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Abstract: We describe a novel approach for surface engineering of titanium (Ti) with polymer nanoparticles that
can sustainably release an osteogenic compound, simvastatin (SV). The SV-loaded nanoparticles (SV-GC-CA) were
prepared by self-assembly of 55-cholanic acid-conjugated glycol chitosan (GC-CA) in the presence of SV. Dynamic
light scattering (DLS) and transmission electron microscopy (TEM) analyses showed that the SV-GC-CA nanopar-
ticles had a hydrodynamic diameter of 371.4 nm with a spherical shape. The surface engineering of Ti was performed
by pre-treatment of Ti surface with polydopamine (PD) coatings, followed by immobilization of the SV-GC-CA
nanoparticles. The immobilization of the SV-GC-CA nanoparticles onto PD-treated Ti surfaces could be achieved
by a simple dipping method in an aqueous solution. The successful immobilization of the SV-GC-CA nanoparticles onto
Ti surfaces was confirmed by field-emission scanning electron microscopy (FE-SEM), and the density of immobilized
nanoparticles could be controlled. SV was sustainably released for up to 20 days, and the release rate was dependent
on the loading amount of SV. The Ti substrate functionalized with SV-releasing nanoparticles significantly promoted
alkaline phosphatase (ALP) activity of osteoblast-like cells (MC3T3-E1). The surface engineering approach described in this
work has an applicability for various medical devices to generate surfaces with improved osteogenic potentials.
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Introduction

Titanium (Ti) has been extensively used as a material of great
importance for orthopedic and dental implants because of
its resistance to corrosion, excellent mechanical properties,
and biocompatibility."* In particular, the Ti implants have been
chemically, physically, or biochemically treated to improve their
surface bioactivity for efficient interfacial adhesion between
the bone tissue and implant surface.*® The efficient adhesion at
the interface is an important issue in that it can reduce the risk
of an implant loosening and eventually prevent implant fail-
ure.*

Of various surface treatment methods, a recent trend has
focused on the attachment of bioactive agents, such as an argi-
nine-glycine-aspartic acid (RGD) peptide sequence and bone-
inducing growth factors, onto Ti substrates.”!" Surface mod-
ification of Ti for improving osteoconductivity or osteoinductiv-
ity is an attractive strategy for satisfactory osseointegration of
orthopedic or dental implants. Especially, treatments of Ti sur-
faces with surface releasing nanoparticles systems have attracted
a growing interest due to their excellent performance for

*Corresponding Author. E-mail: schlee@khu.ac.kr

enhanced bone-forming or therapeutic activity.'>'® Recently,
we reported on the successful use of polymer nanoparticles
for immobilization on Ti substrates so that the nanoparticles
could sustainably release bone morphogenic protein-2 or
insulin-like growth factors for osteogenic differentiation.'*'¢
However, to date, the surface-immobilized nanoparticles for
improving osteogenic differentiation was restrictively designed
for the release of growth factors. Thus, there is a need for the
nanoparticle surface releasing system that can release diverse
classes of osteogenic speciecs including low molecular weight
compounds or genetic molecules.

In this study, we suggested a novel approach for surface
engineering of Ti through the immobilization of chitosan-based
nanoparticles that can sustainably release a osteogenic compound,
simvastatin (SV). SV was chosen as a model osteogenic low
molecular weight compound, because it is known to efficiently
inhibit osteoclast differentiation and simultaneously stimulate
osteoblast differentiation by inhibition of the HMG-CoA reduc-
tase.'™'® Figure 1 illustrates the overall process of our approach.
First, SV was loaded into a self-assembled nanoparticle
constructed from a 5f-cholanic acid-conjugated glycol chi-
tosan (GC-CA). The nanoparicle consisted of the hydrophobic
SV-loaded CA core and the hydrated GC shells. For nanoparti-
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Figure 1. Schematic illustration of preparation of SV-loaded GC-CA nanoparticles, nanoparticle immobilization onto PD-coated Ti sub-

strates, and the sustained release of SV.

cle immobilziation on Ti substrates, Ti surfaces were first treated
by polydopamine (PD) coating. The surface-exposed primary
amine groups of the GC shells enabled the SV-GC-CA nanopar-
ticles to be immobilzed on the PD-treated Ti substrate by their
reaction with residual quinone moieties on PD-coated Ti
surfaces through Michael addition or Schiff base formation.
The formation of the SV-GC-CA nanoparticles was con-
firmed by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). X-Ray photoelectron spectros-
copy (XPS) and field-emission scanning electron microscopy
(FE-SEM) verified the successful immobilization of nanoparti-
cles onto Ti surfaces. The wettability of the nanoparticle-immobi-
lized Ti surface was analyzed by static water contact angle
measurement. The release of SV from the nanoparticle-immobi-
lized Ti surfaces was examined. The effect of SV-releasing
nanoparticles on alkaline phosphatase (ALP) activity of
osteoblast-like cells (MC3T3-E1) was estimated.

Experimental

Materials. GC (degree of polymerization > 400), CA, N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC-HCI), dopamine
hydrochloride, and hydrofluoric acid were purchased from
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Aldrich Co. (Milwaukee, WI). SV was obtained from Hanmi
Pharm. Co. (Korea). Osteoblast-like preosteoblast cell line
(MC3T3-E1) was obtained from Korean Cell Bank Line (Seoul,
Korea). All other solvents and chemicals were of analytical
grade and used as received.

Preparation of GC-CA. The GC-CA conjugate was synthe-
sized by the EDC-mediated coupling reaction between the
primary amine groups of GC and the carboxylic groups of
CA." Briefly, GC (1 g, 4.81x10” mol) and CA (122.4 mg,
0.34x107 mol) were dissolved in a distilled water/methanol
co-solvent (1:1, v/v), followed by the addition of equivalent mole
of NHS and EDC (0.51x10” mol). The reaction mixture was
stirred at room temperature for 1 day and was then dialyzed
using a membrane (molecular weight cut-off (MWCO): 3,500
g/mol) against water/methanol (1:3; 6 h — 1:1; 6 h — 3:1;
6 h, v/v) for 1 day and distilled water for 2 days, followed
by freeze-drying. Yield: 78.4%.

Preparation of SV-Loaded GC-CA Nanoparticles. The
SV-loaded GC-CA (SV-GC-CA) nanoparticles were prepared
using a dialysis method. SV (50 mg) and GC-CA (450 mg)
were dissolved in dimethylsulfoxide (DMSO), vigorously
stirred for 30 min at room temperature, and dialyzed against
distilled water using a membrane (MWCO (molecular weight
cut off): 3,500 g/mol) for 1 day, followed by freeze-drying.
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Yield: 87.2%.

Characterization of SV-GC-CA Nanoparticles. The chemi-
cal structure of GC-CA was confirmed by 'H NMR (nuclear
magnetic resonance) spectroscopy at 400 MHz (Varian INO-
VA400, USA). The loading amount of SV was calculated using
a UV-Vis spectrophotometer (Shimadzu UV-1650PC, Japan).
The size distribution and mean diameter of the SV-GC-CA
nanoparticles were confirmed by dynamic light scattering
(DLS, 90 PLUS particle size analyzer, BrookHAVEN, New
York, USA). The mean hydrodynamic diameter (d) of the SV-
GC-CA nanoparticles was calculated using a Stokes-Einstein
equation, and the polydispersity factor (u,/1*) was calculated
using the cumulant method.” The zeta potential ({) of the
nanoparticle was measured by a 90 PLUS particle size ana-
lyzer. The morphology of the SV-GC-CA nanoparticles was
confirmed by TEM (CM30, Philips, CA). For sample specimens,
the aqueous solution of the SV-GC-CA nanoparticles was
dropped on a 200 mesh cooper grid. After 1 min, surface water
was absorbed by a filter paper. The sample was stained with a
1% uranyl acetate solution. The TEM image was measured at
a voltage of 200 kV.

Pretreatment of Ti Substrates with Polydopamine (PD)
Coating. Ti substrates of a circle type were etched with 0.1%
hydrofluoric acid after 10 min, rinsed with acetone, isopro-
pyl alcohol, and water, and then vacuum-dried. Following a
literature procedure, the etched Ti substrates were treated
with a thin PD film by immersion of the Ti substrates in an alka-
line dopamine-HCI solution (0.5 mg/mL of dopamine-HCI
dissolved in 10 mM Tris buffer, pH 8.5) for 30 min.?' Then,
Ti substrates were rinsed with distilled water twice and then
dried in vacuo.

Immobilization of SV-GC-CA Nanoparticles on Ti Sub-
strates. The SV-GC-CA nanoparticles were immobilized onto
PD-treated Ti substrates. The aqueous solutions of SV-GC-CA
nanoparticle of various concentrations (1~10 g/L) were dropped
on the PD-treated Ti substrates and incubated for 2 h at room
temperature. After the immobilization procedure, the Ti sub-
strates were rinsed with distilled water three times and then
dried in vacuo.

Surface Characterization of SV-GC-CA-Immobilized
Ti Substrates. The surface morphology of the immobilized
SV-GC-CA nanoparticles onto Ti substrates was analyzed using a
field-emission scanning electron microscope (FE-SEM, XL-30,
FEI, Netherlands), after sputter-coating with platinum. Surface
elemental compositions of the bare Ti substrate and SV-GC-
CA nanoparticle-immobilized Ti substrates were observed
by XPS (ESCALAB MK II, V.G. Scientific Co., UK). Each
sample was examined at a pass energy of 80 eV with the anode
operated at 300 W, and the percentage of the surface element
was calculated by normalizing the area of each element peak
with the area of total peak. Surface wettability of SV-GC-CA
nanoparticle-immobilized Ti substrates was confirmed by
contact angle measurements of a water droplet using a contact
angle meter (Surface Electro Optics, PHOENIX 150). The mean
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value of water contact angles measured at five different points
on the Ti surface was adopted.

Release of SV from Nanoparticle-Immobilized Ti Surface.
In vitro release profiles of SV from the surface of SV-GC-
CA nanoparticle-immobilized Ti substrates were estimated
in phosphate-buffered saline (PBS) solution (pH 7.4). The SV
release experimet was performed using a Ti substrates pre-
pared using the nanoparticle concentrations of the 5 g/L and
10 g/L.. The SV-GC-CA-immobilized Ti substrates were immersed
in the PBS solution (3 mL) and shaken at a speed of 90 rpm
at 37 °C. The release medium was completely renewed at pre-
determined time intervals, and all samples were stored at
4 °C until analysis. The accumulated amount of released SV
was calculated by using a UV-Vis spectrophotometer.

MC3T3-E1 Cell Attachment. For attachment of osteoblast-
like MC3T3-E1 cells, four groups of Ti substrates were pre-
pared as follows: i) bare Ti, ii) dopamine-coated Ti (PD-Ti),
iil) SV-GC-CA nanoparticle-immobilized Ti 1 (SV-GC-CA-
Ti 1), and iv) SV-GC-CA nanoparticle-immobilized Ti 4
(SV-GC-CA-Ti 4). MC3T3-El1 cells were cultured in Dulbecco’s
modified Eagle medium (Gibco, Grand Island, New York,
USA) with 5% CO, at 37 °C. Each sample was placed into 48-
well plates, and MC3T3-E1 cells were seeded at a density of
10,000 cells on each substrate. The culture medium was replaced
every 2 days during the whole cell culturing period. The attach-
ment of MC3T3-E1 cells on each sample was observed after
6 h of incubation. The attachment was confirmed by counting
the number of MC3T3-E1 cells with a Cell Counting Kit-8
(CCK-8) (Dojindo, Japan). The absorbance of the samples
was measured by a microplate reader (Bio-Rad, Benchmark
Plus) at a wavelength of 450 nm after shaking for 3 s.

Alkaline Phosphatase (ALP) Activity. The level of ALP
activity was evaluated by the conversion of sodium para-
nitrophenyl-2-phosphate (PNPP) to para-nitrophenol (PNP).'*
The osteogenic growth medium was supplemented with 26
pg/mL L-ascorbic acid, 10 mM S-glycerophosphate, and 10 nM
dexamethasone. MC3T3-E1 cells were seeded onto various
Ti substrates at a density of 20,000 cells, and the medium was
replaced every 2 days. At the regular time intervals, each
sample was washed with PBS and then treated with 180 mL
of cell lysis buffer for 30 min. The samples were then centri-
fuged at 13,000 rpm for 10 min at 4 °C, and 150 pL of the sam-
ple supernatant was taken for the analysis. 50 pL of PNPP was
added to each sample and incubated for 30 min at 37 °C.
Next, 50 uL of 1 N NaOH solution was added to stop the
reaction, and the absorbance at 405 nm was measured using
a microplate reader (Bio-Rad, Benchmark Plus). The total
protein concentration of the sample was also calculated by
using a Bradford protein assay method. The lysed sample
supernatant (2 uL) was mixed with distilled water (798 uL).
The Bradford solution (5% concentrate, Bio-Rad, Hercules,
CA, USA) was added into the solution, and then the absor-
bance was measured at 595 nm. The unit of ALP activity
was presented as pM/min/pg protein.
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Figure 2. (a) Size distribution by DLS and (b) TEM image of SV-GC-CA nanoparticles.

Results and Discussion

Preparation of SV-GC-CA Nanoparticles. The self-assem-
bling GC-CA conjugate was prepared following a literature
procedure."” Using '"H NMR analysis, the conjugating ratio
of CA in GC was estimated to be 5.7% (Table I). In the aque-
ous phase, the GC-CA conjugate would self-assemble to form
the nanoparticles consisting of GC shells and CA multi-cores.
SV was loaded into the CA core of the GC-CA nanoparticles
using a dialysis method. The mean diameter and polydisper-
sity factor of the SV-GC-CA nanoparticles were calculated
by DLS (Table II). The mean diameter (d) of the SV-GC-CA
nanoparticles was 371.4 nm with a moderate size distribution
(Figure 2(a)). The SV-GC-CA nanoparticle with a spherical
shape was confirmed by TEM (Figure 2(b)). The zeta potential
(¢) of the SV-GC-CA nanoparticles was reasonably positive
(9.2 mV) due to the cationic GC shells. The UV-Vis absorp-
tion spectra in Figure 3 shows the successful loading of SV
within the CA core. The SV-GC-CA nanoparticles exhibited a
higher drug loading efficiency (97.9%) with 9.8 wt% of SV
loading amount (Table II).

SV-GC-CA Immobilization on PD-Pretreated Ti Sub-
strates. The surface-exposed amine groups of the SV-GC-
CA nanoparticles can play an important role in immobiliza-
tion of nanoparticles onto PD-treatetd Ti substrates because

Table I. Characteristics of the GC-CA Conjugate

Coniugate Feed Ratio  Composition Ratio  Conjugation
Jugale  (1GC]:[CA])  (IGC]:[CA]) Ratio of CA* (%)
GC-CA 100 : 7 100:5 5.7

“Calculated by "H NMR spectra.

Table II. Characteristics of SV-GC-CA Nanoparticles
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Figure 3. UV-Vis spectra of SV, the GC-CA conjugate, and the
SV-GC-CA nanoparticle in anhydrous MeOH/H,O (2:1, v/v).

of its reactivity for quinone moieties in PD-Treated Ti surfaces.
For surface immobilization, aqueous solutions of the SV-
GC-CA nanoparticles with various concentrations (1~10 g/L)
were equilibrated with Ti substrates. Each Ti substrate was
denoted as SV-GC-CA-Ti 1, SV-GC-CA-Ti 4, SV-GC-CA-Ti
5, and SV-GC-CA-Ti 10. Figure 4 shows increased nanoparti-
cle density in SV-GC-CA-Ti 10 relative to the SV-GC-CA-
Ti 5 group. This result suggests that the number of immobilized
nanoparticles can be conveniently controlled by adjusting
the concentration of the SV-GC-CA nanoparticle solution.
The successful immobilization of the nanoparticles onto
the Ti surface was confirmed by XPS spectra (Figure 5). For
PD-Ti substrates, the atomic signal of the nitrogen element,

Nanoparticle d (nm) ¢*(mV)

wll*"

SV Loading Content (wt%) SV Loading Efficiency (%)

SV-GC-CA

3714 9.2 0.19

9.8 97.9

“Estimated at pH 7.4. Polydispersity factor by dynamic light scattering.
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Figure 4. Surface morphology of bare Ti, PD-Ti, and SV-GC-

CA-immobilized Ti substrates observed by FE-SEM. Scale bars
represent 50 pm.
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Figure 5. XPS survey spectra of bare Ti, PD-Ti, and SV-GC-CA-
immobilized Ti substrates.

Table II1. Surface Analysis Results of Bare Ti and SV-GC-CA
Nanoparticle-Immobilized Ti Substrates

Surface Atomic Composition (%)

Sample

[€C] [N] [O] [Ti]
Bare Ti 32.8 1.4 47.7 18.0
PD-Ti 514 4.0 35.1 9.3
SV-GC-CA-Ti 1 60.9 4.8 30.6 3.5
SV-GC-CA-Ti 4 65.3 54 28.8 0.3

which was seldom found in the spectrum of bare Ti substrates,
was found to be 4.0% due to the nitrogen of PD coatings. In the
case of to SV-GC-CA-immobilzied Ti subtrates, the increased

Macromol. Res., Vol. 24, No. 1, 2016

100
643 +59
80 * 59.8£7.0 60.2 29
—_— E E 563+ 4.7
o
S T
S o I T =
c
<
e
QO 40t
©
8
c
o
O 4l
0 ‘ . . .
Bare Ti PDTi  SV-GC-CA-Ti1SV-GC-CATi 4

Figure 6. Static contact angles of bare Ti, PD-Ti, and SV-GC-
CA-immobilized Ti substrates.

ratio of nitrogen was found (4.8%), and it was increased to
5.4% with increasing the nanoparticle concentration (Table
[II). The increased number of immobilized nanoparticles on
the surface of the Ti substrates may result in an increased number
of amine groups on the GC surface, which is the source of
the nitrogen element. In addition, as the nanoparticle con-
centration used for surface immobilization increased from 1 g/L
to 4 g/L, the surface atomic ratio of the Ti element decreased
from 3.5% to 0.3% (Table III). This indicates that the exposed
area of Ti decreased by increasing the nanoparticle density.

The static contact angles were estimated for nanoparticle-
immobilized Ti substrates (Figure 6). The contact angle of the
bare Ti was 64.3°. The contact angle was similar for SV-GC-
CA-Ti 1 (56.3°) and SV-GC-CA-Ti 2 (60.2°), despite the increas-
ing surface density of the SV-GC-CA nanoparticles.

Release of SV from SV-GC-CA Nanoparticles Immobilized
on Ti Substrates. To obtain release profiles of SV, the Ti
substrates were prepared using two different concentrations
of SV-loaded nanoparticles, 5 g/L and 10 g/L. SV was released
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Figure 7. Cumulative in vitro release profiles of SV from SV-
GC-CA-immobilized Ti substrates.
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Figure 8. Attachment of MC3T3-El1 cells on surfaces of various
Ti substrates.

in a greater amount from SV-GC-CA-Ti 10, as compared to
the release amount from SV-GC-CA-Ti 5. These kinetics support
the dose-dependent diffusion-based release of nanoparticles.
The amount of the cumulative release of SV at 20 days was
28.1 pg from SV-GC-CA-Ti 5 and 39.2 pg from SV-GC-CA-
Ti 10. The release of SV from SV-GC-CA nanoparticle-
immobilized Ti substrates lasted for up to 20 days (Figure 7).
The sustained release SV may efficiently promote osteogenic
differentiation of MC3T3-E1 cells.

Attachment of MC3T3-E1 Cells on SV-GC-CA Nanoparti-
cle-Immobilized Ti Substrates. The attachment of stem cells
or osteoblasts on biomaterials surface is critical for cellular func-
tions that can enhance osteogenic differentiation. To date, MC3T3-
E1 cells have been used in various applications, including res-
toration of bone tissue function and regeneration of dam-
aged tissues.”** The attachment of MC3T3-E1 cells needs
to be confirmed in order to differentiate MC3T3-E1 cells into
cells that can be used for bone regeneration. The attachment
on various Ti substrates was estimated by calculating the num-
ber of attached MC3T3-E1 cells after 6 h of culturing. Fig-
ure 8 shows the number of MC3T3-E1 cells adhered to the
nanoparticle-immobilized Ti surfaces. The number of MC3T3-
E1 cells adhered to bare Ti and PD-Ti surfaces was found to be
similar. On the basis of this result, the immobilization of the
SV-GC-CA nanoparticles onto Ti substrates did not provide the
harmful environment for attachment of MC3T3-E1 cells.

Alkaline Phosphatase (ALP) Activities. ALP, one of the
most important markers of osteogenic differentiation, is expressed
in the early stage of osteoblastic cell lines.”** We evaluated
the ALP activity on SV-releasing nanoparticle-immobilized Ti
substrates. ALP activities of various Ti substrates were estimated
at pre-determined specific time points during 2 weeks. In order
to examine the effect of SV on osteoblastic differentiation,
ALP levels of MC3T3-E1 cells cultured on bare Ti, PD-Ti,
SV-GC-CA-Ti 1, and SV-GC-CA-Ti 4 substrates were measured
at 10 and 14 days (Figure 9). For all of the specimens, the ALP
level increased up to 14 days. The cells cultured on SV-GC-CA-Ti
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Figure 9. ALP activities of bare Ti, PD-Ti, and SV-GC-CA-immobi-
lized Ti substrates.

1, and SV-GC-CA-Ti 4 substrates showed significantly higher
ALP activity than that of bare Ti. This result suggests that the
sustained release of SV from the Ti substrates efficiently
promote the osteogenic differentiation.

Conclusions

We developed a novel surface treatment approach for Ti
substrates by immobilizing SV-releasing polymer nanoparticles
on Ti surfaces. The SV-GC-CA nanoparticles could be chemically
immobilized on the dopamine-polymerized Ti substrates.
The SV-GC-CA nanoparticles were immobilized on Ti surfaces
through a simple dipping process. The density of the immo-
bilized nanoparticles was readily controlled by adjusting the
concentration of the nanoparticle solution. SV was sustainably
released in a controlled manner. The SV-releasing Ti substrates
promoted the osteogenic differentiation. The approach described
in this work may find many applications as surface controlled
releasing systems for bioactive orthopedic and dental implants.
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