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Abstract

Capillary electrophoresis (CE) is excellent at separating all the ions in a sample but is rarely used as a result of its detection issue
and easy loss of very fast ions by common one-end injection methods. Herein we propose a newly developed method aimed at
simultaneous determination of positive and negative ions with a home-made CE device, featuring bi-end injection and contactless
conductivity detection at the middle. By simply using 2.5 M acetic acid as a running buffer, the method can separate 37 ions (3
inorganic anions, 8 inorganic cations, 10 biogenic amines, and 16 amino acids) per run, with linearity between 10 and 2000 uM
(R*>0.99), limit of detection of 1.0-16.6 uM, and limit of quantification of 2.3-31.7 uM. The recovery measured by spiking
standards into samples at high, middle, and low levels was between 73% and 110%. The intra- and interday repeatability of the 37
analytes ranged from 0.69% to 8.97% and from 0.68% to 11.04%, respectively. The proposed method was evaluated by analysis
of 21 beers and, in addition to acquiring the concentration information, the brands of the tested beers were distinguished. This
method is of high throughput, fast, and cost-effective. It could be a promising tool for ionomic analysis.

Keywords Capillary electrophoresis - Beer ions - Biogenic amines - Amino acids - Brand differentiation

Introduction

Beers are popular fermented beverages throughout the world.
Hence, their safety and authenticity are of global concern and
quality assurance requires a thorough analysis of both their
nutrient content and potentially toxic substances.
Unfortunately, full and accurate determination of beer
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composition remains a challenging task. In addition to their
major constituents of alcohol and water, beers are rich in mi-
nor components such as amino acids, vitamins, sugars, inor-
ganic salts, enzymes, etc. [1]. They have a significant effect on
beer quality and can be beneficial or harmful to human health.
For example, chloride, sulfate, carbonate, and magnesium
may affect the taste and flavor of a beer, while iron, lead,
copper, zinc, and tin can haze a beer [2]. More importantly,
some inorganic salts such as nitrate or nitrite may be carcino-
genic to humans through ingestion-induced endogenous
nitrosation (Group 2A) [3, 4]. Free amino acids in wort are
metabolized by yeast during fermentation and participate in
biosynthetic pathways leading to the formation of important
flavor components, such as higher alcohols, esters, and sulfur
compounds [1]. However, amino acids may also be converted
to biogenic amines (BAs) through decarboxylation catalyzed
by microbial enzymes (e.g., lysine changes to cadaverine after
decarboxylation) [5, 6]. Excessive BAs can cause nausea,
headache, nervous system disorders, and so forth [7, 8]. For
example, histamine (HA) has been implicated as the causative
agent in several outbreaks of food poisoning. HA intake can
cause mild, moderate, and severe poisoning in the range of 8—
40 mg, 40-100 mg, and above 100 mg, respectively [9].
Putrescine (Put), spermine (Spm), spermidine (Spd), and
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cadaverine (Cad) have no adverse effects on health, but they
may react with nitrite to form carcinogenic nitrosoamines and
may also serve as indicators of corruption [10, 11]. These
harmful substances should thus be well regulated. Their ana-
lytical challenges lie in the effective separation and accurate
determination of all these complex components at a concen-
trations ranging from several percent down to below ppt level.

At present, these components, especially the inorganic
ions, can be analyzed by colorimetry [12], electrochemistry
[13], atomic absorption spectrum [14], emission spectrum
[15], ion chromatography [16—18], and capillary electropho-
resis (CE) [19]. In terms of ions, ion chromatography is a top
choice; however, special instruments and a set of columns are
needed to enable measurement of both negative and positive
ions. Its separation performance [17, 18] and peak capacity
may not be sufficient to elucidate all the concerned ions. Thus,
high-performance liquid chromatography (HPLC) [5-8, 20]
tends to be the first choice, which is particularly favorable
for the analysis of amino acids, BAs, and other neutral con-
stituents, but for ions, very hydrophilic modes should be con-
sidered. An easy alternative is CE, which is known to have
fast speed, high separation performance, extremely low run-
ning costs, and easy manipulation. In fact, CE could separate
dozens of ions at once by indirect UV absorption [21].
Unfortunately, it is not very repeatable and hardly applicable
to quantification. Direct detection with contactless conductiv-
ity detection (C*D) [22-24] has been subsequently exploited
and a commercialized detector is now available. However,
widespread use of CE remains rare because normal CE easily
loses fast ions and has resolution problems, thus it is hardly
applicable to the analysis of all ions.

To make CE more powerful in the separation of all ions, we
have tried to increase the flow of electroosmosis (EOF), reduce
the mobility of fast ions, label neutral composition with
charges, and inject samples from both ends of a separation
capillary (bi-end injection). Herein, we present a novel meth-
odology using bi-end injection CE coupled with “at-middle”
detection via C*D. With it, a newly developed CE method was
obtained and applied to the determination of all ions in one
sample. Its performance was tested with known ions and its
applicability was validated by determining 37 ions in 21 beers.
These acquired data demonstrated that it is possible distinguish
beer brands on the basis of ionic profiles. This method shows
high potential to be exploited as a promising tool for ionomic
studies and is therefore worthy of further exploitation.

Materials and methods
Reagents and solutions

Aniline, sodium chloride (NaCl), ammonium nitrate
(NaNOs), magnesium sulfate (MgSO,), ammonium chloride
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(NH,4CI), potassium chloride (KCI), calcium chloride (CaCl,),
zinc sulfate (ZnSQy), lithium chloride (LiCl), and copper sul-
fate (CuSO,) were purchased from Aladdin Ltd. (Shanghai,
China). Lysine (Lys), arginine (Arg), histidine (His), glycine
(Gly), alanine (Ala), valine (Val), isoleucine (Ile), leucine
(Leu), threonine (Thr), methionine (Met), glutamic acid
(Glu), phenylalanine (Phe), proline (Pro), tyrosine (Tyr), cys-
teine (Cys), aspartic acid (Asp), Spm, Spd, Put, Cad, HA,
tryptamine (Try), ethanolamine (EA), dopamine (DA), epi-
nephrine (E), and norepinephrine (NE) were from Sigma-
Aldrich (St. Louis, MO, USA). Acetic acid, sodium hydroxide
(NaOH), and other chemicals were obtained from Beijing
Chemical Works (Beijing, China). Stock solutions of individ-
ual standards were separately prepared at 10 mM in water and
stored in the refrigerator at 4 °C before use. The water used for
preparation of all solutions was purified with a Millipore
Milli-Q academic system (Billerica, MA, USA).

Capillary electrophoresis

All CE separations were performed on a home-made CE de-
vice comprising critically a + 50 kV high voltage power sup-
ply (Dongwen High Voltage Power Supply Co., Ltd., Tianjin,
China) and a commercial C*D detector (model ER225) with
an ET120 head stage (eDAQ, Sidney, Australia). The c'D
excitation frequency was set at 1200 kHz and amplitude at
100 Vpp (peak-to-peak). A bare fused silica capillary (Hebei
Ruifeng Instrumental Co., Hebei, China) was used, with a size
of 50 um i.d. (365 um o.d.) x 50 cm (for cations)/20 cm (for
anions). The new capillary was conditioned by flushing it with
0.1 M NaOH for 20 min, water for 2 min, and running buffer
for 10 min. Each day before starting CE, the installed capillary
was rinsed with 0.1 M NaOH for 2 min and running buffer for
5 min. After every three runs the capillary was rinsed for 2 min
with the running buffer to maintain the reproducibility of the
analysis. The system was pre-run at 18 kV for about 5 min
after every cycle of flushing. Injection of cations was carried
out first by siphoning from the positive end at 10 cm drop for
15 s and then anions from the other end by electrokinetic
injection at —1.2 kV for 5 s. The separation was immediately
started after injection by application of +18 kV across the
whole capillary. The data were collected at 10 Hz and ana-
lyzed by eDAQ PowerChrom v2.5 software. All experiments
were performed at room temperature (ca. 25 °C).

Sample preparation

A total of 21 different canned beers that belong to four brands
were tested. In each brand, beers of different marketing time
between August 14,2017 to August 25, 2018 were purchased
from local markets in China, i.e., four Yanjing beers (Y1-Y4),
four Tsingtao beer (T1-T4), five Harbin beer (H1-H5), four
Snow beer A (SA1-SA4), and four Snow beer B (SB1-SB4),



A bi-end injection capillary electrophoresis method for simultaneous determination of 37 cations and anions... 4115

with detailed information in Table S1 in the Electronic
Supplementary Material (ESM). Before CE, beers were left
open for 2 h at room temperature to release the carbon dioxide.
A sample (90 pL) was spiked with 10 pL aniline (internal
standard, IS) at 2 mM and sonicated for 1 min before analysis
of'the cations. Specifically, the beers were diluted to 1:10 (v/v)
with water for the quantification of ammonium, potassium,
calcium, sodium, and magnesium, or to 1:5 (v/v) for quantifi-
cation of anions and sonicated for 1 min before injection.

Method validation

Cations were quantified by calibration curves plotted from
peak ratios of analytes to IS (always fixed at 200 uM) vs.
concentration. Linear range was obtained by regression anal-
ysis and averaged over three independent CE of mixed amino
acids, BAs, and inorganic cations at concentrations between
5 uM and 1000 uM (except for Pro, Cys, and Asp that were
between 10 uM and 2000 uM). Anions were quantified by
direct plots of peak area with concentration at 5-1000 uM,
with linearity also fixed by regression analysis. Intra- or
interday repeatability for all analytes was determined in three
replicates in either 1 day or three non-consecutive days. The
limit of detection (LOD) and limit of quantification (LOQ)
were determined at the signal-to-noise ratios of 3 and 10,
respectively. The recovery of the method was evaluated by
spiking 40, 400, and 750 uM standards into beer samples.

Statistical analysis

The acquired multicomponent data was processed by princi-
pal component analysis (PCA) using SPSS 18.0 software,
aiming at reducing the number of variables and producing
new latent variables (principal components) to facilitate the
identification or classification of beer brand and/or their au-
thenticity. Additionally, this new variable space simplifies the
way of explaining the variability contained in the discrete
data.

Results and discussion
Critical capillary electrophoresis conditions
Bi-end injection design

To simultaneously separate cations and anions, bi-end injec-
tion was tried with different injection methods and their cou-
pling modes. The most convenient operation is one-step bi-
end electrokinetic injection which was performed by inserting
the two capillary ends into two sample vials applied with
either positive voltage at the normal end or negative voltage
at the rare end. Unfortunately, the migration discrimination

was too obvious to be used for quantitative analysis of slow
cations (ESM Fig. S1). To reduce the degree of discrimination,
the cations were first injected into the anodic end by siphoning
for 15 s at a height drop of 10 cm (Fig. 1a) followed by
electrokinetic injection of anions at the cathodic end at
—1.2 kV for 5 s (Fig. 1b) and CE at +18 kV was applied
immediately at the cationic end (Fig. 1¢). This injection ap-
proach increased the peak height of the slow cations by at least
10 times, making the method applicable to quantitative anal-
ysis. Note that the injection sequence could not be reversed for
better quantification performance; otherwise, the peaks of ions
may have a problem in quantitative analysis.

Low pH running buffer

The running buffer was selected on the basis of three consid-
erations: (1) no loss of target analytes; (2) full separation; and
(3) sensitive detection. For the first point of consideration, the
EOF should be suppressed as much as possible. Accordingly,
low pH buffers were tried and those around pH 2.0 were found
to be better. The third consideration asks for a low conductive
electrolyte while the second requires concentrated buffers.
After compromised comparison, acetate buffers were selected
and optimized at 2.5 M and pH 2.1, and full separation of 37
target constituents was achieved with acceptable detection
sensitivity. At pH 2.1, all amino groups are protonated to

Capillary

Ah=10cm

BGE BGE BGE

Fig. 1 Schematic steps for bi-end injection CE of cations and anions with
C*D as a detector. a Siphoning injection of cations at the normal end for
15 s at a height drop of 10 cm. b Electrokinetic injection of anions at the
rare end at —1.2 kV for 5 s. ¢ CE separation at +18 kV with C*D detector
at a position closer to the negative end
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become positively charged ions, which sped up the whole
separation to about 25 min. Faster separation was possible,
but at the cost of losing some resolution.

Capillary size and detector position

Similar to normal CE, capillary size impacts on performance.
Narrowing the capillary bore increased separation and saved
running time while shortening the capillary length reduced run
time but lost resolution. To find a compromise between reso-
lution and time, we selected a capillary 70 cm long and 50 pm
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i.d., which was shown to be capable of achieving full separa-
tion of all 37 ion targets. Different from normal CE, this meth-
od uses a conjugate capillary: increase of capillary length for
cations will shorten the length for anions. Thus, for a given
capillary, the cationic-to-anionic effective length ratio, which
was fixed by the position of the C*D detector, should be a
compromise between the resolutions of both cations and an-
ions. Figure 2 illustrates a set of electropherograms measured
at the length ratio of 45:25, 50:20, and 55:15, where the opti-
mal ratio is around 50:20 (Fig. 2b). A low critical ratio is
found at about 45:25 (Fig. 2a) to keep the closest anion and
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Fig. 2 Separations of 37 cations and anions in a—c¢ standard solution and
d a real beer at the positive-to-negative capillary length ratio of a 45 cm /
25cm, b, d 50 cm /20 cm, and ¢ 55 cm/ 15 cm. Sample: standard ions at
100 uM (except for Pro, Cys, and Asp at 200 uM); Run buffer: 2.5 M
acetic acid at pH 2.1 (in water); Capillary: 50 pm i.d. and 365 um o.d. x
70 cm; Separation voltage: +18 k'V; Injection: Cations into the normal end
at a gravity height of 10 cm for 15 s, followed by anions into the rare end
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at —1.2 kV for 5 s. Peak identifications: 1, CI"; 2, NO;; 3, SO4°"; 4,
NH4*; 5,K*; 6, Spm; 7, Spd; 8, Put; 9, HA; 10, Cad; 11, Ca®*; 12, Na*;
13, Mg**; 14, Zn*; 15, EA; 16, Li*; 17, Cu®*; 18, Lys; 19, Arg; 20, His;
21, Try; 22, DA; 23, NE; 24, Gly; 25, E; 26, Ala; 27, Val; 28, Ile; 29, Leu;
30, Thr; 31, Met; 32, Glu; 33, Phe; 34, Pro; 35, Tyr; 36, Cys; 37, Asp. IS,
internal standard (200 uM)



A bi-end injection capillary electrophoresis method for simultaneous determination of 37 cations and anions... 4117

Table 1 Quantitative features of

new CE method in the Analytes  Intraday RSD* (%) Interday RSD *(%) Linearity LOD (uM) LOQ (uM)

determination of inorganic ions, b b N

biogenic amines and amino acids t Area t Area R Range (uM)
Cl 1.01 434 1.06 2.82 0.9923  10-1000 1.3 3.8
NO;~ 1.27 7.72 1.11 11.04 0.9920  10-1000 1.3 3.9
SO,* 1.20 8.97 1.09 10.64 0.9916  10-1000 1.0 23
NH,* 1.85 5.86 0.80 3.49 0.9908  10-1000 1.1 5.0
K* 0.37 8.74 0.33 4.80 0.9943  10-1000 29 9.6
Spm 1.22 6.60 0.52 6.58 0.9913  10-1000 3.2 10.0
Spd 1.58 4.70 0.10 5.33 0.9999  10-1000 3.2 10.0
Put 1.48 4.86 1.37 1.72 0.9978  10-1000 3.2 10.2
HA 0.64 491 0.54 3.06 0.9981  10-1000 33 12.0
Cad 1.92 3.83 0.42 3.30 0.9982  10-1000 2.8 9.4
Ca®* 1.74 0.69 0.50 10.14 0.9983  10-1000 1.2 5.0
Na* 1.52 5.76 0.78 8.65 0.9920  10-1000 5.1 12.5
Mg 1.57 5.01 0.45 2.54 0.9987  10-1000 2.5 8.1
Zn** 1.64 6.21 0.25 6.09 0.9964  10-1000 2.1 7.1
EA 1.13 5.14 0.24 5.03 0.9963  10-1000 1.1 4.0
Li* 1.51 4.04 0.24 0.87 0.9950  10-1000 34 10.0
cu? 1.31 5.62 0.92 4.75 0.9968  10-1000 3.1 10.3
Lys 1.56 2.66 0.17 2.74 0.9997  10-1000 2.9 9.3
Arg 1.41 5.90 0.51 2.10 0.9993  10-1000 33 79
His 1.21 8.55 0.56 1.18 0.9992  10-1000 34 8.8
Try 0.34 7.28 0.54 1.37 0.9998  10-1000 5.0 12.1
DA 0.77 3.74 0.28 0.68 0.9994  10-1000 49 153
NE 0.57 7.14 0.41 3.49 0.9994  10-1000 4.8 12.7
Gly 0.55 8.33 0.24 3.87 0.9997  10-1000 5.8 17.3
E 0.85 5.84 0.33 6.29 0.9995  10-1000 42 11.1
Ala 0.92 453 0.54 5.39 0.9999  10-1000 53 15.8
Val 0.57 0.78 0.51 4.12 0.9985  10-1000 53 16.5
Ile 0.56 2.64 0.48 9.06 0.9939  10-1000 45 13.0
Leu 0.50 7.94 0.47 7.05 0.9944  10-1000 5.0 14.5
Thr 0.84 4.82 0.64 10.66 0.9995  20-1000 10.0 26.3
Met 1.17 7.62 0.68 9.23 0.9986  10-1000 6.8 17.6
Glu 0.43 5.43 0.79 8.31 0.9988  20-1000 7.5 18.7
Phe 0.20 2.00 0.96 7.46 0.9993  20-1000 10.0 21.1
Pro 0.73 4.74 1.19 6.66 0.9989  20-2000 16.6 315
Tyr 1.62 4.69 0.79 8.16 0.9996  20-1000 6.1 27.4
Cys 0.51 7.01 0.93 2.66 0.9989  20-2000 15.7 26.4
Asp 1.36 6.94 1.27 427 0.9981  20-2000 13.6 31.7

#RSD, relative standard deviation averaged over three runs of standard sample (100 uM, except for Pro, Cys, and
Asp at 200 uM)

b4, peak time

cation (sulfate and ammonium) baseline-separated; and a high
critical ratio is also found at about 55:15 since the peaks of
chloride and nitrate start to overlap (Fig. 2¢), but an enhancing
effect is not obvious for the separation of cations. At the com-
promised ratio of 50:20, nearly all the analytes were baseline-
separated, with the two pairs of sodium/magnesium and Phe/
Pro less separated, but remaining within acceptable limits.

Method validation

This method is suitable for high-throughput separation of pos-
itive and negative ions in a mixture of up to around 40 con-
stituents (Fig. 2). Furthermore, according to the fine resolution
and symmetric peaks of nearly all the ions, it should also be
suitable for quantitative analysis of the separated and detected

@ Springer
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Table 2 Recovery of the CE

method measured by spiking a Analytes Initial content (uM) Found at the added level of Total recovery (%) *

beer sample with standard ions at

the low (40 uM), middle Low (uM) Middle (uM) High (uM)

(400 uM), and high (750 pM)

levels Cr 3472.7 3504.5 3786.0 42252 86+ 12
NO;~ 42.4 81.7 396.4 804.7 96 =7
S04 1085.3 1117.9 1375.1 1573.8 73+8
NH,* 2682 298.1 599.2 819.6 77+£5
K* 4805.3 4837.6 5245.5 5558.6 97 £ 15
Spm NQ 344 349.9 782.5 93 £10
Spd 8.8 42.6 338.8 800.3 91+13
Put 229 59.4 376.9 739.6 92 +4
HA ND 37.8 348.3 673.5 90 + 4
Cad ND 314 3332 608.3 81+3
Ca®* 1024.1 1055.3 1344.6 1644.1 80 +2
Na* 2276.8 2312.8 2634.0 2905.6 88 +3
Mg** 2993.5 3027.2 3370.3 3728.1 92 +7
Zn™t ND 36.9 390.6 661.6 93+5
EA 49.1 78.4 3425 591.3 73.0 £ 0.6
Li* ND 35.0 344.0 588.6 84+5
Cu* ND 39.7 355.6 7113 94+5
Lys 22.1 672 436.6 779.9 106 £ 6
Arg 116.8 155.2 549.7 781.4 98 £ 10
His 61.1 95.5 505.5 704.1 94 £ 15
Try ND 343 345.6 635.0 85.6£0.9
DA ND 34.6 362.9 611.8 86+5
NE ND 40.8 345.7 592.8 89+ 12
Gly 123.4 162.4 556.6 933.2 105+ 6
E ND 39.3 358.4 674.0 93+5
Ala 425.7 462.4 816.5 1037.9 90 + 8
Val 147.9 187.7 525.8 8227 95+5
Ile 26.8 73.0 450.9 829.5 110+5
Leu 56.9 98.7 470.6 685.4 97 £ 12
Thr ND 38.8 363.0 616.1 90 =7
Met 85.2 131.8 479.7 734.5 101 £ 15
Glu 81.4 115.3 4183 7143 84.5+023
Phe 103.2 1353 431.0 713.1 81.2+0.8
Pro 1121.7 1156.1 1490.0 1743.2 87+5
Tyr 186.2 225.0 596.4 883.6 98+5
Cys ND 347 329.1 5982 83+4
Asp 162.7 200.7 540.4 820.0 92 +4

ND not detected, NO not quantified

 Averaged among the three concentration levels

ions. Its performance has been evaluated firstly by using stan-
dard solutions to check linearity, precision, and sensitivity
(Table 1). The linearity was found between peak area ratios
of analyte/IS (cations) or peak area (anions) against concen-
tration for about two orders of magnitude for all 37 ions be-
tween 10 and 2000 uM, with linear coefficients all at above
0.99, LOQ at 2.3-31.7 uM (Table 1) and LOD at 1.0—
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16.6 uM which is highly comparable with HPLC methods
(LOD at mg/L BAs or amino acids [8]), and with other CE-
C*D methods [22-24]. The repeatability was checked by the
variation of peak time (7), at < 1.92% for intraday and < 1.37%
for interday tests; while checked by the variation of peak area,
it gave intraday and interday repeatability of 0.69—8.97% and
0.68—-11.04%, respectively. The recovery measured by spiking
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Fig. 3 Heat map representation of concentration distribution of ions in
beer samples. The analysis is based on the normalized content of the
identified beer ions across all analyzed samples. The color-coding scale

technique was 73%—110% (Table 2). These results indicated
that the method is fully suitable for determination of the target
ions.

Analysis of beer samples

In order to assess the real applicability of the newly
established CE method, various beers purchased from local
markets were analyzed, and some interesting results were ob-
tained in respect of the composition, peak profile, and their
concentration of analytes, which vary widely among the three
classes of inorganic ions, amines, and amino acids (ESM
Table S2). Over all the major components of inorganic ions
in beers, wide variation of concentration was detected from
different beer samples with respect to brands (Fig. 3). These
differences strongly suggest that the CE method may be suit-
able for brand recognition. This possible use is henceforth
further discussed.

Inorganic ions

The inorganic ions in beers mainly come from brewing water,
malt, and accessories. In the tested beers, there were four major
classes of ions (ESM Table S2): The first class is simply K* at a
concentration up to around 300 mg/L; the second includes CI,
SO4*", and Mg?* at around 100 mg/L; the third is Ca®* and Na*
at about 10-100 mg/L; and the fourth is NH4" and NO;™ at
20 mg/L or below. Copper, zinc, and lithium were not found
in any of the tested beers. It should be noted that an unknown
peak interfered with the determination of trace levels of copper,
but its content is much lower than the LOD according to previ-
ous reports [25-27]. In the case of the Tsingtao brand, its beers

m)

CI" NOy SO4Z'NH4’ K* Ca?* Na* Mgz‘ Spd Put EA Lys Arg His Gly Ala Val lle Leu Met Glu Phe Pro Tyr Asp

-2

indicates the relative abundance within each ion: blue, low abundance;
white, medium abundance; red, high abundance

contained notably higher inorganic salt than other beers. This is
parallel to the concentration difference of original gravity, 11 °P
higher than others, which is one of the possible main reasons.
By contrast, the total inorganic content in Yanjing beers was
significantly lower, especially the content of ammonium, potas-
sium, and magnesium. This can be attributed to the origins of
juice beers which were fertilized with different raw materials
containing lower inorganic ions. The two types of Snow beers,

Yanjing

Harbin

Tsingtao

o

a k4

Fig. 4 PCA score plot of 21 beer samples according to the content of 24
ions
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A and B, had similar content of inorganic ions because they
were produced with similar raw materials and processes.

Biogenic amines

BAs in various foods have been widely studied because of their
potential toxicity. The types and levels of BAs in beers are
closely related to their raw materials, brewing process, and
contamination during brewing and storage [28, 29]. Put, EA,
and Spd were commonly found in beers. As shown in the left
middle of Fig. 3, their content order was EA (2.1-6.1 mg/L) >

Put (1.8-5.1 mg/L) > Spd (1.0-2.2 mg/L (except for five beers
not detected or quantified). These values were similar to previ-
ous reports [5, 30, 31]. Other BAs, namely Spm, HA, Cad, Try,
D, NE, and E, were not detected or quantified in all the samples.
The summed concentration of total BAs in beers varied not
very widely, between 4.3 mg/L and 12.3 mg/L at a mean of
8.5 mg/L, with relative standard deviation equal to 21.6%.
Similar to inorganic ions, Tsingtao beers contained the highest
levels of BAs (mean 11.7 mg/L) while Yanjing beer contained
the lowest levels of BAs (mean 5.8 mg/L). They were all far
below the health hazard warning limits.

Amino acids

Besides proteins and peptides, free amino acids are highly ex-
pected to exist in beers, mainly derived from the malt during
brewing [32, 33]. In fact, Pro (ESM Table S2) was the second
most abundant constituent after K* in beers, but with more uni-
form concentrations than K*, ranging from 123 to 358 mg/L
(mean 251 mg/L). Pro is also the most abundant amino acid in
other fermented beverages, such as red wine, wherein its con-
centration is much higher [7], possibly as a result of its poor
assimilation by the yeasts present [5]. Besides Pro, the other
abundant amino acids in beers were in a content order of Ala
> Tyr > Asp >Arg > Phe > Val » Met (mean concentration 64.2,
63.7,44.1,36.4, 33.0, 30.4, and 5.3 mg/L, respectively), follow-
ed by Thr and Cys which were not detected in all samples we
tested. This amino acid concentration distribution was similar to
previous reports [5, 7], which demonstrated that the new method
has enough sensitivity and specificity for practical applications.

Differentiation of beers

The above discussion has given a rough comparison of the
beers based on the contents of inorganic ions, BAs, and
amino acids, but the recognizable level is low according
to the global concentration distribution of all the tested
beers as shown in Fig. 3. PCA was used to analyze 24
quantified ions (24 ions), which were first used as inputs
and then auto-ordered by SPSS software. PC1 (principal
component 1) explains 68% of the variance, the second
variable PC2 12%, and the third PC3 7%, together
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accounting for 87% of the variation, which allowed us to
distinguish beer brands. 3D plots based on these PCs were
obtained as illustrated in Fig. 4, which clearly sorts the
beer brands: PC1 separates Tsingtao and Yanjing beer
brands, which agrees with the analysis by all the 24 ions;
PC2 separates Snow beer A from B and from Harbin
brands, which agrees with the analysis mainly based upon
the higher content of C1~, Ca®*, and Mg**and lower con-
tent of Gly, Ala, and Ile; additionally, Harbin brand and
Snow beer B were further separated by PC3, which agrees
with the content discriminations throughout the ions of K*,
Mg2+, EA, Lys, Arg, Val, Leu, Phe, Pro, and Asp (Fig. 3
and ESM Table S3). Thus, PCA is suitable for
distinguishing brands. This differentiation trial reveals a
promising application of the CE method not just for brand
recognition but also for verifying the authenticity of beer
brand. Thus, the quantitative data measured by CE method
are valuable and have much potential for further mining.

Conclusions

By using a home-made device, we developed a CE method
for high-throughput separation, label-free detection, and
quantitative determination of 11 inorganic ions, 10 BAs,
and 16 amino acids. The method enables easy manipula-
tion, with only a running buffer of 2.5 M acetic acid and
two sequential steps to inject cations from the positive end
by hydrokinetics and anions from the negative end by elec-
trokinetics. The separation optimization can thus be very
simple and easy, just needing to adjust the location of the
detector to regulate the cationic-to-anionic separation
length ratio, and to dilute the samples if a sample is too
concentrated. The applicability of the method was evaluat-
ed by separation standard-spiked beer samples and 21
beers. The results proved that the method is quantitative
and suitable not only for the high-performance determina-
tion of the 37 ions in beers but for brand (and potential
authenticity) differentiation. The method is applicable to
the quality and process control in beer productions. It re-
mains exploitable with respect to screening and differenti-
ation of other beverage like wines and even solid foods if
sample pretreatment is further considered, and is worthy of
further investigations and development.
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