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ABSTRACT: An early and sustained immune response can lead
to chronic inflammation after the implant is placed in the body.
The implantable materials with immunomodulatory effects can
reduce the body’s immune response and promote the formation of
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microscopy (AFM) and detected the release of Zn>* from the
coating surface by inductively coupled optical plasma emission
spectrometry (ICP-OES). The BMSCs were inoculated on the surface of the coating, and the biocompatibility of the coating was
evaluated by CCK-8 analysis and living and dead cell staining. The osteogenic effect of the layer on BMSCs was evaluated by alkaline
phosphatase (ALP) assays, osteocalcin (OCN) immunofluorescence, and quantitative polymerase chain reaction (q-PCR). The
survival status of RAW264.7 on the coating surface and the mRNA expression of the associated proinflammatory markers, tumor
necrosis factor-a (TNF-a), cluster of differentiation 86 (CD86), and inducible nitric oxide (INOS) were detected by CCK-8
analysis and q-PCR. In parallel, the cell counting kit-8 (CCK-8) analysis and q-PCR screened and evaluated the effective
concentration of Zn>* anti-inflammatory in vitro. The results show that the coating has good physical characterization, and Zn is
uniformly bound to the surface of titanium and shows stable release and good biocompatibility to BMSCs, downregulating the
expression of inflammation-related genes promoting the bone formation of BMSCs. We have successfully prepared zinc-coated
micro-arc titanium oxide coating on the titanium surface, which has good osteogenesis and great anti-inflammatory potential and
provides a new way for osseointegration in the implant.

1. INTRODUCTION

Titanium has excellent biocompatibility and is the standard
carrier for dental implant materials and is currently considered
the metal of choice for dental implants."” However, titanium
lacks biological activity and, when implanted in the body, is
more mechanically bonded to bone tissue and does not form
osseointegration.3 When planted as foreign bodies, titanium
implants inevitably cause an immune response in the host."
When the implant is placed, the host immune response is
activated, and the continued activation of the immune system
leads to chronic inflammation and the destruction of healthy
tissue around the implant.”® It is increasingly essential to
modulate the host immune response, reduce the release of
local inflammatory factors, and decrease the expression of
inflammatory genes during the initial implant placement phase.

As the primary effector cell in the biological response of the
implanted material, macrophages determine the success or
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failure of the injected material to some extent.” It has been
found that soft tissue biopsies around orthopedic and oral
implants show a severe inflammatory response around titanium
particle aggregates.® In addition, the scattered Ti particles
around the dental implants could promote the expression of
proinflammatory cytokines.® It was found that the immune
microenvironment can be regulated by modulating the surface
microstructure, wettability, particle size, porosity, and released
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ions of biomaterials. As titanium implants, it has also been

Received: January 28, 2022
Accepted: March 22, 2022
Published: April 19, 2022

https://doi.org/10.1021/acsomega.2c00579
ACS Omega 2022, 7, 1492014932


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haishui+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yifan+Fei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoyang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqi+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingzhou+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Honghai+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00579&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00579?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00579?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00579?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00579?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/17?ref=pdf
https://pubs.acs.org/toc/acsodf/7/17?ref=pdf
https://pubs.acs.org/toc/acsodf/7/17?ref=pdf
https://pubs.acs.org/toc/acsodf/7/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

found that changing the titanium surface morphology and
wettability can modulate the activation of macrophages.’

Zinc (Zn), a trace element essential to the function and
structure of the body, performs a variety of positions in growth,
immunity, tissue maintenance, and wound healing.12 Zinc has
good bone-enhancing properties and excellent antibacterial
activity,'”'* effectively preventing postoperative infections.'”
At the same time, zinc ions also have anti-inflammatory
activity, reducing the inflammatory response by reducing the
production of proinflammatory cytokines and enhancing the
secretion of anti-inflammatory cytokines.">”"” It has been
found that the addition of a layer of zinc ions to sulfonated
polyether ether ketone (SPEEK) biomaterials modulates the
shift in the polarization of nonactivated macrophages toward
an anti-inflammatory phenotype and induces the secretion of
anti-inflammatory and osteogenic cytokines.'®

Micro-arc oxidation (MAO) technology can produce porous
TiO, coatings on Ti surfaces with good biocompatibility and
biomechanical roPerties that modulate the osteogenic ability
of the surface.””’ However, TiO, nanotubes with different
properties (crystallinity) exhibit different osteogenic effects on
rat BMSCs.”' MAO can also form a micro-arc titanium oxide
coating with multiple hollow channels on the titanium alloy
surface, providing a suitable carrier for loading ions, drugs, and
peptides.”””® Previous studies on Zn-coated micro-arc
titanium oxide coatings have focused more on antibacterial
aspects than modulating the inflammatory response.”* For
this reason, we combined Zn on the titanium surface to
investigate its anti-inflammatory and pro-osteointegration
effects.

In this study, we used micro-arc oxidation technology to
form Zn-coated micro-arc titanium oxide coating on the
titanium surface, where Zn is mainly present on the porous
TiO, coating surface in the form of ZnO, which will be
released into the environment as Zn** when cocultured with
cells.”>*° By the micro-arc oxidation technology, we loaded the
element Zn on the titanium surface, and through the release of
Zn?*, we formed a local anti-inflammatory microenvironment
on the implant surface, reducing the host’s immune rejection at
the early stage of implant placement, weakening the associated
inflammatory response, and promoting bone regeneration. The
prepared Zn-coated micro-arc titanium oxide coating’s physical
characterization, biocompatibility, osteogenesis, and anti-
inflammatory effects were evaluated. In addition, the optimum
concentration of Zn** was screened for its anti-inflammatory
impact on RAW264.7 cells in vitro. It further suggests that
Zn** plays an anti-inflammatory role on the surface of the
micro-arc oxide coating.

2. MATERIALS AND METHODS

2.1. Preparation of Materials. The square titanium plate
(10 mm X 10 mm X 1 mm) selected in this study was from
commercially pure titanium plates. First, 400—2000 # sand-
paper was used to polish the surface of titanium wafers. The
characters were washed with acetone, ethanol, and distilled
water for 15 min and then dried. To prepare the micro-arc
oxidation coating, the electrolyte is a mixture of 0.2 mol/L
calcium acetate monohydrate (C,H¢CAO,H,0, Macklin,
Shanghai, China) and 0.04 mol/L sodium pentahydrate /-
glycerophosphate (C;H,NA,O¢P-5(H,0), Macklin, Shanghai,
China). The Zn group (S, 10 mmol/L) was supplemented with
zinc acetate (Zn (CH,COO), 2H,0, Macklin, Shanghai,
China). Zn** groups were named Znl (5 mmol/L) and Zn2

(10 mmol/L). The voltage is set to 360 V, the frequency is 200
Hz, 30% duty cycle, and 2 min.

2.2. Material Surface Characteristics. To analyze the
physical characterization of the coating, the surface morphol-
ogy of the micro-arc oxide coating was observed by a scanning
electron microscope (SEM) (Hitachi, 3400N, Japan), the
surface element distribution of the layer was analyzed by
energy-dispersive X-ray spectroscopy (EDS) (Bruker, Ger-
many), the wettability of the coating was measured by a
contact angle meter (JY-82B Kruss DSA, Kruss, Hamberg,
Germany), the surface roughness of the material coating was
analyzed by an atomic force microscope (AFM) (Bruker
Dimension Icon, Rheinstetten, Germany), and Image] (Na-
tional Institutes of Health, Bethesda, MD) analysis indicated
the pore size and pore distribution.

2.3. Release of Zn lons. The titanium slices of MAO, Znl,
and Zn2 groups were immersed in the same volume (S mL) of
phosphate-buffered saline (PBS) and placed in a 37 °C
environment. The entire solution was extracted on 1, 3, and 7
days. After each extraction, an equal amount of PBS solution
was added again to continue the immersion. Ion release was
measured by inductively coupled optical plasma emission
spectrometry (ICP-OES) (Agilent 720ES).

2.4. Cell Culture. The Sprague Dawley (SD) rats used in
the experiments were obtained from the Animal Centre of the
Ninth People’s Hospital of Shanghai Jiao Tong University, and
animal ethical approval was obtained for all animal experiments
performed. Necks of 3—5 week SD rats were broken and
executed, alcohol-soaked for 5 min, tibia and femur were
isolated, and primary BMSCs were obtained by the whole bone
marrow apposition method. Primary BMSCs were cultured in
10% fetal bovine serum (FBS) (GIBCO, Australia) and 1%
penicillin/streptomycin (P/S, GIBCO, Carlsbad, CA) in
Dulbecco’s modified Eagle’s medium (DMEM) (HyClone,
Logan, UT), and the fluid was changed after three days. The
cells proliferated to 70—90% passages, and pure P,—P, BMSCs
were selected for subsequent experiments.

We purchased the RAW264.7 cell line from the Chinese
Academy of Sciences (Shanghai, China) for testing. Cells were
cultured in high-glucose DMEM containing 10% FBS and 1%
P/S. The cell culture medium is replaced every three days and
every two days. Both BMSCs and RAW264.7 were cultured at
37 °C and 5% CO,.

2.5. Cell Counting Kit-8 (CCK-8) Assay and Live/Dead
Fluorescence Staining. The biocompatibility of Zn-coated
micro-arc titanium oxide was examined using CCK-8 analysis.
BMSCs in good condition were inoculated at a density of 5 X
10*/well in 24-well plates (Corning Costar Co., New York,
NY) placed with Ti, MAO, Zn1, and Zn2. The absorbance was
measured on 1, 3, and 7 days after culture. The medium was
discarded and washed again with PBS. The medium containing
10% CCK-8 solution (DOJINDO, Kumamoto, Japan) was
added to each well. After incubation at 37 °C, protected from
light, and waiting for 2 h, the supernatant was pipetted onto a
96-well plate (Corning Costar Co., New York, NY), and the
absorbance was measured at 450 nm using an enzyme analyzer.

To further examine the biocompatibility of Zn-coated micro-
arc titanium oxide on cells, we took a live—dead cell staining
method to observe the growth state of BMSCs on Zn-coated
micro-arc titanium oxide. BMSCs were inoculated at a density
of § X 10*/well in 24-well plates placed with Ti, MAO, Znl,
and Zn2. The cells were cultured for 1 day and then stained.
The supernatant was discarded, washed once with PBS, added
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Table 1. Primers Used for the Evaluation of Osteogenesis-Related Gene Expression in BMSCs

gene forward primer sequence (5'—3)
ALP ATGCTCAGGACAGGATCAAA
osterix CGGCAAGGTGTACGGCAAGG
COL-1 AGCTCGATACACAATGGCCT
OCN CAGACAAGTCCCACACAGCA
f-actin CCTCTATGACAACACAGT

reverse primer sequence (5'—3")
CGGGACATAAGCGAGTTTCT
GAGCAGAGCAGACAGGTGAACTTC
CCTATGACTTCTGCGTCTGG
CCAGCAGAGTGAGCAGAGAG
AGCCACCAATCCACACAG

Table 2. Primers for Evaluating the Expression of Inflammation-Related Genes in RAW264.7

gene forward primer sequence (5'—3") reverse primer sequence (5'—3')
INOS ACTCAGCCAAGCCCTCACCTAC TCCAATCTCTGCCTATCCGTCTCG
TNF-a GCCTCTTCTCATTCCTGCTTGTGG GTGGTTTGTGAGTGTGAGGGTCTG
CD86 TGTTTCCGTGGAGACGCAAG TTGAGCCTTTGTAAATGGGCA
IL-18 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
GADPH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC

to the prepared live—dead cell staining solution (Beyotime,
Cat: C201SM, Shanghai, China), incubated for 30 min
protected from light, and washed again with PBS. The staining
of BMSCs by living and dead cells was observed by a light
microscope (Olympus, Tokyo, Japan). At the same time, the
living cells of BMSCs were counted by Image] software.

2.6. Cell Adhesion Analysis. To observe the adhesion
effect of BMSCs on the material surface, we inoculated BMSCs
on titanium sheets at a density of 5 X 10*/well, and after 12 h
of inoculation and fixed dehydration dry fabrication, Phenom
(Phenom Pro, Phenom-World BV, Eindhoven, the Nether-
lands) was observed and photographed.

To further observe the adhesion of BMSCs on the material
surface, the cytoskeleton was determined by staining f-actin
with tetramethylrhodamine (TRITC)—phalloidin. BMSCs
were inoculated at a density of 5 X 10*/well and cultured in
24-well plates containing Ti, Mao, Znl, and Zn2. After 7 days
of incubation, the medium was aspirated, discarded, and
washed three times using PBS. BMSCs were fixed using 4%
paraformaldehyde for 30 min, permeabilized with 0.5% Triton
X-100 for 20 min, and washed three times using PBS. Then,
the cells were sealed with bovine serum albumin (BSA) for 1 h.
Finally, TRITC (1:200; Yeasen, Shanghai, China) was
incubated for 30 min protected from light, washed three
times using PBS, and then, the cell nuclei were re-stained with
DAPI (1:500; Solarbio, Beijing, China) for S min after
fluorescence microscopy (TE2000-U, Nikon, Tokyo, Japan)
images were taken.

2.7. ALP Activity Analysis and OCN Immunofluor-
escence Staining. Alkaline phosphatase (ALP) staining and
ALP activity analysis were used to verify the osteogenic effect
of zinc-coated micro-arc titanium oxide on BMSCs. BMSCs
were inoculated at a density of 5 X 10*/well and cultured in
24-well plates containing Ti, Mao, Znl, and Zn2. After 7 days
of culture, we operated according to the ALP staining kit
(Beyotime, Shanghai, China) and ALP activity detection kit
(Beyotime, Shanghai, China).

Immunofluorescence was used to detect the expression of
OCN. BMSCs were seeded at a density of 5 X 10*/well and
cultured in a 24-well plate containing Ti, MAO, Zn1, and Zn2.
After 7 days of incubation, the medium was aspirated,
discarded, and washed three times using PBS. BMSCs were
fixed using 4% paraformaldehyde for 30 min, permeabilized
with 0.5% Triton X-100 for 20 min, and washed three times
using PBS. Then, the cells were sealed with BSA for 1 h. The
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cells were then incubated with an anti-osteocalcin (OCN)
(1:100, Affinity, Cincinnati, OH) overnight at 4 °C. After
incubation overnight, the primary antibody was washed three
times for S min each using PBS and then incubated with Alexa
Fluor 555 donkey antirabbit antibody (1:200, Beyotime,
Shanghai, China) for 1 h. The cells were washed three times
with PBS and finally incubated with DAPI for 5 min. A
fluorescence microscope (TE2000-U, Nikon, Tokyo, Japan)
was used for measurements. The fluorescence intensity was
acquired from images and quantitatively analyzed by Image]
software.

2.8. Related Osteogenic Gene Expression. The
expression of osteogenic genes was detected by reverse
transcriptase-polymerase chain reaction (q-PCR). BMSCs
were inoculated in 24-well plates containing Ti, MAO, Znl,
and Zn2 and cultured at 5 X 10* cells per well. The expression
of relevant genes was detected on day 7 and day 14. First, total
RNA was isolated using Trizol reagent (Invitrogen), followed
by reverse transcription using PrimeScript RT reagent (Takara
Bio Inc, Shiga, Japan). The expression of ALP, Osterix,
collagen I (COL-I), and OCN associated with osteogenic
differentiation was analyzed using real-time PCR (SYBR
Premix EX Taq, Takara, Tokyo, Japan). Butler f-actin was
used to normalize the results. Data are expressed as fold
change of the control according to equation 274, The
primer sequences of the genes mentioned in the experiments
are shown in Table 1.

2.9. RAW264.7 Proliferative Activity and Growth
Status. To study the status of RAW264.7 cells in zinc-coated
micro-arc titanium oxide, we performed CCK-8 analysis.
RAW264.7 in good condition was inoculated at 2 X 10°%/well
in 24-well plates containing Ti, MAO, Znl, and Zn2. The
absorbance was measured after 24 h incubation. The medium
was removed and washed using PBS. Briefly, 500 uL of
medium containing 10% CCK-8 solution to each well was
added. After incubation at 37 °C for 2 h under low light, the
supernatant was aspirated into a 96-well plate, and the
absorbance was measured at 450 nm with an enzyme analyzer.

To further observe the growth state of RAW264.7 on zinc-
coated micro-arc titanium oxide, we performed live—dead cell
staining of RAW264.7 cells. RAW264.7 was inoculated in 24-
well plates containing different titanium sheets at the same
density (2 X 10°/well) and incubated for 24 h, and then, live—
dead cell staining was performed. Pictures were taken under a
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Figure 1. (a) Surface morphology of Ti, MAO, Zn1, and Zn2 was observed by the SEM. (b) Titanium and three different surface roughnesses. (c)
Surface pore size of MAO, Znl, and Zn2. (d) Frequency distribution of surface aperture in MAO, Znl, and Zn2 (n = 100). **P < 0.01, *P
indicates significant difference between groups. NS indicates no significant difference between the compared groups. Scale bar: 20 and 100 pm.

fluorescence microscope, and statistical analysis of the
percentage of live—dead cells was performed using Image].
2.10. Related Inflammatory Gene Expression.
RAW264.7 cells were seeded at a density of 2 X 10°/well
and cultured in a 24-well plate containing Ti, MAO, Znl, and
Zn2. The cells were continued to be refined for 24 h after. The
expression of proinflammatory-related genes, inducible nitric
oxide synthase (INOS), tumor necrosis factor-a (TNF-at), and
the cluster of differentiation 86 (CD86), was evaluated by g-
PCR. First, total RNA was isolated using Trizol reagent
(Invitrogen), followed by reverse transcription using Prime-
Script RT reagent (Takara Bio Inc, Shiga, Japan). The
expression of genes was analyzed using real-time PCR (SYBR
Premix EX Tagq, Takara, Tokyo, Japan). GADPH was used to
normalize the results. Data are expressed as fold change of the
control according to equation 27*4", The primer sequences of
the genes mentioned in the experiments are shown in Table 2.
2.11. Zn** Concentration Screening. To understand the
effect of Zn** concentration on the anti-inflammatory effect,
we screened Zn>*. DMEM solutions containing Zn** at
concentrations of 20, 40, 60, 80, 100, 120, 140, 160, and

180 uM were used to screen. DMEM without Zn>" serves as
the control. RAW264.7 cells were inoculated in 96-well plates
(Corning Costar Co., New York, NY) at a density of 1 X 10*/
well, and then, the RAW264.7 cells were incubated for 1 and 3
days, and a 100 pL buffer containing 10 uL of CCK-8 reagent
was added to each empty hole. After incubation at 37 °C for 2
h in the dark, the values were read at 450 nm by the enzyme-
labeled analyzer.

2.12. Effect of Different Concentrations on the
Expression of Inflammatory Genes. To investigate the
effect of Zn®* on the expression of relevant inflammatory
genes, RAW264.7 was inoculated in six-well plates (Corning
Costar Co., New York, NY) at a density of 5 X 10°/well, and
when the cells proliferated to about 80% of the well plates, they
were intervened with DMEM containing Zn*" concentrations
of 40, 60, 80, and 100 M for 3 days.

First, total RNA was isolated using Trizol reagent
(Invitrogen), followed by reverse transcription using Prime-
Script RT reagent (Takara Bio Inc, Shiga, Japan). The
expression of proinflammatory-related genes, TNF-a, INOS,
CD86, and IL-1f3, was analyzed using real-time PCR (SYBR
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Figure 2. EDS elemental analysis of Ti, MAO, Znl, and Zn2.

Premix EX Taq, Takara, Tokyo, Japan). GADPH was used to
normalize the results. Data are expressed as fold change of the
control according to equation 27*4*. The primer sequences of
the genes mentioned in the experiments are shown in Table 2.

14

2.13. Statistical Analysis. All of the above experiments
were repeated at least three times, and the results were
expressed as mean + standard deviation (SD). They analyzed
the results using Origin (Origin Lab Corporation, North-
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ampton) software. One-way analysis of variance and multiple
comparison tests were used to determine statistical signifi-
cance. Statistically significant differences between groups and
controls are indicated by “*”. *P suggests substantial
differences between groups. “NS” indicates no significant
difference.

3. RESULTS AND DISCUSSION

3.1. Surface Appearance. The chemical composition of
the surface morphology and surface-modified structures is
essential to achieve the bioactivity of the implants.””*® The
surface morphology of each group was observed by SEM. The
Ti group was the original morphology, and the MAO group,
Znl group, and Zn2 group were treated with micro-arc
oxidation to form a rough micro-arc oxidation coating on their
surfaces (Figure 1a). The surface roughness of each group was
observed by AFM, where the surface roughness was 39.7 nm
for Ti, 512, 471.25, and 472.25 nm for the MAO group, Znl,
and Zn2, respectively. Compared to the Ti surface, the MAO
group, Znl, and Zn2 groups formed a rougher surface (Figure
1b). It has been demonstrated that the MAO treatment can
slightly roughen the titanium surface at the microscale and
significantly improve the surface hydrophilicity.”” >’

The surface pore size (Figure 1c) and frequency distribution
(Figure 1d) of each group were statistically analyzed by
Image]. The pore sizes of the MAO group, Znl, and Zn2 were
1.51 +0.72, 1.30 + 0.65, and 1.57 + 0.69 um, respectively, and
there was no statistical difference between the groups. The
frequency distribution of pores in the Zn2 group was more
uniform and consistent. It was shown that the microporous
coating prepared from MAO significantly promoted cell
adhesion and osteogenic differentiation.” In addition, the
formed porous structure can provide the required spatial
environment for the growth of different cells, thus promoting
the proliferation and adhesion of most osteoblasts on the
surface of the material.'">*

EDS observed the elemental composition of the surface of
each group. No essential Zn was found in both the Ti and
MAO groups, and in the Znl and Zn2 groups, Zn** was
uniformly distributed on the coating surface and had been
successfully incorporated into the microporous coating (Figure
2). In the elemental analysis, it was found that the fundamental
composition ratio and the mass composition ratio of the Znl
group were 0.73 and 2.11%, respectively; the elemental
composition ratio and the mass composition ratio of the
Zn** group were 1.49 and 4.18%, respectively. The percentage
content of Zn** was nearly twice as high in the Zn2 group than
in the Zn1 group, both in terms of elemental composition ratio
and mass composition ratio. This is attributed to the fact that
the content of zinc acetate in the electrolyte of the Zn2 group
is twice the content of the Znl group, which further suggests
that the coating indicates that the elemental content can be
adjusted by adjusting the range of the components in the
electrolyte. In addition, we also observed Ca and P in the
MAO group, Znl group, and Zn2 group, which is because
MAO can bind calcium (Ca) and phosphorus (P) to the
generated oxide layer.”

3.1.1. Characterization of Surface Contact Angles for
Different Groups. The surface contact angles were 73.55° +
0.25, 25.74° + 0.33, 15.52° + 0.62, and 19.95° + 0.48 for the
Ti, MAO, Znl, and Zn2 groups, respectively (Figure 3a,b).
After micro-arc oxidation, the contact angle of the treated
group was reduced and hydrophilicity was enhanced compared
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Figure 3. (a, b) Surface contact angles of Ti, MAO, Zn1, and Zn2. (c)
ICP-OES examined the release of Zn** from the MAO, Znl, and Zn2
groups on 1, 3, and 7 days. ¥*P < 0.01, *P indicates significant
difference between groups.

to Ti. Among the treatment groups, the Znl group had the
smallest contact angle of 15.52°, followed by the Zn2 group at
19.95°. It has been shown that the incorporation of tantalum
(Ta) into micro-arc titanium oxide coatings improves the
wettability of the coatings.”® Therefore, this may be due to the
addition of the Zn element, which reduces the surface contact
angle and improves the wettability. For the Zn2 group, the
contact angle was larger than that of the Znl group, with an
average pore size of 1.57 um for Zn2 and 1.30 um for Znl
(Figure 1d). It is considered that the pore size has an effect on
the surface contact angle and it has also been pointed out in
the literature that the pore morphology has an effect on the
wettability aspect.*™’

3.2. Zn?** Release. ICP-OES detected the release of Zn*" at
different time points. The concentrations of titanium in the
Znl and Zn2 groups were 0.24 mg/L (3.7 uM), 0.45 mg/L
(6.9 uM), 0.64 mg/L (9.8 uM), and 0.33 mg/L (5.1 uM), 0.67
mg/L (10 M), and 0.90 mg/L (13.8 uM) for 1, 3, and 7 days
of immersion in PBS, respectively. At every point in time, the
Zn2 release was higher than Znl. No Zn** was found in the
Mao group (Figure 3c). The release curve shows that the
release process of Zn is slow and continuous.

3.3. Cell Activity and Proliferation Experiment.
3.3.1. Analysis of Material Biocompatibility by CCK-8
Analysis and Live—Dead Cell Staining. The OD values of
BMSCs inoculated on the surface of the titanium sheets in
each group on the first day were not significantly different
between groups, confirming that the MAO-treated titanium
sheets did not inhibit the growth of BMSCs in each group. The
data on the third day showed that the cells in each group were
in a continuous proliferation phase, with no significant
differences between the MAO, Zn1, and Zn2 groups compared
to Ti. However, the MAO group showed higher cell
proliferation than the Zn2 group, which may be because the
Zn elements were loaded on the surface of the coating and
occupied a particular space, and the MAO group had more
cover than the Zn2 group, promoting early cell proliferation.
On day 7, the MAO and Zn2 groups showed a facilitative effect
on BMSC:s relative to the Ti group (Figure 4a).

The proliferation of BMSCs was examined by staining living
and dead cells on the surface of different groups of titanium
plates. After inoculating BMSCs in other groups for 1 day, a
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Figure 4. (a) BMSCs were cultured on different groups for CCK-8 analysis. (b, c) Live (green)—dead (red) cell staining and statistical analysis of
BMSCs cultured on the titanium surface of different groups for 1 day. *P < 0.05, **P < 0.01, *P indicates a significant difference between the
experimental and Ti groups; *P indicates significant difference between groups; NS indicates no significant difference between the compared

groups. Scale bar: 200 pm.

large number of living cells and a small number of dead cells
were observed in each group (Figure 4c). Statistical analysis
showed no significant difference in the proportion of living and
dead cells (Figure 4b), indicating that the titanium plates
treated by MAO had good biocompatibility.

The results of CCK-8 analysis and the staining of living and
dead cells showed that the groups treated with MAO were
relatively nontoxic to Ti and had good biocompatibility. Thus,
for both the Zn1 and Zn2 groups, only Zn** was released from
the biocompatibility. Previous studies have shown that BMSCs
can survive well under 80 ym concentration of Zn*', higher
than this value would be toxic to BMSCs.'” Li et al. have
shown that the response of BMSCs to zinc coating is highly
dose-dependent.”® The results showed that Zn** released from
the Zn2-coated titanium micro-arc oxide coating was not toxic
to BMSC proliferation and had good biological safety.

3.4. Cell Adhesion. By inoculating the cells on the surface
of titanium, the growth of cells on the surface of titanium was
observed. As shown in Figure Sa, we can see that the cells of
the Ti group showed an overall long shuttle shape with a small
cell spreading area after 12 h of growth on the surface of
untreated titanium sheets. MAO, Znl, and Zn2 treated with
micro-arc oxidation had better cell extension and exhibited a
better cell adhesion effect.

We also observed again the adhesion of BMSCs on Ti,
MAO, Znl, and Zn2 surfaces by TRITC selective binding to
filamentous actin (F-actin; Figure Sb). Compared with the Ti
group, MAO, Znl, and Zn2 had better cell extension and
showed better cell adhesion. Similar to cell growth on titanium
sheets, it has been proved that the Mao treatment can change
the wettability of the Ti surface, while the hydrophilic surface
is easier for cell adhesion.””” From the wettability point of
view, the contact angle of the Zn2 group in the Zn1 group was
smaller than those in the MAO group and Ti group, which was
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(a) ™ MAO o

Figure S. (a) BMSCs were photographed by SEM after 12 h of
inoculation on the titanium surface of different groups. (b)
Immunofluorescence staining of BMSCs after 24 h incubation on
the titanium surface of different groups, TRITC (red) and DAPI
(blue), is indicated by different colors. Scale bar: 100 yum.

consistent with the trend of the TRITC staining image.
Therefore, it is likely that the Zn element is added, and the
Zn1 group and Zn2 group have better adhesion than the MAO
group.

Meanwhile, studies have shown that microporous coatings
significantly enhance the initial bonding, proliferation, and
osteogenic differentiation of BMSCs.” In most cases, a change
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Figure 6. (a) ALP-stained images of BMSCs 7 days after inoculation on Ti, MAO, Zn1, and Zn2 surfaces (X50). (b) Quantitative analysis of ALP
protein after 7 days of inoculation of BMSCs onto Ti, MAO, Znl, and Zn2 surfaces. (c) Quantitative analysis of the average fluorescence intensity
of OCN after 7 days of inoculation of BMSCs onto Ti, MAO, Zn1, and Zn2 surfaces. (d) OCN immunofluorescence staining, OCN (red), FITC
(green), and DAPI (blue), indicated by different colors. *P < 0.0S, **P < 0.01, *P indicates significant difference between groups. Scale bar: 100

pum.

in one aspect of the surface of a material is always accompanied
by a significant difference in the properties of the other, making
it difficult to determine the main factors that influence the
response of the cell.** Therefore, the better physical properties
of the MAO group, Znl group, and Zn2 group are also the
result of various influences.

3.5. Osteogenesis. ALP staining was used to observe the
effect of different treatment groups of titanium sheets on the
early osteogenic eftect of BMSCs. ALP was used as an
indicator of early osteogenesis,”” and the staining results
showed that the Zn2 group had the darkest ALP staining,
followed by the Zn1l and MAO groups, and finally by the pure
titanium group (Figure 6a). The protein quantification results
showed that the ALP protein expression was higher in the Znl
and Zn2 groups than in the Ti group, but the Zn2 group also
had a statistically significant increase relative to the MAO
group (Figure 6b). This indicates that the Znl and Zn2 groups
had good early osteogenesis, and the osteogenic effect was
enhanced with increasing Zn concentration. It was found that
Zn** at 10.91—27.15 uM in cell culture medium significantly
improved the proliferation and ALP activity of mBMSCs, and
high concentration (128.58 uM) of Zn*" significantly inhibited
ALP activity."' In ICP-OES ion release, the cumulative Zn**
release concentrations of 9.8 and 13.8 yM for Zn1 and Zn2 on

14927

day 7 were within the appropriate range, consistent with the
previous study.”

3.5.1. OCN Immunofluorescence Staining Analysis of the
Effect of Different Treatment Groups of Titanium Sheets on
the Late Osteogenesis of BMSCs. The expression of OCN
protein in the Znl and Zn2 groups was significantly higher
than that of OCN protein in the Ti group (Figure 6¢,d). The
above results confirmed that MAO we did prepare had a good
osteogenesis-promoting effect in early and late osteogenesis of
BMSCs, and the osteogenic effect was more significant due to
the addition of Zn*".

3.6. Expression of Osteogenic Gene. On day 7, there
was no significant difference in ALP, Osterix, and OCN
expression between MAO and Ti groups. However, ALP,
Osterix, and OCN expression were significantly higher in the
Znl and Zn2 groups relative to the Ti group at this time point.
On the 14th day, the promotive effect of the MAO group on
Col-I, Osterix, and OCN was evident compared with the TI
group, and ALP, Col-I, Osterix, and OCN were also higher in
Znl and Zn2 groups than in TI and Mao groups. At the same
time, the expression of ALP, Col-1, and OCN in the Zn2 group
was better than that in the Znl group. The results show that
the zinc-doped micro-arc oxidation coating prepared by us has
a good osteogenesis effect, and the Zn2 group has the best
osteogenesis effect (Figure 7).
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Figure 7. Expression of osteogenic genes associated with BMSCs after 7 and 14 days of Ti, MAO, Zn1, and Zn2 culture: ALP, COL-I, Osterix, and
OCN. *P < 0.05, **P < 0.01, *P indicates significant difference between groups.

It has been proved that the HA coating formed by Mao has
good osteogenesis.”® We prepared zinc-coated micro-arc
titanium oxide coating, which showed excellent bone-forming
ability. ALP staining, ALP semiquantitative analysis, and ALP
gene expression showed that the zinc-containing Mao group
had a better impact on early bone regeneration. OCN is
explicitly expressed in osteoblasts.*”™** Both Znl and Zn2
showed a good osteogenic effect on Ti in OCN immuno-
fluorescence staining, and the expression of the OCN gene was
higher in the Zn2 group than that in the Zn1 group on 14 days.
It is confirmed that Zn-loaded micro-arc titanium oxide
coating can promote bone regeneration of BMSCs, and it is
related to Zn element and concentration to some extent. In
addition, both Col-I and Osterix are osteogenic genes,45’46 and
their gene expression trends also indicate this problem. This is
further evidence that the Zn2 group has a better osteogenic
effect. It has been shown that zinc induces osteogenesis,
probably by Zn** activation of the cCAMP-PKA pathway and
the Gaq-PLC-AKT pathway, promoting cell survival/growth,
differentiation, and osteogenic regeneration. This mainly
triggers intracellular Ca®** response, leading to MAPK
activation.””

3.7. Anti-Inflammatory Effect. RAW264.7 cells were
inoculated onto Ti, MAQ, Znl, and Zn2 surfaces to observe
the growth of RAW264.7 on the covers of different treatment
groups. Statistical analysis of CCK-8 at 1 day of inoculation
revealed no significant effect on the development of RAW264.7
between the treatment groups relative to the Ti group (Figure
8a). This result was further validated by live—dead cell staining
of RAW264.7 and statistical analysis (Figure 8b,c). The
survival of RAW264.7 cells alone on the treated titanium
surface of each group was not affected, and there was no
significant promotion or inhibition.

Researchers widely use RAW264.7 macrophage-like cell
lines to study macrophage polarization and immune
regulation.” These mainly include the classical proinflamma-
tory M1 and the alternative anti-inflammatory, wound healing
M2.*°° Interferon-y (IFN-y) or lipopolysaccharide (LPS)
induces proinflammatory M1 macrophages, usually with the
surface marker CD86, and they promote inflammation by
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Figure 8. (a) RAW264.7 was cultured on different groups for CCK-8
analysis. (b, c¢) Live—dead cell staining and statistical analysis of
RAW264.7 cultured on the titanium surface of different groups for 1
day. NS indicates no significant difference between the compared
groups. Scale bar: 200 ym.

releasing inflammatory cytokines (IL-15, IL-6, iNOS, and
TNF-a), reactive oxygen species, and antimicrobial pepti-
des.”' ™ Anti-inflammatory M2 macrophages are induced by
IL-4 and can inhibit inflammation by releasing anti-
inflammatory mediators arginase-1 (Arg-1) and interleukin
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10 (IL-10) via the surface marker mannose receptor
(CD206).7%°?

The expression of inflammatory genes was detected by g-
PCR. After RAW264.7 inoculation on Ti, MAO, Zn1, and Zn2
surfaces for 24 h, there was a downregulation trend of CD86,
INOS, and TNF-a (Figure 9). Among them, the Zn2 group

RAW264.7-related inflammatory factors. To this end, we
performed in vitro validation of the anti-inflammatory effect of
Zn** to screen the optimal anti-inflammatory concentration of
Zn>*. First, the biosafe concentrations of Zn** for RAW264.7
were screened by CCK-8 analysis. CCK-8 analysis on day 1
showed (Figure 10a) that Zn*' significantly inhibited the
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Figure 9. Expression of relevant proinflammatory genes; CD86,
INOS, and TNF-a after inoculation of RAW264.7 with incubation on
Ti, MAO, Znl, and Zn2 surfaces for 24 h. *P indicates statistical
difference in the treatment group compared to the Ti group and is
consistent with **P < 0.01. *P indicates significant difference between
groups and is consistent with P < 0.05 and *P < 0.01.

showed the most downregulation compared to the Ti group,
followed by the Zn1 group, and the MAO group also showed a
slight downregulation, suggesting that the MAO, Zn1, and Zn2
groups showed anti-inflammatory eftects. CD86, a gene that
acts as a proinflammatory factor, was downregulated by
inoculating RAW264.7 cells on the surface of MAO, which
may be associated with increased roughness of the MAO
surface. Related studies have shown that increased surface
roughness indirectly promotes the polarization of M2-activated
macrophages.

In contrast, both the Znl and Zn2 groups showed
downregulation of CD86 relative to MAO, indicating that
the addition of Zn ions did act as an anti-inflammatory agent.
The anti-inflammatory effect was more pronounced in the high
Zn2 concentration group in the present study. The same trend
was shown for the proinflammatory genes INOS and TNF-a.

It has been shown that excessively elevated inflammatory
markers, reactive oxygen species, and antimicrobial peptides
are associated with increased serum hypozincemia.56 Zinc is
the second messenger comparable to calcium, and changes in
intracellular zinc concentration alter cell signaling. Intracellular
levels of free zinc affect the signaling pathway by reversibly
binding to regulatory sites of signaling proteins and altering
protein activity and stability.””* Related studies have shown
that nuclear factor kappa B (NF-kB), a transcription factor, is a
significant regulator of the proinflammatory response and that
zinc is involved in regulating the proinflammatory response by
targeting NF-xB.>”

3.8. Zn?* Anti-Inflammatory Concentration Screen-
ing. By inoculating RAW264.7 cells on the surface of the
micro-arc titanium oxide coating, the study showed that micro-
arc titanium oxide containing zinc had a better anti-
inflammatory effect. At the same time, the high concentration
of the Zn2 group had a better anti-inflammatory effect than the
low concentration of the Znl group. This stimulated our
interest in the anti-inflammatory effect of Zn**. Moreover, the
effect of different concentrations of Zn>* on the expression of
RAW264.7-related inflammatory factors has not been clarified,
which also prompted our interest in exploring the effect of
different concentrations of Zn** on the expression of
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Figure 10. (a) RAW264.7 was incubated in DMEM containing Zn**
at different concentrations for CCK-8 analysis. (b) RAW264.7 was
cultured in screened Zn”*-containing DMEM to see the expression of
relevant inflammatory genes: CD86, INOS, TNF-¢, and INOS. *P
indicates a statistical difference between the different Zn** groups
compared to the blank control (Con) group, consistent with *P <
0.05. *P suggests a statistical difference in the other Zn** groups
compared to the 80 M group, compatible with *P < 0.05.

proliferation of RAW264.7 at Zn** concentrations of 140, 160,
and 180 yM. CCK-8 analysis on day 3 showed (Figure 10a)
that Zn** also showed a significant inhibitory effect on
RAW?264.7 proliferation at concentrations of 120 yM and
above. The results showed that five concentration groups of
100 p#m and below 40, 60, and 80 ym were selected for anti-
inflammatory study in vitro.

We verified the effects of different concentrations of Zn**
groups on the expression of RAW264.7 cell-associated
proinflammatory factors under in vitro conditions by q-PCR.
The results showed (Figure 10b) that the expression of CD86,
TNEF-a, and INOS was downregulated in each concentration
group relative to the blank control group, all of which were
statistically significant. In IL-1$ expression, only the 80 uM
concentration group was downregulated compared to the
blank control. The 80 M concentration group showed the
greatest downregulation of CD86, TNF-q, IL-1f, and INOS
expression compared with the other groups. In the present
study, we investigated the effect of Zn*>* on the expression of
RAW264.7-related proinflammatory factors in vitro and found
that the 80 M concentration group had the best effect on the
downregulation of proinflammatory factors. In addition, at
Zn>* concentration below 80 uM, the closer the concentration
to 80 uM, the stronger the effect of inhibiting the expression of
proinflammatory factors, while above 80 uM, the effect of
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inhibiting the expression of proinflammatory factors was
reduced.

In the present study, elemental Zn was loaded on the surface
of titanium flakes by micro-arc oxidation. By detecting the ion
release concentration (Figure 3c), we found that the
cumulative release concentration was 0.64 mg/L (9.8 uM)
and 0.90 mg/L (13.8 uM) for 7 days in the Znl and Zn2
groups, respectively, and the Zn2 group was higher than the
Znl group within 80 uM. The Zn2 group showed better
inhibition of inflammation than the Znl group by g-PCR to
detect the expression of relevant proinflammatory-related
factors CD86, TNF-a, and INOS (Figure 9). Consistent
with the trend of inhibition of proinflammatory factor
expression by Zn** in vitro, it also indirectly verified that the
inhibitory effect of zinc-coated micro-arc titanium oxide on
inflammation under certain conditions was correlated with the
concentration of Zn*" release.

4. CONCLUSIONS

In this study, zinc-coated titanium micro-arc oxide coatings
were prepared by MAO, which has good biocompatibility and
inhibits the expression of inflammatory genes. To evaluate the
anti-inflammatory effect of zinc-coated micro-arc titanium
oxide, we cultured RAW264.7 cells on the surface of zinc-
coated micro-arc titanium oxide and examined the expression
of related inflammatory genes. The results showed that the
Zn2 group (Zn(CH;C0OO0),-2H,0 concentration of 10 mmol/
L) had a better inhibitory effect on the expression of
inflammatory genes. Meanwhile, it was found that zinc-coated
micro-arc titanium oxide in the Zn2 group had better bone-
enabling results relative to the Znl group through in vitro
studies. In addition, we further screened the optimal
concentration of Zn** anti-inflammatory in vitro and
confirmed that 80 uM of Zn** has the optimal inhibitory
effect on inflammatory gene expression, preparing for the
clinical application of Zn** anti-inflammatory. In a word, the
coating designed by us has good anti-inflammation and bone-
forming effect, which is successful application research of
surface modification of titanium.
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