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ABSTRACT: We investigated the influence of morphology of Ni microstructures modified with Au coll - F
and Pt on their cell biocompatibility and electrocatalytic activity toward non-enzymatic glucose adhesion |/

detection. Synthesis and modification were carried out using a simple and inexpensive approach based
on the method of laser-induced deposition of metal microstructures from a solution on the surface of
various dielectrics. Morphological analysis of the fabricated materials demonstrated that the surface of
the Ni electrode has a hierarchical structure with large-scale 10 ym pores and small-scale 10 nm
irregularities. In turn, the Ni-Pt surface has large-scale cavities, small-scale pores (1—1.5 ym), and a
few tens of nanometer particles opposite to Ni-Au that reveals no obvious hierarchical structure.
These observations were supported by impedance spectroscopy confirming the hierarchy of the
surface topography of Ni and Ni-Pt structures. We tested the biocompatibility of the fabricated Ni-based electrodes with the HeLa
cells. It was shown that the Ni-Au electrode has a much better cell adhesion than Ni-Pt with a more complex morphology. On the
contrary, porous Ni and Ni-Pt electrodes with a more developed surface area than that of Ni-Au have better catalytic performance
toward enzymeless glucose sensing, revealing greater sensitivity, selectivity, and stability. In this regard, modification of Ni with Pt
led to the most prominent results providing rather good glucose detection limits (0.14 and 0.19 yA) and linear ranges (10—300 and
300—1500 pA) as well as the highest sensitivities of 18,570 and 2929 #A mM™' cm™ We also proposed some ideas to clarify the
observed behavior and explain the influence of morphology of the fabricated electrodes on their electrocatalytic activity and

biocompatibility.

Electrochemical
i activity

B INTRODUCTION enzyme-free approach.” As a rule, enzyme-free sensors are

Development and fabrication of new electrocatalytically active metallic or composite materials, the sensory activity of which is

materials sensitive to various biologically important substances higher due to the presence of a greater number of active

. 10
are extremely important for medicine, including the diagnosis centers on their surface. ) ) )

. . 12 There are many techniques allowing us to fabricate such
of a large number of serious diseases.”” One of such

compounds is glucose; in turn, accurate and rapid determi- materials; however, we would like to highlight only those that
nation of its concentration in the blood is extremely important dlf al V\niclhllasber—mguce.d processe‘s and w}f W"Eﬂd a{;?l like FO
for diagnosis and prevention of many diseases, including show their benefits in comparison with others. ¢ main
atherosclerosis, Parkinson’s disease, diabetes, and others.” advantages of the laser-assisted methods are expressiveness,

Most often, optical and electrochemical methods or methods possibility to metallize different types of surfaces, opportunity
to manufacture the metallic structures of different geometry,

and a small number of reagents used for synthesis.'' Such
methods include direct laser writing,lz’13 selective laser
14 . : 15 16
sintering, ~ laser interference lithography, laser pattering,

representing a combination of them are used to determine the
concentration of glucose in the human blood or model
solutions.”® Typically, the electrochemical determination of
the glucose concentration, as the most frequently used method
in this regard, can occur either through its enzymatic cleavage

followed by the corresponding redox reactions or by its Received:  April 9, 2021
electrocatalytic oxidation directly on the electrode surface.” Accepted:  June 16, 2021
The first approach has a number of disadvantages such as the Published: July 2, 2021

high cost of enzymes, their tendency for relatively fast
decomposition, and high dependence on the environmental
conditions,® which makes it less attractive compared to the
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Table 1. Composition of Solutions Used for Laser-Assisted Fabrication of Ni-, Au-, and Pt-Based Microstructures

Electrode material Reagent Concentration (mM) Solvent
Ni nickel(II) chloride hexahydrate (NiCl,-6H,0) 2 H,0
potassium sodium tartrate tetrahydrate (KNaC,H,044H,0) 7
sodium hydroxide (NaOH) 10
Au chloro(triphenylphosphine)gold(I) ((PhsP)AuCl) 1 N,N-dimethylformamide (DMF)
Pt dichloro(dicyclopentadienyl)platinum(II) (C,,H,,CL,Pt) 1 N,N-dimethylformamide (DMF)

pulsed laser ablation,"” and others. In this work, we used
another technique belonging to laser technologies, which is
based on a process of the laser-induced metal deposition from
a solution (LCLD). In this method, laser light activates the
surface of a dielectric and accelerates metal deposition within
the irradiated area by increasing the temperature in the local
volume at the vicinity of the focus of a laser beam.'® The high
intensity of the focused laser beam creates locally highly non-
equilibrium states with high temperature and concentration
gradients. As a rule, it is assumed that the mechanism of the
laser-induced metal deposition reaction is similar to the
autocatalytic mechanism that can proceed via either thermo- or
photoinduced regimes. The main groups of factors that can
affect the laser-assisted deposition of metals include physical
(laser wavelength, laser power, scanning speed, and temper-
ature), chemical (solution composition, component concen-
trations, pH, and chemical reactions involved in the reaction),
and surface properties of the dielectric substrate (structure, the
presence of activated and catalytic sites, roughness, phase
composition, and the chemical properties of the dielectric
components). LCLD was capable of producing quite an
amount of electrode materials based on copper, nickel, cobalt,
molybdenum, iridium, gold, platinum, and ruthenium; more-
over, most of them have revealed rather good glucose-sensing
activity.'”~° It should be noted here that the major strength of
this method is its ability to synthesize metallic and bimetallic
microstructures with a highly developed surface area and,
therefore, with high electrocatalytic activity. In turn, it is
known that the most challenging tasks facing the scientific
community are to improve the selectivity, stability, and
biocompatibility of new non-enzymatic glucose sensors as
well as to increase their sensing activity.”® As an option, it can
be done by increasing the surface area of the electrode material
through its modification with nanosized structures. In general,
this modification can be carried out, for example, by
nanoparticles of precious metals, e.g, gold and platinum,
chemically synthesized or obtained by photochemical reduc-
tion of their complexes.”” >’ Indeed, implementation of the
unique properties of three-dimensional structures with a large
surface area of such catalytically active and biologically
compatible metals as gold and platinum may significantly
reduce analysis time and enhance the electrocatalytic activity of
an enzyme-free electrode with respect to glucose sensing.'”*’
Alternatively, a similar effect can be achieved using electrode
materials based on bi- or polymetallic structures manufactured
by co-deposition of two or several metals upon laser
irradiation.”>**

As a result, in this work, we have fabricated two
microcomposites using laser-induced deposition of gold and
platinum on the surface of pre-synthesized nickel micro-
structures. It is known that many transition metals have proven
to be excellent materials for enzyme-free sensors due to their
good catalytic performance. Among them, nickel is of
particular interest as the most intensively investigated
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economic catalyst for the oxidation of organic compounds,
including glucose.”" Typically, glucose oxidation by nickel and
other transition metal catalysts involves redox reactions
between metal hydroxides and their oxyhydroxides (Ni-
(OH),/NiOOH, in the case of nickel).'”" Briefly, the
mechanism of glucose electrooxidation on the surface of a
nickel electrode can be presented as follows. The catalytically
active NIOOH reduces to Ni(OH), by hydrogen abstracted
from the C; position of glucose. Then, the generated radical
species oxidizes to glucono-d-lactone and undergoes sub-
sequent hydrolysis, forming gluconic acid.'’ Even though
nickel is arguably one of the most sensitive electrode materials
for non-enzymatic sensing and nickel-based electrodes
demonstrate the outstanding long-term stability, it has a
number of severe disadvantages mostly related to low
selectivity and limitations of their implementation in the
physiological solutions (pH = 7.4). These limitations are
mostly related to the fact that NiOOH catalysis strongly
depends on the concentration of OH™ in the studied medium.’
On the other hand, as it was already mentioned, the
polymetallic sensor platforms, e.g, based on alloys and
adatoms, opposite to monometallic sensors may drastically
stimulate the process of the electrocatalytic oxidation of
glucose due to the syner%getic effect between metals included in
their compositions.””>* For example, bimetallic systems
containing such biologically compatible metals as gold and
platinum in combination with transition metals can substan-
tially enhance catalytic properties and provide better long-term
activity of these systems.” >’ It should also be noted here that,
despite the high selectivity of pure gold and platinum
electrodes used for enzyme-free glucose sensing, they have
some crucial drawbacks mostly associated with their high cost
and affinity to undergo poisoning (self-poisoning as well) from
many oxidation products, including chlorine anions, especially
in the physiological environment.”'® In contrast, the
composites with lower amounts of precious metals could be
a good choice to surpass the limitations related to usage of the
electrode materials based on pure metals mentioned above and
may improve the sensitivity and selectivity of the correspond-
ing electrodes toward non-enzymatic glucose sensing. There
are numerous examples of Au- and Pt-based hierarchical
structures used as low-cost disposable electrodes for glucose
monitoring with decent electrochemical characteristics.”®™**
Nevertheless, most of these highly promising glucose-sensing
platforms suffer from insufficient efficiency and electrocatalytic
activity, which give grounds for their further development
primarily to improve their selectivity, stability, and biocompat-

ibility.

B MATERIALS AND METHODS

Reagents and Fabrication of Microstructures Based
on Ni, Au, and Pt. All reagents used in this work were
commercially available (Sigma-Aldrich, St. Louis, MO, USA)
and analytical grade. The solution compositions for laser-

https://doi.org/10.1021/acsomega.1c01880
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assisted fabrication of electrodes containing nickel, gold, and
platinum can be found in Table 1. These electrodes were
deposited on the surface of glass.

The experimental setup for the synthesis of the electrode
materials using the LCLD technique is illustrated in Figure 1.

15

14

Figure 1. Basic block scheme of the experimental setup for laser-
induced deposition of Ni-, Au-, and Pt-based microstructures.

Shortly, the fabrication procedure can be described as follows.
The output from a diode-pumped continuous-wave solid-state
Nd:YAG laser (1) (Changchun, China) operating at 532 nm is
split in two parts. The first part of the laser output was sent to a
standard microscope objective (2) with a focal length of 15
mm using two aluminum mirrors (3) and an optical separation
cube (4). Then, it was focused on the experimental cell (5)
within the area between a solution (6) and a dielectric
substrate (7, glass). The size of the focused laser spot was
about S ym. This cell (S) represents a silicone ring (8, S mm
thick) with a hole on top for a solution injection sandwiched
between a glass plate (9, in the front) and a dielectric substrate
(7) followed by another glass plate in the back (10). In turn, §
can be moved in three dimensions by a computer-controlled
XYZ-motorized stage (11) to produce metallic microstructures
of different shapes and sizes. At the same time, the second part
of the laser output, which can be considered as a reflection of
the first part from §, travels to an optical separation cube (4)
with subsequent redirection toward the aluminum mirror (12).
The intensity of the second portion of the 532 nm light is
attenuated using a neutral density (ND, fractional trans-
mittance 25%) filter (13). Further, after the mirror, the laser
beam was focused on a web camera (14) using a short focusing
lens (15, f = 10 cm) for monitoring and regulating the
deposition process.

In the beginning, we deposited the ~10 mm-long and ~150
um-wide nickel lines (or electrodes) at a laser power density of
~2.5 mW pm ™2 and at a scanning speed of S ym s~'. Then, we
fabricated nickel-gold and nickel-platinum electrodes by laser-
induced deposition of gold and platinum on the surface of the
pre-synthesized nickel lines at a laser power density of ~2.4
mW pm™ and at a scanning speed of S um s~', in both cases.

Morphology Characterization/Elemental and Phase
Composition Analysis. The surface morphology of the
synthesized electrode materials was investigated using a
scanning electron microscope JSM-7001F (JEOL, Japan).
The scanning electron microscopy (SEM) images were
obtained in the secondary electron mode with a beam voltage
of 5 kV. The elemental composition of these electrodes was
evaluated by the electron microprobe (EMP) technique also
on the JSM-7001F scanning electron microscope using an
energy-dispersive analyzer INCA PentaFETx (Oxford Instru-
ments, England). Line identification was performed automati-
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cally using JOEL-7001F microscope software. The pore size
distribution was estimated by manual pore counting on the
SEM images.

Energy-dispersive X-ray spectroscopy (EDX) was applied to
identify the atomic composition of microelectrodes using an
INCA X-Act EDX analyzer (Oxford Instruments, UK) coupled
with SEM.

To identify the phase composition of the fabricated
electrodes, X-ray diffraction analysis (XRD) was carried out
on a Bruker D2 Phaser diffractometer equipped with a
LynxEye detector (Bruker-AXS, Karlsruhe, Germany) using
CuKa (0.1542 nm) radiation in the 26 angle range of 0—100°.

Impedance Spectroscopy. The impedance spectra were
recorded using a homemade setup based on the high-speed
and high-resolution Fourier-electrochemical impedance spec-
troscopy (EIS) method.”> All measurements were performed
with a 15 mV sweep-shape excitation voltage in the frequency
range of 100 Hz to 40 kHz with a 2 Hz resolution. We had a
two-electrode electrochemical cell with the synthesized
microstructures used as the working electrode and the
platinum electrode with a large area used as a reference.
Both electrodes were embedded into glass containing 0.9%
NaCl solution (Biolot, Saint Petersburg, Russia). The
impedance spectra approximation by the complex non-linear
least-squares (CNLS) method** was done in the NELM
package for MATLAB* (can be obtained by request). Figure 2

R>

CPE2

Figure 2. Equivalent scheme for evaluation of the fabricated
electrodes. Here, L & fH is the parasitic inductance caused by the
finite-time response of the ammeter.

illustrates the equivalent scheme used for CNLS spectra
analysis. Here, CPE is the constant phase element;" the
impedance of which equals to

1
W (i)

where a is the non-ideality parameter and W is the
pseudocapacitance with dimension S s% In general, CPE
elements describe non-ideal capacitors. In particular, the a =~
0.5 can be attributed to the interface between an electrolyte
and an electrode with the developed (porous) surface.**™**
For taking into account the delay between excitation voltage
and current response measurements by ADC, the parameter At
was introduced in the model as follows:

_ ioAt
Y =Y Xe

where Y, is the model, which was implemented for CNLS
approximation, Y is the admittance (Figure 2), and w is the
angular frequency. For statistics reasons, the measurements
were repeated 10 times.

Biocompatibility Studies. For biocompatibility studies,
the HeLa cells* were seeded on the surface of the fabricated
materials. These cells were obtained from the Bank of Cell
Cultures of the Institute of Cytology of the Russian Academy
of Sciences. The electrodes with cells were incubated 24 h at
37 °C and 5% CO, in DMEM (Dulbecco’s modified Eagle’s
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ACS Omega 2021, 6, 18099—18109


https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

medium, Biolot, Saint Petersburg, Russia) solutions with 10%
fetal bovine serum (Biolot, Saint Petersburg, Russia) and 40 ug
mL™! gentamicin. Before microscopic investigation, the HeLa
cells were treated with a dibenzoazacyclooctyne (DIBAC)
fluorescent dye (membrane visualization, Thermo Fisher
Scientific, USA). Then, the cell medium was replaced with
phosphate saline buffer (Biolot, Saint Petersburg, Russia) with
the addition of a propidium iodide dye (for dead cell nuclei
visualization). The cell images were taken on a Leica DMB-
4000 microscope (Leica, Germany) and presented in pseudo-
color. Here, images taken in the visible range of the
transmitted light were in black and white color, whereas
green and red channels were attributed to DIBAC and
propidium iodide fluorescence, respectively. The concentration
of the propidium iodide dye was 10 ug mL™', which was
enough for dyeing the dead cell monolayer.
Electrochemical Measurements. The electrochemical
characteristics of the fabricated electrodes were obtained using
voltammetric methods. These experiments were conducted
using an Elins P30I potentiostat (Electrochemical Instruments
Ltd., Chernogolovka, Russia) at an ambient temperature in a
standard three-electrode cell (Figure 3), in which the platinum

Figure 3. Three-electrode electrochemical cell used for investigation
of the electrochemical properties of the fabricated Ni-based
microstructures. Here, 1, working electrode (Ni, Ni-Au, or Ni-Pt);
2, counter electrode; 3, reference electrode.

wire, Ag/AgCl electrode, and the synthesized microstructures
were used as counter, reference, and working electrodes,
respectively. Cyclic voltammetric measurements were carried
out at a scan rate of 50 mV s~ between —0.9 and 0.9 V vs Ag/
AgCl. Amperometric responses were recorded by the addition
of p-glucose (GL) of various concentrations to the background
solution (0.1 M NaOH) with simultaneous stirring. The
selectivity of non-enzymatic glucose sensing of the studied
electrodes was tested in the presence of ascorbic acid (AA),
uric acid (UA), 4-acetamidophenol (AP), and hydrogen
peroxide (H,0,) used as the interfering analytes.

B RESULTS AND DISCUSSION

First, we optimized the conditions for the laser-induced
synthesis of nickel microstructures (Ni electrode). Then, we
deposited gold on the surface of a nickel microline from a
DMF solution containing 1 mM chloro(triphenylphosphine)-
gold(I) upon the focused 532 nm laser light. Similarly, we
modified the surface of the Ni electrode with platinum
structures synthesized from a DMF solution with 1 mM
dichloro(dicyclopentadienyl)platinum(II). The compositions
of the solutions used for these experiments are presented in
Table 1. Other experimental conditions can be found in the
previous section.

Figure 4 illustrates SEM images of Ni, Ni-Au, and Ni-Pt. As
one can see, these electrode materials have a well-developed

Figure 4. SEM images of Ni (a—c), Ni-Au (d—f), and Ni-Pt (g—i). All
materials exhibit a developed morphology. The surface of the Ni
electrode has a hierarchical structure with large-scale 10 ym pores and
small-scale 10 nm irregularities. In turn, the Ni-Pt surface has large-
scale cavities (g), small-scale pores (h), and a few tens of nanometer
particles (i) in contrast to the Ni-Au electrode that reveals no obvious
hierarchical structure.

porous morphology. Figure 4a demonstrates the size
distribution of the submicrometer pores for the Ni electrode.
As is shown, this electrode surface mainly has 750 nm pores. In
turn, the surfaces of Ni and Ni-Pt have hierarchical structures
consisting of large-scale cavities and small-scale pores, while
the surface of the Ni-Au electrode has no obvious separation
between pore sizes (Figure 4d). The data presented in Figure
4e,h indicate that, in the range of up to 10 um, the average
pore size for Ni-Pt is smaller than that for the Ni-Au electrode.
In addition, according to Figure Sa, the average pore size for

o
g W Ni-pt Q|80 M Ni b
o 301 M Ni- o7
= 10 0]
5 b5}
8 2504
"
g30 £ 401
=) o
o ’Q-
= 201 %301
- 50
2 101 -§20
g 5 104
z z

3.4 05 6 2 3
Size (um) Size (um)
Figure S. Size distribution (a, b) of the sub-10 ym pores calculated
from Figure 4eh and Figure 4a, respectively. The obtained data
indicate that the average size of the pores of the Ni-Pt electrode
material is smaller than that observed for Ni-Au. However, the
number of the small-size pores (1—1.5 ym) in the Ni-Pt electrode is
significantly higher than that estimated for Ni-Au. The pure Ni
electrode has a mean irregularity size of 750 nm.

the Ni-Pt electrode (1.5 ym) is lower than that observed for
Ni-Au (2.3 um), whereas the number of the small-size pores
for Ni-Pt is significantly higher than that of the pores with
same size for the Ni-Au electrode material. Thus, the surface of
Ni-Pt is more complex and developed than the surface of the
Ni-Au electrode, and we assume that impedance measure-
ments for Ni-Pt should demonstrate lower values of non-
ideality parameters @ in comparison with the Ni-Au electrode
material.
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Figure 6. Results of EMP analysis of Ni (a), Ni-Au (b), and Ni-Pt (c). The mean weight (%) distributions of the elements observed in these

electrode materials are shown in the legends.

The results of EMP analysis of Ni, Ni-Au, and Ni-Pt
electrodes are shown in Figure 6. These data justify the
element composition of these electrodes. The presence of K,
Ca, O, Na, Si, and Cl in the spectra can be associated with the
substrate material (glass).

20 uM

Figure 7. EDX mapping of the Ni-Au electrode: (a) superposition of
the EDX maps from panels (b, c); (b) Ni map (green) and (c) Au
map (yellow). EDX mapping of the Ni-Pt electrode: (d) super-
position of the EDX maps from panels (e, f); (e) Ni map (green) and
(f) Pt map (light blue).

The results of the elemental studies were confirmed by X-ray
diffraction analysis. The XRD patterns of the synthesized
electrode materials demonstrated in Figure 8 mostly reveal the
presence of the metallic phases. Indeed, Ni microstructures
modified with Au and Pt (Figure 8b,c) have only an
insignificant amount of nickel dioxide (NiO), whereas pure
Ni has no oxide impurities (Figure 8a). This observation is
consistent with the low electrical resistance of all the discussed
materials (~10, ~17, and ~19 Q for Ni, Ni-Au, and Ni-Pt,
respectively). It should also be noted that we were able to
fabricate Ni-based microstructures with better morphology in
comparison with Ni-Au structures previously deposited on
glass-ceramics™’ using a higher scanning speed, lower laser
power, and lower concentration of the components.

We also performed EDX mapping of the modified Ni
electrodes synthesized in the current work (Figure 7). Figure 7
demonstrates the distribution of Ni, Au, and Pt along the
bimetallic electrode surface.

Further morphology analysis of the produced electrode
materials was performed using impedance spectroscopy. Figure
8 and Table 2 illustrate the admittance spectra of these
materials and the results of their approximation. One can see
that the spectra of all three electrodes could be perfectly fitted
by a two-branch scheme, as shown in Figure 2. The data
presented in Table 2 indicate that the electrode spectra could
be described by means of the capacitance dispersion effect**™**
because all non-ideality parameters a are significantly different
from the unity (we fixed a; as equal to 0.5 for Ni-Pt during
approximation because its value was stable for all experiments).
As it was assumed by SEM analysis, the Ni-Pt electrode has
lower a values than Ni-Au because it has a smaller pore size
and the average number of the small-size pores for Ni-Pt is
significantly higher than that calculated for the Ni-Au
electrode. Moreover, the perfect fit of Ni-Pt spectra with
fixed @; = 0.5 also indicated that this electrode type has an
ideal porous structure.*® The existence of two R-CPE branches
with different @-values in the admittance spectra of the Ni-Pt
electrode can be explained by the presence of the large-scale
cavities and small-size pores on the electrode surface (Figure
4e,h). Contrary to Ni and Ni-Pt electrodes, Ni-Au exhibits
similar @-values for both R-CPE branches. In fact, this effect
could indicate that the two-branch model (Figure 2)
overestimates the spectrum. Indeed, if @, = a,, then it is
possible to have the situation at which R,/R, = W,/W, holds.
Under such conditions, the scheme shown in Figure 2 is
degenerate into a one-branch R-CPE circuit; as a result, the
elements of the two-branched scheme separately lose their
physical meaning. However, the conditions at which R;/R, =
W,/W, do not hold, as clearly seen from Table 2 (Ni-Au).
Thus, the existence of two R-CPE branches in Ni-Au can be
associated not only with a complex morphology of the
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Figure 8. XRD patterns of (a) Ni, (b) Ni-Au, and (c) Ni-Pt electrodes deposited on glass.
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Table 2. Results of Approximation for Ni, Ni-Au, and Ni-Pt Electrodes”

R, (Q) R, (Q) w, (S Sal) W, (S Saz) ay (273
Ni value 2370 1840 1.31 X 107° 6.1 x 1077 0.652 0.556

CI 60 30 5.0 x 1078 40 x 1078 0.005 0.08

Ni-Au value 1600 9000 6.3 % 107° 1.0 X 1077 0.685 0.68

CI 30 1000 2.0 x 1077 40 x 1078 0.005 0.04
Ni-Pt value 3760 6800 9.3 x 1077 1.7 X 107¢ 0.5 0.588
CI 60 300 40 x 1078 1.0 X 1077 exact 0.009

“Here, CI is 99.9% confidence intervals.
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Figure 9. Admittance spectra of (a) Ni, (b) Ni-Au, and (c) Ni-Pt microstructures deposited on glass. The equivalent scheme presented in Figure 2

completely describes small signal electrical properties of these electrodes.

electrode surface but also with different resistive and capacitive
properties of different electrode structures and sections, for
example, due to their different elemental compositions. On the
other hand, similar a-values for the Ni-Au electrode can testify
the absence of the hierarchical structure of the electrode
surface opposite to Ni and Ni-Pt, non-ideality parameters of
which have different values due to the hierarchical nature of
their electrode surfaces (Figure 4).

It is known that, in the bimetallic sensor systems, the
presence of a precious metal such as gold or platinum as one of
the components significantly increases the biocompatibility of
such systems in comparison with monometallic systems
consisting of non-precious metals.'’ In this work, we decided
to investigate the influence of morphology on the toxicity of Ni
structures modified with Au and Pt. Figure 10 shows the
biocompatibility of Ni-Au and Ni-Pt electrodes with the HeLa
cells. As one can see, these electrodes are non-toxic because
both of them have living cells on their surfaces. Indeed, dead
cells exhibit a yellow color as a mix of the green DiBAC
channel and red propidium iodide channel, whereas living cells

Figure 10. Biocompatibility of the Ni-Au (a) and Ni-Pt (b) electrode
materials. The pseudocolor images were obtained as superposition of
three photographs: (i) taken in visible light of the transmitted light
mode (grayscale); (ii) the DiBAC fluorescence (green channel,
membrane visualization); (iii) the propidium iodide fluorescence (red
channel, dead cell nuclei visualization). One can see that both
electrodes contain living cells; however, Ni-Au microstructures
demonstrate better cell adhesion properties than Ni-Pt.
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reveal only a green color. At the same time, the Ni-Au
electrode has a much better cell adhesion than Ni-Pt. Perhaps,
this difference is due to the more complex morphology of the
Ni-Pt surface in comparison with Ni-Au, which was confirmed
by SEM analysis and impedance spectroscopy. A similar
behavior was shown by different cytotoxicities of AuNPs and
PtNPs that were interpreted by the difference in the diameter
of nanoparticles, where smaller PtNPs reveal greater
cytotoxicity.”' Additionally, the obtained images demonstrate
that the cell adhesion on the electrode surface is different from
that observed on the flat surface of a substrate (glass). Indeed,
the cells on the electrodes have a spherical-like shape in
contrast to the fusiform shape of the HeLa cells on the flat
surface. This effect could be caused by a non-regular electrode
surface, which makes it difficult for a cell to take a fusiform
shape.

As is known, the development of the electrode surface
determines its electrocatalytic activity. Therefore, we con-
ducted a comparative study of the influence of morphology on
the enzyme-free glucose sensing of the fabricated Ni-based
electrodes. Figure 11a illustrates typical cyclic voltammograms
(CVs) of these electrode materials recorded in a solution of 0.1
M NaOH. The recorded CV area can be directly related to the
degree of development of the electrode surface and its
sensitivity. According to Figure 1la, it is clear that the
modification of the Ni electrode with Pt leads to the most
prominent increase in the area of the cyclic voltammogram
curve. Indeed, the Ni-Pt electrode exhibits the strongest
current response for oxidation of glucose, assuming that this
material may display better electrocatalytic performance.
Figure 11b shows the CVs of Ni-Pt recorded in the
background solution (0.1 M NaOH) containing 100 and
1000 M p-glucose, which demonstrate the gradual increase in
the oxidation current with the increase in the glucose
concentration.

Typical amperometric responses of the Ni-based electrodes
are shown in Figure 1lc. As one can see, Ni-Pt reveals the
highest current response upon successive additions of b-

https://doi.org/10.1021/acsomega.1c01880
ACS Omega 2021, 6, 18099—18109


https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01880?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

KD Ni o oy ]/ bkgrnd o

‘= 60 "= 804 '

E Ni-Au / E" l—00 £s8

< 40{——Ni-Pt / < 907— 1000 <

g £ 40 g

z 220 z

Z 0 2’ 24

S0 S S

- 2201 22

-40 =-40 =

lfS e

10 05 00 05 0~ -0 03 00 05 10 0 20 40 60 80 100
E/V vs. Ag/AgCl E/V vs. Ag/AgCl Time (s)
14 . : o —— Ni =
o Ni : € ! £'1.01

g 124 O Ni-Au d % 4 —— Ni-Au z

< 1042 < — Ni-Pt _8

£ £ 3 S

Z 1o —~ = 0.8

28 = S

Z 6 'z 29 g

[} Q Q

o 4 o 1 © 0.6 .

= =1 = —0-Ni

o 2 g = O~ Ni-Au

5 ole 60- | . . . E —A— Ni-Pt f

0 200 400 600 800 1000 1200 1400 10 20 40 50 60 04— 20 25 30

D-glucose (uM)

Time (s)

10_ 15
Days

Figure 11. (a) Cyclic voltammograms (CVs) of the fabricated electrode materials recorded in 0.1 M NaOH. (b) CVs of the Ni-Pt electrode
obtained in a background solution with two concentrations of p-glucose (shown in uM, top left corner); (c) amperometric current of the fabricated
electrodes recorded in the presence of different concentrations of p-glucose at potentials of 0.60 V (for Ni), 0.64 V (for Ni-Au), and 0.62 V (for Ni-
Pt); (d) linear ranges of enzymeless p-glucose detections of Ni, Ni-Au, and Ni-Pt electrodes; (e) selectivity of the fabricated materials observed
upon the consecutive addition of 100 M p-glucose (GL), 30 uM ascorbic acid (AA), 30 uM uric acid (UA), 30 uM 4-acetamidophenol (AP), and
30 uM hydrogen peroxide (H,0,) to a background solution of 0.1 M NaOH; (f) long-run stability of the Ni-based electrodes toward non-

enzymatic D-glucose sensing tested for 1 month.

glucose of different concentrations to a background solution at
an applied potential of 0.62 V. Figure 9d presents the
calibration curves and their linear fits. It was demonstrated
here that Ni and Ni-Pt electrodes have two linear regions of
glucose concentration opposite to Ni-Au, which has only one
linear range. In the first linear region, the amperometric
current increases rapidly with the increase in the glucose
concentration, whereas within the second linear region, the
growth of the analytical response is noticeably slowing down.
Such a behavior can be attributed to the presence of two types
of pores on the hierarchical surface of Ni and Ni-Pt electrodes,
the smallest of which exhibits high sensitivity at low glucose
concentrations up to 300 yM. On the other hand, at higher
concentrations of glucose, the sensitivity drastically drops,
probably due to the stronger adsorption of the intermediates
forming during the reaction of the electrocatalytic glucose
oxidation.*” It should be noted that Ni-Pt with the mostly
developed surface area demonstrates the steepest slope on the
calibration curves, as shown in Figure 11d, i.e,, it exhibits the
highest sensitivity among all fabricated materials within the
glucose concentrations up to 300 uM. The calculated
sensitivities of Ni-Pt are 18,570 and 2929 pyA mM™ cm™;
the intervals of linear regions are 10—300 and 300—1500 pM.
The detection limits are 0.14 and 0.19 uM, which were
calculated as LOD = 3S/b. Here, S is the standard deviation
from linearity and b is the slope of the calibration curve
(shown in Figure 11d). The analytical performance of the Ni-
based electrodes fabricated in this work and other non-
enzymatic glucose sensors is compared in Table 3. It is clear
that Ni-Pt exhibits a number of advantages over the compared
counterparts mostly related to its high sensitivity and low
detection limit. This excellent sensing performance of Ni-Pt
electrode can be associated with the well-developed morphol-
ogy of this material and catalytic synergy between Ni and Pt.
Indeed, it was found that bimetallic catalytic micro- or
nanostructures based on Pt are favorable due to the presence
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Table 3. Electrochemical Properties of the Fabricated
Microstructures and Similar Electrode Materials Used for
Non-Enzymatic Glucose Sensing

Linear range ~ LOD Sensitivity

Electrode material (uM) (uM)  (uAmM™' cm™)  Refs
Ni 10—-300 and  0.09 5953 and 1180 this
300—1500 and work
0.32
Ni-Au 10—1500 0.12 2542 this
work
Ni-Pt 10—300 and 0.14 18,570 and 2929  this
300—1500 and work
0.19
Ni nanowire arrays 0.5—7000 0.1 1043 5SS
Ni nanoparticles on 1-1000 0.5 1438 56
straight multiwalled
carbon nanotubes
Ni nanoparticles/porous 15—6450 4.8 207.3 57
carbon
Au/Ni multilayer nanowire  0.25—2000 0.1 3372 41
array 2000—-5500 1906
NiAu alloy dendrites on 1-3000 0.2 4035.4 42
carbon papers
AuNi nanodendrite arrays ~ 5—15,000 3 3727.7 S8
PtNi alloy nanocatalysts on  2—420 1 1795.1 59
carbon
Pt-Ni nanoclusters 0-15,000 0.3 940 60
PtNi nanoparticle- 0-35,000 10 20.42 38
graphene
nanocomposites

of a second metal atom that can synergistically facilitate
catalytic activity and stability via electronic, alloying, or strain
effects and availability of a greater number of catalytically
active sites.””>?

Possible reactions involved in the process of the electro-
oxidation of glucose under alkaline conditions on the surfaces
of Ni electrodes modified with Au and Pt can be shown as
follows:”'%**
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ACS Omega
Ni + 20H™ < Ni(OH), + 2e” (1)
Ni(OH), + OH™ < NiOOH + H,0 + ¢ @)
NiOOH + glucose <> Ni(OH), + glucolactone (3)
Au + OH™ < AuOH + e~ (4)
AuOH + glucose <> Au + glucolactone )
Pt + 20H™ < Pt(OH), + 2¢~ (6)
Pt(OH), + glucose <> Pt + glucolactone (7)
2Pt + O, < 2PtO (8)
PtO + glucose < Pt + glucolactone (9)

As it was mentioned above, pure Ni electrodes have a
number of drawbacks, including their inability to operate in the
physiological environment (pH = 7.4). According to the
literature, oxidation of glucose on the surface of Ni involves
NiOOH catalysis, which is highly dependent on the
concentration of OH™ anions.””®> On the other hand, the
bimetallic systems can drastically facilitate the electrooxidation
of glucose via the synergetic effect.”'" For example, Pt- and
Au-based materials can be used as platforms for glucose
sensing, providing better sensitivity, selectivity, and stability.
Moreover, the most significant advantage of the Pt-based
electrodes in contrast to other bimetallic sensing materials,
including many the Au-based ones, is their great catalytic
performance under neutral and alkaline pH conditions. In this
work, we tested Ni-Pt and Ni-Au electrodes toward non-
enzymatic glucose sensing in alkaline solution (0.1 M NaOH).
Indeed, in many studies, glucose sensors are examined in
alkaline solutions because of the natural enhancement of their
catalytic properties. The reasons of such behavior are the
following: low pH leads to corrosion, whereas the amount of
reactive OH™ is higher at higher pH values. In addition, high
pH conditions improve the selectivity of metal-based electro-
des due to their negatively charged surfaces that repel many
interfering species such as chloride, sulfate, phosphate, ascorbic
acid, and others. Our observations on Pt- and Au-containing
Ni electrodes are consistent with those observed by many
authors for similar materials.”'? Such consistency was also
demonstrated by the electrochemical experiments performed at
neutral pH (0.1 M PBS (phosphate buffer); Figure 12).

In general, the better catalytic performance of Ni-Pt in both
NaOH and PBS with respect to Ni-Au can be explained by its
less dependence on OH™ ion concentration and a more
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Figure 12. Cyclic voltammograms (CVs) of Ni-Pt and Ni-Au
electrodes obtained in the background solution (0.1 M PBS
(phosphate buffer)) with the addition of S000 yM p-glucose.

negatively charged surface. The higher catalytic activity of the
Ni-Pt electrode may also be associated with a more developed
morphology (i.e., greater porosity) of this material. Moreover,
to some extent, weak chemisorption of gold due to filled d-
orbitals as one of the stages of glucose electrooxidation can
also reduce the catalytic performance of the Ni-Au electrode in
comparison with Ni-Pt.”

According to the results of the electrochemical studies of the
synthesized nickel-containing materials in neutral and basic
media, it is possible to propose a mechanism for the oxidation
of glucose on their surface. Figure 13 represents a possible
mechanism of glucose electrooxidation on the surface of Ni-Pt
as the most promising material obtained in this work.
According to the CVs obtained under neutral and alkaline
conditions for this electrode material (Figures 11la and 13),
and taking into account the models known from the
literature”'*?*** and mentioned above (reactions 1—9), we
can distinguish the several potential regions of Ni electrodes
modified with Au and Pt.

The first potential region (“hydrogen region”) is located
below —0.10 V with the anodic peaks centered at —0.21 and
—0.19 V observed for Ni-Pt and Ni-Au electrodes, respectively.
In this region, the dehydrogenation of the glucose molecule at
the hemiacetalic carbon atom (C;) with its further
chemisorption onto the platinum or gold surfaces can be
observed. As for the pure Ni electrode, in the alkaline medium,
nickel exists in hydroxide form according to eq 1 that then
undergoes the redox reaction with formation of the catalyti-
cally active Ni(IlI) oxyhydroxide species (see eq 2). The
second potential region is located between —0.10 and 0.48 V
(for Ni-Pt and Ni-Au) and between —0.20 and 0.43 V (for Ni).
This region can be attributed to the “double-layer region”, in
which the anodic peaks centered at 0.09, 0.08, and —0.06 V
exhibited by Ni-Pt, Ni-Au, and Nij, respectively, correspond to
the electrooxidation of the chemisorbed species. Here, the
dissociation of water is followed by the release of the hydroxide
anions that were absorbed by the surface of an electrode
forming the catalytic hydroxide premonolayer (eqs 4 and 6).
The latter accelerates the electrooxidation of the chemisorbed
glucose molecule via the reactions shown in eqs 3, 5, and 7. In
the third potential region, the anodic peaks centered at 0.62 V
(for Ni-Pt), 0.64 V (for Ni-Au), and 0.60 V (for Ni) are
referred to further oxidation of the bulk glucose solution with
formation of gluconolactone and subsequently gluconic acid.
In addition, in the case of Ni-Pt, this range of potentials can be
associated with the “oxygen region”, in which the Pt surface is
covered by a monolayer of the adsorbed oxygen forming PtO
films that reveal electrocatalytic activity toward glucose
oxidation (egs 8 and 9). Finally, the peaks centered at —0.65
and 0.36 V can be attributed to the cathodic oxidation
processes.

The selectivity of the fabricated electrode materials toward
enzymeless glucose sensing was estimated in the presence of
several interferents, including ascorbic acid (AA), urea (UA),
4-acetamidophenol (AP), and hydrogen peroxide (H,O,)
(Figure 1le). According to the obtained results, all three
electrodes demonstrated much stronger amperometric re-
sponses with respect to glucose in contrast to those observed
for additives of the interfering substances. This suggests that
Ni-based electrodes generally have a fairly decent selectivity for
the specific glucose detection, showing the best result in the
case of Ni-Pt.
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Figure 13. Schematic illustration of a possible mechanism for oxidation of glucose on the surface of the Ni-Pt electrode.

The long-run stability of the nickel-based non-enzymatic
glucose sensors stored at the room temperature was tested for
1 month (Figure 11f). For that reason, we evaluated the
change of the relative current density (I,/I,) over the
mentioned time period. Here, I, and I, are the current
densities exhibited by the fabricated electrode materials upon
the addition of 100 uM p-glucose and recorded on days x and
zero, respectively. It was found that the modification of the
surface of the Ni electrode with precious metals significantly
improves its stability. In turn, the relative current density of the
Ni-Pt electrode remained not less than 85% of its initial value
for 1 month, demonstrating the highest level of stability among
the studied electrode materials.

Bl CONCLUSIONS

In this work, we synthesized Ni microstructures and conducted
their modification with Au and Pt using the method of laser-
induced metal deposition from a solution (LCLD). The
morphological studies, the elemental and phase analysis of the
fabricated metallic, and bimetallic microstructures were
performed using SEM, EMP, and XRD, respectively. SEM
showed that the surfaces of Ni and Ni-Pt have a hierarchical
structure consisting of large-scale cavities and small-scale pores,
while the surface of the Ni-Au electrode has no obvious
separation between pore sizes. Thus, the surface of Ni modified
with Pt is more complex and developed than that of Ni
structures modified with Au. This was confirmed by impedance
measurements demonstrating lower values of non-ideality
parameters a for Ni-Pt. According to EMP and XRD analysis,
Ni microstructures modified with Au and Pt reveal the
presence of mostly the metallic phases and have only
insignificant amounts of nickel dioxide (NiO), whereas pure
Ni has no oxide impurities. The biocompatibility studies
demonstrated that the Ni-Au electrode has a much better cell
adhesion than Ni-Pt. We associate this to the higher
irregularity of the surface of the Ni-Pt electrode in comparison
with Ni modified with Au. In turn, an opposite trend was
observed for the electrochemical properties of the fabricated
electrode materials. Indeed, the Ni-based microstructures with
a more developed surface area revealed better catalytic
performance toward non-enzymatic glucose detection. In this
regard, the modification of the Ni surface with Pt results in the
most significant enhancement of the glucose sensing character-
istics, probably due to the greater synergetic catalytic effect and
the presence of a greater number of active sites. Moreover, the

electrode materials with a hierarchical structure such as Ni and
Ni-Pt exhibited two linear regions of glucose concentration,
and, as a result, two detection limits and two sensitivity levels.
For Ni-Pt that outperformed others, these parameters are 10—
300 and 300—1500 uM, 0.14 and 0.19 M, and 18,570 and
2929 uA mM ™' cm ™% This can be explained by the presence of
two types of pores on the surface of these electrodes, the
smallest of which exhibits high sensitivity within the range of
low concentrations of glucose. However, at higher glucose
concentrations, the sensitivity significantly decreases, probably
due to the stronger adsorption of the intermediates forming
during the electrocatalytic glucose oxidation. In conclusion, it
should be noted that the results obtained in the current study
could be quite useful for the design of materials with low cell
toxicity and high catalytic performance.
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