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ABSTRACT: While existing polyfluoroalkyl substances (PFAS) detection
techniques are highly sensitive, their broader implementation is limited by the
need for expensive equipment, lengthy analysis times, and specialized
personnel. This underscores the need for fast, reliable, cost-effective, and
accessible PFAS detection methods to avoid exposure to these pollutants and
expedite the remediation of contaminated environments. Currently, portable
electrochemical sensors for in situ contaminant detection are gaining
significant attention. This study focuses on developing an electrochemical
sensor for on-site perfluorooctanoic acid (PFOA) detection utilizing screen-
printed electrodes (SPEs) modified with molecularly imprinted polymers
(MIPs). The sensor’s performance is evaluated using electrochemical
impedance spectroscopy (EIS), with the electrochemical signals for PFOA
detection arising from the specific interactions between MIPs and PFOA. The
sensor exhibits a linear response to PFOA in phosphate-buffered saline within
a concentration range of 0.1 nM to 10 μM, a detection limit of 19 ± 1 pM, and a quantification limit of 42 ± 3 nM. The selectivity of
the sensor is assessed by measuring its response to four different PFAS compounds. Additionally, its real-world applicability is tested
by analyzing the EIS response in tap and river water samples. The developed sensor, which combines an easy-to-use dipstick format
with readily prepared SPEs, has the potential for large-scale production for in situ PFOA detection.

1. INTRODUCTION
Polyfluoroalkyl substances (PFAS) are a group of widespread
and persistent pollutants commonly known as “forever
chemicals”. These chemicals are present in a range of
consumer goods from cookware and stain-resistant coatings
to firefighting foams.1−3 Their extensive use results in the
contamination of air, surface water, groundwater, and soil.4

Due to the strong carbon-fluoride bonds in PFAS, these
chemicals do not decompose in the environment and can
eventually contaminate food and drinking water.5,6 Ingesting
contaminated drinking water is a primary route of human
exposure to PFAS.7 The extraordinary chemical stability of
PFAS compounds, coupled with their association with adverse
health effects such as female infertility, thyroid disease, and
cancer, raises significant health concerns.8−10 Consequently,
governmental bodies have implemented widespread regulatory
and legal measures to control PFAS use and exposure. For
instance, the European Commission (EC) has set maximum
contaminant levels in the 2020 EU Drinking Water Directive,
limiting each individual PFAS molecule to 0.1 μg/L and the
total concentration of all PFAS compounds to 0.5 μg/L.11
Current methods for detecting PFAS typically involve

collecting samples and transporting them to analytical

laboratories.12,13 In these settings, chromatographic and mass
spectrometric techniques are employed for the determination
and quantification of PFAS.14−16 Although these methods are
highly sensitive and capable of multiplexing, they are expensive
and time-consuming and require skilled personnel. This limits
their use for routinely screening and early detection of
contamination.17,18 Additionally, environmental factors during
transportation can cause variations in PFAS concentrations.19

Therefore, there is a critical need to develop in situ, fast,
ultrasensitive, and cost-effective detection techniques to
facilitate routine screening and effectively address PFAS
pollution.20,21

Electrochemical sensors have shown great potential for the
fast, cost-effective, and portable detection of a wide range of
targets. These systems measure analyte concentrations through
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proportional changes in electrochemical responses, such as
voltammetric, amperometric, and impedimetric signals.22

However, the chemical inertness of PFAS presents a significant
challenge for direct electrochemical analysis, which relies on
selective interactions of target molecules with the electrode
surface. To overcome this limitation, a surface functionaliza-
tion approach is necessary to enable the selective capture of the

target analyte prior to electrochemical detection.23 Molecularly
imprinted polymers (MIPs) can be employed for surface
functionalization, enhancing the selectivity of electrochemical
sensors and providing a promising platform for the detection of
redox-inactive molecules.24−26

MIPs are valued for their low cost, excellent chemical and
thermal stability, high selectivity, and ability to recognize

Figure 1. Scanning electron microscopy (SEM) images for screen-printed electrodes of (a) unmodified and (b) modified with MIPs (MIP-SPE).
SEM images of the electrode edges for (c) bare SPE and (d) MIP-SPE. Scale bars are 100 μm. (e) CV curves of bare SPE and MIP-modified SPE
over the potential range of −1.0 to 1.0 V and a scan rate of 0.32 V s−1.
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specific target analytes.27−30 They can be prepared by using
various methods, such as precipitation, bulk, and emulsion
polymerization. Among these, bulk free radical polymerization
stands out as the most straightforward and cost-effective
approach for producing large quantities of MIPs.31−34

Generally, MIPs are synthesized in the presence of template
molecules. After the templates are removed, nanocavities
remain within the polymeric substrate.35−37 These cavities are
designed to be complementary to the target molecules in size,
shape, and orientation of functional groups.38,39 Therefore, we
have chosen for an affinity-based electrochemical sensor where
target detection consists of two crucial phases: (i) the
recognition stage, where MIPs capture the target from a
sample matrix through specific affinity interactions; and (ii) the
transduction stage, which converts these binding events into
distinct and quantifiable electrochemical signals.40,41

Previously, we coupled MIPs with the heat transfer method
to detect perfluorooctanoic acid (PFOA) in environmental
samples, recognizing PFOA as one of the most prevalent and
harmful components of the PFAS category.42 The polymer was
synthesized via bulk free radical polymerization in the presence

of PFOA as the template analyte. Although this approach has
shown promise, it faced challenges in mass-producing the
electrodes and miniaturizing the thermal transducer.
In the present study, we leverage these MIPs to modify

screen-printed electrodes (SPE), which are suitable for mass
production, and quantify PFOA using an electrochemical
readout method. Scanning electron microscopy (SEM) and
cyclic voltammetry (CV) were conducted on both bare and
MIP-modified electrodes to examine their morphologies and
surface characteristics. Calibration curves for PFOA in
phosphate-buffered saline (PBS) within the concentration
range of 0.1 nM to 10 μM were generated using electro-
chemical impedance spectroscopy (EIS), highlighting the
difference in detection capabilities between MIP and non-
imprinted polymer (NIP) modified electrodes.
The MIP-modified SPE displays a stronger response to

PFOA compared to other PFAS molecules, such as
perfluorooctanesulfonate (PFOS). Importantly, our findings
demonstrate the sensor’s applicability in regulatory-relevant
matrices, such as tap and river water, yielding highly
reproducible results. Impedance analysis revealed optimal

Figure 2. Results of EIS rebinding analysis after infusion with different concentrations of PFOA (0.1 nM to 10 μM) in PBS. (a) Absolute Z values
against time and (b) corresponding dose−response curves for the MIP/NIP modified SPE. (c) Absolute Z value changes against time and (d)
corresponding dose−response curves of MIP/NIP modified SPE. The dashed blue line shows the detection limit, determined by the three-sigma
rule.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10473
ACS Omega 2025, 10, 15018−15028

15020

https://pubs.acs.org/doi/10.1021/acsomega.4c10473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10473?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10473?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


detection limits for PFOA in PBS, tap water, and river water,
all below the maximum levels (0.2 nM for PFOA) specified by
the EU Drinking Water Directive.11

This study presents a significant advancement in MIP-based
electrochemical sensing of PFAS, emphasizing simplicity and
cost-effectiveness. It also lays the foundation for future
research aimed at developing fast, reliable, and portable
sensors for PFAS monitoring. To the best of our knowledge,
such on-site PFAS sensors are not yet commercially available.
Currently, only a few PFAS testing kits exist for field sampling,
which require samples to be sent to laboratories for analysis.

2. RESULTS AND DISCUSSION
2.1. Characterization with SEM and CV. The morpho-

logical studies on the functionalized part of the screen-printed
electrodes were carried out using scanning electron microscopy
(SEM) combined with an energy dispersive X-ray (EDX)
detector (Figure 1). Observing the images of the unmodified
SPE revealed an inhomogeneous and uneven surface (Figure
1a). In contrast, the microscopy images of the MIP-modified
SPE show a distinct pattern (Figure 1b). The modification
with polymer particles is evident, as the surface appears to be
more porous and rougher.
SEM images were captured from the edges of both the bare

and MIP-SPE working electrodes (Figure 1c,d). The presence
of some small particles on the edges of MIP-modified SPE
highlights its difference with the bare SPE, which has flat and
comparatively smooth edges. Notably, a small peak of oxygen
is detected in the EDX pattern of the modified-SPE, likely due
to the presence of oxygen in polyacrylamide MIPs (Supporting
Information Figure S1).
The electrochemical properties of the bare and modified

SPEs were assessed by CV with a [Fe(CN)6]3−/4− redox probe
in PBS. As shown in Figure 1e, the CV graph of the MIP-
modified SPE indicates higher oxidation and reduction peaks
compared to the bare SPE. Additionally, the area enclosed by
the CV graph of MIP-modified SPE is significantly larger than
that of the bare SPE. This can be attributed to the more porous
morphology of MIP-modified SPE, which results in more
active sites available for redox reactions.

2.2. EIS Measurements in PBS. To demonstrate the
ability of the MIP-modified SPE substrate to rebind PFOA,
EIS experiments were performed in phosphate-buffered saline
without using a redox probe. The electrochemical behavior of
PFAS under impedance spectroscopy primarily involves
interface interactions and charge transfer processes at the
electrode surface. PFAS molecules can influence the system’s
impedance through adsorption effects and changes in double-
layer capacitance, and this was monitored throughout the
study.43 For each rebinding test, the electrode’s modified part
was placed into a vial containing PBS for 20 min to allow the
impedance signal to stabilize. The sensor was then immersed in
vials with varying concentrations of PFOA (ranging from 0.1
nM to 10 μM), and the impedance signal was recorded for 10
min at each concentration (Figure S2). The experiments with
the NIP-modified SPE were conducted in the same way.
The results reveal that MIP-SPE can specifically bind PFOA,

as evidenced by a clear reduction in the absolute impedance
value even at very low PFOA concentration (Figure 2a). The
NIP-SPE also exhibited a decrease of the impedance value,
however much less pronounced in comparison to the MIP-
SPE.

The decrease in impedance amplitude upon binding of
PFOA by the MIPs can be explained by a scenario in which the
lipophilic tail group of PFOA primarily interacts with the
molecularly imprinted cavities. In this configuration, the polar
head groups are exposed at the interface between the MIP
surface and the aqueous sample, increasing the double-layer
capacitance by attracting counterions and reorienting water
dipoles. This rise in the capacitive contribution directly results
in a drop in impedance. Conversely, if the polar head groups
bind to the MIP cavities while the lipophilic tails remain
exposed to the liquid, the double layer would be disrupted,
leading to a decrease in capacitance and an increase in
impedance amplitude.44,45 However, this scenario is not
supported by our experimental data and is unlikely due to
the incompatibility between the apolar tails and the polar
aqueous medium.46,47

To quantify the impact of different concentrations of PFOA,
dose−response curves were generated by plotting the average
absolute impedance values over 5 min for each concentration
for both MIP-SPE and NIP-SPE (Figure 2b). The error bars
for each concentration reflect the variation in absolute
impedance values within the 5 min interval. The MIP-SPE
displays a linear correlation between impedance values and the
logarithm of PFOA concentrations (black line, R2 = 0.97)
without saturation effects, indicating the sensor’s effectiveness
at even higher PFOA concentrations, particularly in PBS
samples. Conversely, NIP-SPE shows a diminished and
leveling-off response at higher PFOA concentrations (red
line, R2 = 0.95). The nonspecific binding of PFOA with the
NIP results in much smaller changes in the electrochemical
signal across the entire concentration range, highlighting the
specificity of the MIP sensor. This specificity underscores the
superior performance of the MIP-SPE in detecting PFOA,
demonstrating its potential as a reliable and effective tool for
monitoring this pollutant.
Figure 2c illustrates the relative impedance changes ΔZ (%)

over time; these data are normalized with respect to the
baseline values in PBS. To accurately determine the sensor’s
limit-of-detection (LoD), the ΔZ (%) data are plotted against
the logarithm of PFOA concentration in Figure 2d. The graphs
were linearly fitted, demonstrating the sensor’s effective range
between 0.01 nM and 10 μM. Efforts were then made to
establish a practical detection limit, defined by the lowest
concentration of PFOA that is reliably analyzable with this
setup. Consequently, a limit of detection of 0.1 nM was
achieved, which is below the regulatory cutoff values.11

The ability to directly detect and quantify a concentration of
0.1 nM highlights a significant improvement over some
previously reported electrochemical techniques.46,47 Further-
more, the theoretical LoD was also calculated as the minimum
concentration where the effect size exceeds three times the
average noise value across all data sets (dashed blue line, three-
sigma rule), resulting in a value of 19 ± 1 pM. Notably, each
data point in the data set represents the average of three
individual measurements, ensuring reproducibility. The limit of
quantification (LoQ) was calculated similarly to the LoD, but
instead of multiplying by three times the average noise value, it
was multiplied by ten to ensure reliable quantification at higher
concentrations, yielding a LoQ of 42 ± 3 nM. Furthermore, %
RSD values were calculated based on the variations in absolute
impedance changes at each concentration, averaged across
three individual SPEs electrodes, with a maximum observed %
RSD of 7%.
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Figure 3. (a, b) Nyquist plots for MIP-modified SPEs at different PFOA concentrations. The plots represent the same data but are shown at
different scales to better illustrate the variations in impedance response across different concentrations. (c, d) Nyquist plots for NIP-modified SPEs
at different PFOA concentrations.

Figure 4. Selectivity results obtained via EIS measurements. (a) Dose−response curves after exposure of MIP-SPE to different concentrations of
PFOA, PFHpA, PnFBS, PFOS, and HFBA in PBS. The dashed blue line is representative of the detection limit, determined by the three-sigma rule.
(b) MIP-SPE response ΔZ (%) after being exposed to 1 nM of different PFAS molecules in PBS. The results are the average of three independent
measurements, and the error bars are the standard deviations.
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Figure 3 presents the Nyquist plots for MIP/NIP-modified
SPEs at varying PFOA concentrations. As the PFOA
concentration increases, the slope of the Nyquist plot rises
for MIP-SPE, while it remains relatively unchanged for NIP-
SPE. These results are consistent with previous data, as the
Nyquist plot slope reflects the balance between resistive and
capacitive contributions, and the increase in slope suggests that
the system is becoming more capacitive, which facilitates
charge transfer. This effect is absent in NIP-SPE, where no
specific PFOA binding occurs, leading to a relatively
unchanged Nyquist plot slope.
The Bode plots for MIP-SPE at different concentrations of

PFOA are provided in Supporting Information Figure S3.
From the Bode plots, PFOA binding reduces surface roughness
by forming a more uniform molecular layer and then the
system behaves more like an ideal capacitor, causing the phase
angle to shift toward less negative values (closer to 0°).

2.3. Selectivity Measurements of MIP-SPE. When
evaluating MIPs as receptors, it is crucial to consider their
selectivity toward a specific target over competing molecules.
However, in terms of PFAS detection, it is often desirable to
detect multiple compounds simultaneously to verify their
presence in the same sample. To assess the selectivity of the
MIP-modified electrode, the EIS response to other PFAS
molecules was studied, as shown in Figure 4. The sensor’s
response to PFOA is noticeably stronger than that to other
PFAS molecules. Two of these tested molecules are HFBA and
PFHpA, which share the same functional groups as PFOA
(they have a carboxylic acid (−COOH) group attached to a
fully fluorinated alkyl chain). Despite this similarity, PFOA has
a longer carbon chain and likely a different orientation of the
functional groups, which could explain the higher sensor
response to PFOA compared to those of HFBA and PFHpA.
The other PFAS molecules, PFOS and PnFBS, have sulfonic

acid functional groups. The MIP-SPE sensor also demonstrates
a low response toward these two molecules. Therefore, the
size, functional groups, and their position can hinder the
potential interactions of the PFAS compounds with the MIP-
modified surface of the SPE. Figure 4b presents the column
graph of MIP-SPE response (ΔZ %) after exposure to 1 nM of
the mentioned PFAS molecules in PBS.
This selectivity study provides further insight into the

binding mechanism of PFOA, shedding light on why a
conductive effect is observed rather than a resistive one. The
insulating effect of PFAS molecules typically arises from the
length of their alkyl tails, where longer tails create a more
resistive bilayer that inhibits charge transfer. However, contrary
to this norm, our findings reveal the opposite effect, suggesting
significant involvement of the alkyl component of PFAS
molecules in binding to cavities within the MIP. This enhances
our understanding of why increasing PFAS concentrations lead
to charge accumulation as the charged head of the PFAS
molecule becomes more exposed to the solution.
In summary, the results of these selectivity experiments

demonstrate that the sensor reacts more strongly to PFOA but
is also capable of recognizing other PFAS species. This is an
important finding for future research, as multiplexing the
sensor with different PFAS MIPs will enable the accurate
determination of both the total PFAS content and the
individual contributing compounds in mixed samples.

2.4. EIS Analysis in Tap and River Water. The direct
application of the developed sensor for detecting PFOA was
demonstrated through an EIS analysis of tap water samples

containing the target compound. Initially, an LC-MS instru-
ment was used to assess the tap water and Milli-Q (MQ) water
samples for the presence of PFOA. Before spiking, neither MQ
water nor tap water showed any detectable PFOA. However,
the MQ water sample displayed a distinctive PFOA peak after
being spiked with PFOA (see Supporting Information Figure
S4). For the rebinding analysis, PBS tablets and various
quantities of PFOA were added to the tap water samples
without the need for additional treatments. EIS measurements
were then performed under the same conditions as for MQ
water (with PBS tablets).
From the collected data, a reduction in absolute impedance

was observed for the MIP-SPE as PFOA concentrations
increased (Supporting Information Figure S5). The normalized
responses obtained with both MQ water and tap water are
presented in Figure 5. It is evident that the sensor’s overall

response in tap water is very similar to its performance in MQ
water. For instance, a significant shift in the absolute
impedance values is observed even after exposure of the
MIP-modified SPE to very low concentrations of PFOA.
Furthermore, the impedance changes display a linear growth
when the MIP-SPE is exposed to higher concentrations of
PFOA.
This demonstrates that the increased complexity of tap

water does not significantly influence the sensor’s efficiency,
indicating its potential for PFOA detection in various aqueous
samples. The LoD was again determined by the three-sigma
method, represented by the blue dashed line. The LoD for tap
water was calculated to be 61 ± 4 pM, which is comparable to
the sensor’s LoD in MQ water and meets the requirements of
the EU Drinking Water Directive. These findings suggest that
the method can be used for quick and inexpensive screening of
tap water for PFOA contamination, adhering to the European
Council’s limit of 0.1 μg/L (0.24 nM) for PFOA.11

Figure 5. EIS rebinding analysis in tap water and river water. Dose−
response curves of the ΔZ (%) values for MIP-modified SPE in MQ
water + PBS, tap water + PBS, and river water + PBS. The graph is
obtained from the time-dependent absolute Z values of MIP-SPE after
exposure to increasing concentrations of PFOA. The blue dashed line
shows the detection limit established by the three-sigma method. The
error bars are the standard deviations. The R2 values for the fitting
graphs were 98% for MQ water, 94% for tap water, and 94% for river
water.
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To further validate the applicability of the developed
electrochemical sensor, additional measurements were per-
formed in river water. River water samples were spiked with
varying concentrations of PFOA (0.1 nM−10 μM). The
obtained linear regression for river water closely aligns with
those for tap water and MQ water, indicating that the sensor is
suitable for detecting PFOA in various real water-based
samples. The LoD of the sensor in river water was determined
to be 123 ± 8 pM, which is well below the recommended
advisory limit.11

To evaluate the sensor’s performance in real-world
conditions, its response to PFOA was tested in the presence
of 350 nM caffeine, a common water contaminant.48 Due to
high human consumption, Caffeine is frequently detected in
tap and river water.49 It shares some chemical properties with
PFAS and can potentially interfere with sensor readings.
Indeed, PFOA and Caffeine both have polar functional groups
and hydrophobic regions. The sensor demonstrated a clear
response to PFOA even in the presence of caffeine, confirming
its robustness for real-sample analysis (see Supporting
Information Figure S6 for details).
In summary, an affinity-based sensor was designed by

integrating a commercially available SPE covered with PFOA-
MIP and an impedance analyzer. This innovative device can be
employed as a dipstick sensor for the prompt detection of
PFOA in tap water. The sensing process involved immersing
the sensor into tap water samples spiked with varying PFOA
levels.
To benchmark the sensor’s performance, it can now be

compared to other electrochemical PFAS sensing platforms
reported in the literature. This comparative analysis is
presented in Table 1, outlining the receptor material and
electrode type, target analyte, used electrochemical transducer
principle, real-world sample, and achieved LoD for each study.
It is evident from the table that our sensor exhibits a
comparatively low detection limit. Furthermore, the developed
sensor competes well with other platforms documented in the
literature due to its simple and cost-effective detection
approach, which eliminates the need for complex data
processing.

3. CONCLUSIONS
In this study, PFOA-MIP particles were utilized as the receptor
material to construct MIP-modified screen-printed electrodes
(MIP-SPE) for PFOA detection. The fabrication of MIP-SPE
sensors involved a highly reproducible and straightforward
process of screen-printing a formulation of MIPs and carbon-
graphite ink on the sensing part of an SPE. The results of the
EIS rebinding analysis for SPE revealed exceptional sensitivity
and acceptable selectivity, enabling the electrochemical
quantification of PFOA in PBS. The sensor is able to detect
PFOA in a broad range from 0.1 nM to 10 μM, and the
calculated LoD and LoQ are 19 pM and 42 nM, respectively,
while the LoD is below the contaminant level defined by the
European Council. Furthermore, the sensor is able to
differentiate between different PFAS molecules in PBS.
However, PFAS molecules with functional groups similar to
those of PFOA exhibited stronger signals compared to the
others. The performance of the sensor remained unaffected
when it was exposed to tap water and river water as a relevant
real-world matrix with LoD values of 61 and 123 pM,
respectively. The sensor demonstrated a clear response to
PFOA even in the presence of 350 nM caffeine, confirming its
robustness for real-sample analysis.
These results demonstrate that the approach adopted in this

study is highly promising. The combination of MIPs and SPEs
allows for mass-producing large batches of sensor chips, while
the integration with EIS and a SPE cartridge allows for the
development of a hand-held sensor that can eventually be used
also by nonexperienced individuals. Future research should be
aimed at investigating how the sensor can be used for the
simultaneous and selective detection of different PFAS
molecules. Additionally, the sensor’s specificity and selectivity
can be evaluated across various pH ranges and in the presence
of different interferents.

4. MATERIALS AND METHODS
4.1. Materials. Ethylene glycol dimethactrylate (EGDMA,

≥ 98%), azobis(isobutyronitrile) (AIBN, ≥ 98%), trideca-
fluoro-heptanoic acid (PFHpA, ≥ 97%), nonafluoro-1-
butanesulfonic acid potassium salt (PnFBS, 98%), PFOS

Table 1. Comparison of Different Electrochemical Platforms for PFAS Detection in Terms of the Receptor Material, Targeted
Analyte, Electrochemical Test Principle, Real-World Samples, and Achieved LoDa

receptor material and electrode type analyte
electrochemical
transducer water sample detection ref.

poly o-PD and gold electrode PFOS DPV tap water 0.04 nM 50
poly o-PD/AuNS & GCE PFOS DPV tap water 0.015 nM 45
poly o-PD & GCE PFOS EIS river water, tap water, lake

water
3.4 pM 51

MOFs Cr-MIL-10 and interdigitated microelectrodes PFOS EIS groundwater 1 pM 52
MIP-supported diamond-rich carbon nanoarchitectures and
silicon wafer slides

PFOS DPV and EIS tap water and wastewater 1.2 μg/l (2.4
nM)

47

WS2-MWCNT & freestanding electrode PFOA CV tap water 2.404 pM 53
polyaniline-chitosan & SPE PFOA CV and DPV wastewater 1.08 ppb (2.6

nM)
46

fluorine-functionalized Ce-UiO-66 & GCE PFOA LSV river water, tap water, lake
water

0.048 nM 54

polyacrylamide & SPE PFOA EIS tap water 19 pM present
study

aAbbreviations: o-PD: o-phenylenediamine; (o-PD); DPV: differential pulse voltammetry; AuNS: gold nanostars; GCE: glassy carbon electrode;
WS2: tungsten disulfide; MWCNTs: multiwalled carbon nanotubes; MOFs Cr-MIL-10: chromium-based metal−organic framework; LSV: linear
sweep voltammetry. For better comparability, certain detection limits from the original publications were recalculated to the molar scale; these
values are given in brackets.
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(98%), heptafluorobutyric acid (HFBA, 98%), PFOA (95%),
acetic acid (≥99.8%), and caffeine were supplied by Sigma-
Aldrich (The Netherlands). Acrylamide (≥99.9%), methanol
(≥99.9%), and dimethyl sulfoxide (DMSO, ≥ 99.7%) were
obtained from Fisher Scientific (The Netherlands). The Ag/
AgCl and dielectric paste with the product codes of
C2040308P3 and D2070423D5 were purchased from Gwent
Electronic Materials Ltd., UK. Milli-Q water (resistivity ≈ 18.1
MΩ cm) was used to prepare all test solutions for
electrochemical analysis.

4.2. Synthesis of Molecularly Imprinted Polymers.
Molecularly imprinted polymers (MIPs) aimed at detecting
PFOA were prepared by using a free-radical bulk polymer-
ization method. The details of the synthesis process have been
reported in our previous study.55 In summary, a mixture of
PFOA (0.29 mmol), acrylamide (1.14 mmol), EGDMA (3.46
mmol), and AIBN (0.29 mmol) was prepared in DMSO (3.5
mL). This solution was then subjected to nitrogen purging to
remove the undesired gaseous compounds. Following this, the
polymerization was initiated at 65 °C for 2 h, and the resulting
solid was pulverized and washed with methanol. The template
molecule was removed from the imprinted polymer using an
extraction method described previously.55 Finally, the MIPs
were dried and ground by using a ball mill machine (at 300
rpm, 180 s, 10 mm balls). Nonimprinted polymers (NIPs) as
control were synthesized by the same steps as the MIPs but in
the absence of PFOA.

4.3. Preparation and Modification of the Screen-
Printed Electrodes (SPE). For electrochemical experiments,
a microDEK 1760RS screen printer machine (DEK, UK) was
employed to fabricate the SPE. For each SPE, a carbon−
graphite ink mixture was deposited onto a flexible polyester
film with a thickness of 250 μm. This printed layer was then
cured at 60 °C for 30 min in a ventilated oven. Subsequently, a
reference electrode made of silver/silver chloride (Ag/AgCl,
ratio 60:40) was screen printed using Ag/AgCl paste onto the
plastic substrate and cured at similar conditions as the previous
layer. A dielectric layer of paste was then applied to insulate the
connections and determine the 3 mm diameter graphite
working electrode. The SPEs were subjected to a final curing
step, and then they were ready for use, with their character-
istics thoroughly documented in prior studies.56,57

To fabricate PFOA-MIP modified screen-printed electrodes
(MIP-SPE), the base carbon−graphite ink was modified by
incorporating the PFOA-MIP powder. The incorporation
process involved calculating the weight percentage of PFOA-
MIP particles (MP) to the total ink mass (MI), including both
the base ink and the added MIPs, following the formula of
(MP/MI) × 100. The MP was thoroughly mixed with the ink
and deposited onto the surface of the working electrode. A
formulation of 5 wt % MIP-SPE was selected to ensure there is
a sufficient amount of MIP particles on the electrode surface to
bind with the target and allow evaluation of the sensor’s
performance. Additionally, the thickness of the layers of both
bare and functionalized SPEs was measured, revealing a value
of 7.03 ± 1.54 μm. It is important to note that the overall
thickness of both samples is similar, as the main difference
between them is the presence (functionalized) or absence
(bare) of MIPs/NIPs particles in the carbon-graphitic ink
rather than any differences in the manufacturing process. To
assess the stability, electrodes were fabricated using MIPs from
different batches produced on separate days and stored for
periods ranging from several weeks to months.

4.4. Characterization of the SPE. To examine the
morphological properties of both the modified and unmodified
screen-printed electrodes, they were coated with gold by using
a gold-sputtering machine and then imaged with a Scios Dual
beam scanning electron microscope at an acceleration voltage
of 10 kV and a magnification of ×200. Cyclic voltammetry
(CV) experiments were conducted via a PalmSens4 potentio-
stat (PalmSens BV, The Netherlands) to investigate the effect
of modification with MIPs particles on the bare SPE. The CV
scans were carried out at a potential sweep from −1.0 to 1.0 V
in an electrolyte solution of 0.01 M [Fe(CN)6]3−/4−. The scan
rate, voltage step, equilibration time, and number of scans were
0.32 V s−1, 0.01 V, 2 s, and 1, respectively.

4.5. Electrochemical Impedance Spectroscopy (EIS).
An MFIA impedance analyzer (Zurich Instruments, Switzer-
land) was employed to perform the EIS analysis on the
functionalized SPE at room temperature. The SPEs were
connected to the impedance analyzer via a portable SPE
connector (PalmSens BV, The Netherlands). Subsequently,
the functionalized part of the SPE was immersed into a vial,
filled with 5 mL of PFOA solution in PBS, with a
concentration range from 0.1 nM−10 μM. Continuous
frequency sweeps were conducted in the frequency range
between 10 Hz and 100 kHz at a test signal of 300 mV. The
absolute impedance values at a specific frequency, where the
corresponding phase angle reaches −45°, were used to create
the EIS rebinding curves. This frequency varied between
different electrodes, but it was always in the range between 20
and 45 Hz. Table 2 provides an overview of the parameters
used for electrochemical measurements, including CV and EIS.

All time-dependent impedance analysis results were
calculated based on the mean values of three independent,
identically preformed tests. The ΔZ (%) was calculated as the
difference between the absolute Z value and the baseline
absolute Z value after stabilization in PBS (ZPBS), divided by
ZPBS, and then multiplied by 100 according to eq 1.

Table 2. Overview of the Parameters for Electrochemical
Measurements

method parameter details

cyclic voltammetry
(CV)

instrument PalmSens4 potentiostat
(PalmSens BV, Netherlands)

eectrolyte 0.01 M [Fe(CN)6]3−/4−

potential range −1.0 to 1.0 V
scan rate 0.32 V/s
voltage step 0.01 V
equilibration time 2 s
number of scans 1

electrochemical
impedance
spectroscopy (EIS)

instrument MFIA impedance analyzer
(Zurich Instruments,
Switzerland)

SPE connection portable SPE connector
(PalmSens BV, Netherlands)

measurement
solution

5 mL PFOA solution in PBS
(0.1 nM−10 μM)

frequency range 10 Hz−100 kHz
test signal 300 mV
data extraction absolute impedance at phase

angle −45°
frequency range
for data
extraction

20−45 Hz
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= ×Z
Z Z

Z
(%) 100PBS

PBS (1)

4.6. EIS Analysis in Tap and River Water and in the
Presence of Caffeine. Tap water samples were collected
from urban sources in Maastricht, The Netherlands, where tap
water originates from groundwater or surface water. The
absence of PFOA in the samples was verified using a Shimadzu
liquid chromatograph−mass spectrometer (LCMS-2020).
Subsequently, spiked tap water samples with varying
concentrations of PFOA (0.1 nM−10 μM) were generated
and utilized for EIS rebinding analysis without additional
processing of the samples. In addition, PBS tablets were
introduced into the tap water samples to increase their
conductivity (one tablet per 100 mL of tap water, 1× PBS).
River water samples were taken from the Maas River in
Maastricht, The Netherlands, and filtered through a 0.45 μm
syringe filter to eliminate insoluble particles. The spiking
procedure for river water followed the same steps as those for
tap water. For caffeine interference studies, 350 nM caffeine
was added to all PFOA concentration series in PBS.
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Bidkorbeh, F. Molecularly Imprinted Polymer-Carbon Paste Elec-
trode (MIP-CPE)-Based Sensors for the Sensitive Detection of
Organic and Inorganic Environmental Pollutants: A Review. Trends in
Environmental Analytical Chemistry 2021, 32, No. e00144.
(36) Tarannum, N.; Khatoon, S.; Dzantiev, B. B. Perspective and
Application of Molecular Imprinting Approach for Antibiotic
Detection in Food and Environmental Samples: A Critical Review.
Food Control 2020, 118, No. 107381.
(37) Tasfaout, A.; Ibrahim, F.; Morrin, A.; Brisset, H.; Sorrentino, I.;
Nanteuil, C.; Laffite, G.; Nicholls, I. A.; Regan, F.; Branger, C.
Molecularly Imprinted Polymers for Per- and Polyfluoroalkyl
Substances Enrichment and Detection. Talanta 2023, 258,
No. 124434.
(38) Rahman, S.; Bozal-Palabiyik, B.; Unal, D. N.; Erkmen, C.;
Siddiq, M.; Shah, A.; Uslu, B. Molecularly Imprinted Polymers
(MIPs) Combined with Nanomaterials as Electrochemical Sensing
Applications for Environmental Pollutants. Trends in Environmental
Analytical Chemistry 2022, 36, No. e00176.
(39) Selvolini, G.; Marrazza, G. MIP-Based Sensors: Promising New
Tools for Cancer Biomarker Determination. Sensors (Switzerland)
2017, 17 (4), 718.
(40) Cui, F.; Zhou, Z.; Zhou, H. S. Molecularly Imprinted Polymers
and Surface Imprinted Polymers Based Electrochemical Biosensor for
Infectious Diseases. Sensors (Switzerland) 2020, 20 (4), 996.
(41) Wilkirson, E. C.; Singampalli, K. L.; Li, J.; Dixit, D. D.; Jiang,
X.; Gonzalez, D. H.; Lillehoj, P. B. Affinity-Based Electrochemical
Sensors for Biomolecular Detection in Whole Blood. Anal Bioanal
Chem. 2023, 415 (18), 3983−4002.
(42) FitzGerald, L. I.; Olorunyomi, J. F.; Singh, R.; Doherty, C. M.
Towards Solving the PFAS Problem: The Potential Role of Metal-
Organic Frameworks. ChemSusChem 2022, 15 (19), No. e202201136.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10473
ACS Omega 2025, 10, 15018−15028

15027

https://doi.org/10.1016/j.chroma.2023.463884
https://doi.org/10.1016/j.chroma.2023.463884
https://doi.org/10.1016/j.chroma.2023.463884
https://doi.org/10.1016/j.chroma.2023.463884
https://doi.org/10.1016/j.scitotenv.2022.160647
https://doi.org/10.1016/j.scitotenv.2022.160647
https://doi.org/10.1016/j.scitotenv.2022.160647
https://doi.org/10.1016/j.bios.2015.06.008
https://doi.org/10.1016/j.bios.2015.06.008
https://doi.org/10.1016/j.bios.2015.06.008
https://doi.org/10.1016/j.bios.2015.06.008
https://eur-lex.europa.eu/eli/dir/2020/2184/oj
https://doi.org/10.1002/celc.202201006
https://doi.org/10.1002/celc.202201006
https://doi.org/10.1016/j.envint.2021.107000
https://doi.org/10.1016/j.envint.2021.107000
https://doi.org/10.1016/j.envint.2021.107000
https://doi.org/10.3390/s18061836
https://doi.org/10.3390/s18061836
https://doi.org/10.3390/s18061836
https://doi.org/10.1021/acsami.1c15528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c15528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c15528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s24010130
https://doi.org/10.3390/s24010130
https://doi.org/10.1039/D2SC05685B
https://doi.org/10.1039/D2SC05685B
https://doi.org/10.1039/D2SC05685B
https://doi.org/10.1016/j.snb.2021.131340
https://doi.org/10.1016/j.snb.2021.131340
https://doi.org/10.1016/j.snb.2021.131340
https://doi.org/10.1016/j.jenvman.2022.114655
https://doi.org/10.1016/j.jenvman.2022.114655
https://doi.org/10.1021/acssensors.2c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coelec.2021.100848
https://doi.org/10.1016/j.coelec.2021.100848
https://doi.org/10.1016/j.coelec.2021.100848
https://doi.org/10.1002/elan.201500527
https://doi.org/10.1002/elan.201500527
https://doi.org/10.1002/elan.201500527
https://doi.org/10.1016/j.trac.2022.116830
https://doi.org/10.1016/j.trac.2022.116830
https://doi.org/10.1016/j.trac.2022.116830
https://doi.org/10.1016/j.envres.2022.113359
https://doi.org/10.1016/j.envres.2022.113359
https://doi.org/10.1016/j.envres.2022.113359
https://doi.org/10.1021/acsomega.2c04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodchem.2023.136100
https://doi.org/10.1016/j.foodchem.2023.136100
https://doi.org/10.1016/j.foodchem.2023.136100
https://doi.org/10.1039/C8AN00907D
https://doi.org/10.1039/C8AN00907D
https://doi.org/10.1016/j.bios.2017.01.018
https://doi.org/10.1016/j.bios.2017.01.018
https://doi.org/10.1016/j.bios.2017.01.018
https://doi.org/10.3390/s130709148
https://doi.org/10.3390/s130709148
https://doi.org/10.3390/s130709148
https://doi.org/10.3390/polym13132221
https://doi.org/10.3390/polym13132221
https://doi.org/10.1016/j.reactfunctpolym.2021.104911
https://doi.org/10.1016/j.reactfunctpolym.2021.104911
https://doi.org/10.1016/j.reactfunctpolym.2021.104911
https://doi.org/10.3390/app10082868
https://doi.org/10.3390/app10082868
https://doi.org/10.1039/C6RA02784A
https://doi.org/10.1039/C6RA02784A
https://doi.org/10.1039/C6RA02784A
https://doi.org/10.1016/j.teac.2021.e00144
https://doi.org/10.1016/j.teac.2021.e00144
https://doi.org/10.1016/j.teac.2021.e00144
https://doi.org/10.1016/j.foodcont.2020.107381
https://doi.org/10.1016/j.foodcont.2020.107381
https://doi.org/10.1016/j.foodcont.2020.107381
https://doi.org/10.1016/j.talanta.2023.124434
https://doi.org/10.1016/j.talanta.2023.124434
https://doi.org/10.1016/j.teac.2022.e00176
https://doi.org/10.1016/j.teac.2022.e00176
https://doi.org/10.1016/j.teac.2022.e00176
https://doi.org/10.3390/s17040718
https://doi.org/10.3390/s17040718
https://doi.org/10.3390/s20040996
https://doi.org/10.3390/s20040996
https://doi.org/10.3390/s20040996
https://doi.org/10.1007/s00216-023-04627-5
https://doi.org/10.1007/s00216-023-04627-5
https://doi.org/10.1002/cssc.202201136
https://doi.org/10.1002/cssc.202201136
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(43) Kukralova, K.; Miliutina, E.; Guselnikova, O.; Burtsev, V.;
Hrbek, T.; Svorcik, V.; Lyutakov, O. Dual-Mode Electrochemical and
SERS Detection of PFAS Using Functional Porous Substrate.
Chemosphere 2024, 364, No. 143149.
(44) Rezaei, M.; Ghanavati, M.; Mohammadi, N.; Khani, S.;
Nasirimoghadam, S.; Smiley, E.; Basiryanmahabadi, A. A New
Sensitive Layer Based on Clcinated Zn/Ti-MOF/Magnetic Molecu-
larly Imprinted Polypyrrole: Application to Preconcentration and
Electrochemical Determination of Perfluorooctane Sulfonic Acid by
Magnetic Carbon Paste Electrode. Talanta 2024, 276, No. 126229.
(45) Lu, D.; Zhu, D. Z.; Gan, H.; Yao, Z.; Luo, J.; Yu, S.; Kurup, P.
An Ultra-Sensitive Molecularly Imprinted Polymer (MIP) and Gold
Nanostars (AuNS) Modified Voltammetric Sensor for Facile
Detection of Perfluorooctance Sulfonate (PFOS) in Drinking
Water. Sens Actuators B Chem. 2022, 352, No. 131055.
(46) Suhaimi, N. F.; Baharin, S. N. A.; Jamion, N. A.; Mohd Zain, Z.;
Sambasevam, K. P. Polyaniline-Chitosan Modified on Screen-Printed
Carbon Electrode for the Electrochemical Detection of Perfluor-
ooctanoic Acid. Microchemical Journal 2023, 188, No. 108502.
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