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r solid phase extraction for
daidzein, genistein, glycitein in human urine and
their simultaneous detection†

Yuqi Dai,a Lanmei Zhang,a Yuemeng Wang,b Anni Fu,b Lanling Chu *a

and Lei Zhao*b

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 mg L−1

and 5.09–8.3 mg L−1, 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

isoflavones.
Introduction

Soy isoavones are a type of polyphenol compound structurally
similar to estradiol,1 enabling them to exert estrogen-like
effects, and are natural selective estrogen receptor modula-
tors.2 Genistein (GEN), daidzein (DAI), and glycitein (GLY) are
the principal soy isoavones, their structural formula is shown
in Fig. S1.†3 Numerous studies have demonstrated their
potential health benets,4 including lowering blood pressure,5

reducing the risk of lung cancer6 and cardiovascular disease,7

promoting brain development8 and so on. Furthermore, recent
studies indicated that the urinary isoavones levels are closely
correlated with dietary soy intake, and can serve as a biomarker
of soy intake.9 Compared to traditional dietary assessment
methods, which have certain limitations, the precise analysis of
isoavones in urine samples provides a more accurate and
objective means of quantifying soy food intake.10 It has practical
pment and Utilization of Forest Food
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the Royal Society of Chemistry
applications for exploring the intrinsic connection between diet
and disease.

Given the health implications of isoavones, it is crucial to
develop an effective method for their purication, separation,
identication, and quantication in biological uids. However,
the precise analysis of isoavones in real samples still faces
some challenges. On the one hand, aer ingestion, isoavone
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, dihydroisoavones
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 isoavones leads
to experimental difficulties in studying the relationship
between dose and pharmacological effects, thereby imposing
stringent requirements on the sensitivity of the detection
methods.11 On the other hand, the complex matrix of human
body uids (e.g., urea, inorganic salts, uric acid, creatinine) can
interfere with target analyte detection.12 Therefore, it is very
important to select the appropriate pretreatment method for
the enrichment and purication of the target material and
enhance the detection signals. Up to now, the separation of
isoavones from human biological uid usually depends on
liquid–liquid extraction13,14 and solid phase extraction.15 Tradi-
tional pretreatment methods are oen limited by inefficiencies
RSC Adv., 2025, 15, 26601–26607 | 26601
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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.16 In addition, the use of reduced sample
volumes and simplied preparation procedures is also essential
for facilitating automated processing.17 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 isoavones in human urine to reduce the
target transfer losses and minimize the time and labor
requirements inherent in traditional sample preparation
workows.

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.18 The adsorption effect of solid
phase extraction technology oen depends on the choice of
adsorbent materials. Traditional adsorption materials include
magnetic nanoparticle,19 molecularly imprinted polymers,20

graphene and composite materials,21 multiple walled carbon
nanotubes,22 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 ultrane (nano/micron) bers.
Since its emergence in the 20th century, electrospinning tech-
nology has gradually become a research hotspot in the eld of
nanober preparation due to its advantages such as strong
controllability, simple process and wide adaptability of raw
materials.23 Nanobers have the advantages of controllable
ber morphology and easy modication of function.24 When
combined with solid phase extraction, the enrichment effi-
ciency of solid phase extraction can be improved.25 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,26 chemical dyes,27 veterinary drug residues,28 anti-
biotic residues,29 and mycotoxins.30 The strong hydrophobic
effect and p–p interaction generated by the abundant benzene
ring structure in polystyrene molecules have a high affinity and
selectivity for compounds containing aromatic rings, making
polystyrene bers able to effectively enrich soy isoavones.
Therefore, we selected nanobers with polystyrene as the skel-
eton as the adsorption material for solid phase extraction of soy
isoavones.31

In this study, a new method for the determination of daid-
zein, genistein, glycitein in human samples by nanober-
packed solid phase extraction and high-performance liquid
chromatography was developed. Five kinds of nanobers were
prepared by electrospinning method. The effects of nanober
type, salt ion type and concentration, eluent type and volume,
nano-ber dosage, extraction time and other factors on
adsorption/desorption were investigated and optimized. The
26602 | RSC Adv., 2025, 15, 26601–26607
proposed analytical method for the measure of the soybean
isoavones in human samples can achieve signicant 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 isoavone 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, Mw = 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,Mw = 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 articial urine refers to the method,32

with a slight modication. The detailed preparation plan can be
found in the rst 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 nanober 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 uorescence detector (Waters Corporation), Inert
Sustain C18 column (150 mm × 4.6 mm, 5 mm, Tsushima
Corporation, Japan).
Preparation of nanobers and SPE extraction device

The solution is congured 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 lled 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 eld force, during which the solvent rapidly
evaporates, forming a continuous ber deposition on the
© 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


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 9
:4

9:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
receiving plate. In the same way, polystyrene–carbon (PS–C),
polystyrene–montmorillonite (PS–MMT), polystyrene–silicon
dioxide (PS–SiO2) nanobers were prepared respectively. The
detailed preparation process of polystyrene–Cu nano-particles
(PS–CuNPs) nanobers is shown in the second part of the
ESI.† 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 ow
rate of spinning uid was 1.7 mL h−1, the operating tempera-
ture was maintained between 20–25 °C, the relative humidity
was kept below 35%. PFSPE columns are prepared by lling the
bottom of an empty extraction column with nanobers. The
nanobers 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.
Aer 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 nanober SPE
procedure.
Nanober-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. S2† shows an
SPE array processor and an empty SPE column. Before extrac-
tion, bers were washed in solid phase extraction columns with
150 mL methanol and 150 mL water, respectively. The 500 mL
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 ows
uniformly through the SPE column, and the ow 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 lled
adsorbent. Aer extraction, 300 mL of the eluent with
Fig. 1 Schematic of soybean isoflavone detection based on nanofiber
solid phase extraction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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
ltered with a nylon membrane of 0.22 mm, 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−1;
injection volume: 10 mL; column temperature: 35 °C; detection
wavelength: 260 nm. The gradient elution procedure is shown
in Table S2.†

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 isoavone 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 articial 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 R2. 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 arti-
cial urine samples were measured within one day and for ve
consecutive days. To investigate the inter-day accuracy and
intra-day accuracy, each concentration was repeated 3 times
independently. The intra-day precision wasmeasured 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 isoavones in the eluent aer
extraction with the added concentration before extraction.

Results and discussion
Characterization of nanobers

The Fourier-transform infrared (FTIR) spectroscopy analysis of
polystyrene (PS) nanobers revealed distinct absorption bands
corresponding to characteristic molecular vibrations, as shown
in Fig. S3.† A prominent peak observed at 2922.07 cm−1 is
associated with the asymmetric C–H stretching vibration of
methylene groups. The aromatic C–H stretching vibrations of
the benzene ring are identied at 3024.30 cm−1, while defor-
mation vibrations within the aromatic structure generate
a distinct absorption band at 1600.87 cm−1. Additionally, a peak
at 1028.03 cm−1 arises from in-plane bending vibrations of C–H
RSC Adv., 2025, 15, 26601–26607 | 26603
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Fig. 3 Influence of nanofibers type on extraction effect. Error bars
show the standard deviations (n = 3).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 9
:4

9:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bonds in the benzene ring, further conrming 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.33 The two bands 1452.36 cm−1

and 1492.86 cm−1 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 ber
is successfully prepared.34 The absorption peak at 466 cm−1 in
PS–MMT and PS–SiO2 nanobers are attributed to the bending
vibration of Si–O–Si.35,36

The surface properties of nanobers materials were studied
by scanning electron microscopy (SEM). As shown in Fig. 2, the
nanobers showed a dense network structure and a rough
structure on the surface of the bers. The addition of nano
carbon powder increased the adsorption site between the
nanobers and the target analytes, which was more conducive
to the adsorption of the target analytes. The SEM images of the
as-prepared PS–MMT nanobers, PS–SiO2 nanobers and PS–
CuNPs nanobers are shown in Fig. S4.† Aer the load of
different components, the structures of the PS nanobers could
be all maintained.
Optimization of solid phase extraction conditions

Optimization of nanobers types. Different types of nano-
bers have different functional groups and microstructure,
which affect their interaction with soybean isoavones and lead
to different adsorption effects. The types of extractant electro-
spinning nanobers 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,† the water contact angle of PS nanobers 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 nanobers to
some extent. Since isoavones have good solubility in polar
solvents, the effective adsorption of nanobers 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 nanobers
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.

26604 | RSC Adv., 2025, 15, 26601–26607
viscosity of the solution.37 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−1, 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 nanobers and the polar
target matrix, thus improving the adsorption efficiency.38 At the
same time, the carbon powder will be cleaned by sodium
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).

© 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


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 9
:4

9:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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.39

Therefore, 0.001 g mL−1 of sodium dodecyl sulfate was nally
chosen.

Optimization of eluent type. The type of eluent is an
important factor in the optimization of PFSPE, and it has
a signicant effect on the desorption efficiency of the target in
nanobers. 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) was
selected as the best eluent type.

Response surface optimization of critical factors. Based on
the single factor experiment, the factors that have signicant
inuence on the recovery rate of the target material and interact
with each other were selected (nanobers lling 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 ber lling amount was set to 15–35 mg,
the eluent volume was set to 300–500 mL, 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.† The P
value less than 0.05 and 0.01 indicates that the item is statis-
tically signicant and highly statistically signicant. Statistical
analysis indicated that the lack-of-t test yielded a not signi-
cant p-value, conrming the model's adequacy in describing the
experimental data. Concurrently, the isoavones recovery rate
demonstrated signicant regression terms (p < 0.05), validating
the model's statistical relevance. These results collectively
conrm the model's predictive validity for extrapolating
outcomes within the studied parameter range. Therefore, the
amount of ber lling, eluent volume and extraction time had
signicant effects on the recovery of isoavones. The response
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 mL); (c), (f) and (i)
elution volume versus extraction time (fiber-filling quantity fixed at 25
mg).

© 2025 The Author(s). Published by the Royal Society of Chemistry
surface optimization results showed that the optimal effect of
solid phase extraction was obtained when nanober dosage was
32mg, eluent volume was 454 mL and extraction time was 6min,
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
veried the selectivity of the method to the target isoavones.40

The standard stock solution of soybean isoavone was
diluted with articial urine, and the calibration curve was ob-
tained in the concentration range of 0.005–10 mg mL−1. As
shown in Table S6,† the standard curve of soybean isoavone
was linear in the specied concentration range (R2 $ 0.999),
indicating excellent linearity, and the LOD and LOQ were 1.68–
2.74 mg L−1 and 5.09–8.3 mg L−1, respectively.

The recovery rate was determined with three different
concentrations (20, 50 and 100 ng mL−1) of labeled blank arti-
cial 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 conrmed that the developed
assay is a sensitive and reliable analytical tool for the quanti-
tative determination of the three isoavones in human urine
samples.

At present, various sample pretreatment methods have been
used to extract and detect soy isoavones in biological uids.
Table S8† 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,41 ComplexMo-
GAPI,42 and BAGI43 metrics. The evaluation results are shown in
Fig. S6 and Tables S9–S11.†

As shown in Fig. S6(a),† 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 nanobers 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),† 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),† 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

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


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 9
:4

9:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Actual sample analysis

Matrix effect evaluation. To investigate matrix effects in
urine samples, standard solutions were diluted to 20 ng mL−1,
50 ng mL−1, and 100 ng mL−1 with methanol and blank arti-
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 = (Slope1/Slope2 − 1) × 100%

where Slope1 was the slope of the matrix calibration curve,
Slope2 was the slope of the solvent calibration curve. As shown
in Table S12,† the matrix effect of soy isoavones in articial
urine samples was 3.7–8.9%, which were less than 15%, it
showed that the inuence of urinary matrix was effectively
reduced.44

Analysis of three types of isoavones in actual human urine
samples. Finally, the method was applied to the analysis of
three types of isoavones 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 isoavones 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
isoavone in urine samples of 12 volunteers was determined
with 3 technical replicates. As shown in Table S13,† the
concentration range of DAI detected in the urine sample is 17.2–
110.7 ng mL−1, the concentration range of GEN detected is 9.3–
62.1 ng mL−1, and the concentration range of GLY detected is
5.0–19.2 ng mL−1. In general, PS–C nanober can simulta-
neously adsorb three kinds of soybean isoavones 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-ber 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 nanobers were engineered as adsorbents to ach-
ieve purication of target isoavones from complex matrices.
Five nanobers were fabricated via electrospinning, and
a customized extraction device was implemented to streamline
the PFSPE workow. Aer the systematic optimization of crit-
ical parameters including ber lling, 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 uids. However, the current semi-automated method
26606 | RSC Adv., 2025, 15, 26601–26607
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 modication of nanobers to
improve the specic enrichment ability, constructing biosens-
ing strategies based on different signal amplication tech-
nology to improve specic signal response. It is believed that
the proposed assay has promising prospects in the precise
analysis of actual samples.
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