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ABSTRACT

In this study the bioactivity of hydroxyapatite/poly(e-caprolactone)—poly(ethylene glycol) bilayer coatings
on Nitinol superelastic alloy was investigated. The surface of Nitinol alloy was activated by a thermo-chem-
ical treatment and hydroxyapatite coating was electrodeposited on the alloy, followed by applying the poly-
mer coating. The surface morphology of coatings was studied using FE-SEM and SEM. The data revealed
that the hydroxyapatite coating is composed of one-dimensional nano sized flakes and the polymer coating
is uniformly covered the sublayer. Also, High resolution TEM studies on the hydroxyapatite samples re-
vealed that each flake contains nano-crystalline grains with a diameter of about 15 nm. The hydroxyapatite
monolayer coating was rapidly covered by calcium phosphate crystals (Ca/P=1.7) after immersion in sim-
ulated body fluid confirming the bioactivity of the nanostructured flakes. However, the flakes were weak
against applied external forces because of their ultra-fine thickness. Scratch test was applied on hydroxy-
apatite/polymer coating to evaluate delamination of the coating from substrate. It was shown that, the
polymer coating has a great influence on toughening the hydroxyapatite coating. To assess the degradation
effect of the polymer layer on hydroxyapatite coating, samples were immersed in phosphate-buffered sa-
line at 37 °C. SEM studies on the samples revealed that the beneath layer of hydroxyapatite appears after
72 h without any visible change in morphology. It seems that, application of a biodegradable polymer film
on the nanostructured hydroxyapatite coating is a good way to support the coating during implantation
processes.
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1. Introduction

NiTi alloys are one of the important metallic
biomaterials due to their unique properties such as
superelasticity and shape memory effect [1, 2]. There
are some problems in the application of these alloys
as implants especially because of the Ni release and
the bio inert surface. The bio inert surface leads to
the formation of a nonadherent layer at the surface
of implants and failing of the implantation [3-6].

To achieve best results after implantation,
the biomaterial must closely resemble natural
tissue structure. Human bone is a composite of
nano-sized Ca-P crystals and natural polymers
of body like collagen that have supporting rule
in the tissue [7-9]. Bone tissue minerals have a
plate like morphology in which the thickness of
the platelets ranges from 2 to 7 nm, the length
from 15 to 200 nm and the width from 10 to 80
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nm. The main component of the organic matrix
of bone is type I collagen which is a large fibrous
protein. Typically, the protein matrix is tough but
not very stiff while the minerals are stiff but not
very tough. The influence of organic components
on the mechanical properties of bone tissue can be
recognized by comparing the elastic modulus and
fracture strain of bone constituents in which these
values for minerals are 135 GPa and 0.1%, and for
type I collagen 1 GPa and 10%, respectively. In the
composite tissue of bone the values are10-25 GPa
and 1-1.5%, respectively [10].

It was shown that in synthetic scaffolds,
nanosized HA increased protein adsorption and
cell adhesion to the biomaterial and improved the
mechanical and biological properties at the same
time. However, it must be considered that nano
sized plates of hydroxyapatite cannot be completely
survived during the implantation process [9, 11].

The brittleness of the nanostructured HA
coating is expected to be overcome by using a
polymer top layer coating. Biodegradable polymers
can be gradually removed in human body
making the opportunity of substitution natural
body components on the surface of HA coating.
Moreover, drugs may be efficiently loaded on the
coating by applying the polymer film [12].

Different biodegradable polymers can be used to
control properties such as biocompatibility, rate of
degradability and mechanical properties, making
the materials suitable for use in a wide range of
biomedical applications.

Poly (e-caprolactone) (PCL) is synthetic polyester
exhibiting a low glass transition temperature
of around 60 °C which provides a rubbery
characteristic in the material. PCL undergoes auto-
catalyzed bulk hydrolysis. The semi-crystalline
nature of the polymer extends its resorption time to
over 2 years since the close packed macromolecular
arrays retard fluid ingress. Copolymerization of
caprolactone with poly(ethylene glycol) (PEG) has
been investigated to increase degradation rates and
improve processability [13].

Despite the progress made towards the
application of nanostructured bioactive coatings
on metallic implants, the stability of coatings
during implantation is one of the most important
issues in this field. In this study, a biodegradable
mPEG-b-PCL well defined diblock copolymer
top layer coating is applied on HA coating and
the bioactivity and stability of nanostructured HA
coatings is evaluated through in-vitro tests.
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2. Experimental details
2.1. Preparation of specimens

In this work, NiTi rod with nominal composition
of 50.9% Ni was used as substrates. The rods with
the diameter of 13mm were sliced into Imm disks.
The surface of samples was abraded with different
grades of SiC papers from P80 to P600 grit and
then was etched in an acid solution of 1 HF-4
HNO,-5 H,0 for 4 min, and finally was soaked
in distilled boiling water for 20 min. After each
step, specimens were cleaned in acetone and then
rinsed with deionized water. For the heat treatment
process, the specimens were encapsulated in a glass
tube after purging and vacuuming the high purity
Ar gas inside the tubes for several times. The heat
treatment carried out at 470 °C for 30 min.

2.2. Electrochemical deposition

The electrodeposition was performed in an
individual cell using a regular two electrode
configuration in which NiTi alloy served as the
cathode and a platinum mesh act as the anode. The
distance between the anode and the cathode was
fixed at 20 mm. An electrolyte solution of 0.0084M
Ca(NO,),.4H,0, 0.005M NH,H,PO,, 0.IM NaNO,,
and 6 ml/l H,O, was prepared and used for the
electrodeposition. The pH of the electrolyte was
6.0 and the temperature of the electrolyte was
maintained at 65+1°C using Bain-Marie method.
The deposition was carried out using a bipolar
pulsed current with the direct current (ON) time
of 1s and the reverse current time of 2s. The direct
and reverse pulse current densities were -3.0 and
0.1 mA/cm?, respectively. An inert gas was purging
during electrodeposition and mechanical stirring
of the electrolyte was controlled at a speed of 150
rpm.

2.3. Synthesis of mMPEG-b-PCL Diblock Copolymer

A typical procedure of ring opening
polymerization was used to synthesize the
copolymer using substituted ecaprolactone (e-CL)
monomer with [M]/[I]=95 and polyethylene
glycol monomethyl ether (mPEG) (MW = 1000) as
initiator (for polymer mPEG-b-PCL,). Under a N,
atmosphere, a solution of PEG (28.0 mg, 0.0145 mmol)
was taken in a flame-dried Schlenk tube, and
dry toluene (1.5 mL) was added. To this mixture,
Sn(Oct), (2.8 mg, 0.00725 mmol) was added, and
the content was stirred at room temperature (r.t) for 20
min under nitrogen purge. The e-CL (0.5 g, 1.64 mmol)
was added to the mixture, and the polymerization
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mixture was proceeded at r.t. for 30 min. The
reaction tube was immersed in preheated oil bath at
130 °C, and the polymerization was continued for
2 days with constant stirring. The polymerization
mixture was precipitated in methanol. The polymer
was redissolved in Tetrahydrofuran (THF) and
precipitated again in methanol. The purification
was done at least twice to obtain highly pure
polymer.

1H NMR (400 MHz, CDCIl,)

§ ppm: 4.13 (s, 2H), 3.64 (s, 3.8 H), 3.45 (s, 1H),
3.38 (s, 1H), 2.44 (t, 2H), 2.35 (t, 2H), 1.93-1.81
(m, 2H), 1.81-1.67 (m, 4H), 1.44 (s, 9H, t-butyl).
13C NMR (100 MHz, CDC,)

d ppm: 173.63, 170.81, 80.72, 75.58, 70.68, 65.13,
61.47, 36.60, 33.04, 29.81, 28.86, and 28.22. GPC
molecular weights: Mn = 4560, Mw = 5700, and
PDI =1.25.

To deposit the polymer top layer coating, the
synthesized polymer was dissolved in ethanol (1
mg/ml) and the solution was drop casted on HA
coated samples and then allowed to dry at room
temperature. The ratio between volume of the drop
casted solution and the apparent surface area of HA
coating was ~0.1.

2.4. Characterization of modified samples and
coatings

The surface morphology of the deposited films
was examined by a Cam Scan MV2300-Czech
scanning electron microscope (SEM) equipped
with an energy dispersive spectroscopy (EDS)
analyzer and FEI-Quanta 400 FE6-Netherland
field emission SEM. The operating voltage in both
microscopes was 20.0 kV.

The high resolution transmission electron
microscopy (HRTEM) images were collected using
Tecnai G2 F20 (USA) system, operating at 200
kV. For this purpose, the scrapped samples were
transferred to vials and absolute ethanol added.
After ultrasonic operation, the well-dispersed
samples were drop-casted onto copper grids for
TEM analysis.

The bioactivity of the Ca-P coating was
investigated by immersing the coated sample in
simulated body fluid (SBF) for 7 days at 37 °C. The
samples were freely suspended in a volume of SBF
solution approximately corresponding to a surface
to volume ratio S/V = 0.05 cm™. The SBF was
prepared according to Kokubo’s instruction [14]
and it was buffered to pH 7.4 at 37 °C by adding 1
M HCI and Tris (hydroxymethyl aminomethane).
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In order to stabilize the ion concentration and the
pH value of SBE, the solution was refreshed each
two days.

3. Results and discussion

The surface morphology of the pulse deposited
HA coating is depicted in Fig. 1. The coating is
composed of ultrafine and uniform flakes and the
thickness analysis of plates revealed that the data
are in the range of 10-90 nm. Although the size
of flakes is somewhat larger than that of the bone
minerals, the morphology is almost the same. It can
be seen in Fig. 1 that there is almost a same growth
direction for the flakes of the coating related to
the cathode surface. This morphology is nearly
resemble to the bone minerals accommodation.
It must be considered that our previous results
revealed that the coating is composed of HA and
other Ca-P phases are rare in the film [15]. So, the
structure of the deposited film is also near to that of
the bone minerals.

The high resolution TEM image of the
electrodeposited coating is shown in Fig. 2. This
image is taken perpendicular to one of the flakes
of the coating. A crystalline grain with a diameter
of ~15 nm can be detected in the figure. Also,
some irregular regions at the intersection of two
adjacent grains can be seen which are labeled with
arrows. This observation revealed that there are
thin regions inside the flakes which have different
crystalline state or structure. Possibly, the observed
structure is formed during the repeated deposition
and dissolution processes of the applied bipolar
pulse current.

Detailed analyzing on the crystalline regions
of Fig. 2 reveals two different kinds of atomic
arrangement. HA can crystallize in two forms

—
e

Fig. 1- FE-SEM micrographs of the pulse deposited HA coating.
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of hexagonal and monoclinic. It was shown that
the zigzag atomic arrangement can be related to
the monoclinic HA [16]. The major difference
between the monoclinic and the hexagonal HA
is the orientations of the hydroxyl groups. In
the hexagonal phase, the hydroxyl groups place
along the c-axis and the adjacent groups point in
opposite directions. The hydroxide ions in the
monoclinic phase are pointed in the same direction
in a given column, and the direction reverses in
the next column; accordingly the b-axis is doubled
in comparison with that of the hexagonal phase
[17]. The monoclinic phase is the most ordered
and structurally stable form of HA. Based on the
theoretical results, the monoclinic phase of HA
energetically is more favorable phase than the
hexagonal one [18]. On the other hand, considering
the kinetic factor, the formation of hexagonal phase
in ordinary conditions is more favorable compared
to the monoclinic phase. Some parameters like
high temperature and high pH can result in the
formation of monoclinic phase [19, 20]. Supplying
an insuflicient amount of hydroxyl groups during
the deposition can result in disturbing the order of
hydroxyl groups and formation of hexagonal phase
instead of monoclinic phase. It seems that in our
case the bipolar pulsed current produces a step
by step deposition condition and supplies more
hydroxyl groups than DC electrodeposition which
increase the opportunity of the monoclinic phase
formation [21].

The ability of apatite formation, which reveals
the bioactivity of materials, can be estimated
using immersion of samples in SBF [22]. The
surface morphology of the HA coated sample
after immersion in SBF is depicted in Fig. 3. The

Fig. 2- HRTEM image of the pulse deposited HA coating. Dash
line indicates a nano-sized grain and arrows denote to irregular
areas between adjacent grains.
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EDS analysis of the coating reveled that Ca/P ratio
in the coating is 1.7 which is near to that of the
pure hydroxyapatite crystal. It can be seen that
the sample is completely covered by HA crystals
after immersion in SBF for one week which shows
a good bioactivity of the coating in physiological
mediums. This result confirms that the synthesized
coating can be rapidly connected with surrounding
tissues after implantation which increase the
chance of sound implantation.

Although the HA coatings revealed a good
bioactivity due to its composition and ultra-fine
structure, the coating was weak against shear stress.
Fig. 4 shows HA coating with damaged surface as
a result of external stresses. This limitation can
result in decreasing the bioactivity or non-uniform
surface of the coated alloy after the packing and
implantation process.
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Fig. 3- Surface morphology of HA coating after one week soak-
ing inside simulated body fluid.
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Fig. 4- Surface morphology of HA coating after contacting with
an external body.
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To apply a biodegradable polymer film on the
coated alloy, the synthesis of mPEG-b-PCL diblock
copolymers was carried out at the first step using
e-CL and mPEG (MW = 1000). The chemical
structures of mPEG-b-PCL copolymers were
characterized with '"H NMR analysis and typical
spectra was shown in Fig. 5.

The protons in the repeating units are assigned
with numbers in the inset structure, and their
corresponding peaks are indicated in the
spectrum. In Figure 5, ~-OCH,CH,O~ in the PEG
part (proton-2) appeared at 3.65 ppm, and upon
polymerization a new ester peak appeared at 4.05
ppm; all other CL repeating unit protons appeared
with respect to the expected structure. The
comparison of the peak intensities of the PEG part
(proton-2 at 3.65 ppm) and the CL repeating units

"N

(protons at 4.05 ppm) gave the number average
degree of polymerization, n=96 in the present case
(MW=5000).

Fig 6a shows a polymer/ HA bilayer coating on
Nitinol alloy confirming a uniform covering of the
polymer film on the HA coating. This film improves
the toughness of the HA coating as seen in Fig. 6b
which is taken after the scratch test. It can be seen
that the polymer film is stretched around the track
as a result of the high scratching force; however
the surrounding coating is remained attached to
the substrate. So, it is concluded that the polymer
film confines the possible damaged area on the HA
coating.

One of the concerns of polymer coatings
applications on implants is changing the biological
condition at the interface of the implant and

JE/\J_{:H/\/\/\%"
Y
5 3 2
N _{/1
J
8 7 6 5 4

Chemical shift, ppm

Fig. 5- 1H NMR spectrum of mPEG-b-PCL96.
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Fig. 6- (a) MPEG-b-PCL/hydroxyapatite bi-layer coating on Nitinol alloy revealing a uniform covering of polymer coating. (b) Scratch
mark on the composite coating representing good adhesion strength of the coating to substrate.
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biological mediums. It means that beside the
positive effect of the polymer coating on toughening
of the composite film, the bioactivity of the HA
coating can be destroyed in this condition. It was
shown that some biodegradable polymers like PLA
release acidic products during degradation process.
This can result in a drop of pH and dissolve the
hydroxyapatite film [23]. However, in mPEG-b-
PCL copolymer there were no dimer, trimer, or
higher oligomers detected after the degradation
and the amount of 6-hydroxyhexanoate remained
at very low levels after several weeks [24].

As the polycaprolactone —polyethylene glycol
copolymer is degraded by a hydrolytic process,
the degradation effect of the polymer coating on
HA film was examined by soaking the bilayer film
inside phosphate buffered saline. Fig. 7a shows that
after three days the beneath HA film is revealed
without any considerable changes on morphology.
This result show that copolymerization of PCL
with PEG has been resulted in fast degradation
of copolymer which offer the beneath layer to
contact with the surrounding tissue after a short
time. Also, high resolution images (Fig. 7b) reveals
that some Ca-P compounds are formed during
soaking the sample inside PBS as a result of the
high bioactivity of coatings. This observation can
show that the application of the biodegradable co-
polymer coating guarantees both the toughness
and the bioactivity of HA coating on Nitinol alloys.
However, the best degradation time of the co-
polymer film must be adjusted by modifying the
structure of co-polymer. The details of these data
will be reported in our future works.

Vega CTescan

4. Conclusions

Based on the results of this work, the bipolar
pulsed electrodeposition process can produce
nanostructured HA film on the Nitinol alloy
with a uniform nanowall morphology. The plates
of the coating contains nano sized grains and
some irregular regions can be detected among
the grains. New calcium-phosphate crystals
(Ca/P=1.7) are rapidly formed on the nano-
HA coating confirming the bioactive behavior
of the sample. The mechanical weakness of the
nano-sized crystals against external forces can be
compensated by applying mPoly(Ethylene Glycol)-
b-Poly(Caprolactone) film. mPEG-b-PCL can be
degraded after a short time of implantation and
reveals the beneath bioactive HA film without any
damage on the coating.
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