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1  Introduction

Magnesium-based alloys have become the new focus 
for bone implant and cardiovascular implant materials 
because of their mechanical, electrochemical and bio-
logical properties [1–4]. In particular, Mg alloys possess 
mechanical properties for cardiovascular stents as they 
have fine microstructural features, high ductility and 
considerable strength [5]. Nowadays, commercial alloys 
(AZ series) have been extensively studied as implant 
materials which are usually alloyed with zinc and alu-
minum to improve the corrosion resistance where alu-
minum increases the tensile strength of the alloy [6]. But 
the metal for implants, especially cardiovascular stent 
implants, demands slow and homogeneous degradation 
performance along with high fatigue strength which 
plays a vital role when the stent is subjected to perma-
nent cyclic load (heart beat) in the blood vessel [7]. How-
ever, the key challenge of Mg-based alloys which prevent 
their use in clinical applications is the rapid corrosion 
and degradation in the biological environment. Such rapid 
corrosion causes generation of hydrogen gas which is too 
fast for the bone/tissue to accommodate, thus degrading 
its mechanical integrity [8–10]. Therefore, it is essential 
to overcome these drawbacks of Mg-based alloys before 
implantation in a physiological environment. Thus, form-
ing a corrosion-resistant surface treatment/coating to pre-
vent the substrate surface to come in direct contact with 
the environment is one of the corrosion prevention pro-
cesses for Mg alloys [11, 12]. Surface treatment of sub-
strate involves specific reactions on the surface through 
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some conversion agents which are more adhesive and cor-
rosion resistive, but for biomedical applications factors 
like biocompatibility, biodegradability, cell viability and 
antibiotic ability are easily and better achieved by coating 
a material (deposited coating) over the substrate surface 
[13]. Various studies revealed that the degradation has 
been limited using a polymer/ceramic coating over the 
surface of Mg alloys [14, 15].

Among various polymers which can be used for coat-
ing over a metallic surface, PHBV [poly (3-hydroxybu-
tyric acid-co-3-hydrovaleric acid)] a microbial polyester 
with biodegradable, non-antigenic, biocompatible proper-
ties is seeking more attraction and attention [16]. PHBV 
is a copolymer of poly (hydroxybutyrate) (PHB) and poly 
(hydroxyvalerate) (PHV) which are derivatives of PHAs 
(polyhydroxyalkanoates), a class of biodegradable and 
biocompatible thermoplastic polyesters produced by vari-
ous microorganisms (e.g., soil bacteria, blue-green algae 
and some genetically modified plants), in which they act 
as an intracellular energy and carbon storage products 
[17]. The biodegradation of PHB and other PHA deriva-
tives is driven by hydrolysis of the ester bond [18]. Their 
degradation products, such as a β-hydroxybutyric acid 
(3HB) and 3-hydroxyvaleric acid, are less acidic than lac-
tic and glycolic acid with pKa values 4.7 [19] and 4.72, 
respectively. [34]. Mechanisms of PHAs degradation are 
thermal, enzymatic or hydrolytic. For example, hydro-
lytic degradation of PHB releases 3HB, which is a nor-
mal metabolite in human blood; therefore, in the absence 
of endotoxin, the biodegradation of PHB produced by 
bacteria does not cause any physiological reaction. This 
property provides a unique feature for regeneration and 
drug delivery applications of PHB and other polymers in 
the PHA family [20].

Coating of polymer/ceramic substance on the metallic 
substrate is achieved by various methods such as spin 
coating, dip coating and vapor deposition techniques. An 
effective approach that is currently followed for polymer 
deposition is electrospinning [21, 22] where the fibers 
are deposited over the metal substrate as fibrous mats. 
However, only some studies reported the combination of 
polymer coating over the metal surface using electrospin-
ning. Thus, the aim of this study is to develop a better 
degradable and corrosion-resistive material by coating a 
polymeric substance over a metal substrate for biomedi-
cal implant applications using electrospinning method 
to accomplish a better coating procedure, so chemically 
treated magnesium alloy (AZ-31) is coated with PHBV 
(poly (3-hydroxybutyric acid-co-3-hydrovaleric acid)) 
with 12% HV by electrospinning. The characterization 
of the coated metal was performed followed by degrada-
tion and bioactivity analysis.

2 � Materials and Methods

2.1 � Sample Preparation

The magnesium alloy sheets AZ-31 (magnesium = 94.8% 
aluminum = 3% zinc = 1% manganese = 0.2%) were cut 
into dimensions 10 mm × 10 mm × 1 mm, rinsed with 
acetone and was polished using emery papers with grades 
up to 2000 in steps. The polished samples were annealed 
at a temperature of 340 °C which was reported previously 
[23]. The annealed metal samples were treated with 1 M 
HNO3 for 2 min and were cleaned with ethanol for 3 min 
using ultrasonic bath and dried. The samples were named 
as AZ-U (uncoated), AZ-AP (as received and polymer 
coated), AZ-ACP (annealed chemically treated and poly-
mer coated).

2.2 � Coating Procedure

Polymeric fibers were coated on AZ-AP and AZ-ACP sam-
ple surface using electrospinning (Espin Nano unit). The 
electrospinning of the polymer has resulted in the formation 
of a fibrous layer on the sample’s substrate. The solution for 
electrospinning was produced by dissolving PHBV polymer 
of 12% HV (purchased from Sigma-Aldrich) in chloroform/
DMF (80/20)% (v/v) at the concentration of PHBV 15% 
(w/w) by constant stirring at 50 °C for 60 min [24]. The 
optimum conditions followed at the time of electrospinning 
were temperature 24 °C, humidity 65%, the collector dis-
tance 15 cm and flow rate 2 ml/hr.

2.3 � Coating Characterizations

The FESEM images of samples were taken using FEI 
Quanta FEG 200 operated at 10 kv in order to study the 
coating of the fiber deposition on the sample substrate. The 
phase compositions of the coated metal were analyzed using 
X-ray diffraction [PANalytical’s X’Pert PRO with Cu Kα 
radiation (λ  =  1.542 Å)]. The infrared spectra were obtained 
using Fourier transform infrared spectroscopy (Agilent Res-
olutions Pro) in the mid-IR region (400–3000 cm−1).

2.4 � Degradation Studies

The samples AZ-U and AZ-ACP were used in the SBF immer-
sion test. Each sample was placed in a bottle with 10 mL of 
SBF and kept at the room temperature of (37.5 ± 0.5) °C. 
Immersion was carried out for 1–21 days. After soaking for 
the predetermined time, the samples were taken out from the 
bottle and the pH value of SBF was determined. The surface 
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morphology and elemental compositions of the samples were 
also determined.

2.5 � Electrochemical Measurements

Electrochemical tests were carried out using a Bio-logic VSP 
potentiostat/frequency response analysis system to evaluate the 
electrochemical behavior of the samples. Experiments were 
carried out in a three-electrode electrochemical cell, in which a 
saturated calomel electrode (SCE) was the reference electrode, 
a platinum mesh was a counter electrode, and the specimen to 
be investigated was the working electrode. Potentiodynamic 
polarization tests were performed at a scan rate of 0.5 mV/s. 
The polarization curves were used to estimate the corrosion 
potentials (Ecorr) and corrosion current density (icorr) at Ecorr 
by the Tafel extrapolation. The corrosion current is obtained 
from the Stern–Geary equation where (Rp) is the polarization 
resistance and (βa) and (βc) are anodic and cathodic Tafel con-
stants, respectively.

i
corr

=

�a × �c

2.3 Rp

(

�a + �c
)

3 � Results and Discussion

3.1 � FESEM Studies

The FESEM images show the morphology of coated sam-
ple with pre-coating treatment (AZ-ACP) (Fig. 1a) where 
the entire surface of the sample has been evenly distributed 
with PHBV fibers, whereas the sample which has been 
directly subjected to coating as received without any treat-
ment (AZ-AP) (Fig. 1b) has sparsely deposited fibers over 
the surface and uncoated bare metal surface after anneal-
ing (Fig. 1c). As observed, the AZ-AP sample showed 
sparsely distributed fibers, which indicates weak adhesion 
of the fibers over the substrate surface, and thus in order to 
increase the adhesive property of the fibrous mats and to 
form a smooth and uniform coating over the substrate, the 
AZ-ACP sample is pretreated with HNO3 which forms a 
hydroxide layer on the surface, thus increasing the deposi-
tion of the polymer uniformly over the substrate [25]. The 
EDS results have shown the presence of Mg, C, Ca, P, O 
and Cl. The AZ-ACP samples reported a high percentage 
of carbon (54.28%) and oxygen (39.23%), which denotes 
the deposition of polymer over the surface. The presence 

Fig. 1   FESEM images of samples. AZ-ACP (a), AZ-AP (b), AC-U (c), EDS spectra of AZ-ACP (d) and AZ-AP (e)
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of Ca and P is due to HA (hydroxyapatite) and magnesium 
phosphates formation [26]. The AZ-AP sample showed a 
decrease in carbon content (16%) with dominating mag-
nesium presence since the surface is not entirely deposited 
with the polymer [27]. 

3.2 � X‑ray Diffraction Pattern

The XRD patterns of AZ-U and AZ-ACP samples were 
obtained (Fig. 2). The major peaks of PHBV at 2θ lie in 
the region of 10–30o which was previously reported [28]. 
The collected spectra of AZ-ACP sample show peaks of 
PHBV associated with bare Mg AZ-31, particularly between 
30° and 40° [29]; which is due to the porous nature of the 
fibrous mats that the dominating peaks are originating from 
Mg alloy surface. Moreover, these peaks were enhanced due 
to the deposition of polymer over the substrate. Thus, the 
peaks endorse the deposition of a polymeric coating over 
the surface of the sample. 

3.3 � FTIR Studies

The FTIR spectra performed for AZ-U, PHBV polymer, 
AZ-ACP samples after coating are shown in Fig. 3a, b, c, 
respectively. PHBV exhibited a strong band at 1720 cm−1 
due to the C=O stretching. Characteristic bands from 800 to 
975 cm−1 corresponded to symmetric –C–O–C– stretching 
vibration. Moreover, the antisymmetric –C–O–C– stretch-
ing leads to bands between 1060 and 1150 cm−1 [30]. The 
similar peaks were visible for AZ-ACP sample which signi-
fies the polymer deposition on the AZ-ACP sample surface.

Fig. 2   X-ray diffraction of PHBV coated Mg AZ-31 sample

Fig. 3   FTIR spectra of AZ-U sample (a), PHBV polymer (b), AZ-ACP (c)
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3.4 � In Vitro Characterization

3.4.1 � Degradation Morphologies

The photographs of the samples that were subjected to SBF 
immersion test at 0th day and 21 days are shown in (Fig. 4). 
The AZ-ACP sample reveals that PHBV coating is sustained 
which makes the surface to come in less contact with the 
fluid even after immersion of 21 days, while the AZ-U sam-
ple started degrading during the course of immersion.

It is evident from the FESEM images (Fig. 5) showing 
fibers on the surface of the AZ-ACP sample after 21 days 
of immersion proving less degradation. The AZ-U sample 
showed a higher degradation by forming pits and cracks 
visible on the surface which proves that the coating over 
the substrate has reduced the degradation rate to that of the 
uncoated substrate.

Table 1 shows the composition of the elements after the 
immersion study where AZ-ACP sample has the higher 
Ca/P ratio which proves better biomineralization [31]. The 

high amount of carbon and magnesium present in coated 
sample proves that the metal is not eroded and degraded 
while compared to uncoated metal.

3.4.2 � pH Value Changes in SBF

Figure 6 shows a lot of variation of pH values as a function 
of the immersion time. Both samples showed an increase 
in pH value after 21 days. However, the pH values of solu-
tion corresponding to AZ-ACP sample showed a minor pH 
value change than to AZ-U sample. This change in pH is 
due to the corrosion of Mg and its alloys [32], and it can 
be concluded that coated alloys are more corrosion resis-
tive than uncoated alloys. Furthermore, it has been previ-
ously reported that a physiological condition with high pH 
values does not promote cell growth [33] since large pH 
variations are a hindrance in using Mg alloys as suitable 
implant materials; this PHBV coated alloy (AZ-ACP) can 
tailor this requirement with more corrosion resistance.

Fig. 4   Photographs of AZ-ACP before immersion (a), after immersion (b), AZ-U sample before immersion (c), after immersion (d)

Fig. 5   FESEM and EDS analysis of AZ-U (a) and AZ-ACP samples (b) after 21 days of immersion study

Table 1   Elemental composition 
of the surfaces after 21 days of 
immersion

Sample Mg wt% O wt% Ca wt% P wt% C wt% Ca/P ratio

AZ-U 13.37 26.26 0.03 0.67 7.74 0.04
AZ-ACP 27.61 32.33 0.15 1.20 36.35 0.12
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3.5 � Electrochemical Characterization

Potentiodynamic polarization curves obtained from AZ-U 
and AZ-ACP sample substrates in SBF are displayed in 
(Fig. 7). It could be seen that the corrosion potential (Ecorr) 
of AZ-U sample substrate −1.396 V is more negative, while 
the AZ-ACP sample shows a nobler shift to the Ecorr value 
−1.210 V. The positive potential shift and decrease in cur-
rent density show that the corrosion resistance of AZ-ACP 
sample improved significantly. Moreover, the polarization 
resistance of the AZ-ACP sample is comparatively higher 
than that of AZ-U sample, which denotes high corrosion 
resistance in the environmental fluid.

The electrochemical parameters of potentiodynamic 
polarization curves are given in Table 2. It can be deter-
mined that the PHBV deposition over the surface could con-
trol the diffusion of electrolyte into the substrate and thereby 

decrease the degradation rate and enhance the potential of 
AZ-ACP sample than that of the AZ-U sample.

4 � Conclusion

Electrospunned biodegradable PHBV fibers combined with 
surface modification on Mg AZ-31 alloy served to provide 
a protective coating over the surface of the substrate. The 
FESEM images of the AZ-ACP sample denote uniform 
deposition of the polymer where the metal contact with the 
physiological medium is reduced which prolongs the degra-
dation, whereas the AZ-AP sample has minimum coverage, 
so it degrades faster. The SBF immersion studies were car-
ried out for short duration which can be increased to study 
the long-term effects of the coating over the surface. Though 
the stoichiometric ratio of Ca/P is lower for the AZ-ACP 
samples when compared with that of the standard value 1.67, 
it is higher than the AZ-U sample; hence, it can be further 
improved by optimizing the coating parameters to obtain 
better biomineralization. To conclude, this preliminary study 
can be expanded in further researches which include cell 
studies and in vivo characterizations for the development 
of better biodegradable materials for biomedical implant 
applications, with improved corrosion and degradation rate.
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