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Abstract

We developed a rapid and effective technique for fabrication of sensor-active copper-based materials on
the surface of such flexible polymers as terephthalate, polyethylene naphthalate and polyimide using the
method of laser surface modification. For this purpose, we optimized the polymer surface activation
parameters using laser sources with a picosecond pulse duration for subsequent selective metallization
within the activated region. Further, the fabricated copper structures were modified with gold
nanostructures and by electrochemical passivation to produce copper-gold and oxide-containing copper
species, respectively. As a result, in comparison with pure copper electrodes, these composite materials
exhibit much better electrocatalytic performance concerning the non-enzymatic identification of
biologically important disease markers as glucose, hydrogen peroxide and dopamine.

Introduction

Traditional medical services require professional personnel and expensive equipment for
conducting diagnostics based on the analysis of biological fluid markers, which imposes
significant restrictions on the possibilities of long-term monitoring in real-time. However, these
restrictions can be overcome using miniature wearable electronics and sensors. Furthermore, such
portable devices can be used in environmental safety, the food industry and forensic medical
examination.

At present, there are many methods for detecting biologically essential analytes (such as
glucose, hydrogen peroxide, etc.), among which the most common are titrimetry,
spectrophotometry, chemiluminescence, and electrochemical methods as the most effective and
promising in this regard. Typically, the electrochemical approach involves the implementation of
the enzymatic sensors, i.e. devices that include a bio-detecting agent (enzyme) immobilized on the
surface of a working electrode, selectively binding to the target analyte. For example, in the case
of glucose detection, glucose oxidase (GOx) or glucose dehydrogenase are used, whereas lactose
oxidase is used for lactate sensing. However, the enzyme-based sensors are characterized by many
significant disadvantages associated with the use of enzyme molecules, which are sensitive to pH,
high temperatures, humidity, and the presence of dissolved oxygen in the studied system [1]. On
the other hand, there is a promising alternative — enzyme-free sensing. In this case, it is not
necessary to use functional biological units. Non-enzymatic sensors are characterized by structural
simplicity, which provides higher reproducibility and quality control for mass production and are
free of the above-mentioned disadvantages of enzyme sensors. In addition, they have a higher
sensitivity due to the direct electron transfer from the analyte molecule to the electrocatalytically
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active center of an electrode without using a mediator or an enzyme [2, 3]. Thus, the development
of flexible electrochemical sensor platforms without a bio-detecting element, the selectivity of
which is achieved due to the highly developed porous nanostructured electrode surface, is quite
important from scientific and technological points of view.

Currently, a search for the most ergonomic form factor of sensor platforms for various
applications deserves special attention [4]. Moreover, the possibility of creating flexible wearable
devices in the form of temporary tattoos [5, 6], mouthguards [7], contact lenses [8], bracelets [9—
11], patches [12, 13], gloves [14, 15] has been shown. As substrates, the most commonly used are
polymer materials such as polyethylene naphthalate (PEN), polyethylene terephthalate (PET),
polyvinyl membranes (PVA), acrylic tape, polyimide (PI), polyester, etc. [16]. Among them, PI is
widely used in the production of flexible sensor devices due to its high chemical and thermal
resistance (up to 300 °C) [17-20]. However, its natural yellow color limits the use of this polymer,
where transparency of the substrate is required. On the other hand, in the visible range, the
transmission of PEN and PET is about 85%. In addition, they are more resistant to bending
deformation. The vast majority of studies in the field of wearable sensor platforms is aimed at
detecting biologically significant analytes and monitoring human health [21]. In turn, the potential
of such devices is much wider, in particular they can be used in the field of environmental safety,
food industry and forensic medical examination [22, 23]. For example, to detect medicines whose
turnover is regulated by the state, explosives and other toxic and dangerous compounds to ensure
transport security, express analysis at the crime scene [24].

The most common methods of synthesis of the electrode materials that require a separate
stage for template fabrication are screen printing [25, 26], roll printing (R2R — roll-to-roll) [27],
lithographic methods, including soft lithography, photolithography, and electron beam
evaporation. Among the additive approaches, we can distinguish inkjet printing [28-30], a group
of methods of direct laser writing (DLW), selective laser sintering [31], laser deposition, etc. An
alternative to the methods described above is the stamp-printing of electrodes (STE-stamp transfer
electrodes). This method allows manufacturing electrochemical sensors on non-planar surfaces of
a simple shape with a small curvature radius applicable to dopamine and ascorbic acid detection
[32]. The main disadvantages of the aforementioned methods are the complexity of producing
alloys and composites of a necessary composition [33]. In addition, the decisive factor of the
functional properties of enzyme-free sensors is the morphology of their surface. A more developed
surface provides a greater number of active centers per unit of geometric area. However, it is not
easy to obtain deposits with such characteristics using the methods described above in many cases.

One of the significant advantages of additive technologies is creating patterns of almost
any given geometry, which is often unavailable for subtractive methods. Additive methods of
direct laser deposition allow to fabricate a wide range of materials of different nature (metals,
oxides, etc.) on the surface of different types, which can serve as electrodes for enzymeless
sensing. The first group of such methods includes such techniques as laser-induced forward metal
transfer (LIFT) and laser-induced metal deposition from solution (LCLD). For example, in LCLD,
a localized effect on the metallization solution occurs, leading to decomposition of the metal
precursor in the microreactor at the focus of the laser beam and reduction to the metallic state. As
a result, it is possible to create metal patterns of any geometry by scanning the laser beam along
the substrate surface [34, 35]. This method is a promising approach for the fabrication of non-
enzymatic sensors with high electrocatalytic activity toward D-glucose, hydrogen peroxide and L-
alanine detection [36]. However, a low deposition rate is one of the most serious disadvantages of
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this method, which equals to about tens of microns per second. The second group of additive
methods, e.g. laser direct structuring (LDS), deals with two-stage procedures, where the stages of
the substrate activation and metallization are separated in time. Moreover, LDS is based on special
metalorganic additives premixed in the polymeric substrate, thus limiting the application areas. In
this work, we proposed a methodology based on such an approach. In our case, it is not required
to use unique composites as substrates, and the metal reduction from solution occurs due to
activation of the catalytic activity of the polymer surface by laser irradiation or due to
implementation of a separate activator substance (as a rule, precious metal salts). Basically, in the
case of polymer surfaces, the possibility of direct activation of the surface upon laser irradiation
was shown for polyimide (PI) [37]. However, this process is kinetically inhibited (the growth of
the conductive structures takes about five hours). The use of organometallic molecules (e.g.
Pd(AcAc)2), which are deposited on the polymer surface before irradiation and are decomposed
under the action of a laser beam, makes it possible to selectively activate the surface of polyphenyl-
quinoxaline and PET [38, 39].

This work contributes to the further development of the Selective Surface Induced by Laser
(SSAIL) technique [40—43]. Furthermore, the proposed approach provides conditions for
metallization of the surface of different polymers, avoiding the use of expensive and toxic
organometallic molecules in favour of less expensive silver salts and allowing fabricating metallic
and bimetallic structures based on the use of expensive silver salts of copper and gold with good
electrocatalytic performance. Moreover, the modification of the electrode surface with such
catalytically active and stable metal as gold exhibits many benefits. Indeed, there are extensive
investigation of synergetic effect of different kind of materials in one composite system [44, 45].
This phenomenon may lead to faster electron transfer or other processes increasing
electrochemical performance. Bimetallic Cu-Au alloys and composites reveal remarkable
electrocatalytic activity with comparison to pure gold/copper materials [46—49]. The combination
of precious (Au) and earthabundant (Cu) metals can lead to increasing of copper stability and it
resistivity to oxidation, which supposed to improve shelf life of the sensor and reproducibility of
the analysis. The gold was precious metal of choice due to high stability compared to silver
nanomaterials and relatively low price with respect to Pd, Pt, ect.

Materials and methods
Laser activation and metallization of the polymer surface

All sensor-active materials were fabricated using laser activation of polymeric surfaces
with subsequent selective metallization. This approach includes four stages: (1) laser modification
of the polymer surface in the air; (2) treatment of the substrate with silver nitrate solution; (3)
copper plating of the activated region; (4) modification of the fabricated copper structures to
increase the electrocatalytic activity toward the target analyte. Polyethylene terephthalate (PET),
polyethylene naphthalate (PEN) and polyimide (PI) were obtained in Sigma Aldrich and were used
as substrates. Substrates were cleaned in an ultrasonic bath with water/alcohol/acetone mixture for
15 min before synthesis and dried in the air. Ultrapure water (18.2 MQ-cm) was used for
preparation of all the aqueous solutions.

In the first stage (1), laser modification of polymers was carried out using the focused (the
diameter of the focal spot was 25 pum) laser irradiation with a wavelength of 532 nm, a pulse length
of 10 ps, a pulse repetition rate of 5-200 kHz and an average power of up to 15 W. A pulse picker
was used to vary the pulse repetition rate and a lens with a focal length of 160 mm was used to
focus the laser beam on the polymer surface. The optimal fabrication parameters of copper
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electrodes for each substrate are presented in the results and discussion section. The laser beam
was moved relative to the substrate using a galvanometric scanner (Scanlab AG). The chemical
activation associated with stage (2) was performed by holding the irradiated substrate in a solution
of 5x10* M silver nitrate for 8 minutes at room temperature, after which the sample was
thoroughly washed with a large amount of distilled water to remove silver ions from the non-
irradiated surface of a polymer. Next, the selective chemical deposition of copper on the activated
polymer surface was done in stage (3). In this regard, the substrate was placed for 30 minutes at
30°C in an aqueous solution for metallization (Fig. 1). The composition of this solution can be
found in Table S1. The reduction reaction of copper ions with formaldehyde proceeded according
to Scheme S1. This process is autocatalytic. After forming the first copper crystals due to the
activation of the surface at the previous stages of synthesis, further growth of the deposit is
catalyzed by the forming metallic copper. All chemical reagents used in this work had a degree of
purity not lower than analytical grade and were commercially available (Sigma Aldrich).

¥ ps laser

[

laser modification substrate electroless copper copper layer
of polymer substrate activation deposition modification

Fig. 1 Stages of laser-assisted fabrication of flexible non-enzymatic Cu-based sensors.

Modification of the surface of copper electrodes

To improve the analytical characteristics of the fabricated copper electrodes, we performed
their modification with gold. The procedure was based on Ref. [50]. The modification of the
synthesis described in [50] was made to localize the chemical reaction of gold ions reduction. For
this purpose, formaldehyde was excluded from the solution and copper layer itself was used as
reducing agent. Gold nanostructures were synthesized on the electrode surface by reducing gold
from an aqueous solution of hydrogen tetrachloraurate (0.007 M HAuCls) and 4-
dimethylaminopyridine (0.1 M DMAP) with metallic copper at 60 °C for 5 minutes. Finally, the
modified copper electrode was washed with a large amount of water and dried in the air.

Moreover, we produced oxide nanostructures on the surface of copper electrode using
electrochemical passivation [51-53]. This synthesis was carried out in a standard three-electrode
cell. The fabricated copper structures and platinum wire were used as working and counter
electrodes, respectively, whereas, Ag/AgCl electrode was used as a reference. Passivation was
performed for 600 seconds at a -200 mV (vs Ag/AgCl) potential in a background solution of 1 M
NaOH. Upon these conditions, various oxidation processes of copper electrode may occur, which
lead to the formation of such products as copper(I) oxide, copper(Il) oxide and copper hydroxide.
After passivation procedure, the fabricated nanowires were annealed in air atmosphere at 130 °C
for 60 min to form CuO nanostructures [54].
Bending test

Bending test was performed by fixing the specimen on mechanical clamps connected
through thread driven linear stage as shown in Fig. Sla. The dimensions of the copper trace were
70 x 3 mm. The thickness of the copper layer was ~1.5um. The bending procedure was performed
by changing the distance between the clamps to reach the minimum bending radius “R” (the
minimum radius was chosen as 1 mm). The distance between claps was moved from 65 mm (when
a specimen is flat) to 10 mm (when a specimen is highly bent) by “dx” = 55 mm (Fig. S1b). The
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single bending cycle took 0.5 s. Resistance was in-situ observed during the test using the “Keithley
2610 B” multimeter device.
Morphology, analysis of atomic and phase composition

Morphology and composition of the obtained materials were studied using scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and energy dispersion of X-
ray spectroscopy (EDX), respectively. The EDX-system was coupled with a Zeiss Supra 40 VP
scanning electron microscope equipped with X-ray attachment (SEM, Zeiss Supra 40VP; EDX,
INCA X-act, Oxford Instruments, UK). XPS analysis was performed using the photoelectron
spectrometer “Escalab 250Xi” with AlKa radiation. Spectra were collected in the constant pass
energy mode at 50 eV for element core level spectrum and 100 eV for survey spectrum (spot size
650 um). In addition, the phase composition of copper-based electrodes was investigated by a
Bruker D2 Phaser diffractometer equipped with a LynxEye detector (Bruker-AXS, Karlsruhe,
Germany).
Electrochemical studies

Electrocatalytic activity of the fabricated electrode materials toward enzyme-free detection
of D-glucose (Gl), hydrogen peroxide (H20:) and dopamine (DA) was investigated using
voltammetric methods at room temperature in a standard three-electrode cell mentioned before.
Amperograms (CA) and cyclic (CV) voltammograms were recorded using Corrtest CS300
potentiostat (Wuhan Corrtest Instruments Ltd., China). Electrochemical testing of DA and H,O»
were conducted with 0.1 M PBS as background electrolyte, in turn 0.1 M NaOH was used in case
of GL. All potentials mentioned in this work are referenced to Ag/AgCl electrode. CV experiments
were performed at 50 mV/s scan rate for all electrodes, CA measurements for glucose, hydrogen
peroxide and dopamine detection were carried out at 0.5 V, —0.17 V, and 0.25 V (vs. Ag/AgCl)
respectively. Fabricated Cu-Au bimetallic electrodes were used for glucose detection in the blood
serum samples. Serum samples were centrifuged, stored at 4°C, and injected into 0.1 M NaOH
background solution before chronoamperometric analysis at potential 0.5 V (vs. Ag/AgCl). As
reference, data measured with a portable commercial analyzer was used.
Results and discussion
Laser activation of the polymer surface with subsequent copper plating

As it was previously discussed, the synthesis of copper structures on the surface of
polymers proceeded via three main stages: selective modification of the polymer by exposure in
the field of laser radiation, activation of the polymer surface by holding it in AgNOs3 solution and
chemical deposition of copper within the activated area. In this work, the main attention was paid
to the first stage of the synthesis, i.e. the interaction of laser radiation with the polymer surface. At
the same time, the most important physical parameters affecting two other stages (activation and
chemical reduction of copper) are laser power, pulse repetition rate, scanning speed, and distance
between producing copper lines. Parameters used for laser picosecond modification of the surface
of used in the current work polymers: scanning speed, 2-6 m s™'and distance between lines (%), 10-
20 pm.
Fig. 2 and Figs S2-S3 demonstrate SEM images of the polymer surface under different laser
exposure conditions and the corresponding result of chemical copper plating. The optimal
conditions for laser modification were chosen based on the electrical resistance of the formed
deposits, adhesion according to scotch tests, as well as a qualitative evaluation of the morphology
of these deposits according to optical microscopy.
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Fig. 2 Optical micrographs and SEM images of copper structures deposited on PEN using laser
modification at different scanning speeds and distances between lines. (a) v=2 m s!, #=10, (b) v=4 m s™!,
h=10, (c) v=6 m s}, =10, (d) vV=2 m ™!, h=15, (e) vV=4 m ™!, h=15, () v=6 m s™!, k=15, () vV=2 m s™!, h=20,
(h) v=4 ms!, h=20, (i) v=6 m s!, h=20. The size scale corresponds to 20 pm for SEM images and 500 um
for optical microphotographs.

As a result, the optimal synthetic conditions for all polymer substrates are demonstrated in Table
1, whereas optical photographs of the corresponding copper-based structures obtained at these
conditions are shown in Fig. 3a.

Table 1 Optimal regimes for laser modification of the polymer surfaces.

Polymer Laser power, W Repetition rate, kHz Scanning speed, m s™! h, pm
PI 3.000 100 4 15
PEN 0.983 100 2 10
PET 4.630 100 2 20

Depending on the nature of the substrate material, the interaction of laser radiation with the surface
can lead to the initiation of various processes forming active centers that facilitate electron transfer
in the redox reaction. In the case of polymers, a decrease in oxygen in the surface layer is observed.
It may indicate the formation of new functional groups, e.g. the breaking of carbonyl and ether
bonds as well as the formation of aldehydes, which can reduce silver from AgNO; solution at the
surface activation stage [16]. However, in contrast to solid oxide materials, one can observe a
significant local change in morphology and formation of a spongy structure with a developed
surface that significantly increases the adhesion of the synthesized copper layers. Thus, it is
possible to distinguish two mechanisms of modification of the polymer surface under the action
of laser radiation concerning the local process of copper plating: change in either the nature or
morphology of the surface layer.

The electrode for the bending test was fabricated using SSAIL method on 150 um PET film, 1000
bending cycles were performed for the specimen. A slight increase in the resistance of the electrode
during the bending test was observed. At the end of the cycle resistance value turned into
saturation. The total increase of the resistance after the 1000 cycles was by 13.8 percent of the
primary value (Fig. 3b).
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Fig. 3 (a) Photographs of copper structures on various polymers produced under optimal synthesis
conditions; (b) bending test of PET plated electrode: resistance dependence on the number of bending.

The fabricated copper structures were examined using scanning electron microscopy and
X-ray phase analysis (Fig. 4). According to these studies, all materials consist of pure metallic
copper. The observed structures are solid films, which should provide a stable electrical contact
during electrochemical studies. It can also be noted that copper deposits inherit the morphology of
the substrate exposed to laser radiation.
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Fig. 4 SEM images, results of EDX analysis and XRD patterns of copper structures on the surface of (from
top to bottom) PEN, PET and PL

Modification of copper electrodes
To improve the analytical characteristics of the synthesized copper electrodes, we modified
their surface. Modification of the electrode surface by nanomaterials can significantly improve its

7



sensory activity. Indeed, the electrocatalytic performance of the non-enzymatic electrode is
determined not only by its nature but also by the morphology of its surface. In turn, the highest
sensitivity is typical for highly porous nanostructured electrodes due to the high electrochemically
active surface area. Thus, the modification and decoration of the electrodes with nanoparticles
(NPs) of various shapes allows producing composite materials that can exhibit a synergistic effect
leading to a significant increase in catalytic properties compared to counterparts based on
individual components [55-58]. In all experiments described below, PEN was used as a substrate
to demonstrate general idea of surface modification, however, proposed synthesis can be
performed with PI and PET as well.
Chemical synthesis of nanostructures on the surface of copper electrode

The method of synthesis of gold NPs on the surface of copper electrode was described
above. We determined the optimal conditions for the synthesis of bimetallic electrode materials
based on Cu-Au. It was shown that using a component acting as a reducing agent (formaldehyde)
leads to the formation of gold NPs in the entire volume of the solution. In turn, the reaction under
conditions when the reduction of gold occurs due to partial dissolution of the pre-synthesized
copper layer allows localizing the process on the surface of the electrode. The morphological and
atomic composition studies of Cu-Au electrodes on the surface of various polymers fabricated at
different conditions are presented in Figs. 5, S4-S6. It should be mentioned that the crystal Au
reflexes were not found in the XRD patterns of Cu-Au electrodes (Fig. S6). It can be possibly
explained by the possible formation of alloys [59] since copper tends to form them in the Cu-Au
system when HAuCly interacts with metallic copper. However, EDX mapping (Fig. 5a and S5)
shows the presence of at least 2% of the mass of Au (or more, depending on the synthesis
conditions) and its uniform distribution over the deposit surface. In addition, the reduction of
HAuCls and formation of Au (0) were confirmed by photoelectron spectroscopy data (Fig. 5b) [60,
61].
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Fig. 5 (a) SEM image and EDX mapping, (b) Photoelectron spectra of bimetallic Cu-Au structures
fabricated under the conditions on the surface of PEN 5 min, 60 °C

Electrochemical oxidation of the copper electrode surface

The electrode materials based on copper and gold manufactured on various polymers have
metallic conductivity, which simplifies electron transfer from the electrocatalytically active
surface of an electrode to the measuring circuit of a device. However, many non-metallic materials
also show good electrocatalytic performance in various reactions especially in neutral media. For
example, oxygen-containing copper(Il) compounds reveal high activity in a number of practically
important processes such as electrochemical oxidation of methanol, the splitting of water and the
oxidation of glucose and dopamine [62—66].



The synthesis of oxide nanostructures on the surface of copper electrodes was described in
the previous section. We estimated the influence of time of the potentiostatic synthesis (Fig. 6a)
on morphology and studied the atomic composition of the formed layers (Fig. S7-S8).

The formation of hydrophilic structures with a high aspect ratio provides access of the
electrolyte with the dissolved analyte to the active centers of the electrode providing an increase
not only in the actual surface area but also in the electrochemical activity. EDX mapping of these
electrodes showed an increase in oxygen content with an increase of the synthesis time in addition
to uniform distribution of elements over the electrode surface, as well as a gradual decrease in the
carbon content, the signal of which refers to PEN (Fig. S8). That may indirectly indicate an
increase in the thickness of the layer of the formed oxides. Besides, it can be assumed that the
phase of copper(Il) oxide and copper(Il) hydroxide prevails over copper(I) oxide according to the
atomic composition and the ratio of Cu to O (Fig. S8).

In addition, the qualitative composition of these electrodes was determined using X-ray
diffraction and Raman spectroscopy. However, the sensitivity of XRD analysis was insufficient to
detect oxide phases (Fig. 6b) [67].
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Fig. 6 (a) Amperometric curve recorded after passivation of copper deposits on the surface of PEN, (b)
XRD patterns, (c) Raman scattering spectra of CuxOy-Cu(OH), nanowires on the surface of the fabricated
copper electrode, (d) SEM-image of the CuO nanowires on the surface of the fabricated copper electrode
after annealing, and (d) schematic illustration of the modification process.

As a result, only peaks of the initial metallic copper are presented in the X-ray diffractogram for
samples obtained at a short synthesis time. Cu(OH). reflexes begin to manifest during the
prolonged passivation. At the same time, Cu,O, CuO and Cu(OH), signals were found in the
Raman spectrum (Fig. 6¢) [68—71]. Thus, the results of composition analysis do not contradict the
previously proposed copper passivation mechanism in highly alkaline solutions [72]. The
amperometric curve for the passivation of copper deposits on the surface of PEN is shown in Fig.
6a. Although, it has a pronounced maximum, the initial increase in the current density may indicate
an increase in the surface area due to the start of active growth of the oxide layer. A further decrease
in the current density is probably due to the elongation of the nanowires, which leads to an increase
in the electrical resistance since the charge must pass through a growing layer of a material with
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higher resistance than metallic copper [51]. After reaching the plateau, the surface morphology
does not change significantly. There is a thickening of the nanowires (Fig. S7) and a redistribution
of the phase composition (Fig. 6¢). Moreover, SEM-image after annealing shows that the
nanowires have retained their structure. Raman spectra presented in Fig. 6¢ confirms the formation
of CuO that occurs after the annealing of the surface of electrodes (blue surface turned black, Fig.
6¢).

Electrocatalytic activity of the synthesized materials

The electrocatalytic activity of the fabricated electrode materials toward D-glucose (Cu,
Cu-Au electrodes), hydrogen peroxide (Cu, Cu-Au electrodes), dopamine (Cu-CuO electrodes),
as well as the influence of the interfering species, were studied using cyclic voltammetry and
chronoamperometry (Figs. 7 and Figs. S9-13). The CVs were recorded for different concentrations
of analytes for all electrodes to determine the operating potential for further chronoamperometric
measurements. Typically, the CVs of copper-based electrodes in 0.1 M NaOH have prominent
anode and cathode peaks (Figs. S9a). The peaks at -0.39 (peak 1) and -0.15 V (peak 2) correspond
to such transitions as Cu(0)/Cu(I) and Cu(0)/Cu(II) for 1 and Cu(I)/Cu(II) for 2. A sharp increase
in the current when the potential of 0.6 V is reached is due to the beginning of the electrolysis
reaction of water . The Cu(II)/Cu(Ill) transition and formation of the catalytically active species
occur at 0.5 V. Nevertheless, this peak is not pronounced, which may be due to Cu(Ill) species
being detected only at a high concentration of hydroxide ions. A sharp increase in the anode current
at 0.5 V (peak 3) with the addition of glucose can be explained by the electrooxidation of the
analyte by forming Cu(IIl) species. The cathode peaks correspond to the copper reduction
processes (peaks 4 and 5). In this case, a decrease in the intensity of peak 4 relating to the
Cu(IIT)/Cu(II) transition is observed in the presence of D-glucose confirming the participation of
Cu(III) in the electrocatalytic process [73, 74].

Optimal working potentials for the modified electrodes were determined. Three different
potentials for each analyte were tested. Subtracting current value was used for evaluation of sensor
electrocatalytic performance. This value was defined as the difference between current registered
in the background solution and in presence of an analyte of 100 mM concentration [12].
Amperometric curves in 0.1 M NaOH with glucose addition was recorded at 0.35 V (vs. Ag/AgCl),
0.5V (vs. Ag/AgCl) and 0.6 V (vs. Ag/AgCl). The corresponding calibration curves are shown in
Fig. S14 a, b. The calculated value of the subtracting current indicates that optimum potential for
glucose oxidation equals to 0.5 V (Fig. S14 c). The application of potential at 0.6 V provided an
increase in the current within the margin of error relative to the potential of 0.5 V. Therefore, the
lower potential was fixed for further experiments. Similar experiments for hydrogen peroxide and

dopamine were carried out as well (Fig. S14 d,e). The optimal potentials were found to be -0.17 V
(vs. Ag/AgCl) and 0.25 V (vs. Ag/AgCl) for H,O, and DA, respectively.

The amperometric responses of the synthesized electrodes were measured in the
background solutions with different concentrations of the target analytes (Figs. 7b, f and S9b,
S10b, S11b, S12b, S13b). Thus, the calibration curves (the Faraday current vs the analyte
concentration) were plotted based on these measurements (Figs. 7¢,g and S9¢, S10c, S1lc, S12c,
S13c¢).
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Fig. 7 Electrochemical studies of copper-gold electrode fabricated on the surface of PEN; (a) CVs
measured in 0.1 M NaOH at various D-glucose concentrations; (b) Amperogram recorded in 0.1 M NaOH
with different concentration of D-glucose at the potential of 0.5 V (vs Ag/AgCl); (c¢) Calibration plot
obtained by plotting the measured Faraday current at 0.5 V (vs Ag/AgCl) as a function of D-glucose
concentrations; (d) Amperometric response to successive addition of 100 uM D-glucose (Glu), 20 uM uric
acid (UA), 20 uM ascorbic acid (AA) and 20 uM 4-acetamidophenol (AP) in 0.1 M NaOH.
Electrochemical studies of CuO-Cu electrode fabricated on the surface of PEN; (¢) CVs measured in
0.1 M PBS at various DA concentrations; (f) Amperogram recorded in 0.1 M PBS with different
concentration of DA at the potential of 0.25 V (vs Ag/AgCl); (g) Calibration plot obtained by plotting the
measured Faraday current at 0.25 V (vs Ag/AgCl) as a function of DA concentrations; (h) Amperometric
response to successive addition of 100 uM DA, 100 uM uric acid (UA), 100 uM D-glucose (Gl) and 100
UM 4-acetamidophenol (AP) in 0.1 M PBS.

The selectivity of the synthesized electrodes toward enzyme-free sensing of Gl, H202, and
DA was tested in the presence of the interfering substances, including 4-acetamidophenol (AP),
ascorbic acid (AA) and uric acid (UA). These substances co-exist with the target analytes in human
blood, body fluids and other potential systems of practical importance such as beverages (Figs.
S9d and S10d, h). Fig. S10d illustrates the amperometric response at 0.5 V (vs. Ag/AgCl) for Cu-
Au electrode in the presence of 100 uM D-glucose (Glu), 20 uM uric acid (UA), 20 uM ascorbic
acid (AA) and 20 uM 4-acetamidophenol (AP) in 0.1 M NaOH. The results showed that copper-
gold electrodes are highly resistant to the interfering impurities and exhibit a much higher response
toward D-glucose (Fig. 7d). The selectivity towards dopamine and hydrogen peroxide was
investigated as well (Figs. 7h and S9d, S10d, S11d, S12d, S13d)

Thus, it was shown that by modification of the copper electrode the surface fabricated using
the method considered in this paper, it is possible to expand the basis of analytes and carry out
measurements in neutral media with physiological pH. Finally, it can be concluded that the
modification of copper electrodes by nanostructures significantly increases their electrochemical
characteristics, along with sensitivity and limits of detection (LODs) (Table 2). The comparison
of the parameters of the fabricated electrodes with those observed for recently reported analoges
is presented in Tables S2-S4.

Table 2 Electrochemical parameters of the fabricated copper-based electrodes.

Electrode

Analyte

Linear range,
uM

LOD*, uyM

Sensitivity,
uA mM'em?
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D-glucose 0.1-1000 0.05 8640
Cu-Au PEN H,0; 0.5-3000 0.2 2420
Cu PET D-glucose 10-1000 24 1050
D-glucose 3-1000 1.1 139
Cu PEN H:0; 50-5000 20.1 139
CuPI D-glucose 3-1000 0.9 775
Cu-CuO PET Dopamine 3-500 0.57 142.5

*LOD = 306/m, where o is the standard deviation from linearity and m is the slope of the calibration curve shown in
Figs. 14-16 and SI.

The stability tests were conducted with the modified electrodes for glucose, hydrogen
peroxide and dopamine detection (Fig. S15). Background solution containing 100 uM of dopamine
or glucose was used as a testing system. Five samples of each material were exploited for
experiments. They exhibited appropriate levels of stability during the 21 days period, and the drop
in relative current density was ~10% for all electrodes. According to the experiment design, each
particular electrode (out of five sets) was used for analysis 11 times (every 2nd day for 21 days).
The sample was rinsed with water, dried with air flow and stored under ambient conditions after
measurement. Therefore, the results presented in Fig. S15 confirms not only stability of the
electrodes, but also demonstrates the possibility of their multiple usage.

The repeatability of glucose, hydrogen peroxide and dopamine detection with the modified
Cu-Au and CuO-Cu electrodes was tested by conducting 5 successive measurements in
corresponding background solution containing 100 uM of analyte. Calculated relative standard
deviation (RSD) equals to 2.80%, 3.51% and 3.95% for GI, H2O, and DA respectively, which
shows decent repeatability of the fabricated sensors. The reproducibility of glucose, hydrogen
peroxide and dopamine detection with the modified Cu-Au and CuO-Cu electrodes was tested by
using 5 independent electrodes in the corresponding background solution containing 100 uM of
analyte. Calculated RSD equals to 1.95%, 2.03% and 2.58% for Gl, H>O; and DA, respectively,
that shows decent reproducibility of the fabricated sensors.

Practical application of the fabricated Cu-Au electrodes was tested using serum samples.
Amperometric experiments with serum samples diluted in 0.1 M NaOH solution were performed
at the potential of 0.5 V (vs. Ag/AgCl). The results of measurements (n=3) with comparison to
reference ones are presented in the Table S5. The sensor produced by SSAIL technique
demonstrates decent RSD (less than 3.35%) and recovers within the range of 97.26 - 103.53 %.

In particular, bimetallic Cu-Au structures demonstrate a higher sensitivity concerning
glucose analysis (more than 8 times) compared to a pure copper electrode and allow reducing LOD
from 10 to 0.1 uM. On the other hand, the fabrication of the CuO layer on the surface of the copper
electrode exhibits good electrocatalytic performance toward detection of dopamine at
physiological conditions.

Conclusions

In this work, a promising laser-assisted technique for fabrication of sensor-active materials
based on copper and other metals was proposed. In comparison with many existing analogical
methods, the proposed approach does not require a template. It can be used to create metallic
patterns on the surface of polymers of any desired geometry, even for small-scale production and
prototyping. Typically, laser fabrication on polymer surfaces is quite difficult due to utilization of
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too high laser power, at which the destruction of the substrate material may occur. Moreover, it is
necessary to note that the scanning speed of the laser beam along the polymer surface may reach
values of several meters per second, and the subsequent stage of chemical copper plating allows
extensively increasing the amount of material fabricated per unit of time without using expensive
equipment. Thus, we performed laser activation and selective copper plating of flexible polymer
substrates such as PEN, PET and PI. We also produced bimetallic composites based on Cu-Au and
Cu-CuO systems by modifying the previously fabricated copper structures. The electrocatalytic
performance of the obtained materials toward non-enzymatic detection of such biologically
important analytes as glucose, hydrogen peroxide and ascorbic acid. It was demonstrated that the
modification of copper electrodes with gold-based nanostructures significantly improves their
electrochemical characteristics, including sensitivity and detection limit. In turn, deposition of
CuO on the surface of copper electrodes provides conditions for the dopamine acid sensing in a
neutral medium. Finally, it is possible to conclude that the discussed technique can be used for
synthesis and modification of electrode materials on flexible surfaces with high electrocatalytic
activity toward a wide range of analytes based on a single source system. Spatially selective
synthesis of other metal coatings (such as nickel, etc.) will further expand the scope of the proposed
technology.
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