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The hyphenation of electrochemical methods and optical methods in a single portable device is expected to be a
challenging combination to enhance the information which can be gained on complex chemical systems. In this
paper, a low-cost spectrophotometric device based on low-cost electronics integrated with an electroanalytical
cell equipped with a screen printed electrode (SPE) and assembled exploiting a DIY approach, is presented. This
easy to use device allowed spectrophotometric and electroanalytical measurements to be performed simulta-
neously providing simultaneous information and enabling concomitant comparison and autovalidation of the
results collected. The analytical robustness and precision of the proposed system was successfully tested on
solutions containing mixtures of Patent Blue (E-131) and Brilliant Blue (Erioglaucine E-133), two food dyes
displaying optical and redox properties very similar to each other.

1. Introduction

The emerging themes of Green Analytical Chemistry (GAC) and
Democratic Analytical Chemistry (DAC) indicate the new perspectives in
the field of analytical chemistry aimed at developing innovative
methods and devices using economic and environmental sustainable
approaches by integrating and sharing multidisciplinary skills [1,2]. The
common goals of this new vision include manufacturing cost savings,
reduction of energy consumption, waste generation in a profitable and
safe way and with better accessibility of the whole population to reliable
and on-site useable analytical tools [3]. In particular, considerable ef-
forts are devoted to the development of portable and low-cost minia-
turized analytical devices even designed for use by unskilled personnel
and also available in remote areas where access to expensive technolo-
gies is limited, such as in developing countries [4,5]. The ambitious goal
is to make high quality, robust and easy-to-use analytical hardware and
software easily available and achievable through widespread
manufacturing techniques and projects, in order to enable a wide
diffusion of reliable monitoring tools, protocols and point-of-care data
acquisition systems [6-8].

In this context, the Open Source concept, which extends from free
and open source software (FOSS) to free and open source hardware
(FOSH), associated to the Do It Yourself (DIY) approach, the latter
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implying prototyping or modification of objects even of high techno-
logical value, without the intervention of expert personnel, thanks to the
sharing and diffusion of information, assembly schemes, projects and
instructions on the web, has opened up new and boundless way for the
easy assembling of tuneable custom-built analytical devices [9-12].
Against this unprecedented backdrop, scientists and laboratory staff are
encouraged to develop powerful research tools, thereby drastically
reducing equipment costs. In fact, they can be assembled using readily
available materials, components and electronics and can be easily
adapted to specific and momentary needs thus overcoming the inac-
cessibility of conventional instrumentations based on black box systems,
with considerable cost savings for research laboratories [13-15]. At the
same time, this trend can represent a fascinating opportunity to spread
knowledge and to increase interest in analytical chemistry by creating
material kits that would make lab science even accessible to remote
students.

It is worth noting that the combination of RepRap-class 3D printing
and Arduino-based electronics, which are strategic open sources, has
been profitably exploited for the construction of user-friendly analytical
devices, such as autosamplers, automatic titrators, pH-meters, optical
devices or potentiostats that reduce the complexity of manufactoring
steps and provide accessible analytical instruments to a wide range of
research laboratories with significant economic savings compared to
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equivalent or less functional proprietary instruments [16-23]. In addi-
tion, these manufactoring techiniques offer great potential to assemble
modular units which can be combined into hybrid systems in order to
benefit from the advantages or, if necessary, to overcome the limitation
of using only one of them.

The detection of several analytes can be performed by exploiting
more than one of their properties. Thus, for instance, food dyes not only
display defined absorption spectra in the visible range, but are almost all
electroactive [24-28]. Therefore, the hyphenation of electrochemical
methods and optical methods, both displaying remarkable analytical
performance and easy miniaturization, is expected to be a challenging
combination to improve the information which can be gained on sam-
ples containing simultaneously these dyes [28-33]. Following this
reasoning, the availability of portable dual signal analytical systems that
allow simultaneous optical and electrochemical readout can improve
detection and provide self-verification, thus improving both accuracy
and reliability of measurements.

This article describes a customizable and robust spectrophotometric
device based on an Arduino microcontroller assembled exploiting 3D
printing technology and inexpensive electronic components such as
light-emitting diodes (LEDs) and phototransistors. This device is inte-
grated with an electroanalytical cell equipped with a screen printed
electrode (SPE), thus allowing spectrophotometric and electroanalytical
measurements to be performed simultaneously.

As a proof-of-concept, the performance of this highly versatile device
was tested on solutions containing mixtures of Patent Blue V (E-131) and
Brilliant Blue (Erioglaucine E-133), two food dyes displaying both op-
tical absorbance in the visible region and redox properties very similar
to each other, carefully choosing the optimal experimental conditions
and the instrumental parameters to be used for their selective
determination.

2. Materials and methods
2.1. Chemicals

Ultrapure water (>18 MQ cm) was obtained from a PURELAB UHQ
(ELGA, UK) system. Patent Blue V (PB, E-131), Brilliant Blue FCF
(Erioglaucine, BB, E-133), potassium chloride, potassium hydrogen
phthalate, phthalic acid, sodium acetate, sodium dihydrogen phosphate,
sodium hydrogen phosphate, sodium tetraborate decahydrate, hydro-
chloric acid, phosphoric acid, acetic acid and sodium hydroxide were
purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, IT). The solution
at pH 2 was prepared using HCl at a concentration of 0.01 M. 0.1 M
buffer solutions at increasing pHs (2,5, 3; 4.5; 7; 8.5) were prepared
using the above mentioned compounds. KCl was added to all solutions to
achieve a final chloride ion concentration equal to 0.2 M.

Standard solutions of PB and BB were prepared in water at concen-
trations of 20 mM and subsequently diluted in the used electrolytic so-
lution to achieve the desired concentrations (2-200 pM).

Spectrophotometric measurements were also performed with a
benchtop spectrophotometer (Varian Cary 50 bio, Victoria, AUS) using
polymethylmethacrylate cuvettes with an optical path of 1 cm. Pre-
liminary voltammetric measurements were carried out in a conventional
cell (5 mL) using a glassy carbon working electrode, a platinum counter
electrode and an Ag/AgCl, 3 M KCl reference electrode. Electrochemical
measurements in the miniaturized apparatus were made using a SPE
device (DS-110, Metrohm, Varese, IT) assembled with electrodes printed
with graphite-based (for working and counter electrodes) or silver-based
(for the reference electrode) inks.

All electrochemical measurements were carried out using a poten-
tiostat (CH Instruments, Austin, TX, USA).
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2.2. Assembly of the portable device for simultaneous electrochemical and
spectrophotometric measurements

A portable device, enabling simultaneous electrochemical and
absorbance measurements, was assembled using low-cost electronic
components and open source technology. It consisted of a plastic box
made up of two ABS (Acrylonitrile Butadiene Styrene) frames, one front
and one rear, which were fitted together and secured with four screws.
Both frames were built using a FLSUN Cube 3D printer and a FUSION
360 software to design the components to be printed. As shown in
Fig. 1a, this box was equipped with an external fluidic consisting of inlet
and outlet silicone tubes connected to a syringe for the filling operation
and to a waste container, respectively. The device also included an in-
ternal fluidics that allows both the transfer of the analyzed sample from
the inlet to the two detection zones and a suitable housing for the
electronic components (LEDs and phototransistor) and the SPE elec-
trode. This device was composed by several components that were easily
assembled following simple instructions (lab-on kit). Two transparent
circular windows made of a thin polyvinylchloride (PVC) film (180 pm
thick) were attached to the ABS frame to separate the liquid from the
optical detection zone in correspondence with the holes created for the
exit and reception of the light beam (see Fig. 1b for the front frame and
Fig. le for the rear frame). The hydraulic seal of the circuit was assured
by the use of an hexagonal rubber gasket and an O-ring (see Fig. lc,
d and 1e). PVC windows and hexagonal shaped rubber seals were made
using a cutting plotter (Silhouette CAMEO, Micronet Italia, Milan, Italy).

The dimensions of the device were the following: height 5 cm,
thickness 2 cm, width 3 cm. The optical path of the cell for spectro-
photometric detections was 0.3 cm and the electroanalytical sensing
zone was defined by the walls of the O-ring (8 mm) which also allowed
the SPE to be locked in a fixed position. The volume available in this last
zone was 50 pL, which allowed the three electrodes present in the SPE to
be completely wetted.

The light source used was a KY-009 RGB module within which three
different LEDs were integrated (5050 SMD LED), these last capable of
emitting different light radiations at three distinct small wavelength
intervals (RGB LED): red (R) 620-635 nm; green (G) 500-530 nm; blue
(B) 460-475 nm. A module with a n-p-n type phototransistor
(TEMT6000), with an integrated voltage divider, was used as the de-
tector (see Fig. 1c and d). Both source and detector were connected to
the Arduino board which was in turn connected to a PC through an USB
port, used for both its power supply (5 V) and data communication (see
Fig. 1f). In particular, three of the four pins present in the module used as
the light source and corresponding to the RGB channels were connected
to the digital pins (2-3-4, anodes) of the board, while the fourth pin was
connected to the GND pin (ground, cathode). The three pins present in
the phototransistor module were instead connected to the output pin,
capable of supplying a voltage of 5V, to the second GND pin and to the
analogic input pin (A0), respectively. Through this last input pin, the
analogic signal (voltage) coming from the phototransistor and depen-
dent on the intensity of the incident light beam (therefore on the analyte
concentration) was acquired by the Arduino board, converted into a
digital signal and transferred to the PC for data visualization.

2.3. Procedures followed for spectrophotometric and electroanalytical
detection with the portable device

A 20 mL syringe was used for filling analyzed solutions and for
washing with water, paying particular attention to avoid the possible
formation of bubbles. A three-way valve, placed at the outlet of the
device in the terminal part of the silicone tube, allowed the opening and
closing of the fluidic circuit during the different steps, i.e. filling, anal-
ysis, emptying and cleaning. Before analysis of a new solution, three
consecutive washings with water were carried out in order to guarantee
the maximum cleanliness of the device fluidic. The fluid leaving the
device was collected in a waste container. Both spectrophotometric and
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Fig. 1. Pictures and schemes of the 3D printed device housing the optical and electrochemical detection zones: (a and f) front and rear view of the assembled device;
(b and e) inner parts of the disassembled ABS frames; (c and d) exploded views and schemes of the individual parts.

electrochemical measurements were performed under static conditions.

The acquisition of spectrophotometric data were managed by the
Arduino software, using a properly written code in C++ language that
allowed to calculate transmittance and absorbance values of the
analyzed solutions at the three different light radiations emitted by the
RGB module. A first reading was performed using an analyte-free buffer
solution, thus achieving a value that was automatically stored and dis-
played in the PC as the blank. Subsequently, dye solutions with
increasing concentrations were introduced and 5 absorbance readings
were performed, one after the other, at each of the three different
wavelengths. The average value of these measurements, from which the
blank value was automatically subtracted, was finally displayed on the
PC.

Electrochemical measurements were performed on the same solu-
tions using the SPE electrode positioned in the corresponding EC
detection zone.

2.4. Real sample preparation

Chocolate pellets with colored shell subjected to analysis were pur-
chased from local supermarkets. Before analysis, colored candies (about
3 g) were simply dipped for about 2 min in 4 mL of sodium phosphate
(0.1 M; pH = 2.5), in order to dissolve the external colored coating. The
obtained solutions were then centrifuged (5200 rpm, 3 min), filtered

with 0.45 pM filters (Gelman Acrodisc) and subsequently diluted 1:8
with the mentioned electrolytic solution. Since these analyzed candies
were colored with only one of the two dyes considered here (BB),
controlled amounts of the other dye (PB) were added to these solutions
after filtration.

3. Results and discussion

3.1. Spectrophotometric measurements with a conventional
spectrophotometer

Spectrophotometric investigations were preliminarily conducted
using a conventional benchtop instrument in order to evaluate the pH
effect on the spectral behavior of the two similar triarylmethane food
dyes here considered. These measurements were carried out using buffer
solutions at different pH (2; 2.5; 3; 4.5; 7.0; 8.5).

As already highlighted by other authors [34], Patent Blue V (PB) is an
acid-base indicator whose color changes from yellow (pH 0.8) to blue
(pH 3), on passing through a series of shades between yellow and green
that accompany the variation of the H3O" concentration.

Accordingly, our spectrophotometric measurements showed that a
progressive decrease of the band with a maximum absorption at about
640 nm took place on passing from pH 2 to pH 3 in a 10 pM PB solution,
which is accompanied by the appearance and progressive increase of an
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absorption band with a maximum at about 415 nm, as shown in Fig. 2a.

Similar measurements conducted on Brilliant Blue (BB), which is also
a triarylmethane dye widely used in the food industry, showed instead a
different behavior. In fact, the BB spectrum, which consists of a main
band at 630 nm and a modest band at 410 nm, remained practically
unchanged in the pH range 2-3, as shown in Fig. 2b, since the acid-base
involving the transition from yellow to blue is shifted to more acidic pH,
as reported in the literature [35] (pH < 1.0).

This different spectral behavior displayed by the two dyes at pH 2
and 2.5 suggested that it could be useful for the selective determination
of PB even in the presence of BB. In addition, this preliminary investi-
gation confirmed the possibility of using a simple detection system
assembled with a low cost light source (RGB LED) capable of emitting in
three different range of wavelength of the visible region (red (R)
620-635 nm; green (G) 500-530 nm; blue (B) 460-475 nm) and a
phototransistor to acquire optical signals, in particular those relative to
the red and blue channels.

3.2. Voltammetric measurements in a conventional electrochemical cell

The electrochemical behavior of PB in the media where the spectral
differences were observed (buffer solutions at pH 2, 2.5 and 3) was
preliminarily investigated also by cyclic voltammetry using a conven-
tional three-electrode cell.

As it can be observed in the voltammetric profiles reported in Fig. 3a
in the pH range 2-3, PB was characterized by an anodic peak (Ep, =
0.84 V) associated to a cathodic peak, recorded in the backward scan
(Epc. = 0.79 V), typical of a reversible process. It is worth noting that,
under these experimental conditions no passivation phenomena of the
working electrode surface (fouling) was observed even when voltam-
metric scans were performed repeatedly.

However, this voltammetric profile for PB changed progressively
when the pH was increased over 3 (not reported in Fig. 3), until it
reached a voltammetric profile consisting of the sole oxidation peak at
Ep, = 0.84 V, thus assuming a typically irreversible profile. This
behavior can be explained on considering that, as reported for several
triphenylmethane dyes [36,37], the anodic process for PB occurs
through an electron transfer involving one of the two dimethylamino
groups present in its molecule. This charge transfer causes the formation
of a radical cation whose stability in acid media (pH < 3) is sufficiently
high, so as to allow the occurrence of its cathodic reduction to be
observed in the reverse scan. Only at lower H30" concentrations (pH >
3) the electron transfer is followed by the release of a proton in a
chemical reaction which becomes more rapid.

Voltammetric measurements conducted on the BB dye, showed
instead that the oxidation of this dye displayed a partial reversibility
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only at pH 2, while at pH 2.5 and 3 only one anodic peak at Ep, =0.95V
is observed with no associated return peak. This can be explained by
considering that the chemical reaction following the electron transfer for
BB is faster at these pHs with respect to that for PB, just in view of the
fact that its acid-base constant is significantly lower for this dye, as
mentioned in the previous section.

The different electrochemical behavior observed in these pre-
liminary studies for the two dyes suggested that the aqueous solution at
pH = 2.5 could be an optimal candidate as supporting electrolyte for the
EC detection of PB even in the presence of BB.

This different behavior was also observed in the measurements made
subsequently using differential pulse voltammetry (DPV), which allows
to eliminate the contribution of the capacitive current, which is not
directly connected to the redox process of the investigated species, thus
increasing the measurement sensitivity. The parameters for DPV were
optimized using a PB solution at a concentration of 0.5 mM and resulted
to be: scan range (0-1.1 V); pulse increase (0.004 V); pulse width (0.1
V); pulse duration (0.15 s); sampling time (0.02 s); pulse period (0.6 s).

The DPV profiles shown in Fig. 4 for the two dyes at the same con-
centration (500 pM) showed a higher peak current for PB with respect to
that recorded for BB, in agreement with the different degree of revers-
ibility displayed in their different electrochemical processes.

3.3. Response of the portable device for solutions containing each single
dye

This investigation was aimed at evaluating the performance offered
by this dual-mode detection device in analysis of solutions containing
simultaneously two species displaying quite similar optical and elec-
troanalytical properties, such as the two dyes PB and BB. For this pur-
pose, it is obviously necessary to know preliminarily the behavior
displayed individually by each component. Therefore, some tests were
first conducted on each dye introduced separately in the proposed
device.

The performance of the device in terms of repeatability of the signals
collected at the three different light sources available and at the SPE
were evaluated using a 10 pM solution of either PB or BB dissolved in a
buffer solution at pH 2.5. With this purpose, absorbance values, indi-
cated as AR620-635 nm)> AG(500-530 nm)> AB(460-475 nmy> and voltammetric
profiles were recorded using the same dye solutions in 7 repetitive
measurements. DPV experiments at the SPE were carried out adopting
the parameters previously optimized in the conventional cell and re-
ported in Section 3.2. Under these conditions, PB exhibited an anodic
profile characterized by a single peak (Ep, = 0.62 V), as shown in
Fig. 5a, while BB displayed a single anodic peak (see Fig. 5b) at a slightly
higher potential (Ep, = 0.72 V).

1 -
a —pH3 b — pH3
—_pH25 — pH25
0.87 pH 2 0.87 pH 2
. ] 5 |
g 0.6 E 0.6
) %)
2 04 = 04
0.2 0.2
400 500 600 700 800 400 500 600 700 800
A/nm A/nm

Fig. 2. Visible spectra recorded with a conventional spectrophotometer for 10 pM PB (a) and BB (b) dissolved in buffer solutions at pH 2, 2.5 and 3.



C. Gragzioli et al.

—— pH2
— pH25
—— pH3

5 uA

E/V

0O 02 04 06 08 1.0 1.2

Talanta 275 (2024) 126185

0 02 04 06 08 1.0
E/V

Fig. 3. Cyclic voltammetric profiles recorded at a glassy carbon electrode vs a Ag/AgCl reference electrode for a 1 mM PB (a) and BB (b) dissolved in buffer solutions

at pH 2, 2.5 and 3. Scan rate 50 mVs ™.

E/V

Fig. 4. DPV profiles recorded at a glassy carbon electrode vs a Ag/AgCl refer-
ence electrode in a conventional cell for solutions containing 500 uM of PB (a)
and BB (b) in a phosphate buffer at pH = 2.5.

Once again, no electrode passivation (fouling) could be observed
even when voltammetric scans where repeatedly performed. Peak cur-
rents recorded in these voltammetric measurements showed optimal
repeatability (RSD < 1.8) and a good repeatability (<2.6 %) was also
found for absorbance measurements, regardless the wavelength
considered.

It must be underlined that repeated tests performed with this dual-
mode detection device require some washing operations, syringe
connection and insertion, as well as removal of the SPE electrode used
for the electrochemical detection. Consequently, a series of repeated
tests were also carried out, using the same reference samples (PB or BB
10 pM) to evaluate the reproducibility involved in these reassembly
operations, once again based on peak currents and absorbance values.
The results obtained showed that these operations led for both dyes to
relative standard deviations (RSD < 2.8 and < 3.1 % for EC and optical
measurements, respectively) only a little bit higher than the repeat-
ability mentioned previously.

Finally, by using solutions of PB and BB at increasing concentrations,
introduced separately, it was possible to construct calibration plots by
using both the height of the DPV peaks at 0.62 V and 0.72 V for PB and
BB, respectively and the absorbances recorded at the three light sources
available (R, G and B).

The calibration plots constructed by DPV peaks for both dyes were
characterized by a satisfactory linearity in the concentration range
considered (2-200 pM) and their regression equations were as follows: i
(l«lA)62OmV = 0.0039 C (MM) + 0.0630; R2 = 0.98 and i (}J.A)720mv =
0.0168 C (uM) + 0.2627; R% = 0.99 for BB and i (uA)g2omy = 0.0242 C
(M) + 0.2992; R* = 0.99 and i (pA)720my = 0.0053 C (uM) + 0.2092, R*
= 0.98 for PB, respectively.

A satisfactory linearity was also found for the calibration plots con-
structed using absorbance values collected at the three wavelengths
emitted by the light source for solutions containing the two dyes indi-
vidually in the concentration range (2-100 pM), as shown in Fig. 6
where their regression equations are also reported.

3.4. Dual-mode detection of solutions containing both PB and BB

Solutions containing the two dyes PB and BB at a total concentration
of 100 pM but in different ratios were prepared on purpose and analyzed
by recording simultaneously optical and DPV signals.

For all these solutions the optical signals recorded as absorbance (A)
and the peak currents (ip) recorded in the differential pulse voltammo-
grams were expected to result from the additive contribution of the two
dyes. However, the information gained previously as Agrg20-635 nm), Ac
(500-530 nm)> AB(460-475 nm) suggested that the spectral data were poorly
suited to allow a distinction of the two dyes, while the electroanalytical
data were expected to provide the possibility to better distinguish the
contents of PB and BB, since the corresponding signals were to some
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Fig. 5. DPV profiles recorded at a SPE for solutions containing increasing concentrations of PB (a) and BB (b) in a phosphate buffer at pH = 2.5.
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Fig. 6. Calibration plots constructed at the red (R, 620-635 nm), green (G, 500-530 nm), blue (B, 460-475 nm) channels for Patent Blue (a) and Brilliant Blue (b).

extent different from each other, as shown in Fig. 7.

In order to verify whether the signals recorded using the two ap-
proaches adopted were able to provide a more or less satisfactory
quantification of PB and BB simultaneously present in the same solu-
tions, the signals detected in each of the prepared mixtures were used to
calculate the concentrations of the two dyes, which were then compared
with those actually introduced.

As to absorbance measurements, Ar20-635 nm)> AB(460-475 nm)»
recorded using the R and B light sources were used because they were
expected to provide better sensitivity and selectivity with respect to
signals recorded at the G channel. BB and PB concentrations were hence
calculated by solving the equation system reported below, written on the
basis of the law of the additivity of spectroscopic absorbances [38,39]
(see the regression equations reported in Fig. 6).

b

3.0 7——y=10.0247C (uM) +0.0553
R2=10.99
2.5 4——y=0.0001 C (uM) +0.0026 =
R2= 0.96
. 2.0 1 y=10.0007 C (uM) + 0.002_9ﬁ,~-""'
=) R2=0.99
< 1.5 - o
w o
=
< 1.0 - _
0.5 1 =
é
00 ¢ Py ; Y s i $

[C]/unM

(B channel) Ap460-475 nm) = 0.0001Cgg(uM) + 0.0019Cpg(HM)
(R channel) AR(gz()_635 nm) = 00247CBB(HM) + OOISZCPB(]JM)

In these equations the independent term required to account for a non-
zero intercept was omitted because the single intercepts found are
relatively modest (see Fig. 6) and furthermore the background signals
responsible for the global intercept were expected to overlap each other.
The concentrations thus calculated were then compared with the
expected concentrations, Cexpected, in Table 1, where also the corre-
sponding percent errors (6%) are reported, these latter calculated as:

6% = 100 (Cround — Cexpected) / Cexpected

As expected, the results obtained provided only a very crude



C. Gragzioli et al.

100 uM BB
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—— 50 uM BB+50 uM PB
——— 40 uM BB+60 uM PB
20 uM BB+80 uM PB

100 uM PB
--------- Blank

E/V

Fig. 7. DPV responses recorded at a SPE for phosphate buffered solutions (pH
= 2.5) simultaneously containing PB (a) and BB (b) at the indicate
concentrations.

discrimination of the two dyes mixed together, because they were ob-
tained from spectral signals detected at wavelengths at which both dyes
display an almost equal absorbance.

The same calculation procedure was adopted using the peak currents
recorded by DPV in the mentioned mixtures of PB and BB at 620 mV and
720 mV. Thus, peak heights recorded at 620 and 720 mV for each of the
prepared mixtures were inserted in the equations system reported
below, exploiting the regression equations found at the mentioned po-
tentials for each of the two dyes and reported in the previous Section.
Also in this case, the independent term required to account for a non-
zero intercept was omitted.

i, 620 mV = 0.0039 Cgp(tM) + 0.0242Cp(HM)
ip 720 mV = 0.0168Cg(M) + 0.0053Cpp(M)

Once again, the concentrations thus calculated were then compared
with the expected concentrations, Cexpected> in Table 1, where also the
percent errors 6% are reported, these latter calculated as reported
above.

As it was expected, better results, characterized by small errors, were
found by electroanalytical measurements. Nevertheless, also the results
collected by absorbance measurements were to some extent consistent,
thus showing that the combined use of the two approaches might offer
some advantage.

Table 1
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3.5. Analysis of real samples

In order to evaluate the applicability of the analytical system here
described, analyses of two different colored candies were carried out.
The samples were chosen based on what was indicated on their label.
Unfortunately, samples containing simultaneously the two dyes were
not commercially available. Consequently, two samples containing the
sole BB were used for our purpose. The BB concentration in these sam-
ples, determined by us as the mean values of measurements carried out
both voltammetrically (720 mV) and spectrophotometrically (R chan-
nel) turned out to be about 19.1 pM in the first sample and 17.3 pM in
the second sample, with deviations which did not go beyond +7 %.

Since sample labels reported that the coating of the colored candies
consisted essentially of sucrose and other polysaccharides, which are
chemical species unable to undergo anodic oxidation under our exper-
imental conditions and to display absorption bands in the ranges
explored, no appreciable interference was expected. However, the
possible matrix effect on our determinations was at first estimated by
performing measurements on candies after addition of known amounts
of BB, in order to achieve additional concentrations equal to 20, 30 and
50 pM. The difference between the heights of the anodic DPV peak and
absorbances recorded after these standard additions and that of the peak
before supplementation were then compared with the calibration plots
constructed for the pure BB dye. The results of these preliminary tests
enabled to evaluate that under these conditions, during DPV measure-
ments the determined BB concentrations were equal to about 91.2 % of
those actually added and that a quite similar deviation (89.2 %) was
found by conducting spectrophotometric measurements on the same
supplemented real samples.

Finally, measurements on real samples were performed after addi-
tion of known amounts of PB, in order to achieve concentrations of this
dye equal to 20, 30 and 50 pM in both the two samples containing BB.
Simultaneous voltammetric and spectrophotometric quantification of
BB and PB in these real samples, performed in triplicate (N = 3) using
the previously described approach, was applied to these different sam-
ples. The results, affected by errors comparable to those previously ob-
tained, are reported in Table 2.

4. Conclusions

In this paper, the development of a hybrid sensing platform suitable
for simultaneous optical and electrochemical detection and capable of
offering the advantages of each individual technique is presented.

The entire device can be easily assembled at very low-cost by
equipping a suitable 3D printed plastic holder, containing an internal
fluidic connecting two separated detection zones with a commercial
screen printed electrode and a customized spectrophotometer consisting
of a RGB light source, an optical photodetector, an Arduino microcon-
troller and a software for data acquisition and signal processing. A key
advantage of this device consists in the possibility to assemble modular
units and separate parts which may easily managed independently or
simultaneously for the measurement of the light absorption associated to

Comparison of the concentrations found by using the equation systems written for both optical and DPV measurements with the expected concentrations (solutions

prepared on purpose), together with the relevant percent errors (6%).

Expected Found by spectrophotometric measurements Found by DPV measurements

Cgg (pM) Cpp (LM) Cgg (pM) % Cpp (LM) % Cgp (UM) % Cpp (UM) %
100 0 92.8 -7.2 11.1 o 113.0 13 0.86 o

80 20 74.2 -7.2 30.5 52.5 88.1 10.2 17.4 -13.1
60 40 56.6 -5.6 48.8 22.0 61.6 2.7 37.6 —6.1
50 50 44.3 -11.5 57.6 15.2 52.3 4.7 46.5 —-6.9
40 60 34.6 -13.4 66.8 11.3 39.5 -1.2 56.4 -5.9
20 80 11.7 —41.4 86.6 8.3 18.7 —6.5 76.1 -4.9
0 100 10.9 © 104.5 4.5 2.71 © 104 3.8
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Table 2

Concentration values of the two dyes determined in the analysis of the two real samples supplemented with controlled amounts of PB, together with the relevant RSD%

(N=23).
Expected Found by spectrophotometric measurements Found by DPV measurements
Cpp (M) Cpp (1M) Cpp (M) Mean RSD% Cpg (M) Mean RSD% Cpg (M) Mean RSD% Cpp (HM) Mean RSD %
19.1 20 15.9 4.9 22.3 5.1 22.1 3.2 17.4 2.6
19.1 30 16.3 6.1 34.1 5.8 22.3 2.4 26.3 2.1
19.1 50 16.8 4.1 56.6 5.2 21.9 2.1 47.4 2.8
17.3 20 141 4.3 229 4.8 19.3 3.6 18.1 1.9
17.3 30 14.9 5.2 32.3 5.3 19.8 3.9 27.3 2.3
17.3 50 14.8 5.9 54.4 3.8 18.2 29 48.1 3.1

analytes present in the analyzed samples and the current intensity or
potential peak position related to the electrochemical processes occur-
ring at the surface of a working electrode.

As a proof-of-concept, the presented platform was applied to the
determination of two commonly used food dyes and for investigating
their mixtures.

The simultaneous availability of electroanalytical and spectropho-
tometric data make possible the construction of two different calibration
plots relative to two independent signals for controlling whether a sig-
nificant concentration difference is found between the two types of
measurements, thus avoiding undesirable and incorrect results or
overcoming some possible limitation affecting one of the two employed
techniques, such as a limited quantification range, passivation problems
of the electrode surface or excessive sample turbidity.

It is believed that this multiple-detection strategy can provide sig-
nificant improvements in analytical efficiency and precision, compared
to single-mode detection, and may open a new path in the development
of sensing devices. The use of RGB LEDs presented in this work may
extend the potential number of applications and at the same time pro-
vides multiple signals to be recorded which could be exploited for the
discrimination of multiple analytes on the basis of their absorption
properties. In addition, the fluidic systems make possible the easy
change of solutions and the possible use of different reactants in order to
modify the electrode surface or needed to exploit specific chemical,
enzymatic and colorimetric reactions.

In order to acquire complementary information [28], electroana-
lytical measurements are quite often coupled with relatively sophisti-
cated spectral measurements, such as fluorometric, SERS and SPR, but
also with simple colorimetric measurements. However, very often these
measurements are conducted in parallel with different benchtop
instrumentation [29], even though there are examples where these
combined measurements are made simultaneously and ordinary tools
such as smartphones are used for reflectance signal acquisition [30].
Despite this approach is interesting, it may suffer from a lack of sensi-
tivity compared to transmittance measurements and the use of smart-
phones suffers from some limitations due to the variability of sensors
and processing algorithms used in the image digitization used in
different models [22].

Recently, an interesting approach was proposed using a photometer
consisting of a far red light emitting diode and a Si photodiode detector
combined with a screen printed transparent nanopaper for the dual
opto-electrochemical determination of acetominophen based on the
formation of Prussian Blue [32].
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