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Composite PCL/HA/simvastatin electrospun nanofiber coating
on biodegradable Mg alloy for orthopedic implant application
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Abstract Recently, magnesium (Mg) and its alloys
have attracted more attention because of their
biodegradability and fascinating mechanical properties
in the medical field. However, their low corrosion
resistance and high degradability in the body have a
great effect on mechanical stability and cytocompati-
bility, which hinders its clinical applications. Therefore,
here we introduce a bifunctional composite coating
composed of polycaprolactone and synthesized
hydroxyapatite nanoparticles (HA-NPs) loaded with
simvastatin deposited on the AZ31 alloy via electro-
spinning technique. The synthesized HA-NPs and
composite nanofibers layer were characterized using
TEM, FE-SEM, FTIR, and XRD to understand the
physiochemical properties of the composite nanofibers
compared to pristine polymer and bare alloy. Corro-
sion resistance was evaluated electrochemically using
potentiodynamic polarization and EIS measurements,
and biodegradability was evaluated in terms of pH and
Mg ions release in SBF solution. The as-prepared
coating was found to retard the corrosion and
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increased the osteocompatibility as resulted in cell
culture test, a higher cell attachment and proliferation
on the implant biointerface, in addition to releasing
simvastatin in a controlled platform.
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Introduction

Magnesium (Mg), a light metal with appeahng prop-
erties such as a low den51ty of 1.74 g/cm® and good
mechanical properties, is sultable for different appli-
cations, such as aerospace, ! the automotive 1ndustry,
telecommunications,’ and medical applications.*> Re-
cently, the demand for a biomaterials substitute has
attracted more attention to Mg, a biodegradable metal
that might be a promisi ng candidate for bone fixation
and tissue regeneration.” Mg and its alloys show a
unique advantage in repairing damaged tissues in
orthopedic application, as Mg could be a temporary
implant because of its biodegradability in the body.”*®

Moreover, Mg ions are essential in living cells, for
instance, about 50% of Mg ions in the human body are
found in bone. Due to its biodegradability, it can
eliminate the second surgery requirement as it even-
tually degrades and corrodes in the body after healing
the surrounding tissues. 911 Another advantage is that
Mg ions are nontoxic and can be excreted from the
body via the kidneys.'? On the other hand, 1mp1anta-
tion of Mg in the body is limited by its poor corrosion
resistance which affects its mechanical properties for
long-term implantation. Up to date, surface modifica-
tion could be a promising way to improve corrosion
resistance and biocompatibility of the implant.'*'
There is a different biofunctional coating made of
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polymers, ceramics, or composites that can be applied
to Mg and its alloys

Electrospinning is a versatile technique that can
produce nanofibers with web-like architecture that
mimics extracellular matrix (ECM), improving cell
adhesion and attachment.'”™'® For hard tissue applica-
tions, synthetic biodegradable golymers such as poly
(lactide-co-glycolide) (PLGA), ~ poly (s c E)rolactone)
(PCL), and poly (I-lactic acid) (PLLA),”** and their
copolymers, have been used on a large scale because of
their favorable biocompatibility and biodegradability.
Among these polymers, PCL is an FDA-approved
biomaterial characterized with its biodegradability, low
cost, flexibility, and high biocompatibility with osteo-
blasts, which makes it an excellent candidate for
durable implants.** However, most of the polymers,
including PCL, have restrictions in orthopedic appli-
cations because they are hydrophobic, not stiff enough,
and lack bioactivity.”® A combination of these poly-
mers with bioactive inorganic phases, such as hydrox-
yapatite (HA), bioactive glass (BG), and tricalcium
phossphate mlght overcome their low biodegradabil-
ity. HA is highly bioactive which helps to form a
mineral-like apatite phase on the material surface that
ultimately induces a direct bond with the bone
tissues.”” > Much effort has been devoted to using
HA abilities in different composites incorporated in
different kinds of polymers, such as PLGA/HA,
PLLA/HA, PCL/HA, pol;/ (3-hydroxybutyrate) (P
(3HB))/HA, among others.”* Compared with micro-
fillers, the larger specific surface area of HA nanofillers
affects organic-based composites much better with
more bioactivity. To improve composite coating bioac-
tivity on the Mg implant loadlng drugs into these
biomaterials was performed.”’ Recently, biodegrad-
able materials functionalized with antibiotics, growth
factors, chemotherapeutic agents, and antiinflamma-
tory drugs have been introduced into dru% delivery
systems, showing significant 1mprovement

In the present study, the major objective is to
enhance corrosion resistance and improve osteointe-
gration using HA/SIM composite coating. Figure 1 is a
schematic diagram that summarizes the experimental
procedure of our study. Bone tissue engineering ECM
contains collagen nanofibers and HA nanoparticles.
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Fig. 1:

Composite nanofiber

Piskin et al. found that application of SIM drug has a
positive effect as it can significantly increase bone
formation.”* We hypothesized that the combination of
HA/SIM incorporated with PCL polymer in composite
nanofiber could promote apatite formation on the
implant biointerface by biomineralization capability
and bone formation. On the other hand, corrosion
products on Mg alloy surface rich of apatite labile ions
could improve the biological response. Moreover, SIM
release could improve bone formation and MC3T3-
osteoblast cells proliferation.

Materials and methods
Materials

The materials used in this study were as follows: Poly
(e-caprolactone) PCL (average Mw: 80,000), ammo-
nium phosphate dibasic (NH4),HPO,, Hank’s bal-
anced solution, and simvastatin were purchased from
the Sigma-Aldrich Company (South Korea). Calcium
nitrate tetrahydrate (Ca(NOj3),.4H,O) (Alfa Aesar
Company, South Korea), aqueous ammonia solution,
chloroform and methanol, ethanol were purchased
from Samchun Pure Chemical, South Korea. Mg, Al,
and Zn alloy with design AZ31 were obtained from
Alfa Aesar Company, South Korea, then resized with
dimensions of 12 x 12 x 6.35 mm>, and further pol-
ished with 200 and 2000 grit SiC paper. The samples
were degreased in acetone for 10 min, then sonicated
for 15 min, then immersed in distilled water, and finally
dried at 60°C.

Synthesis of Hydroxyapatite Nanoparticles
(HA-NPs)

Hydroxyapatite nanoparticles (HA-NPs) were synthe-
sized usm% wet chemical precipitation, as reported
previously.” Briefly, a 0.6 M (NH4),HPO, aqueous
solution was added dropwise to a 1 M Ca(NO3),.4H,O
aqueous solution with strong stirring overnight. The
ratio of Ca/P was 1.67 when these solutions were mixed

Cell attachment

lllustrative diagram explains the route steps of Mg alloy coated with electrospinning technique to the outer surface

of Mg alloy using the different polymeric and composite nanofibers
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to produce HA-NPs; to adjust the pH of the solution,
ammonium solution was added until the pH reached 11.
Thereafter, the solution was stirred for 4 h at room
temperature (RT) and then was heated to 90°C for
1.5 h under continuous stirring. Then, the resulting
precipitate was kept at RT under vigorous stirring for
24 h to produce a homogeneous solution. Finally, the
solution was filtered by using distilled water to wash the
precipitate several times, then by alcohol, and finally by
a mixture of alcohol and distilled water (volume
ratio = 1:1). The final precipitated HA-NPs were dis-
persed in alcohol to modify the agglomeration of the
obtained powder. The powder was dried under vacuum
for 24 h at 70°C and then calcined at 650°C for 4 h.

Preparation of PCL/HA-NPs/simvastatin
nanocomposite coating

Nanocomposite fibers were prepared by electrospin-
ning. Prior to mixing nanoparticles and polymer, HA-
NPs were dispersed in a mixture of chloroform/
methanol with ratios of 3:1 v/v and stirred for 6 h with
a magnetic stirrer.”>*® To this mixture, a weighed
amount of PCL was added to obtain 8 wt% of polymer
composite solutions, which were then stirred overnight.
A 10 wt% of the nanoparticles was added to the
mixture of the PCL. Then, the prepared solution was
sonicated for 15 min for further dispersion, after which
SIM (5 wt% of the PCL) was added before electro-
spinning the composite solution. The electrospinning
was set up at a DC voltage of 16 kV for 10 min with a
flow rate of 1.45 ml/h for each surface to keep all
samples at the same conditions, upon applying high
voltage, a fluid jet was ejected, as the jet accelerated
toward the collector, the solvent evaporated and the
nanofibers were collected on the Mg alloy surface, and
thereafter samples were vacuum-dried. Hereafter, in
this study, the samples coated with PCL, PCL with
HA-NPs, and PCL with HA-NPs/SIM are referred to
as PCL, PCLH, and PCLHS, respectively.

Surface characterization

The different morphologies of the composite nanofi-
bers on the Mg alloy surface were characterized by
using a field emission scanning electron microscope
(FE-SEM, Carl Zeiss supra-40 VP Germany). The X-
ray diffraction (XRD, Rigaku, Japan) measurements
were performed in a continuous scanning mode at a
rate of 5°min. Fourier transform infrared (FTIR)
spectra of the different samples were directly measured
using an FTIR, ABB Bomen MB100 spectrometer,
scan range 4000-400 cm™' in transmittance mode
(PerkinElmer, Spectrum GX, USA), and characteriza-
tion for the synthesized HA-NPs was performed using
transmission electron microscopy (BIO-TEM HITA-
CHI H-7650 Japan).

Electrochemical corrosion test

The electrochemical corrosion test was performed
using a potentiostat device (ZIVE SP1, South Korea).
The test was performed on a cell containing SBF
solution at 37°C, pH = 7.4. The potentiodynamics were
measured by using a linear sweep on Ag/AgCl
saturated in KCl as the reference electrode and
platinum as the counter electrode. During the mea-
surements, the initial potential (Ey) was 2.5 V and the
final potential (E,) was 1.5 V. A STEP-PSTAT control
was used, and the ranges of the current and voltage
were 10 pA and 10 V, respectively; the scan rate was
set at 5.0 mV/s. The exposed specimen area measured
was 0.875 cm®. Potentiostatic EIS was measured with
the same setup of the cell, with initial, middle, and final
frequencies at 1 kHz, 100 MHz, and 0.1 Hz, respec-
tively. All samples were exposed to the solution before
testing until a steady state of the open-circuit potential
was reached. The EIS spectra were analyzed and fitted
in terms of an equivalent circuit using the commercial
software ZMAN.

Immersion test

According to the ASTM standard G31, the immersion
test was performed where samples were immersed in
SBF solution at 37°C for 1, 3, and 7 days; the ratio of
the surface area to the solution volume was 1:30 cm?/
mL.° The SBF solution was prepared as in our previous
work.?” Thereafter, the surface of the bare and coated
samples was observed by using FE-SEM after the
immersion test. In addition, the samples biodegrad-
ability was analyzed in terms of the pH of the extract at
different intervals of time. Furthermore, ICPS (induc-
tively coupled plasma spectroscope) was used to
measure the amount of Mg ions released from the
bare and coated samples, and the extraction solution
was diluted with DI water.

Drug release test

Simvastatin loaded with a PCL/HA-NPs nanocompos-
ite on AZ31 alloy was soaked in 15 ml PBS at 37°C for
predetermined times; 3 ml of PBS was removed for
sampling and replaced with fresh PBS. Using a UV
spectrophotometer, the amount of drug release was
calculated at a wavelength 238 nm of maximum
absorbance of simvastatin in PBS. The calibration
curve of the simvastatin in PBS solution was calculated
by measuring the absorbance versus different known
concentrations of simvastatin.®® For this interval, the
calibration curve fits the Lambert and Beer’s law:
A =0.0253 + 0.53621 x C, where A is absorbance and
C is concentration (mg/ml). In this test, samples were
triplicated and an average value was reported.

479



J. Coat. Technol. Res., 16 (2) 477-489, 2019

Cytocompatibility and cell proliferation

Cellular response in terms of cytotoxicity and cell
compatibility of the composite nanofiber-coated AZ31
alloy was investigated with CCK-8 and compared with
the bare sample, with mouse preosteoblast cells
(MC3T3-E1). The cells were cultured at 37°C under
5% CO; in alpha-MEM (a-MEM; Gibco, Tulsa, OK,
U.S.) with 10% fetal bovine serum (FBS; Gibco) and
1% penicillin-streptomycin. The extract was prepared
by immersing the samples in 20 ml «-MEM for 24 h at
37°C. Cells were grown on the extract for 1, 3, and
5 days, and the proliferation was evaluated by using
Dogindo’s cell-counting kit-8; 500 pl. of MC3T3-E1
osteoblast cell suspension (7.500 cells/well, alpha MEM
with 10% FBS, and 1% penicillin—streptomycin) was
dispensed in a preincubated 48-well plate containing an
amount of extract for the designated time. Cell
proliferation of the different samples was observed at
1, 3, and 5 days, where 100 pL of cell suspension
extract, added to100 pL of Alpha-MEM from each
well, was transferred to 96-well plates, and 20 pL of
cck-8 solution was added to each well, followed by 4-h
incubation at 37°C. Absorbance of each well’s content
was measured by using a microplate reader (Tecan,
Austria) at a wavelength of 450 nm. To observe cell
attachment, the cell morphology of the different
samples was observed by using FE-SEM after 1 and
3 days. This was performed by cell fixation with 3.5%
glutaraldehyde for 1.5 h, with dehydration of the
sample by regular increases of the concentration of
ethanol from 25%, 50%, 75%, and 100%, then dried
overnight and mounted for FE-SEM imaging.

Results and discussion
Materials characterization

Hydroxyapatite is a bioceramic material that has
excellent bioactivity behavior. Figure 2 shows the
morphology and characterization of the synthesized
HA-NPs. Figure panels show the TEM image, where it
has nanorod-like shapes. To clearly assess the assem-
bling structure of the HA nanorods, XRD peaks of HA
show a higher crystal structure at 20 = 26° and 20 = 32°
as shown in Fig. 2c. Fourier transform infrared (FTIR)
spectroscopy was employed to characterize the differ-
ent functional groups of HA-NP CalO (PO,4)s(OH),.
The first indication for formation of HAp is in the form
of a strong complex broad FTIR band centered at
about 1000-1100 cm ™' due to asymmetric stretching
mode of vibration for the PO, group. The band at
560 cm ! corresponds to symmetric P-O stretching
vibration of the PO, group. FTIR spectrum shows a
transmission at 560 cm ! assigned to the characteristic
phosphate (v4) band, at 1024 cm ™' assigned to the
phosphate (v3) band, and at 3570 cm ™~ assigned to the

480

(OH) stretching group of the fabricated hydroxyapatite
nanoparticles.”

The resulting PCL nanofibers and nanocomposites
are shown in Fig. 3. FE-SEM images show a uniform
distribution of the nanofibers on the AZ31 alloy
surface among the coated samples. The PCLH
nanocomposite morphology was affected by nanopar-
ticles substitute; for instance, increasing the fiber
diameters affects the nanocomposite fibers in the drug
loading. The successful electrospinning of PCL, PCL
dispersion with HA-NPs, and simvastatin formed
dense, well-adhered nanocomposite fibers on the
AZ31 alloy surface. The average fiber diameter was
354 + 238 nm for the PCL solution, 367 &+ 175 nm for
the PCLH composite nanofiber, followed by
387 4+ 215 nm for the PCLHS fiber. The electrostatic
force generated between the nozzle and AZ31 Mg
alloy directly affected the fiber morphology.*’

The crystal structure and phase composition of the
different samples, as characterized by using X-ray
diffraction, are illustrated in Fig. 4. In the pattern of
the bare Mg alloy, peaks of Mg found by X-ray were
observed. When we looked at the samples coated with
PCL, PCLH, and PCLHS, 1peaks of PCL appeared at
20 = 21.6 and at 20 = 23.8.*! In the PCLH samples, the
HA peak appeared at 20 = 32°® which indicated
formation of the nanocomposite on the AZ31 alloy
interface; the inset figure in Fig. 3 shows a low peak
intensity compared with the Mg peaks of the substrate.
Moreover, there were no characteristic peaks for the
drug, because of the low drug concentration compared
to that of the other materials.

The chemical bonding of the different samples was
characterized with FTIR analysis, as shown in Fig. 5.
The absorption bands on the PCL coating related to
stretching vibrations were explained for both plain
PCL polymer and the composite coating. Peaks at
2944 and 2865 cm™! were assigned to the asymmetric
CH, stretching. The stretching peaks at 1722 cm ™'
were assigned to the ester and lactone carbonyl; the
one at 1293 cm™' was assigned to C-O and C-C
stretching in the crystalline phase; and the one at
1241 cm™! was assigned to asymmetric C-O-C
stretching. There was a significant decrease in the C—
O and C-C crystalline structure on the composite
fibers compared to that of the PCL coating. The
composite fiber samples’ characteristic (PO,); absorp-
tion bands attributed to hydroxyapatite nanoparticles
were found at 564 and 603 cm™ . The FTIR spectrum
further confirmed the presence of HA and PCL in the
composite coating.

Sample biodegradability

Potentiodynamic polarization test was used to detect
the formation of a protective film on the alloy surface
and to see how the electrospun nanofibers and com-
posites affected the corrosion protection in SBF
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Fig. 2: Characterizations of synthesized HA-NPs: (a) TEM image, (b) FTIR spectrum, (c) Wide XRD patterns, and (d) narrow

XRD patterns

solution. The related polarization curves are presented
in Fig. 6a, and the resulting parameters are summa-
rized in Table 1. Basically, high corrosion resistance
shows a low corrosion current density, high metal
potential, and high polarization resistance. Here, the
resulting corrosion potentials (E..,) of the bare Mg
alloy, PCL, PCLH, and PCLHS samples were —1.44,
—1.39, —1.42, and —1.41 V, respectively. On the other
hand, the corrosion current densities (I...) values are
6.26, 0.017, 5.33, and 0.812 uA/cm2 for bare, PCL,
PCLH, and PCLHS, respectively; these values are
summarized along with anodic Tafel slopes (b,),
cathodic Tafel slopes (b.), and corrosion rate (CR) in
Table 1. Current results show improvement on corro-
sion current density values which were found to be
significantly decreased, as a result, a lower corrosion

rate was obtained.™’ These results could show an
increase in the corrosion potentials and decrease in
corrosion current densities compared to the bare
sample, which indicates higher corrosion resistance as
mentioned previously. The improvement in the corro-
sion resistance indicates that the nanofiber film on the
surface could prevent a direct reaction with chloride
ions in SBF solution with the inner surface of the
alloy.*” The substrates coated with only PCL show
more corrosion resistance than did the bare sample;
however, the corrosion potential decreased after
adding the HA-NPs as compared to PCL only, as
shown in Fig. 6a, perhaps because the added hydro-
philic nanoparticles, such as HA, are more susceptible
to reaction with SBF, forming CaCl, and other
corrosion products. The value of the polarization

481



J. Coat. Technol. Res., 16 (2) 477-489, 2019

uonnquisip siajawelp Jaqy pue Abojoydiow siaquoueu aysodwod pue uejd undsol3osle ayj o sabewl WIS-34 :¢ B4

006-008 008-00L 00/-009 009-00S 00S-00% 00¥—00€ 00€-002 002—00L

G2
- 0g
r SE

wu G1.g F /8¢ = abelony - oy

SH1OJ I, <,

Sunoy

006—-008 008-00/ 00/-009 009-00S 00S-00% 00¥—00€

wu G/ | F 29¢ = ebeiany

00€-00C 00200+

4

Sjunon

006-008 008-00Z 00,-009 009-00S 00S—00% 00¥—00€ 00€-00Z 002-004

wu 8€g F G€ = abelony

oL

Sk

- 0c

4

-0g

- ge

10d |

sjunon

482



J. Coat. Technol. Res., 16 (2) 477-489, 2019

1 Bare alloy == 1 PCL 1
3 | 1
s 00-
: s 1
g : 1 1
£ 1 g
E
(P }\ 1 1
Y | 2 || 5
10 20 30 40 50 60 70 80 90 10 20 30 40 5 e 70 80 9
- — oo
1 rekt T " 1| PCL-H-s 1
El : 3| 1
S 2
E 15 1
£ £
1
1 1 1
3 M LJL—J\-—J .t \-E-M.Ed? U L.JLJ -
10 20 30 4 s 6 70 80 90 T h e a .
26(°) 20()

Fig. 4: XRD patterns of bare AZ31 alloy and different coated

(Coding refer: 1 = Mg, 2 = PCL, 3 = HA)

resistance (R,,), which is inversely proportional to the
corrosion current density, was also calculated using
Stern-Geary equation (1).”’

bsb,

R,=— %°¢
P2 3o (ba+be)

(1)

The polarization resistance of PCL, PCLH, and
PCLHA coatings was 10.71, 8.38, and 93.25 (Q/cmz),
respectively. These values are significantly higher than
that of bare alloy, 5.7 (Q/cm?).

Electrochemical impedance spectroscopy (EIS) is an
efficient way to better explain the corrosion process at
AC voltage compared to DC potentiodynamics. The
resulting Nyquist curves of the bare alloy, PCL, PCLH,

Mg alloy samples with pristine and composite nanofibers

and PCLHS samples are shown in Fig. 6b. The results
were calculated and fitted after immersion of the
samples in SBF solution (Table 2). The coated samples
showed a single capacitive loop at all high frequencies,
while the loops of bilayered PCLH, PCLHS, and
monolayered PCL coating have significantly larger
diameters than the bare alloy. The presence of only
one capacitive loop in the coated samples indicated
that the electrochemical reaction area at the
metal/coating interface was still small in this immersion
period. This phenomenon made it hard to separate the
time relaxation of the physical impedance of the
coating from that of the electrochemical reaction
impedance at the Mg alloy/coating interface.*’ The
EIS results of the bare sample can be fitted well using a
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Fig. 5: FTIR absorption spectra of pristine and composite
nanofiber of PCL, PCL-loaded HA-NPs and SIM drug
samples on AZ31 alloy

simple equivalent circuit as indicated in Fig. 6¢ which
was composed of Rs, representing the electrolyte
resistance, capacitance (1, and resistance R; associated
with the compact oxide layer of the bare sample.
However, after coating, the circuit increased two
resistance elements because of the coating film; Q, is
the coating capacitance, and R, is the coating pore
resistance and charge transfer. In general, the higher is
the charge transfer resistance, the higher is the sample
corrosion resistance. The charge transfer resistances
(R,) of the PCL coating and of the bilayer PCLH and
PCLHS coatings are 21.12, 19.07, and 33.51 kQ,
respectively, which are all significantly higher than
that of the bare sample, which has a resistance of
1.16 kQ. This improvement in corrosion results can be
attributed to the formation of a thin polymer layer on
the surface, which provides sufficient protection for the
substrate against corrosion. Moreover, the coating
resistance of PCL nanofiber is the highest compared
to that of the other coated samples. It is revealed from
our results that a composite has a higher average fiber
diameter because of the nanoparticles, which affect the
porosity, permitting the SBF solution to penetrate into
the substrate, as well as surface hydrophobicity, which
mainly affects the resistance of the substrate.”” Corro-
sion products are another important issue, because
they affect the surrounding tissues when biomaterials
are implanted into the human body. Figure 7 shows the
FE-SEM images of the corroded surfaces after immer-
sion of the different samples in SBF solution. The
surface of the bare sample shows cracks, which look
small after 1 day of immersion and increase after
7 days of immersion because of the distortion of the
outer surface and high reactivity.** The PCL coating
samples show small pores and cracks, which increased
with immersion time. HA nanoparticles on the
nanofibers play a role in forming HA as a biominer-
alization and corroding the implant interface.
Biodegradability of Mg implant could be repre-
sented in chemical equation (2) in terms of pH value
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Fig. 6: (a) Potentiodynamic polarization curves of the
different samples in terms of working electrode potential
and current density. (b) Nyquist plot and equivalent circuit
for bare and coated samples. (c) Equivalent circuit of the
different samples

and Mg ions release. Hydroxide group represents the
alkalinity of the sample when immersed in the SBF
solution. Figure 8a shows the changes of pH of the SBF
solutions containing bare alloy, PCL, PCLH, and
PCLHA. Because of the degradation process, all
samples had an alkaline solution. However, compared
to the AZ31 alloy, PCL, PCLH, and PCLHA had
lower pH after 7 days of immersion. The pH of the
bare alloy reached 11.5, whereas that of the coated
samples was 9.6. Higher pH can lead to complications,
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Table 1: Electrochemical parameters of potentiodynamic polarization curve of the different samples in SBF solution,
data are fitted using Tafel curve

Sample Esorr (V) leorr (nA/CM?) by (v/div) b (v/div) Re (KQ.cm?) CR (mmpy)
AZ31 —1.44 6.26 0.77 0.093 5.7 20.5
PCL —1.39 0.02 0.13 0.065 10.7 0.1
PCLH —1.42 5.33 0.47 0.132 8.4 17.4
PCLHS — 1.4 0.81 0.45 0.284 93.3 2.7

Table 2: Typical fitted results of the EIS spectra equivalent circuit parameters of the different coated samples
compared to the bare alloy. EIS performed in SBF solution at 37°C

Sample Rs (Q) R (KQ) C (n) R, (KQ) Q; Ry(KQ) Q
AZ31 210 1.16 2.62 - - - -
PCL 250 - - 21.1 483.8 40.2 891.5
PCLH 244 - - 19.0 881.2 7 895.0
PCLHs 230 - - 33.5 825.2 8 899.8

Fig. 7: FE-SEM images indicate surface morphology of bare and coated samples after immersion in SBF solution for 1, 3,
and 7 days at 37°C
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Fig. 8: (a) Mg ion release from the coated substrates
compared with the bare alloy in SBF solution. (b) pH
value change in SBF solution containing different samples
conditions in different intervals of times

like hemolysis; so controlling the local pH is very
important for bone implant applications."

Mg +2H,0 — Mg™ +2 OH™ +H, | (2)

Mg ions are another factor to indicate biodegrad-
ability of the Mg implant. In Fig. 8b, more Mg ions are
released from the bare alloy than from the coated
samples. The PCL coating showed the lowest ion
release among the coating samples, perhaps because
the hydrophilic effect of hydroxyapatite can increase
the dissolution of Mg, since hydrophilic particles
facilitate ion penetration.

Drug release test

Figure 9 shows the drug release profile of nanocom-
posite fibers containing 5 wt% of the drug. Two phases
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Fig. 9: Cumulative in vitro release profile of simvastatin
from the coated substrate in PBS solution. The data are
calculated as the mean + SD (n = 3 and p < 0.05)

can be observed in the release behavior, an initial rapid
release followed by a sustained release. After the first
day, 65.43% of the drug was released into the PBS
medium as the first phase, and 15.85% of the loaded
drug was released in the second phase. PCL is a
hydrophobic and semicrystalline polymer. As shown in
the previous section, it exhibits a low degradation rate,
and simvastatin is also a hydrophobic drug. (Its
solubility in water is about 0.03 g/l.) We hypothesize
that the drug may be incorporated into the amorphous
part of the semicrystalline polymer; so the drug is
released first by diffusion from these composites. Then,
the release rate becomes slower as the drug is released
by degradation of the polymer, showing a uniform and
slow degradation. The results of our study show that
this nanocomposite fiber web on AZ31 alloy can
release simvastatin in a controlled manner, making it
a suitable drug delivery device.

Cytocompatibility and cell proliferation

In vitro cytocompatibility evaluation is a basic biolog-
ical test for biomaterials. Cell proliferation is the first
sign of biocompatibility using materials extraction, as
well as cell attachment to the biomaterials interface.
Figure 10a shows CCK assay data, and PCLH samples
show higher cell proliferation compared to bare alloy
of AZ31 after 24 h, while PCLHS shows the highest
cell growth among the samples. Significant cell prolif-
eration was noticed after 3 and 5 days of incubation for
PCLHS, and it was clear that the composite coating
resulted in higher proliferation and continuous cell
growth revealing the osteogenic effect of simvastatin
on cell proliferation. These results confirm that HA-
NPs and SIM play an important role in cell prolifer-
ation and bone cell differentiation.'” In contrast, the
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Fig. 10: (a) Cell proliferation through 1, 3, and 5 days of incubation. The data are reported as the mean + SD (n =3 and
p < 0.05). (b) FE-SEM images show cell attachment with direct contact assay after 1 day and 3 days for the bare AZ31 alloy

and different coated samples

extract of the bare samples showed lower cell prolif-
eration than with the coated samples but does not show
any toxicity to the cells. We predicted that the number
of cells would statistically increase more for the coated
AZ31 alloy at each time interval than for the bare
samples, meaning that all the coated samples have a
significantly better initial biocompatibility than the
bare alloy group. To confirm this hypothesis, the FE-

SEM images show morphologies of the MC3T3 mouse
osteoblast cell line after 1 and 3 days of the culture
test. Figure 10b shows cell attachment to the interface.
For the bare alloy after 1 day of incubation, the
morphology of the cells does not appear to be normal
and healthy because of the presence of cracks and
combined hydrogen release, which results in the
absence of cells. On the other hand, incorporation of
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HA-NPs and SIM into the polymer matrix improved
the biocompatibility according to cell attachment. This
behavior may result from better adsorption of extra-
cellular matrix (ECM) proteins, such as fibronectin, to
the composite nanofibers than to the plain polymers,
perhaps because the fiber web mimics natural ECM
and HA as well as the drug incorporation.*> Hence, the
PCLHS composite coating was highly compatible with
bone regeneration.

Conclusions

To sum up, our results show that synthesized HA
resulted in crystal structure analysis with XRD and
FTIR techniques. Electrospinning of Mg coating with a
composite PCL/HA/SIM nanofiber is an effective
strategy to retard degradation and improve osteoblast
cell proliferation. Results indicate that nanofibers
loaded with HA and simvastatin works as a dual-
functional coating toward enhancing bone tissue
regeneration and controlling the degradation process.
Samples degradation was found to be controlled by
means of nanocomposite coating that was evaluated
through electrochemical polarization and EIS tech-
niques. Drug loaded within the composite matrix
shows excellent bioactivity, inducing biomineralization
formation on the SBF solution in an in vitro test. In
vitro cell culture test revealed that using HA and
simvastatin improved cell adhesion and proliferation
more than bare alloy. Therefore, nanofiber composite
with PCL/HA/SIM by means of electrospinning could
have a potential role in drug delivery and hard tissue
engineering.
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