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Abstract

Understanding molecular interactions at the solid-liquid interface is essential to the development of biomaterials intended
to function in the physiologic environment. Superelastic nickel-titanium, widely used for biomaterials applications, is
here coated with two different phenolic compounds: pyrogallol and tannic acid. The adsorption of bovine serum albumin
protein on these phenolic-coated surfaces is assessed by electrochemical impedance spectroscopy and cyclic voltammetry
to understand the behavioural kinetics of proteins in a physiological environment. Using an electrical equivalent model,
we show that pyrogallol coated surfaces adsorb more proteins than the native and the tannic acid-treated surfaces. We
also show that in all cases, the amount of nickel ions leaching from the biomterial falls well withing the acceptable range

for biocompatibility.
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1. Introduction

Protein adsorption is crucial in cell adhesion for tissue
regeneration, even though frequent biofouling, i.e. protein
accumulation, is seen as an undesirable process in some
applications [1]. Therefore, protein adsorption on
biomaterial surface is of great interest for bioengineering
research.

The adsorption of human serum albumin (HSA) and
other blood plasma proteins (Immunoglobulin G and
fibrinogen) have been studied in more detail than the
adsorption of any other plasma proteins [2]. This is perhaps
justified by the relatively large concentration of these three
proteins in plasma [2]. But for in vitro studies, bovine serum
albumin (BSA) is alternatively used in lieu of HSA, since its
structure is similar to the HSA structure [3], with nearly the
same isoelectric point [4, 5] and molecular weight [4] and
also because of its low-cost.

There are a few studies available in the literature on
protein  adsorption on nickel-titanium (nitinol) as
biomaterials [6-8]. One of these, by Shabalovskaya on
polished, chemically-etched, heat treated and electropolished
nickel-titanium surfaces [9], suggested that the amount of
albumin adsorbed should be proportional to the nickel
surface content of the alloy. In a recent literature, Lin et al.
have shown that proteins form a film on the metal surface,
which inhibit corrosion. The interaction of metal ions with
proteins creates organometallic complexes, which may
accelerate corrosion if transported away from the metal
surface [10]. Despite efforts made to understand protein
adsorption and achieve control over biofouling, the
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adsorption mechanisms for a range of proteins are still not
fully understood [1].

In this study, we coated nickel-titanium with two
polyphenolic compounds: pyrogallol and tannic acid. These
bio-inspired compounds have anti-inflammatory properties —
they are anti-proliferative agents, nontoxic, scavengers of
reactive oxygen species and capable of forming metal ion
complexes [11, 12].

Herein, BSA adsorption is investigated by different
electrochemical tests in order to shed light on the interfacial
phenomena that take place during biofouling. Firstly, the
open circuit potential analysis (OCP), this type of
measurement provides information about the ‘natural’
corrosion behaviour of the system undisturbed by any
external voltage or current source and, therefore, in the
absence of induced corrosion effects [13]. The corrosion
potentials (Eocp) reflect the composite results of
electrochemical reactions taking place at the surface/solution
interface. Therefore, the variation in the corrosion potential,
with immersion time, can be employed to study the
electrochemical processes. Secondly, the electrochemical
impedance spectroscopy (EIS) — EIS is a non-destructive
sensitive technique enabling the detection of any changes
occurring at the electrode/electrolyte interface before, during
and after protein adsorption [13]. And finally, the electron
transfer-initiated chemical reactions at the interface
surface/protein were assessed by cyclic voltammetry (CV).
These electrochemical techniques are powerful tools to
investigate the absorption and charge transfer phenomena on
solid/liquid interfaces. This means that they can help assess
the biocompatibility of different materials intended for such
applications.

Furthermore and in order to complement the
electrochemical analysis, nickel ion release has also been
studied for the possible diffusion and leaching of ions in the
simulated physiological solution. The objectives of this
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paper were to chemically coat commercially available nitinol
surfaces; to access the benefits of polyphenol coatings in
terms of corrosion potential; to identify the optimal coating
technique for future possible biomaterial applications; and
finally to study the protein interaction on phenolic coated
nickel-titanium surface and simulate its adsorption in a
physiological environment.

2. Materials and methods

2.1. Materials and sample preparation
Superelastic nickel-titanium (55.67% Ni by weight, ASTM
2063) was purchased from HLMET Co. Ltd in China; in the
form of 1 mm thick mirror surface cold rolled sheets, and
stamped into @6.2 mm discs on a CNC turret punch press
(Amada Arcade, Japan). Prior to surface treatment, to
remove any machining contaminant and reveal the native
surface, discs were successively washed in five steps:
= first, in 70% vol. ethanol,
=  second, for 5 minutes at 40°C in an ultrasonic bath
with deionized water Milli-Q Direct (Millipore,
Billerica, MA) with a resistivity of 18.2 MQ cm at
25°C;
= third, in 40% NaOH and water bath for 5 minutes;
=  forth, sonicated in deionized water for 5 minutes
with a subsequent rinse with deionized water for 5
minutes;
= fifth, immersed for 10 minutes in 50% vol. HNO;,
then sonicated in deionized water for 5 minutes,
and then rinsed in deionized water until reaching a
neutral pH, and finally, stored in 70% vol. ethanol.

2.2, Deposition of the coating

Samples were either coated with pyrogallol (PG) diluted into
BisTris buffer pH 7.0 with 100 mM MgCl, at a
concentration of 1 mg mL" or with tannic acid (TA) diluted
into bicine buffer pH 7.8 with 100 mM NaCl at 1 mg mL”
[12]. After agitating the samples in diluted solutions for 24 h
on a rocking machine at 30 oscillations min”" at room
temperature, the samples were thoroughly rinsed with
deionised water and dried by blowing nitrogen to prevent
further oxidation before storage in a dry polyethylene well
plate. Non-coated nickel-titanium samples were used as
control surfaces.

2.3. Solutions and reagents

The electrolyte solution used for all experiments was a 0.2
M phosphate buffer saline tablets (Sigma-Alrich Chemie
Gmgh, P-4417) dissolved in deionised water Milli-Q Direct
(Millipore, Billerica, MA) with a resistivity of 18.2 MQ cm
at 25°C and mixed with 30% BSA (Sigma-Alrich Chemie
Gmgh, A-7284) at a concentration of 3 g L', here referred to
as PBS+BSA. The concentration of proteins was chosen
based on the concentration ratio in human blood as
suggested by previous studies [14, 15]. The protein solution
prepared at pH 7.4 was allowed to equilibrate for at least 30
min in a constant temperature bath at 37+1 °C, stirred at 100
rpm on a magnetic stirrer hotplate RCT standard (IKA
works, NC).

2.4. Electrochemical tests

The counter electrode for each experiment was a coiled Pt
wire and the reference electrode was an Ag/AgCl reference
electrode with 0.15 M KCI (Aldrich, 99.999% metals basis).
The temperature of the electrolyte was maintained at 37+1

°C to mimic in vivo conditions. Nickel-titanium samples
were placed on electrode holders exposing a test surface of
0.3 cm® with a density of 6.45 g cm” and an equivalent
weight of 17.8 g, immersed in a 20 mL electrolytic solution
deaerated by bubbling within nitrogen gas for 30 min prior
to EIS. Measurements were performed on a 3000 Gamry
potentiostat/galvanostat ZRA (Gamry Instruments Inc.,
Warminster, PA), and data were analysed with Gamry
Echem Analyst 7.03 software (Gamry Instruments Inc.,
Warminster, PA). EIS tests were carried out at OCP with 10
mV of signal amplitude and a frequency range from 50 kHz
to 0.01 Hz. EIS measurements were performed subsequently
after 1, 3, 6, 12 and 24 h prior each OCP. A simplex method
was used to fit data to the equivalent circuit. Finally, cyclic
voltammetric tests were measured at a scan rate of 10 mV/ s
with a step size of 2 mV within a potential range between -1
to 1.5 Vvs. Ag/Ag ClL.

2.5. Ni ion release

The amount of nickel ions released was investigated using
the flame atomic adsorption spectrometer AAnalyst 400
(Perkin Elmer, Inc. USA). Samples were immersed in 5 mL
PBS+BSA solution in eppendorf tubes and incubated at 37 +
0.5 °C to mimic in vivo conditions. After samples were
removed, nickel concentration readings were cumulatively
recorded at segmented intervals (1, 3, 7, 14 and 28 days).
Triplicate samples were exposed in parallel for each coating
and time period.

3. Results and Discussion

3.1. Open circuit potential

The OCP can monitor the formation of protective films on
the surface of the electrode [16]. The increase of OCP
indicates the formation of a passive film, and a decrease is
indicative of its breakage, dissolution, or non-formation, and
a value without significant variation indicates a stable
surface[16, 17]. For the control surface, OCPs recorded in
Fig. 1: A, vary in the range from -315.1 to -149.7 mV; the
increasing of Eqcp indicated a double layer formation on the
surface from the first 12 h of the experiment (protein
adsorption). After 12 h, steady-state OCP values reached up
to 24 h of exposure in PBS+BSA, which is an indication of
possible saturation of protein adsorption which purportedly
stabilises the corrosion process [18].

For the PG coated sample, OCP varies from -391.0 to -
146.7 mV, as seen in Fig.1: B shows some Eqcp fluctuations
after 12 h indicating the disruptive passive layer behaviour
as a result of the continuous deposition-dissolution process
on the metal surface. On the contrary for TA coated surface,
OCP varying from -164.4 to -48.1 mV; it is interesting to
note that, all Eqcp curves were relatively flat with no major
fluctuation, indicating stable surface despite the constant
adsorption of proteins within the negative potential region as
seen in Fig.1: C.

In the PBS+BSA medium, corrosion potentials measured
in open circuit on control, PG and TA samples were
evolving towards more anodic potentials (more noble) until
reaching a steady-state value of potential. A previous study
has also demonstrated that BSA containing electrolyte
causes a shift of corrosion potential toward more positive
OCPs [19]; an increase of the potential toward more positive
values is an indication of the passive layer formation [20],
consequently the adsorption layer of BSA on the working
electrode works as a surface film. Conti et al. have also
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shown that during the static immersion degradation tests, the
presence of a biofilm developing on the surface due to
protein additions may have caused the elution of ions from
the surface of the alloy to decrease [21]. This may have been
caused by the inability of the dissolved oxygen to reach the
surface in the presence of the biofilm, thereby starving the
cathodic part of the reaction, which, in turn, would have led
to a deceleration of the anodic reaction, leading to a
reduction in metal ion dissolution [21]. To ensure a more
thorough characterization of the electrode / electrolyte
interface and processes that occur on the samples surface,
EIS measurements were conducted in a wide frequency
range after OCP stabilization of the different testing
electrodes.
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Fig. 1: Open circuit potentials for control (A), PG coated nickel-
titanium (B) and TA coated nickel-titanium (C) measured for 1, 3, 6, 12
and 12 h in PBS+BSA

3.2. EIS

This study did not take into account the use of probe
molecules as Oliveira and Melo [22] demonstrated the
advantages of using a method that does not require the
presence of probe molecules whose interaction with surface-
active agents is unavoidable and have a big impact on the
quality of the data obtained. Bode and Nyquist diagrams are
presented in Fig 2.
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Fig. 2: Nyquist and Bode plots at different immersion times respectively
for control (A and B), PG coated nickel-titanium (C and D) and TA
coated nickel-titanium (E and F) measured for 1, 3, 6, 12 and 12 h in
PBS+BSA

The equivalent electrical circuit model that was used to
fit the experimental data is given in Fig. 3. For the uncoated
control sample, a Randles circuit with an added diffusion
element (W) in parallel with the charge transfer resistance
(R¢) were added in order to account for the diffusion of the
electroactive species in the nitinol/solution interface (Fig.
3A). For the coated samples, as suggested in the literature, a
modified Randles circuit was used to model protein
adsorption at the surface of the electrode [23-25]. A two
time constant circuit was found to be the most suitable (Fig.
3B). The fitting quality (goodness of fit) was established
from low percent errors (less than 5%) in parameters and the
chi-squared values, which were in the order of 107
indicating a good agreement between the experimental
results and fittings. Tables 1, 2 and 3 summarise the
impedance parameters fitted to the equivalent circuit for
each studied surface.
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Fig. 3: Physical model and equivalent circuits used for modelling the impedance spectra of the control (A) and the phenolic coated nitinol samples (B)
(R, — resistance of the solution, R, — charge transfer resistance, Cq — capacitance of the electrical double layer between solution and outer, probably
porous layer, R — electrolytic resistance through the passive layer, CPE; — capacity of the passive film, CPEy — Double layer constant phase element,

W — Warburg impedenc)

Table 1. Impedance parameters fitted for the control surface from the equivalent circuit

CPE W

R, /Q 04/S*s" n R, /Q W-R/Q B/s” W-P
lh 32.84 1.97x107 0.84 1.35x10’ 29.95 6.6x10™ 0.5
3h 32.73 2.23x107 0.83 1.71x10’ 30.65 5.5x10™ 0.5
6h 32.37 2.5%10° 0.82 1.69x10’ 29.95 5.0x10™ 0.5
12h | 3231 3.07x10° 0.80 1.44x10’ 26.07 4.0%10™ 0.5
24h | 3521 3.25%x10° 0.78 1.36x10’ 24.61 4.0%10™ 0.5

R,: solution resistance; CPE: constant phase element; Qq: combination of properties related to both the double layer and the electroactive species; n:
CPE constant parameter; R, charge-transfer resistance; W-R: Diffusion resistance, B: diffusion factor, W-P: exponent “fixed” at 0.5 for a pure

diffusional behavior.

Table 2. Impedance parameters fitted for the PG coatings from the equivalent circuit

CPE; W |
R,/Q Q,/S*s" n R, /Q CalF R./Q Y, /S*s” B/s"
lh | 41.34 7.26x10° | 9.11x10™ 55.53 1.37x10° | 5.18x10° 7.42x107 3.92x107
3h | 41.08 6.81x10° | 9.08x10™ 32.43 1.54x10° | 0.39x10' 1.01x107 5.69x107
6h | 4120 7.20%10° | 9.09x10™ 42.74 1.42x107 1.24x10° 9.14x107 6.47x107
12h | 41.19 8.02x10° | 9.08x10™ 79.39 1.23x10° | 5.83x10° 6.09x10° 0.85x10"
24h | 49.54 8.66x10° | 9.12x10" 256.50 9.66x107 1.52x10* 0.12x10" 6.05x10"

R,: solution resistance; CPE: constant phase element; Q;: combination of properties related to both the surface and the electroactive species; n: CPE
constant parameter; Ry Resistance of the film/coating; R.: charge-transfer resistance; Cq: double layer capacitance; W | : bounded Warburg
impedance; Y,: admittance; B: diffusion factor.

Table 3. Impedance parameters fitted for the TA coatings from the equivalent circuit

CPE; Wi

R, /Q Q,/S*s" n R, /Q CalF R./Q Y, /S*s” B/s"
lh | 4133 9.84x10° | 8.49x10™ 1.84x107 1.43x107 1.87x10° 3.20%107 5.25x107
3h | 49.93 9.05x10° | 8.52x10™ 1.91x10° 1.67x107 1.69x10* 4.33x107 2.85x107
6h | 55.63 1.04x10° | 8.27x10™ 1.69x10° 1.67x10° | 8.80x10* 7.77%10™ 7.98x107
12h | 83.40 3.83x10° | 6.49x10™ 2.06x10* 2.28x107 | 7.72x10* 7.92x107 1.61x10"
24h | 105.30 4.86x10° | 6.53x10™ 9.91x10" 0.21x10" 1.41x10* 2.52x10™ 2.86x10"

R,: solution resistance; CPE: constant phase element; Q;: combination of properties related to both the surface and the electroactive species; n: CPE
constant parameter; Ry Resistance of the film/coating; R.: charge-transfer resistance; Cq: double layer capacitance; Wi: porous bounded Warburg;
Y,: admittance; B: diffusion factor. CPE; accounts for inhomogeneities in the adsorbed BSA film. The equivalent circuit models a porous, insulating

film on the surface, indicating that BSA film on the surface is not a homogenous monolayer.
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3.2.1. Equivalent electrical circuit analysis

3.2.1.1. Solution resistance, R,

This is also referred to as the uncompensated resistance
between the reference and the working electrode [26], as
well as ohmic resistances due to contacts, wires, etc. In all
three cases (control, TA and PG coated samples) as shown
on Tables 1, 2 and 3, the solution conductance decreased as
the electrolyte resistance increased, especially after 12 h to
24 h. This is supposedly caused by the BSA adsorption
occurrence on the surface of the working electrode
becoming more passive. It was also noticeable that Ry values
were higher (less conductive) for PG and TA coated samples
than for uncoated metal (control group), an observation also
reported by Nicholson on untreated surfaces [26, 27]. Many
factors influence the uncompensated resistance, among the
factors are the shape and size of the cell, the location of the
reference electrode, the shape of the working electrode, and
the size and position of the counter electrode [28, 29]. To
minimise the ohmic drop of the electrolyte, Elgrish et al.
proposed to decrease R directly by diminishing the distance
separating the reference and working electrodes [30]. In the
present study, this distance was kept at 5 mm. Despite
having the same ionic composition, the difference of Ry
observed in the PBS+BSA electrolytic solution for all 3
types of surfaces herein studied, is purportedly due to the
type of surface and its adsorption ability.

3.2.1.2. Constant phase element, CPE

CPEs were introduced instead of pure capacitors in the
fitting procedure in order to obtain good agreement between
the simulated and experimental data. The use of the CPE
element accounts for the non-ideal behaviour of the
capacitive elements.

From Table 2, the CPE measured on the PG coated nickel-
titanium surfaces behaved like ideal capacitors (rz = 1), while
in Table 3, this behaviour in the TA coated group between
12 and 24 h, changed to a Warburg diffusion component (n
~ (.5). The drop of the Q¢ and n values in the TA group
suggests the development of a more porous coating layer, in
agreement with Chembath et al. [31]. This is reflected in the
CPE values which follow the order TA<PG after 24 h
immersion in the PBS+BSA solution.

3.2.1.3. Resistance of the film/coating, Ry

For the modified samples on Tables 2 and 3, the resistance
on the outer thin film increases with the immersion time, and
TA coating is more electrically resistive than PG. This
means that an oxide barrier layer is formed on the surface,
which becomes more corrosive resistive. This is supposedly
due to the physicochemical nature of each coating, and
ability to adsorb the proteins and stabilize the surface [32].
The structure of tannic acid is comprised of an extended
network of —OH groups, which apparently can be absorbed
and protect the underlying nitinol surface more efficiently.
The aqueous stability of phenolic coatings can also play a
role on Ry In fact, in a previous study [11], the aqueous
stability was evaluated by comparing the final and initial
coating thickness after immersion of samples in a phosphate
buffer at pH 7.0. It was found that TA thickness was reduced
to 60% after 7 days of immersion whilst PG thickness
remained stable and significantly unchanged. In our case and
in presence of PBS+BSA, we observed that the TA coating
on the nitinol surface already from the beginning of the
process had a much higher film resistance, indicating better
anticorrosion behaviour than PG.

3.2.1.4. Charge-transfer resistance, R

In the case where a protein film is formed on the electrode
surface, adsorption of BSA molecules to the electrode
surface was predicted to result in increase in the charge-
transfer resistance [24]. Taking into account the two
measurement extrema (1 and 24 h); it can be seen that the
impedance decreased tenfold for TA and a hundred times for
the PG coating, and is almost steady for the uncoated control
sample. This is an indication that a less electroactive surface
is developed on TA than on the PG coated surfaces and a
protein layer with constant characteristics was reportedly
adsorbed on the untreated nickel-titanium control. It should
be noted though that the native nitinol surface shows quite
high R, that stays practically unchanged during our
experimental timeframe. This implies the good blocking
behaviour of nitinol under these conditions and it is related
to the rapid formation of an oxide film, mainly attributed to
TiO, [33, 34]. As observed by Wang and Zheng [35], a
nickel deficiency may be caused on the surface of the
passivated nitinol, and nickel may diffuse into the sublayer
or be released into the electrolyte. The latter will be assessed
later as we will see from the Ni ion release experiments.

3.2.1.5. Double layer capacitance, C,

As BSA is adsorbed on the working electrode, the thickness
of the film increases, consequently a decrease of Cg is
expected [24, 36]. Cq increases slightly in the control group
(from 2 to 3.3 mF), perhaps an indication of an adsorbed
layer with decreasing thickness throughout the immersion
period. This correlates well with the high blocking behaviour
of the control sample, which implies the low affinity of BSA
with the oxidised nitinol surface. On the other hand, in the
PG and TA coatings, it is more or less constant for the 12 h
and 6 h mark, respectively, suggesting a constant film
thickness. At the end of the process, the TA Cy is much
higher than that of the PG, indicating a thinner BSA film
formation on the TA coating. It can be suggested that the TA
coating shows a lower affinity towards the absorption of
BSA, compared to the PG, which capacitance drops
suggesting an increasing accumulation of BSA.

3.2.1.6. Warburg impedance, W

The Warburg element (W), describing the process of
diffusion, is characterized by an admittance parameter, Y,
(S*s%), and a diffusion factor, B (s%). Based on Nyquist plots
and the match of fitting models, the bounded Warburg
impedance (W |) with no diffusion behaviour matched for
PG coatings and the control group, whereas TA coatings
were of the nature of porous bounded Warburg (W$) with
diffusion. This element improves the fitting by taking into
account the diffusional contribution of the electroactive
species.

3.3. Nickel ions release

The concentration of released nickel ions (in pg L‘l) in
proteinaceous media recorded for control, PG and TA
samples fell respectively in the range (0.077 — 0.146), (0.082
— 0.196) and (0.086 — 0.152). These concentrations were
lower than those defined for human serum (0.1 — 1.3 pg L'l),
blood (0.6 — 1.8 ng L'l), and urine (0.5 — 6.0 pg L‘l) of
healthy adults as established by the TRACY protocol [37].
Fig. 4 shows Ni ion concentrations increasing with
immersion time. Since the slope of the curve in Fig. 4 is
equal to the Ni release rate, it is clear that the nickel release
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rate varies with immersion time and is higher between 14
and 28 days.

It can thus be inferred that the increase in the release rate
is related to the partial dissolution of the outer layer on the
nickel-titanium surfaces. The increased concentration of Ni
ions detected in PBS+BSA indicates that Ni leaching from
nitinol surface takes place even when no visual corrosion
signs occurred; this selective leaching of nickel from nickel-
titanium surface causes a denickelification of the alloy, in
accordance with the observations of Wang and Zheng [35],
this process releases nickel ions. Nickel released from the
bulk material into the solution reduces the local
concentration of nickel in the materials. NaCl from PBS is
the main causal agent that renders the original thin oxide
layer on the nickel-titanium surface vulnerable after Ni-Ti
bond is attacked by CI™ [38]. Moreover, the contribution of
BSA is also to be taken into account. Omanovic and Roscoe
provided a holistic explanation of the mechanism of BSA
adsorption proposed to involve the interaction of the
negatively charged carboxylate groups of the proteins as
anchoring sites between the proteins and the surface [13].
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Fig. 4: Nickel ion release in PBS+BSA after exposure for 1,
3,7, 14 and 28 days at 37 °C

Fig. 4 shows that nickel-titanium in PBS+BSA led to Ni
ion leaching from the first day of exposure; this behaviour of
transition metals in proteinaceous electrolyte has also been
investigated by Lin et al. who observed that proteins
enhanced the corrosion of first row transition metals due to
their ability to form complexes [10]. Omanovic and Roscoe
also stated that complexing of metal ions by proteins may
reduce the activation energy or increase the chemical free
energy change associated with metal dissolution and
enhance the corrosion rate of metals [13]. This
complexication leading to the chelation of passive film-
forming elements may disturb the local chemical
equilibrium, causing film dissolution and exposure of the
underlying metal surface [13]. Protein-catalyzed dissolution
of these metals was also suggested, and the predominant
form of the corrosion product of these metals was a metal-
ligand complex, with the hydroxides of these metals
complexing directly with albumin [13]. Valenti et al.
showed that histidine residues (present in the carboxylate
binding site of albumin) bind with high affinity to nickel
ions immobilized on chelating sorbent surfaces [39]. This
explains the fact that our EIS results revealed that BSA was
constantly adsorbed on uncoated nickel-titanium samples
(chelating sorbent surfaces) rather than on phenolic-coated
samples that already form metal ion complexication during

the coating process [11], purportedly leaving fewer binding
sites for BSA, providing room for adsorption/desorption
shifts.

34. Cyclic voltammetry

We now drive each material beyond its equilibrium (OCP)
and an externally applied field is imposed. From the
voltammograms in Fig. 5, it can be seen that the control
sample shows an ohmic behaviour, whereas the TA and PG
coated present a blocking one. Both modified samples do not
show significant current density in a potential window of 2.5
V, with the PG to appear slightly more blocking than the
TA.

—— control
10- —PG
= TA
5
< O]
E
_ B oz : = .
1 Z 1 2
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Fig. 5: Cyclic voltammograms of control, TA and PG in PBS+BSA
buffer with scan rate of 10 mV s

We speculate that this behaviour is related to the coating
capacitance that is added in parallel to the capacitance of the
native oxide on the nitinol surface. From Tables 1, 2 and 3
we see that the sum of the two capacitances of the TA and
PG samples are much higher that of the control sample,
implying a higher charge transfer resistance when field is
applied and charges are forced to move through the
interfaces. It should be mentioned again that the CPEs
reflect the apparent capacitances, as the exponent values are
in general higher than 0.8 [40, 41]. Moreover, the solution
resistance, R,, increases from the control<TA<PG, a fact that
also contributes to the overall resistance during the CV
experiments.

In all considered surfaces for this study, proteins tend to
accumulate differently at interfacial regions. This occurrence
can be an advantage or a disadvantage depending on the
application of the biomaterial. On one hand, for bone
anchored implants, such as dental implants or artificial hip
joints, the clinical goal is to obtain a long term secure
anchoring of the implant. Achieving this function with the
shortest possible healing-time is of relevance and can be
favoured with a guided protein adsorption resulting in a
beneficial induction of bone formation. On the other side,
the engineering of blood-compatible materials, e.g. artificial
blood vessels or heart valves, has the main goal of
suppressing blood coagulation on antifouling surfaces.
Understanding and controlling the surface characteristics of
these surfaces will also be crucial for controlling protein
adsorption [42, 43].
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4. Conclusion

In this study, we investigated the BSA adsorption on
phenolic-coated nickel-titanium for probable application on
implantable biomaterials. It was found that

¢ The native nitinol surface (control sample) shows
very good antifouling behaviour when the material
is under equilibrium conditions. Under an
externally applied field, the control sample shows
the lowest blocking behaviour most probably due
to the missing blocking ability of the phenolic
coating, i.e. it misses a capacitance due to the
coating.

¢ TA coating on nickel-titanium shows the lowest
affinity towards the BSA absorption. Whilst the PG
shows the highest affinity and a thicker protein
film formation is suggested, that led to higher
electrochemical activity and Ni ion release into the
PBS+BSA solution after 28 days of immersion.

¢ It should be noted that in all cases, the quantity of
nickel ions eluted out of the medium was low and
fell within an acceptable range of biocompatibility,
which is defined for human serum (0.1 — 1.3 pg L’

", blood (0.6 — 1.8 pg L™), and urine (0.5 — 6.0 pg
L") of healthy adults.

In conclusion, coating TA on nitinol appears to be

desirable for  biomaterial applications whereas
biocompatibility is enhanced by protein adsorption, while
PG coating may lead to side effects especially on patients
with nickel hypersensitivity.
It is also worth noting the importance of this study in
biomaterials assessment for biocompatibility, as well as
biosensing with the use of powerful -electrochemical
techniques, which can elucidate the interaction of proteins
with inorganic surfaces.
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