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We develop a fluorescent conjugated polymer-based ratiometric
aptasensor for highly specific and robust detection of perfluorooc-
tanoic acid (PFOA). The presence of PFOA can induce aptamer
folding and consequently the enhancement of the fluorescence
resonance energy transfer (FRET) efficiency, facilitating the ratio-
metric detection of PFOA with a detection limit of 27 nM and
excellent selectivity. This robust aptasensor can discriminate PFOA
from common anionic surfactants, which remains a challenge for
conjugated polymer—based PFOA sensors, and visually measures
PFOA in complex aqueous samples.

Perfluorinated and polyfluorinated alkyl substances (PFAS) are
synthetic organic pollutants widely used in food packaging and
fire-fighting foams." Their extensive use has led to widespread
contamination of surface and groundwater. Human exposure
to PFAS may induce carcinogenicity, reproductive and
endocrine disruption, neurotoxicity, dyslipidaemia, and
immunotoxicity.”> Among PFAS, perfluorooctanoic acid (PFOA)
is of particular importance, because it has been detected in the
majority of serum samples from the exposed populations
worldwide, with water being identified as the primary route of
exposure.®

Liquid chromatography-mass spectrometry (LC-MS) is cur-
rently the standard technique for detecting PFOA with good
performance.” However, it requires expensive instrumentation,
skilled operation, and time-consuming procedures. Therefore,
alternative methods for rapid, portable, and cost-effective
detection of PFOA are highly desirable. So far, a variety of
fluorescence-based platforms based on metal-organic cages,’
covalent organic frameworks,” macrocycles,” metal-organic
frameworks,® metal complexes,9 and other materials'® have
been reported for PFAS analysis. Nevertheless, most of these
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methods rely on single-emission intensity measurement, mak-
ing them vulnerable to instrumental fluctuations and environ-
mental interference.'® In contrast, ratiometric fluorescent
methods can monitor analyte-induced changes at two (or more)
emission bands, providing an internally self-calibrated signal
that significantly minimizes environmental interference and
reduces measurement ambiguity.'" Although ratiometric stra-
tegies have gained increasing attention, their application to
PFAS detection is rare. Recently, fluorescent conjugated poly-
mers (FCPs) have been reported for ratiometric fluorescence
sensing of PFAS due to their strong light-harvesting capability
and high sensitivity.'> Unfortunately, these FCP-based methods
suffer from the interference caused by anionic surfactants
commonly present in natural water systems, which significantly
hampers their practical applications."'®* To overcome this
issue, the development of robust methods capable of selectively
recognizing PFAS against surfactant interferents is necessary.
The integration of DNA aptamers into fluorescence sensing
systems can improve the assay specificity.'* Aptamers are
single-stranded DNA (ssDNA) or RNA molecules that undergo
three-dimensional conformational changes upon binding to
their targets, and they exhibit high affinity and good
specificity.'> When the positively charged FCPs are combined
with the negatively charged DNA, highly efficient fluorescence
resonance energy transfer (FRET) can be achieved with the
FCPs acting as the energy donors and the dye labels attached to
the oligonucleotide terminus acting as the energy acceptors."®
The further integration of aptamers with FCPs may generate the
target-specific fluorescence response.’” Since the discovery of a
PFOA-binding aptamer by Park in 2022, this aptamer has been
widely applied for specific detection of PFOA."*'® Herein, we
develop a conjugated polymer-based ratiometric aptasensor for
highly specific and robust detection of PFOA. This aptamer-
regulated ratiometric aptasensor can effectively suppress the
interference from common anionic surfactants and overcome
the prevalent selectivity challenge in conventional PFOA
sensors. The sensing mechanism is illustrated in Scheme 1.
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Scheme 1 (a) and (b) Schematic illustration of a fluorescent conjugated
polymer-based ratiometric aptasensor for sensitive detection of PFOA. (c)
Chemical structure of the cationic polyfluorene (PFP).

A PFOA aptamer labeled with 5’-terminal fluorescein (Apt-FAM)
is employed as the recognition element. In the absence of
PFOA, the ssDNA adopts a random coil conformation,'* result-
ing in a weak electrostatic interaction with the FCP.'® As a
result, the fluorophore remains spatially distant from the
FCP, and no significant FRET-based signal is observed
(Scheme 1a)." Upon the addition of PFOA, the aptamer folds
into a compact G-quadruplex structure,'* which increases the
local negative charge density and significantly enhances elec-
trostatic attraction toward the cationic FCP." Such structural
transformation brings the FCP into close proximity with the
fluorophore, generating a FRET-based signal (Scheme 1b)."
Poly (9,9-bis (6’-N,N,N-trimethylammonium) hexyl) fluoreny-
lene phenylene (PFP) is employed as the FCP donor
(Scheme 1c). FAM is selected as the acceptor fluorophore,
because its excitation spectrum overlaps with the emission of
PFP (Fig. 1a). Upon excitation at 380 nm, PFP is selectively
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Fig. 1 Feasibility validation of the proposed conjugated polymer—based
aptamer-regulated ratiometric aptasensor for PFOA detection. (a) Normal-
ized fluorescence excitation spectra of PFP (black) and Apt-FAM (blue), and
fluorescence emission spectra of PFP (red) and Apt-FAM (pink). (b) Emis-
sion spectra of PFP (blue) and the PFP/Apt-FAM system (green) in the
absence (dotted line) and presence of PFOA (solid line). ex = 380 nm,
[PFOA] = 30 uM, [ssDNA-FAM] = 25 nM, [PFP] = 2.5 uM. Measurements
were performed in HEPES buffer (20 mM HEPES, 1 mM NaCl, pH 7.4). (c)
CIE chromaticity coordinates of PFP/Apt-FAM fluorescence before and
after the addition of PFOA. Inset: photographs of the PFP/Apt-FAM
solution in the absence (left part) and presence (right part) of PFOA under
385-nm UV irradiation.
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excited to produce a FRET-based ratiometric fluorescence
response.”’

As shown in Fig. 1b, PFP alone exhibits a distinct fluores-
cence emission at 420 nm, but it decreases by approximately
2.5-fold upon the addition of PFOA. In the presence of both PFP
and Apt-FAM, dual fluorescence signals at 420 nm (PFP) and
525 nm (FAM) are observed. Upon the addition of PFOA, the
FRET ratio (Isps/l420) increases by nearly 11.7-fold, suggesting
that the incorporation of Apt-FAM can convert the system from
a signal-off mode to a ratiometric mode. To visualize this
change, we calculated the Commission Internationale de
I’Eclairage (CIE) chromaticity coordinates from the fluores-
cence spectra.”’ After the addition of PFOA, the coordinates
shift from blue (0.172, 0.115) to green (0.245, 0.425) (Fig. 1c). A
corresponding blue-to-green transition is directly observed
under 385 nm UV illumination (Fig. 1c, inset). Theoretically,
the total color change (AE*) value above 2 is generally consid-
ered perceptible to the observer.”> The AE* between the PFP/
Apt-FAM solutions with and without PFOA reaches 81.51,
indicating an exceptionally prominent and easily distinguish-
able color change. These results demonstrate that PFOA can be
detected by not only the ratiometric FRET signal (I5,5/1420) but
also the straightforward visual inspection under UV light.

To quantitatively evaluate PFOA, we recorded the fluores-
cence intensities at various PFOA concentrations under the
optimized experimental conditions (Fig. S1-S3). As shown in
Fig. 2a, upon excitation at 380 nm, the FRET ratio (I5,5/1420)
increases progressively with increasing PFOA concentration. A
good linear correlation is obtained between the (Is,5/I420)/(I525/
Li50)0 value and the PFOA concentration in the range of 0-30 uM
(Fig. 2b). The resulting linear regression equation is (Isys5/I420)/
(Isas/1120)0 = 0.359 x [PFOA] + 1 (R* = 0.995), where (Is,5/I120) and
(Is25/1420)0 denote the FRET ratios measured in the presence
and absence of PFOA, respectively. The limit of detection (LOD)
is calculated to be 27 nM based on the 3¢/k method, in which ¢
represents the standard deviation of the y-intercepts of the
regression line and k is the slope of the calibration curve.
The sensitivity of this ratiometric aptasensor is 67.4-fold
higher than that of a calixarene-based fluorescent method
(1820 nM),”® 100-fold higher than that of a multi-head cationic
siloxane-based fluorescent method (2700 nM),'® and 6.3-fold
higher than that of an ssDNA aptamer-based fluorescent
method (170 nM)'*” (Table S1). To further verify the sensitivity
enhancement achieved by this ratiometric aptasensor, we con-
ducted the control experiments in the absence of Apt-FAM. As
shown in Fig. S4, without Apt-FAM, the fluorescence intensity
of PFP is markedly quenched upon the addition of PFOA. The
LOD obtained in the presence of Apt-FAM (0.027 puM) is
approximately 40-fold lower than that obtained without Apt-
FAM (1.1 pM) (Fig. 2b). This significant improvement can be
attributed to (1) the enhanced FRET-based signal and (2) the
ratiometric measurement of fluorescence signals.?®

It is noteworthy that the reported limit of detection (27 nM)
is not the lowest among the reported PFAS sensors. Some
conjugated polymer/carbon dot-based ratiometric sensors for
PFOS assay'>®** and the aptamer-based amplification sensor

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Contribution of the aptamer to the enhanced sensitivity and
selectivity. (a) Emission spectra of the PFP/Apt-FAM system in response
to increasing concentrations of PFOA (0-50 uM). (b) Fluorescence
response of the PFP/Apt-FAM system (green) and PFP alone (blue) induced
by increasing concentrations of PFOA. Emission spectra of PFP (c) and
PFP/Apt-FAM (d), and the corresponding fluorescence responses of PFP (e)
and PFP/Apt-FAM (f) in the absence (blue) and presence of PFOA (red), SDS
(green), and SDBS (purple). [SDS] = [SDBS] = [PFOA]= 30 uM. For PFP alone,
fluorescence response = Ip/l. For the PFP/Apt-FAM system, fluorescence
response = (Isas/l420)/(Is25/1420)0. The error bars represent the standard
deviation derived from three independent measurements.

for PFOA assay'®” can achieve comparable nM-level sensitivity
or lower. The key advancement of our system lies in the
enhanced selectivity and robustness provided by the ratio-
metric aptasensor design. We examined the selectivity of this
ratiometric aptasensor toward the anionic surfactants sodium
dodecyl sulfate (SDS) and sodium dodecylbenzenesulfonate
(SDBS) because they are common anionic surfactants in envir-
onmental samples with structures similar to PFAS."* As shown
in Fig. 2c and e, SDS and SDBS induce significant fluorescence
quenching in the PFP system alone, similar to the response
observed with PFOA. However, once Apt-FAM is introduced, no
significant fluorescence response is observed in the presence of
SDS and SDBS, but a pronounced fluorescence change is
observed in the presence of PFOA (Fig. 2d and f), suggesting
that this ratiometric aptasensor can effectively discriminate
PFOA from structurally similar surfactants.

To assess the selectivity of this ratiometric aptasensor
toward potential environmental interferents, we challenged
the PFP/Apt-FAM system with a range of other PFAS including
perfluorobutyric acid (PFBA), perfluorobutanesulfonic acid
(PFBS), and perfluorohexanoic acid (PFHxA), octanoic acid,
(OA, a structural analogue of PFOA), and several common
inorganic salts (i.e., CaCl,, MgCl,, KCl, NaCl, and Na,SO,). In
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Fig. 3 Evaluation of the selectivity of the sensor toward PFOA against
interfering PFAS and inorganic salts. Fluorescence responses of the PFP/
Apt-FAM system toward various analytes. Zex = 380 nm. [Apt-FAM] =
25 nM, [PFP] = 25 puM. [PFOA] = [analytes] = 30 puM. 1, control; 2,
PFOA; 3, PFBA; 4, PFHxA; 5, PFBS; 6, OA; 7, CaCl,; 8, MgCl,; 9, KCL; 10,
NaCl; 11, Na,SO4. Fluorescence response = (Iszs/1420)/(Is25/1420)0. The error
bars represent the standard deviation derived from three independent
measurements.

all cases, the fluorescence responses remain essentially
unchanged (Fig. 3), suggesting that this ratiometric aptasensor
is capable of accurately distinguishing PFOA from other
potential interferents.

To validate the practical applications of this ratiometric
aptasensor, we developed a simple and cost-effective portable
device that consists of a sample chamber, an 8-tube strip, and
an array of 385-nm LEDs (Fig. 4a). The distinct fluorescence
responses of the PFP/Apt-FAM system at varying PFOA concen-
trations facilitates real-time on-site visual detection of PFOA
using a smartphone with the integration of a readily available
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Fig. 4 Design of the portable ratiometric aptasensor for PFOA detection.
(a) Blueprint of a visual device designed for quantitative detection of PFOA.
(b) Images are recorded by using a smart phone with the color-scanning
app Color Grab. Photographs and calibration curves of the PFP/Apt-FAM
system in response to different concentrations of PFOA in deionized water
(c) and tap water (d). The error bars represent the standard deviation
derived from three independent measurements.
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color-analysis app (Fig. 4b). Green (G) and blue (B) channel
intensities are extracted from the fluorescence images, and the
resulting G/B ratios are used to construct a calibration curve
with the PFOA concentration (Fig. 4c). To evaluate the perfor-
mance of this ratiometric aptasensor in real water samples, we
spiked various concentrations of PFOA into tap water and
measured them with a portable device. As shown in Fig. 4d,
under 385-nm UV illumination, the fluorescence color of the
solution gradually shifts from blue to green with increasing
PFOA concentration, and the G/B ratio extracted from the
images exhibits a linear correlation with the PFOA concen-
tration. These results demonstrate the feasibility of this ratio-
metric aptasensor for rapid, on-site detection of PFOA in
complex environmental water samples.

In conclusion, we have developed a fluorescent conjugated
polymer-based ratiometric aptasensor for highly specific and
robust detection of PFOA with an LOD of 27 nM. This sensing
platform offers several distinct advantages: (1) The PFP donor
possesses excellent light-harvesting and signal-amplification
properties, which greatly enhance the FRET-based signal
response. (2) The integration of the PFOA aptamer can trans-
form a simple turn-off response to a self-calibrated ratiometric
signal, greatly enhancing the detection accuracy, robustness,
and selectivity. This aptasensor not only effectively discrimi-
nates PFOA from common anionic surfactant interferents,
which remains a challenge for conjugated polymer-based PFOA
sensors, but also facilitates rapid and visual detection of PFOA
in complex aqueous samples, providing a new paradigm for
food safety and environmental monitoring.
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