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Abstract: In this study, various composites of bioglass/gelatin/polycaprolactone (BG/GE/PCL)
were produced and coated on the surface of 316L stainless steel (SS) to improve its bioactivity.
X-ray diffractometry (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were utilized to characterize the specimens. The results showed that bioglass
particles were distributed uniformly in the coating. By increasing the wt.% of bioglass in the
nanocomposite coatings, the surface roughness and adhesion strength increased. The corrosion
behavior of GE/PCL (PCL-10 wt.% gelatin coated on 316L SS) and 3BG/GE/PCL (GE/PCL including
3 wt.% bioglass coated on 316L SS) samples were studied in PBS solution. The results demonstrated
that 3BG/GE/PCL sample improved the corrosion resistance drastically compared to the GE/PCL
specimen. In vitro bioactivity of samples was examined after soaking the specimens for 7, 14 and
28 days in simulated body fluid (SBF). The results showed a significant apatite formation on
the surface of 3BG/GE/PCL samples. The cell viability evaluation was performed using 3- (4,
5-dimethylthiazol-2-yl)-2,5 diphenyltetrazoliumbromide (MTT) tests which confirmed the enhanced
cell viability on the surface of 3BG/GE/PCL samples. The in vivo behavior of specimens illustrated no
toxicity and inflammatory response and was in a good agreement with the results obtained from the
in vitro test.

Keywords: PCL; gelatin; bioglass; corrosion resistance; electrospinning; metallic implant

1. Introduction

AISI 316L Stainless Steel implants has been extensively used as orthopedic implants, dental
implants, and cardiovascular stents due to its suitable mechanical properties, workability, high corrosion
resistance, chemical stability, and low cost [1]. However, low biocompatibility, localized corrosion
problems, and the release of Ni, Cr, and Mo ions from 316L SS can lead to immunoreactions
and inflammatory responses, stimulate the platelet-activation, and provoke intimal hyperplasia [2].
Therefore, surface modification of 316L SS has been the topic of many research activities around the
world [3–5]. Several techniques such as chemical modification, ion implantation, anodic oxidation,
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physical vapor deposition, chemical vapor deposition, plasma spray deposition, sol-gel, thermal
oxidation, and applying a composite coating have been utilized to modify the surface of 316L SS [6].
Among them, applying a composite coating is a simple, economical and effective method to improve
the corrosion resistance and bioactivity of 316L SS substrates [7,8]. Various synthetic and natural
polymers have been utilized for the surface modification of metallic implants [9,10]. Polycaprolactone
(PCL) and gelatin are some examples of synthetic and natural polymers that have been used extensively
in tissue engineering applications [11–15]. PCL is hydrophobic and is considered as a nontoxic and
biodegradable polymer with a slow degradation rate, significant toughness, and remarkable mechanical
properties. However, it has several disadvantages if applied as a coating material alone, including
insufficient strength and the lack of desired bioactivity [13–15].

Within natural polymers, proteins have attracted considerable attention from scientists [16];
gelatin is a protein-based biopolymer that is formed by the chemical denaturation of collagen
extracted from an animal’s skin, bone or tissue [17]. Gelatin is of great interest due to its appropriate
rheological film-forming properties, solubility in water, nontoxicity and gel-production capability at low
concentrations [5]. However, it exhibits poor mechanical properties and a high degradability rate in the
simulated body fluid (SBF) solution [18]. Studies have shown that the mechanical properties and stability
of gelatin can be improved when mixed with other polymers. For example, gelatin/PCL composites
could improve the biological performances and physical properties of the coatings [19–21]. On the
other hand, 58S bioglass is a well-known material for its excellent bioactivity [22]. It has been reported
that better mechanical properties and bioactivity can be achieved by compositing the bioglass (BG) in
polymer coating. Khosravi et al. [23] investigated the effects of a poly (ε-caprolactone)/gelatin/forsterite
coating containing a graphene oxide layer on the bioactivity, biodegradability and cell behavior of 316L
Stainless Steel substrate. They found a higher bioactivity in the electrospun nanofibers containing 1
and 3 wt.% of forsterite nanoparticles after soaking in the SBF. The results of the MG-63 cell culture on
the coatings showed an excellent cell adhesion along with considerable cell growth and proliferation
on all samples. They reported that the presence of the forsterite nanoparticles and the graphene oxide
layer substantially improved the cell proliferation of the coatings.

Different techniques have been utilized to produce nanobioglass/polymer composite coatings for
stainless steel substrates, including electrodeposition, sol-gel, dipping, and spraying methods [24,25].
Among these procedures, the electrospinning process is one of the best techniques that utilizes electrical
forces to produce ultrafine polymer fibers that mimic the natural cell environment. This method
can be applied for soluble or fusible polymers alone or polymers containing particles or enzymes.
The produced nanofibers exhibit many interesting features, such as a high surface area and tailorable
porosity [26–28].

Coating 316L SS implants with biodegradable composite fibers to improve cell adhesion and
bioactivity and to decrease the corrosion rate is quite a new approach, with only a few examples in the
literature [29–32]. Despite the wide application of PCL/gelatin blended polymers, to the best of the
authors’ knowledge, applying GE/PCL including bioglass particles (BG/GE/PCL) composite coatings
on 316L SS as the bone implant has not been investigated. In this study, a dip coating–electrospinning
process was applied to coat the 316L SS substrates. The protective function of BG/GE/PCL composite
coatings against corrosion was examined by electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization. In addition, PCL-10 wt.% gelatin (GE/PCL) containing different
amounts of bioglass particles was analyzed using XRD, SEM and energy-dispersive X-ray spectroscopy
(EDS) techniques. Moreover, in vitro bioactivity of the coated samples was evaluated using SBF
solution and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) analysis. Finally,
the in vivo study was carried out by implanting the bare and coated 316L SS substrates in rabbits.
The results suggested that incorporating bioglass particles as a reinforcement in the GE/PCL matrix
can enhance surface roughness, corrosion resistance and bioactivity of the coated samples.
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2. Materials and Methods

2.1. Synthesis of Bioglass Nanopowder

The 58S bioactive glass nanopowder was produced with the composition of 57.72 mol.% SiO2,
35.09 mol.% CaO, and 7.1 mol.% P2O5 using the sol-gel technique. To produce the bioglass powder,
a solution containing 17.5 mL of 2 M hydrochloric acid in deionized water, 50 mL ethanol, 20.5 mL
tetraethyl orthosilicate (TEOS) and 2 mL triethyl phosphate (TEP) were prepared. Then, 15 wt.%
calcium nitrate (Ca(NO3)2·4H2O) was added to the solution. The suspension was magnetically stirred
for 1h and subsequently aged at 60 ◦C in an oven for 54 h. After aging, the suspension dried at 130 ◦C
for 72 h, and finally calcined at 1100 ◦C for 1h. The obtained bioglass powder was mechanically
agitated for 1 h in a planetary ball mill (PM100) under ambient conditions. The milling media consisted
of a zirconia vial with five 20 mm zirconia balls. In all milling runs, the ball-to-powder weight ratio
was 10:1 and the rotational speed of the main disc was 250 rpm.

2.2. Fabrication of PCL-10 wt.% Gelatin–Bioglass Composite Coatings

Commercial 316L stainless steel specimens with dimensions of 10 × 10 × 2 mm3 were wire cut
and mechanically polished using SiC papers (up to 2000) and ultrasonically cleaned with distilled
water/acetone solution at 25 ◦C. Subsequently, the specimens were chemically activated by immersion
in a solution containing a 30:70 volume ratio of H2O2:HNO3 for 30 s to improve the adhesion of the
coating to the substrate.

On the other hand, the polymer–ceramic composite coating of PCL-10 wt.% gelatin (GE/PCL) was
initially prepared by stirring a mixture of PCL (70–90 × 103 g/mol, Sigma-Aldrich) and gelatin in a
formic acid/acetic acid solution for 4 h at 25 ◦C. Subsequently, various amounts of bioglass (BG) (1, 3 and
5 wt.%) were added to the GE/PCL solution, stirred for 1 h and ultrasonicated for 30 min to disperse
nanoparticles in the polymeric solution. Table 1 shows the designation of different samples. The 316L
SS specimens were soaked in GE/PCL solution for 2 min and then dried for 1 min. This process was
repeated 5 times to achieve a proper thickness for the base coat. Subsequently, the electrospinning
technique was utilized to apply the GE/PCL containing different amounts of bioglass nanocomposite
coating on the surface of 316L SS specimens as the topcoat. The electrospinning method was carried
out according to [33]. Sample preparation was performed at room temperature with 30% humidity.
The voltage of the system was adjusted to 12 kV. The volumetric flow rate of syringe was set to 5 mL/h
and it was placed with the distance of 15 cm from the metallic substrate.

Table 1. Designation and specification of different samples.

Designation Polycaprolactone
(wt.%)

Gelatin
(wt.%)

Bioglass
(wt.%)

GE/PCL 90 10 -
1BG/GE/PCL 89.1 9.9 1
3BG/GE/PCL 87.3 9.7 3
5BG/GE/PCL 85.5 9.5 5

2.3. Characterization of the Nanofibrous Composite Coating

The topography of the surface of samples was analyzed using scanning electron microscopy
(SEM, model Philips XL30, Eindhoven, The Netherlands). SEM was also utilized to observe bioglass
nanopowder distribution in the composite coating. Phase analysis of the surface of samples was
investigated by X-ray diffraction (XRD, Philips X’pert MPD, Eindhoven, The Netherlands, Cu Kα at
40 kV and 30 mA) in a 2θ range of 10◦–90◦ with a step size of 0.05◦ per sec. The chemical composition
of the surface of specimens was determined using energy-dispersive X-ray analysis (EDS, AIS 2300C,
Seron, South Korea). To measure the surface roughness of the composite, a laser surface profilometer
was used and the average roughness values (Ra) of various samples were recorded. The adhesion
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strength of the composite coating to the substrate was investigated using the pull-off test by applying
and removing pressure-sensitive tape according to the American Society of Testing and Materials
(ASTM) test protocol D3359 [5].

2.4. Electrochemical Evaluation

To observe the corrosion behavior of the composite coating in the body, an electrochemical
evaluation was performed in phosphate-buffered saline (PBS) solution made by using Cold Spring
Harbor Protocol [34], containing 137 mM/L NaCl, 2.7 mM/L KCl, 10 mM/L Na2HPO4 and 1.8 mM/L
KH2PO4 at the temperature of (37 ◦C) and pH = 7.4. The electrochemical behavior was determined
by electrochemical impedance spectroscopy (EIS) using an Ivium potentiostat. A conventional
three-electrode arrangement was used with a KCl saturated calomel electrode (SCE) as a reference
electrode. A platinum sheet was utilized as a counter electrode and the 316L SS coated specimens were
used as the working electrodes. The electrodes were kept in PBS solution for 30 min to be stabilized at
open circuit potential (OCP) before electrochemical evaluation. The EIS measurements were conducted
with the frequency range of 100 kHz–10 mHz and amplitude of 10 mV·rms−1.

2.5. In Vitro Study

Simulated body fluid (SBF) solution with ion concentration close to that of human blood plasma
was used to investigate the bioactivity of the specimens as described in [35]. The apatite formation
capability of the bare 316L SS and 3BG/GE/PCL samples was evaluated by soaking the specimens
in SBF at pH 7.4 for 7, 14 and 28 days. The SBF solution was prepared according to the protocol
presented in [35] including 142.0 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 125.0 mM Cl−,
27.0 mM HCO3

−, 1.0 mM HPO4
2− and 0.5 mM SO4

2−. After immersing the samples for 7, 14 and 28
days, the samples were gently rinsed with double deionized water and dried at room temperature.
The samples were analyzed by SEM and (EDS).

2.6. Cell Culture and Cell Viability Study

Biological characterization of the samples was studied using MG63 human osteoblast-like cells
(CRL-1427, 17 years, Caucasian, passage 4). MG63 were cultured in (Gibco Dulbecco’s Modified Eagle
Medium) DMEM-low glucose including 10% (v/v) streptomycin/penicillin (bioidea, Tehran, Iran) inside
an incubator at 37 ◦C under 5% CO2. In addition to culture medium refreshing, phosphate buffer saline
solution (PBS, bioidea, Tehran, Iran) was selected to wash the culture plates. Furthermore, plates were
sterilized for 60 min in 70% (v/v) ethanol and 6 h under UV light. After immersing the samples in
culture medium for one day, and as soon as the cell confluence reached 70%, the cells were trypsinized
with a density of 30,000 cells/well and sealed on tissue culture plate (TCP) and then incubated at 37 ◦C
and 5% CO2. The cell proliferation was evaluated using MTT assay. For this purpose, samples were
placed in cell medium and after 1, 3 and 5 days, the culture medium was removed and MTT solution
with 0.5 mg/mL regent was added to the samples as well as the control specimens. At the next level,
before adding DSMO, the samples were incubated at 37 ◦C and 5% CO2 for 4 h. Incubation at 37 ◦C and
5% CO2 was repeated to dissolve the dark blue formazan crystals. Afterwards, the DMSO absorption
was measured at 570 nm wavelength by employing a microplate reader and finally the relative cell
culture of the samples reported according to the following equation [36,37]:

Relative cell survival (% control) =

(
Xsample −Xb

)
(Xc −Xb)

× 100 (1)

where Xsample, Xb and Xc are absorbance of the sample, blank (DMSO) and control (TCP), respectively.
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2.7. In Vivo Study

In this study, five adult male New Zealand white rabbits weighing 1–1.5 kg were utilized for
in vivo study. This experiment was approved by the School of Dentistry at Isfahan University of
Medical Sciences. General anesthesia was induced by Ketamine hydrochloride (50 mg/kg body weight)
and Acepromazine (1 mg/kg body weight) injection. After anesthesia, Flunex (0.6 mg/kg) was injected
under the skin of the rabbits. Afterward, the surgical areas were shaved, and their skin was washed
with chlorhexidine and povidone–iodine and marked. The 3BG/GE/PCL samples were sterilized by
immersion in 70% (v/v) ethanol and then exposed to UV light for 6 h [33]. The surgical sites on the
skin were exposed with an incision using a scalpel and the samples were implanted under the skin.
The control and coated samples were implanted for up to 90 days. Afterwards, the location of the
surgery was closed using Nylon suture. To control pain and infection, Flunex drug (0.6 mg/kg body
weight, every 24 h) and penicillin (6000 mg/kg body weight, every 8 h) were injected, respectively.
Specimens were received in 10 formalin and then tissue processing was performed. The tissue
processing steps were fixation (with formalin), dehydration (through grades of alcohol 70, 80 and
90% and absolute alcohol), clearing (xylene), impregnation, embedding and blocking (tissue cutting
with microtome measuring 3–5 mm), section cutting and hematoxylin and eosin (H&E) staining,
respectively [38–40]. The sections were studied by a pathologist.

3. Result and Discussion

3.1. Surface Morphology and Elemental Analysis of BG/GE/PCL Composites

Figure 1 shows the morphology of the BG/GE/PCL composites. The SEM results showed a
porous structure with randomly oriented features throughout the BG/GE/PCL nanofibrous coatings.
The average diameter of the BG/GE/PCL nanofibers was around 200 nm. The porosity of the BG/GE/PCL
composite coating provided a large surface area to volume ratio for cell attachment, as well as adequate
space for bone ingrowth. A smooth and bead-free morphology with uniform fiber diameter and
appropriate porosity was obtained in the BG/GE/PCL composite coatings. Increasing the amount of
bioglass in the composite coating resulted in the formation of large particles in the 5BG/GE/PCL sample.

The presence of bioglass particles in the 3BG/GE/PCL composite coatings was investigated using
EDS analysis (Figure 2). Ca, P, and Si peaks were detected in the EDS graph, which proved the
presence of bioglass particles in the composite coatings (Figure 2b). The carbon peak shown in the
EDS graph can be assigned to the presence of both PCL and Gelatin in the composite coating. Oxygen
peaks, which were originated from PCL, gelatin and bioglass, were also detected in the EDS analysis.
An N peak was related to the gelatin in the composite coating. EDS chemical maps were acquired to
determine the distribution of Si, Ca, P, and N elements in the 3BG/GE/PCL composite. Figure 2c shows
a typical elemental map of Si, Ca, P, and N. Although bioglass was well dispersed throughout the
material, pockets of bioglass were detected as well. As can be seen, all elements were homogeneously
distributed in the composite. It should be mentioned that the homogenous distribution of bioglass
particles is very important in the bioactivity of the composites. As seen, by increasing the amount of
bioglass to 3 wt.%, there was a proper and uniform distribution of bioglass in the 3BG/GE/PCL sample;
however, a further increase to 5 wt.% (5BG/GE/PCL sample) caused the formation of agglomerates and
bioglass pockets in the coating.
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analysis of the 3BG/GE/PCL composite coating.
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3.2. Phase Analysis

The XRD patterns of different composite coatings are illustrated in Figure 3. The characteristic
peaks of PCL were observed in GE/PCL samples at 2θ equal to 22.2◦, 23.5◦, 25.5◦ and 36.9◦, which belong
to the (011), (210), (120) and (311) crystallography planes (JCPDS card number 48-2219), respectively.
On the other hand, the intensity of characteristic peaks of PCL was decreased in the BG/GE/PCL
composite as a result of the presence of bioglass in the structure. The characteristic peaks of bioglass in
the 1BG/GE/PCL composite were negligible in the XRD patterns due to the low amount of bioglass in
the structure and it probably being in the amorphous state. Some additional peaks were observed at
around 2θ equal to 43.5◦, 50.7◦ and 74.7◦ due to the presence of 316L SS substrate (JCPDS card number
33-0397) [41]. By increasing the bioglass content in the coating, the intensity of the SS XRD peaks
decreased due to the formation of a thicker coating on the substrate.
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3.3. Surface Roughness and Adhesion Strength of the Coated Samples

The surface coating of implants influences osteoblastic proliferation and differentiation.
The fixation of a metallic implant to the bone tissue is affected by various factors, including surface
roughness. After implantation, the implant surface is in contact with body fluid and interacts with
different types of cells. It has been confirmed that increasing the surface roughness may lead to cell
adhesion and bone formation on the surface of metallic implants [42,43]. The results of the surface
roughness are summarized in Table 2. As can be seen, by increasing the amount of embedded bioglass
in GE/PCL, the surface roughness of the samples increased. Figure 4 shows the surface roughness
profiles of different samples. Increasing the weight percentage of bioglass in the composite coatings
increased the surface roughness. The adhesion strength of the composite coatings was evaluated
according to the D3359-ASTM standard [44,45]. The composite coatings in the 3BG/GE/PCL and
5BG/GE/PCL samples showed the strongest adhesion to the substrate with a rating of 6B. The removed
area of the composite coating was less than 4B, which demonstrated a proper coating adhesion to the
substrate. Table 3 shows the results of the adhesion strength of different samples. As can be seen,
by increasing the amount of bioglass in the composite coating, the adhesion strength was improved.
The minimum adhesion strength was observed in the samples without the bioglass particles. Bioglass
nanopowders act as pins in the composite coating, which cause greater surface roughness and adhesion
strength. It seems that incorporating the bioglass nanoparticles to the GE/PCL composite increased the
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contact surface area of the coating to the substrates. Torkaman et al. [21] reported that adding forsterite
bioceramic powder particles into the polymer matrix could increase the surface adhesion of the coating
to the substrates. Furthermore, it is reported that adding BG submicron particles to the PCL coating can
improve its interfacial adhesion and its wettability [46]. The increased surface roughness of the coating
may increase the contact points and subsequently raise the adhesion strength of the coating. As seen in
Figure 1, increasing the amounts of the bioglass from 3 to 5 wt.% in the composite coating resulted in
the formation of large particles and an inhomogeneous structure. Considering the surface roughness,
homogeneous distribution of the bioglass in the coating and the adhesion strength of various coatings,
3BG/GE/PCL samples were used as the optimum specimens to evaluate the electrochemical behavior
and bioactivity compared to GE/PCL samples.
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Table 2. The results of the surface roughness of different samples.

Samples Surface Roughness (µm)
Ra (the Average Roughness) Rq Rz

5BG/GE/PCL 5.08 6.62 40.37
3BG/GE/PCL 2.57 3.16 17.26
1BG/GE/PCL 1.47 1.78 8.65

GE/PCL 0.71 0.97 8.09

Table 3. The adhesion strength of different samples.

Samples Classification % of Area Removed

5BG/GE/PCL 6B Less than 5%
3BG/GE/PCL 6B Less than 5%
1BG/GE/PCL 3B 5–15%

GE/PCL 3B 5–15%

3.4. Electrochemical Behavior of Coated Substrates

The Nyquist plots, the equivalent circuit used to simulate the EIS experimental data, and the
Bode-Z and Bode-phase diagrams of GE/PCL and 3BG/GE/PCL samples in a PBS solution are presented
in Figure 5. The Nyquist plots (Figure 5a) are described by an equivalent circuit (EC) that has two
time-constants (Figure 5b). This EC has also been used for a forsterite/GE/PCL nano composite coating
applied onto a titanium substrate [33]. The Rs is considered as solution resistance, CPEcoat and Rcoat
as constant phase element of coating and coating resistance, and CPEdl and Rct as constant phase
elements of double layer and charge transfer resistance [47]. Table 4 shows the circuit parameters
calculated using z-view software. The diameter of the semicircle of 3BG/GE/PCL coating in the Nyquist
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plots is larger than that of GE/PCL coating, which demonstrates an increase in the corrosion resistance
of the polymer coating containing bioglass particles. Although PCL is a hydrophobic polymer, adding
BG nanoparticles to the PCL polymer matrix can improve the hydrophilicity of the polymer coating [46].
The increased hydrophilicity caused a better attachment of the coating to the substrate and consequently
provided a better protective layer on the surface of substrate against corrosion. The R (both Rcoat and
Rct) values in the 3BG/GE/PCL coating are significantly higher than GE/PCL coating which proved
the higher corrosion resistance through adding 3BG to the GE/PCL coating. The Rct of 3BG/GE/PCL
reached the value of 49,634 kΩ·cm2, approximately five times more than that of the GE/PCL sample.
The better attachment of the 3BG/GE/PCL coating to the substrate postponed the contact between
corrosive ions such as Cl− and the substrate, and subsequently caused the degradation which occurs
over a longer period [48]. Increasing the impedance of the superhydrophobic coating reduced the
metals’ dissolution and the suppression of oxygen reduction activity by the BG/GE/PCL coating.
In the equivalent circuits, Rs, had approximately the same value for both the aforementioned samples.
Because the capacitance had deviated from its ideal capacitive behavior, the constant phase element
(CPE) was utilized to substitute Cdl with Qdl in the equivalent circuit. The value of n ranging from
0 to 1 was related to the surface roughness; where 0.5 < n < 1. The deviation of the samples from
the ideal behavior could be ascribed to the surface roughness of electrode, to a nonhomogeneous
current distribution on the electrode surface or to a non-homogenous distribution of the electrical
properties within the coating which was ascribed to the superhydrophobic nature of the nanocomposite
coating [49,50].
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Table 4. The circuit parameters of EIS results of PCL-10 wt.% Gelatin-1,3 and 5% Bioglass composite
calculated using z-view software (version 3.1) in a PBS solution at room temperature.

Samples Rs
(Ω cm2)

CPEcoat
(µF·cm−2)

n Rcoat
(Ω·cm2)

CPEdl
(µF·cm−2)

n Rct
(Ω·cm2)

χ−2

(Chi-Squared)

GE/PCL 41.56 9.37 × 10−5 0.72 2141 1.21 × 10−4 0.89 11,543 0.00028
3BG/GE/PCL 45.4 6.52 × 10−5 0.43 10,790 1.21 × 10−7 0.86 49,634 0.00027

The Bode-Z and Bode-phase diagrams of the 3BG/GE/PCL and GE/PCL samples in a PBS solution
at room temperature are shown in Figure 5c,d, respectively. As seen in the Bode-Z curve, the resistance
at high-frequencies and low-frequencies was related to the characteristic of protective coating and
quality of the inner surface of the barrier coating at the coating–substrate interface, respectively.
The 3BG/GE/PCL sample drastically increased the resistance at low frequencies, proving the significant
improvement in the protective properties and corrosion resistance of the coating. In addition, regarding
the Bode-phase diagram, there are two time-constants, one at the mid-frequencies and another at low
frequencies in both samples. At low frequencies, the phase angle of GE/PCL sample was about −30◦,
while in 3BG/GE/PCL sample it was about −50◦. In addition, the phase angle increased from about
−35◦ for GE/PCL to about −40◦ for 3BG/GE/PCL at the mid-frequencies, indicating an improvement in
the corrosion resistance of the coating. The 3BG/GE/PCL coating could reduce the corrosive process
and protect the metal substrate from PBS ion attacks. In general, the EIS curves showed that the
corrosion resistance of 3BG/GE/PCL sample increased compared to the GE/PCL specimen due to a
decrease in the electron transfer in the coating containing bioglass particles.

3.5. Bioactivity Evaluation

The ability of implant surface to improve the nucleation and growth of bone-like hydroxyapatite
upon immersion in SBF is a common method to evaluate the bioactivity and osteoconductivity of the
surface [51]. The 3BG/GE/PCL samples were soaked in SBF solution for various times to investigate
the hydroxyapatite formation on the coated samples. The SEM micrographs and EDS analysis of
3BG/GE/PCL samples after immersion in SBF are presented in Figure 6. The SEM micrographs of
the coated samples after soaking in SBF solution revealed the presence of spherical-like particles.
The EDS analysis (Figure 6e) showed that these spherical particles contained Ca, P, and O elements,
proving the formation of hydroxyapatite on the surface of the samples after immersion in the SBF
solution. The 3BG/GE/PCL samples showed significant precipitation of hydroxyapatite on the coating
surface. By increasing the immersion time from 7 to 28 days, the density of apatite deposited on the
3BG/GE/PCL samples increased. This could be due to the degradation of bioglass and the formation of
local supersaturation of calcium and phosphate ions on the surface of samples [52–54]. Subsequently,
more hydroxyapatite particles appeared on the surface of the samples. In addition, adding BG to the
coating resulted in an increase in its wettability [46] and enhanced water uptake, which improved the
calcium absorption from the SBF solution and therefore the bioactivity of the samples.
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3.6. MTT Analysis

To assess the biocompatibility of the 3B/GE/PCL sample, an MTT assay was performed. MTT assays
provide a quantitative assessment of the cellular response to the surface of coated substrates [55–57].
The results of cell viability illustrated in Figure 7 were determined by the cell counting method [58].
The cell viability of the GE/PCL and 3BG/GE/PCL samples was measured after one, three, and seven
days of cell culture. As observed, the number of cells increased with the increasing in the incubation
time for 3BG/GE/PCL. After one day of cell culture, small differences in cell proliferation between the
GE/PCL and 3BG/GE/PCL sample were observed. This could be attributed to the fact that MG63 cells
try to adapt to the sample surface. After three days of MG63 cell culture, the surface of 3BG/GE/PCL
samples demonstrated a higher level of proliferation compared to the GE/PCL. This proliferation
promoted bone extracellular matrix activity, and consequently the growth rate. By increasing the time
of cell culture to seven days, further cell proliferation was observed on the surface of the 3BG/GE/PCL
samples. This increase in the cell viability and cell proliferation can be ascribed to the increase in
surface roughness in the 3BG/GE/PCL samples compared to the GE/PCL specimens. In addition,
the presence of bioglass in the coating led to an increase in the hydrophilicity nature of samples which
resulted in an increase in the cell viability of 3BG/GE/PCL samples.

3.7. In Vivo Study

In this research, the in vivo behavior of different implants (3BG/GE/PCL samples as well as bare
316L SS) was studied. Figure 8 shows the surface of uncoated and coated substrates after 90 days of
implantation. Compared to bare 316L SS, the 3BG/GE/PCL sample did not show any inflammation or
granulation tissue, endothelial swelling, or fibrotic tissue. No rejection was observed in the 3BG/GE/PCL
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samples, which proved its ability for cell attachment. Furthermore, the histologic findings proved the
bioavailability of the coated samples.

In the coated samples, there was no evidence of inflammation or toxicological effects. The absence
of any inflammation, fibrosis or granulation tissue can confirm the non-toxicity of the 3BG/GE/PCL
implants. In addition, some areas in the coated implants showed local calcification, which is a sign
of faster ossification in these samples (Figure 8d,e). The designated areas (white rectangle) showed
the initial formation of fibrous tissue, which was an extracellular matrix. Ossification is a prolonged
process and other techniques can be applied to better study the ossification [59,60].Coatings 2020, 10, x FOR PEER REVIEW 12 of 17 
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Figure 8. (a) Hematoxylin and eosin (H&E) staining of uncoated implants. No evidence of inflammation,
fibrosis, or necrosis. The histologic findings are the confirmed bioavailability of coated implants;
(b,c) (H&E) staining of coated implants. No evidence of inflammation or fibrosis (rejection criteria is
not seen and bioavailability is confirmed); (d,e) Focal area of calcification in coated implants.
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4. Conclusions

In this study, we developed GE/PCL and BG/GE/PCL nanocomposite coatings on the surface
of 316L SS substrates by utilizing dip coating and electrospinning techniques. SEM results showed
that BG/GE/PCL fibers had an average diameter of less than 200 nm. There was a growth in both the
surface roughness and the adhesion strength by increasing the amount of bioglass from 1 to 3 wt.% in
the coating. The corrosion behavior of different coatings was characterized by EIS in the PBS solution.
The corrosion resistance of the 3BG/GE/PCL sample was higher than that of GE/PCL. More importantly,
the 3BG/GE/PCL specimen showed higher bioactivity. Furthermore, MTT analysis revealed that the
presence of bioglass in the 3BG/GE/PCL specimen increased the cell viability compared to the GE/PCL
sample. The in vivo results in the animal model demonstrated no inflammation or granulation tissue,
endothelial swelling, fibrotic tissue, or toxicological effect in the 3BG/GE/PCL sample, which was in a
good agreement with the in vitro results. The results showed that the nanofibrous composite coating
can improve the corrosion resistance, cell viability and bioactivity of the 316L SS implant, and could be
a promising composite for orthopedic applications.
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