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In the current study, the method of Selective Surface Activation Induced by Laser (SSAIL) was used for the
fabrication of metallic and bimetallic structures based on copper and gold on the surface of glass and glass-
ceramics. It was shown that the fabricated electrodes are suitable for non-enzymatic detection of

biologically essential analytes such as glucose. The implemented approach allows performing high-rate

metallization of various dielectrics. Voltammetric methods were applied to evaluate the electrocatalytic
activity of the obtained structures, which were used as working electrodes. The most promising results
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were revealed by copper—gold electrode structures manufactured on glass-ceramics. For these

structures, sensitivity towards glucose sensing was 3060 pA MM~ cm™2. The linear range of glucose
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Introduction

It is difficult to overestimate the importance of monitoring
various bioanalytes in human blood. Recent advances in
science and technology provide the necessary conditions for the
efficient treatment and diagnosis of many diseases, including
diabetes, hypertension, atherosclerosis, cancer and Parkinson's
disease. Sensors for the detection of glucose deserve special
attention in this regard.*®> Measuring the concentration of
glucose in human blood is quite important, and many diabetic
patients around the world have an opportunity to significantly
improve their quality of life using modern glucose meters.® The
devices for invasive blood glucose monitoring are widely avail-
able on the market and are in great demand. Typically, such
sensors are based on electrochemical or optical glucose detec-
tion. In the electrochemical approach, this process is typically
realised by enzymatic oxidation of glucose. Such an approach
has several significant disadvantages such as low detection
accuracy, poor stability as a result of enzyme decomposition,
relatively low selectivity and short service time due to high
sensitivity to pH and humidity.”

Modern sensors and biosensors® should satisfy plenty of
requirements such as durability, ability to operate in physio-
logical conditions, mechanical stability, high selectivity and
others. Therefore, the development of new methods for the
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selectivity and long-term stability.

detection varied between 0.3 and 1000 puM. Besides, the manufactured electrodes exhibited high

fabrication of materials suitable for sensing many types of
bioanalytes is a very relevant scientific and technological chal-
lenge. Furthermore, there is a reasonably good alternative to
enzyme-based sensors that deals with direct detection of the
biologically essential substances. In the case of such non-
enzymatic detection, the use of enzymes is not required, and
oxidation of an analyte (e.g., glucose) is achieved via catalytic ox-
red reactions taking place on the surface of the highly developed
electrode structure.®*® In addition, it is possible to increase the
surface area of these electrodes by modifying them with cata-
Iytically active nanostructures based on biocompatible metals
such as gold, platinum, iridium etc., which considerably
improves their electrochemical characteristics (sensitivity,
selectivity and stability).'”>*

There is a significant number of modern methods that can
be applied for the purposes mentioned above: inkjet printing,>*
screen printing,* roll-to-roll printing (R2R),** chemical vapour
deposition (CVD),” photoelectrochemical methods*?° etc.
Among them, the techniques based on laser technologies are of
the greatest interest. For example, the method of laser-induced
chemical liquid phase deposition (LCLD)**** allows to deposit
micro-sized metal structures on the surface of various dielec-
trics by reduction of metal ions in a local volume of a solution
within the focus of the laser beam. Similar to LCLD, direct laser
writing (DLW)* also enables synthesising metallic structures. It
is known that Laser Induced Forward Transfer (LIFT) can be
used for manufacturing nano/micro patterns suitable for sensor
applications.** Thus, due to unique characteristics, including
high spatial resolution and fast implementation, LIFT was
successfully applied for fabrication of chemical sensors based
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on copper, gold and other metals. Another striking example of
laser-induced methods is selective laser sintering (SLS).**?*® SLS
is an additive technology for synthesis of three-dimensional
structures of a given size and shape occurring due to laser-
assisted heating powders of different materials up to tempera-
ture, at which particles of these powders stick together. There
are several methods for ink paste sintering, but all of them have
many similar procedures. Non-conductive ink solution based
on metal compounds is reduced to metal atoms by laser irra-
diation. Kang et al.*” made ink paste by dispersing copper oxide
(CuO) particles into a reducing agent solution. Ytterbium-doped
fibre laser was used for irradiation of the deposited layer. Both
pulsed nanosecond and CW lasers have been applied. Photon
energy of the irradiating laser has photon energy high enough
to brake Cu-O bonds. After bond breaking, a reduction of Cu
ions by ethylene glycol takes place. The results of such studies
have been confirmed by Energy Disperse Spectroscopy (EDS). It
should be mentioned here that around 90% of Cu ions could be
reduced by pulse laser irradiation. In another work carried out
by Chen et al.,*® PI films were treated by KOH solution. As
a result, PI became hydrolysed and potassium polyamine was
generated. Later, the specimen was immersed in the AgNO;
solution. Therefore, Ag ions exchanged potassium ions. Laser
writing was performed by Nd:YAG laser nanosecond laser with
the IV harmonics wavelength. After laser irradiation, the Ag ions
were reduced to Ag®.*® The disadvantages of both processes are
very similar and related to the difficulties of thin layer deposi-
tion. Another method for selective metal deposition on the
surface is Laser Direct Structuring (LDS). LDS is the method
using precursors mixed in a polymer matrix.** These precursor
additives are activated during the laser writing process by con-
verting them into a catalyst for electroless deposition of the
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metal. Thus, the laser-treated area could be selectively plated.*
There are a few commercial materials for LDS available on the
market. However, most of the LDS polymers are based on
expensive metal-organic fillers, such as palladium-based
metal-organic compounds or microparticles of copper oxide
spinel crystal.** Moreover, it is possible to combine LIFT tech-
nology (laser printing) and laser sintering to produce copper
patterns with better electrical properties because of minimizing
oxidation effects.*® For that purpose, an ink based on copper
nanoparticles pre-synthesized from copper chloride, poly-
vinylpyrrolidone and sodium borohydride as a reducing agent
were used.

The methods mentioned above are appropriate for metalli-
zation of many types of substrates. Some of them are used for
fabrication of structures with a given pattern (SLS, inkjet
printing, screen printing), others only for creating solid coat-
ings and films (CVD). Nevertheless, each of these techniques
has several limitations and disadvantages mostly associated
with high cost, problems with maintenance, complexity, low
efficiency etc.

Considering this, we proposed a versatile method of Selec-
tive Surface Activation Induced by a Laser (SSAIL) for metalli-
zation of dielectric substrates, which does not require expensive
precursors and permits a high fabrication speed.*** The
process includes laser modification of the polymer surface with
a short-pulse laser, chemical activation of the laser-modified
areas and electroless metal deposition on the locally activated
surface. In the last step (electroless plating), in situ growth of
metal particles occurs on the electrode eliminating the neces-
sity for an additional stage of immobilisation or deposition of
particles on the surface. The laser processing and electroless
plating parameters can control the plating morphology and the

Step 3

Fig.1 The experimental scheme of laser modification of the dielectric surfaces and their metallization by copper. Step 1: laser modification of
the surface to be metallized with Nd:YVO, pulse picosecond laser, wavelength 532 nm. Step 2: activation with silver nitrate solution (~10-5 M)
for 8 min. Step 3: electroless copper plating: copper(i) sulphate pentahydrate (0.12 M), formaldehyde (0.3 M), sodium hydroxide (1.2 M), sodium
carbonate (0.3 M) and sodium—potassium tartrate (0.35), 30 °C for 30 min.
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Table 1 Variable experimental parameters used for modification of
the dielectric surfaces

Hatch distance

Substrate Scanning speed (v), m s™* (h), pm
Glass 0.2, 0.4, 0.6, 0.8 10, 15
Glass-ceramics 0.1, 0.2 10, 15

size of copper nanostructure. It is also not necessary to add
components (e.g., surfactants) to the metallization solution at
all stages of the SSAIL that have a significant impact on the
fabricated structures. It is worth noting that SSAIL significantly
exceeds the laser methods mentioned above (such as LCLD,
SLS, etc.) in terms of fabrication speed, because the rate of laser
modification of the irradiated surface can reach several meters
per second, and the copper plating stage can be performed with
a large number of samples simultaneously. Moreover, this
process is fully automated; therefore, one can create different
patterns and switch between them instantly, if necessary.
Another advantage of this method is a strong adhesion of the
produced structures to the substrate surface, including poly-
mers, as well as the ability to metallize 3D arbitrary surfaces to
create MID devises.

In this work, our goal was to fabricate metallic and bimetallic
materials based on copper and gold reliable for non-enzymatic
glucose sensing using the SSAIL approach.

400 um
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Materials and methods

Electrode formation using SSAIL

The Nd:YVO, picosecond laser Atlantic (Ekspla) with the pulse
duration of 10 ps, the pulse repetition rate of 400 kHz to 1 MHz
and maximum average power up to 60 W was used for surface
modification of the dielectric surface. Pulse picker was used to
adjust a lower frequency regime. Translation of the laser beam
was performed with a galvanometric scanner (Scanlab AG). The
experimental setup is shown in Fig. 1. The F-theta lens of
160 mm focal length was used to focus the laser beam on the
surface of a substrate. The laser beam was scanned over the area
to be metallized by hatching-overlapping parallel lines.
Focused laser beam spot size was 25 pm in diameter (Gaussian
intensity level 1/¢?).

After the laser treatment, all samples were washed with
ethanol 99.8% (Sigma-Aldrich) and rinsed with distilled water
afterwards. For chemical activation, a highly diluted silver
nitrate (Sigma-Aldrich) solution (~107> M) was used. Finally,
the electroless copper deposition was performed for 30 min at
30 °C. The copper plating bath contained copper(u) sulphate
pentahydrate (0.12 M), formaldehyde (0.3 M), sodium hydroxide
(1.2 M), sodium carbonate (0.3 M) and sodium-potassium
tartrate (0.35 M) (all Sigma-Aldrich) and pH = 12.7. Finally,
copper structures were covered by gold using gold () chloride
solution in dilute HCI (0.007 M) and 4-(dimethylamino)pyridine
(0.1 M) (all Sigma-Aldrich). Gold deposition was carried out by
immersing copper-plated substrates in the HAuCl, (metal

400 um
——

Fig.2 SEMimages of glass after laser modification conducted at the following v (m s™%) and h (um): (a) 0.2 and 10; (c) 0.4 and 10; (e) 0.6 and 10;
(9) 0.8 and 10; (i) 0.2 and 15; (k) 0.4 and 15; (m) 0.6 and 15; (o) 0.8 and 15. Optical images of the modified glass after metallization by copper carried
out at the following v (m s~ and h (um): (b) 0.2 and 10; (d) 0.4 and 10; (f) 0.6 and 10; (h) 0.8 and 10; (j) 0.2 and 15; (1) 0.4 and 15; (n) 0.6 and 15; (p)

0.8 and 15.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ceramics were used as a substrate material.

Fig. 3 SEM images of glass-ceramics after laser modification con-
ducted at the following v (m s™%) and h (um): (a) 0.1 and 10; (c) 0.2 and
10; (e) 0.1 and 15; (g) 0.2 and 15. Optical images of the modified glass-
ceramics after metallization by copper carried out at the following v (m
s and h (um): (b) 0.1 and 10; (d) 0.2 and 10; (f) 0.1 and 15; (h) 0.2 and

source) and DMAP (ligand) water-based solution for 5 minutes
at 80 °C. The experiments with variation of temperature and
reaction time were performed to reveal the effect of these

A soda-lime microscopic glass (Sigma-Aldrich) and glass-
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Characterisation

The phase composition of the microstructures fabricated
using SSAIL was investigated by an X-ray micro-diffractometer
(Rigaku RINT RAPID-S) using Cu Ko radiation. The diameter of
the X-ray collimator was 0.3 mm. When the X-ray incident
angle was 20°, the maximum X-ray irradiation area was
approximately 1 x 0.3 mm®.

The morphology of the fabricated materials was analysed
using scanning electron microscopy (SEM). Their atomic
composition was identified by energy dispersion of X-ray spec-
troscopy (EDX). The EDX-system was coupled with a Zeiss Supra
40VP scanning electron microscope equipped with X-ray
attachment (Oxford Instruments INCA X-act).

The electrochemical properties of the produced Cu and Cu-
Au structures towards glucose were examined using voltam-
metric methods (potentiostat, Elins P30I). All measurements
were performed at room temperature in a standard three-
electrode cell using a platinum wire as a counter electrode, an
Ag/AgCl reference electrode and Cu and Cu-Au microelectrodes
as working electrodes. The solutions of p-glucose of different
concentrations were added to a background solution (0.1 M
sodium hydroxide) with simultaneous stirring.

Results and discussion

To successfully perform surface modification of the dielectric
substrates according to the specified electrode geometry and
size (in our case, rectangles of 2 x 10 mm), we found the
optimal experimental conditions by varying several parameters:
average laser power, pulse repetition rate, scanning speed and
distance between the adjacent scanned lines-hatch (Table 1).
The average laser power was adopted when changing the pulse
repetition rate to keep the same pulse energy. The pulse energy
varied from 10 to 160 pJ. The hatch distance did not exceed the
diameter of the focused laser beam to perform overlapping of
the parallel scanned lines. This process of hatching is

Table 2 The optimal regimes for laser modification of each substrate and their subsequent metallization by copper

Laser power,

Repetition rate,

Hatching size,

Substrate w kHz Scanning speed, m s~ pum
Glass 6.23 100 0.2 15
Glass-ceramics 0.61 10 0.1 15

Spectrum1 -

Spectrum2

Fig. 4 SEM images and EDX analysis of copper structures fabricated using SSAIL on the surface of glass.
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Fig. 5 SEM images and EDX analysis of copper structures fabricated using SSAIL on the surface of glass-ceramics.
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Fig. 6 XRD patterns of copper structures fabricated using SSAIL on the surface of (a) glass and (b) glass-ceramics. (c) XRD patterns of copper—

gold structures fabricated using SSAIL on the surface of glass-ceramics.

illustrated in Fig. 1. Scanning electronic images (SEM) of glass
and glass-ceramics modified at various experimental conditions
are shown in Fig. 2 and 3, respectively. After laser modification,
the surfaces of these dielectrics were activated by immersing
them for 8 minutes in a silver nitrate solution (5 x 10~* M). The
final stage involves the chemical deposition of copper on the
activated dielectrics, which are placed in an aqueous solution of
copper(u) sulfate (0.12 M), formaldehyde (0.3 M), sodium
hydroxide (1.2 M) and sodium-potassium tartrate (0.35 M) for

30 minutes at 30 °C. Fig. 2 and 3 show optical images of the
glass and glass-ceramics samples taken after metallization by
copper at different experimental conditions. The optimal
regimes for laser modification of each substrate and their
subsequent metallization were selected, based on results of the
finally plated surface (Table 2). In addition, all synthesised
materials successfully passed the adhesive tape test (scotch
test), in which adhesive tape was applied to estimate the
adhesion strength of the coating (in this case, copper). After

Fig. 7 SEM images of copper nanostructures exposed in HAUCl,—DMAP-H,O solution for different time periods at various temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images and EDX analysis of copper—gold structures on the surface of glass-ceramics.

removing the tape, no coating was detached from the substrate
surface confirming good adhesion properties of the synthesised
materials.

Furthermore, morphology and elemental analysis of the
fabricated copper structures on glass and glass-ceramics were
investigated using SEM and EDX, respectively (Fig. 4 and 5). For
each material, EDX spectra were recorded at different locations
to determine the atomic composition more accurately. SEM
images were taken with a magnification of 100 000, 25 000 and
1000 for all samples. The surface morphology of the samples of
both substrates was different, showing chaotic crystal forma-
tion ranging in a size from several hundred nm to several
microns. All studied materials consisted of copper (97-100%),
in turn, the presence of oxygen, magnesium and calcium
demonstrated in Fig. 4 can be explained by the material of the
substrate (glass). It is also suggested that the substrate material
may affect the probability of formation of a monolithic deposit
on its surface. X-ray diffraction analysis (XRD) was performed to
clarify this assumption and reveal the phase composition of
each sample. The results of these studies are presented in
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Fig.9 Electrochemical studies of copper structures on glass: (a) cyclic
voltammograms (CVs) recorded in 0.1 M NaOH at different p-glucose
concentrations; (b) Amperogram obtained in 0.1 M NaOH with
different concentration of p-glucose at the potential of 0.50 V; (c)
linear dependence of the measured Faraday current on the p-glucose
concentrations; (d) amperometric response to successive addition of
100 puM p-glucose (Glu), 20 pM uric acid (UA), 20 uM ascorbic acid (AA)
and 20 uM 4-acetamidophenol (AP) in 0.1 M NaOH.
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Fig. 6a and b. It was shown that individual copper peaks are
present in each X-ray diffractogram. The presence of copper(i)
and copper(u) oxides peaks can be referred to incomplete
copper reduction reaction in a solution and/or oxidation of the
material surface by air oxygen during storage.

From literature, it is known that electrochemical character-
istics of copper-based structures (electrodes) towards enzyme-
less sensing can be significantly improved by their modifica-
tion with noble metals, which exhibit high electrocatalytic
activity and have biocompatible nature.>**** As a result, in the
current work, we also modified the synthesised copper struc-
tures by gold nanoparticles (AuNPs) for the same purpose. The
method for template-free grows of AUNW was developed based
on procedures published in.*>** DMAP* was used as shape-
directing agent, where Au deposition proceeded as galvanic
replacement reaction, which consisted of a redox process
between Cu electrode, serving as a sacrificial template, and
AuCl, ions in solution. Liu et al.*® have reported that copper
tends to form Cu-Au alloys with branched structure HAuCl,:

Cu + Au*" — Cu®' + Au(alloy)

L
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Fig. 10 Electrochemical studies of copper structures on glass-
ceramics: (a) cyclic voltammograms (CVs) recorded in 0.1 M NaOH at
different b-glucose concentrations; (b) amperogram obtained in 0.1 M
NaOH with different concentration of p-glucose at the potential of
0.45 V; (c) linear dependence of the measured Faraday current on the
p-glucose concentrations; (d) amperometric response to successive
addition of 100 puM bp-glucose (Glu), 20 uM uric acid (UA), 20 uM
ascorbic acid (AA) and 20 pM 4-acetamidophenol (AP) in 0.1 M NaOH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Electrochemical studies of copper—gold structures on glass-
ceramics: (a) cyclic voltammograms (CVs) recorded in 0.1 M NaOH at
different b-glucose concentrations; (b) amperogram obtained in 0.1 M
NaOH with different concentration of p-glucose at the potential of
0.39V; (c) linear dependence of the measured Faraday current on the
D-glucose concentrations; (d) amperometric response to successive
addition of 100 puM b-glucose (Glu), 20 puM uric acid (UA), 20 uM
ascorbic acid (AA) and 20 uM 4-acetamidophenol (AP) in 0.1 M NaOH.

The optimal conditions for the synthesis of bimetallic Cu-Au
electrode materials for non-enzymatic sensing are presented in
Fig. 7. The results of SEM, EDX and XRD studies are shown in
Fig. 8 and 6c, respectively. XRD patterns of Cu-Au electrodes
does not reveal any reflexes of crystal Au. However, EDX
mapping (Fig. 8) shows the presence of 6% of Au (or more
depending on synthesis conditions).

The electrocatalytic activity of the fabricated copper and
copper-gold electrodes concerning non-enzymatic sensing of
glucose was tested using voltammetric methods. Fig. 9a, 10a and
11a demonstrate cyclic voltammograms (CVs) of these materials
measured in the background and p-glucose solutions of various
concentrations. The shape of these CVs is similar and has an
extensive range of potentials between 0.3 and 0.7 V

View Article Online

RSC Advances

corresponding to anodic glucose oxidation. The sensitivity of an
electrode is a rather important parameter that could be estimated
by calculating the area of a CV. As a result, the calculated sensi-
tivities towards glucose detection for copper on glass and glass-
ceramics are 719 and 911 pA mM ' em™?, respectively. On the
other hand, the calculated sensitivity towards glucose detection
for copper-gold on glass-ceramics are 3060 A mM ' cm 2
(Table 3).

Other important electrochemical characteristics such as the
limit of detection (LOD), the linear range of glucose detection
and selectivity were obtained using amperometry. Fig. 9b, 10b
and 11b illustrate the amperometric response to consecutive
additions of p-glucose to 0.1 M NaOH at potentials of 0.45, 0.50
and 0.39 V, respectively. Further, the linear dependence of the
analytical signal (Faraday current) was plotted vs. p-glucose
concentration, for each material (Fig. 9¢, 10c and 11c). According
to this data, the linear regime of non-enzymatic glucose detection
is provided between 10-1000 and 3-1000 uM for copper on glass
and glass-ceramics, respectively, whereas for copper—gold linear
range lies between 0.3 and 1000 uM (Table 3). In addition, limits
of glucose and hydrogen peroxide detection were calculated for
all samples as LOD = 3S/b, where S is the standard deviation
from linearity and b is the slope of the calibration curve indicated
in Fig. 9¢, 10c and 11c, and it is equal to 1.97, 0.75 and 0.06 uM
for copper on glass and glass-ceramics as well as copper-gold on
glass-ceramics, respectively (Table 3).

It is known from the literature®** that the active centers
throughout the surface of the electrodes based on transition
metals and the presence of hydroxyl radicals play a crucial role
in the electrooxidation of glucose and many other analytes. In
addition, in bimetallic structures containing noble metals, the
resulting synergistic effects lead to an increase in the catalytic
activity with respect to the electrooxidation of the above-
mentioned substances. Therefore, taking into account these
facts and already known models, we can propose a mechanism
for glucose oxidation on the surface of the materials obtained in
this work (Fig. 12).

The selectivity of the fabricated materials towards glucose
sensing was tested in the presence of such interfering
substances as 4-acetamidophenol (AP), ascorbic acid (AA) and

Table 3 Different electrode materials for non-enzymatic glucose sensing in comparison with the electrodes manufactured using SSAIL

Sensitivity Limit of detection

Electrode material (LAmM ' ecm™?) Linear range (uM) (M) Ref.

Cu on glass 719 10-1000 1.97 This work
Cu on glass-ceramics 911 3-1000 0.75 This work
Cu-Au on glass-ceramics 3060 0.3-1000 0.06 This work
Cu coating 2149.1 1-4600 0.03 47

Cu microparticle 2432 0-4711 0.19 48

Cu NP 412 0-700 2.76 49

Cu thin coating 3643 0-811 0.59 50

Au NP film 749.2 55.6-13 890 9 51

Pt-Cu nanochain 135 10-17 000 2.5 52
Pt-nanoporous Au 145.7 500-10 000 0.6 53

CuO porous film 2900 1-2500 0.14 54
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Fig. 12 Possible mechanism for electrooxidation of glucose on the
surface of copper and copper—gold electrodes.
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Fig. 13 Long-run stability of copper and copper—gold electrodes for
non-enzymatic glucose sensing tested during 15 days.

uric acid (UA) that typically coexist with glucose in the human
blood (Fig. 9d, 10d and 11d). As a result, copper and copper—
gold electrodes have good selectivity for glucose sensing,
demonstrating much more significant analytical response
towards p-glucose in contrast to other interfering analytes. The
long-run stability of copper and copper-gold electrodes was also
investigated (Fig. 13). Decent stability was confirmed by testing
six samples of each material for 15 days. We observed that
during this period, all samples maintained ~93-96% their
initial electrocatalytic activity concerning non-enzymatic
glucose sensing.

Moreover, the sensor characteristics of copper and copper-
gold structures produced by SSAIL were compared with
analogical enzyme-less electrodes known from the literature*->*
(Table 3). Thus, one can conclude that SSAIL is a useful and
efficient technique for the fabrication of materials suitable
enzyme-free sensing of biologically important analytes.

Conclusions

In this work, we used the method of Selective Surface Activa-
tion Induced by Laser (SSAIL) to fabricate the electrodes
appropriate for enzyme-free glucose determination. This
method can afford quick and efficient manufacturing copper
electrodes on various dielectric substrates. These electrode
materials can easily be modified using nanostructures of such
an inert, biologically compatible and catalytically active metal

19528 | RSC Adv, 2021, 11, 19521-19530
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as gold to increase the development of the electrode surface
and, as a result, improve its electrochemical characteristics.
Thus, we fabricated copper and copper-gold electrodes on the
surface of glass and glass-ceramics. We also investigated the
electrochemical properties of the obtained materials using
voltammetry methods. It was found that the modification of
the copper surface with gold nanoparticles can significantly
increase the sensitivity of the electrode towards dopamine
sensing (3060 vs. 911 pA mM ' cm 2 for copper on glass-
ceramics), improve the detection limit and expand the linear
range of detection of this analyte. Besides, the fabricated
copper and copper-gold sensor platforms have good selectivity
and excellent stability. Thus, SSAIL is a promising high-
performance approach to develop new sensors for the
enzyme-free detection of various important bioanalytes both
in model systems and in the human blood.
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