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The aim of this study was to simultaneously improve blood compatibility and corrosion resistance of nitinol
via two-step process; anodizing and consequently coating with chitosans-heparin nanoparticles. Moreover,
the role of these surface modification processes on the heparin release kinetic and blood compatibility was
investigated. Finally, the interaction between human umbilical vein endothelial cells (HUVECs) and surface
modified samples was investigated. Electrochemical characterization revealed that while Ni ions released
from the anodized sample (9 ppb), chitosan-heparin nanoparticle coatings prohibited from Ni ion release
form NiTi substrate. Moreover, the controlled release of heparin was found from chitosan-heparin nanopar-
ticle coating deposited on the nanotubes, leading to significant improvement of blood compatibility. Finally,
HUVECs were attached and proliferated on the chitosan-heparin nanoparticle coated samples confirming
the cell compatibility of samples. In summary, results proved that two-step anodizing process and heparin
release could promote both endothelial cell compatibility and blood compatibility to nitinol surface which
might be appropriate for coronary stent application.
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1. Introduction

Coronary heart disease, originating from plaque formation on the
vascular wall, is one of the most important health problems in the
human community leading to pain, heart attack and death [1]. Between
various common approaches applied for treatment of artery blockage,
coronary stenting has been introduced as a minimally invasive tech-
nique for openingblocked coronary arteries [1]. A typical stent is formed
as a mesh tube, constructed from metal wire commonly made of stain-
less steel, tantalumandnitinol [2]. Recently, self-expandingnitinol stent
has attractedmore attention than balloon expandable stents, as the bal-
loon expandable stents require high-pressure dilatation to plastically
deform their structure in the vessel [2]. However, significant amounts
of nickel ion may release from nitinol leading to severe cellular inflam-
mation and interrupt in the vessel recoiling [3]. According to previous
researches [4,5], fabrication of highly ordered nanotubular structure
on nitinol via anodization is an effective method to improve its corro-
sion resistance and Ni release. In another study, Lee et al. [6] studied
the role of TiO2 nanotube arranged on the nitinol on the proliferation
of endothelial cells. They reported that this nanotubular structure
could improve re-endothelialization by increasing the spreading and
migration of primary human aortic endothelial cells on the NiTi. In
addition, results confirmed that TiO2 nanotubes could act as remarkable
reservoirs for slow drug elution over extended time periods [7–10]. In
this respect, drug loading and release rate in the TiO2 nanotubes can
be adjusted by varying the diameter and length of the nanotubes [11].
Sinn et al. [7] loaded indomethacin in TiO2 nanotubes that formed on
Ti and found a reduced burst release and extended overall release
from 9 days to N28 days. These results suggested the capability of TiO2

nanotube-based systems for local drug delivery over an extended pe-
riod with a predictable kinetic.

Despite the promising role of nitinol stents in the reduction of coro-
nary remodeling, the risk of restenosis is still a crucial issue [12]. Reste-
nosis, occurring due to blood clotting and vascular healing after stent
implantation, leads to smoothmuscle cell (SMC)migration and prolifer-
ation followed by excessive intimal hyperplasia [13]. To overcome this
issue, drug-eluting stents (DESs) are designed to release pharmacologi-
cal agents to inhibit the response to injury mainly for restenosis after
bare-metal stent (BMS) implantation [12]. Between various pharmaco-
logical agents, heparin, a negatively charged linear polysaccharide, has
been widely applied in DESs, thanks to its anticoagulant properties as
well as arterial SMC proliferation and intimal hyperplasia inhabitation
[14]. Yong et al. [15] prepared a drug-eluting stent by coating a bare
metal stent with hydrophobic heparinized polyacrylic acid-N-
hydrosuccinimide through a dipping process. Results showed that the
heparin-coated layer could effectively reduce platelet adhesion. Fur-
thermore, animal tests confirmed that the coated stents effectively
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inhibited smooth muscle cell proliferation and restenosis. Christensen
and coworkers [16] also reported that the stents coated with heparin
and a layer of a polymeric amine displayed superior blood compatibility
compared to the unmodified stent graft. However, the burst release of
heparin within the biological environment may lead to uncontrollable
inflammatory reaction [17]. Therefore, moderating the burst release of
drugs has the potential to make therapies more effective and reduce
cost, while limiting the inherent side effects related to systemic admin-
istration of drugs [18].

There are several strategies to protect sensitive drug molecules in
the biological environment and provide local drug delivery [19–22]. Be-
tween them, polymeric nanoparticles and nanocapsules have attracted
much attention as delivery vehicles in biomedical applications, due to
their enhanced permeation and capacity to long sustained release of
drugs [23]. These drug-loaded nanocarriers could diminish the patient
expenses and risks of toxicity owing to control drug release [24]. Various
synthetic (e.g. poly(lactic-co-glycolic acid) (PLGA) [25], poly(lactic
Acid) (PLA) [26], poly(caprolactone) (PCL) [27] and poly (acrylic acid)
family) [24]) and natural (chitosan [28], alginate [29], collagen [30])
polymers have been applied in drug delivery systems. Between them,
chitosan is a polycationic natural polymer which has been widely ap-
plied inmedicine because of unique properties such as biodegradability,
biocompatibility, bioactivity, antibacterial and antimicrobial efficiency,
cheapness and accessibility [10]. Results showed that the interaction be-
tween polycationic chitosan and polyanionic heparin could provide an
appropriate drug delivery system [31]. Shahbazi et al. [31] developed
chitosan-heparin nanoparticles as a polymeric delivery system for the
prolonged intravenous delivery of heparin. In vitro and in vivo studies
indicated that chitosan-heparin nanocarriers were suitable for intrave-
nous long-term anticoagulant activity and reasonable drug release pro-
file. Despite the wide researches on the chitosan-heparin nanoparticles
for controlled release of heparin, according to our knowledge, the appli-
cation of these nanocarriers as a coating on the metallic implants has
never been investigated. It is expected that these drug carriers could
provide controlled-release properties due to the biodegradability and
pH and/or temperature sensibility of these nanoparticles. As a conse-
quence, it is expected that these carriers could reduce the toxic side ef-
fects of heparin and extend heparin effects for longer period of time
which could be helpful for treatment of the damaged vessel wall after
stenting.

The aim of this study was to develop hybrid nanocomposite coating
on NiTi in order to simultaneously improve blood compatibility, bio-
compatibility and corrosion resistance of NiTi surface. In this regard,
we primarily fabricated TiO2 nanotubes on NiTi surface to improve its
biocompatibility and reduce the release of Ni ions in the biological envi-
ronment. Consequently, chitosan-heparin nanoparticleswere loaded on
TiO2 nanotubes to control blood compatibility and cell-biomaterials
interaction.

2. Materials and methods

2.1. Materials

Titanium foil (96.82% purity, Iran) and nickel ingot (97% purity, Iran)
were supplied for the fabrication of nickel‑titanium alloy. Chitosan (Mw
~50 kDa) and polyethylene imine (PEI, Mw ~25,000, 50 wt% in H2O)
were purchased from Sigma-Aldrich Co. Heparin (10,000 U/ml, Mw
15 kDa) was also supplied by Aburaihan Pharmaceutical Co, Iran. For
cell culture, Dulbecco's Modified Eagle Medium: Nutrient Mixture F-
12 (DMEM/F12), fetal bovine serum (FBS), penicillin/ streptomycin,
trypsin, and phosphate buffer saline (PBS) were purchased from
Bioidea, Iran. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT reagent) and glutaraldehyde were purchased
from Sigma. Finally, dimethylsiloxane (DMSO) was also obtained from
Merck Co. Finally, bovine serum albumin (BSA) was purchased from
Sigma Co and used for protein adsorption.
2.2. Fabrication of TiO2 nanotubes

Before the anodizing process, the ingots of nickel-titanium alloy
were prepared in the vacuum induction melting (IR-VAR1) via melting
titanium foil and nickel ingot. Consequently, the samples were cut into
the sheets with the size of 15mm× 10mm× 1mm. In order to provide
a homogenous composition, NiTi samples were solid solution treated at
900 °C for 1 h in a vacuumtube tominimize the oxidation of the samples
at high temperatures and then quenched in water. After this heat treat-
ment, the sampleswere aged at 500 °C for 1 h and cooled in an electrical
furnace. Heat-treated NiTi samples were ground with a series of SiC pa-
pers from 180 to 2400 meshes and finally polished to finish mirror
followed by ultrasonically cleaning in acetone and alcohol for 10 and
15 min, respectively.

TiO2 nanotubes were formed on NiTi alloy via the anodizing process
using the optimized anodizing parameters (50 V for 10min) reported in
our previous research [32]. The anodization process was performed
using a DC power supply (IPC-SL20200J, 20 A, 200 V, Iran) in a two-
electrode configuration with NiTi alloy as working electrode and plati-
num foil (10 mm × 10 mm × 1 mm) as the counter electrode, while
the distance between two electrodes was set at 20 mm. Each sample
was anodized in 100 ml electrolyte solution composed of ethylene gly-
col containing 0.25 wt% NH4F and 1.5 vol% H2O.

2.3. Preparation of chitosan-heparin nanoparticles

Chitosan-heparin nanoparticles were synthesized using dissolution
of heparin in a solution of chitosan. Briefly, 0.2 wt% chitosan solution
was prepared in 0.2 M acetic acid solution. The pH value of various chi-
tosan solution was fixed at 6.0. After heating the solution up to 55 °C,
2 ml heparin solution was added to the solution with pipette during
the stirring of the solution usingmechanical stirrer at 3000 rpm. Finally,
as-prepared solution was stirred at environment temperature for
15 min with the same speed.

2.4. Fabrication of chitosan-heparin nanoparticle coating

In order to improve the interaction between chitosan-heparin nano-
particles and NiTi surface, PEI was primary coated on the anodized NiTi
via a dip coating process. In this way, PEI solution was firstly prepared
via dissolution of 0.5 g PEI in 0.14 M NaCl solution (pH = 10) under
magnetic stirring for 10min. Subsequently, the anodizedNiTi substrates
were immersed in PEI solution (with natural charge) for 24 h to en-
hance the attachment of following chitosan-heparin nanoparticle coat-
ing. Afterward, the samples were rinsed in DI water and air-dried.
Finally, PEI coated substrates were immersed in the chitosan-heparin
solution for two different times (15 and 45min) and finally, were rinsed
with DI water and air-dried. It needs to mention that these two soaking
times (15 and 45 min) were selected according to the primary experi-
ments performed on various coating times (15, 30, 45, 60 and 120 h).
According to our results, increased the soaking time N45mindid not sig-
nificantly enhance the chitosan-heparin nanoparticle deposition. Ac-
cording to the soaking time in chitosan-heparin solution (14 and
45 min), the samples were named as 15CH-Anodized NiTi and 45CH-
Anodized NiTi, respectively.

2.5. Characterization of nanocomposite coated NiTi samples

The surface morphology of anodized and drug-loaded samples was
investigated using Field-emission scanning electron microscopy (FE-
SEM, MIR3TESCAN-XMU). Before FE-SEM imaging, the samples were
coated with a thin layer of gold via sputtering coating (Bal-Tec SCD
005). Furthermore, Fourier transform infrared spectroscopy (FTIR,
Bomem,MB-100), in the range 600–4000 cm−1, was also applied to de-
termine chemical compositions of the drug loaded samples. Moreover,
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in order to assess the particle size of the heparin loaded chitosan nano-
particles, dynamic light scattering (DLS) was applied.

2.6. Heparin release study

Heparin release from the drug-loaded NiTi samples was investi-
gated via immersing the samples in 15 ml phosphate buffered saline
(PBS, pH = 7.4) at 37 °C. After specific intervals (8 h, 1, 3, 7 and
14 day), 1 ml of PBS solution was taken from the solutions and re-
fresh using PBS solution. The amount of heparin released from each
sample was measured using microplate reader (Bio-Rad, Model 680
Instruments) at 540 nm. In order to determine the amount of re-
leased heparin, the calibration curve was plotted. In this way, stan-
dard solutions containing 0.05, 0.1, 0.2, 0.5 and 1 mg/ml heparin in
PBS was prepared. Consequently, the absorbance of the solutions at
the maximum wavelength absorption of the heparin (257 nm) was
measured by a spectrophotometer and the standard graph was plot-
ted. Furthermore, in order to investigate mechanism of drug release,
Ritger & Pappas equation was applied as below (Eq. (1)) [33]:

ktn ¼ Mt

M∞
ð1Þ

where, Mt is the amount of heparin released at time t, M∞ is the total
amount of heparin, k and n are the rate parameter and release expo-
nent, respectively.

2.7. Ni released from nanocomposite coated NiTi samples

To investigate Ni ion release from the heat-treated, anodized and
heparin-loaded chitosan coated samples, potentiostatic polarization
technique (Potentiostat Origalys, France) was performed on an electro-
chemical cell in PBS solution (pH = 7.4) composed of 137 mM NaCl,
2.7 mM KCl, 1.5 mM KH2PO4, and 8 mM Na2HPO4. The cell consisted
of three electrodes with Ag/AgCl as a reference electrode, platinum
(Pt) foil as the counterpart and the samples as the working electrode
at 37 °C. The potential was optimized at 0.3 V for 30 min, according to
our previous research [32]. Moreover, the amounts of Ni released after
potentiostatic polarization was investigated by inductively coupled
plasma optical emission spectroscopy (ICP/OES, 730 ES, Varian Com-
pany, USA).

2.8. Blood compatibility evaluation

To investigate the blood compatibility evaluation, blood drawn from
a healthy adult volunteer consisting of sodium citrate (3.8 wt%) antico-
agulant, diluted with normal saline with volume ratio of 4:5, was used
for the hemolysis assay, kinetic clotting time test, and platelet adhesion
test.

2.8.1. Hemolysis assay
The hemolytic potential of the samples was examined according to

the reported procedure [34]. Briefly, the samples were placed in a test
tube consisting of 10 ml of normal saline and incubated for 30 min at
37 °C. Subsequently, 200 μl of diluted blood was added to the test
tube, and the tubes were incubated for 60 min at 37 °C. Afterward, the
tubes were centrifuged at 2500 rpm for 5 min. Finally, the absorbance
of the supernatants was determined by a UV–vis spectrometer at
540 nm. The percentage of hemolysis was calculated according to the
following equation (Eq. (2)) [34]:

Hemolysis %ð Þ ¼ Asample−An

Ap−An

� �
� 100 ð2Þ

where Ap, An and Asample represent the absorbance of the positive con-
trol, the negative control and the sample, respectively. While a sample
of 100% hemolysis induced by 10ml of DIwaterwas used as the positive
control, 0% hemolysis in normal salinewas used as the negative control.

2.8.2. Kinetic clotting test
To investigate the kinetic clotting property, diluted blood was or-

derly dropped on the samples in themicroplate and was kept in the in-
cubator at 37 °C. After 20, 60, 100, 125, 150 min, the samples were
washed with 50 ml DI water and the solution was collected. Finally,
the absorbance of the solutions was estimated at 540 nm by a UV–vis
spectrometer.

2.8.3. Bovine serum albumin (BSA) adsorption
To investigate the interaction between blood protein and the surface

of samples, the adsorption of bovine serum albumin (BSA) on the sam-
ples was performed by the batch contact method [34]. For this purpose,
the sampleswere put in the laboratory falcons containing 20ml 0.2 wt%
BSA solution (pH = 7.4) and then the tubes were shaken gently for
30min. Finally, the supernatants were analyzed to determine the resid-
ual BSA by a UV–vis spectrometer at 280 nm. The amount of protein
adsorbed was calculated according to the following equation (Eq. (3))
[34]:

Adsorbed BSA mg=mLð Þ ¼ C0−Ca

W

� �
� V ð3Þ

where C0 and Ca are BSA concentration (mg/ml), before and after ad-
sorption, respectively. Moreover, W is the weight of the samples
(g) and V is the volume of the BSA solution (ml).

2.8.4. Platelet adhesion
The platelet adhesion test was performed after centrifuging of di-

luted blood at 1000 rpm for 10 min to get a platelet-rich plasma
(PRP). Consequently, the samples were soaked in the human plasma
for 2 h, at 37 °C. Then, the plasma was taken out and the samples
were soaked in 2%glutaraldehyde for 1 h, at 4 °C to fix the platelets. Sub-
sequently, the samples were dehydrated through ethanol solutions (30,
50, 70 & 90%) and the fixed platelet on the sample surfaces was ob-
served using SEM.

2.9. Cell culture

The effect of anodizing and drug loading on the cytotoxicity of NiTi
was investigated using MTT assay. For this purpose, HUVEC line
(Human Umbilical Vein Endothelial Cells; neonatal) was prepared
from the National Cell Bank of Iran at the Pasteur Institute. The HUVECs
were cultured in F12+DMEMsupplementedwith 10% FBS and 1%pen-
icillin/streptomycin and incubated at 37 °C under 5% CO2. The culture
medium was changed every 3 days.

In order to cell culture, the samples were washedwith PBS and, sub-
sequently, were sterilized using soaking in 70% ethanol for 1 h and ex-
poser of ultraviolet light for 6 h. Finally, the samples were immersed
in the culture medium for a day before cell culture. After reaching
70–80% confluency, the cells were detached with trypsin solution and
were seeded on the samples and tissue culture plate (TCP) (control)
with a density of 30,000 cells per well. Finally, cell-cultured samples
were incubated at 37 °C under 5% CO2 condition for 7 days and the me-
dium was changed every three days.

2.9.1. Cell spreading evolution
To investigate the morphology of cells seeded on the samples, after

7 days of culture, cells were fixed with 2.5% glutaraldehyde solution
for 3 h, rinsed with PBS, and dehydrated in the graded concentrations
of ethanol (30, 50, 70 & 90%, respectively). Finally, samples were dried
in air and investigated by SEM images.
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2.9.2. Cell viability evolution
After the specific time points (1, 3 and 7 days), the culture medium

was removed and then incubated with MTT solution (0.5 g/ml) for 4 h.
Consequently, the purple MTT-formazan crystals were dissolved in
DMSO and kept for 30min at 37 °C. Finally, 100 μl of dissolved formazan
solution of each sample was transferred to 96-well plate and then the
optical density (OD) of each well was measured with a microplate
reader (Bio-Rad, Model 680 Instruments) against DMSO (blank) at a
wavelength of 490 nm. The relative cell survival was calculated based
on the following equation (Eq. (4)) [10]:

Relative cell survival %ð Þ ¼ Asample−Ab

Ac−Ab
ð4Þ

where Asample, Ab and Ac are the absorbance of the sample, blank
(DMSO) and control (TCP), respectively.

2.10. Statistical analysis

One-way ANOVA (n ≥ 3) was applied for statistical analysis. To es-
tablish a statistical significance difference between groups, Tukey's
post-hoc test using GraphPad Prism Software (V.5) with a p-value
b0.05 was applied to be significant.

3. Results and discussion

3.1. Characterization of chitosan-heparin nanoparticle coating

Before loading of chitosan-heparin nanoparticles on theNiTi alloy, in
order to control Ni release and improve heparin release kinetic, the an-
odizing process was performed on the as-cast NiTi. FE-SEM images of
anodized NiTi sample (Fig. 1(a)) revealed the formation of the nano-
tubes with an average diameter of 30 ± 5 nm, which uniformly
Fig. 1. SEM images of (a) the surface (at two differentmagnifications) and (b) cross-section of th
of chitosan-heparin particle size obtained from DLS. (e) FTIR spectra of chitosan-heparin nano
distributed in the whole surface making it ideal to control Ni release.
Moreover, according to the cross-section image of anodized NiTi
(Fig. 1(b)), the average length of the nanotubes was 300 ± 7 nm. Ac-
cording to previous research, the nanotubes with this pore size could
be suitable for proliferation of endothelial cell (ECs) [6,35].

Consequently, chitosan-heparin nanoparticles were synthesized to
be deposited on the anodized samples. SEM image of chitosan-heparin
nanoparticles (Fig. 1(c)) revealed the formation spherical nanoparticles
with particle size range of 50–100 nm. These nanoparticles were ag-
glomerated strongly due to high surface energy. DLS analysis was per-
formed to accurately examine the dimensions of the particles. Results
confirmed that the size distribution of the chitosan-heparin nanoparti-
cles was 55–100 nm (Fig. 1(d)).

Presence of heparin in the chitosan nanoparticles was confirmed
using FTIR spectroscopy (Fig. 1(e)). The FTIR spectrum of chitosan
consisted of three dominant peaks, at around 3500 cm−1 (for OH),
1100 cm−1 (for C\\O\\C) and 1620 cm−1 (for\\NH2) [31]. In another
word, the spectrum of heparin consisted of the specific absorption
bands at 1237 and 1090 cm−1 related to the asymmetric and symmetric
stretching vibration modes of O_S_O groups, respectively. Further-
more, the C\\O stretch of COOH in the heparinmolecule was appointed
at 1237 cm−1. Moreover, the absorption band at 1054 cm−1 was
assigned to the SO3 group of heparin [36]. Based on the distinctive
bands of heparin and chitosan, it could be concluded that FTIR spectrum
of chitosan-heparin nanoparticles consisted of the most characteristic
peaks of chitosan and heparin components. For instance, the broad ab-
sorption band at 3000–3600 cm−1 was attributed to O\\H and N\\H
groups of chitosan [31]. In addition, other characteristic peaks of chito-
san at 1090 cm−1 related to C\\O vibrational bond, and at 1385 and
1638 cm−1 corresponded to C\\O stretching bond were also detected
in the spectrum of chitosan-heparin nanoparticles [31]. Compared to
FTIR spectrum of heparin, its main characteristic peak, at 1054 cm−1,
corresponding to the functional group of SO3 [37], could be detected
e anodized NiTi sample. (c) SEM image of chitosan-heparin nanoparticles. (d) Distribution
particles, chitosan and heparin.
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at FTIR spectrum of chitosan-heparin nanoparticles. Results confirmed
that heparin could be successfully blended with chitosan nanoparticles.
Generally, chitosan-heparin nanoparticles were synthesized via
ionic interaction between the positively charged amino (\\NH3

+) of
chitosan with negatively charged carboxylic ions (\\COO−) of heparin.
Therefore, the pH value of each polymer solution was directly
affected on their ionic degree. According to the previous researches, at
the pH value of the present research (pH = 6), both chitosan and hep-
arin polymers were ionized leading to the formation of polyelectrolyte
complexes, which resulted in a matrix structure with a spherical
shape [37].

In the next step, chitosan-heparin nanoparticles were loaded on the
anodized nitinol samples, following the PEI coating. PEI coating was ap-
plied in order to provide chemically interaction between chitosan-
heparin nanoparticles and nitinol surface. According to the previous re-
search, at basic pH (pH=10), PEI molecules are neutral [38]. According
to the schematic presented in Fig. 2(a), chitosan with a large number of
reactive carboxymethyl (\\CH2COO−) and amino (\\NH2) groups
could react with the amino groups of PEI leading to the formation of
strong hydrogen bonding [39].
Fig. 2. a) The schematic presenting the interaction between chitosan-heparin nanoparticles an
coated with chitosan-heparin nanoparticles for (b) 15 min (15CH-Anodized sample) and (c
samples as well as chitosan-heparin nanoparticles. (e) The potentiostat polarization curves of
In order to control the thickness of the coatings, two different times
of dip coating process were applied; 15 min (15CH-Anodized) and
45 min (45CH-Anodized). FE-SEM images, at two different magnifica-
tions, revealed that following the 15-min coating process (Fig. 2(b)),
chitosan-heparin nanoparticleswere deposited on top of the nanotubes.
High-resolution image at Fig. 2(b) indicated that nanoparticles did not
completely cover the surface of nanotubes. TiO2 nanotubes were still
visible after 15 min coating time. However, after 45-min coating
(45CH-Anodized) (Fig. 2(c)), the entire surface of the nanotubes was
covered by chitosan-heparin nanoparticles completely. It needs tomen-
tion that the coatingprocess for longer period of time did not change the
morphology of the sample surface. FTIR spectra of 15CH-Anodized and
45CH-Anodized (Fig. 2(d)) showed that compared to chitosan-heparin
nanoparticles, the determinant peaks of chitosan (O\\H, N\\H, C\\O vi-
brational bond, C\\O stretching bond) and heparin (the functional
group of SO3) could be detected at both of them confirming the pres-
ence of chitosan-heparin nanoparticles, as similarly reported in previ-
ous researches [40].

In addition to anodized nanotubes, chitosan-heparin nanoparticle
coatings may also control Ni release from NiTi substrate. Fig. 2
d PEI intermediate layer deposited on anodized NiTi. SEM image of anodized NiTi samples
) 45 min (45CH-Anodized sample). (d) FTIR spectra of 15CH-Anodized, 45CH-anodized
Anodized NiTi, 15CH-Anodized & 45CH-Anodized samples.
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(e) shows thepotentiostatic polarization results of anodizedNiTi, 15CH-
anodizedNiTi and 45CH-anodizedNiTi samples in PBS solution after 30-
min test. At the beginning, the current density dropped sharply to a
lower level and kept in a stable level. However, there was a difference
between the current density of samples loaded with chitosan-heparin
nanoparticles and anodized NiTi samples after 30 min polarization. In
order to evaluate the concentration of Ni ions in PBS during
potentiostatic polarization assay, ICP was performed. Results showed
that while the concentration of Ni released from anodized NiTi was
9 ppb, Ni ions could not be detected after the potentiostatic polarization
evaluation of 15CH-Anodized and 45CH-Anodized samples. Surmenev
et al. [41] reported that after coating of NiTi with calcium-phosphate,
the release of Ni ions strongly reduced compared to NiTi without coat-
ing. Therefore, the two-layer self-assembled coating of PEI and
chitosan-heparin nanoparticles could cover the whole surface of the
sample and prevent from Ni ion release from nitinol substrate.

Generally, drug release from the nanoparticles and its following bio-
degradation are essential for emerging an effective timed-release nano-
formulation. Therefore, the in vitro release profile of heparin from
chitosan-heparin coated samples was also investigated to optimize
coating condition. According to Fig. 3, the heparin release occurred in
three steps: a fast drug release in the first hours, followed by a slightly
slower release rate and finally a very slow release. Results showed
that, after 3 days of soaking, heparin continuously released from the
coatings with a similar rate. This drug release behavior was similarly re-
ported in previous researches [31]. The initial burst release of heparin
could be due to the surface adsorbed drug followed by slower diffusion
of heparin entrapped within the inner core of the particles. Moreover,
the burst release of heparin could be attributed to the lower pKa of chi-
tosan (about 6.5) than the release medium pH leading to the partial de-
protonation of chitosan functional groups and consequently rapid
heparin release. In primary hours of stenting, due to the interaction be-
tween blood and an artificial surface, platelet activity is stimulated by a
variety of mechanisms [42]. Therefore, a burst release of heparin could
be beneficial to prevent from thrombus formation. However, heparin
release must be continuous for about two weeks for treatment of the
damaged vessel wall after stenting [43].

Slower release rate of heparin (after burst release) can provide con-
tinuous release until twoweeks ormore.While both samples revealed a
similar trend for heparin release, 15CH-Anodized sample revealed less
initial burst release, compared to 45CH-Anodized sample. For instance,
after 3 days of soaking, while 0.57 ± 0.05 mg/ml of heparin content re-
leased from the 45CH-Anodized sample, it was reduced to 0.19 ±
0.03 mg/ml for the 15CH-Anodized sample.

Consequently, Ritger and Peppas equation was applied in order to
clearly evaluate the heparin release mechanism (Eq. (1)) [33]. In this
equation, if the release exponent is 0.5 or less, the system is diffusion
controlled. When “n” values are between 0.5 and 1, the mechanism of
Fig. 3. Heparin release from 15CH-Anodized and 45CH-ano
drug release called an anomalous transportwill be non-Fickiandiffusion
[33]. In this case, the release exponent was 0.43 and 0.35 for 15CH-
Anodized and 45CH-anodized, respectively. Our results showed that
the release of heparin from chitosan-heparin nanoparticle coatings
was performed by a diffusionmechanism. Diffusion-controlled drug de-
livery systemsprovide delivery of drug forweeks and have the excellent
ability to control the release kinetics [43].

Commonly, the release rate of a drug from nanoparticles depends on
the variousmechanisms, including1) desorption of the adsorbed and/or
surface bonded drugs (presented as a burst release), 2) diffusion
through the nanoparticlematrix andwalls, 3) the degradation ofmatrix
and 4) a mixed degradation of matrix and diffusion process. It needs to
mention that, the diffusion of drug molecules through the polymer ma-
trix was depended on its solubility in the polymer matrix, and the sur-
rounding medium as well as the diffusion coefficient of the drug, its
molecular weight and concentration gradient through the polymerma-
trix. If the diffusion of the heparinwas quicker than thematrix degrada-
tion, the mechanism of heparin release happened chiefly by diffusion.
Otherwise, it depended upon degradation rate. In this study, according
to the electrostatic interaction between these two components and en-
vironment condition, the release of heparin at the first stagewasmainly
based on the fast hydration of chitosan matrix. Consequently, the con-
trolled release of heparin at the next days of soaking confirmed that dif-
fusion of the heparin was quicker than the matrix degradation.

3.2. Blood compatibility evolution

For themaintenance of vasculature, endothelial cells are essential to
regulate the platelet activation and blood coagulation [44]. In this study,
the beneficial effect of the heparin may possibly be utilized as a safer
stent surface with a reduced probability of late thrombosis. Hemolysis
assay, Kinetic clotting time test, and platelet adhesion test were carried
out to assess the blood compatibility of surface modified nitinol
samples.

The fouling process of thrombosis formation usually starts with pro-
tein adsorption on the surface of biomaterials, once contacting with
blood [45]. In this regard, enhancement of BSA adsorption implies better
thrombotic property. Therefore, the amount of adsorbed protein on the
sample surfaces was primarily determined. According to Fig. 4(a), the
amount of adsorbed BSA was reduced by the coating of the anodized
NiTi samples with chitosan-heparin nanoparticles. However, adsorbed
BSA content was depended on the coating time. For example, the con-
centration of adsorbed BSA was noticeably reduced (1.7 times) from
2.15 ± 0.07 mg/g for NiTi to 1.28 ± 0.02 mg/g for 45CH-Anodized
NiTi sample. Previous research was similarly reported the role of hepa-
rin release from silica mesoporous on the BSA adsorption [46]. The role
of chitosan-heparin nanoparticles on the reduction of BSA adsorption
might be due to the improvement of the hydrophilic properties of the
dized samples during 15 days soaking in PBS solution.



Fig. 4. Effect of anodizing process and heparin release from the chitosan-heparin coated samples on the blood interaction: (a) Amounts of adsorbed BSA, (b) hemolysis ratio and (c) kinetic
clotting curves as a function of incubation time on the various substrates. (d) The images indicating clotting kinetics of whole blood with respect to time and sample types. (e) The
schematic indicating the role of heparin in the reduction of blood clotting. Heparin, as an anti-coagulant substrate, could absorb calcium ions in the blood.
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substrate. As demonstrated in previous research [47], on a hydrophilic
surface, the methyl groups of BSA are orientated longitudinally and
fewer molecules are adsorbed, as compared to the number on a hydro-
phobic surface. Therefore, the addition of chitosan-heparin nanoparti-
cles with highly hydrophilic nature yields in decreasing the protein
adsorption.

The hemolytic potential of a material is a measure of the extent of
hemolysis that can be caused by thematerialwhen it comes into contact
with blood. The hemolysis ratio represents the proportion of red blood
cells that were lysed by the sample. It needs to mention that the hemo-
lysis ratios ranging from 0 to 2 are considered to be safe, while anything
above 2 is considered as slightly hemolytic and non-biocompatible [48].
Fig. 4(b) revealed the hemolysis ratios of the NiTi, anodized-NiTi, 15CH-
Anodized, and 45CH-Anodized samples. It was worth noting that the
hemolysis ratio of the anodized-NiTi sample (2.5 ± 0.5%) was less
than the value of the ratio of the NiTi one (3.4 ± 0.2%). It might be
due to the effective role of the anodizing process on the reduction of
Ni ion release from NiTi sample (Fig. 2(d)). However, according to he-
molysis ratios, both NiTi and anodized-NiTi samples were found hemo-
lytic. According to previous researches, some metal ions such as Ni2+

can play critical role in triggering the contact pathway of blood clotting
[49,50]. Moreover, the hemolysis ratios of the coated samples were re-
duced significantly compared to those of NiTi substrates (p b 0.05).
The ratios were reduced by 1.6 ± 0.1% and 0.9 ± 0.2%, respectively,
most probably due to the contribution of heparin release from the sam-
ples (p b 0.05). Nevertheless, the improvement of these samples' anti-
hemolysis capability was based on the heparin-chitosan nanoparticles.

The kinetic clotting time assay is applied to evaluate the effect of bio-
material type on the blood coagulation time. Fig. 4(c) shows the kinetic
clotting time curves of various samples. Results showed that the optical
density (OD) values of anodized-NiTi deceased quickly with the contact
time between the substrate and blood, while the OD values of 45CH-
Anodized NiTi reduced, slowly. Generally, it is defined that the initial
clotting time happens when OD is b0.1 [51]. According to Fig. 4(c), it
could be concluded that the blood incubated with 15CH-Anodized
NiTi and 45CH-Anodized NiTi samples had significantly higher absor-
bance than NiTi at each time point. According to Fig. 4(d), it was clear
that after 60 min exposure of NiTi and anodized NiTi samples to the
human red blood cells, blood coagulated, while no obvious hemolytic
phenomenon could be detected, even after 120 min of exposure to
nanocomposite coated samples. However, the result of kinetic clotting
time approved that thrombo-resistant property of anodized-NiTi was
better than NiTi substrates due to the fact that the release of Ni ions de-
creased, significantly. For instance, while the initial clotting time of NiTi
was about 70min, it was increased to 100min on the anodized-NiTi. Ac-
cording to Fig. 4(d), the anticoagulant activity of nanocomposite coated
samples was further improved, and no clotting was observed within
120 min. In addition, there was no significant difference in the degree
of clotting until 120 min between two nanocomposite coated samples
(15CH-Anodized NiTi and 45CH-Anodized NiTi). According to previous
reports [52], by releasing heparin molecules from the chitosan-
heparin nanoparticles, the anticoagulant activity significantly enhanced.
The anticoagulant activity of heparin ismainly caused by thehighly neg-
atively charged groups such as sulfate, sulfamide, and carboxylate
groups. In this regards, the carboxyl and sulfate groups of heparin mol-
ecule play the most important roles in the anticoagulant property and
blood compatibility. It was found that due to the existence of the car-
boxyl groups of heparin, the composite membranes had a strong bind-
ing ability to the calcium ions in the blood, and thus could effectively
prolong the hemolysis. Calcium is the most plentiful mineral in your
body which plays several roles such as clot the blood. The mechanism
is that the platelets aggregate by calcium. The released heparin mole-
cules result in binding the calcium ions to the negatively charged sur-
face of heparin and the blood coagulation is blocked. This finding is
schematically shown in Fig. 4(e). In other research, it was demonstrated
that the release of heparin from amino-functionalized mesoporous sil-
ica showed good blood compatibility because of the low platelet adhe-
sion and hemolysis rate [46]. In another one, the hemocompatibility of
the polycaprolactone-chitosan vascular grafts prolonged coagulation
time by functionalizing heparin [53].



Fig. 5. Representative SEM images of human platelet-rich plasma (PRP) incubated on various substrates. There are many more adhered platelets on the neat substrate when compared
with CH-Anodized samples.

Fig. 6. The viability of HUVECs cultured on various samples, measured using MTT assay,
after 1, 4 and 7 days of culture. The absorbance was normalized against the control
(TCP) at each time interval (*p b 0.05).
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Adhesion of platelets on biomaterials is a key event in blood coagu-
lation because platelets can adhere, aggregate, and release the contents
of their granules to promote blood coagulation. Therefore, good
hemocompatibility involves not only lower hemolysis but also low
platelet adhesion and activation. Fig. 5 shows the SEM images of blood
platelets on various substrates which were dipped in the fresh human
blood plasma for 2 h. It was clear that the release of heparin from the
chitosan-heparin nanoparticles yielded in improving the blood compat-
ibility and fewer platelets adhesion. According to Fig. 5, the area cover-
age percentages of platelets adhered to the substrates were 5.5 ± 1.8%
and 2.0 ± 0.7% for NiTi and anodized NiTi substrates, respectively. It
might be due to the fact that surface irregularities for NiTi resulted in
a significantly higher number of adherent platelets. Such these findings
revealed in other research which surface roughness influenced the
platelet adhesion [54].Moreover, the platelets deposited on the surfaces
of 45CH-Anodized and 15CH-Anodized NiTi were relatively fewer and
the accumulation of some of the blood platelets on NiTi was happened
confirming the anti-coagulate performance of the coated substrates.
Such these findings reported in another research which showed that
the addition of heparin to the polycaprolactone fibrous membrane re-
duced the platelet adhesion to the surface of biomaterials [42]. In an-
other research, platelet adhesion experiments revealed that the
heparin-like cellulose acetate membrane exhibited decreased platelet
adhesion and excellent anticoagulant activity [55]. Therefore, this new
approach would be convenient for modifying the surface of blood-
contacting biomaterials and ultimately improve their anticoagulation
performance.

3.3. Cell culture

Beside blood-compatibility, the essential role of the anodizing and,
consequently, the chitosan-heparin coating of nitinol was to promote
the re-endothelialization and regeneration process of the injured
blood vesselwalls. Therefore, the biocompatibility of these surfacemod-
ified samples was primarily investigated in a HUVEC culture model.
MTT assay was performed to evaluate cell proliferation (Fig. 6). Results
showed that both surfacemodification approaches (anodizing and coat-
ing processes) promoted cell proliferation. Noticeably, cell survival sig-
nificantly increased from70.8±4 (% control) (for NiTi sample) to 109.2
± 5 (%control) (for Anodized NiTi sample) after 7 days of culture. It
might be due to the role of nanotubular morphology on the improved
re-endothelialization [6]. Peng et al. [35] showed that TiO2 nanotubes
could promote proliferation and function of ECs which is useful for re-
pair of damaged vascular happened after stenting. In another work,
Lee et al. [6] investigated the effect of TiO2 nanotubes on proliferation
of endothelial cells. They reported that after formation of TiO2 nano-
tubes on NiTi via anodizing, ECs were proliferated on nanotubes more
than a flat surface. Moreover, cell survival was greatly promoted, after



Fig. 7. SEM images of HUVECs cultured on various samples for 7 days.
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loading of the chitosan-heparin nanoparticle. For instance, after 7 days
of culture, cell viability was 142.8 ± 9 (%control) and 130.4 ± 4 (%con-
trol) for 45CH-Anodized and 15CH-Anodized, respectively, while it was
109.2 ± 5 (%control) for Anodized NiTi sample. Moreover, the number
of metabolically active cells grown on the 45CH-Anodized sample was
significantly higher (almost 2 times) than NiTi sample during whole
culture time, indicating the effective role of chitosan-heparin nanoparti-
cles on theHUVEC proliferation [56]. Yang et al. [57] similarly confirmed
the role of heparin on the survival rate of HUVEC cells and showed that
heparin coating could promote rapid re-endothelialization. Moreover, it
was previously stated that chitosan could endorse vascular endothelial
growth via encouraging fibroblasts to release interleukin-8, that is es-
sential for fibroblasts and vascular endothelial cell migration and prolif-
eration [58]. Our results confirmed that the combination of both heparin
and chitosan could stimulate the proliferation of HUVECs. Meng et al.
[59] also similarly investigated the role of the heparin-chitosan layer
by layer coating on the porcine iliac artery endothelial cell proliferation
and found the promising role of heparin-chitosan on the cell attachment
and proliferation.

Fig. 7 shows the SEM images of samples after 7 days of cell culture.
Results showed that HUVECs cultured on the anodized nitinol spread
out more than those seeded on the nitinol. This result was similarly re-
ported for human aortic smooth muscle cells (HAECs) cultured on the
nanotubes-coated nitinol due to the enhanced surface area after the
nanotubular coating process [6].Moreover, chitosan-heparin nanoparti-
cle coating (15CH-Anodized and 45CH-Anodized) noticeably promoted
cell attachment and spreading compared to anodized NiTi sample. Spe-
cifically, at the 45CH-Anodized sample, the cells presented a further
elongated and extended morphology. According to previous research,
various mechanical and chemical factors, as well as surface topography
could noticeably modulate cell attachment, spreading and morphology
[35,60]. Our results confirmed the efficient role of both chemical and to-
pographical factors on the cell attachment and spreading. In addition to
the effective role of nanotube coating which has been widely investi-
gated in previous researches [6], we found that chitosan-heparin
nanoparticles could provide appropriate chemical and topographical
factors for HUVEC attachment, spreading and proliferation. Previous re-
searches revealed that chitosan component could accelerate vascular
endothelial growth [59]. In addition to chitosan, heparin release could
improve the attachment, spreading, proliferation and migration of en-
dothelial cell via increasing various growth factors (such as VEFG,
EGF) and consequently promoted endothelialization [61].
4. Conclusion

Considering all this, we developed innovative two-step coating pro-
cess using the anodizing process and consequently chitosan-heparin
nanoparticle coating on nitinol substrate for stent applications. This
strategy resulted in a significant reduction in the nickel release, while
promoted HUVEC attachment, spreading and proliferation. Further-
more, we found that this two-step coating could significantly contribute
to the reduction of blood coagulation by releasing heparin in a con-
trolled manner. These approach may provide a promising solution for
the drug eluted stents with the delayed healing process. However, fur-
ther in vitro and in vivo assays need to beperformed in order to evaluate
the role of this coating on the reduction of restenosis and improvement
of re-endothelialization.
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