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A B S T R A C T

In this study, Laponite®:poly(caprolactone)(PCL) nanocomposite coatings were developed on 316 L stainless steel via
electrophoretic process to improve its biological and electrochemical characteristics. In this respect, different voltages
(60 and 90V) and weight ratios of Laponite®:PCL (2:5, 1:1 and 5:2) were applied to develop nanocomposite coatings
on 316 L stainless steel. Results illustrated that the electrophoretic deposition process with the applied voltage of 60V
resulted in the formation of defect and pore-free coatings. Moreover, the corrosion resistance and bioactivity of the
nanocomposite coating consisting of Laponite®:PCL with the weight ratio of 1:1 considerably improved, compared to
the substrate and other nanocomposite coated samples. Moreover, Laponite®:PCL with the weight ratio of 1:1 pro-
vided higher roughness and adhesion strength than other coatings. In addition, incorporation of Laponite® nano-
particles significantly promoted MG63 cell proliferation and spreading. In summary, our results confirmed that
surface modification using Laponite®:PCL nanocomposite coating could instantaneously promote electrochemical
properties and biological properties of 316 L stainless steel which make it favorable for bone implants. μ

1. Introduction

During the last decades, stainless steel AISI 316 L has been ex-
tensively applied in biomedical applications consisting of internal
support and biological tissue replacements, such as joint substitution,
dental roots and generally musculoskeletal repair thanks to its

reasonable corrosion resistance, cost efficiency and appropriate me-
chanical properties [1]. The corrosion resistivity of stainless steel AISI
316 L in aqueous environment is corresponded to the spontaneous
formation of a thin protective chromium enriched oxide layer on the
surface [1]. Nevertheless, various types of corrosion mechanisms were
reported for this stainless steel in biological condition which could
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deteriorate its biocompatibility [2]. Moreover, their implantation per-
iods are considerably restricted due to inferior abrasion and wear re-
sistance followed by accumulation of wear debris in the defect site, lack
of osseointegration and most importantly release of incompatible metal
ions such as nickel, chromate, and molybdenum in the body [3].

To overcome these limitations and consequently improve corrosion
resistivity and bioactivity of AISI 316 L implant, numerous strategies
have been utilized including electrochemical mechanical polishing
(ECMP) [4], surface texturing [5], thermal treatment [6], ion im-
plantation [7] and alkali-heat-treatment [8] as well as effective coat-
ings such as ceramics (e.g. hydroxyapatite (HA) [9]), polymers [10] and
nanocomposites of polyester and ceramic [3]. Between them, nano-
composite coatings could improve simultaneously corrosion resistance,
bioactivity and osseointegration of metallic substrates leading to phy-
sical and chemical bonding formation with host tissues [3,11]. Re-
cently, various types of natural and synthetic polymers, such as kappa
carrageenan [12], chitosan [13], gelatin [3], polydimethylsiloxane
(PDMS) [14], poly(L-lactic acid) (PLLA) [15], and poly(ε-caprolactone)
(PCL) [16] have been investigated to design coatings for various ap-
plications due to their biocompatibility and bioresorbility. Between
them, the higher degradation rate of natural polymer resulted in ap-
plication of synthetic polymers to reduce the degradation of metallic
substrates. Among the synthetic polymers, PCL, as a member of hy-
drophobic and semi-crystalline polyesters, is a fascinating polymer for
treatment of musculoskeletal injures [17]. PCL also shows more ap-
propriate mechanical properties than other biodegradable polymers
and suitable biocompatibility, making it appropriate for load-bearing
applications [18]. However, similar to the majority of synthetic poly-
mers, PCL shows hydrophobic nature and low bioactivity, which are not
suitable for bonding with natural bone tissue [19]. To overcome these
issues, various types of bioactive ceramics have been incorporated
within the PCL matrix [18,20]. For instance, Jokar et al. [21] developed
nanocomposite coating of PCL-forsterite via a dip coating strategy on
stainless steel and revealed significantly promoted bioactivity and
corrosion resistivity compared to stainless steel and pure PCL coating.

Countless types of ceramics have been introduced to develop na-
nocomposite coatings including bioactive glass [22], forsterite [3], HA
[23] and nanoclays (such as montmorillonite) [24] in polymer matrix.
Between them, nanoclays embedded in polymer matrix might si-
multaneously promote bioactivity and cellular-interaction [17]. Among
the nanoclays, Laponite® (LAP) nanoplates with the chemical formula
Na+0.7[(Mg 5.5Li0.3)Si8O20(OH)4]−0.7 and disc-shaped morphology
with a diameter of 25 nm is introduced as a novel synthetic silicate
nanoclay [25]. Results confirmed that LAP nanoplates could support
the osteogenic differentiation of stem cells [25]. Moreover, the appro-
priate properties of LAP nanoplates could be promoted via encapsula-
tion of various therapeutic agents such as drugs and macromolecules
[3,17]. Despite interesting physical and chemical characteristics of
clay-enriched nanocomposites, only a few studies have focused on the
fabrication of nanocomposite coatings consisting of clay-based mate-
rials for biomedical applications.

Up to now, several techniques have been employed to develop
polymer-based coatings, consisting of layer by layer [12], deep coating
[3], sol-gel [26] and electrophoretic deposition (EPD) [27,28]. Among
them, EPD has been introduced as a rapid, cost-effective, site-selective,
and multi-functional technique which could produce a stable, uniform
and mechanically resistant coatings at ambient temperature [29–33].
EPD technique is based on the employment of an electric field between
two conductive electrodes dipped in an electrolyte. Consequently, the
electric field results in the electrophoretic motion to charged compo-
nents in suspension leading to the formation of a coherent coating over
the oppositely charged electrode. Therefore, EPD technique is appro-
priate for ionically charged components [31]. Therefore, a limited
number of polymers could be coated via this technique, without further
modifications [28]. For instance, Karimi et al. [34] applied EPD tech-
nique to develop a nanocomposite coating consisting of chitosan-HA-

graphene oxide on Ti substrate. They found that incorporation of
chitosan could significantly fill the pores of coatings leading to im-
proved corrosion resistance, compared to Ti. In another research, Cor-
dero-Arias et al. [35] developed ZnO/alginate coating on stainless steel
AISI 316 L using EPD technique.

In this research, we developed, for the first time, nanocomposite
coatings of LAP:PCL on 316 L stainless steel using the EPD method.
Moreover, the effects of LAP nanoplate concentrations on the structural,
chemical and biological properties of LAP:PCL coated samples were
investigated. It is expected that LAP:PCL nanocomposite coatings could
promote biological properties and corrosion resistance of 316 L stain-
less steel substrate making them promising for bone implants.

2. Materials and methods

2.1. Materials

Synthetic nanoclays (Laponite® RDS) (H12Li2Mg16Na2O72Si24) was pur-
chased from Rockwood Additives Limited, UK. Poly(e-caprolactone) (Mw=
70,000–90,000) was purchased from Sigma-Aldrich. n-butanol (C4H10O),
chloroform (CHCl3) and Triethanolamine (TEA) (C6H15NO3) were supplied
by Merck Co, Germany. MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyl
tetrazolium bromide) powder was also purchased from Sigma Co.

2.2. Sample preparation

Austenitic stainless steel 316 L sheets with a dimension of
20× 10×1 mm3 were applied as the substrates. The substrates were
polished mirror-like using SiC polishing papers and were ultrasonically
cleaned in distilled water and acetone to remove oily and greasy traces.
Finally, the samples were air-dried, overnight.

2.3. Fabrication of LAP:PCL nanocomposite coatings

Before the coating process, the suspensions containing various
amounts of PCL and LAP nanoplates were prepared at room tempera-
ture. Primarily, the suspension of LAP nanoplates in n-butanol was
prepared. To provide a uniform dispersion of LAP nanoplates, TEA was
mixed with it and stirred, overnight. Consequently, after preparation of
PCL solution in chloroform, LAP/n-butanol suspension was added to it,
dropwise. The suspension was stirred for 24 h to provide a homogenous
mixture. Various weight ratios of LAP:PCL including 2:5,1:1 and 5:2
were selected to investigate the role of each component on the char-
acteristics of the coatings. However, the total concentration of the solid
components (PCL+LAP nanoplates) in the suspensions was adjusted to
1.8 wt.%. Moreover, the volume ratio of n-butanol: chloroform: TEA
was also selected 2:1:0.02. These ratios were selected according to
previous researches on PCL/HA nanocomposite coating developed
using EPD approach [36].

Before the coating process, the suspension was sonicated for 1 h at
room temperature to prevent from LAP nanoplate agglomeration.
Electrophoretic deposition process was performed for 3min in different
voltages (60 and 90 V) to fabricate the nanocomposite coatings. EPD
process was performed in a cathodic mode. Therefore, stainless steel
316 L substrates served as the cathode in a two-electrode electrochemical
cell. Based on the weight ratio of LAP:PCL (2:5, 1:1, and 5:2), the coated
samples were named as 2L:5P, 1L:1P, and 5L:2P, respectively.

2.4. Characterization of the LAP:PCL nanocomposite coatings

Before coating process, Zeta potential of the LAP nanoplates was
determined in a solvent mixture of n-butanol:chloroform: TEA with
volume ratio of 2:1:0.02 using a 633 nm laser in a Malvern ZEN3600
(UK). LAP nanoparticles were ultra-sonicated in the solvent mixture for
20min. The refractive index of silicate nanoplatelets was selected as 1.5
(obtained from MSDS of Laponite XLG). The surface morphology and
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the microstructure of the nanocomposite coatings were evaluated by
scanning electron microscopy (SEM, Philips XL30) coupled with the
Energy-Dispersive Spectroscopy (EDS). Fourier transform infrared
spectroscopy (FTIR, Bomem, MB-100) was performed over the range of
400–1400 cm−1 and resolution of 2 cm-1 to study the distinctive bonds
of LAP nanoplates and PCL. Phase property of the samples was also
investigated using X-ray powder diffraction (XRD, X'Pert Pro X-ray
diffractometer, Phillips, Netherlands) performed with CuKα radiation
(λ=0.154 nm, 40 kV, 40mA).

In order to evaluate the role of weight ratios of LAP:PCL on the coating
attachment to the substrate, the adhesion strength of coatings was esti-
mated according to D3359-ASTM protocol. In this process, pressure-sen-
sitive tape was applied over 25 squares created on the coatings. After re-
moving the tape, the parts of the coatings removed from the surface of
samples were determined and the adhesion of coatings was rated on the
scale of 0–5B. While “5B” was referred to the best coating strength, scale
“0” revealed the worst strength between coating and substrates. Moreover,
according to the important role of surface roughness on the cell and
protein attachment, the surface roughness of the LAP:PCL coatings was
also measured using a laser surface profilometer (Mitutoyo, SJ210V.1.008,
USA). In this regard, the average roughness value (Ra) of various samples
(n=3) was evaluated and reported with standard deviation.

One of the most important aims to develop nanocomposite coatings
for bone implants is to improve the hydrophilicity of substrates to
promote cell attachment. Based on the hydrophobic nature of PCL, in
this research, LAP nanoplates were incorporated in it to control the
hydrophilicity of the coatings. In order to evaluate the role of LAP
nanoplates on the hydrophilicity of the coatings, water contact angle
was measured. In this regard, a static contact angle measurement
system was used in order to evaluate the hydrophilicity of the coatings.
1 μl water was dropped on the surface of the coatings and the contact
angle was measured after 30 s. Three coatings and six points were taken
in order to measure the mean and the standard deviation calculation.
Bioactivity of the coatings was assessed via soaking in simulated body
fluid (SBF) solution prepared according to Kokubo protocol [37]. The
samples were immersed in SBF solution for 28 days at 37 °C. Mean-
while, the pH value of the solution was recorded at the predetermined
intervals and the bone-like apatite formation on the surfaces of samples
was demonstrated using SEM coupled with the EDS analysis.

2.5. Electrochemical tests

In order to investigate the corrosion resistance of samples, Tafel
polarization tests and electrochemical impedance spectroscopy (EIS)
were conducted. These assays were performed using IVIUM potentiostat
workstation equipped with Ivium software, in a three-electrodes cell
system consisting of uncoated and coated samples as the working
electrode (WE), a KCl saturated calomel electrode (SCE), as reference
electrode (RE), and a platinum sheet as counter electrode (CE) in SBF
solution at pH=7.4, at room temperature (around 25 °C). Primarily,
the open circuit potential (OCP) test was carried out for 30min until the
samples were stabilized. After OCP test, EIS test was conducted at OCP
with AC amplitude of 10mV over a frequency range of 0.01
Hz – 100 kHz. Zview software was used to fit and analyze the im-
pedance data. To compare the polarization behavior of samples, Tafel
polarization test was performed after EIS test in the cell with a scan rate
of 1mV/s in the potential range of (-0.25) -(1.00) V vs. OCP. The slope
of the anodic and cathodic polarization branches of the Tafel curves (βa
and βc) were extracted by using the CorrView software.

2.6. Cell culture

To assess in vitro biocompatibility of nanocomposite coatings, MG63
cells (obtained from Royan Institute of Iran) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Bioidea, Iran) supplemented using
10%(v/v) fetal bovine serum (FBS, Bioidea, Iran) and 1%(v/v) penicillin-

streptomycin (Bioidea, Iran) at 37°C and 5% CO2. Before cell seeding, the
specimens, placed in 24-well-plate, were firstly washed with phosphate
buffer saline (PBS, Bioidea, Iran), sterilized for 60min in 70% ethanol
and eventually sterilized for 60min under ultraviolet light. Afterward,
the samples were submerged in fresh complete culture medium and in-
cubated at 37°C and 5% CO2, overnight. Consequently, MG63 cells were
seeded on the specimens as well as tissue culture plate (TCP, control)
with a density of 30,000 cells/well, and, consequently, incubated at 37 °C
under 5% CO2 condition for 7 days.

In order to evaluate the morphology of cells seeded on nano-
composite coatings, SEM technique was applied. Accordingly, after 7
days of culture, the specimens were rinsed with PBS and fixed with
2.5% glutaraldehyde solution for 30min. Consequently, the cell-seeded
samples were dehydrated using various ethanol concentrations (30%,
50%, 70%, 90%, 95% and 100% (v/v)). Finally, the specimens were
dried in the air overnight.

MTT assay was performed to estimate the relative viability of cells. In
this regard, after 1, 4 and 7 days of culture, the medium was taken out
and the samples were incubated with 200 μl of MTT solution containing
0.5mg/ml MTT reagent in PBS for 4 h at 37°C and 5% CO2. After that,
MTT solution was discarded and 200 μl of dimethyl sulfoxide (DMSO,
Sigma) was added to dissolve the purple formazan crystals of MTT.
Eventually, the optical density (OD) of DMSO was measured at 570 nm
by using microplate reader (Bio Rad, Model 680 instruments). The re-
lative cell viability (% control) was considered according to Eq. (1):

=
X X

X X
Relative cell viability (%control) sample b

c b (1)

Where XSample, Xb and Xc are the absorbance of the sample, blank
(DMSO) and control (TCP), respectively.

2.7. Statistical analysis

All data were reported in mean ± standard deviation (SD) and
statistical significance was measured by performing one-way ANOVA
analysis followed by Tukey’s multiple comparisons using GraphPad,
Prism Software (V.5). Differences were taken to be significant for
P< 0.05.

3. Results and discussion

3.1. Characterization of LAP:PCL nanocomposite coatings

In order to promote the corrosion resistivity and bioactivity of
stainless steel, LAP:PCL nanocomposite coatings were fabricated using a
simple electrophoretic approach. In order to investigate the EPD pro-
cess kind, before coating, the surface charge of LAP nanoplates in the
solvent mixture was investigated. Results revealed that zeta potential of
LAP nanoplates was +13.3 ± 2.2mV in the solvent mixture.
Generally, the zeta potential of LAP nanoparticles is negative in the pH
value range of 2–10 due to its surface negative charge [38,39]. How-
ever, at the solvent mixture and in the presence of TEA, it was changed
to positive. The role of TEA on the zeta potential of nanoparticles was
similarly reported in previous researches [40,41]. TEA molecule had a
long pair of electron connected to nitrogen atom. Therefore, TEA acted
as a weak base and took proton from the solvents and changed to
H+TEA. Consequently, protonated TEA chemically adsorbed on the
surface of LAP nanoparticles in the solvent mixture and converted the
surface charge of LAP into a positive value (+13.3 ± 2.2mV).

According to previous researches, PCL could easily dissolve in n-bu-
tanol–chloroform mixture, while it has a low ionizable functional group
density [36]. Therefore, it is proposed that PCL deposited on the elec-
trode surface via physical adsorption leading to the accumulation of PCL.
After addition of LAP nanoparticles with positive surface charge, they
were covered in PCL layer and consequently led to the deposition of
nanocomposite coating on the cathode surface, under the influence of the
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electric field. Similar result was reported for hydroxyapatite/ PCL
coating developed using EPD approach [36]. Therefore, stainless steel
316 L substrates served as the cathode in a two-electrode electrochemical
cell. Stainless steel 316 L sheets were also applied as the anode.

Various voltages (60 and 90 V) and weight ratios of LAP: PCL (2:5,
1:1 and 5:2) were selected in order to optimize the properties of the
coatings. Table 1 shows the roughness, adhesion strength and water
contact angle of nanocomposite coatings, according to the weight ratio of
LAP:PCL, as well as the voltage of the EPD process. One of the crucial
factors affecting the formation of chemical binding with host tissue is the
roughness of the implant surface. It was noticeable that with increasing
the concentration of LAP nanoplates in the nanocomposite coatings, a
gradual growth in the roughness (Ra) of coatings could be detected. For
instance, the surface roughness (Ra) enhanced (1.4 times) from
0.59±0.1 μm (at 2L:5 P) to 0.82±0.2 μm (at 5L:2 P), under a voltage of
60 V. This result was also similarly detected in another voltage of elec-
trophoretic process, which could be due to high concentration of LAP
nanoparticles deposited on the sample surfaces [31]. PCL filled the pores
between nanoplates leading to reduction in the surface roughness. When
the weight ratio of LAP:PCL raised to 5:2, due to a reduction in the
polymeric matrix (PCL) and also agglomeration of LAP nanoplates, the
surface roughness (Ra) of the coatings enhanced. At higher LAP con-
centration, the polymer chains could not bind with clay platelets.
Therefore, there was a number of unbounded clay units sticking out of
the surface leading to increase in the surface roughness. This result was
similarly reported in previous researches focused on the other coatings
containing different particles [42,43]. For instance, Van Duffel et al. [43]
showed that the roughness of coatings of poly(diallyldimethylammonium
chloride) enhanced with increasing LAP content.

In addition to surface roughness, LAP concentration affected the
adhesion strength of the coatings. The breakdown of the coatings may
occur due to the cohesive failure of the coating. Our outcomes exhibited
that the adhesion strength of coatings enhanced from 4B (at 2L:5P
sample) to 5B (at 1L:1P sample) and consequently decreased to 3B
when the concentration of LAP nanoplates enhanced at 5L:2P sample,
at 60 V (Table 1). However, increasing the voltage to 90 V resulted in
reduction in the adhesion strength. It might be due to the increase in

the speed of the deposition process which led to reduce in the com-
paction of coating [31]. According to Table 1, the great adhesion
strength was obtained at 1L:1P sample. More increasing in the LAP
content resulted in the enhanced viscosity of the suspension, leading to
the failure of the interface between the coating and the substrate.
Therefore, a balance between the LAP concentration and suspension
viscosity is necessary to obtain optimized adhesion strength [44].

While PCL is a hydrophobic polymer, LAP nanoplates are hydrophilic
which could promote the hydrophilicity of PCL coating. According to
previous results, the water contact angle of PCL was about 117.6 ± 1.5°
[21]. According to Table 1, the incorporation of LAP nanoplates could
significantly improve the hydrophilicity of the samples. Noticeably, the
water contact angle reduced to 75.0±7° when the weight ratio of
LAP:PCL was 5:2. However, our results revealed that there was not a
substantial difference between the water contact angle of the samples
containing different amounts of LAP content. Between various parameters
investigated here, the voltage of the electrophoretic process revealed a
significant effect on the hydrophilicity of samples. Noticeably, water
contact angle of 2L:5P sample enhanced from 75.7±3° to 84.3±1°,
when the voltage enhanced from 60 to 90V. It might be due to the en-
hanced surface roughness providing a dual-size roughness [45]. Promoted
surface roughness and hydrophobicity of the coatings could provide better
protein absorption at the surface which leads to an increase in the cellular
adhesion and proliferation and consequently, bone formation [46].

The role of the voltage of electrophoretic process on the morphology
of coatings was also evaluated. SEM images of 2L:5P coating, at two
different magnifications, deposited via two different voltages of the
electrophoretic process are presented in Supplementary Fig. S1. SEM
images revealed the formation of defect-free coatings which covered
the whole surface. Moreover, according to a higher magnification
images, PCL covered the surface of LAP nanoplates and filled the pores.
However, increasing the applied voltage during electrophoretic process
resulted in the formation of non-uniform coating and formation of the
clusters of particles with average size of 12±3 μm in various sites of
the coating. Although higher applied voltage resulted in faster deposi-
tion of powders, the quality of coatings decreased, resulted in the de-
position of non-compact and non-uniform coatings. This result was

Table 1
Surface roughness, contact angle and adhesion strength of the coatings at different voltages and times of electrophoretic process.

Sample name Weight ratio of LAP:PCL Voltage (V) Time (min) Ra (μm) Contact angle (°) Adhesion strength

2L:5P 2:5 60 3 0.59 ± 0.1 75.7 ± 3 4B

90 3 0.96 ± 0.2 84.3 ± 1 3B

1L:1P 1:1 60 3 0.59 ± 0.2 77.3 ± 3 5B

90 3 0.53 ± 0.1 80.3 ± 4 4B

5L:2P 5:2 60 3 0.82 ± 0.2 75.0 ± 7 3B

90 3 2.96 ± 0.7 82.7 ± 1 2B
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similarly reported in previous researches [47]. It might be due to the
fact that the fabrication of coatings on the substrate is a kinetic phe-
nomenon in which the movement rate of the particles in the suspension
affects their packing behavior of the coating. Therefore, application of a
higher voltage during the electrophoretic process could not only pro-
vide a turbulence in the suspension, but also develop damages in the
coatings. Furthermore, the particles in the suspension move so fast.
Therefore, they do not have enough time to find their appropriate po-
sitions to form a close-packed structure [31]. Based on our results, the
electrophoretic process at the voltage of 60 V could provide a uniform
coating with appropriate physical properties. In order to assess the role
of LAP nanoplates on the characteristics of coatings, next studies were
focused on the constant voltage and time of the electrophoretic process.

SEM images of the nanocomposite coatings consisting of various
amounts of LAP nanoplates developed using the electrophoretic process
at 60 V for 3min are presented in Fig. 1. SEM images confirmed that
LAP nanoplates distributed within smooth PCL matrix. Moreover, ac-
cording to higher magnification images, PCL completely covered the
surface of LAP nanoplates, specifically at lower LAP content. However,
LAP nanoparticle concentration significantly affected the morphology
and uniformity of the coatings. While a uniform and crack-free coating
was detected at less LAP content coatings (2L:5P and 1L:1P) (Fig. 1a
and b), micro-pores with an average size of about 3± 0.7 μm (indicated
with a yellow circle) could be detected on the 5L:2P sample (Fig. 1c).
These micro-pores could not be detected at lower LAP content coatings,
as PCL completely filled the pores. Moreover, Supplementary Fig. S2
also revealed that the thickness of 1L:1P sample was estimated about
9.2 ± 1 μm. Moreover, EDS analysis and elemental mapping of 1L:1P
sample (Fig. 1d) also proved the presence of LAP nanoplates which
could uniformly distribute in the whole PCL matrix.

The presence of PCL and LAP nanoplates in the 1L:1P coating was
further identified using XRD technique (Fig. 2a). In order to better clarify

the characteristic peaks of each component, XRD patterns of PCL and LAP
nanoplates were also provided. It was found that the typical characteristic
peaks of PCL and LAP nanoplates could be detected in the coating. XRD
pattern of LAP nanoplates consisted of the characteristic peaks at
2θ=19.84°, 27.9°, and 34.8° attributed to the plane index of (02,11),
(005), and (20,13), respectively [25]. Two characteristic sharp peaks along
with the broad peak were observed in the XRD pattern of PCL due to the
semi-crystalline structure of PCL. The peaks observed at 2θ=21.5° and
23.8° were assigned to (110) and (200) planes of the PCL and a broad peak
was probably related to the amorphous region of PCL [48]. Between these
peaks, the small characteristic peak of LAP at roughly 2θ=19.84° and
27.9° could be detected in XRD pattern of nanocomposite coating con-
firming the deposition of LAP during electrophoretic deposition. In addi-
tion, compared to the XRD pattern of PCL, XRD pattern of nanocomposite
coating consisted of a broad peak around 2θ=18° demonstrating the
presence of PCL in the coating [49]. There were some shift peaks that
could be caused by chemical reactions between LAP and PCL.

The presence of these two components in the nanocomposite coating
was further confirmed using FTIR spectroscopy (Fig. 2b). FTIR spectrum
of PCL consisted of the two main bands at 1726 cm−1 and 1180 cm−1

related to stretching vibrations of the carboxyl (carbonyl) and stretching
vibrations of the ether groups (CeO), respectively. Moreover, other weak
bands such as CeO stretching vibrations at 1050 cm−1, CeO and CeC
stretching at 1296 cm−1, symmetric CH2 stretching at 2865 cm−1, and
asymmetric CH2 stretching at 2923 cm−1 were investigated in this
spectrum [50]. In another word, FTIR spectrum of pure LAP consisted of
the characteristic bands at 1030 cm−1 (SieOeSi bending vibration) [51].
In addition, peaks in the 1300 cm−1–1600 cm−1 were originated from
vibration bonds of CH3eN and CH2eC. Furthermore, the wide peaks
appeared at 3440 cm−1 and 1636 cm−1 were related to the bending vi-
bration of OH stretching from free H2O and two sharp bands positioned
at 2886 cm-1 and 2962 cm−1 were related to the symmetric (vs) and the

Fig. 1. SEM images of the nanocomposite coatings consisting of various LAP content: a) 2L:5P, b) 1L:1P and c) 5L:2P, at two different magnifications. The circle
shows the pores distributed on the coating. d) EDX mapping analysis of Mg, Si and C on the 1L:1P coating prepared at 60 V and 3min.
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asymmetric (vas) CH stretching bonds of CH2eC groups, respectively
[52]. Moreover, the FTIR spectrum of 1L:1P coating consisted of the
peaks at 1030 cm−1 (SieOeSi), 1600 cm-1 (CH2eC) and 3440 cm−1

(OH) related to LAP nanoplates. Furthermore, the peaks at 2886 cm−1

and 2962 cm−1 (CH2eC) were corresponded to PCL, demonstrating the
presence of LAP and PCL in the 1L:1P coating.

3.2. In vitro bioactivity assessment

One of the crucial features to control bone growth onto the surface
of implants (osseointegration) and prevent from implant loosening
without infection (aseptic loosening) is in vitro bioactivity [53].
Fig. 3a–c illustrates the SEM images of the nanocomposite coatings after
28 days soaking in SBF solution. According to SEM images, a large
number of spherical particles were detected on the surfaces of all
coatings. According to the EDS analysis (Fig. 3d), these depositions
consisted of Ca and P ions with an atomic ratio of 1.63. This ratio was
approximately similar to that of hydroxyapatite (1.67). Therefore, it
could be concluded that these spherical particles are bone-like apatite
which deposited from supersaturated SBF solution on the surface of
samples. However, the amounts of deposited particles significantly
enhanced with increasing the concentration of LAP nanoplates. Be-
tween various samples, the 5L:2P coating was fully covered by apatite
particles, which might be due to the higher bioactivity of this sample.
The changes of pH value of SBF solution during soaking the samples
were also recorded to evaluate the mechanism of apatite deposition
(Fig. 3e). Results showed that pH value of SBF solution decreased

gradually during the first week due to acid products of PCL degrada-
tion. In the second week (7–14 days), an increase in pH value was
observed in all samples. These changes could be due to the release of
magnesium and lithium ions in the solution leading to the silanol
groups (Si OH) formation with a negative charge on the surface of
coatings. This silanol group could support in the nucleation of Ca-P
providing the positively charged surface leading to deposition of car-
bonates groups from SBF and formation of bone-like apatite layer.
Deposition of Ca and P ions on the coatings and bone-like apatite for-
mation resulted in a slight reduction in the pH values of SBF solution in
prolonged soaking time (> 14 days) [3]. The results showed the
bioactive properties of LAP nanoplates could induce the apatite for-
mation ability on the surface of the nanocomposite coating which could
be useful for direct bone-bonding in vivo. In a similar research, Tang
et al. [54] prepared nanocomposite scaffolds by incorporation of LAP
nanoplates into poly(butylene succinate) for bone tissue engineering.
They proved that apatite formation ability on the scaffolds was ob-
viously enhanced with the increase of LAP content [54].

3.3. Corrosion resistance evaluation of the nanocomposite coatings

Before corrosion resistance evaluation, the OCP curves of all nano-
composites coated samples consisting of various LAP nanoplates, as well
as 316 L stainless steel, were determined (Supplementary Fig. S3). The
corrosion assay was performed on the samples prepared at the optimized
electrophoretic process parameters (i.e. 60 V and 3min). Results showed
that all OCP values moved to the negative direction and stabilized after

Fig. 2. a) XRD patterns and b) FTIR spectra of LAP nanoplates, pure PCL and 1L:1P nanocomposite coating.

Fig. 3. In vitro bioactivity evaluation of nanocomposite coatings consisting of various amounts of LAP nanoparticles, after 28 days of soaking: SEM images of the a)
2L:5P, b) 1L:1P and c) 5L:2P as well as e) EDX analysis of the 1L:1P sample. d) pH value of SBF solution after soaking of various samples.
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30min. However, the amounts of OCP decayed to the negative direction
were different, depending on the sample condition. In this respect, the
maximum and minimum of OCP decay were related to 1L:1P and 2L:5P
samples, respectively. On the other hand, OCP values of the nano-
composite coated samples were greater than that of the 316 L stainless
steel substrate, which might be due to the role of LAP:PCL coating on the
change in equilibrium potential. Furthermore, the most positive and
negative OCP values of coated specimens were 1L:1P and 5L:2P samples,
respectively. Moreover, the first and last samples which could be stabi-
lized were 2L:5P and 1L:1P samples, respectively. In addition, the OCP
value of the 1L:1P sample was more positive than those of the coatings
with the different weight ratio of LAP:PCL. It could be due to the best
adhesion strength of 1L:1P sample leading to an increase of the inter-
action between nanocomposite and substrate.

Fig. 4a shows the Nyquist graphs of experimental and simulated im-
pedance data of the nanocomposite coated samples as well as 316 L
stainless steel in SBF solution at pH=7.4 at room temperature. In order to
better illustrate the low-frequency loops associated with the coated sam-
ples, the Nyquist graphs are enlarged and presented in Fig. 4a (the inset
figure). The coated specimens represented two capacitive loops; the first
one at high-frequency related to the coating/electrolyte interface, and the
other at the mid-frequency related to the coating/substrate interface.
However, the stainless steel sample represented a capacitive loop. More-
over, the impedance of all nanocomposite coated samples was significantly
larger than the impedance value of the stainless steel substrate, similar to
previous study on polyaniline-graphene oxide coating on 316 stainless
steel [55], indicating that nanocomposite layer improved corrosion per-
formance. Moreover, increasing weight ratio of LAP:PCL from 2:5 to 1:1
resulted in a delay in the solution penetration into the coating leading to
enhance in the impedance. It might be due to the formation of more
compacted composite coating in which a continuous PCL matrix strongly
interacted with LAP nanoplates (Fig. 1). However, increasing the weight
ratio of LAP:PCL to 5:2 resulted in the agglomeration of LAP nanoplates
and formation of a porous morphology leading to the solution penetration
into the coating more quickly and, hence, reduced impedance. It can be
concluded that 1L:1P sample had a considerably large capacitance loop at
mid-frequency, indicating a lower corrosion rate than others.

Fig. 4b shows Bode diagrams of the nanocomposite coated samples as
well as 316 L stainless steel in SBF solution at pH=7.4 and room tem-
perature. This trend was similarly reported by Zomorodian et al. [56] for
PCL-HA nanocomposite coating applied on the AZ31 alloy. The Bode-phase

diagrams of the nanocomposite coated samples represented a relatively
broad phase angle at mid-frequency and a phase angle at low-frequency. In
contrary, the Bode-phase diagram of the 316 L stainless steel substrate
displayed a relatively broad phase angle. The phase angle values of the
coated samples related to mid-frequency time constant were around 10°,
and for low-frequency time constant was around 80°. It needs to mention
that, the phase angle value of the uncoated sample was around 70°. In
addition, the impedance value of 1L:1P sample (1000 kΩ cm2) was the
highest indicating the greatest corrosion resistance between all samples.

For the fitting and analysis of impedance data, equivalent electrical
circuits (EC) were used. There was a good correlation between experimental
and simulated data of all samples. The experimental impedance data of
nanocomposite coated samples, as well as 316 L stainless steel substrate,
was fitted and simulated using ZVIEW software by two EC that could be
observed in Fig. 4c. According to Fig. 4c(i), EC model applied for nano-
composite coated samples consisted of Rs (the solution resistance) as well as
CPEcoat (constant phase element of coating/electrolyte interface) and Rcoat
(coating/electrolyte interface resistance). Due to heterogeneity in each in-
terface, the porosity of coating and surface roughness, constant phase ele-
ment (CPE) is usually used instead of an ideal capacitor [57]. Moreover,
CPEox and Rb, are oxide/coating layer interface and the barrier resistance at
the inner surface, respectively. Finally, CPEdl and Rct are the oxide layer/
metal interface and the charge transfer resistance in this interface, respec-
tively. According to Fig. 4c(ii), EC model applied for 316 L stainless steel
substrate consisted of CPEox and Rb related to the oxide layer/electrolyte
interface and the barrier resistance in this interface. Other elements are si-
milar to EC model of nanocomposite coated samples. Table 2 presents the
values of the various electrical parameters obtained from the proposed EC
used to fit and analyze the impedance data. According to Table 2, the Rb
values of all coated samples were greater than that of uncoated 316 stainless
steel. Therefore, the presence of a PCL:LAP nanocomposite layer caused to
increase the barrier resistance (Rb). In addition, the Rct values of all coated
samples were bigger than that of the uncoated sample, which indicated a
significant increase in anti-corrosion performance of 316 stainless steel due
to the PCL:LAP nanocomposite protective coating. The results are in a good
agreement with other research the formation of Silane–parylene coating on
316 stainless steel [58]. Moreover, the Rt (Rt = Rct + Rb + Rcoat) values
enhanced with increasing the LAP:PCL weight ratio from 2:5 to 1:1 and
reduced with more increasing of the LAP:PCL weight ratio to 5:2. Therefore,
Rt value of 1L:1P sample was noticeably greater than that of other coatings,
which indicated more corrosion resistance of it. Finally, the n values of all

Fig. 4. a) The Nyquist graphs of experimental
and simulated impedance data for all samples
in cell containing samples as working electrode
(WE), a KCl saturated calomel electrode (SCE)
as reference electrode, a platinum sheet elec-
trode as counter electrode (CE)immersed in the
SBF solution for 30min at pH=7.4 at room
temperature. b) Bode diagrams of all samples
in a cell containing the samples as WE, a SCE as
RE, a platinum sheet electrode as CE immersed
in a SBF solution for 30min at pH=7.4 at
room temperature. c) Equivalent electrical cir-
cuit model used to fit and analyze the im-
pedance data for i) PCL:LAP nanocomposite
coated samples and ii) Stainless steel 316 sub-
strate (Rs : the solution resistance, CPEcoat : the
constant phase element of coating/electrolyte
interface, Rcoat : the coating/electrolyte inter-
face resistance, CPEox : the constant phase
element of oxide/coating layer (electrolyte)
interface, Rb : the barrier resistance at the inner
surface, CPEdl : the constant phase element of
oxide layer/metal interface, Rct : the charge
transfer resistance).

E. Tabesh, et al. Colloids and Surfaces A 583 (2019) 123945

7



coated samples were close to 1, indicating a low deviation of CPE from the
ideal capacitor, confirming the uniformity of nanocomposite coatings on the
surface [57]. The CPEcoat values of 2L:5P and 1L:1P samples were close to
each other and lower than that of other coatings. In addition, the CPEdl
values of all coated samples were lower than that of the uncoated sample,
representing the highly effective barrier properties of LAP:PCL nano-
composite coatings. Moreover, The CPEcoat, CPEdl and CPEox values of 1L:1P
sample are lower than those of others indicating the best corrosion perfor-
mance in all samples.

Fig. 5 shows Tafel polarization curves of 316 L stainless steel and
nanocomposite coated samples in SBF solution at pH=7.4 and room
temperature. The electrochemical parameters consisting of the corrosion
potential (Ecorr) and the corrosion current density (icorr) obtained from
the polarization curves are presented in Supplementary Table S1. Ac-
cording to these curves, the Ecorr values of all samples were more positive
than that of the substrate, due to effective role of LAP nanoplates dis-
tributed within the matrix on the increase in corrosion potential (Fig. 1).
Actually, the LAP:PCL nanocomposite coatings were acted in terms of
thermodynamics as a corrosion-resistant barrier. As can be seen, the icorr
values of all coated samples were lower than that of the uncoated sample,
indicating that the presence of the LAP:PCL layer on the surface could
reduce the corrosion attack on the substrate and increases the corrosion
resistance as a barrier. When the weight ratio of LAP:PCL increased to
1:1, the icorr value decreased, due to enhance the adhesion strength of
coating (Table 1). More increase in the weight ratio of LAP:PCL to 5:2,
the icorr value of nanocomposite coatings raised due to reduce in both the
polymeric matrix (PCL) and the adhesion strength of coating (Table 1)
and also agglomeration of LAP nanoplates as well as a micro-pores
morphology (Fig. 1c), leading to penetration of the corroded solution
into the coating and reaching it to the coating/substrate interface to
increase the corrosion. Therefore, the icorr value of 1L:1P sample was
lower than that of the other coated samples due to the best adhesion
strength, showing better corrosion resistance of this sample than others.
Furthermore, the cathodic and anodic behavior of all uncoated and
coated samples were nearly the same. However, the only difference was
the potential in the passive zone of the uncoated sample. Results showed
that by increasing the potential in the passive zone of uncoated sample, a

breakdown occurred and the anodic current density of the substrate in-
creased. In this case, it could be concluded that LAP:PCL nanocomposite
coating could increase the localized corrosion resistance.

The corrosion rate (CR) was calculated by using the relation CR=(icorr
× k×EW)/ρ, where K, the constant corrosion rate, is 3272mm
(A.cm.yr)−1, EW, the equivalent weight (EW) of stainless steel 316 is 25.55
gr and ρ, the 316 stainless steel density, is 8.28 gr. cm-3. According to
Supplementary Table S1, the CR values of the coated samples were lower
than that of the uncoated sample. The CR value of nanocomposite coated
samples reduced when the weight ratio of LAP:PCL increased to 1:1.
However, more increase in the weight ratio of LAP:PCL to 5:2 resulted in the
enhance in the CR value. Furthermore, the CR value of 1L:1P sample was
significantly lower than that of other coated samples. Moreover, the po-
larization resistance was calculated by using the relation Rp= (βc×βa)/
(2.303×icorr×(βc+ βa)), where βa and βc are the slopes of extrapolated
anodic and cathodic branches, respectively. According to Table S1, the Rp
values of LAP:PCL coated samples were greater than that of the 316 stainless
steel substrate. In addition, the Rp value of 1L:1P sample was considerably
superior than those of both 2L:5P and 5L:2P samples, which in complete
agreement with the EIS results.

3.4. Cell culture

To examine the role of LAP concentration on the cell behavior, MTT
assay was performed (Fig. 6a). Results revealed that the proliferation of
MG63 cells seeded on all samples considerably promoted from day 1 to
day 7. Remarkably, the viability of MG63 cells on the 1L:1P sample
significantly improved from 92.1 ± 1 (%control) (at day 1) to
184.2 ± 3 (%control) (at day 7). Furthermore, the viability of cells
cultured on the samples was noticeably enhanced compared to control
(TCP). For example, after 7 days of culture, the cell viability on 1L:1P
sample was markedly (1.8 times) greater than control which might be
due to the simultaneous role of LAP nanoplates on the cell proliferation.
Similarly, Nair et al. [59] evaluated the cytotoxicity of LAP–PCL com-
posite scaffolds and figured out that LAP enriched composite scaffold
provided cell-viability almost 100% at 48 and 72 h of culture verifying
that the composite scaffolds were non-cytotoxic.

The morphology of MG63 cells attached on nanocomposite coatings
after 7 days of culture was studied using SEM imaging (Fig. 6b–d). Cells
strongly attached and spread on the surface of all specimens. According
to the SEM images, increasing LAP concentration led to enhance in the
number of cells proliferated on the surface indicating the positive im-
pact of LAP on the bioactivity of nanocomposite coatings. In a research,
Gaharwar et al. [60] developed electrospun LAP- PCL fibrous scaffolds
and found the improved osteogenic differentiation of human me-
senchymal stem cells (hMSCs). They claimed that PCL/LAP scaffolds
were able to favor hMSCs adhesion, attachment, and proliferation.

4. Conclusion

In conclusion, the LAP:PCL nanocomposite coatings with various
amounts of LAP nanoplates were successfully fabricated on 316 L
stainless steel substrates using electrophoretic deposition process.
Moreover, the role of LAP nanoplates on the physical, electrochemical
and biological properties of the LAP:PCL nanocomposite coatings was

Table 2
The values of the various electrical parameters obtained from the proposed electric circuit used to fit and analyze the impedance data.

Coating types Coating Oxide layer Double layer

CPEcoat (μF.cm-2) n Rcoat (Ω. cm2) CPEox (μF. cm−2) n Rb (Ω. cm2) CPEdl (μF. cm−2) n Rct (kΩ. cm2)

Substrate – – – 0.068 ± 0.011 0.901 ± 0.018 12.3 ± 2.315 0.567 ± 0.091 0.779 ± 0.132 420.55 ± 112.312
2L:5P 0.006 ± 0.001 0.91 ± 0.005 1754 ± 36.403 0.098 ± 0.019 0.445 ± 0.211 12581 ± 76.352 0.347 ± 0.115 0.891 ± 0.017 7492 ± 358.946
1L:1P 0.005 ± 0.002 0.59 ± 0.012 6374 ± 25.671 0.082 ± 0.014 0.904 ± 0.010 74757 ± 94.940 0.007 ± 0.009 0.883 ± 0.025 79684 ± 596.541
5L:2P 0.011 ± 0.003 0.87 ± 0.008 703.5 ± 14.124 0.214 ± 0.013 0.658 ± 0.152 542.9 ± 64.721 0.607 ± 0.142 0.920 ± 0.011 3297 ± 760.392

Fig. 5. Tafel polarization diagrams for all samples in cell containing uncoated and
nanocomposite coated samples as WE, a SCE as RE, a platinum sheet electrode as CE
immersed in a SBF solution for 30min at pH=7.4 at room temperature.
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investigated. The findings verified the formation of uniform, homo-
geneous and crack-free coatings when the weight ratio of LAP:PCL in-
creased to 1:1. In addition, incorporating the LAP nanoparticle into PCL
matrix could efficiently enhance the bioactivity of the samples.
Moreover, tafel polarization and electrochemical impedance spectro-
scopy tests illustrated the greatest corrosion resistance of the 1L:1P
nanocomposite coating compared to uncoated substrates as well as
other coatings. Finally, increasing the LAP concentration on the
LAP:PCL nanocomposite coatings enhanced the spreading and pro-
liferation of MG63 cells cultured for 7 days on the samples. All in all, it
is predictable that LAP:PCL nanocomposite coating could be a novel
bioactive and corrosion resistant coating for bone implant application.
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