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This article demonstrates the use of hybrid nanofibers to improve the biodegradation rate and biocompatibility of
AMS50 magnesium alloy. Biodegradable hybrid membrane fiber layers containing nano-hydroxyapatite (nHA)
particles and poly(lactide)(PLA) nanofibers were coated layer-by-layer (LbL) on AM50 coupons using a facile
single-step air jet spinning (AJS) approach. The corrosion performance of coated and uncoated coupon samples
was investigated by means of electrochemical measurements. The results showed that the AJS 3D membrane
fiber layers, particularly the hybrid membrane layers containing a small amount of nHA (3 wt.%), induce a higher
biocorrosion resistance and effectively decrease the initial degradation rate compared with the neat AM50 cou-
pon samples. The adhesion strength improved highly due to the presence of nHA particles in the AJS layer. Fur-
thermore, the long biodegradation rates of AM50 alloy in Hank's balanced salt solution (HBSS) were significantly
controlled by the AJS-coatings. The results showed a higher cytocompatibility for AJS-coatings compared to that
for neat Mg alloys. The nanostructured nHA embedded hybrid PLA nanofiber coating can therefore be a suitable
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coating material for Mg alloy as a potential material for biodegradable metallic orthopedic implants.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently, magnesium and its alloys have received considerable at-
tention for application in biodegradable metallic implants due to their
excellent mechanical properties and bioactivities including excellent
damping capacity, high strength to weight ratios, low density, elastic
modulus similar to that of natural bone and unique biodegradation
characteristics [1-3]. The biodegradability of Mg alloys in human body
is among their most prominent advantages compared with other metal-
lic implant materials, such as titanium alloys and stainless steel. The ex-
cellent biocompatibility of magnesium and its alloys has also been
widely verified [3,4]. Despite these appealing aspects, rapid corrosion
and degradation rates under physiological conditions limit their clinical
application and often make them deleterious to the surrounding tissues
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[1]. Based on an in vivo study, Witt et al. [5] reported that at the early
stages after surgery, magnesium based implants show high degradation
rates. With time, the corrosion rate decreases due to the formation of
the corrosion products, which then decelerates the degradation rates.
Meanwhile, numerous studies [3,6-8] have shown that the formed cor-
rosion products at Mg surface cannot completely avoid the loss of mag-
nesium during implantation. The constituent of the formed surface layer
after corrosion varies according to the composition of the alloy. As a re-
sult, it is obviously difficult to control the degradation rate in physiolog-
ical condition even if pure alloys were used [8]. Therefore, it is very
important to explore new strategy (materials/method) for magnesium-
based biomaterials, with low corrosion rates and controlled corrosion
properties in order to be applied clinically.

One of the approaches to solve the challenges of corrosion is surface
modification. The corrosion resistance of several magnesium alloys was
significantly enhanced using surface modification [9,10]. The effective
anticorrosive coating must possess intrinsic durability, good adhesion
to the substrate, adequate flexibility, and adequate toughness proper-
ties to withstand the impacts and cracks and maintain its good appear-
ance. Earlier studies on magnesium alloys have shown that surface
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modification using biodegradable polymers is an effective approach to
make functionality of magnesium alloys and to fulfill most of the biode-
gradable metallic implant demands as promising bone implant mate-
rials [11-13]. It is favorable if the coating degrades into biocompatible
fragments or monomers capable of being metabolized by host cells;
however, the rate of degradation should match or be less than the rate
of tissue regeneration [1]. Hence, the chemical composition and surface
topography of the implantable materials surface which contact directly
to the host tissue play a key role for controlling the degradation perfor-
mance of biomaterials. Horan et al. [ 14] reported that the rate of degra-
dation changed significantly between bulk films and fibers. This
behavior can be explained based on the surface to volume ratio of the
developed coatings. Highly porous coatings of large surface area-to-
volume ratio can provide the necessary space for bone attachment
and cellular proliferation [15].

An effective method known as air jet spinning (AJS) has successfully
been developed by our group to fabricate 3D porous, and micro-nano
plain organic and organic-inorganic hybrid/composite fibers [16]. AJS
is inexpensive, requires very low initial and operational costs and re-
sults in a high production rate. The principle of AJS is based on exploiting
a high-speed compressed gas onto the prepared solution to form a poly-
mer jet, which undergoes extensive stretching before solidification
(Fig. 1). We used CH,Cl, solvent which has very low boiling point and
subsequently, high evaporation rate. In our previous study [16], we
studied the effects of different types of solvents on the coatings layer
formation and the presence of solvent residue in each layer after com-
plete drying. We found that the solvent remains only during the fabrica-
tion process and this could induce partially bonded fibers. We also
found that the surface morphology exhibited high interconnected
bonded fibers due to the reaction with the residual solvent during the
fabrication process. Interestingly, the bioactive nano-hydroxyapatite
(nHA) particles were effectively embedded on the poly(lactide)(PLA) fi-
bers' surface due to the difference in the kinetic energies between the
nHA particles and spinning polymer fibers [16]. This considers an
extra advantage to our AJS strategy, which allows the incorporation of
bioactive bio-ceramic particles within an organic matrix in order to im-
prove the bioactivity and the biological functions of the polymeric ma-
terials. The embedded nHA particles onto the fiber's surface not only
could improve the crystallinity and thermal properties of PLA scaffold,
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but also enhance its bioactivity. The concept of AJS depends on the de-
position of spinning component (LbL) on the substrate. We assume
that the protection performance of coatings increases when the same
film thickness is built up from multiple successive thin coats (LbL) rath-
er than a single bulk coating. The goal of this study is to exploit our AJS
strategy for direct deposition of a biodegradable hybrid nanofiber layer
by layer as advanced coating on AM50 Mg alloy surface to improve its
surface properties. Inorganic nHA particles embedded PLA fibers were
used to enhance the adhesion properties in comparison to pure organic
coating material. Furthermore, the integration of plain PLA (free nHA
particles) fibers or nHA/PLA hybrid fibers on the surface of magnesium
alloys potentially serves to inhibit the corrosion, tailor degradation rates
and enhance biological properties of Mg based biomaterials. Additionally,
LbL based polymer fiber coating can act as a carrier to deliver antibiotic
agents, such as cefoxitin sodium, or growth factors, such as BMP-2 [17].

2. Experimental
2.1. Materials

Diecast AM50 magnesium alloy samples provided by KITA,
Gangnam-gu Seoul, Korea, were cut from an ingot (7.5 + 0.5 kg per
piece) was used as the substrate material for evaluating the degradation
and corrosion protection performance under the testing conditions. The
chemical composition of the AM50 alloy is given in Table 1 based on the
supplier data sheet. The main alloying elements in AM50 alloy are alu-
minum (about of 5 wt.%) and manganese (less than 1 wt.%).
Diammonium hydrogen phosphate [(NH4),HPO4], calcium nitrate
tetrahydrate [Ca(NOs),-4H,0] sodium hydroxide (NaOH), ethanol and
hydrochloric acid (HCl) were used in the synthesis of the HA powder.
A high molecular weight PLA (Ingeo Biopolymer 2003D) biopolymer
grade was used. Dichloromethane (CH,Cl,, DCM) was used with a spec-
trophotometer grade 99.5% pure, having density of around 1.325 g/cm?
at 25 °C, boiling point 40 °C. Because DCM possesses low boiling point,
relatively shorter time is needed to evaporate of this solvent and subse-
quently easy formation of micro-nano scale fibers using AJS method as
well as it can avoid sedimentation of the inorganic particles in the
resulting nanocomposites membrane. All of the chemicals used in the
experiments were reagent grade.
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Fig. 1. Schematic illustration of the AJS mechanism for preparation of plain and composite nanofiber membrane layer by layer on AM50 coupons. Insets a and b indicate the convergent—

divergent nozzle design and throat of ejected fibers, respectively.
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Table 1

Chemical composition of magnesium AM50 substrate in weight %.

Element Al  Mn Zn Si Cu Fe Ni Be Mg
(wt.%) 49 045 02 0.047 0.008 0.004 0.00095 0.001 Bal

2.2. Samples and coatings preparation

Magnesium AMS50 alloy was cut into coupon samples of
12 x 12 x 2.5 mm (total surface area: 408 + 11 mm?). Prior to AJS treat-
ment, these samples were successfully mechanically grinded on various
grade SiC papers up to 1500 # with grit finish and subsequently,
polished mechanically with 1 um diamond grinding. The samples
were then ultrasonically cleaned in acetone for 5 min to remove the re-
sidual grease and then cleaned with distilled water. All samples were
dried for 3 h at 40 °C.

PLA was solubilized in DCM at 6 wt.% concentrations at 28.5 °C. This
dilute concentration induced a good fiber forming capability through
AJS process [16]. Following total polymer dissolution, synthesized nHA
powders were added with two different concentrations (3 and 7 wt.%)
into the optimized polymer solution (6%). nHA were prepared by
means of wet chemical precipitation route according to our previous
publication [18] (Further information regarding synthesis process and
analysis of obtained nHA particles are shown in supporting informa-
tion). Subsequently these suspension solutions were vigorously stirred
for more than 12 h followed by 1 h sonication at room temperature.
The mixing process is based on solution blending method where the
polymer and inorganic phases are connected by van der Waals forces
or hydrogen bonds [19]. It was found that the used mixing process is a
simple method to prepare organic-inorganic composite solution. All
prepared solutions induced Newtonian flow. Solutions viscosities were
measured by a Brookfield, DV-III ultra programmable rheometer at
room temperature, as shown in Table 2. Each prepared solution (one
pure PLA solution and two nHA/PLA suspended solutions) was injected
into a custom designed airbrush spraying apparatus (Pa-201, IWATEC,
Taiwan; Fig. 1) with a nozzle of 0.250 mm diameter, double action/in-
ternal mixing capability and a gravity fed color cup. The AJS system con-
sists of a customized atomizer plugged into compressed medical grade
air (400 kPa) and filled with the as-prepared solutions through a fed
color cup based on gratify controlled rate. We observed that by varying
in the spraying distance within this range, it is possible to create inter-
connected fibers with free-beads. Polymer solutions ejected from the
needle nozzle and stretched by high-speed airflow were directly depos-
ited (LbL) on the Mg coupon samples. The Mg alloys treated with plain
PLA, nHA/PLA at 3% nHA, and nHA/PLA at 7% nHA fiber mat layers using
AJS were named as AJS-PLA, AJS-PHA3 and AJS-PHA7, respectively. The
designed airbrush system was automatically fixed during the spinning
process. The whole AJS set-up was enclosed in a sealed chamber and
maintained at room temperature, as illustrated in Fig. S2. The coatings
were dried in a vacuum oven at 40 °C for 24 h.

2.3. Characterization of nanofibers mat coatings

The thickness of the membrane mat layer deposited on Mg coupons
was assessed by ultrasonic measurement (coating thickness gauge

Table 2
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OMEGA instrument, OM179-745) with a precision of 1.0 um. The sur-
face topography of the membrane mats was characterized using a scan-
ning electron microscope (SEM, JEOL, JSM 820, Japan) equipped with
energy dispersive X-ray spectroscope (EDS) used to investigate the
chemical composition of the coated samples. All specimens were
freeze-dried and coated with a thin layer of gold before characterization.
The fibers diameter and porous mean size of the prepared mats were
measured for each membrane material. The average fiber diameter
was calculated for three specimens (n = 3) along with the standard de-
viation (SD) using image analysis software (Image ], National Institutes
of Health, USA, http://imagej.nih.gov/ij/). The porosity of the pristine
and composite prepared mats were calculated using Eqs. (1) and (2)
[20]:

mass (g) of prepared mat

Density of mat (g/ cm3) - volume of the mat

Volume of the mat = mat thickness (cm) x mat area (cm?)

density of mat (g/cm3)

Porosity (%) =1— .
density of used materials (g/cm3)

24. Electrochemical corrosion measurements

The corrosion behavior of untreated and AJS treated Mg alloy cou-
pons were characterized using a Potentiostat/Galvanostat (AMETEK
2273) in standard simulated body fluid (SBF) at 37.5 °C. Hanks' balanced
salt solution (HBSS) was used to mimic the standard simulated body
fluid. The HBSS was prepared by dissolving Hank's balanced salts
(H2387, Sigma Chemical Co., U) with addition of calcium chloride
dihydrate (CaCl,-2H,0, 0.185 g/I), magnesium sulfate heptahydrate
(Mg-04S-7H,0, 0.201 g/l) and sodium hydrogen carbonate (NaHCO3,
0.350 g/1), to simulate the composition of the human blood plasma
[19]. The pH value was adjusted with HCl and NaOH to 7.54. The electro-
lyte temperature was controlled to be 37 4 0.2 °C and the electrolyte
volume was around 475 ml. A conventional three-electrode setup was
used in the electrochemical tests where the untreated and treated Mg
alloy samples serve as working electrodes. A silver chloride reference
electrode (Ag/AgCl/KCl) Ag/AgCl/saturated KCl electrode (SSCE) and a
platinum gauze electrode served as the reference and counter elec-
trodes, respectively. An area of 1.0 cm? of the working electrode (con-
troller and coated layer samples) isolated by a ring was exposed to the
HBSS solution. A 1.0 mV s~ ! scanning rate was applied during the po-
tentiodynamic polarization test (Fig. 3). Prior to polarization testing,
the untreated and treated Mg samples were immersed in HBSS
(1000 ml) for 30 min to establish a relatively stable open circuit poten-
tial. The corrosion potential (Eor) and corrosion current density (Icorr)
were determined using Tafel extrapolation method according to
ASTM-G102-89. The corrosion potential (Eco,;), corrosion current densi-
ty (Icorr), anodic and cathodic Tafel slopes (3, and 3¢), were determined
from the polarization curves using Tafel extrapolation method [31]. Icor

Solution viscosity, layer thickness, adhesion strength and corrosion rate values of uncoated magnesium AM50 alloy and magnesium AM50 alloy coated with plain and nanocomposite

membrane layers using the AJS approach.

Corrosion rate (mmy/year) after

Samples Viscosity (cP) Layer thickness (pm) Adhesion strength (MPa) Porosity (%) immersion for 60 days in Hank's solution
Uncoated - - - - 2.649 £+ 0.32

AJS-PLA 62.4 168 + 4.1 6.8 +0.7 88 0.832 £+ 0.14

AJS-PHA3 92.8 1713 +£83 10.8 + 1.1 81 0.491 £+ 0.1

AJS-PHA7 135.6 1722+ 75 3.12 + 0.62 45 1.286 4+ 0.43
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Table 3

Corrosion characteristics of uncoated Mg alloy coupons and Mg coupons coated with plain and nanocomposite membrane layers using AJS approach.

Samples *Ecorr [MV (Ag/AgCl)] eorr (WA cm™2) B (mV/dec) B, (mV/dec) R, (kQ cm?) Corrosion rate (mmy/year)
Uncoated coupon —-1114 9.741 136.64 189.933 3.542 1.245
AJS-PLA —1187 3.687 139.87 174.94 9.154 0.471
AJS-PHA3 —679 2.136 140.74 220.576 17.466 0.273
AJS-PHA7 —417 5.87 138.734 211.231 6.194 0.751

@ Refers to the corrosion potential (Ecor), corrosion current density (Icorr), anodic ((3,) and cathodic (B) Tafel slopes as well as the polarization resistance (Rp).

and Tafel slope constants were used to calculate the polarization resis-
tance (Rp) according to Eq. (3) (Table 3) [32]:

R = 2303 1 (B )’ G)

2.5. Immersion test

The uncoated and AJS-coated Mg alloy coupons were immersed in
HBSS for 30 days with an immersion ratio of 4 ml/cm? to investigate
the AJS coatings performance within a long period of immersion. The
temperature was controlled to 37.5 4+ 0.2 °C during the test using
water flow bath. The electrolyte was saturated with atmospheric oxy-
gen and not stirred during the experiments. The immersion solutions
were refreshed every day to simulate the real in vivo condition. After
two month of immersion, the samples were gently rinsed with distilled
water and dried at room temperature to avoid cracking. The surface
morphologies of the AJS-coated samples after immersion were exam-
ined by confocal optical microscopy (Leica Microsystems EZ4D). All
the samples were immersed in chromic acid solution (200 g/l
Cr,03 + 10 g/l AgNOs [11]) for 5 min to remove the residual coated
layer and corrosion products. Then the samples were rinsed with puri-
fied water, acetone, and then dried with warm flowing air at 40 °C.
Thereafter the degradation rate was determined by measuring the
total weight loss. The surface appearance of the coated and uncoated
immersed samples after removing the residual coatings and corrosion
products were examined by the optical microscopy.

2.6. Adhesion performance

The adhesion test was applied to investigate the adhesion perfor-
mance of Mg alloy coupons coated with plain PLA and nHA/PLA AJS
nanocomposite fibers. Pull-off adhesion test was performed according
to the method described in ASTM D4541 using the Elcometer Adhesion
tester (England) in dry conditions. The dollies of 20 mm diameter were
glued to the surface of the coated coupons with Araldite Epoxy adhesive
under a static load and cured at room temperature for 24 h. The joint
was strained at a constant rate of 5 mm/min until a plug of the coating
material had detached from the Mg alloy coupon surface. The investi-
gated coatings were subjected to adhesion tests directly after cure.
Five replicate samples were employed for each coating substrate and
the reported data (Table 2) represent the mean of these measurements.

2.7. Cell culture

Pre-osteoblast cells MC3T3-E1 were cultured in Dulbecco's modified
Eagle's medium (DMEM) (Gibco Co, USA), supplemented with 10% fetal
bovine serum (FBS) in a humidified incubator with 95% relative humid-
ity and 5% CO, at 37 °C to evaluate the cytocompatibility of the polymer-
coated magnesium alloy. The culturing cells for the coated and uncoated
samples were carried out by means of an indirect contact assay method,
where the immersion extracts collected from the immersion test were
used for culturing cells. The extraction media were 100% concentrated
after one-day of incubation. Prior to cell culture test, the samples were
sterilized by ethylene oxide (EO) gas. The cells were incubated in 96-

well flat-bottomed cell culture plates at 5 X 10* cells/ml medium in
each well. Subsequently, the medium was replaced by 1 ml extraction
medium. After incubation in a humid atmosphere for 48 h, the cells
were fixed in PBS containing 3% formaldehyde and 0.2% glutaraldehyde
and then stained with 0.3% crystal violet. The cell morphology was ex-
amined by Leica microscope.

Cell density (number of cells or cell proliferation) of the treated and
untreated samples was performed using the MTT assay according the
method described elsewhere [21]. To put it in briefly, To assess cell pro-
liferation, the MTT assay was established as a function of culture time
(one to five days) by calculating the RGR percentage whereas RGR =
(optical density of treated specimen / optical density of negative control
group) x 100%. Comparing the absorbance of cells cultured with differ-
ent samples to that of the control wells containing only cells was
conducted out to calculate cell density. All quantitative data were statis-
tically analyzed and the results are expressed as means + standard de-
viations (STD). Statistical analysis was established via single-factor
ANOVA. p-Values (less than 0.05).

3. Results and discussion
3.1. Effect of AJS processing parameters

There are some factors that can affect the performance of the anti-
corrosive coating systems used for biodegradable magnesium alloys.
The ideal coating has to promote bioactivity and osseointegration and
must show high corrosion resistance. AJS proved to be an effective
method to generate membrane fiber structure from many materials
[16]. However, both the fiber size distribution and structure of the AJS
coatings are greatly influenced by the additives [22]. Therefore, control-
ling the solution concentration (i.e., viscosity) and reducing the fiber de-
fects by controlling AJS processing parameters is the best way to
produce AJS coatings with high fiber forming ability on Mg implants.

In this article, we successfully designed stable jet fibers (Fig. 1) using
AJS method under controlled parameters along with continuous jet
ejection during the spinning process. Fig. 2A-C show the continuous in-
terconnected fibers with diameters ranging from 180 to 875 nm (150 fi-
bers were measured by Image] software analysis). The interconnecting
porous structure of AJS nanofibers can provide large surface area for
cell attachment and proliferation [21]. The microstructures formed dur-
ing the solution spinning process are randomly oriented over large
length scales, and seem to be partially welded with each other. These
results are consistent with previous work by Abdal-hay et.al [16].

HA bioceramic coatings possess excellent bioactivity and biocom-
patibility [23,24]. However, their weak mechanical properties including
brittleness, poor tensile strength and impact resistance, are limiting
their uses in many load-bearing applications [23,25]. Inspired from the
structure of natural bone, biopolymers with bioactive inorganic mate-
rials such as HA have been used as composites. The resultant composites
are mechanically superior to the individual components due to the duc-
tile properties of the biopolymer, which increase the fracture toughness
of the inorganic component. As a result, preparing organic-inorganic
hybrid fibers on implant materials has great prospects. In the present
study, incorporation of nHA particles at two different concentrations
maintained the fiber formation capability using AJS (Fig. 2B and C). It
is clear that at low nHA loading (3 wt.%), a moderate uniform
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Fig. 2. Surface morphology of the AJS membrane fibers under scanning electron microscopy (SEM), (a) AJS-PLA, (b) AJS-PHA3 and (C) AJS-PHA7. Panels of a, b, and ¢ show their EDS pat-
terns, respectively. Insets of a, b, and c are the elemental composition of the AJS membrane coated layers on AM50 coupons.
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Fig. 3. Potentiodynamic polarization curves of AJS-coated and uncoated magnesium alloys
which was obtained from the electrochemical measurement after immerged in SBF. The
polarization scan rate was 1 mV s~ ! and the changes in the free corrosion potential
(Ecorr) were monitored as a function of time.

distribution of nHA particles within and onto AJS fibers was observed
(Fig. 2B). Conversely, agglomerated particles within the polymer fibers
were formed (Fig. 2C) at higher nHA loading (7 wt.%). The layer net-
work structure was similar to that of pure as-spun fiber layer, even
though the fiber diameter is increased due to the remarkable increase
in the solution viscosity and the particles agglomeration (Table 2). The
similarity of these structures to those produced by electrospinning is
noteworthy [26]. The thickness of each coated sample was measured
at four different locations. The thickness of the coatings doesn't show
a remarkable difference (Table 2), whereas, the duration of spinning
was controlled to ensure that the total mass of the polymer blend deliv-
ered to each surface kept constant. The results showed the formation of
a uniform coating with a complete coverage over Mg coupon sample
due to the deposition performance provided in LbL. These results sug-
gest that AJS is a promising facile technique for nanofiber fabrication
and is capable of depositing and fabricating 3D interconnected nanofi-
ber layers (Fig. 2A-C) from a biodegradable polymer.

The presence of the organic-inorganic coatings on the Mg alloy was
confirmed by EDS spectra (Fig. 2a—c). The peak strength and Ca/P com-
position ratios are significantly increased with increasing nHA loading



A. Abdal-hay et al. / Materials Science and Engineering C 58 (2016) 1232-1241 1237

Fig. 4. Surface morphology of (A) AJS-PLA and (B) AJS-PHA3 coatings after immersion in SBF solution for 60 days at 37 °C and before removal the residual coating layer.

in AJS-composite membrane coated layer on Mg alloy samples as clearly
shown in Fig. 2a—c and their insets.

3.2. Adhesion performance

The adhesion strength between the coating and metallic substrate is
one of the most important factors in organic-coated metallic implants.
Poor adhesion strength of deposited layer causes the coatings to peel
off easily. This low layer-metallic adhesion may pose problems in
long-term implants. Detachment of the polymer coatings from the me-
tallic substrate accelerates the water molecules and corrosive ions accu-
mulation at the substrate surface. This results in the occurrence of
corrosion in the detached area. The adhesion performance of Mg
AMB50 alloy-coated samples was measured using the pull-off adhesion
test. (Table 2). It was observed that the presence of some residual sol-
vent in the AJS nanofibers layer, which remains due to the high produc-
tion rate (15 ml/min per jet) of fast stacked fibers, facilities the bonding
of intersecting fibers and creates a strong cohesive wet porous structure
layer with good adhesion strength between the Mg samples and the de-
posited layers. Interestingly, AJS-coated samples with nHA/PLA hybrid
layer showed the best adhesion performance. The AJS-PHA3 coating ex-
hibited a strong adhesion to the Mg substrate, with a bonding strength
of 10.8 MPa, fulfilling the coating material requirements [27]. The AJS-
PLA coating also exhibited a moderate bonding strength of 6.8 MPa,
while, AJS-PHA7 showed the lowest adhesion strength of 3.12 MPa.
The marked increase in the adhesion of AJS-PHA3 coated samples can
be explained by the relative increase in the surface wettability of the
composite mat layer compared with pure AJS-PLA coated layer [16].
The incorporation of highly hydrophilic domains such as HA onto a hy-
drophobic polymer surface could alter the surface properties of PLA
polymer [28]. Therefore, increasing the wettability of AJS-coating result-
ed in improving the adhesion strength on Mg alloy coupons. On the
other hand, the existence of internal stress in the pure PLA coating re-
sulted from the inability of the coating to shrink due to the presence
of residual solvent in the deposited layer, affects negatively the perfor-
mance. It is well-known that internal stress in coatings can significantly
affect the durability of the coatings resulting in loss of adhesion or cohe-
sive strength failure. On the other hand, loading of inorganic nanofillers
in polymeric fibers can reduce the polymerization shrinkage of the poly-
mer layer [29]. Nanofibers are partially bonded on Mg substrates during
the AJS deposition via interaction points to form hydrogen/secondary
bonds [10].

The most important parameter of spray particle in AJS process is its
velocity prior to impact on substrate. The wet particles that are
suspended in a polymer solution fluctuate through a convergent-diver-
gent nozzle (Fig. 1a). Some of these particles were deposited and em-
bedded onto PLA fiber surface and the others were fluctuated and
deposited directly on Mg substrate. The kinetic energy of the particles

supplied by the expansion of the gas is converted to high impact force
to establish an interaction bonding. Such force allows intimate confor-
mal contact between the exposed metal surfaces under high local pres-
sure, permitting bonding to occur. This may attribute to formation of an
interfacial contact layer composed of Mg-0 and (PO,)*>-Mg-0 and/or
Mg-0-Ca. This helps Mg-related compounds to exist in interfacial bot-
tom coating layer in the form of MgO, (Ca, Mg)O [30], Mg3(PO4)? [31].
Phosphonate containing organic coatings demonstrate superior corro-
sion protection performance for some magnesium alloys [32]. The im-
provement in corrosion resistance can be explained by the chemical
bonding between the phosphonate groups and the Mg surface resulting
in the enhanced hydrolytic stability of P-O-Mg bonds. In addition, the
presence of wet nHA particles increases the number of hydroxyl groups
(-OH™) on the Mg surface that help in the formation of hydrogen bonds
between Mg substrate and the nHA/PLA hybrid coating [33].
Zheludkevic and his group [34] reported that the use of wettable nano-
particles within/on polymer surface can improve the adhesion proper-
ties to specific coating metallic substrates in comparison to sol-gel
materials based on non-incorporation wettable inorganic particles. Col-
lectively, The presence of HA nanoparticles in the hybrid coated layer
could enhance the adhesion strength compared to a pure PLA coated
layer where the amount of inorganic components are capable of
reacting and interfacing with the metal surfaces during a high impact
HA particles using AJS [34].

3.3. Electrochemical corrosion measurement

The corrosion potential (Ecor) of the AJS-nHA/PLA hybrid coatings
exhibits a remarkable positive shift, whereas the AJS-PLA plain coating
showed a negative shift due to the presence of nHA particles in the hy-
brid membrane layers (Fig. 4). In general, it is known that the E,;, de-
pends on the relative reaction rate between anodic and cathodic
reactions during potentiodynamic polarization test and has no propor-
tional relation to the corrosion resistance. Consequently, E,,- cannot
be used to evaluate and validate the corrosion performance. The corro-
sion current densities (Iorr) Of AJS-PHA3 coated samples are over four
orders of magnitude lower than that of the uncoated AM50 sample,
which implies that the AJS-coatings have a great protective effect on
the AM50 alloy. A corresponding increase in Rp from 3.542 kQ cm?
(for untreated Mg alloy) to 9.15, 17.466 and 6.19 kQ2 cm? is observed
for AJS-PLA, AJS-PHA3 and AJS-PHA7 treated samples, respectively.
This indicates that AJS-PHA3 coated sample degraded gradually at the
corrosion rate of 0.273 mm/year while the uncoated coupon samples
degraded fast at the corrosion rate of 1.245 mm/year. It can be inferred
from the above results that the AJS-coated samples, particularly with
nanocomposites fiber mat layer at low nHA loading, showed a high cor-
rosion resistance compared to the uncoated Mg alloy sample. Improving
the corrosion protection can be attributed to a combination of the
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Fig. 5. Surface morphology of (A) uncoated; (B) AJS-PLA and (C) AJS-PHA3 coated magne-
sium alloy coupons after immersion in SBF solution for 60 days at 37 °C and after removal
the residual coating layer.

enhanced barrier effect of the organic-nHA hybrid matrix and strength-
ening of the coating/substrate interface due to the chemical bonding of
the phosphonate groups to the metal surface. The results of the corro-
sion test allow us to conclude that the corrosion resistance improved
with the incorporation of nHA particles at low amount into PLA matrix.

The sharp decrease in I, the increase in Rp, and the significant de-
crease in corrosion rate observed for the AJS coated Mg alloy coupons
are co-related with the coating morphology, chemical composition
and adhesion performance of the deposited layer. Previous results
showed that the porous parameters (size and porosity %) of the coated
layer on Mg alloys have a significant influence on the corrosion

resistance and cell attachments [35]. Table 2 verifies this hypothesis
where the porosity of AJS-PLA was found to be approximately 88% in
which the average pore size was 4.6 pum in size. On the other hand, the
porosity of AJS-PHA3 and AJS-PHA7 hybrid samples were about 81
and 45%, with average pore size 3.21 and 1.25 pm, respectively. Addition
of nHA particles within a polymer fiber matrix seems to significantly de-
crease the porosity of the polymer hybrid coating. The size of the pores
was related to the viscosity (concentration) of the polymer solution,
where a more viscous solution resulted in smaller pores due to the pres-
ence of high nHA loadings (Table 2), and this explains why larger pores
were observed on the pure AJS membrane mat layer compared to com-
posite mat layer. We assume that the presence of nHA could decelerate
the degradation rate, which would have illustrated in lower porosity
and pore size of AJS-PHA3 than that of AJS-PLA layer, thereby decreasing
the corrosion. The reduction in the corrosion current is correlated to the
relative insertion of nHA particles in the pores thereby decreasing the
surface corrosion area. HA itself shows high corrosion resistance due
to the thermal stability [36]. The inorganic particles in the sol-gel coat-
ings generally provide an excellent barrier against aggressive species.
Zheludkevich et.al [34] found that the presence of inorganic particles
improve the corrosion protection of the sol-gel coatings. These results
are in a good agreement with our previous study which also showed
that the porous size of the polymer-coated metallic implants plays a re-
markable role in controlling the corrosion behavior of the metallic bio-
materials. Similarly, we assume that the presence of nHA particles
seems to have a pore blocking effect in the coatings with lower content
of particles. This explains why AJS-PHA3 showed higher corrosion resis-
tance compared with AJS-PLA. The possible reason for the lower corro-
sion resistance of AJS-PHA7 coated samples (although they showed
lower porosity and lower pore size values) is due to the high agglomer-
ation of nHA particles within the polymer matrix. This results in low in-
terfacial bonding between the AJS fibers and nHA particles. Thereby,
release of loading particles during the immersion test that was applied
before electrochemical measurements (30 min) and even throughout
electrochemical test. Additionally, according to Zheludkevich et.al [34]
the sol-gel layer heavily loaded with ceramic particles can form a highly
porous layer, which increases electrolyte uptake into the coating system
(between metallic substrate and formed layer), causing low corrosion
resistance and coating delamination. Our previous analysis [16] on
AJS-nHA/PLA composite fiber mat using FT-IR and XRD analysis showed
that the low nHA loading in the composite scaffold mat induced a better
interfacial bonding between nHA particles and polymer molecules and
resulted in a good mechanical strength than that of scaffold loading
with higher amount of nHA. In addition, the nHA particles were not
only loaded onto the PLA fibers, but also reacted with the PLA, resulting
in a strong surface bonding that improved the mechanical properties of
the hybrid mat. The results revealed that the AJS process improved the
interaction by embedding nHA particles onto the fibrous surface [37].
In other words, the nHA3-doped PLA coating using AJS approach could
properly perform the desirable performance of decelerating the corro-
sion rate of the Mg alloy compared with the plain PLA fibers layer.
Therefore, the undesired hydrogen gas evolving due to the corrosion re-
action of Mg can be damped [13]. The ability of coatings to protect mag-
nesium alloys depended on the thickness, compactness, phase
composition and adhesion strength of the coatings [38]. The thickness
was almost the same for all samples (Table 2). Therefore, compactness,
phase composition and adhesion strength were considered in the pres-
ent study to be the three main contributors to the corrosion resistance
of AJS-coatings. Both the phase composition and the compactness
endowed the AJS-PHA3 coating with the best corrosion resistance. In
addition, our results verify that the coated samples of good adhesion
strength have good corrosion resistance too. It is possible to tailor an
AJS anticorrosion coating by adjusting the phase composition and the
morphology and structure of the coating. In other words, the AJS coating
is a property-controllable coating method for biodegradable magne-
sium alloys. Overall, the electrochemical corrosion testing suggests
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Fig. 6. An optical morphology observation of MC3T3-E1 pre-osteoblast cell culture at (A) negative control; (B) uncoated; (C) AJS-PLA and (D) AJS-PHA3 coated magnesium alloy coupons

for 2-day culture time.

that AJS-PHA3 hybrid coating is a superior protective barrier for Mg
alloy in HBSS compared with the coated samples with AJS-PLA, AJS-
PHA7 and uncoated samples.

Intuitively, Chen et al. [39] reported that many plain polymer coat-
ings are likely to provide a barrier to Mg alloy corrosion. Typically, how-
ever, the polymeric barrier is effective only in the short term. In order to
visualize the corrosion morphology and quantify the in vitro corrosion
rate, immersion test in HBSS for 60 days of the coated and uncoated
samples was employed to verify the long-term coating durability
(Fig. 4). It was observed that the surface of the AJS-PHA3 composite
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Fig. 7. Cell viability of AJS-coated and uncoated AM50 magnesium alloys over time as de-
rived from the absorbance reading at 560 nm wavelength using the MTT assay. The data
are reported as the mean 4 standard deviation (n = 4). Asterisks indicate significance
level of proliferation as compared to control obtained by t-test. (*) represents p < 0.05
and (**) represents <0.001.

coating still maintained the typical AJS morphology characteristic and
homogeneous surface after 60 days of immersion in HBSS (Fig. 4B).
This confirms the superior corrosion resistance and agrees with the ad-
hesion strength and electrochemical results. On the other hand, pure
AJS-PLA coating has suffered attack and there are delaminated areas
from the polymer layer (Fig. 4A). These removable areas have poor pro-
tective effect on inhibiting the penetration of corrosive ions into the AJS-
coating. Subsequently, the local increase in pH (by the overall corrosion
reaction Mgs) + 2H,0 — Mg? " + 20H ™ (5) + Ha(gy1) as well as the ab-
sence of any protective layer will therefore lead to the rapid corrosion of
the underlying bare surfaces [1,13]. It was reported that plain polymer
coatings can provide partial protection for the alloy for short-term as ev-
idenced by the electrochemical corrosion results. However, the coating
stability of appears to break down with subsequent long-term incuba-
tion time leading to eventual swelling, deformation, and delamination
of the polymer layer from the alloy surface [12]. Further reason of
high stability of nanofibers composite layer on Mg coupon samples is
that HA possesses a low solubility in body environment [40]. Therefore,
HA particles are suitable as reinforcements of PLA fiber layer on Mg
based AJS-coatings. In addition, fast formation of the corrosion products
on the AJS-PHA3 coated layer (blue arrows in Fig. 4B) may provide a fur-
ther deceleration of ions release from Mg alloy samples, thereby
protecting the composite coated layer [13]. It is speculated that the
presence of bioactive nHA particles within the polymer mat layer
could stimulate fast nucleation rate of mineralized ions from HBSS
[18,41]. These precipitations seem to decrease the localized corrosion
attack of AJS-PHA3 coated samples. Our results confirmed that bio-
mineralization compounds can efficiently grow on the surface of nHA/
PLA treated samples by incubation of the sample in a solution with an
ionic composition similar to human blood plasma.

These inferences are further supported by the morphologies of the
corroded region after removal of the corrosion products by the chromic
acid solution (Fig. 5A-C). Coupon samples with large and deep pitting
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corrosion degraded severely making the surfaces very rough (Fig. 5A).
Moreover, pitting corrosion results in fast losing of the strength of
magnesium alloys [27]. AJS-PLA had also corroded but had smaller pits
formation and less damage to the surface than the uncoated samples
(Fig. 5C).

3.4. Weight-loss measurement

Weight-loss measurements revealed that the corrosion rate of the
AJS coatings is significantly lower than that of uncoated samples. The
uncoated sample showed the highest corrosion rate (2.649 mm/year)
while the AJS-coated samples showed lower rates (AJS-PHA7 (1.286
mmy/year) > AJS-PLA(0.832 mm/year) > AJS-PHA3 (0.491 mm/year))
after 60 days of immersion in HBSS. In addition, AJS-coated samples
showed a uniform corrosion attack, which is attributed to a reduced
rate of biodegradation while uncoated samples revealed pitting corro-
sion. AJS coated samples with nHA/PLA hybrid mat layer showed re-
duced corrosion rates, not only compared to high purified cast
magnesium alloys such as AZ91D and LAE442 [42] but also compared
to pure polymer matrix coated on Mg alloys by different techniques
[27]. We can conclude that the AJS coatings could successfully improve
the localized corrosion resistance of Mg and its alloys under in vitro con-
ditions. Deposition of a LbL biodegradable polymer-ceramic coating is
one of the promising approaches to impart a long-term corrosion pro-
tection of Mg and its alloys in a physiological environment.

3.5. Cytocompatibility measurement

The cytocompatibility and bioactivity of a biomaterial are strongly
dependent on its surface properties because cascades of biological reac-
tions occur first and directly on its surface once it is contacted with the
biological environment [35]. To validate the AJS-coated layers onto Mg
alloy substrates, their ability to support pre-osteoblasts proliferations
of MC3T3-E1 was assessed. Uncoated, plain and hybrid AJS-coated Mg
alloy coupons were seeded and cultured with MC3T3-E1. Fig. 6 shows
that viable cells were observed on the uncoated and AJS-coated samples
after 2 days of cell culturing. Also, cells seeding in culture wells were
used for the control group (Fig. 6A). Significant differences were ob-
served between the as-cultured samples (Fig. 6). As expected, both
plain and hybrid AJS fibers layers strongly promoted the attachment
and spreading of the cells (Fig. 6C,D), compared with the uncoated sam-
ples (Fig. 6B). The cell distribution on uncoated samples was non-
uniform as evident sporadic patches of high density regions. This is like-
ly due to the change in local ion concentrations (Mg(OH),) due to the
soluble by-products formed as discussed above, whereas in highly alka-
line solutions, increasing the pH value results in cell death [1]. Optical
microscopy images showed that cell cultured on hybrid AJS-PHA3 fibers
layer (Fig. 6D) are well spread compared with the cells cultured on plain
AJS-PLA fibers layer.

To confirm our results, the cell proliferation of MC3T3-E1 cells cul-
tured on uncoated and AJS-coated samples for 1, 3 and 5 days was stud-
ied using MTT assay (Fig. 7). Statistical analysis of the cell viability data
revealed that the cell compatibility of hybrid fiber coated layer samples
was considerably different from that of the uncoated sample. In general,
staining of cells shows an increase in cell number on AJS nanofibers
coating, indicating no inhibition for cell proliferation (Fig. 7). Cell prolif-
eration on the uncoated Mg alloy coupons decreased as culture time in-
creased. Although, both plain and hybrid AJS-coated samples showed a
clear improvement of uncoated samples, the hybrid coatings induced
higher biocompatibility than that of plain coating.

The ionic dissolution from the HA compounds may play an essential
role in such cellular supporting as cell attachment and proliferation [43].
Accordingly, decelerating the release of Mg ions below the AJS coatings,
through incorporation of nHA particles within spinning polymer fiber,
which resulted in improved corrosion resistance, can render the imple-
mentation of these coated Mg alloys for possible use in orthopedic

application. Furthermore, an essential study is currently under progress
to ascertain the corrosion rate of plain and hybrid AJS coatings on Mg
and its alloys under in vivo conditions.

4. Conclusion

AJS is a simple spinning technique that enables fabrication of mem-
brane fiber with nanometer size fiber diameters from a polymer solu-
tion. AJS has been successfully employed to coat nano-hydroxyapatite/
poly(lactide) (nHA/PLA) biodegradable hybrid mat layer on Mg alloys.
Based on our experimental results, these AJS-coatings significantly im-
proved the corrosion resistance in HBSS and the cytocompatibility of
Mg alloy samples, particularly, for coated samples with nHA/PLA hybrid
fibers. The coating layers were uniform, porous and strongly adhered to
the Mg substrate without any post treatment. Addition of nHA particles
in AJS hybrid coatings improves the adhesion performance. It is our
belief that AJS will become a very important coating technique being
utilized on metallic implants owing to its simplicity, low cost and high
fibers production rate. Our results verified that the chemical character-
istics and structure of coating could be manipulated by using AJS coating
system. Based on this study, direct deposition of interconnected 3-D po-
rous membrane layer using air jet spinning nHA/PLA hybrid nanofibers
layer can be considered as a smart approach for surface modification of
bio-metallic implants.
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