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Introduction: Polyetheretherketone (PEEK) has good biosafety and chemical stability for bone repair. However, PEEK is biologi-
cally inert and cannot promote bone apposition. This study investigated whether graphene-modified PEEK (G-PEEK) could improve
cell adhesion and osteogenic differentiation.

Methods: G-PEEK was prepared by melted blending and was characterized. In vitro, the biocompatibility of G-PPEK and the ability
to promote cell adhesion and osteogenic differentiation in rabbit bone marrow mesenchymal stem cells (rBMSCs) were examined
using live and dead cell double staining, the cell counting kit-8 (CCK-8) assay, immunofluorescence and quantitative real-time PCR
(QRT-PCR). An in vivo rabbit extra-articular graft-to-bone healing model was established. At 4 and 12 weeks after surgery, CT
analysis and histological evaluation were performed.

Results: In vitro, G-PEEK significantly improved the adhesion and proliferation of rBMSCs, with good biocompatibility. In vivo,
G-PEEK promoted new bone formation at the site of the bone defect.

Conclusion: G-PEEK showed excellent osteogenesis performance, which promises new applications in implant materials.
Keywords: polyetheretherketone, graphene, nanocomposites, cell adhesion, osteogenic differentiation

Introduction
In the current field of bone repair, various functional bioactive materials with excellent biocompatibility have emerged,
and many have been applied in clinical practice.' > The most widely used bone repair biomaterials are metal materials
with high elastic modulus such as titanium and its alloys.*> However, the high elastic modulus of metal differs
significantly from that of natural bone.® This mismatch will cause a stress shielding effect: the metal implant bears
a major load when the bone and the implant are simultaneously stressed, which may lead to adjacent bone atrophy or
implant failure.>” In addition, metal implants may interact with body fluids and undergo electrochemical corrosion, and
metal ions can act as haptens and cause an inflammatory response.®'°

Fabricating a bone implant material with an elastic modulus matching that of natural bone would be ideal to address
these problems. Polyetheretherketone (PEEK) is an aromatic thermoplastic polymer material with outstanding biosecurity
and chemical stability that is used in bone repair; intriguingly, it has properties similar to natural bone.'""'* PEEK is
currently used as the molding material for cranioplasty in cranial and maxillofacial surgery and is also used as the
intervertebral fusion apparatus in spinal surgery.'*'*

However, although PEEK meets the basic mechanical and biological requirements of a bone implant material, it is
biologically inert with a poor local osteogenic effect after implantation, which makes it challenging to achieve

osseointegration.'>'® This limitation strongly hinders the development of PEEK-based applications in orthopedics.
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Improving the biological activity of PEEK and endowing it with an osseointegration capability comparable to that of
metal implants is currently an active area of investigation in the field of PEEK matrix bone repair materials.'’

In recent years, the functional nanomaterial graphene (G) and its derivatives have been widely used in catalysis, drug
delivery, tissue engineering and other fields.'®?° Nanographene is a two-dimensional nanomaterial composed of carbon
atoms separated from graphite. It has gained considerable attention because of its high mechanical strength and excellent
biocompatibility.”' Nanographene can promote the adhesion, proliferation and osteogenic differentiation of bone marrow
stromal stem cells (BMSCs), showing its considerable potential in tissue regeneration.”? > The unique characteristics and
excellent biological properties of nanographene make it a powerful choice for the composite preparation of medical bone
repair materials.”* >’ G has been widely incorporated into polymers to form nanocomposites for various structural and
functional applications.”®>® Although surface-modified G-PEEK has been studied to enhance its biocompatibility,>* >
based on the literature, no work has been conducted to investigate the tissue regeneration properties of melt-processed
bulk-reinforced G-PEEK composites.

In this study, G-PEEK nanocomposites were prepared using an injection molding process. The effect of G loading on
composite properties was investigated through a wide range of characterization techniques. The biocompatibility,
osteogenic differentiation potential and tissue regeneration ability of the composites were evaluated in vitro and
in vivo, and we found that in addition to having ideal mechanical properties, G-PEEK could significantly enhance the
biocompatibility and promote the osteogenic differentiation of rBMSCs. We believe that G-PEEK implants provide
a promising strategy for enhancing the performance of future regenerative bone implants.

Materials and Methods
Characterization of PEEK and G-PEEK

The surface details of the different morphologies of all coupons were tested using scanning electron microscopy (SEM,
FEI Inspect F50, USA). The surface roughness and nanoscale surfaces were analyzed by atomic force microscopy (AFM,
SPM-9600, Japan). Each sample was measured at six random areas, and the average roughness value was recorded.
X-ray diffraction (XRD, DX-2500, China) was used to confirm the surface crystallinity of all samples.
Thermogravimetric analysis (TGA) was performed with a thermal analysis system (TG 209 F1, Germany). The process
was conducted in the temperature range of 25-1500 °C under a N, atmosphere with a constant heating rate of 20 °C/min.
The water contact angle (CA) was used to assess the wettability of the surface of the samples. The mechanical properties
of all coupons were tested using a universal mechanical testing machine (MTS, Exceed E45, China) following
established methods. The speed was set to 4 mm/min for compressive and flexural tests.

In vitro Examination of Cytotoxicity

Live and dead cell double staining was used to investigate cell survival in each group. -BMSCs were cultured on the
surface of tested samples in a 24-well plate. On Days 1, 3, 5, and 7, the cells were rinsed with phosphate-buffered saline
(PBS). A fluorescein diacetate (FDA, Sigma, USA) and propidium iodide (PI, Solarbio, China) mixture (5 pg/mL of each
dye) was used to double-dye under dark conditions at 37 °C for 30 min followed by washing in PBS three times to
remove excess dye. The samples were kept moist, and the cell condition was observed and imaged under the green and
red channels using a laser confocal microscope (TCS SP8, Leica, USA).

Cell Adhesion and Proliferation Analysis Using rBMSCs
Rhodamine phalloidin (Solarbio, China) was used to stain microfilaments. rBMSCs were incubated at 37 °C and 5% CO,
for 2 h and then rinsed with PBS followed by fixation in 4% paraformaldehyde for 15 min. After rinsing with PBS three
times, the cells were dyed with rhodamine phalloidin for 30 min and 4’,6-diamidino-2-phenylindole (DAPI) for 3 min.
The samples were kept moist, and the cell conditions were observed and imaged under the red and blue channels using
a laser confocal microscope.

After -BMSCs were cultured on the surface of the samples (10 mm x 10 mm % 1 mm) for 1, 3, 5 and 7 d, cell
proliferation was tested using CCK-8 (APE x BIO, USA). For each group (n=3), 2x10* viable cells were seeded per
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sample, with a-minimal essential medium (a-MEM) as the blank control. At each predetermined time interval, samples
were rinsed 3 times with PBS to remove unattached cells and transferred to new 24-well plates containing 500 pL of 10%
CCK-8 solution (APE x BIO, USA) per well. The plates were incubated in the dark at 37 °C for 1 h, and 100 pL of each
solution was transferred into 96-well plates in triplicate and read at 450 nm using a microplate reader (Multiskan FC,
Thermo Scientific, USA).

Quantitative Real-Time PCR

qRT-PCR was used to quantify the mRNA expression of adhesion-related and osteogenic differentiation-related genes in
the cells of each group. After culture for 2 or 6 h, total RNA was extracted from the cells according to the manufacturer’s
protocol (Takara, USA). Nanodrop plates (Tecan Infinite M200, USA) were used to measure the concentration and purity
of RNA. The RNA content in each group was adjusted to 1 pg, and reverse transcription was performed using the
PrimeScript RT Reagent Kit (Bio-Rad, USA). qRT-PCR was performed with a CFX96 fluorescence quantitative PCR
machine (Bio-Rad, USA), and the key adhesion-related genes integrin 1, vinculin, intercellular cell adhesion molecule-1
(ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) were assessed. f-actin was used as the reference gene to
standardize the expression levels of other genes. The standard AACt (threshold cycle) method was used to analyze the
experimental data. To detect osteogenic differentiation, the cells were cultured for 5 d following the method outlined
above. qRT-PCR was completed using a SYBR premix EX Taq PCR kit (Takara, Japan) to evaluate the mRNA levels of
alkaline phosphatase (ALP), run-related transcription Factor 2 (Runx2), and osteopontin (OPN). The mRNA levels were
normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

In vivo Evaluation by Micro-CT and Histological Analysis

Male New Zealand rabbits (2—3 months old, 2.5 kg + 0.3 kg) were obtained from Chengdu Dossy Experimental
Animals Corporation. All animals were acclimated under standard laboratory conditions and had free access to standard
water and food. All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals (8th edition, NIH Publications) and were approved by the Animal Ethics Committee of the State Key
Laboratory of Oral Diseases and West China School of Stomatology, Sichuan University (approval number:
WCHSIRB-D-2017-278).

The rabbits were randomly divided into 4 groups (6 per group) for bone defect model preparation surgery after
anesthesia (Zoletil-50, France). The implants (PEEK and 0.1%, 1%, 5% G-PEEK) were embedded into a square defect of
4x1x3 mm created in the medial and lateral malleolus. The rabbits were randomly euthanized at 4 weeks or 12 weeks
postoperation. Samples were collected from the molding area.

The femoral bone samples collected at 4 weeks or 12 weeks postoperation were analyzed by micro-CT (Scanco
Medical Detachment -CT 50, Switzerland). After 3D reconstruction using the color distribution of trabecular thickness,
bone volume ratios (BV/TV) were measured. The femoral bones from each group (n=3) were fixed in 4% paraformal-
dehyde and dehydrated. After embedding, tissue samples were sectioned (EXAKT, Germany) into 50-100 um thick
slices. The newly formed bone was stained with methylene blue and acid magenta.

Statistical Analysis
Reported data are presented as the mean + standard deviation. The statistical significance of the collected data was
analyzed using a one-way ANOVA and multiple comparisons test. A p < 0.05 was considered statistically significant.

Results

Material Characterization

The surface morphology of G-PEEK samples is presented in Figure 1A. Compared with the control group (pure PEEK),
the surfaces of the G-PEEK samples showed a relatively coarse structure with uniform shallow pits. The more detailed
coating microstructure was revealed by AFM (Figure 1B), and all G-PEEK showed a peak-like structure on the
nanoscale. The quantitative results of roughness showed that the values of the vertical range (Rz) of 5% G-PEEK and

International Journal of Nanomedicine 2022:17 hetps: 5329
Dove:


https://www.dovepress.com
https://www.dovepress.com

Su et al Dove

PEEK 0.1% G-PEEK 1% G-PEEK 5% G-PEEK

PEEK
1696,

ﬂw <

100X 100fom] Z 00011695

D

] 0.1% G-PEEK .
weight(%) veight(%] T ————— %/min
140

140
Jas
pr6—| |
6A— | 10
. 1

120

0 40 60 S0 1000 1200 1400
Temperature(:C) Temperature(C)
IR 1% G-PEEK i 5% G-PEEK “%/min

—16| {05
L 605°C _609°C TGN 1 10

100x100 o] Z 0011714

1% G-PEEK

50 .
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Temperature(°C) Temperature(°C)

100X100fom] Z 00018957 om

Cc

Spm
_ E PEEK 0.1% G-PEEK 1% G-PEEK 5% G-PEEK
JM_V 73.49° 70.91° 68.43° 225

20/degree

Inensity(a.u.)

Figure | The characterization of PEEK and G-PEEK. (A) SEM images of samples. (B) AFM images of samples. (C) XRD of PEEK and G-PEEK. (D) TGA and DTG of G and
G-PEEK. (E) The water contact angle of PEEK and G-PEEK.

1% G-PEEK were statistically significantly higher than that of PEEK, and 5% G-PEEK had the roughest surface. There
was no significant difference between the 0.1% roughness and control groups (Table 1).

Figure 1C shows the XRD patterns of all samples. Compared with pure PEEK, new diffraction peaks were not
identified for surfaces with G-PEEK. G exhibited typical (002) peaks at 26.5°. As the concentration of G changed, the
typical peak for G disappeared in all G-PEEK composites. Additionally, a perceivable shift of the characteristic peak of
PEEK toward higher 20 was detected for all G-PEEK samples.

The thermal stability of the samples was investigated using TGA, and their decomposition curves are shown in
Figure 1D. The results showed that the weight loss of PEEK was 49.16%, whereas the weight loss of G-PEEK (0.1%,
1%, and 5%) was 48.95%, 48.44% and 46.78% lower, respectively, than that of PEEK. The degradation temperatures of
the maximum rate of weight loss for G-PEEK at 0, 1, 3, and 5% G were 605°C, 604°C, and 609°C, respectively, as
observed from the differential thermogravimetric analysis (DTG) curves. Pure PEEK exhibited the maximum rate of
weight loss at 604°C, which was not significantly different from that of G-PEEK.

Table | Quantitative Analysis of Surface Roughness by AFM

(Mean  SD)
Group Ra (nm) Rz (nm) Rq (nm)
PEEK 26.65+8.35 | 188.03+£46.7 39.25£13.86
0.1% G-PEEK | 18.41£4.68 | 226.38+73.19 24.5+5.88

1% G-PEEK 33.7849.32 | 443.51£141.02*% 46.04%13.51

5% G-PEEK 32.44+7.28 | 716.69 £276.35% | 52.59+17.14

Note: *Statistically significant difference compared with PEEK.
Abbreviations: Ra, Average Surface Roughness; Rz, Vertical Range; Rq, root-
mean-square surface roughness.
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Figure 2 Mechanical properties testing of PEEK and G-PEEK. (A) The modulus from compressive testing. (B) The modulus from flexural testing. The statistical significance
of reported data is represented as * (p <0.05), ns (P>0.05).

The water contact angle (CA) was used to investigate the hydrophilicity of the surface of the samples (Figure 1E). The
CA values of PEEK and G-PEEK (0.1%, 1%, and 5%) were 73.49°, 70.91°, 68.43°, and 62.25°, respectively (p < 0.05). The
variation in CA values on different surfaces may result from differences in surface structure and chemistry. The lower CA
value of the G-PEEK surface indicates special wettability, which may facilitate protein adhesion.

For compressive testing, the compressive modulus of all samples was in the range of 2271-2516 MPa (Figure 2A),
which is similar to that of natural cancellous bone (1500-2500 MPa).**-** The flexural modulus of 0.1% G-PEEK was
similar to that of pure PEEK. Further addition of G (1%) led to an approximately 12% increase in the flexural modulus of
the composites, which gradually decreased as the G concentration increased to 5% (Figure 2B). This result could occur if
the increased G concentration lead to filler agglomeration, which could serve as stress concentration sites and compro-

mise the structural integrity of the composites.**¢

Cytotoxicity Test

Live/dead cell staining is an intuitive way to observe whether material is toxic to the cells growing on it. The viability of
rBMSCs on PEEK and 0.1%, 1%, and 5% G-PEEK for 1, 3, and 5 d was characterized, and the results are shown in
Figure 3. At each time point, most cells showed excellent activity, and no dead cells were observed in any group, which
indicates that the biocompatibility of the material was not altered after graphene was applied.

Cell Adhesion and Proliferation

The cell morphology results of rBMSCs incubated on PEEK and G-PEEK for 2 h are shown in Figure 4A. Cells on PEEK
exhibited incomplete extension of cell protrusions, and the aggregation of actin filaments was observed on the periphery of
spherical cells. In the G-PEEK groups, cells showed a better spreading state, bundles of F-actin fibers appeared in the
attached cells, and the flat cells presented a typical polygon shape. The results were consistent with the quantitative analysis
of the area of F-actin expression. The cell spreading state was proportionate to the content of nanographene in the composite
materials. These results indicate that G-PEEK could significantly promote cell adhesion and spreading.

The CCK-8 assay results showed that the cell viability of the pure PEEK and all G-PEEK groups increased daily,
indicating that all groups had good biocompatibility (Figure 4B). There was no significant difference in cell viability
among groups (p > 0.05). In addition, the OD values of all G-PEEK groups did not differ significantly at any time
interval, suggesting that the ability of G modification to accelerate cell proliferation was limited.
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Figure 3 Fluorescent micrographs of rBMSCs cells cultured for |, 3 and 5 d on samples. Living cells (green) and dead cells (red) are shown. All scale bar lengths are 250um.

gRT—PCR Test

Integrin B1 and vinculin are important cell adhesion molecules that mediate cell adhesion to the substrate, and I[CAM-1
and VCAM-1 are significant for intercellular adhesion. The mRNA expression levels of vinculin, integrin f1, ICAM-1,
and VCAM-1 were measured using qRT-PCR after 2- or 6-h incubations. At both time points, the results revealed
elevated mRNA expressions of vinculin, integrin f1, ICAM-1, and VCAM-1 (Figure 5A and B), and 1% and 5%
G-PEEK significantly increased expressions compared with those of the control group, indicating that G-PEEK can
promote cell adhesion, and that cell adhesion is positively correlated with G concentration.

The mRNA expression levels of ALP, Runx2 and OPN in rBMSCs cultured on different sample surfaces were also
evaluated (Figure 5C). Compared with the control group, the expression levels of ALP, Runx2 and OPN in G-PEEK
samples were significantly upregulated (except for 0.1% G-PEEK). The strongest osteogenic enhancements reflected by
Runx2 (the early marker in osteoblastic differentiation) and OPN (the late marker in osteoblastic differentiation) were
found in the 5% G-PEEK group.’”-**

Micro-CT Evaluation
As shown in the 3D reconstruction images, the materials were stable in bone, and the new bone was reconstructed at
a specific density (Figure 6A). After 4 weeks, the surface of the G-PEEK groups was partially covered by new bone,
whereas there was obviously less new bone on the surface of PEEK. The bone volume analysis demonstrated better bone-
healing effects in the G-PEEK groups (Figure 6B).

Three-dimensional reconstruction after 12 weeks showed that significant bone growth appeared in all groups. At this
stage, the osteogenic performances of the 0.1% and 1% G-PEEK groups were not significantly different from that of the
control group, whereas the 5% G-PEEK group showed a significantly superior osseointegration effect.

Histological Analysis

The histological results of undecalcified sections and the quantification of bone-implant contact areas were consistent
with the micro-CT results. All G-PEEK groups had more bone coverage than that of the control group at both time
points. At 4 weeks, loosely arranged trabeculae were first formed around the G-PEEK implants. The bone coverage on
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Figure 4 Cell morphology and proliferation assays. (A) Fluorescent micrographs of rBMSCs after 2 h. Actin cytoskeleton (red) and nucleus (blue) are shown. The scale bars
are 100um; in the zoomed view, scale bars are 20um. (B) The proliferation rate of rBMSCs at 1-7 d. The statistical significance of reported data is represented as **
(p<0.01), ns (P>0.05).

the implant-bone interface was still incomplete. At 12 weeks, the surrounding bone tissues of the G-PEEK implants were
modified, and the bone contact rate was significantly increased compared with that at 4 weeks, as shown in Figure 7A.
At both time points, the 5% G-PEEK implant surface showed the most prominent bone coverage, and the greater amount of
newly formed bone demonstrated that the 5% G-PEEK implants had the best bone remodeling performance (Figure 7B). The
bone implant contact ratios (BICRs) of all G-PEEK groups were higher than that of the PEEK group, particularly the 1% and
5% G-PEEK groups. After 12 weeks of new bone accumulation around the implants, the BICRs of the G-PEEK groups
remained higher than that of the PEEK group, whereas there was no significant difference among the G-PEEK groups.

Discussion
The surface structure and chemistry of an implant can influence the biological behavior of cells, which is the biological
basis for a role in bone repair.>**' It has been found that surface roughness is conducive to cell adhesion, which further
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promotes cell aggregation.** The SEM and AFM images showed that PEEK doped with G had shallow pit-like patterns.
Quantitative analysis also confirmed that G-PEEK had good roughness, in contrast with pure PEEK. The 5% G-PEEK
group showed the highest value of Rz. XRD revealed the crystallinity of the G-PEEK composites. Compared with PEEK
peaks, all samples of G-PEEK were shifted toward higher 26, indicating a change in the crystallinity of G-PEEK. The
addition of G slightly increased the thermal stability of G-PEEK. This is consistent with the peak shift toward higher 20
in the XRD analysis, signifying a strong nucleation effect of the graphene nanoplatelets with elevating temperature.
Surface wettability is affected by the roughness of the material surface and may be beneficial to protein adsorption and
cell adhesion.***** The CA results revealed that the hydrophilicity of PEEK was improved by the addition of G, which is
consistent with the AFM analysis results. The results of the mechanical experiments showed that the addition of G does
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analysis of bone-implant contact ratio. The statistical significance of reported data is represented as ** (p <0.01) and *** (p <0.001).

not significantly affect the mechanical properties of PEEK. G-PEEK has a compression modulus close to that of natural
bone, which indicates that as an implant, G-PEEK can effectively avoid stress concentrations at the contact surface.

As the first step in the interaction between cells and materials, cell adhesion is the foundation for cell anchoring and
the premise for cell spreading and proliferation on the surface of materials.*>*® In this study, in the initial cell adhesion
and spreading stage, all G-PEEK groups showed better adhesion based on fluorescence staining. Adhesion-related and
osteogenic differentiation-related genes were significantly upregulated in all G-PEEK groups compared with those in the
control group. However, the expression of intercellular adhesion molecules was upregulated only in the higher graphene
concentration groups (1% and 5%). This consequence is consistent with previous research results, illustrating that
nanographene can eliminate hydrophobicity and promote cell adhesion.*’*® This mechanism may contribute to the
strong noncovalent bonding ability of graphene and the microtopography of the composite surface. Some studies have
indicated that graphene has a strong noncovalent binding ability. Due to the strong pi-pi stacking interactions between the
aromatic rings of proteins and graphene sp2 carbons, proteins aggregate on their surface.**>° The cell adhesion reaction
could be initiated by adhesion-related proteins absorbed by graphene. Moreover, the protein adsorbed to the material can
change the material surface energy and thus prompt cell adhesion.’'->

The morphology-induced collective behavior of cells has attracted wide attention in recent years.”>>* Substrate
morphology significantly influences cell adhesion to the substrate and intercellular interactions, thereby regulating cell
adhesion and arrangement behaviors.>® First, nanographene is intrinsically nonflat and has nanoscale ripples and folds on
the surface. The particular surface morphology of nanographene may be responsible for the adhesion of cells. Second, the
incorporation of graphene in the composite material leads to the random distribution of graphene on the material surface,
which may lead to anisotropic mechanical distribution.’®>’ The random microstructure formed by the structural
characteristics of graphene and its arrangement in the matrix may be more evident in the higher graphene concentration
PEEK groups (ie, 1% and 5% G-PEEK). Therefore, protein adsorption capacity and topographic factors may synergis-
tically promote cell adhesion and intercellular connection.

The cell-substrate interaction can drive osteogenic differentiation of rBMSCs.”® In this study, the blending of
graphene with PEEK significantly improved the osteogenic effect of the material in vitro and in vivo. In random
microtopography, the osteogenic differentiation of stem cells was improved. The random microstructure formed by the
structural characteristics of graphene and its arrangement in the matrix may accelerate the osteogenic ability of cells and
improve the osteogenic effects of the materials.”® Another possibility is that graphene can adsorb specific proteins in the

osteogenic microenvironment to accelerate osteogenesis. Lee et al revealed the underlying mechanism of improved
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mesenchymal stem cell differentiation on nanographene substrates. They suggested that the strong noncovalent binding
ability of nanographene may serve as a preconcentration area for osteogenic media, which accelerates cell osteogenic
differentiation.*

Notably, both the histological analysis and micro-CT evaluation showed that the higher graphene concentration
samples (1% and 5%) had a particularly significant promoting effect on osteogenesis during the early osteogenesis stage,
which corresponded to the results of cell adhesion. Liu et al indicated that genes associated with cell adhesion, osteogenic
pathways, and mineralization were successively upregulated in the osteogenic lineage differentiation of stem cells. The
above pathways intersect and influence biomaterial-induced cell biological behavior such as proliferation, adhesion, and

differentiation.®” Thus, the early cell adhesion advantage might drive osteogenic lineage differentiation.

Conclusions

Compared with pure PEEK, the composite materials with graphene did not affect cell viability and significantly improved
cell adhesion and biocompatibility. The effect of graphene on osteogenesis has been well demonstrated in vivo. These
promising results show the strong potential of G-PEEK in future bone implant applications. In conclusion, nanographene
can be used as a filler of PEEK to achieve excellent osteogenic enhancement, providing an economical and effective
alternative for PEEK biological modification.
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