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A B S T R A C T

The aim of this study was to develop a chitosan‑copper nanocomposite coating on stainless steel 316L to improve
the antibacterial properties and corrosion resistance of the substrate. After in-situ synthesizing of chitosan-
modified Cu nanoparticles, electrophoretic deposition was utilized to deposit chitosan‑copper nanocomposite
coatings consisting of various amounts of Cu nanoparticles. Moreover, the role of various deposition parameters
such as time and voltage on the coating properties was investigated. Physical and chemical properties of the
synthesized Cu nanoparticles and the nanocomposite coatings were analyzed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), coupled with the Energy-Dispersive Spectroscopy (EDS), Fourier transform
infrared spectroscopy (FTIR) and transmission electron microscopy (TEM). The corrosion resistance of coatings
was measured by electrochemical measurements such as tafel and electrochemical impedance spectroscopy (EIS)
tests. The antibacterial properties of nanocomposite coatings were analyzed using several Gram-positive and
Gram-negative microorganisms, including methicillin-resistant Staphylococcus aureus and Escherichia coli. Results
confirmed that Cu nanoparticles were synthesized with an average size of 11 ± 6 nm. Moreover, the in-
corporation of 0.5 wt% copper nanoparticle in the chitosan coating under 20 V and 5min conditions resulted in
the formation of uniform and crack-free nanocomposite coating with a thickness of about 17 μm. Results con-
firmed a significant improvement in the antibacterial activity and corrosion resistance of 316L stainless steel
substrates. In conclusion, chitosan‑copper nanocomposites could be considered as a good candidate for in-
creasing the antibacterial properties and corrosion resistance to prevent infections in biomaterials applications.

1. Introduction

The quality of human life has been promoted by restoring the mo-
bility and function of injured organs by using implants as supporters or
substitutions. Despite significant progress and advantages, the major
clinical challenges are implant-associated infections leading to implant
failure and chronic diseases [1,2]. In addition to implant-associated
infections, corrosion sensitivity is another challenge treating the me-
tallic implants. Among various types of metallic biomaterials, thanks to
its acceptable mechanical properties, stainless steel has been widely
applied for various kinds of orthopedic implants. However, some clin-
ical investigations have reported that these alloys undergo implant-as-
sociated infections and severe corrosion under physiological conditions
[1,3–5]. Thus, finding a method for increasing the performance of these
alloys is very important.

In recent years, there have been growing interest in corrosion re-
sistant and/or antibacterial coatings namely nanohydroxyapatite, TiO2,

and chitosan on metallic alloys [6–9]. However, most of them were
used as a mono-protective layer. Although the studies on the organic/
inorganic composite coatings on metallic implants, especially stainless
steel, were limited, some special surface advancement of nanocompo-
site coatings increased the corrosion resistance and antibacterial ac-
tivity of coatings at the same time [10]. Various types of antibacterial
polymers (e.g. poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
[11]) have been used as coatings for biomedical applications. Among
them, chitosan-based coatings with strong antibacterial and corrosion
resistant properties have been proposed as a promising strategy to de-
stroy bacteria and decrease corrosion of substrate [1,4,5]. For example,
Pang et al. [12] showed the ability of EPD method in order to fabricate
the composite coating containing Hydroxyapatite, CaSiO3, and chitosan
which provided corrosion protection of the stainless steel substrate
[12]. In other research, they investigated the corrosion resistance of
Hydroxyapatite-Chitosan composite coating and showed that this
coating provided the corrosion protection of the 316L stainless steel
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substrate [13]. In order to thrive the antibacterial activity against both
types of bacteria, various types of antibacterial agents such as metal
nanoparticle (Cu [14,15], Ag [16,17]) have been combined with chit-
osan to develop antibacterial nanocomposite materials. Among them,
copper nanoparticles have been attracted for biomedical applications.
For instance, Wen-Li et al. [18] showed that the antibacterial activity of
chitosan/metal complexes was remarkably improved compared to the
pure polymer and metal nanoparticles (Cu2+ and Zn2+) [18].

Accordingly, various techniques have been applied to develop na-
nocomposite coatings based on chitosan, consisting of sol-gel [19],
layer by layer [20] and electrophoretic deposition technique [21].
Among them, the electrophoretic deposition (EPD) approach has been
introduced as a rapid, easy process, cost-effective, site-selective, and
multi-functional technique. EPD can produce a uniform and stable
coatings with tunable thickness at room temperature [22–24]. This
technique has been widely applied to develop various ceramic, poly-
meric and nanocomposite coating for various applications [22,24,25].
Furthermore, agglomeration of nanoparticles is another issue which is
common during the preparation of the coating process. In this respect,
in-situ synthesizing of nanocomposite and coating could be an alter-
native to overcome agglomeration of nanoparticles.

The aim of this study was to develop chitosan‑copper nanoparticle
coating on stainless steel in order to simultaneously improve anti-
bacterial property and corrosion resistance. In this regard, after syn-
thesizing chitosan-modified copper nanoparticles, nanocomposite
coatings consisting of various amounts of Cu nanoparticles were de-
veloped using the EPD process. Moreover, physical and chemical
properties, antibacterial activity and the corrosion stability of the
coatings in the simulated body fluid (SBF) were investigated.

2. Materials and methods

2.1. Materials

Copper sulfate pentahydrate (CuSO4·5H2O), chitosan (powder,
medium molecular weight), acetic acid (CH3CO2H), sodium hydroxide
(NaOH), ascorbic acid (C6H8O6), hydrazine hydrate (NH2NH2) and
ethanol (C2H5OH) were supplied by Merck, Germany.

2.2. Sample preparation

AISI 316L samples were used as the substrates with a dimension of
20×10×1mm3. Firstly, the samples were polished using SiC papers
with the grit sizes of 600. Consequently, AISI 316L substrates were
cleaned ultrasonically in acetone and then in deionized water for
30min, in order to remove residual greases and surface impurities.

2.3. Synthesis of chitosan-modified copper nanoparticles

Chitosan-modified copper nanoparticles were synthesized by using
the chemical process. Two primarily solutions, the first one consisting
of copper precursor (0.05M CuSO4.5H2O aqueous solution) and the
second one consisting of chitosan (0.4 wt% chitosan in 0.1 M acetic
acid) were separately prepared and mixed. After 30min of mixing these
two solutions with a volume ratio of 1:4 (copper precursor solution:
chitosan solution in 100ml solution), the color of the solution changed
to blue. Following, to prevent the oxidation of copper nanoparticles,
1 ml of 0.05M ascorbic acid was dropwisely added to the solution.
Then, after the addition of 4ml of 0.6 M NaOH, the pH of the solution
was adjusted to 4 leading to change in the color of the solution to green.
Finally, hydrazine hydrate (1 ml), as a reduction agent, was added to
the solution to obtain a dark brown color indicating the formation of
copper nanoparticles. During all steps of the process, the temperature of
the solution was kept constant at 60 °C, while the solution was stirred
magnetically.

2.4. Fabrication of chitosan‑copper nanoparticle coatings

Chitosan‑copper nanoparticle coatings were developed using the
EPD process. In the first stage of the solution preparation process for
coating, the copper nanoparticles were synthesized in a solution in-
cluding chitosan and acetic acid as stabilizer and modifier. Then, the
solution was centrifuged and dried overnight to obtain copper nano-
particles. The prepared copper nanoparticles were slightly added to the
coating solution containing (1 vol% acetic acid, 1 wt% chitosan in a
ratio of water:ethanol of 20:80). However, there was a significant ag-
gregation of nanoparticles leading to the formation of an inappropriate
coating on the substrate and the deposited coating had a high amount of
agglomerated particles. To solve this problem, various amount of
copper precursor were incorporated in the coating solution to initially
produce copper nanoparticles followed by in-situ deposition of coating
with different copper concentration (0.25, 0.5, 1 and 1.25 wt%). Prior
to the coating deposition, the solution was sonicated for 30min to
obtain a homogenous solution. The constant voltage was applied by
using a power supply (SL20200J IPC). The EPD process was carried out
at a constant cathode and anode distance of 10mm under various times
(1, 5, 10, and 15min) and voltages (5, 10, 20, 30 and 40 V) conditions
to optimize the properties of the coatings.

2.5. Characterization of the chitosan‑copper nanoparticle coatings

Phase composition of the synthesized powders was characterized by
X-ray diffraction (XRD, Philips) with monochromatized Cu-Kα radia-
tion (40 kV, 80mA)). In order to determine the functional groups of
chitosan and synthesized copper nanoparticles, Fourier Transform
Infrared (FTIR) spectroscopy was performed by Bruker Tensor-27 in the
range of 600–4000 cm−1. Transmission Electron Microscope (TEM,
Philips EM208S 100 kV Netherland) was used to evaluate the mor-
phology and size of Cu nanoparticles. Moreover, the particle size of
powders was measured using Image J software (n=80). Furthermore,
Scanning Electron Microscope (SEM, Philips XL30) was utilized to
evaluate the distribution of copper nanoparticles within the coatings
and also to measure the thickness of the coatings. In addition, Energy-
Dispersive Spectroscopy (EDS) analysis was used to determine the
composition of the coatings. Furthermore, scratch tests were carried out
in order to measure interfacial adhesion strength between the nano-
composite coatings and substrate based on ASTM D7027-13. In this test,
a diamond-stylus scratch tester (tip radius and scratch length respec-
tively were 22 μm and 1mm) was performed on the coatings with a
linearly increasing load in the range of 30–90 N under a constant speed
of 10mm/min followed by reaching a load in which coating was failed.
Consequently, the first load force in which the coating exhibited a
failure was reported as the critical load to determine the adhesion
strength of the coatings [26].

2.6. Electrochemical tests

Electrochemical measurements such as open circuit potential (OCP)
with time, electrochemical impedance spectrophotometry (EIS) and
Tafel polarization test were carried out in a simulated body fluid (SBF)
at pH=7.4. The SBF was made according to Kokubo et al. [27] pro-
tocol. The corrosion tests were performed at room temperature (around
25 °C) using the IVIUMSTAT potentiostat corrosion measuring system.
A three-electrode system, i.e. a sample as a working electrode, a pla-
tinum sheet as a counter electrode, and a KCl saturated calomel elec-
trode (SCE) as a reference electrode were used. OCP changes with time
were recorded for up to 30min of immersion in the solution. Subse-
quently, the EIS analysis was performed at a frequency of 10 kHz to 10
mHz using a 10mV sinusoidal signal at OCP. Then, Tafel polarization
test was used by scanning potential of −0.25 VSCE vs. OCP to +1.00
VSCE vs. OCP at a potential scan rate of 1mV/s. In order to analyze the
data from the Tafel polarization plots and to simulate the data obtained
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from EIS curves, various electrochemical parameters of the graphs were
extracted using CorrView and Ivium software, respectively. ZView
software was used to fit the EIS data.

2.7. Antibacterial activity test

In order to evaluate the antimicrobial activity of the nanocomposite
coatings, firstly gram-positive and gram-negative bacteria such as S.
aureus and E. coli were cultured in a 10ml nutrient broth consisted of
3.0 g/l beef extract, 5.0 g/l peptone and 1000ml of distilled water at
pH 6.8 ± 0.2, simultaneously. Nanocomposite coated samples with a
dimension of 2×2 cm2 were sterilized, based on ASTM E2149. In
following, each sample separately was placed in a sterile petri dish and
100 μl of medium culture included either Escherichia coli (K-12) or
Staphylococcus aureus (ATCC 12600) at 104–105 CFU/ml was added
onto their surface. After 1 h incubation at 37 °C and 5% CO2, samples
were placed into 10ml of sterile water, followed by strenuously shaking
for 5min. Then prior to incubating for 24 h at 37 °C and 5% CO2, each
sample was diluted in an agar plate. Eventually, a light microscope was
used to count colonies formed on each sample by quantization of the
colony forming units (CFU).

2.8. Statistical analysis

The data were reported as mean ± standard deviation (SD) and
one-way ANOVA analysis was used in order to measure the statistical
significance 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 discussions

3.1. Characterization of chitosan-modified copper nanoparticle

At first, chitosan modified copper nanoparticles were synthesized in
the chitosan-based solution. XRD pattern of the synthesized copper
nanoparticle (Fig. 1 a) revealed the formation of pure copper phase. The
characteristic peaks appeared at 2θ=43.3°, 50.4°, 74.1°, 89.9°, and
95.1° were related to plane index of (111), (200), (220), (311), and
(222) of copper with face centered cubic structure, respectively, ac-
cording to standard card (00–001-1241 (ICSD code)). However, the
small peak could be detected at around 2θ=20° assigned to the
characteristic peak of chitosan confirming that chitosan covered the
nanoparticles to avoid agglomeration during the synthesis process. This
behavior might affect the antimicrobial property of Cu-based compo-
nents [28]. The mechanism of chitosan (Cts) encapsulating copper na-
noparticles produced through chemical reduction is shown schemati-
cally in the inset image in Fig. 1 a and the chemical reaction is showed
in Eq. (1) [28]:

+ → + +
+2[Cu(Cts)] N H 2[Cu(Cts)] N 2H Oaq

2 4 2 2 (1)

Moreover, no peak was assigned to the CuO or Cu2O phases, which
is known as the most common impurity in the synthesis process of
copper. It might be due to the role of chitosan to protect Cu nano-
particles against the synthesis process from Cu to CuO or Cu2O trans-
formation. This behavior was similarly reported in previous researches
[14,15]. For instance, Usman et al. [29] showed that increasing the
chitosan concentration resulted in enhanced purity and reduced par-
ticle size of Cu nanoparticles.

The interaction between chitosan and copper nanoparticles was
evaluated via FTIR spectroscopy (Fig. 1 b). FTIR spectrum of chitosan
consisted of a peak at 3358 cm−1 ascribed to overlap NeH and OeH
stretching bonds. The absorption bands located at 2878 cm−1 and
1658 cm−1 were related to CeH stretching and the bonds at 1606 cm−1

were attributed to NeH bending. Furthermore, the absorption bands
located at 1358 cm−1, 1318 cm−1 and 1028 cm−1 were corresponded
to CeH bending and CeO stretching bonds, respectively. After forma-
tion of chitosan‑copper interfaces, the intensity of some of these bands
reduced and some of them shifted confirming the interaction between
chitosan and copper. For instance, NeH stretching bonds moved from
1606 cm−1 to 1601 cm−1 and the peaks located at 1658 cm−1 and at
the range of 1318–1429 cm−1 were completely removed which might
be related to covering the copper nanoparticles by NeH groups of
chitosan [23,30]. In addition, new peaks appeared at approximately
629 cm−1, which could be assigned to an interaction between chitosan
and copper nanoparticles, were related to CueN stretching vibrations
and CueO bonds [31].

Fig. 2 shows TEM images and histogram chart of synthesized copper
nanoparticles. TEM image (Fig. 2 a) indicated that Cu nanoparticles
with spherical morphology and without any significant agglomeration
were synthesized. Moreover, the particles size distribution of Cu na-
noparticle (Fig. 2 b) revealed the formation of uniform particles with an
average size of 11 ± 6 nm. This result was in a good agreement with
Usman et al. [28] and Dang et al. [32] indicating the effects of chitosan
concentration on the uniformity of copper nanoparticles.

3.2. Characterization of chitosan‑copper nanoparticle coatings

Electrophoretic deposition was carried out at various times (1, 5, 10,
and 15min) and voltages (5, 10, 20, 30 and 40 V). According to Fig. 3,
the thickness of the EPD coatings was enhanced over increasing the
voltage and the time of the electrophoretic process [24]. Although there
was a significant increase in the thickness of the coating at a higher
voltage at a constant time (5min) (Fig. 3 a), the coating was separated
from the substrate in 40 V (cross-section images are presented in Fig. 3
a). In addition, at a constant voltage of 20 V, the thickness of the
coating was slightly enhanced upon increasing the time of EPD time.
Thus, the effect of voltage on the thickness of the coating was higher
than time due to the improvement of the mobility and proper

Fig. 1. a) XRD pattern and b) FTIR spectra of chitosan and copper nanoparticles. Inset in section a: Core-shell structure of copper nanoparticle in chitosan.
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orientation of chitosan. In fact, voltage navigated chitosan to settle on
the coating. In accordance to the literature, Zhitomirsky et al. [33]
showed that the thickness of the coating, which is developed using EPD
process, was affected by different parameters such as time and voltage
of the process, as below (Eq. (2)):

=

d
ρAx

CμUt
(2)

where ρ is the apparent density, A is the surface area of the electrode, x
is the thickness of the coating, C is the concentration of the particles in
the suspension, μ is the mobility of the particles, U is the applied vol-
tage of EPD, t is the time of the process, and d is the distance between
the two electrodes. According to Eq. (2), a higher thickness of coating
could be achieved by increasing the voltage. The applied force on
particles, which was increased in higher voltages, increased the possi-
bility of moving these agglomerated particles in the suspension. Thus,
the particles might have less time to lie in suitable locations which
weaken the adhesion strength of coatings and corrosion resistance [33].

Fig. 4 a and b show the critical load force (as a measurement of the
adhesion strength of the coatings) as a function of the voltage and time.
According to Fig. 4 a, an upward trend could be detected in the value of
critical load (deformation force) when the voltage of the EPD process

increased. However, there was a peak in the force value at 85 gf
(0.85 N) for coatings deposited under 20 V and 30 V. The bonding ad-
hesion of the coatings decreased at higher voltages followed by de-
creasing packing density of the coating. It could be due to the formation
of water bubbles during the EPD process (inset image in Fig. 5 a shows
the light microscopy image of the sample prepared at 40 V). Thus, there
should be an optimum voltage of 20 V and 30 V for this deposition
process. Fig. 4 b shows the effect of time of the EPD process on the
loading force. The bonding adhesion of the coatings increases at a
higher time of EPD process from 1min to 5min. Subsequently, the
adhesion of the coating remained constant as EPD time went up. It is
concluded that the most uniform coating, with regards to the surface
morphology, thickness, adhesion, and absence of bubbles underneath of
the coating, is reached under 20 V for 5min [1].

In the light of the cationic nature and good properties of film
forming of chitosan, it can be coated independently to create coatings of
pure polymer [34]. Chitosan also provides effective electrosteric sta-
bilization of metal particles. In addition, Chitosan could be adsorbed on
the surface of Cu nanoparticles and provides a positive charge which
allows cathodic electrodeposition of particles [35]. Furthermore, chit-
osan, as an efficient binder, prevents cracking and provides adhesion of
the coating to the substrate [21,35]. It had been proven that the usage

Fig. 2. a) TEM image and b) frequency histogram of particle size of copper nanoparticles.

Fig. 3. Effect of a) voltage at 5min and b) time at 20 V on the thickness of the coating.
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of chitosan can enable the formation of cathodic electrophoretic de-
position of coating with various materials and interfacial bonding of the
particles.

In order to improve the previous researches, we utilized the chitosan
suspension with various Cu contents to deposit chitosan‑copper coat-
ings [35]. Our results indicated that EPD could enable the formation of
chitosan‑copper nanocomposite coating.

Fig. 5. a and b show the SEM images of the nanocomposite coatings,
consisting of two different concentration of Cu nanoparticles, deposited
at optimum process parameters (at 20 V and 5min). In the lower Cu
nanoparticle content (0.5 wt%), the copper nanoparticles were uni-
formly distributed throughout the chitosan-based coating. Inset image
in Fig. 5 a.I indicates the smooth continuous morphology of coating in
the presence of Cu nanoparticles at higher magnification. Due to the
fact that heavier atoms such as copper are brighter than chitosan, the
BSE image (Fig. 5 a) proved that these light points were related to the
Cu atoms in the coating. The cross-section image of the coating con-
sisting of 0.5% Cu nanoparticles (Fig. 5 a.II) demonstrated the almost
uniform distribution of Cu nanoparticles in the chitosan-based matrix.
Fig. 5 c shows the grazing XRD pattern of the nanocomposite coating.
The characteristic peaks appeared at 2θ=44°, 54° and 75° were related
to the plane index of (111), (200), and (220) of stainless steel 316L,
respectively. In addition, the small peak at around 2θ=20° assigned to
the characteristic peak of chitosan. Due to the low concentration of the
Cu nanoparticles in the coating, there was no peak related to Cu na-
noparticles. In order to investigate the presence of Cu nanoparticles in
the coating, the EDS analysis was used. EDS analysis (Fig. 5 d) also
confirmed the presence of Cu atoms accompanied by Fe signals related

to the stainless-steel substrate. Moreover, C and O signals belonged to
chitosan that was previously recognized by XRD analysis.

SEM images of coatings in Fig. 5 showed that the microstructure of
the nanocomposite coating strongly relied on the composition of the
coating. In a high concentration of copper (i.e. > 1%), nanoparticles
emerged onto the surface of the coating (Fig. 5 b). Conversely, in a low
concentration of copper nanoparticles (i.e. < 1%), they were well-em-
bedded in the chitosan matrix and the coating remained smooth and
crack-free, which could be due to the steady electrophoretic mobility of
polymer during deposition. In fact, due to different electrophoretic
deposition mechanisms and deposition rates of Cu nanoparticles and
chitosan, it was suggested that the presence of lower content of Cu
nanoparticles led to avoid massive deposition and agglomeration of Cu
nanoparticle upon DEP in order to obtain a uniform coating. Similar
statements were reported by other research for organic-inorganic
composites [24].

3.3. Corrosion resistance evaluation of the nanocomposite coatings

Fig. 6 shows the OCPs of the uncoated, chitosan coated, and chit-
osan‑copper nanocomposite coated samples. All specimens reached to
the stability after about 1200 s of immersion in the SBF solution
(pH=7.4) at room temperature (about 25 °C). The OCP value of the
uncoated sample moved to negative values after immersion. While the
OCP values of all coated samples moved to positive values after im-
mersion, and became ennobled, which probably was due to the chitosan
formation on the surface of stainless steel. During the immersion period
of 1800 s, the OCP values of all chitosan‑copper nanocomposite coated

Fig. 4. Effect of a) voltage at 5min, b) time at 20 V and on deformation force of coating.

Fig. 5. Scanning electron microscope (SEM) image of coating at 20 V and 5min: a) 0.5% (I: surface and II: cross-section of the coating), b) 1.25% Copper nano-
particles and c) EDS spectrum of nanocomposite coating.
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samples were higher than those of the uncoated and chitosan coated
samples. By increasing the Cu concentration of coating from 0.25 to
1.25 wt%, firstly, the OCP values increased and then, reduced. Thus, the
Ch-0.5Cu sample had the highest OCP value in all samples during the
immersion time, which could be due to its higher compaction and
uniformity of coating, and it was stable at about 0.05 VSCE.

Fig. 7 illustrates the experimental and simulated Nyquist graphs of
the samples after immersion in the SBF at room temperature. The
spectra were as well defined as in the impedance spectrum for all
specimens at high-frequencies to low-frequencies. The obtained Nyquist
graphs were similar to the previously reported results for a natural
polymeric coating consisting of chitosan and gold nanoparticles elec-
trodeposited on NiTi alloy [36]. The impedance of the chitosan coated
sample in our study was higher than that of the uncoated one, which
was similar to the chitosan coating on the NiTi alloy [36]. This clearly
confirmed the effect of chitosan layer on increasing the corrosion re-
sistance of stainless steel. Furthermore, by an increase in the Cu con-
centration up to 0.5 wt%, impedance enhanced due to higher compac-
tion and uniformity of coating, which caused a reduction of the
penetration rate of the solution into the coating. By increasing the Cu
concentration of coating to higher values than 0.5%, the impedance
decreased due to the agglomeration of Cu nanoparticles and less
bonding between the coating and substrate. Therefore, the impedance
of the Ch-0.5Cu sample was the highest, which reflected the highest
corrosion resistance of the Ch-0.5Cu sample.

The experimental data were fitted by using the electrical elements
described in the circuits inserted in Fig. 7, which was similar to the
reported results by other researches [36]. The circuits consisted of: Rs,
the electrolyte resistance between the working and the reference elec-
trodes, Rb and CPEox, the barrier resistance and the constant phase
element of the native oxide layer of stainless steel, respectively. R1, R2

and CPE1, CPE2, are the electrical resistance and the constant phase

element of the chitosan and the chitosan‑copper nanocomposite coat-
ings, respectively. The electrical circuit was used to simulate the ex-
perimental data of chitosan and chitosan‑copper nanocomposite coated
samples consisting of three interfaces, one inner layer (native oxide
layer of stainless steel) and one outer layer (chitosan and chit-
osan‑copper nanocomposite coatings). Due to the surface roughness and
heterogeneity in each interfaces, the constant phase element (CPE) was
used instead of an ideal capacitor as well as n represented a deviation
from ideal behavior. The impedance of the CPE was described in ref.
[37].

According to Bode-phase graphs in Fig. 8, at high-frequencies, the
phase angle of the uncoated sample was around 0°, which displayed
that the impedance was dominated by electrolyte resistance. While, the
phase angles of the coated samples were around 10°, indicating that the
impedance was a capacitive response, which was related to the coating
layer. Additionally, the phase angles of chitosan‑copper nanocomposite
coated samples were more than the phase angle of chitosan coated
sample, which suggested that adding Cu nanoparticles to chitosan
coating could improve the capacitive behavior of chitosan coating. At
mid-frequencies, the phase angles of the uncoated and coated samples
were related to a capacitive response of the native oxide layer of
stainless steel that the phase angle changed due to change in the polar
resistance of the oxide layer. Furthermore, the phase angles of chitosan
coated samples (around 80°) were higher than that of the uncoated
sample (around 70°), which showed that the coatings improved the
native oxide layer of stainless steel. The result is in a good agreement
with other researches on the electrophoretic deposition of chitosan on
stainless steel [7,23,38]. By increasing the Cu concentration up to
0.5 wt%, the phase angle increased. But, in> 0.5 wt%, the phase angle
reduced indicating that the Ch-0.5Cu sample was the lowest corrosion
rate.

Fig. 9 shows the Bode-Z graphs of samples. At both high and
low–frequencies, the impedance value of the Ch-0.5Cu sample was
approximately the highest, which proved its higher corrosion resistance

Fig. 6. OCPs of the blank substrate and chitosan coating alone and chit-
osan‑copper nanocomposite coating samples immersed in SBF solution
(pH=7.4) at room temperature.

Fig. 7. the experimental and simulated Nyquist graphs of the samples after
immersion in SBF (pH=7.4) at room temperature along with the equivalent
circuit used to simulate experimental impedance data a) chitosan coating and
chitosan‑copper nanocomposite coating samples and b) blank substrate.

Fig. 8. Bode-phase graphs of the samples after immersion in SBF (pH=7.4) at
room temperature.

Fig. 9. Bode-Z graphs of the samples after immersion in SBF (pH=7.4) at room
temperature.
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compared to the others. On the other hand, the impedance value of
chitosan coated sample was higher than that of uncoated sample. This
was similar to the obtained results of electrophoretic deposition of
chitosan on mild steel alloy [38].

Table 1 compares the simulated results of the experimental data of
the samples using electrical circuits. The chitosan coating on the surface
of stainless steel increased the total resistance (total resistance of the
inner and outer layer) and reduced the CPEox of the native oxide layer
of stainless steel, similar to reported results for chitosan coating on NiTi
alloy [36]. Moreover, the addition of Cu nanoparticles increased the
total resistance of the coatings that could be due to the formation of Cu
oxide layer on the surface. Generally, the total resistance of the coatings
was enhanced by increasing the Cu concentration up to 0.5 wt%, and
reduced for higher Cu concentration.

The Tafel polarization curves of the samples, after immersion in SBF
(pH=7.4) at room temperature, are presented in Fig. 10. The cathodic
and anodic branches of the polarization curves represent the release of
hydrogen gas and the dissolution of the coating and substrate, respec-
tively. The corrosion potential values (Ecorr) of Ch-0.25Cu and Ch-0.5Cu
samples were remarkably higher than those of the uncoated and chit-
osan coated sample. The presence of Cu nanoparticles reduced the
tendency of the coating to corrode due to the nobility of Cu. The cor-
rosion current density value (icorr) of the chitosan coated sample was
significantly lower than that of the uncoated sample. This result is in a
good agreement with the reported results in Ref [23]. Moreover, the
icorr values of all chitosan‑copper nanocomposite coated samples were
lower than the icorr value of the chitosan coated sample except for the
coated sample containing 1.25% Cu nanoparticles. Although the Ecorr
value of the Ch-1Cu sample was lower than that of the chitosan coated
sample, which could be due to the agglomeration of Cu nanoparticles,
its icorr value was much lower than icorr value of the chitosan coated
sample. This represented that the corrosion resistance of Ch-1Cu
coating was higher than that of the chitosan coated sample. The both
Ecorr and icorr values of the Ch-1.25Cu sample were lower than those of
the chitosan coated sample. It could be probably due to the low bonding
adhesion of the coating/substrate. On the other hand, by increasing the

Cu concentration up to 0.5 wt%, the corrosion resistance of the coatings
increased. However, with higher Cu concentration, the corrosion re-
sistance of coatings reduced. The electrochemical polarization results
are in a good agreement with the electrochemical impedance results.

Table 2 shows the extracted values of the electrochemical para-
meters from the Tafel polarization curves. The break down potential
value (Eb) of the chitosan sample was higher than that of the uncoated
sample, which indicated an increase in the local corrosion resistance of
the stainless steel. In addition, the Eb values of all chitosan‑copper
nanocomposite coated samples were higher than the Eb value of the
chitosan coated sample except for the highest Cu concentration. This
could indicate an improvement in the local corrosion resistance of the
coatings by including Cu nanoparticles in the chitosan matrix. By in-
creasing the Cu concentration from 0.25 to 0.5 wt%, the Eb values
reached from 566.538 to 884.275. While they were reduced with Cu
concentration higher than 0.5 wt%. The slope of the extrapolated
cathodic branch (−βc) of the chitosan coated sample was higher than
that of the uncoated substrate. The same results were reported for
chitosan coating on Mge1Ca alloy [7], indicating an increase in the rate
of hydrogen gas release and the corrosion resistance of the coating.
Moreover, by increasing the Cu concentration up to 0.5 wt%, the slope
of the cathodic branch firstly increased and then declined, which could
be due to the formation of pores in the coating.

The polarization resistance (Rp) of the samples was calculated ac-
cording to the following relation (Eq. (3)):

= × × × +Rp (βc βa)/(2.303 i (βc βa))corr (3)

where βa and βc are the slope of the extrapolated anodic and cathodic
branches, respectively (Table 2). Moreover, the protective efficiency
(PE) was calculated according to the following relation (Eq. (4)):

= − ×PE (1 i /i ) 100corr 0 (4)

where i0 and icorr are the corrosion density of the uncoated and coated
samples, respectively (Table 2). The results are shown in Fig. 11. The
presence of chitosan coating on the stainless steel surface caused an
increase in the Rp value. The PE value of chitosan coated sample on
stainless steel (43%) was lower than reported data for the chitosan
coated on NiTi alloy (97.7%) in ref. [36]. The reason for this was the
lower corrosion rate of stainless steel compared to NiTi alloy, which led
less protective efficiency of chitosan coatings. Furthermore, including
of Cu nanoparticles up to 0.5% increased both Rp and PE values and

Table 1
Simulated parameters of EIS data of the samples using the proposed equivalent circuits.

Coating types Inner layer Outer layer

CPEox
(μF·cm−2)

n Rb (Ω·cm2) CPE1
(μF·cm−2)

n R1 (kΩ·cm2) CPE2
(μF·cm−2)

n R2 (Ω·cm2)

Substrate 0.57 0.78 4.23 – – – – – –
Ch 0.14 0.91 7.89 0.41 0.89 1.51 0.42 0.97 142.6
Ch-0.25Cu 0.11 0.84 16.98 0.75 0.77 2.30 0.71 0.79 178.4
Ch-0.5Cu 0.01 0.73 44.78 0.30 0.86 9.40 0.27 0.88 55.8
Ch-1Cu 0.06 0.79 18.09 0.42 0.94 4.60 0.96 0.94 565.7
Ch-1.25Cu 0.16 0.94 13.06 0.80 0.81 6.70 0.52 0.95 170.3

Fig. 10. Electrochemical Tafel polarization curves of samples after immersion
in SBF (pH=7.4) at room temperature.

Table 2
Extracted values of electrochemical parameters of Tafel polarization curves.

Coating types Ecorr
(mV)

icorr
(μA/cm2)

βa
(mV/dec)

-βc
(mV/dec)

Eb
(mV)

Substrate −214.522 158.072 0.128 0.007 399.337
Ch −30.258 88.696 1.406 0.037 428.512
Ch-0.25Cu 103.565 57.712 0.195 0.098 566.538
Ch-0.5Cu 278.316 20.375 0.068 0.556 884.275
Ch-1Cu −55.687 38.801 1.947 0.472 561.101
Ch-1.25Cu −57.242 92.066 0.210 0.035 380.608
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therefore enhanced the corrosion resistance of the coating. The corro-
sion resistance of chitosan-Cu nanocomposite samples was influenced
by the Cu concentration. Increasing the Cu concentration up to 0.5 wt%
caused an increase in the Rp and PE values. However, there was a de-
crease in the Rp and PE values for higher Cu concentrations. The PE
value of the Ch-0.5Cu sample (87%) was lower than chitosan coating
containing gold nanoparticles on NiTi alloy (99.2%) [36]. This might be
because the corrosion rate of stainless steel was lower than NiTi alloy,
as well as because the corrosion resistance of Au nanoparticles was
higher than that of Cu nanoparticles.

3.4. Antibacterial activity of the nanocomposite coatings

Cu nanoparticles, as metal nanoparticles, must release Cu ions to kill
the bacteria, hence the steady and continuous release of Cu ions are the
crucial feature in the fabrication of an antibacterial coating containing
Cu nanoparticles [39,40]. The agglomeration of Cu nanoparticles sig-
nificantly affects the antibacterial activity of the coating by reducing
the ions release, in fact, particles consisted of high specific surface area
show the higher release of ions release [39]. Due to the fact that the
antibacterial activity of Cu nanoparticles relies on the release of Cu
ions, the insertion of the Cu nanoparticles into an organic polymer
matrix, such as chitosan, is one of the most effective methods to in-
crease the release of Cu ions, since organic polymer matrix acts as a
suitable medium to stabilize and avoid the aggregation of the Cu na-
noparticles [40]. According to the literature, it has been reported that
chitosan and copper have partial antimicrobial activity against both
Gram-negative and Gram-positive bacteria [8,15]. Therefore, compared
to individual copper or chitosan, the antibacterial activity of chit-
osan‑copper nanocomposite coating should be significantly higher than
individual chitosan coating.

Table 3 shows the antibacterial behavior of different coatings
against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria in
comparison to the reference sample (316L stainless steel substrate). It is
obvious that 316L stainless steel did not show antibacterial activity and
a number of bacteria remained intact. As soon as chitosan coating was
deposited on the substrate, antibacterial activity embarked to gradually
increase, and most interestingly, as copper nanoparticles were added
into a polymeric matrix, the antibacterial activity of chitosan‑copper
nanocomposite coating was dramatically improved against both types

of bacteria. The best results against both types of bacteria were related
to the Cu concentration> 0.5 wt%. However, the addition of a higher
amount of copper (over 1% of copper nanoparticles) made an insig-
nificant change in the antibacterial activity of complex and this trend
stayed constant. It could be due to the agglomeration of Cu nano-
particles in the chitosan matrix. Nanocomposite coatings exhibited an
almost similar trend against both types of bacteria. The obtained results
were in good agreement with the reported results for antibacterial ac-
tivities of Cu nanoparticle doped chitosan studied by Wen-Li et al. [18].

4. Conclusions

In the current research, electrophoretic deposition was successfully
applied for in-situ deposition of antibacterial and anticorrosion chit-
osan‑copper nanocomposite coating on stainless steel substrates by in
situ electrophoretic method. It was concluded that using a chemical
method and the presence of chitosan as stabilizer could be a suitable
procedure to achieve copper nanoparticles with particle size around
11 nm. The nanocomposite coating exhibited high quality surface and
acceptable adhesion in comparison to a pure chitosan coating. An op-
timum condition resulted from controlled the deposition of chitosan
and copper nanoparticles was related to the suspension with Cu con-
centration of 0.5%.

The presence of chitosan coating on the stainless steel surface,
especially the addition of Cu nanoparticles, increased the corrosion
resistance of the substrate. Corrosion resistance of chitosan‑copper
nanocomposite coated samples was influenced by the Cu concentration
and the agglomeration of nanoparticles. Thus, the Ch-0.5Cu sample had
the highest corrosion resistance.

Results obtained from the antibacterial activity tests on nano-
composite coatings showed that the chitosan‑copper coating exhibited
more deadly influence on both positive and negative charge bacteria.
Although there was no significant difference in the antibacterial activity
of Ch-1Cu and Ch-1.25Cu samples, the most successful result of an
antibacterial test against gram-negative and gram-positive bacteria
were attributed to sample containing 1.25 wt% of copper nanoparticles.
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