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Given the widespread use of pyriproxyfen (PPF) in public health and agricultural pest management, accu-
rate residue monitoring is critical to ensuring food safety, preserving ecological equilibrium, and protect-
ing human health. While fluorescent sensing techniques represent promising paradigm for PPF detection,
existing probes often lack rapid response and high specificity. To address this issue, we present the de-
velopment of a novel FA1-targeting albumin-based supramolecular probe (DOCD@ALB) for the ratiometric
detection of PPF. The strategy design minimizes competitive interference from DS1-binding compounds
(e.g., epicatechin), thereby significantly improving its detection accuracy and specificity. When integrated
with a smartphone-assisted portable sensing device, the DOCD@ALB system enables on-site PPF quantifi-
cation in tea matrices, demonstrating its clear translational potential. These findings highlight the pivotal
role of binding site selection in modulating the sensing performance of the supramolecular probe sys-
tem, offering a robust analytical tool with implications for food safety surveillance and environmental

protection.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pyriproxyfen (PPF), a highly effective insect growth regulator,
has been widely utilized in agricultural pest control, public health
mosquito management, and veterinary ectoparasite treatment [1-
4]. However, increasing concerns have been raised regarding its po-
tential risks to ecological systems and human health due to long
half-life (5-48 days) in environment. Studies have shown that PPF
is highly toxic to aquatic invertebrates and can disrupt aquatic
ecosystems by affecting non-target species’ molting and reproduc-
tion. Moreover, PPF easily accumulates in animal fat [5], poten-
tially posing a threat to human health. The residue issue of PPF
is directly related to food safety and international trade [6]. Vari-
ous countries have established stringent maximum residue limits
(MRLs) for PPF in agricultural products (Table S1 in Supporting in-
formation) [7]. For instance, the European Union has set the MRLs
for PPF in fruits and vegetables at 0.01-0.5 mg/kg, while China has
set the limit for orange, mandarin, and tangerine at 2 mg/kg [8].
Therefore, the detection of PPF in food matrices and environmen-
tal is of critical importance.

Conventional analytical methods for PPF detection, includ-
ing high-performance liquid chromatography (HPLC), liquid
chromatography-tandem mass spectrometry (LC-MS/MS), photo-
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electrochemical sensor, and gas chromatography-mass spectrom-
etry (GC-MS), face significant practical challenges, such as high
instrument costs, complex operational workflows, and prolonged
analysis times [9-11]. In contrast, fluorescence-based sensing
techniques have emerged as compelling alternatives in recent
years, offering advantages including easy-to-use, low cost, rapid
response, and modular design versatility [12-23]. In our previous
work, we developed a host-guest supramolecular fluorescent probe
(HOF@ALB, Fig. 1a), incorporating a fluorescent dye HOF as the
guest indicator and the albumin (ALB) as the host, for sensitive
detection of PPF based on an indicator displacement assay (IDA)
[24]. This system operates through competitive binding at drug
site 1 (DS1) of albumin, where PPF displaces HOF to induce
measurable fluorescence change. However, the DS1 of albumin
serves as the primary binding site for numerous exogenous drugs
and endogenous biomolecules, creating critical interference issues
[25-29]. Specifically, in complex matrices like tea, the epicatechin
(EC), abundants in tea leaves, compete with PPF for DS1 site, lead-
ing to the false-positive PPF detection results (Fig. 1b) [30]. This
limitation underscores the urgent need for fluorescence probes
with enhanced anti-interference capabilities to enable accurate
PPF quantification in real-world samples.

To overcome this challenge, a straightforward design strat-
egy involves selecting a site-specific indicator capable of
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Fig. 1. (a) The chemical structure of HOF and PPF, and the mechanism of HOF@ALB
for PPF detection in the previous work. (b) The fluorescent response of HOF@ALB
in the presence of PPF and EC. (c) Schematic diagram of the probe design in this
work. (d) Chemical structure of screened dye DOCD and its binding complex with
albumin. (e) The fluorescent response of DOCD@ALB in the presence of PPF and
EC. (f) The diagram of fluorescence color response of DOCD@ALB in the presence
of low and high concentration of PPF. (g) Applications of DOCD@ALB in portable
devices for PPF in black tea.

binding to albumin at non-DS1 regions, such as the FAl site
(Fig. 1c) [31,32]. Building on this rationale, we developed 2-(4-
(dimethylamino)styryl)-4-oxo-4H-chromen-3-yl  diallylcarbamate
(DOCD), a novel FAl-targeting fluorescent indicator, through a
combination of theoretical calculation and experimental validation
(Fig. 1d). The molecular docking confirmed that the DOCD docks
specifically within the FA1 site of albumin without steric clashes
with adjacent residues. When incorporated as a guest indicator
into albumin host, the resulting supramolecular probe DOCD@ALB
demonstrates exceptional resistance to competitive interference
from EC (Fig. 1e). Furthermore, this system possesses a distinct
ratiometric fluorescence response to PPF, enabling reliable on-site
detection in complex matrices such as tea using portable analytical
devices (Figs. 1f and g).

The dye DOCD was easily obtained through our previous work.
'H nuclear magnetic resonance (NMR), 3C NMR and mass spec-
troscopy were used to characterize of DOCD (Figs. S1-S3 in Sup-
porting information). Immediately, the photophysical properties of
DOCD in various solvents were investigated (Table S2 in Support-
ing information). Fig. 2a shows that the maximum absorbance of
DOCD in different solvents located in ranges of 417-461 nm, cor-
responding to the -7* transition [33]. The fluorescent spectra of
DOCD exhibited a gradual red-shift as solvent polarities increased
(Fig. 2b), demonstrating typical positive solvatofluorochromism
[34]. A strong linear correlation (R2=0.92) was found between
the peak wavelength of DOCD and the Ep(30) values of solvents
(Fig. 2c). As shown in Fig. S4 (Supporting information), the flu-
orescence intensity of DOCD increases with the rise in viscosity,
indicating that the probe exhibits viscosity-dependent properties.
Next, the fluorescent responses of DOCD to ALB and PPF were ex-
amined. DOCD showed minimal fluorescence in an aqueous solu-
tion (Fig. 2d). However, in the presence of ALB, it emitted intense
orange fluorescence (Aem =595 nm), while with PPF, it emitted in-
tense green fluorescence (Aem =535nm). These findings suggest
that DOCD can be employed to design a ratiometric fluorescent re-
sponse probe (Fig. 2e).
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Fig. 2. (a) The absorption spectra and (b) normalized fluorescence spectra of DOCD
(10pmol/L) in six solvents (toluene, ethyl acetate, dichloromethane, DMSO, ethanol,
methanol). (c) The dependence of peak wavelength on polarity parameter Er(30)
of each solvent. (d) Fluorescence spectra of DOCD (10umol/L), and in the pres-
ence of ALB (10umol/L) and PPF (200umol/L). (e) Schematic diagram of the dual-
mode response of DOCD. Inset: photos of solutions emission color under 365nm
UV light. (f) Job’s plot analysis by recording the peak intensity in the mixture
of DOCD and ALB with different ratios, the overall concentration of mixture re-
mained at 10umol/L. (g) Modified Stern-Volmer plot for the quenching ALB by
DOCD. (h) Site-specific displacement experiments for DOCD@ALB (10umol/L) by
adding three drug site indicators (warfarin for DS1, ibuprofen for DS2 and hemin
for FA1). Aex =430nm.

To verify the feasibility of the supramolecular probe, the de-
tailed exploration of the binding between DOCD and ALB was con-
ducted. Job’s plot unequivocally demonstrates that DOCD and ALB
can form a binding complex in a 1:1 molar ratio (Fig. 2f). The bind-
ing parameters are calculated using fluorescence data. The calcu-
lation of binding constant (K;) and binding stoichiometry (n) can
be conducted by using modified Sterm-Volmer plot [35]. As shown
in Fig. 2g and Fig. S5 (Supporting information), the value of Kj
was as 3.35 x 10° L/mol, indicating albumin can be considered as
a suitable carrier for DOCD. The calculated value of n is 1.1, which
is consistent with the Job’s plot result. To verify the binding site
of DOCD within albumin, the indicator displacement experiments
were conducted. Three site-specific inhibitors, including warfarin
(for DS1), ibuprofen (for DS2) and hemin (for FA1), were employed
to inhibit the fluorescence of DOCD@ALB. Fig. 2h and Fig. S6 (Sup-
porting information) show that >90% inhibition was observed in
the presence of hemin, indicating that DOCD preferred binding to
the FA1 site of albumin.

The sensing performance of the DOCD@ALB for PPF was firstly
evaluated. DOCD@ALB itself shows good photostability. Fig. 3a
shows that DOCD@ALB can complete its fluorescent response
within 30s in the presence of PPF, indicating its fast response.
As shown in Fig. 3b, the fluorescence intensity at 595nm of
DOCD@ALB exhibited a gradual decline with increasing concen-
trations of PPF within the lower concentration range spanning
from 0 to 10umol/L. With further increasing concentration of
PPF, the peak at 595nm continuously decreased, with a gradu-
ally increasing new emission peak at 535 nm. Notably, within the
lower concentration regime (0-10pumol/L), a strong linear correla-
tion (R? = 0.98) was observed between the fluorescence intensity at
595nm and PPF concentration (Fig. 3c). For higher concentrations
(10-100 umol/L), the intensity ratio (Is3s/Isgs) also exhibited excel-
lent linearity with PPF concentration (R? =0.99) (Fig. 3d). Based on
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Fig. 3. (a) Time-dependent intensity ratio of DOCD@ALB (10 umol/L) in the pres-
ence and absence of PPF in PBS buffer. (b) Fluorescent spectra of DOCD@ALB with
titration of PPF. (c) Relationship between intensity at 595 nm and the concentration
of PPF range from 0 to 10 pmol/L. (d) Relationship between intensity ratio (Is3s/Isgs)
and the concentration of PPF range from 10pumol/L to 100 umol/L. (e) The inten-
sity ratio (Is3s/lIsgs) of DOCD@ALB (10 umol/L) in the presence of different pesticides
(200 pmol/L). (f) The intensity ratio (Is3s/Isgs) of DOCD@ALB (10 pmol/L) in the pres-
ence of PPF, EC and EGC (200 umol/L).

the standard deviation method (3o /slope) [36], the limit of detec-
tion was determined to be 0.75umol/L (0.25 ppm).

Next, the specificity of DOCD@ALB was studied toward a panel
of pesticides (penconazole, triadimefon, carbaryl, buprofezin, triflu-
aline, clopyralid, and SPPBS). As shown in Fig. 3e and Fig. S7 (Sup-
porting information), only PPF induced a comparable ratiomatric
fluorescent response. To assess the probe’s resistance to interfer-
ence from DS1-targeting substances, EC and epigallocatechin (EGC),
which are commonly found in tea [37], were utilized to test the
fluorescent response of DOCD@ALB. As illustrated in Fig. 3f, PPF
elicited a robust fluorescence response from the probe, whereas EC
and EGC do not elicit significant fluorescence changes. Then, com-
mon species, including common ions, amino acids, and surfactants,
were also tested. Figs. S7b and c show that none of them can in-
duce a comparable response. These results indicate that the probe
exhibits good anti-interference capability (Fig. S8 in Supporting in-
formation). In addition, the probe demonstrates good detection sta-
bility within the pH range of 6-8 (Fig. S9 in Supporting informa-
tion). The abovementioned findings indicated that DOCD@ALB is a
promising probe for the detection of PPF.

DOCD@ALB exhibited excellent sensing performance for PPF. To
further understand the fluorescence response of DOCD@ALB to PPF,
the molecular docking was employed. The binding behavior of PPF
within the FA1 pocket of albumin was first examined. As shown
in Fig. 4a, PPF can bind effectively within the FA1 pocket with
a binding energy of —7.80kcal/mol. Fig. 4b illustrates that at the
same binding site, the calculated binding energy for DOCD in FA1
is —7.69 kcal/mol. Through superposition analysis, it is evident that
PPF and DOCD overlap almost completely, and both form a hydro-
gen bond with the amino acid residue TYR160 (Fig. 4c).

Moreover, LigPlot analysis reveals that they share nine identical
amino acid residues (LEU115, LEU122, PHE133, LYS136, TYR137,
ILE141, TYR160, LIE181, MET184, ARG185, and VAL188) (Fig. 4d),
indicating that PPF and DOCD bind at nearly identical positions
within the FA1 site. Fig. 4e demonstrates that at high concen-
trations of PPF, the fluorescence spectrum of the DOCD@ALB is
completely consistent with that of DOCD, suggesting that the dye
enters the hydrophobic cavity of PPF under high-concentration
conditions. Fluorescence lifetime measurements reveal that the
fluorescence lifetimes of both DOCD and DOCD@ALB are essen-
tially the same in the present of high concentrations of PPF,
indicating that the fluorescence originates from the dyes that
have entered the PPF micelles (Figs. 4f and g). Based on the
aforementioned results, it can be inferred that the dual-mode
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Fig. 4. (a) The calculated binding modes of PPF, (b) DOCD into the FA1 of ALB,
and (c) overlap both DOCD and PPF binding into the FA1 of ALB by using the
Autodock software. (d) The 2D diagrams of DOCD and PPF jointly binding to the
FA1 site of ALB by using the Ligplot. The structure with black bond stands for the
DOCD, and that with gray bond stands for the projection planes of PPF. The red cir-
cle represents that DOCD and PPF in FA1 binding position share the same amino
acid residues. (e) The fluorescence spectra and (f) fluorescence decay curve of
DOCD@ALB (10 umol/L) and DOCD (10 umol/L) in the presence of PPF (200 umol/L),
Lex =430 nm. (g) The fluorescence lifetime of DOCD and DOCD@ALB in the presence
of PPF. (h) Proposed dual-mode fluorescent response mechanism of DOCD@ALB for
the detection of PPF.

response mechanism of the probe is as illustrated in Fig. 4h At
low concentrations, PPF undergoes an IDA with DOCD, resulting
in significant fluorescence quenching. As the concentration of PPF
increases, PPF self-assembles into hydrophobic micelles. Upon
the entry of free dye molecules into these micelles, a notable
ratiometric fluorescence response is observed.

As shown in Fig. 5a, the fluorescence color of the probe un-
dergoes a distinct transition from orange to green with increas-
ing PPF concentration from 0 to 200pumol/L. Further analysis us-
ing chromaticity coordinates reveals that the color of the probe
solution changes from (0.54, 0.45) to (0.35, 0.57) (Fig. 5b). These
results indicate that the probe can detect PPF through the fluores-
cence color of the solution [38]. Subsequently, the RGB values of
the solutions of DOCD@ALB containing various concentrations of
PPF were acquired using RGB recognition software. Upon compar-
ing the green/red (G/R) ratios, as shown in Fig. 5c, it was observed
that the fluorescence brightness of the solution with 10 umol/L PPF
was lower than that of the blank solution, indicating fluorescence
quenching. As the PPF concentration increased, the G/R value of
the solution increases gradually. Moreover, the G/R value demon-
strated a good linear relationship (RZ =0.97) within the concentra-
tion range of 0-150 umol/L (Fig. 5d).

Portable devices, compact, portable, and easy to operate, al-
low rapid PPF detection, enabling on-site testing anytime, any-
where, and greatly facilitating rapid screening and field decision-
making [39-41]. Based on the excellent fluorescence color change
of DOCD@ALB for PPF, a mobile phone-assisted portable device de-
veloped by our group has been for the portable detection of PPF
as our previous work [36,42]. The detection process is illustrated
in Fig. 5e. Images captured by the portable device are directly read
for RGB values using a mobile phone App. Then, the G/R value of
image was obtained easily. Fig. 5f illustrates that the color of the
fluorescent images captured by the device changes from orange to
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Fig. 5. (a) The photographs of DOCD@ALB in the presence of PPF with various concentrations under 365nm UV lamp. (b) The fluorescent color change toward PPF on a
CIE 1931 graph. (c) The G/R value of DOCD@ALB in the presence of PPF with various concentrations. (d) Relationship between G/R values and the concentration of PPF.
(e) Illustration of the application of portable device for PPF analysis based on DOCD@ALB. (f) The photographs and (g) the G/R value of the image of DOCD@ALB from the
portable device. (h) Relationship between G/R values and the concentration of PPF. Error bars=4SD, n=3.

green as the PPF concentration increases. Simultaneously, the G/R
values extracted from the images gradually increase as the concen-
tration rises (Fig. 5g). A good linear relationship between the G/R
values and the concentration of PPF was observed (Fig. 5h). These
results indicate that DOCD@ALB can accomplish portable detection
of PPF using a portable device.

To verify the feasibility of DOCD@ALB in actual sample detec-
tion, black tea was selected for analysis, because PPF is widely
applied for controlling pests in tea gardens [43]. Firstly, the impact
of pH on the probe was investigated. The results revealed that
the probe exhibited stable detection performance within the pH
range of 6.5-9 (Fig. S9 in Supporting information), indicating its
applicability for real sample detection. The sensing performance
of the probe in detecting black tea extract was first examined. As
illustrated in Fig. S10 (Supporting information), a significant fluo-
rescence quenching was observed upon the addition of 10umol/L
PPF (Fig. S10a). Upon the introduction of 200 umol/L PPF, the probe
demonstrated a pronounced fluorescence ratiometric response. As
shown in Figs. S10b and c, fluorescence intensity changes versus
PPF concentration at both low and high levels showed a strong
linear relationship. The accuracy of the method was evaluated
through a spiked recovery experiment. As shown in Table S3 (Sup-
porting information), the method yields recovery rates ranging
from 84.95% to 103.95%, with RSD values between 0.68% and
1.07 %, indicating high accuracy. This indicates that the probe can
be utilized for analyzing PPF in real sample. Subsequently, tea
extracts containing PPF at different concentrations were subjected
to portable detection using our portable device. As depicted in
Fig. S10d, the portable device was capable of rapidly reading the
RGB values of various solutions. The G/R values of the solutions
increased with the rising concentration of PPF (Fig. S10e), yet
no obvious linear relationship was observed (Fig. S10f). The MRL
of PPF in tea, as stipulated by the European Union, is 15ppm
[44]. Fig. S8g demonstrates statistically significant differences in
G/R values among the blank sample, samples containing 10 and
200pmol/L PPF, and the sample with 15ppm PPF. This finding
suggests that the probe, when integrated with the portable de-
tection system, is capable of discriminating between tea samples
containing PPF concentrations above the regulatory threshold and
those within permissible limits.

In summary, we report the development of a novel supramolec-
ular probe (DOCD@ALB) by strategically localizing the indicator
into FA1 site, achieving accurate detection of PPF without the
interference from DS1-binding compounds (EC and EGC). The
molecular docking confirms that PPF and DOCD compete for
overlapping subsites within the FA1 site of albumin, with PPF
exhibiting sufficient binding affinity to displace DOCD, thereby
inducing a measurable ratiometric fluorescence response. This
probe demonstrates exceptional analytical performance, charac-
terized by rapid response (<10s), sub-ppm detection sensitivity
(0.25 ppm), and robust resistance to matrix interferents, crucial for
accurate and reliable analysis. Furthermore, the distinct ratiometric
color response enables visualization through smartphone-assisted
portable device. This work not only introduces a powerful ana-
lytical tool for PPF monitoring but also establishes foundational
insights for designing albumin-based supramolecular sensors with
enhanced selectivity profiles.
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