Showcasing research from Professor Paixao’s laboratory,
Institute of Chemistry, University of Sao Paulo,
Sao Paulo, Brazil.

Laser-induced fabrication of gold nanoparticles onto
paper substrates and their application on paper-based
electroanalytical devices

A novel and fast approach is reported for synthesizing gold
nanoparticles (AuNPs) onto electrochemical paper-based
devices (ePADs). The device was fabricated by paper laser
pyrolysis carbonization followed by /n situ laser synthesis

of AuNPs. A gold-modified electrode showed an improved
electrochemical response towards the ferri/ferrocyanide
redox probe, with decreased peak potential separation, a
13-fold increase in peak current, and reduced charge transfer
resistance (011 kQ vs. 6.30 kQ) compared to unmodified
electrodes. Additionally, a novel field deployable batch-injection
analysis paper-based cell coupled to the proposed platform
is designed for CIO- amperometric analyses.
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1. Introduction

Laser-induced fabrication of gold nanoparticles
onto paper substrates and their application on
paper-based electroanalytical devicesy

lana V. S. Arantes, @2 Vanessa N. Ataide,® Wilson A. Ameku,? Juliana L. M. Gongoni,?
Jéssica S. G. Selva, @2 Helton P. Nogueira, ®3°
Mauro Bertotti @2 and Thiago R. L. C. Paix3o @ *?

A novel and quick (sub-minute) method for synthesizing gold nanoparticles (AuNPs) onto electrochemical
paper-based devices (ePADs) using a CO, laser is presented. An ePAD, fabricated by laser-scribing
carbonization of kraft paper, is modified by the in situ synthesis of AuNPs onto a working electrode, driven
by the CO, laser reduction of a precursor solution (HAuCl,). Cyclic voltammograms recorded in H,SO4
and energy dispersive spectroscopy confirm the presence of Au structures embedded in the carbonized
paper matrix. A gold modified electrode (LSAu-ePAD) shows an improved electrochemical response
towards the ferri/ferrocyanide redox probe, with decreased peak potential separation, a 13-fold increase in
peak current, and reduced charge transfer resistance (0.11 kQ vs. 6.30 kQ) compared to unmodified
electrodes. Scanning electrochemical microscopy reveals an increase in the electrode's electron transfer
rate by the Au modification, reflected in the voltammetric profile in bulk measurements. LSAu-ePAD
repeatability and reproducibility are 0.4% (n = 10) and 9.7% (n = 5), with a shelf life of up to 30 days.
Additionally, a novel field-deployable batch-injection analysis paper-based cell (BIA-ePAD) coupled to the
LSAu-ePAD platform is designed for amperometric analyses. The BIA-ePAD is used for hypochlorite
(NaClO) detection, reaching low limits of detection (6.70 umol L™ and quantification (22.1 umol L™) and
linear response from 20 to 750 pmol LY The variability of the amperometric signals between
measurements and between devices is 4.7% (n = 12) and 5.3% (n = 6), respectively, with a sampling
frequency estimated as 127 h™%, which is remarkable considering the device's simple and quick fabrication.
Analyses of real swimming pool and tap water samples spiked with NaClO showed good recovery values
(93 + 6%). Overall, the developed approach is promising for fast modification of ePADs with AuNPs (and
possibly other metals), and coupling them with paper-based BIA cells allows for simple, inexpensive, and
high-performance analyses in a fully-integrated portable platform.

The laser-scribing method allows the local pyrolysis of
well-defined areas in the paper substrate, forming conductive

Electrochemical paper-based analytical devices (ePADs) have
several advantages over conventional electrochemical cells,
such as simple fabrication, portability, low cost of production,
and miniaturization."” Several methods for fabricating ePADs
have been explored, including screen-printing, inkjet printing,
sputtering, pencil-drawing, wire placement, drop-casting of
nanomaterials, and laser-scribing, among others."'™®
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patterns, used as electrodes, in a single-step fabrication
process. It is environmentally friendly (without the need for
reagents), reproducible, and fast, and allows for large-scale
fabrication.”'® Electrochemical sensors fabricated via laser-
scribing onto polymeric substrates, such as polyimides, have
been explored."*™* However, direct laser patterning of
electrodes on cellulosic materials has attracted little attention
owing to the fabrication challenges associated with
inconsistent paper composition, structure, and grammage,
resulting in varying electrochemical performance among
fabricated devices.

Post fabrication surface treatment is a strategy to increase
the electrochemical performance of electrodes and can help
to increase fabrication reproducibility by pushing the device's
performance towards mass transport limited conditions.'®"®
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Gold nanoparticles (AuNPs) are often used for modifying
electrochemical sensors due to their electrocatalytic activity
towards organic compounds, large surface area, and long-
term  stability.'®'”  Hybrid  materials  incorporating
nanoparticles in laser-scribed graphitic surfaces have
demonstrated synergistic effects with improved
electrochemical performance compared to individual
materials."®'®*2* Most of these hybrid materials
polyimides as substrates where AuNPs are formed, and no
reports were found using paper as a substrate. Here, we
describe the fabrication of ePADs with laser-scribed
electrodes, modified with AuNPs using paper as a substrate.
Electrodes were fabricated in two steps; firstly, a CO, laser
was used for selective pyrolysis of patterns over the paper
substrate, forming the electrode geometry. In the following
step, AuNPs were rapidly synthesized by irradiating, with the
same CO, laser, the working electrode surface, which was
covered with a small volume of HAuCl, solution. The
modified ePAD (LSAu-ePAD) exhibited lower charge transfer
resistance and an electrochemical response closer to the
reversible case for the ferro/ferricyanide redox probe,
compared to an unmodified LS-ePAD.

We used the fabricated LSAu-ePAD to detect sodium
hypochlorite (NaClO) in water samples, which is widely used
in water treatment facilities. In most cases, NaClO is a
precursor of hypochlorous acid (HCIO), a disinfectant agent,
leaving adequate chlorine residual for safe water
distribution.>® For this reason, hypochlorites are added in
excess, so the HCIO levels are high enough through the water
distribution system, ensuring potable water is delivered to
the end user.”* However, HCIO can be harmful at elevated
concentrations,”> >’ and monitoring NaClO at the end user is
a key to quantifying the exposure levels.

Coupling ePADs to batch-injection analysis (BIA) in the
same platform is considered a new and attractive strategy
that has gained prominence due to its miniaturized design,
reducing waste generation while providing low cost and
portability, making it interesting for point-of-need
applications.® Briefly, BIA consists of sample injection from
a micropipette tip directly onto the detector surface under
controlled dispersion conditions, providing fast, automated,
and accurate analyte transport to the electrode’s surface.>**°
By coupling our LSAu-ePAD to the BIA method in a fully
integrated kraft paper-based cell design, we developed a
portable and field-deployable quantification system for
NaClO with high sampling frequency, allowing multiple water
samples to be tested on the location. The presence of AuNPs
shifted the ClO™ reduction peak to less cathodic values than
unmodified ePADs, reducing the chance of interferences
from other compounds in the water samples. Moreover, our
method presented a limit of detection (LOD) of 6.70

use

umol L™ (~0.5 ppm), which meets the WHO-
recommended NaClO levels for swimming pool water
(3_5 ppm)‘26,27

Therefore, we expect that the proposed paper-based BIA
cell coupled with the LSAu-ePAD opens new possibilities for
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developing point-of-need ePADs with novel functional designs
and distinct ways of electrode modification, inspiring future
innovative and accessible sensing platforms.

2. Experimental section
2.1. Chemicals

All reagents used were of analytical grade, and the solutions
were prepared using deionized water with a resistivity greater
than 18 MQ cm, obtained from a Millipore Direct-Q® 5
purification system. Potassium ferricyanide (Kz[Fe(CN)g]),
potassium  ferrocyanide trihydrate (K,[Fe(CN)s]:3H,0),
potassium chloride (KCl), sodium chloride (NaCl), sodium
carbonate (Na,COj3), sodium bicarbonate (NaHCOj3), sodium
sulfate (Na,SO,), sodium nitrate (NaNO3), and sulfuric acid
(H,SO,4) 98% were obtained from Merck. NaClO (10-15%)
was obtained from Sigma-Aldrich and tetrachloroauric(ur)
acid trihydrate (HAuCl,;-3H,O; 99%) from Acros Organics.
Britton-Robinson (BR) buffer solution (0.04 mol L") was
prepared using phosphoric acid (H3;PO,; 85%) from Synth
and boric acid (H3BOs3; 99.8%) and glacial acetic acid from
Merck. The pH was adjusted with sodium hydroxide (NaOH;
99%), also from Merck. The HAuCl, solution was prepared in
0.5 mol L™ H,S0, solution. The NaClO stock solutions and
the samples were prepared daily by dilution in deionized
water. Pool water samples were obtained from swimming
pools in residential condominiums.

2.2. LSAu-ePAD fabrication

The fabrication steps of the LSAu-ePAD and its BIA version
are shown in Fig. 1. The laser-scribing procedures were
performed in a cutting/engraving CO, laser machine from
Work Special Laser, with a 10.6 pm wavelength, 40 W power
laser tube, and approximately 14 ps pulse duration. The
devices were fabricated from two kraft paper sheets of 300 g
m™ grammage, glued together with a PVA adhesive (Cascola/
Cascorez Extra). Once the glue was dry (approx. 5 minutes at
room temperature), a glossy waterproof varnish (Colorgin
Plastilac) was sprayed on both sides of the glued paper until
the entire surfaces were coated and left to dry for 24 hours.
The varnish stops the solution absorption by the paper,
improving the device's durability and robustness.

A three-electrode system consisting of 3 mm diameter disc
working (WE), reference (RE), and counter (CE) electrodes
was patterned over the varnished paper substrate using the
CO, laser to selectively pyrolyze the paper cellulose into the
geometry of the electrodes.” The sheet resistance of the
carbonized material was measured with a digital multimeter
(ICEL, model MD-6456) and used to optimize the CO, laser
parameters (vide infra). 30 uL of 10 mmol L' HAuCl,
solution was added to the WE surface in three 10 pL aliquots,
with the electrode left to dry under an infrared lamp between
each addition. The CO, laser was scanned over the WE to
reduce the Au precursor into gold structures. A conductive
silver ink (Joint Metal) was used to coat the RE area, and a
silicone adhesive was used to build a solution reservoir over

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the LSAu-ePAD fabrication steps.

the electrodes. The conventional LSAu-ePAD has a 15 by 20
mm rectangular layout with 400 pL solution capacity. The
BIA version has a 35 mm diameter circular layout and
accommodates up to 3 mL of solution. The cost of each
individual BIA-ePAD was estimated at $0.11. A video (Video
S1t) showing the carbonization and Au reduction processes
is presented in the ESLf

2.3. Morphological and chemical composition
characterization

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) were performed on a JEOL JSM-
7401F field emission gun microscope with an acceleration
voltage ranging from 0.5 to 1 kV. Raman spectra were
recorded on a WITEC 300R confocal microscope with a Nikon
Air Lens with a magnification of 10x at an excitation
wavelength of 633 nm, 18.9 mW laser power, and an
integration time of 1 s.

2.4. Electrochemical characterization

The electrochemical performance of the laser-scribed
electrodes with (LSAu-ePAD) and without (LS-ePAD)
modification was characterized by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and scanning
electrochemical microscopy (SECM). CVs were recorded in a
5 mmol L™ [Fe(CN)s]**” 1:1 mixture in 1.0 mol L™ KCI
solution, with the potential scanned from +0.7 to -0.2 V at 20
mV s, EIS was carried out using the same solution, applying
a sinusoidal perturbation of 10 mV over the open circuit
potential (OCP) at frequencies ranging from 10° to 10" Hz.
The electroactive area of the WE electrodes was calculated
from i-¢ curves using Cottrell's equation.

SECM experiments were performed on a Sensolytics
(Sensolytics, Bochum, Germany) SECM workstation. A two-
electrode system was used with Ag/AgClkc sar) and a 10 um

© 2023 The Author(s). Published by the Royal Society of Chemistry
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radius platinum microelectrode (UME) as the RE and WE
(SECM tip), respectively. Detailed information about the
fabrication and characterization of the Pt UME is given in the
ESIt (Fig. S1). The electrochemical activity of the LS-ePAD
and LSAu-ePAD surfaces was evaluated by recording approach
curves®® in 10 mmol L™ [Fe(CN)¢]>” in 0.1 mol L™ KCI
solution, with the tip polarized at -200 mV while the
substrate (ePADs) was kept unbiased. Each substrate was
probed in five distinct locations (Fig. S21). CVs at the Pt UME
were recorded at the same locations with a tip/substrate
separation of 15 um. The voltammograms were recorded with
the substrates unbiased and biased at -200 mV.

2.5. Electroanalytical detection of hypochlorite (BIA-ePAD)

Amperometric detection of NaClO was performed with the
LSAu-ePAD assembled in the BIA configuration. The device
was placed over a magnetic stirrer and the cell was initially
filled with 2 mL of supporting electrolyte (0.04 mol L™ BR
buffer; pH 8). Injections were performed using a Multipette
stream electronic micropipette (Eppendorf), in a “wall-jet”
configuration,®® with the pipette end held approximately 2
mm away from the WE surface. An image of the BIA-ePAD
operation is shown in Fig. S3.f The WE potential was fixed at
-0.2 V vs. Ag for reducing ClO and injections were only
performed after baseline stabilization (~120 seconds). The
injected volume was 20 uL at a rate of 135 uL s~

3. Results and discussion
3.1. LSAu-ePAD optimization

As we have shown for other substrates,”'® the pyrolyzed

material sheet resistance can be used as a proxy for the
electrode's electrochemical performance, providing a quick
way to optimize the laser fabrication parameters. Table S17
shows the range of parameters evaluated. The lowest sheet
resistance was obtained for 9% (~2.7 W) laser power, 10 mm

Sens. Diagn., 2023, 2, 111-121 | 113
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s scan rate, and a laser/substrate separation (Z-distance) of
8 mm. Despite presenting the lowest resistance (170 ohms),
the LS-ePAD electrochemical performance is poor, evidenced
by the voltammetric profile of the redox couple ferri/
ferrocyanide, displaying a large capacitive current and barely
discerning faradaic processes, as exhibited in section 3.3.
This is similar to what is seen for laser-scribed electrodes on
cardboard surfaces,”?® where further surface treatment/
modification procedures are wused to increase the
electrochemical performance of the devices. Here, we focused
on modifying the WE surface by reducing AuNPs using the
CO, laser.>* As the WE is exposed to the laser twice, the laser
power in the first pyrolysis step was reduced to 8% (~1.7 W),
as electrodes fabricated at 9%, the optimal condition,
couldn't bare a second laser exposure without sustaining
physical damage.

The modification step was performed by drop-casting
HAuCl, solution onto the WE, which is reduced to metallic
Au by the CO, laser, creating a hybrid Au/Carbon electrode
material. For optimizing this step, the voltammetric profile of
5 mmol L [Fe(CN)s]*/*" solution was recorded for LSAu-
ePADs fabricated with different laser parameters (Fig. S4+)
and volumes and concentrations of the HAuCl, solution (Fig.
S5f). The anodic peak current (Ip,) and peak-to-peak
separation (AE,) were used to assess the reversibility of the
electrochemical response. Higher Ip, values were obtained
for increasing laser power. Slower scan rates also favor higher
Ip, values and lower AE,,. The laser Z-distance seems to have
little impact on the Ip,. However, it does affect AE,, with the
smallest value obtained at a working distance of 11 mm.
Therefore, we selected the following laser parameters, which
produced electrodes with the combined largest Ip, (70 pA)
and lowest AE, (110 mV): a laser power of 8%, scan rate of 6
mm s ', and Z-distance of 11 mm.

At these laser parameters, the HAuCl, solution volume
and concentration were optimized also using Ip, and AE,
values of CVs recorded in 5 mmol L™ [Fe(CN)q]*"/*~ solution.
Increasing the Au content, either by increasing the volume or
concentration, leads to better electrochemical performance.
As HAuCl, is an expensive reagent, we used 30 uL of a 10
mmol L' solution.

3.2. Morphological characterization

The ePADs were characterized at each fabrication step by
Raman spectroscopy, SEM, and EDS analysis. Fig. S6-Af
shows the Raman spectrum of bare kraft paper, where a large
fluorescence background is seen. After the first laser
fabrication step, D, G, and 2D bands appeared at 1323, 1590,
and 2643 cm™', respectively (Fig. S6-Bf), indicating the
formation of the carbon material.’® These bands were also
observed at 1327, 1578, and 2647 cm ", respectively, after the
Au modification step (Fig. S6-Ct). The relationship between
the D and G bands (/I ratio) was calculated to compare the
effect of the second laser treatment on structural defects in
the carbon matrix. The Ip/Ig ratio values for the LS-ePAD and
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LSAu-ePAD were 1.4 and 2.0, respectively, indicating that the
second laser irradiation introduces more structural defects
on the carbon surface.'>*

The SEM image in Fig. 2-A shows the bare kraft paper
surface, which was previously coated with a thin layer of
sputtering gold deposition due to the insulating
characteristics of this material, exhibiting a highly compact
and homogeneous structure, very different from the porous
surface after the first fabrication step, laser-induced pyrolysis
(not coated) (Fig. 2-B). The SEM images of the electrode
surface after the Au modification step, also not coated,
(Fig. 2-C and D) reveal the formation of distinct, highly
contrasting, nanometer-sized structures, which we assign as
AuNPs. This is further supported by EDS analyses of the
LSAu-ePAD (Fig. S71), which shows a pronounced Au signal
compared to the EDS spectrum of LS-ePAD. EDS elemental
mapping was also performed to better show the distribution
of the AuNPs synthesized over the carbon surface (Fig. S87),
offering good coverage of the entire working electrode area.

3.3. Electrochemical characterization

The presence of Au structures in the LSAu-ePAD is confirmed
by CVs recorded in 0.5 mol L™ H,SO, solution (Fig. 3), which
show a distinct Au voltammetric profile with two oxidation
peaks at +0.95 and +1.1 V, and a reduction peak at +0.7 V
(red line).***” As expected, none of these processes are seen
for the LS-ePAD (black line, inset). The current density for the
Au processes obtained for the LSAu-ePAD (calculated with the
geometric area) was 10-fold than for a commercial Au-SPE
(blue line) (0.125 cm?), demonstrating that the ePAD has a
larger amount of Au, owing to the porous structure and larger
surface area (Fig. 2).

Comparing the voltammetric profile of [Fe(CN)g] at
the LSAu-ePAD (red line) with that at the LS-ePAD (black
line), presented in Fig. 4-A, a 13-fold increase in cathodic and
anodic peak currents and a decrease in AE}, from 188 to 127
mV, are seen for the LSAu-ePAD. The electroactive area for
the Au modified electrode (0.052 + 0.003 cm?), approximated
by Cottrell's equation from i-t curves, is closer to the
geometric area (0.070 cm?), as expected for this system,*®
reflecting the quasi-reversible voltammetric behavior. The
charge transfer resistance (Rcr) for both the LSAu-ePAD and
LS-ePAD was calculated by EIS. From the Nyquist plots in
Fig. 4-B, the Rcr values of 6.30 + 3.70 kQ for the LS-ePAD
(black data) and 0.11 + 0.04 kQ for the LSAu-ePAD (red data)
are derived, highlighting the effect of the Au structures on
the electrode's electrochemical performance. This is further
supported by the CVs recorded at double carbonized LS-
ePADs, which were exposed to the second laser treatment
step without HAuCl, solution (Fig. S97). Although a large
peak current increase is seen, the voltammetric profile is very
capacitive and poorly defined. We attribute this to an
increase in the surface porosity, similar to the effect seen in

3-/4—
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Fig. 2 SEM images of the (A) bare kraft paper, (B) LS-ePAD and (C and D) LSAu-ePAD in different magnifications: 250x (both A and B), 500x (C)

and 10 000x (D).

Fig. 2-B, as the HAuCl, does not absorb the laser energy to
form AuNPs, further carbonizing the paper substrate.
Repeatability and reproducibility studies were carried out
by recording [Fe(CN)¢*’*" CVs with the same LSAu-ePAD
(Fig. S10-AT) and with five different LSAu-ePADs (Fig. S10-Bf).
Repeatability was found to be 0.4% (rn = 10), and

2000
1500 =
g o
o
g -
& 10004 Z
o I
500 32 00 oz o4 o5 o8 1o 1z 14 18
3. E/Vvs Ag
~
- 04
-500
-1000 T T T T T T T T

-0.5 0.0 0.5 1.0 1.5
E/Vvs Ag

Fig. 3 Cyclic voltammograms recorded in 0.5 mol L™ H,SO, with the
LSAu-ePAD (red line), a commercial Au-SPE (blue line), and the LS-
ePAD (black line, inset). Scan rate: 50 mV s,

© 2023 The Author(s). Published by the Royal Society of Chemistry

reproducibility was 9.7% (n = 5) RSD. The stability of the
LSAu-ePADs was evaluated over 30 days by recording the CVs
with six devices, fabricated on the same day over multiple
days. Although marginal variations in the voltammetric
profile are seen (Fig. S10-Ct), there is no clear trend showing
electrode degradation over time.

3.3.1. Electron transfer kinetics. SECM measurements
were performed to investigate if the electrochemical response
of the LS-ePAD and LSAu-ePAD surfaces is heterogeneous. A
Pt UME was used as the SECM tip and the ePADs as
substrates, with the experiments performed in 10 mmol L™
[Fe(CN)s]>” in 0.1 mol L™ KCI solution. Approach curves,
where the UME is polarized to reduce ferrocyanide and
moved towards the unbiased substrate while the current is
recorded,’™*® were obtained at 5 different locations (Fig. S21)
over the 2 substrates (LS-ePAD and LSAu-ePAD). The
electrochemical performance of each location was estimated
using the feedback theory,’® where an increase in the UME
current is expected with a decreased SECM tip/substrate
separation, as the conductive substrate can oxidize
[Fe(CN)s]*~ back to [Fe(CN)e]*". The extent of the UME current
increase correlates to the substrate conductivity and electron
transfer kinetics.*®

Normalized approach curves, where the UME current is
normalized by the current recorded away from the substrate
(i/ipuik) and the UME/substrate distance is normalized by the
UME radius (d/a), recorded over the LS-ePAD (Fig. 5-A) show

Sens. Diagn., 2023, 2, 111-121 | 115
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Fig. 4 (A) Cyclic voltammograms recorded at a 20 mV s™* scan rate and (B) Nyquist plots obtained from EIS experiments, performed in a mixture
containing 5 mmol L™ [Fe(CN)eI>/4" in 1 mol L™t KCl for the unmodified LS-ePAD (black data) and the LSAu-ePAD (red data).

curve).”’ These profiles are characteristic of substrates with
slow electron transfer kinetics, indicating that the LS-ePAD is
oxidizing ferrocyanide back to ferricyanide at a low rate.’® On

a decrease in the UME current with a decrease in the
separation; however, these are much larger currents than
expected for a completely insulating substrate (red dot
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Fig. 5 (A and B): Approach curves recorded in 10 mmol L™ [Fe(CN)g]*>™ in 0.1 mol L™* KCl solution using the Pt UME as a tip (E = ~200 mV) using
(A) the LS-ePAD and (B) LSAu-ePAD as unbiased substrates. (C and D): CVs recorded in 10 mmol L™ [Fe(CN)gl®*™ in 0.1 mol L™* KCl solution with the
Pt UME at 15 um from the substrate after the substrate polarization (E = -200 mV) using (C) the LS-ePAD and (D) LSAu-ePAD. Each curve was
recorded at a specific location on the substrate (Fig. S21): 1(@); 2(¢); 3(®); 4(®@); 5(®). Curve (®) was recorded on an insulator substrate (Fig. S1-Bf)

using the same tip and conditions.
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the other hand, the normalized approach curves over the
LSAu-ePAD (Fig. 5-B) show an increase in the current with a
decreased separation, indicating that the oxidation of
ferrocyanide at the substrate occurs at a higher rate than
what is seen for the LS-ePAD, ie., the electron transfer
kinetics is higher at the Au modified ePAD. Although the
same current trend is observed, the approach curve profiles
are different at each spot for both substrates, pointing to a
heterogeneous electrode surface.*’

The electron transfer kinetics difference between the
LSAu-ePAD and LS-ePAD is also evident when SECM is used
to probe the diffusion layer composition of these substrates
biased at —200 mV (ferricyanide reduction). The UME was
positioned at a distance of 15 um from the substrates, at
the same 5 locations discussed above, and the CVs were
recorded (Fig. 5-C and D). At this configuration, when the
UME is at a cathodic potential, both the substrate and the
UME will be competing for the same redox species,
ferricyanide.”> The UME has a larger cathodic current over
the LS-ePAD (Fig. 5-C) than when it is over the LSAu-ePAD,
which is almost zero (Fig. 5-D). The UME current is
proportional to the local ferricyanide concentration, and
after normalizing the CV currents at each location by the
negative feedback current at the same UME/substrate
separation (15 um, equivalent to a d/a of 1.5 in the red
in Fig. 5-A and B), we compute how much
ferricyanide has been consumed at this height (summarized
in Table S2t), showing that the LSAu-ePAD consumed much
more ferricyanide than the LS-ePAD, reflecting its faster
kinetics.

curves

3.4. Hypochlorite detection

Monitoring NaClO in water samples can be greatly beneficial
to avoid overexposure to it, which can be harmful.>® Thus,
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Fig. 6 (A) Cyclic voltammograms recorded with the LSAu-ePAD in 5 mmol L™ NaClO in 0.04 mol L™ BR buffer at different pH values. (B) Cyclic
voltammograms recorded in 5 mmol L™* NaClO in 0.04 mol L™ BR buffer (pH 8) with the LSAu-ePAD (red line), a commercial Au-SPE (blue line),
and the LS-ePAD (black line, inset). Scan rate: 50 mV s™.
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the developed LSAu-ePAD was employed to quantify
hypochlorite. As its content needs to be monitored in treated
water supplies, quick and affordable alternatives for its
quantification is necessary, as provided by our device. ClO~
reduction is pH dependent,*® as seen in the voltammetric
profiles of 5 mmol L™ NaClO in 0.04 mol L™ BR buffer in
Fig. 6-A. The largest cathodic current is at pH 8, which was
selected for all further measurements. In an alkaline
medium, the ClO™ reduces to ClI° and generates OH~
intermediated by consuming H,O and two electrons for each
mol of ClO™ consumed.**** Additionally, in an alkaline
solution, the gold surface is unlikely to dissolute in the
presence of ClO". Thus, it still stays preserved. On the other
hand, in an acidic medium, gold goes into the solution,
compromising the electrode surface.**

ClO™ reduction seems to be catalyzed by gold
nanostructures, facilitating charge transfer,*>*®*” as can be
seen by comparing the voltammetric profiles of both LS-ePAD
and LSAu-ePAD in NaClO solution (Fig. 6-B). In a possible
mechanism, ClO™ adsorbs first on the gold structure, which
is eased when the structure is poorly or not negatively
charged.***” Not only does the profile with the LS-ePAD
(black line, inset) show a high capacitance, but the ClO™
reduction process appears (poorly defined) approx. 300 mV
more cathodic than what is seen for the LSAu-ePAD (red line).
The larger amount of Au in the LSAu-ePAD, compared to a
commercial Au-SPE, affords an analytical advantage to the
ePAD, as the reduction wave of CIO™ in the Au-SPE also
happens at more cathodic potentials (blue line). The CV
obtained for the twice carbonized ePAD (without Au) is very
similar to that for the LS-ePAD (Fig. S117), further supporting
that Au catalyzes the ClIO™ reduction process.

3.4.1. BIA-ePAD. Coupling BIA with ePADs has been
recently reported by our research group, where we explored
capillarity in the paper matrix to disperse a solution after
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Fig. 7 (A) Repeatability measurements of successive injections of 0.5 mmol L™ NaClO (n = 12) in the BIA-ePAD. (B) Amperometric responses
obtained from triplicate injections of NaClO in the BIA-ePAD for a memory effect study with increasing and decreasing concentrations of 25, 50,
100, and 250 pmol L™ (a-d); and the respective calibration curves of the peak currents vs. NaClO concentration (inset). Applied potential: -0.2 V
vs. Ag; injected volume: 20 pL; dispensing rate: 135 ulL s %; supporting electrolyte: 0.04 mol L™* BR buffer (pH 8).

injection in a microfluidic PAD coupled to BIA (BIA-uPAD).>®
Herein, we developed a miniaturized BIA cell coupled to the
LSAu-ePAD (simplified as BIA-ePAD) in a fully integrated
platform. As we waterproofed the paper (vide supra), we
could not explore its microfluidic properties and had to rely
on magnetic stirring to disperse the injected solutions. We
optimized the detection method by changing the reduction
potential (+0.4 to —0.2 V), injection volume (10 to 40 pL),
and dispensing rate (25 to 260 uL s '), while monitoring the
reduction current for triplicate injections of 0.5 mmol L™
NaClO solution. The results are shown in Fig. S12.f The
best analytical performance was achieved by applying a
potential of -0.2 V, according to the hydrodynamic
voltammogram presented in the ESLf An injection volume
of 20 uL and a dispensing rate of 135 uL s were selected
for presenting satisfactory analytical currents and low
standard deviations. Values greater than these would
compromise the accuracy of the measurements, as seen
through the error bars. Furthermore, the injection of large
volumes of solution would lead to a faster depletion of the
cell's capacity, which is not desirable. A repeatability test
was conducted under these selected conditions to assess the
method's precision. Successive injections of 0.5 mmol L™
NaClO solution (Fig. 7-A) resulted in an RSD of 4.7% (n =
12) for the peak current value, while a sample throughput
of 127 injections per hour was obtained, similar to

Table 1 Results obtained for detecting NaClO in swimming pool and tap
water samples using the BIA-ePAD

Sample Cnacio added/umol L™ Recovery/%
Swimming pool water 1 100 85+9
Swimming pool water 2 93 +1
Swimming pool water 3 100 + 5
Tap water 92 +2

18 | Sens. Diagn., 2023, 2, 111-121

conventional BIA systems (50 to 200 h™).*° The
reproducibility was also evaluated by measuring the ClO~
reduction current with six BIA-ePADs (Fig. S137), resulting
in an RSD of 5.3% (n = 6).

Injections of NaClO at various concentrations (10 to 1000
umol L") resulted in a linear current response (R = 0.997)
between 20 and 750 umol L™* (Fig. S141). The LOD and LOQ
were estimated as 6.70 (~0.5 ppm) and 22.1 pumol L™ (1.7
ppm), calculated as 3 and 10 times the standard deviation of
blank measurements, respectively. Injecting increasing and
then decreasing NaClO concentrations (Fig. 7-B) indicates
that there is no memory effect in the electrode, demonstrated
by similar slopes of the calibration curves (inset) for
increasing (0.0179 pA umol™ L) and decreasing (0.0173 pA
umol™" L) concentrations. Although other electrochemical
methods have reported better LODs (see Table S3t), our
method can analyze real samples, for example, swimming
pool water, which is recommended to have 3-5 ppm of free
chlorine.?®?”

As a proof-of-concept application, three swimming pool
and one tap water samples were spiked with 100 pmol L™
NaClO and analyzed with the BIA-ePAD. Table 1 shows the
recovery percentages obtained for each sample, ranging from
85 to 100%. Our method is also not affected by the presence
of NO;~, SO,>7, CO;>7, HCO;™, and CI”, commonly found in
swimming pool water,>® as revealed by the interference study
(Fig. S151) performed at a 5:1 ratio with CIO". The results
showed no appreciable differences in the ClO™ current before
(0.84 + 0.02 pA) and after (0.79 + 0.04 pA) the injection of the
interferents.

4. Conclusions

Herein, we demonstrated the fabrication of Au-modified
paper-based electrodes by a simple and quick two-step

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fabrication process. Kraft paper was used as a cellulosic
substrate, where a three-electrode system was patterned using
a CO, laser to pyrolyze the carbon substrate selectively.
AuNPs were rapidly synthesized onto the WE surface through
the thermal reduction of HAuCl,. The presence of AuNPs in
the porous carbon structure, confirmed by CVs recorded in
H,SO, solution and EDS analyses, significantly improved the
electrode's electrochemical performance, leading to higher
electron transfer kinetics and reduced charge transfer
resistance as demonstrated by SECM and EIS. The
repeatability, reproducibility, and stability studies for the
electrode showed RSD values of 0.4% (n = 10), 9.7% (n = 5),
and 9.7% (30 days), respectively. The incorporation of AuNPs
on the electrode resulted in a catalytic effect on ClO~
reduction, which we explored for high throughput analyses
by integrating the electrodes into a BIA system. At the cost of
$ 0.11 per device, we were able to analyze ClIO™ in swimming
pool and tap water samples at a throughput of 127 h™, with
LOD and LOQ values of 6.70 and 22.1 pmol L™, respectively,
and recovery percentages varying from 85 to 100% for water
samples.
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