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The study shows that plant growth regulators (PGRs) have estrogenic effects, which may disrupt the normal

physiological functions of endogenous estrogen in organisms. This study used electrochemical methods to

investigate the electrochemical behavior and estrogenic effects of PGRs gibberellic acid (GA3), ethylene

(ETH), and naphthalene acetic acid (NAA) on estrogen-free human breast cancer cells (MCF-7) cells

when exposed individually or in combination. The results indicate that GA3, ETH, and NAA, whether used

alone or in combination, exhibit estrogenic effects on MCF-7 cells. The accuracy of the electrochemical

method was validated against the E-Screen method, with consistent results between the two methods.

Analysis of the combined estrogenic effects of PGRs detected by electrochemical and E-Screen

methods revealed antagonistic effects for GA3/ETH, synergistic effects for GA3/NAA, additive effects for

NAA/ETH, and synergistic effects for GA3/ETH/NAA. The combined estrogenic effects of PGRs at

environmental actual concentration ratios detected by the electrochemical method were consistent with

the results of the E-Screen method. This study successfully established a simple, fast, sensitive, and low-

cost electrochemical detection method for the combined estrogenic effects of PGRs, providing a new

approach for detecting such effects.
1. Introduction

PGRs also known as plant hormones, are a class of articially
synthesized organic compounds that have effects similar to
those of natural plant hormones.1 They are widely used in
agricultural production to effectively regulate the growth and
development processes of crops, achieving goals such as
increasing yield stability, improving quality, and enhancing
crop resistance.2 Common PGRs include GA3, ETH, and NAA.3

According to reports, the amounts of these substances placed
into the environment may soon exceed those of insecticides. 4,5

The entry of PGRs into the human body can occur through the
ingestion of food, consumption of drinking water, inhalation of
air, and contact with the skin. Prolonged consumption of food
containing residues of PGRs may have chronic toxic effects on
the human body, causing health issues such as immune system
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disruption, nervous system dysfunction, endocrine system
disorders, and even resulting in diseases such as cancer.6,7

Research has shown that PGRs have estrogenic effects, which
can disrupt the normal physiological function of endogenous
estrogen in organisms. This leads to a decrease in sperm count
and quality in males, abnormal development of the female
reproductive system, and a signicant increase in the incidence
of diseases such as breast cancer, uterine broids, and endo-
metrial cancer.8–11 For example,GA3 may act synergistically with
exogenous or endogenous estrogen and produce an enhanced
growth of uterine tissue.8 Exposure to 6-Benzylaminopurine
increase production of estradiol (E2) and consequently E2/T
ratio in zebrash larvae, which directly indicated 6-BA is
estrogenic. 9 Forchlorfenuron may promote estradiol secretion,
resulting in altered vaginal opening time and rst estrus time
and adverse effects in prepubertal female rats.10,11 Although
attention has been paid to the estrogenic effects of PGRs,
research on the combined estrogenic effects of PGRs is limited.
With the use of multiple PGRs during the plant growth cycle,
evaluating the combined estrogenic effects of PGRs holds
signicant research value.

The detection methods for estrogenic effects can be divided
into in vivo and in vitro experiments. In vivo experiments include
uterine weight gain experiments, sh experiments, etc.
However, due to the different metabolic mechanisms in
humans and animals, there are certain deviations in the
RSC Adv., 2024, 14, 36745–36753 | 36745
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obtained results. In addition, in vivo experiments are time-
consuming, expensive, and do not comply with the “3R”
principle.12–14 In vitro experiments include recombinant yeast
systems and yeast two-hybrid methods, ER assay kit detection,
MCF-7 cell proliferation assay (E-Screen), 15,16 etc.However, yeast
cells cannot accurately reect the actual effects of estrogen on
mammalian and aquatic organism cells, necessitating the use
of biotechnology and molecular biology methods. ER assay kits
are expensive and generate a large amount of waste as they are
not reusable.

The E-Screen assay is a classic method for evaluating the
estrogenic activity of chemical substances, it can be used to
screen substances with estrogen-like effects. For example, when
studying natural compounds or environmental pollutants,
estrogenic activity can be assessed by comparing cell prolifer-
ation under different conditions. E-Screen assay using estrogen-
dependent MCF-7 cells as model cells. In order to improve the
sensitivity of MCF-7 cells to exogenous estrogen, it is necessary
to remove the endogenous estrogen of MCF-7 cells. 17 However,
E-Screen assay in addition to expressing estrogen receptors, the
E-Screen assay can also express androgen receptors, proges-
terone receptors, glucocorticoid receptors, etc., which can lead
to inaccurate experimental results, as well as increased costs
and reduced repeatability. Although the E-Screen assay has
certain limitations, its high sensitivity and ease of operation
have led to its widespread use in detecting estrogenic effects.
Therefore, this article chooses to compare the E-Screen assay
with electrochemical methods to test the accuracy of the elec-
trochemical approach. It is evident that the existing methods
for detecting estrogenic effects have their shortcomings.18–21

Therefore, it is imperative to develop a new, simple, fast, and
sensitive method for detecting estrogenic effects.

The electrochemical method, with its advantages of small
equipment size, simple operation, rapid detection, high sensi-
tivity, and low cost, has been used for assessing of estrogenic
effects of environmental hormones such as estradiol, non-
ylphenol, and bisphenol A. The results obtained from this
method are consistent with those of the conventional E-Screen
assay. The electrochemical method, which utilizes purine as
a biomarker, has opened new ideas and approaches for evalu-
ating the estrogenic effects of chemical substances.22–26 In this
study, the estrogen-free MCF-7 were used as model cells, and
the electrochemical method was employed to investigate the
effects of single and combined (at equimolar concentrations)
exposure of PGRs GA3, ETH, and NAA on the electrochemical
behavior of MCF-7 cells. The correlation between the results of
the electrochemical method and the E-Screen assay in detecting
estrogenic effects was analyzed, and the feasibility of using the
electrochemical method to detect combined estrogenic effects
of PGRs was veried. The CI and AI models were used to analyze
the types of combined estrogenic effects of PGRs, and the
differences in detecting the types of combined estrogenic effects
between the electrochemical method and the E-Screen assay
were examined. Finally, the simulated environmental actual
concentration was used to verify the combined estrogenic
effects of PGRs, laying a theoretical and experimental founda-
tion for establishing a new electrochemical method for the
36746 | RSC Adv., 2024, 14, 36745–36753
simple, rapid, sensitive, low-cost, and label-free detection of the
combined estrogenic effects of PGRs. And then, opens up new
avenues for the detection of the combined estrogenic effects of
PGRs.
2. Materials and methods
2.1 Chemicals and materials

E2 activated carbon, dextran, uric acid, hypoxanthine, guanine,
xanthine and adenine were purchased from Sigma-Aldrich
Company, USA. GA3 ETH and NAA were purchased from
Shanghai Maclin Biochemical Technology, China. The glassy
carbon electrode (GCE) was purchased from Gaossunion,
China. High purity multiwall carbon nanotube (MWCNTs, 10–
20 nm in diameter) was purchased from Shenzhen Nanotech
Port Co., China. Fetal bovine serum (FBS), culture media and
growth supplements were purchased from Gibco (Grand Island,
USA). All other chemicals were of analytical grade.
2.2 Preparation of estrogen-free fetal bovine serum

Dextran (50 mg) was added to 10 mL of FBS and stirred for
5 min. Then, 500 mg of activated carbon was added and evenly
stirred for 5 min. The mixture was inactivated using a water
bath shaker at 56 °C for 30 min. Subsequently, the mixture was
centrifuged at 1000 rmp for 10 min, and the precipitate was
discarded. The above operation was repeated, and then the
mixture was passed through 0.45 and 0.22 mm membrane
ltrations. Finally, estrogen-free fetal bovine serum was
obtained.
2.3 In vitro cell culture and pharmaceutical intervention

The MCF-7 cell line was obtained from the Chinese Collection
of Authenticated Cell Cultures, culture of normal MCF-7 cells
and estrogen-free MCF-7 refer to the previous method.27,28

The estrogen-free MCF-7 cells were seeded in 60 mm culture
dishes at a density of 1 × 106 cells per dish or 1 × 10 −5 cell per
well and treated with PGRs or E2 for 72 h, and 0.1% ethanol was
used as negative control group.
2.4 E-Screen assay

This assay, introduced by Soto et al., is based on the estrogen-
sensitive human breast cancer cell line MCF-7.27 Briey, MCF-
7 cells were cultured without estrogen for 5 days to obtain
estrogen-free MCF-7 cells. They were then seeded in 96-well
plates (1× 105 cell per well) and treated with the drug aer 24 h.

The cell proliferation was assessed using the MTT assay, and
the proliferation effect of the cells was calculated using the
following eqn (1):

Proliferation ¼ Aexp

Acontrol

� 100% (1)

where Acontrol was the absorbance of 0.1% ethanol negative
control group, and Aexp was the absorbance of test group,
respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5 Electrochemical measurement

The electrochemical measurements were conducted using
a CHI 660 electrochemical analyzer (Shanghai Chenhua
Instruments Co., China) equipped with a conventional three-
electrode system. The system included a platinum wire as the
auxiliary electrode, an Ag/AgCl (saturated KCl) electrode as the
reference, and a MWCNTs-modied glassy carbon electrode
(MWCNTs/GCE) with a diameter of 3 mm as the working elec-
trode. The fabrication of the MWCNTs/GCE and the electro-
chemical measurements followed previously established
methods.

For the electrochemical detection, the cells were subjected to
treatment in a water bath at 50 °C for 30 min.24,28 The detection
of the cells was performed using linear sweep voltammetry
within a potential range of 0.0 to +1.1 V, with a scan rate of
50 mV s−1 at room temperature. The proliferation of the cells
was determined using eqn (2)

Proliferation ¼ Iexp

Icontrol
� 100% (2)

where the Icontrol was the peak currents of the cellular suspen-
sion treated by 0.1% ethanol negative control group, and the
Iexp, was the peak current of the cellular suspension treated by
PGRs or E2, and respectively.
Fig. 1 Linear sweep voltammetry curves of MCF-7 cells and standards.
(a) Estrogen-free MCF-7 cells, (b) MCF-7 cells, (c) pH 7.4 PBS, (d)
adenine, (e) guanine, (f) hypoxanthine, (g) xanthine, (h) uric acid, (i) the
mixture of uric acid and purine standards. Working electrode:
MWCNTs/GCE, enrichment time: 360 s, applied potential: 0 V. Purine
standards concentration: 5 × 10−6 mol L−1, cell concentration: 1 × 106

cells per dish. Cell culture time: 96 h.
2.6 Combined effect evaluation

CompuSyn soware was used to analyze the combined effect.
The combined index (CI) of drugs was calculated as eqn (3):29–33

ðDÞ1
ðDxÞ1

þ ðDÞ2
ðDxÞ2

þ ðDÞ3
ðDxÞ3

þ.þ ðDÞn
ðDxÞn

¼ CI (3)

where in the denominators, (Dx)1 is the doses of Drug1 alone
that inhibits x%. Likewise, (Dx)2 is the dose of Drug2 alone that
inhibits x%. (Dx)n is the dose of drug n alone that inhibits x%. In
the numerators. In the molecule, (D)1 is the portion of the
combined mixture that inhibits x% of Drug1, (D)2 is the portion
of the combined mixture that inhibits x% of Drug2, and (D)n is
the portion of the combined mixture that inhibits x% of the
drug n.

The CI quanties the degree of synergy in a combination.
Theoretically, a CI value of 1 represents additivity in the absence
of synergy or antagonism, CI < 1 indicates synergy, and CI > 1
indicates antagonism.

The formula for calculating the additive index (AI) can be
expressed as eqn (4):34–36

M ¼ ðAn=AiÞ þ ðBn=BiÞ þ ðCn=CiÞ
AI ¼ ð1=MÞ � 1:0;M\1:0
AI ¼ Mð�1Þ þ 1:0;M. 1:0
AI ¼ 0;M ¼ 1

(4)

where An, Bn, and Cn respectively represent the EC50 of
compounds A, B, and C in the mixture. Ai, Bi, and Ci represent
the EC50 of compounds A, B, and C alone.M represents the total
biological activity. When AI= 0, the mixture effect is additive. AI
< 0 indicates an antagonistic mixture effect, while AI > 0 indi-
cates a synergistic mixture effect.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.7 Statistical analysis

SPSS 19.0 was used for the statistical analysis of the experi-
mental results, and Origin 2021 soware was used for tting
analysis. The average of three independent repeated experi-
ments was calculated, and the data was represented as the
average ± standard deviation (Mean ± SD, n = 3).
3. Results and discussion
3.1 Electrochemical behavior of estrogen-free MCF-7 cells

Using linear sweep voltammetry, the electrochemical signals of
the MCF-7 cells suspension before and aer hormone deple-
tion, uric acid, and four purine standard samples were deter-
mined, as shown in Fig. 1. From the electrochemical curve of
the MCF-7 cell suspension, three distinct electrochemical signal
peaks can be observed. The intensities of the three signals from
the estrogen-free MCF-7 cells (Fig. 1a) are signicantly lower
than those of the normal cells (Fig. 1b), indicating a weakened
purine nucleotide metabolism in the estrogen-free cells.
Comparing the electrochemical curve of MCF-7 cells with the
standard samples, the rst electrochemical signal appears at
0.32 V corresponding to the signal position of the uric acid
standard sample (Fig. 1h), which belongs to the oxidation peak
of uric acid. The second electrochemical signal appears at 0.73 V
similar to the signal positions of xanthine (Fig. 1g) and guanine
(Fig. 1e) standard samples, indicating a mixed signal from
xanthine and guanine. The third electrochemical signal at
1.03 V is similar to the signal positions of hypoxanthine (Fig. 1f)
and adenine (Fig. 1d) standard samples, suggesting a mixed
signal of hypoxanthine and adenine. The three electrochemical
signals of the MCF-7 cells correspond to the signals of uric acid,
xanthine/guanine, and hypoxanthine/adenine, as previously
conrmed in earlier studies. 25,37–41

Although three electrochemical signals can be detected in
the cell suspension, the value of the electrochemical signal at
RSC Adv., 2024, 14, 36745–36753 | 36747

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06838f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
44

:3
3 

PM
. 

 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
0.32 V is relatively small, and due to the higher position, elec-
trochemical signal at 1.03 V was masked and its change was not
signicant. Therefore, in subsequent studies, we focused on the
signicant and stable 0.73 V mixed signal of xanthine/guanine
to evaluate the effect of PGRs on cell purine metabolism
based on the changes in this electrochemical signal, and thus
determining the estrogenic effects of PGRs.
3.2 Effect of PGRs on the electrochemical behavior of
estrogen-free MCF-7 cells

A. M. Gawienowski, et al. have shown that PGRs exhibit estro-
genic effects, 8–11 but research on the estrogenic effects of PGRs
using electrochemical methods has not been conducted. In this
study, E2 was used as the control group, while GA3, ETH, and
NAA were used as the experimental groups. The electrochemical
method was employed to investigate the changes in electro-
chemical signals of estrogen-free MCF-7 cells under the inu-
ence of different concentrations of PGRs, thereby evaluating the
estrogenic effects exerted by PGRs. Firstly, the impact of indi-
vidua PGRs on cellular purine metabolism was investigated. As
shown in Fig. 2A, under the inuence of PGRs, estrogen-free
MCF-7 cells exhibited a clear dose-dependent response. As the
concentrations of each plant growth regulator (PGR) increased,
the electrochemical signals initially intensied; however, they
began to diminish beyond a certain concentration. The
concentrations at which the electrochemical signals peaked
inuenced by GA3, ETH, and NAA were 1 × 10−9, 1 × 10−10, and
1 × 10−9 mol L−1, respectively. This suggests that at these
specic concentrations, PGRs exert the most pronounced effect
on intracellular purine metabolism. The change in cell prolif-
eration rate was calculated based on the changes in electro-
chemical signals of xanthine/guanine (Fig. 2B), and the trend of
cell proliferation rate change was consistent with the trend of
intracellular purine electrochemical signal change, indicating
that it is possible to evaluate the impact of exogenous
substances on cell activity by using purines as biomarkers.28,41
Fig. 2 Electrochemical signal and proliferation rate of estrogen-free MC
(A) change in electrochemical signal, (B) change in cell proliferation rate
potential: 0 V. Cell concentration: 1 × 106 cells per dish, drug action tim

36748 | RSC Adv., 2024, 14, 36745–36753
Further investigation of the combined effects of PGRs on
cellular purine metabolism was conducted, a positive control
group using E2 was employed, with combination ratios of PGR
concentrations set as GA3 : ETH = 1 : 1, GA3 : NAA = 1 : 1, ETH :
NAA = 1 : 1, and GA3 : ETH : NAA = 1 : 1 : 1. The electrochemical
signals of cells under the combined effects of PGRs (Fig. 3A)
exhibited a consistent trend of change with the electrochemical
signals of cells under the inuence of individual PGRs (Fig. 2A).
As the concentration of combined PGRs increased, the elec-
trochemical signals gradually strengthened, and then gradually
weakened aer reaching a certain concentration. The change in
proliferation rate (Fig. 3B) also followed a consistent trend with
the change in electrochemical signals. The concentrations cor-
responding to the strongest electrochemical signals under the
combined effects of GA3/ETH, GA3/NAA, NAA/ETH, and GA3/
ETH/NAA were 1 × 10−9 mol L−1, 1 × 10−11 mol L−1, 1 ×

10−10 mol L−1, and 1 × 10−12 mol L−1, respectively, indicating
the most vigorous cellular purine metabolism at these
concentrations. The individual and combined effects of GA3,
ETH, and NAA showed a similar trend in their impact on
cellular purine metabolism compared to the E2 control group,
all demonstrating signicant estrogenic effects. However, the
degree of impact on purine metabolism in estrogen-free MCF-7
cells differed between the individual and combined effects.
Subsequent validation of the accuracy of the electrochemical
method will be conducted, and further discussion on the types
of combined effects of PGRs will be carried out.
3.3 Establishment of an electrochemical assay for combined
effects of PGRs

To conrm the accuracy of the electrochemical detection
results, the commonly used estrogenic effect detection method,
the E-Screen method, was employed for validation. The results
of the E-Screen method showed a consistent trend with the
electrochemical method results (Fig. S2†). The proliferation rate
was highest for individual PGRs at concentrations of 1× 10−9, 1
F-7 cells exposed to PGRs were detected by electrochemical method.
. Working electrode: MWCNTs/GCE, enrichment time: 360 s, applied
e: 72 h. Control group: E2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The electrochemical signal and proliferation rate of estrogen-free MCF-7 cells exposed to combined PGRs were detected by electro-
chemical method. (A) Change in Electrochemical signal, (B) change in cell proliferation rate. Working electrode: MWCNTs/GCE, enrichment time:
360 s, applied potential: 0 V. Cell concentration: 1 × 106 cells per dish, drug action time: 72 h. Control group: E2, concentration ratios of the
combined PGRs : GA3 : ETH = 1 : 1, GA3 : NAA = 1 : 1, ETH : NAA = 1 : 1, GA3 : ETH : NAA = 1 : 1 : 1.
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× 10−10, and 1 × 10−9 mol L−1, while the combined PGRs
exhibited the strongest proliferation rate at concentrations of 1
× 10−9 mol L−1, 1 × 10−11 mol L−1, 1 × 10−10 mol L−1, and 1 ×

10−12 mol L−1. A comparison of the proliferation rate results
from the two detection methods, as shown in Fig. 4, revealed
a signicant positive correlation (P > 0.95). This indicates that
the electrochemical method using purines as biomarkers is
feasible for detecting both individual and combined estrogenic
effects of PGRs. Consequently, the changes in xanthine/
hypoxanthine content detected by the electrochemical method
can be used to evaluate the proliferative effects of exogenous
substances on cells.

The types of combined effects are divided into three cate-
gories: additive effects, synergistic effects, and antagonistic
effects. Additive effects refer to the situation where the total
Fig. 4 Correlation fitting diagram between electrochemical method an
GA3 : NAA = 1 : 1, (F) ETH : NAA = 1 : 1, (G) GA3 : ETH : NAA = 1 : 1 : 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
effect of two or more drugs or compounds used together is
equal to the sum of their individual effects. This means that
each drug acts independently without enhancing or weakening
each other. This effect is usually considered in drug dosage
calculations to ensure the safety and effectiveness of combina-
tion therapy. Synergistic effects occur when the total effect of
two or more drugs used together is greater than the sum of their
individual effects. This effect indicates that there is a mutually
enhancing action between the drugs. Synergistic effects are
oen used in therapy to increase efficacy or reduce the dose and
related side effects of a single drug. Antagonistic effects refer to
the scenario where one drug reduces or counteracts the effect of
another drug. This effect may be due to competitive inhibition
or mutual interference between drugs. Understanding these
combined effects is crucial for safety assessment, this article
evaluates the combined estrogenic effects of plant growth
d E-Screen method. (A) GA3 (B) ETH, (C) NAA, (D) GA3 : ETH = 1 : 1, (E)

RSC Adv., 2024, 14, 36745–36753 | 36749
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regulators. Commonly used models for evaluating combined
effects include the toxic unit (TU) model, the additivity index
(AI) model, the concentration addition (CA) model, and the
combination index (CI) model. Typically, a combination of
estrogenic activity detection methods and mathematical
models is used to assess the type of combined estrogenic
effects.42–44 In this context, the CA model is used as a predictive
model for combined effects, while TU and AI are methods that
quantitatively relate the observed effects of mixtures to the ex-
pected effects. In recent years, researchers have focused on
developing new models for combined effects, such as the CI
model (Combination Index model), which allows for computa-
tional analysis through soware. The CI model does not rely on
the action modes of mixture components, enabling more
accurate quantitative measurement of the combination index
for drug interactions. This study uses AI and CI models to
evaluate the performance of electrochemical and E-Screen
methods in detecting the combined estrogenic effects of GA3/
ETH, GA3/NAA, NAA/ETH, and GA3/ETH/NAA (Fig. S3 and Table
S1†). Both models evaluated the combined effects of GA3/ETH
as antagonistic, GA3/NAA as synergistic, and NAA/ETH as
additive. However, in the evaluation of the ternary combination
Fig. 5 The electrochemical and E-Screen methods detect the cell pro
GA3 : ETH = 1 : 5, (B) GA3 : NAA = 4 : 1, (C) ETH : NAA = 20 : 1, (D) GA3 : ET
method and E-Screen method.

36750 | RSC Adv., 2024, 14, 36745–36753
of GA3/ETH/NAA, the CI model showed a combined effect
transitioning from synergistic to antagonistic, while the AI
analysis indicated a synergistic effect. The evaluation results of
combined toxicity using the AI and CI models for the electro-
chemical method and E-Screen method were consistent (Fig. S3
and Table S1†), validating the accuracy and feasibility of the
electrochemical method for assessing combined estrogenic
effects, and successfully establishing an electrochemical
detection method for the combined estrogenic PGRs. Next, the
actual environmental concentration ratios will be simulated to
evaluate the combined estrogenic effects of PGRs using the
electrochemical method, in order to validate its practical
applicability.
3.4 The electrochemical method for detecting the actual
environmental concentration ratios of PGRs combined
estrogenic effects

As commonly used PGRs in agriculture, the residual and
hazards of GA3, ETH, and NAA in crops have attracted attention
from various countries. In China, corresponding standards
stipulate that the maximum residue limits of ETH in wheat,
barley, rye, and other crops are 1 mg kg−1, and the maximum
liferation rate of PGRs at environmentally relevant concentrations. (A)
H : NAA = 4 : 20 : 1. Inset: correlation fitting between electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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residue limits of NAA in wheat, corn, and fresh corn are 0.05 mg
kg−1. Although China has not proposed a maximum residue
limit for GA3, the United States and Japan have set the
maximum residue limits of GA3 at 0.2 mg kg−1. Based on these
maximum residue limits, the designed ratios for the drugs are
GA3 : ETH = 1 : 5, GA3 : NAA = 4 : 1, ETH : NAA = 20 : 1, and
GA3 : ETH : NAA = 4 : 20 : 1, which are used as actual concen-
tration ratios in the environment. The electrochemical method
was used to evaluate the combined estrogenic effects of the
three PGRs, and the accuracy of the electrochemical method
was veried by the E-Screen method. The proliferation rate
curves of MCF-7 cells treated with the four PGRs ratios are
shown in Fig. 5. With the increase in PGRs dosage, the prolif-
eration rate of cells was enhanced, and the detection results of
Fig. 6 FA-CI diagram evaluating the combined estrogenic effects of PG
and E-Screen methods. (A) GA3 : ETH = 1 : 5, (B) GA3 : NAA = 4 : 1, (C) ET

Table 1 AI evaluation of the combined estrogenic effects of PGRs at
actual environmental concentration ratios

Mixtures

Electrochemistry E-Screen

AI Description AI Description

GA3 + ETH −0.19 Antagonism −0.39 Antagonism
GA3 + NAA 15.44 Synergism 68.09 Synergism
ETH + NAA 5.26 Synergism 10.41 Synergism
GA3 + ETH + NAA 602.17 Synergism 1461.73 Synergism

© 2024 The Author(s). Published by the Royal Society of Chemistry
the electrochemical method and the E-Screen method were
consistent, with a signicant positive correlation (P > 0.95, Fig. 5
insert). However, the cell proliferation rates detected by the
electrochemical method were higher than those detected by the
E-Screen method, mainly due to the different detection mech-
anisms of the two methods. The E-Screen method detects cell
proliferation rates based on the number of cells, while the
electrochemical method evaluates proliferation effects from
changes in purine metabolism in cells. This indicates that
evaluating cell proliferation rates from the perspective of purine
metabolism can detect proliferation changes more signicantly
than the E-Screen method.

Using AI (Table 1) and CI models (Fig. 6) to evaluate the
combined action types of PGRs environmental actual concen-
tration ratios, it was found that apart from the antagonistic
effect between GA3 and ETH, GA3/NAA, NAA/ETH, and GA3/ETH/
NAA all exhibit synergistic effects. The evaluation results of the
combined action types of PGRs environmental actual concen-
tration ratios by AI and CI models were consistent. In the
comparison of the combined estrogenic effects between the
electrochemical method and the E-Screen method (Table 1 and
Fig. 6), the evaluation results of both methods also showed
consistency, indicating that the electrochemical method has the
potential to become a new method for detecting the combined
estrogenic effects of PGRs.
Rs at actual environmental concentration ratios using electrochemical
H : NAA = 20 : 1, (D) GA3 : ETH : NAA = 4 : 20 : 1.

RSC Adv., 2024, 14, 36745–36753 | 36751
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4. Conclusion

This study utilized three PGRs, namely GA3, ETH, and NAA, as
model drugs to compare the single and combined estrogenic
effects of PGRs using electrochemical and E-Screen methods.
The results showed that both the individual and combined use
of GA3, ETH, and NAA exhibited estrogenic effects. Additionally,
the detection results of the electrochemical method were
consistent with those of the E-Screen method, with P > 0.95,
indicating a signicant positive correlation between the two
detection methods. AI and CI models were used to evaluate the
type of combined estrogenic effects of PGRs detected using the
electrochemical and E-Screen methods, and the evaluation
results from both methods were the consistent, suggesting that
the electrochemical method is feasible for detecting the
combined estrogenic effects of these PGRs. The electrochemical
method was also used to evaluate the combined estrogenic
effects of PGRs at environmental actual concentration ratios,
and the detection results were consistent with those of the E-
Screen method. Furthermore, regardless of whether AI or CI
models were used to evaluate the combined action types of
PGRs, the results obtained from the electrochemical method
were consistent with those from the E-Screen method. Addi-
tionally, the electrochemical method was able to detect a more
signicant proliferation rate, indicating that the electro-
chemical method, which evaluates cell proliferation rates from
the perspective of purine metabolism, detects the estrogenic
effects of PGRs more signicantly than the E-Screen method.
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