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IDA approachesf

* and Franck Meyer () *@

Perfluorooctanoic acid (PFOA), a prominent member of per- and polyfluoroalkyl substances (PFAS), poses

significant environmental and health risks due to its persistence and toxicity. We report a dual-modal

sensing strategy employing the water-soluble conjugated polyelectrolyte, poly(3,3'-((1,4-phenylenebis

(oxy))bis(propane-3,1-diyl))bis(1-methyl-1H-imidazol-3-ium) bromide) (PPMI), for instant detection of

PFOA. PPMI exhibits aggregation-caused quenching (ACQ) and indicator displacement assay (IDA) “turn-

on” responses towards PFOA in aqueous media. The ACQ mechanism yields a limit of detection (LOD) of
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Introduction

Over the past century, the unique properties of C-F bonds,
coupled with the development of innovative fluorination meth-
odologies, have opened new avenues in bio-nanotechnology, as
well as in medicinal and materials sciences. Notably, more
than 30% of marketed drugs and 50% of blockbuster drugs
contain fluorinated molecules.” In addition fluorine-contain-
ing molecules find applications in the medical field, such as
"F MRI contrast agents and therapies like photodynamic,
ultrasound, and radiation treatments.’> The incorporation of
fluorine atoms into conjugated polymers allows for the modu-
lation of HOMO-LUMO energy levels, optical properties, film
morphology, and charge transport properties, thereby enhan-
cing the performance of organic electronic devices.”” Finally,
fluoropolymers are a class of bio-inert, safe compounds with
exceptional thermal, chemical, and UV stability, as well as re-
sistance to aging, making them ideal for demanding appli-
cations such as high-performance coatings, electronics, trans-
port and medical devices.® However, perfluoroalkyl and poly-
fluoroalkyl substances (PFAS), including perfluorooctanoic
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0.21 pM. In contrast, the IDA approach achieves a remarkably lower LOD of 16.1 nM. Notably, PPMI
detects PFOA in the presence of potentially interfering ions and distinguishes it from structurally similar
PFOA analogues. This dual-modal approach offers a reliable method for PFOA monitoring in environ-

acid (PFOA), are a class of highly persistent organic pollutants
that pose significant environmental and health concerns.”®
The strong carbon-fluorine bond is the key factor behind their
remarkable stability and resistance to natural degradation,
making PFAS a significant and enduring environmental
challenge.”'° These “forever chemicals” are utilized in various
industrial applications, including firefighting foams, non-stick
cookware, and water-repellent fabrics, contributing to their
widespread presence in the environment.'! Once released into
ecosystems, PFAS persist for extended periods and accumulate
in water sources, leading to contamination of drinking water
supplies and subsequent bioaccumulation in the food
chain.">"® The adverse health effects associated with long-
term PFAS exposure, including cancer, immune system sup-
pression, liver damage, and reproductive disorders, have
driven the urgent need for effective detection and remediation
strategies to mitigate their impact on public health.***°
Traditional methods for PFOA detection, such as liquid
chromatography-mass spectrometry (LC-MS), are widely
regarded for its sensitivity and specificity.'”'® The U.S.
Environmental Protection Agency (EPA) has approved several
LC-MS protocols, including methods 533, 537, and 1633,
which are commonly employed for the analysis of PFAS in
environmental samples, particularly drinking water.'®*°
Despite their high accuracy, these techniques present signifi-
cant practical challenges, including expensive instrumenta-
tion, complex sample preparation, time-consuming analysis,
and the need for highly trained personnel. The requirements
for solid-phase extraction (SPE) in LC-MS methods further
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complicate the workflow, making these techniques less feas-
ible for rapid, on-site monitoring of PFAS contamination.*'

To address the limitations of conventional analytical tech-
niques, various alternative methods, such as electrochemical,
fluorescence, and colorimetric approaches, among others,
have been explored.”*>® Optical sensing technologies have
emerged as promising alternatives for PFAS detection.”
Fluorescence-based sensors, in particular, have attracted con-
siderable attention due to their inherent advantages, including
low cost, portability, fast response times, and the potential for
real-time, on-site monitoring.***” These optical sensors
exploit fluorescence signals to detect the presence of target
analytes, making them especially suitable for environmental
applications. However, the development of highly selective
fluorescent sensors for PFOA remains a challenge. Many exist-
ing sensors suffer from insufficient selectivity, particularly in
distinguishing between structurally similar PFAS compounds.
Additionally, PFOA itself is non-fluorescent, necessitating the
use of indirect detection methods, such as fluorescence
quenching or signal enhancement through probe interactions.
These approaches, while effective, often complicate the detec-
tion process and may compromise selectivity.

In recent years, conjugated polymer-based sensors have
demonstrated tremendous potential for improving sensitivity
and selectivity in PFAS detection.****” Conjugated polymers,
with their extended n-conjugation and delocalized electronic
structures, exhibit excellent light-harvesting properties and
signal amplification capabilities, which make them ideal can-
didates for the development of sensitive optical sensors and
thus have been explored for various metal ions, anions, explo-
sives, chemo-sensing and bio-sensing applications.*®* ** In this
study, we present a novel sensing platform based on the conju-
gated  polyelectrolyte  poly(3,3'-((1,4-phenylenebis(oxy))bis
(propane-3,1-diyl))bis(1-methyl-1H-imidazol-3-ium) bromide)
(PPMI), combined with uranine dye (UD), for detecting PFOA.
Unlike most PFAS-based sensors, this compound was chosen
for its low cost, ease of preparation, and excellent optical pro-
perties. Its affordability and superior optical performance
make it an ideal candidate for routine experimental use. This
system operates via an indicator displacement assay (IDA)
mechanism, where the displacement of the dye upon inter-
action with PFOA triggers a measurable fluorescence
response.’”** The PPMI-UD system demonstrates a sensitive,
selective and instant response to PFOA in aqueous medium,
overcoming the limitations of previously reported optical
sensors (Table 1).

To the best of our knowledge, this is the first demonstration
of a dual-mode sensing platform that employs both fluo-
rescence “turn-off” and “turn-on” mechanisms for the selective
detection of PFOA in aqueous environments. The PPMI-UD
system effectively distinguishes PFOA from other PFAS com-
pounds, offering real-time, on-site detection approach with
excellent sensitivity at pH 7.2. This study provides a significant
advancement in the field of PFAS detection, particularly for
environmental monitoring, where rapid and selective detection
methods are critically needed.
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Experimental section
Materials and methods

Perfluorooctanoic acid (PFOA) and 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid (HEPES) and trifluoroacetic acid
(TFA) were purchased from Sigma-Aldrich. Octanoic acid (OA)
was obtained from BLD Pharmatech GmbH. Butyric acid (BA)
was purchased from Carl Roth GmbH. Heptafluorobutyric acid
(HFBA) was purchased from Apollo Scientific. Uranine dye
(UD) was obtained from Tokyo Chemical Industry (TCI). All
other electrolyte salts (sodium chloride, calcium chloride, pot-
assium chloride, sodium hydrogen carbonate, potassium car-
bonate, sodium acetate, sodium sulfate etc.) were received
from various chemical companies such as VWR chemical,
Chem-Lab NV, Merck etc. MilliQ-water was used as solvent
media for all the fluorescence and absorbance studies.
Fluorescence spectra were recorded from fluoromax-4 spectro-
fluorometer. Absorbance spectra were recorded from UV-1800
Shimadzu UV spectrophotometer. Quartz cuvettes with a
10 mm path length were used in fluorescence and absorbance
studies. A 1 mM stock solution of all the analytes was prepared
in water and further diluted whenever required in the study.
For ACQ approach, the fluorescence and absorbance studies of
PPMI were conducted in aqueous media buffered with 10 mM
HEPES (pH 7.2) in the presence of varying PFOA concen-
trations (0-100 pM). Furthermore, for IDA approach, the fluo-
rescence and absorbance studies of UD were performed in
aqueous media buffered with 10 mM HEPES (pH 7.2) at
different PPMI concentrations (0-40 pM). All solutions were
thoroughly mixed at room temperature prior to analysis and
the concentration of UD was kept constant during the analysis.
Dynamic light scattering (DLS) was measured using a Malvern
Zetasizer.

Synthesis of poly(3,3'-((1,4-phenylenebis(oxy))bis( propane-
3,1-diyl))bis(1-methyl-1H-imidazol-3-ium) bromide) (PPMI)

The conjugated polyelectrolyte PPMI was synthesized accord-
ing to our previously established method.** The precursor
polymer PPBr (18 mg) was dissolved in dimethylformamide
(DMF) in a round-bottom flask, followed by the addition of
1-methylimidazole (82 pL). The reaction mixture was stirred for
24 hours at 70 °C under an argon atmosphere. Subsequently,
the mixture was precipitated into diethyl ether. The resulting
precipitate was washed multiple times with chloroform to
remove residual reactants. Finally, a brown-colored, sticky
PPMI polymer was obtained with a yield of 70%. '"H NMR
(400 MHz, D,0, 6): 8.47 (b), 7.45 (b), 7.40 (b), 7.20 (b), 4.20 (b),
3.91 (b), 3.87(b), 2.25(b).

LOD calculations

To determine the detection limit for the ACQ approach, solu-
tions of the polymer PPMI (0.33 pM) spiked with varying con-
centrations of PFOA (0, 0.66, 1.33, 2.0, 2.66, and 3.33 uM) were
prepared in 10 mM HEPES buffer (pH 7.2). Emission spectra
were recorded for each sample upon excitation at 318 nm. A
calibration curve was constructed by plotting fluorescence inten-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sity against PFOA concentration, yielding a linear regression
equation. The limit of detection (LOD) was calculated using the
3o/k criterion, where o represents the standard deviation of
PPMTI’s fluorescence intensity in the absence of PFOA and k is
the slope of the calibration curve, which reflects the sensitivity
of the detection system. The reasoning is based on the signal-
to-noise ratio: a detectable signal should be at least three times
greater than the noise level to ensure reliability. Thus, dividing
3 x ¢ by the slope (k) gives the analyte concentration at which
the signal is distinguishable from the noise.*"**

To determine the detection limit for the IDA approach,
solutions of PPMI (80 nM) and UD (0.1 uM) spiked with PFOA
(0, 0.66, 1.33, 2.0, 2.66, and 3.33 pM) were prepared in 10 mM
HEPES buffer (pH 7.2). Fluorescence spectra were recorded for
each sample at Ao, = 490 nm. Calibration plots of fluorescence
intensity vs. PFOA concentration yielded linear regression
equations (R> > 0.99). The limit of detection (LOD) was calcu-
lated using the 3o/k criterion, where ¢ is the standard deviation
of fluorescence intensity for UD and PPMI in the absence of
PFOA, and £ is the slope of the calibration curve.

Results and discussion

Scheme 1 presents the chemical structure of PPMI, a polyelec-
trolyte sharing architectural features with ionic conjugated
polymers and conjugated polyelectrolytes. PPMI was syn-
thesized through the polymerization of 1,4-bis(3-bromopro-
poxy)benzene with anhydrous iron chloride, followed by qua-
ternization with methylimidazole, following a previously
reported method.***®*° The cationic imidazolium terminals
on PPMI’s side chains enhance its solubility in polar solvents,
such as water, and facilitate ionic attraction with anionic
species, such as PFOA, through ion exchange. The resulting
cationic polyelectrolyte exhibits strong fluorescence in water,
characterized by a photoluminescence (PL) quantum yield of
0.23. The two different sensing approaches such as ACQ and
IDA were performed in aqueous solutions buffered with
10 mM HEPES (pH 7.2) and the results are discussed.

Sensing studies using ACQ method

To evaluate the sensing performance of PPMI towards PFOA,
fluorescence titrations were conducted by gradually increasing
the concentration of PFOA (0-100 uM) in an aqueous solution
containing highly fluorescent PPMI (0.33 pM) (Fig. 1a). Upon
the initial addition of a 16.6 pM of PFOA, a rapid reduction of
approximately 20% in the PL intensity of PPMI was observed.
As the concentration of PFOA continued to increase, the PL
intensity decreased further, achieving a quenching efficiency
of around 89% (Fig. 1a). This behaviour indicates that PPMI is
sensitive to PFOA. Along with the PPMI emission peak,
another peak around 356 nm was observed which corresponds
to the Raman scattering of water (excitation = 318 nm). To
further investigate the quenching efficiency, a Stern-Volmer
plot was generated to determine the Stern-Volmer constant
(Ksy) (Fig. 1b). The plot displayed a linear relationship at lower

RSC Appl. Polym., 2025, 3, 811-819 | 813
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Scheme 1 (a) Chemical structure of the components: polymeric host (PPMI), guest (perfluorinated pollutant, PFOA) and fluorescent indicator
(uranine dye, UD). Illustration of (b) ACQ and (c) IDA sensing approaches.

PFOA concentrations.’® However, at higher concentrations, the  (Fig. 1b).*>' The LOD for the ACQ method was calculated to
plot deviated from linearity, implying the presence of mixed be 0.21 uM (Fig. 1c). Moreover, the absorption spectra of PPMI
quenching processes such as aggregation or the inner-filter (0.33 puM) at varying concentrations of PFOA (0-100 pM)
effect, alongside possible static and dynamic quenching (Fig. 1d) exhibited a noticeable shift, with a new absorption

814 | RSC Appl. Polym., 2025, 3, 811-819 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sensing studies performed with ACQ approach: (a) fluorescence spectra of PPMI (0.33 uM) with respect to change in the PFOA concentration
in HEPES buffer (10 mM, pH 7.2) (excitation wavelength = 318 nm, slit width = 2 nm). (b) Stern—Volmer plots for PFOA detection, illustrating the
quenching efficiency. (c) LOD plot for PFOA, showcasing sensitivity. (d) Normalized absorbance spectra of PPMI (0.33 pM) at varying PFOA concen-

trations in HEPES buffer (10 mM, pH 7.2).

band appearing around 425 nm. This shift suggests the for-
mation of electrostatic complexes and aggregation of PPMI as
a result of PFOA binding. Further, we conducted DLS studies
with PPMI dissolved in HEPES buffer (10 mM, pH 7.2) but no
significant readings were obtained. This indicates that the
highly water-soluble nature of ionic PPMI prevents notable
light scattering. However, upon the addition of negatively
charged PFOA, we observed significant light scattering, indicat-
ing the formation of nanoaggregates with a diameter of
approximately 200 nm (Fig. S5t). These findings strongly
suggest that PPMI forms electrostatic complexes with PFOA,
leading to nanoaggregate formation.

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

Sensing studies using the IDA method

In a typical indicator displacement assay (IDA) sensing system,
three key components are involved: (1) an indicator (dye) that
generates the sensing signal, (2) a host that accommodates the
indicator, and (3) a target analyte that displaces the indicator
from the host. In this study, uranine dye (UD), a sodium salt of
fluorescein, was employed as the indicator dye (Scheme 1). UD
exhibits absorption and fluorescence maxima at 490 nm and
513 nm, respectively, with excitation at 490 nm in HEPES-
buffered water (pH 7.2, 10 mM). For all titration experiments,
the concentration of UD was maintained at 0.1 pM. In prelimi-
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Fig. 2 (a) Fluorescence spectra and (b) normalized absorbance spectra of UD (0.1 pM) with increasing PPMI concentration in HEPES buffer (10 mM,

pH 7.2) (excitation wavelength = 490 nm, slit width = 2 nm).

nary experiments, the fluorescence of UD (0.1 uM) in HEPES-
buffered water (pH 7.2, 10 mM) was measured in the presence
of increasing concentrations of PPMI (0-80 nM) (Fig. 2a). The
fluorescence intensity of UD gradually decreased with the
addition of PPMI, showing a 63% quenching after the addition
of 80 nM of PPMI. Additionally, the absorbance spectra of UD
were analyzed after the addition of varying concentrations of
PPMI (0-80 nM) (Fig. 2b). The absorbance maximum of UD,
initially at 490 nm, exhibited a red shift of 5 nm, moving to
495 nm. This new peak at 495 nm in the absorbance spectrum
signifies the formation of a host/dye complex, specifically the
PPMI/UD complex.

To investigate the displacement of UD from the cationic
conjugated polymer PPMI by PFOA, IDA studies were per-
formed using quartz cuvettes. The concentration of the PPMI
(80 nM)/UD (0.1 pM) complex was kept constant in HEPES-
buffered water (pH 7.2, 10 mM), while the concentration of
PFOA was varied from 0 to 40 pM. In these experiments, the
fluorescence spectra of the PPMI/UD complex were recorded at
different concentrations of PFOA (0-40 puM) (Fig. 3a). As the
concentration of PFOA increased, a gradual enhancement in
fluorescence intensity was observed, leading to a reversible
dequenching effect upon the addition of 40 pM of PFOA. A
plot of PL intensity versus PFOA concentration revealed satur-
ation of the curve around 40 pM (Fig. S8t). Additionally, a plot
of I/I, versus PFOA concentration demonstrated a second-order
relationship, with a fitting R*> value of 0.9940 (Fig. S97).
Additionally, the absorption spectra of the PPMI/UD complex
were recorded under similar conditions with increasing con-
centrations of PFOA (Fig. 3b). Initially, the absorbance
maximum of the PPMI/UD complex was observed at 495 nm.
However, as the concentration of PFOA increased, this absor-

816 | RSC Appl. Polym., 2025, 3, 811-819

bance maximum blue-shifted back to 490 nm, indicating that
UD was being displaced from the PPMI/UD complex upon
interaction with PFOA (Scheme 1c).

The limit of detection (LOD) was assessed by monitoring
changes in the emission spectrum of the PPMI (80 nM)/UD
(0.1 pM) complex at various concentrations of PFOA (0.66 uM,
1.33 uM, 2.0 uM, 2.66 uM, 3.33 uM). The LOD, calculated using
the equation 30/K, was determined to be 16.1 nM (6.67 ppb)
(Fig. S17), which is comparable to other reported PFOA sensors
developed for optical detection in any solution (Table 1).

Smartphone-assisted real-time monitoring

A photograph of the PPMI (80 nM)/UD (0.1 uM) complex solu-
tion in HEPES buffer (pH 7.2, 10 mM) was captured under UV
light (365 nm) after successive additions of PFOA (0-36.6 uM)
using a Samsung S23 Ultra smartphone (Fig. 4a). Both the emis-
sion of unbound PPMI and Raman scattering fall within the
blue fluorescence region when the PPMI and UD solution is
excited at 365 nm (Fig. S6t). As the PFOA concentration
increases, the green channel fluorescence intensifies due to dye
displacement, while the blue emission from unbound PPMI is
quenched. Consequently, the ratio of green to blue fluorescence
was selected as a more representative metric for the sensing
mechanism. The colour intensity (RGB values) of each cuvette
was analysed using a Colour Picker application, and the G/B
ratio was plotted against the PFOA concentration (Fig. 4b). A
linear fit was observed, demonstrating the effectiveness of the
IDA method for real-time sensing and quantification of PFOA.

Selectivity studies

To assess the selectivity of the sensor, fluorescence-based IDA
experiments were conducted by adding various common PFOA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence spectra and (b) normalized absorbance spectra of UD (0.1 pM)/PPMI (80 nM) complex with increasing PFOA concentrations

in HEPES buffer (10 mM, pH 7.2) (excitation wavelength = 490 nm, slit width = 2 nm).
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Fig. 4 Smartphone-assisted real-time monitoring of PFOA. (a) Images
of UD (0.1 pM)/PPMI (80 nM) complex solution under UV irradiating
lamp (365 nm) with varying PFOA concentrations captured via Samsung
$23 Ultra smartphone. (b) G/B colour intensity ratios vs. PFOA concen-
trations in HEPES buffer (10 mM, pH 7.2), extracted using Colour Picker
application.

analogs (Fig. S10t), including octanoic acid (OA), butyric acid
(BA), heptafluorobutyric acid (HFBA), sodium acetate (SA), and
trifluoroacetic acid (TFA), as well as common electrolyte salts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence responses of UD (0.1 yuM)/PPMI (80 nM) complex
towards various PFAS analogues (40 pM), common waterborne interfer-
ing ions and different water samples (a) in absence and (b) in presence
of PFOA (40 pM) (excitation wavelength = 490 nm, slit width = 2 nm).

such as NaCl, CaCl,, KCl, NaHCO;, KHCO;, K,CO3;, Na,SO,,
and MgSO, to the PPMI (80 nM)/UD (0.1 uM) complex in
HEPES-buffered water (pH 7.2, 10 mM) (Fig. 5a, S2 and S37).
Remarkably, the addition of these analytes resulted in no sig-
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nificant changes in the fluorescence spectra of the PPMI/UD
complex. Additionally, natural water samples, including WS1
(tap water), WS2 (drinking tap water), and WS3 (ground water),
showed no notable effect on the fluorescence of the PPMI/UD
complex (Fig. 5a, and S41), confirming the sensor’s selectivity
for PFOA in IDA studies. To further evaluate performance in a
competitive environment, sensing experiments were per-
formed by first adding OA (40 pM) to the PPMI (80 nM)/UD
(0.1 uM) complex in buffered water. No significant change in
emission intensity was observed (Fig. S31). However, upon sub-
sequent addition of PFOA (40 uM), a substantial fluorescence
enhancement was recorded. This procedure was repeated with
other PFAS analogs and electrolyte salts, yielding similar fluo-
rescence “turn-on” responses following PFOA addition (Fig. S2
and S31). It is worth mentioning that most existing chemo-
sensor systems for PFOA detection operate on either a turn-off
or turn-on mechanism, whereas the present sensing system
offers two methods based on a single polymeric platform.
Studies involving polymers for sensing PFOA analogs have
demonstrated similar selectivity while proposing various
mechanisms, including protonation, polymer aggregation,
fluorous phase accumulation driven by perfluorochains, and
ion-exchange processes.>'? In a small host-guest system with
PFOA, some researchers successfully obtained single-crystal
data, revealing the orientation of interactions between imida-
zolium-based receptors and PFOA.>” Based on the available evi-
dence, it can be concluded that selectivity in this system is pri-
marily governed by ion-exchange processes, facilitated by fluor-
ous phase interactions arising from the perfluorochains of
PFOA. Overall, the IDA based approach stands out as a sensi-
tive, simple, rapid, and reliable method for detecting PFOA,
in competitive environments and drinking water
samples.

even

Conclusions

In this study, we developed a dual-modal sensing platform
based on a cost-effective and easily synthesized conjugated
polyelectrolyte  poly(3,3'-((1,4-phenylenebis(oxy))bis( propane-
3,1-diyl))bis(1-methyl-1H-imidazol-3-ium) bromide) (PPMI) for
the selective detection of PFOA in aqueous environments. The
platform combines aggregation-caused quenching (ACQ) and
indicator displacement assay (IDA) mechanisms, achieving
detection limits of 0.21 pM and 16.1 nM, respectively, with the
IDA approach demonstrating superior sensitivity. The sensor
exhibited selective behavior for PFOA in the presence of struc-
turally similar PFOA analogues and common electrolytes, high-
lighting its effectiveness for environmental monitoring.
Furthermore, the sensor’s real-time detection capability was
demonstrated using smartphone-assisted analysis. This dual-
modal system represents the first instance of a single poly-
meric platform capable of both “turn-off” and “turn-on”
sensing for PFOA, providing a simple, rapid, and reliable
approach for real-world environmental applications. Overall,
the ease of synthesis and low cost of PPMI makes it a promis-

818 | RSC Appl. Polym., 2025, 3, 811-819
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ing alternative to other sensing materials reported in the
literature.
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