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This report describes the development of a methodology based on micellar electrokinetic chromatography for
the separation of alcohols on chip-based systems aiming the determination of alcoholic content in whiskey
samples. The separation conditions were optimized the best results were achieved using 50 mmolL™ phosphate
buffer containing 30 mmolL" sodium dodecyl sulfate. The alcoholic content was determined in 16 seized
whiskey samples from 4 different brands as well as in the original samples. The methodology presented herein
allowed the correct classification of 75% of the seized samples as adulterated and the data obtained did not

statistically differ from those recorded by a reference technique. The proposed analytical approach emerges as a
promising tool to provide a rapid screening of the beverages authenticity and it may be useful to be widely

explored for the quality control.

1. Introduction

Capillary electrophoresis (CE) is a powerful separation technique
which has been widely used in analytical sciences (Dziomba, Ciura,
Markuszewski, & Wielgomas, 2017). This separation technique has
been one of the pioneering to be implemented on chip-based systems
due to mainly its instrumental simplicity and other inherent advantages
offered by the miniaturization as short analysis time, reduced sample
consumption, high-throughput capability and portability (Castro &
Manz, 2015; Wuethrich & Quirino, 2019). Microchip electrophoresis
(ME) devices have been explored for a wide range of applications in-
volving, for example, bioanalytical (Chong, Thang, Quirino, & See,
2017; Kasicka, 2016), clinical (Caruso, Fresta, Siegel, Wijesinghe, &
Lunte, 2017; Phillips, 2018), environmental (Freitas, Moreira, de
Oliveira Tavares, & Coltro, 2016), food (Dossi, Piccin, Bontempelli,
Carrilho, & Wang, 2007) and forensic studies (Verpoorte, 2007). The
use of electrophoresis for forensic applications was first reported by
Weinberger and Lurie in 1991, who demonstrated the analysis of illicit
drugs in synthetic samples using conventional CE (Weinberger & Lurie,
1991). Since this pioneering report, many studies have explored con-
ventional CE instruments coupled with optical or electrochemical de-
tectors for forensic applications (Pascali, Bortolotti, & Tagliaro, 2012;
Thormann et al.,, 1999; von Heeren & Thormann, 1997; Zaugg &
Thormann, 2000).

In the last years, chip-based electrophoresis devices have emerged as
powerful platforms for on-site forensic applications (de Araujo et al., 2018).
When compared to conventional CE systems, the use of miniaturized de-
vices offers attractive features like the possibility of rapid screening using
portable instrumentation and the ability to provide simple yes/no answers
in a matter of seconds. Some examples reporting forensic applications on
chip-based electrophoresis including the separation of explosives (Piccin,
Dossi, Cagan, Carrilho, & Wang, 2009), explosive residues (Pinheiro et al.,
2019), explosive vapour (Taranto, Ueland, Forbes, & Blanes, 2019), DNA
fragments (Aboud, Gassmann, & Mccord, 2015), screening of seized co-
caine samples (Moreira et al., 2018) and alcoholic beverages authenticity
(Rezende, Moreira, Logrado, Talhavini, & Coltro, 2016) have been suc-
cessfully described in the literature. Whiskey is the alcoholic beverage most
susceptible to be adulterated due to its global popularity, affordability and
high market value. In general, the adulteration involves dilution in water
or other inexpensive and low-quality alcoholic beverages that affects
consequently the color intensity as well as the alcoholic concentration
(Cardoso et al., 2017; Martins, Talhavini, Vieira, Zacca, & Braga, 2017). In
Brazil, the federal police have reported many seizures of whiskey bottles
suspiciously adulterated. Most of these apprehensions have occurred at the
borders with other South America countries (Barbeira & Stradiotto, 1998;
Cardoso et al., 2017).

Conventional methodologies based on ion chromatography
(MacKenzie & Aylott, 2004), spectrophotometric measurements
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(Martins et al., 2017), and gas chromatography (Parker, Kelly,
Sharman, Dennis, & Howieb, 1998; Rhodes, Heaton, Goodall, &
Brereton, 2009) are recognized as standard approaches to investigate
the authenticity of whiskeys. One of the most important parameters for
investigating the authenticity of beverages refers to their alcoholic
content. However, most of the conventional methods are expensive,
require bulky instrumentation and make use of large sample volumes.
In this way, the different groups have reported recently the develop-
ment of simpler, faster, cheaper and greener methodologies including
the use of non-invasive NIR and Raman spectroscopies (Nordon, Mills,
Burn, Cusick, & Littlejohn, 2005), redox titrations on paper-based
analytical devices (Nogueira, Lemes, Chagas, Vieira, Talhavini, Morais,
& Coltro, 2019) and paper spray ionization mass spectrometry (Teodoro
et al., 2017).

In this current study, we describe for the first time the development
of a methodology employing micellar electrokinetic chromatography
(MEKC) on microchips to determine the alcoholic content in whiskey
samples. MEKC is an electrophoretic mode suitable for the separation of
neutral species and its separation principle is based on the partition
equilibrium of analytes between a micellar pseudo-stationary phase and
the aqueous medium (Baker, 1995). Although this separation mode is
popular in conventional CE systems (Fracassi, 2000), its use in chip-
based electrophoresis has been barely explored. In the methodology
reported herein, the separation of alcohols on electrophoresis chips
based on MEKC mode was monitored through a capacitively coupled
contactless conduction detection (C*D) method. As proof-of-concept,
this study shows the separation of ethanol, butanol and pentanol and
the correlation of the alcoholic content in original (authentic) and
seized whiskey samples. The proposed methodology has revealed great
potential to be applied in the quality control of alcoholic beverages.

2. Material and methods
2.1. Chemicals

Sodium hydroxide, sodium dodecyl sulfate (SDS), sodium dibasic
phosphate, ethanol, butanol and pentanol were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used as received. Stock solutions were
prepared weekly using ultrapure water (18.2 MQ cm) processed
through a purification system (Direct-Q® 3, Millipore, Darmstadt,
Germany). Prior to analysis, sample and stock solutions were filtered
through nylon filters with 0.22 mm pore diameter. Subsequent dilutions
were performed with ultrapure water. All experiments were performed
at room temperature (23 = 1 °C).

2.2. Instrumentation

MEKC experiments were performed on commercial glass microchips
(Micronit Microfluidics B.V. (Enschede, Netherlands) containing in-
tegrated electrodes for C*D measurements using a commercially avail-
able system (model ER455) supplied by eDAQ (Denistone East, NSW,
Australia). Glass chips were received from Micronit Microfluidics B.V.
(Enschede, Netherlands). Electrophoresis chips exhibited a double-T
format with 100 um of gap and a total and effective separation channel
lengths of 40 and 33 mm, respectively. All channels were 100 pm wide
and 10 um deep. For contactless conductivity measurements, the de-
tection cell was based on four sensing electrodes of platinum with
tantalum adhesion layer. The distance between excitation and detection
electrode was 250 um. These two electrodes are used as working
electrodes and the other pair is used as reference system for reducing
the stray capacitance (Stojkovic, Schlensky, & Hauser, 2013).
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2.3. Electrokinetic control

Prior to MEKC-C*D analysis, microchannels were filled and elec-
trokinetically preconditioned with 0.1 mmol L.~ NaOH solution during
10 min. Then, the microchannels were washed with ultrapure water
and electrokinetically conditioned with running buffer during 10 min.
Running buffer was composed of 50 mmolL™ sodium phosphate dibasic
and 30 mmolL! sodium dodecyl sulfate. Sample was introduced into
the microchannels through gated injection mode by applying 400 and
600 V at the sample and buffer reservoirs, respectively. After filling the
channels, the voltage applied to the buffer reservoir was floated for 1 s
to allow the formation of a discrete sample plug. Afterwards, the po-
tential values were established allowing the introduction of the sample
zone into the separation channel for subsequent separation of analytes
based on their electrophoretic mobilities.

2.4. Contactless conductivity detection

Separations were monitored through a contactless conductivity
detector supplied by eDAQ (Denistone East, NSW, Australia). For this
purpose, a sinusoidal wave with 1200 kHz frequency and 20 Vpeak-to-peak
excitation voltage were applied to the excitation electrode. The analy-
tical signal was recorded in the PowerChrom software version 2.7.13.

2.5. Samples

A total of 16 seized whiskey samples (4 samples of each analyzed
brand) was received from the Brazilian Federal Police. In addition, 4
original (authentic) scotch whiskey samples were acquired in a local
store (Goiania, GO, Brazil). All samples were stored in the absence of
light and humidity. Samples were diluted in running buffer (50%, v/v)
to minimize matrix effects and possible interferences. No further
treatment of samples was performed. The authenticity of original
samples was certified by Instituto Nacional de Criminalistica (Brasilia,
DF, Brazil).

3. Reference analytical method

To evaluate the accuracy of the proposed method, each authentic
whiskey was also analyzed according to the standard protocol of the
Ministry of Agriculture, Livestock and Supply. The official method for
determining the alcoholic content in beverages consists of a prior dis-
tillation step of whiskeys by an electronic distillation equipment (model
DEE, Gibertini Elettronica) followed by density measurements on a
digital densimeter (model DDM 2911 plus, Rudolph Research
Analytical).

4. Results and discussion
4.1. Optimization of experimental parameters

The analytical methodology based on MEKC was selected for the
analysis of alcohols on microchips due to its ability to promote the se-
paration of neutral compounds through the addition of a charged sur-
factant in the running buffer (Muijselaar, Otsuka, & Terabe, 1998). In-
itially, SDS was evaluated as surfactant for the separation of ethanol,
butanol and pentanol, all of them prepared at concentration of 2% (v/v).
The experiments were performed using 50 mmol L™ phosphate buffer
(pH = 9.0) as a running buffer with and without SDS (20 mmol LY.
Fig. 1 displays two electropherograms showing the separation of the
alcohols in the mentioned conditions. Each electropherogram was re-
corded during two consecutive injections. As can be noted, the absence of
SDS in the running buffer provided the comigration of the analytes
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Fig. 1. Electropherograms showing the separation of (1) ethanol, (2) butanol

and (3) pentanol (2% (v/v) each) in 50 mmol L~! phosphate buffer (pH = 9.0)

as running buffer with and without surfactant (SDS 20 mmol LY. Electrokinetic

control was performed by applying of 400 and 600 V to the sampling and se-

paration channels, respectively. Injection time (gated mode): 1 s. Detection
parameters: sinusoidal wave with 1200 kHz frequency and 20 V, amplitude.

making difficult their separation. On the other hand, the addition of the
surfactant enabled the separation of the alcohols due to the interaction of
the analytes with the charged SDS micelles formed in the running buffer.
As mentioned earlier, these micelles work as a pseudo-stationary phase
and interact with the neutral analytes allowing the separation of the
alcohols by polarity difference (Cheicante, Stuff, & Durst, 1995).

Since the presence of SDS above critical micellar concentration
(CMC) enables the separation of alcohols with great selectivity, the SDS
concentration added to the running buffer was then optimized. It is
known that CMC of SDS is approximately 9.0 mmol L™ ! at 25 °C (Deeb,
Iriban, & Gust, 2011). Therefore, the SDS concentration was varied
from 10 to 50 mmol L™ " and its effect on the separation performance
was compared (Fig. 2). It is important to note that alcohols were

10 mmolL" SDS
3
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23
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Fig. 2. Electropherograms showing the separation of (1) ethanol, (2) butanol
and (3) pentanol (2% (v/v) each) in 50 mmol L phosphate buffer (pH = 9.0)
as running buffer containing different concentrations of SDS (10 to 50 mmol L
1). Other conditions: see Fig. 1.
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detected as negative signals due to the conductivity difference in
comparison to the running buffer. In addition, a small positive peak,
characteristic of overshooting, was also observed due to the high ionic
strength of the running buffer (Alves Brito-Neto, Fracassi Da Silva,
Blanes, & Do Lago, 2005). This happens when MEKC is used with
contactless conductivity detection due to a possible preconcentration of
the surfactant prior to detection of the analyte, promoting an increase
in the conductivity before the detection of the analytes. In this case, the
area of the negative peak was selected for quantifying the ethanol
content. Fig. S1 (available in the supplementary material) shows three
electropherograms associated to the injection of sample zones con-
taining running buffer, water and ethanol solution, previously diluted
in the running buffer.

Comparing the electropherograms denoted in Fig. 2, it is clear that
when SDS was added on the running buffer at concentration of 10 mmol
L™, the micelles formation was not enough to allow the separation of
the three analytes. On other hand, in concentrations above 20 mmol L™ *,
the separation of the analytes was complete and the best resolution was
achieved using higher concentrations of the surfactant. However, it is
important to emphasize that the use of SDS at concentrations near to
50 mmol L™! can generate bubbles causing noise and reducing the
baseline stability. Based on that, the concentration of 30 mmol L™ ! was
chosen as the best condition, since it allowed the complete separation of
three compounds within 170 s with good peak resolution (R > 2.2) and
greatest peak relative intensity. In addition, the concentration chosen
was higher than the CMC to ensure the formation of the micelles without
having a large effect of overshooting or pronounced bubble formation in
the system. It is well-known that pH plays an important role in the free
solution electrophoretic separations, however, in MEKC the pH has a
different consequence due to the micelles formation in the running
buffer, being a significant parameter to be optimized. In MEKC, the
micelles migrate against the electrophoretic flow, so the pH of running
buffer needs to be alkaline enough to allow the separation analytes (Deeb
et al., 2011). In this way, the effect of the buffer pH on the separation of
alcohols was investigated using 30 mmol L™ SDS. Fig. 3 displays the
electropherograms recorded using running buffer solutions prepared
with pH values between 7.0 and 9.0. As can be observed in Fig. 3, the
separation of alcohols was complete in the three conditions, however, the
highest resolution was achieved at pH 9. For this reason, this condition
was selected as optimum for the subsequent experiments.

M—’\/*’\JM/\‘V@
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Fig. 3. Electropherograms showing the separation of (1) ethanol, (2) butanol

and (3) pentanol (2% (v/v) each) in 50 mmol Lt phosphate running buffer
containing 30 mmol L SDS at different pH values. Other conditions: see Fig. 1.
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Fig. 4. Electropherograms showing the separation of successive injections of (1)

ethanol, (2) butanol and (3) pentanol (2% (v/v) each) at pH = 9.0. Other ex-
perimental conditions: see Fig. 1.

4.2. Analytical performance

The analytical performance of the proposed methodology was in-
vestigated keeping constant the optimized conditions. Fig. 4 displays
four electropherograms recorded sequentially showing the separation
of ethanol, butanol and pentanol (2% (v/v) each). As can be noted, the
separation of three compounds was completed in less than 180 s with
peak-to-peak resolution greater than 1. Table 1 depicts a comparative
summary of the main electrophoretic and analytical parameters
achieved for each compound. In this way, the three alcohols analyzed
had a good response in all parameters. The limit of detection (LOD)
values (S/N = 3) achieved for ethanol, butanol and pentanol were 0.17,
0.18 and 0.50% (v/v), respectively. The LOD values achieved in our
study were higher than those reported recently by other authors
(Cordeiro, Ferreira Santos, Gutz, & Garcia, 2019; Santos, Da Costa,
Gutz, & Garcia, 2017). However, it is important to highlight that the
methodology described in this study is simpler and does not require
sample treatment through electrochemical (Santos et al., 2017) or
photochemical (Cordeiro et al., 2019) techniques. As mentioned earlier,
the methodology adopted in this current study requires only a dilution
step in the running buffer prior to analysis making is advantageous in
comparison with the aforementioned reports. In addition to the LOD
values, the migration time, the peak area and intensity and the effi-
ciency obtained for each alcohol are also presented in Table 1. The
proposed method revealed good linear behavior in the concentration
range between 1 and 25% (v/v) and separation efficiencies from ca.
87,000 to 125,000 plates m™'.

Prior to proceed the analysis of seized whiskey samples, intra and
inter-day experiments were performed using authentic samples. In
these experiments, quadruplicate analyzes for authentic samples were
repeated for three days. The RSD values achieved for intra-day and
inter-day comparisons ranged from 2.7 to 9.4% and 6.7 to 10.8%,

Table 1

Comparison of electrophoretic parameters for repetitive injections of alcohols (n =
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respectively. The analytical performance of the methodology based on
MEKC for the analysis of alcohols was satisfactory and the data ob-
tained for ethanol was used to quantitatively determine the alcoholic
content in whiskey samples. Considering the linear behavior in the
concentration range between 1 and 25% (v/v), the only sample pre-
paration requirement was a dilution step since whiskey samples contain
a labelled alcoholic content of ca. 40%.

4.3. Analyzes of whiskeys samples

Considering the complete understanding on the separation me-
chanism of alcohols through MEKC mode, its application to determine
the alcoholic content in 20 whiskey samples (16 seized samples plus 4
original samples) from 4 different brands (brands A-D) was then eval-
uated. Typical electropherograms recorded for all original and seized
samples are displayed in Fig. S2 (available in the supplementary ma-
terial). The authenticity of the 4 original samples, being one of each
brand, was certified based on standard methodologies defined by
Federal Police analyses and Ministry of Agriculture, Livestock and
Supply for ethanol content in alcoholic drinks. Thus, these samples
were used as a comparison parameter for the determination of alcohol
content in the seized samples. Although the proposed methodology has
allowed the separation of different primary alcohols, the alcoholic
content was determined based on the ethanol concentration. For this
purpose, the concentration was determined considering the peak area
and the analytical curve (data not shown). Table 2 presents the alco-
holic content labelled in the bottle (label content), the values found
through the proposed methodology (experimental) and the reference
method (standard) as well as the alcoholic content obtained for all the
16 seized whiskey samples by using MEKC.

As mentioned, the alcoholic content values achieved in the au-
thentic samples were used to compare the proposed and reference
methods. Based on the data presented, the results found by proposed
method were similar to the concentrations achieved by the reference
method, with variations between 0.8 and 3.5%. For the seized samples,
the alcoholic content was compared to the value achieved in the au-
thentic sample. The alcoholic contents obtained for the seized samples
exhibited a wide variation. In some samples, the alcoholic content was
ca. 8-10 times lower than the expected. The variations may be asso-
ciated to the adulteration process usually employed by traffickers
aiming to increase the profit through the illegal production and sales.
To demonstrate the ability of the proposed method to discriminate
seized from original whiskey samples, a cut off value of 10% was de-
fined as a limit of variation. Considering this parameter, 75% of the
seized samples were correctly classified as adulterated samples based
on alcoholic content determined by MEKC-C*D on microchips.

In comparison with most of the reports found in the literature, the
use of MEKC-C*D on microchips is quite advantageous in terms of
sample consumption, analysis time and required instrumentation.
Differently from other alternative methodologies, the separation based
on the partition equilibrium makes possible the simultaneous analysis
of different neutral compounds in a single run. In this way, the pre-
sented methodology has a great potential to provide a rapid screening
for identifying beverage adulterations at the point-of-need.

4).

Analytes Migration time (s) Peak intensity (mV) Peak area (mV.s) Efficiency (plates.m ') LOD (%, v/v)
Ethanol 108 = 1 525 = 0.67 18.67 + 1.47 125,270 + 16,000 0.17
Butanol 126 = 2 3.65 = 0.21 15.05 + 1.26 87,660 * 3,330 0.18
Pentanol 154 + 4 1.33 * 0.17 6.59 *= 0.87 108,480 + 13,360 0.50
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Table 2
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Presentation and comparison of the alcoholic content (% (v/v)) found in original and seized samples of four whiskey brands (named as A, B, C and D).

Brands Label (%, v/v) Experimental (%, v/v) Standard (%, v/v) Adulterated samples value (%, v/v)

#1 #2 #3 #4
A 40 383 + 1.2 39.7 = 0.1 24.0 = 0.8 35.0 = 0.9 354 + 0.7 389 + 25
B 40 39.0 = 1.7 39.7 = 0.2 224 + 1.3 23.5 = 0.5 339 = 0.3 6.3 £ 05
C 40 395 + 1.7 39.7 = 0.1 39.8 + 25 348 + 1.6 16.8 + 2.2 50 + 0.6
D 43 389 * 0.6 399 * 0.3 39.4 * 0.2 142 + 2.2 43 = 0.2 399 + 1.9

5. Conclusions

This study has successfully described an analytical methodology
based on micellar electrokinetic chromatography on microchips to de-
termine the alcoholic content in whiskey samples. The developed
method offered short analysis time (< 180 s), linear behavior
(R% = 0.98) in the concentration range between 1.0 and 25% (v/v) and
LOD of 0.5% (v/v) for ethanol. The alcoholic content was determined in
seized whiskey samples and compared to original samples previously
certified. Considering the labelled alcoholic content, the achieved
concentrations revealed small variation (0.8-3.5%). Using a cut off
value of 10%, the reported approach was able to correctly discriminate
ca. 75% of the seized whiskey samples. The developed methodology did
not reveal statistical difference from the data obtained through a re-
ference method at confidence level of 95%. Considering the achieved
results, the methodology reported herein can emerge as simple and
powerful strategy for the quality control of beverages as well as rapid
screening tool about the authenticity of whiskey samples offering short
analysis time and reduced consumption of sample.

CRediT authorship contribution statement

Kariolanda C.A. Rezende: Conceptualization, Data curation,
Formal analysis, Investigation, Methodology, Validation, Writing -
original draft, Writing - review & editing. Nauyla M. Martins:
Investigation, Methodology. Marcio Talhavini: Investigation,
Methodology. Wendell K.T. Coltro: Conceptualization, Funding ac-
quisition, Project administration, Supervision, Writing - review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors would like to thank the funding received from CAPES
(grant 3363/2014 - Pré-Forense 25/2014), CNPq (grants 426496/
2018-3 and 308140/2016-8) and INCTBio (grant no. 465389/2014-7).
CAPES and CNPq are also recognized for the scholarships and re-
searcher fellowship granted to the authors. LANAGRO (Goiénia, GO,
Brazil) is thanked for performing the analysis through the reference
technique. Professor C.L.S. Chagas and Mr. H.A. Silva-Neto are also
acknowledged by revising this manuscript and drawing the graphical
abstract, respectively.

References

Aboud, M. J., Gassmann, M., & Mccord, B. R. (2015). Ultrafast STR Separations on Short-
Channel Microfluidic Systems for Forensic Screening and Genotyping. Journal of
Forensic Sciences, 60(5), 1164-1170. https://doi.org/10.1111/1556-4029.12723.

Alves Brito-Neto, J. G., Fracassi Da Silva, J. A., Blanes, L., & Do Lago, C. L. (2005).

Understanding capacitively coupled contactless conductivity detection in capillary
and microchip electrophoresis. Part 2. Peak shape, stray capacitance, noise, and ac-
tual electronics. Electroanalysis, 17(13), 1207-1214. https://doi.org/10.1002/elan.
200503238.

Baker, D. R. (1995). Capillary electrophoresis. New York: Wiley.

Barbeira, P. J. S., & Stradiotto, N. R. (1998). Anodic stripping voltammetric determination
of Zn, Pb and Cu traces in whisky samples. Fresenius’ Journal of Analytical Chemistry,
361(5), 507-509. https://doi.org/10.1007/s002160050935.

Cardoso, T. M. G., Channon, R. B., Adkins, J. A., Talhavini, M., Coltro, W. K. T., & Henry,
C. S. (2017). A paper-based colorimetric spot test for the identification of adulterated
whiskeys. Chemical Communication, 53(56), 7957-7960. https://doi.org/10.1039/
C7CC02271A.

Caruso, G., Fresta, C. G., Siegel, J. M., Wijesinghe, M. B., & Lunte, S. M. (2017). Microchip
electrophoresis with laser-induced fluorescence detection for the determination of the
ratio of nitric oxide to superoxide production in macrophages during inflammation.
Analytical and Bioanalytical Chemistry, 409(19), 4529-4538. https://doi.org/10.
1007/500216-017-0401-z.

Castro, E. R., & Manz, A. (2015). Present state of microchip electrophoresis: State of the
art and routine applications. Journal of Chromatography A, 1382, 66-85. https://doi.
org/10.1016/j.chroma.2014.11.034.

Cheicante, R. L., Stuff, J. R., & Durst, H. D. (1995). Separation of sulfur containing che-
mical warfare related compounds in aqueous samples by micellar electrokinetic
chromatography. Journal of Chromatography A, 711(2), 347-352. https://doi.org/10.
1016/0021-9673(95)00524-Q.

Chong, K. C., Thang, L. Y., Quirino, J. P., & See, H. H. (2017). Monitoring of vancomycin
in human plasma via portable microchip electrophoresis with contactless con-
ductivity detector and multi-stacking strategy. Journal of Chromatography A, 1485,
142-146. https://doi.org/10.1016/j.chroma.2017.01.012.

Cordeiro, T. G., Ferreira Santos, M. S., Gutz, I. G. R., & Garcia, C. D. (2019).
Photochemical oxidation of alcohols: Simple derivatization strategy for their analysis
by capillary electrophoresis. Food Chemistry, 292, 114-120. https://doi.org/10.1016/
j.foodchem.2019.04.043.

de Araujo, W. R., Cardoso, T. M. G., da Rocha, R. G., Santana, M. H. P., Muiioz, R. A. A.,
Richter, E. M., & Coltro, W. K. T. (2018). Portable analytical platforms for forensic
chemistry: A review. Analytica Chimica Acta, 1034, 1-21. https://doi.org/10.1016/j.
aca.2018.06.014.

Deeb, S. El, Iriban, M. A., & Gust, R. (2011). MEKC as a powerful growing analytical
technique. Electrophoresis, 32(1), 166-183. https://doi.org/10.1002/elps.
201000398.

Dossi, N., Piccin, E., Bontempelli, G., Carrilho, E., & Wang, J. (2007). Rapid analysis of
azo-dyes in food by microchip electrophoresis with electrochemical detection.
Electrophoresis, 28(22), 4240-4246. https://doi.org/10.1002/elps.200700208.

Dziomba, S., Ciura, K., Markuszewski, M. J., & Wielgomas, B. (2017). Migration time shift
of analytes in micellar electrokinetic chromatography induced by stacking.
Electrophoresis, 38(13-14), 1730-1735. https://doi.org/10.1002/elps.201700061.

Fracassi, J. A. (2000). Conductivity detection of aliphatic alcohols in micellar electro-
kinetic chromatography using an oscillometric detector CE and CEC. Electrophoresis,
21(7), 1405-1408.

Freitas, C. B., Moreira, R. C., de Oliveira Tavares, M. G., & Coltro, W. K. T. (2016).
Monitoring of nitrite, nitrate, chloride and sulfate in environmental samples using
electrophoresis microchips coupled with contactless conductivity detection. Talanta,
147, 335-341. https://doi.org/10.1016/j.talanta.2015.09.075.

Kasicka, V. (2016). Recent developments in capillary and microchip electroseparations of
peptides (2013-middle 2015). Electrophoresis, 37(1), 162-188. https://doi.org/10.
1002/elps.201500329.

MacKenzie, W. M., & Aylott, R. I. (2004). Analytical strategies to confirm Scotch whisky
authenticity. The Analyst, 129(7), 607-612. https://doi.org/10.1039/b403068k.

Martins, A. R., Talhavini, M., Vieira, M. L., Zacca, J. J., & Braga, J. W. B. (2017).
Discrimination of whisky brands and counterfeit identification by UV-Vis spectro-
scopy and multivariate data analysis. Food Chemistry, 229, 142-151. https://doi.org/
10.1016/j.foodchem.2017.02.024.

Moreira, R. C., Costa, B. M. C., Marra, M. C., Santana, M. H. P., Maldaner, A. O., Botelho,
E. D., ... Coltro, W. K. T. (2018). Screening of seized cocaine samples using electro-
phoresis microchips with integrated contactless conductivity detection.
Electrophoresis, 39(17), 2188-2194. https://doi.org/10.1002/elps.201800137.

Muijselaar, P. G., Otsuka, K., & Terabe, S. (1998). On-line coupling of partial-filling mi-
cellar electrokinetic chromatography with mass spectrometry. Journal of
Chromatography A, 802(1), 3-15. https://doi.org/10.1016/50021-9673(97)01089-3.

Nogueira, S. A., Lemes, A. D., Chagas, A. C., Vieira, M. L., Talhavini, M., Morais, P. A. O.,
& Coltro, W. K. T. (2019). Redox titration on foldable paper-based analytical devices


https://doi.org/10.1111/1556-4029.12723
https://doi.org/10.1002/elan.200503238
https://doi.org/10.1002/elan.200503238
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0015
https://doi.org/10.1007/s002160050935
https://doi.org/10.1039/C7CC02271A
https://doi.org/10.1039/C7CC02271A
https://doi.org/10.1007/s00216-017-0401-z
https://doi.org/10.1007/s00216-017-0401-z
https://doi.org/10.1016/j.chroma.2014.11.034
https://doi.org/10.1016/j.chroma.2014.11.034
https://doi.org/10.1016/0021-9673(95)00524-Q
https://doi.org/10.1016/0021-9673(95)00524-Q
https://doi.org/10.1016/j.chroma.2017.01.012
https://doi.org/10.1016/j.foodchem.2019.04.043
https://doi.org/10.1016/j.foodchem.2019.04.043
https://doi.org/10.1016/j.aca.2018.06.014
https://doi.org/10.1016/j.aca.2018.06.014
https://doi.org/10.1002/elps.201000398
https://doi.org/10.1002/elps.201000398
https://doi.org/10.1002/elps.200700208
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0075
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0075
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0075
https://doi.org/10.1016/j.talanta.2015.09.075
https://doi.org/10.1002/elps.201500329
https://doi.org/10.1002/elps.201500329
https://doi.org/10.1039/b403068k
https://doi.org/10.1016/j.foodchem.2017.02.024
https://doi.org/10.1016/j.foodchem.2017.02.024
https://doi.org/10.1002/elps.201800137
https://doi.org/10.1016/S0021-9673(97)01089-3

K.C.A. Rezende, et al.

for the visual determination of alcohol content in whiskey samples. Talanta,
194(August 2018), 363-369. https://doi.org/10.1016/j.talanta.2018.10.036.

Nordon, A., Mills, A., Burn, R. T., Cusick, F. M., & Littlejohn, D. (2005). Comparison of
non-invasive NIR and Raman spectrometries for determination of alcohol content of
spirits. Analytica Chimica Acta, 548(1-2), 148-158. https://doi.org/10.1016/j.aca.
2005.05.067.

Parker, I. G., Kelly, S. D., Sharman, M., Dennis, M. J., & Howieb, D. (1998). Investigation
into the use of carbon isotope ratios (13C / 12C) of Scotch whisky congeners to
establish brand authenticity using gas chromatography- combustion-isotope ratio
mass spectrometry. 8146(98).

Pascali, J. P., Bortolotti, F., & Tagliaro, F. (2012). Recent advances in the application of
CE to forensic sciences, an update over years 2009-2011. Electrophoresis, 33(1),
117-126. https://doi.org/10.1002/elps.201100463.

Phillips, T. M. (2018). Recent advances in CE and microchip-CE in clinical applications:
2014 to mid-2017. Electrophoresis, 39(1), 126-135. https://doi.org/10.1002/elps.
201700283.

Piccin, E., Dossi, N., Cagan, A., Carrilho, E., & Wang, J. (2009). Rapid and sensitive
measurements of nitrate ester explosives using microchip electrophoresis with elec-
trochemical detection. Analyst, 134(3), 528-532. https://doi.org/10.1039/
b813993h.

Pinheiro, K. M. P., Moreira, R. C., Rezende, K. C. A., Talhavini, M., Logrado, L. P. L., Baio,
J. A. F., ... Coltro, W. K. T. (2019). Rapid separation of post-blast explosive residues
on glass electrophoresis microchips. Electrophoresis, 40(3), 2891-2895. https://doi.
org/10.1002/elps.201800245.

Rezende, K. C. A., Moreira, R. C., Logrado, L. P. L., Talhavini, M., & Coltro, W. K. T.
(2016). Authenticity screening of seized whiskey samples using electrophoresis mi-
crochips coupled with contactless conductivity detection. Electrophoresis, 37(21),
2891-2895. https://doi.org/10.1002/elps.201600277.

Rhodes, C. N., Heaton, K., Goodall, I., & Brereton, P. A. (2009). Gas chromatography
carbon isotope ratio mass spectrometry applied to the detection of neutral alcohol in
Scotch whisky : An internal reference approach. Food Chemistry, 114(2), 697-701.
https://doi.org/10.1016/j.foodchem.2008.09.059.

Food Chemistry 329 (2020) 127175

Santos, M. S. F., Da Costa, E. T., Gutz, I. G. R., & Garcia, C. D. (2017). Analysis of me-
thanol in the presence of ethanol, using a hybrid capillary electrophoresis device with
electrochemical derivatization and conductivity detection. Analytical Chemistry,
89(2), 1362-1368. https://doi.org/10.1021/acs.analchem.6b04440.

Stojkovic, M., Schlensky, B., & Hauser, P. C. (2013). Referenced capacitively coupled
conductivity detector for capillary electrophoresis. Electroanalysis, 25(12),
2645-2650. https://doi.org/10.1002/elan.201300413.

Taranto, V., Ueland, M., Forbes, S. L., & Blanes, L. (2019). The analysis of nitrate ex-
plosive vapour samples using Lab-on-a chip instrumentation. Journal of
Chromatography A, 1602, 467-473.

Teodoro, J. A. R., Pereira, H. V., Sena, M. M., Piccin, E., Zacca, J. J., & Augusti, R. (2017).
Paper spray mass spectrometry and chemometric tools for a fast and reliable iden-
tification of counterfeit blended Scottish whiskies. Food Chemistry, 237, 1058-1064.
https://doi.org/10.1016/j.foodchem.2017.06.062.

Thormann, W., Wey, A. B., Lurie, L. S., Gerber, H., Byland, C., Malik, N., Hochmeister, M.,
& Gehrig, C. (1999). Capillary electrophoresis in clinical and forensic analysis: Recent
advances and breakthrough to routine applications. Electrophoresis, 20(15-16),
3203-3236. https://doi.org/10.1002/(SICI)1522-2683(19991001)20:15/

16 < 3203::AID-ELPS3203 > 3.0.CO;2-E.

Verpoorte, E. (2007). Microfluidic chips for clinical and forensic analysis. 677-712.

von Heeren, F., & Thormann, W. (1997). Capillary electrophoresis in clinical and forensic
analysis. Electrophoresis, 18(12-13), 2415-2426. https://doi.org/10.1002/elps.
1150181232.

Weinberger, R., & Lurie, I. S. (1991). Micellar Electrokinetic Capillary Chromatography of
Illicit Drug Substances. Analytical Chemistry, 63(8), 823-827. https://doi.org/10.
1021/ac00008a018.

Wuethrich, A., & Quirino, J. P. (2019). Analytica Chimica Acta A decade of microchip
electrophoresis for clinical diagnostics e A review of 2008 e 2017. Analytica Chimica
Acta, 1045, 42-66. https://doi.org/10.1016/j.aca.2018.08.009.

Zaugg, S., & Thormann, W. (2000). Enantioselective determination of drugs in body fluids
by capillary electrophoresis. 875, 27-41.


https://doi.org/10.1002/elps.201100463
https://doi.org/10.1002/elps.201700283
https://doi.org/10.1002/elps.201700283
https://doi.org/10.1039/b813993h
https://doi.org/10.1039/b813993h
https://doi.org/10.1002/elps.201800245
https://doi.org/10.1002/elps.201800245
https://doi.org/10.1002/elps.201600277
https://doi.org/10.1016/j.foodchem.2008.09.059
https://doi.org/10.1021/acs.analchem.6b04440
https://doi.org/10.1002/elan.201300413
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0165
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0165
http://refhub.elsevier.com/S0308-8146(20)31037-2/h0165
https://doi.org/10.1016/j.foodchem.2017.06.062
https://doi.org/10.1021/ac00008a018
https://doi.org/10.1021/ac00008a018
https://doi.org/10.1016/j.aca.2018.08.009

	Determination of the alcoholic content in whiskeys using micellar electrokinetic chromatography on microchips
	Introduction
	Material and methods
	Chemicals
	Instrumentation
	Electrokinetic control
	Contactless conductivity detection
	Samples

	Reference analytical method
	Results and discussion
	Optimization of experimental parameters
	Analytical performance
	Analyzes of whiskeys samples

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References




