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Abstract: Fluorescent whitening agents (FWAs) are dyes that emit visible blue or blue-purple

fluorescence upon ultraviolet-light absorption. Taking advantage of light complementarity,
FWAs can compensate for the yellow color of many substances to achieve a whitening effect;
thus, they are used extensively in various applications. FWAs are generally stable, but their
presence in the environment can lead to pollution and accumulation in the body through the
food chain. Recent studies have revealed that some types of FWAs, such as coumarin-based
FWAs, may exhibit photo-induced mutagenic effects that can trigger allergic reactions in hu-
mans and even pose carcinogenic risks. Hence, the development of an accurate and highly sen-
sitive method for detecting FWAs in food-related samples is a crucial endeavor. Owing to the
high polarity and structural similarity of FWAs, the accurate determination of these substances
in complex food samples requires an analytical method that offers both efficient separation and
sensitive detection. Capillary electrophoresis ( CE) exhibits essential features such as high sepa-
ration efficiency, short analysis times, very small sample injection requirements, minimal use
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of organic solvents, and simple operation. Thus, it is often used as an effective alternative to
liquid chromatographic techniques. Over the past few decades, electrospray ionization mass
spectrometry ( ESI-MS) has been utilized as a highly sensitive and accurate detection method in
numerous chemical analytical fields because it enables the analysis of molecular structures. By
combining the high separation efficiency of CE with the high sensitivity of ESI-MS, a powerful
tool for identifying and quantifying trace amounts of FWAs in food samples may be obtained. In
this study, we present a method based on sheathless CE coupled with electrospray ionization
tandem mass spectrometry ( ESI-MS/MS) for the simultaneous detection of six trace FWAs in
flour. In the proposed method, the CE separation device is directly coupled to the mass spec-
trometer through a sheathless interface without the need for a sheath liquid for electric contact,
thereby avoiding the dilution of the analytes and improving detection sensitivity. Various condi-
tions that could affect extraction recovery, separation efficiency, and detection sensitivity were
evaluated and optimized. The FWAs were effectively extracted from the sample matrix with re-
duced matrix effects by ultrasonic-assisted extraction at a temperature of 30 “C for 20 min using
CHCL,-MeOH (3:2, v/v) as the extraction solvent. The extract was centrifuged, dried under
N,, and reconstituted in CHCl;-MeOH (1:4, v/v) for subsequent analysis. During the detection
process, the CE device was coupled to the ESI-MS/MS instrument via a highly sensitive porous
spray needle, which served as the sheathless electrospray interface. The target FWAs were
scanned in positive-ion mode (ESI") to ensure the stability and intensity of the obtained sig-
nals. Additionally, multiple-reaction monitoring (MRM) mode and MS/MS analysis were used
to simultaneously quantify the six targets with high selectivity. The developed sheathless CE-
ESI-MS/MS method detected the FWAs with high sensitivity over wide linear ranges with low
method limits of detection (0.04-0.67 ng/g). The recoveries of the six target FWAs at three
spiked levels were between 77. 5% and 97. 2%, with good interday (RSD<11.5%) and intraday
(RSD<10.2%) precision. Analyses of the six target FWAs in eight commercial flour samples
were performed using this method, and four positive samples were identified. These results
demonstrate that the proposed CE-ESI-MS/MS method is a promising strategy for the determi-
nation of trace FWAs in complex food sample matrices with efficient separation and high
sensitivity.

Key words: capillary electrophoresis ( CE); sheathless electrospray ionization-tandem mass
spectrometry (sheathless ESI-MS/MS) ; fluorescent whitening agents (FWAs) ; flour
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Fig. 1 Effect of extraction conditions on the recoveries of the fluorescent whitening agents (FWAs) (n=3)
a. compositions of the extraction solvents; b. volume of the extraction solvent ( CHCl;-MeOH, 3:2, v/v) ; c. extraction time; d. ex-
traction temperature.

F 1 6 MBEHR FWAs %315 250 ESI-MS/MS 3
Table 1 Structure information and ESI-MS/MS parameters of the six target FWAs

FWA Molecular formula Chemical structure [M+H]* DP/V ColE/eV
FWAS2 C,,H,;NO, ' 232.1650 30 40
N O O

[ Cq
FWAI135 CisHuN,0, /Nj@/ 291.1510 30 40
0
FWAI184 CysHyN,0,S o 4N « 431.2328 40 40
VR
N O
FWAI85 CysH,,N,0,8 o Y&(N 319.0953 40 45
S -z
U
TR
FWA367 C,,H,,N,0, ©:I{ O /N:© 363.1595 50 40
FWA393 CyH 3N, 0, 415.2624 50 45

DP. declustering potential; ColE. collision energy.
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Fig. 2 Extracted ion electropherograms of the six FWAs by sheathless CE-ESI-MS/MS
Standard solution of each FWA . 100 mg/L. Injection; 34.5 kPa for 10 s; separation voltage: +25 kV; separation auxiliary pressure :
34.5 kPa. The inset figures are the mass spectra of FWAs. a. qualitative ion in MRM mode; b. quantitative ion in MRM mode.
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Fig. 3 Extracted ion electropherograms of the six FWAs under different CE conditions
a. pH of buffer solution; b. ACN volume fraction in buffer solution. The concentration of FWA393 is 200 mg/L, and 100 mg/L for other

five FWAs.

1. FWAS2; 2. FWAI35; 3. FWAI184; 4. FWAIS85; 5. FWA367; 6. FWA393.
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Table 2 Linear ranges, regression equations, correlation coefficients (R*), mLODs, mLOQs,
iLODs, iLOQs, matrix effects (MEs) and repeatabilities

Compound Linear range/ Regression 5 mLOD/  mLOQ/ iLOD/ iLOQ/ Repeatabilities (RSDs/% )

(ng/g) equation (ng’g) (ng/g) (ng/’g) (ng/g) T A
FWA52 0.2-25 y=23.370+93.29  0.989 0.07 0.20 0.55 1.75 1.04 7.3 9.7
FWA135 0.5-25 y=20.260+22.35  0.990 0.16 0.50 1.20 3.50 0.80 8.1 8.7
FWAI184 0.3-25 y=154.492+38.71 0.993 0.04 0.28 0.35 1.00 0.90 6.9 9.0
FWA185 0.5-50 y=23.38x+51.05  0.994 0.17 0.50 1.20 3.45 1.15 7.4 10.3
FWA367 0.5-50 y=10.63x+2.85 0.991 0.17 0.50 1.00 3.20 0.87 9.1 10.2
FWA393 2.2-100  y=59.83x+66.82  0.996 0.67 2.20 2.20 6.50 1.02 6.9 10.7

mLOD; limit of detection of methodology (S/N=3); mLOQ: limit of quantification of methodology (S/N=10) ; iLOD: instrumental
limit of detection (S/N=3) ; iLOQ: instrumental limit of quantification (S/N=10) ; RSDs: relative standard deviations (n=5) ; T: mi-

gration time; A: peak area.
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Table 3 Mean recoveries and repeatabilities of the proposed method at three spiked levels

c d Added/ (ng/g) Recoveries (RSDs)/% (n=5) Repeatabilities (RSDs)/% (n=5)
ompoun
P 1xmLOQ 2xmLOQ 10xmLOQ 1xmLOQ 2xmLOQ 10xmLOQ Intraday Interday
FWAS52 2.0 4.0 20.0 102.2 (7.4) 92.4 (9.2) 89.2 (8.7) 8.9 9.1
FWA135 4.5 9.0 45.0 90.4 (7.9) 89.5(9.2) 101.4 (9.6) 10.2 11.5
FWA184 1.5 3.0 15.0 100.2 (6.9) 86.2 (7.2) 91.2 (9.0) 7.9 9.4
FWA185 5.0 10.0 50.0 95.3 (7.4) 101.9 (9.5) 92.6 (6.3) 8.6 10.2
FWA367 5.0 10.0 50.0 87.4 (6.5) 88.2(8.7) 92.7(7.8) 9.6 11.3
FWA393 15.0 30.0 150.0 103.7 (9.8) 88.6 (9.4) 87.5 (10.2) 7.8 10.7
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Fig. 4 Extracted ion electropherograms of four positive flour samples using sheathless CE-ESI-MS/MS
The conditions for sheathless CE-ESI-MS/MS are the same as in Fig. 2.
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Table 4 Comparison of this method with other methods
for the detection of FWAs in flour

Injection Analysis Pre- LOD/ Linear
volume/ method treat- Target (ng/L) range/  Ref.
n ment (ng/L)
5.0 UPLC- UAE FWA52  0.22 0.2-20.0 [29]
MS/MS FWAI135 0.22 0.2-20.0
FWA185 0.5% 0.5-50.0
FWA393 2.0* 2.0-200
FWA367 0.5% 0.5-50.0
FWA368 2.0* 2.0-200
FWA184 0.2 0.2-20.0
10 HPLC- LPE FWA135 1.10 1.0-64.0 [14]
MS/MS FWA140 0.50 2.0-64.0
FWAl162 1.75 0.2-64.0
FWAI184 1.35 0.1-32.0
FWAI85 0.70  0.2-64.0
FWA367 1.05 1.0-64.0
FWA393  2.65 1.0-64.0
10 HPTLC- UAE FWAI184 18 100-2000 [8]
MS FWA367 21 100-2000
Solid MM-IR - FWA393 10 - [16]
0.001 sheathless UAE FWA52  0.07 0.2-25  this
CE-ESI- FWA135 0.16 0.5-25 work
MS/MS FWAI184 0.04 0.3-25
FWA185 0.17 0.5-50
FWA367 0.17 0.5-50
FWA393 0.67 2.2-100

a: LOQ; MM-IR: multi-molecular infrared spectroscopy;
UAE: ultrasonic-assisted extraction; LPE: liquid phase ex-
traction.
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