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Purpose: On the basis of reasonable superposition of various surface treatment methods,
alkali-treated titanium with nanonetwork structures (TNS) was coated with mussel adhesive
protein (MAP) and named TNS-MAP. The aims were to optimize the biological properties of
TNS, endue it with new properties, and enhance its utility in clinical dental applications.
Methods: TNS disks were coated with MAP and the product surface was characterized. Its
osteogenic properties were determined by evaluating its effects on cell adhesion, cell pro-
liferation, the expression of osteogenesis-related genes, and in vivo experiments.

Results: The treated materials showed excellent hydrophilicity, good surface roughness, and
advantages of both TNS and MAP. TNS-MAP significantly promoted initial cell attachment
especially after 15 mins and 30 mins. At every time point, cell adhesion and proliferation, the
detection rate of osteogenesis-related markers in the extracellular matrix, and the expression
of osteogenesis-related genes were markedly superior on TNS-MAP than the control. The
in vivo experiments revealed that TNS-MAP promoted new bone growth around the implants
and the bone—implant interface.

Conclusion: We verified through in vitro and in vivo experiments that we successfully
created an effective TNS-MAP composite implant with excellent biocompatibility and
advantages of both its TNS and MAP parent materials. Therefore, the new biocomposite
implant material TNS-MAP may potentially serve in practical dentistry and orthopedics.
Keywords: biocomposite, bone marrow mesenchymal stem cell, extracellular matrix,

nanopore, polydopamine

Introduction
Implant restoration is indispensable in prosthetic treatment and has gradually
become increasingly familiar and acceptable to patients.'” Consequently, the con-
sumption of common biomedical materials such as titanium and titania has drama-
tically increased. Patient expectations of implant therapy efficacy have risen and
may be important drivers in the ongoing investigation of implant materials.?>
Recent studies on implant materials were not restricted to single-surface treat-
ments. Researchers prefer to use at least two different implant treatments to
improve biocompatibility. Certain investigators tried irradiating the surface of
alkali-treated titanium with ultraviolet and applied other techniques to improve
the antimicrobial and biocompatibility properties of the materials.®® Others tested
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cell sheets wrapped on the surfaces of titanium and zirco-
nia implants. The novel MSC-Implant (bone marrow
mesenchymal stem cell implant) may promote in vivo
osteogenesis and vascularization and modify the implant
surface.”'® These surface treatment methods may enhance
the original biological properties of the basic materials
and/or confer them with new biochemical properties.
Kim et al used alkali and heat treatments in the attempt
to improve the biological properties of materials.'

According to our previous study,'>'*

pure titanium
implants formed a titanate layer with nanonetwork struc-
tures (TNS) after treatment with 10 M NaOH at 30°C.
This modification made the implants more efficacious than
untreated pure titanium both in vitro and in vivo because it
promoted cell adhesion, proliferation, and osteogenesis-
related gene expression. N-acetyl cysteine was applied to
the surface of TNS material containing nanosilver cations
to improve its antimicrobial property. The treatment also
enhanced its ability to inhibit intracellular ROS.”

Mussels are marine bivalves firmly adhering to rocks
under strong wave action.'>'® They secrete mussel adhe-
sive protein (MAP) from their byssal threads and adhesive
plaques.'”'® MAP is biocompatible, biodegradable, and
nontoxic.'®>* Mussels produce the proteins Mefp-1 in
the byssus, Mefp-2 in the adhesive panel, and others.'®?
All proteins with adhesive properties have the posttransla-
tionally modified amino acid 3,4-dihydroxyphenyl-
L-alanine (DOPA) and had high isoelectric points. The
properties of MAP have inspired the development of bio-
their
environments.”?’ Researchers have attempted to use

materials  retaining adhesiveness in  liquid
dopamine as a new surface treatment. When it is oxidized
and self-polymerized under specific conditions, dopamine
forms a polymer layer on almost any surface.”® It is highly
biocompatible and biodegradable and does not trigger
immune responses.'®?* Thus, MAP is regarded as
a valuable biological material. Over the past 20 years,
scholars have analyzed the basic structures, adhesion
mechanisms, and cell and tissue effects of natural MAP
extracts or their synthetic derivatives.'”** Recent stu-
dies showed that MAP increases cell adsorption on the
surface of the base material.*®*> Biocoated materials were
created by directly coating the surfaces of three-
dimensional scaffolds with MAP. In vivo experiments on
a rat calvaria defect model showed that MAP substantially
promotes bone regeneration.>® We hypothesize, then, that
a combination of MAP and TNS could increase the adhe-

siveness of TNS materials.

In the present study, we coated the surfaces of TNS
materials with MAP and used in vitro and in vivo experi-
ments to determine whether the resultant composites
(TNS-MAP) were biologically superior to TNS alone.
We also provided an experimental basis for further
research into the potential clinical applications of this
novel material.

Materials and methods

Sample preparation

Pure titanium disks (diameter 15 mm; thickness 1 mm)
were prepared by machine (Engineering Test Service,
Osaka, Japan) and sequentially polished with several
grades of abrasive paper (Waterproof Paper™ Nos. 800,
1,000, and 1,500; Riken Corundum Co. Ltd., Saitama,
Japan). Pure titanium screw implants (external diameter
1.2 mm; length 12 mm) were also machined (Nishimura
Metal, Fukui, Japan) and used in surface characterization
and the in vitro and in vivo studies. The disks and screw
implants were ultrasonically cleaned with acetone, etha-
nol, and deionized water in succession for 10 mins per
step. They were dried overnight at room temperature
(20-25°C). The materials were immersed in
10 M NaOH at 30°C for 24 hrs and rinsed >3%x with
ultrapure water until rinsate conductivity was <5 uS/cm®.
The dried final product was TNS. All TNS materials
were sterilized by dry heat. Half of them were coated
with MAP on a clean bench using the protein product
concentration recommended by the manufacturer
(Corning™ Cell-Tak™). The product, named TNS-MAP,
was cleaned with sterile deionized water and dried on
a clean bench.

Surface analysis

TNS and TNS-MAP surface morphologies were examined
by scanning electron microscopy (SEM) (S-4800; Hitachi,
Tokyo, Japan). Surface topography and mean average sur-
face roughness (Ra) were examined by atomic force
microscopy (AFM) (SPM-9600;
Japan). The chemical compositions of the modified surface

Shimadzu, Tokyo,
layers were analyzed by X-ray photoelectron spectrometry
(XPS; PHI X-tool; ULVAC-PHI, Kanagawa, Japan).
Contact angles were measured with a contact angle mea-
surement system (VSA 2500 XE; AST Products, Billerica,
MA, USA). The physicochemical properties of TNS and
TNS-MAP were determined by attenuated reflectance
Fourier transform infrared spectroscopy (ATR-FTIR)
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over a range of 400-4,000 cm ' with a Spectrum One
instrument (PerkinElmer, Norwalk, CT, USA).

Cell culture

Rat bone marrow mesenchymal stem cells (rBMMSCs)
were extracted from the femurs of 8-week Sprague—
Dawley rats (Shimizu Laboratory Supplies Co., Kyoto,
Japan) and incubated in 75-cm® flasks according to
a previously described method.® The third- and fourth-
cell generations were used in in vitro experiments. They
were digested with trypsin, resuspended, and added to 24-
well plates containing TNS and TNS-MAP disks at
a density of 4x10* cells/well. This study was performed
with  the
Experimentation at Osaka Dental University (Approval
No. 18-03007).

in accordance Guidelines for Animal

Cell adhesion and proliferation

Cell adhesion and proliferation were assessed by CellTiter-
Blue® Cell Viability Assay (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. The time points
for cell adhesion measurement were 15 mins, 30 mins, 1
hr, and 3 hrs. Cell proliferation was evaluated at 1 day, 3
days, and 7 days. Incubated samples were washed twice
with PBS and treated with 300 pL diluted Cell Titer-Blue®™
Reagent consisting of 50 pL Cell Titer-Blue® Reagent
diluted in 250 pL PBS and prepared immediately before
the PBS wash. After 1 hr incubation (37°C; 5% CO,), 100
pL reagent from each well was added to a 96-well tissue
culture plate and fluorescence was measured at 560/590
nm in a microplate reader (SpectraMax MS5; Molecular
Devices, San Jose, CA, USA).

Cell morphology

After 6-hr incubation, the media in all 24-well plates were
removed. The cells were washed 3x with PBS and mixed
with 1 mL of 4% PFA (paraformaldehyde solution) per
well. After 20 mins, the cells were washed 3x with PBS
and permeabilized with 0.2% (v/v) Triton X-100 for 30
mins at room temperature (20-25°C) with shaking for 30
s. After 30 mins, the cells were incubated with Blocking
One reagent (Nacalai Tesque Inc., Kyoto, Japan) for 30
mins at room temperature (20-25°C) and stained with
phalloidin and DAPI at 37°C in the dark for 1 hr. The
stained cells were washed 3x with PBS and F-actin, and
nuclei in the cells were examined under a confocal laser-
scanning microscope (LSM700; Carl Zeiss AG, Wetzlar,
Germany).

ALP activity

After 1-week cell culture, the medium was replaced with
differentiation-inducing medium containing 10% FBS,
antibiotic—antimycotic mix, and the osteogenic supple-
ments 10 mM B-glycerophosphate (Wako Pure Chemical
Industries Ltd., Osaka, Japan), ascorbic acid (Nacalai
Tesque Inc.), and 10 nM dexamethasone (Nacalai Tesque
Inc.). The medium was exchanged, and the cells were
incubated for 7 days and 14 days. The samples were
washed with PBS and lysed with 300 pL of 0.2% Triton
X-100. The lysates were transferred to microcentrifuge
tubes, and the ALP activity was measured using ALP
pNPP Liquid substrate in an ELISA kit (Sigma-Aldrich
Corp., St Louis, MO, USA) according to the manufac-
turer’s protocol. The reaction was terminated by adding
50 uL of 3 M NaOH to 200 pL of the reaction substrate.
The p-nitrophenol production was determined at 405 nm in
a 96-well microplate reader (SpectraMax® M5; Molecular
Devices). The DNA content was determined with
a PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manu-
facturer’s protocol. The amount of ALP was normalized to
that of the DNA content of the respective cell lysates.

Quantification of calcium deposition in

the extracellular matrix (ECM)

The medium was replaced and incubation continued for 21
days and 28 days. Calcium deposited in the ECM was
dissolved with 10% formic acid, collected, and quantified
with a calcium E-test kit (Wako Pure Chemical Industries
Ltd.) per a previous study.®’

Analysis of osteogenesis-related gene

expression levels

The total RNA of rBMMSCs cultured for 3 days, 7 days, 14
days, and 21 days on sample TNS and TNS-MAP disks was
isolated with the RNeasy Mini Kit (Qiagen, Venlo, The
Netherlands) and a  TagMan  real-time  RT-
PCR assay (Life Technologies, Carlsbad, CA, USA), as
previously described.® A PrimeScript RT Reagent Kit
(TaKaRa Bio, Kusatsu, Shiga, Japan) was used to reverse-
transcribe 10-pL aliquots of each RNA sample into cDNA.
ALP and runt-related transcription factor 2 (Runx2) expres-
sion levels were measured at 3 days and 7 days. The expres-
sion levels of bone morphogenetic protein 2 (BMP-2) and
bone y-carboxyglutamate (gla) protein (Bglap) were mea-
sured at 14 days and 21 days. The StepOne™ Plus RT-PCR
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System (Life Technologies) was used to quantify these
osteogenesis-related genes. The relative gene expression
levels of each group were normalized to that of the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and determined by the 2" method.'?

Animal model and surgical procedures
Ten male Sprague—Dawley rats aged 8 weeks (Shimizu
Laboratory Supplies Co.) were randomly assigned to each
of two groups. The experimental method used was described
in a previous report.>® The operation was performed asepti-
cally, and the animal study was conducted in accordance
with the ethical guidelines of the Animal Care and Use
Committee of Osaka Dental University (Approval No. 18-
03007).

Microcomputed tomography (micro-CT)

assessment

Right femurs with implants were excised per a previously
described method and scanned with the SMX-130CT
micro-CT scanner (Shimadzu Corp.) at 70 kV and 118
mA.*® Morphometric software (TRI/3D-BON; Ratoc
System Engineering, Tokyo, Japan) was used to analyze
the regions of interest (ROI; 500 um around the implant
and 2 mm below the epiphyseal line) in the CT images and
evaluate the bone volume fraction (BV/TV, %), trabecular

5 Oll\un"l TNS 5.0kV x45.0k

\B

Figure | SEM micrographs and AFM images of TNS and TNS-MAP.
Notes: (A-C) TNS surface, and (D-F) TNS-MAP surface.

number (Tb.N, mm™ "), trabecular separation (Tb.Sp, pum),
and trabecular thickness (Tb.Th, pm).

Histological section preparation and

analysis

Rat femur specimens (8 weeks) were scanned by micro-CT,
excised, and stained by the Villanueva method to assess
osseointegration and bone regeneration (bone area ratio,
BA; bone—implant contact, BIC) under a BZ-9000 digital
cold illumination microscope (Keyence Co., Osaka, Japan).*

Statistical analysis

Surface analyses and in vitro and in vivo experiments were
conducted in triplicate. All data are reported as means +
SD. Differences between treatment means were evaluated
by one-way ANOVA and Student’s #-test in SPSS v. 20.0
(IBM Corp., Armonk, NY, USA). Differences were con-
sidered statistically significant at P<0.05.

Results

Surface characterization

SEM and AFM revealed the surface morphology of TNS and
TNS-MAP. Figure 1A and B show the nanoporous network
structure on the TNS surface at 10.0 k and 45.0 k, respectively.
Figure 1D shows MAP thoroughly coating the TNS surface

Abbreviations: SEM, scanning electron microscopy; AFM, atomic force microscopy; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork

structures coated with mussel adhesive protein.
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and the nanoporous network structure. Figure 1E shows the
same at a higher magnification (45.0 k).

The AFM images show the nanotopography of the
TNS and TNS-MAP surfaces. Figure 1C is the AFM
image of the uniform nanoporous network structure of
the TNS surface. The MAP protrusions on the TNS sur-
face are shown in Figure 1F. The surface roughness (Ra)
values measured by AFM were 74.627 for MAP and
30.910 for TNS (nanoscale).

Contact angle measurements (Figure 2) demonstrated
that both TNS and TNS-MAP were more hydrophilic and
diffused ddH,O more effectively than pure Ti. The hydro-
philicity of TNS-MAP is significantly higher than that of
TNS (P<0.05).

The XPS analysis of the materials (Figure 3) disclosed
that, relative to TNS, the percentages of Ti2p and Ols
were lower on the TNS-MAP surface. The proportion of
Nls (a protein component) in TNS-MAP was 13%,
whereas it was 0% in TNS. The proportion of Cls in TNS-
MAP was greater than that of TNS.

100+

80+

2]
o
1

Contact angle (°)
S
o
1L

N
o
1

Ti TNS

TNS-MAP

The FTIR spectra of the test and control groups are
presented in Figure 4. For the TNS-MAP group, the

' and

sensor surface showed bands at ~1,500 cm
~1,750 cm™' compared with the TNS group. Baty
et al reported similar FTIR spectral data for the
MAP.*® The surface morphology and chemical analyses
confirmed that the MAP successfully coated the TNS

surface.

Cell adhesion, proliferation, and

morphology
The adhesion of BMMSCs on the TNS-MAP surface was
superior to that for TNS at various time points, especially
at 15 mins and 30 mins (Figure 5A). At 1 day, 3 days, and
7 days, there was more cell proliferation on the TNS-MAP
than the TNS surface (Figure 5B).

Fluorescent staining revealed that after 6-hr cell culture
(Figure 5C and D), the number of cells adhering to the
TNS-MAP surface was greater than that for TNS.

3 =
w

TNS-MAP

Figure 2 Comparison of contact angle measurements for pure Ti, TNS, and TNS-MAP.
Notes: Contact angles of Ti, TNS, and TNS-MAP were measured with a VSA2500 XE contact angle measurement system after application of 2 uyL ddH,O to the sample

surface at room temperature (**P<0.001; *P<0.05).

Abbreviations: Ti, titanium; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with mussel adhesive protein.

B Ti2p
[ Cis
Il O1s

22.00%

TNS

Figure 3 Surface chemical compositions of specimens examined by XPS.

1 Nis
B Ti2p
[ Cis
Il O1s

12.60%

TNS-MAP

Abbreviations: XPS, X-ray photoelectron spectroscopy; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with mussel

adhesive protein.
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Figure 4 FTIR analysis of TNS and TNS-MAP.
Notes:(A) cm™' from 1,000 to 4,000, and (B) cm™' from 1,350 to 1,750.
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Abbreviations: FTIR, Fourier transform infrared spectroscopy; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with

mussel adhesive protein.

>

80001

Cell adhesion

15 min

B

Cell proliferation

15000 -

Figure 5 Cell adhesion, proliferation, and morphological analysis of rBMMSCs on sample disks.

Notes: (A and B) TNS and TNS-MAP disks were incubated with rBMMSCs and cell adhesion and proliferation were evaluated after |5 mins, 30 mins, | day, 3 days and
7days, respectively, with a CellTiter-Blue® Cell Viability Assay (Promega, Madison, WI, USA), (C and D) TNS and TNS-MAP disks were incubated with rBMMSCs for 6 hrs,
stained with phalloidin (F-actin) and DAPI (nuclei), and visualized by fluorescence microscopy; bar =100 pm. (***P<0.001; **P<0.01).

Abbreviations: rBMMSCs, rat bone marrow mesenchymal stem cells; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures

coated with mussel adhesive protein.

Moreover, the cells spread more uniformly over the TNS-
MAP surface than the TNS surface.

Osteogenic activity of rBMMSCs

After 7-day and 14-day induction of cell differentiation on

the surfaces of the materials, the cells on TNS-MAP had

higher ALP activity than those on TNS (Figure 6).
Calcium was measured in the ECM after inducing

mineralization for 21 days and 28 days. The cells on TNS-

MAP secreted more Ca than those on TNS (Figure 6).

The osteogenic differentiation-related genes Runx2 and
ALP were upregulated on TNS-MAP compared to TNS in
the early stages (3 days and 7 days; Figure 7A and B).
Similarly, Bglap and BMP-2 were more highly expressed
on TNS-MAP than TNS after 14-day and 21-day culture
(Figure 7C and D).

Micro-CT assessment
The surgical procedure is shown in Figure 8. In the ROL, TNS-
MAP formed more new bone around the implant than TNS.
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Figure 6 ALP activity and calcium deposition in cells grown on sample disks.

Notes: rBMMSCs were cultivated on TNS and TNS-MAP disks for up to 28 days and the levels of (A) ALP activity (7 days and 14 days) and (B) calcium deposition (21 days
and 28 days) were evaluated as described in the “Materials and Methods” (**P<0.001; **P<0.01; *P<0.05).
Abbreviations: ALP, alkaline phosphatase; rBMMSCs, rat bone marrow mesenchymal stem cells; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with

nanonetwork structures coated with mussel adhesive protein.
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Figure 7 Expression of osteogenesis-related genes in cells grown on sample disks.
Notes: (A-D): Expression levels of genes encoding Runx2, ALP, Bglap, and BMP-2 were evaluated in rBMMSCs cultivated on TNS and TNS-MAP disks at days 3 and 7 and
days 14 and 21, respectively, by real-time RT-PCR (***P<0.001; **P<0.01; *P<0.05).
Abbreviations: Runx2, runt-related transcription factor 2; ALP, alkaline phosphatase; Bglap, bone y-carboxyglutamate (gla) protein; BMP-2, bone morphogenetic protein 2;
rBMMSCs, rat bone marrow mesenchymal stem cells; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with mussel

adhesive protein.

Three-dimensional images are shown in Figure 9A and
B (implant in red, cortical bone in blue, and new bone in
kelly green). As shown in Figure 10, quantitative assessment
of trabecular bone in the ROI disclosed that BV/TV, Tb.N, and
Tb.Th for TNS-MAP were significantly higher than those for
TNS. However, Tb.Sp was lower for TNS-MAP than TNS.

Histological evaluation

Longitudinal images of the implant and surrounding bone
tissue are presented in Figure 11A and B. The amount of
new bone attached to the surface of the TNS-MAP implant
was greater than that of the TNS implant. At 8 weeks after
surgery, both the BA and the BIC of the TNS-MAP
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Figure 8 In vivo experimental operation.

-5;?";}-... DI TR

Notes: (A) Incision and exposure of surgical area, (B) implantation model formation, (C) implant embedment, and (D) suture of surgical area; bar =1 cm.

Figure 9 Transverse micro-CT reconstructed images of proximal tibiae showing ROI status.
Notes: Implant (red), newly formed bone with relatively low density (kelly green), and cortical bone with high density (blue). (A) 8-week TNS group, and (B) 8-week TNS-

MAP group; bar =2 mm.

Abbreviations: micro-CT, micro-computed tomography; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with

mussel adhesive protein; ROI, region of interest.

implants were significantly higher than those of the TNS
implants (Figure 12; P<0.05).

Discussion

In the present study, the surface characteristics of TNS and
TNS-MAP were investigated and cell adhesion, cell pro-
liferation, and osteogenic differentiation-related gene
expression were analyzed. In vivo experiments were con-

ducted using both TNS and TNS-MAP. The results

showed that MAP successfully coated the TNS surface
and TNS-MAP was more efficacious at early adhesion,
proliferation, and osteogenic rBMMSC differentiation
than TNS. The findings of the in vivo experiment corro-
borated those of the in vitro experiment.

SEM and AFM disclosed that a nanoporous network
structure was formed on the TNS surface after alkali
treatment at room temperature possibly because of hydro-
gen formation during the treatment process. Moreover, the
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Figure 10 Micro-CT quantitative evaluation within the ROl
Notes: (A) Bone volume fraction of the two groups, (B) Tb.N of the two groups, (C) Tb.Th of the two groups, and (D) Tb.Sp of the two groups (***P<0.001; **P<0.01).

Abbreviations: micro-CT, micro-computed tomography; ROI, region of interest; BV/TV, bone volume/total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness;
Tb.Sp, trabecular separation; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with mussel adhesive protein.

Figure 11 Histological sections with Villanueva staining showing bone tissue morphology around the implant (black).

Notes: (A) TNS surface, and (B) TNS-MAP surface; bar =200 pm (***P<0.001; **P<0.01).
Abbreviations: TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated with mussel adhesive protein.
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Figure 12 Quantitative histomorphometric analysis within the region of measurement (BA and BIC).

Notes: (A) Percentage of new bone formation (BA) and (B) percentage of direct BIC (**%P<0.001; *P<0.05).
Abbreviations: BA, bone area ratio; BIC, bone—implant contact; TNS, titanium with nanonetwork structures; TNS-MAP, titanium with nanonetwork structures coated

with mussel adhesive protein.
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NaOH treatment may have broken the Ti—O-Ti bonds and
generated Ti-O—Na and Ti—OH layers on the titanium
surface.>*' MAP thoroughly coated the TNS surface
and FTIR and XPS revealed that it formed TNS-MAP.
MAP permeated the nanoporous network structure of
TNS. The result of AFM revealed that the Ra of TNS and
TNS-MAP were both within 100 nm, therefore, both of TNS
and TNS-MAP are nanoscale materials.'”> The Ra of TNS-
MAP was greater than that of TNS and had relatively higher
surface roughness. In TNS, there was no interface between
the nanostructure and pure basal titanium. MAP firmly
adhered to the TNS nanostructure®®** rather than simply
coating it. XPS analysis of TNS-MAP indicated that the
Ti2p element on the TNS-MAP was either ~0 or >0 and
nearly equal to the amount on TNS. The combined SEM
and AFM images showed that MAP successfully coated the
TNS. The interval between the MAP layers effectively
network  structure.
Therefore, the composite material has characteristics of

retained part of the nanoporous

both TNS and MAP. The contact angle measurement showed
that the alkali treatment and the MAP coating optimized the
surface hydrophilicities of pure Ti and TNS material, respec-
tively, and the differences were significant. Increases in sur-
face material hydrophilicity promote cell adhesion.”®

Cell adhesion, proliferation, and osteogenic activity
were also analyzed. Adhesion plays important roles in
cell spreading and differentiation, tissue engineering, and
other processes.”® After 6-hr seeding, cell staining
revealed that the surface adhesion of TNS-MAP was
superior to that of TNS and spreading markedly increased.
A previous study showed that MAP promoted early cell
adhesion but not cell spreading.'® As the composite mate-
rial has advantages of both MAP and TNS, it may promote
cell spreading and improve cell adhesion.

Early cell adhesion indicated that TNS-MAP signifi-
cantly enhanced cell adhesion on TNS at 15
mins (P<0.001) and 30 mins (P<0.01) after seeding. No
such observation was reported for an earlier study on TNS.
The MAP coating optimized the biological performance of
TNS. The MAP used in the present study was a mixture of
Mefp-1 and Mefp-2 extracted from mussels.'® The
mechanism of cell adhesion on the DOPA coating material

3
2843 The surfaces of

surface was described elsewhere.
materials coated with polydopamine may adhere specifically
or nonspecifically.”®** In nonspecific cell adhesion, chemical
functional groups on the biomaterial surface may bind
weakly to cell membranes through van der Waals forces or
interactions. In cell adhesion,

electrostatic specific

polydopamine forms very thin cell adhesion protein domains
on the biomaterial surfaces and binds the cells.** The pre-
sence and concentration of DOPA'®2° in Mefp-1 and Mefp-2
partially explain why TNS-MAP induces cell adhesion.
TNS-MAP promoted cell adhesion and proliferation more
effectively than TNS at every time point. ECM-derived
adhesion proteins and growth factors can efficiently attach
to surfaces modified with DOPA.***’ Studies have suggested
that rMSC may be induced by nanotopographical signals
through FA and actomyosin cytoskeleton contractility.*®
The nanostructure and superior hydrophilicity of the surface
material also induce cell adhesion,'>'>*7#°

ALP activity and calcium precipitation in the ECM
indicated that TNS-MAP induces osteogenic differentia-
tion more effectively than TNS alone. The relatively
greater mRNA upregulation in the former at every time
point corroborated this observation. The expression levels
of four genes involved in bone marrow stem cell differ-
entiation and osteogenesis, and their importance in these
processes was reported elsewhere.'>3%!

Micro-CT and histological analyses revealed that new
bone formation around the TNS-MAP implant was sub-
stantially greater than that around TNS. The relative
improvement of BIC in the former case also demonstrates
that the TNS-MAP implant undergoes more efficacious
early osseointegration with the recipient area than the
TNS implant.

Biomaterials functionalized with various molecules
induce specific reactions in cells or tissues.”® The appro-
priate material surface enhances cellular extension mor-
phology and promotes cell proliferation and differentiation
ability there. Certain authors focused on DOPA as an
intermediate carrier of growth factors such as BMP-2,
BMP-7, and others in the surface treatment of various
biomaterials. In this way, it promotes osteogenic differen-
tiation in BMMSCs both in vitro and in vivo. This mole-
cular mechanism has already been explained.’*>* BMP-2
promotes fracture healing and shortens integration time.
As they are highly adhesive, TNS-MAP implants may
adsorb BMP-2 and other growth factors in the bone mar-
row cavity. In this manner, they promote osteogenic differ-
entiation in the BMMSCs attached to their surfaces.
Studies have shown that a DOPA coating promotes osteo-
genic differentiation via a focal adhesion kinase (FAK)
cascade.” The expression of FAK is an important factor
in FA activation.’® FA formation initiates interactions
between the cells and the substrate. In addition, rMBCs
can be induced by nanostructures via FA, etc.”’ Previous
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researchers evaluated integrin B1, integrin B3, and FAK
expression and established that DOPA-treated materials
promoted rMSC adhesion and spreading.*> These pro-
cesses may partially account for the mechanisms by
which TNS-MAP promotes rBMMSCs adhesion, prolif-
eration, and osteogenic differentiation. However, the exact
and detailed molecular mechanisms are still unclear and
merit further investigation.

Detailed analyses of the material surfaces verified that
the TNS-MAP composite implant was successfully created.
It has advantages of both TNS and MAP, is highly biocom-
patible, and has good surface roughness and excellent hydro-
philicity. Its physicochemical properties promote early cell
adhesion and enable attached cells to proliferate and differ-
entiate. In future research, the immunological and other
characteristics of TNS-MAP will be explored and its clinical
chemistry and applications will be investigated.

Conclusion

Surface analyses and cell experiments involving TNS
and TNS-MAP showed that the latter MAP had superior
hydrophilicity and rBMMSC cell biocompatibility to
TNS because of its MAP coating. TNS-MAP may
more effectively promote early cell adhesion and pro-
liferation and induce osteogenic cell differentiation. The
in vivo experiment indicated that TNS-MAP improved
BA and BIC compared to TNS and confirmed that TNS-
MAP is more biocompatible than TNS. Thus, TNS-
MAP has great potential applicability in dentistry and
orthopedics.
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