, 60%, 70%, 80%,
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90%, and 100%). The bone cement followed the same
procedure. The cytotoxicity of PPF and BP/PPF regard-
ing mouse preosteoblast cells (MC3T3-E1) underwent an
assessment using the CCK-8 assay. The assay involved the
placement of disinfected PPF and BP/PPF bone cement
discs in 24-well plates for co-culturing with MC3T3-E1
cells (3x10* cells/well, n=3). At 1, 3, 5, and 7 days, the
CCK-8 detection solution was added, and the absorb-
ance rate at 450 nm was measured via an enzyme label-
ler (Multiskan SkyHigh, Thermo Fisher Scientific, USA).
Accordingly, the cell survival rate was recorded. The
experimental group received bone cement, whereas the
control group did not. Furthermore, a cell viability/death
assay kit was used to stain cells cultured on bone cement
PPF and BP/PPE.

The activity state of adherent cells on the surface of the
bone cement was observed directly using live/dead cell
viability staining. The disinfected PPF and BP/PPF bone
cement discs were arranged on a 24-well dish and cul-
tured with MC3T3-E1 cells (3 x 10* cells/well). The bone
cement was removed 1, 3, and 5 days after seeding, fol-
lowed by staining using a LIVE/DEAD cell imaging kit.
The resulting images were captured using a fluorescent
inverted microscope (Carl Zeiss, Germany).

Osteogenic differentiation

The process of mineralisation in osteoblasts was evalu-
ated using Alizarin Red staining. Co-culturing with
MCS3T3-E1 cells (3x10* cells/well), the cells were incu-
bated in a 24-well plate equipped with osteogenic induc-
tion differentiation medium (OriCell, CN) for 14 days.
Next, the culture medium was discarded, and each well
was exposed to 2 mL of a 4% paraformaldehyde solu-
tion. The specimens were then fixed for 25 min at room
temperature and subsequently stained with 2 mL of Aliz-
arin Red at room temperature for 5 min. Calcified nod-
ules were observed and photographed with an optical
microscope.

The potential of PPF and BP/PPF to promote osteo-
genic differentiation over 14 and 21 days was analysed
using a Mouse Alkaline Phosphatase (ALP) ELISA Kit
(Elabscience, CN, USA) and a Mouse OC/BGP (Osteoc-
alcin) ELISA Kit (Elabscience CN). A standard curve was
created as per the kit’s instructions, and the absorbance
was measured at a 450 nm wavelength using an enzyme
labeller. The ALP activity of PPF and BP/PPF was meas-
ured on day 14, and the osteocalcin content was deter-
mined on day 21 using a standard curve.

Degradation behaviour

After recording the initial weight (M,), the PPF and BP/
PPF discs (diameter=6 mm, height=1 cm) were sub-
merged in a PBS solution (pH="7.3, 0.1 g/10 mL) and
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placed on a shaking table at 37 °C for 3, 7, 14, 21, and
28 days. At regular intervals, the samples were extracted
from the solution, washed with deionised water, and
dried in a vacuum drying oven. The weight of the sam-
ple (M,) was then compared to its initial weight (M,) to
determine the rate of weight loss of the bone cement.

In vitro photothermal-conversion efficiency

The PPF and BP/PPF discs (diameter=6 mm,
height=1 cm), which had been prepared in advance,
were submerged in 0.5 mL of PBS. Following this, the
samples underwent irradiation with an 808 nm laser that
had the same power density (1.0 W/cm?). The heating
curves of the samples were documented using a tem-
perature recorder. To evaluate the stability of the pho-
tothermal effect, the 200 BP/PPF bone cement was then
irradiated five times (n=3).

Phosphate release

To ascertain the kinetics of phosphate release, 200 BP/
PPF bone cement was divided into two groups (n=3)
and placed in 2 mL deionised water glass vials. The vials
were then subjected to incubation in a shaker under
37 °C. One group underwent irradiation using an 808 nm
laser for 10 min each day (power density of 1.0 W/cm?),
whereas the other group was not exposed to irradiation.
Then, 0.5 mL of solution was withdrawn from the bottle
sequentially, and the flask was refilled with fresh deion-
ised water. The extracted solution was assessed for its
phosphate concentration on days 1, 3, 5, 7, 10, 14, 21, and
28 using the phosphate assay kit (ab65622, Abcam, Cam-
bridge, UK).

In vivo toxicity

Forty BALB/c mice (20 females and 20 males) were
divided randomly into four groups. Each group of mice
(n=10) received intraperitoneal injections of BP/PPF
extract liquid every 7 days (50 mL/kg each time), and the
animals’ overall health was monitored. After 28 days, the
mice were sacrificed, and their heart, liver, spleen, lungs,
and kidneys were stained with haematoxylin and eosin
(H&E) to observe any potential tissue toxicity.

Statistical analysis

Statistical analyses were performed using SPSS AU (Bei-
jing Green Silk Inc., CN). The data were presented as
mean * standard deviation (#=3). One-way analysis of
variance (ANOVA) was used to compare differences
between the two groups. In all statistical analyses, statis-
tical significance was established at p <0.05.
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Results

Characterisation of BP and PPF

TEM imaging in Fig. 2a illustrates a thin, lamellar crys-
tal structure with dimensions of 100-200 nm. The DLS
outcomes displayed in Fig. 2b indicate that the aver-
age transverse size of the BPNSs is 135.40£53.82 nm.
In Fig. 2c, the XRD analysis of BPNSs revealed three
strong characteristic diffraction peaks at 17.0, 34.2, and
52.3. These peaks corresponded to the crystal faces of
black phosphorus (020), (040), and (060), respectively.
The absence of characteristic peaks of other impurities
indicated the high purity of the BPNSs produced in this
study. The XRD analysis was consistent with JCPDS BP-
PDF# 97-002-3836. The Raman test results of BPNSs
are depicted in Fig. 2d. Three distinct characteristic
peaks were observed at 359.9, 434.6, and 462.6 cm™L,
These peaks corresponded to the three vibration modes
of the atomic structures of the BP crystal Aél,, B2g, and
Aé, respectively; these results are consistent with those
reported in other literature [31]. The XPS spectrum
displayed two peaks, at 128.9 eV and 130.1 eV, corre-
sponding to the P2p and P2s peaks of black phospho-
rus, respectively, affirming that the nanoparticle mainly
comprises phosphorus. The segmentation map of P2p,
as shown in Fig. 2e, indicated double peaks at 130.1 and
131.2 eV, corresponding to the P2p1/2 and P2P2/3 com-
ponents, respectively. A phosphorus oxide-related peak
emerged at 133.0-134.0 eV. These findings suggest that
a minor portion of the BPNS underwent oxidation [32].
The FT-IR spectrum depicted in Fig. 2g substantiates the
presence of the O—H peak at 3449 cm™!, along with the
P=0 and P-O peaks appearing at 1636 and 1150 cm™},
respectively. The 'HNMR spectrum confirmed that the
target product was PPF (Additional file 1: Fig. S1, Addi-
tional file 2: Fig. S2). Gel filtration chromatography dem-
onstrated that the PPF sample possessed a numerical
average molecular weight of 1392 + 323, a weight-average
molecular weight of 2340 +403, and a polymerisation dis-
tribution index of 1.70 +0.18 (Additional file 3: Table S1).

Characterisation of BP/CPC

The PPF and BP/PPF were produced as cylinders meas-
uring 1 ¢cm in height and 6 mm wide before being meas-
ured. Figure 3 shows the surface morphology after the
preparation. The bone cement that underwent PPF ther-
mal cross-linking displayed a smooth planar structure
with no observable flaky particles on the surface. After
the addition of BPNSs, the surface of the bone cement
transformed into a thin lamellar crystal substance, pos-
sibly because of BPNS surface adhesion. At the micron
scale, the PPF and BP/PPF surfaces, which were com-
pact and smooth without obvious pore structure, were
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comparable. The addition of BPNSs did not significantly
change the surface roughness of PPF bone cement.

Mechanical properties

Increasing the BPNS content changes the nature of PPF
bone cement (Fig. 4a). The compressive strength of the
cement increased from 107.2+8.3 to 128.4+11.8 MPa
(p<0.01), whereas the elastic modulus reduced
from 559.8+38.1 MPa to 406.6+33.1 MPa (p<0.01)
(Fig. 4b). In addition, the yield strength decreased from
34.2+2.6 MPa to 26.4+2.3 Mpa (p<0.01) (Fig. 4c). There
was no significant difference in BP/PPF between the two
groups (p >0.05).

Setting properties

Te curing times of BP/PPF are similar to that of pure
PPF (Fig. 4d). As the BPNS content increases, the curing
time of bone cement increased slightly from 6.2 min to
7.3 min, but there was no significant difference between
the BP/PPF and BP/PPF groups (p>0.05).

Cell adhesion and cytotoxicity assay

Figure 5a, c depicts the adhesion of MC3TE-E1 cells to
the bone cement surface. The findings reveal that the
number of cell adhesions on the PPF cement surface
was remarkably lower than on the BP/PPF cement. As
shown in Fig. 5b, the cell survival rate of adherent cells
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Fig. 3 Characterisation of PPF and BP/PPF. Representative SEM images of a PPF(Scale bars, 200 nm), b PPF(Scale bars, 20 um), ¢ 100 BP/PPF(Scale

bars, 200 nm), d 100 BP/PPF(Scale bars, 20 um), e 200 BP/PPF(Scale bars, 200 nm), f 200 BP/PPF(Scale bars, 20 um), g 200 BP/PPF(Scale bars, 200 nm),

h 200 BP/PPF(Scale bars, 20 um)

exceeded 80%, thus indicating satisfactory cytocompat-
ibility of bone cement. However, the cell survival rate
of bone cement 300 BP/PP was inferior to that of other
bone cement, and this difference was statistically signifi-
cant (p<0.05).

Osteogenic differentiation

As depicted in Fig. 6a, despite the inclusion of osteo-
genic differentiation induction medium and Alizarin Red
staining on day 14, only a few stained calcified nodules
were visible in the control and PPF groups. Conversely, a
considerably greater amount of stained calcified nodules
was detected in the BPNSs group, which was validated by
the ALP activity and OCN content. Figure 6b indicates
a significant rise in the ALP activity following the addi-
tion of BPNSs in contrast to PPF. The ALP activity of the
200 BP/PPF bone cement group was significantly higher
than that of the 100 and 300 BP/PPF groups (p<0.05),
although no notable differences were observed between
the 100 and 300 BP/PPF groups. Furthermore, the appli-
cation of BPNSs significantly increased the OCN con-
tent, with that of the PPF group notably lower (p <0.001)
(Fig. 6¢). These results indicated that 200 BP/PPF bone
cement is the optimal material for promoting osteogenic
differentiation in cells.

Degradation behaviour and photothermal-conversion
efficiency of PPF and BP/PPF in Vitro

As shown in Fig. 7a, BP/PPF degraded slightly faster than
PPF bone cement. Although the degradation rate of BP/

PPF was faster during the first two weeks, it then became
similar to that of PPF.

When subjected to NIR irradiation at 808 nm and a
power density of 1.0 W/cm? (Fig. 7b), the temperature
increased from 25 °C to 40-50 °C in 10 min. However, at
the same power, the temperature of PPF without BPNS
only increased by 5 °C. This result demonstrates the
crucial function of BPNSs in photothermal-conversion
efficiency. Furthermore, throughout the five photo-
thermal cycles, the photothermal characteristics of BP/
PPF remained unaltered (power density of 1.0 W/cm?,
Fig. 7¢).

Phosphate release capacity of BP/PPF

As depicted in Fig. 7d, the phosphate release in the pres-
ence of NIR irradiation was marginally greater than that
in the absence of irradiation over the initial two weeks,
indicating that NIR irradiation accelerated the con-
version of BPNS to phosphate. Significant phosphate
release occurred in both experimental groups within two
weeks. Subsequently, a decrease in phosphate release
was observed after immersion in deionised water for two
weeks; however, a small amount of phosphate accumula-
tion was still present.

In vivo toxicity

In vivo toxicity studies indicated that the mice main-
tained good health for 28 days following injection with
no discernible abnormalities in their diet, sleep patterns,
or body temperature. Subsequently, on day 28, the mice
were humanely euthanised and subjected to HE staining.
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The HE staining results (Fig. 8) indicated normal tissue
condition in the heart, liver, spleen, lung, and kidney tis-
sues of the three groups of bone cement extract (n=30)
and the normal saline control group (#=10). No toxic
abnormalities, such as vacuoles, oedema, or necrosis,
were noted. The study demonstrated good cytocompat-
ibility of the bone cement BP/PPF in animals, with no
evident toxicity or side effects in vivo in accordance with
the CCK-8 cytotoxicity assay results.

Discussion

Regenerative repair of extensive bone defects caused by
bone tumours, trauma, and chronic osteomyelitis neces-
sitates the use of bone grafts to replace the diseased or
absent bone with either natural or synthetic bone [33—
35]. If the filling of bone defects is considered, possible

filling options include cement, autologous bone grafts,
allogeneic grafts, xenografts, and bone graft substitutes,
such as bioceramics, bioglass, and synthetic polymers
[36, 37]. In a previous study, we investigated various PPF-
HA composite formulations’ effects on intervertebral
cage mechanical properties, confirming PPF’s efficacy as
an easily modifiable material with excellent mechanical
properties [38]. Throughout extensive exploration, PPF
has emerged as an outstanding biodegradable scaffold
material for bone tissue engineering and drug delivery
[28, 39].

When the average molecular weight of PPF falls
between 1000 and 2000, the compressive strength of PPF
bone cement ranges between 50 and 120 MPa [40]. The
mechanical properties of PPF cement are akin to those
of cancellous and cortical bone [41], and PPF displays



Chen et al. Journal of Orthopaedic Surgery and Research

(2024) 19:98

100BP/PPF  200BP/PPF

1d

3d

Fig.5 Cytocompatibility assay of PPF and BP/PPF: a SEM images show the adhesion of MC3T3-E1 cells to PPF and BP/PPF surfaces after 24 h. b

Cell viability was assessed through CCK-8 cytotoxicity assays for four types of PPF at 1, 3, 5 and 7 days after seeding (n=3, **p<0.01, *p < 0.05).
Live-dead cell staining of MC3T3-E1 cells on BP/PPF bone cement reveals live cells in green and dead cells in red

efficient injectable properties [40, 42]. For patients suf-
fering from osteoporotic vertebral compression frac-
tures, unbiased medical studies have demonstrated that
the possibility of adjacent segment disease is greater in
patients treated with PMMA bone cement than in those
treated with other treatments [10, 43, 44]. The use of PPF
as a substitute material for PMMA offers a resolution to
the issues caused by the latter’s high mechanical strength.

In this study, we found that the addition of BPNS
changed the mechanical properties of PPF cement. The
bone cement with BPNS exhibited higher compressive
strength, which meant that the bone cement was less
prone to breakup by excessive external force, and the
compressive strength of PPF and BP/PPF cement was
close to that of cortical bone (100—180 MPa) [41, 45].
Although the elastic modulus of cement decreases after
the addition BPNS, it is still within the range of the elas-
tic modulus of cancellous bone (100—-500 MPa) [45]. The
similar elastic modulus does not produce stress shield-
ing effect [46, 47], thus avoiding prosthesis loosening and

300BP/PPF
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Cell viability

osteoporosis caused by uneven stress distribution after
the material is implanted into the human body. The yield
strength of BP/PPF cement is slightly lower compared to
pure PPF cement, indicating that excessive force is more
likely to cause deformation of BP/PPF cement; however,
BPNSs exhibit enhanced resistance to disintegration.
The change in the BPNS concentration did not signifi-
cantly affect the mechanical properties of bone cement;
these results were consistent with those of previous stud-
ies [16]. This may be due to the fact that PPF does not
have the same irregular pore structure as PMMA bone
cement [11, 48]. PPF bone cement is a dense structure,
and its pores are mainly circular bubbles caused by cross-
linking heat release and syringe injection. The addition
of BPNS does not change the PPF bone cement porosity.
Rapid in situ treatment is one of the advantages of inject-
able bone cement, which can shorten operation time and
reduce the pain of patients. Therefore, proper curing time
is necessary. We found that the curing time of PPF bone
cement was approximately 6 min, and the addition of
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Fig. 6 Osteogenic differentiation of PPF and BP/PPF: a Alizarin Red S (ARS) was used to stain MC3T3-E1 cells on day 14, with images showing a scale
bar of 50 um. b On day 14, ALP activity of MC3T3-E1 cells was measured for four groups of bone cement (n=3, *p <0.05, **p <0.01, ***p <0.001). ¢
OCN content of MC3T3-E1 cells from four groups of bone cement on day 21. (n=3, *p<0.05, *p <0.01, ***p <0.001)

BPNS slightly increased the curing time of bone cement,
which was due to the inorganic material that may inhibit
polymerization [49].

The development of PFF has encountered several chal-
lenges, including the intricacy of its modification, the
challenge of eliminating by-products, reduced mechani-
cal strength after synthesis, and lengthy cross-linking
duration. Incorporating nano-sized BPNSs in the study
augments the advantages of BP/PPF bone cement while
maintaining its original features, as BPNSs minimally
affect thermal cross-linking itself. Black phosphorus can
easily undergo oxidation to form phosphate compounds
when water and oxygen are present [50, 51]. The experi-
mental data reveal that the BP/PPF cement exhibited
considerable release of phosphate within two weeks of
testing under physiological conditions. This was due
to the oxidation of BPNSs immobilised on the cement
surface. Although the release rate of phosphate dimin-
ished gradually, it continued to accumulate over time.
This could be because, during the degradation of PPF,
the deeper layers of BPNSs are granted the chance to
undergo oxidation, which is in line with prior research
suggesting that bone cement is primarily subject to sur-
face corrosion rather than internal degradation and,
thus, considered a compact structure [49]. Consequently,
the inclusion of BPNSs might generate minor surface
pore formations on bone cement, enlarge the cement’s
outer surface, and expedite the degradation process.

Furthermore, the BP/PPF bone cement exhibits excellent
light transmission. This property enables BPNSs to effec-
tively use their photothermal performance advantages
even in the absence of contact with oxygen and water.
The study demonstrated that the BP/PPF cement did not
experience photothermal loss due to the excessive degra-
dation of BPNSs following multiple photothermal cycles
[16, 52]. This could be due to the fact that most BPNSs
are encased in PPF bone cement, which does not oxidise
upon contact with oxygen and water.

The cytocompatibility of PPF and BP/PPF plays a cru-
cial role in promoting bone and tissue regeneration.
Prior research has demonstrated that BPNSs possess
a nanoknife effect and generate reactive oxygen spe-
cies (ROS) that can inflict cellular damage [53-55]. The
material’s toxicity was the basis for further research,
and our team demonstrated that the BP/PPF bone
cement is not very cytotoxic at 200 ppm. SEM and live/
dead cell staining revealed that MC3T3-E1 osteoblasts
exhibited distorted morphology on the surface of PPF
and BP/PPF cement, whereas their cell pseudopodia
extended, displaying stellate or spindle. In contrast,
simple PPF bone cement exhibits a smooth surface and
fewer aggregated cells. The micrographs reveal that
bone cement cells are closely packed together after the
addition of BPNSs. Thus, it can be inferred that BPNSs
promote cell adhesion to the material surface. Moreo-
ver, the inclusion of BPNSs shows a significant boost
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in the osteogenic activity of MC3T3-E1 cells compared
to PPF cement. This may be due to the oxidation of
BPNSs to phosphate ions to promote the proliferation
and osteogenic differentiation of bone marrow mesen-
chymal stem cells [56]. Similar osteogenic effects were
obtained when BPNSs were added to other materials
[20]. We did not test the effect of black phosphorus
on the osteogenic and cell viability of MC3T3-E1 cells
under 808 nm laser irradiation because direct radiation
exposure may damage the cells. However, osteoblasts
display a heat shock response under the photothermal
impact, causing upregulation of heat shock proteins to
enhance osteogenic differentiation [57, 58].

This study had several limitations and must be viewed
in that light. Black phosphorus exhibits high toxicity at
elevated concentrations, yet its degradation into phos-
phate is innocuous. The bone cement formulated in
this investigation indicated prompt elution during the
initial two weeks. Nonetheless, the outcomes of cyto-
toxicity assessments demonstrated that the cell survival
ratio remained within acceptable boundaries. Degrada-
tion behaviours of BP/PPF, including porosity, PH, and
mechanical properties, are worthy of attention, which
will be further discussed in a subsequent study. Further
experimentation will be conducted with optimization
of bone cement prescription. Our team aims to achieve
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Fig. 8 Pathological evaluation, using haematoxylin and eosin-stained
treated with BPNSs 28 days after injection

anti-infection while completing bone cell crawling by
using 3D printing technology to create BP/PPF scaffolds
that are loaded with antibiotics. This will enable func-
tional integration of the materials in subsequent stages.

Conclusion

A novel PPF bone cement model was created using differ-
ent concentrations of black phosphorus and used in bone
tissue engineering. BP/PPF exhibited mechanical prop-
erties similar to that of bone: outstanding photothermal
properties, cytocompatibility, and osteoinductivity. BP/
PPF serves as an effective degradable bone cement and
holds great potential in the field of bone regeneration.
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