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Abstract: The use of polyetheretherketone (PEEK) has grown exponentially in the biomedical 

field in recent decades due to its outstanding biomechanical properties. However, its lack of 

bioactivity/osteointegration remains an unresolved issue towards its wide use in orthopedic 

applications. In this work, graphene nanosheets have been incorporated into PEEK to obtain 

multifunctional nanocomposites. Due to the formation of electrical percolation network and the 

π-π* conjugation between graphene and PEEK, the resulting composites have achieved twelve 

order of magnitude enhancement in its electrical conductivity, and have enabled electrophoretic 

deposition of bioactive/anti-bacterial coating consisting of stearyltrimethylammonium chloride 

(STAC) modified hydroxyapatite (HA). The coated composite implant showed significant 

boosting of BMSC cell proliferation in vitro. In addition, the strong photothermal conversion 

effect of the graphene nanofillers have enabled laser induced heating of our nanocomposite 

implants, where the temperature of the implant can reach 45 oC in 150 s. The unique 

multi-functionality of our composite implant has also been demonstrated for photothermal 

applications such as enhancing bacterial (E. coli and S. aureus) eradication and tumor cell (MG63) 

inhibition, as well as bone tissue regeneration in vivo. The results suggest the strong potential of 

our multi-functional implant in bone repair applications as well as multi-modal therapy of 

challenging bone diseases such as osteosarcoma and osteomyelitis. 
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anti-bacteria; electrophoretic deposition; tumor inhibition. 

Introduction 

Polyetheretherketone (PEEK) is a popular thermoplastic material widely used in various 

engineering applications due to its excellent mechanical properties and stability at high 

temperatures. With the first implantable grade PEEK being commercialized in 1990s [1], the use 

of PEEK has since grown exponentially in the biomedical field and has rapidly transformed a 

large section of the medical devices landscape, particularly in spinal implants. Nowadays, PEEK 

is the standard biomaterial used across a wide range of hard tissue implants including artificial 

knee joints [2], spine [3], skull [4], and medical fixtures [5]. However, its lack of bioactivity 

remains the major limitation in its orthopedic applications. 

In order to improve the bioactivity of PEEK implants, researchers have embedded various 

bioactive nanomaterials, such as hydroxyapatite (HA) [6] and/or titanium dioxide (TiO2) [7] 

nanoparticles into PEEK to create nanocomposites with improved osteoconductivity in vivo. 

However, the high viscosity of the composite materials has led to additional challenge in large 

scale melt-processing, and the ceramic based reinforcement materials can easily agglomerate at 

higher concentration, which may damage the composites structural integrity and lead to stress 

concentration that compromise the composites tensile/fatigue/toughness properties [8, 9]. Taking 

account of such limitation, various PEEK surface modification technologies have emerged in 

recent decades, aiming to retain the excellent bulk mechanical properties of PEEK. Lu et al. [10] 

embedded Ta2O5 nanoparticles in the near surface of PEEK through plasma immersion ion 

implantation, and the modified PEEK surface showed significantly improved osteointegration 

performance. Wen et al. [11] introduced bioactive silicate coating onto PEEK surface using 

electron beam evaporation and demonstrated the coating’s improved osseointegration under 

osteoporotic condition. Zhu et al. [12] deployed oxygen plasma treatment and poly(dopamine) 

coating with grafted tripeptide Arg–Gly–Asp to achieve modified PEEK surface with enhanced 

bioactivity, biocompatibility and osteodifferentiation. Other coating techniques, such as 

hydrothermal synthesis [13], aerosol deposition [14], ion beam deposition [15] have also been 

explored for creating bioactive HA coatings on PEEK. Despite the recent advancement in PEEK 
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coating technology, most of the above mentioned techniques require sophisticated equipment, 

elevated temperatures or long processing time. In addition, many coating deposition techniques 

are “line of sight” processes, which cannot be deployed for complex, 3D printed bone scaffolds 

with sophisticated internal structures. Electrophoretic deposition (EPD) technique is a facile, 

versatile and low-cost coating deposition process, which has been employed to deposit coatings of 

charged particles onto 3D printed metal scaffolds (e.g. titanium [16]). Various organic and / or 

inorganic materials such as PEEK/bioactive glass [17], polymethylmethacrylate [18], and 

polystyrene colloidal crystals [19] have also been electrophoretically coated onto stainless steels 

for potential biomedical applications. However, this technique relies on the high electrical 

conductivity of the substrates, hence its application towards insulating PEEK implants is 

hampered. 

Graphene, a 2D nanomaterial with sp2 carbon hybridization, has the huge advantage of high 

electrical conductivity coupled with superior mechanical properties (modulus in the order of TPa 

[20]). Its unique multi-functionality also enabled its wide applications in biosensors [21], stem 

cell/tissue engineering [22, 23], drug/gene delivery [24], and bioimaging [25]. Incorporating G 

into polymers can lead to nanocomposites with greatly enhanced electrical conductivity [26-29]. 

Such feature can facilitate the electrical stimulus to modulate and support the growth of bone cells 

and nerve cells [30], and has been exploited in regenerative medicine including cardiac and neural 

tissue engineering [31]. In addition, G possesses high photothermal conversion efficiency [32], 

which can be employed for cancer photothermal therapy and eradication of drug resistant bacteria 

[33, 34]. Given the unique properties of G, it is hypothesized that addition of G nanosheets into 

PEEK could lead to nanocomposites with desirable biomechanical properties and functionalities, 

which can be deployed for advanced orthopedic implants for bone repair as well as management 

of certain bone related diseases. 

In this study, we designed and developed conductive PEEK/G nanocomposites with 

electrophoretically deposited bioactive, anti-bacterial STAC-HA coating (Scheme 1). The 

excellent electrical conductivity of the composite also allows for versatile coating deposition on 

complex 3D printed scaffold structures. The coated composites demonstrated remarkable 

properties including improved bulk mechanical properties, enhanced BMSCs proliferation and 
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osteointegration, anti-bacterial properties as well as strong photothermal conversion effect under 

near infrared laser (NIR) irradiation. The material’s unique photothermal property has also been 

demonstrated successfully for tumor inhibition and bacteria eradication. The ideal material 

combination and excellent features offered by our implant are desirable for bone regeneration as 

well as potential applications in osteosarcoma and osteomyelitis, which are often associated with 

large bone defects, diseases recurrence (due to residual cancer cells or bacteria), and post-surgery 

infection [32].  

 

Scheme 1. Schematic showing preparation of PEEK/G composite with EPD coating and its associated 

multi-functions.  

Results and discussion 

Materials characterization 

Fig 1 shows that the addition of G into PEEK has significantly enhanced the mechanical and 

electrical properties of P/G5 and P/G10. In particular, addition of 5% G has led to over 60% 

increase in tensile modulus and nearly two-fold increase in compressive modulus as compared to 
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that of pure PEEK (Fig 1a and 1b). Further increasing G to 10% has led to a slight drop in the 

composite mechanical properties, which is consistent with the reported literature [35]. The 

electrical conductivity of P/G5 and P/G10 are 2 × 10-3 S/cm and 2.8 × 10-3 S/cm, respectively (Fig 

1c). This is in a similar range with semiconductor, and is twelve order of magnitude higher than 

that of the pure PEEK (~10-15 S/cm). Such significant enhancement seen for electrical 

conductivity is consistent with our previous findings, where formation of electrical percolation 

network was achieved at 10 wt% G concentration in a similar composite system deploying G of 

the same size and aspect ratio [36]. To further reveal the chemical information of the composites, 

XPS analysis was carried out on a selected composite sample (P/G10). The characteristic peaks 

associated with oxygen containing groups are shown in Fig 1d, where 531.8 eV is attributed to 

O=C and 533.2 eV to O-C. Other characteristic peaks at 284.6 eV, 286.2 eV and 288.3 eV have 

been assigned to C-C/C-H bond, C-O bond and, C=O bond, respectively. It is worth noting that the 

bond at 291.4 eV has been ascribed to π-π* conjugation between G and PEEK (Fig 1e) [9]. The 

π-π* conjugation provides an alternative electron migration pathway, which could also partly 

contribute to the enhanced electrical conductivity of the composites, in addition to the G electrical 

percolation network, see schematic in Fig 1f. 
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Fig 1. The tensile moduli (a) compressive moduli (b) and electrical conductivity (c) of samples, ***p＜0.001, 

**p＜0.01, *p＜0.05 vs. pure PEEK; XPS curves showing deconvolution of O1s (d) and C1s (e) peaks of 

P/G10; (f) schematic showing mechanisms of enhanced electrical conductivity in PEEK/G composites. 

Given P/G10 offers the best electrical conductivity as well as sufficiently improved 

mechanical properties, it is selected for subsequent EPD process as well as further testing/analysis. 

Fig 2a and b show that the plasma activated P/G10 surface has abundant oxygen rich functional 

groups as compared to the pure PEEK. Specifically, the characteristic peaks at 284.6 eV, 286.2 eV 

and 288.1 eV correspond to C-C/C-H bond, C-O bond and -COO bond respectively [37, 38]. 

Oxygen containing groups are located at 533.5 eV (-COOH), 532.8 eV (C-O-C/-C-OH) and 531.8 

eV (C=O), respectively [39, 40]. The rich surface -COOH may become deprotonated and 
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negatively charged when immersed in aqueous solution, hence facilitating the subsequent 

deposition of positively charged STAC-HA particles. Fig 2c shows the Zeta potential of STAC-HA 

suspension at different HA:STAC ratio. At HA:STAC ratio of 5:2, the suspension yielded a strong 

positive Zeta potential (>30 mV) and exhibited the Faraday-Tyndall effect (Fig 2c inset) even after 

24 h, which confirmed the stable dispersion of nanoscale STAC-HA particles. 

 

Fig 2. XPS curves showing deconvolution of C1s (a) and O1s (b) peaks of plasma activated P/G10; (c) Zeta 

potential of STAC-HA suspensions with different of HA/STAC ratios, inset: Faraday-Tyndall effect of a 

typical STAC-HA suspension. 

Fig 3a-c shows the morphology of pristine HA, dispersed STAC-HA particles as well as EPD 

coating on P/G10 substrate. The EPD coating is approximately 18 µm thick (Fig 3d) and features 

stacked clumps made of needle-like HA crystals with similar crystal spacing to that of the pristine 

HA. Corresponding EDS analysis (Fig S2) shows that the coating is composed of Ca and P with a 

Ca/P ratio of 1.69, similar to the Ca/P ratio in stoichiometric HA [41]. It is worth mentioning that 

the STAC surface modification did not affect the morphology of the rod-like HA crystals [42, 43]. 

However, the significant change of HA morphology within the EPD coating implies the strong 

effect of electric field on the morphology and orientation of HA crystals.  
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Fig 3. Top view SEM and TEM images of HA (a), STAC-HA (b) and EPD coating (c); (d) cross-sectional 

SEM image and EDS analysis of the EPD coating. 

XPS analysis in Fig 4a shows that the EPD STAC-HA coating features characteristic peak of 

N1s at 399.8 eV (C-N) and 402.4 eV (C-N+) [44, 45], which confirms the STAC modified HA has 

been successfully deposited onto the plasma-treated PEEK substrate. The hydrophobicity the 

samples was analyzed and the water contact angle of PEEK and P/G10 were 78.74° and 73.12°, 

respectively. Plasma treatment of P/G10 has led to significantly enhanced surface hydrophilicity 

(contact angle ~ 0°). However, the plasma treated surface passivated rapidly when exposed in air 

and yielded a contact angle of ~ 50.70° after 15 min. In contrast, a near 0° contact angle can be 

maintained on the STAC-HA coating over time, indicating the coating’s highly stable hydrophilic 

nature (Fig 4b).  
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As can be seen from Fig 4c, HA and STAC-HA exhibit identical XRD patterns. In contrast, 

the EPD coating has weakened diffraction peaks at (002), (211), (301), implying the decreased 

crystallinity; but the much stronger peak at 2θ=28.9° which signifies the preferred orientation in 

(210) direction. During the coating preparation process, the positively charged STAC-HA will 

initially adsorb onto the –COO- groups on PEEK surface through strong electrostatic interaction 

[46, 47]. The subsequent application of the electric field would have an influence on the dipole 

moment vectors of STAC-HA crystals, leading to their preferential orientation along the field 

direction [48]. The curves in Fig 4d shows that greater amount of Ca2+ ions were released from 

the EPD coating comparing to that from the pristine HA. This may be because the EPD process 

has decreased the crystallinity of HA crystals and increased its specific surface area, which 

facilitates the release of Ca2+.  

It is also worth mentioning that the material preparation technique reported here could be 

generalized to a range of coating materials and substrate structures. For instance, coating 

consisting of titanium dioxide (n-TiO2) nanoparticles has been successfully deposited onto the 

PEEK/G via our EPD technique (Fig S3) and the STAC-HA coating can also be successfully 

deposited onto complex 3D printed P/G10 scaffold (both surface and interior) as shown in Fig S4. 

 

Fig 4. (a) XPS curves showing deconvolution of N1s within the EPD coating; (b)Water contact angle on 
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different sample surface; (c) XRD spectra; (d) The release curves of Ca2+ from pristine HA and the EPD 

coating in physiological saline. 

Functional characterization 

Photothermal conversion effect  

Fig 5a-c shows the NIR thermal images of PEEK, P/G10 and P/G10-HA under laser 

irradiation (808 nm, 0.31 W/cm2) when immersed in PBS solution. Pure PEEK showed no distinct 

temperature change throughout the testing period, whereas the average temperature of P/G10 and 

P/G10-HA increased significantly over time. Specifically, under laser power density of 0.43 

W/cm2, the temperature of P/G10 increased from 25 to 45 °C within 100 s (at the point of 

irradiation). The strong photothermal conversion effect can be attributed to the electron transition 

of G from its ground state to the excited state, followed by energy relaxation through nonradiative 

decay. This process has led to an increase in the kinetic energy to drastically overheat the local 

environment around the light-absorbing species [49]. For P/G10-HA, despite the temperature rise 

was slightly delayed due to the barrier effect of coating, the sample was heated up to 40~45 °C 

within 150 s, reaching the therapeutic window required for cancer phototherapy. The data suggests 

that it is possible to adjust the degree of photothermal conversion of the composite samples by 

manipulating the NIR power density and the irradiation time. Fig 5d shows temperature profile of 

P/G10-HA under heating/cooling cycles. There was no significant attenuation during the repeated 

cycles, suggesting the sample is thermally stable and can be used repetitively for photothermal 

conversion applications. 



 

11 

 

 

Fig 5. Temperature variation of PEEK (a), P/G10 (b) and P/G10-HA (c) under laser irradiation with 

different laser power densities (0.19 W/cm2, 0.31 W/cm2, 0.43 W/cm2) in PBS solution and the corresponding 

NIR thermal images (laser power density = 0.19 W/cm2); (d) Temperature of P/G10-HA under ON/OFF 

cycles (laser power density = 0.19 W/cm2) 

Antibacterial property 

Osteomyelitis and/or postoperative deep bacterial infection after bone surgeries present 

significant health challenges [50]. To address this issue, we incorporated anti-bacterial drug STAC 

into the HA coating to serve as anti-bacterial agents for broad spectrum gram-negative and 

gram-positive bacteria. The test for antibacterial property demonstrated the bacteriostatic rate (BR) 

of P/G10-HA against S. aureus and E. coli were 99.99% and 56.82%, respectively, see Fig 6a, Fig 

S5 and S6. One episode of laser irradiation (0.31 W/cm2, 10 min) can lead to significantly 

enhanced BR against E. coli (91.00%, see Fig 6b), indicating the potential of achieving near total 

eradication of both bacterial strains via synergistic photothermal and antibiotic bacteria killing. It 

is also worth mentioning that laser irradiation on our composite samples has also led to the 

generation of single oxygen, see Fig 6c. The π-π* conjugation between G and PEEK acts as fast 

electron migration pathway for enhanced separation of electron-hole pairs [51]. The 

photo-activation of graphene may generate reactive oxygen species by electron/energy transfer to 

the surrounding free oxygen, and the resulting reactive species may work synergistically with 

STAC and the light induced heating in killing of bacteria [52-54]. 
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Fig 6. Bacteriostatic rate against S. aureus (a) and E. coli (b) of P, P/G10 and P/G10-HA with and without 

laser irradiation, ***p < 0.001, **p<0.01, *p<0.05 vs. without laser; (c) ESR spectra of single oxygen 

generation on PEEK, P/G10 and P/G10-HA 

In vitro and in vivo studies 

Cytocompatibility and bone regeneration 

The BMSCs morphologies were recorded using SEM, CLSM and live-dead stain technique 

(Fig 7a and Fig S7). Cells displayed a good growth and spreading condition on all samples. The 

live-dead cell images suggested that the active cells (green fluorescence) predominated. Moreover, 

MTT assay (Fig 7b) revealed that BMSCs proliferated well on PEEK, P/G10 and P/G10-HA over 

the testing period of 7 d. Particularly, the absorbance of P/G10-HA was greater than that of PEEK 

and P/G10. This suggests the presence of EPD coating on PEEK/G composite favors the growth of 

BMSCs, which can be associated with the greater Ca2+ release [55] as discussed in Fig 4d. The 

cross-section CT scan in Fig 7c confirms more bone tissue surrounds the P/G10-HA as compared 

with P and P/G10. Fig 7d provides the quantitative analysis of bone histomorphometry indices 

(BV/TV). It can be seen that the BV/TV of P/G10-HA was much greater than that of the control. 

This suggests that the EPD coating has significantly boosted the proliferation and osteoblastic 
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potential of cells in vitro and hence can promote new bone tissue formation. 

 

Fig 7. (a) SEM, Live-dead and CLSM of BMSCs cultured with different samples for 1 d; (b) MTT of 

BMSCs on PEEK, P/G10 and P/G10-HA for 1 d, 3 d, 5 d and 7 d respectively, ***p<0.001, **p<0.01, *p<0.05 

vs PEEK; (c) the cross-section images of CT scan; (d) BV/TV of different samples, ***p<0.001, **p<0.01, 

*p<0.05 vs control. 

Tumor inhibition  

In this study, MG63 cells were selected as the model cells to study the photothermal inhibition 

effect of our composites towards osteosarcoma cells. Qualitative analysis of the cell adhesion was 

first carried out using SEM, live-dead and CLSM images. It can be seen from Fig 8a that MG63 

cells displayed similar morphology and spreading behaviour before laser irradiation. All cells 

displayed strong pseudopodia attachment on the surfaces in all directions on different sample. 

Upon laser irradiation (0.31 W/cm2 for 10 min), cells on P/G10 and P/G10-HA exhibited typical 

rounded morphology, indicating the normal growth of MG63 has been inhibited. The results can 

be further coroborated by CLSM and live-dead staining images (Fig S8 and S9), where MG63 

cells exhibited greater death rate (red flurescence) on P/G10 and P/G10-HA after laser irradiation.  

To quantify the inhibition effect of laser irradiation towards the proliferation of MG63, MTT 
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analysis has been carried out (Fig 8b). It can be seen that the cell absorbance data for pure PEEK 

displays no senstivity towards laser irradation. In contrast,the absorbance of MG63 cultured on 

P/G10 and P/G10-HA showed sharp decrease with inceased laser power density and irradiation 

time. Most significant drop in cell absortion (from 0.50 to below 0.2) was seen for samples 

irradiated by 0.43 W/cm2 laser for 15 min.  

 

Fig 8. (a) SEM, live-dead images and CLSM images of MG63 with and without laser irradiation respectively; 

(b) MTT of PEEK, P/G10 and P/G10-HA with different power density and irradiated time respectively, 

***p<0.001, **p<0.01, *p<0.05 vs the sample without laser irradiation.  

The effectiveness of cancer photothermal therapy enabled by our composite samples was also 

verified in vivo by conducting daily laser treatment on nude mouse for a course of 14 days. P/G10 

and P/G10-HA which present strong photothermal conversion effect (Fig 9a) have effectively 

inhibited the tumor growth, as is shown in Fig 9b. Fig 9c shows that without daily laser treatment, 
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the tumor volume (V/V0) rose sharply over time (up to 13-fold volume increase by day 14). 

Further H&E staining of the tumor tissues confirmed the nucleus of tumor cells under laser 

irradiation demonstrated much stronger degrees of tumor tissue contraction in P/G10 and 

P/G10-HA due to the laser heating (Fig 9d). 

 

Fig 9. (a) NIR image showing photothermal effect of P/G10-HA in vivo; (b) photograph showing tumor 

bearing mice in different treatment groups; (c) tumor volume in each treatment group as a function of time; 

(d) H&E staining of extracted tumor tissues from different treatment groups on Day14.  

Conclusion 

In this study, we created a multi-functional implant material consisting of electrically 

conductive PEEK/graphene nanocomposite with electrophoretically deposited STAC-HA coating. 

The bioactive coating can significantly enhance bone tissue regeneration while offering 

anti-bacterial effects towards both E. coli and S. aureus bacterial strains. Results also show that 
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our composite implants can enable effective photothermal conversion effect, the temperature 

profile of which can be manipulated by turning the NIR laser power density and irradiation time. 

The strong photothermal conversion effect of the implant, when combined with anti-bacterial drug 

laden coating, has led to enhanced bacteriostatic rate (91% against E. coli and 99.99% against S. 

aureus). Additionally, the photothermal properties of our implant has also been demonstrated 

successfully for tumor inhibition studies in vivo. The material preparation technique proposed in 

this study can be generalized for creation of different functional surfaces (such as TiO2 coating), 

and for implants with highly complex architectures (e.g., 3D printed scaffold etc). We believe that 

such unique material design may provide effective solution towards bone repair as well as 

enabling multi-modal therapeutics towards the management of challenging bone diseases such as 

osteosarcoma and osteomyelitis. 

Materials and methods 

Materials. Highly osteoconductive hydroxyapatite (HA) was synthesized by hydrothermal 

method according to established processes [56, 57]. Positively charged stearyltrimethylammonium 

chloride (STAC) (Aladdin, China) was attached to HA particles through physisorption and a stable 

stock solution of STAC modified HA suspension (STAC-HA) was used for subsequent coating 

deposition. Polyetheretherketone (PEEK) powder (Jilin Joinature Polymer Co., Ltd., China) was 

dried at 80 ºC in an oven for 12 h before use. Graphene (G) nanosheets (~ 5 layers, maximum 

radial size 2~4 μm, average aspect ratio 4500) were provided by the Sixth Element (Changzhou) 

Materials Technology Co., Ltd. China. PEEK powder was mixed with 5 wt% and 10 wt% G 

respectively and the mixtures were dispersed in ethanol by sonication for 30 min at 25 ℃. After 

filtration and drying, the mixture powders were moulded into 10 cm×10 cm×1 mm sheets by hot 

pressing (YJAC, Chengdu Hangfa Hydraulic Engineering Co., Ltd, China). The resulting 

composites were named as P/G5 and P/G10, respectively. The composites were then exposed to 

low-temperature O2/Ar plasma system (Diener Electronic. Germany) under a pressure of 0.3 mbar, 

a gas flow of 8.3 sccm for 10 min for surface activation. 

Electrophoretic deposition (EPD). Plasma treated P/G10 was selected as a typical sample 

for electrophoretic deposition of STAC-HA coating. A carbon rod (anode) and P/G10 (cathode) 
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were immersed in the STAC-HA suspension in the electrochemical cell. EPD was carried out for 

90 min under an applied DC voltage of 55 V. 

Characterization. Tensile and compressive tests were performed using universal mechanical 

testing machine (MTS, model E45, USA), and the speed was set as 1 mm/min. The electrical 

conductivity of all samples was measured by four-point probes method (RTS-8, Tianjin 

Nuleixinda Technology Co., Ltd., China). X-ray photoelectron spectroscopy analysis (XPS, 

XSAM800, Kratos, England) was performed to confirm the state of material surface chemistry. 

Zeta potential (Zetasizer Nano ZS, Malvern, England) was used to determine the surface charge of 

the STAC-HA particles. The surface wettability of samples was recorded by contact angle 

measuring instrument (JY-82A, Chengde Dingsheng Co. LTD, China). Scanning electron 

microscope (JSM-7500F, JEOL, Japan), EDS (JSM-7500F, JEOL, Japan) and transmission 

electron microscope (TEM, Tecnai G2 F20 S-TWIN, FEI, America) were used to analyze the 

morphology, elements and diffraction pattern of HA, STAC-HA particles and EPD coating. X-ray 

diffraction (XRD, EMPYREAN, PANalytical B.V., Holland) was carried out to confirm the crystal 

orientation of HA. Ca2+ ions dissolution from the coating was analyzed by ICP-OES (AXIS Ultra 

DLD, Kratos, UK) at different time intervals (4 h,17 h, 23 h, 29 h and 42 h) following established 

method [58].  

The photothermal conversion effect of all samples was tested under immersed condition in 

phosphate buffered solution (PBS). A 808 nm NIR laser was used at different laser power densities 

(0.19 W/cm2, 0.31 W/cm2, 0.43 W/cm2) and the sample’s temperature change was monitored in 

real time using an infrared thermal imaging system (TiS20+, Fluke, USA). The temperature data 

were analyzed using FLUKE software. 

Antibacterial testing. Gram-negative Escherichia coli (E. coli, ATCC25922) and 

gram-positive Staphylococcus aureus (S. aureus, ATCC25923) were used to evaluate the 

antibacterial properties of the samples [59, 60]. Ten-fold dilution method was used to 

quantitatively measure the bacteriostasis rate (BR) which is defined by Eq. (1) [61]. Briefly, 

bacterial strain was incubated in the culture medium for 24 h and the subculture from the second 

passage was used as the pre-made bacterial fluid. 100 μL pre-made bacterial fluid was dropped 

onto samples and incubated for 2 h followed by addition of 2 mL physiological saline. The 
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mixture of bacterial fluid and physiological saline extracted from each sample was subsequently 

diluted 104 times. Finally, 100 μL of each diluted fluid sample was inoculated on nutrient 

Luria-Bertani agar plate. The number of bacterial colonies up to 30~300 CFU (colony-forming 

unit) was counted. 

BR(%) =
n0−𝑛

n0
×100 %            (1)  

Where n0 is the number of colonies on the control plate, and n is the number of colonies on 

the plates of the experimental group. 

To investigate the effect of laser irradiation on the implant antibacterial performance, a 

separate set of samples were irradiated by 808 nm NIR laser (0-2 W/cm2, Richeng Science and 

Technology Development Co. LTD, Shanxi, China) for 10 min before the ten-fold dilution method 

was applied. Electron spin resonance (ESR, Bruker A300, Germany) was used to measure the free 

radicals with and without laser irradiation. 

Cytocompatibility and bone regeneration. Bone marrow stromal stem cells (BMSCs) in the 

3rd passage from 3-day SD rats were chosen to study the osteogenic behaviors of samples. The 

BMSCs were cultured with α-MEM (HyClone, USA) with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin solution at 37 °C with 5% CO2 for 1 d. Confocal laser scanning 

microscopy (CLSM, OLYMPUS, Japan) was used for stained cell observation. Specifically, the 

cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Trion X-100 in PBS, 

stained with FITC-phalloidin (Solarbio, China) and DAPI (Solarbio, China), respectively. The 

cells were also fixed with 2.5% glutaraldehyde, dehydrated with graded concentration ethanol 

series (10, 30, 50, 70, 90 and 100 v/v%), and gold sputtered for SEM observation. Additionally, 

dead and live cells were stained by live-dead cell staining kit (KeyGEN BioTECH, China), and 

observed by a fluorescent inverted microscope (OLYMPUS, Japan). The cell proliferation was 

investigated using CCK8 assay (Sigma-Aldrich, Shanghai) after culturing for 1, 3, 5 and 7 days, 

respectively. 

Rabbits (6~8 months) weighted 2.5~3.0 kg was provided by Chengdu Dossy Experimental 

Animals Co., Ltd. Implant samples (10 mm×5 mm×1 mm) were inserted into the rabbit tibia for 3 

weeks and 6 weeks respectively (n=5). The extracted implants were immersed in 4% 

paraformaldehyde for 48 h and scanned by MicroCT (VivaCT 80, Switzerland) for cross-section 
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images. Afterwards, the bone volume density (bone volume/total volume, BT/TV) was quantified. 

Tumor inhibition experiments. Human osteosarcoma cell MG63 were obtained from 

American Type Culture Collection (ATCC). MG63 were cultured with samples (diameter: 6 mm, 

height: 1 mm) in 48-well plate with DMEM medium (HyClone, USA) with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin solution at 37 °C under 5% CO2 for 24 h [62]. The 

samples were then irradiated by 808 nm NIR laser under the power density of 0.31 W/cm2 for 10 

min. The cell culture without laser irradiation was set as the control. After 12 h incubation, the 

morphology of the tumor cells with and without laser irradiation was observed by SEM 

(JSM-7500F, JEOL, Japan). Cells were immobilized with 2.5% glutaraldehyde, dehydrated with 

graded concentration ethanol series (10, 30, 50, 70, 90 and 100 v/v%), and gold sputtered for SEM 

observation. The cell morphology was observed by confocal laser scanning microscopy (CLSM, 

OLYMPUS, Japan). The cytoskeleton and nuclei were stained with FITC-phalloidin (Solarbio, 

China) and DAPI (Solarbio, China), respectively. Dead and live cells were stained by live-dead 

cell staining kit (KeyGEN BioTECH, China) and observed using a fluorescent inverted 

microscope (OLYMPUS, Japan).  

To quantify the photothermal conversion effect of the samples with laser irradiation on MG63 

cells in vitro, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was 

conducted. 25 μL MTT was added to each well and incubated for 4 h. The samples were then 

transferred to another 48-well plate. DMSO was used to dissolve the methylthionin. The 

corresponding absorbance was monitored at 570 nm using a microplate reader (SpectraMax190, 

Molecular Devices, America). 

To investigate the performance of photothermal therapy in vivo, female BALB/c nude mice 

(4 ~ 6 weeks) weighed 19~25 g were provided by Chengdu Dossy Experimental Animals Co., Ltd, 

China. UMR106 cells, originally obtained from American Type Culture Collection (ATCC), was 

injected into the right back of mice with a concentration of 5×106 cells/0.1 ml (each group: n=5). 

The volume of tumor which was raised to ~ 300 mm3 prior to implantation of composite samples 

(Φ6 mm×1 mm) [63]. The mice were treated daily by 0.31 W/cm2 laser irradiation for 10 min for 

up to 14 days. The corresponding weight and tumor volume (V) were recorded on day 3, 7, 11 and 

14. The tumor tissues on day 14 were then extracted from different groups to perform the H&E 
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staining. 
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