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Packed-nanofiber solid phase extraction for
daidzein, genistein, glycitein in human urine and
their simultaneous detectionf
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and Lei Zhao*?

In this work, an integrated method based on the novel packed-fiber solid-phase extraction (PFSPE)
combined with high-performance liquid chromatography-ultraviolet detector (HPLC-UV) detection
system was proposed for the detection of daidzein, genistein and glycitein in human urine. To efficiently
adsorb three kinds of isoflavones in biological fluid, polystyrene-based nanofibers were prepared and
used as adsorbents in customized solid phase extraction devices. The composition of the nanofibers, the
amount of different salt ions added, the type of eluent, and the interaction of eluent volume, the
amounts of nanofibers added, and the extraction time were analyzed to find the optimal adsorption
conditions, respectively. The method of optimal extraction conditions for the analysis of three soy
isoflavones exhibited low limits of detection (LOD) and limits of quantitation (LOQ) of 1.68-2.74 ng L™*
and 5.09-8.3 pg L% respectively, and spiked recovery of 95.2-107.1%, and has been successfully
applied to human urine samples. This study demonstrated the potential of PFSPE as methods for the
adsorption and detection of daidzein, genistein, glycitein in biological fluid concurrently, providing
a valuable tool for pharmacokinetic studies and investigations into the metabolism and bioavailability of

rsc.li/rsc-advances isoflavones.

Introduction

Soy isoflavones are a type of polyphenol compound structurally
similar to estradiol," enabling them to exert estrogen-like
effects, and are natural selective estrogen receptor modula-
tors.> Genistein (GEN), daidzein (DAI), and glycitein (GLY) are
the principal soy isoflavones, their structural formula is shown
in Fig. S1.f®* Numerous studies have demonstrated their
potential health benefits,* including lowering blood pressure,®
reducing the risk of lung cancer® and cardiovascular disease,’
promoting brain development® and so on. Furthermore, recent
studies indicated that the urinary isoflavones levels are closely
correlated with dietary soy intake, and can serve as a biomarker
of soy intake.” Compared to traditional dietary assessment
methods, which have certain limitations, the precise analysis of
isoflavones in urine samples provides a more accurate and
objective means of quantifying soy food intake.* It has practical
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applications for exploring the intrinsic connection between diet
and disease.

Given the health implications of isoflavones, it is crucial to
develop an effective method for their purification, separation,
identification, and quantification in biological fluids. However,
the precise analysis of isoflavones in real samples still faces
some challenges. On the one hand, after ingestion, isoflavone
aglycone is metabolically transformed through coupling reac-
tions, mainly to form glucosylated and sulfated derivatives, or
further bioconverted into microbiome derived metabolites with
different structures, including marphenol, dihydroisoflavones
and dihydrodaidzein by intestinal microbiota. This phenom-
enon results in less than 1% of the aglycones being excreted in
urine in human subjects, the low level of free isoflavones leads
to experimental difficulties in studying the relationship
between dose and pharmacological effects, thereby imposing
stringent requirements on the sensitivity of the detection
methods.™ On the other hand, the complex matrix of human
body fluids (e.g:, urea, inorganic salts, uric acid, creatinine) can
interfere with target analyte detection.” Therefore, it is very
important to select the appropriate pretreatment method for
the enrichment and purification of the target material and
enhance the detection signals. Up to now, the separation of
isoflavones from human biological fluid usually depends on
liquid-liquid extraction'* and solid phase extraction.'® Tradi-
tional pretreatment methods are often limited by inefficiencies
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in adsorption kinetics and the risk of secondary contamination
by residual solvents or by-products. Meanwhile, these processes
usually require a long processing time, rely on large amounts of
harmful organic solvents, and are not economical and envi-
ronmentally friendly.'® In addition, the use of reduced sample
volumes and simplified preparation procedures is also essential
for facilitating automated processing.” Based on this, this study
focuses on seeking an appropriate extraction media and sample
pre-treatment methods to establish a new analytical method for
the detection of free isoflavones in human urine to reduce the
target transfer losses and minimize the time and labor
requirements inherent in traditional sample preparation
workflows.

Solid phase extraction (SPE) is an ideal choice for sample
preparation due to its convenient operation, high selectivity,
and environmental friendly resulting from the use of small
amounts of organic solvents."® The adsorption effect of solid
phase extraction technology often depends on the choice of
adsorbent materials. Traditional adsorption materials include
magnetic nanoparticle,” molecularly imprinted polymers,*
graphene and composite materials,* multiple walled carbon
nanotubes,* etc. However, the separation efficiency of these
materials is usually limited, and secondary pollution may be
generated during the extraction process. Therefore, developing
of novel solid-phase adsorption materials remains a chal-
lenging yet prominent focus in analytical science. Electro-
spinning is a simple and efficient technology that uses high-
voltage electrostatic force to directly and continuously process
polymer solutions/melts into ultrafine (nano/micron) fibers.
Since its emergence in the 20th century, electrospinning tech-
nology has gradually become a research hotspot in the field of
nanofiber preparation due to its advantages such as strong
controllability, simple process and wide adaptability of raw
materials.” Nanofibers have the advantages of controllable
fiber morphology and easy modification of function.” When
combined with solid phase extraction, the enrichment effi-
ciency of solid phase extraction can be improved.* In addition,
the extraction process requires only minimal organic solvent
consumption, and the extraction column can be reusable, They
have been successfully applied to analyze human sample
biomarkers,*® chemical dyes,” veterinary drug residues,*® anti-
biotic residues,” and mycotoxins.** The strong hydrophobic
effect and m— interaction generated by the abundant benzene
ring structure in polystyrene molecules have a high affinity and
selectivity for compounds containing aromatic rings, making
polystyrene fibers able to effectively enrich soy isoflavones.
Therefore, we selected nanofibers with polystyrene as the skel-
eton as the adsorption material for solid phase extraction of soy
isoflavones.*

In this study, a new method for the determination of daid-
zein, genistein, glycitein in human samples by nanofiber-
packed solid phase extraction and high-performance liquid
chromatography was developed. Five kinds of nanofibers were
prepared by electrospinning method. The effects of nanofiber
type, salt ion type and concentration, eluent type and volume,
nano-fiber dosage, extraction time and other factors on
adsorption/desorption were investigated and optimized. The
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proposed analytical method for the measure of the soybean
isoflavones in human samples can achieve significant removal
of interfering substances and enrichment of target analytes,
thereby further enhancing the convenience and accuracy of the
detection process. In addition, it has low requirements for urine
sample volume, and can be expected to be a valuable tool for
high-throughput detection in pharmacokinetic studies and the
study of the relationship between isoflavone biomarkers and
diseases.

Experimental section

Chemicals and instruments

Daidzein (purity =99.8%) and genistein (purity =99.5%) were
purchased from Sangon Biotech Co., Ltd (Shanghai, China).
Glycitein (purity 98%) and was purchased from Yuanye Biotech
Co., Ltd (Shanghai, China). Polystyrene (PS, M,, = 185 000) was
purchased from Department of Applied Chemistry, Nanjing
University of Technology. Sodium chloride, sodium acetate,
sodium dodecyl sulfate, carbon (C, purity =99.5%), cupric
acetate (purity =98%) and montmorillonite (MMT, M,, = 282.2)
were purchased from Aladdin Biotechnology Co., Ltd
(Shanghai, China). Glacial acetic acid and the internal standard
(IS) 4-hydroxy-benzophenone (4-HBPH) were purchased from
Maclin Biochemical Technology Co., Ltd (Shanghai, China).
Acetonitrile and methanol were purchased from TEDIA (USA).
Sodium dodecyl sulfate, dimethylformamide (DMF), tetrahy-
drofuran (THF) and hydrochloric acid were purchased from
Sinopharm Group (Shanghai, China).

The preparation of artificial urine refers to the method,*
with a slight modification. The detailed preparation plan can be
found in the first section of the ESI.{

Instruments for electrospinning are syringe pump (Model
HK-400, China) and a high voltage DC power supply (Tianjin,
China). Instruments for nanofiber characterization are Hitachi
Regulus 8100 Scanning Electron Microscope (Japan), and
VERTEX 80v Fourier Transform Infrared Spectrometer (Bruce
GMBH, Germany). Instruments sample testing is Waters 2695
high performance liquid chromatograph (Waters Corporation),
Waters 2489 fluorescence detector (Waters Corporation), Inert
Sustain C18 column (150 mm X 4.6 mm, 5 pm, Tsushima
Corporation, Japan).

Preparation of nanofibers and SPE extraction device

The solution is configured as follows: 10 mL of THF and DMF
(6:4, v/v) was mixed with 1 g of PS and 0.1 g of carbon and
dissolved at an ambient temperature of 20 °C for 10 h to obtain
a well-mixed electrospinning solution. Then, 10% (w/v) of PS
solution was filled into a 10 mL disposable syringe with a 17-
gauge stainless steel needle (inner diameter 1.05 mm). The 17
gauge steel pin was bound to the positive terminal of the power
supply, while the aluminum foil plate serving as the receiving
device was bound to the negative terminal opposite the needle
tip. PS solution was sprayed to the receiving plate under the
action of electric field force, during which the solvent rapidly
evaporates, forming a continuous fiber deposition on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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receiving plate. In the same way, polystyrene-carbon (PS-C),
polystyrene-montmorillonite (PS-MMT), polystyrene-silicon
dioxide (PS-SiO,) nanofibers were prepared respectively. The
detailed preparation process of polystyrene-Cu nano-particles
(PS-CuNPs) nanofibers is shown in the second part of the
ESL{ Electrospinning parameters are set as follows: the
receiving distance is 15 cm between the collection screen and
the needle tip; a high pressure of 19 kv was applied, the flow
rate of spinning fluid was 1.7 mL h™", the operating tempera-
ture was maintained between 20-25 °C, the relative humidity
was kept below 35%. PFSPE columns are prepared by filling the
bottom of an empty extraction column with nanofibers. The
nanofibers in the column are lightly compacted with a 1 mm
diameter wire to ensure efficient extraction. The optimization of
spinning parameters is shown in Table S1.}

Sample pretreatment

We recruited 10 female volunteers aged 20-30 years (Jiangsu,
China). Their morning urine samples were collected and stored
at —20 °C. All volunteers participated in the trial voluntarily.
The samples were thawed to room temperature before testing.
After 30 min of ultrasound, the supernatant was put into the
centrifuge, and the speed was set at 12 000 rpm for 15 min. The
supernatant was stored for the subsequent nanofiber SPE
procedure.

Nanofiber-packed solid phase extraction

The design of the pin-shaped extraction column with semi-
automatic SPE processor can be used for automatic batch pro-
cessing of sample liquid, as shown in Fig. 1. Fig. S21 shows an
SPE array processor and an empty SPE column. Before extrac-
tion, fibers were washed in solid phase extraction columns with
150 pL methanol and 150 pL water, respectively. The 500 pL
urine to be tested was then pour into the PFSPE column, where
the column pressure was provided by a rotating pressure rod
driven supercharger that pushes, the sample solution flows
uniformly through the SPE column, and the flow rate is
controlled to a drop every 5 to 6 seconds. As the solution passes
through the SPE column, the target is captured by the filled
adsorbent. After extraction, 300 uL of the eluent with

o |

Ll‘
if/ L &

WL of 300 L of
\lmu ACN: A:ou S00uLof 300 uLof \nou \(‘l AcOH 300 uL of
(10: 9:1)

9:1)  samplesolution  water MeOH
Injct.lmn E @‘ E

Fig.1 Schematic of soybean isoflavone detection based on nanofiber
solid phase extraction.
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methanol : acetonitrile : acetic acid (v/v/v, 50 : 45 : 5) was used to
drip wash the adsorbent obtain the eluant containing the target
substance, and add IS to the eluent. Finally, the eluent was
filtered with a nylon membrane of 0.22 pm, and then analyzed
with HPLC-UV system.

HPLC analysis conditions

The mobile phase A is 0.5% formic acid aqueous solution, B is
acetonitrile, and C is methanol. Flow rate: 0.8 mL min ;
injection volume: 10 pL; column temperature: 35 °C; detection
wavelength: 260 nm. The gradient elution procedure is shown

in Table S2.f

Method validation

In the methodological investigation, the selectivity, linearity,
LOD, LOQ, precision and recovery were explored under the
optimal extraction conditions to verify the validity of the
established analytical method.

The selectivity of the method was investigated by analyzing
blank and labeled urine chromatograms of volunteers who had
not consumed isoflavone products. The resulting chromato-
grams are compared to determine whether there are endoge-
nous components that may interfere with the analyte during the
retention time. If any interference peaks are found, optimize the
elution gradient until a clean chromatogram is obtained.

Standard solutions of different concentrations of DAI, GEN
and GLY were prepared by adding different concentrations of
DAI, GEN and GLY to blank artificial urine. A calibration curve
IS drawn from the peak area/IS area corresponding to the
known concentration. The linear relationship was judged by the
coefficient of determination R*. LOD and LOQ, as the key
indicators for evaluating sensitivity, correspond to 3 and 10
times the signal-to-noise ratio, respectively.

At low, medium and high concentrations, the labeled artifi-
cial urine samples were measured within one day and for five
consecutive days. To investigate the inter-day accuracy and
intra-day accuracy, each concentration was repeated 3 times
independently. The intra-day precision was measured 6 times in
a row, and the inter-day precision was measured for 5 consec-
utive days. The recovery rate was investigated by comparing the
measured concentration of three isoflavones in the eluent after
extraction with the added concentration before extraction.

Results and discussion
Characterization of nanofibers

The Fourier-transform infrared (FTIR) spectroscopy analysis of
polystyrene (PS) nanofibers revealed distinct absorption bands
corresponding to characteristic molecular vibrations, as shown
in Fig. S3. A prominent peak observed at 2922.07 cm™ ' is
associated with the asymmetric C-H stretching vibration of
methylene groups. The aromatic C-H stretching vibrations of
the benzene ring are identified at 3024.30 cm™*, while defor-
mation vibrations within the aromatic structure generate
a distinct absorption band at 1600.87 cm . Additionally, a peak

at 1028.03 cm ™' arises from in-plane bending vibrations of C-H
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bonds in the benzene ring, further confirming the polymer's
aromatic backbone. These spectral features align with the
known chemical structure of polystyrene, validating the pres-
ence of its key functional groups.*® The two bands 1452.36 cm ™"
and 1492.86 cm ™" belong to the C=C vibration of the aromatic
ring, and the characteristic group C=C of the nano carbon
seem to overlap with this, which means that the composite fiber
is successfully prepared.* The absorption peak at 466 cm™ " in
PS-MMT and PS-SiO, nanofibers are attributed to the bending
vibration of Si-O-Si.***®

The surface properties of nanofibers materials were studied
by scanning electron microscopy (SEM). As shown in Fig. 2, the
nanofibers showed a dense network structure and a rough
structure on the surface of the fibers. The addition of nano
carbon powder increased the adsorption site between the
nanofibers and the target analytes, which was more conducive
to the adsorption of the target analytes. The SEM images of the
as-prepared PS-MMT nanofibers, PS-SiO, nanofibers and PS-
CuNPs nanofibers are shown in Fig. S4.7 After the load of
different components, the structures of the PS nanofibers could
be all maintained.

Optimization of solid phase extraction conditions

Optimization of nanofibers types. Different types of nano-
fibers have different functional groups and microstructure,
which affect their interaction with soybean isoflavones and lead
to different adsorption effects. The types of extractant electro-
spinning nanofibers in sample pretreatment were optimized.
Set the peak area obtained by PS material to 1 so that it can be
compared with other peak areas. As shown in Fig. 3, the eluent
peak area of PS-C is relatively large, and the effect is the best.
This may be due to the small diameter of the nano carbon
powder, which increases the action site and leading to the
improvement of adsorption efficiency. In addition, according to
Fig. S5,7 the water contact angle of PS nanofibers in air is
124.05°, indicating a low affinity for water. However, the water
contact angle of PS-C decreased to 117.5° due to the addition of
nano carbon powder, indicating that the introduction of nano
carbon powder can improve the hydrophilicity of nanofibers to
some extent. Since isoflavones have good solubility in polar
solvents, the effective adsorption of nanofibers with good
hydrophilicity will be more advantageous.

Optimization of salt ion type and concentration. The addi-
tion of salt can change the interaction between the nanofibers
and the target under test, and can also change the ionic
strength, thus affecting the solubility of the analyte and the

Fig. 2 SEM images of (a) PS nanofibers and (b) PS—C nanofibers.
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Fig. 3 Influence of nanofibers type on extraction effect. Error bars
show the standard deviations (n = 3).

viscosity of the solution.*” In this study, three salt ions (sodium
acetate, sodium dodecyl sulfate and sodium chloride) were
prepared with different concentrations to evaluate the effect of
salt ions on extraction.

As shown in Fig. 4(a)-(c), the peak area of the target
compound increases with the increase of the concentration of
sodium dodecyl sulfate, reaching the maximum value at 1 ng
mL~", however, the peak area decreased as the concentration
increased. Sodium dodecyl sulfate binds to non-polar func-
tional groups in PS, through hydrophobic interactions. This
binding induces the conformational rearrangement of sodium
dodecyl sulfate molecules to extend the hydrophilic sulfate head
outward. The increased exposure of hydrophilic groups
enhances the interaction between PS nanofibers and the polar
target matrix, thus improving the adsorption efficiency.*® At the
same time, the carbon powder will be cleaned by sodium
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Fig. 4 Influence of salt ion type and concentration on the extraction
effect of (a) daidzein (b) genistein (c) glycitein. (d) Influence of eluent
type, and 1-5 were methanol, methanol : water (v/v, 6 : 4), acetonitrile,
methanol : water : 0.1% phosphoric acid (v/v/v, 4:4:2), methanol:
acetonitrile : acetic acid (v/v/v, 50 : 45 : 5). Error bars show the standard
deviations (n = 3).
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dodecyl sulfate, thereby increasing its adsorption capacity, and
when enough salt is added, the extraction efficiency will grad-
ually decrease due to the enhancement of sample viscosity.*®
Therefore, 0.001 g mL ™" of sodium dodecyl sulfate was finally
chosen.

Optimization of eluent type. The type of eluent is an
important factor in the optimization of PFSPE, and it has
a significant effect on the desorption efficiency of the target in
nanofibers. Therefore, the type of eluent used for sample
pretreatment was optimized, as shown in Fig. 4(d). Finally,
methanol : acetonitrile : acetic acid (v/v/v, 50:45:5)
selected as the best eluent type.

Response surface optimization of critical factors. Based on
the single factor experiment, the factors that have significant
influence on the recovery rate of the target material and interact
with each other were selected (nanofibers filling amount,
elution volume, extraction time) to optimize the response
surface. The results are shown in Fig. 5. According to the single
factor test results, the fiber filling amount was set to 15-35 mg,
the eluent volume was set to 300-500 uL, and the extraction
time was set to the range of 5-7 min. The data related to
response surface analysis are shown in Tables S3-S5.7 The P
value less than 0.05 and 0.01 indicates that the item is statis-
tically significant and highly statistically significant. Statistical
analysis indicated that the lack-of-fit test yielded a not signifi-
cant p-value, confirming the model's adequacy in describing the
experimental data. Concurrently, the isoflavones recovery rate
demonstrated significant regression terms (p < 0.05), validating
the model's statistical relevance. These results collectively
confirm the model's predictive validity for extrapolating
outcomes within the studied parameter range. Therefore, the
amount of fiber filling, eluent volume and extraction time had
significant effects on the recovery of isoflavones. The response

was

Fig. 5 The response surface plots illustrating the interactive effects of
critical parameters on the absolute extraction recoveries of three
isoflavones: (a), (d) and (g) fiber-filling quantity versus elution volume
(extraction time fixed at 6 min); (b), (e) and (h) fiber-filling quantity
versus extraction time (elution volume fixed at 400 pl); (c), (f) and (i)
elution volume versus extraction time (fiber-filling quantity fixed at 25
mag).
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surface optimization results showed that the optimal effect of
solid phase extraction was obtained when nanofiber dosage was
32 mg, eluent volume was 454 pL and extraction time was 6 min,
respectively.

Method validation. A blank urine sample without analytes
was used for analysis, there was no interference peak during the
residence time of the analyte, and the signal response generated
by the target object was lower than 20% of the peak area of the
LOQ and 5% of the peak area of the internal standard, which
verified the selectivity of the method to the target isoflavones.*

The standard stock solution of soybean isoflavone was
diluted with artificial urine, and the calibration curve was ob-
tained in the concentration range of 0.005-10 pg mL™'. As
shown in Table S6,1 the standard curve of soybean isoflavone
was linear in the specified concentration range (R> = 0.999),
indicating excellent linearity, and the LOD and LOQ were 1.68-
2.74 pg L' and 5.09-8.3 ug L™ ", respectively.

The recovery rate was determined with three different
concentrations (20, 50 and 100 ng mL ") of labeled blank arti-
ficial urine samples. As shown in Table S7,{ the recoveries were
95.2-107.1%, which were all within the acceptable range. The
method demonstrated high precision, with both intra-day and
inter-day accuracies exhibiting relative standard deviations
(RSDs) below 10%. The results confirmed that the developed
assay is a sensitive and reliable analytical tool for the quanti-
tative determination of the three isoflavones in human urine
samples.

At present, various sample pretreatment methods have been
used to extract and detect soy isoflavones in biological fluids.
Table S8f compares the relevant parameters of the reported
methods and this method. This method has good feasibility,
small amount of organic solvent, low detection limit, reason-
able recovery rate, and in the solid phase extraction process, the
design of the semi-automatic extraction device can process
multiple samples at the same time, greatly improving the pro-
cessing efficiency.

Green characteristics and practical evaluation of the
method. We evaluated the greenness, safety, and practicality of
the validated method using the AGREEprep,* ComplexMo-
GAPI,** and BAGI*® metrics. The evaluation results are shown in
Fig. S6 and Tables S9-S11.t

As shown in Fig. S6(a),t the AGREEprep analysis scored 0.67,
highlighting the advantages of this method: online/in situ
sample preparation (activation, extraction, elution), less waste
(32 mg of nanofibers per sample), less use of organic solvents,
and a semi-automated process using homemade extraction
columns without heating/cooling, ensuring low energy
consumption. As shown in Fig. S6(b),T the ComplexMo-GAPI
evaluation scored 88 points, indicating that despite the use of
methanol/acetonitrile, the environmental impact was reduced
by extremely low solvent usage. As shown in Fig. S6(c),T the
BAGI evaluation scored 67.5 points, showing its practical
advantages: common reagents, simple instruments, and semi-
automated operation. Despite the need for SPE preconcentra-
tion, this method can still maintain high throughput with small
sample amounts.

RSC Adv, 2025, 15, 26601-26607 | 26605
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Actual sample analysis

Matrix effect evaluation. To investigate matrix effects in
urine samples, standard solutions were diluted to 20 ng mL™ ",
50 ng mL ', and 100 ng mL ™" with methanol and blank artifi-
cial urine, respectively. The matrix effect was evaluated by
comparing the slope of the matrix calibration curve with the
slope of the solvent calibration curve. The calculation formula is
as follows:

ME = (Slope,/Slope, — 1) x 100%

where Slope; was the slope of the matrix calibration curve,
Slope, was the slope of the solvent calibration curve. As shown
in Table S12,f the matrix effect of soy isoflavones in artificial
urine samples was 3.7-8.9%, which were less than 15%, it
showed that the influence of urinary matrix was effectively
reduced.*

Analysis of three types of isoflavones in actual human urine
samples. Finally, the method was applied to the analysis of
three types of isoflavones in actual human urine samples. Urine
samples of 3.0 mL per serving were collected from 12 volunteers
who had not consumed any soy products in the past 2 months,
and no isoflavones were detected. Then the volunteers were
given 15 g of dry fried beans and 500 mL of water mixed with
40 mg of soya-milk powder drink, and collected in the middle of
their morning urine the next day. The concentration of each
isoflavone in urine samples of 12 volunteers was determined
with 3 technical replicates. As shown in Table S13,f the
concentration range of DAI detected in the urine sample is 17.2—
110.7 ng mL™ ", the concentration range of GEN detected is 9.3~
62.1 ng mL™', and the concentration range of GLY detected is
5.0-19.2 ng mL™". In general, PS-C nanofiber can simulta-
neously adsorb three kinds of soybean isoflavones in human
urine samples, and this method requires small sample size,
convenient, and shows great potential in the pretreatment of
a large number of human samples.

Conclusions

In summary, a packed-fiber solid phase extraction method
coupled with high-performance liquid chromatography-
ultraviolet detection system was developed for the quantitative
analysis of genistein, daidzein, and glycitein in human urine.
Electrospun nanofibers were engineered as adsorbents to ach-
ieve purification of target isoflavones from complex matrices.
Five nanofibers were fabricated via electrospinning, and
a customized extraction device was implemented to streamline
the PFSPE workflow. After the systematic optimization of crit-
ical parameters including fiber filling, ionic strength (salt type/
concentration), and elution solvent composition, the method
exhibited preferable effect on the removal of impurities and the
enrichment of target analytes. The method is simple to operate,
requires a small urine sample volume, less organic solvent
consumption, conforms to the principle of green analytical
chemistry, and can be expected for the high throughput deter-
mination of genistein, daidzein, and glycitein in complex bio-
logical fluids. However, the current semi-automated method
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has not yet fully achieved the integration of solid phase
extraction and detection steps. It has certain limitations in the
separation and analysis of large quantities of actual samples. In
addition, it is also necessary to further optimize this method so
that it can be applied to the analysis of more other targets. The
following aspects can be further explored: developing portable
detection device that can be integrated with this extraction
device to achieve fully automated sample analysis, designing
functional probes for the surface modification of nanofibers to
improve the specific enrichment ability, constructing biosens-
ing strategies based on different signal amplification tech-
nology to improve specific signal response. It is believed that
the proposed assay has promising prospects in the precise
analysis of actual samples.

Statement of informed consent

The authors state that the human urine related experiments
were conformed to the ethical guidelines of the Declaration of
Helsinki and approved by Nanjing Forestry University, China.
Informed consent was obtained from all volunteers who
contributed human urine to this work.

Data availability

The data supporting this article have been included as part of
the ESL{

Author contributions

Yuqi Dai: writing - original draft, writing - review & editing,
visualization, investigation, formal analysis, data curation,
methodology. Lanmei Zhang: writing - review & editing,
supervision. Yuemeng Wang: writing - review & editing,
supervision, methodology, funding acquisition. Anni Fu:
writing - review & editing, resources, project administration,
funding acquisition. Lanling Chu: writing - original draft,
methodology, investigation, formal analysis, data curation,
funding acquisition. Lei Zhao: writing - review & editing, vali-
dation, supervision, resources, project administration, meth-
odology, funding acquisition, conceptualization.

Conflicts of interest

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

Acknowledgements

This work was supported by Shandong Provincial Natural
Science Foundation (ZR2024MH183).

Notes and references

1 S. Bensaada, I. Raymond, I. Pellegrin, J. F. Viallard and
C. J. N. Bennetau-Pelissero, Nutrients, 2023, 15, 967.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03046c

Open Access Article. Published on 25 July 2025. Downloaded on 1/20/2026 4:15:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2 S. T. Soukup, A. K. Engelbert, B. Watzl, A. Bub and
S. E. Kulling, Nutrients, 2023, 15, 2352.

3 B. F. Thomas, S. H. Zeisel, M. G. Busby, J. M. Hill,
R. A. Mitchell, N. M. Scheffler, S. S. Brown, L. T. Bloeden,
K. J. Dix and A. R. Jeffcoat, J. Chromatogr. B: Anal. Technol.
Biomed. Life Sci., 2001, 760, 191-205.

4 M.]J. Messina, V. Messina and C. Nagata, Adv. Nutr., 2024, 15,
110210.

5 L. F. Lei, S. C. Hui, Y. S. Chen, H. J. Yan, J. Yang and
S. W. Tong, Nutr. J., 2024, 23, 53.

6 D. M. Xie, Y. J. Pan, J. B. Chen, C. Mao, Z. Li, F. M. Qiu,
L. Yang, Y. B. Deng and J. C. Lu, Gene, 2024, 927, 148732.

7 J. Cao, J. Q. Zhu and S. Zhao, Heart Lung, 2024, 67, 5-11.

8 W. Ariyani and N. Koibuchi, Endocr. J., 2024, 71, 317-333.

9 A.]. Lloyd, N. D. Willis, T. Wilson, H. Zubair, E. Chambers,
I. Garcia-Perez, L. Xie, K. Tailliart, M. Beckmann,
J. C. Mathers and J. Draper, Metabolomics, 2019, 15, 72.

10 I. C. Gormley, Y. Bai and L. Brennan, Stat. Methods Med. Res.,
2020, 29, 617-635.

11 J. Tekel, E. Daeseleire, A. Heeremans and C. van Peteghem, J.
Agric. Food Chem., 1999, 47, 3489-3494.

12 Y. Chen, T. Li, H. Ji, X. Wang, X. W. Sun, M. H. Miao,
Y. Wang, Q. Wu, H. Liang and W. Yuan, Environ. Pollut.,
2021, 274, 115752.

13 M. Tzanova, V. Atanasov, Z. Yaneva, D. Ivanova and T. Dinev,
Processes, 2020, 8, 1222.

14 J. Xiao, T. Y. Wang, P. Li, R. Liu, Q. Li and K. S. Bi, J.
Chromatogr. B: Anal. Technol. Biomed. Life Sci., 2016, 1028,
33-41.

15 B.-Y. Hsu, B. S. Inbaraj and B.-H. Chen, J. Food Drug Anal.,
2010, 18, 141-154.

16 J. de Jesus Olmos-Espejel, I. Ocana-Rios, A. Pena-Alvarez,
C. J. Catenza and K. K. Donkor, Chromatographia, 2020, 83,
241-247.

17 M. Satterfield, D. M. Black and J. S. Brodbelt, J. Chromatogr.
B, 2001, 759, 33-41.

18 J. Q. Zhu, H. Cheng, M. L. Zhou, S. Y. Li, T. F. Tang and
J. Feng, J. Pharm. Biomed. Anal., 2022, 212, 114592.

19 C. Y. Zeng, C. Xu, H. Y. Tian, K. Shao, Y. N. Song, X. Yang,
Z.M. Che and Y. K. Huang, RSC Adv., 2022, 12, 19528-19536.

20 A. Chmangui, G. D. T. Madurangika Jayasinghe, M. R. Driss,
S. Touil, P. Bermejo-Barrera, S. Bouabdallah and A. Moreda-
Pineiro, Anal. Methods, 2021, 13, 3433-3443.

21 Y. F.Li, S.S. Lan and T. Zhu, TrAC, Trends Anal. Chem., 2021,
142, 1163109.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

22 H. W. Xu, J. D. Sun, H. M. Wang, Y. Z. Zhang and X. L. Sun,
Food Chem., 2021, 365, 130409.

23 I Lhotska, A. Kholova, F. Svec and D. éatinsky, TrAC, Trends
Anal. Chem., 2024, 180, 117912.

24 Y. Z. Wang, C. Hou, Y. Q. Dai, L. L. Chu, S. W. Geng,
S. L. Zheng and X. J. Kang, Anal. Methods, 2023, 15, 472-481.

25 X. Q. Zhang, P. Y. Wang, Q. Han, H. Z. Li, T. Wang and
M. Y. Ding, J. Sep. Sci., 2018, 41, 1856-1863.

26 L. L. Chu, Y. Q. Dai, C. Hou, X. J. Kang, Q. Q. Jiang,
X. M. Jiang, J. Li and H. Y. Qin, RSC Adv., 2024, 14, 27972—
27979.

27 X. R. Wan, H. R. Dai, H. Y. Zhang, H. Yang, F. Li and Q. Xu,
Microchem. J., 2022, 181, 107824.

28 S. H. Liang, N. G. Jian, J. K. Cao, H. Y. Zhang, J. Li, Q. Xu and
C. M. Wang, Food Chem., 2020, 328, 127097.

29 J. K. Cao, R. X. Li, S. H. Liang, J. Li, Q. Xu and C. M. Wang,
Food Chem., 2020, 310, 125859.

30 Y. Z. Wang, L. L. chu, J. S. Qu, B. Ding and X. J. Kang, Food
Chem., 2024, 436, 137699.

31 A. M. Mahmoud, M. H. Mahnashi, S. A. Alkahtani and
M. M. El-Wekil, Int. J. Biol. Macromol., 2020, 165, 2030.

32 Y. Sun, Y. Yan and X. Kang, Molecules, 2022, 27, 4417.

33 L.J. Fan, Z. F. Yu, X. Wei, Z. ]. Dong and J. An, Arab. J. Chem.,
2022, 15, 104222.

34 A. M. Amer, S. I. El-Dek, A. A. Farghali and N. Shehata,
Chemosphere, 2024, 359, 142313.

35 L. J. Wang, A. H. Lu, Z. Y. Xiao, ]J. H. Ma and Y. Y. Li, Appl
Surf. Sci., 2009, 255, 7542-7546.

36 K. Liu, Q. M. Feng, Y. X. Yang, G. F. Zhang, L. M. Ou and
Y. P. Lu, J. Non-Cryst. Solids, 2007, 353, 1534-1539.

37 H. F. Zhang, S. Hu, D. D. Song and H. Xu, Anal. Chim. Acta,
2016, 943, 74-81.

38 W. W. Zhao and Y. L. Wang, Adv. Colloid Interface Sci., 2017,
239, 199-212.

39 C. Vargas, P. Navarro, E. Mejia and P. Hernandez, Gold Bull.,
2022, 55, 137-143.

40 I. Baranowska, S. Magiera and J. Baranowski, J. Chromatogr.
Sci., 2011, 49, 764-773.

41 W. Wojnowski, M. Tobiszewski, F. Pena-Pereira and
E. Psillakis, TrAC, Trends Anal. Chem., 2022, 149, 116553.

42 F. R. Mansour, K. M. Omer and J. Plotka-Wasylka, Green
Anal. Chem., 2024, 10, 100126.

43 N. Manousi, W. Wojnowski, J. Plotka-Wasylka and
V. Samanidou, Green Chem., 2023, 19, 7598-7604.

44 X. Zheng, C. J. Ni, W. W. Xiao, G. P. Yu and Y. J. Li, Sep. Purif.
Technol., 2022, 298, 121464.

RSC Adv, 2025, 15, 26601-26607 | 26607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03046c

	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c

	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c

	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c
	Packed-nanofiber solid phase extraction for daidzein, genistein, glycitein in human urine and their simultaneous detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra03046c


