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Magnesium (Mg) based alloys are good candidates for developing degradable metallic implants. Mg can
easily degrade in a physiological environment without producing any toxic by-products. However, the
degradation rate needs to be controlled to make it compatible with the tissue growth rate. Achieving
enhanced degradation resistance and biological performance in the physiological environment without
sacrificing its mechanical and physical properties has been a great challenge. In this work, a combination of
surface pre-treatment and polymer nanocomposite coating is attempted for reducing degradation rate and
improving biomineralization. The alloy surface was pickled in phosphoric acid and then coated with
polydioxanone/hydroxyapatite nanocomposite. The samples were characterized using scanning electron
microscopy (SEM) with energy dispersive spectroscopy (EDS) and x-ray diffraction (XRD). The corrosion
resistance was studied using potentiodynamic polarization (PDP) test in 8.035 g/l NaCl solution. An
immersion test in simulated body fluid (SBF) was also carried out to evaluate the biodegradation and
biomineralization on the sample surfaces. Phosphoric acid pickling increased the corrosion resistance and
adhesion between the coating and substrate. Polymer nanocomposite coating resulted in further control of
degradation rate and enhanced biomineralization. Thus, pre-treated Mg-Ca alloys coated with polydiox-
anone/nHA composites can be considered as promising materials for developing degradable metallic im-

plants.

Keywords biodegradation, coating, corrosion  resistance,
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1. Introduction

A temporary metallic orthopedic implant entails attributes like
mechanical properties comparable to that of human bone, along
with biocompatibility and biodegradability in physiological
conditions (Ref 1). The conventional metallic implants can lead
to complications such as stress shielding (Ref 2, 3), the release of
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toxic metal ions (Ref4), diagnostic image distortion (Ref 5), and a
second surgery to remove them (Ref 1). The appropriate solution
for this problem is to use biodegradable metallic materials that
can degrade in the physiological environment at rates accordant
with tissue growth. Magnesium (Mg) is one of the most
suitable metals for biodegradable implant applications, as it is
light in weight and exhibits mechanical properties compatible
with that of human bone (Ref 6-8). Additionally, the degradation
of Mg in the physiological environment will not produce any
toxic by-products. Mg is also a necessary mineral and the excess
Mg will be excreted through urine (Ref 9, 10). However, when
compared with the pace of the bone tissue regeneration process,
the degradation rate of Mg in the physiological environment is
very high. In addition, the degradation process also leads to the
release of hydrogen gas that can form subcutaneous gas cavities
and obstruct bone-implant adhesion (Ref 11). Many techniques
are reported by researchers to overcome the above issues, which
include metallurgical and surface modifications of Mg-based
alloys and composites (Ref 12-15). Metallurgical modifications
were mainly achieved through alloying or composite fabrication
(Ref 16-18), severe plastic deformation (SPD) methods (Ref 19,
20), and thermomechanical processing (TMP) (Ref 21, 22).
Major alloying elements that are explored include, Ca, Zn, Zr, Sr,
etc., and each of these elements has its own significance in
deciding the biodegradation and mechanical behavior in the
physiological environment (Ref 23, 24). Unlike other elements,
the allowable daily usage of Ca in the human body is much higher
and the same can be effectively used for tailoring the degradation
of Mg. Mg-Ca alloys with enhanced corrosion resistance and
mechanical properties can be advantageous for biodegradable
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implants (Ref 24). However, the addition of Ca beyond 1 wt.%
decreases the corrosion resistance due to the precipitation of the
Mg,Ca intermetallic phase along the grain boundaries (Ref 25).
Hence, in this work, Mg-Ca alloys with 0.5 wt.% Ca are used as
the base material.

Various surface modification methods are also proposed to
control the biodegradation of Mg-based alloys (Ref 26, 27).
The experimental and modeling studies on the degradation
behavior of Mg also show promising results due to surface
modification (Ref 28-30). Surface characteristics play a critical
role in defining the corrosion resistance and biocompatibility of
Mg-based alloys (Ref 31). Conversion coatings and deposited
coatings are the prominent surface modification methods
applied on Mg. Conversion coatings can serve as an adhesive
layer for deposition coatings and subsequently result in a
synergistic effect on degradation resistance and bioactivity (Ref
32-34). Conversion coatings developed by acid pickling of Mg
alloys exhibited enhanced biomineralization due to the oxide
layer formation (Ref 35). It also benefits removing surface
impurities and increasing surface energy to improve the
secondary coating adhesion. Such conversion coatings can be
effectively used to improve the adhesion between the substrate
and deposition coatings. Biodegradable polymers such as PCL,
PVA, and PLA were explored as deposition coating on Mg for
tailoring the degradation and biomineralization behavior in the
physiological environment. Polydioxanone (PDS) is also a
biodegradable and biocompatible polymer widely utilized in
clinical applications as a suture material. The hydrophilic nature
of PDS gives well adherence to the substrate surface and
promotes cell adhesion (Ref 36-38).

Moreover, dispersion of hydroxyapatite (HA) in the polymer
can promote apatite formation, as suggested by the reported
works (Ref39-42). A combination ofacid treatment and PDS/HA
composite coating on Mg-Ca alloy is not yet reported, and the
same is explored in this work. The influence of acid pickling, the
synergistic effect of pre-treatment and polymer-composite coat-
ing on the electrochemical corrosion, biodegradation and
biomineralization in the physiological environment is clearly
brought out in this work by conducting immersion studies in SBF.

2. Materials and Methods

2.1 Sample Preparation

The materials used include Mg-Ca alloy with 0.5% Ca
(MatRICS, Kanyakumari, India), PDS (Sigma-Aldrich, India),
nHA synthesized as reported by Rameshbabu et al. (Ref 43),
and all other reagents of laboratory grade. The samples were cut
to required dimensions and then polished using emery papers of
grade up to 1500, followed by annealing at 350 °C for 1.5 h.
The annealed samples were finely polished with 1-micron
diamond paste, followed by cleaning with ethanol and drying.
The samples were pre-treated using 1 M ortho-phosphoric acid
(Fisher Scientific, assay = 88%) for 60 s at room temperature
since wettability and corrosion resistance was better for this
configuration (Ref 35).

2.2 Spin Coating of Mg-Ca Samples

The respective coating solutions were prepared in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, SRL, India) as per
the compositions mentioned in Table 1. For polymer-composite
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samples, nHA was mixed with HFIP before being introduced to
the polymer matrix for better dispersion (Ref 44). The solutions
were magnetically stirred for 4 h at 600 rpm to distribute nHA
uniformly without sedimentation. All the coated samples were
acid pickled/pre-treated as mentioned in section 2.1 prior to
coating. Samples were spin-coated (Spin150, APT, Germany)
at 1000 rpm for 30 s to get stable films. On each sample, two
coats were applied, and adequate drying time was assured
before applying the final coat. The thickness of the developed
samples was also recorded. The samples were termed B, AT, P,
PC1, and PC2, and the features are summarized in Table 1.

2.3 Sample Surface Characterization

The synthesized nHA was characterized using SEM (Jeol
6390LA, USA) and XRD (XPert® MRD, PANalytical). The
coating films were characterized using XRD with Cu Ko
radiation (A\=1.54 A) from 20 to 55° at a scanning rate of 1 step/
s and step size of 0.002 °/step. The surface morphology and
composition of bare Mg-Ca and coated samples were carried
out by SEM with EDS (Oxford XMX N, Oxford Instruments).
The water contact angle was measured at multiple points using
a surface measuring device (DMs-401, Kyowa Interface
Science, Japan) to evaluate the variation in wettability. The
tape removal method, as per ASTM D3359-17, determined the
adhesive strength of coating onto the acid-treated surface.
Additional samples of P and PC of dimension 4 x 4 x 0.3 cm
were prepared to test the adhesion by method B-Cross-cut tape
test using Elcometer 107 cross hatch cutter.

2.4 Electrochemical Test

All samples of dimension 2 x 2 x 0.3 cm were subjected to
electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization (PDP) test using an electrochemical work-
station (Metrohm Autolab PGSTAT128N, Netherlands). The
workstation consists of a three-electrode cell with the working
electrode as the sample with an exposed area of 1 cm? to the
electrolyte, Ag/AgCl; as the reference electrode and graphite rod
as the counter electrode. The electrolyte used was a biomimetic
NaCl solution with a concentration of 8.035 g/l since Cl ions
induce pitting corrosion on Mg (Ref'45). The scanning rate was 1
mV/s, and the corrosion rates were calculated using a Tafel plot.
EIS was measured from frequencies 10° to 10" Hz. The sample
with the lowest corrosion rate and maximum impedance among
the PC variants was chosen for immersion studies along with B,
AT, and P samples.

2.5 In-vitro Studies

A sufficient number of B, AT, P, and PC2 samples of
dimension 1 x 1 x 0.3 cm were prepared for immersion
studies. The immersion medium was conducted in simulated
body fluid (SBF) which was prepared as mentioned by Kokubo
et al. (Ref 46). Each sample was weighed and then immersed in
an appropriate volume of SBF. The samples immersed in SBF
were kept at a constant temperature of 37£1 °C in the water
bath. Biodegradation, biomineralization, and pH variation
studies were carried out for different periods of immersion,
ie., 1,3, 7, 14, and 28 days. Samples were dried and weighed
after respective periods of immersion to evaluate weight gain/
loss. SEM-EDS characterization was used to study the
morphology of immersed samples. The samples were then
cleaned using boiling chromic acid (180 g/l) to remove the
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depositions, polymer coating, and corrosion products. The final
weight after the cleaning was also measured to calculate the
corrosion rate using Eq 1, as per ASTM G31-72.

(8.76 x 109w

CR = Eq1l
Table 1 Compositional details of different samples
Acid Pickled, PDS, w/v nHA, w/v Coating

Sample Y/N % % thickness, ym
B N
AT Y . . .
P Y 2.5 0 44
PC1 Y 2.5 2.5 15
PC2 Y 5 2.5 79
o
e ©
o
AN
o
o
O
SBF ®
Specimen

Fig. 1 Schematic illustration of the H, measurement setup
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Fig. 2 (a) XRD pattern and (b) SEM image of synthesized HA
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CR is the corrosion rate in mm/year, W is the weight loss (g)
that occurred in T hours of immersion, on an area of A cm? and
D is the density of the sample, taken as 1.74 g/cm3 . The rate of
H, evolution was observed with a separate arrangement with an
inverted test tube setup shown in Fig. 1 (Ref 47, 48). Since the
volume that can be collected in a test tube is limited, the test
could be conducted only for 5 days.

3. Results and Discussions

3.1 Nano-Hydroxyapatite Characterization and Morphology

The XRD pattern of synthesized powder was in concurrence
with that of the HA phase (JCPDS 09-432) and is shown in
Fig. 2(a). Peak broadening was evident, indicating that the
crystal size was near to the nanoscale regime, which was then
validated by SEM analysis. The SEM images of powdered HA
are shown in Fig. 2(b), and the majority of HA crystals were
rod-shaped with a diameter of 18-24 nm and length 60-100 nm,
approximately. The morphology also shows great affinity to
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5
s
=
%
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20(deg)

Fig. 3 XRD pattern of different coating films
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Fig. 5 Water contact angle measurement on different samples

Table 2 Adhesion grade as per ASTM D3359-17 of
coated samples

Sample No. of Grids Removed ASTM Grade
P 0 5B
PC1 0 5B
PC2 0 5B

agglomerate due to the effect of oven drying during synthesis
(Ref 43).
3.2 Characterization of Coated Samples

The diffraction peaks of PDS and nHA are identified in the
XRD pattern of different coating films shown in Fig. 3. The
peaks at 21.95 and 23.87° belong to PDS and the rest to nHA,
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indicating successful development of the PDS-nHA composite.
The surface morphology and composition for B, P, and PC
samples using SEM-EDS are shown in Fig. 4. The Mg, P, and
O peaks of P and PC samples indicate the formation of
magnesium phosphate (Mg3(PO,),) during acid-pickling (Ref
35). Unlike the polymer coating, the composite coatings have
crack-free morphology. Figure 5 shows the contact angle
measurements of B, P and PC samples, which computes the
wettability of the sample surface. Hydrophilic surfaces can
considerably enhance cell attachment and proliferation in a
biological environment (Ref 49). A 29.4% reduction in contact
angle was observed in P due to the combined effect of acid
pickling and PDS coating. For PC1, the addition of nHA to
PDS further reduced contact angle since nHA enhances surface
roughness (Ref 39). However, the readings for PC2 samples
recorded a slight increase, which could be due to the smooth
coating surface developed due to higher PDS w/v% in PC2
samples, which is evident by SEM images. The contact angle
for acid-treated samples was too low to compare, indicating the
highly hydrophilic nature of the surface (Ref 35). Extremely
high wettability is undesirable in biodegradable applications
because it inhibits critical cellular interactions (Ref 50).

According to the ASTM D3359-17 standard mentioned in
section 2.3, the coating adhesion grading of P and PC samples
was measured and listed in Table 2. The number of grids from
which the coating was partially or completely removed during
the test was mapped with ASTM standard adhesion grade.
ASTM grade 5B corresponds that none of the lattice squares
formed by cross-hatching detached on tape removal. The
deposited coatings have strong adherence because of the
increased surface energy due to the acid pickling. Improved
corrosion protection performance is expected due to good
adhesion between coating and substrate.

3.3 Electrochemical Test

The Tafel plot for all samples is shown in Fig. 6(a), and
electrochemical parameters are compiled in Table 3. The
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Fig. 6 Tafel plot and Nyquist plot for different variants
Table 3 Electrochemical parameters of different samples
Potentiodynamic polarization test Electrochemical Impedance Spectroscopy
Sample Ecorn V Leorr, #A/cm? CR, mm/year R, Q R, Q Qcps F.s@D Qui, F.s@P Ry, Q
Bare — 1.444 55.752 1.2792 3.738 66.6 x 10 196.2
AT — 1.503 28.064 0.5066 24.345 126.678 33.5 x 10° 0.9 x 10 606.4
P — 1.507 17.022 0.3905 20.86 36.36 3.5 x 10° 454 % 10 1089
PC1 — 1.487 13.770 0.3160 20.72 92.45 373 x 10° 44.7 x 10°° 1116
PC2 — 1.541 7.545 0.1731 32.23 226.4 58.9x% 10° 7.02 x 10° 1384
25
9.5 B B
—&—AT 20 4 —&— AT
—A—p —A—p
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Fig. 7 pH variation and H, evolution recorded for different samples

corrosion current density (I.,,) for bare Mg-Ca alloy was
measured as 55.752 ,uA/crnz. The lowest value of I, measured
was 7.545 pA/em® for the PC2 variant, explaining the
notable decrease in corrosion rate. A significant decrease of
60.4 % in corrosion rate was observed for AT compared to bare
Mg-Ca due to magnesium phosphate layer formation. Deposi-
tion coating on treated samples further diminished the corrosion
rate up to 86.5% in the PC2 sample indicating a reduction as

2788—Volume 32(6) March 2023

the PDS content increases. The same trend was observed in EIS
studies and the Nyquist plot along with fitted curves and
equivalent circuits are depicted in Fig. 6(b). From the fitted EIS
parameters (Table. 3), the R, value of PC2 was found to be
1384 Q, which is maximum among all samples and indicates
that the enhancement in corrosion resistance occurs after
composite coating.
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3.4 Immersion Studies in SBF

3.4.1 pH Variation. Figure 7(a) depicts the pH variations
during the immersion test of different samples. All samples
exhibited an increasing trend in pH value over the 28-days
study period. This increase is due to the formation of alkaline
magnesium hydroxide as a degradation product on the sub-
strate. When compared to bare Mg-Ca, the coated and acid-
treated samples invariably had lower pH values. After 28 days
of testing, the bare Mg-Ca sample had a maximum pH value of

80

60

40

20 ~

Weight gain (mg/cm?)

-20

Time (days)

Fig. 8 Weight gain/loss measured during immersion study for
different samples

(S [

20kV X500 50um 0092 1149 SEl 00 067 134 201

067 134 201

9.3, and the PC2 variant had a minimum of 8.5. The acid-
treated and polymer-coated samples had pH values 9 and 8.8
after 28 days, respectively. The pH drop in coated samples also
correlates to the PDS proportion in the coating. It is worth
noting that the pH variation in a real system will be lesser than
these results as the system will be more dynamic, unlike the
static immersion test performed.

3.4.2 H, Gas Evolution. Figure 7(b) presents the cumu-
lative H, gas evolution from the samples during the immersion
test in SBF. During the test period, the bare Mg-Ca samples
developed the highest amount of H,, with the fastest release
rate. The cumulative H, evolution of bare samples was reduced
by acid treatment. The coated and pre-treated samples further
reduced the evolution. Compared to the bare Mg-Ca sample,
the PC2 sample reduced cumulative H, evolution by 39.7%
after 120 h. Due to the combined influence of conversion and
deposition coatings, the initial evolution rates of H, for the P
and PC2 samples are significantly low. This indicates that the
treatment and coating can help in keeping the surface
stable during the initial period of immersion.

3.4.3 Weight Gain and Biomineralization. After the
immersion test, the samples were dried and weight gain/loss
was measured immediately. The variation in weight for all
samples is shown in Fig. 8. AT displayed weight loss during the
initial period followed by gain after 14 days. The gain in weight
could be due to the presence of conversion coating that
promoted biomineralization (Ref 35, 51). After three days, the
weight loss in P might be related to the degradation of the PDS
protective coating. However, the sample started recording a
weight gain later, indicating deposition of biomineralization
products. The phosphate layer formed during acid pickling and
the PDS deposited synergistically helped in providing a

X500 50um 0092 1250 SEI o e 1 oo

067 134 201

(d)

Fig. 9 SEM-EDS analysis of (a) B, (b) P, (¢) PCI and (d) PC2 immersion samples. (Yellow circles indicate pitting corrosion and the red

arrows point toward the cracks.)
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stable platform for nucleation and growth of CaP on the coated
surfaces. The influence of bioactive nHA further helped in the
process and hence the composite coated PC2 samples recorded
higher weight gain over other samples.

The quantitative and qualitative analysis of biomineraliza-
tion could not be performed as the deposition products did not
adhere to the surface of the samples for further handling. The
samples thus obtained were then analyzed using microscopy
and EDS after the immersion test, without the depositions on
the sample. Figure 9 depicts the morphology and EDS analysis
of the samples. Pitting corrosion and cracks can be observed
throughout the bare Mg-Ca sample. Pitting corrosion resistance
improved for acid-treated samples due to Mg3(PO,), conver-
sion layer; however, minor cracks are apparent. Nucleation and
growth can be found on the surface of AT and PC samples.
Morphology of the treated and coated samples shows a
significant difference from that of bare samples. While the
depositions on the bare samples are irregular in shape and size,
the same on the coated and treated samples show distinct
morphologies. Such morphologies are seen when the surfaces
help in the formation of crystals through nucleation and growth
(Ref 51, 52). An irregular or large polygonal depositions are
usually observed when there is no protection to avoid
precipitation due to a change in local pH.

3.4.4 Degradation Rate. The corrosion rates calculated
from the weight loss after immersion test are summarized in
Fig. 10. It is observed that the composite coated samples
exhibited a 60% reduction in the degradation rate during the
initial period of the immersion test. This reduction is attributed
to the synergistic performance of the layers developed by acid
treatment and spin coating. While the polymer composite
coating protected the surface beneath, the conversion coating
helped in improving the adhesion at the interface. Both the
layers supported each other, and thus the surface became
conducive for biomineralization. The CaP thus developed on
the sample surface helped in further reducing the degradation
rate. Although the AT sample corroded faster than P over the
first 14 days, the rates were almost identical after 28 days. This
may be due to the degradation of the polymeric layer toward the

30
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= 25 —A—Pp
S —*— PC2
2
g 204
&
L
S 154
(=
R
w2
=)
10
)
O
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Time (days)

Fig. 10 Corrosion rates were measured for different samples during
the immersion period
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end of the immersion test. As exhibited by the PC2 samples, the
presence of HA can not only reinforce the polymer but also
enhance the biomineralization on the surface. Such layer
formed on the surface can easily protect the substrate beneath
and promote further biomineralization as well as reduce
degradation rate.

4. Conclusions

A PDS-HA nanocomposite coating was developed by spin
coating on phosphoric acid-pickled Mg-Ca alloy. The reduction
in degradation rate was analyzed using the electrochemical
corrosion test and immersion test in SBF. Significant reduction
in corrosion rate, H, evolution and pH variation was confirmed
due to the synergic effect of PDS/nHA coating and the
conversion layer formed by acid-pickling. When compared to
bare Mg-Ca, the initial corrosion rate and H, evolution of the
PC2 sample were reduced by 59.14 and 83.17 %, respectively.
The pH value increased by 27.29 % in the B sample, but only
16.53 % in the PC2 type. Hence, it is concluded that PDS/nHA
composite coating combined with acid pickling can serve as an
effective surface coating method to tailor the degradation rate
of Mg-Ca alloy in the physiological environment.
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