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A B S T R A C T   

To improve the performance of polyether ether ketone matrix (PEEK) in hard tissue repair and replacement 
applications, we fabricated graphene nanoplatelet (G) reinforced PEEK with different filler weight concentrations 
(0.1%–5%) through injection moulding. The mechanical properties, surface morphology, chemical composition 
and thermal stability of the composites have been characterized. The biocompatibility has been assessed in vitro 
and the bone repair function of the composite implants have been assessed in vivo using a rabbit mandibular bone 
defect model. Mechanical testing results suggest that the composite samples have compressive moduli similar to 
that of the natural bone. Although addition of G into PEEK does not significantly influence the composite tensile, 
flexural or compressive moduli, it can significantly enhance the ductility and toughness of the material. On the 
other hand, all G-reinforced PEEK implants demonstrated enhanced adhesion and differentiation of rat bone 
marrow stromal cells (BMSCs), with 5% G-PEEK showing the highest bioactivity among all samples. The in vivo 
osseointegration data further revealed that 5% G-PEEK has the best effect in promoting osseointegration and 
bone regeneration, in both early stage and late stage bone re-growth. Study shows that our G-reinforced PEEK- 
based implants provides a promising strategy for enhancing the performance of future regenerative bone 
implants.   

1. Introduction 

In recent decades, the rapid increase of the global aging population 
and rise in orthopedic injuries/diseases have led to stronger demand in 
hard tissue implants. Traditionally, metal-based (e.g. Ti alloy, stainless 
steel) [1] hard tissue implants are commonly used to repair hard tissue 
defects [2,3]. However, the significant difference between the elastic 
moduli of these metallic implants and that of human bone can lead to the 
“stress-shielding” effect, which usually results in bone resorption/loss 
and eventually the implant failure [1]. As a result, revision surgeries are 
often required, which could lead to increased pain, risks of infections 
and hospital costs. To date, stress shielding still remains the on-going 
clinical concern in orthopedics and the demand for implants which 
can offer appropriate load-bearing capabilities are highly desirable. 

Polyether ether ketone (PEEK) is a widely used engineering 

thermoplastic material [4,5]. In recent decades, it attracted great in-
terest in the area of biomedical implants due to its excellent biocom-
patibility and mechanical properties similar to that of the natural bone 
[6]. It is radiolucent and remains stable during sterilization process [7, 
8]. As a result, PEEK has been widely used in biomedical applications 
such as spine, skull and hip joint replacements [9,10]. Nevertheless, its 
lack of osteointegration due to bio-inertness may lead to formation of 
fibrous encapsulation followed by loosening/failure of the implant [11]. 
In order to address this issue, researchers have combined various 
bioactive nanomaterials, such as hydroxyapatite (HA) [12,13] and/or 
titanium dioxide (TiO2) [14] nanoparticles with PEEK to create nano-
composites with improved osteoconductivity in vivo. However, these 
ceramic based materials, when used as bulk reinforcement, can easily 
agglomerate at higher concentration, which may damage the composites 
structural integrity and lead to stress concentration sites that 
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compromise the composite tensile/fatigue properties [15], as well as 
toughness [12]. 

Over the past few years, functional nanomaterial graphene and its 
derivatives have been explored for diverse fields ranging from catalytic 
applications [16,17], sensing [18] to drug delivery [19,20], and tissue 
engineering [21], etc. In the tissue engineering field, graphene nano-
platelet (G) was found to promote adhesion, proliferation and osteo-
genic differentiation of human bone marrow stromal stem cells (BMSCs), 
showing their great potential in tissue regeneration [22,23]. Because of 
its excellent mechanical strength/stiffness as well as other unique 
functionalities such as high thermal/electrical conductivity [24–27] and 
photothermal conversion properties [28], G has been incorporated into 
a range of polymers to form nanocomposites for various structural and 
functional applications. To date, G has been incorporated into a wide 
range of polymers such as (PCL [28], PLA [29], hydrogels [30], etc) to 
produce nanocomposites for bioapplications, however, the studies on G 
reinforced PEEK nanocomposite is still in its infancy. 

Table 1 summarized the recent studies of composite systems consist 
of G and PEEK. For instance, Yan developed G coated carbon fiber- 
reinforced polyether ether ketone (CFR-PEEK) through a free-standing 
polymethyl methacrylate (PMMA)–G surface membrane, followed by 
dissolution of PMMA [7]. Results showed that the G surface modifica-
tion could promote the proliferation and osteogenic differentiation of 
BMSCs on the implant surface. However, the interfacial interaction be-
tween G and the composite was not characterized and the longevity of 
the coating remains unknown. Arif et al. developed carbon nanotubes 
(CNT) and G reinforced PEEK composites and produced 3D printed 
structures through additive manufacturing utilizing in-house nano-
engineered filaments [31]. The thermal and mechanical properties of 
their composites can be manipulated by adjusting the CNT/G ratio, 
however, the potential of such composite for biomedical applications 
has not been verified in vitro or in vivo. From the literature, no work has 
been conducted to date to investigate the tissue regeneration properties 
of melt-processed bulk reinforced G-PEEK composites. 

In the present study, G reinforced PEEK nanocomposites were pro-
duced through injection moulding process. In comparison to other 
synthetic routes for manufacturing polymer nanocomposites (such as 
solution mixing, in situ polymerization, etc), injection moulding has the 
advantages of solvent free processing, scalable production, and excellent 
nanofiller dispersion achieved through low melting temperature and 
high shear [28]. The effect of G loading on the properties of the resulting 
composites has been investigated thoroughly using a wide range of 
characterization techniques. The biocompatibility and tissue regenera-
tion ability of the composites were also evaluated in vitro and in vivo. To 

the best of our knowledge, this is the first development of injection 
molded G reinforced PEEK composites with desirable mechanical and 
biological performance which have been demonstrated successfully for 
hard tissue implant applications. 

2. Materials and methods 

2.1. Materials and preparation 

PEEK powder (Jilin Joinature Polymer Co., Ltd., China) with average 
particle size of 25 μm was dried at 80 ◦C for 12 h before use. Graphene 
nanoplatelets (G, 5 layers) with average radial size of 2 μm was pur-
chased from the Sixth Element Materials Technology Co., Ltd (Changz-
hou, China). PEEK powder with different G weight concentration was 
mixed with absolute ethanol (1 g powder mixture in 10 ml ethanol) and 
magnetically stirred for 30 min at room temperature. The PEEK/G 
mixture were then extracted by vacuum filtration and dried in a 60 ◦C 
oven until no further weight loss. G-PEEK composites with different G 
weight concentrations (0, 0.1, 0.5, 1, 2, 5%) were prepared by injection 
moulding using SJZS-10A mini conical twin-screw extruder (Ruiming 
Plastics Machinery Manufacturing Company, China) at 367 ◦C and a 
screw speed of 40 rpm. From the previous report, fully intermeshing, co- 
rotating twin screw was considered as one of the most effective methods 
of achieving high levels of dispersion and distribution for a range of 
nano-particles in highly viscous polymer melts [27]. Melt products were 
injected into metal mould using a mini-injection machine (SZS-20, 
Ruiming Plastics Machinery Manufacturing Company, China) to form 
compressive testing, tensile testing and flexural testing coupons, the 
dimensions of which comply with GB/T 9341–2008/ISO 178:2001, 
GB/T 1041–2008/ISO 604:2002, and GB/T 1040.1–2006/ISO 
527–1:1993, respectively [21]. The finished coupons were annealed at 
200 ◦C for 2 h and cooled down to room temperature naturally. 

2.2. Characterization 

The mechanical properties of all coupons were tested using a uni-
versal mechanical testing machine (MTS, model E45) following estab-
lished methods [21]. The speed was set to 10 mm/min for tensile test, 
and 4 mm/min for compressive and flexural tests. Morphology of the 
tensile fractured section was analyzed using Scanning electron micro-
scope (SEM, FEI Inspect F50, USA). The surface wettability was analyzed 
by measuring the contact angle using a surface tensiometer (TL101, 
Biolin Scientific AB) at five random locations for each sample and the 
average was taken. X-ray diffraction (XRD, DX-2500, China) was used to 

Table 1 
Recent studies on PEEK and its composite systems with graphene modification.  

Matrix Fillers Fabrication methods Key material 
functionality 

Targeted application In vitro experiment In vivo experiment References 

PEEK Graphene 
nanoplatelets 

Fused filament 
fabrication 

Multifunctional 
performance 

Orthopedics, oil and 
gas, automotive, 
electronics and space 

Not performed Not performed [31] 

PEEK Graphene 
nanoplatelets 

Melt-mixing 
techniques 

High temperature 
adhesives 

A lap shear joint Not performed Not performed [32] 

PEEK/S: 
PEEK/Short 
carbon 
fiber/PTFE 
hybrid 

Graphene 
nanoparticles 

Milling and melt 
blending 

Improvement on 
tribological 
performance 

Polymeric engineer 
materials design and 
synthesis 

Not performed Not performed [33] 

PEEK Graphene 
nanoplatelets 

Melt and cold 
crystallization 

Varied correlation 
length of the crystal 

Crystallization change 
and chain mobility of 
polymer 

Not performed Not performed [34] 

PEEK Carbon fiber/ 
Graphene power 

PMMA–graphene 
membrane bonding 

Bioactivity and 
osseointegration 
enhancement 

Implants for clinical 
applications 

BMSCs attachment 
and osteogenic 
differentiation 

Rabbit extraarticular 
graft-to-bone 
healing model 

[7] 

PEEK Graphene 
nanoplatelets 

Melt-compounding 
and injection- 
moulding 

Thermal 
conductivities 
improvement 

Not specified Not performed Not performed [35]  
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investigate the crystal structure of PEEK and G-PEEK. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) were 
carried out by a thermal analysis system (TGA/DSC2, Switzerland) in 
the temperature range 25 ◦C–1500 ◦C in N2 atmosphere at a heating rate 
of 20 ◦C/min. TEM images were recorded by Transmission electron 
microscope (TEM, Tecnai G2 F20 S-TWIN, FEI, USA). 

2.3. In vitro test 

BMSCs from 1-week-old SD rats (Chendu Dossy Experimental Ani-
mals CO., LTD，China) were cultured in α Minimum Eagle’s medium 
(α-MEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, 
Gibco, USA), and 1% penicillin and streptomycin (Hyclone, USA). The 
cells were incubated at 37 ◦C in a 95% humidified atmosphere with 5% 
CO2. The culture medium was replaced every 2 days. Cells of the 2nd to 
4th passages were used for the following experiments. 

2.3.1. Cell proliferation 
Cell proliferation was tested using Cell Counting Kit-8 (APExBIO, 

USA) after the cells were cultured on the sample (10 mm × 10 mm x 1 
mm) surface for 1, 3, 5 and 7 days. For each group (n = 3), 2 × 104 viable 
cells were seeded per sample with α-MEM being the blank control. At 
each predetermined time interval, the samples were rinsed by 
phosphate-buffered saline (PBS) 3 times to remove unattached cells and 
transferred into a new 24-well plate, which contains 500 μL 10% CCK-8 
solution (APExBIO, USA) in each well. The plates were incubated in dark 
condition at 37 ◦C for 1 h 100 μL solution from each group was trans-
ferred in triplicates into 96-well plates and read at 450 nm using a 
microplate reader (Multiskan FC, Thermo Scientific, America). Cell 
cycle was tested by Cell cycle detection kit (KeyGen BioTECH, Jiangsu) 
after being cultured for 3 days using flow cytometer (BECKMANCytomic 
FC 5000). Briefly, cells from each group were collected, fixed with 
ethanol and co-cultured with propidium iodide (PI) for 30 min. The cell 
cycle was determined by measuring the PI fluorescence intensity of each 
cell. 

2.3.2. Cell attachment 
The cells were cultured on the surface of the samples in a 24-well 

plate at a density of 2 × 104 viable cells per sample. After 2 h of incu-
bation, cells were fixed with 2.5% glutaraldehyde at 4 ◦C overnight and 
then rinsed with PBS 3 times. Afterwards, the cells were observed using 
confocal laser scanning microscope (CLSM; LSM700, Carl Zeiss, Ober-
kochen, Germany). The cells were also dehydrated in graded ethanol 
solutions (30%, 50%, 70%, 90%, 100%, 100%) and sputtered with gold 
for SEM analysis. 

2.3.3. Cell differentiation 
For alkaline phosphatase (ALP) activity assay, the cells were seeded 

on the samples (10 mm × 10 mm x 1 mm, n = 3）for 1 day at a density of 
2 × 104 cell/sample and the culture medium was changed to osteoblast- 
inducing conditional medium, which was supplemented with 10 mmol/ 
L β-Glycerophosphate (β-GP), 0.1 μmol/L Dexamethasone (DXMS), and 
50 mg/L Vitamin C. 1 week after inducing differentiation, the cells on 
the sample surface were lysed and the lysis buffer was collected for 
determining the ALP activity and total protein using ALP test kit 
(Beyotime, China) and BCA protein assay kit (Beyotime, China) 
following the manufacturer’s protocol. The ALP activity values were 
normalized to the total protein concentration. 

For Western Blot Assay, the cells were cultured for 7 days following 
the method outlined above. Total proteins were collected using RIPA 
lysate (Saiguotech, China). After adding the loading buffer (Solarbio, 
China), gel electrophoresis was carried out. The protein bands were 
transferred to a PVDF membrane and sealed with 5% skim milk for 1 h. 
The samples were then incubated with anti-GAPDH，anti-ALP, anti- 
Runx-2, and anti-OPN primary antibody (1:2000 dilution; Abcam, UK) 
overnight at 4 ◦C followed by secondary antibody (1:5000 dilution; 

Abcam, UK) for 60 min at room temperature. ChemiDoc MP imaging 
system (Bio-Rad, USA) was used to record the protein bands. 

For quantitative Real-Time PCR Analysis (qRT-PCR), the cells were 
cultured for 5 days following the method outlined above. Total RNA was 
extracted from cells using Trizol reagent (Bioteke, China) following the 
manufacturer’s protocol. RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, USA) was used for reverse transcription. qRT- 
PCR was completed using a SYBR premix EX TaqTM PCR kit (Takara, 
Japan) to evaluate the mRNA levels of ALP, Runx2, OPN. The mRNA 
levels were normalized to the housekeeping gene GAPDH. 

2.4. In vivo test 

12-week-old male New Zealand Rabbits (2.5 Kg ± 0.3 Kg, Chendu 
Dossy Experimental Animals CO., LTD，China) were chosen to establish 
the mandibular bone defect model. Rabbits were randomly assigned into 
four groups. Animal feeding and handling were in line with the Inter-
national Guidance on Animal Welfare and the Standards of the Animal 
Ethics Committee of the State Key Laboratory of Oral Diseases and West 
China School of Stomatology, Sichuan University, China (Approval 
number: WCHSIRB-D-2017-278). Rabbits were shaved after anesthesia 
(Zoletil-50, France). The composite implant (0, 0.1, 1, 5 wt% G-PEEK) 
was inserted into the defect (L = 4 mm, W = 1 mm and D = 3 mm) 
created in the toothless area between the mandibular incisors and mo-
lars. Daily penicillin (80wU, North China Pharmaceutical Group Cor-
poration Veterinary CO., LTD.) injection was given for 3 days after the 
surgery to prevent infection. The rabbits were randomly selected and 
sacrificed 4 and 12 weeks after the surgery. The extracted mandible 
bone with inserted implant was fixed in 4% paraformaldehyde for 1 
week. 

2.4.1. Micro CT evaluation 
The extracted mandible bone with inserted implant of each group (n 

= 3) were scanned with Micro-CT (Scanco Medical μ-CT 50, 
Switzerland). The volume of interest (VOI = 100 slices) around the 
implant’s center point with a rectangular area of 250 μm to the surface 
of the implant, was evaluated. The bone volume per total volume (BV/ 
TV), mean trabecular number (Tb.N), mean trabecular separation (Tb. 
Sp) and mean trabecular thickness (Tb.Th) were determined after 
reconstruction of the VOI. 

2.4.2. Histological analysis 
The samples from each group (n = 3) were dehydrated in graded 

ethanol solutions (60%, 80%, 90%, 100%, 100%). Technovit 7200 VLC 
embedding solution (Heraeus Kulzer，Germany) was used for embed-
ding the dehydrated samples. The embedding & polymerization ma-
chine (EXAKT E520, Germany) was used to promote coagulation of the 
samples. The samples were sliced into 100 μm slices using a slicing 
machine (EXAKT E300CP, Germany) followed by polishing using graded 
sandpapers (320, 800, 1200, 2500 grit) to obtain <50 μm thick slices. 
The slices were cleaned by sonication for 3 min before staining with 
methylene blue and acid magenta. Image J was used for the bone- 
implant contact ratio analysis. 

2.5. Statistical analysis 

Data were expressed as mean and standard deviation and analyzed 
using SPSS 16.0 software (SPSS, USA) to determine the level of signi-
ficance. One-way ANOVA followed by Bonferroni’s multiple comparison 
was applied for the statistical analysis. Values of p < 0.05 were 
considered to be statistically significant; levels of significance were 
presented as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). 
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3. Results and discussions 

3.1. Materials characterization 

Fig. 1 summarized the mechanical testing results of all samples. 
Fig. 1a shows the typical stress-strain curves obtained from the flexural 
testing, where curves for all samples display similar profile. While the 
flexural moduli of 0.1% G-PEEK and 0.5% G-PEEK are similar to that of 
the pure PEEK, further addition of G (1%) has led to approximately 10% 
increase in the composites flexural moduli, which gradually decrease 

when G concentration increases to 5% (see Fig. 1b). For compressive 
testing (Fig. 1c–d), the stress-strain curves of all samples again have 
similar profile. The compressive moduli of all samples are in the range of 
2158–2649 MPa, similar to that of the natural cancellous bone (1, 
500–2, 500 MPa) [19]. It is also noted that 5% G-PEEK showed 14% 
decrease in compressive modulus in comparison to pure PEEK. The ul-
timate tensile strength of all samples are in the region of 100–110 MPa 
(see Fig. 1e). Strain at break data in Fig. 1f suggests the ductility of the 
composites varies significantly with different G concentration, with 
0.5% G-PEEK showing the greatest enhancement in strain at break 

Fig. 1. The stress-strain curves (a) and moduli (b) obtained from flexural testing. The stress-strain curves (c) and moduli (d) obtained from compressive testing. The 
stress-strain curves (e) and (f) the stain at break for G-PEEK composites. 
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(114.33% increase) followed by 0.1% G-PEEK (88.29% increase) and 
1% G-PEEK (82.04% increase). The ability of G-PEEK composite to 
absorb the energy up to fracture was calculated following the estab-
lished procedure [36], and result has been listed in Table 2. It can be 
seen that at lower G concentration (e.g, 0.1% and 0.5% G-PEEK), the 
toughness of the composites has been enhanced more substantially, with 
0.5% G-PEEK having the greatest toughness (21.58 103kJ/m3). This is 
150% greater than the toughness of pure PEEK and is even greater than 
the toughness of the previously reported super tough graphene oxide 
reinforced PEEK [19]. Further increasing G concentration has led to 
declined toughness. This may be due to the increased G concentration 
may lead to filler agglomeration, which served as stress concentration 
sites and compromised the composites structural integrity [19]. 

The tensile fractured surface of G-PEEK samples was presented in 
Fig. 2a–f. The fractured surfaces of 0.5% G-PEEK and 1% G-PEEK feature 
ductile fracture, while the 2% G-PEEK and 5% G-PEEK fractured sur-
faces are typical of brittle fracture, suggesting the interaction between G 
and the PEEK matrix is greatly influenced by the G concentration. The 
observation is also consistent with the toughness data. Fig. 3 shows the 
typical TEM images of G-PEEK. The contours of the embedded G are 
clearly visible, indicating the G has retained its 2D structure. It can be 
observed from the images that for G at higher concentration (e.g. 5%) 
shows sigh of agglomeration. Such agglomeration may serve as stress 
concentration sites and damage the he material integrity. This may 
partly explain the declining trend of the composite mechanical proper-
ties at higher concentration. 

The crystallinity of G-PEEK composites was studied by XRD (Fig. 4a). 
The peaks at 18.8◦, 20.8◦, 22.8◦, and 28.9◦ can be attributed to the pure 
PEEK crystal planes (110), (111), (200), (211), respectively [37]. The 
XRD data shows also the graphitic peak of G at 26◦; attributed to the 
(002) planes of GNP [38]. The slight shift of the PEEK peaks towards 
higher 2θ after addition of G signifying a change in the samples’ crys-
tallinity [39], which was later verified by the DSC analysis. It is worth 
noting the characteristic peak for G disappeared in all G-PEEK com-
posites samples. The reason for this remains unclear, and it could be due 

Table 2 
The energy absorbed up to fracture for composites with different G 
concentrations.  

G concentration 
(wt%) 

0 0.1 0.5 1.0 2.0 5.0 

Energy (103kJ/ 
m3) 

8.38 
±

1.26 

17.51 
± 0.71 

21.58 
± 0.15 

18.14 
± 1.34 

12.15 
± 2.15 

8.86 
±

0.11  

Fig. 2. Low- and high-magnification SEM images of tensile fracture surface of PEEK (a), 0.1% G-PEEK(b), 0.5% G-PEEK (c), 1% G-PEEK (d), 2% G-PEEK (e), 5% G- 
PEEK (f). 

Fig. 3. TEM images of G-PEEK with low (a) and high magnifications (b).  
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to the partial overlapping of G (002) peak with the shifted PEEK (200) 
peaks. 

Given 0.5% G-PEEK demonstrates the best toughness property 
amongst all samples, it was chosen for further thermal analysis and 
compared with pure PEEK. TGA analysis (Fig. 4b) shows that the weight 
loss of 0.5% G-PEEK is 48.13% up to 900 ◦C, which is 0.20% lower than 
that of PEEK. Above 900 ◦C, the weight loss of 0.5% G-PEEK is 8.0%, 
which is 14.63% lower than that of PEEK. According to the DSC analysis 
(Fig. 4c), both 0.5% G-PEEK and pure PEEK have a melting point around 
334 ◦C, and the endothermic peaks around 600 ◦C can be attributed to 
the dehydrogenation and decomposition of polymer segments. The 
crystallinity of 0.5% G-PEEK is 31.54%, much higher than that of the 
pure PEEK (23.16%). This is in line with the peak shift seen in XRD 
analysis, and is indicative of a strong nucleation effect of the G during 
the melt processing [27]. The chemical information of selected 0.5% 
G-PEEK composite sample has been analyzed using XPS (see Fig. 4d–f 
and Figs. S1–3). The signal of C–C/C–H bond at 284.60 eV, C–O bond at 
286.20 eV and C––O bond at 289.30 eV are evident in Fig. 4e. It is worth 
noting that the peak at 292.1eV signifies the formation of π-π* conju-
gated structure. This indicates the strong interaction between G and 
PEEK within the G-PEEK composites. Other characteristic peaks asso-
ciated with oxygen containing groups are shown in Fig. 4f, where 
531.20 eV has been attributed to O––C and 533.20 eV to O–C. 

3.2. In vitro cell behavior 

Cell Proliferation. Cell proliferation is a key parameter for evaluation 
of biocompatibility. CCK-8 assay results (Fig. 5a) show that the cell 
viability of the control group (pure PEEK) and all G-reinforced PEEK 
implants increased on a daily basis, which indicates that all the materials 
under testing have good biocompatibility. There is no statistically sig-
nificant difference in the cell viability among all groups (p > 0.05). In 
addition, the OD values of all G-PEEK groups do not differ significantly 
at any time interval, suggesting the ability of G modification to accel-
erate cell proliferation is limited. The cell cycle progression was further 
examined by flow cytometry (FCM). The results (Fig. 5b–c and Fig. S4 
show that despite the significant difference in G concentration, the 
quantities of cells in the S phase are similar among all G-reinforced PEEK 
implants (p < 0.05). Previous studies suggest that G-reinforcement on 
titanium implants could enhance pre-osteoblast cells proliferation when 
compared with pure titanium [40,41]. However, we did not observe the 
same impact of G on PEEK matrix even at the highest G concentration 
(5%). It is widely accepted that the cell proliferation, particularly that of 
BMSCs, is sensitive to the surface topography and surface energy of the 
biomaterials [42]. The similar cell proliferation behavior across the 
implant groups under testing may be related to the similar surface 
topology/hydrophilicity across all samples, see Fig. S5 and Fig. S6. 

Cell Adhesion. After 2 h of incubation of BMSCs on different implant 

Fig. 4. XRD of G and G-PEEK (a); TGA (b) and DSC (c) of PEEK and 0.5% G-PEEK; XPS survey (d), deconvolution of (d) C1s and (e) O1s peak of 0.5% G-PEEK.  

Fig. 5. Proliferation assay of BMSCs cultured on different samples. (a) Proliferation rate of BMSCs after cell seeding 1–7 days. (b) FCM analysis for cell cycle. (c) 
Quantitative analysis of FCM results. 
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surfaces, the cell adhesion status reflected by cell morphology were 
illustrated in the SEM and CLSM images. On the control surface, globular 
cells exhibit limited spreading in spite of the abundant filopodia found 
on the cells’ leading edge (Fig. 6a). In contrast, BMSCs on the G-rein-
forced samples show much better spreading, ellipsoidal with lamelli-
podia on 0.1% G-PEEK and 0.5% G-PEEK, or featuring polygonal 
morphologies on 1% G-PEEK, 2% G-PEEK, and 5% G-PEEK, respectively. 
This is accompanied by the increasingly organized cytoskeletons as 
revealed in the CLSM images in Fig. 6b. In addition, cells anchored to the 
G-PEEK implants displayed better interconnected lamellipodia, which is 
consistent with the distinctly higher F-actin expression. Since the surface 
morphology and wettability of the implants are similar, the results 
suggest that the genesis and development of cellular adherent junctions 
can be directly influenced by chemical composition of the material. Our 
data suggests that G modification can improve BMSC adhesion, and such 
effect is strengthened as G concentration increases. 

Cell Diff erentiation. The ability to stimulate osteogenic differentiation 
of BMSCs is a crucial requirement for long-term use of bone graft 

materials, and it can be impacted by the material chemical composition, 
surface morphology, etc [43]. As shown in Fig. 7a, after 7 days of cell 
seeding, the relative ALP activity of BMSCs cultured on the G- PEEK 
samples are significantly greater than that of the control sample (p <
0.01), and the BMSCs on 5% G-PEEK show the highest value (p < 0.001). 
The mRNA expression of ALP, unt-related transcription factor 2 
(Runx-2) and osteopontin (OPN) of BMSCs cultured on the different 
samples were also assessed (Fig. 7b). Compared to the control sample, 
ALP, Runx-2 and OPN expression levels are prominently upregulated in 
the G-PEEK samples (except 0.1% G-PEEK). Similar to results of the ALP 
activity assay, the strongest osteogenesis enhancement reflected by 
Runx-2 (the early marker in osteoblastic differentiation), and OPN (a 
late-stage marker), is found on 5% G-PEEK samples. Subsequently, the 
protein expression level of osteogenic factors of BMSCs on different 
samples has been determined. As shown in Fig. 7c, protein expression of 
ALP, Runx-2 and OPN are upregulated as G concentration increases, and 
the result was further quantified in Fig. 7d. 

Fig. 6. BMSC morphology after 2-h incubation in each group investigated by SEM (a) and DAPI and F-actin expression (b).  

Fig. 7. The osteogenic differentiation of BMSCs on different samples. The ALP activity of BMSCs after 7 days of cell seeding (a). The mRNA expression levels of ALP, 
Runx-2 and OPN detected by qRT-PCR (b). Western blot assay showing expression of ALP, Runx-2 and OPN (c,d). *p < 0.05; **p < 0.01; ***p < 0.001. 
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3.3. In vivo study 

Since 0.5%, 1% and 2% G-PEEK had similar in vitro performance, 
only the control, 0.1% G-PEEK, 1% G-PEEK and 5% G-PEEK were 
selected for the in vivo study. Weeks 4 and 12 post-surgery were chosen 

to represent the early stage osseointegration and the late stage of bone 
growth, respectively. Successful healing has been achieved in all four 
groups and all the endosseous implants remained well-positioned inside 
the mandible. Schematic in Fig. 8 illustrates the mechanism involved in 
the bone repair process. 

Micro-CT images in Fig. 9 shows the effects of G-reinforced PEEK on 
osseointegration and effects of different G concentrations. Compared 
with the control and 0.1% G-PEEK, 1% G-PEEK and 5% G-PEEK are 
surrounded with greater amount of bone. Based on quantitative analysis, 
BV/TV, Tb.Th and Tb.N increase and Tb. sp decreases with increasing G 
concentration. The results of week 4 and 12 are consistent. Although 
there is no statistic difference in Tb.Th, Tb.N and Tb. sp amongst all 
groups, 1% G-PEEK and 5% G-PEEK have remarkably boosted BV/TV (p 
< 0.01) compared with the control. In addition, the images of 
undecalcified sections with PEEK materials and the corresponding his-
tomorphometry corroborate the Micro-CT results. As shown in Fig. 10, 
G-PEEK samples are covered with a greater amount of bone tissue in 
contrast to the control PEEK, especially for week 12 after surgery. The 
greatest amount of dense and thick bone can be found on the 5% G-PEEK 
implant surface, suggesting the best interfacial bonding with the sur-
rounding trabeculae and the best bone reformation performance. 

Fig. 8. Schematic diagram showing how G-PEEK promotes bone repair.  

Fig. 9. Micro-CT images showing the VOI in transverse planes and qualitative analysis of osseointegration 4 and 12 weeks after surgery. **p < 0.01.  
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Quantitatively, 5% G-PEEK group shows the greatest BV/TV among all 
groups (p < 0.01) at any point of time, and 1% G-PEEK (p < 0.05) 
showed higher BV/TV value than the control at week 12. Both 1% G- 
PEEK and 5% G-PEEK demonstrated superior BIC when compared with 
the control (p < 0.001) in week 4 while all G-PEEK groups showed 
greater BIC value than the control (p < 0.05) after a 12-week period of 
peri-implant new bone accumulation. The experimental results suggest 
that all G-PEEK samples possess excellent bioactivity and the capability 
to integrate with the new bone with 5% G-PEEK showing the best per-
formance in general. 

Various studies have confirmed the osteogenic effect of G in implant 
materials [44], However, the use of G in PEEK based implant is still in its 

infancy. In the current study, both in vitro and in vivo results demonstrate 
that 5% G-PEEK has the best performance in promoting cell adhesion, 
osteogenic differentiation and osseointegration - the three key factors 
for assessing materials’ biological properties in vitro. In consideration of 
the undifferentiated cell proliferation on all groups, the promoted 
osseointegration and bone regeneration in vivo should originate from 
other cell-material interactions besides cell proliferation. It has been 
accepted that the cell spreading and cell–cell, cell–substrate interactions 
are crucial for regulation of bone regeneration [45]. Kim et al. reported 
that the G-based substrate could influence cell morphology and inter-
action, which might be a possible explanation for the enhanced bone 
regeneration [46]. Our results further support this claim. Moreover, the 

Fig. 10. Undecalcified sections of implants and quantitative evaluation results of each group 4- or 12-weeks post-surgery. *p < 0.05, **p < 0.01, ***p < 0.001.  
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in vivo osteogenic enhancement may also be due to that BMSC 
differentiation towards adipocytes has been greatly suppressed by G, as 
insulin, a key regulator for the synthesis of fatty acids, can be denatured 
due to π-π* formation on G [47]. 

It is noteworthy that the in vivo performance of G-reinforced PEEK is 
improved as G concentration increases, and the beneficial bone regen-
eration effect peaks at 5% G in our study. Nonetheless, high G concen-
tration (greater than 1 wt%) can lead to declined composite toughness. 
Therefore, in practical use of G-PEEK, consideration should be given to 
balancing the demand for the biological performance and mechanical 
properties when selecting the suitable implant composition. 

4. Conclusion 

In the present study, G was introduced into PEEK to produce bone 
implant material via injection moulding. Results show that addition of 
0.1 and 0.5 wt% G can lead to significantly enhanced composite 
toughness. The bioactivity of PEEK has been significantly improved after 
G modification. Increased osteogenesis and osseointegration were 
observed on the G-PEEK implants with increasing G concentration, with 
5% G-PEEK demonstrating the best tissue regeneration performance 
both in vitro and in vivo. The promising results show the strong potential 
of our G-reinforced nanocomposites in future bone implants (such or-
thopedic and dental devices) applications. However, high G concentra-
tion would lead to compromised mechanical properties (e.g. toughness). 
Therefore, in practical use of G-PEEK implants, one would need to bal-
ance the demand for the biological performance and mechanical prop-
erties when selecting the suitable G concentration for the composite 
implants. 
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