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A B S T R A C T   

UV–Vis absorption spectroelectrochemistry has been selected as a suitable multiresponse technique to determine 
the fluoroquinolone ofloxacin in urine samples without any previous pretreatment. Due to the modification of the 
working electrode surface during the oxidation of this antibiotic, the electrode has to be replaced or polished 
between measurements. A new spectroelectrochemistry cell has been developed, which allows in an simple way 
to perform reproducible experiments with different screen-printed electrodes. The new cell has been used to 
perform analysis in a complex matrix such as urine. Due to the trilinear character of the spectroelectrochemical 
data, PARAFAC has been used to determine ofloxacin with very good figures of merit, demonstrating the 
capability of trilinear methods to avoid the influence of some interfering compounds.   

1. Introduction 

Quinolones and, in particular, fluoroquinolones (FQs) are a family of 
synthetic antibiotics with a high antibacterial activity and relevant 
pharmacokinetic properties [1,2]. The basic FQ structure consists of a 
bicyclic core with a N in carbon 1, a carboxyl group at carbon 3, a 
carbonyl group at carbon 4, and a fluorine atom at carbon 6 of the 
quinolone scaffold [3]. FQs are commonly prescribed to treat bacterial 
infections caused by both Gram-positive and Gram-negative bacteria, 
including, among others, urinary tract infections, sexually transmitted 
diseases, tuberculosis, pneumonia, and skin and soft tissue infections. 
These antibiotics inhibit bacterial RNA and DNA synthesis through the 
formation of a quinolone-enzyme-DNA complex that blocks the catalytic 
activity of DNA gyrase and topoisomerase IV, causing cell and bacterial 
death [4–6]. 

Ofloxacin (OFL) is considered a second generation FQ with a N- 
methylpiperazine group attached to carbon 7, widely used in the 
treatment of respiratory, digestive and urinary tract infections against 
Gram-negative bacteria in both humans and animals [1,2,7–9]. How
ever, despite its great potential to address various bacterial infections, 
OFL is under surveillance. The World Health Organization and National 
Academy of Medicine in the United States of America are currently 

concerned about the prevalence of trace amounts of FQs in the envi
ronment [2]; in particular, a large concentration of OFL has been 
detected in many aquatic environments. It is estimated that 70–80 % of 
ingested OFL is excreted unmetabolized via urine to domestic waste
water and sewage treatment plants [10]. Overexposure to OFL- 
contaminated waters leads to adverse reactions in the human body 
and results in multiple ecosystem and environmental problems, such as 
microbial resistance [11–13]. 

To date, liquid chromatography, mass spectrophotometry, UV–Vis 
spectrometry and fluorescence represent the most relevant techniques to 
study OFL [7,9,14–16]. Nevertheless, the application of these tech
niques usually requires the use of expensive instrumentation and com
plex working protocols. Overcoming the main problems of these 
techniques, the development of electrochemical sensors has led to 
simpler methods that allow the study and detection of this type of 
molecules. Despite the great advantages of electrochemical methods 
such as simplicity, quickness, sensitivity and reproducibility, it is often 
necessary to carry out prior optimization work or even the development 
of specific modified electrodes to improve the selectivity and/or sensi
tivity [7–9,14–20]. 

In this work, spectroelectrochemistry (SEC) is proposed to develop a 
working protocol that allows the quantification of OFL in a complex 
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media in a simple and reproducible way. The specific photophysical 
properties of OFL, such as its characteristic absorption spectra, its acid- 
base behavior and the possibility of electrochemical oxidation, make it a 
perfect candidate to be studied by SEC techniques, as in this case UV–Vis 
absorption SEC (UV–Vis SEC). This technique, which provides two sig
nals of different nature but fully correlated, one electrochemical and 
other spectroscopic, is increasingly used in chemical analysis, charac
terization of new materials or in the study of electrochemical processes 
[21]. Considering that a light beam can interrogate the diffusion layer in 
different ways, a distinction is made between two optical arrangements 
known as normal configuration and parallel configuration [22]. In this 
work, since OFL can be detected in the solution adjacent to the electrode 
surface, a parallel configuration respect to the electrode surface is cho
sen, aligning two optical fibers on the working electrode (WE) surface to 
record all the changes taking place during the OFL oxidation process. 
Usually, the SEC cells described in literature based on optical fibers, fix 
them directly on the surface of the working electrode [23]. However, an 
experimental set-up based on fixed optical fibers on the WE entails 
certain problems which must be overcome. For example, when the 
generated product is adsorbed on the WE surface the set-up is not useful 
because a different electrode is required for each measurement [23]. In 
that case, the optical fibers must be fixed to a new electrode after each 
measurement and, consequently, the distance between the fibers may 
change, affecting the optical path length and losing the necessary 
reproducibility within the set of experiments [23]. 

Some alternatives have been proposed to overcome this drawback 
such as aligning and fixing the optical fibers on a quartz plate subse
quently placed on the working electrode, which allows the electrode 
change while maintaining the optical path [21]. This set-up involves 
working in a thin-layer regime, since the solution is confined in a small 
space, which can be very useful in the quantification field as total 
electrolysis of the analyte occurs [21]. However, for other processes, 
such as the study of reaction mechanisms, it may be more convenient to 
work under semi-infinite diffusion conditions. In this work, a new SEC 
cell has been developed, which allows changing the electrode without 
modifying the optical pathway, obtaining very reproducible experi
ments in the semi-infinite diffusion regime. The new SEC cell allows us 
to follow and study processes that modify the electrode surface and the 
electrode can be changed easily in a very reproducible way, without 
modifying the optical path-length, which is mandatory for analytical 
purposes. 

Finally, time-resolved SEC experiments provide a large amount of 
data which can be used to resolve complex problems, especially when 
the determination of an analyte is carried out in a complex matrix. The 
trilinear character of SEC data allows us to use powerful chemometric 
tools for quantification of FQs, particularly OFL, in real matrices such as 
urine samples. The presence of potential interfering compounds in the 
determination of OFL is a significant problem, because it can undoubt
edly affect the quantification of this antibiotic, compromising the val
idity of the obtained results. 

Therefore, the main objective of this work is to quantify OFL in a real 
urine sample using a new UV–Vis SEC cell working in parallel configu
ration and using PARAFAC as chemometric tool to extract the quanti
tative information of the SEC data set. The development of 
methodologies for the quantification of these drugs in urine can help to 
determine the efficiency of medical treatments and to optimize the 
appropriate dose to be administered to the patient. 

2. Experimental section 

2.1. Reagents and materials 

Ofloxacin (OFL, Sigma-Aldrich) and uric acid (UA, ACS reagent, 
Acros Organics), were used as received without further purification. All 
solutions were prepared in 0.1 M KCl (Acros Organics) and in 0.1 M 
Britton-Robinson (BR) as the supporting electrolyte, being the final pH 

of this solution 4.02. This buffer solution contains boric acid (H3BO3, 
PANREAC), phosphoric acid (H3PO4, 85 %, PANREAC), acetic acid 
(HAc, VWR Chemicals) and sodium hydroxide (NaOH, Acros Organics). 

All these solutions were prepared using high-quality ultrapure 
deionized water (18.2 MΩ cm resistivity at 25 ◦C, Milli-Q Direct 8, 
Millipore) and the final pH of the solution was measured with a pH 
electrode (sensION). All experiments were performed at room 
temperature. 

2.2. Instrumentation and software 

UV–Vis SEC experiments were performed using a customized SPE
LEC instrument (Metrohm-DropSens) controlled by DropView SPELEC 
software (Metrohm-DropSens). This instrument includes a potentiostat/ 
galvanostat, a spectrometer, and a halogen-deuterium light source. 

In addition, a SEC cell was designed and fabricated to carry out the 
experimental work. A detailed description of the SEC cell is given in 
Section 2.3. Moreover, a new carbon screen printed electrode (SPE, 
DRP-110, Metrohm-DropSens) was used in each SEC measurement. 
These SPEs consist of a 4 mm diameter disc screen printed carbon 
working electrode (WE), a carbon counter electrode (CE) and a silver 
pseudo-reference electrode (RE). Two bare optical fibers (100 μm, 
Ocean Optics) were used to illuminate the sample and to collect the light 
beam, which is conducted to the spectrometer. 

2.3. Design and fabrication of the SEC cell 

As previously explained, adsorption of the reaction product on the 
WE surface causes the modification of the electrode, leading to changes 
in both the electrochemical and the spectroscopic responses. Therefore, 
the use of a new electrode after each experiment is essential. In addition, 
in parallel UV–Vis SEC, working with a fixed and known optical- 
pathway length during a set of experiments is mandatory. With all 
these factors in mind, a new parallel UV–Vis SEC cell that works in semi- 
infinite regime has been developed, allowing the replacement of the SPE 
without modifying the optical-pathway length in a very easy and 
reproducible way. For this purpose, the optical fibers were fixed and 
aligned directly on the upper body of the cell, instead of on the WE. In 
this way, the quantification of OFL is simplified. 

Fig. 1a shows the SEC cell, which consists of two different bodies 
with four 5 mm holes positioned at each corner where magnets are 
placed, which allow a reproducible magnetic fixation. The lower body 
has been designed and created with a 3D printer (Photon Mono SE, 
ANYCUBIC) using UV sensitive 405 nm resin (ANYCUBIC), while the 
upper body was fabricated in poly(methyl methacrylate) (PMMA) using 
a high-precision CO2 laser cutting machine. The lower body measures 
65.0 × 40.0 × 8.0 mm and features a rectangular space (29 × 10 mm) to 
insert the SPE, as well as a small opening to connect the SPE to the 
potentiostat. The upper body measures 47.5 × 40.0 × 9.8 mm and 
features a circular cavity of 16 mm in diameter with two small 2.6 mm 
diameter pillars to support the optical fibers. These pillars facilitate the 
alignment of the optical fibers at different optical path lengths, as can be 
observed in the Fig. 1b. The circular cavity allows working in semi- 
infinite regime during the SEC experiments. In this way, the light 
beam passes close to the WE surface in parallel configuration and is 
conducted to the spectrometer, which collects the absorbance changes 
occurring in the solution adjacent to the WE. 

In summary, the home-made UV–Vis SEC cell described above has 
been optimized to perform experiments in parallel configuration and in 
a semi-infinite diffusion regime in a simple and reproducible way. 
Additionally, the replacement of the SPE between experiments without 
altering the optical path length is facilitated. 

2.4. Experimental set-up for SEC measurements 

In all the experiments carried out in this work, the light beam 
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interrogates the solution in a parallel direction to the WE surface. For 
this purpose, two 100 μm bare optical fibers were aligned and fixed with 
nail polish in the upper piece on the two pillars described in Fig. 1. One 
of these fibers is coupled to the light source while the other one is 
connected to the spectrometer. The optical pathway is the distance be
tween the two optical fibers, which is measured using ImageJ [24], 
obtaining in this set of experiments a value of 2.07 mm. 

To perform the parallel UV–Vis SEC experiments, the SPE is first 
placed in the lower body and 50 μL of the test solution is added, making 
sure that the drop completely covers the three electrodes of the SPE. 
Then, the upper body with the optical fibers is perfectly attached to the 
lower part, thanks to the four magnets present in the corners of both 
pieces. Finally, the SPE is connected to the potentiostat. 

3. Results and discussion 

The main objective of this work is to measure OFL levels in real urine 
samples. It should be noted that urine is a complex matrix containing 
potentially interfering compounds. One of the most common compounds 

found in urine is uric acid (UA), which can be also oxidized. For these 
reason, before starting a complex analysis, the individual study of the 
UV–Vis SEC behavior of both OFL and UA has been carried out. 

3.1. OFL study by UV–Vis SEC 

First, a 100 µM OFL solution in 0.1 M KCl and BR buffer (pH = 4.02) 
was measured by performing cyclic voltammetry between +0.70 V and 
+1.10 V at 0.01 V⋅s− 1. Fig. 2a shows the cyclic voltammogram (CV), 
where an anodic peak related to the oxidation of OFL evolves around 
+0.99 V. During the backward scan, no reduction peak is observed, 
indicating that the oxidation of OFL is an irreversible process. 
Concomitantly, the evolution in the UV–Vis absorption spectra was 
recorded every 10 ms. The corresponding contour map of the spectra 
during the experiment is shown in Fig. 2b. It should be noted that the 
UV–Vis absorption spectrum of OFL at OCP was taken as reference, so 
the spectral changes occurred during the cyclic voltammetry experiment 
were recorded. The oxidation of OFL leads to the evolution of three 
absorption bands. One increases with the applied potential at 245 nm 

Fig. 1. (a) Schematic image of the parallel UV–Vis SEC cell to work in semi-infinite diffusion regime, and (b) detailed schematic view of the upper body of the cell.  

Fig. 2. SEC experiment of 100 µM OFL in BR buffer (pH = 4.02) and 0.1 M KCl between +0.70 V and +1.10 V at 0.01 V⋅s− 1. (a) CV, (b) contour plot with spectra 
evolution during the potential scan (pink arrow: band at 245 nm, blue arrow: band at 294 nm), (c) CVA at 245 nm (pink line) and 294 nm (blue line), (d) comparison 
of CV (green line) and DVA at 294 nm (blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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being related to the generation of the oxidized form of OFL. The strong 
absorption band that decreased at 294 nm corresponds to a π → π* 
transition of the chromophore involving from the N-1 position to the 
carboxylic acid group; on the other hand the weak absorption band at 
340 nm is linked to the n → π* transition of the chromophore involving 
the nitrogen of the piperazinyl group to the carbonyl group [25,26]. 
Both absorption bands with a negative behavior are associated to the 
consumption of OFL during the oxidation process. The cyclic voltab
sorptograms (CVAs, Fig. 2c) show the evolution of the absorbance at 
294 nm and 245 nm with the applied potential. From +0.90 V onwards 
in the anodic scan, an abrupt change in absorbance occurs, which cor
responds to the oxidation process of OFL shown in Fig. 2a. The deriva
tive voltabsorptogram (DVA) at 294 nm, Fig. 2d, shows the correlation 
between the electrochemical and spectroscopic signals, demonstrating 
that both responses are only related to the oxidation of OFL. 

3.2. UA study by UV–Vis SEC 

Similarly, a comparable analysis was carried out in a 100 µM UA in 
0.1 M KCl and BR buffer (pH = 4.02) solution. In this case, the CV 
recorded between 0.00 V and +0.70 V at 0.01 V⋅s− 1 is also characterized 
by a single anodic peak around +0.45 V (Fig. S1a) assigned to the 
irreversible oxidation process of UA. The evolution of the UV–Vis ab
sorption spectra recorded simultaneously every 10 ms (Fig. S1b), taking 
the initial UA solution as reference spectrum, displays two absorption 
bands that decrease during the anodic scan. These spectra are defined by 
a weak negative band at 237 nm and a more intense band at 286 nm, 
both related to the depletion of UA in solution [27,28]. The CVAs at 237 
and 286 nm, represented in Fig. S1c, show that from +0.40 V onwards 
the absorbance decreases, which clearly coincides with the onset po
tential of the anodic peak recorded in the CV (Fig. S1a). The absorbance 
continues to decrease until reaching again this potential of +0.40 V in 
the backward scan. The relationship of the 286 nm absorption band with 
UA oxidation can be confirmed with the similarity between the 

evolution of DVA at 286 nm and the CV represented in Fig. S1d, where 
only the anodic scan is plotted. 

3.3. Study of mixtures of OFL and UA using UV–Vis SEC 

Once the behavior of each components is identified, the UV–Vis 
spectroelectrochemical study of a synthetic sample containing the two 
molecules, OFL and UA, was performed. For this purpose, a solution of 
75 µM OFL and 200 µM UA in 0.1 M KCl and BR buffer (pH = 4.02) was 
prepared. In this case, Fig. 3a shows the CV performed between 0.00 V 
and +1.10 V at 0.01 V⋅s− 1. Two anodic peaks are observed at +0.45 V 
and +0.96 V related to the oxidation of UA and OFL, respectively. 

The evolution of the spectra with the potential during the anodic 
scan is shown in Fig. 3b, taking the spectrum of the initial solution of UA 
and OFL as reference. As can be observed, initially a band appears at 287 
which shifts up to 294 nm (inset Fig. 3b), indicating that from 0.00 to 
+0.85 V approximately, only the oxidation of UA is occurring, and from 
+0.85 V onwards the oxidation of OFL is taking place. Selecting 286 and 
294 nm as representative wavelengths for each one of the molecules, it 
can be seen that the CVAs clearly show changes related to the initial 
oxidation of UA and the subsequent oxidation of OFL from +0.85 V 
onwards (Fig. 3c). Both absorption bands are fully overlapped, being 
difficult to discriminate the absorbance related only to OFL due to the 
initial presence of UA which is easily oxidized. The same behavior is 
observed in the DVAs at these two wavelengths that are fully correlated 
with the electrochemical signal (Fig. 3d). The sample was measured in 
triplicate. Fig. S2. shows the corresponding CVs and CVAs at 286 and 
294 nm. The overlapping between the three measurements demon
strates the good repeatability of the spectroelectrochemical measure
ments carried out with the new UV–Vis SEC cell, which is also 
corroborated by the estimation of the %RSD at the vertex potential 
(+1.10 V), which yields a value around 1 % for the spectroscopic signals 
and 11 % for the electrochemical response (Table S1). 

Fig. 3. SEC experiment of 75 µM OFL and 200 µM UA in BR buffer (pH = 4.02) and 0.1 M KCl between 0.00 V and +1.10 V at 0.01 V⋅s− 1. (a) CV, (b) contour plot 
with spectra evolution during the potential scan; inset: wavelength at which the minimum of absorbance is reached during the experiment, (c) CVA at 286 and 294 
nm, and (d) comparison of CV and DVA at 286 and 294 nm. 
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3.4. Study of real urine samples using UV–Vis SEC 

Considering that the main objective of this work is to determine OFL 
in urine samples, the subsequent experiments involved the comparison 
of the signals acquired from synthetic and urine samples, spiked and 
non-spiked with OFL and UA. Different test samples, T1, T2, T3 and T4, 
were prepared as follows. The test urine sample without OFL (T1) 
contains 0.25 mL of urine in a final volume of 5 mL of BR buffer (pH =
4.02) in 0.1 M KCl. The OFL-enriched urine test sample (T2) was pre
pared by dissolving 0.00300 g of OFL in 10 mL of urine to simulate a real 
problem where the concentration of OFL in urine would be 830.18 µM. 
This test sample was prepared taking into account that the concentration 
of OFL excreted in urine by a patient taking this drug ranges from 500 to 
1250 µM [3]. Next 0.25 mL of this test sample was diluted in 5 mL of BR 
buffer (pH = 4.02) in 0.1 M KCl, with a final OFL concentration of 41.51 
µM. No other pretreatment of the urine sample was carried out. The UA- 
enriched urine sample (T3) contains 0.25 mL of urine and 73.57 µM UA 
in a final volume of 5 mL of BR buffer (pH = 4.02) in 0.1 M KCl. The UA- 
OFL-enriched urine sample (T4) contains a final concentration of 73.57 
µM UA, 41.51 µM OFL, 0.25 mL of urine and 0.1 M KCl, all in a final 
volume of 5 mL of BR. 

The CVs of the four samples (Fig. 4a) show a first anodic peak at 
+0.45 V related to the UA which is present in urine. The same anodic 
peak is shown in Fig. S1a and Fig. 3a. A second slight oxidation peak 
overlapped with the one of UA can be observed, which means that other 
products in the urine besides UA are oxidized around +0.52 V. As can be 
seen, the UA oxidation peak of the urine samples is broader than in 
synthetic samples, and its slope is less pronounced than the observed in 
the oxidation peak of the sample containing only UA and OFL, Fig 3a. 
Next, a third anodic peak at +0.84 V is observed in the urine samples 
without OFL (T1 and T3, purple and blue lines, Fig. 4a) which could 
interfere and difficult the electrochemical OFL quantification in this 
these medium. On the other hand, the CVs of the urine samples spiked 
with OFL (T2 and T4, green and orange lines, Fig. 4a) displays the fourth 

anodic peak at +0.96 V due to the oxidation of OFL added, as explained 
in Figs. 2a and 3a. Furthermore, this experiment confirms that the first 
oxidation peak in urine, observable in T1, corresponds to UA, since in 
T3, where UA is spiked to the sample, the first oxidation peak increases 
in intensity. 

The evolution of the UV-Vis absorption spectra during the oxidation 
of the molecules present in the urine samples T1 and T2 is shown in 
Fig. 4b and c. In the sample in which only urine is present (T1, Fig. 4b), 
the decrease of an absorption band peaking at 286 nm is observed, 
related to the oxidation of UA, coinciding with the anodic peak at +0.45 
V in the CV (T1, purple line, Fig. 4a). This specific oxidation process is 
clearly observed in the CVA at 291 nm shown in Fig. 4d (purple line), 
where only the decrease of absorbance is appreciated around +0.45 V. 
However, in the urine sample spiked with OFL (T2, Fig. 4c) is observed a 
shifting of the absorption band related to OFL from 286 nm to 291 nm at 
the end of the potential scan. This behavior is comparable to the spectral 
evolution illustrated in Fig. 3b for the UA and OFL mixture, demon
strating that the spectral changes observed for solutions T2 and the 
mixture of 75 µM OFL and 200 µM UA are related to identical processes. 
UA initially undergoes an oxidation (evidenced by the absorption band 
at 286 nm), followed by OFL oxidation (absorption band at 291, slightly 
shifted to shorter wavelengths in the T2 solution). The CVA at 291 nm of 
T2 solution (green line, Fig. 4d) shows the two anodic processes 
occurring at +0.45 V and +0.96 V as mentioned for the oxidation of UA 
and OFL, respectively. T3 sample shows a similar behavior to T1 sample 
where only the oxidation of UA is observed both in the CV and in the 
CVA at 291 represented in Fig. 4d (line blue). Lastly, the CVA at 291 of 
sample T4 (line orange, Fig. 4d) shows a similar behavior to T2, where 
both the oxidation of UA and OFL is observed. 

Samples T1, T2, T3 and T4 were measured three times with the cell 
developed to perform UV–Vis SEC in order to evaluate de reproduc
ibility. Fig. S3 shows the corresponding CVs, and CVAs at 286 and 291 
nm. In addition, %RSD values at +1.10 V were estimated and summa
rized in Table S2. These results show the good repeatability of the 

Fig. 4. SEC experiment of T1 (urine), T2 (urine spiked with OFL), T3 (urine spiked with UA) and T4 (urine spiked with OFL and UA) test samples in 0.1 M KCl and in 
BR buffer (pH = 4.02) between 0.00 V and +1.10 V at 0.01 V⋅s− 1. (a) CVs, (b) spectra evolution during the potential scan of T1, (c) spectra evolution during the 
potential scan of T2, (d) CVAs at 291 nm. 
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signals, since in the most of the cases values of %RSD lower than 5 % 
were obtained. 

Two different OFL and urine concentrations are plotted in Fig. S4, 
demonstrating the well-defined spectroelectrochemical responses ob
tained in our measurements in linear sweep voltammetry experiments in 
spite of the presence of interfering compounds in this complex matrix. As 
can be seen, SEC responses using voltammetry has been demonstrated to 
be very useful for the comprehension of these complex responses. 

3.5. Calibration model to determine OFL in urine matrix samples 

The analysis of the spectroelectrochemical signals presented above 
demonstrates that various oxidation processes could interfere the 
determination of OFL in urine. In order to control the oxidation process 
taking place in the urine sample, multipulsed amperometric detection 
(MAD) was selected as electrochemical technique. For this purpose, a 
first potential pulse of +0.75 V was applied for 90 s to oxidize and 
remove from the closest solution to the electrode any interfering 
component, such as UA. This potential is high enough to oxidize UA but 
low enough to avoid the oxidation of the OFL. In a second step, a po
tential pulse of +1.10 V was applied during 90 s to specifically oxidize 
the target molecule, OFL. 

Considering these conditions, calibration samples containing 
different concentrations of both UA and OFL were prepared to build a 
calibration model capable of predicting the concentration of OFL in a 
test urine sample. All these solutions were prepared in BR buffer and 0.1 
M KCl (pH = 4.02), randomly varying their concentrations in the range 
of 10–200 µM, as is shown in Table S3. Additionally, a solution con
taining only OFL and another containing only UA were also prepared 
and measured. Finally, the solution with 100 µM OFL and 75 µM UA was 
selected as test sample and was measured four times to determine the 
repeatability of the calibration model. 

From each experiment, the corresponding multipulse chro
noamperogram and the spectra evolution along the two applied poten
tials were recorded. Fig. S5 shows the signals recorded from experiment 
E08 (Table S3): the chronoamperogram (CA, Fig. S5a) and the spectra 
evolution during the two potential steps (Fig. S5b). The obtained spectra 
after applying a potential of +0.75 V for 90 s displays a weak negative 
absorption band at 237 nm and a more intense band at 286 nm (Fig. S5b, 
green lines), which coincides with the spectra previously shown in the 
UA oxidation during the CV (Fig. S1b). On the other hand, the spectrum 
obtained after applying a second potential step of +1.10 V for 90 s shows 
a positive absorption band at 250 nm and a negative band at 292 nm 
related to OFL consumption in the solution/electrode interface (Fig. S5b, 
red lines). 

Linear calibration models can be assessed with both the electro
chemical and the spectroscopic signals for the two analytes, UA and OFL, 
using the samples indicated in Table S3. The regression parameters 
obtained with the four calibration models are summarized in Table 1. 

The capability of prediction of the OFL calibration models evaluated 
by measuring four replicates of two OFL-enriched urine samples was 

very low, with relative errors between 22 % and 67 % for the CA cali
bration model and between 12 % and 58 % for the spectroscopic cali
bration model. The overlapping of UA and OFL absorption bands makes 
difficult the determination of OFL by simple linear regression models. 
This problem is also evident within the electrochemical calibration 
model. Although the coefficient of determination is not as low as in the 
other cases (R2 = 0.9773), the model does not provide enough accuracy 
to determine OFL in this complex sample. 

Parallel Factor Analysis (PARAFAC) [29] was used to measure OFL 
levels in urine samples. Given the trilinear character of the time-resolved 
SEC data, PARAFAC can be used to determine the analyte in complex 
matrices without any sample pretreatment. Absorbance data at different 
wavelengths and at different times during a double-pulse chro
noamperometric experiments are recorded for mixtures of different OFL 
and UA concentrations (Table S3), providing a spectroelectrochemistry 
data cube. 

To construct the calibration model with PARAFAC, the cube of data 
is defined with the values of absorbance from 10 to 175 s, obtained 
between 225 and 380 nm for all samples. The selected time window 
corresponds practically to the whole experiment, removing only the 
initial values of absorbance because of its low value. The wavelengths 
window belongs to the UV–Vis spectral region where the most signifi
cant changes of absorbance occurred, i.e. the selected wavelengths 
provide all the spectral information about the electrode process. In this 
way, the data cube is defined by the absorbance values at 1741 times ×
196 wavelengths × 14 concentrations. Although the calibration samples 
contain only two known components (OFL and UA), the PARAFAC 
model was calculated using three components. The third component 
could be related to other interfering compounds present in the urine 
sample. A corcondia value of 96.02 % was obtained for the fitted model. 
This value indicates that the model constructed is suitable and explains 
the absorbance changes occurred during the oxidation of the samples 
shown in Table S3, as the corcondia value is close to 100 % [30]. 

Fig. 5 illustrates the deconvolution of the spectroelectrochemical 
data using the PARAFAC model for the samples listed in Table S3. Fig. 5a 
shows the loadings of the three components obtained with the PARAFAC 
model plotted versus the wavelength; the spectra of UA (sample E03) 
and OFL (sample E02) after the oxidation process have also been plotted 
for comparison. The sign of the absorbance is changed in the experi
mental spectra to facilitate the comparison. As can be seen, component 1 
is fully correlated with UA with a maximum of absorbance at 286 nm, 
while component 3 is linked with OFL, showing a maximum of absor
bance at 294 nm; the spectra are almost identical to the shape of the 
signals obtained from the loadings of these factors. The loading signal 
related to the second component is significantly lower than the one of 
the other two components, but it has been proven to be needed to 
include this component in order to get a PARAFAC model which explains 
and fits the spectroelectrochemical data obtained with the set of samples 
listed in Table S3. 

Fig. 5b shows the evolution of the loadings with time during the two 
applied potential in the experiment; the two chronoabsorptograms at 
286 nm for UA (sample E03) and at 294 nm for OFL (sample E02) are 
overlapped as dotted lines for comparison. Again, the sign of the 
absorbance has been changed for an easier comparison. As can be 
observed, the 3rd component assigned to OFL starts to increase when the 
second potential step is applied, with a value high enough (+1.10 V) to 
oxidize the OFL; this signal follows a behavior very similar to the 
chronoabsorptogram registered with the sample E02 prepared only with 
OFL. On the other hand, the 1st component, ascribed to UA, shows a 
very similar behavior to the chronoabsorptogram of UA registered for 
sample E03 which contains only this molecule. As can be observed, the 
2nd component is oxidized at the same time than UA, which could be 
related to any other molecule in this complex sample, being oxidized 
before the OFL oxidation process. 

This PARAFAC model allows the quantification of OFL-enriched 
urine samples. Two calibration curves were constructed, by 

Table 1 
Regression parameters obtained from the 4 linear regression models built with 
the electrochemical and spectroscopic signals registered with the mixtures of 
OFL and UA in Table S3.  

Molecule Calibration model R2 Sensitivity Syx 

UA (Eap =

+0.75 V) 
CA: I10 s vs. CUA  0.9553 9.34⋅10-9 

A⋅µM− 1  
1.14⋅10-7 

Spectra: A286 nm, 79 s 

vs. CUA  

0.5909 2.82⋅10-4 

µM− 1  
1.34⋅10-2 

OFL (Eap =

+1.10 V) 
CA: I100 s vs. COFL  0.9773 2.80⋅10-8 

A⋅µM− 1  
2.63⋅10-7 

Spectra: A292 nm, 179 s 

vs. COFL  

0.9438 1.28⋅10-3 

µM− 1  
1.92⋅10-2 

R2: Determination coefficient. Syx: residual standard deviation. 
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correlating the loadings of the 1st and 3rd component with the con
centrations of UA and OFL in the samples listed in Table S3, respectively. 
The calibration curves and the figures of merit are shown in Fig. S6 and 
in Table 2, respectively. Least median squares regression was performed 
to detect outliers, obtaining that the experiment corresponding to 
sample E04 was an outlier. Once this point is removed a Least Square 
Regression was performed for the two set of data, loadings of the 3rd 
component versus OFL concentration (Fig. S6a) and loadings of 1st 
component versus UA concentration (Fig. S6b). 

The figures of merit of the two calibration models obtained indicate 
the good correlation achieved between loadings of the 3rd component 
and OFL concentration, with coefficient of determination near 1 (R2), 
low residual standard deviation (Syx) and low limit of detection (LOD). 
However, the UA linear regression model does not supply as good re
sults, with a worse R2 value and higher Syx and LOD values, indicating 
that the complexity of the urine matrix affects significantly the UA 
determination. 

Finally, the test OFL-spiked urine sample (T2) was spectroelec
trochemically measured following the same MAD protocol described for 
the mixture samples listed in Table S3. Let us recall that this sample was 
prepared adding OFL in 10 mL of urine reaching a concentration of 855 
µM. Next, this solution was dissolved in 0.1 M KCl and in BR buffer, 
giving a nominal concentration of 42.75 µM of OFL (T2). 

The OFL concentration of this test urine solution was estimated with 
the PARAFAC calibration model presented in Fig. S6a and Table 2. A 
very good accuracy is obtained in the prediction of OFL concentration, 
41.9 ± 2.5 µM, 98.1 % of recovery with a 3.8 % of relative standard 
deviation (%RSD) and a relative error of 2.0 %. The %RSD value also 
indicates that the procedure followed is very repeatable. Therefore, the 
OFL concentration in the initial solution (T2) is 838 ± 50 µM. These 
results demonstrate that the PARAFAC model perfectly fulfills the main 
objective of this work which is the determination of OFL in a test urine 
sample spiked with this target molecule. 

4. Conclusions 

Development of new SEC devices becomes critical because the fields 
of application of this technique are growing, being chemical analysis one 
of the most attractive applications for SEC. In this work, we present a 
new SEC cell that allows the sensitive and reproducible quantification of 
OFL in urine samples without any pretreatment, only by performing a 
simple dilution. This SEC cell facilitates the study and quantification of 
molecules which can modify the WE surface during different oxidation 
or reduction processes. In this work, the matrix of all the test solutions 
was urine, which has not been previously pretreated. The different 
interfering compounds present in urine affect the electrochemical and/ 
or spectroscopic determination of OFL when only univariate models are 
used. To overcome this drawback, multivariate statistical tools have 
been used, selecting in this case PARAFAC as the best tool to determine 
OFL in urine samples. The fitted PARAFAC model has allowed us to 
properly deconvolve the contribution of OFL and UA to the global SEC 
signal. Once this objective was achieved, the determination of OFL has 
been carried out by correlating the loadings of one of the components of 
the PARAFAC model with the OFL concentration, yielding very good 
figures of merit. From these results, it can be deduced that the combi
nation of the sensitivity and reproducibility of a good SEC cell and setup, 
with the specificity of the spectroscopic methods when the test molecule 
participates in an electrochemical reaction, even in a complex matrix, 
leads to develop useful, versatile and reliable methods to quantify uri
nary biomarkers. 
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Fig. 5. Loadings of each component obtained with the PARAFAC model versus (a) the wavelength and (b) the time during the double potential step SEC experiments. 
Solid lines: loadings of the three components versus wavelength (a) and time (b). Dashed lines: UA and OFL spectra (a) and UA and OFL chronoabsorptograms (b) of 
samples E03 and E02, respectively. 

Table 2 
Regression parameters obtained from the determination of OFL and UA in 
mixtures of these molecules with the loadings of the PARAFAC model 
constructed.  

Molecule Calibration model R2 Sensitivity 
(µM− 1) 

Syx LOD 
(µM) 

OFL Loadings component 
3 vs. COFL  

0.9957  − 0.1649  0.66  13.22 

UA Loadings component 
1 vs. CUA  

0.9625  − 0.1089  1.22  37.02 

R2: Determination coefficient. Syx: residual standard deviation. LOD: limit of 
detection. 
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