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A capillary electrophoresis method with on-line inhibited chemiluminescence (CL) detection was first used
to determine folic acid (FA). This method was established based on the quenching effect of FA on the CL
reaction of luminol with a Ag(i) complex in alkaline medium. The separation was conducted with
a 20.0 mM sodium borate buffer containing 1.0 mmol L= luminol. Under optimized conditions, FA was
baseline separated and detected in less than 10 min. The limit of detection of FA was 1.3 mg L™, with
a linear range of 5.0-150.0 mg L™ (r = 0.9953). The RSD value was 2.8% for intra-day precision and
5.4% inter-day precision. The recoveries of the standard addition of tablets and human urine ranged
from 90.3% to 107.5% and from 82.0 to 105.7%, respectively. The proposed method was successfully
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1. Introduction

Folic acid (FA) or N-[4-[[(2-amino-1,4-dihydro-4-oxo-6-pteridinyl)
methyl]- amino]-benzoyl]-.-glutamic acid (Fig. 1) is a water-
soluble B vitamin essential to the human body. FA is naturally
found in leafy vegetables, yeast, and some fruits. Its deficiency is
associated with many health problems, including megaloblastic
anemia, fetal neural tube defects, high homocysteine content,
sepsis, prostate cancer, and so on.** The concentration of FA in
the blood of human cancer patients, especially in precancerous
patients, is reportedly lower than in healthy individuals.?
Therefore, developing a simple, rapid, and effective method of
detecting FA present in tablets and biological samples is
necessary.

In recent years, several methods employed for FA determi-
nation have been reported, including molecular imprinting
sensor,** high-performance liquid chromatography (HPLC),*
capillary electrophoresis,’®** flow-injection analysis (FIA),*>**
enzyme-linked immunosorbent assay (ELISA)," chem-
iluminescence (CL)* and spectrophotometry.’**®* Compared
with conventional HPLC and ELISA methods, capillary electro-
phoresis (CE) is characterized by higher resolution and fewer
samples and is a powerful tool in clinical diagnosis, as well as
environmental and food analyses.?*>* Chemiluminescence (CL)
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Results suggested that this method was simple and robust.

detection is a simple analytical instrument for FIA, HPLC, and
CE because the absence of a light source in CL detectors
significantly reduces noise and eliminates Rayleigh and Raman
scattering. The low limits of detections (LODs) and wide linear
range of CL detector are comparable to laser-induced fluores-
cence. Still, the cost is much lower, rendering CE-CL an alter-
native to sensitive detection.

In our previous study, we demonstrated for the first time that
the oxidation of luminol by the Ag(m) complex could generate
CL in alkaline media.** CE coupled with an Ag(u) complex—
luminol system has been successfully used to determine EP, NE,
and DA in urine samples from healthy individuals and pheo-
chromocytoma patients.> The use of the Ag(m) complex as an
oxidant in CE-CL has not yet been extensively explored despite
its essential advantages. On the one hand, the complex is
a rather powerful oxidizing agent (oxidation potential = 1.74 V)
with a fast reaction rate; thus, the CE-CL configuration is
simple and provides sharp peaks. On the other hand, current
loss (caused by air bubbles formed in the H,0,-luminol reac-
tion) is not a problem. The formation of bubbles could cause
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Fig. 1 Chemical structure of (a) folic acid and (b) Ag(i) complex.
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unstable electrophoretic currents resulting in an unstable CL
electropherogram baseline, thereby reducing separation effi-
ciency and increasing noise.

The reaction of luminol with Ag(u) complex produces an
intense CL emission, so that the analytes can have two effects:
enhancement or inhibition of CL emission. The derivatization
of non-CL analytes prior to detection is generally required
because few chemicals show natural CL characteristics.
However, derivatization processes are often tedious and time-
consuming. In addition, the quantitative labeling of the low-
concentration analyte is also difficult. Alternatively, if a non-
CL analyte interfere with or suppress a CL reaction, the ana-
lyte can be indirectly detected as an inverted peak where the CL
intensity decreases from a normally high background. We call
this process indirect CL detection. Some CE-indirect CL
methods have been developed for the determination of amino
acids, catecholamines, polyphenols, 5-hydroxyindoleacetic
acids, and 5-hydroxytryptamine.”**

In the present work, a rapid, simple, and sensitive CE-
indirect CL detection was used to determine FA in commer-
cial pharmaceutical tablets and human urine based on the
quenching effect of FA on the CL reaction of luminol with Ag(ur)
complex in alkaline medium. The conditions for the CL reaction
and electrophoresis were investigated in detail using an Ag(m)
complex-luminol system. The determination of FA concentra-
tion in commercial pharmaceutical tablets and human urine
samples was investigated as an application example for the
proposed CE-CL system.

2. Experimental

2.1. Chemicals and reagents

All reagents used in the experiment were of analytical grade
unless otherwise mentioned. FA (Fig. 1a) was obtained from the
Chinese Food and Drug Inspection Institute (Beijing, China).
AgNO3, KIO,, K,S,0g, KOH, hydrochloric acid, sodium meta-
bisulphite, sodium borate, and EDTA were obtained from Bei-
jing Chemical Reagent Company (Beijing, China). Luminol was
purchased from TCI Shanghai (Shanghai, China). Ag(ui) stock
solution was prepared in accordance with a previously
described method.* Experimental water was ultrapure water.

2.2. Preparation of standard solutions and CL solutions

Stock solutions (1.0 mg mL~ ") of FA were prepared by dissolving
10 mg of FA in 10 mL of water. A 20 mM luminol solution was
prepared by dissolving 0.8860 g of luminol in 7.00 mL of 1 M
NaOH followed by dilution with water to 250 mL. A 0.1 M
sodium borate stock solution was prepared by dissolving
3.814 g of Na,B,0,-10H,O in 100 mL of water. Bis(hy-
drogenperiodato)argentate(IlI) complex anion [Ag(HIOg),]’~
was synthesized according to a previously described proce-
dure.* Chemical structure of Ag(m) complex was shown in
Fig. 1b. The electronic spectrum of the Ag(m) complex in an
aqueous solution showed two absorption bands at 362 and
253 nm, in excellent agreement with previously reported
results.®* Stock solutions of the Ag(m) complex were prepared
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fresh daily from the solid-state compound, and concentration
was determined spectrophotometrically at 362 nm using molar
absorptivity e = 1.26 x 10* M~ ' cm™".* Working solutions were
freshly prepared by diluting standard stock solutions with
ultrapure water. All solutions were refrigerated at 4 °C.

2.3. Laboratory-built CE-CL system

All experiments were performed with a laboratory-built CE-CL
system. The device consisted of a high-voltage source that
supplied up to 30 kV (Tianjin Dongwen High Voltage Power
Supply Limited Company, Tianjin, China), two platinum elec-
trodes (the anode or high-voltage electrode at the inlet, and the
cathode or ground electrode at the outlet), a photomultiplier
tube (Binsong, Beijing, China) that collected the CL emission,
and a PEEK three-way connector with an inner diameter (i.d.) of
600 pm (Keshi Scientific, Xiamen, China) that connected the
separation, reagent, and reaction capillaries (Fig. 2). Uncoated
fused silica capillaries 65 cm x 50 um i.d. were used for the
separation. The 6 cm end section of the capillary coated with
polyimide was burned and moved. The separation capillary was
etched with hydrofluoric acid for 40 min to 50 min and then
inserted into a reaction capillary with a diameter of 530 um. The
separation capillary, reaction capillary, and reagent capillary
were held by a three-way Plexiglass apparatus. The Ag(um) solu-
tion was delivered by gravity to the detection window by burning
5 mm of the polyimide of the reaction capillary and then placed
before the photomultiplier tube (PMT). The luminol and Ag(m)
complex were mixed in front of the PMT to produce CL, the CL
signal was amplified in the PMT, and the photocurrent was
recorded using data acquisition software (Qianpu Software Ltd.,
Shanghai, China). The entire CL detection system was prepared
in an opaque box to avoid the effects of external light.

2.4. Electrophoresis

Before first use, the capillary was conditioned by flushing with
1 M NaOH for 30 min followed by water for 20 min. At the
beginning of each day, the capillary was sequentially rinsed
using a syringe containing 0.1 M NaOH, 0.1 M HC], and doubly
distilled water; each rinse lasted 10 min. The separation

Reagent capillary

Black box

Three-way
connector '
[

Separation capillary
1

Ag(Il) complex

o I ———+—

High voltage Grounding

electrode (+) electrode (—)

capillary

|
[
|
|
| Reaction
|
|
|
|

source
Fig. 2 High-performance
iluminescence apparatus.
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capillary was then equilibrated with the migration buffer for
20 min in pressure mode. The reagent capillary was first filled
with the Ag(m) complex solution using a syringe. During elec-
trophoresis, the reservoir containing the Ag(m) complex solu-
tion was placed 20 cm above the reaction capillary outlet to
continuously deliver the Ag(m) complex solution by gravity.
Luminol was added to the running buffer and introduced into
the separation capillary by electroosmotic flow. The sample
solutions were introduced at the cathode by gravity for 10 s from
a height of 40 cm. After separation by capillary electrophoresis,
the analyte zones were determined by indirect CL of luminol-
Ag(m) complex. FA was quantified by measuring the net CL
intensity AI = I, — I;, where I, was the CL background intensity
of the luminol-Ag(m) complex reaction, and I; was the CL
intensity of the analyte.

2.5. Sample preparation

Commercial pharmaceutical FA tablets (mark content 0.4 mg
per each piece) were purchased from a pharmacy. Ten tablets
were weighed and ground into powder. The powder was dis-
solved in 5 mL of 0.01 mol L™! NaOH, and the volume was
adjusted to 10 mL by adding water. The solution was shaken for
30 min and filtered through a 0.22 um syringe filter before CE
separation.

Fresh human urine samples were obtained from different
volunteers. FA was extracted from the biological samples using
an SCX cartridge (200 mg, 3 mL, Simon, Germany). The
cleanup process was as follows: (1) the SPE Cartridge was
conditioned with 2.0 mL of methanol and 2.0 mL of water
before use; (2) urine (1.0 mL) was slowly loaded into the
conditioned cartridge; (3) the cartridge was then washed with
1 mL of 5% methanol; and (4) FA was eluted with 1 mL of
a solution containing ammonia: methanol (10 : 90, v/v). This
extract was dried with nitrogen and dissolved in 1 mL of
0.005 mol L™ " NaOH.

Spiked samples were prepared by adding the specific volume
of standard solutions of FA to the FA tablets samples and fresh
human urine samples and then repeated the above procedures.
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Fig. 3 Electrophergram of substance to be tested. (Condition: 65 cm
x 50 pm i.d. fused silica; applied voltage:18 kV; injection time:15 S;
Caguy = 5.0 x 107> mol L™!in 0.01 mol L™ NaOH; Ciyminot = 2 mmol
L tin 5 mmol L™! sodium tetraborate; FA: 100 mg LY.
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3. Results and discussion

3.1. Effect of FA on CL intensity

The Ag(m) complex-luminol system could generate a stable CL
intensity in alkaline condition, while FA significantly inhibits
the CL. In the experiment, 100 mg L™ of FA was analyzed, and
its CL signal was obtained within 10 min (Fig. 3).

3.2. CL condition selection

3.2.1. Effect of luminol on CL intensity. Under alkaline
conditions, luminol was oxidized by an oxidant to generate
excited luminescent intermediate. When it transitioned from
the excited state to the ground state, blue light (i.e. CL) was
generated at 425 nm. Therefore, when the amount of the
oxidant was sufficient, the concentration of luminol would
affect the CL intensity. However, when the concentration of
luminol was too high or the oxidant was consumed completely,
the CL intensity tended to be stable.

The effects of the luminol concentration ranging from 1 X
107> mol L™ to 4 x 107® mol L™ " were evaluated. The results
were shown in Fig. 4. As the concentration of luminol increased,
the CL intensity also increased; by contrast, the signal reached
the maximum when the luminol concentration reached 2.5 x
107 mol L. Therefore, the optimum luminol concentration
was 2.5 x 107> mol L™,

3.2.2. Effect of Ag(m) on CL intensity. In this experiment,
Ag(ur) was used as the oxidant of the CL system. On the one
hand, too low concentration of the Ag(u) solution would cause
the intensity of CL system to decrease, and the decrease of the
baseline would reduce the inhibitory effect of the sample on CL.
on the other hand, too high concentration of Ag(m) solution
would form a darker color solution, which had a certain self-
absorption effect on CL system and would cause the decrease
of the CL intensity.

The effect of Ag(m) concentration ranging from 1.0 X
107" mol L™ to 1.0 x 10" mol L™" on the CL intensity was
investigated (Fig. 5). As the concentration of Ag(ur) increased,
the CL intensity initially increased and then decreased. The
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Fig. 4 Effect of the concentration of luminol on CL intensity.
(Condition: 65 cm x 50 um i.d. fused silica; applied voltage: 18 kV;
injection time:15 S; Cagy = 5.0 x 107> mol L™ in 0.03 mol L~* NaOH;
luminol in 5 mmol L™ sodium tetraborate; FA: 100 mg L™).
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Fig.5 Effect of the concentration of Ag(i) on CL intensity. (Condition:
65 cm x 50 pm i.d. fused silica; applied voltage: 18 kV; injection time:
15 S; Ag(in) in 0.03 mol L=t NaOH; Ciuminot = 2 mmol L= in 5 mmol L~*
sodium tetraborate; FA:100 mg L™%).

maximum CL intensity was obtained when the concentration
was 5.0 x 10~° mol L™". Therefore, the optimum concentration
of Ag(m) was 5.0 x 10 > mol L™,

3.2.3. Effect of NaOH on CL intensity in Ag(m) solution.
The reaction of Ag(m)-luminol CL system required suitable pH
condition. The effect of NaOH concentration on the CL intensity
was optimized within the range of 0.01 mol L™ to 0.06 mol L ™"
(Fig. 6). As the concentration of NaOH increased from
0.01 mol L™" to 0.03 mol L™, the CL intensity of FA increased.
As the concentration of NaOH continuously increased, the
signal decreased. Thus, the concentration of 0.03 mol L™*
NaOH was selected for the experiment.

3.3. Separation condition selection

3.3.1. Effect of borax on CL intensity. The ionic strength of
the solution varied with the concentration of borax in the
buffer. The appropriate concentration of borax could increase
the CL intensity and improve the separation efficiency of the
sample. When the concentration of borax was lower than 1 x
10~ mol L', the peak shape of FA was poor and tailing
occurred. As the concentration of borax increased, the migra-
tion time of the target would gradually extend.
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Fig. 6 Effect of the concentration of NaOH in Ag(mn) solution.
(Condition: 65 cm x 50 um i.d. fused silica; applied voltage: 13 kV;
injection time: 15 S; Cagy = 5 x 107> mol L™ Ciyminot = 2.5 mmol L™
in 5 mmol L™ sodium tetraborate; FA: 100 mg L™).
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In the study, the influence of borax concentration ranging
from 1 x 10> mol L' to 15 x 10> mol L ™" on CL intensity was
investigated. Results indicated that the CL intensity was
enhanced as the borax concentration increased from 1 x
10 mol L™" to 5 x 10~ mol L™". By contrast, the CL intensity
decreased when the borax concentration exceeded 5 X
1073 mol L. Therefore, 5 x 10> mol L™ borax was selected
for further experiments.

3.3.2. Effect of voltage on CL intensity. The voltage plays
a critical role in CE procedure because it affects the separation
efficiency, analysis speed, signal-to-noise ratio and CL intensity
of the target. In order to obtained excellent separation effi-
ciency, the voltage applied from 18 kV to 26 kV was investigated.
The result showed that the lower voltage would bring a longer
analysis time and a wider peak width. As the voltage increased,
CL intensity initially increased and then decreased. The
maximum CL intensity was obtained when the voltage was 22
kv. Therefore, 22 kV was selected. In principle, the separation
efficiency of CE is proportional to the applied voltage. However,
the applied voltage is limited by Joule heating because it triggers
luminol electrolysis at high potentials. We noticed that both the
noise and signals increased with voltages of 13-26 kV. The best
signal-to-noise ratio was observed at the 22 kV separation
voltage. Therefore, 22 kV was chosen for subsequent work. We
replaced the running buffer solution in two electrophoresis
reservoirs after each separation to retain the stability of the
chemiluminescence baseline because luminol was easily elec-
trooxidized by CE's high voltage.

3.4. Optimization of injection time

Injection time is an important factor in separation process. The
effect of injection time on the CL intensity was investigated
from 8-25 s. The signal intensity of the analyte gradually
increased with the increase of injection time up to 20 s. With the
extension of injection time, the signal intensity of analyte and
the separation efficiency had no improvement, and the peak
width would broaden. According to the experimental results,
the optimum injection time was determined as 20 s.

3.5. Linearity, LOD, and precision

Under the above conditions, the concentration of FA showed
a good linear relationship between 5 mg L™" and 150 mg L™ ".
The linear regression equation was y = 3.5051x + 9.916 with
a correlation coefficient (r) of 0.9953, where y was the peak area
and x was concentration. LOD was determined as the concen-
tration at the signal-to-noise ratios (S/N) of 3 times was
1.3 mg L. The precision of the method was investigated by
intra-day and inter-day relative standard deviations (RSDs),
which were evaluated via analyzing a standard solution of FA in
eleven injections on the same day and three consecutive days,
respectively. The RSD value was 2.8% for intra-day precision
and 5.4% inter-day precision.

3.6. Application in actual sample

The established method was applied for the detection of FA in
commercial pharmaceutical FA tablets purchased from a local

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of results obtained using different methods

CE-CL (mg

Times LY HPLC (mg L™%) p-Value
1 39.96 40.33 0.851

2 41.39 40.32

3 40.82 40.39

4 40.53 40.36

5 39.68 40.38

6 39.40 40.37

Average 40.30 40.36

pharmacy (Shijiazhuang, China) and human urine. Urine
samples were collected from healthy volunteers from Hebei
Medical University and from the First Hospital of Hebei Medical
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Fig.7 Electropherograms obtained (a) from urine sample without SPE,
(b) from urine sample, and (c) from the sample spiked with FA at
44 mg L™* after SPE procedure.
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University. All experiments were performed in accordance with
relevant laws and institutional guidelines. Experiments were
approved by the ethics committee at Hebei Medical University.
Informed consents were obtained from human participants of
this study.

FA tablets were analyzed in parallel six times, and the results
were summarized in Table 1. The method was compared with
the HPLC method in “Standard Methods of Chinese Pharma-
copoeia” for the detection of FA. Then, t-test was performed
based on the results of the two methods. No significant differ-
ence (p > 0.05) between the determination results of the two
methods was found, indicating that the proposed CE-CL
method was simple and reliable. Moreover, the proposed
method required a small amount of sample and fewer reagents,
which showed environmental friendliness.

The method was used to determine FA in human urine
samples to verify the applicability of the method to detect FA in
complex biological samples. In Fig. 7a, when urine samples
were directly injected for determination without purification,
a large number of interference peaks appeared around the
retention time of FA, which made it impossible to analyze FA
accurately. So, the urine samples were purified through solid-
phase extraction because of the complex components of
human urine (Fig. 7b and c). The matrix of human urine had an
inhibitory effect on the CL intensity in the indirect detection,
whereas the influence was not observed in the separation of
standard solutions. Therefore, the correction of matrix inhibi-
tion was necessary. After the correction of matrix inhibition,
Fig. 7b and c show the typical electropherograms of the blank
human urine and spiked human urine. Fig. 7b shows that no FA
signal was found in blank human urine for the concentration
was lower than the limit of detection. In Fig. 7c, no interference
peaks were observed within the retention time window, which
indicated the proposed method was accurate and reliable. The
urine of fourteen pregnant women who took 400 pg of FA daily
for 21 consecutive days was analyzed using the established
method. The concentration of FA in urine before FA supple-
mentation and after FA supplementation are shown in Table 2.
The results showed that after intaking FA continuously, the
content of FA in pregnant women increased to varying degrees,
except for sample 6. Pregnant women could gain FA from FA
tablets.

To further evaluate the accuracy of the proposed method,
recovery experiments were performed by analysis of the
spiked samples at three concentration levels (low, medium,
and high) in three replicates. As shown in Table 3, the spiked
recoveries of the standard addition of tablets and human
urine were in the range of 90.3-107.5%, with RSD values
varying from 1.2% to 5.2% and in the range of 82.0-105.7%
with RSD values varying from 4.2% to 8.4%, respectively. The
developed method was compared with other detection
methods reported for the determination of FA (Table S17). It
was indicating that the proposed method enables accurate
and reliable analysis of FA in Tablets samples and complex
biological samples.
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Table 2 The concentration of FA in urine samples
Samples Initial (mg L") Spiked (mg L") Found (mg L") Recovery (%) RSD (%)
FA tablets (n = 3) 41.7 8 50.3 107.5 1.2

41.7 20 61.0 96.5 5.2

41.7 32 70.6 90.3 3.0
Urine (n = 3) n.d.” 44 46.53 105.7 4.2

n.d. 77 68.78 89.3 6.8

n.d. 110 90.18 82.0 8.4
“ n.d., not detected or lower than limits of detection.
Table 3 Recovery of the proposed method

Before intake After intake Before intake After intake

Sample of FA (FA, mg L™ of FA (FA, mg L") Sample of FA (FA, mg L") of FA (FA, mg L")
1 0.807 0.862 8 0.507 0.783
2 0.572 0.951 9 0.721 0.830
3 0.926 1.070 10 0.682 0.955
4 0.906 1.301 11 0.831 1.168
5 0.706 1.158 12 1.046 1.141
6 1.027 0.962 13 1.184 1.273
7 0.642 1.324 14 0.443 0.725
4. Conclusion References

In this study, CE coupled with an Ag(m) complex-luminol
system was established. The application of the CE-CL method
for the analysis of FA in tablets and human urine shortened
the analysis time and provided a satisfactory detection effi-
ciency. Under the optimized conditions, satisfactory results,
including good linearities, low LOD, high precision, and high
spiked recoveries, were obtained, which exhibited the great
promise of the CL method in actual sample analysis. More-
over, the established method also showed the advantages of
economic and environmental friendliness. As a whole, the
developed CE-CL method could be a reliable alternative for
better application in FA determination from other complex
biological samples.
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