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Background: Sandblasted/acid-etched titanium (SLA-Ti) implants are widely used for 
dental implant restoration in edentulous patients. However, the poor osteoinductivity and 
the large amount of Ti particles/ions released due to friction or corrosion will affect its long- 
term success rate.
Purpose: Various zirconium hydrogen phosphate (ZrP) coatings were prepared on SLA-Ti 
surface to enhance its friction/corrosion resistance and osteoinduction.
Methods: The mixture of ZrCl4 and H3PO4 was first coated on SLA-Ti and then calcined at 
450°C for 5 min to form ZrP coatings. In addition to a series of physiochemical characterization 
such as morphology, roughness, wettability, and chemical composition, their capability of anti- 
friction and anti-corrosion were further evaluated by friction-wear test and by potential scanning. 
The viability and osteogenic differentiation of MC3T3-E1 cells on different substrates were 
investigated via MTT, mineralization and PCR assays.
Results: The characterization results showed that there were no significant changes in the 
morphology, roughness and wettability of ZrP-modified samples (SLA-ZrP0.5 and SLA- 
ZrP0.7) compared with SLA group. The results of electrochemical corrosion displayed that 
both SLA-ZrP0.5 and SLA-ZrP0.7 (especially the latter) had better corrosion resistance than 
SLA in normal saline and serum-containing medium. SLA-ZrP0.7 also exhibited the best 
friction resistance and great potential to enhance the spreading, proliferation and osteogenic 
differentiation of MC3T3-E1 cells.
Conclusion: We determined that SLA-ZrP0.7 had excellent comprehensive properties 
including anti-corrosion, anti-friction and osteoinduction, which made it have a promising 
clinical application in dental implant restoration.
Keywords: titanium, zirconium hydrogen phosphate, anti-corrosion, anti-friction, 
osteoinduction

Introduction
Due to their high success rate, titanium (Ti) implants have become widely acknowl
edged in the treatment of edentulous patients. However, the biological inertness of 
Ti-based implants can potentially cause the inadequacy of bone-implant 
integration.1 This may lead to aseptic loosening of the implants, which ultimately 
ends in implant failure.2,3 In addition, the local release of free metal particles/ions, 
mainly induced by implant-bone tissue friction or body fluid corrosion, is also 
another important factor that may contribute to the aseptic loosening of implants.4,5 
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Soto-Alvaredo et al have evaluated the cytotoxicity of both 
nano-Ti particles (21 nm) and Ti ions in MC3T3-E1 cells.5 

The results suggested that both nano-Ti particles and Ti 
ions showed obvious cytotoxicity when the concentration 
was higher than 50 g/mL, with the latter showing early 
detrimental effects at a concentration of lower than 10 g/ 
mL. Bressan et al further proved that Ti particles/ions 
would ultimately inhibit new bone formation by promoting 
reactive oxygen free radical (ROS) expression to induce an 
oxidative stress (OS) microenvironment.6 Therefore, it is 
of great theoretical and clinical significance to enhance the 
friction/corrosion resistance and biological activity of Ti 
implants by surface modification for further improving 
their early osseointegration.

Sandblasting and acid etching (SLA) treatment is one of 
the most widely utilized implant surface modification tech
niques. This has been demonstrated to be beneficial for 
shortening the healing time of Ti-based implants as it pro
vides more attachment area for osteoblast.7 However, SLA 
technique in general does not endow Ti-based implants with 
enhanced corrosion/friction resistance and osteoinduction 
capabilities. Within the dental implant microenvironment, 
the inevitable interaction between the metal implants—tis
sue fluid (consisting of Na+, organic acids, proteins and so 
on) and/or saliva (consisting of H2O, Cl−, amino acid and so 
on) may induce metal corrosion by electrochemical oxida
tion reactions.8 It has been demonstrated that due to the 
corrosion behavior, large amounts of Ti particles/ions 
would be released into surrounding bone tissues. 

Moreover, compared to successful implant surgery, more 
Ti particles were detected at peri-implantitis sites, indicating 
that the level of inflammation was closely related to the 
corrosion behavior of Ti implants.9 According to another 
available report, it was determined that the corrosion resis
tance of SLA-treated Ti implants is comparable to that of 
pure Ti.10 In addition, after implantation, a great number of 
pathogens would accumulate on the implant surfaces and 
induce pitting corrosion.11 Otaibi et al have confirmed that 
the corrosion resistance of SLA was significantly reduced 
under the influence of pitting corrosion,12 which would 
cause further damage to their mechanical and biological 
properties.13 It can be concluded that the corrosion-induced 
metal ion release could not be simply eliminated and recti
fied through the general SLA pretreatment.

In terms of friction resistance, Zabala et al found that 
under the influence of wear and plastic deformation, the 
surface of SLA implant had a certain wear mass loss with 
the release of Ti particles.14 Another study conducted by 
Eger et al found that the exfoliation of Ti particles from 
SLA-modified Ti implants could significantly promote M1 
polarization of macrophages and stimulate osteoclast forma
tion, thereby impairing the osseointegration between SLA 
implant and surrounding bone tissues.15 In contrast, in regard 
to their mechanical interaction with the bone tissue, SLA 
implants have been proven to promote substantial osseointe
gration. With this said, however, the bioactivity and osteoin
duction capabilities of the SLA structure are insufficient and 
still need to be further improved.16 In recent years, through 

Graphical Abstract

https://doi.org/10.2147/IJN.S337028                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 8266

Fang et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

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


continuous research, researchers have found that it is difficult 
to achieve an ideal and clinically efficient implant simply by 
improving a single function of the material.17 Therefore, it is 
vital to improve the anti-corrosion/friction properties and 
osteoinduction ability simultaneously for further promoting 
the long-term success rate of Ti-based implants.

Famed for their biocompatibility and friction/corrosion 
resistance, zirconium phosphate (ZrP) and its derivatives 
have been thoroughly investigated for their use in a plethora 
of fields, such as drug transportation, lubricating grease, and 
friction/corrosion resistant membranes.18–20 In biomedicine, 
Hosseinzadeh et al have developed novel ZrP biocompatible 
nano-bilayers containing methylene blue, which decreased 
the cytotoxicity of methylene blue to Hu02 human fibroblast 
cells.21 As for friction, the α-ZrP doped grease exhibited 
a stable, dense and low-shear strength friction-resistant film, 
which was stronger and more durable than materials doped 
with molybdenum disulfide (MoS2) and graphene particles.22 

In regard to anti-corrosion efficiency, Huang et al have suc
cessfully prepared a series of ZrP/polyurethane (PU) compo
site materials and demonstrated that the permeability and 
corrosion current of ZrP/PU samples with 5.0 wt% α-ZrP 
significantly lower than those of the PU group.23

Although separate studies of SLA-Ti or ZrP coatings as 
described above are common, the actual effect of ZrP coating 
on SLA-Ti implant is still unclear. Based on the abovemen
tioned defects of SLA-Ti and advantages of ZrP, we proposed 
a hypothesis for the first time that suitable ZrP coatings on 
SLA-treated Ti could effectively improve its osteoinductivity 
and friction/corrosion resistance. The resulting implants were 
expected to have better early and/or long-term repair effects. 

As shown in Figure 1A, different ZrP coatings could be 
successfully constructed on SLA-Ti substrates by sol-gel and 
high-temperature calcination techniques. These two issues 
would be further explored in our study: 1) to prepare and 
screen the optimal ZrP coating for improving the corrosion 
and friction resistance of SLA-treated Ti; 2) to further verify 
the osteoinductive properties of ZrP-coated SLA substrates.

Materials and Methods
Sample Preparation
Commercial Ti pieces were purchased from Northwest 
Institute for Nonferrous Metal Research (Xi’an, China). 
Initially, the samples were first sandblasted with 110 μm 
alumina particles under a pressure of 2 bar for 30 s, and 
then acid-etched in a solution of 33 wt% H2SO4 and 0.1 wt 
% HF for 15 min. The sandblasted/acid-etched specimens 
were denoted as SLA. The fabrication process of ZrP 
coatings (Figure 1A) was conducted in concurrence to 
the experimental protocols set by Kjellin et al.24 In brief, 
the preparation of the coating solution consisting of 
125 mL p-xylene, 7.5 mL deionized water, 0.5 
g zirconium oxychloride (ZrCl4), 294 μL phosphoric acid 
(H3PO4) and 35 g Pluronic L64 was prepared. Next, the 
target coatings were produced by adding 50 μL of the 
coating solution on the surface of SLA substrates, rotated 
at 2800 rpm for 5 s, and heated at 450°C for 5 min. Due to 
the presence of 0.5 g ZrCl4 in the initial coating solution, 
the obtained samples were denoted as SLA-ZrP0.5. The 
SLA-ZrP0.7 samples were fabricated in a similar manner 
and components with the exception of the varying ZrCl4 

(0.7 g) and H3PO4 (412 μL) concentration.

Figure 1 (A) Schematic diagram of the experimental procedure; (B) representative scanning electron microscopy (SEM) images of SLA, SLA-ZrP0.5 and SLA-ZrP0.7 
substrates.
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Surface Characterization
The surface morphology and roughness of the samples 
were characterized by scanning electron microscopy 
(SEM, Zeiss AURIGA FIB, Germany) and atomic force 
microscopy (AFM, Dimension, Bruker, Germany). The 
wettability and crystalline phases were determined by 
water contact angle (WCA) measuring instrument 
(DSA30, Kruss, Germany), X-ray diffraction (XRD, D/ 
Max 2500PC, Rigaku, Japan) and grazing incidence 
X-ray diffraction (GIXRD, Bruker D8, German). The 
parameters of XRD detection [copper (Cu) kalium (K) 
Alpha 1 (α1) x-ray] were as follows: the working voltage 
was 40 kV; the working current was 40 mA; the scanning 
angle range was 10°–80°; the step length was 0.01°; and 
the slit was 0.6 mm. Based on the study of Kjellin et al, we 
estimated that the coating thickness was about 100 nm.24 

Thus, the incident angle was set to 1° and 2° in in GIXRD 
detection (Cu K α1 x-ray). The scanning angle range and 
velocity were 5°–90° and 5°/min, respectively. The che
mical composition of the coatings was detected by 
Confocal Raman Microscopy (CRM, inViaQontor, 
Renishaw, England) and X-ray photoelectron spectroscopy 
(XPS, Model PHI 5400, Perkin Elmer, USA), respectively. 
In XPS detection (aluminum K α x-ray), the spot size was 
400 microns. Analyser mode was chosen to constant ana
lyzer energy (CAE): the pass energy was 30.0 eV; the 
energy step size was 0.05 eV; and the number of energy 
steps was 381. All samples were cleaned at least 3 times 
with both deionized water and ethanol before taking the 
above measurements.

Corrosion Test
The corrosion resistances of the different samples were 
evaluated through potential scanning by an electrochemi
cal workstation (LK2005B, Tianjin Lanlike Chemical and 
Electron High Technology Co., China). The three- 
electrode system consisted of saturated calomel electrode 
(reference electrode), platinum tablet (counter electrode) 
and relative samples (work electrode). A suitable working 
area on the surface of the sample was selected for subse
quent contact with the electrolyte, while the rest of the 
surface was insulated with epoxy. The electrolyte used in 
this work included normal saline and α-Minimum 
Essential Medium (α-MEM) supplemented with 10% 
fetal bovine serum (FBS). Before the measurement, the 
electrolyte was supplied with pure nitrogen enrichment (30 
min) to reduce the overall oxygen concentration, which 

simulated the oral environment.25 The Tafel curves of 
different samples were scanned at a rate of 1 mV/s. 
Corrosion potential (Ecorr) and corrosion current density 
(Icorr) were finally calculated by using the pre-installed 
software in the electrochemical workstation.

Friction Test
The friction resistances of the different samples were 
tested using a friction and wear testing machine (CETR 
UMT-2, Bruker, USA) at ambient temperature. As shown 
in Figure 6A, the operation mode was a ball-plane contact 
type reciprocating friction and the friction mode was 
a circular reciprocating motion. The specific experimental 
parameters of the evaluation were listed as follows: the 
abrasive was alumina ball (φ = 10 mm); the friction test 
time was 30 min; the load was 2 N; the friction rate was 
200 r/min; and the stroke was 10 mm. The coefficient of 
friction (COF) and the friction force at each point on the 
motion path were recorded in real time via a connected 
computer. Through further analysis of the raw data, the 
surface morphology, wear area/rate, the curves of time- 
COF, and the average COF could be obtained. Finally, all 
post-friction test samples were observed under SEM for 
surface morphology assessment.

Cell Morphology
MC3T3-E1 cells (1 × 104 cells/cm2) were purchased from 
Shanghai Institute of Cell Biology and cultured onto dif
ferent samples in a 24-well plate supplemented with α- 
MEM medium for 3 d. After fixing by 4% fixative solution 
(Solarbio Co.) for 30 min and perforating the cell mem
brane with 0.2% Triton-X solution, the cytoskeleton and 
nucleus of MC3T3-E1 cells were stained by tetramethylr
hodamine phalloidin (Solarbio Co.) and 4ʹ,6-diamidino- 
2-phenylindole (DAPI, Solarbio Co.) for 40 and 15 min, 
respectively. Finally, the stained cells were observed by 
a confocal laser scanning microscope (CLSM, Nikon DS- 
Ri2, Nikon Instruments Inc., Japan).

Cell Viability
The cell viability of MC3T3-E1 cells was detected by 
thiazolyl blue tetrazolium bromide (MTT, Solarbio Co.) 
assay. In brief, MC3T3-E1 cells (1 × 104 cells/cm2) were 
cultured in a 24-well plate for 3 and 7 d with α-MEM 
medium. After that, the α-MEM and MTT solution were 
added together and incubated at 37°C for 4 h. The mixture 
solution was then replaced with dimethyl sulfoxide 
(DMSO) to dissolve the formazan crystals. Finally, 
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200μL of dissolved solution was collected and detected 
with a microplate reader (Bio-Rad 680, USA) at 490 nm.

Alizarin Red S Staining
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured onto 
the different samples with α-MEM medium for 14 d. The 
samples were fixed with 200 μL fixation solution (Solarbio 
Co.) for 15 min and then stained with an Alizarin Red 
S staining solution (Beyotime Biotechnology Co.) for 40 
min. The mineralized nodules on the surface of the speci
mens were dissolved using cetylpyridinium chloride. 
Finally, 200 μL of the solution was collected, and the 
optical density (OD) values were quantified with 
a microplate reader at 540 nm.

Real-Time qPCR
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured with α- 
MEM medium for 7 d. The total RNA was extracted by an 
RNA simple Total RNA Kit (Tiangen Biotech Co.). 
According to the manual, first-strand cDNA was prepared 
using a PrimeScript RT reagent Kit with gDNA Eraser 
(Takara Bio Inc.). Then, the expression of target genes 
[runt-related transcription factor 2 (Runx2), alkaline phos
phatase (ALP), collagen І (COL І), and osteocalcin 
(OCN)] was detected with a SYBR Premix EX Taq Kit 
(Takara Bio Inc.). The relevant primers are listed in 
Table 1.

Statistical Analysis
All data were analyzed by one-way analysis of variance 
(ANOVA) and Student's t-test and expressed as means ± 
standard deviation. A level of *p < 0.05 was considered 
statistically significant.

Results and Discussion
Surface Characterization
As shown in the SEM images (Figure 1B), a flame-like 
coating was constructed on the surface of the SLA-treated 
Ti, in line with a study done by Chiang et al, which proved 
that the SLA-Ti substrates were successfully fabricated.26 

In the low-resolution images, part of the flame-like struc
tures observed in both the SLA-ZrP0.5 and SLA-ZrP0.7 
groups became flat, indicating that the ZrP coating filled 
the gaps. Furthermore, from the high-resolution images, 
we could also observe fine strand-like structures appearing 
on the ZrP-coated substrates. Similar to the results 
obtained by Kjellin et al, this further proved that the ZrP 

coatings have adequately filled the gaps in both SLA- 
ZrP0.5 and SLA-ZrP0.7 groups.24

From the AFM images (Figure 2A), we could also 
discover that the surface morphology of the samples 
became smoother. The quantified analysis of the average 
surface roughness (Ra) and root-mean-square roughness 
(Rq) did not show a significant decrease with the increased 
amount of ZrP. The detailed roughness values were listed 
as follows: Ra 0.5 ± 0.05 μm, Rq 0.6 ± 0.06 μm (SLA); Ra 
0.5 ± 0.06 μm, Rq 0.6 ± 0.07 μm (SLA-ZrP0.5); and Ra 
0.4 ± 0.04 μm, Rq 0.6 ± 0.05 μm (SLA-ZrP0.7).

From Figure 2B, it was found that the WCA of both 
SLA-ZrP0.5 and SLA-ZrP0.7 were significantly smaller 
(p < 0.05) than that of SLA group. The WCA of SLA- 
ZrP0.7 was slightly higher than that of SLA-ZrP0.5 but 
not significant. By the quantitative analysis, the detailed 
WCA values at 1, 5 and 10 s were listed as follows: 84.7°, 
74.4°, 73.1° (SLA); 36.1°, 26.3°, 25.8° (SLA-ZrP0.5); and 
39.2°, 34.1°, 33.5° (SLA-ZrP0.7). The hydrophilicity of 
the ZrP coatings might be attributed to the presence of 
hydrogen bond interactions between H2O and hydroxyl 
group of the ZrP compound.27

To investigate the crystalline structures of the different 
samples, XRD and GIXRD analyses were carried out. In 
the SLA group, the XRD result (Figure 3A) exhibited the 
characteristic peaks of Ti (JCPDS 05–0682) and TiH2 

(JCPDS 09–0371), which was consistent with our previous 
study.28 The formation of TiH2 was due to the chemical 
reaction between hydrogen ion and Ti in the process of 
acid etching. After the samples were subjected to heating 
at 450°C for 5 min, the TiH2 compound disappeared and 
only the peaks of Ti were detected on the surfaces of both 
SLA-ZrP0.5 and SLA-ZrP0.7 specimens. A previous study 

Table 1 Real-Time Polymerase Chain Reaction Primers Used in 
This Study

Target Genes Primers

Runx2 F: 5ʹ- AGAGTCAGATTACAGATCCCAGG −3ʹ
R: 5ʹ- TGGCTCTTCTTACTGAGAGAGG −3ʹ

ALP F:5ʹ- GAACAGAACTGATGTGGAATACGAA- 3ʹ
R:5ʹ- CAGTGCGGTTCCAGACATAGTG - 3ʹ

COL І F:5ʹ- GATGTTGAACTTGTTGTTGCTGAGGG - 3ʹ
R:5ʹ- GGCAGGCGAGATGGCTTATT - 3ʹ

OCN F:5ʹ- GAACAGACAAGTCCCACACAGC - 3ʹ
R:5ʹ- TCAGCAGAGTGAGCAGAAAGAT - 3ʹ

GAPDH F:5ʹ- CTCGTCCCGTAGACAAAATGGT - 3ʹ
R:5ʹ- GAGGTCAATGAAGGGGTCGTT - 3’
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also discovered that TiH2 would be decomposed and oxi
dized into TiO2 at 300–500°C.29 Similar to the XRD 
results, GIXRD with the incident angles of 1 and 2 degrees 
also showed that there were no ZrP characteristic peaks 
(Figure S2). According to previous studies, the researchers 
prepared stripped ZrP with surfactant and also found no 
ZrP peaks in their XRD patterns.30,31 Due to the exfolia
tion effect, ZrP was likely to transform into an amorphous 
state, which led to the disappearance of the ZrP character
istic peaks. Similarly, in this study, the existence of 
Pluronic L64 in the calcination process might affect the 
crystallization of ZrP, possibly causing the absence of ZrP 
characteristic peaks in the XRD and GIXRD results. 

Moreover, we also observed a characteristic peak 
(~13.6°, JCPDS 46–1237) of TiO2 as a result of 1-degree 
incidence angle, which may be due to the natural oxidation 
of the surface after etching.

The Raman spectra of SLA, SLA-ZrP0.5 and SLA-ZrP0. 
7 are presented in Figure 3B. Only the peaks at 629.7 and 
706.9 cm−1 were observed in SLA group, which were iden
tified as the characteristic band of TiH2 according to 
a previous study.32 However, in SLA-ZrP0.5 and SLA- 
ZrP0.7 groups, the characteristic peaks of TiH2 disappeared, 
while other peaks at 1067.2, 1392.4 and 1592.8 cm−1 

appeared. The appearance and disappearance of TiH2 was 
caused by the acid-etching and heating treatments, which 

Figure 2 (A) Atomic force microscopy (AFM) images and quantified surface roughness [average surface roughness (Ra) and root-mean-square roughness (Rq)] of the 
different samples; (B) representative water contact angle (WCA) images and quantified values of the different samples at 1, 5 and 10 s. Error bars represent mean ± SD for 
n = 6, *p < 0.05.

Figure 3 (A) X-ray diffraction (XRD) patterns and (B) Raman spectrum of SLA, SLA-ZrP0.5 and SLA-ZrP0.7 substrates.
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had been confirmed by XRD result (Figure 3A). An in-depth 
analysis could determine that the small peak at 1067.2 cm−1, 
the frequency of the antisymmetric ν3 (PO4) stretching 
banda,33 was the characteristic of ZrP, proving that ZrP 
coating was successfully prepared on the SLA substrates. 
According to previous studies, the Raman peaks of amor
phous substances are usually wider and lower in general 
compared to crystallized structures.34,35 Identically, the pre
sence of Pluronic L64 in the initial coating solution could 
result in the formation of amorphous ZrP, which was why 
there was only a small ZrP peak in this study. In addition, 
both in SLA-ZrP0.5 and SLA-ZrP0.7, the Raman spectra 
also showed peaks in 1392.4 and 1592.8 cm−1, which were 
D and G bands of the C element. The simultaneous appear
ance of both D and G bands represents the production of 
amorphous carbon.36 This suggested the presence of amor
phous carbon on the surfaces of SLA-ZrP0.5 and SLA-ZrP0. 
7, which was consistent with the finding of C element in the 
result of XPS (Figures 4A and S1). In addition, it has been 
proved that amorphous carbon materials could be obtained 
by calcining carbon sources consisting of C, H and O.37,38 

Based on this, we believed that the organic surfactant 
(Pluronic L64) resulted in the formation of amorphous car
bon after calcination.

To investigate the chemical composition of the surface 
coating, all samples were evaluated using XPS, and the 
results are displayed in Figure 4. Firstly, from Figure 4A, 
we could observe a gradual decrease in Ti element and an 
increase in Zr and P elements corresponding with the rising 
amount of initial ZrCl4 and H3PO4. In SLA-ZrP0.7 group, 
the contents of Zr and P were 2.9 at% and 4.8 at%, which 
were higher than that of SLA-ZrP0.5 (2.2 at% and 3.7 at%). 
The fitting spectrum (Figure 4B) showed that the Zr3d peak 
composed of a large amount of ZrP and a small amount of 
ZrO2,39 both of which were increased in the SLA-ZrP0.7 
group than in the SLA-ZrP0.5. The P element (P2p3/2 and 
P2p1/2) in the SLA-ZrP0.7 group was also significantly 
augmented, in line with the ZrP enhancement in Zr3d 
(Figure S1). Further investigations of Zr3d and P2p showed 
that the ratio of Zr/P remained around 60%, and the ratio of 
ZrP to ZrO2 was approximately 9:1. A previous study has 
confirmed that ZrCl4 was easily hydrolyzed in aqueous 
environment, forming ZrOCl2 and HCl.40 The ZrOCl2 

could further react with H3PO4 to form ZrP precipitates.41 

According to another research by Sarkar et al, ZrOCl2 

would decompose into amorphous ZrO2 powder when sub
jected to high temperature (> 200°C),42 which resulted in 
the formation of a small amount of ZrO2 in the target ZrP 

Figure 4 (A) X-ray photoelectron spectroscopy (XPS) patterns and element contents of SLA, SLA-ZrP0.5 and SLA-ZrP0.7 samples; (B) split-fitting spectra of the Zr3d 
peaks in different groups.
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coatings. The presence of ZrP and ZrO2 in the coatings was 
also confirmed by the fitting spectrum of O1s (Figure S1). 
Moreover, the fitting results (Figure S1) further displayed 
that C1s could be decomposed into amorphous carbon, 
C=C, and C-OH in both SLA-ZrP0.5 and SLA-ZrP0.7. 
Previous study has revealed that the peaks of amorphous 
carbon and C=C were associated with the hybridization of 
carbon sp2,43 which were also closely related to the appear
ance of D and G bands in the resulting Raman (Figure 3B). 
The C-OH in samples might be caused by environmental 
contamination.44

Corrosion Resistance of Different 
Samples
To investigate the corrosion resistance of the different coat
ings, we performed a linear scan of SLA, SLA-ZrP0.5 and 
SLA-ZrP0.7 immersed in saline and FBS-supplemented α- 
MEM medium. The polarization curves are depicted in 
Figure 5A and B. In saline solution and α-MEM medium, 
the polarization curves of SLA, SLA-ZrP0.5 and SLA-ZrP0. 
7 were basically similar. It was easy to discover that Ecorr 

increased with the increase of ZrP. Based on Tafel extrapo
lation, we further analyzed the typical electrochemical para
meters of the polarization curves via electrochemical 

software (Figure 5C and D), including Ecorr and Icorr. The 
Ecorr of SLA-ZrP0.5 and SLA-ZrP0.7 were −0.03 and 0.01 
V in saline solution, which was significantly better (p < 0.05) 
than that of SLA (−0.2 V). In α-MEM medium, the Ecorr of 
SLA-ZrP0.5 and SLA-ZrP0.7 was also slightly higher than 
that of SLA group (−0.7 V). In addition, the Icorr of SLA- 
ZrP0.5 and SLA-ZrP0.7 were 0.1 (in saline solution)/1.2 (in 
α-MEM medium) and 0.1 (in saline solution)/0.8 (in α- 
MEM medium) lg(i)μA/cm2, which was significantly lower 
(p < 0.05) than that of SLA [0.4/1.7 lg(i)μA/cm2]. 
Consequently, not only in saline solution but also in FBS- 
supplemented α-MEM medium, SLA-ZrP0.7 substrates had 
the highest Ecorr and the lowest Icorr, which proved its 
excellent corrosion resistance.

Localized corrosion has been confirmed to occur 
through galvanic interactions when the entire metal 
implant surface is exposed to bodily fluids, which include 
general corrosion, pitting corrosion, and electrochemical/ 
mechanical processes.8 The 10% FBS-supplemented α- 
MEM medium used in this study was rich in 
L-Glutamine, albumin and so on. Previous research has 
shown that the corrosion rate of commercially pure Ti in 
cell medium was 31% higher than that in normal saline.45 

Further studies demonstrated that albumin played a key 

Figure 5 The Tafel curves of the different samples measured in saline solution (A) and α-MEM (B); quantified corrosion potential (C) and corrosion current density (D) of 
the different samples in saline solution and α-MEM. Error bars represent mean ± SD for n = 6, *p < 0.05.
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role in increasing the rate of electrochemical corrosion, 
which might be due to the fact that albumin with an iso
electric point of 4.5 remained negatively charged in nor
mal cell culture medium (~ pH 7.4).45,46 Moreover, parts 
of the proteins could react with the metal to form stable 
complex compounds, which also led to the increase in the 
corrosion velocity.46 Therefore, we observed a significant 
decrease and increase in the Ecorr and Icorr values for the 
samples immersed in the FBS-supplemented α-MEM med
ium when compared with the saline groups.

Friction Resistance of Different Samples
As a result of layered structure and the slide inclination 
between adjacent sheets under shear function, ZrP coatings 
have excellent performance on lubrication.47 The images 
shown in Figure 6A depict the surface morphology and 
abrasion area on the sample after friction-wear testing. 
There was a similar abrasion profile on both sides of the 
samples caused by the clamping of the samples. According to 
the label on the left side of the image, a change in color from 
red to black indicates a gradual increase in the amount of 
surface wear. In the SLA group, a large dark green area of 
wear was present in the center of the sample. In the SLA- 
ZrP0.7 group, the black-green color representing the abrasion 
area was substantially reduced with the sample surface only 
presenting bright green color. Further SEM observations 

(Figure S3A) showed deep grinding grooves on the SLA 
surface resulting in difficulties in observing their original 
structures. In contrast, a large number of ridge structures 
remained in the wear area on the SLA-ZrP0.5 and SLA- 
ZrP0.7 samples. Next, the abrasion area and wear rate of 
each group were quantified and displayed in Figures S3B and 
6B, respectively. It was clear that the abrasion area of SLA- 
ZrP0.5 (10,402.9 ± 144.1 μm2) and SLA-ZrP0.7 (9805.1 ± 
193.0 μm2) were significantly lower (p < 0.05) than that of 
the SLA (36017.0 ± 1360.1 μm2). The wear rate also showed 
a similar decreasing trend: SLA-ZrP0.7 (2.1 ± 0.04 mm3/s) ≈ 
SLA-ZrP0.5 (2.2 ± 0.03 mm3/s) < SLA (7.5 ± 0.3 mm3/s). In 
addition, the time–COF curves (Figure S3C) displayed that 
each group had a continuous upward trend around 0–180 
s and then tended to stabilize or slightly increase. The initial 
trend of irregular growth may be related to the friction 
adaptation period.48 It was also observed that the COF 
value of SLA was slightly higher than other two groups 
during the stable period. And as shown as Figure 6C, the 
average COF of SLA (0.7 ± 0.04) was slightly higher than 
SLA-ZrP0.5 (0.6 ± 0.02) and SLA-ZrP0.7 (0.6 ± 0.03). To 
sum up, these results indicated that ZrP coatings significantly 
enhanced the ability of anti-friction.

It has been claimed that the surface roughness of materi
als was closely related to their COF and that an increase in 
the surface roughness would increase the COF and friction 

Figure 6 (A) Schematic diagram of the UMT-3 friction resistance test and surface morphology of the different samples after analysis; quantified wear rate (B) and coefficient 
of friction (C) in different groups. Error bars represent mean ± SD for n = 6, *p < 0.05.
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force.49 Although a smooth RP coating has been success
fully prepared on the SLA surface herein, we found that the 
surface roughness mainly depended on the flame-like micro
structure. This would explain why there was a similar and 
non-significantly different COF trend among the groups. 
Through in-depth analyses, we also discovered substantial 
changes to the cross-sectional area and wear rate due to the 
ZrP coatings, which played an important role in improving 
the tribological properties of SLA samples. As a typical 
layered nanomaterial, ZrP has been confirmed to have 
a covalent network structure formed by ZrO6 sheets and 
tetrahedral HPO4

2- through Van der Waals forces.50,51 At 
the molecular level, the interaction between the adjacent 
layers played a key role in the friction behavior and resis
tance of nanoparticles.52 Therefore, under shearing condi
tions, layered materials are more prone to result in 
intergranular slippage, leading to an increased friction 
resistance.53 In addition, ZrP, a widely applied nanolubricant 
additive, could repair scars and grooves of a material surface 
via surface repairing and polishing effect, which in turn 
could considerably enhance friction resistance.54,55 Another 
study claimed that after doping ZrP nanosheets in polyvinyl 
alcohol, its nano-mechanical properties, such as hardness 
and elastic modulus, were improved.56 Therefore, we 
believed that although the ZrP coating did not effectively 
change the COF of SLA, its layered structures and superior 
hardness/elastic modulus would play a direct role in the 

wear process, resulting in a significant decrease in wear 
area and wear rate.54–57

Effects of Different Samples on 
MC3T3-E1 Cells
To investigate the different effects of ZrP coating on osteo
genesis, a series of in vitro cellular experiments were carried 
out. From the CLSM images (Figure 7A), we could see that 
the fluorescence intensity and the number of MC3T3-E1 
cells were similar for every group. However, the cell spread
ing area increased slightly with the increase of ZrP.

As for the cell viability, the MTT result (Figure 7B) of 
MC3T3-E1 cells showed that both SLA-ZrP0.5 and SLA- 
ZrP0.7 significantly (p < 0.05) promoted the cell viability 
when compared with the SLA group after 3 and 7 d. Similar 
to the MTT result, the cells on the surface of ZrP-modified 
samples also showed a significant increase (p < 0.05) in 
mineralization level (Figure 7C): SLA-ZrP0.5 and SLA- 
ZrP0.7 groups were about 112% and 115%, respectively. 
In addition, when compared to the SLA and SLA-ZrP0.5 
groups at the molecular level, the SLA-ZrP0.7 samples 
exhibited a significantly (p < 0.05) enhanced expression of 
Runx2, ALP, COL I and OCN genes (Figure 8). It was also 
found that the expression of Col I and Runx2 genes in the 
SLA-ZrP0.5 group were higher (p < 0.05) than that of the 
SLA group, while the expression of ALP and OCN genes 
had no significant differences between the two groups.

Figure 7 (A) Representative fluorescent staining images of cell morphology in the different groups; (B) cell viability of MC3T3-E1 cells on the different samples after 3 and 7 
d; (C) mineralization level of MC3T3-E1 cells on the different substrates after 14 d. Error bars represent mean ± SD for n = 6, *p < 0.05.
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In summation, the ZrP coating increased the spreading 
area and viability of MC3T3-E1 cells, which might be 
attributable to the ZrP structure on the surface of the 
SLA substrate.58,59 Moreover, we have proven that the 
ZrP coating could significantly augment the osteoinduction 
capacity by enhancing the mineralization level through up- 
regulating the expressions of osteogenesis-related genes 
(Runx2, ALP, COL I & OCN). In general, SLA-ZrP not 
only had good cytocompatibility but also had good 
osteoinductive potential, which was of great significance 
for its clinical application and service life.

Conclusion
In this study, ZrP coatings were successfully prepared on the 
SLA-treated Ti substrates by sol-gel and high-temperature 
calcination techniques. Through the evaluation of the che
mical composition of both SLA-ZrP0.5 and SLA-ZrP0.7 
coatings, we found that the ZrP compound (including 
a small amount of ZrO2) was formed after heat treatment. 
Although the corrosion resistance of each group in α-MEM 
medium supplemented with FBS was obviously lower than 
that in saline solution, SLA-ZrP0.5 and SLA-ZrP0.7 (espe
cially the latter) displayed better performance on Ecorr and 
Icorr in both electrolytes compared with SLA group. Besides, 

SLA-ZrP0.7 also showed the best friction resistance and 
osteoinductive potential. In conclusion, this novel multifunc
tional Ti-based implant has excellent osteoinduction, anti- 
corrosion, and anti-friction properties, which exhibits 
a promising potential in implant application.
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