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Abstract: The goal of this research was to find the best conditions to prepare titanium dioxide
nanotubes (TNTs) modified with gold nanoparticles (AuNPs). This paper, for the first time, reports
on the influence of the parameters of cyclic voltammetry process (CV) -based AuNP deposition,
i.e., the number of cycles and the concentration of gold salt solution, on corrosion resistance and
the capacitance of TNTs. Another innovation was to fabricate AuNPs with well-formed spherical
geometry and uniform distribution on TNTs. The AuNPs/TNTs were characterized using scanning
electron microscopy, X-ray photoelectron spectroscopy, electrochemical impedance spectroscopy,
and open-circuit potential measurement. From the obtained results, the correlation between the
deposition process parameters, the AuNP diameters, and the electrical conductivity of the TNTs
was found in a range from 14.3 + 1.8 to 182.3 + 51.7 nm. The size and amount of the AuNPs could
be controlled by the number of deposition cycles and the concentration of the gold salt solution.
The modification of TNTs using AuNPs facilitated electron transfer, increased the corrosion resistance,
and caused better adsorption properties for bovine serum albumin.

Keywords: titanium dioxide nanotubes; gold nanoparticles; deposition process; cyclic voltammetry;
electrochemical characteristics; protein adsorption

1. Introduction

In recent decades, electrochemical biosensors have been an active research field, attracting
considerable attention as potential successors to a wide range of analytical techniques with rapid
response and high selectivity [1,2]. Titanium dioxide nanotube arrays have demonstrated a number
of important applications, including biosensors for the detection of interleukin-6 [3] or glucose [4].
Titanium dioxide nanotube (TNT) structures can be produced through the anodization of titanium foil [5].
In addition, a recent study by the authors has shown that titanium dioxide nanotube arrays with large
surface areas, easy and inexpensive preparation, and chemical and thermal stability arepromising for
the immobilization of biomolecules, such as horseradish peroxidase for electrochemical biosensors [2].

The electric conductive and adsorption properties of TNT arrays depend on many factors,
e.g., the morphology of the nanotubes (diameter, height) and the modification process. Protein adsorption
has been demonstrated for nanotubes with a diameter ranging from 20 nm to 70 nm [6]. The electrical
conductivity of TNT arrays can be significantly improved by introducing metal nanoparticles to the
surface to facilitate electron transfer [1,7-9]. Recently, much attention has been paid to using gold
nanoparticles (AuNPs) in biosensor construction. Among the advantages of AuNPs are fast and simple

Biosensors 2019, 9, 138; d0i:10.3390/bios9040138 www.mdpi.com/journal/biosensors


http://www.mdpi.com/journal/biosensors
http://www.mdpi.com
https://orcid.org/0000-0002-7815-4988
http://dx.doi.org/10.3390/bios9040138
http://www.mdpi.com/journal/biosensors
https://www.mdpi.com/2079-6374/9/4/138?type=check_update&version=2

Biosensors 2019, 9, 138 2of 16

methods of synthesis, low costs of production, the ease of binding with proteins in reaction to a thiol
group (-SH), and increased electron transfer between the electrode surface and the analyte [8,9].

Several strategies, such as sputtering, photo reduction, soaking at high temperatures,
and electrodeposition methods, have been applied to the deposition of gold nanoparticles on TNTs.
Sputtering technology can result in the homogeneous dispersion of AuNPs and leads to the production
of a thin layer of nonspherical nanoparticles [10,11]. Photo reduction is a multistage and long-lasting
technique [12]. The soaking at high temperature and direct adsorption includes long-lasting processes
depending on the size and number of the AuNPs [13-15]. These methods depend on many factors that
influence the reproducibility of the nanoparticle deposition process. Additionally, AuNP deposition on
TNT surfaces through one of the described methods can easily aggregate and have a large diameter.
Electrodeposition is one of the easiest techniques for gold nanoparticle synthesis. These methods are
characterized by convenient control mechanisms to obtain a homogeneous surface. In this process, Au**
ions from a tetrachloroauric acid (HAuCly) precursor can be reduced to metallic Au and subsequently
deposited onto the nanotube surface. The galvanostatic method results in the formation of nanoparticles
with a wide-ranging diameter [16,17]. In the case of modification of the TNT arrays with gold
nanoparticles during the anodizing process, there is no linear relationship between the increase in
concentration of the solution and the amount of gold impregnated on TNTs. It is important to point out
that the anodization must be under strictly defined conditions to avoid precipitation of the nanoparticles
during TNT array growth [18]. In the chronoamperometric method, gold nanoparticles are not uniformly
deposited on the TNT surfaces and can easily form agglomerates [19]. Due to its simplicity and its
convenient control mechanisms in obtaining a homogeneous surface, the cyclic volt amperometric
deposition method can be applied. However, in the case of the voltammetric method, there is no clear
indication of the effect of the number of cycles on the size and number of the deposited nanoparticles.
According to Lianghsen et al. [20], an increase in the number of cycles causes only an increase in the
number of nanoparticles; on the other hand, according to Babu et al. [21], this also results in an increase
in the diameter of the nanoparticles.

Previously developed biosensors based on AuNPs/TNTs have shown improvement in limit of
detection (LODs), e.g., bisphenol A [20] and aflatoxin B1 [22]. Improvements in the LOD can be
obtained after the formation of AuNPs with a well-formed spherical geometry and uniform distribution
onto TNTs. In the literature, neither the influence of formation conditions of AuNPs through cyclic
voltammetry (the number of CV cycles and the concentration of the gold salt solution) nor the effect of
the concentration and size of gold nanoparticles on the capacitance of TNT layers has been reported.
In this paper, AuNPs loaded onto TNT arrays prepared using the cyclic voltammetry method with a
different number of cycles of deposition and different concentrations of gold salt solutions are described.
The aim of our research was to compare the impact of the deposition process parameters and the
number of deposited cycles of gold (8-80) on the AuNPs’ diameter and agglomerate formation as
well as the electrical conductivity of the developed platforms. The effects of the loading of AuNPs
on surface morphology, electrical properties, and corrosion resistance were explored. To confirm the
possibility of using AuNP-modified TNTs as sensing platforms for the label-free evaluation of protein
adsorption, a series of experiments was carried out.

2. Experimental

2.1. Chemicals and Reagents

Titanium foil (purity 99.7%) 0.25 mm thickness, ethylene glycol (assay 99.8%), ammonium fluoride
NH4F, bovine serum albumin (BSA, purity >98%), phosphate buffered saline (0.01 M PBS, 0.0027 M
potassium chloride, and 0.137 M sodium chloride, pH 7.4), and gold (III) chloride hydrate HAuCly-3H,O
(assay 99.995%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as supplied.
All of the chemicals were of analytical grade and used without further purification. Electrochemical
experiments were carried out at room temperature.
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2.2. Preparation and Thermal Modification of T/TNT Arrays

Titanium dioxide nanotubes were prepared by electrochemical anodization of titanium foil in
ethylene glycol solution and ammonium fluoride additive [3]. Titanium sheets were cut into 5 mm
(width) x 15 mm (height) x 0.25 mm (thickness) and then sonicated in acetone, distilled water and
dried under nitrogen. Anodization was performed in ethylene glycol electrolyte (85 wt%) containing
ammonium fluoride (0.65 wt%) under potentiostatic conditions at 17 V (Autolab PGSTAT302N
Metrohm Herisau, Switzerland) for 3750 s at room temperature. This process was carried out using
a two-electrode system with a platinum sheet as a counter electrode and titanium foil as a working
electrode, with the anodization surface of 5 mm X 5 mm X 0.25 mm. TNT layers were annealed in the
AMP furnace (AMP, Zielona Gora, Poland) under argon atmosphere at 450 °C for 2 h with the heating

and cooling rate of 6 °C-min~!.

2.3. The Electrodeposition of Gold Nanoparticles on Titanium Dioxide Nanotube Arrays

Electrodeposition was performed in a standard three-electrode system with TNTs as the working
electrode (5 mm X 5 mm X 0.25 mm), the standard silver/silver chloride electrode (Eag/agc1 = 0.222 V) as
a reference electrode, and a platinum sheet counter electrode, with the use of cyclic voltammetry scan
from —1.25 V to —0.7 V (versus Ag/AgCl) with a scan rate of 0.05 V/s in a 3 mL of 0.01 M PBS (pH 7.4)
containing tetrachloroauric acid. The process was carried out for different number of cycles (8, 20, 40,
60, 80) in 0.1 mM solution of HAuCly and next for 8, 20, and 40 cycles in different concentration of
HAuCly—1 mM, 5 mM, and 10 mM. After deposition, samples were washed with distilled water and
dried under nitrogen atmosphere.

2.4. Deposition of Bovine Serum Albumin onto AuNPS/TNTs

Bovine serum albumin was dissolved in 0.01 M PBS (pH 7.4) at a concentration of 1 mg/mL.
5 uL of BSA solution was deposited on the surfaces of the TNTs without and with gold nanoparticles
for 30 min at 40 °C. The efficiency of BSA immobilization on the TNT arrays and the AuNPs/TNT
arrays was analyzed using relative change in the values of electrochemical parameters, expressed in
percentage form.

2.5. Surface Characterization and Electrochemical Measurements

Scanning electron microscopy (FESEM, JEOL JSM-7600F, Tokyo, Japan) and energy-dispersive
X-ray spectroscopy (EDS, INCA, Oxford Instruments, Oxford, UK) were used to investigate surface
morphology and chemical composition.

XPS analyses were carried out in a PHI Versa Probe II Scanning XPS system using monochromatic
Al Ko (1486.6 eV) X-rays focused to a 100 um spot and scanned over the area of 400 um X 400 pm.
The photoelectron take-off angle was 45° and the pass energy in the analyzer was set to 46.95 eV.
Deconvolution of spectra was carried out using the PHI MultiPak software (v.9.9.0.8). Spectrum
background was subtracted using the Shirley method.

Open-circuit potential (OCP) measurements and electrochemical impedance spectroscopy (EIS)
scans for Ti/TNTs and AuNPs/TNTs samples were annealed in 450 °C in argon atmosphere, and after
BSA adsorption, recorded using a standard three-electrode configuration with titanium dioxide
nanotubes before and after modification by gold nanoparticles. OCP measurements were carried out
at room temperature (25 + 2 °C) for 1800 s. EIS spectra were performed over a frequency range from
0.1 to 10° Hz with the signal amplitude of 0.01 V. All measurements (OCP, EIS) were recorded in PBS
solution (0.01 M, 20 mL, pH 7.4).

All the measurements were repeated three times (for three samples, n = 3). The results of
electrochemical studies in the Bode and Nyquist representation show the curves for measuring the
closest to the average value of the three samples. In order to select the equivalent circuit the Nova 2.1.4
software was used.
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The values of standard deviation (SD) and relative standard deviation (RSD, presented in
Appendix A—Tables Al and A2) for electrochemical parameter measurements (OCP, EIS) were calculated,
and equations shown in (1), (2) below were used, where Xi stands for each of the values of the data for
three samples, X for the mean of Xi, and n for the number of data points. For the calculation of the SD
values for gold nanoparticles diameter, the number of analyzed nanoparticle measurements was 500.

n : 2
L (Xi-X)
D — i=1 1
S — -1 @
SD
RSD = = )

All tests were carried out with the use of Autolab (Metrohm) PGSTAT 302N potentiostat/galvanostat.

3. Results and Discussion

For the purpose of this study, the electrochemical parameters of titanium dioxide nanotubes with
a diameter of 50 + 5 nm and height of 1000 + 100 nm, annealed at 450 °C in argon atmosphere for 2 h
before and after deposition of gold nanoparticles using cyclic voltammetry (potential from —1.25V to
—0.7 V) [20] for different number of cycles (8, 20, 40, 60, 80) in 0.1 mM HAuCl; were examined. Further
analysis compared the titanium dioxide nanotube electrochemical properties in terms of selected
number of cycles (8, 20, 40) and different concentration of HAuCl, (0.1 mM, 1 mM, 5 mM, 10 mM).
The analysis included comparison of the gold nanoparticles with similar diameter but deposited at
different number of cycles and different concentrations of tetrachloroauric acid solution. To confirm
the possibility of using this platform as a biosensor, BSA protein detection was carried out.

3.1. Characterization of TNTs before and after AuNPs Deposition-Influence of the Number of Cycles

Figure 1a shows SEM micrographs of the surface and cross-section of TNT arrays prepared
by anodic oxidation at 17 V in NHF/ethylene glycol/H,O electrolyte solutions, annealed in argon
according toa process described in Section 2.1. The TNT arrays with diameter of 50+5 nm and height
of 1000 + 100 nm had smooth walls without any perforation and were uniformly arranged on the
titanium foil. No damage on the TNT layers after annealing at 450°C for 2 h was observed. Thermal
modification at 450°C in argon atmosphere for 2 h TNTs enables changing of TiO, from amorphous
form (originally present in nanotubes) into crystalline form of rutile and/or anatase [23,24]. The most
important advantage of annealing is formation of oxygen vacancies, resulting in the improvement of
nanotubes conductivity and thus, facilitating the transfer of electrons attributed to the conversion of
Ti** to Ti** [25,26]. It was suggested that thermal modification of Ti/TNTs carried out at 450 °C results
in the predominance of anatase in their structure [2], which has a higher affinity to biomolecules.

Figure 1b—f shows the SEM images of morphology of Ti/TNTs after deposition of gold nanoparticles.
The samples were denoted correspondingly as xAuNPs/TNTs, where x is number of cycles of the
deposition process, and x = 8, 20, 40, 60, 80. An [AuCly]™ electrolyte solution can be ionized as seen in
Equation (3). Au®* near the titanium dioxide nanotube arrays can receive electrons and be reduced to
Au, according to the Equation (4) [19]:

[AuCly]” = Au®* +4C1~ (3)

AU’ +3e” = Au (4)

Mass transfer in solution occurs by diffusion, migration, and convection, whereas the diffusion and
migration result from gradient and electrochemical potential difference respectively, and convection
results from an imbalance of forces on the solution. Decrease of Au®* concentrations around the TNTs
causes the occurrence of the concentration gradient between the bulk solution and the TNTs. Therefore,
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Au’" jons move towards the polarized TNTs surface. As a consequence, more reduced Au crystals are
formed on the surface of TNT arrays [19].

The AuNPs are homogeneously distributed on the surface of the TNT arrays. Due to higher
current densities, nucleation mostly takes place at the boundaries between titanium dioxide nanotubes
(Figure 1b—f)—places of the nanotubes contact [19,27]. Countless boundaries (Figure 1a) provided
many points of Au nanoparticles nucleation. The homogeneity of TNT arrays provides a homogeneous
environment for nucleation of Au nanoparticles [27]. As can be seen in the Figure 1lef, the possibility
of nanoparticles aggregation increases with the increase of the number of cycles.

To enhance the electrochemical responses, the size of nanoparticles should be small and
homogeneously dispersed on TNT arrays.

b) BAUNPs/TNTs ¢) 20AuNPs/TNTs
0.1m 0.1 mM HAuCl4

d) 40AuNPs/TNTs e) 60AuNPs/TNTs f) 80AUNPs/TNTs
0.1 mM HAuCIl4 0.1 mM HAuCl4 0.1 mM HAuCl4

Figure 1. SEM images of TNTs (a) after thermal modification anddeposition of AuNPs using CV
method carried out in 0.1 mM HAuCly for (b) 8 cycles with cross section, (c) 20, (d) 40, (e) 60, and (f)
80 cycles.

Table 1 shows Au components on the surface through EDS analysis in three different places
(mean value with SD). Due to low content of gold nanoparticles on the Ti/TNTs surface for the deposition
process carried out for 8 and 20 cycles the resulting value of EDS were affected by high measurement
error; therefore, it has not been included in Table 1. The result revealed that the loading amount of
Au gradually increases with the increase of the number of deposition cycles from 1.42 + 0.21 wt%
for 40 cycles to 3.59 + 0.18 wt% for 80 cycles. This result is consistent with the results described
by Lianghsen et al. [20]. Additionally, the increase in the number the deposition cycles causes the
increase of the diameter of deposited gold nanoparticles from 14.3 + 1.8 nm for 8 cycles to 28.7 + 5.2 nm
for 80 cycles, similarly to Babu et al. [21]. A linear growth (R? = 0.998) between the number of CV
cycles and diameter of gold nanoparticles deposited on the TNT arrays (Figure 2) may be observed.
However, increase of the number of cycles causes high deviation of gold nanoparticles diameter—a
higher value of SD. According to Mahmud et al. [28], AuNPs deposition on annealed TNTs surface
compared to non-annealed TNTs surface promotes agglomeration around the pore of the titanium
dioxide nanotubes with a rather poor size distribution.
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Table 1 shows the open-circuit potential average values for annealed TNTs samples before and
after Au nanoparticles deposition process. After the AuNPs deposition, OCP of the samples is further
enhanced compared to non-modified TNT arrays. Au nanoparticles deposited during eight cycles of
cyclic voltammetry, indicating the lowest content of gold (based on EDS analysis), caused no change in
the OCP value compared to TNTs. AuNPs deposition carried out for 20-80 cycles causes the general
trend for the OCP values to increase. It can be explained by two factors, i.e., the homogeneous AuNPs
distribution on the surface of the TNT arrays and the inherent inertness of gold [19]. For AuNPs/TNTs,
deposition in cyclic voltammetry process carried out for 20-80 cycles, a positive charge of the surface
was observed. The negatively charged protein molecules are easily attracted to the positively-charged
matrix, which might be used in construction of the biosensing platforms.

40

35

30 y = 0.198x + 12.54 ]
R?=0.998

Diameter of Au nanoparticles
[nm]
N
o

0 8 20 40 60 80
Cycles of deposition process

Figure 2. The average values of AuNPs diameter with SD formed and deposited onto TNT susing CV
method carried out in 0.1 mM HAuCly for different number of cycles.

Table 1. The average values of OCP, diameter of AuNPs and EDS results (n = 3) with SD measured for
thermally modified TNT arrays before and after deposition of AuNPs using CV method carried out in
0.1 mM HAuCly for different number of cycles (8, 20, 40, 60, 80).

TNTs 8AuNPs/TNTs 20AuNPs/TNTs 40AuNPs/TNTs 60AuNPs/TNTs 80AuNPs/TNTs
Au [wt%] - - - 143 +0.21 235+ 0.31 3.59 +0.18
A“NP[snf:]‘meter 143+18 16.6 + 2.4 203 £ 2.9 242 +44 28.7 +52
OCP [mV]
versus Agiagl 7 %72 48+ 42 20 +13.5 25+ 8.6 40+85 49+08

The Nyquist diagrams (Figure 3a) determined for the titanium dioxide nanotube layers before and
after the deposition of nanoparticles present fragments of wide, incomplete semicircles characteristic
of thin oxide layers [29]. The values recorded in the lowest frequency (0.1 Hz) presented in Table A1
and Figure 3, show that the electrochemical parameters depend on the diameter of Au nanoparticles.
Due to good electrical conductivity of the AuNPs, the impedance modulus of TNTs decreases. For 60
and 80 cycles, the impedance modulus value slightly increases. This may result from the formation
of agglomerates on the TNTs surface (nanoparticles with a diameter in the range from 24.2 + 4.4 nm
to 28.7 £ 5.2 nm). As presented in Figure le,f, many of the nanoparticles are deposited on the inner
surface of the titanium dioxide nanotubes, which causes their partial blockage. In addition, the ratio of
the gold nanoparticle surface area to their volume is reduced, thus their electrochemical responses
deteriorate. It can be noticed that the real impedance (ReZ) value of the xAuNPs/TNTs decreases
when compared to non-modified TNT layers. However, this value increases with the increase of the
gold nanoparticle diameters. The lowest impedance value 4066 + 94 () and imaginary impedance
4051 + 97 () was noted for nanoparticles with a diameter of 20.3 + 2.9 nm (40AuNPs/TNTs). These
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samples have the lowest value of SD and RSD for each of the determined electrochemical parameters.
The phase angle values presented in Bode plots (Figure 3b, Table A1) recorded in the lowest frequency
(0.1 Hz) are related to the heterogeneity of the sample surface. The lowest heterogeneity value of the
phase angle (86.7 + 0.2°) was observed for the BAuNPs/TNT layers with the smallest gold nanoparticles
(9:14.3 £ 1.8 nm). Heterogeneity of the analyzed structures increases with the increase of the gold
nanoparticle diameters from 14.3 + 1.8 nm for 8AuNPs/TNTs, to 28.7 + 5.2 nm for 80AuNPs/TNTs.

a) . . b) 100
5000 . 90
30 —N
[ 80
s i 0 70 - —TNTs
%60 ——B8AUNPS/TNTs
€ 3000 o ~ — 20AUNPSTNTs
N i e §so | B 40AUNPS/TNT:
E 8 u s
= ==8AUNPs/TNTs S40 GOAUNPSTNT:
2000 o
==20AuNPs/TNTs 20 ——80AUNPS/TNTs
+++«40AuUNPs/TNTs 20
1000 [
60AUNPs/TNTs -
—80AUNPs/TNTs
0 0 ;
0 1000 2000 0.1 10 1000 100000
ReZ [OQ] Frequency [Hz]

Figure 3. (a) Nyquist and (b) Bode plots for annealed TNT arrays before and after modification with
AuNPs (n = 3) for different number of cycles.

The equivalent circuit allows for good agreement between experimental data and simulated
impedance plots for comparative estimation of specific components of the studied surfaces.

The equivalent circuit which corresponds to both the TNT arrays/electrolyte interface and
AuNPs/TNTs/electrolyte interface are shown in Figure 4, where Rs stands for resistance between
sample and solution, parallel combination R1Q1 represents resistance and constant phase element with
the capacitance C1 of the porous TiO,, combination R2Q2 determining titanium dioxide nanotubes
layer, bare and modified with AuNPs. Due to the TNTs and AuNPs/TNTs surface heterogeneities,
a constant phase element Q is used to build a model [6,30,31].

The capacitance values (C1, C2) were calculated according to the equation:

B RQ1/2

R2

o]

Q2

Figure 4. Equivalent circuit used to model the impedance spectra of the TNTs and AuNPs/TNTs.
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The electrical parameters obtained by fitting equivalent circuits to the measured data are shown
in Table 2. For all electrodes modified by an AuNPs deposition, there is a decrease in charge transfer
resistance values when compared with bare TNT, confirming easier electron transfer and presence
of deposited gold. The time constant (T) calculated for R2C2 increase with the increased number of
deposition cycles, and reaches the maximum value for 60AuNPs/TNTs. The T increase is accompanied
by increasing number of gold nanoparticles providing pathways for the electrons. The significant
change of time constant recorder for 60AuNPs/TNTs and its further decreasing for 80 AuNPs/TNTs
indicates more unstable deposition process, i.e., agglomerates formation. Moreover, deposition of
AuNPs on TNTs results in the decrease of the Rs, while the biggest change was observed for TNT/AuNPs
free of agglomerates, i.e., SAuNPs/TNTs, 20AuNPs/TNTs, 40AuNPs/TNTs.

Table 2. Value of circuit equivalent elements for TNTs and AuNPs/TNT arrays.

P]::ill'zcrnh::::s TNTs  8AuNPs/TNTs 20AuNPs/TNTs 40AuNPs/TNTs 60AuNPs/TNTs 80AuNPs/TNTs
Rs [Q] 26.4 10.5 9.91 8.59 11.28 10.74
RIx10°[Q] 5.0 4.90 473 455 495 478
C1x103[F] 167 2.16 2.39 2.66 3.46 2.77
N1 0.98 0.99 0.98 0.98 0.98 0.98
R2x10°[Q] 4610 38.40 35.01 33.70 40.24 37.80
C2x1074[F] 359 463 445 472 5.82 423
N2 0.94 0.95 0.97 0.98 0.95 0.93
T=R2C2[s] 1655 17.78 15.58 15.91 2342 15.99
X2 0.0089 0.0079 0.0086 0.0069 0.0055 0.0066

As shown in Tables 1, 2 and Al the lowest value of |Z| was observed for gold nanoparticles
deposition in 40 cycles, the lowest RSD for 8, 20, and 40 cycles, OCP close to 0 for 20, and 40 cycles,
and minimal values of T providing the best electron transfer for 8, 20, and 40 cycles. That is why for
further analysis, including impact assessment of the concentration of tetrachloroauric acid solution on
the capacitance and adsorption properties of TNT arrays, the samples SAuNPs/TNTs, 20AuNPs/TNTs,
40AuNPs/TNTs were selected.

3.2. Characterization of TNTs after AuNPs Deposition—Influence of Various Concentrations of Gold
Salt Solutions

Figure 5a—i shows the results of the microscopic analysis of TNTs surface after the AuNPs
deposition process carried out at potential ranging from —1.25 V to —0.7 V and for the selected (in the
Section 3.1) number of cycles (8, 20, 40). The cyclic volt amperometry process was carried out in different
concentrations of HAuCly solution (1 mM, 5 mM, 10 mM). The samples were denoted correspondingly
as xAuNPs/TNTs, where x = 8, 20, 40 is the number of deposition process cycles.

As can be seen in the microphotographs, the Au nanoparticles were spherical and highly dispersed
both outside and inside the surface of TNTs, especially on the top of the nanotubes. Due to high current
densities, nucleation mostly takes place at the boundaries between the titanium dioxide nanotubes,
which is consistent with the results obtained by Bai et al. [19] and Yang et al. [27]. The amount of
AuNPs loaded on TNT arrays surface increased with the increase of the gold salt solution concentration.
However, gold nanoparticles deposited in higher concentration of HAuCly (5 mM, 10 mM) led
to production of the nanoparticles with the diameter exceeding the diameter of titanium dioxide
nanotubes and formation of many agglomerates (Figure 5d—i). According to Mahmud et al. [28],
AuNPs deposition on the annealed TNT arrays compared to non-annealed TNT arrays promotes
formation of agglomerates around the pore of the titanium dioxide nanotubes. This is due to the
removal of residual ions by thermal modification process, which is unfavorable for dispersion of
AuNPs and causes its agglomeration [28]. Additionally, the advantage of using solutions with lower
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concentration (0.1 mM) is that there is no need of using stabilizers such as polyvinylpyrrolidone [32],
which prevents formation of agglomerates. Thus, in order to obtain well-spherical geometry AuNPs
with small diameters, it is necessary to use solutions with lower concentration of tetrachloroauric acid.

a) BAuNPsITNTs 1TmMm HAuCI4 b) 20AUNPs/TNTs 1 mM HAuCIl4 c¢) 40AuNPs/TNTs 1 mM HAuCl4

Figure 5. SEM images of annealed TNT arrays after deposition of AuNPs using CV method carried out
for different number of cycles 8, 20, 40 (in columns) and in different concentration of HAuCly solution:
(a—c) 1 mM, (d—£f) 5 mM, (g—i) 10 mM (in line).

According to Figure 6, linear growth may be observed between the number of CV cycles and the
diameter of gold nanoparticles deposited on the TNT arrays in the lower concentration of gold salt
solutions: 0.1 mM (R? = 1), 1 mM (R? = 0.987). For higher concentrations of HAuCly, i.e., 5 mM and
10 mM, the diameter of AuNPs decreases logarithmically indicating less stable deposition process.
Table 3 shows the Au components of the surface through EDS analysis in three different places (average
value with standard deviation). The results show that the loading amount of Au gradually increases as
the concentration of gold salt solution increases, which was confirmed by Babu et al. [21]. According
to Bai et al. [19], TNT arrays modified with gold nanoparticles provide biocompatible environment
favorable for cell attachment, which have a typically elongated morphology with an equal amount of
gold of about 4 wt%. Deposition of gold nanoparticles in tetrachloroauric acid solution with various
concentrations causes the increase of the nanoparticles diameter (Table 3). Thus, the obtained results
confirmed that it is possible to control and modify the nanoparticle diameters and the deposited gold
amount by varying the concentration of electrolyte and deposition cycles. As the concentration of
gold salt solution increases, the possibility of nanoparticles aggregation and its heterogeneity (higher
value of SD) increases as well. This reduces the ratio of surface area to the volume of the obtained
gold nanoparticles.

Table 3 shows the average OCP values for the samples after gold nanoparticles deposition
process using cyclic volt amperometry. Just as increasing the number of cycles, the increase of the
tetrachloroauric acid concentration also increases the value of open circuit potential to higher positive
values. The obtained results are similar to the ones described in the literature. Bai et al. [19] analyzed
TNT arrays after the AuNPs deposition with the use of chronoamperometry method for various time
of process. The increase of the amount of the deposited gold causes the increase of the titanium dioxide
nanotubes corrosion resistance. High value of open circuit potential was observed for the samples
modified with the gold nanoparticles deposited in the solutions of higher concentration (10 mM for
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20AuNPs/TNTs and 40AuNPs/TNTs). Electrostatic attraction of oppositely charged protein residues
and the electrode surface facilitates the immobilization of the protein in an electro active orientation,
further facilitating direct electron transfer between a redox center and the electrode. The application of
a potential difference on the electrode can affect the behavior of the proteins on the surface and even its
denaturation. For that reason, the electrode potential should be close to zero.

0. 1mMR2=1
#1mM R2=0.987
E200 R - 0684 182.3
= esmd ' ‘152.4
8150 ©10mM R?=0.880
Q
g
S 99.4
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Figure 6. The average values of AuNPs diameters deposited in HAuCly solution of concentration of
0.1 mM, 1 mM, 5 mM, and 10 mM in different number of cycles (8, 20, and 40). Bars represented a
standard deviation, RZ—correlation coefficient.

Table 3. The average values of EDS analysis, diameter of gold nanoparticles and OCP (n = 3) with SD
measured for annealed TNT arrays after deposition of AuNPs using CV method carried out in 0.1 mM,
1 mM, 5 mM, and 10 mM HAuCly for different number of cycles (8, 20, 40).

Concentration of HAuCl;  8AuNPs/TNTs 20AuNPs/TNTs 40AuNPs/TNTs

0.1 mM - - 143 + 021
Au [wi%] 1mM 1.69 = 0.16 3.17 +0.28 4.06 + 1.00
5mM 16.57 + 6.16 36.37 + 1.44 4258 + 191
10 mM 49.93 + 4.61 78.75 + 1.18 91.98 + 2.87
0.1 mM 143+18 16.6 + 2.4 203429
. 1mM 18.6 + 3.5 20.8 + 3.4 26.6+ 4.8
AuNPs diameter [nm] 5mM 69.9 +21.52 70.4 +27.02 99.4 + 42,42
10 mM 89.3 +27.42 1524 +41.42 1823 +51.72
0.1 mM 48+ 42 20 + 135 25+ 8.6
OCP [mV] 1 mM 25+75 28 +323 51426
versus Ag/AgCl 5mM 28 +8.1 42 £15.2 93+1.6
10 mM 55+ 2.6 90 + 0.8 110 £ 10.8

2—platform with agglomerates.

The electrical parameters obtained by fitting equivalent circuits are shown in Table 4. The T
calculated for the lower concentration of HAuCly (0.1 mM, 1 mM) is characterized by minimum value,
providing good electron transfer and repeatability of deposition process. Increasing the concentration
of HAuCly results in agglomeration formation and less stability of deposition process confirming
the higher value of T. For all electrodes modified by AuNPs deposition, the Rs increased with the
increase of concentration of the gold salt solution. Among the analyzed samples, the 40AuNPs/TNTs
deposition in 0.1 mM of gold salt solution is characterized by the lowest Rs, confirming the best
electrical conductivity of this sample.
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Table 4. Values of circuit equivalent elements for TNTs before and after gold nanoparticles deposition
carried out in different concentration of gold salt solutions (0.1 mM, 1 mM, 5 mM, and 10 mM) and for

8,20, and 40 cycles.
R1 x 103 C1x10-3 R2 x 10° C2 x 104 T=R2C2
Rs [Q N1 N2 X2
sI0] 1] [F] 1] [F] [s]
8 cycles
01mM 1050 490 2.16 0.99 38.40 446 0.95 17.78 0.0079
1mM 11.41 5.93 1.69 0.98 43.41 3.99 0.95 17.32 0.0071
5 mM 12.52 6.02 1.19 0.98 48.42 2.83 0.96 13.70 0.0064
10 mM 2143 18.91 0.274 0.96 54.46 3.71 0.96 20.20 0.0079
20 cycles
0.1 mM 991 473 2.39 0.98 35.01 445 0.97 15.57 0.0086
1mM 14.5 5.63 2.20 0.96 36.01 4.60 0.95 16.56 0.0051
5mM 21.35 20.83 3.75 0.82 63.11 5.56 0.94 35.09 0.0068
10 mM 22.89 20.91 6.21 0.78 54.31 5.84 0.94 31.72 0.0081
40 cycles
0.1 mM 8.59 455 2.66 0.98 33.70 4.72 0.98 15.91 0.0069
1mM 13.45 5.12 2.08 0.98 39.91 4.14 0.98 16.52 0.0065
5mM 21.98 20.13 0.41 0.96 48.41 2.33 0.96 11.28 0.0051
10 mM 23.6 20.81 0.78 0.76 24.83 9.24 0.93 22.94 0.0083

Performing a cyclic voltammetry process, in which 0.1 mM solution of tetrachloroauric acid was
used as the precursor, leads to the production of small diameter gold nanoparticles and prevents
the formation of agglomerates. The homogeneity of the AuNPs/TNTs results in higher repeatability
expressed by the lowest values of the relative standard deviations for deposition carried out in 0.1 mM
HAuCly (Tables Al and A2). From these samples, 40AuNPs/TNTs is characterized by the lowest Rs
and one of the easiest charge transfers (Table 4). This sample is characterized by positive stationary
potential (25 + 8.6 mV) with the value close to 0 V (Table 3), which does not deactivate and promotes
protein adsorption [29]. Therefore, for further analysis including XPS and the deposition of biological
elements i.e., bovine serum albumin, TNT arrays were chosen deposition of gold nanoparticles by
cyclic voltammetry method carried out for 40 cycles in 0.1 mM HAuCly.

The results of the XPS analysis of the TNTs before and after modification with gold nanoparticles
(40 cycles, 0.1 mM HAuCly) are shown in Figure 7. TiO, and Ti,O3 were found on the surface of the
nanotube layers. The standard binding energy of Ti 2p3/2 in TiO, for Ti** is usually located at 457.7 eV
and for Ti** is at 459.5 eV [33,34]. The O 1s binding energy for TiO, is 529.3 eV [34]. The analysis of the
XPS depth profile of TNTs and 40AulNPs/TNTs indicates higher amount of oxygen absorbed inside of
the oxide film rather than on its surface. Thermal modification of TNTs results in the occurrence of the
lack of oxygen on the surface, which proves its deficiency, the presence of oxygen vacancies and results
in improved TNTs electrical conductivity [25]. For 40AuNPs/TNTs, the main 4f7/2 line is shifted to
lower binding energy (83.2 eV), which was found to occur in case of nanoparticles of gold with well
spherical geometry [35]. This shift is caused by the initial state effects where spherical NPs have larger
fraction of uncoordinated surface atoms reducing their binding energies relative to nanoparticles with
large diameter [35].
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Figure 7. Chemical composition of the annealed TNTs (diameter 50 + 5 nm, 1000 + 100 nm thickness)
before and after gold nanoparticles deposition measured with XPS: (a) Ti 2p spectra, (b) O 1s spectra
(c) Au spectra.

3.3. Evaluation of Experimental Conditions for BSA Protein Adsorption on the TNT and 40AuNPs Arrays

Figure 8 shows the results of the electrochemical analysis in Nyquist representation for thermal
modification of the TNTs and the AuNPs/TNTs before and after serum bovine albumin immobilization.
The immobilization procedure was executed in accordance with Kopac et al. [36], in which BSA
deposition was carried out on a double-walled, carbon nanotube (DWCNT) system. For this study,
the optimum experimental conditions were observed to be at 40 °C due to the highest value of adsorption
efficiency (72%) compared to other temperatures: 25 °C (27%), 30 °C (32%), 37 °C (53%). This showed
that the adsorbate onto DWCNT increased with increasing temperature, which, according to [36], can
be attributed to the availability of more adsorption sites and increase in the sorptive surface area.

The values of electrochemical parameters presented in Figure 8 obtained for the 40AulNPs/TNTs and
the TNT layers before and after the deposition of BSA show that the highest increase in impedance modulus
recorded in the lowest frequency (0.1 Hz) by 1247 () (28%) was observed for samples modified with gold
nanoparticles, while for non-modified titanium dioxide nanotubes, the increase was only 843 () (14%).

] 59%
= phase angle
m-ImZ
=1zl
= ReZ

50%

40%

30%

23%

0,
e 13% 14%

10%

0%
TNTs 40AuUNPs/TNTs

Figure 8. The values of electrochemical parameters with the calculated percentage change in value due
to 30 min BSA deposition on TNTs and 40AuNPs/TNT arrays.
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The electrical parameters obtained by fitting equivalent circuits are shown in Table 5. The equivalent
circuit is shown in Figure 4. Deposition of BSA on TNTs and 40AuNPs/TNTs arrays causes an increase
in the Rs value. The highest increase in Rs value of 16.29 () was recorded for the samples after
modification with gold nanoparticles, which confirms the increased adsorption of bovine serum
albumin for this platform. For 40AuNPs/TNTs arrays after the BSA deposition process, they are
characterized by almost double increase of the T value, which is caused by the increase of electron
transfer resistance due to the formation of a protein layer.

Table 5. Values of circuit equivalent elements for TNTs and 40AuNPs/TNTs before and after BSA deposition.

3 -3 3
Rs[] R1X10°  C1x10 N1 R2XI0% o N2 =Rz X2x 104
Q] [F] [l (o]

- Before BSA — »¢ 1 5.10 1.67 0.98 46.10 094 1655 0.0089 359
A deposition
z
a After BSA g 91 7.98 036 0.95 89.9 093 1268 0.0053 141

deposition
ol
g Before BSA 4 59 455 2.66 0.98 33.70 098 1591 00069 472
= deposition
1)
Z
z ;‘“"" BSA o485 6.95 0.51 0.89 78.72 089 3290  0.0048 418
S eposition
Al

Better adsorption of biological elements on the 40AuNPs/TNT arrays results from an increase in
the direction of positive OCP values caused by modification of gold nanoparticles. It is very important
for the adsorption of BSA, which in the PBS solution (pH 7.4) has negative charge (isoelectric point of
BSA protein —5.4). According to several articles on protein immobilization, an appropriate pH for the
termination of proteins would be around 7 to 8 [37,38]. During the formation of biological layer on the
surface, each adsorbing molecule must go through the following steps: transport toward the surface,
attachment, and another spreading on the surface. According to the electrostatic binding hypothesis,
the attraction between the negative surface residues due to the isoelectric point of BSA and the positive
charge from the surface are responsible for the strong binding of BSA to gold nanoparticles. In this
hypothesis, the protein attaches itself to the passivation layer on the gold surface, with little direct
interaction between BSA and the gold surface [38]. According to Liu [39] modification of electrode
surfaces with gold nanoparticles provides a microenvironment similar to that of proteins in native
systems, and gives the protein molecules orientation freedom. Peng et al. confirmed that the highest
titanium dioxide nanotubes promote adsorption and stability of BSA protein binding [40].

4. Conclusions

The aim of the described study was to show compare electrochemical properties of TNT arrays
before and after modification using gold nanoparticles. AuNPs/TNT platforms were produced using
cyclic voltammetry method applying different number of cycles and concentration of gold salt solutions.
Due to higher current densities, the nucleation primarily took place at the boundaries between the
titanium dioxide nanotubes [19]. Increasing the number of cycles of the deposition process and
the concentration of tetrachloroauric acid caused an increase in the diameter of the deposited gold
nanoparticles, the amount of the deposited gold, and possibility of nanoparticles aggregation.

The research showed that using spherical and high dispersion on the TNT arrays Au nanoparticles
improved the capacitance of the developed platform. Another advantage of AuNPs nanoparticles
is improvement of the corrosion resistance of TNTs [19]. The authors determined that the greatest
improvement in electrochemical parameters is obtained for nanoparticles that are deposited for 40 CV
cycles in 0.1 mM concentration of gold salt solution. Bovine serum albumin adsorption studies
confirmed that modification of the TNT arrays with gold nanoparticles promotes the adsorption of
biological elements. For samples modified with gold nanoparticles almost double increase of the T
value was observed confirming that the AuNPs improve the TNTs adsorption properties. Modification
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of the TNT surfaces with gold nanoparticles creates a microenvironment similar to that of proteins in
native systems and gives the protein molecules freedom in orientation [38]. This study also suggests
the possibility of exploring the use of gold nanoparticles to further improve sensitivity of the titanium
dioxide nanotubes in label free detection system.
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Appendix A

Table Al. Table of mean values of phase angle, impedance modulus (|Z]), real impedance (ReZ) and
imaginary impedance (-ImZ) recorded at the lowest frequency of 0.1 Hz, with SD and RSD measured
for annealed TNTs before and after the deposition of AuNPs using cyclic voltammetry carried out in
0.1 mM HAuCly for different number of cycles (8, 20, 40, 60, 80).

-Phase

1Z] [©] RSD ReZ [O)] RSD -ImZ [O)] RSD ° RSD
Angle [°]

TNTs 5608 + 608 0.09 758 + 58 0.06 5556 + 556 0.09 822+22 0.005
8AuNPs/TNTs 4576 + 576 0.05 290 + 90 0.17 4576 + 576 0.09 86.7 £ 6.7 0.002
20AuNPs/TNTs 4365 + 365 0.04 249 + 49 0.13 4331 + 331 0.04 86.2 + 6.2 0.008
40AuNPs/TNTs 4066 + 06 0.02 300 + 00 0.12 4051 + 05 0.02 85.7+57 0.006
60AuNPs/TNTs 4609 + 609 0.09 627 + 27 0.18 4591 + 591 0.09 82.0+2.0 0.007
80AuNPs/TNTs 4208 + 208 0.06 556 + 56 0.22 4315 + 315 0.06 814+14 0.006

l:I—the lowest value of RSD.

Table A2. Table of mean values of phase angle and |Z| recorded in the lowest frequency (0.1 Hz),
resistance ReZ and -ImZ with SD and RSD measured for annealed TNT arrays after deposition of
AuNPs using CV method for different number of cycles (8, 20, 40) and concentration of HAuCl, 0.1
mM, 1 mM, 5 mM, 10 mM.

1Z) 1] RSD  ReZIO] RSD  -ImZ[Q]  RSD 'Phasﬁ,f“gle RSD
8 cycles
0.1mM 4576 =210 0.05 290 + 50 0.17 4576 + 394 0.09 86.7+0.2 0.002
1mM 4874 + 135 0.03 431 £ 161 0.37 4937 £ 125 0.03 852+ 1.6 0.019
5mM 4834 + 599 0.12 1179 + 137 0.12 4683 + 591 0.13 758 £1.1 0.015
10 mM 4776 + 81 0.02 1282 + 231 0.18 4596 + 138 0.03 744 +£3.1 0.040
20 cycles
0.1mM 4365+ 158 0.04 249 + 32 0.13 4331 + 163 0.04 86.2+0.7 0.008
1mM 4549 £ 170 0.04 741 + 122 0.16 4488 + 161 0.04 80.6 +1.4 0.017
5mM 4830 + 430 0.09 1373 + 209 0.15 4632 + 428 0.09 744 +£2.2 0.030
10 mM 2995 + 444 0.15 1695 + 74 0.04 2496 + 420 0.17 553+19 0.034
40 cycles
0.1 mM 4066 + 94 0.02 300 + 36 0.12 4051 + 97 0.02 85.7+0.5 0.006
1mM 4260 + 180 0.04 485 + 47 0.10 4510 + 288 0.06 83.9+09 0.011
5mM 3859 + 158 0.04 938 + 40 0.04 3743 £ 173 0.05 759 +1.2 0.016
10 mM 2304 £ 98 0.04 1442 +105 0.07 1796 + 46 0.03 513+ 1.5 0.029

l:I—the lowest value of RSD
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