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f*&“ya“;iﬂz?n]tsz‘g’g Background: Minocycline has been widely used in central nervous system disease.
|mp|2m0|ogy, School However, the effect of minocycline on the repairing of nerve fibers around dental

and Hospital of Stomatology, implants had not been previously investigated. The aim of the present study was to
JC”PI\Zr:JnC‘\Y/]i?%OOZW evaluate the possibility of using minocycline for the repairing of nerve fibers around
Chma%w Integrated dental implants by investigating the effect of minocycline on the proliferation of
Department, School Schwann cells and secretion of neurotrophic factors nerve growth factor and glial cell
and Hospital of Stomatology, line-derived neurotrophic factor in vitro.

Jilin University,

Changchun 130021, China Methods: TiO, nanotubes were fabricated on the surface of pure titanium via anodi-
:ESU;‘V':”;?';‘;EQEre'g;‘gr;‘fat“h‘;” zation at the voltage of 20, 30, 40 and 50 V. The nanotubes structure were character-
article ized by scanning electron microscopy and examined with an optical contact angle.

Then drug loading capability and release behavior were detected in vitro. The TiO,
nanotubes loaded with different concentration of minocycline were used to produce
conditioned media with which to treat the Schwann cells. A cell counting kit-8 assay
and cell viability were both selected to study the proliferative effect of the specimens
on Schwann cell. Reverse transcription-quantitative PCR and western blot analyses
were used to detect the related gene/protein expression of Schwann cells.

Results: The results showed that the diameter of TiO, nanotubes at different voltage
varied from 100 to 200 nm. The results of optical contact angle and releasing profile
showed the nanotubes fabricated at the voltage of 30 V met the needs of the carrier of
minocycline. In addition, the TiO, nanotubes loaded with the concentration of 20 pg/
mL minocycline increased Schwann cells proliferation and secretion of neurotrophic
factors in vitro.

Conclusions: The results suggested that the surface functionalization of TiO, nano-
tubes with minocycline was a promising candidate biomaterial for the peripheral nerve
regeneration around dental implants and has potential to be applied in improving the
osseoperception of dental implant.
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Background

During the past decades, titanium and its alloys have become the key materials for den-
tal implants, owing to their biocompatibility, chemical stability, and similar mechanical
strength with human bones [1, 2]. However, the native oxide layer of titanium hardly can
directly bond with bone to promote new bone formation in the early stage of osseointe-
gration. Multiple studies have been investigated to optimize dental implants by surface
modification via methods such as blasting, plasma spraying of hydroxyapatite, sand-
blasting and etching, and anodic oxidation. Among the methods above, it suggested that
formation of a titanium implant surface with a nanostructure could reinforce osseointe-
gration because the surface area is markedly increased and the surface topography can
be nano modified to resemble native bone tissue. TiO, nanotubes surfaces with the opti-
mal length scale for cell adhesion and differentiation can induce the migration of osteo-
blasts and mesenchymal stem cells, and hence reinforce interactions between implant
surfaces and cells [3-6].

Although lots of studies focus on improving bone regeneration around implants and
osseointegration between implants and bone tissue, researches on nerve regeneration
around dental implants are rare. Whereas, these nerve regeneration were important to
implant osseoperception, defined as the sensation arising from mechanical stimulation
of a bone-anchored prosthesis, transmitted by mechanoreceptors that may include those
located in bone, joint, mucosal and periosteal tissues. Previous study indicated that there
may be some reinnervation around osseointegrated implants and the regenerated nerve
fiber around implants was the key factor for dental implants to respond to the biting
load; however, due to the low density of nerve fiber and the lack of periodontal ligaments
and mechanoreceptors, higher levels of perceptual threshold for implants than those for
the natural tooth make it hard for patients to perceive the larger chewing force in time,
and this kind of chewing force loaded onto the implant may cause bone resorption and
finally lead to implant failure [7-9]. Therefore, the improvement of nerve regeneration
around implants to enhance the sensory perception of the implant-supported denture is
of clinical significance.

To some extent, the speed of axonal outgrowth determines the peripheral nerve regen-
eration [10]. Schwann cells derive from the neural crest and widespread in the periph-
eral nervous system (PNS). They can form compact myelin around large diameter axons,
which are crucial for maintaining the integrity of axons. In addition, Schwann cells could
proliferate and provide structural and trophic support for axonal regrowth when nerve
injury occurred [11]. Numerous studies have been investigated to enhance the osseoper-
ception of dental implant using Schwann cells [12, 13]. It was reported that a variety
of neurotrophic factors secreted by Schwann cells could induce stem cells to differenti-
ate into neuron-like cells [14]. Moreover, bioactive molecules secreted by these cells sig-
nificantly contribute to the maturation and regeneration of periodontal Ruffini endings
[15]. Therefore, Schwann cells were served as an in vitro cell model to investigate the
enhancement of osseoperception around dental implants.

Accumulating evidence suggested that minocycline, a second generation tetracycline
antibiotic, is a potential therapeutic drug for several neurodegenerative and psychiat-
ric disorders such as neurodegenerative disorders, including cerebral ischemia, amyo-
trophic lateral sclerosis, Parkinson’s disease, Huntington’s disease, spinal cord injury,
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Alzheimer’s disease, and multiple sclerosis [16—18]. The mechanisms responsible for the
pharmacological actions of minocycline are its influence on inhibition of microglial acti-
vation, attenuation of apoptosis, suppression of free-radical production, changes in leu-
cocyte function. Although many of the benefits of minocycline are likely to be derived
from its action in the central nerve system, its effects on T cells and other leucocyte
subsets could also happen in the periphery [16]. In addition, minocycline also prevents
glial cell proliferation and inhibits the activation of p38 MAPK [14]. In a recent study,
minocycline was shown to protect Schwann cells from ischemia-like injury and pro-
motes axonal outgrowth in bioartificial nerve grafts [19]. Meanwhile, in order to recover
osseoperception for avoiding overbite, it would be highly desirable to regenerate nerve
fibers around dental implants. Yet whether minocycline can improve the regeneration of
nerve fibers around dental implants is still unknown.

A twin approach to mechanical design considerations is the biochemical manipulation
of the local microenvironment using biomolecules that act through either endocytosis
or surface interactions. TiO, nanotubes have been used as drug-eluting implants capable
of releasing the drug directly from its surface to prevent infection with minimum side
effects [20]. To date, there has been no report on titanium surface with TiO, nanotube
structure containing minocycline, and effects on Schwann cells for nerve regeneration.
Therefore, the objectives of this study were to: (1) develop a novel bioactive TiO, nano-
tube surface incorporating minocycline; and (2) investigate its effects on viability, pro-
liferation and related gene and protein expression of Schwann cells for first time. The
following hypotheses were tested: (1) Different voltages would influence the surface
morphology of TiO, nanotubes and release behavior of minocycline; (2) TiO, nano-
tube structure and minocycline incorporation would not harm the Schwann cells; (3)
TiO, nanotubes loading with minocycline would promote the proliferation and enhance
related gene/protein expression of Schwann cells.

Methods

Preparation and characterization of TiO, nanotubes

TiO, nanotubes were prepared on the surface of pure titanium via anodization follow-
ing previously published procedures [21, 22]. Briefly, commercial titanium foils (1 mm
in thickness, 10 mm in diameter, 99.6% purity, Baoji Metal Co, Ltd, Shanxi, China) were
successively sonicated in acetone, ethanol, and distilled water. After air drying, titanium
foils acted as an anode and platinum as a cathode, and were inserted into 75% glycerol
(Sinopharm Chemical Reagent Co, Ltd, China) solution containing 0.27 M ammonium
fluoride (Beijing Chemical Works, China) under 20 V, 30 V, 40 V and 50 V (DC power
supply, Pinggo WYJ 3A 60 V, Hangzhou, China), respectively for 6 h at room temper-
ature under ultrasonicated condition (50% ultrasonic power, KQ3200DE, Kunshan,
China). After anodizing, nanotube products were rinsed with water, and sequentially
soaked in pure ethanol and distilled water overnight. After air drying, nanotubes were
then annealed at 400 °C (5 °C/min) for 3 h and then gradually cooled. Afterwards, nano-
tubes structure were characterized by scanning electron microscopy (SEM, Hitachi
S-520, Hitachi Ltd, Tokyo, Japan) to determine the surface morphology of the nanotubes
under different voltages.
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Wettability measurement

The wettability of the titanium foils was examined with an optical contact angle (CA)
measuring device (Dataphysics OCA 40 Micro; DataPhysics Instruments GmbH,
Filderstadt, Germany) using 10 pL dH,O and 10 pL of diiodomethane at 25 °C and
45% humidity. The CA was measured using the profiles of the droplets deposited on
the modified surfaces immediately after stabilization using SCA 40 software (Data-
Physics Instruments GmbH) [23, 24].

Loading efficiency and In vitro release kinetics of minocycline loaded in TiO, nanotubes
Previous studies indicated that TiO, nanotubes coated with bovine serum albumin
(BSA) had a superior drug loading capability and release behavior [24, 25]. Therefore,
in the present study, TiO, nanotubes were coated with BSA following the method
described previously [25-28]. In brief, TiO, nanotubes were coated with BSA by
immersion in BSA solution (0.5 mg/mL in PBS, Lingsheng, Shanghai, China) for 2 h
and then freeze dried. After rinsing with 500 pL PBS to remove unbound BSA, BSA-
coated nanotubes were further immersed in minocycline solution (100 pg/mL PBS)
for 2 h and then freezing dried.

BSA-coated nanotubes were filled via a simplified lyophilization method [29,
30]. In brief, TiO, nanotube surfaces (1 mm in thickness, 10 mm in diameter) were
cleaned with deionized water prior to drug loading. One microliter of minocycline
solution (100 mg/mL in PBS) was pipetted onto the nanotube surface and gen-
tly spread to ensure even coverage. The surfaces were then allowed to dry under
vacuum at room temperature for 2 h. After drying, the loading step was repeated
until 400 mg of minocycline was present in the nanotube array. Afterwards, the sur-
faces were rinsed quickly by pipetting 500 mL of PBS over the surface to remove any
excess drug. The rinse solutions were collected and stored for further analysis.

Before the release kinetics were performed, it was important to evaluate the
loading efficiency of the minocycline in the nanotubes. The concentrations of the
original and the rinse solutions were measured by high performance liquid chroma-
tography (HPLC, 2010, SHIMADZU, Japan). The loading efficiency was expressed as
a percentage of loaded protein after washing. The loading efficiency was calculated
by the following equation: = (C,— C,)/C, x 100%, where # is the loading efficiency,
C, is the minocycline concentration in the original solution, and C, is the minocy-
cline concentration in the rinse solution [28].

To determine the effect of different titanium surfaces under different voltage on
releasing behavior of minocycline, the nanotubes loaded with minocycline was
immersed into 3 mL stimulated body fluid (SBF) to reach a solid/liquid volume ratio
at 0.08/3 following published procedure [23]. 20 pL SBF was sampled at specific
time points up to 96 h to determine minocycline concentration by high performance
liquid chromatography (HPLC, 2010, SHIMADZU, Japan). At every sample taking,
20 pL fresh SBF was added back to the soaking solution. Release rate of minocycline
was calculated by normalizing to the area of each film. This study was performed in

triplicate for each preparation.
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Cell viability

From surface characterization and releasing curve, titanium surface with nano-
tubes developed at 30 V was verified to exhibit superior surface morphology, wet-
tability and best release behavior for minocycline. Therefore, titanium foil treated at
30 V voltage was used as the substrate to determine the different concentration of
minocycline influence Schwann cells viability, proliferation, apoptotic, gene and pro-
tein expression. The following groups were fabricated and evaluated in the following
experiments.

1. Pure titanium control group: pure titanium foil without any modification (denoted
“Pure Titanium”);

2. TiO, nanotube control group: TiO, nanotubes developed at 30 V loaded with 0 g/
mL minocycline(denoted “TNT groups”);

3. 5 ug/mL minocycline group: TiO, nanotubes developed at 30 V loaded with 5 pug/mL
minocycline (denoted “TNT 45 MC);

4. 20 pg/mL minocycline group: TiO, nanotubes developed at 30 V and delivered
with20 pg/mL minocycline (denoted “ITNT 420 MC”);

5. 50 pg/mL minocycline group: TiO, nanotubes developed at 30 V and delivered
50 pg/mL minocycline (denoted “TNT + 50 MC”);

6. 100 pug/mL minocycline group: TiO, nanotubes developed at 30 V and delivered
100 pg/mL minocycline (denoted “ITNT + 100 MC”).

All specimens were fabricated at 1 mm in thickness and 10 mm in diameter. The
specimens were sterilized with ethylene oxide and degassed for 7 days for the follow-
ing use.

The cell viability of Schwann cells RSC96 cells (ATCC® CRL-2765") grown on differ-
ent substrates was determined by flow cytometry. The specimen for each groups were
placed into a 24-well plate and then Schwann cells were seeded on the substrates at an
initial density of 2 x 10° cells per well. After incubation for 48 h, cells were detached
from disks surfaces using 0.25% EDTA-trypsin, and fixed with 70% alcohol for 30 min at
4 °C. Cells were then washed twice with PBS, centrifuged, and incubated with Annexin-
V (Dingguo, Beijing, China) 0.25 mL at 4 °C in the dark. Fifteen minutes later, propidium
iodide (Dingguo) 0.5 mL was added and incubated for 5 min in the dark at 4 °C and
detected by a flow cytometer (BD Pharmingen, San Diego, CA, USA) [29]. Survival rate
(%) = (1 — apoptotic rate) x 100%. The experiment was performed in triplicate.

Cell proliferation assay
Schwann cells RSC96 cells were commercially obtained from the American Type Cul-
ture Collection (ATCC® CRL-2765""). The RSC96 cell line is a spontaneously immor-
talized rat Schwann cell line derived from long-term culture of rat primary Schwann
cells [31]. Culture purity was assessed with immunofluorescence staining for Schwann
cell marker protein S100 and DAPI.

Cell proliferation at 1, 4, and 7 days was carried out by Cell Counting Kit-8 assay
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Six specimens
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were made for each group for cell proliferation evaluation. Cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS,
BI, Israel) and 1% penicillin—streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at
37 °C in a humidified atmosphere with 5% CO,. The cell proliferation test was per-
formed using direct contact. The sterile disks for each group were transferred into
24-well plates. Schwann cells were subsequently seeded onto the surface of pure
titanium, TNT group, TNT 4+ 5MC, TNT +20MC, TNT 4 50MC, TNT 4 100MC in
24-well plates at the density of 2 x 10°/well [32]. After culturing for 1, 4 and 7 days,
the culture medium was discarded and replaced with a fresh medium. CCK-8 rea-
gent (200 puL) was added to each well and incubated for 1 h at 37 °C. Reactions were
then used for determination of absorbance at 450 nm using a microplate reader (Infi-
nite 200 Pro, Tecan, Médnnedorf, Switzerland) [33]. A higher absorbance is related to
a higher proliferation activity of Schwann cells on disks of different groups. Mean-
while, FITC/DAPI double staining was also used to detect the morphology of live cells
on different substrates at 1 and 7 days, corresponding to the proliferation assay. All
experiments were performed in triplicate.

Gene expression

Real-time PCR assay was assessed to examine the expression of neurogenesis-related
genes. The specimen for each groups were placed into a 24-well plate and then Schwann
cells with a density of 2 x 10° cells per well were seeded on the surface of various disks
under a humidified atmosphere of 5% CO, at 37 °C. After culturing for 1, 4 and 7 days,
total RNA was extracted from treated cells using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and reverse transcribed into cDNA using a Revert Aid kit (Takara Bio, Otsu,
Japan) according to the manufacturer’s instructions. PCR reactions were setup using
SYBR Premix Ex Taq (Takara Bio) and performed with an Exicycler 96 real-time PCR
system (Bioneer, Daejeon, Korea) [33, 34]. The mRNA level of cells cultured on pure tita-
nium foils was set as the baseline. Fold changes in mRNA levels were calculated using
the 2722 method. Table 1 shows the primer sequences.

Western blot analysis

The protein expression of GDNF and NGF was investigated by western blot analysis.
The specimen for each groups were placed into a 24-well plate and then Schwann cells
were seeded on the surface of disks at the density of 2 x 10° cells per well. After incu-
bation for 48 h, the protein concentration was determined using a bicinchoninic acid

Table 1 Primer sequences used in the qRT-PCR Experiments

Gene Primer sequences

GDNF 5/-CAGAGGGAAAGGTCGCAGAG-3/
3/-ATCAGTTCCTCCTTGGTTTCGTAG-5

NGF 5-TCAACAGGACTCACAGGAGCA-3'
3/-GGTCTTATCTCCAACCCACACAC-5

GAPDH 5/-GGCACAGTCAAGGCTGAGAATG-3’

3/-ATGGTGGTGAAGACGCCAGTA-5
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protein assay kit (Beyotime, Shanghai, China). Equal amounts of protein (40 pg) were
resolved by SDS-PAGE electrophoresis, and then transferred to polyvinylidene fluoride
film (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk
in TBST (0.1% Triton X-100 in TBS) buffer for 90 min, and then incubated with primary
antibodies against NGF (rabbit anti-rat, 1:1000, cat. no. WL0151, Wanleibio, Shenyang,
China) and GDNF (rabbit anti-rat, 1:400, cat. no. PB0045, Boster Biological Technol-
ogy, Ltd, Wuhan, China) overnight at 4 °C. Then, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit, 1:5000, cat.
no. A0208, Biyuntian, China) and visualized with an ECL reagent (Qihai Biotech, China).
The intensity of the bands, which were representative of protein levels, were assessed
using Gel-Pro-Analyzer 3.0 (Media Cybernetics, Rockville, MD, USA).p-actin was used
to normalize target proteins [33, 34].

Statistical analysis

All data were checked for normal distribution with the Kolmogorov—Smirnov test. One-
way analysis of variance (ANOVA) was performed to evaluate differences in surface
wettability, cell viability, protein expression. Two-way ANOVA was used to assess dif-
ferences in different materials and time points for cell proliferation and gene expression.
Post hoc multiple comparisons were performed using Tukey’s honestly significant differ-
ence test. Statistical analyses were performed by SPSS 19.0 software (SPSS, Chicago, IL,
USA) at alpha 0.05.

Results

Figure 1 plotted representative surface morphology images of TiO, nanotubes under
different voltage: (a) 20 V, (b) 30 V, (c) 40 V and (d) 50 V. No nanotube structure was
observed under the voltage of 20 V. While smooth nanotube structures were detected
when increasing the voltage to 30, 40 and 50 V. Nanotubes formed under 30, 40 and 50 V
were uniform and well-organized. Furthermore, the diameters of the nanotubes fabri-
cated under 30, 40 and 50 V were, respectively (98.4+11.4) nm, (136 £21.9) nm and
(238 +33.5) nm respectively. It can be seen that the nanotubes array is uniform over the
substrate with the length of 1.34+0.26 pum (e, f).

Figure 2 depicted the wettability of TiO, nanotubes prepared under different voltage:
parts (a—d) showed the images of optical contact angle of TiO, nanotubes by voltage of
20, 30, 40 and 50 V, and part (e) plotted the contact angles for each group (mean=+ SD,
n==6). The data showed that titanium substrate treated under a voltage of 20 V had a sig-
nificantly higher contact angle (p <0.05), since seldom nanotube structure was formed at
this condition according to Fig. 1a. The wettability was altered successfully by increasing
the treating voltage. The contact angles of TiO, nanotubes under 30, 40 and 50 V were,
respectively (47.2+11.2)°, (43.7+8.4)° and (39.2£6.8)° (p>0.1).

Figure 3a shows loading efficiencies for nanotubes loaded with 500 mg of mino-
cycline. The results indicate approximately 75-85% of the drug is retained in the
nanotubes after an initial wash. For in vitro release profiles of minocycline, the
TiO, nanotubes fabricated under different voltage were loaded with same amount
of minocycline (100 pug/mL) to determine their release profiles in PBS at 37 °C.
As illustrated in Fig. 3, the initial release amount decreased obviously on the TiO,
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Fig. 1 Representative surface morphology images of TiO, nanotubes under different voltage:a 20V, b 30V,
40V and d 50 V. The diameters of the nanotubes fabricated under 30V, 40V and 50 V were, respectively
(984 £114) nm, (136 £21.9) nm and (238 £ 33.5) nm, respectively. e, f Cross-sectional view of mechanically
fractured sample showing that the length of the tubes was approximately 1.34 +0.26 um

nanotubes developed at 20 V, the 96 h release amount of the loaded minocycline
was (93.44 £3.05)% for TiO, nanotubes developed at 20 V, (92.19 £+3.24)% for TiO,
nanotubes developed at 30 V, (91.54+4.58)% for TiO, nanotubes developed at 40 V
and (92.53+3.09)% for TiO, nanotubes developed at 50 V. The time at 80% release
amount of minocycline was 20 h for TiO, nanotubes developed at 20 V, 42 h for TiO,
nanotubes developed at 50 V, 50 h for TiO, nanotubes developed at 40 V and 72 h for
TiO, nanotubes developed at 30 V. Minocycline in TiO, nanotubes developed at 30 V
had an approximately linear release profile and release obviously slower than others.
The Schwann cells viability at different titanium substrate surface at 48 h was
showed in Fig. 4: parts (a—f) were the Annexin V/PI staining images by conven-
tional flow cytometry for (a) pure titanium, (b) TNT group, (c) TNT+5MC, (d)
TNT +20MC, (e) TNT 4 50MC, and (f) TNT + 100MC; part (g) showed the viability
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Fig. 2 The wettability of TiO, nanotubes prepared under different voltage. Contact angles as measured on
aTiO, nanotubes at 20V, b TiO, nanotubes at 30V, ¢ TiO, nanotubes at 40 V, d TiO, nanotubes at 50 V. e The
contact angles for each group (mean £ SD, n=6). Bars with dissimilar letters indicate significantly different
values (p <0.05)

of Schwann cells viability at 48 h; part (h) depicted the specific protein marker S100B
for in Schwann cells. The cells are all positively green staining of S100B. The nano-
tube structure of titanium surface would significantly increase Schwann cells viability
(p<0.05). Moreover, minocycline incorporation on TiO, nanotubes had a significant
higher cell viability compared with pure titanium and TNT group (p <0.05). The val-
ues of TNT 4 5MC, TNT +20MC, and TNT +50MC are all above 90%. However,
when loading concentration of minocycline reached to 100 pg/mL, the cell viability
slightly decreased. The value of TNT + 100MC was not significant different with TNT
group, TNT +5MC, TNT +20MC, and TNT + 50MC (p >0.01).
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Fig. 3 Loading efficiency and release profiles of minocycline loaded on the TiO, nanotubes fabricated under
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(p>0.1). b The initial release amount decreased obviously on the TiO, nanotubes developed at 20V, the 96 h
release amount of minocycline was (93.44 = 3.05)% for TiO, nanotubes developed at 20V, (92.19 4 3.24)% for
TiO, nanotubes developed at 30V, (91.5+4.58)% for TiO, nanotubes developed at 40V and (92.53 £3.09)%
for TiO, nanotubes developed at 50V

Schwann cell proliferation rate on the surface of titanium discs with different concen-
trations of minocycline was plotted in Fig. 5 at (A) 1 day, (B) 4 days, and (C) 7 days.
The results showed that nanotube structure would not significantly change Schwann
cells proliferation at 1 and 7 days (p>0.1). At 4 and 7 days, TiO, nanotubes with mino-
cycline incorporation would significantly enhance Schwann cells proliferation, com-
pared with pure titanium and TNT group (p<0.05). To be noted, TNT+5MC and
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Fig. 5 Proliferation analysis of Schwann cells subjected to titanium substrate with different concentrations
of minocycline at A 1 day, B 4 days and C 7 days (mean & SD, n =6). D-O Representative fluorescence
microscope images of Schwann cell stained with FITC/DAPI dual staining correspondence to the cell
proliferation rate. The nanotube structure would not significantly change Schwann cells proliferation at 1
and 7 days (p>0.1).At 4 and 7 days, The values of TiO, nanotubes with minocycline incorporation would
significantly higher compared with pure titanium and TNT group (p < 0.05). Values with dissimilar letters are
significantly different from each other (p <0.05)

TNT 4 20MC could significantly promote the proliferative rate of Schwann cells at 1,
4 and 7 days (p<0.05). However, TiO, nanotubes with high concentration of minocy-
cline (TNT +50MC and TNT + 100MC) had inferior proliferative rate of Schwann cells,
compared with TNT +5MC and TNT + 20MC (p < 0.05).

Figure 6 plotted the mRNA levels of NGF (A-C) and GDNF (D-F) in Schwann cells
seeding on the different titanium substrate at 1 day (A, D), 4 days (B, E) and 7 days (C, F).
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Fig. 6 Gene expression level of (A-C) NGF and (D-F) GDNF in Schwann cells at (A, D) 1 day, (B, E) 4 days and
(C, F) 7 days by real-time PCR (mean £ SD, n =6).The mRNA expression of NGF and GNDF were up-regulated
since 1 day in groups with minocycline incorporation. TNT 4+ 20MC dramatically and continuously increased
from 1 to 7 days. NGF expression in TNT + 20MC at 7 days was approximate 2.5-fold and 2-fold that of pure
titanium and TNT group, respectively. GDNF expression in TNT 4+ 20MC at 7 days was approximate over 2-fold
and 1.5 fold that of pure titanium and TNT group, respectively. Values with dissimilar letters are significantly
different from each other (p <0.05)

The results showed that up-regulations of NGF and GNDF were observed as early
as 1 day in groups with minocycline incorporation. NGF and GDNF expression in
TNT +20MC dramatically and continuously increased from 1 to 7 days, which were
over 2-fold and 1.5-fold that of 1 days. Meanwhile, NGF expression in TNT 4+20MC
at 7 days was approximate 2.5-fold and 2-fold that of pure titanium and TNT group,

Page 13 of 20
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Fig. 7 NGF and GDNF protein expression of Schwann cells seeding on different titanium substrate at 48 h
(mean = SD, n=6). a Whole cell extracts were analyzed by Western blotting to determine expression levels
of NGF and GDNF following seeding on different substrate with minocycline. b, ¢ NGF and GNDF protein
expression was quantified by measuring gray levels by Image J software. 3-Actin was used to normalize
target proteins. Asterisk (¥) indicate significant difference values compared with pure titanium group. Hash (#)
indicate significant difference values compared with TNT group (p < 0.05)

respectively. GDNF expression in TNT +20MC at 7 days was approximate over 2-fold
and 1.5 fold that of pure titanium and TNT group, respectively.

The effects of different specimens on neurotrophic protein secretion in Schwann
cells at 48 h were illustrated in Fig. 7. NGF and GDNF protein expression significantly
increased on the disks with minocycline (p <0.05). The levels of NGF protein expression
for TNT group, TNT+5MC, TNT +20MC, TNT +50MC and TNT + 100MC were
2-fold, 3.3-fold, 3.5-fold, 2.4-fold, 1.9-fold that of pure titanium. The levels of GDNF
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protein expression for TNT group, TNT+5MC, TNT +20MC, TNT +50MC and
TNT 4 100MC were 1.9-fold, 2.0-fold, 1.7-fold, 1.4-fold, 1.8-fold that of pure titanium.

Discussion

This study developed a novel bioactive TiO, nanotube surface incorporating minocy-
cline, and investigated its effects on viability, proliferation and related gene and protein
expression of Schwann cells for first time. The hypotheses were proven that different
voltages would influence the surface morphology of TiO, nanotube and release behav-
ior of minocycline. In addition, TiO, nanotube structure and minocycline incorporation
would not harm the Schwann cells. Furthermore, TiO, nanotubes loading with minocy-
cline would positively correlate with the proliferation and related gene/protein expres-
sion of Schwann cells in vitro.

As for titanium anodizing, the main reactions is D Ti< Ti**+2e~ at the Ti/Ti oxide
interface. While, @ 2H,0 < 20> +4H" and Q)2H,0 & 20,+4H+4e occurred at
the Ti oxide/electrolyte interface. At both interfaces, the main reaction would be: @
Ti** +20?" & TiO, + 2e. The mechanism of the formation of the TiO, nanotubes on
the surface upon voltage was probably due to the competition between Reaction (D and
Reaction @), as the formation and dissolution of titanium dioxide determines the tube
length and wall thickness [20]. With the same electrolyte composition, a wide range
of tube diameters can be fabricated by controlling the applied voltage on the titanium
surface via anodizing process [35]. In the present study, we synthesized an anodized
oxide surface of TiO, nanotubes at the voltage of 30-50 V. The average tube diameter
was found to increase with increasing anodizing voltage. There is a precise correlation
between the anodization voltage and pore size, thus by varying the voltage substrates
with different size scales can be fabricated [3, 34]. The formation of the surface not only
increased the surface area and roughness, but also provided a better surface for adhe-
sion. In order to improve the top morphology of TiO, nanotubes, either a pre-treatment
or a post-treatment of the substrate is applied. The normal substrate pre-treatment
includes polishing or double anodization. In this study, there was no nanostructure at
the voltage of 20 V probably due to insufficiency of pre-treatment or post-treatment.
However, numerous studies indicated that the diameter of the nanotubes fabricated at
the voltage of 20 V would be less than 100 nm [36]. It has been verified that TiO, is more
bioactive than pure titanium alone. Human mesenchymal stem cells on TiO, nanotubes
with a diameter range from 70 to 100 nm had various levels of osteogenic up-regulation
and showed a significantly higher level of alkaline phosphate and osteocalcin expression
than those growing on the smaller nanotube diameter [37, 38]. In addition, Jain et al.
found Schwann cells on the nanofibrous substrates had a tendency to grow along the
nanofibers. Therefore, morphology of Schwann cells would be affected by nanostructure
more or less [29]. In the present study, the diameter of nanotubes at a voltage of 30 V
was nearly 100 nm, which is potentially suitable for application in neurogenesis.

Wenzel defines the equilibrium contact angle by the equation: r(Sg— Sg;) =S, cos6,
where 6 is the contact angle, S is the surface energy of solid (S) or liquid (L), and r is
the roughness factor, defined as (actual surface)/(geometric surface). For hydrophilic
surfaces (Sg>Sg;, 8<90°), an increase in the roughness factor (r) leads to a decrease in
the contact angle () [21]. Therefore, the nanotubes fabricated at the voltage of 30-50 V
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displayed a much higher hydrophilic surface than others probably due to a significantly
increased surface area of the nanotubes.

Bovine serum albumin (BSA), which is nontoxic, biocompatible and biodegradable,
played an important role in transport different drug molecules. The protein—drug inter-
actions have been investigated in many studies, such as penicillin, sulfonamides, indole
compounds, benzodiazepines and so on [39]. Apart from above, BSA was often used as
a protein model due to its stability, low cost and structural homology with human serum
albumin. Previous study demonstrated that drug could bind to the C-O, C-N or N-H
groups of the polypeptide chain of the BSA and hydrogen bond may be formed between
the drug and the BSA [27, 40]. Furthermore, there would be stable combination between
minocycline and BSA, as minocycline carried a positive charge while BSA is a large
molecule with a net negative charge at a neutral pH environment. Therefore, BSA was
selected as a drug carrier in the present study. In addition, the surfaces of most metal
oxide films are inherently charged as a consequence of the equilibration of charged crys-
talline lattice defects within the surface. Depending on the net concentration of lattice
defects the surface may be positively or negative charged. The surface of TiO, nanotubes
consisted of terminal hydroxyl groups, which results in a small negative charge on the
surface [28]. At the same time, minocycline carried a positive charge lead to a stable
combination relative that would be benefit to the releasing of minocycline.

The large surface area of the nanotube structure and the ability to precisely tune pore
size, wall thickness, and nanotube length to optimize biotemplating properties along
with their surface characteristics were among the many desirable properties to use these
types of surfaces as drug-eluting coatings for implantable devices [3, 30]. Therefore, by
changing the nanotube diameter, wall thickness, and length, the release kinetics can
be altered for each specific drug to achieve a sustained release [28, 30]. Previous stud-
ies demonstrated the nanotube surfaces could exhibit very hydrophilic behavior as the
diameter varied from 12 nm to 180 nm and the length varied from 200 to 360 nm [28].
Peng et al. found that elution kinetics of paclitaxel and BSA were influences by nano-
tubes diameter, with nanotubes of 100 nm of diameter releasing the most drug for up
to 3 weeks [41]. As expected, this study fabricated TiO, nanotubes with the diameter of
nearly 100 nm at the voltage 30 V in order to get a slower and sustained release from the
nanotubes.

Cell lines are indispensable tools in biological research as they are readily available,
free of genetic variations, and can be expanded without limitations [42]. Schwann cells
are not an exception in this regard. Some unique features of Schwann cell lines that dis-
tinguish them from their cognate primary Schwann cells have been already revealed,
such as the overexpressed platelet-derived growth factor receptors (PDGFRs) in neu-
rofibrosarcoma-derived Schwann cell lines [31] and the significant differences in expres-
sion of mature Schwann cell markers between primary Schwann cells and Schwann cell
lines [43]. However, because of tissue heterogeneity and difficulties in the isolation and
culture of primary Schwann cells, many Schwann cell lines have been established and
employed successfully in many studies [44, 45]. RSC96 is a spontaneously immortalized
rat Schwann cell line [31]. Unlike immortalization by oncogene transfection or virus
infection, spontaneous immortalization is the ability of normal diploid cells to overcome
cell ageing in the absence of deliberately added exogenous agents. Therefore, RSC96 cell
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line was used in the present study to represent the principal glial cells of the peripheral
nervous system.

Minocycline was a semisynthetic tetracycline that has been used for over 40 years. It is
a small (495 Da), highly lipophilic molecule capable of crossing the blood—brain barrier.
Previous study indicated that minocycline was neuroprotective in an animal model of
ischaemia [46]. Since then, there have been numerous reports of the efficacy and neu-
roprotective effects of minocycline in various models of neurological disease [16, 17].
The probably mechanisms of minocycline contribute to the activity of neuroprotectant
were: inhibition of microglial activation, attenuation of apoptosis, suppression of free-
radical production, or inhibition of MMPs, changes in leucocyte function [16]. Moreo-
ver, Machado et al. demonstrated that minocycline inhibits enzymatic activity of gelatin
proteases activated by ischemia after experimental stroke and is likely to be selective for
MMP-9 at low doses [47]. Schwann cells have been shown to play a critical and substan-
tial role in peripheral nerve regeneration, as the proliferation of Schwann cells supported
the rapid regeneration of injured peripheral nerves by providing bioactive substrates
needed for axonal outgrowth. Following peripheral nerve injury, Schwann cells prolifer-
ate, form a Biingner belt and devour the debris of denatured axons and myelin together
with macrophages [32, 48—50]. In this study, both the cell viability and CCK-8 assay anal-
ysis indicated that minocycline promoted Schwann cells proliferation. Similar results
have previously been reported, that minocycline may protect kidney epithelial cells or
myocytes [51, 52]. In the present study, the increasing minocycline concentration could
promote cell viability and proliferation. However, the optimal concentration of 5-20 ug/
mL had the most beneficial effect on Schwann cells. This is in line with previous research
that when Schwann cells were exposed to 5 pg/mL minocycline the cell death rate was a
third and by application of 50 pg/mL the cell death rate was nearly a half [19].

Besides, Schwann cells also secreted a range of neurotrophic factors, including NGF
and GDNF, which play neuron-protective and axon-inducing roles. It has been sug-
gested that the proliferation and increased secretory function of Schwann cells contrib-
ute to the regeneration of neural tissue [48-50, 53]. As an endogenous neurotrophin,
NGF made some contribution to trophic and differentiating activity on neurons of the
central and peripheral nervous systems. Previous studies indicated that NGF might be
related not only to a neuroprotective activity against apoptosis, but also to the forma-
tion of new neural pathways, since NGF had the ability to promote neural plasticity and
axonal regeneration [54]. In addition, previous study showed that minocycline treatment
increased the number of NGF positive cells in accordance with the result of present
study that was the reason of the increasing of gene expression and protein secretory [55].
The underlying mechanism might be that minocycline could regulate the expression
of TrkA, which binds to NGF with high affinity and activates the downstream PI-3K/
Akt pathway to inhibit the excessive release of glutamate to reduce brain injury due to
Ca®* overload, that enhance cell survival and neuronal differentiation [55]. Glial cell-
line derived neurotrophic factor (GDNF) belongs to the TGF-f family of neurotrophic
factors and plays various and distinct roles in the neuronal signaling pathways. At the
same time, GDNF has also been established as a growth factor for the survival and main-
tenance of dopamine neurons. In previous clinical trials, GDNF treatment in Parkinson’s
disease patients led to improved motor function and GDNF has been found to be down
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regulated in Parkinson’s disease patients [56]. In our present study, both the mRNA and
protein expression levels of GDNF were increased by low dose minocycline. Similar
results have been previously reported, that GDNF expression was promoted by mino-
cycline [57, 58]. In present study, minocycline could up regulate the key neurogenesis-
related gene and protein at a low dose. Therefore, application of low dose minocycline
on the surface of titanium substrate was potential beneficial for neurogenesis and osse-
operception. Further studies should elucidate the related pathway by which modulates
cell proliferation and secretion. Neurophysiological experiments should also be evalu-
ated in vivo in order to investigate the effect of surface functionalization of TiO, nano-
tubes with minocycline on nerve repairing.

Conclusions

This present study synthesized a novel bioactive TiO, nanotube surface incorporating
minocycline, and investigated its effects on viability, proliferation and related gene and
protein expression of Schwann cells for first time. The hypotheses were proven that differ-
ent voltages would influence the surface morphology of TiO, nanotubes and release behav-
ior of minocycline. In addition, TiO, nanotube structure and minocycline incorporation
would not harm the Schwann cells. Furthermore, TiO, nanotubes loading with minocy-
cline would positively correlate with the proliferation and related gene/protein expression
of Schwann cells in vitro. The surface functionalization of TiO, nanotubes with minocy-
cline may open a new direction for the repairing of nerve fibers around dental implants,
and has potential to be applied in improving the osseoperception of implant denture.

Authors’ contributions

LA and WX performed the experiments. YZ proposed the topic of this study and supervised the research including
experimental design and data analyses, in discussion with CL, JZ, MQ and XL. LA and YZ and LW wrote the initial manu-
script in discussion with all co-authors. All authors read and approved the final manuscript.

Author details

! Department of Oral Implantology, School and Hospital of Stomatology, Jilin University, Changchun 130021, China.

2 Key Laboratory of Tooth Development and Bone Remodeling in Jilin Province, Changchun 130021, China. ® Depart-
ment of Periodontology, School and Hospital of Stomatology, Jilin University, Changchun 130021, China. * VIP Integrated
Department, School and Hospital of Stomatology, Jilin University, Changchun 130021, China.

Acknowledgements
We thank Prof. Bingjie Yang for fruitful discussions and experimental help.

Competing interests
The authors declare that they have no competing interests.

Funding

This study was financially supported by the National Natural Science Foundation of China 81570983(YZ) and 81400487
(LW), China Postdoctoral Science Foundation 2015M581405, 20177100213 (LW). Health Department Research Projects in
Jilin Province 2016Q032 (LW), 20165074 (CL).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Received: 23 November 2017 Accepted: 14 June 2018
Published online: 20 June 2018

References

1. Neoh KG, Hu XF, Zheng D, Kang ET. Balancing osteoblast functions and bacterial adhesion on functionalized tita-
nium surface. Biomaterials. 2012;33:2813-22.

2. Geetha M, Singh AK, Asokamani R, Gogia AK. Ti based biomaterials, the ultimate choice for orthopaedic implants—a
review. Prog Mater Sci. 2009;54:397-425.



A et al. BioMed Eng OnLine (2018) 17:88

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Kulkarni M, Mazare A, Gongadze E, Perutkova S, Kralj-Igli¢ V, Milogev |, Schmuki P, Igli¢ A, Mozeti¢ M. Titanium nano-
structures for biomedical applications. Nanotechnology. 2015;26:062002.

Guéhennec L, Soueidan A, Layrolle P, Amouriq Y. Surface treatments of titanium dental implants for rapid osseointe-
gration. Dental Mater. 2007;23:844-54.

Albrektsson T, Wennerberg A. Oral implant surfaces: part 2-review focusing on clinical knowledge of different
surfaces. Int J Prosthodont. 2004;17:544-64.

Lee JK, Choi DS, Jang |, et al. Improved osseointegration of dental titanium implants by TiO, nanotube arrays with
recombinant human bone morphogenetic protein-2: a pilot in vivo study. Int J Nanomed. 2015;10:1145-54.

Ma L, Xiang L, Yao Y, Yuan Q, Li L, Gong P. CGRP-alpha application: a potential treatment to improve osseoperception
of endosseous dental implants. Med Hypotheses. 2013;81:297-9.

Wada S, Kojo T, Wang YH, Ando H, Nakanishi E, Zhang M, Fukuyama H, Uchida Y. Effect of loading on the develop-
ment of nerve fibers around oral implants in the dog mandible. Clin Oral Implants Res. 2001;12:219-24.

Weiner S, Sirois DD, Lehrmann N, Simon B, Zohn H. Sensory responses from loading of implants: a pilot study. Int J
Oral Maxillofac Impl. 2004;19:44-51.

Honkanen H, Lahti O, Nissinen M, et al. Isolation, purification and expansion of myelination-competent, neonatal
mouse Schwann cells. Eur J Neurosci. 2007;26:953-64.

Chen YY, Mcdonald D, Cheng C, Magnowski B, Durand J, Zochodne DW. Axon and schwann cell partnership during
nerve regrowth. J Neuropathol Exp Neurol. 2005;64:613-22.

Yuan Q, Liao D, Yang X, Li X, Wei N, Tan Z. Effect of implant surface microtopography on proliferation, neurotrophin
secretion, and gene expression of schwann cells. J Biomed Mater Res A. 2010;93A:381-8.

Yuan Q, Gong P, Tan Z. Schwann cell graft: a method to promote sensory responses of osseointegrated implants.
Med Hypotheses. 2007;69:800-3.

Taha MF, Javeri A, Kheirkhah O, Majidizadeh T, RezaKhalatbary A. Neural differentiation of mouse embryonic and
mesenchymal stem cells in a simple medium containing synthetic serum replacement. J Biotechnol. 2014;172:1-10.
Wakisaka S, Atsumi Y. Regeneration of periodontal Ruffini endings in adults and neonates. Microsc Res Tech.
2003;60:516-27.

Yong VW, Wells J, Giuliani F, Casha S, Power C, Metz LM. The promise of minocycline in neurology. Lancet Neurol.
2004,3:744-51.

Hashimoto K, Ishima T. A novel target of action of minocycline in NGF-induced neurite outgrowth in PC12 cells:
translation initiation factor elF4Al. PLoS ONE. 2010;5:215430.

Garridomesa N, Zarzuelo A, Gélvez J. Minocycline: far beyond an antibiotic. Brit J Pharmacol. 2013;169:337-52.
Keilhoff G, Schild LH. Minocycline protects Schwann cells from ischemia-like injury and promotes axonal outgrowth
in bioartificial nerve grafts lacking Wallerian degeneration. Exp Neurol. 2008;212:189-200.

Khudhair D, Bhatti A, Li Y, Hamedani HA, Garmestani H, Hodgsona P, Nahavandi S. Anodization parameters influenc-
ing the morphology and electrical properties of TiO, nanotubes for living cell interfacing and investigations. Mat Sci
Eng C Mater. 2016;59:1125-42.

Macak JM, Schmuki P. Anodic growth of self-organized anodic TiO, nanotubes in viscous electrolytes. Electrochim
Acta. 2007;52:1258-64.

Mehdi KN, Lai BFL, Chuanfan D, Kizhakkedathu JN, Hancock REW, Rizhi W. Multilayered coating on titanium for
controlled release of antimicrobial peptides for the prevention of implant-associated infections. Biomaterials.
2013;34:5969-77.

Park SW, Lee D, Yong SC, Jeon HB, Lee CH, Moon JH, Kwon K. Mesoporous TiO, implants for loading high dosage of
antibacterial agent. Appl Surf Sci. 2014;303:140-6.

Nuraje N, Khan WS, Lei Y, Ceylan M, Asmatulu R. Superhydrophobic electrospun nanofibers. J Mater Chem A.
2013;1:1929-46.

Wang X, Duch MC, Mansukhani N, Ji Z, Liao YP, Wang M, Zhang H, Sun B, Chang CH, LiR, Lin S, Meng H, Xia T, Mark
CH, André EN. Use of a pro-fibrogenic mechanism-based predictive toxicological approach for tiered testing and
decision analysis of carbonaceous nanomaterials. ACS Nano. 2015;9:3032-43.

Yasun E, Li C, Barut |, Janvier D, Qiu L, Cheng C, Weihong T. BSA modification to reduce CTAB induced nonspecificity
and cytotoxicity of aptamer-conjugated gold nanorods. Nanoscale. 2015;7:10240-8.

Liu X, Zhou X, Li S, Lai R, Zhou Z, Zhang Y, Zhou L. Effects of titania nanotubes with or without bovine serum albu-
min loaded on human gingival fibroblasts. Int J Nanomed. 2014;9:1185-98.

Popat KC, Eltgroth M, Latempa TJ, Grimes CA, Desai TA. Titania nanotubes: a novel platform for drug-eluting coatings
for medical implants. Small. 2007,3:1878-81.

Jain S, Webster TJ, Sharma A, Basu B. Intracellular reactive oxidative stress, cell proliferation and apoptosis of
schwann cells on carbon nanofibrous substrates. Biomaterials. 2013;34:4891-901.

Popat KC, Eltgroth M, Latempa TJ, Grimes CA, Desai TA. Decreased Staphylococcus epidermis, adhesion and
increased osteoblast functionality on antibiotic-loaded titania nanotubes. Biomaterials. 2007;28:4880-8.

Badache A, De-Vries G. Neurofibrosarcoma-derived Schwann cells overexpress platelet-derived growth factor
(PDGF) receptors and are induced to proliferate by PDGF BB. J Cell Physiol. 1998;177:334-42.

Ge F,Yu M, Yu C, Lin J, Weng W, Cheng K, Wang H. Improved rhBMP-2 function on MBG incorporated TiO, nanorod
films. Colloid Surface B. 2017;150:153-8.

Qin J,Wang L, Sun'Y, Sun X, Wen C, Shahmoradi M, Zhou Y. Concentrated growth factor increases Schwann cell
proliferation and neurotrophic factor secretion and promotes functional nerve recovery in vivo. Int J Mol Med.
2015;37:493-500.

Zhao J, GuoY, Lan A, Luo W, Wang X, Fu L, Cai Q, Zhou Y. The effect of amino plasma-enhanced chemical vapor
deposition-treated titanium surface on Schwann cells. J Biomed Mater Res A. 2018;106A:265-71.

Bauer S, Kleber S, Schmuki P. TiO, nanotubes: tailoring the geometry in H3PO4/HF electrolytes. Electrochem Com-
mun. 2006;8:1321-5.

Galiskan N, Bayram C, Erdal E, Karahaliloglu Z, Denkbas EB. Titania nanotubes with adjustable dimensions for drug
reservoir sites and enhanced cell adhesion. Mat Sci Eng C Mater. 2014;35:100-5.

Page 19 of 20



A etal. BioMed Eng OnLine (2018) 17:88 Page 20 of 20

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Von WC, Bauer S, Roed! S, Neukam FW, Schmuki P, Schlegel KA. The diameter of anodic TiO, nanotubes affects
bone formation and correlates with the bone morphogenetic protein-2 expression in vivo. Clin Oral Implant Res.
2012,;23:359-66.

Gulati KMS, Findlay DM, Losic D. Titania nanotubes for orchestrating osteogenesis at the bone-implant interface.
Nanomedicine. 2016;11:1847-64.

Liang J, Liu G, Wang J, Sun XS. Controlled release of BSA a-linked cisplatin through a PepGel self-assembling peptide
nanofiber hydrogel scaffold. Amino Acids. 2017;49:2015-21.

Varga N, Benkd M, Sebsk D, Dékany I. BSA/polyelectrolyte core-shell nanoparticles for controlled release of encap-
sulated ibuprofen. Colloid Surface B. 2014;123:616-22.

Peng L, Mendelsohn AD, Latempa TJ, Yoriya S, Grimes CA, Desai TA. Long-term small molecule and protein elution
from TiO, nanotubes. Nano Lett. 2009;9(5):1932-6.

JiY, Shen M, Wang X, Zhang S, Yu S, Chen G, Gu X, Ding F. Comparative proteomic analysis of primary schwann cells
and a spontaneously immortalized schwann cell line RSC 96: a comprehensive overview with a focus on cell adhe-
sion and migration related proteins. J Proteome Res. 2012;11:3186-98.

Hai M, Muja N, Devries GH, Quarles RH, Patel PI. Comparative analysis of Schwann cell lines as model systems for
myelin gene transcription studies. J Neurosci Res. 2002;69:497-508.

Kimura H, Fischer WH, Schubert D. Structure, expression and function of a schwannoma-derived growth factor.
Nature. 1990;348:257-60.

Frohnert PW, Stonecypher MS, Carroll SL. Constitutive activation of the neuregulin-1/ErbB receptor signaling path-
way is essential for the proliferation of a neoplastic Schwann cell line. Glia. 2003;43:104-18.

Yrjanheikki J, Keindnen R, Pellikka M, Hokfelt T, Koistinaho J. Tetracyclines inhibit microglial activation and are neuro-
protective in global brain ischemia. Proc Natl Acd Sci. 1998;95:15769-74.

Machado LS, Kozak A, Ergul A, Hess DC, Borlongan CV, Fagan SC. Delayed minocycline inhibits ischemia-activated
matrix metalloproteinases 2 and 9 after experimental stroke. BMC Neurosci. 2007;7:56.

Yazdani SO, Golestaneh AF, Shafiee A, Hafizi M, Omrani HA, Soleimani M. Effects of low level laser therapy on
proliferation and neurotrophic factor gene expression of human schwann cells in vitro. J Photochem Photobiol B.
2012;,107:9-13.

Jiang M, Cheng Q, SuW, Wang C, Yang Y, Cao Z, Ding F. The beneficial effect of chitooligosaccharides on cell behav-
jor and function of primary Schwann cells is accompanied by up-regulation of adhesion proteins and neurotro-
phins. Neurochem Res. 2014;39:2047-57.

Luo L, Gan L, Liu Y, Tian W, Tong Z, Wang X, Huselstein C, Chen Y. Construction of nerve guide conduits from cellu-
lose/soy protein composite membranes combined with Schwann cells and pyrroloquinoline quinone for the repair
of peripheral nerve defect. Biochem Biophys Res Commun. 2015;457:507-13.

Scarabelli TM, Stephanou A, Pasini E, Gitti G, Townsend P, Lawrence K, Chen-Scarabelli C, Saravolatz L, Latchman D,
Knight R, Gardin J. Minocycline inhibits caspase activation and reactivation, increases the ratio of XIAP to smac/DIA-
BLO, and reduces the mitochondrial leakage of cytochrome C and smac/DIABLO. J Am Coll Cardiol. 2004;43:865-74.
Wang J, Wei Q Wang CY, Hill WD, Hess DC, Dong Z. Minocycline up-regulates Bcl-2 and protects against cell death
in mitochondria. J Biol Chem. 2004;279:19948-54.

Wakatsuki S, Araki T, Sehara-Fujisawa A. Neuregulin-1/glial growth factor stimulates Schwann cell migration by
inducing a531 integrin-erbb2-focal adhesion kinase complex formation. Genes Cells. 2014;19:66-77.

Wiesmann C, Vos AM. Nerve growth factor: structure and function. Cell Mol Life Sci. 2001,58:748-59.

Pu J, ShiW, Wang Z, Wang R, Guo Z, Liu C, Sun JJ, Gao LG, Zhou R. Effects of minocycline on the expression of NGF
and HSP70 and its neuroprotection role following intracerebral hemorrhage in rats. J Biomed Res. 2011;25:292-8.
Littrell OM, Granholm AC, Gerhardt GA, Boger HA. Glial cell-line derived neurotrophic factor (GDNF) replacement
attenuates motor impairments and nigrostriatal dopamine deficits in 12-month-old mice with a partial deletion of
GDNF. Pharmacol Biochem Behav. 2013;104:10-9.

Rodriguez S, Uchida K, Nakayama H. Striatal TH-immunopositive fibers recover after an intrastriatal injection of
6-hydroxydopamine in golden hamsters treated with prednisolone: roles of tumor necrosis factor-a and inducible
nitric oxide synthase in neurodegeneration. Neurosci Res. 2013;76:83-92.

Boger HA. GranholmAC. Minocycline restores striatal tyrosine hydroxylase and nigral phospho-erk in GDNF het-
erozygous mice. Cell Transplant. 2008;17:459-66.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Surface functionalization of TiO2 nanotubes with minocycline and its in vitro biological effects on Schwann cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Preparation and characterization of TiO2 nanotubes
	Wettability measurement
	Loading efficiency and In vitro release kinetics of minocycline loaded in TiO2 nanotubes
	Cell viability
	Cell proliferation assay
	Gene expression
	Western blot analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Authors’ contributions
	References




