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A B S T R A C T

The purpose of this paper was to develop the hydrophobic nanocomposite coatings of polydimethylsiloxane
(PDMS)-SiO2-CuO to improve biocompatibility, corrosion resistance and antibacterial property of 316 L stain-
less. In this research, after synthesize of CuO and SiO2 nanopowders using wet-chemical approaches, PDMS-SiO2-
CuO coatings consisting of various amounts of CuO nanoparticles were developed using dip-coating process. The
nanocomposite coatings were characterized with regard to the structural and physical properties, corrosion
resistance, antibacterial activity and cellular interactive responses. The results showed that incorporation of CuO
nanoparticles< 2wt% improved the corrosion resistance of 316 L stainless steel. At higher CuO nanoparticle
contents (> 1wt%), the agglomeration of nanoparticles and their cytotoxic effects resulted in reduced anti-
bacterial characteristics and MG63 cell viability and proliferation. In summary, PDMS-SiO2-CuO nanocomposite
coating with significant antibacterial and anticorrosion behavior could be a promising coating for biomedical
implants.

1. Introduction

Metal alloys have been increasingly applied in surgical implants and
devices [1]. Specifically, stainless steel 316 L has attracted many at-
tentions for orthopedic implants due to its biocompatibility, corrosion
resistance, low costs and availability [2,3]. However, in long-term ap-
plications, corrosion resistance of stainless steel 316 L could be attacked
by aggressive biological environments [4]. Many studies, conducted in
vitro and in vivo, confirm the toxic effects of ion releasing from stain-
less steel on the mouse epithelium, alternation in the cellular popula-
tion of spleen and alternation of human lymphocyte-surface antigens
[5,6]. Moreover, studies demonstrate that released ions from stainless
steel 316 L could have undesirable effects on the proliferation and
differentiation of osteoblasts [7]. In addition to weak corrosion re-
sistivity, there are other important characteristics such as antibacterial
activity and bacterial adhesion which could threat the function of
metallic implants [8].

In order to overcome these issues, various types of polymeric (i.e.
polycaprolacton (PCL) [9], chitosan [10] and polydimethylsiloxane
(PDMS) [11]), ceramic (i.e. hydroxyapatite [3]) and nanocomposite
(i.e. PCL-forsterite [12] and PCL-gelatin [13]) coatings have been de-
veloped on the metallic substrates. In this regard, PDMS has been

introduced as a polymer with significant properties for various bio-
medical applications from diagnostics to therapeutics [14]. PDMS be-
longs to a group of organosilicon compounds which could endow hy-
drophobicity and in some cases super-hydrophobicity (water contact
angle> 150°) to surface [15,16]. For instance, Tserepi et al. [17] de-
veloped super-hydrophobic PDMS film on Si substrates to control the
surface geometrical characteristics and hydrophobicity. Moreover, in-
corporation of nanoparticles within PDMS coating could improve hy-
drophobicity and corrosion resistance. Silica nanopowder is one of the
most promising corrosion inhibitors for stainless steel [18]. For in-
stance, Vasconcelos et al. [19] demonstrated that chemical resistance of
stainless steel improved with a silica coating. In addition, incorporation
of silica to PDMS could improve the surface roughness, while it could
mimic the surface morphology of self-cleaning plant leaves. This surface
topology enhances water contact angel dramatically, leading to im-
proved super-hydrophobicity property and reduction of corrosion rate
[20,21]. Recently, Xie et al. [22] found that a PDMS/SiO2 coating on
the surface of magnesium alloys, could simultaneously improve hy-
drophobicity and anti-corrosion of surfaces. However, these nano-
composites did not show any antibacterial activity which is beneficial
for biomedical implants.

Recent results revealed that, nanoparticulate silver, silicon, copper,
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gold, zinc and their oxides affect the bacterial populations which could
be helpful to improve antibacterial properties of various implants
[23,24]. Among them, copper oxide nanoparticles (CuO-NPs) have been
selected as promising candidates due to their antibacterial function,
bacteria adhesion performance and specially, lower prices compared to
noble metals with similar properties [23,25]. These kinds of ionic metal
oxides might be exceptionally great antimicrobial agents as they can be
prepared with extremely high surface areas and unusual crystal
morphologies [26]. The results show that the antibacterial character-
istic of CuO-NPs is due to the production of reactive oxygen species
(ROS) from the nanoparticles which results in the oxidative damages to
cell construct [27]. However, the microbial sensitivity to the CuO-NPs
depends on the microbial species and also nanoparticle morphology. In
this way, CuO-NPs with rod and platelet morphology shows more ef-
fective bacterial retardant behavior [28].

The objective of this study was to simultaneously improve anti-
bacterial properties and corrosion resistance of stainless steel 316 L
with innovative coating consisting of PDMS-SiO2 and CuO components.
Results of this study may provide a new strategy to gain effective an-
tibacterial activities, and biocompatibility in medical implants and
devices.

2. Materials and Methods

2.1. Sample Preparation

Austenitic stainless steel 316 L sheets with sizes of 1×1 cm2 was
used as the substrates. In order to neglect surface roughness behavior,
the substrates were polished mirror like and ultrasonically cleaned in
distilled water and acetone to wash out any contaminations.
Subsequently, specimens were heat treated at 350 °C for 1 h and, con-
sequently, cooled in electrical furnace to obtain oxide layer. Finally, the
samples were treated in H2SO4:H2O2 solution with molar ratio of 4:1 for
1 h to form −OH groups.

2.2. Synthesis of CuO Nanoparticles

Green process was applied to synthesize CuO nanoparticles using
Aloe Vera as a reducing agent (Fig. 1, step 1). Primarily, Aloe Vera ex-
tract was prepared by heating 25 g chopped leaves in 30ml deionized
(DI) water for 30min at 110 °C. Then, the solution was passed through a
Whatman filter paper to remove any solid particle. Aloe Vera extract
was consequently added to the aqueous solution of copper precursor
(CuCl2.2H2O, 0.6mM), stirred at 110 °C for 30min and then kept at
100 °C for 45min in the electrical oven. After 72 h aging at room
temperature, aqueous solution of 15M NaOH was added to above so-
lution until the color of mixture changed to brown. As prepared

solution was centrifuged for 10min and as-precipitated CuO-NPs were
dried at room temperature.

2.3. Synthesize of Silica Nanoparticles

Silica nanoparticle was synthesized using sol-gel method, similar to
the previous research [29]. Briefly, 0.5 ml tetraethyl orthosilicate
(TEOS, Merck) and 0.5 ml methyl trichlorosilane (MTS, Merck) were
added to 10ml methanol and let them stir up to get homogenous
mixture. Consequently, 0.1M HCl was added to above solution and was
stirred for 1 h to complete hydrolysis reaction. At last, 1 ml ammonium
hydroxide (13M NH4OH, Merck) was added, under stirring, for con-
densation of silica sol. Afterwards, the sol was kept at room tempera-
ture for 24 h and dried at 80 °C for 1 h. Finally, the dried gel was cal-
cined at 750 °C for 1 h.

2.4. Preparation of PDMS-SiO2-CuO Nanocomposite Coating

Primarily, polydimethylsiloxane (PDMS, Sylgard® 184 Silicone
Elastomer) solution with concentration of 50 wt% in toluene (Sigma-
Aldrich) was prepared. After formation of a homogenous solution, silica
nanoparticles with concentration of 20 wt% was added to above solu-
tion and stirred for 30min. In the next stage, CuO nanoparticles with
various concentrations of 0.5, 1 and 2wt% was added to PDMS-SiO2
suspension, separately. Followed by 30min stirring and 30min ultra-
sonication, curing agent of PDMS (PDMS: PDMS curing agent weight
ratio= 10:1) was added and stirred for 10min, before coating process.

To develop nanocomposite coating, the substrates were dipped at a
45o angle with the speed of 5 mm

s and kept for 3min. After withdrawing
at the same speed, the samples were allowed to be dried for 5min. The
coating process was repeated for two times in order to enhance the
coating's thickness. Finally, in order to cure the PDMS, the coated
samples were annealed at 150 °C for 90min. To distinguish the samples
and for simplification, they were given abbreviation names; PDMS
stands for pure PDMS coating, PS stands for PDMS-SiO2, PSC0.5 stands
for PDMS-SiO2–0.5 wt% CuO, PSC1 stands for PDMS-SiO2–1wt% CuO
and PSC2 stands for PDMS-SiO2–2wt% CuO.

2.5. Characterization of the Nanocomposite Coating

X-ray diffractometer, (XRD, X-pert, Philips) using Ni filtered Cu Kα
(λ CuKα=0.154186 nm, radiation at 40 kV and 30mA) over the 2θ
range of 30–80°, was employed to analyze phase structures. Fourier
transform infrared spectroscopy (FTIR, Bomem) was also employed to
establish the functional groups of the Silica nanoparticles and nano-
composite coatings. In addition, the morphology of the powders and
coatings were considered by scanning electron microscopy (SEM

Fig. 1. Schematic diagram describing the synthesize process of CuO nanoparticles.
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Phillips XL 30: Eindhoven, The Netherlands). Before imaging, the
samples were gold-coated. Moreover, the dispersion of CuO and SiO2
nanoparticles within the coatings was analyzed by SEM-EDS (Scanning
Electron Microscopy-Energy Dispersive Spectroscopy) element map-
ping. In addition, the particle size distribution of CuO nanopowder was
also estimated using dynamic light scattering (DLS) technique.

In order to measure surface roughness based on ISO 1997 standard,
laser surface profilometer (Mitutoyo) was used and the roughness value
(Ra) was determined. In addition, the adhesion strength of the coatings
was measured according to the attachment and removing a pressure-
sensitive tape, based on the American Standard Test Method (ASTM)
D3359. The adhesion strength was rated in the scale of 0-5B.

The corrosion resistance of the various nanocomposite coatings was
considered by potentiodynamic polarization test (PARSTAT2273,
AMETEK) in simulated body fluid (SBF) at the scanning rate of 1mV/s
and the potential range of± 0.5 V vs. open circuit potential (OCP).
Initially, the samples were immersed in SBF for 1 h to reach an equi-
librium state. The applied electrochemical cell consisted of the sample
as the cathode, Ag/AgCl reference electrodes and a platinum sheet as
anode. Potentiodynamic polarization test was performed in the poten-
tial range of± 0.5 V vs. open circuit potential (OCP).

2.6. Antibacterial Test

The antibacterial activity test was carried out using Escherichia coli
(E. coli) as Gram-negative bacteria and Staphylococcus aureus (S. aureus)
as Gram-positive bacteria. Bacterial culture process was performed via
incubation in a broth medium containing meat extract (0.5 g), NaCl
(0.5 g) and peptone (1.0 g) dissolved in distilled water (100ml,
pH≃ 7.2) at 37 °C for 24 h. Subsequently, the bacterial population
(107 CFU/ml) was diluted to 105 CFU/ml. All specimens were cleaned
with ethanol and then transferred to a sterilized 24-well plate, followed
by addition of 1ml bacterial culture onto their surface. The samples
were then kept at 37 °C for 18 h. Bacterial culture was diluted 100× via
phosphate buffer solution (PBS, pH≃ 7.1). Afterwards, bacterial count
in each well was determined by the pour plate method on Nutrient Agar
at 37 °C for 24 h. Antibacterial rate (%) was calculated according to Eq.
(1) [30].

= ×Antibacterial rate (%) (N N )
N

100U C

U (1)

where NU is bacterial count on uncoated specimens after incubation and
NC is bacterial count on coated specimens after incubation.

Fig. 2. Characterization of CuO and silica nanoparticles as well as nanocomposite coatings: a) XRD pattern, b) DLS diagram and c) SEM image of CuO-NPs. d) XRD pattern,
e) FTIR spectrum and f) SEM image of silica nanopowders. g) XRD patterns and h) FTIR spectra of PDMS, PDMS-SiO2 (PS) and PDMS-SiO2–2wt% CuO (PSC2) coatings.
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2.7. Cell Culture

Cytotoxicity of the coatings was evaluated using culture of MG63
cell-line purchased from Royan Institute of Iran. Before cell seeding,
MG63 cells were incubated in full culture medium consisting of
Dulbecco's Modified Eagle Medium (DMEM-low, Bioidea, Iran) sup-
plemented with 10% (v/v) fetal bovine serum (FBS, Bioidea, Iran) and
1% (v/v) streptomycin/penicillin (Bioidea, Iran) at 37 °C and 5% CO2
environmental condition. In another word, the coated samples were
rinsed with PBS (Bioidea, Iran) and, consequently, sterilized in ethanol
(1 h) followed by exposure to UV light (6 h). Finally, MG63 cells with a
density of 104 cells/well were seeded on the samples and tissue culture
plate (TCP) as the control (n=3) and were incubated for the specific
time points.

The viability of cells seeded on the samples was studied by MTT
assay, which was performed according to manufacturer's protocol
(Sigma). At the specific time points (1, 3 and 7 days), the cell-seeded
samples were incubated with MTT solution (0.5 g/ml in PBS) for 4 h.
Finally, the optical density (OD) of formazan solution in DMSO (Merck)
was determined using a microplate reader (Biotech) at a wavelength of
490 nm, against DMSO (blank). Finally, the viability of cells, compared
to control, was calculated according to the following Eq. (2) [31]:

A A
A A

Relative cell survival (%control): Sample b

c b (2)

in which ASample, Ab and Ac are the absorbance value of the sample,
DMSO and control (TCP), respectively.

In addition, the spreading of cells cultured on the coated samples was
considered by SEM technique. The cell-seeded samples were fixed with
2.5% glutaraldehyde (Sigma) solution in PBS for 3 h. After two-time rin-
sing with PBS, the fixed samples were dehydrated in the graded con-
centrations of ethanol (30–100% (v/v)), respectively. Finally, the samples
were dried up in the air, gold coated and finally assessed using SEM.

2.8. Statistical Analysis

The biological data was statistically examined via one-way ANOVA
analysis to assess the significant difference. The statistical significance
between the groups was studied using Tukey-Kramer post-hoc test using
GraphPad Prism Software (V.6). In this study, P-value< .05 was de-
fined as statistically significant.

3. Results and Discussion

3.1. Characterization of Nanocomposite Coatings

Before nanocomposite coating process, CuO and SiO2 nanopowders
were synthesized, separately. XRD pattern of CuO (Fig. 2(a)) consisted
of two sharp peaks at 2θ= 35.7° and 38.8° corresponded to (002) and
(111) crystallographic planes, respectively. In addition, there were
other noticeable peaks at 2θ=48°, 53° and 58° related to the (202),
(020) and (202) planes, respectably. Results indicated that pure CuO
nanoparticles were synthesized and the secondary phase of Cu(OH)2
was not detected in powder. It was suggested that CuO was completely
synthesized based on reaction (1) [32]:

+ + +CuCl NaOH Cu OH NaCl CuO H O2 ( ) 22 2 2 (Reaction 1)

Moreover, the crystallite size of CuO nanoparticles measured by
Scherer equation was determined 23 ± 5 nm. In addition, the average
particle size of CuO measured using DLS test (Fig. 2(b)) was estimated
about 200 nm. According to SEM images, CuO nanoparticles (Fig. 2(c))
consisted of rod shaped morphology with approximately similar size.
This morphology might provide appropriate surface to contact with
bacteria sufficiently [33,34].

In addition to CuO, SiO2 nanopowder were synthesized via sol-gel
process. No considerable peak could be detected in XRD pattern of SiO2
powder proving the amorphous nature of silica (Fig. 2(d)). However,

Fig. 3. SEM micrographs of nanocomposite coatings consisting of various amounts of CuO-NPs at two different magnifications (125× and 500×) and imaging modes
(back scatter and secondary electron scatter modes): a) PDMS-SiO2–0.5 wt% CuO (PSC0.5), b) PDMS-SiO2–1wt% CuO (PSC1) and (c) PDMS-SiO2–2 wt% CuO (PSC2).
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FTIR spectrum of silica nanopowder (Fig. 2(e)) confirmed the formation
SiO2 without the presence of any organic precursors. At
1010–1055 cm−1, the Si−O−Si symmetric stretching vibration mode
could be detected. Moreover, two characteristic peaks at 1257 and
790 cm−1 were detected which were corresponded to Si− CH3 bonds
of silica based material. Symmetric and asymmetric stretching mode of
C−H bond was also detected at 2962 cm−1 showing epoxy groups.
Moreover, SEM image of SiO2 (Fig. 2(f)) shows the formation of semi-
spherical and irregular particles with large agglomerates in the range of
6 ± 2 μm.

XRD pattern of PDMS-SiO2–2 wt% CuO(PSC2) nanocomposite
coating (Fig. 2(g)) showed the presence of sharp peak at 2θ=44.6°
related to (100) plane of 316 L stainless steel [35]. Additionally, two
peaks of CuO nanoparticles were detected implying the presence of
nanocomposite coating on the stainless steel. Moreover, there was no
sharp peak relating to PDMS and silica in the XRD pattern due to the
amorphous nature of these materials [34]. Additionally, the chemical
composition of PDMS, PDMS-SiO2 (PS) and PSC2 coatings was in-
vestigated by FTIR spectroscopy (Fig. 2(h)). FTIR spectrum of PDMS
coating consisted of the characteristic band at 1031–1089 cm−1 cor-
responded to the symmetric stretching vibration of Si−O−Si in-
dicating the presence of a network structure inside the coatings [36].
Two characteristic sharp peaks observed at 790–802 cm−1 and

1260 cm−1 represented the Si− CH3 symmetric deformation of PDMS.
A peak observed at 1400 cm−1 indicated symmetric deformation vi-
bration of Si−phenyl bonds. The absorption band was detected at
2960 cm−1 relating to asymmetric stretching vibration band of C−H
bonds. This peak was considered to be either from residual epoxy
groups because of partial hydrolysis and/or the formation of methyl
groups at sol–gel synthetize process [37]. FTIR spectrum of PS coating
consisted of Si−O−Si symmetric stretching vibration and Si−CH3
symmetric deformation of PDMS. Moreover, the broad stretching band
at 3435 cm−1 and the weak deformation vibration band of −OH group
at 1600–1630 cm−1 in the spectrum, indicating a small amount of hy-
droxyl groups in PS coating. After incorporation of CuO within nano-
composite coating (PSC2), the intensity of C−H bonds and Si−phenyl
bonds increased and the intensity of −OH bonds decreased which could
be helpful for improved super-hydrophobicity of the coatings [37,38].

SEM micrographs of PSC0.5, PSC1 and PSC2 nanocomposite coat-
ings at two different imaging modes (secondary and backscattered
electron imaging) are depicted in Fig. 3. The micrographs consisted of
small irregular-shape particles with size of 3.5 ± 1.5 μm referring to
monoclinic structure of CuO and relatively large agglomerated SiO2
particles with irregular shapes referring to monoclinic structure of CuO.
This morphology could be clearly detected at backscattered electron
images. Moreover, increasing amounts of CuO nanoparticles changed

Fig. 4. Elemental mapping analysis of nanocomposite coatings consisting of various amounts of CuO contents: a) 0.5 wt% (PSC0.5), b) 1 wt% (PSC1) and c) 2 wt%
(PSC2). Cu (pink), Si (green) and O (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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the surface smoothness and provided the rough surface. EDS analysis
(Fig. 4) revealed different dispersions of CuO nanoparticles on the
surface, depending on the CuO concentration. While the powder scat-
tered homogeneously on the surface of at PSC0.5 and PSC1 coatings,
the agglomerated CuO nanoparticles found on the PSC2 sample.

One of the most important properties of coatings affecting their
antibacterial, cell function and wettability is surface roughness.
Therefore, the average roughness of various nanocomposite coatings
consisting of various amounts of CuO nanoparticles were estimated
(Table 1). Results showed that, presence of silica and CuO nanoparticles

significantly improved surface roughness. For example, the surface
roughness enhanced (1.4 times) from 0.07 ± 0.01 μm (at PDMS) to
2.49 ± 0.04 μm (at PSC1). By increasing CuO nanoparticle con-
centration, the PDMS chains could not bind all nanoparticles. Hence,
there was a number of unbounded nanoparticles sticking out of the
surface resulted in enhanced surface roughness. However, more in-
creasing the CuO nanoparticles did not significantly change the surface
roughness (P > 0.05). It might be due to agglomeration of nano-
particles in the PSC2 sample [39]. Moreover, in order to evaluate hy-
drophobicity of coatings, the contact angle of water drop was measured

Table 1
Roughness, contact angle and surface adhesion of PDMS, PS and PSC nanocomposite coated 316 L SS.

Sample name Roughness Ra (μm) Contact angle (°) Drop figure Area removed % Classification ASTM D3359 pattern

PDMS 0.07 ± 0.01 74 ± 4 5 4B

PS 1.39 ± 0.12 89 ± 5 50 1B

PSC0.5 1.14 ± 0.01 88 ± 8 15 3B

PSC1 2.49 ± 0.04 146 ± 6 75 0B

PSC2 2.21 ± 0.09 142 ± 8 50 1B

Fig. 5. Corrosion behavior of the nanocomposite coatings consisting various amounts of CuO-NPs as well as 316L substrate: Potentiodynamic polarization curves and
b) the analysis data extracted from potentiodynamic polarization curves of nanocomposite coatings consisting of 0.5 wt% CuO (PSC0.5), 1 wt% CuO (PSC1) and 2wt
% CuO (PSC2).
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(Table 1). Our results showed that, PDMS coating enhanced the water
contact angle of stainless steel from 70 ± 1° to 74 ± 4° relating to the
hydrophobic nature of PDMS [40]. However, water contact angle re-
ported for PDMS was often 100 ± 5°. Less hydrophobicity of pure
PDMS in this research was related to substrate modification by acid
leading to formation of –OH groups and enhanced surface roughness.
This behavior was similarly reported in previous researches and water
contact angel of PDMS was reported around 70.6 ± 4.2° [41]. More-
over, incorporation of silica nanoparticles promoted hydrophobicity to
89 ± 5°. Furthermore, the contact angle significantly enhanced to
142 ± 8° by increasing CuO content upon 2wt% (P < 0.05) which
might be related to the surface roughness of samples. Among the
samples, PSC1 revealed the greatest hydrophobicity (contact
angle= 146 ± 8°) [20]. This behavior was similarly reported in pre-
vious researches [16,42]. For instance, Tang et al. [42] similarly proved
that surface roughness affected hydrophobicity performance,

antibacterial activity and bacteria adhesion. Presence of a dual-scale
roughness (micro- and nano-scale) resulted in formation of a lotus leaf
structure which enhanced hydrophobic characterize of the coating
[16,43].

Adhesion resistivity of the coating is a critical property to reach
mechanical integrity [44]. Adhesion strength of PDMS, PS and PSC
nanocomposite coatings were investigated based on ASTM D3359
protocol. Our result showed that PDMS coating adhered vigorously to
stainless steel substrate and adhesion strength was estimated about 4B.
It might be due to silane groups which chemically bounded to the
stainless steel [45]. After incorporation of SiO2 in the PDMS coating
(PS), despite the strong (Si-O-Si) interaction between PDMS and SiO2
nanoparticles, due to poor linking between SiO2 and stainless steel,
around 50% of coating was peeled off making it unsuitable for coating
application [46]. Among various nanocomposite coatings, PSC0.5 re-
vealed the highest adhesion strength which was nearly close to that of
PDMS coating. More incorporation of CuO nanoparticles resulted in the
significant reduction in the silane groups on the surface leading to poor
adhesion of coating to the substrate.

Fig. 5(a) shows Tafel polarization curves of stainless steel 316 L and
the nanocomposite coated samples in SBF solution at pH=7.4 at room
temperature. Furthermore, the extracted electrochemical parameters
including the corrosion potential (Ecorr) and the current density (icorr)
are provided in Fig. 5(b). Overall, results showed that, the Ecorr values
of all nanocomposite coated samples were more positive than that of
316 L stainless steel substrate. Therefore, the PDMS-SiO2-CuO coatings
acted as a corrosion-resistant barrier. Moreover, the icorr values of all
coated samples were dramatically lower than that of the uncoated

Table 2
Antibacterial rate of coated specimens consisting different amounts of CuO
nanoparticles against two types of positive and negative bacterial
(Staphylococcus aureus and Escherichia coli).

Sample name Antibacterial rate (%)

E. coli S. aureus

PS 0.00 00
PSC0.5 92.69 75.14
PSC1 90.14 69.55
PSC2 78.27 65.36

Fig. 6. Biological properties of the nanocomposite coatings: SEM images of MG63 cell-seeded samples after 7 days of culture at two different magnifications: a) 0.5 wt
% (PSC0.5), b) 1 wt% (PSC1) and c) 2 wt% (PSC2). d) Cell viability evaluation of MG63 seeded on the nanocomposite coatings consisting of various amounts of CuO
nanoparticles using MTT assays, after 1, 3 and 7 days of culture. The absorbance was normalized against the control (TCP) at each time interval. (*P < 0.05).
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sample, confirming that the presence of the PDMS-SiO2-CuO coatings
could reduce the corrosion attack. However, depending on the CuO
content in the coatings, the anti-corrosion resistant property was dif-
ferent. For instance, increasing the concentration of CuO to 1wt%
(PSC1) resulted in a significant reduction of the icorr values. Firstly,
incorporation of CuO nanoparticles with hydrophobic nature and di-
electric construction, could create a denser structure of coating and
restrict ion diffusion through the surface. Consequently, the electro-
chemical reactions in the electrolyte and on the surface of samples di-
minished, significantly. Hence, PSC1 was the most resistant to the SBF
solution. This result was compatible with water contact angle data.
Second perspective which could be considered, is roughness. Surface
roughness could substantially affect the corrosion behavior of the
coatings [12]. According to Table 1, incorporation of CuO nanoparticles
enhanced the surface roughness from 1.14 to 2.49 μm. Therefore, air
molecules could be entrapped into surface pores leading to surface
protection from corrosive environment. Incorporation of more CuO
nanoparticles led to increase in the icorr values due to the agglomeration
of CuO nanoparticles resulted in the formation of a micro-pores on the
surface. This morphology resulted in the penetration of the corroded
solution into the coating and reaching it to the coating/substrate in-
terface to increase the corrosion. Therefore, PSC1 with the highest
hydrophobicity and roughness revealed the best corrosion resistance.

3.2. Antibacterial Activity Test

Antibacterial activity of the coatings against two types of positive
and negative bacterial (Staphylococcus aureus and Escherichia coli) was
evaluated and presented at Table 2. Our results revealed that, PS
coating did not show any antibacterial characteristic (antibacterial
rate= 0%), confirming the significant role of CuO nanoparticles to kill
the bacteria. Moreover, the antibacterial activity of the nanocomposite
coated specimens consisting of various amounts of CuO nanoparticles
was much better against E. coli than that of S. aureus which might be
due antibacterial activity of CuO nanoparticles against positive and
negative gram bacterials. Similarly, Dan et al. [30] showed that the
important factor in antibacterial activity of CuO nanoparticles was their
penetration feasibility into the cell membrane which depended on the
thickness of peptidoglycan in bacterial cell wall. While the pepti-
doglycan thickness in Gram-positive bacteria is 10–100 nm, it is 2–3 nm
at in Gram-negative bacteria. Therefore, it would be difficult for CuO
nanoparticles to penetrate into the cell membrane of S. aureus as the
Gram-positive bacteria. On the other side, increasing the concentration
of CuO nanoparticles from 0.5 to 2.0 wt% resulted in reduced anti-
bacterial effect for both groups of bacterial. The high antibacterial rate
of 92.69% and 90.14% against E. coli were monitored by using 0.5 and
1wt% of CuO nanoparticles, respectively. The PSC0.5 showed the
highest antibacterial rate of 75.14% against S. aureus. In the terms of
the antibacterial effect of nanoparticles, they should diffuse to the
bacterial solution to kill the bacteria [47]. According to the SEM mi-
crographs, CuO nanoparticles were more agglomerated by increasing
their content leading to less diffusivity of the nanoparticles at 2 wt%
concentration and subsequently lower antibacterial rate.

3.3. Cell Morphology and Proliferation

Despite the effective role of CuO nanoparticles on the antibcterial
characteristics of nanocomposite coatings, it might have reverse role on
the cell function. Therefore, the optimized concentration of CuO na-
noparticles based on the cytotoxicity evaluation is crucial. In this way,
the morphology of cells is a critical parameter to evaluate the cell-
biomaterial interaction. SEM images of cell seeded samples after 7 days
of culture are presented in Fig. 6(a-c). Results showed that MG63 cells
covered more area of PSC0.5, while a limited number of cells were
attached on the surface of PSC2. Moreover, MTT assay was done to
study the viability of cells. Fig. 6(d) shows that viability of cells seeded

on PSC0.5 considerably improved from day 1 (100 ± 18 (%control)) to
day 7 (200 ± 9.4 (%control)) (P < 0.05). However, incorporation of
more CuO nanoparticles within the coatings resulted in reduced cell
survival from day 3 to day 7 of culture. For example, the proliferation of
cells seeded on the PSC1 sample increased from 94 ± 36 (% control)
(at day 1) to 159 ± 41 (%control) (at day 3) and consequently reduced
to 117 ± 24 (% control) after 7 days of culture. Moreover, the MTT
assay revealed that the proliferation of MG63 cells reduced with in-
creasing CuO content in the coating. Noticeably, after 7 days, while the
proliferation of cells on the PSC0.5 sample was 200 ± 9.4 (%control),
it was reduced to 49 ± 1.7 (% control) on PSC2 sample (P < .05).
However, compared to control (tissue culture plate), the proliferation of
MG63 cells on the PSC2 sample was significantly reduced confirming
the role of CuO incorporated in the coatings. In conclusion, we de-
monstrated that hybrid PSC0.5 coating could highly promote MG63 cell
adhesion, spreading, and proliferation making it suitable for biomedical
implants.

4. Conclusion

In this present study, PDMS-SiO2-CuO nanocomposite coatings
consisting of various amounts of CuO nanoparticles were developed.
While PDMS coating with high adhesive strength was hydrophobic
(74 ± 4°), incorporation of CuO nanoparticles within PDMS-SiO2
coatings significantly promoted hydrophobic property of the coating
and improved surface roughness leading to noticeably enhanced cor-
rosion resistance. Thanks to antibacterial characteristic of CuO nano-
particles as well as improved hydrophobic property of the coatings,
incorporation of CuO nanoparticles within the coatings significantly
enhanced antibacterial rate of nanocomposite coatings compared to
PDMS-SiO2 coating. However, incorporation of CuO nanoparticles>
0.5 wt% resulted in reduced antibacterial characteristic of the coatings
due to the agglomeration of the nanoparticles. Moreover, MG63 cells
attached, spread and proliferated on the various nanocomposite coat-
ings depending on the CuO content. Our results confirmed that PDMS-
SiO2-CuO nanocomposite coating consisting of 0.5 wt% CuO sig-
nificantly improved cell proliferation. In summary, we demonstrated
that the PDMS-SiO2-CuO nanocomposite coating with significant anti-
bacterial and anticorrosion behavior and appropriate biocompatibility
has great potential for the temporary implants applied for bone repair.
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