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In this study, a novel modification strategy was established to synthesize a zinc-
incorporated nano-cluster structure on titanium surface in a two-step hydrothermal
reaction, and the osteogenic differentiation of osteoblasts and human bone marrow
mesenchymal cells (hMSCs) was studied in the presence of this synthesized
nanostructure. Analyses of the surface topography and elemental composition
revealed that the zinc-containing cluster-like nanostructure was successfully prepared
on the titanium surface. By altering the reaction time, three surface modifications were
established. The three modified titanium surfaces had improved hydrophilicity and could
continuously release zinc ions in a controlled manner. In vitro study displayed that three
modified titanium surfaces, especially the samples prepared by reacting for 15 min,
exhibited enhanced cell adhesion, proliferation, and osteogenic differentiation
compared to the pure titanium surface. The study therefore conclude that the zinc-
incorporated nano-cluster modification of titanium surface through a simple procedure can
establish an enhanced osteogenic microenvironment and exhibit a potential strategy of
titanium surface modification to accelerate the dental implant osseointegration.
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INTRODUCTION

Titanium and its alloys have been widely used in orthopedics and stomatology as bone fixation
devices and implants due to their excellent mechanical properties, biocompatibility, and
satisfactory osseointegration potential (Alghamdi and Jansen, 2020). Although titanium
implants have achieved high success rates above 90% (Lini et al., 2019), patients are still
beset by the occasionally failure and long process of osteointegration mainly attributed to the
bioinertia of traditional dental implants (Wang et al., 2018). Therefore, it is essential to improve
the bioactivity of titanium-based materials and accelerate osseointegration. Methods for implant
surface modification include roughening the surface topography at the nanoscale or microscale
level, improving surface hydrophilicity, coating of the bioactive molecules and incorporating
trace elements (Xue et al., 2020).

Edited by:
Bo Yu,

Huazhong University of Science and
Technology, China

Reviewed by:
Stefania Cantore,

City Unity College Athens, Greece
Yinghua Li,

Guangzhou Medical University, China
Thorsten Steinberg,

University Medical Center, Germany
Roman Matejka,

Czech Technical University in Prague,
Czechia

Helena Bacha Lopes,
University of São Paulo, Brazil

Pengtao You,
Hubei University of Chinese Medicine,

China

*Correspondence:
Jing Qiu

qiujing@njmu.edu.cn

Specialty section:
This article was submitted to

Biomaterials,
a section of the journal
Frontiers in Materials

Received: 10 July 2021
Accepted: 16 August 2021

Published: 01 September 2021

Citation:
Tang Z-h, Su S, Liu Y, Zhu W-q,

Zhang S-m and Qiu J (2021)
Hydrothermal Synthesis of Zinc-

Incorporated Nano-Cluster Structure
on Titanium Surface to Promote

Osteogenic Differentiation of
Osteoblasts and hMSCs.
Front. Mater. 8:739071.

doi: 10.3389/fmats.2021.739071

Frontiers in Materials | www.frontiersin.org September 2021 | Volume 8 | Article 7390711

ORIGINAL RESEARCH
published: 01 September 2021

doi: 10.3389/fmats.2021.739071

http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.739071&domain=pdf&date_stamp=2021-09-01
https://www.frontiersin.org/articles/10.3389/fmats.2021.739071/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.739071/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.739071/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.739071/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.739071/full
http://creativecommons.org/licenses/by/4.0/
mailto:qiujing@njmu.edu.cn
https://doi.org/10.3389/fmats.2021.739071
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.739071


Roughened implants can improve long-term mechanical stability
and accelerate bone formation (Heberer et al., 2011; Buser et al., 2012).
Surface treatments used for increasing surface roughness including
grit-blasting, acid-etching, alkali heat treatment, plasma-spraying or
anodization, most of which have been commercialized and proven to
be clinically effective (LeGuéhennec et al., 2007). Alkali heat treatment
after acid etching is commonly employed to formmodified nanoscale
or microscale roughened surfaces to promote biochemical bonding at
the bone-implant interface and induce bone formation (Alvarez et al.,
2010). Nanoscale surface roughness enhances the adsorption of
proteins, adhesion of osteoblasts, and osteogenic differentiation
in vitro and osseointegration in vivo (Brett et al., 2004). In
addition, the nanostructure topography regulates the differentiation
of stem cells. Titania nanotube formation has been demonstrated to
stimulate the osteogenic differentiation of hMSCs, and the extent of
stimulation could be adjusted by modifying the nanotube dimension
(Li et al., 2020).

Zinc is an essential trace element that can promote cell
proliferation and bone development. It directly influences
osteoblastic differentiation and immune microenvironment
and acts as a signal molecule in several intracellular signaling
pathways (Yamaguchi, 2010). While dietary zinc deficiency
interferes with normal bone growth by downregulating the
expression of osteoblast marker genes, alkaline phosphatase
activity, and calcium deposition (Hie et al., 2011; Guo et al.,
2012). Previous studies have reported the synthesis of zinc-
modified titanium by alkali treatment of the [Zn(OH)4]

2−

complex for 24 h (Yusa et al., 2016a). Other studies have
described the preparation of zinc-containing nanowires
modified titanium surfaces by acid etching and alkali heat
treatment in a ZnSO4 aqueous solution (Shao et al., 2020).
However, these preparation methods are relatively complicated
and lengthy. Zinc ions released from the surface of zinc-modified
titanium can stimulate the proliferation of bone marrow
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mesenchymal cells by significantly influencing the expression of
osteogenic marker genes and calcium deposition (Yusa et al.,
2016b).

Herein, a novel procedure was established to synthesize a zinc-
incorporated cluster-like nanostructure on titanium surface
without using hydrofluoric acid etching or heat treatment. The
modification process was straightforward and achieved
synchronous completion of nanostructure modification and
zinc incorporation through two simple steps of hydrothermal
method at a low cost. The novel modified titanium surfaces were
evaluated for their physical properties and ability to promote the
osteogenesis of osteoblasts and hMSCs.We wished that this novel
preparation could provide valuable references for studies aimed at
cell-nanostructure interactions and surface modification designs
of implants.

MATERIALS AND METHODS

Specimen Preparation
Pure titanium (99.5 wt% purity, Baoji Taiye, China) disks were
used as the control group (CP-Ti) after polishing. To prepare the
zinc-incorporated nano-cluster modified titanium surfaces (Zn-
NC-Ti), CP-Ti was first alkalized with 10% sodium hydroxide
aqueous solution in a water bath at 70°C for 15 min and
ultrasonically washed with alcohol and distilled water.
Subsequently, these samples were immersed in a 3:2 solution
of 0.1 mol/L zinc acetate and 0.1 mol/L diammonium hydrogen
phosphate in a water bath at 80°C for different periods: 15 min,
1 h, and 2 h. After ultrasonic cleaning and drying, the obtained
specimens were denoted as Zn-NC-15, Zn-NC-60, and Zn-NC-
120, respectively.

Surface Characterization
The surface morphology of the different samples was observed by
scanning electron microscopy (SEM, ULTRA 55, ZEISS,
Germany). X-ray photoelectron spectroscopy (XPS, Thermo
Scientific Escalab 250Xi, United States) was used to identify
the surface constituents and the bonding states. The
wettability of the different surfaces was determined in
triplicate using a standard optical contact angle meter
(SL200B, KONO, United States).

Zinc Ion Release Assay
Newly prepared samples were soaked in 24-well plates with 1 ml
phosphate-buffered saline (PBS) per well for 4 h, 1, 4, 7, and
14 days at 37°C. Cumulative concentrations of zinc ions released
into PBS were quantified in triplicate using inductively-coupled
plasma mass spectrometry (Agilent ICP-MS7700, United States).

Protein Adsorption Assay
To assay the protein adsorption of the samples, 150 µl minimum
essential medium alpha (αMEM; Gibco, CA, United States)
containing 10% fetal bovine serum (FBS, Gibco, United States)
was added onto the samples and incubated at 37°C for 24 h. Next,
the samples were transferred into a new 96-well plate, and 150 μl
1% SDS (Beyotime, China) was added to transfer the protein

adsorbed on the samples into the solution. The amount of protein
in the solution was measured using a BCA protein assay kit
(KeyGEN BioTECH, China). Three samples per group were used
for this assay.

Cell Culture
The osteoblast-like cell line MC3T3-E1 (OBs) was obtained from
the Chinese Academy of Sciences Cell Bank (Shanghai, China).
HMSCs were separated by adherence method from crushed
alveolar bone brought out by the tapping drill during implant
surgery in a healthy individual without systemic diseases at
Jiangsu Stomatological Hospital. Both cells were grown in
αMEM supplemented with 10% FBS and 1% penicillin/
streptomycin (Gibco, United States), and incubated at 37°C in
a humidified atmosphere of 5% CO2. The culture medium was
refreshed every 3 days and the cells were passaged at 80%
confluence.

For the characterization of hMSCs, flow cytometry was performed
to detect specific cell surface antigens. Cells were washed with PBS
and detached with 0.25% trypsin/EDTA (Gibco, United States). The
cell suspension containing 3 × 105 cells was incubated with 5 µl
phycoerythrin-conjugated antimouse CD29, CD34, CD45, CD73,
and CD105 (Biolegend, United States) for 30min at 4°C. After
washing twice in PBS, the cells were resuspended in PBS and
passed through a flow cytometer (FACSVerse, BD, United States).
The subsequent experiments were conducted with the cells after 2–6
passages.

For the induction of osteogenic differentiation, cells were
cultured in complete medium as above until 70% confluence
and then replaced with an osteoblast -inducing conditional
medium composed of αMEM containing 10% FBS, 1%
penicillin/streptomycin, 10 mmol/L sodium β-glycerophosphate
(Sigma, United States), 50 µg/ml ascorbic acid (Sigma,
United States), and 0.1 µmol/L dexamethasone (Sigma,
United States).

Cell Adhesion and Spreading Assay
OBs and hMSCs (5 × 103 cells per well) were seeded on the
different sample surfaces in 96-well plates. For the analysis of cell
adhesion, cell nuclei were stained with 4′,6′-diamidino-2-
phenylindole (DAPI, Beyotime, Shanghai, China) for 2 min
and counted after 1 h. After OBs being cultured for 8 h and
hMSCs being cultured for 24 h, each sample was fixed and stained
with rhodamine phalloidin (Cytoskeleton, United States) at room
temperature in the dark for 30 min and then stained with DAPI
(Beyotime) for 2 min. The cell adhesion and spreading were
observed using a laser scanning confocal microscope
(LSCM710, Zeiss, GER). All tests were conducted in triplicate.

Cell Proliferation Assay
For the cell proliferation assay, OBs and hMSCs were seeded (2
×103 cells/well) onto four materials in 96-well plates for 1, 3 and
6 days. Subsequently, the medium was replaced with 100 µl fresh
medium supplemented with 10 µl CCK-8 reagent (Beyotime),
followed by incubation at 37°C for another 2 h. After that, the
incubated solution was transferred into a new 96-well plate, and
the absorbance was recorded using a microplate
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spectrophotometer (Spectramax 190, CA, United States) at
450 nm. Three samples per group were used for this assay.

Alkaline Phosphatase Activity
OBs and hMSCs (2 × 105 cells per well) were initially plated on
the four samples in a 6-well plate. After 7 days of osteogenic
induction, cells from different samples were extracted using RIPA
(LEA-GENE, Beijing, China) at 4°C for 30 min. The lysates were
centrifuged at 12,000 rpm at 4°C for 10 min to remove cellular
debris and nuclei, and then the liquid supernatants were collected.
ALP activity was analyzed using an ALP assay kit (Nanjing Jian
Cheng, China) and total protein content was measured using a
BCA protein assay kit (KeyGEN BioTECH, China). ALP activity
relative to the control was calculated after normalization to the
total protein content. Three samples per group were used for
this assay.

Western Blot Analysis
OBs and hMSCs (2 × 105 cells/well) were seeded onto four samples
in 6-well plates. After 7 days of osteogenic induction, protein
samples were extracted from the cells using RIPA and subjected
to SDS-PAGE. The protein blots were then transferred to PVDF
membranes (Millipore, MA, United States) followed by blocking
with 5% non-fat milk for 2 h. The blots were then incubated with
primary antibodies against Runx2 (12556, CST, United States),
Osterix (ab209484, Abcam, United States), OCN (ab10911, EMD
Millipore, United States), and GAPDH (60004, Proteintech,
United States) overnight at 4°C. After washing with TBS-Tween
buffer thrice, membranes were incubated for 2 h with appropriate
secondary antibodies (ZB-2301, goat antirabbit IgG; ZSGB-BIO,
Beijing, China; AP124P, goat antimouse IgG; Millipore) and then
visualized by ECLWestern Blot Kit (Millipore, CA, United States).
GAPDH was used as an internal control.

FIGURE 1 | Scanning electron microscopy images of the surface morphology of the different synthesized surfaces. Upper panel: ×10,000 magnification; lower
panel: ×1,50,000 magnification.

FIGURE 2 | X-ray photoelectron spectroscopy analysis of the different synthesized surfaces: (A) Survey spectra of the four surfaces; (B)High-resolution spectra of
Zn 2p on the three Zn-NC-Ti surfaces.
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Alizarin Red S Staining
OBs and hMSCs (2 × 105 cells/well) were seeded on four samples
in 6-well plates. After 21 days of osteogenic induction, the
samples were washed with PBS, fixed for 30 min with 4%
paraformaldehyde, and washed with ddH2O. Then, 1 ml of
Alizarin Red S (ARS) staining reagent (Leagene, Beijing,
China) was added to each well, and the reaction was
terminated after 5 min with ddH2O. The staining results of
matrix mineralization were recorded photographically.

Statistical Analysis
The results were analyzed using SPSS (SPSS, Inc., IL,
United States) with one-way analysis of variance, followed by
the Student-Newman-Keuls post hoc test. *p < 0.05 indicated
statistical significance.

Ethics Statement
The experiments involving human participants were reviewed
and approved by the Ethics Committee of Jiangsu

Stomatological Hospital (Reference number: PJ 2021-003-01;
see Supplementary Material). The patients provided their
written informed consent to participate in this study (see
Supplementary Material).

RESULTS

Characterization of Zinc-Incorporated
Nano-Cluster Modified Titanium Surface
SEM analysis of the samples (Figure 1) showed that the
unmodified titanium surface is relatively smooth, with
scratches mainly produced in the grinding step. While all
modified surfaces appeared uniformly rough, overlapped and
entangled cluster-like nanostructures could be observed on the
Zn-NC-Ti surfaces under higher magnification. All three

FIGURE 3 | Contact angles and surface energy of Cp-Ti and Zn-NC-Ti surfaces (n � 3). *p < 0.05; aP < 0.05 vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP < 0.05 vs. Zn-
NC-60; dP < 0.05 vs. Zn-NC-120.

FIGURE 4 | Concentration of zinc ion released from Zn-NC-Ti surfaces
into PBS after 10 min, 1 h, 4 h, 1, 4, and 7 days (n � 3).

FIGURE 5 | Protein adsorption of CP-Ti and Zn-NC-Ti surfaces (n � 3).
*p < 0.05; aP < 0.05 vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP < 0.05 vs. Zn-NC-
60; dP < 0.05 vs. Zn-NC-120.
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FIGURE 6 | Characterization and flow cytometric analysis of hMSCs.

FIGURE 7 | Adhesion of OBs and hMSCs on the different surfaces analyzed by counting the DAPI-stained nuclei after 1 h of incubation (n � 3). *p < 0.05; aP < 0.05
vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP < 0.05 vs. Zn-NC-60; dP < 0.05 vs. Zn-NC-120.
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FIGURE 8 | LSCM images of OBs cultured for 8 h and hMSCs cultured for 24 h on the different surfaces at ×200 magnification.

FIGURE 9 | Proliferation of OBs and hMSCs cultured for 1, 3, and 6 days on different surfaces (n � 3). *p < 0.05; aP < 0.05 vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP <
0.05 vs. Zn-NC-60; dP < 0.05 vs. Zn-NC-120.

FIGURE 10 | The ALP activity of the OBs and hMSCs cultured for 7 days on the different samples (n � 3). *p < 0.05; aP < 0.05 vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP
< 0.05 vs. Zn-NC-60; dP < 0.05 vs. Zn-NC-120.
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modified samples (synthesized by varying the reaction time)
showed similar nanotopography with differences only at the
nanostructure scale. The Zn-NC-15 group exhibited the
smallest nanoscale.

In the XPS analysis of the elemental composition of the samples,
the wide scan spectrum (Figure 2A) showed that all samples mainly
contained titanium, oxygen, and carbon. Zinc peaks were found in
all Zn-NC-Ti surfaces but not in the control pure titanium surface,
further verifying the successful incorporation of zinc into the
modified titanium surfaces. The high-resolution spectra
(Figure 2B) of Zn 2p on Zn-NC-Ti specimens displayed a peak

each at 1,044.8 eV (Zn 2p1) and 1,021.8 eV (Zn 2p3), indicating the
presence of divalent zinc on the Zn-NC-Ti surfaces.

The CP-Ti surface displayed hydrophobicity with a contact
angle of 87.34 ± 0.95, whereas Zn-NC-15, Zn-NC-60, and Zn-
NC-120 showed hydrophilicity with the contact angle decreased
to 36.23 ± 3.83, 47.81 ± 4.12, and 37.27 ± 4.26, respectively
(Figure 3). The surface energy of the Zn-NC-Ti samples was
significantly higher than that of the CP-Ti specimens, consistent
with the trend for hydrophilicity.

Analysis of the concentrations of zinc ions released from
Zn-NC-Ti surfaces into PBS (Figure 4) showed a continuous

FIGURE 11 | Expression of osteogenesis-related proteins, Runx2, OSX, and OCN, in OBs and hMSCs cultured for 7 days on the different surfaces (n � 3). *p <
0.05; aP < 0.05 vs. CP-Ti; bP < 0.05 vs. Zn-NC-15; cP < 0.05 vs. Zn-NC-60; dP < 0.05 vs. Zn-NC-120.

FIGURE 12 | ECM mineralization of OBs and hMSCs cultured for 21 days on the different surfaces.
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release pattern from the surfaces of the modified samples, with
a steady-state zinc ion concentration. In addition, zinc ion
released from Zn-NC-15 was higher than that from Zn-NC-60
and Zn-NC-120.

The protein adsorption was significantly higher with Zn-NC-
Ti samples than with CP-Ti, consistent with the trend for surface
energy (Figure 5).

Identification of hMSCs
In order to characterize hMSCs, immunophenotype profiling for
specific cell surface antigen sets for hMSCs was measured using
flow cytometry. As shown in Figure 6, mesenchymal markers
including CD29, CD73, and CD105 were positive, and
hematopoietic markers including CD34 and CD45 were negative.

Cell Adhesion and Spreading
OBs and hMSCs were cultured on the different surfaces for 1 h, and
the cellular nuclei were enumerated (Figure 7). Significantly more
OBs adhered on the Zn-NC-15 and Zn-NC-120 surfaces than on the
CP-Ti and Zn-NC-60 surfaces. All the modified surfaces, especially
Zn-NC-15 and Zn-NC-120, exhibited higher attachment of hMSCs
than the control surface.

LSCM analysis of the morphology of OBs cultured for 8 h and
hMSCs cultured for 24 h on Zn-NC-Ti and CP-Ti surfaces,
showed that most of the OBs spread evenly with filopodia;
however, cells on the Zn-NC-Ti samples spread better with
more outspread pseudopodia than cells on the CP-Ti surface
(Figure 8). Similarly, hMSCs on CP-Ti showed less elongation
than those cultured on Zn-NC-Ti surfaces. The morphology of
cells grown on Zn-NC-15, Zn-NC-60, and Zn-NC-120 surfaces
was not markedly different.

Cell Proliferation
The proliferation of OBs and hMSCs was determined by the CCK-
8 assay (Figure 9). The proliferation of OBs on Zn-NC-15 was
slightly higher than that on CP-Ti, Zn-NC-60, and Zn-NC-120
after incubation for 1 day. On days 3 and 6, the proliferation of cells
cultured on all Zn-NC-Ti samples was significantly higher than
that of cells cultured onCP-Ti. The proliferation of hMSCs on days
1 and 3 did not significantly differ. After culturing for 6 days, cell
proliferation on Zn-NC-15 and Zn-NC-120 surfaces was
significantly higher than that on CP-Ti and Zn-NC-60 surfaces.

ALP Activity
The ALP expression measured by ALP quantitative analysis is
shown in Figure 10. OBs on Zn-NC-15 surface demonstrated
significantly higher ALP activity than the titanium control after
7 days of osteogenic incubation. It could be also observed that Zn-
NC-15 and Zn-NC-120 surfaces was apparently higher than that
of cells cultured on CP-Ti and Zn-NC-60 surfaces.

Expression of Osteogenesis-Related
Proteins
Western blot analysis of the osteogenic differentiation of OBs and
hMSCs cultured on the different surfaces (Figure 11) revealed that
Runx2,OSX, andOCNwere upregulated in both cell types cultured on

Zn-NC-Ti surfaces compared with the CP-Ti surfaces after 7 days of
incubation, with the Zn-NC-15 group showed significant superiority.

Extracellular Matrix Mineralization
After 21 days of osteogenic induction, ECM mineralization was
identified by ARS staining of specific calcium-binding sites
(Figure 12). The ECM mineralization of OBs and hMSCs
cultured on the Zn-NC-Ti surfaces was improved than that in
the control group. In addition, hMSCs cultured on the Zn-NC-15
surface showed optimal ECM mineralization.

DISCUSSION

Surface treatments for increasing surface roughness, as well as the
incorporation of trace elements to make the titanium surface bioactive
are responsible for empowering the wettability, bone anchoring, and
biomechanical stability between the implant–bone interfaces, thus
increasing osteoinduction and osteointegration (Jemat et al., 2015;
Contaldo et al., 2021). Various methods have been used to
incorporate trace elements into micro/nanostructure modified
titanium surfaces (Ming et al., 2017; Shao et al., 2017). Traditional
methods of nanostructure preparation included alkali-heat-treatment
and acid-alkali-treatment (Pattanayak et al., 2009; Hu and Yang, 2014).
The alkali-heat-treatment involves immersion in sodium hydroxide at
60°C for 24 h, incubation in distilledwater at 80°C for 24 h, drying in an
oven at 60°C for 2 h, and heating to 600°C for 1 h (Ueno et al., 2011).
The acid-alkali-treatment involves acid etching followed by
hydrothermal alkali-treatment (Yao et al., 2019). However, these
techniques are time-consuming or require expensive apparatus.
Herein, we explored a modified procedure that quickly and
synchronously incorporates zinc and nanostructure on titanium
without acid etching or heating and evaluated its effect on surface
characteristics and osteocompatibility of OBs and hMSCs. Titanium
surfaces were hydrothermally treated with sodium hydroxide followed
by a mixed solution of zinc acetate and diammonium hydrogen
phosphate, which afforded zinc-incorporated nano-cluster modified
titanium surfaces. Zinc acetate is widely used to synthesize zinc-doped
nanocompositeswith improved antibacterial activity (Amna et al., 2012;
Sun et al., 2014), and diammonium hydrogen phosphate has been used
in the pretreatment of polyetherimide coatings on magnesium to
enhance osteocompatibility and biocorrosion resistance (Yang et al.,
2019). In our study, zinc phosphate and acetic acid produced by the
mixed solution reacted with the sodiumhydroxide -pretreated titanium
surface to synchronously incorporate zinc and modify the surface
topography at the nanoscale.

As observed by SEM, all Zn-NC-Ti samples showed homogeneous
cluster-like nanotopography with differences only in the nanostructure
scale. The Zn-NC-15 surface prepared by reaction for 15min exhibited
the smallest nanoscale, whereas the Zn-NC-120 surface appeared thicker
deposits. XPS analysis showed that Zn-NC-Ti mainly contained
titanium, oxygen, carbon, and zinc, indicating the successful
incorporation of zinc into the nano-cluster modified titanium surface.
Carbon was mainly present as a surface contaminant (Att et al., 2009;
Hori et al., 2010). The contact angle and surface energy histograms
showed that all Zn-NC-Ti surfaces, especially the Zn-NC-15 and
Zn-NC-120 surfaces, had increased hydrophilicity compared to the
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hydrophobic pure titanium. A nanostructure surface has excellent
hydrophilicity, which favors cell adhesion, angiogenesis, and
osteoinduction (Malhotra and Habibovic, 2016; Teotia et al., 2017).
In vivo experiments have confirmed that titanium implants with
nanoparticulate decorations have high hydrophilicity and accelerate
bone formation and osseointegration (Bai et al., 2018).

Zinc ions were rapidly released from the modified titanium
surfaces at the initial stage. After 1 day, zinc ions were slowly and
continuously released, resulting in a steady zinc ion concentration
over time. The role of zinc rich micoenvironments in upregulating
the expression of osteogenic genes and eliciting positive biological
responses has been confirmed (Park et al., 2018). Moreover, zinc
incorporation and the introduction of unique micro-/nano-
structures on carbon fiber reinforced polyetheretherketone
(CFRPEEK) enhanced cell adhesion, proliferation, and osteo-
differentiation (Lu et al., 2016). Accordingly, nanostructure
topography, hydrophilicity, and zinc incorporation influence the
surface bioactivity of titanium and the osseointegration process, as
confirmed by the in vitro results of the present study.

When implants are in contact with the physiological environment,
water molecules first reach the material surface, followed by protein
adsorption, which triggers subsequent cell adhesion and proliferation
(Vogler, 2012; Wang et al., 2015). Protein adsorption depends on the
surfacewettability, which improves the initial host contact (Rupp et al.,
2004). As the protein adsorption histogram shown, Zn-NC-Ti
surfaces increased protein adsorption, consistent with the trend for
hydrophilicity. Supporting our findings, a previous study found
improved protein adsorption on nanostructured surfaces due to
the rough topography and dynamically increased hydrophilicity
(Patelli et al., 2018; Skoog et al., 2018).

The biocompatibility of the synthesized surfaces was evaluated
based on their ability to improve adhesion, spreading, proliferation,
and differentiation of OBs and hMSCs. The hMSCs in this study
were obtained from the alveolar bone by drilling and tapping during
implant surgery in a healthy individual. Flow cytometry revealed the
high expression of mesenchymal surface markers and scarce
expression of hematopoietic surface markers in hMSCs. The
results of cell adhesion and spreading indicated that Zn-NC-Ti
surfaces promoted early cell attachment and the subsequent
spreading of OBs and hMSCs. The interaction between adherent
cells and the implant material surface is vital for the induction of
physiological functions. A nanoscale topography has been shown to
promote cell adhesion, migration, proliferation, and differentiation
in various cell types (Nguyen et al., 2016). Nanoscale surfaces quickly
and readily increase the detachment force of adherent cells in the
initial cell adhesion period within 1 h, consistent with our findings
(Naganuma, 2017). Cells adhere to the implant surface through the
interaction of integrins on the cytomembrane surface and adhesion
proteins on the implant surface (Michael et al., 2009). Therefore,
proteins in the culture medium with 10% FBS positively affect cell
adhesion on nanostructure surfaces as well (Naganuma, 2017).
Zn-NC-15 and Zn-NC-120 exhibited improved cell adhesion and
spreading, which can be attributed to their advantageous nanoscale
topography and protein adsorption properties. Both OBs and
hMSCs adhered to Zn-NC-Ti samples proliferated better than
those cultured on CP-Ti after 6 days of incubation. An increase
in the number of initial adhered cells on the modified surfaces may

have also enhanced the cell proliferation. In addition, zinc-
containing microenvironments are reported to promote cell
proliferation (Gaffney-Stomberg, 2019; Garino et al., 2019; Wang
et al., 2020), which is consistent with our results.

The expression of osteogenesis-related proteins in OBs and hMSCs
cultured on the different surfaces was analyzed to evaluate the
osteoinduction property of the modified titanium surfaces. ALP,
Runx2, Osterix, and OCN are the most commonly studied
osteogenic markers during different stages of bone formation. Both
Runx2 and Osterix are osteogenic markers with a well-characterized
role in the early stage of bone formation (Strecker et al., 2019; Ou and
Huang, 2021). OCN, which is involved in ECMdeposition, is regarded
as a late marker of osteoblast differentiation (Martins et al., 2018).
Western blot analysis indicated increased Runx2, Osterix, and OCN
expression in OBs and hMSCs, and the expression levels were
significantly higher in cells cultured on the Zn-NC-15 surface. The
activity of ALP, an early transcription factor, is increased during the
differentiation of pre-osteoblasts to osteoblasts (Vimalraj, 2020).
Accordingly, the ALP activity of both types of cells cultured on the
Zn-NC-15 surface was increased. ECM mineralization occurs in the
final stages of osteogenic differentiation. In our ARS staining assay, Zn-
NC-Ti markedly increased ECM mineralization after 21 days in OBs
and hMSCs compared with that in the control group, with Zn-NC-15
showing the best result in hMSCs. These results suggest that the Zn-
NC-Ti surfaces, particularly the surface prepared through the
hydrothermal for 15min, can boost the differentiation of osteoblasts.

We believe that the nano-cluster modification on the titanium
surface and the subsequent release of zinc ions together increase
the biological activity of the titanium surface, thereby promoting
the proliferation, adhesion, and differentiation of OBs and
hMSCs. Differences in the biological activity observed between
the three Zn-NC-Ti surfaces may be because of differences in
their nanoscale topography and zinc release ability. Since Zn-NC-
15 showed the most promising results, which also requires the
shortest synthesis time, we plan to explore its performance
in vitro and in vivo compared with other titanium surface
modifications. Further, the exact mechanism by which this
modification promotes bone formation will be investigated.

CONCLUSION

In this study, we established a convenient process to synthesize
nano-cluster-modified titanium surfaces with incorporated
zinc, without the need for acid etching or heat treatment.
Three surfaces were synthesized by varying the reaction time.
The surface produced by reaction for 15 min had the best
ability to promote the adhesion, proliferation, and osteogenic
differentiation of OBs and hBMMSCs. Zn-NC-15 may be
further explored for its application to accelerate dental
implant osseointegration.
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