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Bone regeneration around N-acetyl cysteine-loaded nanotube

titanium dental implants

Young-Hee Lee?, Govinda Bhattarai”, 11-Song Park?, Ga-Ram Kim?, Go-Eun Kim?,
Min-Ho Lee?, In-Ju Kim?, Jae-Min Seo? , Seung-Geun Ahn? and Ho-Keun Yi"

Departments of Y Oral Biochemistry, ? Dental Biomaterials, ® Prosthodontics, Institute of Oral Bioscience, School of

Dentistry, Chonbuk National University, Jeonju, Republic of Korea

ABSTRACT : New strategies involving drugs loading onto implant surfaces are required to enhance osseointegration
and shorten healing time after implantation. In this study, we examined the feasibility of N-acetyl cysteine (NAC)-loaded
nanotube titanium (NLN-Ti) implants as a potential drug delivery system. To determine the effect of NLN-T1 in in vitro
and /n vivo, viability and ROS formation was assessed and enzyme-linked immunosorbant assay (ELISA), Western blot,
micro-computed tomography (u-CT), hematoxylin and eoxin (H&E) staining and immunohistochemical (IHC) analysis
were performed. /n vitro, cell viability was increased and inflammatory responses and reduced oxidative stress-related
defense were decreased with MC 3T3-E1 cells exposed to a sustained release of NAC from NLN-Ti implants. Following
NLN-Ti implant installation, p-CT and histomorphometric analysis revealed an increase of newly formed bone volume
and bone mineral density in the mandibles of Sprague Dawley rats and beagle dogs. Relatively well-formed new bone
was demonstrated in close contact to the NLN-Ti implant surface by H&E staining. IHC revealed a significantly higher
expression of bone morphogenetic protein-2, -7 and heme oxygenase-1, and reduced the expression of the receptor
activator of nuclear factor-kappa B ligand. The data indicate that NLN-Ti implants enhance osseointegration and highlight

the value of the animal model in assessing diverse biological responses to dental implants.

Key Words : nanotubes, NAC, dental implant, drug delivery, osseointegration

adhesion or proliferation, and can be used as a carrier

Introduction . . 5
for drugs and anti-bacterial agentSS' 9 Furthermore, the

Enhanced osseointegration and shortened healing time nanotube structure is an excellent biomaterial with a high
are required to ensure a direct bone-to implant anchorage. surface area-to-volume ratio and controllable dimensions
However, some metabolic diseases including diabetes mellitus for improved biocompatibility. The use of different-sized
adversely affect the biological performance of titanium (T1) nanotubes has demonstrated an enhanced osteoblast
implants, such as osteoconductive capacityl' Y Various function” ¥, Although nanotubes have demonstrated
techniques have been used to modify surface roughness, benefits for bone cell-material interaction, the biological
topography, chemistry and electrical charge to improve performance of nanotube structures concerning aspects
the biocompatibility and osseointegration of Ti implants like delivery of drugs, chemical compounds and bio-
because these factors are important in the biological and molecules from the implant to the bone needs to be
clinical success of implantsa' Y, Among the modifications investigated for their use in clinical applications and
to the Ti surface, the nanotube structure fabricated by dental implants.
anodic oxidation has demonstrated accelerated osteoblast Post-implantation, the generation of inflammation and
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its outcomes are major obstacles for implant success. It
is also important to prevent the occurrence of subsequent
implant failure due to a chronic inflammatory response to
implant-derived wear particles or osteogenic cell stress™ 17,
Some pathological inflammatory conditions occur from
insufficiency of the cellular anti-oxidant capacity and lead
to excessive production of reactive oxygen species (ROS)
as well as the inflammation of the bone. ROS have been
reported to be involved in bone resorption by reducing
the bone mineral densityn). Although Ti has an excellent
biocompatibility, it also increases intracellular ROS levels.
The harmful effects of ROS cause potential biological
damage such as chronic inflammation and reduced bone
regenerationlz' " Hence, surface treatment of implants
with antioxidants that are used as pharmacological
agents is considered to reduce the inflammation via ROS
scavenging, thereby enhancing bone regeneration and
healing around the implant.

N-acetyl cysteine (NAC) is a cell-permeable glutathione
derivative and a cysteine analogue drug with multiple
therapeutic applications. NAC promotes the glutathione
redox cycle as it is an amino acid derivative and
an antioxidant'”. NAC also acts as a direct ROS
scavenger by increasing the cellular glutathione levels.
The glutathione redox cycle is regarded as the most
important regulatory mechanism for controlling oxidative
stress™”. A previous study reported that NAC-loaded
pure Ti surfaces had the potential to eliminate ROS™.
Hence, surface treatment of implants with NAC may
reduce implant-induced inflammation and promote faster
bone regeneration.

The conventional protocol of drug loading onto an
implant surface is challenging in terms of achieving
the desired cell and bone growth. Several techniques
proposed for the modification of implant surfaces involve
alteration of surface topography. The topography of a
surface is related to the degree of biocompatibility. We
previously reported that modification of the surface
topography of TiO2 nanotubes with anodization increased
osteoblast cell responses such as proliferation and
mineralization'?. However, the effect of drug delivery and
drug release from the TiOZ nanotubes is unclear 2 vitro
and after /n vivo implantation.

In this study, we examined whether the NAC-loaded
nanotube Ti (NLN-Ti) implants can be used as a potential
drug delivery system and can ensure sustained release
of NAC from the implant to the bone in Sprague Dawley

rat mandibles after implantation.

Materials and methods

1. Preparation of materials

Commercially available pure Ti was purchased from
Kobe Steel (Kobe, Japan). NAC, as the antioxidant
reagent, was acquired from Sigma-Aldrich (St. Louis, MO,
USA). The antibodies to SPARC (SC-25574) and HO-1 (SC-
136960) were purchased from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, CA, USA). RANKL (AAM-
425AF) was supplied by Stressgen (Ann Arbor, MI, USA).
BMP-2 (BS3473) and BMP-7 (BS3674) were purchased
from Bioworld (Minneapolis, MN, USA).

2. Cell culture

MC-3T3 E1 osteoblast-like cells (CRL-2593 ; American
Tissue Type Collection, Manassas, VA, USA) were
maintained at 37C in a humidified 5% CO, atmosphere in
a-MEM (Gibco BRL, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 units/
mL of penicillin and 100 pg/mL of streptomycin with
sub-culture at a ratio of 1 : 4. The medium was replaced
every 3 days and cells were used at 80% confluence.

3. Preparation of pure Ti, TiO2 and NAC loading
Commercially pure titanium foil (99.9% purity, Kobe
Co., Japan) in each size was polished incrementally with
400-grit to 1,000-grit emery paper, and then washed
with acetone and distilled water in an ultrasonic cleaner.
TiO2Z nanotubes were fabricated using an anodization
process as described previously16). Anodic oxidation
was performed under potentiostatic control, and the
measurements were made in an electrolyte solution
consisting of NH,F : H,O : glycerol at a ratio of 1 : 20 : 79
wt.% in a glass chamber using a direct-current power-
supply system (SP6303, Samwoo Elect., Korea). The
voltage and current density were 20 V and 30 mA/
cm® respectively, applied for 1 h at room temperature.
The nanotube structure on Ti was analyzed by Field
Emission Scanning Electron Microscopy (FE-SEM) using
a SUPRA40VP apparatus (Carl Zeiss, Jena, Germany).
Pure and nanotubes Ti were used at dimensions of 1 x
lcm x 1 mmand 6 x 6 cm x 1 mm 2 vitro and, pure
and nanotube Ti mini screws with a length of 4.5 mm
and a diameter of 0.85 mm were used for iz vivo dental
implants. The preparations were cleaned with deionized
water prior to loading of the NAC solution. Briefly, 10
mM of NAC solution was prepared in autoclaved distilled

water. Each Ti surface was immersed in the NAC
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solution and incubated for 24 h and allowed to dry under
vacuum at room temperature for 24 h. After drying, the
loading step was repeated until the appropriate amount
of NAC was evenly coated on each Ti surfaces. Following
terms were used to specify the each implant-to pure Ti
- P-Ti, NAC-loaded pure Ti : NLP-Ti, nanotube Ti : N-Ti
and NAC-loaded nanotube Ti: NLN-Ti in this experiment

4. Measurement of the contact angle

For the assessment of surface hydrophobicity and
hydrophilicity, surface wettability was measured by
dropping 10 pl distilled water onto the surface at a
location 5 cm away from the surface. The shape of the
water drop that was formed was photographed using a
DE/EZ 4 stereoscopic microscope (Leica Microsystems,
Wetzlar, Germany) and the contact angle was measured

using the National Institutes of Health Image ] software.

b. Testing of NAC release from 17 surfaces using an

indirect method

The amount of NAC released from the pure and
nanotube Ti surfaces (flat ; 1 x 1 cm x 1 mm) was detected
using a V-630 UV-VIS spectrophotometer (Jasco, Easton,
USA). From the day of NAC loading, each specimen was
immersed in 1 mL of autoclaved distilled water in a 24-
well plate at room temperature with shaking at 50 rpm.
Samples were transferred to microcentrifuge tubes every
other day and stored at 4C. The amount of drug release
was measured by a UV detector at 290 nm'”. A standard
curve for the known concentration of NAC was used to

determine the unknown concentration.

6. Cell viability assays

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay was used to determine the cell
viability. MC-3T3-E1 cells were seeded on the pure Ti,
nanotube Ti (I x 1 cm x 1 mm) and Ti surfaces loaded
with designated amounts of NAC, placed into 24-well tissue
culture plates at a density of 2 x 10° cells and incubated
for 48 h. At the end of the incubation period, the samples
were rinsed twice with sterile phosphate buffered saline
(PBS) and the adherent cells were incubated in medium
containing 100 ng/0.1 mL of MTT (Sigma-Aldrich) for 4 h.
After carefully removing the medium, the purple formazan
product was dissolved in dimethyl sulfoxide and the optical
density (OD) values were recorded using a Synergy 2
spectrophotometer (Bio-Tek Instruments, Winooski, VT,
USA) at 570 nm to determine the cell viability.

For crystal violet staining, the cells on titanium were
fixed with 2% paraformaldehyde, 0.2% glutaraldehyde
in PBS for 15 min at room temperature. After washing
with PBS, cells were incubated with 0.3% crystal violet
solution for 30 min at room temperature. The cells were
washed twice with PBS and visualized using a model

BX60MF stereo microscope (Olympus, Tokyo, Japan).

7. Total nitric oxide (NO) analysis

The NO concentrations in the medium were measured
using the total NO assay kit (Assay Designs/Stressgen)
by the modified Griess reaction'®. The calculated
concentration was taken as an indicator of NO production.
MC-3T3-E1 cells were seeded on the pure Ti, nanotube
Ti(l1 x1cm x 1 mm)and Ti surfaces loaded with amount
of NAC and placed into 24-well tissue culture plates at
a density of 2 x 10° cells and incubated for 48 h. One
hundred microliters of each supernatant was mixed with
assay buffer according to the manufacturer’s instructions.
The absorbance was measured at 550 nm using a

Synergy 2 ELISA plate reader (Bio-Tek Instruments).

8. Cytokine measurement

Cytokine concentration in the supernatants was
determined by ELISA. MC-3T3-E1l cells were seeded
on the pure Ti, nanotube Ti (1 x 1 cm x 1 mm) and Ti
surfaces loaded with amount of NAC and placed into 24-
well tissue culture plates at a density of 2 x 10° cells and
incubated for 48 h. The levels of tumor necrosis factor-
alpha (TNF-a) and interleukin (IL)-1p were analyzed using
an OptETA ELISA kit (BD Biosciences, San Jose, CA, USA)
according to the manufacturer’s instructions. One hundred
microliters of each supernatant was mixed with assay
buffer according to the manufacturer’s instructions. The

absorbance was measured at 420 nm as described above.

9. Measurement of ROS formation

Generation of ROS was assessed by using the oxidation
sensitive fluorescent probe 2',7'-dichlorodihydrofluore
scein diacetate (DCFH-DA ; Sigma-Aldrich). The cells
were detached from Ti surfaces and incubated with 5
uM DCFH-DA for 30 min at 37 C. ROS formation was
analyzed by FACScan flow cytometry (Becton-Dickinson,
Franklin Lakes, NJ, USA).

10. Western blot analysis
Total protein was extracted from the MC-3T3-E1l cells
using a lysis buffer containing 150 mM NaCl, 5 mM EDTA,
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50 mM Tri-HCl (pH 8.0), 1%-NP 40, 1 mM aprotinin, 0.1
mM leupeptin and 1 mM pepstatin and quantified using
the Bradford dye-binding procedure (Bio-Rad, Hercules,
CA, USA). A total of 20 pug protein was subjected to 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under denaturing conditions and the resolved proteins
were transferred to a Hybond-P membrane (Amersham,
Arlington, IL, USA) using the Mini-protean II system (Bio-
Rad). After blocking with 5% skimmed milk in PBS, the
membranes were incubated with the appropriate antibody
at a 1: 1,000 dilution in either 1% skim milk or 3% bovine
serum albumin for 4 h or 24 h at 4 C or room temperature.
After washing with PBS containing 0.1% Tween-20, once
for 15 min and twice for 5 min, the membranes were
incubated with anti-mouse or anti-rabbit IgG antibody
conjugated to horseradish peroxidase at a 1 : 3,000 dilution
in PBS for 1 h at room temperature. The signals were
visualized by chemiluminescent detection according to the
manufacturer’s protocol (Amersham Pharmacia Biotech,
London, UK) and detected by LAS-4000 scanner (Fuji
Film, Tokyo, Japan). The protein expression levels were
analyzed with ImageQuanT TL 1D gel analysis program
(GE Healthcare, Bio-Science, Sweden).

11. Animals and surgical procedures

For in vivo experiments, 20 eight-week-old male Sprague
Dawley rats were obtained from Damule Science Animal
Laboratory (Daejeon, Korea). The study protocol was
approved by the Ethical Committee of Chonbuk National
University. All surgical procedures were performed
under general anesthesia induced with Zolazepam (Zoletil
50 ; Virbac Carros, France) and xylazine hydrochloride
(Rompun ; Bayer Korea, Seoul, Korea) under veterinary
supervision. The lower first molar was extracted
carefully to avoid damage to the extraction socket.
After determining that the alveolar bone had healed
well one month after the extraction, implant placement
was performed. All Ti specimens were used : pure Ti
specimens (P-Ti) (n=5), nanotube Ti specimens (N-Ti) (n=5),
pure Ti specimens loaded with NAC (NLP-Ti) (n=5) and
nanotube Ti specimens loaded with NAC (NLN-TI) (n=5).
The implant site was prepared using a 0.8 mm diameter
drill. The implants were inserted after making a hole with
a drill at a low speed (900 rpm) with saline irrigation to
avoid heating. Implantation was considered successful
when, at the end of the experimental period, the implant
showed no signs of mobility in situ. All rats were reared in

individual cages where in the temperature was maintained

at 20 to 25C and the relative humidity at 30 to 50%. Post-
operative antibiotic treatment, according to the body
weight, was administered by injection into the rats twice
daily for four days.

Also, four beagle dogs of twelve months old (weighing
approximately 15.5kg) were used for histomorphometric
analysis. Both mandibular premolars and 1* molar
were extracted. 20 weeks after the extraction, each
experimental implant fixtures were placed. Two beagle
dogs were sacrificed after 3 weeks and the other two dogs

were sacrificed after 6 weeks from implant installation.

12. Micro computed tomography (u-CT) analysis

u-CT was performed using a model 1076 apparatus
(Skyscan, Kontich, Belgium) operating with an anode
electrical current of 100 kV with an aluminum filter for
elimination of the hardening beam at a resolution of 18
pm. After implantation, the rats in each group were
anesthetized and the mandibles were scanned by p-CT to
evaluate the dynamic changes in the peri-implant tissue
at 1, 2 and 4 weeks. The regions of interest (ROI) that
included the mandible compartment around implants
were selected. After scanning, three-dimensional (3D)
models were generated by CTVol (Skyscan), and bone
volume and density around implants were analyzed by
the CTAn program (Skyscan), which was also used to
examine the p-CT data sets for new bone growth. The
volume of interest (VOI) consisted of the collective sum
of all ROI layers over continuous set of cross-sectional
image slices. This represents the regenerated bone only.
Further, new bone volume and bone mineral density
around the implant was calculated by the phantom and
Housefield units [HU]. A bone and implant threshold
value in CT HU was determined between low phantom
(0.25) 1089.7966 HU and high phantom (0.75) 3241.0643 HU.
Based on this threshold, a distinction between bone and
no bone volume elements can be made. As the volume
of ROI corresponds to the volume of original bone, the
amount of bone present within the ROI is considered
as the new formed bone. To create 3D images binary
threshold (Gray scale index, implant area ; 160~255 um,
new bone area ; 100~143 pum and total bone area ; 70~

120 um) were selected.

13. Histology (H&E) staining and immunohistochemical
(IHC) staining
The mandible with the implants were isolated and

fixed in 10% neutral-buffered formalin solution. After
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decalcification in 15% EDTA and 0.1 M Tris (pH 7.0), the
implants were gently removed, and the mandibular tissues
were dehydrated, cleared and embedded in paraffin. Tissue
sections, 8 um in thickness, were mounted on glass slides
and subjected to IHC and H&E staining. THC staining was
performed to detect the expression of bone morphogenetic
protein (BMP)-2, -7, RANKL and heme oxygenase (HO)-
1 using the Immunohistochemistry accessory kit (Bethyl
Laboratories Montgomery, TX, USA). The each primary
antibody was used at a 1 : 200 dilution following the
protocol. The slides were observed by microscopy
(Carl Zeiss, Ostalbkreis, Germany) and cell counts were
performed in the newly formed bone area, which was

restricted to the 0.5 mm area surrounding the implants.

14, Histomorphometric analysis

The stained histologic specimens were scanned and
captured using optical microscopy at 12.5x, 40x and 100x
magnification. The ratio for bone-to-implant contact (BIC %)

was calculated except apical cutting edge of the implant.

15. Statistical analysis

All results of the control and experimental groups were
analyzed independently. We used one-way ANOVA at a
significance level of p < 0.05 to examine the differences in

the variables among different experimental conditions.

Results

1. Characterization of NLN-Ti surface and NAC release

test

The nanotube structure was fabricated on Ti by anodic
oxidation using voltage of 20 V for 1 h. The morphology
of nanotube structure was dense and the nanotubes
were approximately 50 + 15 nm in diameter and 1.26 pm
by FE-SEM analysis (Fig. 1A). This depicts that typical
nano tube structure was formed by anodization method.
Surface contact angle was measured for assessing the
hydrophobicity and hydrophilicity of the different surfaces
(pure Ti : P-Ti, NAC-loaded pure Ti : NLP-Ti, nanotube
Ti: N-Ti and NAC-loaded nanotube Ti : NLN-Ti). The
contact angle of water on the P-Ti surface was 50.5°,
which indicated hydrophobicity of the surface, while both
the NLP-Ti and NLN-Ti with N-Ti surfaces demonstrated
a hydrophilic behavior. However, NLN-T1 displayed much
more optimized hydrophilic behavior (Fig. 1B).

To perform NAC loading on both the pure and nanotube

Ti surfaces, the Ti surfaces were immersed in the 10 mM

NAC solution. Fig. 1C shows the results of NAC release
for 7 days by UV-VIS spectrophotometry after performing
the immersion step. The NAC as a kwon concentration
was detected at 290 nm in the reference (Fig. 1C, left). On
day 1, the amount of NAC was released more from and
N-Ti surfaces than the P-Ti surfaces (approximately 0.3
mM). Two days after the release tests, the P-Ti surface
demonstrated a remarkable decrease in the amount of
NAC released from the surface (<0.1 mM), while the N-Ti
surface demonstrated a continuously higher amount of
NAC release and sustained release until day 4 (Fig. 1C).
These findings indicate that NAC is avidly loaded onto
the nanotubes and is able to sustain release from the

nanotubes to the bone area for a longer time.

Contact angle (°)

20 146

NACL0mM

NACSmM

Absobance
NAC (mM)

NACImM 0.1

o 1) — +

X, T T
260 290 300 360 1 3 5 7
Wave length (nm)

Releasing day

Fig. 1 Field emission scanning electron microscopy analysis
of fabricated nanotube structures frontal view (left
panel) and lateral view (right panel) (A), average
contact angles (P-Ti ; pure-Ti, NLP-Ti ; NAC-loaded
pure-Ti, N-Ti ; nanotube-Ti and NLN-Ti ; NAC-loaded
nanotube-Ti) (B), release of NAC at 7 days by UV
spectrum (C).

2. NLN-T7 surface enhances cell viability and osteogenic
molecules via reduction of the inflammatory response
in MC-3T3 EI cells in vitro
To investigate the effect of NAC loading on MC-3T3

E1 cells seeded on the pure and nanotube Ti surfaces, the

cell viability was assessed by the MTT assay and crystal

violet staining assay. The NLN-Ti surface displayed
increased cell viability compared to the NLP-Ti surface at

48 h. The NLP-Ti surface showed increased cell viability

than the N-Ti surface. Furthermore, it was observed that

the NLN-Ti surface prevented ROS formation similar
to that in normal cells (Fig. 2C). However, there was no
significant difference in cell growth between the P-Ti

surface and the N-Ti surface (Fig. 2A, B).
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Cell viability (% of control) >

90 NLN-Ti
N-Ti | NLP-Ti
I
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Fig. 2 Cell viability, morphology and ROS formation in MC-
3T3-El cells seeded on the implant surfaces.

Cells (1 x 10°) were seeded on P-Ti and N-Ti surfaces without
or with NAC loading. The cell viability was determined using
a MTT assay at 48 h (A) and the morphology of the cultured
cells was determined using a crystal violet staining assay by
stereo microscopy at 48 h (B), the level of ROS production
on cells seeded on titanium surfaces was determined by flow
cytometry after the DCFH-DA treatment at 48 h and was
compared with that on cells seeded on non Ti surfaces (C).
Each value is reported as the mean and standard error of the
mean (S.E.M) of three independent experiments.

"p < 0.05 indicate significance

The NAC reduction in the inflammatory response
was evaluated based on the secretion of inflammatory
cytokines. The up-regulation of NO production and
cytokines such as TNF-a and IL-1B in cells are one of the
critical indicators of inflammatory responses. An almost
basal level of NO was detected in MC-3T3-E1 cells seeded
on untreated Ti surfaces, while the level of NO production
in MC-3T3-E1 cells after lipopolysaccharide (LPS)-induced
inflammatory responses was 139 = 0.5 pmol/L in the
culture supernatants from both the pure and nanotube
Ti surfaces. In this study, LPS was used for inducing
inflammatory responses. However, the production of NO
in cells seeded on both the NLP-Ti and NLN-Ti surfaces
was significantly inhibited even under LPS stimulation at
48 h (Fig. 3A). Also, the production of pro-inflammatory
cytokines such as TNF-a and IL-1B was significantly
inhibited in the cells seeded on both the NLP-Ti and NLN-
Ti surfaces at 48 h (Fig. 3B, 3C). However, the NLN-
Ti surface exhibited a tendency for good cell growth
and reduction in inflammation for new bone formation
compared to the NLP-Ti surface (Fig. 2A, B, 3A-C) at 48 h.

The development of osteogenic molecules in cells after

NAC loading on both the pure and nanotube Ti surfaces
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Fig. 3 Expression of pro-inflammatory cytokines was reduced
in MC-3T3 E1 cells seeded on NAC-loaded Ti surfaces.
Cells (1 x 10°) seeded on P-Ti and N-Ti surfaces with NAC
loading or without NAC were stimulated with LPS. After 48 h
of incubation, the levels of NO (A), pro-inflammatory cytokines
TNF-a (B) and IL-1p (C) were measured in the culture
supernatant using ELISA. Data represent the mean value of
triplicate determinations.
*» < 0.05 indicates significance

was assessed by immunoblotting at 48 h. High expression
levels of osteogenic molecules (BMP-2 and BMP-7) and
cell adhesion molecules (SPARC) were evident in MC-
3T3-El cells after NAC loading on both the pure and
nanotube Ti surfaces. Interestingly, the cells grown on
NLN-Ti surface demonstrated a significant inhibition of

osteogenic inflammatory molecules (RANKL) (Fig. 4A).

A & & B & &
SRR & 5 & =
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200 (- N-TE w0 BINLAT
2z [B NLN-Ti 3
- E3 -
£ £ B
== * £&
] Sa
25 150 IL. E=REN
& e
o o
S <
k] % 3
2 100f g 100f

RANKL ~ SPARC  BMP-2 BMP-7

CuZn SOD MnSOD HO-1
Fig. 4 MC-3T3 El cells seeded on NAC-loaded Ti surfaces
show anti-inflammation and increased expression of
osteogenic molecules.
Cells (5 x 10°) were seeded on P-Ti and N-Ti with NAC loading
or without NAC. The expression of RANKL, SPARC, BMP-
2 and -7 proteins in the total cell lysate was determined by
Western blot analysis at 48 h (A), and levels of oxidative stress
defense markers Cu/Zn SOD, Mn SOD and HO-1 protein level
were determined by Western blot (B). For loading control, the
blots were reprobed with actin antibody. The expression of the
immunoreactive bands was measured by the ImageQuant TL
1D gel analysis program. Densitometry results in percentage
are shown as a bar graph. Data are expressed as mean + SEM
(n=3).
*» < 0.05 by one way Anova plus Scheffe test.
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In addition, NAC loading on both pure and nanotube
Ti augmented the level of defense molecules against
oxidative stress such as Cu/Zn superoxide dismutase
(SOD), Mn SOD and HO-1 in MC-3T3-E1l cells (Fig. 4B).
The molecular density of proteins was different in each
group (Fig. 4C, D).

3. Eftect of bone formation on NLN-Ti in vivo by u-CT

analysis in rat mandible

We examined whether the nanotube surface and
pharmacological activity of NAC influenced bone
formation in rat mandible after implantation. For in
vivo implantation in Sprague Dawley rats, the lower
first molar was extracted and a one month period was
allowed for complete healing. p-CT analysis was carried
out for structural and quantitative assessments of new
bone formation and mineralization post-implantation
in the defective site. We conducted p-CT analysis to
identify a suitable implant site and to assess newly
bone restored. Two-dimensional (2D) p-CT images
showed the morphology of tooth before extraction and
after extraction, and the restoration by new bone at
the extraction site on different days. At 4 weeks, the
extraction site was completely healed (Fig. 5A). After
4 weeks, P-Ti, NLP-Ti, N-Ti and NLN-Ti implants were
inserted into the healing site of the mandible. After
implantation, the images clearly demonstrated suitable
implantation sites and new bone formation around the
implant site in a time-dependent manner. At the first
week post-implantation, the new bone formation on
implant surface was not significantly different between
the pure Ti surface and the nanotube Ti surface, even
with NAC loading. However, at 4 weeks post-implantation,
2D images revealed the successful anchorage of NLN-
Ti implants, but not NLP-Ti implants (Fig. 5B). Typically,
new bone formation and bone mineral density around
the NLP-Ti and NLN-Ti implants was evaluated by
three dimensional (3D) image analyses. The 3D images
clearly demonstrated more new bone formation on the
NLN-Ti surface (Fig. 5C ; panels e-h) than on the NLP-Ti
surface (Fig. 5C ; panels a-d). Furthermore, the volume of
the newly formed bone and bone mineral density were
significantly enhanced around the NLN-Ti surface than
around the NLP-Ti surface at 4 weeks post-implantation
(Figs 5D, E). However, there was no significant difference
in the bone volume and mineral density between P-Ti

implants and the N-Ti implants (data not shown).
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Fig. 5 p-CT analysis indicates that implants are successfully
inserted in the correct position and new bone
formation occurs.

In the in vivo model, lower first molars of Sprague-Dawley

rats were extracted and the extraction site was allowed to

heal for duration of 1, 2 and 4 weeks (A), and the changes in
the peri-implant tissue and position of NLP-Ti and NLN-Ti
implants were determined at 1 week and 4 week by 2D p-CT
monitoring (B). After 4 weeks, the thickness of the newly
formed bone surrounding the implant was determined by
3D w-CT ; gray represents the implant and pink and yellow
represents the bone tissue (C), and 3D analysis of the volume

of the newly formed bone (D), and bone mineral density (E)

around the NLP-Ti and NLN-Ti implants. Data are expressed

as mean = SEM at 4 weeks (n=b).

*» < 0.05

4. Eftect of NLN-T17 on bone regeneration in rat mandible

by histological assessments

At 4 weeks post-implantation, new bone formation
around both NLP Ti and NLN Pi implants was assessed
by H&E staining. The newly formed bone around the
NLP-Ti implant was immature bone and there was little
growing of bone in implant around (Fig. 6A). In addition,
loosely organized, inflammatory infiltrate and irregular
bone trabeculae with a few osteoblasts were observed
on NLP-Ti implants (Fig. 6B). In contrast, a relatively
well formed new bone with regular bone trabeculae was
observed at implant sites around the NLN-Ti (Fig. 6C, D).
Moreover, the bone was consistency uniform and in close
contact with the implant surface with good lamination
and abundant osteocytes (Fig. 6D, arrow). However, poor
bone formation and more inflammatory infiltrate were
observed around the P-Ti and the N-Ti implants on the
same days (data not shown).

At 4 weeks post-implantation, IHC staining was
performed to evaluate osteogenic differentiation and
reduction of inflammatory effect of NAC loading on

both pure and nanotube Ti implants. The expression of
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NLP-Ti NLN-Ti

Fig. 6 Histomorphological analysis by hematoxylin & eosin
staining.

At 4 weeks post-implantation, the photomicrographs showed
different histological morphologies from H&E staining. NLP-
Ti implant surfaces showed immature bone formation and
little bone-implant contact (A and B), and the NLN-Ti implant
surfaces showed a well formed new bone and regular bone
trabeculae with lamination and abundant osteocytes (C and D).
At least five slides of each specimen were observed.

BMP-2 (Fig. 7A, B) and -7 (Fig. 7C, D), as the markers
for osteogenic differentiation, was more intense around
NLN-Ti implants than around NLP-Ti implants. Also, the
expression of the bone inflammatory marker RANKL
was clearly less intense in the newly formed bone area
around NLN-Ti implants than around NLP-Ti implants
(Fig. 8A, B). Furthermore, more intense expression of the
HO-1 anti-oxidant molecules was observed around NLN-
Ti implants than around NLP-Ti implants (Fig. 8C, D).
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Fig. 7 Effect of NAC loading onto surfaces of Ti nanotube
implants on the expression of BMP-2 and -7.

At 4 weeks after implantation, the expressions of BMP-2 (A,

B), and -7(C, D) were analyzed by immunohistochemistry. Data

are expressed as mean = SEM (» < 0.05). The brown color

indicates positive cells.
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Fig. 8 Effect of NAC loading onto surfaces of Ti nanotube
implants on the expression of RANKL and HO-1.

At 4 weeks after implantation, the expressions of RANKL (A,

B), and HO-1 (C, D) were analyzed by immunohistochemistry.

Data are expressed as mean £ SEM (» < 0.05). The brown

color indicates positive cells.

5. Histomorphometric findings
In both groups of 3 and 6 weeks, the NNI showed
higher BIC ratio than the non-treated group (Fig. 9).

BIC% "
20
|« I
15
10 M 3 weeks period
11 6 weeks period
5 -
0 - Surface character
MI NI NNI

Fig. 9 Bone to implant contact percentage (BIC%) of
machined implant (MI), TiO, nanotube implant (NI),
NAC-loaded TiO, nanotube implant (NNT).

*A significant difference was determined (2<0.05).

Discussion

New strategies in which drugs loaded onto the
surface of implants surface are delivered to the bone
tissue may enhance osseointegration and shorten the
healing time after implantation. Ti and its alloys have
exhibited favorable bioactivity via modification of the
implant surface. Current techniques suggest drug loading
into nanotubes on the implant surfaces as a means of
surface modification®. The biological effect of NAC on Ti

surfaces has been reported to improve osseointegration
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12,19, 20 .
A However, there is

and osteoconductive capacity
insufficient data in the literature concerning the biological
mechanisms in vitro and /n vivo for a successful clinical
outcome after implantation.

In this study, NAC was loaded on nanotube Ti implants
with the aim of enhancing bone regeneration and
osseointegration through the sustained release of NAC.
The Ti nanotube structure (pore size of approximately
50 + 15 nm, length of 1.26 um) was obtained by a simple
anodization technique using an anodization voltage of
20 V and a current of 30 mA/cm® for 1 h. NAC-loaded
Ti surfaces displayed small contact angles compared
to those of non-loaded Ti surfaces. Interestingly, NLN-
Ti surfaces had significantly smaller contact angles than
those of NLP-Ti surfaces. In addition, NLN-Ti surfaces
exhibited sustained release of NAC for 5 days. Ti
nanotubes have proven to be a suitable vehicle for the
loading and sustained elution of drugs, chemicals and
biomolecules * %Y. We previously reported that fabricated
nanotubes have a hydrophilic surface that promotes

16.2) These results indicate

ready attachment of cells
that the Ti nanotube structure increases the wettability
surface energy via the quantity of interpenetrating
NAC and allow easy organic modification of the implant
surface. Also, the sustained release of NAC may be
pivotal in enhancing cell attachment and osseointegration.

The condition of implant surfaces leads to exacerbated
inflammatory responses and impaired response of bone and
periodontal tissues following implant placernentlz' 229 The
use of dental implants in pathological conditions including
metabolic diseases is required in therapeutic strategies due to
the adverse effects on osseointegrationl’ 2, Overproduction
of ROS and nitric oxide (NO) causes cellular dysfunction
in osteoblasts and is involved in the pathogenesis of
diseases including rheumatoid arthritis and autoimmune
diabetes™. Among the pro-inflammatory cytokines, TNF-a
and IL-1PB are the primary mediators of inflammatory
responses. They are associated with various chronic
inflammatory diseases™ % In this study, under LPS-
induced inflammatory conditions, increased NO production
and higher secretion of TNF-a and IL-1p were observed
in MC-3T3-E1 osteoblast-like cells. Increased secretion of
pro-inflammatory cytokines and excessive ROS formation
on implant surfaces was also evident. However, both Ti
implant surfaces loaded with NAC showed diminished
secretion of these cytokines and ROS formation. NAC-
loaded implants enhanced cell viability as compared

to implant surfaces devoid of NAC. Subsequently, MC-

3T3-E1 cells seeded on pure Ti and nanotube Ti surfaces
increased the expression of RANKL and markedly
diminished the expressions of BMP-2, -7 and SPARC. In
addition, defense molecules against oxidative stress, such
as Cu/Zn SOD, Mn SOD and HO-1, were down-regulated
in cells seeded on these Ti surfaces. However, opposite
findings were observed with cells seeded on the NLP-Ti
and NLN-Ti surfaces. Compared with NLP-Ti, NLN-Ti
surfaces attenuated the level of RANKL expression and
expression of oxidative stress defenses molecules, such
as Cu/Zn SOD, Mn SOD and HO-1, and bone formation
molecules, such as BMP-2 and -7. Oxidative stress leads
to an inflammatory response, osteoclast differentiation
and bone destruction via activation of RANKL and
osteoblast dysfunctionlg' % RANKL is the key molecule
that regulates bone destruction. Its expression stimulates
osteoclastogenesis, which lead to bone resorption27' ®)
SPARC is an extracellular matrix protein that modulates
mineralization®™. Tn addition, the inflammatory response
influences the expression of osteogenic molecules including
BMP-2 and -7°. NAC promotes an increase in osteoblasts
and reducing of inflammatory molecules™ ' * The
collective data strongly suggests that the surface of Ti
nanotubes is suitable for drug loading on dental implants,
and that NAC promotes osteoblastic function via its
antioxidant effects, thereby improving the degree of
osseointegration.

We attempted to develop a Sprague-Dawley rat
mandibular model to probe the effect of NAC loading
on the surfaces of Ti nanotube implants iz vivo. Implants
were inserted following the extraction of the right lower
first molars of rats, and we waited for one month for
achieve complete healing. This is a simple animal model for
assessing the biological response after implantation. pCT
imaging was useful in measuring the temporal process
of tissue-implant integration 2 vivo and was beneficial
for determining the accurate amount of bone formation
around the implant surfaces. 3D pCT allowed detection of
mineralized tissue and new bone formation® *". Hence,
we used mini screw Ti constructs as a relevant model
for dental implants and pCT monitoring for evaluating
adequacy of implant insertion and new bone formation
on the implant surfaces in the i vivo model. After tooth
extraction, complete healing of the extraction sites was
demonstrated at 4 weeks by pCT monitoring. This
time period of healing is typical, since the maxillary
bone typically heals within one month, thereby allowing

installation of oral implantsg2). Owing to the empty spaces,
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the main concerns of this study were to achieve loading
of NAC onto the nanotubes and their delivery to the bone
tissue.

We desired to evaluate the effects of NAC loading
on nanotube surfaces and delivery of NAC as a vital
drug to increase osseointegration around the dental
implants. At 1 and 4 weeks post-implantation, 2D pCT
images showed that the implant was inserted in the
correct position. There was new bone formation around
the NLN-Ti implants at 4 weeks. Furthermore, 3D pCT
analysis revealed new bone formation and increased
bone mineral density around the NLN-Ti implants at
4 weeks. Moreover, using H&E staining the NLN-Ti
implant surfaces showed regular bone trabeculae with
abundant osteocytes at 4 weeks. However, the NLP-Ti
surfaces showed poor histopathological findings, such
as irregular bone trabeculae and fewer ostetocytes,
under the same conditions. IHC revealed augmented
the expression of osteogenic molecules including BMP-
2 and -7, and attenuated expression of RANKL around
the NLN-Ti implant. Especially noteworthy was the
in vivo expression of the HO-1 anti-oxidant following
installation of NAC surface-loaded implants. Thus, the
loading of NAC on surfaces of Ti nanotube implants may
increase osteogenesis, and promote bone regeneration
and osseointegration, enhancing bone-remodeling and
implant stability. The Ti nanotube implants facilitated
drug delivery and caused an increase in the volume of
the newly formed bone and bone mineral density around
the dental implants.

Several studies have assessed the hard tissue response
at the bone-implant interface as a biomechanical property

30,31, 32 i 1
03139 However, these studies provided

of dental implants
limited information regarding the biological response iz
vivo. Altering the surface topography of dental implants
leads to early bone regeneration4’ 3 This study provides
evidence regarding the effect of NLN-Ti implant for
achieving a higher degree of osseointegration in hard

tissue such as mandibules for dental implant.

Conclusion

This study provides information regarding the
applicability of nanotubes in delivery of drugs, chemicals
and bio-molecules including NAC for a successful dental
implantation. Also, the animal study was useful for

assessing diverse biological responses to dental implants.
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