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Silver nanoparticles — laser induced graphene
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This paper presents a novel approach for the fabrication of low cost Electrochemical-Surface Enhanced
Raman Scattering (EC-SERS) sensing platforms. Laser Induced Graphene (LIG) electrodes were readily
fabricated by direct laser writing of polyimide tapes and functionalized with silver nanoparticles (Ag NPs)
to obtain hybrid Ag NPs — LIG electrodes suitable for EC-SERS analysis. Detection was achieved by coup-
ling a handheld potentiostat with a Raman spectrograph, enabling measurement of SERS spectra of target
analytes generated during voltage sweeps in the 0.0 to —1.0 V interval range. The sensing capabilities of
the fabricated system were first tested with model molecule 4-aminobenzenethiol (4-ABT). Following
sensitive detection of 4-ABT, EC-SERS analysis of food contaminant melamine in milk and antibiotic
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difloxacin hydrochloride (DIF) in river water was demonstrated, achieving sensitive detection of both ana-
lytes without pre-treatment steps. The easiness of fabrication, versatility of design, rapid analysis time and
potential miniaturization of the system make Ag NPs — LIG electrodes suitable for a large range of in situ
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Introduction

In the last three decades, Surface Enhanced Raman Scattering
(SERS) has been employed for the detection of a wide range of
analytes for a plethora of applications, including environ-
mental and health/wellbeing monitoring,"? agri-food,® chemi-
cal and warfare detection,” food safety,” forensic analysis,® art
conservation” and general point-of-care analysis.® The versati-
lity of SERS is due to its sensitive fingerprinting detection,
based on the enhancement of Raman signals (up to a factor of
10°-10"%), generated by the close proximity of an analyte to
plasmonic nanoparticles. This phenomenon has been investi-
gated in depth and it has now been mainly attributed to the
formation of large localized surface plasmons resulting in
enhanced electromagnetic fields.” Along with this electromag-
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applications in the field of food monitoring and for environmental analysis.

netic (EM) enhancement, chemical enhancement processes
(CE) also come into play, leading to the large observed
enhancement factors.’® The combination of high sensitivity,
fingerprinting capabilities and recent technological advances
in instrumental miniaturization, gives SERS opportunities for
fast analysis time, non-destructive and in situ analysis, with
minimum pre-treatment steps.'"'*

In parallel, electrochemical analysis is also an attractive and
versatile technique suitable for fast, low cost and in situ detec-
tion of a wide range of analytes."®'* Recently, direct laser
writing methods have been used to fabricate Laser Induced
Graphene (LIG) electrodes for electrochemical sensing and
biosensing.”>>° As well as versatility of design and low cost,
LIG electrode materials displayed enhanced sensitivity com-
pared to other carbon-based materials and screen printed elec-
trodes, associated to their high surface area and high defect
density.>** Furthermore, SERS platforms obtained by the
combination of graphene-like materials and plasmonic nano-
particles have been shown to improve Raman enhancement
effects through mechanical stability and reproducibility
factors, leading to low concentration molecular
detections.”*™®

In this context, the combination of electrochemical and
SERS techniques (EC-SERS) in a single platform is very attrac-
tive to widen the range of the capabilities of the individual
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techniques and to increase selectivity and sensitivity of ana-
lysis. In EC-SERS measurements the SERS spectra of selected
analytes adsorbed on SERS-active electrodes are recorded
while controlling the electrode polarization in an electro-
chemical cell.”® The changes occurring at the metal surface
during the sweeping process can enhance the analyte’s SERS
response by promoting increased chemical enhancement con-
tribution through electrode voltage induced variation of the
metal’s Fermi level or through analyte re-orientation induced
by potential changes.>” Moreover, enhanced electrostatic inter-
actions or desorption of interfering matrix species at negative
potentials can also occur, leading to control of adsorption and
redox states of the analytes and leading to improved perform-
ance compared to SERS analysis alone. Recently, EC-SERS has
been successfully applied to the detection of herbicides,>®
chemotherapy drugs,”® melamine,*® cannabinoids®® and
seized drugs.*” Low cost and disposable commercial screen
printed electrodes (SPEs) modified with Ag nanoparticles (Ag
NPs) were used in combination with portable electrochemical
and spectroscopic instrumentation, thus making the analysis
amenable to point-of-need analysis. The same approach was
also used by Eisnor et al. in the field of cultural heritage diag-
nostics for the identification of polyphenolic components in
natural lake pigments.*® In a recent development, monitoring
of biomarkers was achieved with EC-SERS fabric-based plas-
monic sensors, suggesting that such platforms could become
suitable also for patient point-of-care applications.*

In this work, novel LIG electrodes of different morphologies
were readily fabricated by direct laser writing of polyimide
tapes using low-cost hobbyist lasers. A concentrated solution
of Ag NPs was dropped on the LIG surfaces to obtain hybrid Ag
NPs - LIG electrodes suitable for EC-SERS analysis. The hybrid
electrodes showed sensitive SERS responses for model mole-
cule 4-ABT and target analytes melamine and difloxacin hydro-
chloride in milk and river water, respectively. EC-SERS
measurements of target analytes in relevant matrices allowed
sensitive detection without any need of pre-treatment steps.
Taking in consideration the low cost of production, the versati-
lity in electrode design geometry and the inherent flexibility of
the developed sensing platforms, these electrodes could be
implemented for many point-of-care and point-of need appli-
cations across multiple sectors from health to food and
environmental monitoring.

Experimental section
Materials

Polyimide tape with thickness of 80 pm was purchased from
Radionics and used without further treatment. Silver nitrate
(AgNO3, >99.0%), sodium citrate (CcHsNaz0,-2H,0, >99.0%),
4-aminobenzenethiol (C¢H,;NS >97.0%), melamine (C3;HgNg,
99%), difloxacin hydrochloride (C,;H;oF,N3;0-3HCI, >98.0%),
acetonitrile (C,H3N, >99.9%), acetone, isopropanol, ethanol,
sodium fluoride (NaF, 99%), phosphate buffered saline (PBS,
PH 7.4) were purchased from Sigma Aldrich and used without
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further purification. All solutions were prepared using de-
ionized (DI) Milli-Q water (resistivity 18.2 MQ cm).

Electrode fabrication

LIG electrodes were fabricated using three different lasers: a
Colemeter DK-8 Pro-5 Square Haste Edition equipped with a
diode laser at 405 nm and 500 mW laser power, a KKmoon
Compact Automatic Desktop Laser Engraving Machine
equipped with a 3 W power laser with illumination wavelength
of 450 nm; a 10.6 pm universal Laser System 4.75, 30 W
maximum average power. Electrode structures were designed
in Microsoft PowerPoint and transferred to the laser engraving
software. Laser writing occurred by raster scanning of the laser
beam on the polyimide substrates. The following conditions
were used to write LIG structures: 405 nm laser, power
500 mW, dwelling time 40 ms; 450 nm laser, power 30% (0.9
W), contrast ratio 160%, depth of engraving 30%; 10.6 pm
laser, power 12.5% (3.75 W), scan speed 12%. Conductive
silver paint (Radionics) was used to electrically contact the
electrodes to the potentiostat.

Ag NPs synthesis

Ag NPs were synthesized following the classic Lee-Meisel
method.?® Specifically, 45 mg AgNO; was dissolved in 250 mL
of H,O and added to a 1 L of H,O in a conical flask equipped
with a reflux condenser. The mixture was brought to boiling by
a heating mantle for 1 hour. Next, 5 mL of 1% citrate solution
was added to the reaction solution. The solution was kept
boiling under vigorous mechanical stirring for 1 hour and was
then slowly cooled to room temperature. Next, 1000 pL of the
prepared Ag NP solution was centrifuged for 10 min at 10 000
rpm, the supernatant was removed and the solid residue re-
dispersed into 25 pL of DI water.

Hybrid Ag NPs - LIG electrode fabrication

LIG electrodes were modified by dropping 50-120 pL of con-
centrated Ag NP solution on the LIG working electrodes. The
hybrid electrodes were left to dry in air and washed with DI
water prior use to remove unbound NPs.

Characterisation

Morphological characterization was performed by a cold-
cathode field-emission Scanning Electron Microscope (SEM,
FEI Quanta 650) operating at 30 kV acceleration voltage.
Surface wettability was measured by a Data physics OCA 20
Wetting angle system in air at ambient temperature by drop-
ping distilled water droplets (1 mm diameter) on the surfaces.
The average contact angle value was acquired by measuring at
six different positions per sample. Raman investigation was
performed with Horiba-XPlora Plus equipped with 532 nm
(70 mW power) and 785 nm (60 mW power) lasers. Spectra
were acquired at a laser power of 1% and 10 s acquisition
time. Cyclic voltammetry (CV) electrochemical measurements
were performed with a CHI760 bi-potentiostat.

This journal is © The Royal Society of Chemistry 2023
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EC-SERS measurements

EC-SERS analysis was carried out by combining the SERS
readout from the benchtop Raman spectrograph with the EC
readout from a handheld mini potentiostat (Palmsens-Sensit
Smart) connected either to a table -top computer or to a cell
phone for data display. In order to perform EC-SERS measure-
ments, a teflon custom made cell was designed and fabricated
by 3D printing (see details in Fig. S1f). Before EC-SERS
measurements analyte solutions were dropped on the work
electrodes and left to dry. Then, chronoamperometric (CA)
electrochemical measurements were performed by systemati-
cally decreasing the potential between 0 V and —1.0 V vs. Ag/
AgCl in 100 mV steps. Simultaneously, SERS spectra were
recorded at each potential step with 785 nm laser illumination
and power between 0.25% and 25%.

Results and discussion

Scheme 1 shows a diagram of the EC-SERS electrode fabrica-
tion and the instrumental setup used to record spectra.
Photographs of electrodes and instrumentation setup are also
included. First LIG electrodes were fabricated by direct laser
writing of polyimide with a range of hobbyist lasers with illu-
mination wavelengths 10.6 pm, 450 nm and 405 nm
(Scheme 1a). A three-electrode system was designed whereby
LIG was used as working electrode (WE) and counter electrode
(CE) and an Ag/AgCl modified LIG electrode was used as refer-
ence electrode. The surface of the LIG WE was then modified
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with Ag NPs (Scheme 1b). Following deposition of the analyte,
the hybrid Ag NPs - LIG electrode was incorporated in a
custom-built electrochemical cell in presence of an electrolyte
(Scheme 1c). EC-SERS spectra were recorded with a bench top
Raman system (785 nm excitation wavelength) coupled with a
handheld potentiostat (Scheme 1d).

Fig. 1 shows SEM images of LIG structures obtained by
direct laser writing of polyimide using lasers of different wave-
lengths. LIG structures obtained with 405 nm laser (Fig. 1a)
showed smooth surface with some particulate likely arising
from the laser burning process. The dwell time of the 405 nm
laser was kept low on purpose, in order to maintain the
surface topography of the resulting LIG material smooth and
flat, with the intention to promote homogeneous distribution
of Ag NPs on the LIG electrode surface. Fig. 1b shows a repre-
sentative SEM image of a LIG structure obtained by writing
with 450 nm laser. In contrast with the smooth surface pre-
viously obtained at 405 nm, the features obtained at 450 nm
displayed the typical 3D, highly porous and rich in defect/edge
planes LIG structure, characterised by “exploded” features
associated with outgassing generated by laser-assisted local
high temperature, high pressure process.*® A similar mor-
phology was observed in the LIG structures obtained by
10.6 pm laser writing (Fig. 1c), which displayed a high density
of defects and high surface area, in agreement with the mor-
phology already reported for other CO, laser written features
on polyimide.*”

Fig. 1d-f show SEM images of LIG structures written with
the three lasers following Ag NP deposition. For this electrode

O
=

Ag NPs modification

=

P-STAT

EC-SERS Setup

Scheme 1 Schematic illustration and photographs of (a) LIG three electrode system fabricated by direct laser writing of polyimide; (b) modification
of LIG WE surface with Ag NPs; (c) deposition of analyte and custom-made cell encapsulation; (d) EC-SERS measurement setup.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEM images of LIG structures obtained by laser irradiation of polyimide at (a) 405 nm; (b) 450 nm; (c) 10.6 pm. SEM images of (d) 405 nm

LIG; (e) 450 nm LIG; (f) 10.6 pm LIG structures after Ag NPs deposition.

modification, a drop of concentrated Ag NP solution (average
particle size 50 nm, Fig. S21) was deposited on the LIG surface
and left to evaporate at room temperature. The hybrid Ag NPs
- LIG 405 nm structure displayed accumulation of NPs in the

grooves formed by the laser writing process (see low magnifi-
cation SEM image in Fig. S3at), whereas the top LIG surface
remained largely unmodified (Fig. 1d). In contrast, for LIG
structures fabricated with 450 nm laser, Ag NPs preferentially
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Fig. 2 (a) Raman spectra of LIG structures obtained with different lasers; (b) Raman spectra of 4-ABT powder and 4-ABT deposited on 450 nm LIG
in absence of Ag NPs; (c) SERS spectra of 4-ABT obtained on Ag NPs — LIG substrates. SERS spectra of decreasing concentration 4-ABT solutions
recorded on (d) Ag NPs — LIG 405 nm, (e) Ag NPs — LIG 450 nm; (f) Ag NPs — LIG 10.6 um. All spectra were recorded with 532 nm laser excitation

wavelength, laser power 0.7 mW, 10 s integration time.
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attached to the top of the edge planes, whereas most of the
plane walls remained virtually unmodified (Fig. 1e). The Ag
NPs - LIG 10.6 pm structure showed the most uniform nano-
particle coverage, as evident from the SEM image showing
uniform coverage of the LIG planes (Fig. 1f).

Fig. 2a shows the Raman spectra of LIG materials obtained
with the three laser illuminations. The structure written at
405 nm (black line) only displayed two broad bands at 1343
and 1579 cm™' corresponding the D and G vibrations typical
of amorphous carbon materials.*® This corresponds with
incomplete LIG formation, as evidenced by the smooth mor-
phology of the carbonaceous material formed under the above
writing conditions (see Fig. 1a). In contrast, LIG materials
obtained with visible and CO, illumination (Fig. 2a red and
blue lines) displayed sharp and well-defined D (1342 cm™), G
(1572 em™") and 2D (2680 ecm ") bands, typical of crystalline
graphene-like materials and very much in line with the charac-
teristic bands obtained for other reported LIG materials on
polyimide. The contact angle of the three LIG structures were
87°, 138° and 145°, respectively. Investigation of the SERS
capabilities of fabricated hybrid Ag NPs - LIG structures was
carried out using 4-ABT as model molecule. Fig. 2b reports
Raman spectra of 4-ABT powder displaying sharp bands at
1006, 1084, 1174, 1492 and 1590 cm ™" (see Table S1f for band
assignations), in agreement with literature data.>® Fig. 2b also
shows a spectrum of 4-ABT (1 x 107° M) deposited on a
LIG-450 nm surface in absence of Ag NPs. The spectrum dis-
played only LIG peaks and absence of any SERS effect. Fig. 2c
shows spectra of 4-ABT (1 x 10~° M) obtained from Ag NPs -
LIG structures written with the different lasers. All spectra dis-
played the typical SERS features of 4-ABT, characterized by
1075 (a), 1146 (b,), 1188 (a;), 1388 (b,), 1436 (b,) and 1578
(b,) em™" peaks. The SERS bands at 1146 (b,), 1388 (b,), 1436
(b,) and 1578 (b,) ecm™" were assigned to the fundamental
benzene ring vibrations.”® The concomitant shift of a; peaks
and the appearance of b, in plane, out of phase vibrational
modes peaks was ascribed to the interaction between the
4-ABT and the Ag NPs, resulting from a metal-molecule charge
transfer and has been identified as clear proof of the occur-
rence of a chemical enhanced process related to SERS
effect.>®*® The enhancement of b, modes has also been
reported to be indicative of a 4-ABT orientation perpendicular
to the Ag NPs.*! Fig. 2d-f report the SERS capabilities of the
three Ag NPs - LIG substrates exposed to solutions of 4-ABT of
decreasing concentrations. Using the Ag NPs - LIG 405 nm
substrate concentrations as low as 1 x 10~® M were detected,
whereas 1 x 107 M and 1 x 10™*> M were reached for Ag NPs -
LIG 450 nm and Ag NPs - LIG 10.6 pm, respectively.

Even though Ag NPs - LIG 10.6 pm gave the strongest SERS
effect with 4-ABT, EC-SERS characterization was carried out
with Ag NPs - LIG 450 nm substrates, as they provided more
reproducible SERS results.

Fig. 3a shows the EC-SERS spectra measured for 4-ABT in
the electrochemical cell in presence of 0.1 M NaF as support-
ing electrolyte. SERS spectra were recorded while stepping the
potential in the cathodic direction (from 0.0 to —0.1 V) in

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) EC-SERS spectra of 1 x 10™> M 4-ABT recorded on 450 nm
Ag NP-LIG electrode in 0.1 M NaF at 785 nm excitation, 10 s acquisition
time and 0.15 mW laser power; (b) potential dependence of 4-ABT SERS
intensity band at 1142 cm™. Red line is the fitting curve of the data.

100 mV increments. An open circuit potential (OCP) spectrum
was also measured, equivalent to the signal produced by the
system in absence of applied potential. Under OCP conditions
only the peaks at 1074 and 1141 cm™" were visible. As the
potential was stepped in the cathodic direction, significant
changes were observed in the corresponding 4-ABT SERS
spectra as the intensity of the b, bands at 1141, 1391 and
1432 cm™" gradually increased between —0.1 and —0.6 V, and
decreased upon further potential decrease. The observed trend
is in line with data reported by Robinson et al., and is ascribed
to the transition from 4-aminobenzenethiol to p,p’-dimercap-
toazobenzene (DMAB) by selective catalytic coupling reaction
on the Ag NPs.*° The occurrence of this transition in the SERS
spectra of 4-ABT has been investigated in details, and is sup-
ported here by the strong increase of all b, vibrations (1142,
1391 and 1432 cm™') associated with formation of -N=N-
bonds. Fig. 3b shows the variation of peak intensity for the b,
vibration at 1141 cm™" across the potential range analysed.
The intensity of the band increased up to —0.6 V and then
decreased signalling the re-conversion of DMAB to 4-ABT at
negative potentials.
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The EC-SERS response of hybrid LIG electrodes was further
characterized with melamine, a product often added to food to
boost its apparent nitrogen content. The Raman spectrum of
melamine powder is shown in Fig. S51 and it was character-
ized by two main peaks at 675 and 985 cm ™, both associated
to ring breathing modes of the triazine ring.** Fig. 4a shows
the EC-SERS response of melamine (2 x 10~> M) in PBS buffer
as the electrode potential is stepped in the cathodic direction
from —0.1 to —0.9 V. Starting from the OCP spectrum, the
intensity of 680 cm™" peak decreased and then increased to
relative maximum value until the potential reached —0.4 V. As
the voltage became increasingly negative, the intensity of the
680 cm™' peak decreased and its maximum shifted to
677 cm™', as already reported elsewhere.?® Fig. 4b shows SERS
spectra of melamine in milk (diluted 10 times) at different
concentrations. Concentrations as low as 0.2 ppm of melamine
in milk matrix were identified by the characteristic peak at
683 cm™! by using Ag NPs — LIG 450 nm electrodes. This con-
centration is ten times lower than the maximum residue limit
(MRL) of 2.5 ppm set by the standard of US Food and Drug
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Administration.*® It is worth noting that this low detection
limit was reached even in the milk complex matrix and in
absence of cumbersome extraction or pre-treatment processes.
Fig. 4c and d shows cathodic and anodic voltage sequences for
melamine (2 x 107> M) in milk recorded with Ag NPs - LIG
450 nm electrodes. At OCP a prominent band at 685 cm™" was
observed. This band decreased in intensity as the voltage
became more negative. The opposite trend was observed in the
anodic sequence (Fig. 4d) as the intensity of the 684 cm™
band increased gradually with the stepping of the potential to
more positive values. These data show how the combination of
SERS and EC readout contributed to provide a clear signal for
melamine even in a complex matrix such as milk with only a
simple dilution of the matrix and the avoidance of cumber-
some pre-analytical steps.

As further example of real analyte detection, difloxacin
hydrochloride (DIF) was chosen as it is a broad spectrum, syn-
thetic fluoroquinolone antibiotic widely used in veterinary
medicine, particularly for the treatment of infected dermal
wounds in dogs, for its bactericidal activity. DIF accumulates
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Fig. 4 (a) EC-SERS spectra of 2 x 10> M melamine in PBS recorded on Ag NPs — LIG 450 nm electrode in 0.1 M NaF at 785 nm excitation, 10 s
acquisition time and 15 mW laser power; (b) SERS spectra of melamine in milk; (c) cathodic and (d) anodic EC-SERS sequences of melamine
(2 x 1075 M) in milk on Ag NPs — LIG 450 nm electrode at 785 nm excitation.
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in tissues and therefore the recommended daily dose is
5-10 mg kg™ and its use is not recommended for longer than
30 days.*” Raman and SERS spectra of DIF are shown in
Fig. S6.1 Fig. 5 show the EC-SERS cathodic (Fig. 5a and d) and
anodic (Fig. 5b and e) sequences of DIF recorded with 785 nm
laser excitation in 100 mV steps in DI water and river water.
The cathodic series recorded in DI water (Fig. 5a) until —1.2 V
showed featureless SERS spectra at OCP and until the potential
reached —0.7 V. For increasingly negative applied potentials
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SERS spectra were generated which increased in intensity as
the potential was stepped to increasingly negative values.

The SERS spectra displayed highest intensities at —1.2 V
and decreased in intensity as the potential was swept back to 0
V in the anodic direction (Fig. 5b). Interestingly, the 1536 cm™"
peak increased in intensity, as well as the 554 and 1349 cm™
bands. For a very structurally similar molecule, levofloxacin, it
has been reported that the appearance of the 1588 cm™" band
(CO stretching mode of the carboxylate moiety vc—o) is con-
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Fig. 5 (a) Cathodic and (b) anodic EC-SERS sequences of DIF in DI water; (c) potential dependence of DIF SERS intensity band at 1564 cm™ in DI

1

water; (d) cathodic and (e) anodic EC-SERS sequences of DIF in river water; (f) potential dependence of DIF SERS intensity band at 1588 cm™ in
river water. All data were recorded using Ag NPs — LIG 450 nm electrode at 785 nm excitation.
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sistent with a bidentate chelate coordination, allowing to
suggest that the carboxylate could be the anchor site of DIF
adsorption.”® The concomitant increase of the other bands,
associated with stretching and bending of bonds close to the
carboxylate moiety further confirmed this hypothesis.*®
Finally, EC-SERS measurements of DIF were carried out in
river water. For these studies DIF (10 pL, 1 x 107> M) was
mixed with filtered river water (90 pL) containing 0.1 M NaF as
electrolyte. As already reported for DI water, an increase of
SERS bands (Fig. 5d) occurred as the potential of the cathodic
series was swept to increasingly negative values. Particularly,
peaks at 671, 1165, 1344 and 1588 cm ™" were enhanced, again
suggesting a coordination to the metal sites through the car-
boxylic group. The enhanced peaks gradually disappeared in
the anodic series (Fig. 5e) as the potential was swept back
from —1.2 to 0 V. Fig. 5c, f show the change of SERS intensity
of the 1564 cm™" band and 1588 cm™" with decreasing poten-
tial in DI and river water, respectively. In the case of DI water,
the band increased as the potential decreased up to —1 V and
then decreased at further negative potentials. For river water a
similar trend was observed but at lower potentials. The associ-
ation of the appearance of the 1588 cm™" band with the occur-
rence of a carboxylate bidentate chelate coordination
suggested a transition in coordination of the DIF molecule
from mono- to bis-chelate as the potential was swept in the
cathodic direction.

Conclusions

In this work a novel LIG-based electrode was proposed for the
realization of versatile EC-SERS detection platforms. The merit
of the combined EC-SERS methodology was demonstrated
through sensitive detection of food contaminants and residual
antibiotics in relevant matrices. Melamine and DIF were
rapidly detected at concentrations lower than their relative
MRL without the need to pre-treatment steps and with no
interference from milk and water river matrices, respectively.
EC-SERS approaches are characterized by low-cost instrumen-
tation and rapid/selective signal acquisition. The development
of flexible and versatile hybrid materials, such the proposed
Ag NPs - LIG electrodes, contributes to extend the use of
EC-SERS approaches to the monitoring of food quality/secur-
ity/traceability and the monitoring of the environmental
impact associated to farming and veterinary drugs.
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