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ABSTRACT: Spectroelectrochemical techniques are becoming increasingly versatile tools to solve a diverse range of analytical
problems. Herein, the use of in situ real-time luminescence spectroelectrochemistry to quantify chloride ions is demonstrated. Utiliz-
ing the bleaching effect of chlorine-based electrogenerated products after chloride oxidation, it is shown that the fluorescence of the
Rhodamine 6G dye decrease proportionally to the initial chloride concentration in solution. A strong decrease of fluorescence is
observed in acidic media compared to a lower decrease in alkaline media, which suggests that Cl,, favourably generated at low pH,
could be the main species responsible of the fluorescence loss. This fact is corroborated with chronoamperometric measurements
where the complete loss of fluorescence for the bulk solution is achieved. A fast mass transfer is needed to explain this behavior, in
agreement with the generation of gaseous species such as Cl,. Chloride detection was performed in artificial sweat samples in less
than 30 s with great accuracy. This electrochemical/optical combined approach allows to quantify species difficult to measure by
electrochemistry due to the inadequate resolution of their redox processes or without significant optical properties.

Chloride levels in sweat is a relevant biomarker for the diag-
nostic of cystic fibrosis, a genetic chronic disease that affects
mostly to lungs but also to other organs®2. Chloride could also
play a significant role in other diseases such as Alzheimer’s®.
There are several analytical techniques that can be used for the
determination of chloride levels such as ion chromatography*
or coulometric titration, but they typically require lab-scale in-
strumentation and complex analytical procedures. lon-selective
electrodes (ISEs)® have been well-established for the analytical
detection of several ions such as chloride’® due to their good
performance and short response time. The selectivity towards
specific ions is given by the membrane, but some interaction
with interfering ions® could also happen resulting in an incorrect
signal. Although this effect could be measured by using selec-
tivity coefficients, there is still new research concerning the de-
termination of unbiased values'®. ISEs have also other limita-
tions such as the difficult miniaturization because they need an
inner aqueous electrolyte or their non-disposability, which
makes essential to avoid the contamination of the membrane.
Solid-state ISEs! are promising devices to replace conventional
ISEs in the future, but extensive research is being performed to
solve different issues with these devices*2. Therefore, the devel-
opment of new sensors with ideal characteristics for the deter-
mination of chloride is still a constant concern. A current trend
is to solve analytical problems with cost-effective, miniaturized
and portable devices that could be operated in the point of sam-
ple collection or decentralized venues. Optical and electro-
chemical methods are well placed in order to achieve simple
and sensitive analysis with portable devices in Point-of-Care

(POC) systems. On the one hand, optical methods can be used
for chloride detection by means of a change in the optical signal
after the interaction of chloride with a chemical probe. Fluores-
cence monitoring has been widely employed for chloride deter-
mination using probes such as fluorophores!*!* or nanoparti-
cles®™. In a typical experiment, the chemical interaction of chlo-
ride with the probe changes the fluorescence intensity by pro-
ducing a quenching effect®, On the other hand, chloride ion is
electroactive but its oxidation process occurs at a very positive
potential near the potential of water oxidation. Thus, it is diffi-
cult to resolve both processes and perform the quantification of
chloride in a precise way by direct electrochemistry. Alternative
approaches have been developed to avoid this fact such as the
use of ionic liquids®”8. Another possibility is to indirectly de-
tect chloride by interaction with other electroactive species such
as mercury'® or the most employed, silver®22!, The interaction
chloride-metal changes the potential of the oxidation/reduction
processes of the metal and some discrimination is possible. For
instance, the formation of insoluble AgCl, which facilitates the
oxidation of AgP or inhibits the reduction of Ag' compared to
the processes involving the soluble silver species (Ag*) has
been widely employed for chloride detection. A low coverage
with silver nanoparticles is typically employed, and the param-
eters must be extremely well-controlled in order to avoid the
overlapping of the different silver processes?, which would dif-
ficult the measurement of the analytical signal. The use of cost-
effective and disposable screen-printed electrodes is a good so-
lution in order to apply these methods in POC systems. These
devices modified with silver nanoparticles have been employed
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for chloride detection in synthetic sweat?® or biological sam-
ples®. The change in the redox potential of indicator species in
presence of chloride has also been employed for its electro-
chemical detection?. However, in some cases, the potential
may be difficult to control in solid-state disposable devices us-
ing pseudoreference electrodes, which are normally fabricated
with silver materials and could have some random interaction
with chloride in solution, increasing the complexity of the sys-
tem. Furthermore, the need of silver modification also adds
some complications: the silver structure must be reproducible
between devices, the nanoparticle sizes could influence the
voltammetric profile??, the stability of the silver film should be
kept after storage (and silver could be easily oxidized or silver
nanoparticles easily detached from the surface?), and the cost
is also increased by using a noble metal compared to carbon
electrodes.

Combining optical and electrochemical methods is a very in-
teresting approach to enhance the information obtained from
chemical systems. Spectroelectrochemistry?” has been widely
employed for the characterization of materials®®® or electro-
chromic species®**, kinetics studies®, autovalidation of analyt-
ical methods® or the optical detection of species after electro-
chemical activation®*. Spectroelectrochemistry is certainly
promising for detecting chemical species that initially cannot be
detected by the individual spectroscopic or electrochemical
techniques. For instance, electrochemical surface-enhanced Ra-
man scattering®® allows the detection of species at low con-
centrations after the electrochemical activation of the substrate,
which also helps with the adsorption of the analyte. Another
possibility is to use a mediator with optical properties to detect
species without these properties. Heineman et al.*’ reported the
detection of ascorbate using [Ru(bpy)s]*** as mediator. The
nonabsorbing oxidized form reacts with ascorbate and gener-
ates the reduced colored form, increasing the optical signal. The
in situ generation of colored complexes has also been reported
as a strategy to improve the detectability of chemical species®.
In this sense, spectroelectrochemical sensors using small, cost-
effective and portable devices have demonstrated a great versa-
tility to solve different complex analytical problems with sim-
plicity®*“°. There are only a few examples using spectroelectro-
chemical techniques where halide ions play the main role of the
study*’. Although in situ spectroelectrochemical methods are
the most interesting approach to obtain real-time transient in-
formation of chemical systems*, ex situ spectroelectrochemis-
try has been employed in order to evaluate the degradation of
dyes in presence of chloride ions*. These dyes, frequently used
at large volumes in industrial processes, could be hazardous to
the environment*, and the electrochemical oxidation is one of
the most popular methods for degrading the dye in
wastewaters*®“8, This degradation process could be achieved by
indirect reactions with oxygenated radicals (in absence of chlo-
ride)*” or by chlorine-based species (in presence of chloride)*®.
The performance of these processes is ex situ monitored by
checking the optical properties (absorption or fluorescence) of
the solutions after the electrochemical oxidation. Although the
degradation process has been widely employed and numerous
studies have arisen in the literature, the radically opposite ap-
proach, which is the detection of chloride after its oxidation to
produce the degradation of the dyes has not been proposed.

In this work, we report the spectroelectrochemical detection
of chloride by monitoring the changes of the fluorescence of
R6G after the in situ electrogeneration of chlorine-based
bleaching species. We used the well-known approach for

degradation of dyes with electrogenerated chlorine species but
with a radically different goal: the analytical detection of the
starting species. Luminescence spectroelectrochemistry is per-
formed with an integrated and portable instrument and cost-ef-
fective, disposable screen-printed carbon electrodes were em-
ployed for the electrochemical oxidation. The proposed method
was evaluated for the detection of chloride in sweat samples,
which is a biomarker of the cystic fibrosis disease. This electro-
chemical/optical combined approach allowed us to quantify a
chemical species (chloride) with redox processes difficult to re-
solve and non-significant optical properties. This fact demon-
strates the great ability of spectroelectrochemistry to solve com-
plicated analytical problems in an elegant way.

EXPERIMENTAL SECTION
Instrumentation

All electrochemical, spectroscopic and spectroelectrochemi-
cal measurements were carried out with a SPELEC instrument
(DropSens) controlled by DropView SPELEC software. Lumi-
nescence spectroelectrochemistry measurements were per-
formed with a bifurcated reflection probe (DRP-FLUOPROBE,
DropSens) and a specific cell for screen-printed electrodes
(DRP-RAMANCELL, DropSens) working in a near-normal re-
flection configuration. The excitation connector of the bifur-
cated probe was connected to a 395 nm UV LED (DRP-
UVLED, DropSens) and the detection connector of the probe
was connected to the SPELEC. The LED was powered by an
USB port of the computer and its intensity was regulated with
the selector on the LED box (3.5 V was the applied voltage in
this work). Figure S1 shows the integrated SPELEC setup em-
ployed for in situ dynamic luminescence spectroelectrochemis-
try with screen-printed electrodes. Luminescence measure-
ments were carried out with an integration time of 2 s unless
otherwise stated (one complete spectrum is recorded every 2 s).
UV/VIS absorption measurements were performed using a cu-
vette holder (DRP-CUV, DropSens) for 1 cm pathlength cu-
vettes and a 10 ms integration time. The normalized fluores-
cence was calculated as the ratio between the intensity and the
initial intensity before the spectroelectrochemical experiments.

Screen-printed carbon electrodes (SPCEs) from DropSens
(DRP-110) were employed. These devices incorporate a three-
electrode configuration printed on a planar ceramic substrate
(with dimensions of 3.4 x 1.0 cm). Both working (disk-shaped
4 mm diameter) and counter electrodes are made of carbon inks,
whereas the pseudoreference electrode and electric contacts are
made of silver. The geometric area of the working electrode is
0.126 cm? (current densities were calculated considering the ge-
ometric area). The potential values are reported versus the silver
pseudoreference electrode. All measurements with SPCEs were
carried out at room temperature and using an aliquot of 50 pL
of the appropriate solution. SPCEs were connected to the
SPELEC instrument through a specific connector (DropSens,
DRP-CAST).

Reagents and solutions
Rhodamine 6G (dye content 99%), potassium chloride, so-
dium hydroxide, urea and lactic acid were purchased from
Sigma-Aldrich. Nitric acid (65%) and ammonia solution (28%)
were purchased from Merck. Ultrapure water was obtained
from a DirectQ purification system from Millipore.
Artificial sweat preparation
Artificial sweat was prepared following the British Standard
(BS EN1811-1999) and according to previous literature* but




with two different chloride concentrations. The solution con-
tained 0.12%(w/v) of lactic acid and 0.13%(w/v) of urea. The
pH of the solution was adjusted to pH 6.5 using an aqueous so-
lution of ammonia. One artificial sweat sample was prepared
with 20 mM of CI- and the other one with 93 mM of CI. These
concentrations were chosen considering the reference levels for
diagnostic of cystic fibrosis in adults: less than 40 mM (nega-
tive), 40-59 mM (possible) and greater than 60 mM (positive)>
with slightly lower values for infants. The sweat samples were
used just after the preparation and the sample with highest con-
centration was diluted 1:4 in order to match with the linear
range of the method. For the standard addition method, a 1:1
dilution of artificial sweat was prepared with 0.1 M HNO3 and
increasing concentrations of KCI.

Computational software

The distribution of chlorine-based species in function of pH
was estimated by using the open source software package
phCalc5. This software uses a systematic method to calculate
the concentration of chemical species at equilibrium, described
in detail in the literature®?,

RESULTS AND DISCUSSION
Spectroscopic and electrochemical behaviour of R 6G

Rhodamine 6G (chemical structure in Figure S2) shows in-
teresting optical properties as can be observed in Figure 1A,
where the absorption and emission spectra are represented. As
expected, based on previous studies®, two main absorption
bands with wavelength maxima at about 345 and 522 nm and
one emission band at about 554 nm were obtained. The absorp-
tion bands could be assigned to the S3—S0 and S1—S0 elec-
tronic transitions, respectively®. Although the light source em-
ployed for emission experiments (LED at Amax =395 nm) is not
situated at the absorption maxima, a strong fluorescence inten-
sity was recorded even using a low-concentrated solution (10
UM of R6G) and low integration time (250 ms). A light source
nearer to the absorption maximum could increase the fluores-
cence intensity but the experimental setup needed to discrimi-
nate the excitation and the emission radiation would be more
complicated. In that case, a complex spectroelectrochemical
cell with 45 or 90° arrangement between the excitation and
emission lights is mandatory®S, which it is not easily feasible
using screen-printed electrodes with a pL-drop configuration.
Therefore, the selection of the experimental and instrumental
conditions was adequate to obtain a strong R6G emission radi-
ation in conjunction to use a simple instrumental setup.

Although it has been previously suggested that R6G electro-
chemistry possesses little electrochemical activity®®, the electro-
chemical behavior on screen-printed carbon electrodes showed
different processes. Typical voltammetric curves at 50 mV s
for increasing bulk concentrations are presented in Figure 1B.
An initial anodic process was observed in presence of R6G with
a peak potential at about +0.85 V, whose intensity increased
with the R6G concentration. There are some previous studies
on the electrochemical oxidation of Rhodamine dyes, particu-
larly for degradation processes. Although numerous products
could be ultimately generated depending on the conditions if a
strong rupture of the molecule is achieved, it has been proposed
that pathways as the N-deethylation or the cleavage of the chro-
mophore are the most readily produced®®’. In a systematic
study with similar-structure dyes, Sun et al. proposed that the
oxidation may occur at the C=N group that connects the ben-
zene ring as they only found an oxidation process in dyes with
this kind of groups®®. This oxidation process would diminish the

delocalization of electrons into the xanthene structure and defi-
nitely would have some influence on spectroscopic properties.

a)
- 20
2.0 A
L 15 2
S 1:9 §
© o7
= L2
< =
1L
0.5 1 =
0.0 1 - 0
300 400 500 600 700
b) Wavelength / nm
— 0mM
LN - 0.5 mM
— 2 mM
o 1.5 1
5 10
E
— 0.5 1
0.0 A1
—0.5 1

71.0 70.5 0.0 0.5 1.0 1.5
E/V

Figure 1. a) UV/VIS (blue line) and emission (red line) spectra for
10 uM R6G in 0.01 M KCI. UV/VIS spectrum was recorded with
an integration time of 10 ms and the emission spectra was recorded
using a 395 nm LED as excitation source and an integration time
of 250 ms. b) Cyclic voltammograms obtained for several concen-
trations of R6G (0, 0.5 and 2 mM) in 0.01 M KCI at screen-printed
carbon electrodes. Scan rate of 50 mV s

Another anodic process was observed at the positive edge of
the voltammetric curves. Interestingly, the intensity of this pro-
cess increased with higher R6G concentrations, but it was also
visible for the blank solution. The latter fact together with the
high currents generated (hundreds of microamps) discards com-
pletely the assignment of this process to another R6G oxidation
process and it may well be the electrolyte oxidation. Although
water oxidation is thermodynamically more favorable than
chloride oxidation (see equations 1-3 for specific standard re-
duction potentials), the overpotential of water oxidation needed
in carbon electrodes is considerably high. Therefore, this anodic
process could be tentatively assigned to chloride oxidation. To
confirm this hypothesis, cyclic voltammograms with different
chloride concentrations were recorded between 0 and +1.6 V
(Figure S3). As expected, an increasing anodic current was ob-
served with higher chloride concentrations above 1 V, which
demonstrates the influence of chloride in the voltammetric
curves.
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Figure 2. a) Cyclic voltammogram (solid lines) and evolution of the normalized fluorescence intensity (dashed lines) for solutions of 0.5
mM R6G in different concentrations of KCI: 0.01 M (blue line) and 0.1 M (red line). b) Cyclic voltammograms (solid lines) and evolution
of the normalized fluorescence intensity (dashed lines) for solutions of 10 uM R6G with 0.1 M KCI in different electrolytes: 50 mM HNO3
(purple line) and 0.1 M NaOH (green line). c) lllustrative schematic of the bleaching process after the electrogeneration of gaseous Cl2
species. Cl2 bubbles are detached from the electrode surface to the bulk solution where they react with R6G. The initial luminescent reduced

R6G (R6Greq) is oxidized to a non-luminescent product (R6Gox).

It is noticeable that in presence of R6G, the chloride oxida-
tion was especially favorable: the currents were higher and the
onset potential was lower than in absence of R6G. These symp-
toms agree well with a possible coupled chemical reaction be-
tween the R6G and some product from the chloride oxidation
that would regenerate quickly the initial chloride on the elec-
trode surface, avoiding its depletion from the diffusion layer.
This mechanism is the typically called catalytic EC’ reaction®®
and a proposed simplified equation is shown in equations 4-5.
However, it is difficult to know if both the initial R6G product
and its oxidation product participate in the coupled chemical re-
action. The cathodic processes observed in the voltammetric
curves were also dependent on the concentration of R6G but
they are discussed in the Supporting Information (Figures S4
and S5) due to the lower interest for the main aim of this work.

Cl,+2e"22C5; E°=+1.358V (1)
HCIO+ H* +2e” 2 CI” + H,0; E®= +1.482V (2)
0,+4H"+4e 22H,0; E®= +1.229V (3)

2C" 2 ClL+2e (4)
R6Gyeq + Cl, 2 2 ClI™ + R6G,, (5)

Dynamic spectroelectrochemical study of Rhodamine 6G fluo-
rescence

It is well known that the bleaching activity of chlorine species
can be used for degrading or discolorating different dyes*®,
We considered the possibility to bleach R6G by in situ electro-
generation of chlorine-based species at screen-printed elec-
trodes. The bleaching process was monitored using real-time in
situ dynamic luminescence spectroelectrochemistry, which al-
lowed us to get continuous and simultaneous electrochemical
and optical information during the experiment. Two spectroe-
lectrochemical experiments were performed with two different

chloride concentrations (10 and 100 mM). As shown in Figure
2a, there was a slight decrease in fluorescence intensity at 554
nm at a potential about +0.90 V. This decrease could be due to
the electrochemical oxidation of R6G resulting in a non-fluo-
rescent product and it seems similar in both experiments (simi-
lar slopes), which agrees with this possibility as the R6G con-
centration was the same. Therefore, this oxidation could be de-
creasing the electronic delocalization on the molecule as previ-
ously mentioned, varying the molecular energy levels and re-
moving the strong fluorescence at 554 nm. This change of opti-
cal properties is common in different xanthene dyes*#’, there-
fore, it seems reasonable to think that the oxidation could be
produced in the xanthene group or affect its resonance. Interest-
ingly, when chloride oxidation took place (after +1.0 V), the
fluorescence intensity continued decreasing but the rate was re-
markably higher for the most concentrated chloride solution and
the normalized intensity was lower at the end. Therefore, the
bleaching process of R6G by chlorine species can be in situ pro-
duced by electrochemical techniques and can be monitored by
following the optical changes in real-time. It is worth noting that
with the configuration employed (long optical path), the fluo-
rescence is recorded from all the solution and not just from the
electrode surface. This fact is the main reason as the intensity
changes are not complete in a quick experiment like a cyclic
voltammetry (the electrolysis is not complete). However, with
this setup is possible to monitor chemical reactions occurring in
the bulk solution if gas bubbles are generated at the electrode
surface and they quickly diffuse towards the solution (vide in-
fra).

Chloride oxidation could result in different products depend-
ing on the experimental conditions*® due to the possible dispro-
portionation of chlorine to chloride and hypochlorite/hypo-
chlorous acid as shown in Equations 6-7. Using the relative
equilibrium constants of chlorine®, the species distribution as
function of pH was estimated (Figure S6) and it is in agreement
with previous results*®. Cl, is most stable at low pH because the
disproportionation reaction would be shifted towards the rea-
gents (Le Chatelier’s principle). In an environment with a low
H* concentration (high pH), this reaction would be shifted



towards the products as the generated H* are consumed by the
great amount of OH" in solution, with the ultimate case being
the equation 7. HCIO species would be mostly in anionic form
CIlO" at high pH, with the protonated form HCIO being the most
predominant species in mild environments. To investigate the
species responsible of the fluorescence loss during the elec-
trooxidation of chloride at the electrode surface, dynamic spec-
troelectrochemical experiments at two extreme pH were carried
out. A cyclic voltammetry between 0 and +1.6 V was performed
using a 0.1 M NaOH and 0.1 M HNO;. Chloride and R6G con-
centrations were the same in both experiments: 100 mM and 10
UM, respectively. Figure 2b shows the fluorescence evolution,
represented by the normalized intensity, during the dynamic ex-
periment. In the alkaline solution, the fluorescence loss was al-
most negligible at this range of potentials but in the acidic solu-
tion, the fluorescence decreased significantly and continuously
from +1.2 V until the end of the experiment. These results clar-
ify the bleaching process by the electrogenerated species: Cly,
expected in acidic solutions, is the species responsible of the
bleaching with a low influence by OCI, and the generation of
gaseous Cl; is able to decrease the fluorescence of the bulk so-
lution as it is demonstrated by the steady loss even at potentials
where chloride is not oxidized (below +1.2 V in the reverse
scan). If some HOCI were also formed at the electrode surface
in the acidic solution, it would be soluble in the solution and the
diffusion would be significantly slower compared to gaseous
Cl.. In the timescale of the experiment is not feasible that solu-
ble species diffused as far as expected for the strong decrease in
fluorescence observed. Therefore, it seems clear that most of
the bleaching is due to the generation and growth of Cl, bubbles
and its fast detachment from the electrode surface to the solu-
tion. A schematic diagram of this process is presented in Figure
2c.

Cl,+ H,0 2 HCIO + ClI=+ H* (6)
Cl,+20H > Cl™ + ClO~ + H,0 (7)

Spectroelectrochemical experiments using chronoamperom-
etry were performed in order to enhance the electrogeneration
of chlorine species by applying a high overpotential (+1.8 V)
for 60 s. The evolution of the R6G fluorescence during the ex-
periment with different chloride concentrations (10, 100 mM)
in acidic medium (50 mM HNO3) is shown in Figure 3a. The
fluorescence decreased for all the solutions, but the rate was
slower for lower chloride concentrations. For higher chloride
concentrations, a plateau for the bleaching was observed before
the experiment was finished, which was due to the complete
loss of fluorescence from the solution (Figure S7). Again, this
fact is in agreement with the bleaching performed by gaseous
species and not for soluble species in the solution, which at most
it could diffuse about 520 pum from the electrode surface (see
Supporting Information for discussion) in the timescale of the
experiment (and the thickness of the total solution is about 3
mm). These calculations imply that diffusion is the main mode
of mass transport. It must be considered that the generation of
bubbles on the electrode would introduce a hydrodynamic com-
ponent enhancing the mass transport, and therefore, some influ-
ence of the soluble species in the bleaching of the bulk solution
cannot be discarded. But in that case, it is also directly related
to the generation of Cl, on the electrode surface during the elec-
trochemical reaction. The fluoresence evolution was dependent
on the initial chloride concentration, and therefore, it could be
used for chloride quantification (vide infra)..
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Figure 3. a) Evolution of the normalized fluorescence at 554 nm
of 10 uM R6G (dashed lines) during the chronoamperometric ex-
periment (solid lines) for solutions with 10 and 100 mM of KCI.
Applied potential was +1.8 V and the electrolyte was 50 mM
HNO:s. b) Picture of a solution of 90 uM of R6G in 50 mM HNOs
and 0.4 M KClI. c) Picture of the same solution after applying +1.8
V for 120 s.

This fact contrasted with the electrochemical measurements:
the currents obtained were not strongly related to the chloride
concentration as can be observed in Figure 3a, and therefore,



under these experimental conditions, the spectroelectrochemi-
cal measurements are essential in order to quantify chloride in
the solution._Interestingly, the bleaching of the solution, which
is responsible for the fluorescence loss, can also be visually ob-
served during the experiment. Figures 3b and 3c show a real
picture of the initial solution (90 uM R6G in 50 mM HNO; and
0.4 M KCI) and the same solution after the application of +1.8
V for 120 s. The complete experiment is shown in Video S1 (at
4x speed). The solution with a strong pink color due to the ini-
tial R6G lost the color and became a totally transparent solution.
Gas bubbles are generated during the process, which could be
due to the chlorine electrogenerated at the electrode surface.
These bubbles quickly and randomly diffuse to the bulk solu-
tion and then enable the reaction between chlorine and R6G,
which transforms the colored species to transparent non-fluo-
rescent products.

Quantitative detection of chloride by bleaching of R6G

Spectroelectrochemical methods can be employed for analyt-
ical purposes using the change on the optical response related
to the analyte concentration®°, In this work, we used the evo-
lution of the R6G fluorescence after the in situ electrogenera-
tion of chlorine species, which acted as a fluorescence bleacher.

For the quantification of chloride, a chronoamperometry was
performed (+1.8 V) because the bleaching can be enhanced in
comparison to a dynamic voltammetry experiment as was pre-
viously demonstrated. The experiment was performed for 30 s,
but the fluorescence intensity at 25 s was chosen as analytical
signal as a compromise in order to be able to differentiate the
chloride concentrations and increase the sensitivity. Figure 4
shows the normalized fluorescence spectra for different chlo-
ride concentrations at the beginning of the experiment and at 25
S.
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Figure 4. Normalized fluorescence spectra obtained at the begin-
ning of the experiments to record the calibration plot (solid lines)
and after 25 s applying +1.8 V (dashed lines) for different chloride
concentrations. Solutions were prepared in 50 mM HNO3.

As expected, the normalized fluorescence decreased signifi-
cantly with increasing chloride concentrations. The calibration
curve for the detection of chloride is presented in Figure 5. The
behavior of the fluorescence loss is similar to that of static

quenching?, although in this case the quenching is totally irre-
versible due to the species degradation. Therefore, the concen-
tration response can be described with an equation similar to
static quenching:

F'/e= KJClT1+1 (8)

where Fo is the initial fluorescence of the solution, F is the
fluorescence at 25 s (after electrogeneration of chlorine) and K
is the quenching constant. The linear range of the curve was
from 1 to 100 mM of chloride with an equation F%F = 0.071
(£0.002) [CI] + 1.04 (20.08) (n = 3, R?=0.995). The limit of
detection was estimated to be 0.6 mM (S/N=3) and a precision
of 7.8% (RSD) was obtained for five replicates (50 mM CI).
The generation of Cl, bubbles on the electrode surface is some-
what random and that may influence the reproducibility be-
tween measurements. A lower precision was found at higher
concentrations where the bubbles generation is enhanced (for
instance, see Figure 5). However, we consider that the obtained
precision is good enough taking into account the use of hyphen-
ated techniques and the low control of the generated bubbles.
Table S1 shows the analytical figures of merit of some electro-
chemical sensing devices previously reported in the literature
for the determination of chloride ions. In some cases, the limit
of detection is lower than our method but those devices were
modified with complex structures (chemical films, metal nano-
particles, etc.) that increase the device cost. In this work, we
report the detection of chloride using low-cost, bare carbon
screen-printed devices and the obtained analytical figures of
merit are appropriate for the chloride detection in sweat samples
for the diagnostic of cystic fibrosis. Our method also solves
some issues typically found in ISEs: screen-printed devices are
cost-effective, small, portable, convenient for POC analysis, ro-
bust and disposable avoiding cleaning steps or the contamina-
tion of selective membranes.

0 20 40 60 80 100
[CI=]/mM

Figure 5. Calibration curve of the ratio between the initial fluores-
cence and the fluorescence at 25 s of the spectroelectrochemical
experiment versus the initial chloride concentration. Solutions were
prepared in 50 mM HNOs.

To demonstrate the applicability of the spectroelectrochemi-
cal method, chloride detection in artificial sweat was per-
formed. Two samples of artificial sweat were produced follow-
ing the British Standard (BS EN1811-1999) but with two



different chloride concentrations: 20 mM and 93 mM. As men-
tioned, these concentrations were chosen considering the typi-
cal reference levels for the diagnostic of cystic fibrosis in
adults®. The artificial sweat was diluted to obtain final solutions
in 50 mM HNO; with increasing KCI concentrations. Then, the
concentration of chloride in these samples was estimated by us-
ing the method of standard addition and the spectroelectro-
chemical measurement (+1.8 V for 30 s). Figure 6 shows the
standard addition curves obtained for the two samples, and the
estimated chloride concentrations were 19 + 3 and 96 + 7 mM,
respectively. These results demonstrate the good accuracy of
the spectroelectrochemical method for the detection of chloride
in sweat samples.
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Figure 6. Standard addition curves for the artificial sweat samples:
a) low-concentrated sample and b) high-concentrated sample (with
a 1:4 dilution). The intersect with y = 0 gives the concentration of
the analyzed solution.

CONCLUSIONS

This work has demonstrated how spectroelectrochemistry is
a powerful technique for the indirect detection of species that
could be difficult to detect directly by electrochemical tech-
niques or with non-significant optical properties. The electro-
chemical degradation of dyes can be applied for analytical pur-
poses and can be monitored with in situ spectroelectrochemical

methods. The generation of gaseous Cl, after chloride oxidation
seems to induce the quick and severe bleaching of R6G and a
fluorescence loss. The change in fluorescence could be corre-
lated with the initial chloride concentration in the solution. Lu-
minescence spectroelectrochemistry was applied to track the
optical changes with the final aim of the detection of chloride
in artificial samples due to its clinical importance. This ap-
proach could be employed with other spectroelectrochemical
techniques (UV/VIS, Raman, direct-eye detection), optical
probes or chemical species in order to solve different complex
analytical problems.
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S1. Instrumental setup
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Figure S1. Instrumental setup employed for the luminescence spectroelectrochemistry
experiments. The setup integrates the spectroelectrochemical instrument, SPELEC, an UV LED,
a reflection probe and a spectroelectrochemical cell for screen-printed electrodes. Optical and
electrochemical data are obtained in situ, in real-time and with high time-resolution from the

same sample.

S2. Chemical structure of Rhodamine 6G

Figure S2. Chemical structure of Rhodamine 6G containing the xanthene group, which

characterize this kind of dyes and their optical properties.
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$3. Cyclic voltammetry of chloride solutions

—1mM
51 — 10mM
4] —100mm
B
£ 37
Q
T 2
=
0_
71_| ' 1 ' 1 N 1
0.0 0.5 1.0 15

E/V

Figure S3. Cyclic voltammograms obtained for solutions of different KCl concentrations (1, 10
and 100 mM). The increasing anodic process is due to the oxidation of chloride to chlorine-
based species. For high initial concentrations of chloride, a cathodic process is observed due to
the reverse reaction (reduction of oxidized species to chloride). The cathodic peak current is
significantly lower that the anodic currents suggesting a low reversibility on the electrochemical
reaction, which is possibly due to the deficiency of chlorine at the electrode surface after the

release of gas to the bulk solution.
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S4. Cyclic voltammetry of Rhodamine 6G at negative potentials

Figure S4. Voltammetric curves for solutions of different R6G concentrations (0, 0.5 and 2 mM)
at negative potentials. In absence of R6G a cathodic process is observed c.a. -1.0 V, which could
be tentatively assigned to oxygen reduction reaction. However, the most interesting processes
appear in the cathodic part between -0.5 and -0.6 V, which are assigned to reduction of R6G.
The first process has a clear relation with the R6G concentration, but the magnitude of the
second process seems to be constant. This kind of behavior is typically observed for combined
adsorption-diffusion processes and that may be the case for R6G at negative potentials.
However, it is difficult to assign them due to the low resolution. The mechanism of reduction
of xanthene dyes has been previously discussed? and it is usually ascribed to the reduction of

the carbon atom in the central ring (Figure S5)
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