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To improve the biological activities of titanium implant surfaces and promote
efficient early bone formation, the formation of bioactive coatings that promote
bone formation on titanium implant surfaces is currently an important area
of research. In this study, we prepared a zinc-doped porous coating (Zn-
PEO) on a titanium alloy surface via plasma electrolytic oxidation. The surface
characteristics of the samples were evaluated with field emission scanning
electron microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS),
profilometry, static contact angles and nanoscratch studies. The slow release
of zinc from the coating was detected with inductively coupled plasma‒mass
spectrometry (ICP‒MS). The corrosion resistances of the samples were evaluated
via electrochemical studies. On this basis, we evaluated the biocompatibility and
biological activity of the sample through in vitro cell experiments. The results
confirmed that a Zn-PEO coating was successfully prepared on the surface of
the titanium alloy; it exhibited a porous micro/nanomorphology, and the coating
and the substrate were tightly bound. The coating increased the roughness of
the titanium surface and improved the wear and corrosion resistance. More
importantly, the coating promoted adhesion, proliferation, differentiation and
mineralization of bonemarrowmesenchymal stem cells and had good biological
activity. Therefore, Zn-PEO coatings with porous structures were prepared on
the surfaces of titanium implants through plasma electrolytic oxidation. The Zn-
PEO coating exhibited good surface properties and biological activity and has
good application prospects.

KEYWORDS

plasma electrolytic oxidation, titanium, surface properties, zinc-doped porous coating,
biological activity

1 Introduction

Titanium and its alloys are widely used as hard tissue repair and replacement materials
in orthopedics and stomatology due to their excellent mechanical properties, corrosion
resistance and biocompatibility. However, there are problems with titanium and its alloys,
such as biological inertness of the surface, poor biological activity, lack of osteogenic
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inducibility, high elastic moduli and limited corrosion resistance,
which affect bonding with the surrounding bone tissue and
significantly limit their use in orthopedic and dental implants
(Donley and Gillette, 1991; Ottria et al., 2018). Due to the
interactions between the titanium implants and the surrounding
bone tissue that initially occur at the surfaces of the titanium alloys,
it is necessary tomodify these surfaces to solve the clinical problems.

Many surface modification technologies have been used
to improve the surface properties of titanium and its alloys,
including hydrothermal treatment, hydrogen peroxide treatment,
alkali heat treatment, acid treatment, chemical vapor deposition,
plasma spraying, ion implantation, anodic oxidation and plasma
electrolytic oxidation (PEO) (Ripamonti et al., 2012; Gasik et al.,
2015; Chouirfa et al., 2019; Li et al., 2019; Stein et al., 2020;
Van den Borre et al., 2022). PEO is a relatively simple and efficient
technique that generates oxide ceramic coatings that grow in situ
and exhibit strong bonding and micro/nanoporous structures on
the surfaces of titanium,magnesium, aluminum, tantalum and other
metals (Sikdar et al., 2021). Moreover, it is widely used in surface
modifications of metal materials. In a classic electrolyte mixture
containing Ca and P, PEO forms micro/nano porous coatings
containing Ca and P on the surface of titanium. Research has shown
that the micro/nanoporous structures formed by plasma electrolytic
oxidation of titanium enhances cell adhesion and proliferation and
promotes the formation of bone tissue on the surfaces of titanium
implants (Marques Ida et al., 2015). In addition, previous studies
have shown that the porous structures on the titanium surfaces
significantly improve integration between the titanium implants
and the bone tissue (Wang et al., 2022). Therefore, the porous
micro/nanostructures prepared with PEO activate the titanium
surface and enhance its biological activity.

The micro/nanostructure increases the surface area of the
titanium implant and increases the space between the implant and
the host bone. More importantly, the micro/nanostructure provides
a suitable microenvironment for the growth of bone marrow
mesenchymal stem cells (BMSCs) and other cells (Li K. et al., 2020).
PEO can provide a range of coating pore sizes if the appropriate
parameters (voltage, current, duty ratio and time) are chosen. Prior
results showed that the pore sizes of the coating gradually increased
with increasing PEO treatment time, whereas the number of pores
gradually decreased. More importantly, PEO can also introduce
bioactive elements such as Cu, Si, Co, Mn, and Sr into the coating
(Zhou and Zhao, 2016; Sedelnikova et al., 2019; Li Y. et al., 2020;
Shimabukuro, 2020), control the contents of the elements in the
coating by controlling the concentrations of the electrolyte and other
parameters and improve the bioactivity of titanium implant through
slow release of these bioactive ions. Due to these advantages, PEO
has received increasing attention in clinical practice.

As an essential trace element for the human body, zinc
is essential for bone growth and development in humans and
various animals. Zinc is a very effective contributor to bone
metabolism. Specifically, zinc affects the functions of osteoclasts,
whereby it reduces bone resorption by inhibiting the osteoclasts.
By inhibiting the expression of RANK, the activities of TRAP
and cathepsin K are inhibited, and bone resorption is reduced
(Sutthavas et al., 2022). In addition, zinc affects the function of
osteoblasts. By regulating the expression of Runx2, increasing the
syntheses and activities of matrix proteins, type I collagen and

ALP, and increasing the accumulation of calcium and phosphorus,
zinc promotes calcification of the extracellular matrixes of the
osteoblasts and promotes bone formation. In addition, zinc
may also affect the bone formation process by influencing the
expression of osteoprotegerin and regulating insulin growth factor
(Toledano et al., 2021). Furthermore, zinc affects the formation of
bone in the human body through various channels, and osteoblasts
are important functional cells in the process of osteogenesis.

The interface between the titanium surface and the bone
is the focal point for material and cellular biological response
events, but the biological inertness of the titanium surface inhibits
effective integration of the material with the surrounding bone
tissue. The need to “biologically activate” the inert titanium surface
interface constitutes an important challenge in this field. The
interactions occurring at the interface between the titanium surface
and the bone tissue depend on the surface characteristics of
titanium, including the surface morphology, chemical composition,
roughness, hydrophilicity/hydrophobicity and surface charge. Due
to the porous micro- and nanomorphologies of the coatings
prepared via plasma electrolytic oxidation, it is important to
introduce zinc with its various biological functions into the
coating through plasma electrolytic oxidation. When considering
this scenario, this study was designed to use plasma electrolytic
oxidation to prepare a Zn-PEO coating exhibiting porous structures
on the surface of a titanium alloy; stainless steel was chosen as
the cathode and titanium alloy as the anode in a zinc-containing
electrolyte solution. Zinc was introduced into the titanium surface
coating through plasma electrolytic oxidation, which combined the
desired titanium surface structure and biological activity. With this
combination of porous structures and zinc, the titanium surface
was biologically activated. This study will provide new ideas for
improving and optimizing the biological activities of titanium
surfaces, and the method has clinical application prospects.

2 Materials and methods

2.1 Preparation of coating

The titanium alloy was processed into titanium sheets with
diameters of 12 mm and thicknesses of 1 mm with wire electrical
discharge machining (EDM) technology. Abrasive paper (200 #, 400
#, 600 #, 1,000 #, 1,500 # and 3,000 #) was used to polish the titanium
sheet to remove the oil stains on the surface until it was smooth and
free of obvious scratches. Finally, acetone, anhydrous ethanol and
deionized water were used for ultrasonic cleaning, and the sheet was
dried in an oven for later use.

The power supply for plasma electrolytic oxidation was a
MAO-600-11A. The voltage was 400 V, the time was 6 min, and
the frequency was 1,000 Hz. The electrolyte temperature was
consistently maintained at approximately 25°C. After the plasma
electrolytic oxidation was completed, the sample was washed with
deionized water and dried for later use.

To prepare the PEO coating, we dissolved 0.2 mol/L calcium
acetate and 0.02 mol/L calcium glycerophosphate in 1 L of deionized
water, stirred to dissolve the reagents and allowed the solution to
stand at room temperature for 1 h. A stainless steel plate was used
as the cathode, and a titanium alloy plate was used as the anode for
plasma electrolytic oxidation.
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In the preparation of the Zn-PEO coating, zinc gluconate
(0.02 mol/L) was added to the abovementioned electrolyte mixture,
and plasma electrolytic oxidation was performed with the same
parameters.

2.2 Evaluation of the surface coating
properties

Field emission scanning electron microscopy (FE-SEM) and
profilometry were used to observe the surface morphologies of the
samples; in addition, energy dispersive spectroscopy (EDS) and X-
ray photoelectron spectroscopy (XPS) were used to observe the
elemental compositions and chemical states of the coatings, and
The surface roughness profilometer is used to test the roughness of
the coating. The adhesion strengths and friction properties of the
coatings were tested with nanomechanics testing system.

2.3 Zinc ion release experiment

The entire Zn-PEO sample was immersed in 10 mL α-MEM
solution and sealed for storage, and samples were removed after
heating at 37°C in an incubator for 1, 3, 5, 7, and 10 days successively.
The samples were tested three times, and the regularity of zinc ion
release from the Zn-PEO coating into the solutionwas analyzedwith
inductively coupled plasma-mass spectrometry (ICP‒MS).

2.4 Corrosion resistance tests

An electrochemical workstationwas used to detect the corrosion
resistances of the samples and generate Nyquist curves, Bode-
impedance curves and Bode-phase curves. A three electrode
system was used, with a saturated calomel electrode (SCE) as the
reference electrode (RE), a platinum electrode as the auxiliary
electrode (CE) and the workpiece as the working electrode.
The corrosion solution contained 0.9 wt% NaCl. The sample was
immersed in 30 mL of the corrosion solution and stabilized for
60 min. The frequency test range was 90 kHz–10 mHz, and the
sinusoidal AC signal amplitude was 10 mV. After completion, the
corresponding impedance parameters were calculated with the
appropriate software.

2.5 Wear resistance evaluation

In this study, we used the nanomechanics testing system to
evaluate the friction performance of the samples. The conditions
for friction and wear are: a loading load of 50 mN, a wear scar
length of 3 mm, a wear time of 10 min and a reciprocating frequency
of 5 Hz. To better simulate the wear behavior in the human body
environment, this test was conducted in a simulated body fluid
environment. After the friction and wear test is completed, the
samples are sequentially cleaned with alcohol and deionized water,
and the surface morphology of the grinding crack is observed
using a three-dimensional profilometer. The depth and width of the
grinding crack are measured, and the wear rate of each group of
samples is calculated (Wangcai et al., 2018).

2.6 In vitro cell research

2.6.1 Cell culture
Studies involving animals were reviewed and approved by the

Ethics Committees of Guizhou Provincial People’s Hospital. The
tibias and femurs of SD rats were the sources of the BMSCs. The
rats were euthanized via cervical dislocation, and both femurs and
tibiae were removed.The bonemarrowwas washed out withDMEM
culture medium containing 1% double antibody and 10% fetal
bovine serum. The cells were cultured in a 37°C cell incubator
containing 5% CO2, and the fluid was changed every 3 days. Two to
three generations of cells were used for the subsequent experiments.

2.6.2 Live/dead staining
Cells were inoculated on the surface of each sample at a density

of 2 × 104 cells/well and cultured in a 37°C and 5% CO2 constant
temperature incubator for 48 h. After rinsing with PBS, the cells
were transferred to a new 24-well plate and treated with live/dead
viability/cytotoxicity kits, after which fluorescence microscopy was
used to determine the cell toxicities.

2.6.3 Adhesion of BMSCs
The cell inoculation density and culture method were the same

as above. After incubation at 37°C for 120 min. Rinse with PBS to
remove non adherent cells. The cells adhered to the samples were
fixed with 75% alcohol and the nucleus was labeled with DAPI. Take
photos under a fluorescence microscope and count the number of
cells using Image J software.

2.6.4 Proliferation of BMSCs
The cell inoculation density and culture method were the same

as those described above. After 72 h of culture, 200 μL EdUmedium
was added and the samples were incubated. Then, 100 µL of cell
fixative was added to each well for 30 min, and 200 μL of 1X Apollo
@ dye reaction solution was added for 30 min. Finally, Hoechst
labeled the nucleus, washed the samples, and photographed under
a fluorescence microscope.

2.6.5 ALP staining
The cell inoculation density and culture method were the same

as those described above.The culturewas terminated on the 14th day
after inoculation, washed with PBS and fixed. ALP was stained with
the BCIP/NBT kit and photographed under a stereomicroscope.

2.6.6 ECM mineralization
The culture was terminated on the 21st day after inoculation,

rinsed with distilled water, fixed with paraformaldehyde solution,
added to a alizarin red staining solution and stained at 37°C
for 30 min. After thorough cleaning with distilled water,
stereomicroscope photographs were taken.

2.7 Statistical analyses

All of the data were expressed as the mean ± standard deviation
and were analyzed with SPSS 18.0 software. One-way ANOVA
and the SNK test were used to compare the differences between
the groups. Moreover, p < 0.05 indicated a statistically significant
difference.
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3 Results

Figure 1 shows the morphologies of different samples
determined with FE-SEM. The surface of the Ti was smooth, with
traces of sandpaper grinding and no micro/nanostructures. The
surface of the PEO coating was covered with micropores of varying
sizes and irregular shapes; several pores penetrated each other and
several pore gaps remained in the cracks. The morphology of the
Zn-PEO coating determined with SEM was similar to that of PEO,
its surface was covered with micro holes of different sizes, and there
were a few cracks remaining between the surfaces. This was caused
by discharge ablation during the plasma electrolytic oxidation.

Figure 2 shows the XPS data for the Zn-PEO coating, and
Figure 2A shows the full X-ray photoelectron spectrum of the Zn-
PEOmicroporous coating. In addition to the characteristic peaks for
titanium, oxygen, calcium and phosphorus, therewere characteristic
peaks of Zn. The peak in the Ti 2p spectrum corresponded to
titanium dioxide, and the P-O bonds of PO43− were evident in the
P 2p data, thus indicating that P was present as PO43−. The Ca 2p
binding energies were 347.5 eV and 351.7 eV, and the Ca 2p and P
2p data indicated the presence Ca3(PO4)2.TheZn 2p binding energy
at 1,022.2 eV corresponded to ZnO.

Figure 3 contains electron microscopy images showing the
cross-sectional morphology of the Zn-PEO coating. The coating
consisted of a dense inner layer and a loose outer layer. The
coating was grown from the titanium substrate and inlayed with
the substrate. Moreover, the coating and the titanium substrate were
strongly bound.

Figure 4 shows the profilometry surface topography of the
sample. The Ti surface was relatively flat, and the PEO coating and
Zn-PEO surface exhibited crater-like structures, thus resulting in
a relatively high degree of roughness. Quantitative analyses of the
surface roughness, Ra, for each sample showed that Zn-PEO and
PEO coatings were rougher than the Ti surface, and the differences

were statistically significant (p < 0.01). However, there were no
significant differences in the roughnesses of the Zn-PEO and PEO
coatings. Obviously, PEO increased the roughness of the titanium
surface, which enabled cell adhesion and extension.

The bonding strength between the coating and the substrate is
one of the important standards for evaluating the quality of the
coating. The scratch method is one of the most commonly used
methods for testing the adhesion between coatings and substrates.
Its experimental principle is to keep the indenter running at a
constant speed until the coating is scratched under the condition
of increasing load. The critical load value for coating failure is
determined by detecting the acoustic emission signal curve and the
changes in tangential friction force throughout the entire process.
During this process, a conical indenter is used to slide on the
coating, and with the continuous increase of load, when the critical
load is reached, the coating and substrate begin to peel off. At
this point, a damage signal will appear on the acoustic emission
curve, and a turning point will appear on the corresponding position
of the friction curve to determine the bonding force between the
coating and substrate. In this study, the adhesion between Zn-PEO
coating and titanium substrate was tested by the nanomechanics
testing system equipped with a diamond indenter. Figure 5 shows
the acoustic emission spectrum of the Zn-PEO coating. Based on
the acoustic emission spectrum of the coating, the adhesive force
between the Zn-PEO coating and the substrate was greater than
180 N, indicating that the Zn-PEO coating was strongly bonded to
the titanium substrate.

Figure 6 shows the surfacemorphology of the three-dimensional
profilometer for each group of samples. It is obvious that the surface
of Ti is severely worn, with deep and uniform grinding crack.
Compared with Ti, the depth of wear marks on PEO and Zn-PEO is
significantly reduced, and thewearmarks are rougher. By calculating
the wear rate, the wear rate of each group of samples follows the
following trend: Ti > PEO > Zn-PEO.

FIGURE 1
SEM surface morphologies of different samples under low and high magnification (500× and 1,500×).
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FIGURE 2
(A) XPS full spectrum for the Zn-PEO coating and (B) Ti 2p, (C) Ca 2p, (D) P 2p, (E) Zn 2p, and (F) O 1s XPS data.

FIGURE 3
SEM cross-section morphology of the Zn-PEO coating.

Figure 7 shows the slow release curve for the zinc ions. With
increasing time, the zinc ions underwent slow release into the
solution.During the first 7 days, the zinc ions exhibited rapid release,
the rate reached a peak on the seventh day and then stabilized, and
then slow release followed. It was concluded that the zinc ions in the
Zn-PEO coating were released slowly.

Figure 8 shows the electrochemical impedance spectra of each
group of samples. Figure 8A shows the Nyquist curves of the
samples, which clearly showed that the impedance curve shapes of
the three samples were basically the same and contained capacitive

arcs. The diameters of the capacitive arcs for Ti, PEO, and the Zn-
PEO coating gradually increased, and the Zn-PEO coating had a
significantly larger arc diameter than the other two samples, which
indicated good corrosion resistance. Figure 8B shows the Bode-
impedance curves of the samples. The higher the IZI value in the
low-frequency region is, the better the corrosion resistance of the
sample, and this again confirmed the excellent corrosion resistance
of the Zn-PEO coating. Figure 8C shows the Bode-phase curves
of the samples; there were no significant differences among the
samples, indicating that there were no significant changes in the
coating structure of the sample doped with Zn. In summary, the
PEO coating formed by plasma oxidation improved the corrosion
resistance of titanium, and the addition of zinc to the coating further
enhanced the corrosion resistance of the coating.

Figure 9 shows the results for fluorescence staining of
living/dead BMSCs on different sample surfaces, with green
indicating living cells and red indicating dead cells. The surfaces of
all samples exhibited mainly green living cells with small amounts
of red dead cells. Quantitative analyses showed that there were
no significant differences in the number of dead cells among the
groups, thus indicating that the Zn-PEO coating had no significant
cytotoxicity and had good biocompatibility.

Figure 10 shows the number of BMSCs adhered to the different
sample surfaces. At the 120 min time point, the number of cells
adhering to the Zn-PEO surface was significantly higher than those
of the Ti and PEO groups. Thus, the introduction of Zn into the
coating promoted cell adhesion.
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FIGURE 4
Profilometry surface topographies of various samples.

FIGURE 5
Acoustic emission spectrum of Zn-PEO (The initial load is 0 N, the final
load is 150 N, the scratch speed is 2 mm/min, and the load loading
rate is 50 N/min).

EdU staining is a new detection method for evaluating cell
proliferation. Figure 11 shows the EdU staining results. The red

fluorescence-labeled cells are EdU-positive, and the more EdU-
positive cells in red, the more vigorous the cell proliferation.
Obviously, compared with the Ti and PEO groups, there were
significantly more EdU-positive cells on the Zn-PEO surface due
to the microstructure of the coating and the slow release of zinc
ions.

Figure 12A shows the ALP staining results for BMSCs cultured
on the sample surface for 14 days. ALP is an indicator of early
osteogenic differentiation of cells. ALP nodules were expressed on
the surfaces of samples from all groups. Compared with those of
the Ti and PEO groups, the color of the Zn-PEO stain was deeper
and has more ALP nodules. Quantitative analysis of ALP staining
showed that the difference was statistically significant compared to
the Ti group (Figure 12C). It was obvious that Zn-PEO promoted
osteogenic differentiation of the BMSCs. Figure 12B shows the
alizarin red staining results for BMSCs cultured on the sample
surface for 21 days. Alizarin red staining reflects mineralization of
the extracellular matrix. We observed mineralized nodules on the
surfaces of each group of samples. At 21 days, the Zn-PEO group
had more mineralized nodules than the Ti and PEO groups, and
quantitative analysis of alizarin red staining also showed that the
difference was statistically significant compared to the Ti group
(Figure 12D), thus indicating that the Zn-PEO surface promoted
extracellular matrix mineralization, which was closely related to
the porous structure of the surface and the slow release of zinc
ions.
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FIGURE 6
Surface morphology of the three-dimensional profilometer for each group of samples.

FIGURE 7
Slow release curve for the Zn ions.

4 Discussion

Due to the poor surface bioactivity and bone integration
performance of titanium and its alloys, implant loosening is a
difficult problem experienced by orthopedists and stomatologists.
Improvement of the titanium surface bioactivity is effective in
preventing the loosening of titanium implants. Prior results showed
that themorphology and chemical composition of a titanium surface

are closely related to its surface biological activity (Rupp et al., 2018).
In terms of surface morphology, micro/nanomorphologies better
simulate the microenvironments enabling natural cell growth and
promote good bone integration between titanium implants and
bone tissues. Moreover, the chemical composition of the titanium
surface can directly improve the biological activity of titanium by
releasing bioactive substances. In this study, zinc acetate was used
as the main component of the electrolyte, and a Zn-PEO coating
was prepared on the surface of a titanium alloy through plasma
electrolytic oxidation.Themicro/nanomorphology exhibited a good
bionic effect when combined with zinc with good biological activity
to improve the biological activity of the titanium. Therefore, this
study provides new ideas for improving the biological activity of
titanium.

The surface morphology has an important effect on the
biocompatibility and bioactivity of an implant (Ogle, 2015). The
Zn-PEO coating prepared in this study contained micro/nanopores,
which were formed because the partial discharge in the plasma
electrolytic oxidation process caused current breakdown of the
titanium surface. The sizes of the micro/nanopores can be adjusted
by adjusting the plasma-related parameters, such as the voltage
and time. Generally, a higher voltage corresponds to larger pore
diameters. Moreover, longer PEO times generate rougher surfaces.
It has been confirmed that the micro- and nanostructures produced
by plasma electrolytic oxidation can enhance cell adhesion and
proliferation (Feller et al., 2015). The results of this were consistent
with those reports. Compared with those of the Ti group, the
cell adhesion and proliferation were significantly increased for the
PEO and Zn-PEO groups, which we believe was related to the
micro/nanostructures generated by plasma electrolytic oxidation.
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FIGURE 8
Electrochemical impedance spectroscopy. Nyquist curves (A), Bode-impedance curves (B) and Bode-phase curves (C) for Ti, PEO and Zn-PEO.

FIGURE 9
Live (green)/dead (red) staining of cells incubated for 48 h on different samples.
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FIGURE 10
Adhesion of BMSCs on the surfaces of the different samples.

FIGURE 11
EdU staining results of the different samples.

The surface roughnesses of materials are also important
factors affecting their biological activities (Barfeie et al., 2015). The
definition of surface roughness is not completely consistent for

titanium implants. Generally, a roughness Ra < 1 µm indicates a
smooth surface, and a roughness Ra > 1 µm indicates a rough
surface. In this study, the surface roughness of the Zn-PEO coating
formed by plasma electrolytic oxidation of titanium exhibited Ra
> 1 μm, which indicated a rough surface that enables cell adhesion
and proliferation. Moreover, a rougher implant surface corresponds
to a larger specific surface area and greater hydrophilicity, which
facilitate adhesion and proliferation of osteoblasts on the implant
surface (Feller et al., 2014).

In studies of the surface modifications of titanium implants, it
is relative easy to dope biologically active inorganic ions exhibiting
controllable release into the coating. The advantages of this are
that the method is inexpensive and the coating is durable. Zn is
an indispensable trace element in the human body. Although its
content is very small, it plays a very important role in the growth
of bone tissue and is a necessary trace element for osteoblastic
activity, ALP activity and collagen synthesis. In recent years, with
the successful addition of zinc to bioceramics, hydroxyapatite,
tricalcium β-phosphate and magnesium alloys, some researchers
have attempted to use zinc to modify the surfaces of titanium alloys
(Xue et al., 2008; Garbo et al., 2020; Batool et al., 2022). Yu et al.
(2023) introduced zinc doping into the surface of titanium through
micro arc oxidation and found that the zinc ions exhibited stable
release, as well as good angiogenesis and osteogenesis potential.
Cerqueira et al. (2021) prepared a zinc-doped bioactive coating on a
titanium surface with the sol-gel method. Further research showed
that the coating exhibited no cytotoxicity and caused ALP and TGF
in osteoblasts. Moreover, the expression of β and RUNX2 genes
increased. Wang et al. (2019) fixed zinc ions on the surfaces of
titanium implants through polydopamine (PDA) chemical surface
modifications to prepare Ti-PDA-Zn coatings. Further research
showed that the Ti-PDA-Zn coating exhibited excellent antibacterial
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FIGURE 12
ALP staining of BMSCs after 7 days of culture and ECM mineralization of BMSCs after 21 days of culture [(A): ALP staining; (B): ECM mineralization; (C):
Quantitative analysis of ALP staining and (D): Quantitative analysis of alizarin red staining].

activity against both Staphylococcus aureus and Escherichia coli in
vitro. In vivo experiments confirmed that the Ti-PDA-Zn coating
showed excellent antibacterial performance and improved bone
integration ability in the presence of Staphylococcus aureus. In
this study, we used plasma electrolytic oxidation to introduce
zinc into porous micro/nanocoatings. In vitro studies confirmed
that this coating promotes the adhesion and proliferation of bone
marrowmesenchymal stem cells. Our results are consistent with the
abovementioned results, thus indicating that the introduction of zinc
into the surfaces of titanium implants improves the biocompatibility
and biological activity of titanium and has potential clinical
application value.

After contact with materials, cells typically undergo three
processes: attachment, proliferation and differentiation.
Proliferation and differentiation are two major functions of cell
life. ALP expression begins in the late stage of cell proliferation
and is often widely used as a marker of cell osteogenesis and early
osteogenesis. Increased ALP expression corresponds to a higher
probability that the cells will differentiate into osteoblasts. In this

study, three different material surfaces were cultured with cells for 7
and 14 days, and the results showed that the level of ALP expression
on theZn-PEO surfacewas the highest, with a statistically significant
difference compared to the control group. This indicated that the
Zn-PEO surface promoted cell differentiation into osteoblasts and
promoted bone formation. Alizarin red staining was used to detect
the degree of mineralization for the cells cultured on the different
samples.The results showed that the Zn-PEO surface had the highest
degree of mineralization, thus indicating that the Zn-PEO surface
promoted cell mineralization. This result was consistent with the
results from ALP detection. Therefore, it can be speculated that Zn-
PEO on the titanium surface promoted osteoblastic differentiation
and extracellularmatrixmineralization of cells.Our research and the
results of literature reports are consistent. Jin et al. (2014) implanted
zinc and silver onto the surfaces of titanium implants through ion
implantation to form a zinc-containing film with Ag nanoparticles
(Ag NP). In vitro studies confirmed that this biologically active
film promoted osteogenic differentiation and mineralization of
the bone marrow mesenchymal stem cells. Chen et al. (2020)
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prepared zinc-doped TiO2 nanotubes (TNTs) on a pure titanium
surface through anodic oxidation. Further research showed that
zinc-doped TiO2 nanotubes promoted the proliferation of M2-
type macrophages and showed stronger cell proliferation, adhesion,
osteogenic-related gene expression, alkaline phosphatase activity
and extracellular mineralization in osteoblasts cultured on
zinc-doped TNTs. In a similar study, He et al. (2018) prepared
TiO2 nanorod membranes doped with zinc-containing bioactive
glass (TiO2/Zn-BG) on tantalum substrates. Cell experiments
showed that, compared to membranes without Zn (TiO2/BG),
the expression of osteogenic-related genes and ALP and ECM
mineralization on TiO2/Zn-BG membranes were significantly
upregulated. Further research showed that the enhanced osteoblast
differentiation and mineralization seen with this bioactive film were
closely related to the Zn2+ microenvironments around the TiO2
nanorods. The Zn-PEO coatings on the surfaces of the titanium
implants used in this study promoted bone formation, which was
related to the micro- and nanomorphology of the Zn-PEO coating
and may be related to the release of Zn2+ from the Zn-PEO coating.
However, the specific mechanism for bone formation with Zn2+ still
requires further research.

In this study, although the surface roughness and porosity of the
sample was increased by the plasma electrolytic oxidation treatment,
the corrosion resistance of the Zn-PEO and PEO surfaces were
significantly better than that of titanium, which was closely related
to the crystalline titanium dioxide in the coating after the plasma
electrolytic oxidation. Titanium dioxide is a ceramic, and the biggest
advantage of ceramics is their excellent corrosion resistance. Because
plasma electrolytic oxidation is carried out at high temperatures,
the coating is formed directly on the surface of titanium, ensuring
the tightness and integrity of the coating and effective bonding to
the titanium substrate. Furthermore, although SEM cross-sectional
images of the coating revealed micrometer-sized pores on the
surface leading to the titanium substrate, the pores were not in
direct contact with the metal substrate but only reached the middle
of the coating. The closer the pores were to the coating interface,
the smaller the pore sizes. Therefore, the pores did not damage
the integrity of the ceramic coating. In addition, the increased
thickness of the titanium surface coating after plasma electrolytic
oxidation also reduced the contact between the titanium substrate
and the liquid and improved its corrosion resistance. Therefore,
the coating formed on the titanium surface via plasma electrolytic
oxidation improved the titanium surfacemorphology and enhanced
its corrosion resistance. In addition, the corrosion resistance of the
Zn-PEO coating prepared in this study was higher than that of the
PEO coating. We believe that because the Zn-PEO coating contains
zinc, the release of zinc ions from the coating improved the corrosion
resistance. However, further research is needed to elucidate the
specific mechanism.

Cell compatibility is a basic requirement for implants. In this
study, the biocompatibility of the Zn-PEO coating was evaluated
with live/dead cell staining. There were no significant differences in
the number of dead cells on the surfaces of each sample group, thus
indicating that Zn-PEOhad goodbiocompatibility but no significant
cytotoxicity. Although zinc is a necessary trace element, excess local
concentrations may lead to toxic reactions in nearby cells or tissues.
Due to the specific mechanism of plasma electrolytic oxidation, an
excessive concentration of zinc in the electrolyte solution during

plasma electrolytic oxidation will prevent the plasma electrolytic
oxidation from striking an arc, thus resulting in failure of the plasma
electrolytic oxidation. Therefore, in this study, the Zn-PEO coatings
prepared on the titanium surfaces through plasma electrolytic
oxidation had a very low zinc concentrations, and the zinc was
slowly released; therefore, there was no significant cytotoxicity.
Our results are similar to those of previous reports. The Zn-
modified TiO2 coatings prepared by Lv et al. (2021) on the surfaces
of titanium implants via ultrasonic micro arc oxidation showed no
significant cytotoxicity and good biocompatibility. Li et al. (2021)
prepared a layer of hydroxyapatite with different concentrations
of zinc ions on a titanium surface by using the sol gel process
combined with sol gel and micro arc oxidation and coated it on
the micro arc oxidized titanium substrate. In vitro experiments
confirmed that the zinc ion-doped composite coating had good
biocompatibility.

In summary, we added zinc gluconate to an electrolyte solution
composed of calcium acetate and calcium glycerophosphate and
prepared a Zn-PEO coating on a titanium surface with plasma
electrolytic oxidation. The electrolyte solution was stable, and the
prepared coating had good biocompatibility. The Zn-PEO surface
had a microporous structure, and the zinc in the coating was
released slowly. The coating enhanced the wear and corrosion
resistance of the titanium and provided suitable roughness. In
vitro experiments confirmed that the Zn-PEO process promoted
the adhesion, proliferation, differentiation and mineralization of
BMSCs and generated good biological activity. This study provides
a new method for improving the biological activity of titanium and
has potential for clinical application.
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