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Abstract

BACKGROUND: Carbon-based nanostructures have been attracting major interest in many research
fields, including chemical and biological sensing, due to their unique structural dimensions and excellent
physical, chemical and mechanical properties. A recently developed laser scribing approach allows
design and fabrication of flexible, graphitic carbon based substrates for (bio)-electrochemical
applications, as it provides highly robust and low-cost sensing platforms. RESULTS: Here we demonstrate
fabrication of a highly reproducible laser scribed graphitic electrodes (LSE) on a polyimide (Kapton) film
by using a simple, do-it-yourself laser engraving system equipped with a 405 nm wavelength laser.
Copper nanostructures were deposited onto an electrode surface via the electrodeposition process. The
developed three dimensional graphitic electrodes modified by nano copper/copper oxide species (LSE-
Cu) were used for the detection of dopamine and glucose. Electrochemical studies of LSE-Cu showed
that in the presence of nano-copper there is an apparent shift of the oxidation peaks of dopamine and
ascorbic acid allowing determination of dopamine without an interference effect with an excellent
sensitivity of 1321.54 uAmM™ cm™. Furthermore, LSE-Cu sensor exhibited highly satisfying analytical
performance toward glucose electro-oxidation with the reproducibility of 5.47 % (RSD %). CONCLUSION:
We have demonstrated a simple design, fabrication and passivation route for the preparation of the
LSEs performing as biosensors. Such cost-effective and design-flexible system is highly suitable to
develop biosensing platform towards various target analytes and further miniaturization of the

electrode.
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Introduction
Numerous carbon materials have been studied extensively in the construction of biosensors as either

nanostructures for matrix development or standalone electrodes(1). Considering the rich reputation of
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carbon based materials in electrochemical application, it is hardly surprising that graphene, in particular,
has become a hot topic of electrochemical sciences over the recent years. Its water-dispersible
derivatives, such as graphene oxide, are often used for surface chemistry processes of electrodes.
However, even when reduced through physico/chemical steps, the excellent electrical properties of
pristine graphene cannot be obtained due to multiple defects in graphene oxide(2, 3). A breakthrough
has been achieved in 2012, when an attractive, technologically simple and cheap approach has been
reported by El-Kady et al.(4) who described a strategy for the production of reduced graphene oxide
based electrochemical capacitors. In that work, graphene oxide (GO) dispersion in water was drop-
casted on a flexible substrate and, in order to reduce to graphene, irradiated by an infrared laser
integrated in a commercially available LightScribe CD/DVD optical drive. This research opened up a new
era in the field of electrochemical biosensors, in particular, flexible sensors due to an easy and cost-
effective preparation of graphene and graphite based electrodes by a simple laser irradiation. For
instance, in 2014 Griffiths et al.(5) used the same technology to produce laser scribed electrodes for
electrochemical sensor applications. In the same year, a broad study of commercially available
polyimide sheet (Kapton) conversion into graphitic carbon by a direct-write laser scribing process has
been shown publicly for the first time(6). In 2016 Nayak et al.(7) reported the fabrication of flexible
electrochemical sensors using the latter fabrication method. The scribed structures have self-standing
porous 3D morphology and abundant edge planes which are of a great advantage to apply several
surface chemistry applications for the development of biosensors. In 2017 Fenzl et al.(3) have
demonstrated the use of such electrodes as biomolecules’ immobilization platform for aptamer based
detection technologies. They simply attached the aptamers to the surface of laser-scribed graphene
electrodes via m-stacking and hydrophobic interactions between the graphene and the pyrene of the
anchoring molecule. The developed biosensor displayed extremely low detection limits towards the
analyte in a complex matrix of serum. In 2018 Lin et al.(8) have reported the use of copper nanoparticles
electrodeposited, DVD-laser scribed graphene electrodes for glucose oxidation. In the same year, Xu et
al.(9) have demonstrated a laser scribed graphene electrode which was modified with PEDOT to be used
for dopamine detection. Another initiative approach has been reported by Chyan et al.(10) in 2018. In
this study researchers have implemented a laser writing process of graphene patterning on surfaces of
various materials with high lignin content, such as food, cloth, paper, cardboard, high-performance
polymers and natural coal, essentially demonstrating vast potential in niche applications — cheap,

flexible, biodegradable and edible electronics.
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The research field of electrochemical glucose biosensors has shown an outstanding growth and
development since the first enzyme electrode towards glucose discovered in 1962 by Clark and
Lyons(11). The design of their technology was based on glucose oxidase- enzyme layer- entrapped
within a semipermeable dialysis layer which was placed on the oxygen electrode. Following this, the first
glucose analyzer was launched in 1975 which was based on Clark’s technology(12). Such remarkable
initiative opened up a new era in research and development centered on biosensing technologies. Since
then, numerous attempts to improve the biosensing performance of such bio-devices have been studied
including nanomaterials (13, 14), redox probes (15, 16), polymers (17, 18), etc. Furthermore, the
challenge arising from the nature of the enzyme has lead researchers to search for alternative methods
for glucose detection. Enzyme free glucose sensing in the presence of a catalyst is one of the most
successful alternative which is capable of direct electro-oxidation of glucose. Several nanomaterials with
various morphologies have been deployed as catalyst towards glucose. Among them copper based
nanostructures are the most commonly used catalysts for glucose electro-oxidation due to their low-
cost, narrow band gap and easy-preparation methods (11, 19-22).

Dopamine is one of the essential neurotransmitter in central nervous system and the abnormal
concentration level of dopamine can be associated with several neurological disorders such as
Parkinson’s disease, Schizophrenia and attention deficit hyperactivity disorder (ADHD) (23). Dopamine is
also a biomarker of certain cancer strains including neuroblastoma (24) and paraganglioma (25). The
conventional methods for dopamine determination are high performance liquid chromatography (HPLC)
(26), enzyme-linked immunosorbet assay (ELISA) (27) and capillary electrophoresis (28). Such methods
can be expensive, time consuming and also those methods require specialized laboratory equipment
(29). Electrochemical detection of dopamine can be an excellent alternative to current methods with
low cost and rapid testing. Since dopamine is an electroactive compound which can be oxidized to
dopamine-o-quinone as a reversible reaction upon application of a suitable potential. Therefore, the
direct measurement of dopamine concentration by measuring the current associated with this
reversible reaction is possible.

In this study, we explain the fabrication and characterization of a do-it-yourself laser scribed electrode
which requires a simple laser engraving system equipped with a 405 nm wavelength laser and we also
demonstrate the use of prepared electrode as sensing probe in the presence of copper/copper oxide
nanostructures allowing effective detection of dopamine and glucose. We have shown here that the
such nano-deposits lead to a shift of the oxidation potentials of the dopamine and ascorbic acid, thus

allowing simultaneous detection of the dopamine in the presence of interference. The surface of LSE

This article is protected by copyright. All rights reserved.



Accepted Article

was modified with copper nanostructure via electrodeposition process at negative over potentials, so
called LSE-Cu. Developed LSE-Cu electrodes were used for dopamine detection in the presence of
ascorbic acid. Furthermore, we have shown the use of LSE-Cu electrodes as enzyme free glucose
sensors with excellent reproducibility. As we show, fabrication of LSE-Cu electrodes based dopamine
and/or glucose sensors provide an inexpensive detection platform with high sensitivity and
reproducibility. Noteworthy, being cost-effective and having very flexible design capabilities, such

systems could be easily miniaturized into a chip platform

Laser Scribed Electrode (LSE)

LSE-Cu electrode

Scheme 1. Illustration of the LSE and LSE/Cu electrodes fabrication process

Materials and Methods

Chemicals and instrumentation

Copper(ll) chloride dihydrate (CuCl,-2H,0), dopamine, glucose, ascorbic acid, potassium ferrocyanide

(Ks[Fe(CN)g]), potassium ferricyanide (Ks[Fe(CN)g]), hexaamineruthenium (Ill) chloride [Ru(NHs)e]*",
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phosphate buffer saline tablets (PBS, 0.01 M, pH7.4), sodium hydroxide (NaOH) and potassium chloride
(KCI) were obtained from Sigma-Aldrich. All solutions were prepared with double distilled and deionized
water (18.3 MQ, ELGAPurelab Ultra). Electrochemical measurements were performed on an Autolab
electrochemical workstation (Metrohm, UK) equipped with a conventional 3- electrode setup consisting
of a laser scribed electrode (a working electrode), a spiral Pt wire counter electrode, and a Ag/AgCl (1 M
KCI) reference electrode. The surface morphology and the nanostructure of the bare and modified
electrodes were studied by scanning electron microscopy (SEM) (Zeiss Supra 40 SEM at accelerating
voltages in the range of 5-10 kV). The surface chemical composition of the LSE and LSE/Cu electrodes
was characterized by using an X-ray photoemission spectrometer (XPS, Kratos AXIS ULTRA) with mono Al
Ka radiation at 1486.58 eV; 300 W (20 mA, 15 kV). All the XPS data were calibrated by the carbon 1s
peak at 284.8 eV. The energy dispersive X-ray analyses (EDX) were studied by using an SEM Quanta 650
Field Emission Gun (FEG) attached with an EDX unit, with accelerating voltage of 20 kV. The structural
analysis of the LSE nano-flakes was performed by applying the transmission electron microscopy (TEM,

Jeol 2100); 200 kV using a single tilt sample holder.

Fabrication of Laser Scribed electrodes, LSE

LSEs were fabricated on a polyamide film (Kapton) of 0.08 mm thickness by irradiating with a 405 nm
wavelength laser in an air environment at room temperature. The continuous-wave laser with a nominal
power of 0.5W was driven by a 1 kHz, 3% duty cycle signal. The resulting optical power trace was
composed of a train of exponentially decaying (t=0.5 ms) pulses (Supporting Information, Fig. S1). Laser
has been focused to a ~50 um diameter size spot, which was guided at the speed of 500 mm/min over
the surface of the film by 2 stepper motors controlled by a conventional Grbl controller. A single
exposure with the given parameters was found to be the optimal to ensure the continuity of a graphitic
carbon layer with the lowest resistance (Supporting information, Fig. S2). Such low cost systems or

components for assembly are easily available from the usual consumer-product online retailers.

The LSEs were designed to be of 20 mm length with a connection pad on one end, and a 2 mm diameter
circular area as a working electrode on the other. Working electrode area has been isolated from the
connection pad by a NOA68 ultraviolet light sensitive adhesive dispensed through a 34G needle and

cured under the UV light-emitting-diode.
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Electrochemical measurements

Electrodeposition of copper nanostructures was carried out by applying chronoamperometry in a
solution of 40 pug / 10 mL CuCl, at a potential of — 2 V for 120 seconds. Prior to each electrodeposition
process, the electrochemical cell was preconditioned for 5 s at 0 V. After electrodeposition electrodes
were rinsed with double distilled water and dried in air. Electrodes were freshly prepared and used.

*/3 or in a solution of 5

Cyclic voltammetry of electrode were performed in a solution of 5 mM [Fe(CN)¢]
mM [Ru(NH3)¢]*" as redox mediators in 0.01 M PBS (pH 7.4) containing 0.1 M KCI. Differential pulse
voltammetry for dopamine detection was applied in 0.01 M PBS (pH 7.4), chronoamperometry for

glucose detection was applied in 0.1 M NaOH solution.

Results and Discussions

Scanning electron microscopy (SEM) is one of the techniques used in here to describe the morphological
features of laser scribed paths on a Kapton film. Fig.1a shows the circular working electrode surface with
a diameter of 2 mm. White arrows indicate the beginning of the passivation layer of the UV curable
polymer placed on the connection path. With an applied higher magnification to the surface of laser
irradiated area (Fig.1b, c), highly elegant and very well-ordered laser scribed paths are clearly shown
with a width of ~52 um from top view of the sample. Fig.1c exhibits further morphological details of a
single path. As it can be seen, each path consists of accordion-like successive porous segments with a
width of 7 um. The specific periodic structure arises due to the laser frequency (1 kHz) and writing speed
(500 mm/min) used. Every segment is created during the peak laser exposure and partially overlaps with
a several previous ones creating a continuous path overlapping with the adjacent ones. To investigate
the thickness of the segments (Fig. 1 d, and e), a 30 um-length-cut was obtained via Focused lon Beam
(FIB) at the edge of the sample. Fig. 1e shows the FIB cut at the edge of the sample and demonstrates a
symmetrically curved surface of the electrode. The cross section image of the FIB cut provides a very
clear image of the porous view of the laser scribed path and the sheet-like structure of thin layers (Fig.
1d). Because of the laser scribing process carried out in an air environment (in the presence of local
oxygen and moisture), and because of the laser beam induced high local temperatures (>2500 C’), the
carbonization and graphitization process may create in situ bubbles which provide a highly porous

nature during the accumulation of the sheet-like thin layers(7, 30). SEM images of the LSE surface from
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the top view and cross-section reveal not only the porous nature of the LSE but also the curved shape of

the each path.

Figure 1. SEM image of the 2 mm diameter LSE (a), top view images of the LSE surface with high
magnifications (b and c), single laser scribed path (d), SEM image of the cross-section of LSE surface

with a FIB cut (e) and high magnification image of FIB cut cross-section (f)

Electrochemical characterization of the LSEs was studied with cyclic voltammetry in two different redox
mediators. The cyclic voltammograms (CVs) of LSEs were recorded in a solution of 5 mM [Fe(CN)¢]*"*
(inner sphere redox mediator) and in a solution of 5 mM [Ru(NH3)s]** (outer sphere redox mediator),

respectively. Fig. 2 a and b show the voltammograms of LSEs repeated with three different electrodes. In
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both systems electrodes showed highly reproducible voltammograms and peak currents with relative
standard deviations of 5.52 % and 2.44 % in mM [Fe(CN)s]*”> and [Ru(NH3)s]*", respectively. The peak
separation (AE,) of LSE in [Fe(CN)e]** is determined to be 289.3 mV, however electrodes showed
smaller AE, value of 179.7 mV in a solution of [Ru(NH3)6]3+. Since the surface of the LSE fabricated here
is highly porous and consisted of several different states of carbon, it is expected that the surface

sensitive redox reaction of Fe>*/%

may provide a higher value of AE,. However, a lower AE, of
[Ru(NH3)e]*" indicates a faster heterogeneous electron transfer due to the surface insensitive nature of
the redox probe. The electrode kinetics was further studied with three different LSEs at different scan
rates for both redox probes. Fig. 2 ¢ and d shows the resulting voltammograms of the electrodes and
inset graphs show the corresponding graphs of square root of scan rate vs. peak current. The redox
reactions appear to be quasi-reversible resulting in a linear increase of the peak current with increased
square root of scan rate. This may be attributed to the diffusion controlled voltammetry of both redox

systems which allowed to study the heterogeneous standard rate constant (k°) by using a well-known

kinetic parameter of Nicholson theory(31):

TTDNVF . _ 1/2

V= k)

where W is the dimensionless kinetic parameter, D is the diffusion coefficient of the electroactive
species, v is the scan rate, F is the Faraday constant, R is the universal gas constant, and T is the absolute

temperature.

Lavagnini et al(32) defined the following equation by extending the Nicholson theory from the curve of

W vs. AE,x n; where X indicates AE, x n:

_ —0.6288 +0.0021X
- 1-0.017X

Thus the kinetic parameter k° may be easily evaluated from the slop of the plots of W vs. [nDnF (RT)]
Y22 \which were shown in Supporting Information, Fig. S3. The average k° value of the LSEs studied in
[Fe(CN)e]*”* is calculated to be 0.025 cm s™ and for [Ru(NH3)e]** the calculated average value is 0.065
cm s™. Those values are better than many other values of carbon based surfaces available in the

literature. For instance the k° value of graphene on copper electrodes(33) was reported to be 0.014 cm
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s for potassium ferrocyanide (I1) and 0.012 cm s for hexaamineruthenium (Ill) chloride. The k° value of
the DVD-Laser scribed graphene electrode(5) was calculated to be 0.02373 cm s for potassium ferricyanide.
The k° values of monolayer-graphene and quasi-graphene(34) were determined to be 0.00111 and 0.00158

cm s, respectively for Ru(NH;)s "%

a b
0.030 +—LSE1 ———LSE-1
— — 0'02‘_LSE’2
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Figure 2. Cyclic voltammograms recorded with three individual LSEs; the solution is 5 mM Fe(CN)s>"* as
a redox probe in 0.01 M PBS (pH 7.4), containing 0.1 M KCI (a), the solution is 5 mM Ru(NHs)>"* as a
redox probe in 0.01 M PBS (pH 7.4), containing 0.1 M KCl, Cyclic voltammograms recorded with three
individual LSEs at the scan rates ranging from 0.005 to 0.150 V s in 5 mM Fe(CN)¢>”* redox probe
(inset: corresponding I-v*’> graph) (c) and cyclic voltammograms recorded with three individual LSEs at
the scan rates ranging from 0.05 to 0.25 V s™ in 5 mM Ru(NHs)e"* redox probe (inset: corresponding I-

V2 graph) (d)
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The chemical structure was studied by energy dispersive X-Ray Analysis (EDX). Fig. 3a shows the EDX
analysis and corresponding SEM mapping image of the analysis. The carbon appears in red color which

covers the entire surface of the analysis area with the ratio of 100%.

The structural morphology of the LSE flakes was further analyzed with transmission electron microscopy
(TEM). Fig. 3b shows the TEM image of the LSE flakes which were dispersed in double distilled water by
ultrasonicating and drop casted onto a copper grid with a Lacey C. TEM image demonstrates the sheet-
like appearance of the LSE flakes with a thickness of a few layers and the existence of the graphite phase

and amorphous regions.

Fig. 3¢ shows material analysis obtained by Raman spectroscopy (532 nm laser, spot size ~2 um). Typical
spectra with three dominant characteristic peaks at 1345 cm™, 1570 cm™ and 2675 cm™, conventionally
referred to as bands D, G and 2D, respectively, were observed(35). The presence of G and 2D bands is
typically associated with graphene and graphite, where a well expressed 2D peak indicates high quality
graphene(36). The D band is very often attributed to the disorder of the layers — edge defects would be
an example. High intensity and the broadening of this peak clearly indicate a disordered nature of our
electrodes. To check the uniformity, several adjacent points have been probed (Fig. 3c). The obtained
Raman scattering spectra are dominant by the same peaks, however, of a different intensity and
broadening confirming non-uniform morphology and composition of carbonized areas. We would like to
stress that, while during the quest of high quality graphene many researchers tend to emphasize the
fact of the graphene presence, we want to show that this is not essential and various disordered

graphitic carbon species can form substrates highly suitable for practical applications.
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Figure 3. EDX spectra of LSE surface (insets; SEM image, EDX mapping analysis, and Map Sum spectrum)
(a), TEM image of LSE flakes (b), Raman spectra of LSE surface of different LSEs and regions (c), XPS
survey scans of LSE and LSE-Cu surfaces (d), C 1s XPS spectra of LSE (e), and Cu 2p XPS spectra of LSE-Cu

surface (f)

The as-prepared LSEs were modified with copper nanostructures via electrodeposition process. The
effect of the applied voltage onto electrodeposition process of copper was studied to determine the
optimum electrodeposition condition. Supporting information, Fig. S4 shows the SEM images of LSE/Cu
electrodes which were prepared at applied voltages of -4 V (a, and b), -3 V (c) and -1 V (d). The
deposition process at -4 V resulted in high accumulation of the Cu nanostructures, such high negative
voltage lead the growth of the dendritic Cu nanostructures at the edges of the segments on the laser
path (Supporting information, Fig. S4a). Furthermore, the dendritic growth was observed at the edges of
the each laser path (Supporting information, Fig. S4b). Decreased deposition voltage resulted in
decreased Cu nanostructure concentration on the surface. The applied potential of — 3 V showed more
uniform surface deposition however the best deposition condition was obtained at -2 V. The applied

deposition potential of -1 V provided the lowest accumulation of nanostructures.
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The surface chemical composition of LSE and LSE-Cu electrodes were characterized by XPS. Fig. 3d shows
the measured survey scans of the both electrodes’ surfaces, which shows the existence of the carbon,
oxygen and nitrogen as joint elements. High resolution spectra of C 1s from LSE (Fig. 3e) reveal clearly
that indeed the main peaks of C=C (sp? 284.5 eV) and C-C (sp?, 284.9 eV) carbon bonds are present on
the surface. The peaks of the C-N at 285,8 eV and O=C-N at 288.5 eV are most likely the contributions
from the Kapton film(30). The XPS survey of LSE-Cu confirms the presence of the Cu on the surface,
Fig.3d. The high resolution Cu 2p XPS spectrum of LSE-Cu surface is shown in Fig.3f. The main peaks
located at ~932.4 and 934.6 eV are attributed to the existence of Cu,0, Cu® and Cu(OH),. The peaks at
~952.4 and 954.5 eV were assigned to CuO and Cu,0, respectively(37, 38). The detailed analysis of Cu 2p
from LSE-Cu reveals clearly that the composition of copper electrodeposits are consisted of a mixture of

the copper and copper-oxide species(37).

Fig. 4a and b show the SEM images of the LSE after copper nanostructures deposition. The homogenous
distribution of copper nanostructures on the surface of the LSE was shown with a series of the SEM
images from low to high magnifications. EDX spectra with mapping analysis of Cu nanostructures
deposited LSE is shown in Fig.4c. The copper appears in pink color on the surface of the analysis area
with a ratio of 0.3%. We note that this measurement is merely a qualitative one clearly indicating the
existence of Cu nanostructures on the electrode surface. Due to the limitation of the SEM-EDX with
these specific samples at different applied operation voltages, real concentrations could not be
measured by this method. The structural morphology of LSE/Cu flakes was determined by TEM. Fig. 4 d
and e show the TEM images of the Cu deposited flakes. The TEM images of the LSE/Cu graphitic layers

with darker spots darker regions confirm the presence of the copper nanostructures.
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Figure 4. SEM images of LSE/Cu laser path at low and high magnifications (a), high magnification SEM
images of Cu nanostructures deposited surface of LSE (b) EDX spectra of LSE/Cu surface (insets; SEM

image, EDX mapping analysis, and Map Sum spectrum), and TEM images of LSE/Cu flakes (d and e)

The LSE and LSE/Cu electrodes were used for electrochemical oxidation of dopamine in the presence of
ascorbic acid in 0.01 M PBS (pH 7.4). Dopamine is an electroactive compound and the oxidation of
dopamine can be achieved at a certain applied potential (39-41). Since the ascorbic acid displays redox
behavior at potentials close to the oxidation potential of dopamine, LSEs were modified with copper
nanostructures to overcome such problem by altering the electrode kinetics of both dopamine and
ascorbic acid(42). Therefore, a shift was obtained at the oxidation potential of the target species which
allowed the detection of dopamine in the presence of chosen interfering molecule of ascorbic acid. For
this purpose, firstly the sensing potential of the electrodes were investigated by CV. Fig. 5 shows the CV
performances of LSE (a, b and c) and LSE/Cu (d, e and f) electrodes in the absence and presence of
dopamine and/or ascorbic acid. The CV of the LSE in PBS (Fig. 5a, black) has no obvious peak, however in
the presence of the ascorbic acid and dopamine well-defined peaks appear at 0.018 V and 0.206 V. The
oxidation of the dopamine itself via LSE is observed at ca. 0.19 V (Fig. 5b) and the oxidation of ascorbic
acid at LSE surface appears as a very broad peak between ca. -0.06 V and 0.48 V (Fig. 5c) which overlaps

with the dopamine oxidation peak potential. Therefore the resulting peak current of dopamine in the
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presence of ascorbic acid at 0.206 V provides a false recording due to overlapping oxidation potentials of

both species. The same conditions were studied with LSE/Cu electrodes in order to investigate the

benefit of the copper nanostructures on the electrode surface for dopamine catalysis. Fig. 5d shows the

CV of LSE/Cu electrode in the presence of ascorbic acid and dopamine. The LSE/Cu electrode showed

higher current level toward dopamine with a well-defined peak shape and the oxidation potential of

dopamine shifted positively to 0.232 V (Fig. 5e). Furthermore, as shown in Fig. 5f, the oxidation potential

of ascorbic acid appears as a peak at ca. 0.093 V. Overall, the oxidation peak separation of ascorbic acid

and dopamine is 199 mV at LSE whereas the separation is 231 mV at LSE/Cu electrode. Thus selective

and simultaneous determination of dopamine is demonstrated via LSE/Cu electrodes in the presence of

ascorbic acid.
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Figure 5. CVs of LSEs in the absence and presence of (a) 0.5 mM AA and 0.5 mM DA, (b) 0.5 mM DA, and
(c) 0.5 mM AA in 0.01 M PBS (pH 7.4). CVs of LSE/Cu electrode in the absence and presence of (d) 0.5
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mM AA and 0.5 mM DA, (e) 0.5 mM DA, (f) 0.5 mM AA in 0.01 M PBS (pH 7.4), (g) Schematic
representation of the dopamine oxidation mechanism on LSE/Cu electrode surface, (h) DPV response of
LSE/Cu electrode toward increased concentrations of dopamine and ascorbic acid, (i) Corresponding

calibration curve of LSE/Cu electrode for dopamine sensing

Fig. 5g shows the schematic image of the dopamine electro-oxidation mechanism on the surface of
LSE/Cu electrode. Using the differential pulse voltammetry (DPV), we carried out the concentration
studies of dopamine. Fig. 5h exhibits the DP voltammograms of each studied concentration and Fig. 5i
shows the corresponding calibration curve of LSE/Cu sensor towards dopamine. Developed LSE/Cu
sensor exhibits a linear region the range of concentrations between 0.005 mM and 0.1 mM. The fitting
equation is | (uA) = 37.003 [Chopaminel(mM) + 1.56 with a correlation coefficient of 0.996 (R?). The
sensitivity of the LSE/Cu sensor toward dopamine was determined to be 1321.54 uA mM™ cm™. LSE/Cu
sensor exhibited en excellent performance in terms of the sensitivity of the developed sensor for
dopamine electro-detection. This result clearly reveals the great advantage of the laser scribed
electrode platform as bio-sensing component. Furthermore, the reproducibility of the LSE/Cu electrode
was also studied. For this purpose four individual LSE/Cu sensors were prepared and applied for
dopamine detection under the same conditions. Resulting current densities were used to calculate the
relative standard deviation which was determined to be 9.32% (RSD %). High sensitivity and the

reproducibility of the LSE/Cu sensor show high robustness of the developed laser scribed electrodes.

The LSE and LSE/Cu electrodes were further used to investigate the glucose electro-oxidation in alkaline
environment. Fig. 6a,b show the electrochemical behavior of the LSE based electrodes in 0.1 M NaOH
solution in the absence and the presence of glucose. As it can be seen in Fig. 6a, the LSE shows a weak
and broad glucose oxidation peak at around -0.27 V. Fig. 6b shows the electrochemical behavior of the
LSE/Cu electrode in alkaline solution and Fig. 6¢ shows the CV of LSE/Cu electrode in detail. In the anodic
sweep of the CV a series of subsequent multiple peaks (from ca. -0.4 V to +0.3 V) are observed due to
formation of the copper oxide species on the electrode surface(37). The subsequent reduction of the
oxide species appeared in the cathodic sweep of the CV at a potential of 0 V and at a potential of — 0.5
V. After the addition of glucose, a peak around 0.45 V vs Ag/AgCl appears while there is no obvious peak
at the same potential in the absence of glucose in Fig. 6b. The most accepted explanation for the
glucose electro-oxidation mechanism in alkaline solution shown below is the formation of the Cu(lll)

oxides such as CuOOH. In the anodic sweep during the CV scan copper oxides form on the electrode
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surface, and a further oxidation of those species to Cu** may occur. This is followed by the reduction in

the cathodic sweep to Cu(ll)(37, 43-45):

Cu(ll) = Cu(lll) + €
Cu(lll) 4 OH = Cu(ll) + 2H,0 + 0,

Cu(ll)-glucose = Cu(lll)-glucose = Gluconolactone + Cu(ll)

Since the aim of the present work was to study the oxidation of glucose, +0.45 V was selected as the

applied oxidation potential for glucose sensing in alkaline environment at the surface of LSE/Cu

electrodes.
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Figure 6. CVs of LSE (a) and LSE/Cu (b) electrodes in 0.1 M NaOH solution in the absence and presence of

glucose.

Fig. 6d displays the chronoamperograms obtained by using the LSE/Cu electrode at an applied potential

of +0.45 V and the inset shows the magnified section of amperograms between the 40™ and 60"
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seconds belong to the base line and the first three applied concentrations of glucose(46).
Chronoamperometry was studied with LSE/Cu electrodes as a function of increased concentrations of
glucose in 0.1 M NaOH solution at room temperature under non-stirred conditions. Each concentration
was applied in a freshly prepared glucose concentration in NaOH solution and measured immediately.
As it can be seen LSE/Cu electrodes reach steady state current level very quickly, therefore the current
values obtained at 60" seconds were used to evaluate the sensitivity of the LSE/Cu sensor. Fig. 6e
demonstrates the corresponding calibration curve of the LSE/Cu sensor towards glucose with a linear
region in the range of concentrations between 0.001 mM and 0.5 mM. The regression equation of
LSE/Cu sensor is I(uA)=2.355[Cyiucose](MM) + 0.007 with a correlation coefficient of 0.99. The sensitivity of
the LSE/Cu sensor was determined to be 84.07 pA mM™ cm™. The obtained satisfying sensitivity of the
LSE/Cu sensor towards glucose demonstrates that the laser scribed electrodes may provide cheap and
sensitive electrochemical detection platform towards varying analytes. Previously we have reported the
effect of the concentration of the copper nanostructures on the performance of the glucose-electro-
oxidation(37). Since the sensitivity of the copper nanostructures based platforms are mostly depended
on the concentration of the accumulated copper species on the electrode surface, it is highly possible to
improve the sensitivity of the proposed LSE/Cu sensor here towards glucose electro-oxidation. The
response reproducibility of the LSE/Cu sensor towards the glucose was further investigated. Four as-
prepared samples of LSE/Cu were tested towards glucose by applying the same conditions of
chronoamperometric measurements, and the relative standard deviation of the recorded current
densities was calculated to be 5.47 % (RSD %). This statistical value of the LSE/Cu sensor demonstrates

the high degree of reproducibility of the developed electrode.

Conclusions

Recent advancements show that laser scribed electrodes (LSEs) are becoming a very solid, low-cost
alternative for the conventional carbon based electrodes. A clear trend of an increasing interest in this
group of electrodes has been lately observed in the field of electrochemical biosensors. Thus in this
study we provide a simple design, fabrication and passivation route for the preparation of the LSEs
performing as biosensors. The morphological, elemental and electrochemical analysis of the electrodes
was studied in detail by SEM, EDX, XPS, TEM and CVs with inner and outer sphere mediators. The
fabricated LSEs were modified with Cu/Cu-oxide nanostructures. The application of the Cu/Cu-oxide
nanostructures allowed the discrimination of the oxidation peak of the dopamine in the presence of the

interfering specie of ascorbic acid by shifting the peak potential — one of the key demonstrations in this
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work. Thus the developed system provided excellent performance towards dopamine oxidation.
Furthermore, LSE-Cu electrodes were used for glucose electrode-oxidation since copper is one of the
most popular glucose catalyst. The obtained results demonstrated high reproducibility of the sensing
platform for glucose detection. Noteworthy the laser scribing process provides flexibility of the design of

the electrodes and such electrodes are highly suitable for further miniaturization and packaging.
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