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A B S T R A C T

Polymethyl methacrylate (PMMA) bone cement (PBC) is commonly used in orthopaedic surgery. However,
polymerization volumetric shrinkage, exothermic injury, and low bioactivity prevent PBC from being an ideal
material. The developed expandable P(MMA-AA-St) well overcomes the volumetric shrinkage of PBC. However,
its biomechanical properties are unsatisfactory. Herein, graphene oxide (GO), a hydrophilic material with
favourable biomechanics and osteogenic capability, was added to P(MMA-AA-St) to optimize its biomechanics
and bioactivity. The GO-modified self-expandable P(MMA-AA-St)-GO nanocomposite (PGBCs) exhibited
outstanding compressive strength (>70 MPa), water absorption, and volume expansion, as well as a longer
handling time and a reduced setting temperature. The cytocompatibility of PGBCs was superior to that of PBC, as
demonstrated by CCK-8 assay, live-dead cell staining, and flow cytometry. In addition, better osteoblast attach-
ment was observed, which could be attributed to the effects of GO. The improved level of osteogenic gene and
protein expression further illustrated the improved cell-material interactions between osteoblasts and PGBCs. The
results of an in vivo study performed by filling bone defects in the femoral condyles of rabbits with PGBCs
demonstrated promising intraoperative handling properties and convenient implantation. Blood testing and
histological staining demonstrated satisfactory in vivo biosafety. Furthermore, bone morphological and micro-
architecture analyses using bone tissue staining and micro-CT scanning revealed better bone-PGBCs contact and
osteogenic capability. The results of this study indicate that GO modification improved the physiochemical
properties, cytocompatibility, and osteogenic capability of P(MMA-AA-St) and overcame the drawbacks of PBC,
allowing its material derivatives to serve as effective implantable biomaterials.
1. Introduction

Polymethyl methacrylate (PMMA) bone cement (PBC) is a conven-
tional orthopaedic biomaterial that can function as a prosthetic fixator, a
bone filler, and an antibiotic carrier in arthroplasty and spinal and
emergency surgery due to its chemical inertness and facile manipulation
[1–5]. However, the volumetric shrinkage, high elastic modulus, tox-
ification, and poor osteointegration of PBC are still concerns regarding its
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The volumetric shrinkage resulting from polymerization is a draw-

back of PBC [6]. The theoretical shrinkage rate was estimated to be up to
21%, and the experimentally verified shrinkage rate was found to be
3.82–10.5% [7–9]. Two mechanisms are responsible for this shrinkage
and the resulting stress formation: (i) the increase in pure density due to
the polymerization of the initial monomer into the final polymer; and (ii)
the increase in thermal shrinkage due to the contraction of PBC upon
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cooling [10]. This polymerization-related shrinkage and strain has been
reported to be an important factor influencing the biomechanics and
interfacial integrity between the composite and anchor base because
shrinkage could destroy the interdigitation of the cement in trabecular
bone [11]. Consequently, volumetric shrinkage resulting in a
cement-bone interfacial gap is regarded as one of the main causes of
failure in vertebral augmentation and joint replacement [12–14].

Despite the sufficient compressive strength of PBC, its high elastic
modulus has been found to compromise its overall biomechanical ad-
vantages. This defect has been reported to be responsible for adjacent
vertebral fracture after vertebroplasty due to changes in load transfer
[15]. Therefore, many additive materials, such as collagen [16], linoleic
acid [17], poly (butyl acrylate) [17], and hyaluronic acid [18], have been
introduced into PBC to reduce its elastic modulus.

Besides, toxicity is one biological concern related to the clinical use of
PBC. The toxicity of PBC has been reported to be generated mainly from
residual radicals and unpolymerized monomers, which impair the
viability of osteoblasts [19]. Additionly, monomers are thought to be one
of the causes of bone cement implantation syndrome (BCIS) in clinical
applications, which is a severe perioperative complication characterized
by hypoxia, arterial and pulmonary hypertension, and even death [20,21].
Therefore, many alternative methods have been introduced to scavenge
radicals, such as the addition of antioxidants such as N-acetyl cysteine and
methionine [22–24] and the replacement of benzoyl peroxide (BPO) as the
polymerization initiator by tri-n-butyl borane to reduce free radical pro-
duction [25,26]. Moreover, hydrophilic substances, such as hydroxyethyl
methacrylate, have been applied to partially replace and thus reduce the
total amount of MMA monomer [26,27].

While osteointegration is another biological concern in the applica-
tion of PBC, which refers to the capability of bone tissue to form around a
material. PBC is a well-known bioinert material without the capability for
osteointegration. The incorporation of a bioactive substance to enhance
the bioactivity of another material is a common technique in the devel-
opment of biomaterials. Therefore, chitosan, bioactive ceramics, and
graphene-based materials have been doped into PBC to enhance its
osteogenic capability [28–31], and the proliferation, adhesion,
spreading, and osteogenic gene expression of osteoblasts have been re-
ported to be significantly improved after this modification [30]. How-
ever, the biomechanical impairment that is likely to result from directly
incorporating these substances into PBC is a disadvantage of this method
of modification, which might be correlated with enhanced brittleness
and the aggregation or degradation of additive particles [31–34].

To counteract the volumetric shrinkage of PBC, a PMMA-based
expandable bone cement P(MMA-AA-St) was investigated in our previ-
ous work [35]. P(MMA-AA-St) is a copolymer of methyl methacrylate
(MMA), acrylic acid (AA), and styrene (St) with a 3D network structure,
in which AA is a hydrophilic group that absorbs water, while St is a
mechanically stronger group that enhances biomechanical properties.
Because of the remarkable water absorption capability resulting from the
incorporation of AA and its network structure, 87.5% volume expansion
could be achieved to overcome the volumetric shrinkage of PBC. In
addition, P(MMA-AA-St) possessed better biocompatibility than PBC due
to its hydrophilicity after AA incorporation. This improvement was in
accordance with previous findings detected after the hydrophilic modi-
fication of PBC [26,27]. The water uptake markedly resolved the volu-
metric shrinkage but affected the biomechanical properties of PBC.
Despite the reinforcement of P(MMA-AA-St) by St, its compressive
strength was 58.9 MPa, which did not meet the ISO requirement for bone
cement (70 MPa) [23].

Graphene oxide (GO), a one-atom-thick 2D layer with distinct phys-
icochemical features, such as hydrophilicity, a honeycomb carbon lattice,
and various surface functional groups (-C-O-C, –OH, –COOH), has been
widely investigated in the biomedical field. In the field of bone regen-
eration, GO has been found to facilitate the attachment, proliferation,
and osteogenic differentiation of mesenchymal stem cells [36]. Addi-
tionally, via mechanisms of cell growth and differentiation regulation,
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GO enriches cellular stimulus agents [36,37], affects cellular morphology
[38], and upregulates differentiation-related signal transduction [39]. In
addition, GO improves the biomechanical properties of the materials it is
used to modify. GO-containing 3D scaffolds, hydrogel fibres, and ce-
ramics exhibit superior biomechanics compared to their GO-free coun-
terparts. The intrinsic strength and strong interactions of GO, such as
hydrogen bonding between base materials and GO, have been reported to
be responsible for the improved biomechanics observed after the GO
modifications mentioned above [40–42].

GO and its functionalized products have already been employed,
alone or accompanied by other inorganic materials, to reinforce PBC and
thereby improve its biological properties. Paz and colleagues discovered
that the bending and compressive strength, fracture toughness, fatigue
properties, and thermal properties were all optimized by introducing no
more than 1 wt% GO into PBC. They also found that GO was more
effective than graphene in enhancing the biomechanical properties of
PBC, which was attributed to the surface of GO presenting a higher
quantity of functional groups (e.g. –OH, –COOH) that could facilitate to
create of a stronger interfacial adhesion between GO and PBC [43].
Similar findings were also observed by Gonçalves when comparing GO to
carbon nanotubes for the reinforcement of PBC due to GO possessing a
high specific area and wrinkled surface, which can achieve better
GO-PBC integration and high matrix adhesion/interlocking [44].
Furthermore, the biocompatibility of PBC was improved after GO
modification, and the surface mineralization, cell viability, and osteo-
genic gene expression were all optimized after GO modification [31,45].

In this study, GO was applied to further optimize the biomechanics
and osteogenic capability of P(MMA-AA-St). Two methods, synthesizing
GO with MMA, AA, and St to form a P(MMA-AA-St)-GO nanocomposite
and mixing GO with P(MMA-AA-St) nanoparticles, were adopted to
incorporate GO to optimize P(MMA-AA-St). Thereafter, the optimal
method of incorporating GO was determined by evaluating the physi-
cochemical properties, in vitro and in vivo biocompatibility, and
osteointegration of the products. There are previously reported studies
that mixed GO nanosheet into PBC to optimize its physicochemical
properties [31,43–46]. The novelty of the present study concluded as
follows: (1) GO was applied to optimize the physiochemical properties of
P(MMA-AA-St) while improving its capacity of water uptake and volume
expansion but preserving adequated biomechanics; (2) the improvement
of biocompatibility, osteogenesis, and biosafety of GO modification was
proved by in vitro and in vivo studies due to the in vivo investigation is a
crucial step for clinical translation; (3) synthesizing might be superior to
traditional mixing in acrylic bone cement optimization.

2. Material and methods

2.1. Material fabrication

2.1.1. P(MMA-AA-St)-GO synthesis
The P(MMA-AA-St)-GO copolymer was synthesized using dispersion

polymerization. The monomers MMA, AA, and St (all from Kermel,
Tianjin, China) were continuously stirred with ultra-sonication to form a
homogeneous solution at a 1:1:1 M ratio in a three-necked flask under
nitrogen, followed by the sequential addition of a solution of poly-
vinylpyrrolidone (PVP, Sigma–Aldrich, Shanghai, China) as the
dispersing agent (predissolved in deionized water), N,N0-methyl-
enebisacrylamide (MBA, Damao, Tianjin, China) as the cross-linking
agent (predissolved in deionized water), 2,2-azobis (2-methylpropioni-
trile) (AIBN, Adamas, Shanghai, China) as the initiator (predissolved in
anhydrous ethanol) and GO (Sigma–Aldrich, Shanghai, China) suspen-
sion (predispersed in deionized water). The ratios of PVP, MBA, AIBN,
and GO addition were 8 wt%, 5 wt%, 2 wt%, and 0.5 wt% of the
monomers, respectively. The reaction solution was a mixture of deion-
ized water and anhydrous ethanol at a volume ratio of 4:1 (including the
volume of predissolved PVP, MBA, and AIBN, and predispersed GO,
Fig. S1). The crude product was obtained after polymerization in a water
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bath with mechanical agitation (60 rpm) using a motor agitator (Lichen-
bx instrument, Shanghai, China) at 70 �C for 3 h under nitrogen, and the
obtained product was washed with deionized water ten times to remove
residuals, filtered, and freeze-dried to obtain the grey P(MMA-AA-St)-GO
copolymer (Fig. S2). Then, the P(MMA-AA-St)-GO copolymer was milled
in a ball mill (QM-3SP2, Nanda instrument, Jiangsu, China) for 3 h into a
powder.

The procedure for synthesizing P(MMA-AA-St), including the amount
and ratio of reagents and the reaction conditions, was the same as those
for synthesizing P(MMA-AA-St)-GO except without the GO dispersion.
The polymerized reaction of P(MMA-AA-St) was illustrated in Fig. S3.

2.1.2. Bone cement preparation
A: PMMA bone cement (PBC): Commercial PBC (Mendec® Spine

1230, Tecres S.p.A., Italy), which is a product for vertebroplasty and had
been used in the study of PBC optimization [47,48]，was used as the
control in the present study. According to the manufacturer's instruction,
a package of Mendec® Spine consists of a solid phase (20 g) and a liquid
phase (10 mL). The BaSO4 was mixed in the solid phase as the X-ray
contrast agent by the manufacturer. The PBC was manipulated according
to the manufacturer's instructions.

B: P(MMA-AA-St) synthesized with GO bone cement (PGBCs, in
which s means synthesis): P(MMA-AA-St)-GO and commercial PBC
powder (Mendec® Spine) were mixed in a ball mill at a volume ratio of
1:1 and milled for 24 h to obtain the PGBCs solid phase. The X-ray
contrast agent of PGBCs was the BaSO4 originated from the PBC powder
and no additional BaSO4 was added. The liquid phase of PGBCs was the
same as that of PBC (MMA liquid). During the manipulation, the solid
and liquid phases were mixed at a ratio of 2.0 g:1 mL.

C: P(MMA-AA-St) mixed with GO bone cement (PGBCm, in which
m means mixing): P(MMA-AA-St)\GO powder was obtained by mixing
0.5 wt% GO into P(MMA-AA-St) and ball milling the mixture for 24 h.
The solid phase of PGBCm was obtained by mixing and ball milling the
P(MMA-AA-St)\GO powder and commercial PBC powder (Mendec®
Spine 1230) at a volume ratio of 1:1. The X-ray contrast agent of PGBCm
was also originated from PBC powder and no additional BaSO4 was
added. The liquid phase was the same as that of PBC. The solid and liquid
phases were manipulated at a ratio of 2.0 g:1 mL.

The detailed composition of PBC, PGBCs, and PGBCm was listed in
Table S1.
2.2. Material characterization

2.2.1. Raman spectroscopy
The GO-related chemical composition of P(MMA-AA-St)-GO was

identified using a LabRAMHR Evolution spectrometer (Horiba Scientific,
Longjumeau, France). Samples were excited with a 532-nm laser with an
accumulating time of 30 s.

2.2.2. Transmission electron microscopy (TEM)
TEM was performed with a Tecnai G2 F20 system (FEI Co., Hillsboro,

OR, USA) at an accelerating voltage of 200 kV. P(MMA-AA-St)-GO par-
ticles and GO nanosheets were ultrasonically dispersed in anhydrous
ethanol respectively. The sample suspension was then dripped on a 200-
mesh copper grid and dried, and then the morphology and microstruc-
ture of GO and P(MMA-AA-St)-GO were detected and imaged by TEM.

2.2.3. Scanning electronic microscopy (SEM)
Particles of PMMA, P(MMA-AA-St), and P(MMA-AA-St)-GO were

dispersed in anhydrous ethanol with the assistance of ultrasound to form
sample suspensions. Then, a sample of each suspension was dripped onto
a silicon chip 10 mm � 10 mm in size and air-dried at room temperature
using the ethanol evaporation procedure. Subsequently, the samples
were platinum-sputtered, observed, and imaged by SEM (Hitachi S-4800,
Japan).
3

2.2.4. Porosity evaluation
The porosity of PBC, PGBCs, and PGBCm was analysed using micro-

CT scanning. The samples were prepared by mixing the cement at a
ratio of 1 g: 0.5 mL at room temperature followed by water absorption in
phosphate-buffered saline (PBS, Corning, NY, USA). Thereafter, the
samples were dried and scanned using a micro-CT imaging system
(AX2000, Always Imaging, China) at a solution of 3.8 μm, 90Kv, and 70
μA. The obtained CT data were reconstructed and analysed using the
software VGstudio MAX 3.0.2 (Volume Graphics, Heidelberg, Germany).
A cylindrical volume of interest (VOI) with 6 mm in height and 4 mm in
diameter was selected to quantitatively analyze the porosity and the pore
size.

2.2.5. Mechanical testing
The compressive strength test was performed according to ISO

5833:2002 to evaluate the biomechanics of PBC, PGBCs, and PGBCm
before and after immersion in PBS. The surfaces of cylindrical samples
(Ф6 � 12 mm) were ground using 3000-mesh sandpaper to ensure that
the superior and inferior surfaces were parallel to each other. Thereafter,
the samples were compressed using a universal material testing machine
(Chuan Bei WDW-20, Jinan, China) at a loading speed of 20 mm/min; the
loading ceased when the cylinder fractured or the upper yield point was
reached. The change in loading force and displacement was automati-
cally recorded and converted to the corresponding stress–strain curve.
The compressive strength (MPa) was determined as the loading force
divided by the cross-sectional area of the specimen, and the corre-
sponding slope of the linear part of the stress–strain curve was taken as
the elastic modulus. Five samples from each group were measured.

2.2.6. Curing test
The curing parameters, including the dough time (tdough, n ¼ 5),

setting time (tset, n ¼ 3), setting temperature (Tset, n ¼ 3) and maximum
temperature (Tmax, n ¼ 3), were determined according to the standard of
Implants for surgery — Acrylic resin cements (ISO5833:2002).

2.2.7. Water uptake
The water absorption rate and volume expansion rate of PBC, PGBCs,

and PGBCm were tested as described in a previous study using the for-
mulas listed below. Briefly, the sample was placed in PBS immediately
after being mixed at the predetermined solid/liquid ratio for 1 h to allow
for full water absorption. The mass was then weighed after the water on
the surface of the sample was removed. The bulk of the tested sample
after water absorption was examined by the Archimedes principle. The
water absorption and volume expansion were calculated, and five sam-
ples from each group were tested.

WA ¼ [(Ma – Mi)/Mi] � 100% (1)

in which WA is the water absorption, Mi is the initial mass, and Ma is the
mass after water absorption.

VE ¼ [(Va � Vi)/Vi] � 100% (2)

in which VE is the volume expansion, Vi is the initial volume, and Va is
the volume after water absorption.
2.3. In vitro cell biocompatibility

2.3.1. Primary osteoblast isolation and characterization

2.3.1.1. Isolation of primary osteoblasts. The animal experiments in this
study were conducted under the Guidelines for the Care and Use of
Laboratory Animals and approved by the Laboratory Animal Welfare and
Ethics Committee of Air Force Medical University.

Primary osteoblasts were isolated from 2-day-old neonatal Spra-
gue�Dawley (SD) rats (Laboratory Animal Center of Air Force Medical
University, Xi'an, China) according to a previously reported method [49].
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After the SD rat was sacrificed by cervical dislocation and sterilized with
75% alcohol, the calvaria were excised, washed, and scraped thoroughly
to remove attached soft tissue until the calvaria appeared semi-
transparent. Thereafter, the calvaria were cut into fragments 1.0 mm �
1.0 mm in size and incubated in 0.25% trypsin-EDTA (Gibco, CA, USA)
for 15 min at 37 �C. Then, the fragments were seeded in a 25-cm2

flask
and cultured with alpha minimum essential medium (α-MEM, Corning,
NY, USA) containing 10% foetal bovine serum (FBS, Gibco, CA, USA),
100 U/ml penicillin and 100 μg/mL streptomycin (HyClone, CA, USA) in
a humidified atmosphere of 5% CO2 at 37 �C. The medium was changed
every two days. Primary osteoblasts were harvested by trypsinizing the
adherent cells that migrated from the calvaria and subcultured. Cells at
passages 2–4 were used in subsequent experiments.

2.3.1.2. Primary osteoblast characterization. Primary osteoblasts were
characterized by alkaline phosphatase (ALP) and Alizarin red S (ARS)
staining. The harvested cells were seeded in a 6-well plate at a density of
5� 105/mL. ALP staining was performed after the cells were cultured for
1 week using a BCIP/NBT Alkaline Phosphatase Colour Development Kit
(Beyotime, Shanghai, China) according to the manufacturer's in-
structions. ARS staining was performed after the cells were cultured for 4
weeks using an ARS Staining Kit for Osteogenesis (Beyotime, Shanghai,
China) to detect the mineralization of primary osteoblasts according to
the manufacturer's instructions.

2.3.2. Cell proliferation
Cement extracts were prepared to evaluate the effects of PBC, PGBCs

and PGBCm on cell proliferation according to the protocol of ISO 10993
and the reported literature [23,35,50]. The samples of PBC, PGBCs and
PGBCm were prepared as ball shapes and irradiated by 60Co at a dose of
25 kGy for sterilization. Thereafter, samples from each group were placed
into disposable sterile tubes, sealed with caps, and incubated in α-MEM
(0.2 g/mL) at 37 �C for 48 h to obtain cement extracts. The cement ex-
tracts were then supplemented with 10% FBS, 100 U/mL penicillin and
100 μg/mL streptomycin for cell culture.

2.3.2.1. CCK-8 assay. Primary osteoblasts were seeded in a 96-well plate
at a density of 1 � 104/mL (1 � 103/well) and incubated at 37 �C/5%
CO2 for 24 h. Then, the medium was replaced with 100 μL of bone
cement extract or full α-MEM (as a control) and changed every 2 days.
After 1, 4, and 7 days of culture with the cement extracts, a Cell Counting
Kit-8 assay (CCK-8, APExBIO, Hu, USA) was conducted according to the
manufacturer's instructions. Cell viability was determined as the absor-
bance measured at 450 nm using a microplate reader (BioTek, VT, USA).

2.3.2.2. Live/dead cell staining. Primary osteoblasts were seeded in a 24-
well plate (1 � 104 cells/well) and incubated at 37 �C/5% CO2 for 24 h.
The medium was replaced with 1 mL of cement extract or full α-MEM (as
a control). On day 4, live/dead cell staining was carried out using a LIVE/
DEAD™ Cell Imaging Kit (Invitrogen, CA, USA). Briefly, the staining
solution was prepared by mixing live-green and dead-red solutions at a
ratio of 1 mL:1 μL. The cells were washed with PBS three times, and then
0.2 mL of staining solution was added to each well. The cells were then
incubated for 15 min at ambient temperature. Finally, the cells were
washed twice with PBS and imaged by fluorescence microscopy (Zeiss,
Heidenheim, Germany). The cell viability quantification of Live/dead
cell staining was performed using Image J software (Wayne Rasband,
NIH, USA).

2.3.2.3. Flow cytometry. The apoptosis of osteoblasts cultured with the
cement extracts was determined using flow cytometry. Cells were seeded
in a 6-well plate at a density of 1 � 106/mL and treated with cement
extracts or full α-MEM (as a control). On days 4 and 7, the cells in each
4

group were trypsinized and collected by centrifugation at 1000 rpm for 5
min. Then, the collected cells were rinsed with PBS and recentrifuged
twice. Flow cytometry was performed using an Annexin V-FITC/PI
Apoptosis Detection Kit (Yeasen, Shanghai, China). Briefly, the cell pellet
was resuspended in 100 μL of binding buffer and then incubated with
Annexin V-FITC and PI staining solution in the dark for 15 min. After
adding 400 μL of binding buffer, the samples were analysed by an Epics
XL-MCL flow cytometer (Beckman Coulter, CA, USA).

2.3.3. Cell attachment
Primary osteoblasts were seeded on sample discs (φ1.4 cm and 60Co

irradiated) and placed in a 24-well plate at a density of 1 � 104 cells/
well. On days 4 and 7, the discs seeded with osteoblasts were washed
three times with PBS and fixed with 2.5% glutaraldehyde. Then, the
sample discs were dehydrated by a gradient series of ethanol concen-
trations up to 100%. Subsequently, the sample discs were completely
vacuum-dried and sputter-coated with gold. The morphology of the cells
seeded on the sample discs was observed and imaged by SEM (Hitachi,
S–3000 N, Japan) at 5.0 kV.

2.3.4. Quantitative real-time polymerase chain reaction (qRT–PCR)
The bottom of a 6-well plate was coated with PBC, PGBCs, and

PGBCm at a thickness of approximately 1 mm and irradiated by 60Co
before cell seeding. Coated and noncoated (as a control) 6-well plates
were seeded with primary osteoblasts at a density of 1 � 106 cells/well.
On day 7, the cells were washed three times with cold PBS, total RNAwas
collected using TRIzol Reagent (Invitrogen, CA, USA), and cDNA was
synthesized using the First Strand cDNA Synthesis Kit (Servicebio,
Wuhan, China) according to the manufacturer's instructions. Thereafter,
qRT–PCR was performed in triplicate using the housekeeping gene
β-actin as an endogenous control to determine the relative transcript
levels of the osteogenic marker genes Alp, osteopontin (Opn), and Smad
family member 5 (Smad5) using qPCR Master Mix according to the
manufacturer's protocol (Servicebio, Wuhan, China). The primer se-
quences were designed and validated using the online tool Primer-BLAST
and synthesized by Sangon Biotech (Sangon, Shanghai, China) (Table 1).
The qRT–PCR data were analysed using the ΔΔCt method.

2.3.5. Western blotting
The cell culture procedure was the same as that reported in Section

2.3.4. On day 7, the cells were washed three times with cold PBS. Protein
extraction was performed by adding 500 μL of RIPA supplemented with
protease inhibitor (Thermo Scientific, CA, USA) to each well for cell lysis.
Then, the cell lysate was centrifuged to collect the supernatant. The
protein concentration was determined using the Pierce BCA Protein
Assay Kit (Thermo Scientific, CA, USA). Sodium dodecyl sulpha-
te–polyacrylamide gel electrophoresis (SDS–PAGE) was performed to
separate proteins, and the separated proteins were transferred onto a
polyvinylidene fluoride (PVDF) membrane. Thereafter, the PVDF mem-
brane was blocked in Tris-buffered saline with Tween (TBST) containing
5% nonfat milk for 1 h, thoroughly blocked with TBST three times,
transferred to the primary antibody solution and incubated at 4 �C
overnight. The TBST washing procedure was repeated, and then the
PVDF membrane was incubated in the tagged secondary antibody solu-
tion for 1 h at room temperature. The PVDF membrane was rinsed three
times with TBST, prepared using Pierce™ ECLWestern blotting Substrate
(Thermo Scientific, CA, USA), and detected under a chemiluminescence
imaging system (Tanon, Shanghai, China).

The primary antibodies were β-actin antibody (Abcam, Cambridge,
UK), OPN antibody (Abcam, Cambridge, UK), and Smad5 antibody
(GeneTex, CA, USA). The secondary antibody was horseradish
peroxidase-tagged anti-rabbit IgG antibody (KPL SeraCare, MA, USA).
Both the primary antibody and secondary antibody were diluted at a ratio
of 1:1000.



Table 1
The primer sequence of qRT-PCR.

Gene Sequence Prod Size (bp) Tm (�C) Access ID

ALP F CCTTAGGGCCACCGCTCG 74 62.53 NM_013059.2
R GTTAATTGACGTTCCGATCCTGC 60.24

OPN F CCAGCCAAGGACCAACTACA 132 59.60 NM_012881.2
R AGTGTTTGCTGTAATGCGCC 59.76

Smad-5 F GCCGTTTGCAAGTCTCTCAC 198 59.76 NM_021692.1
R ACACTGGAGGTAAGACTGGAC 58.75

β-actin F CCCGCGAGTACAACCTTCTTG 71 61.27 NM_031144.3
R GTCATCCATGGCGAACTGGTG 61.61

F and R mean forward primer and reward primer, respectively.
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2.4. In vivo biocompatibility evaluation

2.4.1. Rabbit surgery
Eighteen New Zealand rabbits (Laboratory Animal Center of Air Force

Military University, Xi'an, China) were randomized into three groups to
evaluate the in vivo biocompatibility of the materials. All rabbits were
acclimated to the new cultivation environment and fed a standard diet
for one week before surgery. Rabbits were anaesthetized by the inter-
muscular administration of xylazine hydrochloride (0.2 mL/kg) and 2%
pentobarbital sodium (0.4 mL/kg). The hair of the left hindlimb was
shaved carefully after the rabbit was well anaesthetized. The rabbit was
then placed on and fixed to the operating table. The surgical site was
disinfected with povidone-iodine and routinely prepared for aseptic
surgery. A mid-lateral longitudinal incision was made on the lower thigh
and extended to the knee joint. All perijoint ligaments and articular
capsules were well protected. Then, subcutaneous and muscular mantle
dissection and muscle retraction were performed to expose the perios-
teum. After the lateral side of the femoral condyle was prepared, a bone
defect (approximately 10.0 mm in depth and 4.0 mm in diameter) was
made using a drill and then filled with prepared materials mixed at a
powder/liquid ratio of 2 g/mL. The surgical wound was closed layer-by-
layer after verification that no active bleeding was occurring. One dose of
penicillin (50000 U/kg) was given intramuscularly to prevent surgery-
related infection. After recovering consciousness, the rabbits were
returned to their cages and given a standard diet as before. The rabbits
received daily care for their surgical wounds and general condition.

2.4.2. Radiological evaluation
One week postoperatively, when the status of the rabbits was stable,

an X-ray examination (DRX-1, Carestream Health, USA) was performed
to check the location of the bone cement and the condition of the sur-
rounding soft tissues. After the rabbit was fully anaesthetized as
described above, lateral and anterior-posterior X-ray films were obtained
for further evaluation.

2.4.3. Haematological testing
Blood samples were collected before and 1, 2, 3, and 4 weeks after

surgery, and haematological and biochemical tests were performed to
further assess the toxicity of the bone cement. Haematological parame-
ters, including the white blood cell (WBC) count, red blood cell (RBC)
count, haemoglobin (HGB), haematocrit (HCT), mean corpuscular vol-
ume (MCV), and platelet distribution width (PDW), were analysed with
an autohaematology analyser (Mindray BC-2800 Vet, Shenzhen, China).
Biochemical parameters, including total protein (TP), albumin (ALB),
and blood urea nitrogen (BUN), were tested using an autobiochemistry
analyser (Rayto Chemray 800, Shenzhen, China) with a reagent kit for
each parameter. Then, the parameters were compared among groups at
each time point.

2.4.4. Micro-CT scanning
The left femoral condyle was harvested from rabbits euthanized at 4

and 16 weeks after implantation, and the femur was prepared using a
bone saw (Ameritool, CA, USA) to retain the femoral condyle for micro-
5

CT scanning, which was performed using a FeinFocus X-ray system
(YXLON, Hamburg, Germany) at 90 kV and 50 μA. Thereafter, the ob-
tained CT data were processed using VGstudio MAX 3.0.2 (Volume
Graphics, Heidelberg, Germany). After the femoral condyle was recon-
structed, the microarchitecture of the bone region of interest (ROI, 200
μm around the implanted materials) was compared among the three
groups using parameters including the bone volume fraction (BV/TV),
trabecular number (Tb.N), and trabecular separation (Tb.Sp).

2.4.5. Histological evaluation
At 4 and 16 weeks after surgery, the left femoral condyle and the

muscle adjacent to the bone cement implantation site were harvested to
evaluate the local biocompatibility of the bone cement. The lungs, heart,
liver, and kidneys of the rabbits were harvested to evaluate the whole-
body biocompatibility of the bone cement. All harvested specimens
were fixed in 4% paraformaldehyde until the staining procedure.

2.4.5.1. Haematoxylin & eosin (HE) staining and Masson trichrome stai-
ning. At 4 weeks after surgery, the femoral condyle was harvested and
prepared as described above and decalcified using 15% EDTA solution,
which was changed every 3 days. The endpoint of decalcification was
determined by X-ray examination. After decalcification was achieved, the
femoral condyle was exposed by an incision along the coronal plane of
the cylindrical sample. Thereafter, the bone cement was gently removed
while the bone tissues around the cement were collected. Samples were
washed with tap water for 24 h, dehydrated with a gradient series of
alcohol concentrations, clarified with xylene, and embedded in paraffin.
Thereafter, the embedded specimen was cut into 5-μm sections, which
were mounted onto glass slides, deparaffinized, and rehydrated for
standard HE and Masson trichrome staining.

2.4.5.2. Van Gieson (VG) staining. At 16 weeks after surgery, the fixed
left femoral condyle was prepared by removing the attached soft tissues
and trimmed using a bone saw to dimensions suitable for placement into
a glass embedding vial. The prepared femoral condyle was washed with
tap water for 24 h, dehydrated, and clarified using an automatic tissue
hydroextractor (KH-TK, Hubei, China). Then, the femoral condyle was
placed in a glass embedding vial with the cutting surface face down and
covered in self-hardening liquid resin (MMA 800 mL, dibutyl phthalate
200 mL, benzoyl peroxide 70 g). The vial was vacuum-evacuated at 4 �C
for 8 h and then transferred to a 45 �C water bath overnight for resin
curing. Bone sections with a thickness of 200 μm were obtained using a
diamond saw (Leica SP 1600, Nussloch, Germany), placed on acrylic
slides, ground to 50 μmusing 2000-mesh sandpaper, and gently polished.
All sections were then subjected to VG staining to evaluate and compare
the bone-material interface between groups.

2.4.5.3. HE staining of adjacent muscle and vital organs. The muscle,
lungs, heart, liver, and kidneys were harvested at 4 and 16 weeks after
surgery and routinely fixed. Thereafter, samples were subjected to the
same standard HE staining procedure, similar to the staining of decal-
cified femoral condyle samples mentioned above.
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2.5. Statistical analysis

Descriptive data are expressed as the mean and standard deviation
(M � SD). Statistical analysis was performed using GraphPad Prism
(version 8.3.1, CA, USA). One-way ANOVA followed by a multiple
comparisons test was performed to detect differences between groups,
and P < 0.05 was considered statistically significant.

3. Results

3.1. Synthesis of P(MMA-AA-St) and P(MMA-AA-St)-GO

The reaction solution before and after P(MMA-AA-St)-GO synthesis
were shown in Fig. S1. The 0.5% GO nanosheet was evenly dispersed
Fig. 1. Synthesis and characterization of P(MMA-AA-St) and P(MMA-AA-St)-GO. Ram
St) (red dash circle) could be synthesized within the GO sheet to form P(MMA-AA-
particles; the micrograph of GO sheet also illustrated in the lower left of Fig. 1B. Sc
indicating π-π interactions between St and GO, hydrogen bonds between MMA a
Morphology of PMMA (D), P(MMA-AA-St) (F), and P(MMA-AA-St)-GO (H) and the cor
PGBCs (K), and PGBCm (L): the representative horizontal section (up-left) and 3D reco
reconstruction (down-right) of pores in the VOI (n ¼ 4). (The scale bar is 500 nm for th
H. The scale bar is 1 mm for J-L and the colour scale bar in J-L indicated the volume o
in this figure legend, the reader is referred to the Web version of this article.)
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after continuously ultrasonicated and a dark reaction solution was ob-
tained without apparent stratification or phase separation (Fig. S1A).
While after polymerization and the crude product of P(MMA-AA-St)-GO
isolation, a clear and transparent solution was obtained (Fig. S1B). This
change of the reaction solution indicated that GO has fully synthesized
with P(MMA-AA-St).

3.1.1. Raman spectroscopy
The obtained P(MMA-AA-St)-GO (Fig. S2) was characterized with

Raman spectroscopy. Two characterized intensive bands, D and G, cor-
responding to the sp3 hybridization of carbon atoms from the functional
groups and in-plane sp2 hybridization of carbon atoms, respectively,
emerged at 1352 cm�1 and 1596 cm�1 in the GO Raman spectra, as
shown in Fig. 1A [51]. When comparing the Raman spectra of GO and
an spectra (A) of GO and P(MMA-AA-St)-GO. TEM images show that P(MMA-AA-
St)-GO (B) with the GO sheets (red arrow) wrapped around the P(MMA-AA-St)
hematic of the chemical interaction between the GO sheet and P(MMA-AA-St)
nd GO and between AA and GO, and ester bonds between AA and GO (C).
responding spherical size distributions (E, G, I).The pores distribution of PBC (J),
nstruction of VOI (down-left), and the horizontal section view (up-right) and 3D
e GO sheet and 20 nm for B. The scale bar is 100 μm for D, and 400 nm for F and
f pores in PBC, PGBCs and PGBCm). (For interpretation of the references to color
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P(MMA-AA-St)-GO, the similar typical D peak and G peak appeared in the
Raman spectra of P(MMA-AA-St)-GO indicated that GO was present in
the P(MMA-AA-St)-GO nanocomposite. The intensity ratio of the char-
acteristic D and G bands (ID/IG) was applied to evaluate the polymeri-
zation of P(MMA-AA-St)-GO (Table 2). The ID/IG of P(MMA-AA-St)-GO
(0.846) was decreased when compared to that of pristine GO (1.026)
which indicated a partial reduction of GO during the synthesis of
P(MMA-AA-St)-GO. These characteristic features of the emergence of the
D and G peaks and change in ID/IG indicated that GO was present in the
P(MMA-AA-St)-GO nanocomposite.

3.1.2. Morphology observation
The morphology of the GO sheet and P(MMA-AA-St)-GO was also

observed by TEM. The TEMmicrographs of GO (Fig. 1B) revealed that the
GO nanosheet was a thin flake with few wrinkles and folds [42,44]. The
micrographs of P(MMA-AA-St)-GO (Fig. 1B) illustrated that
P(MMA-AA-St) particles (red dash circle) were well wrapped by GO
sheets.

The morphology of commercial PMMA particles and the synthesized
P(MMA-AA-St) and P(MMA-AA-St)-GO particles was observed using
SEM. PMMA (Fig. 1 D, E), P(MMA-AA-St) (Fig. 1F, G), and P(MMA-AA-
St)-GO (Fig. 1H and I) particles all exhibited a regular spherical shape
with a mean diameter of 20.80 � 6.20 μm, 222.97 � 12.29 nm and
341.83� 52.49 nm, respectively. Gaussian fitting (red line) revealed that
the diameter of each sample was normally distributed.

3.1.3. Porosity and pore size
The reconstructed 3D and horizontal morphology of pores in PBC,

PGBCs, and PGBCm (Fig. 1J, K, L) demonstrated significantly higher
porosity of PGBCs and PGBCm than PBC. The porosity of PBC was 3.00�
0.74% which was in accordance with the reported porosity of the com-
mercial Mendec Spine [52]. The porosity of PGBCs and PGBCm was
significantly higher than that of PBC (22.83� 2.04% and 13.66� 1.56%,
both P < 0.0001, respectively). In addition, the porosity of PGBCs was
also significantly higher than PGBCm (P < 0.0001). The diameter of the
pores detected in the samples of PBC, PGBCs, and PGBCm were 33.32 �
0.95 μm, 50.50 � 6.53 μm, and 60.29 � 10.23 μm, respectively. The
diameters of the pores in PGBCs and PGBCmwere larger than that in PBC
(P ¼ 0.0178 and P ¼ 0.0011).

3.2. Characterization of properties

3.2.1. Water uptake and volumetric expansion
Both PGBCs and PGBCm have a high capacity for water uptake. The

water absorption ratio of PGBCs and PGBCm was 95.14 � 5.71% and
78.10 � 2.60%, respectively, while that of PBC was �0.04 � 0.06%
(Fig. 2A). The volume of PBC after immersion in PBS shrank by
approximately �5.07 � 0.37%, while that of PGBCs and PGBCm
expanded by approximately 101.18 � 5.31% and 83.36 � 3.49%,
respectively (Fig. 2B) under the same conditions.

3.2.2. Mechanical properties
Representative stress–strain curves of PBC, PGBCs, and PGBCm are

illustrated in Fig. 2C. The compressive strength of PGBCs and PGBCm
(99.20 � 1.64 MPa and 74.0 � 4.64 MPa, respectively) was slightly less
than that of PBC (109.20 � 0.84 MPa) (Fig. 2D). After immersion in PBS,
the compressive strength of PGBCs and PGBCm was 75.60 � 3.05 MPa
and 60.20 � 2.77 MPa, respectively, while that of PBC was not signifi-
cantly changed (103.20 � 5.54 MPa) (Fig. 2E). The elastic modulus of
Table 2
Summary of the D/G ratio determined from the Raman spectroscopy.

Sample D band G band ID:IG ratio

GO 6557.48 6391.93 1.026
P(MMA-AA-St)-GO 1585.76 1874.19 0.846
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PGBCs and PGBCm (2596.26 � 55.93 MPa and 1772.19 � 219.27 MPa,
respectively) was significantly lower than that of PBC (2911.77 �
215.17 MPa, P ¼ 0.0420 and P < 0.0001, respectively) (Fig. 2F).
Meanwhile, the elastic modulus of PGBCs and PGBCm detected after
immersion in PBS was significantly lower than that of the immersed PBC
(Fig. 2G).

3.2.3. Curing properties
Representative time–temperature curves of each bone cement are

shown in Fig. 2H. The Tset of PGBCs and PGBCm was significantly lower
than that of PBC (58.57 � 1.83 �C and 60.82 � 2.45 �C vs. 69.35 � 1.26
�C, P ¼ 0.0011 and P ¼ 0.0038, respectively) (Fig. 2I). The Tmax of the
first two was also lower than that of PBC (94.67 � 3.77 �C and 98.60 �
4.62 �C vs. 115.23 � 2.41 �C, P ¼ 0.0012 and P ¼ 0.0037, respectively)
(Fig. 2J). The tdough of PGBCs and PGBCm was longer than that of PBC
(7.00 � 0.22 min and 6.95 � 0.37 min vs. 4.30 � 0.25 min, both P <

0.0001) (Fig. 2K), and the tset of PGBCs was longer than that of PBC
(10.76 � 1.92 min vs. 6.53 � 0.42 min, P ¼ 0.0381), while no signifi-
cance was detected between that of PGBCm (8.59� 1.89 min) and that of
PBC (Fig. 2L).

3.3. In vitro biocompatibility

3.3.1. Primary osteoblast isolation and characterization
Primary osteoblasts emerged from the digested calvarial bone frag-

ments after being cultured in full α-MEM for one day and gradually
proliferated around the bone fragments (Fig. 3A–F). The primary osteo-
blasts were characterized by ALP staining and ARS staining. ALP staining
revealed the formation of typical purple deposits in the cytoplasm, which
represented intracellular ALP (Fig. 3G and H) [53,54]. After the isolated
primary osteoblasts (4th generation) were cultured for four weeks,
mineralized calcium nodes could be detected by microscopy (Fig. 3I and
J). ARS staining also revealed the mineralization of calcium nodes, which
exhibited typical red deposits (Fig. 3K and L) [55,56].

3.3.2. Cell compatibility
The CCK-8 assay revealed that the cell viability of PGBCs and PGBCm

was significantly higher than that of PBC after osteoblasts were cultured
with the cement extracts for 1, 4, and 7 days. However, the viability of
osteoblasts in the PGBCm group was still lower than that in the control
group. But no significant difference in osteoblast viability was detected
between the PGBCs and the control group (Fig. 4A). The results of live/
dead cell staining were consistent with those of the CCK-8 assay. More
dead cells were detected after the osteoblasts were cultured with the PBC
extract than with the PGBCs and PGBCm extracts (Fig. 4B). The quanti-
fication of live/dead cell staining indicated that the cell viability of PBC
group and PGBCm group was significantly lower than that of control
group (P < 0.0001, P ¼ 0.008), while no statistical significance was
detected between the cell viability of PGBCs group and that of control
group (P ¼ 0.2003). Besides, the cell viability of PGBCs group and
PGBCm group was significantly higher than that of PBC group (both P <

0.0001) (Fig. 4D). Flow cytometry analysis revealed that the 4-day
apoptosis rate of the osteoblasts cultured with the PBC, PGBCs and
PGBCm extracts was 2.77 � 0.39%, 2.40 � 0.53% and 2.37 � 0.38%,
respectively, while the 7-day apoptosis rate was 4.43 � 0.55%, 3.67 �
0.59%, and 4.00 � 0.66% (Fig. 4C). Both the 4-day and 7-day apoptosis
rates of the osteoblasts cultured with PBC extract were significantly
higher than those in the Control group (P ¼ 0.0370, P ¼ 0.0066). No
significant difference was detected in the apoptosis rate of osteoblasts
cultured with PGBCs or PGBCm extract when compared to the Control
group, with the exception of the 7-day apoptosis rate of PGBCm (P ¼
0.0246). The results of the CCK-8 assay, live/dead cell staining, and
apoptosis rate all indicated that the cytocompatibility of PGBCs was su-
perior to that of PBC.



Fig. 2. Characterization of the properties of the bone-filling materials. Water uptake (A) and volumetric expansion (B) of PBC, PGBCs, and PGBCm(n ¼ 5). Repre-
sentative stress-strain curves (C), compressive strengths (D, E), and elastic moduli (F, G) of the materials before (D, F) and after (E, G) water immersion (n ¼ 5).
Representative time-temperature curves (H), setting temperatures (I, n ¼ 3), max temperatures (J, n ¼ 3), dough times (K, n ¼ 5), and setting times (L, n ¼ 3) of each
bone cement. (* indicates a significant difference between PGBCs or PGBCm and PBC, *P < 0.05, **P < 0.005; # indicates a significant difference between PGBCs and
PGBCm, #P < 0.05, ##P < 0.005).

Fig. 3. Primary osteoblast isolation and characterization. After calvarial bone fragments were cultured in α-MEM for seven days, osteoblasts migrated from the edge of
the bone fragments and proliferated around the fragments (A, B: 1 day; C, D: 4 days; E, F: 7 days; red star: bone fragment; black star: osteoblast). ALP staining indicated
violet deposits in the cytoplasm representing intracellular ALP synthesized by primary osteoblasts (G, H). Optical micrograph (I, G) and image of ARS staining (K, L) of
mineralized calcium nodules formed after isolated primary osteoblasts were cultured for four weeks (red triangle: unstained calcium nodule; black triangle: ARS-
stained mineralized nodule). K and L are the stained versions of I and J, respectively. (The scale bar is 100 μm for A – I and K, 50 μm for J, 100 μm for L). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Cytocompatibility of the materials. (A) The toxicity of the materials was evaluated using a CCK-8 assay after osteoblasts were cultured for 1, 4, and 7 days with
material extracts. The results indicated greater osteoblast viability in the PGBCs group than in the PBC group (n ¼ 8). (B) Live/dead cell staining (live: green; dead: red;
scale bar, 200 μm) revealed more dead cells (red) in the PBC group than in the control group (n ¼ 3). (C) The cell viability quantification of Live/dead cell staining (n
¼ 3). (D) The 4- and 7-day apoptosis rates of osteoblasts cultured with extracts were tested using flow cytometry (n ¼ 3). The results indicated the highest osteoblast
apoptosis rate in the PBC group, with a statistically significant difference from the control group. (* and ** indicate P < 0.05 and P < 0.001 compared to the control
group; # and ## indicate P < 0.05 and P < 0.001 compared to the PBC group. Data are presented as the mean � standard deviation). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3.3. Cell attachment
The morphology of the osteoblasts was observed by SEM to detect the

interaction between the osteoblasts and bone cement. Surface scanning
of the material revealed that PGBCs and PGBCm had higher surface
roughness than PBC, which was in accordance with our previous findings
[35]. The 4-day and 7-day osteoblast attachment data are shown in
Fig. 5A; osteoblasts showed less spreading on PBC than on PGBCs and
PGBCm. In addition, osteoblasts were prone to elongation rather than an
even distribution on the surface of PBC. Better osteoblast attachment was
detected on the surface of PGBCs and PGBCm, with the cells exhibiting a
larger spreading area.

3.3.4. Osteogenic expression
The osteogenic interference of PGBCs and PGBCm was detected and

compared to that of PBC by RT–PCR andWestern blot analysis. As shown
in Fig. 5B, the expression levels of Alp, Opn, and Smad5 in osteoblasts
after 7 days of culture on PGBCs and PGBCm were significantly upre-
gulated compared with those in osteoblasts cultured on PBC or osteo-
blasts cultured in the control group. In addition, the Western blot results
were consistent with the levels of gene expression. The protein expres-
sion levels of OPN and Smad5 in the PGBCs and PGBCm groups were
significantly higher than those in the control and PBC groups (Fig. 5C).

3.4. In vivo biocompatibility

3.4.1. General condition and X-ray observation
PBC, PGBCs, and PGBCm could all be implanted well into the femoral

condyle defect (Fig. 6A–E); no cases of surgical-site infection occurred,
and all wounds healed well after surgery. X-ray observation demon-
strated that all three materials had satisfactory radiopaque properties and
9

filled the bone defects well. This indicated that PGBCs and PGBCm
retained suitable radiopacity which satisfied the clinical application
despite the content of BaSO4 being reduced by half due to the replace-
ment of half the solid phase with P(MMA-AA-St)-GO or P(MMA-AA-St)\
GO nanocomposite. In addition, no obvious inflammatory signs were
detected in the bone around the materials or in the adjacent tissues
(Fig. 6F–H).

3.4.2. Micro-CT scanning
Reconstruction of the femoral condyle was performed after micro-CT

scanning to detect the microarchitecture of the bone around the
implanted bone cement (Fig. 6). The 4-week BV/TV in the PGBCs group
was significantly higher than that in the PBC group (P ¼ 0.009) and
PGBCm group (P ¼ 0.016). The 16-week BV/TV in the PGBCs group was
also significantly better than that in the PBC group (P ¼ 0.001) and
PGBCm group (P ¼ 0.045). In addition, the 16-week BV/TV in the
PGBCm group was significantly higher than that in PBC group (P ¼
0.023) (Fig. 6L). The 16-week Tb.N in PGBCs group was 1.82-fold higher
than that in the PBC group (P ¼ 0.008) (Fig. 6M). However, the 16-week
Tb.Sp in the PBC group was 1.98-fold and 1.40-fold higher than that in
PGBCs group (P ¼ 0.003) and PGBCm group (P ¼ 0.031), respectively
(Fig. 6N).

3.4.3. Haematological and biochemical testing
Haematological testing indicated no significant differences among the

PGBCs, PGBCm, and PBC groups in the WBC count, RBC count, HGB,
HCT, MCV, or PDW, with the exception of the 3-week RBC count, which
was significantly higher in PGBCs group than in the PBC group (P ¼
0.0290) (Fig. 7A). Moreover, biochemical testing performed at the same
time point demonstrated no statistically significant differences in TP,



Fig. 5. Cell attachment, osteogenic gene, and protein expression of osteoblasts after being cultured with materials. Better osteoblast attachment was observed on the
surface of PGBCs and PGBCm than on PBC (A). The RT–PCR results indicated that GO-modified PGBCs and PGBCm could improve osteogenic gene expression (B).
Similar trends of osteogenic protein expression were detected by Western blotting, and the corresponding semiquantitative results of OPN and Smad5 expression were
determined according to the intensity of the protein band (C). (n ¼ 3 and the experiment triplicated, * and ** indicate P < 0.05 and P < 0.005 compared to the control
group; # and ## indicate P < 0.05 and P < 0.005 compared to the PBC group; && indicates P < 0.005 when comparing PGBCs to PGBCm. Data are presented as the
mean � standard deviation. The diameter of the sample was ~14 mm identically and the scale bar is 10 mm for the samples. The scale bar is 40 μm for the Surface, the
1st column 4-day and 7-day SEM images. The scale bar is 20 μm for the 2nd column 4-day and 7-day SEM images).
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ALB, or BUN among the groups, with the exception of the 3-week TP,
which was significantly higher in the PBC group than in the PGBCm
group (P ¼ 0.0482) (Fig. 7B). Neither haematological nor biochemical
testing indicated obvious blood toxicity after PBC, PGBCs, or PGBCm
implantation.

3.4.4. HE, Masson, and VG staining of the femoral condyle
Representative images of HE-stained decalcified femur condyles

harvested four weeks after surgery revealed a lower trabecular number
and thickness and a large amount of fatty tissue in the trabecular in-
terstices in the PBC group compared with the other two groups. In
addition, the formation of effluent collagen matrix, which was stained
blue by Masson trichrome staining (Fig. 8A), was observed in the PGBCs
and PGBCm groups, while collagen synthesis was seldom detected in the
PBC group. The images of VG-stained undecalcified femur condyles
harvested at 16 weeks after surgery showed an obvious linear space
between the bone and cement in the PBC group but not in the PGBCs or
PGBCm group (Fig. 8B).

3.4.5. HE staining of adjacent muscle and vital organs
HE staining of the lungs, heart, liver, and kidneys performed at 4

weeks (Fig. 9) and 16 weeks (Fig. S4) after surgery revealed no
10
remarkable morphological differences in vital organs among the groups.
The HE staining of the muscle adjacent to the site of bone cement im-
plantation revealed no obvious inflammatory cell infiltration, and the
morphology of the muscle cells was normal and identical among the
groups.

4. Discussion

Currently, PBC is a commonly used filling and grouting material in
orthopaedic surgery. However, there are shortcomings, including volu-
metric shrinkage, high elastic modulus, toxicity, and poor osteointegra-
tion, that prevent PBC from being an ideal material. In our previous
study, volumetric shrinkage was well addressed through water uptake-
generated expansion, which was realized by introducing the hydrophil-
ic substrate AA into PBC withsynthesized P(MMA-AA-St) [35]. However,
the mechanical properties of the as-modified PBC did not meet the
standards for bone cement despite the use of St to improve its mechanics.
GO is a material with superior biomechanics and has been widely studied
in the biomaterials field. It has been indicated to be an osteoblast-friendly
material, with a favourable effect on osteogenesis when used to modify
bone materials. According to the reported literature, the biomechanical
reinforcement of PBC by GO is hindered when the doping percentage



Fig. 6. Surgical procedure and radiological evaluation of materials implanted in rabbit femoral condyles. Femoral condyle location (A) and exposure (B), bone cavity
drilling (C), bone cement injection (D), and wound closure (E) (6 rabbits in each group). Postoperative X-ray radiography performed after surgery indicated that PBC
(F), PGBCs (G), and PGBCm (H) could fill the bone cavity well, and no inflammatory signs were detected. Bone regeneration surrounding PBC (I), PGBCs (J), and
PGBCm (K) was analysed by micro-CT scanning at 4 and 16 weeks after surgery. The bone formation (pseudocolour yellow) in the ROI was compared using the
microstructural parameters BV/TV (L), Tb.N (M) and Tb.Sp (N) (n ¼ 3). PBC, PGBCs and PGBCm were reconstructed using the pseudocolour grey. (* and ** indicate P
< 0.05 and P < 0.01 compared to the PBC group; # indicates P < 0.05 compared to the PGBCm group. Data are presented as the mean � standard deviation. The scale
bar is 1 cm for surgical image A-E. The scale bar is 2 cm for the lowest extremity and 1 cm for standard anterior-posterior and lateral X-ray radiography. The scale bar is
1 cm for the reconstructed femur condyle with implanted material and 5 mm for the reconstructed materials and surrounded bone tissues shown in dotted boxes in I, J,
K). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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exceeds 0.5 w/w% [43,44]. Furthermore, graphene-based materials play
contrasting roles in the regulation of cell metabolism: the positive role is
the facilitation of cell attachment and proliferation through the afore-
mentioned mechanisms; the negative role is the simultaneous reduction
in mitochondrial membrane potential and increase in intracellular
reactive oxygen species (ROS) when used at high doses [57]. Elevated
ROS levels can induce cell necrosis by damaging DNA. Therefore, 0.5
w/w%GOwas chosen to reinforce P(MMA-AA-St) in this study according
to previous literature and the results of the preliminary study.
11
The Raman spectra revealed the characteristic D and G bands that
appeared in P(MMA-AA-St)-GO, indicating that GO was successfully
incorporated into P(MMA-AA-St) (Fig. 1). The decreased ID/IG ratio in the
case of P(MMA-AA-St)-GO was attributed to the proportion of sp3 hy-
bridized carbon atom in the GO restored to sp2 conjugation, indicating a
partial reduction of GO during synthesis, the same decreasing trend of ID/
IG values detected in the previous literature about PS/GO compound
[58–60]. This observation also demonstrated the successful participation
of GO in the polymerization reaction. In addition, the π–π stacking



Fig. 7. Haematological and biochemical testing of rabbits after bone cement implantation. (n ¼ 3, * indicates P < 0.05 compared to the PBC group; #P < 0.05
compared to the PGBCs group. Data are presented as the mean � standard deviation).
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between the aromatic rings of St and GO and the formation of ester bonds
between AA and GO were the probable interaction between GO and
P(MMA-AA-St) [61–63]. These mechanisms have been illustrated in
Fig. 1C. The TEM morphology of P(MMA-AA-St)-GO nanocomposites
further demonstrated that GO wrapped well around the P(MMA-AA-St)
nanoparticles.

The water absorption capability of P(MMA-AA-St) was markedly
improved after GO incorporation, which might be attributable to the
inherent hydrophilicity of GO and the increased porosity of the material.
GO incorporation has been reported to increase the porosity of modified
cement [43]. This finding was also detected in PGBCs and PGBCm that
their porosities and pore sizes were significantly higher than that of PBC.
In addition, the porosity of PGBCs was also more significant than that of
PGBCm. This might illustrated the superior water uptake capacity of
PGBCs to PGBCm. The water-absorption ratio of PGBCs was 1.22-fold
higher than that of PGBCm (95.14 � 5.71% vs. 78.10 � 2.60%). The
method of GO incorporation may be responsible for this disparity. GO
lamellae were distributed around the P(MMA-AA-St) nanoparticles in
PGBCs, which allowed a larger surface for water contact during water
absorption. In contrast, GO was directly mixed with P(MMA-AA-St)
nanoparticles in PGBCm, allowing the possibility of self-aggregation.
Therefore, GO was partially embedded during cement solidification
and then caused a reduction in water contact, leading to a lower ab-
sorption ratio in PGBCm. In addition, the volume of PGBCs expanded
1.21-fold more than that of PGBCm (101.18� 5.31% vs. 83.36� 3.49%),
which seemed to be consistent with the water absorption ratio. This
12
result indicated that the volume expansion was positively correlated with
the water absorption capability.

After the introduction of GO, by either synthesizing or mixing with
P(MMA-AA-St), the compressive strengths of the resulting cements were
superior to that of pure P(MMA-AA-St). This mechanical reinforcement
by GO could be attributed to the characteristic structure of GO. The high
surface area, wrinkled surface, and high quantity of superficial functional
groups could facilitate a strong interfacial adhesion and/or interlocking
between GO and the modified material through group-group interactions
according to the previous reported studies [43,44,57]. Besides, the
bridging effect achieved by GO incorporation could hinder crack prop-
agation might be another reason for mechanical improvement [57].
Furthermore, π-π interactions, hydrogen bonding, and ester bonding
formed between GO and P(MMA-AA-St) were reported to be the reason
for the mechanical improvement [61]. Despite GO having been incor-
porated into both PGBCs and PGBCm, the compressive strength of
PGBCm was inferior to that of PGBCs which might due to the different
ways of GO addition. GO aggregation might play a role in impairing the
biomechanical properties of its modified materials by creating mechan-
ical weak points in the bone cement matrix [31,43]. Therefore, GO ag-
gregation might be one of the factors attributed to the mechanical
reduction of PGBCm when compared to PGBCs. While method of syn-
thesizing GO with the P(MMA-AA-St) nanoparticles in the fabrication of
PGBCs could overcome the drawbacks of simply mixing GO into the
cement matrix, as mentioned above.

Both the compressive strengths of PGBCs before and after PBS



Fig. 8. Histological evaluation at different time points after material implantation. HE and Masson staining of a decalcified femoral condyle harvested four weeks after
surgery (A). The defects formed after bone cement removal are the holes centred in the sections. The red square indicates the trabecular bone adjacent to the bone
cement, and the blue-stained area indicates the synthesized collagen matrix. VG staining of the undecalcified femoral condyle harvested 16 weeks after surgery was
performed to observe the bone-cement contact (B). A linear area of light transmission was detected at the bone-cement interface in the PBC group (white arrow); the
letter “M” indicates the implanted material, and the symbol “*” indicates bone tissue, which was stained red. (n ¼ 3. The scale bar of decalcified samples is 0.5 cm. The
scale bar of images of HE and Masson's trichrome staining is 1 mm at 1 � magnification (left) and 200 μm at 5 � magnification (right); the scale bar of images of VG
staining is 50 μm at 5 � magnification and 100 μm at 10 � magnification). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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immersion exceeded the minimum requirement for that of acrylic bone
cement (70 MPa), although they were lower than that of PBC. However,
the compressive strength of PGBCm after immersion in PBS was
approximately 60.20 MPa, which did not satisfy the standard. The higher
compressive strength of PGBCs after PBS immersion further demon-
strated that synthesis was a superior way of optimization than just mixing
GO into P(MMA-AA-St). However, it is still worth noting that the stan-
dard protocol for compressive strength testing is performed using sam-
ples without PBS immersion. That means PGBCm still fitted the
requirement of acrylic bone cement standard ISO 5833:2002. Further-
more, the elastic modulus of PGBCs and PGBCm was obviously lower
than that of PBC. It has been reported that pore formation in PBC could
reduce its elastic modulus [18]. This phenomenon was also detected in
PGBCs and PGBCm using micro-CT scanning and the results
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demonstrated that porosities of them were higher than that of PBC. In
summary, the mechanical properties of PGBCs, studied regardless of
whether immersed in PBS or not, indicated that it may be safely used in
orthopaedic surgery in the future.

High exothermic temperature-related bone necrosis is another
concern in PBC applications. Both the Tset and Tmax of PGBCs were
significantly lower than those of PBC. In addition, the Tset and Tmax of
PGBCs were lower than those of PGBCm, although the difference was not
statistically significant. Moreover, the tset and tdough of PGBCs were
significantly longer than those of PBC, and the tset of PGBCs was longer
than that of PGBCm. Paz discovered that the addition of GO and G
partially interfered with polymerization [43]. Retardation and inhibition
were two postulated mechanisms by which the carbon nanostructures
restricted PMMA polymerization, in which the aromatic ring played a



Fig. 9. HE staining of muscles adjacent to the site of bone cement implantation and organs harvested four weeks after surgery. No obvious morphological differences
were detected among the groups in the lungs, liver, kidneys, heart, or muscle. (n ¼ 3. The scale bar is 100 μm).
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crucial role [44]. In retardation, the initiation activity of polymerization
would be partially lost because the primary radicals generated from the
BPO split could interact with the aromatic ring of the carbon nano-
structures and then lose their coupling electrons. In inhibition, the
polymer chain growth would be terminated because the aromatic ring
might undergo electron transference during the growth of macromolec-
ular radicals. These two mechanisms might occur in the polymerization
of PGBCs and PGBCm. Moreover, the content of BPO was reduced by half
in PGBCs and PGBCm because 50% of the solid phase was replaced with
P(MMA-AA-St)-GO or P(MMA-AA-St)\GO nanocomposite. As a result, the
vigorous polymerization was relieved after the introduction of GO into
PGBCs and PGBCm. Consequently, the Tset and Tmax of PGBCs were
significantly lower than those of PBC, and the tdough and tset of PGBCs and
PGBCm were still longer than those of PBC. This was consistent with the
previously reported changes after the modification of PBC with GO [43,
61].

Furthermore, polyacrylic acid has been reported to have better ther-
mal conductivity than PMMA, which was correlated with water uptake
and hydrogen bonding [64]. In addition, GO is a thermal conductive
material [65] which could improve the thermal conductivity of polyvinyl
alcohol up to 50-fold [66]. Therefore, it is theoretically true that the
effective thermal conductivity of AA and GO in PGBCs and PGBCm could
improve heat dissipation to relieve the effect of bone necrosis resulting
from the exotherm of PBC polymerization. The results of Tset and Tmax of
PGBCs and PGBCm coincided with this theoretical postulation. In
particular, the decrease in Tmax would relieve the thermal necrosis effect
of PBC while benefiting bone-cement integration. Additionally, the
adequate extension of tdough and tset would provide a surgeon with more
manipulation time during operation. Above all, the chemical and me-
chanical properties of PGBCs and PGBCm were improved after modifi-
cation with GO. In addition, PGBCs showed greater water absorption and
volume expansion than PGBCm while exhibiting better mechanics and
curing properties.

The PGBCs and PGBCm groups exhibited better cell viability than the
PBC group, as demonstrated by the CCK-8 assay and live/dead staining
assay. The toxicity of PBC mainly originates from unreacted MMA
monomers and residual radicals [19]. As discussed above, the incorpo-
ration of GO in PGBCs and PGBCm could retard polymerization and
prolong the curing time, allowing a sufficient solid–liquid phase reaction
to reduce the residual monomer content. Besides, GO could react with
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MMA in the liquid phase at a hydrogen position via esterification [67].
Furthermore, due to the content of BPO being reduced by half in PGBCs
and PGBCm and the incorporated GO acting as a radical scavenger [44,
67], the level of BPO split-related radicals would also be reduced. This
reduction might be the reason for the lower cytotoxicity of PGBCs and
PGBCm compared to PBC. This finding is supported by Pahlevanzadeh's
and Tavakoli's studies, in which GO modification was suggested to
improve the cytocompatibility of PBC [34,61]. In addition, the results
further indicated superior cell viability in the PGBCs group compared to
that in the PGBCm group. This could be attributed to the fact that the GO
in PGBCs could intervene in polymerization more than the GO in PGBCm.
The better cell viability in the PGBCs group was further illustrated by
live/dead cell staining after osteoblasts were treated with the three ma-
terials (Fig. 4B and C). Furthermore, the 4-day osteoblast apoptosis rate
was better after culture with PGBCs extract than PBC extract, and the
7-day osteoblast apoptosis rate was better in the PGBCs group than in the
PBC and PGBCm groups. This was consistent with the reported apoptosis
rate of 2.2% when Sao-2 osteoblasts were cultured with GO-modified
PBC [45]. Despite the cytocompatibility of PGBCs and PGBCm was
proven to be better than that of PBC in the present study, and obtained
polymerized crude products of P(MMA-AA-St)-GO and P(MMA-AA-St)
were washed to eliminate AA and St monomers, the method to
improve the rate of polymerization to reduce the risk of AA and St
leakage needs further consideration, especially when they were intended
to translate in clinical use.

Cell attachment initiates cell biomaterial recognition and plays a
primary role in the subsequent cellular response. The quality of cell
adhesion influences the morphology, proliferation, and differentiation of
the attached cells on biomaterials [45]. In this study, SEM indicated that
osteoblasts were prone to better adhesion on the surface of PGBCs and
PGBCm than on the surface of PBC, with cells on the PGBCs surface
exhibiting the best spreading. This was in accordance with reported
findings that a rougher surface and greater wettability are beneficial for
osteoblast growth on bone cement [26,33]. In addition to the pro-
nounced water absorption capacity of PGBCs and PGBCm, the coral-like
surface of these materials is obviously rougher than that of PBC (Fig. 5A)
and similar to the surface of P(MMA-AA-St) bone cement, as observed in
our previous study [35]. Therefore, these factors might induce better cell
spreading on PGBCs and PGBCm surfaces, and these results were
consistent with those of a reported study related to GO-modified bone
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cement [34].
GO could also act as a preconcentration platform for serum proteins,

as it has been found to absorb up to 25% of serum proteins after being
dispersed in FBS for one day [37]. It has been reported that the sp2 carbon
domains [68], π-π interactions, and electrostatic and hydrogen bonding
of GO play important roles in protein preconcentration [37] (Graphical
abstract) and are regarded as contributing factors to the enhancement of
cell growth and induction of osteogenic differentiation by GO. In addi-
tion, the abundance of oxygen-containing functional groups on the GO
surface could conjugate with other functional entities (chemicals and
growth factors) to accelerate cell proliferation and differentiation [69].
Therefore, the results of better osteoblast attachment and proliferation in
PGBCs and PGBCm groups illustrated that they might also be capable of
protein concentration to further facilitate the attachment, proliferation,
and differentiation of osteoblasts.

Reported studies have indicated that PBC could downregulate the
expression of osteogenic genes such as Alp, Ocn, and Runx2 [24,70].
While this downregulation could be attenuated by the modification of
PBC with GO [71]. In addition, PBC inhibits osteoblast differentiation
through the bonemorphogenetic protein (BMP) signalling pathway using
p38 MAPK as a downstream effector [72]. As previously reported, GO
could enhance the osteogenic capability of its modified materials [36,37,
39]. This effect was also detected in PGBCs and PGBCm. The qRT–PCR
results demonstrated that the Opn expression level was higher in osteo-
blasts cultured on PGBCs and PGBCm than in osteoblasts cultured on PBC
(Fig. 5B). Opn is not only an osteogenic marker but also a regulator of the
osteoblast adhesion [73]. These higher expression levels detected in the
PGBCs and PGBCm groups seem to be consistent with the greater cell
spreading of the osteoblasts attached to PGBCs and PGBCm that was
observed by SEM (Fig. 5A). Besides, higher Alp expression in cells
cultured on PGBCs might indicate that PGBCs has a superior osteogenic
capability compared to PGBCm and PBC. Smad5 is a transcription factor
in the Smad family that transduces BMP signals into the nucleus to
promote osteoblast maturation [74]. The level of Smad5 in the PGBCs
group was higher than that in the other two groups, further indicating
that PGBCs could facilitate bone formation (Fig. 5B). This finding co-
incides with that of a previous study demonstrating that GO could pro-
mote osteogenesis by enhancing BMP-Smad1/5 signal transduction [75].
The protein expression detected by Western blot analysis was approxi-
mately consistent with the gene expression noted above. This further
demonstrated that the GO-modified PGBCs and PGBCm had a greater
osteogenic capability than PBC (Fig. 5C). In summary, the in vitro oste-
oblast coculture results indicate better cell-material interactions and
greater osteogenic capability in the PGBCs and PGBCm groups than in the
PBC group.

The greater osteogenic capability of PGBCs and PGBCm was further
demonstrated by the results of HE, Masson trichrome, and VG staining
and microstructural analysis which indicated the osteointegration in this
study. Both the trabecular number and thickness, as well as the bone
formation potential, as indicated by collagen matrix synthesis [76], were
superior in the PGBCs and PGBCm groups compared to those in the PBC
group (Fig. 8A). The lower trabecular number and thickness detected in
the PBC group might be correlated with thermal necrosis due to the high
exothermic temperature during the polymerization [77]. In addition, the
lower degree of collagen matrix synthesis might be attributed to the
toxicity of PBC, which has been discussed above. First, the difference in
the peri-implant microenvironment created around bone tissue might be
a factor affecting osteointegration after material implantation. Due to the
pronounced water absorption capability of PGBCs and PGBCm, the sur-
rounding bone tissue might be prone to grow better in these two groups
than in the hydrophobic PBC group. Second, the lower toxicity of PGBCs
and PGBCm could facilitate osteoblast attachment and proliferation.
Therefore, creating a better cell-material interaction which could further
improve osteointegration Third, the ability of GO to enhance osteo-
genesis could further promote the anabolic activity of osteoblasts, which
has been demonstrated at the cell and tissue levels. HE and Masson
15
trichrome staining performed four weeks after surgery revealed an early
stage of bone repair, while VG staining performed at 16 weeks revealed a
late stage of bone-cement interaction after bone repair (Fig. 8B). An
obvious linear space between the bone and cement was observed in the
PBC group. This crack might have been generated by volumetric
shrinkage and the inferior biocompatibility and osteointegration capa-
bility of PBC due to its inertness.

The results of the histological evaluation were further supported by
the microstructural analysis performed using micro-CT reconstruction at
4 and 16 weeks after surgery. The BV/TV results indicated a larger vol-
ume of regenerated bone around the PGBCs than around the PBC and
PGBCm. In addition, more trabeculae (Tb.N) were distributed around the
PGBCs than the PBC and PGBCm, and the distance between trabeculae
(Tb.Sp) was smaller in the PGBCs group than in the PBC and PGBCm
groups. The microstructural analysis indicated that bone repair pro-
ceeded better after bone defects were filled with PGBCs (Fig. 6I-N). This
superior osseointegration of PGBCs could be correlated with GO incor-
poration and was consistent with observations in previous studies [78,
79].

It has been reported that the leakage of PBC monomers into the blood
is considered to be the aetiology of BCIS [20,21]. Haematological,
biochemical and histological assays of the main organs and muscle sur-
rounding the material were performed to evaluate the biosafety of PGBCs
and PGBCm (Figs. 7 and 9 and Fig. S4). The results revealed no differ-
ences among the groups in either haematological or biochemical pa-
rameters except the RBC count and TP at 3 weeks, which might be
attributed to individual differences. In addition, no obvious disparities
were found in the histological morphology of the critical organs of rab-
bits in the three groups by HE staining. Therefore, both blood and his-
tological assays indicated that the biosafety of PGBCs and PGBCm was at
least equal to that of PBC. In summary, while the in vivo study demon-
strated satisfactory biosafety for both PGBCs and PGBCm, the histo-
morphological and microstructural analyses indicated better
osteointegration for PGBCs than PGBCm.

BaSO4 is a common radiopacifier in acrylic bone cement and the
radiopacity increases with its content [80,81]. The BaSO4 of PGBCs and
PGBCm was half-reduced when compared to PBC while their radio
radiopacity was normal (Fig. 6). Whether this reduction could affect the
physicochemical and biological properties is another concern in devel-
oping PGBCs and PGBCm. Acrylic bone cement containing 10% BaSO4
had superior mechanics to the plain counterpart [82]. In addition, the
compressive load was comparable among acrylic bone cements with
BaSO4 ranging from 10% to 30% except that was reduced in the 40% one.
But the bending strength and impact load gradually decreased as the
content of BaSO4 increased [80]. This finding was in accordance with
that of a mechanical study in which KyphX HV-R (30%) had comparable
or superior mechanics to neat Simplex P (10%). However, adding BaSO4
directly to Simplex P lowered the tensile strength and fatigue life of the
resulting cement (36.6%) [83]. The agglomerations of BaSO4 were
thought to be responsible for the local geometric stress concentrations,
initiate cracks, and thereafter impair the mechanics of commercial
CMW-1 (9.10%) [84]. And more scattered agglomerate formation has
been discovered in Spineplex (30%) when compared to Simplex (10%)
despite the former having a superior radiopacity [81]. In addition, add-
ing extra BaSO4 in neat Simplex P could facilitate the formation of large
agglomerations and thereafter lower mechanical properties of the
resulted cement (36.6%) by the mechanism mentioned above [83]. The
formation of the BaSO4 agglomeration seemed positively correlated to
the concentration of BaSO4. Therefore, the reduced content of BaSO4
might benefit the mechanics of PGBCs and PGBCm.

It had been discovered that acrylic bone cement with 10% BaSO4

possessed better osteoblast compatibility than its plain counterpart [82].
Besides, early studies demonstrated that adding BaSO4 into acrylic bone
cement was safe and could not provoke an inflammatory response,
however, a later study indicated that Simplex P (10%) would induce
greater leukocyte recruitment and inflammatory mediators release in
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vitro and in vivo, and a greater osteolytic effect was observed when
comparing to the Simplex Plain (0%) [85]. These findings were in
accordance with the discoveries that additive BaSO4 (9.2%–10%) could
activate bone resorption and increase the cytokine TNF-α release no
matter what size of the particles was 1 μm or 10 μm [86]. Besides, the
foreign-body giant cells and mononuclear macrophages were also
discovered around Simplex (10%) in the augmented human vertebral
bodies [87]. While another in vivo histological analysis of the augmented
sheep vertebrate revealed that foreign-body giant cells were found
around Spineplex (30%) but few particles were discovered around Sim-
plex (10%). It seemed that acrylic bone cement with fewer BaSO4 have
better tissue compatibility than its counterpart with more BaSO4 [81]. In
conclusion, BaSO4 could facilitate osteoblast-bone cement interaction,
however, it could also stimulate the activity of osteoclast and inflam-
matory cells in a dose-dependent manner probably. Therefore, the
reduced content of BaSO4 might benefit the biological properties of
PGBCs and PGBCm. Due to acrylic bone cement being a multi-component
product, the effects of different components on its physicochemical and
biological properties might be overlapped [88]. Using radiolucent acrylic
cement might be a way to detect the influence of BaSO4 concentrations
on the mechanical and biological effects of the optimized PMMA-based
bone cement in the future.

This study demonstrates that GO-modified PGBCs has remarkable
biological properties and partially overcomes the drawbacks of tradi-
tional PBC by exhibiting reduced toxicity, improved biomechanics, and
enhanced biocompatibility. In addition, further investigation is needed to
determine the effect of the protein preconcentration of PGBCs, which is
thought to be the mechanism of its improved cytocompatibility but has
only theoretical support in published studies. Meanwhile, PGBCs is a
nondegradable biomaterial, and the lasting effect of its retention in the
body could not be detected, warranting further investigation. Further-
more, the samples in this study were prepared using hand-mixed cement,
while the vacuum-mixing technique has been used in surgical practice.
Therefore, the vacuum-mixing technique should be applied in the future
to prevent bias in sample preparation and more commercial PBC prod-
ucts should be compared to evaluate the properties of PGBCs. Finally,
while the advantages of PGBCs make it attractive for clinical translation,
a tremendous amount of work is still required to refine PGBCs (or its
derivatives) to render it suitable for clinical translation, whereas com-
mercial PBC has been applied in the clinic for decades.

5. Conclusions

This study reported PGBCs, a self-expandable hydrophilic and oste-
ogenic composite exhibiting improved biomechanics and preserved
outstanding water uptake and volumetric expansion properties by syn-
thesis with GO. This modified material also showed a lower polymerizing
temperature and longer handling time. In addition, the biocompatibility
and osteogenic capability were assessed in vitro and in vivo and found to
be better than those of PBC due to the hydrophilicity and osteoinductive
effect of GO incorporation. Furthermore, no obvious disparities related to
biosafety were detected between PGBCs and PBC. Therefore, PGBCs
largely overcomes the drawbacks of conventionally used PBC, including
the volumetric shrinkage, high elastic modulus, toxicity, and poor
osseointegration. Additionally, the results also indicated that synthesis
rather thanmixing with GOwas the superior method for GOmodification
in this study. The findings of this study can provide new insight into the
research, development, and clinical translation of bone-filling materials.
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