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Abstract

A sensitive and rapid method for the simultaneous analysis of artificial sweeteners, aspartame, acesulfame, cyclamate, saccharine,
and phenylalanine in water samples using solid-phase and large-volume sample stacking-capillary electrophoresis (SPE-LVSS-CE)
has been developed. Under optimal conditions, the proposed method had a linear range of 0.08 to 2.0 mg L™, with limits of
detection ranging from 0.03 to 0.18 mg L™ with inter- and intraday repeatabilities < 10% (as a relative standard deviation) in all
cases. The enrichment factor obtained was in a range from 20 to 89 times for each artificial sweetener compared with a conventional
capillary zone electrophoresis (CZE). The method is adequate to analyze artificial sweeteners in water samples with different ionic
strengths. The proposed method was employed in the analysis of 20 samples including drinking water such as mineral water,
distilled water, spring water, and tap water. Nine of the tested samples were positive for the presence of aspartame, saccharine, and
acesulfame with concentrations between 0.19 and 0.75 mg L™, 0.08 mg L', and 0.08 mg L™, respectively. The SPE-LVSS-CE is a

robust, easy, fast, and efficient strategy for online preconcentration of artificial sweeteners in complex matrices.
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Introduction

In the last decade, the study, analysis, and determination of
different emerging contaminants have been of high relevance.
These contaminants are originated from pharmaceuticals, per-
sonal care products, and pesticides. In recent years, as a result of
changes in the food industry, food additives have been devel-
oped to improve the overall quality, safety, nutritive value, ap-
peal, convenience, and cost of food, involving the use of several
chemical compounds, including dyes, preservatives, antioxi-
dant agents, thickeners, flavorings, and artificial sweeteners
(Tran et al. 2014; Yang et al. 2018).
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Artificial sweeteners are chemical compounds widely used as
sugar substitutes, and are much sweeter than table sugar
(sucrose); therefore, smaller amounts of high-intensity sweet-
eners are needed to achieve the same level of sweetness. Their
use has increased to enhance or modify the flavor in food and
pharmaceutical products, contributing only a few calories to the
diet in comparison to traditional sugar, without inducing a rise in
blood sugar levels (Ordofiez et al. 2013; Tran et al. 2014; Yang
et al. 2015). Their excessive use and consumption has been the
center of controversy due to possible human and environmental
toxic effects such as dermatological problems, headaches, mood
variations, alterations on human microbiota, and carcinogenic
effects (Tran et al. 2014; Yang et al. 2015; Murray et al. 2016;
Roca-Saavedra et al. 2018), and contamination of municipal
effluents, surface water, and potable water at concentrations up
to a microgram per liter or milligram per liter level (Ordofiez
et al. 2013; Tran et al. 2014; Yang et al. 2018).

The European Union (EU) has approved the use of the fol-
lowing artificial sweeteners as food additives: acesulfame (ACE),
cyclamate (CYC), saccharine (SAC), sucralose (SUC), and as-
partame (ASP), as shown in Fig. 1 (Ordofiez et al. 2013).

Their excessive use, high persistence, environmental distri-
bution, and ecotoxicological impact have become regarded as
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Fig. 1 Chemical structures of the artificial sweeteners phenylalanine
(PHE), aspartame (ASP), cyclamate (CYC), saccharine (SAC), and
acesulfame-K (ACE)

emerging contaminants. In recent years, possible toxicological
problems caused by artificial sweeteners at environmental and
human health have incentivized the development of analytical
methodologies for determination of artificial sweeteners in
complex matrices at milligram per liter and microgram per liter
levels; these include high-performance liquid chromatography
(HPLC) (Zygler et al. 2009; Ordofiez et al. 2013; Salas et al.
2015), gas chromatography (Hashemi et al. 2011), spectropho-
tometry (Ni et al. 2009), and electrochemical (Lin et al. 2017)
and capillary electrophoresis (CE) (Bergamo et al. 2011,
Stojkovic et al. 2013; Yang et al. 2018). These techniques can
be used individually or sequentially according to the complex-
ity of the samples, the nature of the matrix, and the type of
analyte. Sample treatment, including isolation, clean-up, and
pre-concentration, are critical for the analysis of sweeteners at
low concentrations. Traditional techniques, such as solid-phase
extraction (SPE) (Zygler et al. 2010; Salas et al. 2015; Yang
et al. 2018), liquid-liquid extraction (LLE) (Ordofiez et al.
2013; Nuifiez et al. 2017), and headspace single-drop
microextraction (Hashemi et al. 2011), are the most commonly
applied strategies to water samples. However, in some cases,
these techniques require the use of high volumes of organic
solvent, increasing the cost, sample contamination, and the gen-
eration of waste products (Yang et al. 2015).

In contrast, CE has received considerable attention as an
alternative to traditional methods in recent years due to its po-
tential application in on-line pre-concentration systems, such as
transient isotachophoresis (tITP) (Crevillén et al. 2017), dynam-
ic pH junction (Xu et al. 2015), sweeping (Xu et al. 2015), and
field-amplified stacking (Li et al. 2012). The main advantages
of these methods over traditional techniques are their higher
efficiency, shorter analysis time, and lower reagent and sample
consumption (Puig et al. 2008; Li et al. 2012).

On-line pre-concentration is performed in the capillary as
part of the separation process. It is based on the injection of a
larger-than-normal-volume sample into the capillary via hy-
drodynamic or electrokinetic methods between the sample
zone and the background electrolyte due to the electric field,
and is known as stacking (Puig et al. 2008; Lee et al. 2012).
There are several approaches to stacking that have been stud-
ied, including field amplified sample stacking (FASS) and
large-volume sample stacking (LVSS) (Lee et al. 2012).
LVSS with polarity switching involves injecting a large vol-
ume sample into a capillary and removing the sample matrix
plug from the capillary by reversing the polarity (Wang et al.
2016). In this technique, the analytes in the long sample zone
can be focused into a narrow zone before separation and de-
tection (Chen et al. 2012). LVSS has already been applied to
the analysis of several compounds such as metals (Cheng et al.
2016), quinolones (Wang et al. 2016), sulfonamides (Wang
et al. 2016), flavonoids (Lee et al. 2012), drugs (Li et al.
2012), amines (Malinina et al. 2018), chiral (Kawai et al.
2012), tetracyclines (Moreno-Gonzalez et al. 2018), and water
(Li et al. 2012), among others.

In this study, a novel method for the analysis of artificial
sweeteners in drinking water samples was proposed. This meth-
od involved the sample clean-up by SPE, pre-concentration,
and separation by LVSS-CE with photodiode array detection
(SPE-LVSS-CE). The advantages of the developed method and
its application in the determination of artificial sweetener resi-
dues in drinking water samples have also been discussed.

Experimental
Reagents and Standards

All solutions were prepared by dissolving the respective
analytical-grade reagent in deionized water with one specific
resistivity less than 18.0 M2 cm, which was provided by a
Milli-Q system (Millipore, Bedford, MA, USA). Sodium
tetraborate, picric acid, sodium hydroxide, and hydrochloric acid
were obtained from J.T.Baker (Phillipsburg, NJ, USA), sodium
benzoate from Sigma-Aldrich (St. Louis, MO, USA), and meth-
anol obtained from Mallinckrodt Baker (Xalostoc, Mexico).

Standard solutions were prepared by dilution of a stock so-
lution of phenylalanine (PHE), saccharin (SAC), cyclamate
(CYC), aspartame (ASP), and acesulfame-K (ACE) at concen-
trations of 500 and 100 mg L' (Sigma-Aldrich; St. Louis, MO,
USA). These solutions were stored at 4 °C. Mixed standard
working solutions were prepared by diluting the standard stock
solution immediately prior to use. The background electrolyte
(BGE) solution consisted of 5.0 mM sodium tetraborate and
0.5 mM sodium benzoate, adjusted to pH 9. Picric acid concen-
trations of 5.00 and 0.15 ug mL™" were used as internal stan-
dards for CZE and LVSS, respectively.
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Instrumentation

Electrophoretic experiments were performed using a
Beckman Coulter P/ACE 5500 CE system, equipped with
diode array detector (DAD). Data were acquired and analyzed
using P/ACE MDQ version 2.3 software. A fused silica cap-
illary (41.7 cm x 75 um i.d.) was used for the separation. A
pH/ion analyzer (model 450; Corning Science Products, NY,
USA) was used to accurately adjust the pH of the electrolyte
solution to within 0.01 pH units.

Capillary Zone Electrophoresis Procedure

At the beginning of each working day, the capillary was acti-
vated with 1.0 M NaOH for 15 min, followed by 0.1 M NaOH
for 10 min, deionized water for 10 min, and finally BGE
solution for 10 min. The capillary was washed between suc-
cessive analyses using 1.0 M NaOH for 4 min, 0.1 M NaOH
for 2 min, deionized water for 2 min, and BGE for 4 min at
20 psi. Peaks were identified by migration time and co-
injection of standard solutions.

The conditions used for the separation were a fused silica
capillary (41.7 cm x 75 um i.d.), wavelength (A\) of 215 nm,
hydrodynamic injection mode of 0.5 psi for 5 s, capillary
temperature of 25 °C, and a separation voltage of 18 kV at
normal polarity.

Sample Treatment and Analysis

A 1.0 mL sample was spiked with an internal standard (0.15 mg
L") in polypropylene tubes and diluted to 10 mL with deionized
water. The solution was then passed through a cartridge
(Discovery DSC-18 cartridges, 500 mg) previously activated
with 5 mL of methanol followed by 5 mL of deionized water
at a maximum flow rate of | mL min~". Analytes retained on the
SPE cartridge were washed with 2.0 mL of methanol 5.0% (v/v).
Retained artificial sweeteners were eluted with 2.0 mL of meth-
anol. The eluted solution was evaporated to dryness, and the
residue was dissolved in 1 mL of deionized water.

Samples treated were injected into the capillary system by
hydrodynamic injection at 5 psi for 60 s, 3.84 nL of a total
volume from the capillary of 1.84 pL according to the Hagen-
Poiseuille equation.

_ AP d*mt
To1281L

where L is the total length of the capillary, V is the injection
volume, is the viscosity of the solvent, 2P is the pressure
difference between the capillary ends, and d is the capillary
1.D. (Vuorensola et al. 2002).

The capillary was then placed in BGE vials, and a potential
of 8 kV was applied for 60 s (reverse polarity) to pre-
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concentrate the artificial sweeteners at the inlet, while water
and other ions were removed from the capillary. Polarity was
then returned at 18 kV, and the CE separation was carried out.

Results and Discussion

Optimization of the Capillary Zone Electrophoresis
Procedure

Electrophoretic Separation

The BGE composition is an important factor in the separation of
artificial sweeteners by capillary electrophoresis. As previously
reported and according to the pKa values, an adequate separa-
tion between each artificial sweetener and the internal standard
can be achieved with basic media adjusted with electrolyte so-
lutions with pH values from 7.0 to 12.0. Na,B40; and NaH,PO,
(25 mM) solutions were studied; according to the results obtain-
ed, a better resolution and separation was define in the use of an
electrolyte solution with Na,B4O- (pH 9.0). Using this solution,
a systematic study of the effect of pH was carried out between
pH 8.0 and 10.0. Finally, pH 9.0 was chosen, as the best reso-
lution of four of the five analytes was obtained. There was a
presence of four signals in the electropherograms, attributable to
ACE, SAC, PHE, and ASP, and this result was in accordance
with the literature, in which the pH used for separation was also
9.0 (Oliveira et al. 2013). At this pH, all the analytes are found in
their ionic form (Vistuba et al. 2015).

The effects of electrolyte concentrations on migration time
and peak area were further tested from 2.5 to 40 mM under a
separation voltage of 18 kV and temperature of 25 °C. The
migration time and peak area of the analytes increased with
increasing buffer concentration. This is due to the decreasing
thickness of the electric double layer between the capillary walls
and the buffer solution with increasing buffer concentrations.

Conversely, a higher buffer concentration could increase
the coverage of sites on the silica surface, resulting in a de-
crease in migration speed due to a decrease in the number
of silanol groups. Based on the above results, a 5 mM borate
buffer (pH 9.0) was selected for higher sensitivity and faster
analyses. The separation voltage was also optimized from 12
to 18 kV; as a result of this evaluation, 18 kV was selected as
the optimum voltage in the analytical separation. The voltage
regulates the current, and therefore, the migration speed and
resolution are improved.

The addition of organic modifiers, such as acetonitrile
and methanol, did not improve the resolution between the
artificial sweeteners; therefore, they were not used. Picric
acid, sodium benzoate, and aspartic acid were evaluated as
internal standard (IS) for quantification. Picric acid was
selected as its migration time did not affect the resolution
of the artificial sweeteners studied.
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However, the absence of chromophore groups in the chem-
ical structure of CYC indicates that complete identification
may be difficult. The use of a chromophore agent was there-
fore employed for indirect detection (Oliveira et al. 2013).

Optimization of Indirect UV Detection

Indirect UV detection is an important approach in CE to detect
weak or non-UV-absorbing substances, which requires the
addition of an appropriate chromophore agent to the BGE.
In order to obtain favorable indirect detection, a close match
in electrophoretic mobility between the chromophore used in
the electrolyte and the analytes is necessary. The use of these
compounds produces a negative analytical signal in the elec-
tropherogram. According to the literature on CE, two principal
chromophores have been used for indirect UV detection of
CYS, potassium di(2-ethylhexyl)-phthalate, and sodium ben-
zoate. In this study, we investigated these two potential
chomophore agents at levels of concentration ranging from 5
to 20 mM added to the electrolyte solution (Oliveira et al.
2013; Moreno-Gonzalez et al. 2018). The concentrations of
the chromophore agents are important to determine the limit
of detection (LOD) in indirect UV detection (Malinina et al.
2018). However, for potassium di(2-ethylhexyl)-phthalate, the
separation efficiency of the artificial sweeteners was affected
considerably at all concentration levels evaluated. For sodium
benzoate, separation significantly deteriorated at concentra-
tions above 5.0 mM, affecting the detection of each analyte.
Therefore, it was necessary to further investigate sodium ben-
zoate at lower concentrations from 0.5 to 5 mM. From the
results, the best separation and identification were achieved
using 0.5 mM of benzoate in the electrolyte solution, maxi-
mizing the resolution and CYC analytical response.

Finally, picric acid was used as IS. The electropherograms
correspond to the analysis of a sample containing the five
analytes and the IS. For the identification of each signal, stan-
dard solutions were used.

Optimization of the Large-Volume Sample Stacking
Procedure

Considering the low sensitivity of CE using DAD detection,
we proposed an on-line pre-concentration system to improve
the enrichment factors of CE using a simple methodology at
low cost. In LVSS, a large-volume sample with low conduc-
tivity was hydrodynamically injected into the capillary, and a
voltage was applied (reverse polarity). The analytes were
stacked at the boundary between the sample and the BGE;
after that, the separation was carried out using the CZE pro-
cedure (Fig. 2). Therefore, to optimize the system, it was nec-
essary to consider variables such as the injection time, and pre-
concentration voltage and time (Malinina et al. 2018).

1)+ @’:eo:°e) BGE )) -

BGE ) +

U) _

§ BGE ) -

Fig. 2 Diagram of the preconcentration mechanism with LVSS. 1, low-
conductivity sample is injected; 2, a negative polarity voltage is applied
and the analytes are stacked and the sample matrix is removed out of the
capillary; 3, the polarity in the system is switched to normal mode; and 4,
the analytes are separated by CZE

Hydrodynamic Sample Injection

The sample injection was carried out using a hydrodynamic
technique. In this pre-concentration modality, the injection
time is crucial to improving the enrichment factors. In our
study, different injection times ranging from 30 to 240 s, with
injection pressures from 0.5 to 1.5 psi were evaluated.
According to the literature, the analytical signal and peak area
increment with the injection time. In our results, at a superior
time of 60 s and 0.5 psi, deterioration in analytical signals was
observed, and therefore, the on-line pre-concentration tech-
nique deteriorated with longer injection times. A remarkable
broadening of peaks was observed, leading to a decrease in
separation efficiency. As a result, an injection time and injec-
tion pressure of 60 s and 0.5 psi, respectively, were selected as
adequate conditions for the LVSS.

Optimization of Inversion Electric Current

The selection of an adequate voltage for the LVSS procedure
was crucial to ensure sufficient stacking time in the analytical
pre-concentration to remove the sample matrix from the cap-
illary without losing analytes (Cheng et al. 2016). In this
study, we evaluated stacking voltages from — 6 to — 16 kV at
30 to 240 s. Experimental results showed several differences.
At superior voltages greater than 10 kV, the analytical signals
for PHE and ASP decreased. This may be explained by the
loss of each analyte with time after 60 s. On the other hand, at
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— 6 kV, the efficiency of separation was affected at baseline,
and at — 8 kV, an adequate enrichment factor was obtained
without affecting the analytical separation. Finally, the stack-
ing voltage was selected as — 8 kV, which produced a stable
current of 2.90 pnA. Optimal conditions for analyte stacking
were — 8 kV for 60 s. From the results, a clear interaction was
observed between the variables in pre-concentration systems
using LVSS-CE.

Optimal conditions determined in this study were injection
time of 60 s, stacking voltage of —8 kV, and a pre-
concentration time of 60 s.

The proposed methodology (LVSS-CE) was used to de-
termine the artificial sweeteners in water samples.
However, the composition of the analyte produces differ-
ent electrophoretic mobilities, which can be attributed to
the ionic strength of the sample. lonic strength significant-
ly increases the electrophoretic mobility of the analytes,
thereby affecting LVSS pre-concentration and causing loss
of the analyte if care is not taken when applying the neg-
ative polarity (Puig et al. 2008; Chen et al. 2012; Cheng
et al. 2016; Wang et al. 2016).

According to the matrix complexity, one of the most
important steps in LVSS-CE analysis is sample clean-up.
Consequently, the clean-up step was used prior to the anal-
ysis by LVSS-CE. SPE was employed as a clean-up pro-
cedure in the water samples. This technique decreases the
ionic strength effects, making samples suitable for analysis
by LVSS-CE. For sample pre-treatment, 1.0 mL of sample
was diluted to 10 mL with deionized water, and then
passed through an activated C;g SPE cartridge. Analytes
retained on the SPE cartridge were washed with two por-
tions of 5.0 mL of deionized water. Retained artificial
sweeteners were eluted with 2.0 mL of methanol, accord-
ing to the methodology reported by Ordofiez et al. (2013).
The eluted solution was evaporated to dryness and re-
dissolved in 1.0 mL of deionized water containing
0.15 mg L™! picric acid.

Analytical Parameters

Under optimal conditions, analytical parameters of the
LVSS-CE method were evaluated at concentrations of
0.01-2.0 mg L™" in a ratio of 1:5 for each artificial sweet-
ener. Each standard was prepared and analyzed in triplicate
using the proposed methodology. Peak areas were mea-
sured, and calibration curves were constructed from the
peak area ratios (analyte/internal standard). Calibration
curves showed a linear dependence on artificial sweetener
concentration. Calibration regression parameters are
shown in Table 1. LODs were calculated for a signal-to-
noise ratio of 3.29, according to IUPAC recommendations
(Currie 1995). The accuracy and precision of the method
were measured in terms of intra- and interday
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repeatabilities for migration times and peak areas. Results
were determined as the relative standard deviations
(%RSD) obtained in the analysis of the artificial sweet-
eners at two concentrations. Based on these results, LVSS
was adequate for the analysis of artificial sweeteners in
water samples.

According to the results, CE-UV provides higher LODs
(0.68-8.31 mg L ') with respect to the LVSS-CE (0.03—
0.18 mg L"), These differences were evidenced by the ¢-fest
of two paired samples (¢.4 2.51 > ¢, 2.13). In addition, the
analytical sensibility of each regression line (CE-UV and
LVSS-CE) was statistically different (p < 0.05) in all the cases,
which is evidenced in the enrichment factors obtained for
PHE, CYC, ASP, SAC, and ACE of 89.44, 46.36, 27.92,
26.42, and 20.51, respectively.

Application to Real Samples

The proposed methodology SPE-LVSS-CE was developed
and applied to the analysis of artificial sweeteners in 20
different water samples, including bottle water (BW),
drinking water (DW), spring water (SW), and tap water
(TW), obtained from different locations around Pachuca
City. The samples consisted of seven BW, seven TW, two
SW, and four DW. Three replicate determinations of each
analyte in the selected samples were performed. Eight sam-
ples were determined to be positive for ASP in different
ranges of concentrations depending of the type of sample:
three samples were positive for BW with a concentration
between 0.38 and 0.75 mg L7 two samples for TW, 0.23—
0.76 mg L two samples for DW, 0.19-0.33 mg L' and
one sample for SW, 0.49 mg L'. On the other hand, SAC
was found only in BW samples, positive in one sample
with a concentration of 0.08 mg L™'. Finally, ACE was
positive in one DW sample with a concentration of
0.08 mg Lfl; with RSD < 10% in all the cases, as shown
in Table 2. The residue concentrations of the artificial
sweeteners in the water samples were identified by their
migration times. In order to confirm the presence of each
analyte, a standard addition was made to the sample ex-
tract. An increase in the peak area confirmed the presence
of the artificial sweetener residues.

The presence of artificial sweeteners in water samples
such as SW indicates that as Ordofiez et al. found, these
substances reach aquatic environments as contaminants.
The presence of these compounds in TW samples is the
result of incomplete water treatment, and is important be-
cause this is the water that reaches homes for daily con-
sumption. Finally, the fact that artificial sweeteners were
observed in BW and DW samples indicates that these com-
pounds can be found as a possible effect of contamination,
and in some cases employed as additives in some indus-
tries, though there is no current regulation on their use. The
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Table 2  Analytical results of artificial sweeteners in water samples

Sample/sweetener ASP (mg L") SAC (mgL™') ACE(mgL™
(%RSD) (%RSD) (% RSD)

BW  Sample 1 <LOD <LOD <LOD
Sample 2 0.38 (1.72) ND ND
Sample 3 0.65(2.13) <LOD ND
Sample 4  0.75(2.33) 0.08 (2.96) ND

DW  Samplel  0.19(2.89) ND 0.08 (2.63)
Sample 2 0.33(3.58) ND ND

™ Sample 1 0.23 (2.86) ND ND
Sample 2  0.76(3.43) ND ND

SW Sample 1 0.49(1.14) ND ND

ND not detectable

electropherograms obtained are shown in Fig. 3; according
to other works, the concentrations found in the water sam-
ples are superior than those found in other countries. It can
be attributed to the fact that Mexico does not possess
norms that regulate their elimination or the correct manip-
ulation in water treatment process, or their use in bottle and
drinking water as additives (Buerge et al. 2009).

ASP IS
A ‘
ASP IS

SAC c

I 3X103 AU b

PHE 1s SAC Ace a
ASP ove

1.7 2.0 2.3 2.6 2.9 3.2 3.5 3.8 4.1
Time (min)

Fig. 3 Electropherograms of (a) standard solution of the artificial
sweeteners and IS in concentrations of 1 mg L' (SAC, ACE),
20 mg L' (IS), and 5 mg L' (ASP, PHE, CYC) analyzed by CE
procedure; (b) standard solution in concentrations 1 mg L' (SAC,
ACE, 1S) and 5 mg L™' (ASP, PHE, CYC) analyzed by LVSS-CE
procedure; (c) real water sample analyzed by the LVSS-CE procedure,
without a cleaning step, dilution system (1:10); (d) real water sample
analyzed by the LVSS-CE procedure, with a cleaning step, dilution
system (1:10). Experimental conditions: CE procedure (pH =19 borate
buffer, separation voltage 18 kV at 215 nm; LVSS procedure) pH =9.0
borate buffer; injection by pressure, 0.5 psi; injection time, 1 min;
stacking voltage, — 8 kV; separation voltage, + 18 kV
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Conclusions

A sensitive, fast, simple, and efficient on-line pre-concentration
SPE-LVSS-CE method was developed for the simultaneous
analysis of artificial sweeteners in the complex matrices of water
samples. The proposed methodology required only 1.0 mL of
water sample, whereas traditional methods require at least
10.0 mL. The use of SPE-LVSS-CE improved sensitivity and
accuracy compared with CZE, with acceptable LODs for the
analysis of water samples with artificial sweetener residues or
pollutants. The method achieved enrichment factors ranging
from 20 until 89 compared with the conventional injection mode.
SPE-LVSS-CE was used to pre-concentrate, identify, and quan-
tify artificial sweeteners in real water samples with satisfactory
results, highlighting the great potential of this method.
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