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The manganese (Mn) ion has recently been probed as a potential candidate element for the surface chemistry modification of
titanium (Ti) implants in order to develop a more osteogenic surface with the expectation of taking advantage of its strong
binding affinity to the integrins on bone-forming cells. However, the exact mechanism of how Mn enhances osteogenesis when
introduced into the surface of Ti implants is not clearly understood. This study investigated the corrosion resistance and
potential osteogenic capacity of a Mn-incorporated Ti surface as determined by electrochemical measurement and examining
the behaviors of human mesenchymal stem cells (MSCs) in a clinically available sandblasted/acid-etched (SLA) oral implant
surface intended for future biomedical applications. The surface that resulted from wet chemical treatment exhibited the
formation of a Mn-containing nanostructured TiO, anatase thin film in the SLA implant and improved corrosion resistance.
The Mn-incorporated SLA surface displayed sustained Mn ion release and enhanced osteogenesis-related MSC function, which
enhanced early cellular events such as spreading, focal adhesion, and mRNA expression of critical adhesion-related genes and
promoted full human MSC differentiation into mature osteoblasts. Our findings indicate that surface Mn modification by wet
chemical treatment is an effective approach to produce a Ti implant surface with increased osteogenic capacity through the
promotion of the osteogenic differentiation of MSCs. The improved corrosion resistance of the resultant surface is yet another
important benefit of being able to provide favorable osseointegration interface stability with an increased barrier effect.

1. Introduction

Titanium (Ti) has good corrosion resistance due to its sur-
face oxide layer, which serves as the backbone for biocom-
patibility as a substrate for load-bearing metallic implants
[1, 2]. However, bioinert Ti has a limitation in terms of bio-
logical activity; it does not induce active new bone formation
[3]. Thus, much of researchers’ efforts have been devoted to
developing a more effective surface modification modality
for the fabrication of Ti implants, with enhanced bone heal-
ing capacity that induces rapid new bone formation and
achieves a more favorable clinical outcome, especially in
poor quality bone [4-9].

Surface chemistry alteration using bioactive ions that
favors early cellular events and promotes osteoblast differen-
tiation of MSCs is a powerful approach to producing Ti
implants with increased osteogenic capacity [4, 5, 7, 9]. Mn
has been recently introduced as a surface modification of
Ti implants [10-13] and probed as an alloying element in
metallic implant substrates [14, 15]. Mn incorporation
seems to favor osteogenesis-related cellular function and
bone healing of implant materials [11-13, 16-18]. Mn is
an essential trace element in the human body that plays a
crucial role in various physiological functions by serving as
a cofactor for key enzymes [19], but excessive Mn uptake
causes neurotoxicity and cardiovascular dysfunction [20, 21].
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Despite the possible toxicity induced by Mn overexposure
through ingestion or occupational exposure, a very minute
amount of Mn incorporation into the surface of Ti oral
implants would not be expected to cause any adverse effects
because the total amount of ion release from the oral implant
would be too low to be toxic.

Studies have demonstrated that Mn has a very potent
capacity for binding to integrins [22-25], binding to integ-
rins of cells at a quite low concentration [25]. Increased
integrin binding to biomaterial surface triggers integrin-
mediated signaling cascades, which in turn subsequently
activates favorable osteogenesis-related signaling pathways
[5, 26-28]. However, the exact mechanism by which Mn
enhances osteogenesis-related functions of stem cells when
incorporated into the surface of Ti implants is not clearly
understood. Moreover, studies have reported conflicting
results on the optimal Mn concentration for inducing osteo-
genesis around endosseous implants [10-13, 17]. In addi-
tion, few studies have investigated the osteogenesis-related
cellular functions affected by Mn modification of the Ti
implant surface in human stem cells.

In addition, the capacity for corrosion resistance should
be considered as another indispensable factor in the devel-
opment of Ti implants with increased bone healing capacity
[29-31]. A Ti surface with improved corrosion resistance
would provide a more stable interface between bone tissue
and the Ti implant and has been linked with long-term bio-
logical stability [29-31]. Thus, it is expected that a Ti implant
surface with increased osteogenic capacity combined with
improved corrosion resistance would be beneficial for a more
favorable osseointegration outcome, because such a surface
not only promotes early bone formation but also achieves
better long-term biological stability at the bone-implant
interface.

This study is aimed at investigating Mn doping to the
surface of a clinically available Ti implant used in dental
practice, in this study an SLA (sandblasted, large-grit, and
acid-etched; Straumann AG) implant, in an effort to effect
favorable osteogenesis-related functions in human MSCs.
We expected the results obtained using human stem cells
and commercial oral implant surface would provide signifi-
cant insight into the development of surface modified Ti
implants for future clinical applications. For this purpose,
we incorporated Mn ions into the SLA implant surface by
wet chemical treatment and then examined corrosion behav-
ior and osteogenesis-related cell functions using primary
human adipose derived multipotent stem cells.

2. Materials and Methods

2.1. Sample Preparation. To produce the SLA-type implant
surface, commercially pure Ti disks (ASTM grade 4,
15mm in diameter and 3 mm thick) were sandblasted using
large-grit Al,O, blast particles. This was followed by a dou-
ble etching process using a mixed solution of H,SO, and
HCI (the SLA surface). Samples were subsequently washed
in deionized water. Surface Mn modification of the SLA
sample was performed by two-step wet chemical treatment,
according to a method described previously [10]. Briefly,
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SLA samples were immersed in 5M NaOH at 60°C for
24h and then ultrasonically cleaned in deionized water for
30 min. After treatment, samples were further treated hydro-
thermally in 5mM MnCl, solution at 180°C for 4h in a
Teflon-lined reactor (the Mn-SLA surface) and then thor-
oughly cleaned and air dried.

2.2. Surface Characterization. The micro- and nanoscale sur-
face morphologies of the investigated samples were evalu-
ated by field emission-scanning electron microscopy (FE-
SEM; S-4800, Hitachi, Tokyo, Japan). Three-dimensional
surface microtopography and roughness values of the sam-
ples were determined by confocal laser scanning microscopy
(CLSM, LSM700; Carl Zeiss, Oberkochen, Germany) over a
300 ym x 300 um area (n=5) using the LSM software
(ZEN, Carl Zeiss). The crystalline structure and chemical
composition of the investigated surfaces were evaluated by
thin-film X-ray diffractometry (XRD; X’Pert-APD, Philips,
Almelo, Netherlands) and X-ray photoelectron spectroscopy
(XPS; K-Alpha; Thermo Scientific, East Grinstead, UK).

2.3. Mn Ion Release Measurements. Mn ion release from the
Mn-SLA samples was evaluated by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; 720 ICP-
OES, Agilent, Santa Clara, CA, USA) under two different test
conditions, i.e., a dynamic mode with gentle shaking of the
samples at 50rpm and a static mode without any shaking
of the samples. Each of the five Mn-SLA sample disks was
immersed in 1mL of physiological saline solution (0.9
mass% NaCl) in a sealed bottle at 37°C with or without gen-
tle shaking (at 50 rpm). At the indicated immersion time
points, the Mn-eluted solution was retrieved and replaced
with new saline solution. The concentration of Mn ions
released from the Ti samples into the solution was measured
after 4h and also 1, 3, 7, and 14 days of immersion. Mea-
surements were repeated three times for each sample.

24.  Corrosion  Behavior  Tests:  Electrochemical
Measurements. The corrosion resistance capability of the
SLA and Mn-SLA surfaces was tested in physiological saline
(0.9 mass% NaCl aqueous solution). All of the investigated
specimens were ultrasonically cleaned in ethanol for 5min.
The corrosion tests were performed under open-air condi-
tion. The electrochemical measurements were performed
with a potentiostat (HABF-501G, Hokuto Denko, Tokyo,
Japan) and a function generator (HB-111, Hokuto Denko).
A silver-silver chloride electrode (Ag/AgCl) and a platinum
black electrode were used as a reference and a counter elec-
trode, respectively. The specimen was fixed in a specially
designed polytetrafluoroethylene (PTFE) holder apparatus
described elsewhere [32]. The exposed area of investigated
samples contacting the electrolyte was 0.35cm?* (6.7 mm in
diameter), which was used as a working electrode. After
immersing the specimens into the test solution at 37°C, the
corrosion potential at open-circuit condition (E_,,) was
measured for 24 h. The potential of the Ag/AgCl electrode
was calibrated with a saturated calomel electrode (SCE).
The gradient anodic potential was applied at a constant
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sweep rate of 1mVs"' from the final value of E_, to
1.5 Veep

2.5. Cell Culture Experiments

2.5.1. Cell Culture. Human multipotent mesenchymal stem
cells (MSCs) derived from adipose tissue (PromoCell, Hei-
delberg, Germany) were cultured using MSC growth
medium (C-28010, PromoCell). The cells were cultured
under 100% humidity and 5% CO,, at 37°C. The medium
was changed every 3 days. After plating of the cells on Ti
disks in 24-well culture plates, osteogenic differentiation
was induced with MSC osteogenic differentiation medium
(C-28013, PromoCell).

2.5.2. Early Cell Proliferation Assay. Cells were cultured for
24 and 48h on Ti disks in 24-well culture plates at initial
seeding density of 4 x 10* cells/well. Early cell proliferation
was assessed by a colorimetric assay using a Cell Counting
Kit-8 (CCK-8, Dojindo Molecular Technologies, Tokyo,
Japan) as described previously (n =7 per group) [5].

2.5.3. Evaluation of Spread Cell Morphology. Cell morphol-
ogy, cytoskeletal arrangement, and focal adhesion formation
in adherent human MSCs on the investigated samples were
evaluated at 24 and 48 h by CLSM and FE-SEM observation
at an initial seeding density of 1 x 10* cells/well. The distri-
bution of focal adhesion contacts and organization of actin
filaments in adherent MSCs were identified following double
staining of actin and vinculin using diluted monoclonal anti-
vinculin (Sigma-Aldrich, St. Louis, MO, USA), goat-anti-
mouse IgG (Invitrogen, Carlsbad, CA, USA), and fluorescein
isothiocyanate- (FITC-) labeled phalloidin (Sigma-Aldrich)
according to a method described previously [5]. Morphology
of spread cells, including cell shape and formation of attach-
ment apparatus, on the investigated samples was further
evaluated by FE-SEM. Adherent MSCs on the investigated
Ti sample disks were sequentially fixed with 2% glutaralde-
hyde and 1% osmium tetroxide and then dehydrated using
an ascending series of alcohols. After critical point drying
and gold—palladium coating, the morphologies of the spread
cells on the samples were observed by FE-SEM.

2.5.4. Real-Time Polymerase Chain Reaction (PCR) Analysis
of Adhesion- and Osteogenesis-Related Gene Expression.
Human MSCs were seeded on Ti disks in 24-well culture
plates at an initial seeding density of 4 x 10* cells/well. We
investigated mRNA expression levels of critical integrin
genes (B1 and fB3) and cytoskeletal adhesion proteins
(RhoA, talin, and vinculin) that are known to affect subse-
quent osteogenesis-related cellular functions [5, 26-28, 33]
at 24 and 48 h of culture.

Osteogenesis-related gene expression in human MSCs
grown on the SLA and Mn-SLA samples was evaluated after
7 and 14 days of culture. The expression of critical transcrip-
tion factor genes regulating osteoblast differentiation
(Runx2, osterix) and osteoblast phenotype genes (type I col-
lagen (COL), alkaline phosphatase (ALP), bone sialoprotein
(BSP), osteocalcin (OC), and osteoprotegerin (OPG)) was
evaluated in cells grown on the investigated samples. Reverse

transcription was performed using total RNA extracted from
the cells cultured on seven Ti disks, and real-time PCR was
performed as described previously [5] using the primers
shown in Table 1. Data were analyzed using the 244"
method, normalizing it against GAPDH. Expression levels
of various genes were expressed as fold differences of the
gene expression relative to the results of control SLA surface.

2.5.5. Alkaline Phosphatase (ALP) Activity. To evaluate ALP
activity in human MSCs grown on the samples, cells were
cultured on Ti disks for 7 and 14 days (at an initial seeding
density of 4 x 10* cells/well). Total cellular ALP activity in
the cell lysates was measured in 2-amino-2-methyl-1-propa-
nol buffer, pH 10.3, at 37°C with p-nitrophenyl phosphate as
the substrate. The absorbance change was measured at
405nm using a microplate reader (n =7 per group). ALP
activity was expressed as nanomoles of p-nitrophenol
(PNP) liberated per microgram of total cellular protein.

2.5.6. Enzyme-Linked Immunosorbent Assay (ELISA) for the
Detection of Osteocalcin Protein Production by MSCs. The
protein concentration of terminal marker for osteoblast dif-
ferentiation (OC) secreted by adherent cells on the investi-
gated samples into cell culture media was measured with
commercially available OC ELISA kit (R&D Systems, Min-
neapolis, MN, USA) at 14 and 21 days of culture (at an ini-
tial seeding density of 4 x 10* cells/well). The OC protein
levels in the supernatant sample of cell culture media were
measured at 450nm according to the manufacturer’s
instruction (n =7 per group). The data were normalized to
the total cellular protein content.

2.6. Statistical Analysis. Three independent cell culture
experiments were performed. Statistical analysis was per-
formed using nonparametric Mann-Whitney U test to eval-
uate differences between groups. P <0.05 was considered
statistically significant.

3. Results and Discussion

3.1. Surface Characteristics of the Samples. Figure 1 shows
the surface morphology and roughness values of the investi-
gated samples. At a low FE-SEM magnification (x1000), the
SLA and Mn-SLA samples displayed almost identical sur-
face morphologies (Figure 1(a)). Both surfaces exhibited
characteristic surface morphology produced by the sand-
blasting/acid-etching process, ie., fine micropits (1-2um
in dimension) superimposed on the macrorough concavi-
ties. At higher magnifications (x30,000), the SLA and
Mn-SLA samples exhibited a notable difference in surface
morphology at the nanometer level (Figure 1(a)). The
SLA surface was smooth at the nanometer scale, whereas
the Mn-SLA surface exhibited the formation of distinct
surface nanostructures of approximately 50 nm in dimension
(Figure 1(b)). Figures 1(c) and 1(d) are topographical mea-
surement images and the surface roughness values of the
investigated samples determined by CLSM. Similar to the
FE-SEM observation results, there were no notable differences
in the 3D surface microtopographies or roughness values
between the two surfaces. The average surface roughness
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TaBLE 1: Primer sequences for real-time polymerase chain reaction.

Gene

Forward primer sequence (5'-3")

Reverse primer sequence (5'-3"

Integrin f1
Integrin 3

TCC AAC CTG ATC CTG TGT CC
TCC TCA TCA CCA TCC ACG A

RhoA GAA GAG GCT GGA CTC GGA TT
Talin TCG CAG CAA TGT CTT GTC CT
Vinculin CCA AGG AGG TTG CCA AGC AG
Runx2 CAG ACC AGC AGC ACT CCA TA
Osterix AGT TCA CCT GCC TGC TCT G

COL CTG ACC TTC CTG CGC CTG AT
ALP CAT CAG GAC GCC TTG GAG AA
BSP CCA CCA CCG TTG AAT ACG AG
oC GGC AGC GAG GTA GTG AAG A
OPG CGG CAA CAC AGC TCA CAA GA
GAPDH CCT CTG ACT TCA ACA GCG AC

GCT GGT GTG GTT GCT GGA AT
TTA TCA GCC TGT GCC ACG A
TGT GGC AGA TAT CGA GGT GG
CCA CCA TGA TCG TCT TCA CA
CTG TGA AGG AGA CTG TGC GG
GAA CTG CTG TGG CTT CCA TC
TCT GAC TGG CCT CCT CTT C
ATG GCT GCA CGA GTC ACA CC
CGT CGA ACA TCT GAG TGG CT
TAG CCA TCG TAG CCT TGT CC
TGT GGT CAG CCA ACT CGT C
ACC TTC GAG CAG CTT CGT AG
TCC TCT TGT GCT CTT GCT GG

COL: type I collagen; ALP: alkaline phosphatase; BSP: bone sialoprotein; OC: osteocalcin; OPG: osteoprotegerin; GAPDH: glyceraldehydes-3-phosphate

dehydrogenase.

values (Ra) of the SLA and Mn-SLA samples were 2.81 +
0.12 ym and 2.73 £ 0.11 ym, respectively (Figure 1(d)). These
findings indicate that wet chemical treatment produces uni-
form surface nanostructures without any alteration of the
original micron-scale surface features of the SLA implant.

Thin-film XRD patterns of the investigated samples are
shown in Figure 2. The SLA sample exhibited the presence
of titanium hydride (6-TiH,, JCPDS #25-982), which is a
typical feature found on the surface of acid-etched Ti
implants [34, 35]. In contrast, the Mn-SLA surface did
not display TiH, peaks, which indicates the wet chemical
treatment leads to desorption of hydrogen from the surface
oxide layer of the SLA sample. Wet chemical treatment using
Mn-containing solution leads to the formation of a Mn-
containing crystalline TiO, composite thin film on the sur-
face of the SLA sample. The Mn-SLA sample exhibited the
formation of an anatase TiO, structure (JCPDS #21-1272)
and a small peak of manganese oxide (Mn,O JCPDS
#78-0390).

The chemical compositions of the SLA and Mn-SLA
samples determined by XPS analysis are shown in Table 2.
A small amount of aluminum (Al) was detected in both
the SLA and Mn-SLA samples, which is attributable to the
minute Al,O, grit remnants present on the implant surface
after the sandblasting process. Carbon (C), nitrogen (N),
and sodium (Na) were detected as contaminants on both
surfaces. The Mn-SLA sample had a surface Mn content of
2.9%.

The XPS survey spectra and high-resolution spectra of
Ti2p, Ols, and Mn2p of the Mn-SLA sample are shown in
Figure 3. The value of 285.0eV for the Cls line was used
as a charge correction reference. In the Ti2p region of the
Mn-SLA sample, Ti2p,, and Ti2p,, were detected at
458.6 and 464.4eV, respectively. The Ti2p,, peak at
458.6eV and binding energy splitting of 2p,,-2p;,
(A=5.8¢V) are attributed to the Ti** chemical state of
TiO, [36, 37] The binding energy of the Ols level in the
Mn-SLA sample was 530 eV, which is typical for anhydrous

oxide, the O state [37, 38]. Mn2p peaks were observed at
641.8eV (Mn2p,,,) and 653.4eV (Mn2p,,,), which corre-
spond with the binding energies of Mn,O; [39]. In addition,
a weak shoulder structure was observed between the Mn2p,,
, and Mn2p, ,, peaks, which is attributable to a small satellite
peak present at around 647.4eV. This finding may indicate
the additional presence of a Mn** state [40]. Thus, the Mn
in the thin surface film of the Mn-SLA sample appears to
exist in two oxidation states, Mn>" and Mn>".

3.2. Mn Ion Release Determination. Figure 4 shows the con-
centrations of Mn ions released from the Mn-SLA samples
into saline solution under two different test conditions, as
determined by ICP-AES analysis. The Mn-SLA surface dis-
played sustained ion release. In the dynamic mode (gentle
shaking of samples at 50 rpm), the Mn-SLA sample released
a higher amount of Mn ions than in the static mode (without
any shaking of the samples). The Mn-SLA sample released a
relatively high amount of Mn ions into saline solution upon
3 days of incubation (2.79 + 0.24 ppm in the dynamic mode
and 2.08 £ 0.21 ppm in the static mode), and this decreased
over time. Mn concentrations upon 24 h of immersion were
1.61 £ 0.18 ppm for the static mode and 2.11 + 0.25 ppm for
the dynamic mode. The cumulative total concentrations of
Mn ions released from the Mn-SLA samples in the dynamic
and static modes for 14 days of incubation were 3.7 + 0.23
ppm and 2.83 +0.19 ppm, respectively. These results indi-
cate that the Mn-containing TiO, layer obtained by wet
chemical treatment can serve as an effective platform for
the delivery of Mn ions to adherent cells on the SLA implant
surface.

3.3. Corrosion Behavior of the Samples as Determined by
Electrochemical Tests. The corrosion potential of the Mn-
SLA sample during 24h immersion in physiological saline
was much higher than that of the SLA sample (Figure 5(a)).
In addition, the value of the corrosion potential of the Mn-
SLA sample was stable. It suggests that the surface oxide layer
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F1GURE 1: Surface characteristics of the SLA and Mn-SLA surfaces. (a) FE-SEM images of the investigated surfaces at magnifications of
%1000 and x30,000. (b) Higher magnification FE-SEM images showing the dimension of surface nanostructures of the unmodified SLA
and Mn-SLA surfaces. (c) 3D topographical measurement images by CLSM. (d) Surface roughness values determined by CLSM (Ra:
average value; Rq: root mean square value; Rt: maximum peak-to-valley height value).

formed on the Mn-SLA sample drastically inhibits the corro-
sion reaction and that this can be maintained even after
immersion in physiological saline for 24 h.

The polarization curve of the Mn-SLA surface also dis-
played a unique pattern (Figure 5(b)). The change in the
current density of the Mn-SLA surface at around the time
of the initial stage of the experiment was steep because the
corrosion potential of the Mn-SLA surface was much higher
than that of the SLA surface. However, the Mn-SLA surface
was passive until 1.2V (Ag/AgCl) and the passive current
density of the Mn-SLA surface was smaller than that of the
SLA surface. Therefore, it appears that the corrosion resis-
tance of the Mn-SLA sample is much better than that of
the SLA sample. These findings indicate that the barrier
effect against the corrosion reaction through the passive film
can be improved by wet chemical treatment to incorporate
Mn ions in the SLA implant.

It has been reported that nanostructured anatase TiO,
coatings obtained by hydrothermal treatment improve cor-
rosion resistance of Ti-based implants including pure Ti
and Ti13Nb13Zr [41]. In this study, a two-step wet chemical
treatment produced a Mn-containing film along with a crys-
talline anatase TiO, structure in the SLA implant surface.

We reported in a previous study employing the same treat-
ment conditions as in the present study that the thin Mn-
containing TiO, film produced by wet chemical treatment
was approximately 0.5um thick [10]. Thus, the increased
corrosion resistance of the Mn-SLA sample is attributable
to the dense surface oxide layer composed of an anatase
TiO, structure along with the formation of crystalline
Mn,O; structure. Therefore, it is expected that Mn-
incorporating process using wet chemical treatment can be
utilized as a surface treatment modality which can improve
the corrosion resistance of microstructured Ti implants.

3.4. The Early Human MSC Response Affected by Surface
Mn Modification

3.4.1. Early Cell Proliferation and mRNA Expression of
Adhesion-Related Genes. There was no difference in early
human stem cell proliferation (expressed as the absorbance
value of CCK-8) between the SLA and Mn-SLA surfaces at
24 and 48 h of culture (Figure 6(a)). We investigated whether
surface Mn modification would affect the mRNA expression
of adhesion-related genes of human MSCs when introduced
into an SLA implant. Notable differences were found in the
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FiGgure 2: Thin-film X-ray diffraction patterns of the SLA and Mn-SLA samples.

TaBLE 2: Chemical composition of investigated surfaces by X-ray
photoelectron spectroscopy (atomic %).

Group Ti2p Ols Cls Mn2p AR2p NIs Nals
SLA 185 467 287 2.6 1.8 1.7
Mn-SLA  20.1 495 24 2.9 1.2 1.1 1.2

mRNA expression levels of critical adhesion-related genes of
MSCs between the two investigated samples (Figures 6(b)
and 6(c)). At 24h of incubation, the expression of the f1
and 33 integrin genes was upregulated in cells grown on
the Mn-SLA surface compared with those on the SLA sur-
face (P < 0.05; Figure 6(b)). In addition, mRNA expression
levels of RhoA, talin, and vinculin, which are known to play
central roles during the cell adhesion process [5, 9, 42],
were significantly increased in cells grown on the Mn-
SLA surface compared with those on the SLA surface
(P < 0.05; Figure 6(b)). At 48 h of incubation, there were no
differences in the mRNA expression levels of the 31 and £33
integrin subunits between the SLA and Mn-SLA surfaces
(Figure 6(c)). The Mn-SLA surface still supported a higher
level of RhoA and talin mRNA expression compared with
the SLA surface at 48 h (P < 0.05; Figure 6(c)).

Studies have demonstrated that overexpression of the 31
and f3 integrins in bone-forming cells subsequently induces
favorable osteoblast differentiation in both the micro- and
nanostructured Ti implant surfaces [5, 33, 43]. Vinculin,
talin, and RhoA are cytoskeletal proteins, which act as essen-
tial regulators of integrin-mediated cell adhesion and link
integrins to the actin cytoskeleton [5, 33, 42, 44]. Thus, the
expression mode of these cytoskeletal adhesion proteins reg-
ulates integrin-mediated intracellular signaling and also con-
tributes to the subsequent osteogenesis-related signaling
pathways of MSCs. Considering the mRNA expression
patterns of the early adhesion-related genes in this study,
Mn incorporation induces more favorable early cellular
events that are required for subsequent osteogenesis-related
functions in anchorage-dependent osteogenic cells on the
implant surface.

3.4.2. The Spread Cell Morphology and Focal Adhesion
Development of MSCs. Figure 7 shows the morphologies of

human MSC spread on the SLA and Mn-SLA samples eval-
uated by CLSM observation. The Mn-incorporated SLA sur-
face supported better cell spreading compared with the
control SLA surface at both 24 and 48 h of incubation time.
At 24h, cells grown on the SLA surface exhibited relatively
weak cytoplasmic extensions. In contrast, cells on the Mn-
SLA surface showed a more spread morphology with exten-
sive cytoplasmic extensions. At 48h, human MSCs grown
on both surfaces displayed a more spread appearance, i.e.,
larger cells and more cytoplasmic extensions compared
with cells observed at 24h. Most of the spread cells on
the SLA and Mn-SLA surfaces were polygonal in shape,
but cells on the Mn-SLA surface displayed a more accentuated
cytoskeletal arrangement (actin filaments) and enhanced focal
adhesions (vinculin expression) compared with the SLA sur-
face (Figure 7).

Together with the CLSM observation, the spread cell
morphologies and the development of a fine attachment
apparatus in MSCs adherent to the investigated samples
were further evaluated by FE-SEM observation. Similar to
the findings of CLSM, cells on the Mn-SLA surface displayed
a more spread morphology at both 24 and 48h (Figure 8).
The cells grown on the Mn-SLA sample exhibited a more
accentuated fine attachment apparatus, i.e., filopodial attach-
ments (Figure 8(b)). Studies have demonstrated that vincu-
lin is recruited and strongly activated at the adhesion site
of the integrin-extracellular matrix complex at the cell inter-
face [44].

Thus, the findings of a greater number of filopodial
attachments, a concurrent increase in focal adhesions, and
increased expression of critical adhesion related genes in
cells grown on the Mn-SLA samples indicate that surface
Mn modification enhances early cellular events in MSCs,
events which are required for subsequently inducing
osteogenesis-related intracellular signaling in the SLA
implant surface.

3.5. Osteogenic Human MSC Differentiation Affected by
Surface Mn Modification

3.5.1. Osteogenesis-Related Gene Expression. After assessing
the early cell response evoked by surface Mn modification,
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FIGURE 4: Release of Mn ions from the Mn-SLA sample under two
different test conditions (with or without shaking of the samples) as
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis. Data are presented as the mean
+SD (n=5).

we investigated the osteogenic capacity of Mn-incorporated
SLA implant surface by assessing osteogenesis-related gene
expression using real-time PCR analysis. We evaluated the

mRNA expression levels of certain master regulator genes
of osteoblast differentiation (Runx2 and osterix) in human
MSCs at 7 days of culture. The mRNA expression of Runx2
and osterix was notably upregulated in human MSCs grown
on the Mn-SLA surface compared with the unmodified SLA
surface (P < 0.05; Figure 9(a)). It has been demonstrated that
Runx?2 is essential for the differentiation of MSCs into preos-
teoblasts [45], and osterix is an osteoblast-specific transcrip-
tion factor for the differentiation of preosteoblasts into
mature osteoblasts [45]. These findings indicate that surface
Mn modification using wet chemical treatment is effective in
initiating the first step in the osteogenesis-related cascade of
MSCs, the upregulation of critical bone specific transcription
factors, in the SLA-type implant surface.

We then assessed the mRNA expression of various oste-
oblast phenotype marker genes indicating the stages of early
(COL and ALP) and intermediate (BSP) osteoblast differen-
tiation and also mature osteoblasts (OC and OPG) at 7 and
14 days of incubation. The upregulated expression of tran-
scription factor genes with surface Mn modification resulted
in a concomitant increase of osteoblast phenotype gene
expression (Figures 9(b) and 9(c)). At 7 days, human MSCs
grown on the Mn-SLA surface displayed a greater expression
level of marker genes for the early (COL, 1.9-fold; ALP, 1.4-
fold), intermediate (BSP, 1.2-fold), and terminal (OC, 1.4-
fold) stages of osteoblast differentiation than those on the
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SLA surface (P < 0.05; Figure 9(b)). At 14 days, cells grown
on the Mn-SLA surface still displayed elevated osteoblast
phenotype gene expression levels, except for COL
(Figure 9(c)). ALP (3.6-fold) and BSP (2.6-fold) mRNA
expression was significantly increased on the Mn-SLA sur-
face (P <0.05; Figure 9(c)). In addition, mRNA expression
of mature osteoblast phenotype genes, ie., OC (1.4-fold)
and OPG (1.9-fold), was notably increased in MSCs by sur-
face Mn modification (P < 0.05). The findings of increased
OC and OPG mRNA expression on the Mn-SLA surface
indicate that surface Mn modification promotes full differ-
entiation of MSCs into mature osteoblasts in the microrough
SLA-type Ti implants.

3.5.2. ALP Activity and OC Protein Production. After evalu-
ating osteogenic differentiation of human MSCs affected by
surface Mn modification at the mRNA level, ALP and OC
expression was further assessed also at the protein level.
The ALP activity of human MSCs grown on the investigated
samples is shown in Figure 10(a). Cells that were grown on
the Mn-SLA surface exhibited significantly greater ALP
activity than those on the SLA surface at 7 days of culture
(P<0.05). At 14 days, both surfaces displayed steeply
increased ALP activity when compared with 7 days of incu-
bation, but the Mn-SLA surface exhibited greater ALP activ-
ity than the SLA surface (P < 0.05; Figure 10(a)).

We then investigated whether surface Mn modification
in fact promotes terminal osteoblast differentiation of MSCs
when introduced into an SLA implant surface. For this pur-
pose, we assessed OC protein production in adherent MSCs
by ELISA. Human MSCs grown on the Mn-SLA surface
secreted significantly greater OC protein into cell culture
media at both 14 and 21 days of incubation compared with
those on the SLA surface (P <0.05; Figure 10(b)). These
findings suggest that surface Mn modification by wet chem-
ical treatment clearly promotes full differentiation of human
MSCs into mature osteoblasts when applied to the SLA Ti
implants.

In this study, we incorporated Mn ions into the surface
of a clinical oral implant by wet chemical treatment. The
resultant surface displayed improved corrosion resistance
and encouraged human MSCs to express favorable

osteogenesis-related cellular behaviors, including early cel-
lular spreading and promotion of full osteoblast differenti-
ation. Our findings indicate the efficacy of Mn as a
potential candidate element for the surface chemistry alter-
ation of modern oral implants in order to develop Ti
implants with increased osteogenic capability and are in
agreement with the results of other studies reporting that
implant biocompatibility can be improved by surface Mn
modification [11-13, 16-18].

However, there are wide discrepancies in the Mn ion
concentration for inducing favorable osteogenesis-related
cell functions [10-13, 17, 23]. Mn supplementation above
5.5 ppm significantly reduced the proliferative phase of the
cell cycle (S and G2/M) and mRNA expression of COL
and ALP in human MG63 osteoblastic cells, while
1.65ppm did not exert any inhibitory effect on these cell
functions [23]. Yu et al. [11] prepared Mn-containing titania
coatings by microarc oxidation and assessed osteogenesis-
related cell behavior in rat bone marrow MSCs. They
showed that higher Mn content in the coatings induced
more COL secretion and extracellular matrix mineralization,
in which the Mn ion release from the high Mn content coat-
ing was approximately 1ppm at 3 days of incubation [11].
On the other hand, osteogenic differentiation, including
mRNA expression of osteoblast-related genes, ALP activity,
and OC protein secretion, was enhanced by a relatively
lower Mn ion release level (approximately 0.25ppm at 3
days and 0.35ppm at 10 days of incubation) in rat bone
marrow MSCs grown on the high nitrogen stainless steel
with 16% Mn content [17].

In contrast, osteogenic cell functions were enhanced at a
much higher concentration of Mn ion release [13]. More Mn
release (approximately 3 ppm at 3 days) from a modified Ti
surface induced a better response from MC3T3-El cells,
including proliferation, ALP activity, and mineralized nod-
ule formation, than a Ti surface with a lower Mn release
(2.5 ppm at 3 days) [13]. Mn ion release at 24 h of incubation
was still higher than the Mn ion concentration exerting
osteogenesis-promoting effects in other studies [11, 17, 23],
including the present study (1.61ppm for 24h and
2.08 ppm for 3 days in the static test mode). Interestingly,
osteogenesis-related gene expression was notably increased
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Ficure 7: Merged CLSM images of the spread human
mesenchymal stem cells on the investigated surfaces showing
actin cytoskeleton (green) and focal adhesions (red) at 24 and
48 h of incubation.

in rat bone marrow MSCs grown on the Mn-containing
acid-etched Ti surface obtained by plasma ion implantation
and doping even at a quite low Mn release (10 ppb at 24 h of
incubation) [12], which is virtually the same level as the
blood Mn content in adults (mean value, 9.3 ppb) [46] and
quite a bit lower than the bone Mn content (mean value,
3.9ppm) [47]. We suppose that various differences in the
study test conditions, including the cell type (e.g., human
or animal origin and the type of cell line), culture method
(direct or indirect), surface features of the Ti samples, con-
tributed to the diverse outcome. Therefore, further detailed
studies of tightly controlled experimental design are needed
to clearly elucidate the mode of action underlying the
enhanced osteogenic capacity of surface Mn-containing Ti
implants.

Considering the results from various reports on the
beneficial effects of surface Mn-containing implantation
materials, it does not seem to be realistic at present to
determine so-called optimal concentration of released Mn
ions from solid biomaterial surface to induce better bone
healing effects. In addition, Mn ion release solely cannot be
regarded as the mechanism underlying the enhanced osteo-
genic effect of surface Mn-modified Ti implants. The
improved biological outcome obtained by Mn-incorporated
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FiGURE 8: FE-SEM images showing the morphology of spread human mesenchymal stem cells on the investigated surfaces at 24 and 48 h of
incubation. (a) FE-SEM images of spread cells at 24h (at a magnification of x600). (b) Higher magnification images showing the
morphology of spread cells with lamellipodial projections (asterisk) and filopodial adhesions (arrow) at 24 h of incubation.
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FIGURE 9: Quantitative real-time PCR analysis of the levels of mRNA for osteogenesis-related genes in human mesenchymal stem cells
grown on the investigated surfaces at 7 and 14 days of culture. (a) mRNA levels of the transcription factor genes for osteogenic
differentiation (Runx2 and osterix) at 7 days of culture. mRNA levels of the osteoblast phenotype genes (type I collagen (COL), ALP,
bone sialoprotein (BSP), osteocalcin (OC), and osteoprotegerin (OPG)) at (b) 7 and (c) 14 days of culture. Values are the mean + SD of
three independent experiments. *P < 0.05 between two surfaces.
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two surfaces.

Ti implants seems to be attributable to combined effects of
additional critical factors such as the micro- and nanoscale
surface topographies of implants. We suppose that surface
nanostructure synergistically contributes to the enhanced
osteogenic capacity of the Mn-SLA surface by increasing
the surface area and providing better anchorage sites for early
cell adhesion.

4. Conclusions

This study evaluated the surface characteristics and in vitro
osteogenic capacity of surface Mn-modified microstructured
Ti oral implants. We incorporated Mn ions into the surface
of a currently used clinical oral implant, in this study an
SLA implant surface, by wet chemical treatment. The cor-
rosion resistance of resultant surface and osteogenesis-
related cell functions modulated by Mn incorporation were
evaluated by electrochemical measurements and examining
the response of primary human MSCs. The wet chemical
treatment produced a Mn-containing nanostructured crys-
talline TiO, thin film on the SLA implant surface without
any alteration of the original micron-scale complex surface
topography. The treated surface exhibited improved corro-
sion resistance, sustained Mn ion release, and enhanced
osteogenesis-related MSC function. The Mn-incorporated
Ti oxide layer enhanced early cellular events, including
spreading and focal adhesion formation, and promoted full
differentiation of human MSCs into mature osteoblasts in
the SLA implant surface. These results suggest that surface
Mn modification using wet chemical treatment is an effec-
tive approach for producing a Ti surface with increased
osteogenic capacity and favorable osseointegration inter-
face stability in modern clinical oral implants.

Data Availability

Data are available on request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Korea government (NRF-
2020R1A2B5B01001581).

References

(1] M. B. Guglielmotti, D. G. Olmedo, and R. L. Cabrini,
“Research on implants and osseointegration,” Periodontology
2000, vol. 79, no. 1, pp. 178-189, 2019.

[2] M. Kaur and K. Singh, “Review on titanium and titanium
based alloys as biomaterials for orthopaedic applications,”
Materials Science ¢ Engineering. C, Materials for Biological
Applications, vol. 102, pp. 844-862, 2019.

[3] H. Tschernitschek, L. Borchers, and W. Geurtsen, “Nonalloyed
titanium as a bioinert metal — a review,” Quintessence Interna-
tional, vol. 36, no. 7-8, pp. 523-530, 2005.

[4] G. Wang, J. Li, W. Zhang et al,, “Dendritic nanoglobules with
polyhedral oligomeric silsesquioxane core and their biomedi-
cal applications,” International Journal of Nanomedicine,
vol. 9, no. 15, pp. 2387-2401, 2014.

[5] H.S.Kim, Y.]J. Kim, J. H. Jang, and J. W. Park, “Surface engi-
neering of nanostructured titanium implants with bioactive
ions,” Journal of Dental Research, vol. 95, no. 5, pp. 558-565,
2016.

[6] G.Gastaldi, M. G. Grusovin, P. Felice, C. Barausse, D. R. Ippo-
lito, and M. Esposito, “Early loading of maxillary titanium
implants with a nanostructured calcium-incorporated surface
(Xpeed): 5-year results from a multicentre randomized con-
trolled trial,” European Journal of Oral Implantology, vol. 10,
pp. 415-424, 2017.



12

(7]

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

S. M. Choi and J. W. Park, “Multifunctional effects of a modi-
fication of SLA titanium implant surface with strontium-
containing nanostructures on immunoinflammatory and oste-
ogenic cell function,” Journal of Biomedical Materials
Research. Part A, vol. 106, no. 12, pp. 3009-3020, 2018.

V. Offermanns, O. Z. Andersen, M. Sillassen et al., “A compar-
ative in vivo study of strontium-functionalized and SLActive&-
trade; implant surfaces in early bone healing,” International
Journal of Nanomedicine, vol. 13, pp. 2189-2197, 2018.

J. W. Park, T. Hanawa, and J. H. Chung, “The relative effects of
Ca and Mg ions on MSC osteogenesis in the surface modifica-
tion of microrough Ti implants,” International Journal of
Nanomedicine, vol. 14, pp. 5697-5711, 2019.

J. W. Park, Y. J. Kim, and J. H. Jang, “Surface characteristics
and in vitro biocompatibility of a manganese- containing tita-
nium oxide surface,” Applied Surface Science, vol. 258, no. 2,
pp. 977-985, 2011.

L. Yu, S. Qian, Y. Qiao, and X. Liu, “Multifunctional Mn-
containing titania coatings with enhanced corrosion resis-
tance, osteogenesis and antibacterial activity,” Journal of Mate-
rials Chemistry B, vol. 2, no. 33, pp. 5397-5408, 2014.

L. Yu, Y. Tian, Y. Qiao, and X. Liu, “Mn-containing titanium
surface with favorable osteogenic and antimicrobial functions
synthesized by PIII&D,” Colloids and Surfaces. B, Biointer-
faces, vol. 152, pp. 376-384, 2017.

Q. Zhao, Y. Sun, C. Wu, J. Yang, G. Bao, and Z. Cui,
“Enhanced osteogenic activity and antibacterial ability of
manganese-titanium dioxide microporous coating on titanium
surfaces,” Nanotoxicology, vol. 13, no. 13, pp. 289-309, 2020.

P. F. Santos, M. Niinomi, K. Cho et al, “Microstructures,
mechanical properties and cytotoxicity of low cost beta Ti-
Mn alloys for biomedical applications,” Acta Biomaterialia,
vol. 26, pp. 366-376, 2015.

M. L. Lourenco, G. C. Cardoso, K. D. S. J. Sousa, T. A. G.
Donato, F. M. L. Pontes, and C. R. Grandini, “Development
of novel Ti-Mo-Mn alloys for biomedical applications,” Scien-
tific Reports, vol. 10, no. 1, p. 6298, 2020.

B. Bracci, P. Torricelli, S. Panzavolta, E. Boanini, R. Giardino,
and A. Bigi, “Effect of Mg2+, Sr?*, and Mn*" on the chemico-
physical and in vitro biological properties of calcium phos-
phate biomimetic coatings,” Journal of Inorganic Biochemistry,
vol. 103, no. 12, pp. 1666-1674, 2009.

Y. Yu, T. Ding, Y. Xue, and J. Sun, “Osteoinduction and long-
term osseointegration promoted by combined effects of nitro-
gen and manganese elements in high nitrogen nickel-free
stainless steel,” Journal of Materials Chemistry B, vol. 4,
no. 4, pp. 801-812, 2016.

F. Westhauser, S. Wilkesmann, Q. Nawaz, S. I. Schmitz,
A. Moghaddam, and A. R. Boccaccini, “Osteogenic properties
of manganese-doped mesoporous bioactive glass nanoparti-
cles,” Journal of Biomedical Materials Research. Part A,
vol. 108, no. 9, pp. 1806-1815, 2020.

P. Chen, J. Bornhorst, and M. Aschner, “Manganese metabo-
lism in humans,” Frontiers in Bioscience, vol. 23, no. 9,
pp. 1655-1679, 2018.

Y. Jiang and W. Zheng, “Cardiovascular toxicities upon man-
ganese exposure,” Cardiovascular Toxicology, vol. 5, no. 4,
pp. 345-354, 2005.

S. L. O’Neal and W. Zheng, “Manganese toxicity upon overex-

posure: a decade in review,” Health Reports, vol. 2, no. 3,
pp. 315-328, 2015.

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

BioMed Research International

O. Dormond, L. Ponsonnet, M. Hasmim, A. Foletti, and
C. Ruegg, “Manganese-induced integrin affinity maturation
promotes recruitment of av33 integrin to focal adhesions in
endothelial cells: evidence for a role of phosphatidylinositol
3-kinase and Src,” Thrombosis and Haemostasis, vol. 92,
no. 7, pp. 151-161, 2004.

F. Lithen, U. Bulnheim, P. D. Miiller, J. Rychly, H. Jesswein,
and J. G. Nebe, “Influence of manganese ions on cellular
behavior of human osteoblasts in vitro,” Biomolecular Engi-
neering, vol. 24, no. 5, pp. 531-536, 2007.

7. Zhang, B. Gu, W. Zhu, and L. Zhu, “Integrin-mediated oste-
oblastic adhesion on a porous manganese-incorporated TiO,
coating prepared by plasma electrolytic oxidation,” Experi-
mental and Therapeutic Medicine, vol. 6, no. 3, pp. 707-714,
2013.

A.P.Mould, S. K. Akiyama, and M. J. Humphries, “Regulation
of integrin a5f1-fibronectin interactions by divalent cations:,”
The Journal of Biological Chemistry, vol. 270, no. 44,
pp. 26270-26277, 1995.

M. C. Siebers, X. F. Walboomers, J. van den Dolder, S. C. Leeu-
wenburgh, J. G. Wolke, and J. A. Jansen, “The behavior of
osteoblast-like cells on various substrates with functional
blocking of integrin 1 and integrin 33,” Journal of Materials
Science. Materials in Medicine, vol. 19, no. 2, pp. 861-868,
2008.

R. Olivares-Navarrete, S. L. Hyzy, D. L. Hutton et al., “Direct
and indirect effects of microstructured titanium substrates on
the induction of mesenchymal stem cell differentiation
towards the osteoblast lineage,” Biomaterials, vol. 31, no. 10,
pp. 2728-2735, 2010.

P. J. Marie, “Targeting integrins to promote bone formation
and repair,” Nature Reviews. Endocrinology, vol. 9, no. 5,
pp. 288-295, 2013.

L. M. Safioti, G. A. Kotsakis, A. E. Pozhitkov, W. O. Chung,
and D. M. Daubert, “Increased levels of dissolved titanium
are associated with peri-implantitis - a cross-sectional study,”
Journal of Periodontology, vol. 88, no. 5, pp. 436-442, 2017.
R. L. M. Asri, W. S. W. Harun, M. Samykano et al., “Corrosion
and surface modification on biocompatible metals: a review,”
Materials Science & Engineering. C, Materials for Biological
Applications, vol. 77, pp. 1261-1274, 2017.

A. Otaibi, E. M. Sherif, M. Q. al-Rifaiy, S. Zinelis, and Y. S. al
Jabbari, “Corrosion resistance of coupled sandblasted, large-
grit, acid-etched (SLA) and anodized Ti implant surfaces in
synthetic saliva,” Clinical and Experimental Dental Research,
vol. 5, no. 5, pp. 452-459, 2019.

Y. Tanaka, E. Kobayashi, S. Hiromoto, K. Asami, H. Imai, and
T. Hanawa, “Calcium phosphate formation on titanium by
low-voltage electrolytic treatments,” Journal of Materials Sci-
ence. Materials in Medicine, vol. 18, no. 5, pp. 797-806, 2007.
Y. S. Kwon and J. W. Park, “Osteogenic differentiation of mes-
enchymal stem cells modulated by a chemically modified
super-hydrophilic titanium implant surface,” Journal of Bio-
materials Applications, vol. 33, no. 2, pp. 205-215, 2018.

S. Szmukler-Moncler, M. Bischof, R. Nedir, and M. Ermrich,
“Titanjum hydride and hydrogen concentration in acid-
etched commercially pure titanjum and titanium alloy
implants: a comparative analysis of five implant systems,”
Clinical Oral Implants Research, vol. 21, no. 9, pp. 944-950,
2010.

B. B. Chrcanovic, A. Wennerberg, and M. D. Martins, “Influ-
ence of temperature and acid etching time on the superficial



BioMed Research International

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44]

(45]

[46]

(47]

characteristics of Ti,” Materials Research, vol. 18, no. 5,
pp. 963-970, 2015.

M. C. Biesinger, B. P. Payne, B. R. Hart et al., “Quantitative
chemical state XPS analysis of first row transition metals,
oxides and hydroxides,” Journal of Physics: Conference Series,
vol. 100, no. 1, article 012025, 2008.

M. C. Biesinger, L. W. M. Lau, A. Gerson, and R. C. Smart,
“Resolving surface chemical states in XPS analysis of first
row transition metals, oxides and hydroxides: Sc, Ti, V, Cu
and Zn,” Applied Surface Science, vol. 257, no. 3, pp. 887-
898, 2010.

J. W. Park, Y. Tustusmi, C. S. Lee et al., “Surface structures and
osteoblast response of hydrothermally produced CaTiO; thin
film on Ti-13Nb-13Zr alloy,” Applied Surface Science,
vol. 257, no. 17, pp. 7856-7863, 2011.

A. Ramirez, P. Hillebrand, D. Stellmach, M. M. May,
P. Bogdanoff, and S. Fiechter, “Evaluation of MnO,, Mn,O,,
and Mn;0, electrodeposited films for the oxygen evolution
reaction of water,” Journal of Physical Chemistry C, vol. 118,
no. 26, pp. 14073-14081, 2014.

B. R. Barrioni, E. Norris, S. Li, P. Naruphontjirakul, J. R. Jones,
and M. M. Pereira, “Osteogenic potential of sol-gel bioactive
glasses containing manganese,” Journal of Materials Science.
Materials in Medicine, vol. 30, no. 7, 2019.

M. Lorenzetti, E. Pellicer, J. Sort et al., “Improvement to the
corrosion resistance of Ti-based implants using hydrother-
mally synthesized nanostructured anatase coatings,” Mate-
rials, vol. 7, no. 1, pp. 180-194, 2014.

M. Das, S. Subbayya Ithychanda, J. Qin, and E. F. Plow,
“Mechanisms of talin-dependent integrin signaling and cross-
talk,” Biochimica et Biophysica Acta, vol. 1838, no. 2, pp. 579~
588, 2014.

H. B. Lopes, G. P. Freitas, C. N. Elias et al., “Participation of
integrin 83 in osteoblast differentiation induced by titanium
with nano or microtopography,” Journal of Biomedial Mate-
rials Research Part A, vol. 107, no. 6, pp. 1303-1313, 2019.

P. Atherton, B. Stutchbury, D. Jethwa, and C. Ballestrem,
“Mechanosensitive components of integrin adhesions: role of
vinculin,” Experimental Cell Research, vol. 343, no. 1, pp. 21-
27, 2016.

C. Zhang, “Transcriptional regulation of bone formation by
the osteoblast-specific transcription factor Osx,” Journal of
Orthopaedic Surgery and Research, vol. 5, no. 1, 2010.

Y. Kim, D. T. Lobdell, C. W. Wright, V. V. Gocheva,
E. Hudgens, and R. M. Bowler, “Blood metal concentrations
of manganese, lead, and cadmium in relation to serum ferritin
levels in Ohio residents,” Biological Trace Element Research,
vol. 165, no. 1, pp. 1-9, 2015.

Y. Liu, D. Rolle-McFarland, F. Mostafaei et al., “In vivo neu-
tron activation analysis of bone manganese in workers,” Phys-
iological Measurement, vol. 39, no. 3, article 035003, 2018.

13



	Osteogenic Differentiation of Human Mesenchymal Stem Cells Modulated by Surface Manganese Chemistry in SLA Titanium Implants
	1. Introduction
	2. Materials and Methods
	2.1. Sample Preparation
	2.2. Surface Characterization
	2.3. Mn Ion Release Measurements
	2.4. Corrosion Behavior Tests: Electrochemical Measurements
	2.5. Cell Culture Experiments
	2.5.1. Cell Culture
	2.5.2. Early Cell Proliferation Assay
	2.5.3. Evaluation of Spread Cell Morphology
	2.5.4. Real-Time Polymerase Chain Reaction (PCR) Analysis of Adhesion- and Osteogenesis-Related Gene Expression
	2.5.5. Alkaline Phosphatase (ALP) Activity
	2.5.6. Enzyme-Linked Immunosorbent Assay (ELISA) for the Detection of Osteocalcin Protein Production by MSCs

	2.6. Statistical Analysis

	3. Results and Discussion
	3.1. Surface Characteristics of the Samples
	3.2. Mn Ion Release Determination
	3.3. Corrosion Behavior of the Samples as Determined by Electrochemical Tests
	3.4. The Early Human MSC Response Affected by Surface Mn Modification
	3.4.1. Early Cell Proliferation and mRNA Expression of Adhesion-Related Genes
	3.4.2. The Spread Cell Morphology and Focal Adhesion Development of MSCs

	3.5. Osteogenic Human MSC Differentiation Affected by Surface Mn Modification
	3.5.1. Osteogenesis-Related Gene Expression
	3.5.2. ALP Activity and OC Protein Production


	4. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

