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Abstract
Transient isotachophoresis (tITP) is a universal online sample preconcentration technology. It uses ITP to focus electrically
charged analytes during the initial stage of capillary electrophoresis (CE) analysis, which can effectively improve the sensitivity
of CE. In this work, an approach of tITP under counter-electroosmotic flow was developed for capillary zone electrophoresis
(CZE) determination of five trace food additives which include benzoic acid, sorbic acid, sunset yellow, allura red, and amaranth
in beverage samples. The parameters that affect the preconcentration effect of the system, such as the type of terminating
electrolyte and its injection time, the preconcentration time of ITP, and the sample injection time, have been investigated in
detail. The mechanism of counterflow-tITP was explored preliminarily. Under optimal conditions, the sensitivity of five food
additives was improved 11.9, 11.5, 13.04, 10.05, and 15.3 times. Their limits of detection (LODs, S/N = 3) reached 0.15, 0.10,
0.38, 0.33, and 0.11 μg/ml, with good repeatability (peak area RSDs ≤ 6.9%) and calibration graph linearity (r ≥ 0.9992).
Recoveries of five food additives in spiked beverage samples ranged from 92.0 to 100.8% with RSDs between 1.38 and
2.95%. This method is simple, rapid, and sensitive. It has been successfully applied to the separation and detection of trace food
additives in cocktails, orange juice, and carbonated beverages. The feasibility of determination of trace additives in beverages by
tITP-CZE under the condition of counterflow has been confirmed.
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Introduction

Food additives are added in foodstuffs to carry out certain
technological functions, specifically to impart color, sweeten,
or preserve the food product. According to the characteristics

of food additives, it can be classified into various categories,
such as colorants, preservatives, and sweeteners (Zhao et al.
2013; Nambiar et al. 2018). With the rapid development of
food additive applications, a series of problems such as ex-
ceeding the limit control and scope of its use have appeared.
Sunset yellow, allura red, and amaranth are artificial synthetic
colors. They are widely used in beverages as they have greater
stability and are relatively inexpensive. Nevertheless, when
they are used beyond the permissible limits, they can cause
adverse effects on the human body such as respiratory prob-
lems, allergy, thyroid tumors, chromosomal damage, hyper-
activity, and abdominal pain (Jiang et al. 2020; Doguc et al.
2019, 2013). Benzoic acid and sorbic acid are commonly used
preservatives in food. Their use beyond the permissible limits
will also overload the human body, which in turn affects the
normal catabolism of the human body (Singh and Gandhi
2015; Parke and Lewis 1992). Every country has specific
directives to regulate the use of food additives and safety
aspects. Hence, it becomes essential to monitor the added dose
of these additives in various food substances to control their
use and thereby reduce the health complications in consumers.
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Due to the complex matrix of the food sample, the pretreat-
ment process is tedious, and the content of the food additive to
be tested is low, which places high requirements on the detec-
tion of food additives. Currently, the main analytical methods
for food additives in food include gas chromatography (GC)
(Abdol-Samad et al. 2014; Sun et al. 2013), high performance
liquid chromatography (HPLC) (Sercan and Ahmet 2018;
Rejczak and Tuzimski 2017; Pagacikova and Lehotay 2015;
Zhang et al. 2015; Wang et al. 2015), and liquid
chromatography-mass spectrometry (LC-MS) (Kim et al.
2018; Martin et al. 2016; Negrete et al. 2019), gas
chromatography-mass spectrometry (GC-MS) (Sagandykova
et al. 2017), and capillary electrophoresis (CE) (Wu et al.
2016, b; Tang et al. 2017). GC is only suitable for the detec-
tion of volatile components. HPLC has a wide range of appli-
cations and high sensitivity, but the sample pretreatment pro-
cess is more time-consuming and tedious, and requires a large
amount of organic solvents. Although GC-MS and LC-MS
possess high throughput for simultaneous determination of
multiple food additives in food with high sensitivity and se-
lectivity, they are often not applicable in ordinary labs due to
the need for expensive equipment.

Compared to other separation methods described above,
CE has the advantages of fastness, high efficiency, and mini-
mum reagent and sample consumption. However, due to the
small sample injection volume and the short light pathway, the
sensitivity of CE with conventional UV detection is not suffi-
ciently high. This limits the application of CE in the separation
and detection of trace food additives. CE often needs to be
combined with other preconcentration techniques to improve
its detection sensitivity. Therefore, various online concentra-
tion procedures have been developed to improve the sensitiv-
ity such as field-amplified sample stacking (FASS), field-
amplified sample injection (FASI) (Wang et al. 2018; Pawel
and Rafal 2017; Wu et al. 2016a), large volume sample stack-
ing (LVSS) (Shao et al. 2016; Bailon-Perez et al. 2007), dy-
namic pH junction (Hsu et al. 2014; Kitagawa et al. 2019),
sweeping (Peng et al. 2020; Ma et al. 2019), electrokinetic
supercharging (EKS) (Chu et al. 2020; Maddukuri and Gong
2020), and transient isotachophoresis (tITP) (Wu et al. 2019).
Although FASS, FASI, and EKS are effective for low con-
ductivity samples, they are inapplicable for analytes in high
conductivity samples with complex matrices (Hattori et al.
2017). Due to the high ionic strength caused bymore chemical
components in the complex matrix, it is difficult to obtain
effective stacking and enrichment effect. Therefore, the highly
saline matrices significantly affect the sensitivity in CE, which
increases the difficulty of sample pretreatment and makes
things even more complicated. However, the ITP mode is a
concentration method based on or unaffected by the highly
saline matrices and is especially suitable for highly saline ma-
trix sample. In tITP mode, analytes in high-salinity matrix
samples can be preconcentrated without or with little

pretreatment. This is very beneficial for food analysis with
complex sample matrices.

Generally, tITP is performed under conditions that sup-
press electroosmotic flow (EOF). A common strategy of sup-
pressing EOF is to run tITP in a low pH background electro-
lyte (BGE) (Zhuo et al. 2006; Petr et al. 2006; Okamoto et al.
2005). However, the five food additives are anionic and can-
not be effectively separated at low pH (the structural formulas
of the five food additives are shown in Fig. 1).

In this paper, the counterflow-tITP-CZE technology was
used to establish a rapid separation and detection method for
five food additives which include benzoic acid, sorbic acid,
sunset yellow, allura red, and amaranth red in beverages. This
method took the advantages of counterflow to push the
stacked analytes to the inlet end of capillary without the aid
of hydrodynamic backpressure to preconcentration the
analytes. Five food additives were then effectively separated
by CZE at high pH. The parameters of terminating electrolyte
type and injection time, preconcentration time of tITP, and
sample injection time in the system were studied. The method
has been successfully applied to the separation and detection
of five food additives in a variety of beverages with satisfac-
tory results.

Materials and Methods

Materials

Sunset yellow, benzoic acid, and sorbic acid were purchased
from Aladdin (Shanghai, China). Allura red and amaranth
were obtained from Shanghai Jinsui Technology Co., Ltd.
(Shanghai, China). Sodium tetraborate and sodium
dihydrogen phosphate (NaH2PO4) were obtained from
Xilong Scientific Co., Ltd. (Guangdong, China). β-
Cyclodextrin was from Tianjin Komeo Chemical Reagent
Co., Ltd. (Tianjin, China). 2-(N-Morpholino)ethanesulfonic
acid monohydrate (MES) and 2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid (HEPES) were purchased
from Shandong Xiya Chemical Industry Co., Ltd. (Shandong,
China). Methanol, hydrochloric acid, and sodium hydroxide
were all obtained from Guangdong Guanghua Technology
Co., Ltd. (Guangdong, China). The beverage samples of cock-
tails, orange juice, and carbonated beverages were purchased
from local supermarket. All reagents were of analytical-
reagent grade and were used as received. Deionized (DI) water
at 18.2 MΩ cm was produced using a UPH-1V-20T Youpu
series ultrapure water machine (Sichuan Youpu Super Pure
Technology Co., Ltd., China) and used for all solution prepa-
ration. All reagents and solutions used in this experiment were
filtered through a 0.22-μm microporous membrane and
degassed by ultrasonication before use.
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All experiments were conducted using a CE instrument
(Agilent Technologies, Waldbroon, Germany) equipped with
UV diode-array detection (DAD). An uncoated fused-silica
capillary (Yongnian Country Reafine Chromatography,
Hebei, China) with 65 cm total length (57 cm effective length)
and 75 μm I.D. (375 μmO.D.) was used. The detection wave-
length was set at 214 nm for five additives. The temperature of
the capillary was 25 °C in all experiments. The ChemStation
software available in CE was used for CE control and data
analysis, including peak area determination by manual selec-
tion of peak start and end points.

Methods

Solutions Preparation

Standard stock solutions with the concentration of 1000μg/ml
were prepared by dissolving the appropriate amount benzoic

acid, sorbic acid, sunset yellow, allura red, and amaranth in
methanol, respectively. The standard mixtures were prepared
by diluting the corresponding stock solutions with methanol
as required for the experiment. All standard solutions were
stored at 4 °C.

Sample Preparation

Ten milliliters of cocktails, orange juice, and carbonated bev-
erages was taken out separately. Ultrasonication was done for
20min to remove carbon dioxide from the beverages, and they
were placed in a 4 °C refrigerator for storage.

Counterflow-tITP Conditions

Before use, new capillary was flushed with methanol for
10 min, 1.0 M HCl for 20 min, and 1 M NaOH for 20 min.
The capillary was then preconditioned daily prior to use by
washing with 1 M NaOH for 10 min and water for 5 min.
Before each sample injection, the capillary was rinsed with
1 M NaOH for 3 min followed by 3 min BGE. For CZE, the
BGE consisted of 25 mM sodium tetraborate–12.5 mM sodi-
um dihydrogen phosphate, and 8 mM β-cyclodextrin (the pH
was adjusted to 11.0 with 0.1 M NaOH).

For the tITP experiments, the BGE was used as the lead
electrolyte (LE), and 10 mM MES (was adjusted to pH 7.5
with 0.1 M Tris) was used as the terminating electrolyte (TE).
First, sample solution was introduced into the capillary filled
with LE using a pressure of 100 mbar for 10 s. Then, the
sample vial at the capillary inlet end was replaced with a vial
containing TE buffer. After TE was introduced into the capil-
lary using a pressure of 50 mbar for 20 s (Fig. 2a), a voltage of
− 23 kV was applied to complete the preconcentration of the
analytes by tITP (Fig. 2b). Finally, the vial containing TE wasFig. 2 a–d Schematic diagram of transient electrophoresis

Fig. 1 Molecular structure of
benzoic acid, sorbic acid, sunset
yellow, allura red, and amaranth
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replaced with a vial containing LE, and CZE analysis of the
preconcentrated analytes was carried out with a constant volt-
age of 23 kV.

Results and Discussion

Schematic Representation of Counterflow-tITP

The experimental principle of tITP is shown in Fig. 2. First,
the capillary inlet was inserted into the vial containing LE, and
the capillary was filled with LE. The plug of sample was then
introduced into the capillary at an injection pressure of
100 mbar for 10 s. Thereafter, to avoid the analytes migrating
out of the capillary inlet during or after the preconcentration
process, a short TE plug was injected (Fig. 2a). When a neg-
ative voltage of − 23 kV was applied, according to the princi-
ple of ITP, the leading ions, the sample ions, and the termi-
nating ions would migrate with the same velocity. Meanwhile,
preconcentration of the analytes was completed (Fig. 2b). In
this process, the direction of EOF is always from the positive
electrode to the negative electrode. When a negative voltage
was applied, a strong counterflow was generated which
flowed from the capillary outlet to the inlet. Therefore, the
migration direction of the analytes was opposite to that of
EOF. The counterflow acted as a pump, concentrating and
pushing the analytes toward the capillary inlet end (Fig. 2c).
After the preconcentration of analytes was completed, the
separation and determination were immediately performed at
a positive voltage of 23 kV, thereby achieving a smooth tran-
sition from the tITP state to the CZE state (Fig. 2d).

In the process of counterflow ITP-CZE, the most critical
point in the process is the timing of the moment to switch off
the ITP and to start the CZE. This is done at the moment the
analytes are about to leave the capillary. If the ITP process is
continued for too long, the sample zones will migrate out of
the capillary into the inlet buffer vial, resulting in loss of the
analytes. If the voltage is switched too early and the CZE run
is started, there is still a plug of terminating buffer in the
capillary. The mixing of the terminating buffer and the BGE

will disturb the homogeneity of the electric field necessary for
CZE, resulting in band broadening. Not only that, but it
will also cause the analytes to reach the detector too
early during the following CZE separation step and the
resolution will be poor. Therefore, the sample zones
have to be close to the inlet end of the capillary when
the CZE separation step is started. The terminating elec-
trolyte should be removed as much as possible to en-
sure that the field strength during CZE analysis is more
homogeneous, to prevent band broadening, and to allow
the analytes to be properly separated before reaching the
detector.

Optimization of the Parameters in Counterfolw-tITP

Selection of Terminating Electrolyte Types

In order to increase the enrichment effect of counterflow-tITP
and improve its sensitivity, it is crucial to choose appropriate
TE. The choice of terminating ion is determined by the elec-
trophoretic mobilities of some ions. In the ITP process, the
mobility of the terminating ion is smaller than that of all

Fig. 3 Effect of enrichment time
(A) (a, 6 s; b, 12 s; c, 18 s; d, 24 s;
e, 30 s) and sample injection time
(B) (a, 5 s; b, 8 s; c, 10 s; d, 12 s; e,
15 s) on the enrichment effect. 1,
benzoic acid; 2, sorbic acid; 3,
sunset yellow; 4, allura red; 5,
amaranth

Fig. 4 Effect of the amount of terminating electrolyte on the enrichment
effect (a, 10 s; b, 15 s; c, 20 s; d, 23 s; e, 25 s). 1, benzoic acid; 2, sorbic
acid; 3, sunset yellow; 4, allura red; 5, amaranth
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analyte ions, so that the terminating ion can concentrate the
sample plug together with the leading ion, thereby achieving
the enrichment effect.

According to the reference (Huang et al. 2002), we selected
the BGE used in CZE as LE, and examined the effects of
HEPES, L-histidine, L-alanine, and MES as TE on the exper-
imental. The experimental results showed that when HEPES
was used as the terminating ion, the peak shapes of the five
analytes overlap and have poor repeatability, while L-histidine
and L-alanine are strong electrolytes. Excessive Joule heat will
accelerate the dispersion of stacked analytes. When MES was
used as TE, the five analytes have higher sensitivity enhance-
ment factors (SEFs) and well separation. Therefore, in the
counterflow-tITP process, MES was selected as TE.

Optimization of Counterflow-tITP Preconcentration Time

During the progress of counterflow-tITP, the analytes’ SEF is
related to its preconcentration time. Within a short
preconcentration time, the terminating ions were not
completely pushed out of the capillary by counterflow. It will
make the electric field distribution in the capillary uneven and
affect the separation efficiency and migration time in the prog-
ress of CZE. It will also prevent the analytes from stacking
sufficiently, so the analytes cannot be preconcentrated to the
greatest extent or cannot be completely separated. If the
preconcentration time is too long, part or even all of the
analytes will be pushed out of the capillary inlet end by coun-
terflow, resulting in a decrease in the analytes’ SEF.

Fig. 5 Typical electropherograms
of the standards, cocktail, orange
juice, and carbonated beverage.
Na+ served as the LE of counter-
EOF-tITP. TE was 10 mM MES
(pH 7.5) and was injected with
50 mbar for 20 s. Sample was
injected at 100 mbar for 10 s. A
The standards with CZE (a) and
with counterflow-tITP (b). B The
standards and cocktail sample
with counterflow-tITP (a, cocktail
samples; b, real cocktail sample
spiked with amaranth). C The
standards and orange juice sample
with counterflow-tITP (a, orange
juice samples; b, real orange juice
sample spiked with sorbic acid
and sunset yellow). D The stan-
dards and carbonated beverage
sample with counterflow-tITP (a,
carbonated beverage sample; b,
real carbonated beverage sample
spiked with allura red). 1, benzoic
acid; 2, sorbic acid; 3, sunset yel-
low; 4, allura red; 5, amaranth

Table 1 Parameters of the method for quantification of five analytes (n = 3)

Analyte Linear range Regression equation1 Correlation coefficient (r) LOD2 (μg/ml) RSD (%) (n = 3)

a ± SD b ± SD

Benzoic acid 5–25 1.362 ± 0.0033 132.7 ± 0.1894 0.9996 0.15 3.5

Sorbic acid 5–25 1.974 ± 0.0040 13.48 ± 0.0376 0.9994 0.10 4.2

Sunset yellow 5–25 0.58 ± 0.0058 10.56 ± 0.0362 0.9992 0.38 6.3

Allura red 8–48 3.638 ± 0.0195 18.50 ± 0.0787 0.9998 0.33 4.9

Amaranth 8–48 5.068 ± 0.0281 39.16 ± 0.1822 0.9996 0.11 3.9

1 Regression equation: y = ax + b; y: peak area, x: the amount of each analyte injected (μg/ml)
2 Limit of detection: S/N > 3

384 Food Anal. Methods  (2021) 14:380–388



Therefore, the effects of preconcentration times of 6, 12, 18,
24, and 30 s on the preconcentration of analytes were investi-
gated in this experiment. The results indicated that when the
preconcentration time was 24 s, the analyte ions were stacked
near the capillary inlet end, the SEF reached a maximum, and
the analytes were completely separated (Fig. 3A).
Consequently, the sample preconcentration time of 24 s was
selected for further experiments.

Optimization of Sample Injection Time

The amount of sample injected determines the sensitivity en-
hancement of the tITP-CZE method. In order to examine the
effect of injection time on counterflow-tITP stacking, a range
of 5–15 s was investigated, applying an injection pressure of
100 mbar. As shown in Fig. 3B, the peak area increased as the
injection time increased. However, interferences arose when
the injection time was larger than 10 s. Therefore, an injection
time of 10 s was for further experiments.

Effect of TE Injection Time on the Stacking and Separation
Performance

Properly increasing the counterflow duration could minimize
the movement of the ITP zone toward the detector during the

ITP stage, thereby maximizing the remaining capillary length
for separation the analytes, and improving the separation of
the analytes. Meanwhile, the ITP occurred close to the capil-
lary inlet during application of counterflow, allowing all
analytes to migrate away from the ITP zone with improved
resolution. Therefore, increased counterflow duration allowed
for faster separation. However, due to the diffusion between
zones when applying the counterflow, the sensitivity would
decrease with counterflow duration (Aemi et al. 2014). In this
paper, the length of the terminating ions’ zone determined the
counterflow duration. Therefore, the length of the introduced
terminating ions’ zone should be investigated. The effects of
terminating ions’ injection time from 10 to 25 s on the
analytes’ stacking and separation performance were studied
at a pressure of 50 mbar. The peak area of the analytes in-
creases with the increase of the TE injection time when the TE
injection time is gradually increased from 10s to 20 s.
However, the peak area started to decrease when the injection
time exceeded 20 s. As shown in Fig. 4, when the TE injection
time is 20 s, the five analytes can be separated. As a compro-
mise between sensitivity and selectivity, the TE injection time
of 20 s was selected for further experiments.

Method Validation

In this paper, the sensitivity enhancement factor (SEF) was
used to evaluate the enrichment effect of the presented meth-
od. The sensitivity enhancement factor can be calculated from
formula (1):

SEF ¼ AtITP

ACZE
� CCZE

CtITP
ð1Þ

where AtITP and ACZE represent the peak areas of the analytes
obtained by tITP and CZE, respectively. CtITP and CCZE

Table 2 Content of additives in samples

Sample Additive Content (g/kg)

Cocktail Benzoic acid 0.39

Amaranth –

Orange juice Sorbic acid 0.18

Sunset yellow –

Carbonated beverage Allura red –

Table 3 Recoveries of five
substances (n = 3) Analyte Added (μg/ml) Found (μg/ml) Recovery (%) Average recovery (%) RSD (%)

Benzoic acid 5 4.89 97.8 98.44 1.38
15 15.0 100

25 24.38 97.52

Sorbic acid 5 4.95 99.0 98.82 2.10
15 14.5 96.67

25 25.2 100.8

Sunset yellow 5 4.80 96.0 94.35 2.22
15 14.26 95.06

25 23.0 92.0

Allura red 8 7.95 99.37 98.48 2.34
24 23.01 95.87

48 48.1 100.2

Amaranth 8 7.6 95.0 98.34 2.95
24 24.01 100.04

48 48.0 100.0
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represent the analyte concentrations corresponding to AtITP

and ACZE, respectively. The corresponding typical electrophe-
rograms of counterflow-tITP and CZE are shown in Fig. 5A
((a) and (b)). According to formula (1), the SEFs of benzoic
acid, sorbic acid, sunset yellow, allura red, and amaranth were
11.9, 11.5, 13.04, 10.05, and 15.3.

Linear Range and Limit of Detection

The prepared standard stock solution was serially diluted with
methanol to prepare a series of mixed standard solutions of
five analyte standards. The concentrations of five analytes in
serially diluted mixed standard solution were analyzed under
the optimized counterflow-tITP-CZE conditions. The peak
areas of five analytes at different concentrations were mea-
sured to fit the calibration curve. The results indicated that
the five analytes had good linearity in a certain concentration
range (r > 0.9992). The limits of detection (LODs) were cal-
culated as three times the signal-to-noise ratio. The obtained
linear range, regression curve, correlation coefficient, LOD,
and relative standard deviation (RSD) are shown in Table 1.

Application of Counterflow-tITP-CZE Method to Beverage
Sample

In order to clearly demonstrate the applicability of this meth-
od, we applied it to the detection of five food additives in
cocktails, orange juice, and carbonated beverages. Cocktail
sample was spiked with 50 μg/ml amaranth, orange juice
sample was spiked with 50 μg/ml sorbic acid and 50 μg/ml
sunset yellow, and carbonated beverage was spiked with
50 μg/ml allura red. The three beverages were then analyzed
by counterflow-tITP-CZE. The electropherograms of cocktail
sample, orange juice sample, and carbonated beverage sample
are shown in Fig. 5B–D. As can be seen from Fig. 5B–D,
among the three beverages without additional spiked with
additives, only benzoic acid and sorbic acid were detected in
the cocktail samples and orange juice samples. The remaining
three food additives are not detected in these three samples.
The contents of benzoic acid and sorbic acid are shown in
Table 2.

Addition and recovery tests were performed in three bev-
erage samples at three different concentrations of analytes.
Cocktail sample was spiked with benzoic acid and amaranth.
The spiking levels of benzoic acid were 5.0, 15.0, and
25.0 μg/ml, and the spiking levels of amaranth were 8.0,
24.0, and 48.0 μg/ml. Orange juice sample was spiked with
sorbic acid and sunset yellow, and the spiking levels were all
5.0, 15.0, and 25.0 μg/ml. Carbonated beverage was spiked
with allura red, and the spiking levels were 8.0, 24.0, and
48.0 μg/ml. The above levels of each addition were measured
in parallel three times. The quantitative results and the recov-
eries of the method, which were determined by adding

different amounts of the analytes to the sample, are listed in
Table 3. The results proved that the detection method was
accurate and reproducible. It is suitable for the determination
of five food additives in actual samples.

Conclusions

In this work, a counterflow-tITP method was developed as an
online concentration procedure for CZE determination of food
additives in beverages, including benzoic acid, sorbic acid,
sunset yellow, allura red, and amaranth. The tITP feature of
the system allowed analytes to be preconcentrated under
counterflow conditions, and thus their improved detection
sensitivity. Moreover, it simultaneously maintained excellent
CZE resolution, peak shapes, and separation efficiencies of
the analytes. The sensitivity of benzoic acid, sorbic acid, sun-
set yellow, allura red, and amaranth red was improved 11.9,
11.5, 13.04, 10.05, and 15.3 times compared to those obtained
using the conventional CZEmethod. The method was validat-
ed and showed satisfactory analytical performance. The LOD,
linearity, recovery, and repeatability were determined to con-
firm that the method has sufficient detection ability and pre-
cision to be used for the determination of five food additives in
beverages.
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