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face immobilized NBD peptide on
osteoclastogenesis of rough titanium plates in vitro
and osseointegration of rough titanium implants in
ovariectomized rats in vivo

Yu Wang, a Chen Zhang,b Weijian Xu,b Baixiang Wang,a Yanhua Lan,b Mengfei Yu,a

Pinger Wangc and Zhijian Xie*d

Successful osseointegration in dental implants depends on balanced activation of osteoclasts and

osteoblasts. Osteoporosis up-regulates osteoclast activity, so it is desirable to find effective interventions

to inhibit osteoclastogenesis and enhance the osseointegration of implants under these conditions. It

has been reported that the NF-kB essential modulator (NEMO)-binding domain (NBD) peptide can

prevent osteoclast formation and bone resorption. In this study, we conjugated NBD peptide onto the

surface of rough pure titanium (Ti) using the layer by layer technique. We analyzed the surface

characteristics and determined the successful NBD integration by the presence of trivial granular

structures, increased S elements and hydrophilia. Importantly, we first reported that Ti surface-

conjugated NBD peptide retained its inhibitory effects on osteoclastogenesis by reducing osteoclast

sealing zone formation and function. These effects were mediated by a reduction in NFATc1 expression,

which in turn regulated integrin anb3 and MMP9 by targeting the P65 signaling pathway. In vivo TRAP

staining suggested NBD-coating decreased osteoclast formation with less pseudopodia. Micro-CT and

histomorphometric analysis demonstrated that NBD-coating enhanced pronounced osseointegration in

vivo in ovariectomized rats. This study holds great promise for in vivo use of immobilized NBD peptide

and offers an effective therapeutic approach to select more suitable Ti-implant surface modifications for

improving implant osseointegration in osteoporotic patients.
Introduction

Osseointegration, the direct structural and functional connec-
tion between living bone and the surface of an implant, is
accomplished by bone remodeling around the implant site.1

Successful bone remodeling in dental implants depends on the
balanced activation of osteoclasts, which resorb the underlying
bone tissue, followed by subsequent activation of osteoblasts,
which are responsible for formation of new bone tissue in the
peri-implant region.2–4 Under osteoporotic conditions, estrogen
deciency up-regulates osteoclastic activity, and this osteolysis
phenomenon is further intensied.5 Thereaer, it is desirable to
nd useful interventions to promote the initial stability and
long-term survival of implants, not only for the normal patients
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but also for the patients suffering from osteoporosis. While the
effects of the surface properties or protein modications of
titanium (Ti) implants on osteoblast proliferation and differ-
entiation have been well documented,6,7 little is known about
their impact on osteoclast proliferation, formation or function.
Bone resorption around implants can lead to implant loosening
and micromotion problems and is a major cause of failure of
dental implants. Therefore, understanding the factors that
promote or inhibit osteoclast activity is important for the design
of implants.

Osteoclasts derive from the monocyte/macrophage lineage
and are the exclusive cells of bone resorption.8–10 Bone resorp-
tion depends on the interaction of the osteoclast receptor,
receptor activator of NF-kB (RANK) with its ligand, receptor
activator of NF-kB ligand (RANKL) which, together with M-CSF,
regulates the activation and differentiation of pre-osteo-
clasts.11,12 RANKL binding activates NF-kB and c-Fos which then
induce NFATc1, a master transcription factor for the terminal
differentiation of osteoclasts.13 NFATc1 promotes the differen-
tiation of osteoclast precursors into mature osteoclasts by
inducing the expression of key target genes such as DC-STAMP,
cathepsin K, integrin anb3 and MMP9.14–17 Integrin anb3 is
RSC Adv., 2018, 8, 22853–22865 | 22853
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expressed on osteoclasts and has been reported to be involved
in the attachment of osteoclasts to bone. Blocking experiments
have shown that the anb3 integrin functions as a major adhe-
sion receptor in osteoclasts and is crucial for cell attachment
and spreading.18,19 Activated mature osteoclasts are polarized
and form specialized adhesive structures termed podosomes
which essentially mature into the sealing zone (SZ)20,21 and bind
tightly to the bone surface. The SZ contains specialized ruffled
border (RB) membrane domains that maintain a low pH in the
SZ by releasing protons via a vacuolar H-ATPase, dissolving the
mineral phase which is mainly composed of hydroxylapatite.22

In addition, proteolytic enzymes responsible for the cleavage
and degradation of organic bone matrix, such as matrix met-
alloproteinases (MMPs) and cathepsin K, are released into the
SZ through the RB. Activated osteoclasts express the enzyme
TRAP, which is an important marker molecule for osteoclast
activation.23

A crucial target of RANKL signaling is the activation of
nuclear factor kappa B (NF-kB).24 NF-kB is sequestered in the
cytoplasm and upon activation translocates into the nucleus
where it binds to kB promoter sequences and initiates tran-
scription. The NF-kB family/complex consists of NF-kB1 (p105
and p50), NF-kB2 (p100 and p52), Rel (c-Rel), RelA (p65) and
RelB.25,26 Among these members, p65 plays a particularly
important role in osteoclast activation.24 The IkB family of
proteins consists of seven known mammalian members, IkBa,
IkBb, IkB3, IkBc, Bcl-3 and the precursor Rel-proteins, p100 and
p105, of which IkBa has been the most studied.27 In resting
osteoclast precursors, p65:p50 heterodimers are bound to IkBs
and retained in the cytoplasm. Upon activation, IkBa is rapidly
phosphorylated and degraded by the proteasome, thereby
freeing p65 which can then enter the nucleus, bind to DNA and
activate the transcription of target genes. Phosphorylation of
IkB proteins, mediated primarily by the IkB kinases (IKK) IKKa,
IKKb and IKKg,28 is thus crucial for NF-kB activation in osteo-
clast formation. The serine kinases IKKa and IKKb target
serines 32 and 36 of IkBa while IKKg, also known as NF-kB
essential modulator (NEMO), regulates the other two IKKs.29

NEMO interacts with a carboxy-terminal sequence in IKKa and
IKKb termed the NEMO-binding domain (NBD).30 Desai et al.
found that a short cell-permeable peptide spanning the IKK
NBD reduced inammatory responses in animal models of
inammation.31 Importantly, this NBD peptide disrupted the
association of NEMO with the IKKs, blocked NF-kB activation
and prevented osteoclastogenesis and bone resorption in
animal models.32,33 Therefore, an NBD peptide that selectively
inhibits NF-kB activation and bone loss by targeting the NBD–
NEMO interaction while sparing the protective functions of
basal NF-kB activity promises to have great therapeutic value
and likely fewer undesired side effects.34

An ideal implant would actively promote peri-implant bone
healing to support the formation of strong, mature bone at the
bone-implant interface necessary for mechanical integration
and long-term stability. A promising approach to improve
dental implants is to coat the implant surface with bioactive
compounds that support bone healing, and several modica-
tion methods have been developed that enhance peri-implant
22854 | RSC Adv., 2018, 8, 22853–22865
bone integration.35 Surface coating also allows for the addi-
tion of organic biomolecules, and the application of therapeutic
coatings has become a rapidly growing research area.36 Layer by
layer (LBL) self-assembly is a relatively novel and easy technique
for surface coating that utilizes static or hydrogen bond inter-
actions between macromolecules and creates organic-coated
compounds that are more stable during sterilization and
storage.37 Therefore, we applied the LBL assembly technique as
a multilayer build-up method based on electrostatic interac-
tions to synthesize NBD peptide-coated titanium plates. We
selected the natural polysaccharides chitosan (CS) and hyalur-
onic acid (HA) as the building components of NBD lms.38,39 CS
is a natural, reactive muco-adhesive that is positively charged
under acidic conditions while HA is negatively charged. Both CS
and HA are weak polyelectrolytes that are nontoxic, biodegrad-
able and highly biocompatible, and they have to date been
tested in various elds including pharmaceutical applications,
tissue engineering and drug delivery.

In conclusion, we hypothesized that an NBD peptide conju-
gated to a Ti implant could improve the balance between bone
formation and bone resorption at the implant site and thus
present a potential new therapeutic approach to prevent bone
loss around dental implants. The goals of this study were to
determine whether NBD coating could inhibit osteoclasto-
genesis on Ti plates and whether an immobilized NBD peptide
could synergistically enhance osseointegration around
implants in osteoporotic model.

Experimental section
Preparation of Ti plates and implants

Pure Ti plates (Grade 4, 10 � 10 � 1 mm, Guangci Medical
Appliance Company, Zhejiang, China) were polished with wet-
grinding silicon carbide (SiC) abrasive paper of various grit
sizes (from #320 to #1600) during water-cooling and then
sandblasted, rinsed with acetone, 75% alcohol and distilled
water for 15 min each in an ultrasonic cleaner and dried under
nitrogen ow.40 Subsequently, the Ti plates were treated with
a solution containing HF and HNO3 followed by a solution
containing HCl and H2SO4.41 Roughed Ti implants with
a diameter of 2 mm and height of 6 mm were also obtained
from Guangci Medical Appliance Company. These implants
were treated as described above. All plates were sterilized by
ultraviolet (UV) irradiation.

Preparation of glass slides

Glass slides (1 � 1 cm, Shenyan, Jiangsu, China) were cleaned
by sonication in pure water, ethanol and acetone for 15 min,
respectively, and then dried under nitrogen ow. The slides
were immersed in piranha solution (a mixture of H2SO4 and
H2O2 at a ratio of 7 : 3) at 60 �C for 2 h, thoroughly rinsed with
deionized water and dried using a nitrogen blower.42

Fabrication of biological multilayer structure

CS was purchased from Yunzhou Biochemistry, Qingdao, China
and dissolved in 0.2% acetic acid (5 mg ml�1). HA was
This journal is © The Royal Society of Chemistry 2018
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purchased from Sigma Chemical Co., MO, USA and dissolved in
distilled water (0.5 mg ml�1). Functional cell-permeable wild-
type NBD peptide (DRQIKIWFQNRRMKWKK-TALDWS-
WLQTE) was synthesized from lyophilized powder (GL Bio-
chem Ltd, Shanghai, China) as previously described43,44 and
dissolved in distilled water (1 mg ml�1). The CS, HA and NBD
solutions were used sequentially for the LBL technique.

Ti plates and implants were divided into an untreated
(control), a CS/HA fabricated and a CS/HA/NBD fabricated
group, and all LBL steps proceeded at room temperature.
Briey, Ti plates and implants were immersed in CS for 20 min
to form a layer with a stable positive charge, which initiated LBL
assembly process, and were then dipped in HA for 5 minutes,
which allowed HA to adhere to the surface electrostatically. For
the NBD fabricated group, plates were then submerged in NBD
solution for another 5 min. Finally, all Ti plates and implants
were dried overnight before use.45

Analysis of surface characteristics

The microtopographic properties of the substrates were
assessed by eld emission scanning electron microscopy (SEM;
SU8010FE-SEM, HITACHI, Tokyo, Japan) and atomic force
microscopy (AFM; SPI3800N, Seiko Instruments Inc-SII, Japan).
For AFM, glass slides prepared as described above were
analyzed since it is difficult to observe surface characteristics on
Ti plates. AFM images were recorded in tapping mode at 20–
25 �C in air with a Seiko SPI3800N station (Seiko Instrument
Inc.), using silicon tips (NSG10, NT-MDT) with a resonance
frequency of approximately 300 kHz.

Surface roughness was measured using a portable surface
roughness instrument (Surest, SJ-210; Mitutoyo, Kanagawa,
Japan).46 The contact angles of the untreated and fabricated Ti
plates were measured with a dynamic contact angle system
(SL200B, Solon Tech. Inc. Ltd. Shanghai, China). Ultrapure water
was used as the wetting agent at room temperature. Surface
chemistry was analyzed by X-ray photoelectron spectroscopy
(XPS) measurements on an AXIS ULTRADLD spectrometer (VG
ESCALAB MARK II) with a monochromatized Al K-alpha X-ray
source operating at 15 kV and 8 mA. The nal value reported
for each sample is the mean of 3 independent replicates.

Biological layer degradation and NBD release

NBD-coated Ti plates (CS/HA/NBD) were immersed in 1 ml
DMSO at 37 �C. At the indicated timepoints, aliquots of the
incubation solution (500 ml) were collected and substituted with
equal amounts of fresh DMSO. These harvested samples were
then stored at �20 �C. The amount of released NBD was
measured using ultraviolet-visible spectroscopy (UV/Vis) by
measuring the absorption peak of the NBD at a wavelength of
280 nm.31,32 The optical density (OD) of each group was calcu-
lated and is representative of the mean of 3 independent
experiments.

In vitro assessment of multinucleated cell formation

RAW 264.7 cells (ATCC; TIB-71, Cell Bank of Chinese Academy
of Sciences, China) were cultured in Dulbecco's Modied Eagle
This journal is © The Royal Society of Chemistry 2018
Medium (DMEM; Gibco, Invitrogen Corp., USA) supplemented
with 10% fetal bovine serum (FBS), 100 IU ml�1 penicillin and
100 mg ml�1 streptomycin at 37 �C in 5% CO2. The media was
refreshed every 2 days. Before use, a 20 mM NBD peptide stock
solution was prepared in DMSO and diluted to the nal
concentration in media. To determine the inhibitory role of
NBD on osteoclast formation, RAW 264.7 cells were stimulated
with soluble recombinant mouse RANKL (R&D System, Min-
neapolis, MN, USA)47 at 100 ng ml�1 in the presence or absence
of NBD peptide (20 mM)43 in a-Minimum Essential Medium
Eagle (a-MEM; Gibco, Invitrogen Corp., USA). Aer 4 days, cells
were xed with 4% formaldehyde and immunostained with
uorescein isothiocyanate-labeled phalloidin (F-actin) and 40-6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis,
MO, USA). Cells were then evaluated and images were acquired
using a Nikon 90i uorescent microscope (Nikon, Melville, NY,
USA). Osteoclasts were also stained for TRAP using a kit by
following the manufacturer's instructions (Sigma-Aldrich, St.
Louis, MO, USA). The TRAP+ cells were counted under light
microscopy (Nikon, Melville, NY, USA). Multinucleated cells
containing more than three nuclei were counted as osteoclasts.
Cell morphology was also characterized by SEM.

RAW 264.7 cells were cultured on sterilized untreated, CS/HA
or CS/HA/NBD fabricated Ti plates as described above and then
stimulated with RANKL (100 ng ml�1) in a-MEM medium. Aer
4 days, cells were xed and processed as described above.
Multinucleated cells containing more than three nuclei were
counted as osteoclasts. Cell morphology was also characterized
by SEM.
Cell proliferation assay

RAW 264.7 cells with or without RANKL (100 ng ml�1) stimu-
lation were seeded respectively in untreated CS/HA or CS/HA/
NBD fabricated Ti plates at seeding cell density of 1 � 104

cells per well, and cultured for 1, 3 and 5 days, and then cell
proliferation was assessed using a cell counting kit-8 (CCK-8,
Dojindo Molecular Technologies, Japan) by following the
manufacturer's instructions. Briey, cells were harvested at the
indicated timepoints and transferred to new 24-well cell culture
plates. A CCK-8 mixture solution was added to each well and
incubated for another 3 h. Then 150 ml solution was transferred
to new 96-well plates, and shaked for 15 min. The absorbance
was measured at 450 nm using an enzyme-linked immunosor-
bent assay (ELISA) microplate reader. The nal value reported
for each sample is the mean of three independent replicates.
Quantitative real-time PCR

RAW 264.7 cells were cultured on untreated or fabricated Ti
plates and stimulated with RANKL (100 ngml�1) for 2 days, with
unstimulated cells acting as negative control (no RANKL). Total
RNA was extracted and reverse-transcribed by rst-strand cDNA
synthesis (Thermo Scientic, Rockford, IL, USA). Real-time PCR
was performed with the ABI 7300 system. Target gene expres-
sion was normalized to the housekeeping gene b-actin.
RSC Adv., 2018, 8, 22853–22865 | 22855
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Western blot

RAW 264.7 cells were cultured on sterilized untreated, CS/HA or
CS/HA/NBD fabricated Ti plates and stimulated with RANKL
(100 ng ml�1) for 15–30 min. Aer stimulation, cells were
washed with PBS and immediately lysed in buffer containing
20 mM Tris–HCl, 150 mM NaCl, 1% Triton X-100 and protease
and phosphate inhibitors. Cell lysates (30–40 mg total protein)
were separated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a polyvinylidene diuoride membrane. Aer
blocking with 5% skim milk, the membrane was probed with
anti-P65, anti-phosphorylated P65 (p-P65), anti-IkBa or anti-
phosphorylated IkBa (p-IkBa) antibodies (Cell Signaling,
Santa Cruz, CA, USA). The same membrane was stripped and
reprobed for b-actin. Protein bands were visualized by ECL-Plus
reagent (GE Healthcare, Piscataway, NJ, USA).

Nuclear extracts were prepared using NE-PER Nuclear and
Cytoplasmic extraction reagents (Thermo Scientic, Rockford,
IL, USA). The nuclear fractions were resolved by SDS-PAGE.
Primary antibodies against P65, laminin A (Sigma-Aldrich, St
Louis, MO, USA) and histone H3 (Cell Signaling, Santa Cruz, CA,
USA) were used according to the manufacturer's directions.
Protein bands were visualized by ECL-Plus reagent (GE
Healthcare, Piscataway, NJ, USA). No signal was detected with
the isotype-matched control.
Immunouorescence analysis

RAW 264.7 cells were cultured on sterilized untreated, CS/HA or
CS/HA/NBD fabricated Ti plates as described above and then
stimulated with RANKL (100 ng ml�1) in a-MEM medium. Aer
15–30 min and 4 days, cells were xed with 4% formaldehyde
and then incubated with primary P65 and TRAP accordingly or
isotype-matched control antibodies followed by a biotinylated
secondary antibody. Fluorescent signals were detected using
Alexa Fluor 546-conjugated streptavidin before cells were
immunostained with F-actin and counterstained with DAPI.
Images were acquired using a Nikon 90i uorescent microscope
and analyzed using NIS-Elements soware (Nikon). No signal
was detected with isotype-matched control.
Animal surgery

The animal study was approved by the Animal Ethics
Committee of Zhejiang University, Hangzhou, China, in accor-
dance with the “Principles of Laboratory Animal Care and Use
in Research” (Ministry of Health, Beijing, China). All Sprague-
Dawley female rats (3 months-old) were placed in quarantine
for 1 week prior to surgery. Then all rats received bilateral
ovariectomization (OVX). Bred for 3 months aer OVX, they
were randomly assigned to undergo the following implantation.
10% chloral hydrate (3 mg kg�1) was injected intramuscularly
(IM). The rats were xed in right position with the proximal tibia
shaved and the skin disinfected. A 0.5 cm longitudinal incision
was made to expose the tibial tuberosity, and bone defects
(2 mm � 4 mm) were created with an electrical drill. Untreated
and fabricated implants were tted into the defects. The
22856 | RSC Adv., 2018, 8, 22853–22865
incisions were then closed in layers. Penicillin (3.5 mg kg�1) was
administered IM for 3 days. The rats were allowed tomove freely
1 day aer surgery. Aer one and twelve weeks, the rats (n¼ 6 in
each group) were euthanized by chloral hydrate overdose, and
all specimens for the following tests were harvested.
Micro-CT analysis

Specimens containing implants and surrounding bone tissue
were extracted (n ¼ 6 in each group) and xed in 4% para-
formaldehyde for 24 h, then transferred to 70% alcohol and
placed in a Micro-CT scanner (Skyscan1176, Bruker
MicroCT N.V., Belgium). Images were collected at an X-ray
source voltage of 80 kV and beam current of 313 mA using
ltered bremsstrahlung radiation. The scanning angular rota-
tion was set at 360� and the angular increment at 0.40�. Speci-
mens were constructed and evaluated using 3D analysis
soware (CTvol, MicroCT N.V., Belgium), through which the 3D
micro-architectural properties around the implant area were
determined. The bone volume percentage (BV/TV), trabecular
number (Tb.N) and trabecular separation (Tb.Sp) were calcu-
lated using the Otsu method for threshold choice.
Histology and histomorphometry

Tibias were harvested one week post-surgery, xed in 4%
paraformaldehyde, and then decalcied in a 20% EDTA solu-
tion. Aer the implants were extracted, the samples were
dehydrated in ethanol, embedded in paraffin, and sliced to
a thickness of 10 mm to create slides with these sections. Oste-
oclasts were considered as TRAP+ multinucleated cells and were
visualized within the bone tissue along the implant using
a staining kit (387A-1KT, Sigma-Aldrich, America). All the TRAP-
positive cells were counted by microscopy (Leica DM4000,
Germany).48

The retrieval procedure was also performed 12 weeks aer
implantation. The tibias containing the implants were xed in
4% neutral-buffered formaldehyde, dehydrated and embedded
in methyl methacrylate. Undecalcied cut and ground sections
containing the central part of the implants were produced at
a nal thickness of 30 mm using a Macro cutting and grinding
system (Exakt 310 CP series, Exakt Apparatebau, Norderstedt,
Germany). Sections were stained with toluidine blue. Light
microscopy (BX51, Olympus, Japan) and a PC-based image
analysis system (Image-Pro PlusR, Media Cybernetics, Silver
Springs, MD, USA) were used for histometric analysis. The
percentages of BIC and BA were determined as described above.
Statistical analysis

In vitro experiments were carried out three times to obtainmean
and standard error from independent experiments. In vivo
experiments were carried out with 6 animals per group. Statis-
tical signicance was determined by one-way ANOVA with
Turkey's post hoc test for comparisons between multiple groups
at the P < 0.05 level.
This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Characterization of NBD coating of Ti surfaces

In our study, CS/HA and CS/HA/NBD were fabricated on
roughed Ti plates and implants using the LBL technique sepa-
rately as described previously.49 The isoelectric points of CS, HA
and NBD are 7.1, 2.9 and 10.43, respectively. When dissolved in
a solution at pH 5.0, CS and NBD can carry a positive charge
while HA carries a negative charge.45 Adsorption of positive and
negative charges by these three biomaterials made their
successful fabrication on the Ti surface using the LBL tech-
nology possible. When visualized on a lower-power eld, SEM
revealed a roughed structure for all three groups. In the CS/HA-
and CS/HA/NBD-coated groups, the roughness seemed smaller
than in the untreated control group. Under a high-power eld,
SEM analysis revealed a rough surface morphology with clear
valley-like structures on the untreated Ti plates. Meanwhile,
trivial granular structures within the roughed structure were
observed on the CS/HA- and CS/HA/NBD-coated Ti plates,
resulting from the layers of biological lms fabricated onto the
Ti surface, and the NBD-coated group with larger molecular
weight displayed more granular structures than the CS/HA-
coated group (Fig. 1). AFM images displayed a similar rough
Fig. 1 Morphological characterization of surface of coated Ti plates. Asse
HA/NBD-coated Ti plates using SEM and AFM.

This journal is © The Royal Society of Chemistry 2018
surface morphology on the untreated Ti substrates. However,
a relatively so layer on top of the hard surface was observed on
the CS/HA and CS/HA/NBD substrates (Fig. 1). We discovered
the same rough structure on the surface of the untreated Ti
implants, and the similar trivial granular structures on the CS/
HA- and CS/HA/NBD-coated implant surfaces (Fig. 2). Although
slight difference of morphology was observed, quantication of
surface roughness uncovered no signicant differences between
the groups (Fig. 3a). This conrms that the fabrication process
did not change the surface morphology statistically. It was
previously reported that the roughness of the Ti surface accel-
erates osteoclast differentiation.50 In our study, the NBD coating
did not signicantly change the surface roughness, suggesting
the following results are due to the presence of NBD rather than
differences in surface morphology between different groups.

The contact angle test was performed to investigate the
wetability of different Ti surfaces (Fig. 3b). The mean standard
� deviations of the contact angle on untreated, CS/HA-, and CS/
HA/NBD-coated Ti surfaces were 93.98 � 4.089, 71.38 � 1.89,
and 33.42 � 2.06, respectively (p < 0.05) (Fig. 3c). The wetability
of themultilayered Ti lms was enhanced compared to native Ti
surfaces, and NBD coating made the surface more hydrophilic
than the CS/HA coating, suggesting the NBD coating increased
ssment of surface morphology of untreated (control), CS/HA-, and CS/
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Fig. 2 Morphological characterization of coated Ti implants. Assessment of surface morphology of untreated (control), CS/HA-, and CS/HA/
NBD-coated Ti implants by SEM.

Fig. 3 (a) Analysis of roughness of untreated (control), CS/HA-, and CS/HA/NBD-coated Ti surfaces. (b and c) wetability of different Ti surfaces as
evaluated by the contact angles test. (d) Release kinetics of NBD peptide at different degradation times. Each value represents themean� SEM of
three independent measurements. *Significantly different from untreated Ti group (P < 0.05). #Significantly different from CS/HA coated group
(P < 0.05).

22858 | RSC Adv., 2018, 8, 22853–22865 This journal is © The Royal Society of Chemistry 2018
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the biological activity on the surface of the Ti and were
successfully fabricated on the rough Ti plates and implants
using the LBL technique. Next, studies were carried out testing
NBD release from the coating. As shown in Fig. 3d, NBD release
was quick from days one to seven, but then stayed at a relatively
low and stable rate aer that. This may suggest that NBD plays
a major role during the rst week and maintains its function
post-implantation.

The chemical compositions of different Ti plate surfaces
were determined by XPS analyses. The high resolution XPS
spectrum of carbon indicated that NBD (Fig. 4a) fabrication
resulted in the highest peaks at the binding energies of 288 eV,
corresponding to C]O, and 400 eV, corresponding to C–NH2

(Fig. 4b).51 Signals corresponding to S, Ti and N were also
detected (Fig. 4c–e). The S signal stems from the methionine in
NBD (Fig. 4a, red circle) and was only detected on the surface of
NBD-coated Ti plates but not on untreated pure or CS/HA-
coated Ti plates (Fig. 4c). A reduced Ti signal indicated
a decrease in the uncoated Ti area, corresponding to CS/HA and
CS/HA/NBD coating, and NBD coating resulted in the weakest Ti
signal (Fig. 4d). Increased N represented an increase in coating
substrate on the Ti area, with NBD increasing the most (Fig. 4e).
Successful graing of CS/HA/NBD onto the Ti surface was
indicated by an appearance of S signal, a larger increase in N
Fig. 4 Characterization of surface chemicals. (a) Chemical structure of
spectra. (b) C 1s- and N 1s-related covalent bonding spectra, (c) S 2p spec
from methionine in NBD.

This journal is © The Royal Society of Chemistry 2018
signal and a decrease in Ti signal compared to untreated Ti and
CS/HA-coated surfaces.
NBD coating inhibits osteoclastogenesis on Ti plates and
reduces the expression of target genes involved in osteoclast
formation

RAW 264.7 cells were stimulated with RANKL to induce osteo-
clastogenesis in the presence or absence of the NBD peptide
which was proved by both F-actin and TRAP staining (Fig. 5a).
SEM results showed that osteoclasts in control group had
multinucleated giant cells and big actin rings, whereas these
were rarely observed in NBD-treated group (Fig. 5a). The NBD-
treated group displayed a 72.1% reduction in the number of
osteoclasts formed compared to the control group (p < 0.05)
(Fig. 5b).

RAW 264.7 cells were cultured on untreated, CS/HA and CS/
HA/NBD-coated Ti plates and stimulated with RANKL for 4 days
to induce osteoclastogenesis. NBD coating reduced osteoclast
formation by �72% compared to untreated Ti or CS/HA-coated
surfaces (P < 0.05) (Fig. 5c and d). The characteristic cell
morphology on all investigated surfaces is presented and visu-
alized by F-actin immunostaining and SEM (Fig. 5c). Cells
mainly differed in size as well as in the formation and size of
actin rings. Osteoclasts on both untreated Ti and CS/HA-coated
NBD. (b–e) Chemical element analyses of different Ti surfaces by XPS
tra, (d) Ti 2p spectra, and (e) N 1s spectra. Red circle indicates S element

RSC Adv., 2018, 8, 22853–22865 | 22859
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Fig. 5 NBD coating inhibits osteoclastogenesis on Ti plates. (a) Representative images of multinucleated osteoclasts by F-actin immunostaining,
TRAP and SEM. White arrows indicate multinucleated cells in immunostaining images. Black arrows indicate multinucleated cells in TRAP and
SEM images. (b) Quantification of multinucleated osteoclasts with more than 3 nuclei per osteoclasts. Each value represents the mean � SEM of
three independent measurements. *Significantly different from DMSO-treated control group (p < 0.05). (c) RAW 264.7 cells were cultured on
untreated, CS/HA- or CS/HA/NBD-coated Ti plates and stimulated with RANKL (100 ng ml�1) for 4 days before cells were fixed and immuno-
stained with F-actin and DAPI. The morphologies of multinucleated cells were also characterized by SEM. Multinucleated cells containing more
than three nuclei were counted as osteoclasts. White arrows indicate multinucleated cells in immunostaining images. Black arrows indicate
multinucleated cells in SEM images. (d) Quantification of multinucleated osteoclasts with more than 3 nuclei per osteoclasts. Each value
represents the mean � SEM of three independent measurements. *Significantly different from untreated Ti group (P < 0.05). #Significantly
different from CS/HA coated group (P < 0.05).
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surfaces had multinucleated giant cells and big actin rings,
whereas both were rarely observed on NBD-fabricated Ti
surfaces. This result conrmed that the NBD we synthesized
plays a similar inhibitory role on osteoclastogenesis as has
previously been reported.43,44

Fig. 6a and b show the proliferation of RAW 264.7 cells at day
1, 3 and 5 of incubation with or without stimulation. No
signicant difference was found in cell proliferation between
the indicated time points, which suggests that NBD has more of
inhibitory effects on osteoclastogenesis rather than toxic effect.

Several potential target genes were examined at the mRNA
level to investigate the role of NBD fabrication on osteoclasto-
genesis in vitro. RANKL treatment increased NFATc1 expression
by 10–11 folds on both untreated and CS/HA-coated Ti surfaces
(p < 0.05) whereas NBD fabrication reduced the RANKL-induced
NFATc1 expression by �47% compared to the two control
groups (p < 0.05) (Fig. 7a). Similar to NFATc1, NBD fabrication
decreased the induction of other osteoclast formation and
activity factors by RANKL, including those of MMP9 by �42%,
22860 | RSC Adv., 2018, 8, 22853–22865
integrin an by 20–49% and integrin b3 by �82% (p < 0.05)
(Fig. 7b–d), while no differences were detected between
untreated Ti and the CS/HA fabricated group. NFATc1 is
a master regulator of osteoclastogenesis capable of inducing
osteoclast precursors to differentiate and fuse to form the SZ
and then mature osteoclasts. Integrin avb3 plays a major role in
the adhesion and spread of osteoclasts, mediating aspects of
cellular organization and function. Thus, NBD may impact SZ
formation and osteoclast spreading by inhibiting NFATc1
expression, which in turn regulates Integrin avb3.16,52 NBD also
modulated MMP9 expression which is needed for osteoclasts
and responsible for the proteolytic degradation of bone matrix
proteins.

Osseointegration is accomplished by bone remodeling
around the implant site,1 and since successful bone remodeling
in dental implants requires the balanced activation of both
osteoclasts and osteoblasts, reducing but not completely
inhibiting osteoclastogenesis is quite important for osseointe-
gration. It has been reported that the NBD peptide blocks only
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effect of NBD coating on cell proliferation. (a) Quantification of proliferation of RAW 264.7 cells without RANKL stimulation at day 1, 3 and
5. (b) Quantification of proliferation of RANKL stimulated RAW 264.7 cells at day 1, 3 and 5. Each value represents the mean � SEM of three
independent measurements.
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the induced activity of NF-kB without affecting basal NF-kB
activity,53 which is in accordance with our observation that NBD
coating partially but not completely inhibited osteoclasto-
genesis on Ti surfaces, which might be well-suited for the
remodeling during implant osseointegration. Since the under-
lying mechanism by which NBD inhibits osteoclastogenesis had
not been elucidated in previous studies, we demonstrated for
the rst time that NBD fabricated on Ti surfaces inhibits oste-
oclast formation and function by inhibiting NFATc1 which in
turn regulates integrin avb3, which controls SZ formation, and
MMP9, which is responsible for bone resorption.

Furthermore, we compared the number of osteoclast-like
cells based on the formation of multinucleated cells in the
different groups by measuring the activity of TRAP, a classic
enzyme marker of osteoclasts, through immunouorescence
staining. Untreated Ti and CS/HA-coated surfaces displayed
Fig. 7 NBD coating inhibits expression of target genes involved in ost
integrin an and (d) integrin b3 compared to unstimulated control cells (no
measurements. *Significantly different from untreated Ti group (P < 0.05
were cultured as described above for 4 days, fixed and immunostained for
signal was detected with isotype-matched control antibodies (data not

This journal is © The Royal Society of Chemistry 2018
much more robust TRAP expression and more multinucleated
cells, which suggested that these two groups strongly stimulate
osteoclastogenesis. In contrast, CS/HA/NBD-coated surfaces
displayed fewer and smaller multinucleated cells and less TRAP
expression, suggesting that NBD coating strongly inhibited
osteoclastogenesis (Fig. 7e).
NBD coating inhibits P65 and IkBa phosphorylation and P65
nuclear translocation

The effects of NBD on P65 and IkBa phosphorylation and on
P65 nuclear translocation in RAW 264.7 cells were assessed by
western blot aer 15–30 min of RANKL stimulation (Fig. 8a).
NBD fabrication reduced ratio of p-IkBa to IkBa and p-P65 to
P65. P65 protein accumulated in the nuclear fraction aer 15–
30 min of RANKL stimulation in most cells in the untreated Ti
eoclast formation. Relative mRNA levels of (a) NFATc1, (b) MMP9, (c)
RANKL). Each value represents the mean � SEM of three independent
). #Significantly different from CS/HA coated group (P < 0.05). (e) Cells
TRAP (red) and F-actin (green) and counterstainedwith DAPI (blue). No
shown).

RSC Adv., 2018, 8, 22853–22865 | 22861
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and CS/HA fabricated groups, whereas in the NBD-coated
group, P65 nuclear translocation were reduced.

Since P65 is active in the nucleus, its nuclear localization was
also examined by immunouorescence (Fig. 8b). P65 nuclear
localization induced by RANKL could be detected aer 15–
30 min of stimulation. In untreated and CS/HA-coated groups,
P65 co-localized with DAPI in most cells while in the CS/HA/
NBD-coated group, P65 staining remained mostly outside the
nucleus.

A crucial target of RANKL signaling is the activation of NF-
kB, which has been reported to play an important role in oste-
oclast differentiation.54 IKK induction requires recruitment of
NEMO, which is essential for the phosphorylation of IkB and
subsequent activation of NF-kB.55 Shibata et al.56 reported that
wtNBD peptide inhibited the phosphorylation and degradation
of IkBa by LPS treatment, which was quite similar to our results.
In conclusion, we showed that NBD coated on Ti surfaces can
reduced osteoclastogenesis by inhibiting P65 activation during
the osteoclast formation process.
NBD coating on the surface of roughed Ti implants inhibits
osteoclast formation at an early timepoint and enhances bone
formation around implants in vivo

Osteoclast formation within the bone tissue around the
implants was evaluated by TRAP staining at an early timepoint
of one week post-implantation. The untreated and CS/HA-
coated groups had more osteoclasts along the bone (Fig. 9a),
as well as larger and more pseudopodia on the osteoclasts, than
Fig. 8 NBD coating inhibits P65 and IkBa phosphorylation and P65 nucle
P65, p-P65, and P65 nuclear translocation. (b) Cells were cultured as desc
F-actin (green) and counterstained with DAPI (blue). Co-localization of
Lower panels with white arrows indicated P65 nuclear translocation.

22862 | RSC Adv., 2018, 8, 22853–22865
the NBD-coated group (Fig. 9b). Quantication revealed the
number of osteoclasts in the NBD-coated group decreased by
�33% compared to the untreated and CS/HA-groups (p < 0.05)
(Fig. 9c). This suggests that the NBD coating on the implant
surface prevents bone loss during the early stages of implan-
tation to some extent, which may prevent bone loss overall and
aid in sustaining more original bone tissue around the implant.

Based on the in vitro studies and the in vivo observations
described above, pure Ti and NBD-coated implants were chosen
for the following in vivo experiment. Osseointegration around
implants was evaluated by Micro-CT analysis 12 weeks aer
implantation in OVX rats. Typical 3D images of implants and
new bone were reconstructed. New bone ingrowth formation
500 mm around implants was analyzed and compared to
untreated Ti implants. NBD coating exhibited more favorable
bone integration around the implants (Fig. 10a). Several
parameters were examined, BV/TV and Tb.N were increased by
36.9% and 30.1%, respectively, in the NBD-coated group
compared with the control group (p < 0.05) (Fig. 10b and c)
whereas Tb.Sp decreased by 29.4% (p < 0.05) (Fig. 10d). These
structural assessments consistently demonstrated that the
immobilized NBD used in this study enhanced pronounced
bone-implant integration at a later timepoint.

Newly formed bone projecting directly from the margins of
the bone defect toward the implants without signs of inam-
mation was observed in both untreated and CS/HA/NBD-coated
groups. In the untreated group, there was limited new bone
tissue attached to the implant with abundant connective tissue.
The bone to implant contact was loosely organized within the
ar translocation. (a) Representative western blot images of IkBa, p-IkBa,
ribed above for 15–30 min, fixed and immunostained for P65 (red) and
P65 signal and DAPI nuclear stain indicated P65 nuclear localization.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 CS/HA/NBD coating inhibits osteoclast formation one week after implantation in vivo. (a) TRAP+ osteoclasts lining the bone in the bone
marrow cavity around the implant were stained with histostain and counted. Black arrow indicates multinucleated TRAP+ cells. (b) Pseudopodia
of osteoclasts were observed in untreated, CS/HA, and CS/HA/NBD cohorts. Black circle indicates pseudopodia of osteoclast. (c) Osteoclasts
were counted as TRAP+ multinucleated cells after TRAP staining. Each value is the mean � SEM for n ¼ 6 rats per group. *Significantly different
from untreated Ti implant (P < 0.05). #Significantly different from CS/HA coated implants (P < 0.05).

Fig. 10 CS/HA/NBD coating of roughed Ti implant surfaces enhances osseointegration around implants. (a) Samples containing implants and
surrounding bone tissues were extracted and fixed for Micro-CT analysis. Specimens were then constructed and evaluated with 3D analysis
software. (b–d) Bone volume percentage (BV/TV), trabecular number (Tb.N) and trabecular separation (Tb.Sp). (e) Representative light micro-
graphs of undecalcified toluidine blue-stained sections and histomorphometry of the bone interfaces to pure and NBD fabricated implants. (f)
Bone-implant contact (BIC%) and (g) bone area (BA%) percentages. Each value is the mean� SEM for n¼ 6 rats per group. *Significantly different
from untreated Ti implant (P < 0.05).
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implant. In the CS/HA/NBD-coated group, more bone growth
was observed along the implant surface (Fig. 10e). Histo-
morphometric analysis revealed that the BIC increased 2.6 fold
This journal is © The Royal Society of Chemistry 2018
(p < 0.05) (Fig. 10f) and the BA 1.47 fold (p < 0.05) (Fig. 10g) in
the NBD-coated group compared with the untreated Ti implant
group.
RSC Adv., 2018, 8, 22853–22865 | 22863
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Implant-bone integration depends on bone remodeling and
thus relies on both osteoclast and osteoblast activity, and in this
study, our results suggest that NBD coated on Ti surfaces only
partially inhibited osteoclast formation and function. Based on
previous study, Li et al.57 demonstrated that NBD peptide can
promote osteoblast differentiation when impaired by TNF-a,
suggesting that NBD may have an osteoblast-promoting role
under inammatory conditions. When inserted into the bone,
implants will induce an inammatory reaction, NBD may play
dual roles by both reducing osteoclastogenesis and promoting
osteoblast formation. Additional work is needed to assess this
hypothesis.
Conclusion

This study strongly supports the hypothesis that NBD fabrica-
tion on the surface of Ti plates and implants exerts inhibitory
effects on osteoclast formation and function in vitro by
restraining the expression of NFATc1, which in turn regulates
integrin avb3 and MMP9 through the P65 signaling pathway,
and synergistically enhances osseointegration around implants
in vivo in OVX rat model. Compared to previously reported data,
our approach may be more effective when applied to osteopo-
rotic bone than to normal bone. Altogether, these ndings hold
great promise for the in vivo use of immobilized NBD peptides
and selective inhibition of NF-kB activation offers an effective
therapeutic approach to select more suitable Ti-implant surface
modication for enhancing implant osseointegration.
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