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A B S T R A C T   

This study aims to develop bilayer copper-chitosan nanoparticles (Cu-Ch NPs) incorporated polyglycerol seba-
cate (PGS)/ micro-arc oxidation (MAO) (MAO-PGS/Cu-Ch NPs) coating for the cardiovascular application. 
Moreover, the effects of Cu-Ch NP concentrations (1, 3, and 5 wt%) on the physical, chemical, electrochemical, 
and biological properties of AZ91 substrate are discussed. Microstructural studies show the successful incorpo-
ration of Cu-Ch NPs in the PGS coatings using a simple electrospray process, improving surface wettability and 
roughness. The results of the potentiodynamic polarization test in phosphate buffer saline (PBS) indicate that the 
highest corrosion resistance (Icorr = 20 nA/cm2, Ecorr = − 1.22 V) is obtained by adding 5 wt% Cu-Ch NPs. NO 
release evaluation shows while the burst release occurrs in the early hours, the extended-release happens after 
12 h. Moreover, the increase in the Cu-Ch NP concentration reduces the platelet adhesion, showing the appro-
priate hemocompatibility of coatings. In addition, the attachment and proliferation of human umbilical vein 
endothelial cells (HUVECs) improve by increasing the concentration of Cu-Ch NPs within the bilayer coating. 
Taken together, MAO-PGS/Cu-Ch NPs coating with appropriate surface properties, corrosion resistance, cyto-
compatibility and hemocompatibility, demonstrates the potential application for cardiovascular implants.   

1. Introduction 

In recent decades, coronary artery disease has been the leading cause 
of mortality in cardiovascular disease [1]. To treat this disease, various 
cardiovascular implants have been developed. Between them, biode-
gradable materials such as magnesium alloys have been applied as 
temporary implants due to their biodegradable features in physiological 
environments, superior mechanical properties than polymeric ones, 
reduced thrombosis, and neointima hyperplasia. AZ91 alloy is of the 
most common magnesium-aluminum–zinc alloys used for biomedical 
applications. AZ91 is able to provide proper corrosion behavior and 
degradation rate via the formation of a passivating oxide layer. AZ91 has 
demonstrated biocompatibility and hemocompatibility in biological 
conditions. Moreover, it shows appropriate mechanical strength 
(240–250 MPa), elastic modulus (45 GPa), and elongation (3–7 %) for 
tissue engineering [2]. However, the most critical challenge of magne-
sium alloys is their rapid degradation rate associated with hydrogen 
evolution, the release of high concentrations of magnesium ions, and the 
local increase in pH, which may adversely affect the patient's health [3]. 
Numerous surface modifications and coating strategies have been used 

to improve the corrosion behavior of magnesium-based implants in a 
physiological environment. Between them, micro-arc oxidation (MAO) 
is one of the reliable methods to develop satisfied adhesion with 
appropriate corrosion behavior and wear resistance [4]. However, some 
limitations of MAO coatings, such as large pore size, may affect the long- 
term function of implants [5]. 

Various polymeric and nanocomposite coatings have been developed 
to fill the porosity of MAO coatings leading to improved corrosion 
resistance, biocompatibility, and degradation rate [6]. While both syn-
thetic and natural polymers have been used as coatings for biomedical 
applications [7], synthetic polymers are more promising due to their 
flexibility and controlled degradation rate [8]. Recently, we have 
developed poly (glycerol sebacate) (PGS) coating on MAO-coated AZ91 
substrate and found the improvement of the surface properties and 
corrosion resistance of the substrate by applying a bilayer MAO/PGS 
coating [9]. PGS has been the subject of numerous studies for cardio-
vascular tissue engineering, due to its biocompatibility, biodegrad-
ability, mechanically compatibility, and low immunogenic impacts 
[10]. Despite the advantages of PGS coatings, accelerating vascular 
regeneration and angiogenesis without using growth factors and drugs 
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to stimulate endothelial cell proliferation and to prevent the growth of 
smooth muscle cells (SMCs) and blood clotting is not possible [11]. 
Various drugs and growth factors have been applied to accelerate 
endothelial cell proliferation, including deferoxamine [12], vaccarin 
[13], asperosaponin VI [14], and nitric oxide [15]. Between them, nitric 
oxide (NO) acts as a signaling molecule to increase angiogenesis and NO 
release has been introduced as a novel and successful approach for 
cardiovascular applications. NO prevents hyperplasia in blood vessels 
and controls the growth and proliferation of SMCs without causing 
cytotoxicity [16]. In addition, NO prevents platelet adhesion and 
thrombosis and plays an essential role in regulating vascular homeo-
stasis [16]. Recently, a novel NO generator based on the copper-chitosan 
system has developed by Fontana et al. [15]. In this system, nitrite was 
reduced by oxidation of the copper (Cu+1) to Cu+2 state, and NO was 
generated. Furthermore, copper ions were mainly engaged in angio-
genesis, vasculogenesis, and endothelial cell migration as a stimulus. In 
addition, it has been demonstrated that, Cu+2 enhanced the growth and 
angiogenesis-related gene expression of HUVECs [17]. 

This study aims to develop a bilayer copper-chitosan nanoparticles 
(Cu-Ch NPs) incorporated PGS-MAO (MAO-PGS/Cu-Ch NPs) coating to 
improve endothelial cell proliferation and blood compatibility of mag-
nesium alloy. Furthermore, the role of bilayer MAO-PGS/Cu-Ch NPs 
coating on corrosion behavior and biological properties of AZ91 alloy is 
investigated. Following the MAO coating, PGS/Cu-Ch NPs layer is 
developed on MAO porous layer using the electrospray method. More-
over, the role of Cu-Ch NP concentration (0, 1, 3 and 5 wt%) on the 
corrosion behavior, hemocompatibility and biological properties of 
AZ91 is investigated. It is hypothesized that while Cu-Ch NPs stimulate 
NO generation, both PGS and Cu-Ch NPs improve the corrosion resis-
tance and hemocompatibility of AZ91 alloy. 

2. Material and methods 

2.1. Materials 

AZ91 alloy (National Metallurgical Laboratory, India) with the 
composition of 8.63 wt% aluminum, 0.59 wt% zinc, 0.17 wt% manga-
nese, <0.05 wt% copper, <0.05 wt% of iron, and the balanced magne-
sium was used. Samples with dimensions of 10 × 10 × 3 mm3 were 
prepared from AZ91 ingots using wire-cut, and then their surface was 
polished using 80, 120, 600, 800, 1200, and 2000 sandpaper. To elim-
inate contamination from the surface of the substrates, they were rinsed 
with ethanol in an ultrasonic bath for 20 min. Finally, they were dried at 
room temperature. PGS polymer was also synthesized according to our 
previous study [9]. To prepare composite coatings, acetone (99.0 %), 
ethanol (99.0 %), sodium silicate (99.9 %), sodium hydroxide (99.9 %), 
sodium fluoride (99.9 %) was supplied from Merck co. To synthesize Cu- 
Ch NPs, chitosan (degree of deacetylation = 85 %, Sigma), CuSO4.5H2O 
(Merck, 99.0 %), acetic acid (Merck, 100 %), ascorbic acid (Sigma, 99.0 
%) and hydrazine hydrate (Merck, 99.0 %) were provided. 

2.2. Synthesis of copper-chitosan nanoparticles (Cu-Ch NPs) 

Cu-Ch NPs were in situ-synthesized using the chemical method, ac-
cording to our previous study [18]. Briefly, 0.05 M acetic acid solution 
(80 ml) containing 4 g/l chitosan was mixed with 20 ml of 0.07 M copper 
sulfate solution for 90 min. Then, 1 ml of 0.5 M ascorbic acid and 4 ml of 
0.6 M sodium hydroxide were added to provide a green solution. After 
90 min, 1 ml of hydrazine was added to the solution to turn it into red 
color. After 24 h mixing at room temperature, the resulting copper- 
chitosan nanoparticles were filtered and air-dried. 

2.3. Development of bilayer MAO-PGS/Cu-Ch NPs coating 

The MAO layer was first created on the substrate to develop a bilayer 
nanocomposite coating, similar to our previous study [9]. MAO process 

was performed in an electrolyte solution containing sodium silicate(100 
g/l), sodium hydroxy (100 g/l), and sodium fluoride (20 g/l) at a con-
stant voltage of 60 V and a working distance of 2 cm for 45 min. To 
develop the second PGS/Cu-Ch NPs layer, 10 wt% PGS solution in 
acetone: ethanol solution with a volume ratio of 3:7 was used. At this 
stage, different concentrations of Cu-Ch NPs (0, 1, 3, and 5 wt%) were 
added to the PGS solution, mixed for 4 h at room temperature and 
ultrasonicated for 1 h before the coating process. 

Electrospray of the PGS/Cu-Ch NPs layer was performed using a 23G 
blunted stainless steel needle. Electrospray parameters were set as fol-
lows: feed rate = 0.5 ml/h, coating time = 7 h, voltage = 17 kV, and 
working distance = 15 cm. After the coating process, the samples were 
crosslinked at 125 ◦C for 4 h under a vacuum of 0.015 mmHg. According 
to the concentration of Cu-Ch NPs (0, 1, 3 and 5 wt%), the samples were 
named Cu-Ch-0 %, Cu-Ch-1 %, Cu-Ch-3 % and Cu-Ch-5 %, respectively. 

2.4. Physicochemical characterization of bilayer MAO-PGS/Cu-Ch NPs 
coating 

To investigate the particle size distribution of Cu-Ch NPs and their 
surface charge, the dynamic light scattering (DLS) method and zeta 
potential were performed using Particles size and Zeta potential 
Analyzer (SZ-100-Horiba). The morphology of nanoparticles and bilayer 
coatings were studied using scanning electron microscopy (SEM, S360) 
after gold-sputter coating. The average surface porosity of the bilayer 
coatings was also estimated using ImageJ software. X-ray diffractometer 
(XRD, Philips X'Pert) using CuKα radiation was used for chemical 
characterization of Cu-Ch NPs and MAO-PGS/Cu-Ch NPs coatings. To 
investigate the functional groups in Cu-Ch NPs and bilayer coatings, 
Fourier transform infrared (FTIR) spectroscopy was performed in the 
range of 600–4000 cm− 1 and the resolution was set to 2 cm− 1. The 
coatings thickness (n = 3) was measured by the coating thickness gauge 
(Sonowall 70), and the average thickness value was reported from three 
points. To investigate the surface roughness of the sample, the roughness 
tester (Taylor-Hobson Surtronic Duo) was used, and the average value of 
roughness (Ra) and the surface profile were provided. Furthermore, the 
water contact angle of the samples was evaluated using a contact angle 
measuring device (Jikan CAG-20, Iran). 4 μl of water drop fell on sam-
ples (n = 3), and the water contact angle was estimated after 4 s. 

The international standard ISO 13779-4 was used to study the 
adhesion strength of coatings. The coated samples with a dimension of 
10 × 10 mm were attached to the two steel jaws with 10 mm diameter 
using glue (Uhu Epoxy ultra-strong, Germany) and kept for 24 h at room 
temperature. Then, a tensile test was designed with a rate of 0.2 mm/ 
min and the force-expansion graph was plotted. Finally, the average 
adhesion strength of three samples was reported. In addition, the release 
of Cu ions from samples after 5 days of soaking in phosphate buffer 
solution (PBS, pH = 7.4) was assessed using an inductively coupled 
plasma mass spectrometry (ICP) assay (Optima 7300 V ICP-OES HF, 
PerkinElmer, USA). 

2.5. Electrochemical corrosion evaluation of bilayer MAO-PGS/Cu-Ch 
NPs coating 

The corrosion resistance of MAO-PGS/Cu-Ch NPs coated samples 
was evaluated using the potentiodynamic polarization test. The corro-
sion resistance was studied in PBS at 37 ± 1 ◦C using AMETEK poten-
tiostat/galvanostat (PARSTAT 2273). This test was performed using a 
conventional three-electrode cell setup, including a reference Ag/AgCl 
(saturated in KCl), the counter platinum, and the working (the sample) 
electrodes. Before the corrosion test, the coated samples were immersed 
in PBS for 1 h to reach a constant open-circuit potential value. The po-
tential scan range was considered − 250 – +250 mV vs. the open circuit 
potential, and the scan rate was set 1 mV/s. According to ASTM- 
G102–89 standard Eb (Breakdown Potential), Ecorr, Icorr, βa, βc, and Rp 
were obtained by the polarization diagram extrapolation. SEM imaging 
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was also used to investigate the corroded surfaces. 

2.6. Nitric oxide release from bilayer MAO-PGS/Cu-Ch NPs coating 

To evaluate the role of Cu-Ch NPs on the NO release, the NatrixTM 
Nitric Oxide (NO) assay kit (Navand Salamat Co., Iran) was used. NO 
release from bilayer MAO-PGS/Cu-Ch NPs coating was detected by the 
Griess Reagent method, according to the manufacturer's protocol. 
Briefly, the samples were weighted and soaked in PBS with the ratio of 1 
g of sample: 100 ml of PBS for 24 h and at room temperature. To eval-
uate the NO release from the soaked samples, 150 μl of each PBS solution 
was poured into 2 ml-microtubes, and consequently, 80 μl of nitrate was 
added to the microtubes and vortexed for 30 s. Then, 80 μl of nitrate 
reductase was added to the microtubes, and the microtubes were placed 
in a centrifuge at 14,000 rpm for 10 min to remove particles and im-
purities. Following the addition of 50 μl of solutions to the 96-well plate, 
50 μl of Griess Reagent I (R1) was added to the well-plate and incubated 
for 10 min, and, finally, 50 μl of Griess Reagent II (R2) was added to it 
and incubated for next 20 min. After mixing the reagents (50 μl of R1 +
50 μl of R2 + 50 μl of the sample), the optical density (OD) value was 
recorded using a microplate reader at 540 nm. In this study, the Cu-Ch-0 
% sample was considered a control sample to prevent polymer inter-
ference in NO absorption (due to polymer degradation) and Griess re-
agent reaction. The produced NO was estimated by calculating the 
difference in adsorption between Cu-Ch-5 % and Cu-Ch-0 %. 

2.7. Protein adsorption study 

The ability of the samples to adsorb protein molecules was studied 
using bovine serum albumin (BSA), according to previous studies [19]. 
Following the soaking in PBS, the samples were weighed (W), washed 
twice with PBS and soaked in BSA solution (50 μg/ml) for 30 min. The 
BSA concentration was selected according to recent studies [20]. 
Finally, UV–vis spectroscopy (UNICO, S2150, USA) was applied at 280 
nm and the adsorbed protein (μg /g) was estimated according to Eq. (1) 
[19] 

Adsorbed BSA =

(
μg
g

)

=
C0 − Ca

w
×V (1)  

where V was the original volume of BSA solution, and C0 and Ca were the 
BSA concentration before and after adsorption on the coatings, respec-
tively. The BSA concentration before and after adsorption was estimated 
according to the standard curve of BSA provided in the concentration 
range of 0.02–4 (mg/ml) at 280 nm. 

2.8. Cell culture 

Cytocompatibility of samples was investigated using the culture of 
human umbilical vein endothelial cells (HUVECs, Royan Institute, Iran) 
in direct contact with samples. Before cell culture, samples were 
immersed in 70 % ethanol for 20 min and exposed to ultraviolet light 
(UVC, wavelength: 200–280 nm) for 20 min. Then, the cells were seeded 
on samples, and tissue culture plate (TCP, control) with a density of 104 

cells/well and incubated in Dulbecco's Modified Eagle Medium (DMEM, 
Bioidea) supplemented with 10 % Feral bovine serum (FBS, Sigma) and 
1% penicillin/streptomycin (Pen/Strep, Bioidea) at 37 ◦C for 5 days. To 
examine the cell attachement and spreading on samples, after removing 
the culture medium, the cell-seeded samples were immersed in 2.5 % 
glutaraldehyde (Sigma) for 20 min and then dehydrated by gradient 
ethanol solutions (30 %, 70 %, 90 %, 96 %, and 100 % ethanol, 
respectively). The samples were kept in a desiccator until imaging. 
Finally, the cell morphology was examined using SEM imaging. 

3-(4,5-Dimethylthiazol-2-yl)-2,5 Diphenyltetrazoliumbromid) 
(MTT) assay was performed according to the manufacturers' protocol 
(Sigma) to evaluate the cytocompatibility of bilayer coatings. At 

specified time points (1, 3, and 5 days), the medium was slowly removed 
from the cell-seeded samples and replaced with MTT solution (0.5 mg/ 
ml) (n = 3). After 3 h incubation at 37 ◦C under 5 % CO2, dimethyl 
sulfoxide (DMSO, Sigma) was added to the culture medium to dissolve 
the formazan crystals. Finally, the absorption of the solution was 
measured by an ELISA microplate reader at a wavelength of 490 nm, and 
the cell viability was calculated based on Eq. (2) [21]: 

Relative cell survival (%control) =
Asample − Ablank

Acontrol − Ablank
× 100 (2)  

where Asample was the absorbance of samples and Acontrol and Ablank were 
the absorbance of the control (TCP) and blank (DMSO), respectively. 

2.9. Platelet adhesion 

Platelet adhesion on the samples was investigated, according to a 
previous study [22]. In this regard, the blood of a volunteer adult con-
taining 10 % sodium citrate anticoagulant was provided. It needs to 
mention that sodium citrate could stabilize blood and blood products, by 
presumably sequestering Ca2+ ions in vitro [23]. 30 ml of human blood 
was centrifuged at 6000 rpm for 30 min to separate plasma-rich platelet 
(PRP) from red and white cells. Then, the samples were incubated with 
PRP at 37 ◦C for 2 h. The samples were washed three times with PBS and 
subsequently immersed in 2.5 % glutaraldehyde at room temperature 
for 45 min. After rinising with PBS, the samples were air-dried and 
finally, the platelet adhesion was examined by SEM imaging. 

2.10. Statistical analysis 

The statistical significance difference between the results in various 
groups of samples was determined using one-way ANOVA (n ≥ 3) and 
Tukey's post-hoc test. P-value<0.05 was determined to be significant. 

3. Result and discussion 

3.1. Characterization of Cu-Ch NPs 

Cu-Ch NPs were in-situ synthesized using a simple and one-step 
process, according to Fig. 1A. XRD pattern of Cu-Ch NPs (Fig. 1B) con-
sisted of two peaks at 2θ = 20◦ and 23◦ originating from the chitosan 
structure [24]. In addition, peaks related to pure copper were found at 
2θ = 43◦, 50◦, and 74◦, originating from (111), (200), and (220) in the 
face centered cubic (FCC) structure of copper, respectively. Copper 
oxide peaks (CuO) at 2θ = 32◦, 35◦, 38◦, and 48◦ also corresponded to 
(110), (002), (111), and (202) of the monoclinic structure, respectively 
[25]. The Cu/CuO ratio calculated according to Automated Reference 
Intensity Ratio Analysis [26], was estimated about 0.45. In addition, the 
FTIR spectrum of Cu-Ch NPs, compared to chitosan (Fig. 1C) confirmed 
the presence of chitosan in the nanoparticles. The spectrum of chitosan 
consisted of a broad peak at 3349 cm− 1 corresponded to the N–H 
stretching bond and the O–H hydrogen bond. Moreover, two peaks at 
2880 cm− 1 and 2920 cm− 1 were related to the C–H vibrating of chi-
tosan. The characteristic peaks of the CH2 group and the amide bond 
C–N (type III) were also identified at 1420 cm− 1 and 1320 cm− 1, 
respectively. In addition, the peaks located at 1590 cm− 1, 1650 cm− 1, 
and 1165 cm− 1 corresponding to the N–H vibration bond (type II) and 
C–O stretching bond, respectively. Finally, the peaks at 1150 cm− 1 and 
896 cm− 1 were related to the C–O–C stretching bond and the 
saccharide structure of chitosan monomers [27]. In the spectrum of Cu- 
Ch NPs, the change in the shape and intensity of bending and stretching 
bonds of C–H at 1420 cm− 1, 2880 cm-1, and 2920 cm− 1 was revealed, 
which might be due to the changes in the CH2OH group, originating 
from the reaction between the amine groups in complexing with Cu 
particles. In addition, the chitosan characteristic peak at 3349 cm− 1 was 
shifted to 3370 cm− 1 after forming Cu-Ch NPs. The same peak shifting 
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was reported in previous research [24]. Moreover, the peak at 1650 
cm− 1 also belonged to the first type of amide group, which was attrib-
uted to the C–O stretching and N–H deformation mode in the 
glucosamine unit(–CONH2). In addition, the peak at 620 cm− 1 was 
related to Cu–N and Cu–O bonds confirming to the formation of 
chemical bonds between copper ions and chitosan structure (NH+ and 
OH− ) [18,21]. 

Morphology of Cu-Ch NPs was also examined by SEM. According to 
Fig. 1D, Cu-Ch nanopowder with uniform particles in an approximately 
spherical shape was developed. There was an aggregation of nano-
particles in the distribution. It might be due to the high surface energy of 
nanoparticles which was associated with their small size and low con-
centration of chitosan [28]. Usman et al. [28] also reported high 
agglomeration of the copper-chitosan complex at low chitosan concen-
trations. In addition, according to the DLS and zeta potential results 
(Fig. 1E), the Cu-Ch NPs with an average size of 218 ± 19 nm were 
synthesized. The results were consistent with the research of Usman 
et al. [28], who synthesized copper NPs in the size range of 2–300 nm 
using a chemical reaction method. In addition, the surface charge of Cu- 
Ch NPs was determined to be 2.7 ± 0.2 mV, originating from the posi-
tive surface charge of chitosan covering the nanoparticles. As reported in 
other studies, the positive surface charge of Cu-Ch NPs could provide 
electrostatic interaction with PGS with a negatively charged surface 
[29]. 

3.2. Physicochemical properties of bilayer MAO-PGS/Cu-Ch NPs coatings 

In the next step, bilayer MAO-PGS/Cu-Ch NPs were developed using 
a two-step MAO and electrospray process (Fig. 2A). According to the 
SEM images (Fig. 2B), the incorporation of Cu-Ch NPs changed the 
porosity, and uniformity of coatings, depending on the NP content 
(Fig. 2C). While the MAO-PGS coating (Cu-Ch-0 %) revealed a uniform 

morphology, incorporation of Cu-Ch NPs reduced the surface uniformity 
and protrusions were formed specifically when 3 and 5 wt% Cu-Ch NPs 
were incorporated. In addition, the average pore size of the coating 
increased from 10.7 ± 4.1 μm to 13.4 ± 4 μm after the incorporation of 
5 wt% Cu-Ch NPs. The distribution of Cu-Ch NPs in the layer was also 
investigated using copper EDS mapping (Fig. 2D). While the agglomer-
ation of the copper element in the surface of Cu-Ch-3 % and Cu-Ch-5 % 
coatings was observed, uniform distribution of nanoparticles was 
detected on the Cu-Ch-1 % sample. Saraswathi et al. [30] also found that 
the incorporation of different concentrations of polyhexanide-coated 
CuO NPs into the polyvinylidene fluoride (PVDF) could increase the 
pore size and porosity of neat PVDF due to the agglomeration of nano-
particles. Based on previous studies, the pore size of coatings in the 
range of 10–40 μm could be acceptable for cardiovascular applications. 
Cells can penetrate holes and attach to porous structures with pore sizes 
ranging from 10 to 40 μm. As a result of the cell adhesion to the porous 
structure, cell growth and proliferation occur [31]. Our result also 
demonstrated that the incorporation of Cu-Ch NPs did not significantly 
change the thickness of coatings. Based on Fig. 2C, the thickness of 
coatings was in the range of 124–135 μm. According to previous studies, 
this thickness could be acceptable to promote corrosion resistance [32]. 

XRD patterns of bilayer coatings also demonstrated the presence of 
Cu-Ch NPs (Fig. 2E). Compared to the XRD pattern of MAO-PGS (Cu-Ch- 
0 %), the incorporation of 5 % Cu-Ch NPs (Cu-Ch-5 %) resulted in the 
formation of new peaks related to Cu-Ch NPs at 2θ = 23◦, 35◦ and 43◦. In 
addition, other peaks related to MAO at 2θ = 42◦ (MgSiO3, MgO), 52◦

(Mg2SiO4), 63◦ (MgO, MgF2), and 79◦(MgO) were also identified. 
Moreover, the peaks at 2θ = 19◦ and 24◦ were related to the PGS coating. 
FTIR spectrum of Cu-Ch-5 %, compared to that of Cu-Ch-0 % is provided 
in Fig. 2F. Results showed that in addition to the characteristic peaks 
related to MAO-PGS, some new peaks appeared, and some peaks had 
intensity changes. For instance, a new peak at 629 cm− 1 was detected 

Fig. 1. Physicochemical properties of Cu-Ch NPs: (A) Schematic of the synthesis of Cu-Ch NPs. (B) XRD pattern of Cu-Ch NPs. (C) FTIR spectra of chitosan and Cu-Ch 
NPs. (D) SEM image of Cu-Ch NPs. (E) Particle size and Zeta potential of Cu-Ch NPs. 
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due to Cu–O and Cu–N bonds. The intensity of the O–C–O vibra-
tional bond at 1097 cm− 1 increased due to the incorporation of chitosan 
in the PGS coating. The sharp peak at 1160 cm− 1 related to the C–O 
bond was also observed in both samples. In addition, both samples 
showed a peak at 1566 cm− 1, which was due to the formation of the 
metallic carboxylic bond. Furthermore, the incorporation of Cu-Ch NPs 
reduced the intensity of this peak. For the Cu-Ch-5 % sample, the in-
tensity of peaks corresponding to the hydroxyl group and amide II group 
of chitosan was significantly reduced due to PGS grafting [33]. In 
addition, the N–H bond and the O–H hydrogen bond (3200–3700 
cm− 1) were presented more widely and distributed with lower intensity 
in the Cu-Ch-5 % sample, which might be due to the combination of the 
PGS matrix with chitosan. [33]. 

The role of Cu-Ch NPs on the surface roughness of bilayer coating 
was investigated. According to Fig. 3A, the surface profile of samples 
significantly changed with increasing Cu-Ch NP content. In addition, 
according to Fig. 3B, the average roughness of bilayer coatings greatly 
enhanced from 2.1 ± 0.1 μm (in Cu-Ch-0 %) to 6.7 ± 0.2 μm (in Cu-Ch-5 
%) (P < 0.05). Similar result was reported for other nanocomposite 
coatings of chitosan/bioglass [34]. Surface roughness substantially af-
fects the wettability, protein adsorption, platelet, and cell adhesion 
[34–36]. According to recent studies, with an increase in roughness, 
wettability increases as well [37], and also the surface roughness in the 
range of 0.1–13 μm could be suitable for EC proliferation and migration 
[36,38]. 

Moreover, the role of Cu-Ch NPs on the wettability of coating was 
investigated. According to Fig. 3C, the water contact angle of the sam-
ples significantly reduced from 36.7 ± 1.8◦ to <18.2 ± 0.9◦ after the 
incorporation of 5 wt% Cu-Ch NPs (P < 0.05). Various parameters could 
affect the surface wettability of coatings, including surface chemistry 
and roughness. As reported in previous studies, a significant increase in 
the roughness with increasing Cu-Ch NPs might result in a decrease in 
the water contact [37]. In addition, it should be noted that the intrinsic 
hydrophilicity of PGS and chitosan polymers could significantly influ-
ence the coating wettability [9,39]. Fadaie et al. [40] also demonstrated 
that incorporating 10 % chitosan into the polycaprolactone nanofibers 
reduced the water contact angle from 124◦ to 84◦. Our results showed 
that Cu-Ch NPs significantly improved water contact angle, making it 
appropriate for biomedical applications [37,41]. High wettability pro-
vides more interaction between the environment and biomedical im-
plants, which impacts corrosion behavior and biological activity [42]. 

The adhesive strength of the coating also plays an essential role in the 
mechanical property of the implant [43]. The role of Cu-Ch NPs on the 
adhesion strength of bilayer coatings was investigated, and the results 
are presented in Fig. 3D. The adhesion strength of coatings did not 
significantly change after the incorporation of 5 wt% Cu-Ch NPs. It 
might be due to the inefficacy of improved surface roughness of samples 
for enhancing adhesion strength [44]. This result was also reported in 
previous studies [44,45]. In some cases, reduced adhesion strength was 
also reported. For instance, according to Necati et al. [46] research, the 

Fig. 2. Physicochemical properties of bilayer MAO-PGS/Cu-Ch NPs coatings: (A) Schematic of the formation of the bilayer coating on AZ91 substrate. (B) SEM 
images, (C) the thickness and pore size, and (D) elemental mapping of bilayer coated samples. (E) XRD patterns of Cu-Ch NPs, Cu-Ch-0 %, and Cu-Ch-5 %. (F) FTIR 
spectra of Cu-Ch-0 % and Cu-Ch-5 % samples. 
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adhesion strength of epoxy resin coating decreased significantly after 
the incorporation of 5 wt% Cu NPs. In another study, Penin et al. [47] 
found the weakening of mechanical properties of polyester-ether-ketone 
after incorporation of 0.3 wt%Cu NPs. However, the PGS/Cu-Ch NPs 
nanocomposite coatings maintained mechanical stability and good 
adhesion strength. 

3.3. Corrosion resistance of MAO-PGS/Cu-Ch NPs coated samples 

The potentiodynamic polarization curves of MAO-PGS coatings 
consisting of various concentrations of Cu-Ch NPs (0, 1, 3, and 5 wt%) in 
PBS at 37 ◦C are presented in Fig. 4A. The parameters of corrosion 
current density, corrosion potential and breakdown potential were 
extracted from the anodic and cathodic curves of the diagrams and are 
presented in Fig. 4B. According to the results, the bilayer coatings 
induced a slight decrease in the current density in the anodic branch. In 
addition, nanocomposite layers provided a significant shift of the 
corrosion potential to the anodic direction. After incorporating 5 % Cu- 

Ch NPs into MAO/PGS coating, the Ecorr of the Cu-Ch-0 % sample 
significantly increased from − 1.47 V to − 1.22 V. This corrosion 
behavior was attributed to the copper's nobility and the presence of 
chitosan as a cathodic corrosion inhibitor [48,49]. Kozina et al. [50] also 
found that chitosan coating on Mg-Zn alloy resulted in the reduced 
corrosion current density in Hank solution from 12.25 mA/cm2 to 1 mA/ 
cm2 and increased corrosion potential from − 1.47 V to − 1.37 V. In our 
study, the presence of Cu-Ch NPs had a significant influence on the ki-
netics of anodic reactions. In the anodic region of the curves, a break-
down was observed, especially in the Cu-Ch-0 % and Cu-Ch-1 % 
samples. This effect might be attributed to the role of chloride in the 
dissolution. The chloride ions attacked on the passive layer and 
destroyed it which accelerated the corrosion process. As the conse-
quences, some cracks appeared in the layers which provided new paths 
for electrolyte invasion [51]. The analysis of the Eb values revealed that 
the Cu-Ch-0 % and Cu-Ch-1 % samples illustrated the breakdown of 
coatings in Eb = − 1.26 V and Eb = − 1.22 V, respectively. Remarkably, 
no such breakdown was observed for Cu-Ch-3 % and Cu-Ch-5 % in the 

Fig. 3. Surface features of bilayer MAO-PGS/Cu-Ch NPs coatings: (A) 3D surface profile, (B) average surface roughness, (C) optical microscopic images of water 
contact angle and average water contact angle, as well as (D) the adhesion strength of bilayer coatings (*: significant difference, *P < 0.05, n = 3). 
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studied potential region. The formation of MAO/PGS-Cu-Ch NPs on 
AZ91 isolated the substrate from direct contact with PBS. This could 
imply an improvement in the local corrosion resistance of the samples by 
incorporating a higher concentration of Cu-Ch NPs in the PGS matrix, as 
similarly reported in other studies [48]. Notably, incorporation of Cu-Ch 
NPs in PGS coating resulted in slightly enhanced corrosion resistance 
(lower anodic current density). Fig. 4B shows that after the incorpora-
tion of 5 % Cu-Ch NPs (Cu-Ch-5 %) in the MAO/PGS coating (Cu-Ch-0 
%), the corrosion current density reduced from 40 nA/cm2 to 20 nA/ 
cm2. It might be due to the inhibitory effect and appropriate adhesion 
properties of both PGS and chitosan [49]. In similar research, Alaei et al. 
[34] significantly increased the corrosion resistance of AZ91 by applying 
chitosan coating containing different concentrations of Bio-glass nano-
particles. In this study, chitosan-0.5 % Bio-glass nanocomposite coating 
on AZ91 reduced the corrosion current density from 40 μA/cm2 to 2 μA/ 
cm2. 

The surface morphology of the bilayer coatings after the potentio-
dynamic polarization test is presented in Fig. 4C. Results showed the 
cracking corrosion mechanism in the corroded Cu-Ch-0 % and Cu-Ch-1 

% (red square). These cracks could be the result of coating breakdown. 
However, Cu-Ch-3 % and Cu-Ch-5 % did not have these cracks which 
might be attributed to the improvement in corrosion behavior brought 
by increasing the concentration of Cu-Ch NPs. Microstructure and 
composition are the most crucial factors that determine corrosion 
behavior. In addition, other factors like roughness, wettability, and 
porosity also contribute to enhancing corrosion behavior [4]. The 
elemental analysis of the corroded samples is illustrated in Fig. 4C. The 
main elements, such as C, Na, Si, Mg, F, and O, were found in the 
analysis due to the presence of MAO and PGS bilayer. Moreover, copper 
was also found, which could be due to the residual polymer (yellow 
arrow) on the surface following the potentiodynamic polarization test. 
The percentage of elements such as oxygen, magnesium, and aluminum 
decreased with increasing nanoparticle concentration, which might be 
due to the enhanced corrosion resistance. According to the corroded 
surface images (Fig. 4C), by increasing the Cu-Ch NPs content, the cracks 
were significantly reduced in the MAO/PGS coating, confirming the 
enhanced corrosion resistance. 

Fig. 4. (A) The potentiodynamic polarization curves of the MAO-PGS/Cu-Ch NPs coated samples immersed in PBS. (B) The potentiodynamic polarization parameters 
of all samples obtained after testing in PBS. (C) SEM-EDS analysis of the coated samples after potentiodynamic polarization test. 
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3.4. Nitric oxide release 

Nitric oxide (NO) is a signaling molecule influential in infection, 
inflammation, and wound healing processes. NO has a meaningful role 
in physiological and angiogenic processes [15]. In this research, a new 
NO release system based on Cu-Ch NPs was developed. The samples 
were incubated in PBS to measure the release of NO in contact with the 
Cu-Ch-5 % sample. The representative NO release profile of Cu-Ch-5 % is 
shown in Fig. 5A. Following initial incubation, a burst release of NO was 
observed, followed by an extended NO release. The concentration of NO 
achieved 11.5 ± 0.38 μM after 1 h and increased to 14.5 ± 0.4 μM after 
12 h. In addition, the NO concentration remained stable at 14.5 ± 0.2 
μM until 24 h. Due to the immobilization of Cu NPs on the coatings, Cu- 
Ch NPs exhibited the continuous catalytic release of NO within 24 h. A 
schematic of the NO release process is given in Fig. 5B. NO is a free 
radical with a short half-life (a few seconds), and after a while, NO loses 
the free radical state and returned to a stable state [15]. According to the 
NO release mechanism, the presence of copper is necessary for the cat-
alytic process of NO release from the operating nitrite [15]. In the NO 
release mechanism from the structure of Cu-Ch NPs, copper element in 
the combination with nitrite could catalyze the production of NO from 
nitrite. In the conversion of copper (Cu+1) to copper (Cu+2), catalytic 
properties are performed to generate NO [15]. Therefore, in the NO 
producing system based on the Cu-Ch NPs, NO release was achieved by 
converting nitrite to NO in the presence of copper as a catalyst. The 
initial burst release of NO could be due to the high hydrophilicity of Cu- 
Ch-5 % [52]. The PBS quickly penetrated the polymer matrix and 
entered the nanoparticles into the solution. Our results were close to 
Fontana et al. [15] research, in which the initial NO release from the 
chitosan/copper/ cellulose complex was reported 15 ± 3.5 nmol/g. 
These results might be accompanied by hemocompatibility improve-
ment, increased rate of EC proliferation, and increased rate of migration 
and coverage of the synthetic surface during both phases [53]. 

3.5. Protein adsorption 

The protein adsorption on the surface of biomaterials is critical in 
determining the tissue-biomaterial interface. Proteins are denatured and 
transformed into a film on the metal surface, which inhibit corrosion in 
the bio-corrosion process [54]. The effects of Cu-Ch NP concentration (1, 
3, and 5 wt%) on the protein adsorption was investigated (Fig. 6A). 
Before evaluation of BSA adsorption, the standard curve of BSA in the 
concentration range of 0.02–4(mg/ml) was provided (Fig. S2). The re-
sults showed a significant increase in the protein adsorption from 69.5 
± 0.7 μg/g to 522 ± 66.06 μg/g after the incorporation of 5 wt% Cu-Ch 
NPs (P < 0.05). This increase in protein adsorption was due to the 
presence of both copper and chitosan. According to recent studies, 
copper and chitosan are the agents that could enhance protein adsorp-
tion [55]. Thanks to the functional amine and hydroxyl groups in the 

chitosan structure, chitosan shows excellent BSA adsorption. Bum-
gardner et al. [56] significantly enhanced protein adsorption by 
applying chitosan coatings on titanium substrates. In this study, albumin 
protein absorption enriched from 0.4 μg/mm2 to 0.55 μg/mm2 with the 
formation of chitosan coating on bare titanium. Protein adsorption has a 
significant impact on the hemocompatibility. Increased protein 
adsorption may cause blood clotting and platelet adhesion. However, 
recent studies indicated that protein adsorption <1 mg/g might not 
disturb hemocompatibility [57]. 

3.6. Platelet adhesion 

Platelet adhesion evaluation is the critical step to verify the hemo-
compatibility and biocompatibility of materials for cardiovascular ap-
plications. Depending on the surface properties of biomaterials, platelet 
adhesion is often the first reaction to the implant, which may stimulate 
blood coagulation and thrombosis [58]. Here, the platelet adhesion in 
contact with MAO/PGS/Cu-Ch NPs coatings was assessed. Due to the 
binding of plasma proteins on the surface of biological materials, 
platelets attached, aggregated, and formed thrombosis. SEM images of 
samples after platelet adhesion evaluation are provided in Fig. 6B. The 
round shape platelets were observed in our results which were similar to 
previous studies [59]. Results showed platelet adhesion reduced after 
the incorporation of Cu-Ch NPs in PGS coatings. Major et al. [60] also 
investigated platelet adhesion on polyurethane coatings by adding a NO 
production system containing Cu NPs. The results showed that the NO 
generating system could significantly reduce platelet adhesion. 
Furthermore, the presence of CuO in the coatings may also reduce the 
platelet adhesion. Ahmed et al. [61] also investigated platelet adhesion 
on chitosan‑copper oxide nanocomposite coatings. The results showed 
that coatings containing chitosan and CuO significantly reduced platelet 
adhesion. 

3.7. Endothelial cell culture 

The role of Cu-Ch NPs on the toxicity of coatings was investigated 
using MTT assay after 1, 3, and 5 days of culture. Fig. 6C shows signif-
icantly improved cell survival in contact with bilayer coatings contain-
ing 1, 3, and 5 wt% Cu-Ch NPs compared to Cu-Ch-0 % during 5 days of 
culture. For example, after 5 days of culture, the cell viability signifi-
cantly increased from 97 ± 2 (%control) in Cu-Ch-0 % to 110 ± 2 (% 
control) in Ch-Ch-5 % (P < 0.05). In addition, by increasing culture time 
from day 1 to day 5, cell viability enhanced in all samples confirming the 
cytocompatibility of samples. In addition, due to the viability of >90 % 
in all samples, it was obvious that the degradation byproducts and 
released copper element were not toxic to HUVECs. This non-toxicity of 
copper in polymer coatings was also found in recent studies. Trickler 
et al. [62] also demonstrated that Cu nanoparticle concentrations of 
>12.5 mg/l significantly impacted cellular behavior and remarkably 

Fig. 5. (A) The NO release profile of Cu-Ch-5 % upon 24 h and (B) the schematic of the NO release process via catalytic properties of copper.  

M. Ghafarzadeh et al.                                                                                                                                                                                                                         



Progress in Organic Coatings 174 (2023) 107269

9

reduced cellular proliferation. Moreover, our ICP results demonstrated 
that the concentration of copper ions released from Cu-Ch-1 %, Cu-Ch-3 
% and Cu-Ch-5 % samples after 5 days incubation was determined 0.08 
mg/l, 0.14 mg/l and 0.2 mg/l, respectively, which was less than the 
above critical concentration. According to recent studies, copper ions 
could increase the angiogenin binding to ECs and stimulate several 
intracellular events [63]. 

Cell adhesion and spreading are among the essential features to show 
the biocompatibility of the implant with the target tissue. The SEM 
images of HUVECs seeded coatings in Fig. 6D demonstrated the HUVECs 
attached and spread on the coatings (marked with yellow circles). In 
addition to the increase in the number of cells spread on the coatings, 
some cells could penetrate into the porous structures, over the culture 
time. Generally, the chemical composition of coatings has a crucial role 
in cell adhesion because any inhibitory and toxicity influence cell 
viability [38]. According to our results, HUVEC adhesion to the samples 
improved after the incorporation of Cu-Ch NPs, especially on the Cu-Ch- 
5 % sample indicating no toxicity and inhibitory composition. In addi-
tion, NO may have a dramatic impact on HUVECs adhesion and prolif-
eration. According to our results, enhancement in HUVECs adhesion 
after Cu-Ch NPs interpolation was observed which might be related to 

the NO release aspect. Yang et al. [16] confirmed that the NO catalytic 
surface enhanced adhesion and proliferation of HUVECs on 3,3-disele-
nodipropionic acid (SeDPA) and SeDPA-plasma polymerized allyl-
amine (SeDPA-PPAam) coatings. Fontana et al. [15] also discovered that 
combining the NO-releasing copper-chitosan system achieved a 130 % 
increase in ARPE-19 cell growth compared to other samples without 
copper NO catalyst. Another factor in cell adhesion is the surface 
morphology and roughness. Our results suggested that increasing sur-
face roughness may also improve cell adhesion. Additionally, on coat-
ings with high surface roughness, cells may attach and spread more 
effectively. Hallab et al. [64] investigated the effect of surface roughness 
of three polymers of polytetrafluoroethylene, high-density polyethylene, 
and plastic silicon on cellular behavior. They showed that with 
increasing surface roughness in the range of 1–10 μm, cell adhesion also 
significantly increased. In another study, Zhou et al. [38] investigated 
the effects of surface roughness on endothelial cell attachment on the 
magnesium alloy with a two-layer MgF/polydopamine coating for three 
days. In this study, with increasing surface roughness from 0.01 μm to 2 
μm, the density of endothelial cells increased from 180 cells/mm2 to 350 
cells/mm2. Our findings showed that coatings containing Cu-Ch NPs not 
only provided suitable corrosion resistance and NO-release catalytic 

Fig. 6. The biological properties of MAO-PGS/Cu-Ch NPs coatings:(A) BSA Adsorption, (B) SEM images of platelet adhesion (platelets are marked with red arrows 
and circles), (C) the viability of HUVECs after 1, 3 and 5 days of incubation measured using MTT assay (D) SEM images of HUVECs seeded on the samples for three 
days (cells are marked with yellow circles) (*: significant difference, *: P < 0.05). (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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feature but could also encourage cell function, making it an excellent 
biocompatible substance for tissue engineering. 

4. Conclusion 

In summary, we developed a NO-release bilayer MAO-PGS coatings 
containing various Cu-Ch NP concentrations and studied their physi-
cochemical properties, surface features, corrosion behavior, and bio-
logical properties. Functionalization of MAO-PGS surface with such NO- 
release catalytic Cu-Ch NPs enhanced some specific characteristics such 
as surface roughness, corrosion behavior, and protein adsorption, while 
the adhesion strength was not significantly changed. Bilayer MAO-PGS/ 
Cu-Ch NPs coating provided NO release in two phases of burst release 
followed by extended-release leading to significant inhibitory effects on 
the platelet activation and adhesion. In addition, Cu-Ch NPs were not 
only nontoxic to HUVEC, but also encouraged cell viability, prolifera-
tion, and adhesion. In summary, this research may contain broad ad-
vantages for the design of vascular devices and stimulate the 
development of the upcoming generation of vascular stents. 
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