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Abstract: Per- and polyfluoroalkyl substances (PFAS) are a class of materials that have been widely
used in the industrial production of a wide range of products. After decades of bioaccumulation
in the environment, research has demonstrated that these compounds are toxic and potentially
carcinogenic. Therefore, it is essential to map the extent of the problem to be able to remediate it
properly in the next few decades. Current state-of-the-art detection platforms, however, are lab based
and therefore too expensive and time-consuming for routine screening. Traditional biosensor tests
based on, e.g., lateral flow assays may struggle with the low regulatory levels of PFAS (ng/mL),
the complexity of environmental matrices and the presence of coexisting chemicals. Therefore, a
lot of research effort has been directed towards the development of biomimetic receptors and their
implementation into handheld, low-cost sensors. Numerous research groups have developed PFAS
sensors based on molecularly imprinted polymers (MIPs), metal-organic frameworks (MOFs) or
aptamers. In order to transform these research efforts into tangible devices and implement them into
environmental applications, it is necessary to provide an overview of these research efforts. This
review aims to provide this overview and critically compare several technologies to each other to
provide a recommendation for the direction of future research efforts focused on the development of
the next generation of biomimetic PFAS sensors.

Keywords: molecularly imprinted polymers; biomimetic sensors; polyfluoroalkyl substances;
environmental pollution; aptamers

1. Introduction

Polyfluoroalkyl substances (PFAS) are a category of organic molecules consisting of a
fully fluorinated alkyl chain [1]. Perfluorooctanoic acid (PFOA), perfluorooctane sulfonate
(PFOS), and hexafluoropropylene oxide dimer acid (HFPO-DA)—see Figure 1—are some of
the most common and problematic PFAS with widespread use in different products such as
semi-conductors, firefighting foams, lubricants, and non-stick coatings [2—4]. As they have
been extensively used, they can be found in surface/drinking water and sediments [5,6].
Moreover, these compounds are capable of bioaccumulation in human and animal tissue, have
high chemical and thermal stability, and are potentially carcinogenic and neurotoxic [7-9].
This has raised concerns and debates about the potential risks of PFAS species and forced
legislative bodies to react [10-12]. For instance, in 2020, the European Commission (EC)
decided to reframe the EU Drinking Water Directive and incorporated a maximum health
advisory level of 0.1 ug/L for each individual type of PFAS molecules [13]. There are also
short-chain PFAS molecules with only four carbon atoms such as perfluorobutanesulfonic
acid (PFBS) and perfluorobutanoic acid (PFBA) that are considered as toxic; however, their
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serum half-life inside the human body ranges from a few days to less than a month [14].
This is considerably shorter than for PFOS, with an estimated half-life between 3.4 and
5 years; as a consequence, the bioaccumulation seems less critical.

Currently, PFOA detection typically relies on liquid chromatography paired with mass
spectrometry [15-17]. Although this method is highly sensitive and selective, it usually
requires elaborate sample preparation, expensive equipment, and well-trained personnel.
As a result, it is not suitable for a fast and facile examination in routine environmental
monitoring [18-20]. Consequently, it is highly desirable to have sensors available that can
provide a facile, sensitive, selective, fast, quantitative, and cost-effective way of detecting
PFOA directly in the field. User-friendly bio (mimetic) sensors can meet these demands.
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Figure 1. The chemical structures of perfluorooctanoic acid PFOA (molecular weight MW:
414 g/mol), perfluorooctane sulfonate PFOS (MW: 500 g/mol), perfluorobutanesulfonic acid PFBS
(MW: 300 g/mol), hexafluoropropylene oxide dimer acid HFPO-DA (MW: 330 g/mol), and perfluo-
robutanoic acid PFBA (MW: 214 g/mol).

In general, bio- and chemosensors consist of two main components, the receptor
layer and the transducer [21,22]. The receptor layer recognizes the target based on specific
molecular interactions and is combined with a transducer, which converts the binding
events between targets and receptors into interpretable data [23]. The receptor choice
has a direct impact on the detection range and selectivity of the sensor. Therefore, the
this review will focus on the different receptor types that have been developed for the
detection of PFAS molecules. To date, biomimetic receptors such as molecularly imprinted
polymers (MIPs), aptamers, and metal-organic frameworks (MOFs) have been synthesized
for PFAS detection. The aim is to eventually integrate these receptors into portable devices
for the onsite detection of these compounds [24]. Recently, P450-type enzymes were also
identified that can biodegrade PFAS molecules, which may offer potential for enzymatic
PFAS detection in future [25,26].

MIPs are polymeric matrices with predetermined recognition properties for a certain
molecule or a set of similar molecules [27,28]. The applications of MIPs initially focused on
separation and extraction processes [29]. In recent years, MIPs have also been applied in a
wider context, including solid-phase extraction, drug delivery, catalysis, and environmental
and chemical sensing [30-33]. A key benefit of MIP technology is that MIP-based sensors can
be developed for a wide variety of targets [34-36]. This includes environmental contaminants,
chemical and biological compounds, as well as industrial chemicals [35,37,38]. Regarding
specifically fluorinated contaminants, we refer the reader to [39-43].

The specific binding interaction of MIPs with their targets leads to changes in physical
characteristics including mass, electrochemical impedance, thermal resistance, and fluores-
cence, which can be used as transducer mechanisms in the sensor [44—48]. In comparison
to biological receptors such as antibodies and enzymes, MIPs are stable over a wide pH
and temperature range, while their sensitivity and selectivity towards their target are
only marginally lower. They are relatively straightforward and low-cost to prepare with
adjustable surface properties and applicability outside a laboratory environment [49-51].
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While MIPs are chemically and physically more stable than natural receptors, there are still
points of attention. First of all, incomplete extraction of template molecules can result in
template leakage during the measurements. Secondly, the recognition properties of the
binding sites can be heterogeneous, which may affect the reproducibility of analytical re-
sults [52]. These disadvantages can be overcome by a better control over the polymerization
process for example by using nanoMIPs [53-55].

Aptamers are receptors based on nucleic acids (DNA or RNA) that bind a particu-
lar target analyte, or a group of target analytes, by folding into specific conformations,
van der Waals and electrostatic interactions, and/or hydrogen bonds [56]. Aptamers can
be obtained by a combinatorial selection process known as systematic evolution of lig-
ands by exponential enrichment SELEX [57]. SELEX involves the progressive selection of
oligonucleotide sequences from a large pool of randomly generated sequences towards
high binding affinities between the desired target and oligonucleotide sequences. Aptamers
typically contain 25-80 bases, which will fold into complex tertiary structures. Aptamers
can be designed to recognize various analytes with high affinity and specificity, including
organic dyes, toxins, and proteins [58]. Furthermore, it is possible to select aptamers in a
way that they recognize only an individual target analyte, or to bind a set of analytes with a
similar structure. Thanks to their small size, it is possible to incorporate different aptamers
into the same sensor to detect multiple chemicals in parallel, with each aptamer selective
towards a different analyte. Similar to MIPs, aptamers can also be combined with various
transducer principles [59]. Unfortunately, aptamer development for a new target can be
expensive and time consuming, and it is hard to scale up their synthesis to mass production.
In comparison to MIPs, aptamers have less physical and chemical stability towards harsh
environmental conditions, and they are prone to enzymatic degradation [60].

Metal-organic frameworks (MOFs) are porous materials consisting of rigid inorganic
groups and flexible organic linker ligands. MOFs are potential candidates for selective
chemical sensing with low detection limits owing to their extremely high surface area,
variability of metal nodes, and modifiable organic linkers to provide adjustable binding
sites [61,62]. By choosing different metal clusters for the organic linkers to coordinate
around, surface characteristics and pore sizes can be adjusted [63]. Due to their stability,
they can be used repeatedly to detect specific analytes [64]. MOFs with different metal
centers can trap PFAS by strong affinity interactions, making them promising for the
development of PFAS-detection platforms [65]. MOFs can furthermore be combined with
MIPs to improve their sensing properties [66-68], while also the combination of MOFs
with aptamers has been reported in the literature [69]. For strategies to combine molecular
imprinting with aptamer technology, we refer to the recent review article by Zhou and
coworkers [70].

The aim of this review is to present a better understanding of the advantages that
each of these receptors (MIPs, aptamers, and MOFs) offers for PFAS determination and
how to optimize the design of a sensor layer in view of the desired application. We
therefore aim at providing an overview of the most recent innovations in biomimetic PFAS
detection. Opportunities for each receptor type will be analyzed and compared to potential
obstacles and challenges that sensors based on these type of receptors will face when
implementing them into a real-life application. This way, this literature overview seeks to
provide recommendations for future research towards the development of PFAS sensors
for direct application in environmental screening.

2. PFAS Sensing with Receptors Made via Imprinting Technology

MIPs are synthetic polymer structures prepared by various polymerization methods
between a crosslinker, template and one or more functional monomers in a porogenic
solvent [71,72]. During the polymerization, specific interactions take place between the
template and the monomer’s functional groups [73]. Subsequently, when the template is
removed with an appropriate solvent, molecular cavities are created whose shape, size,
structure and functionality are complementary to the template analyte and are able to
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detect the target in another matrix through a “lock-key interaction”; see Figure 2 [74-76].
The sensitivity and selectivity of the resulting sensing tool strongly depend on the affinity
of the imprinted polymer for the target [77].
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Figure 2. Schematic representation of the concept of molecular imprinting. The synthetic receptor
formation starts by a stereochemical arrangement of functional monomers around a template of
interest through self-assembly. The most adopted approach consist of adding an initiator and
crosslinker to the pre-polymerization mixture and thermally or UV-induced polymerization. This
creates a highly crosslinked polymeric network around the template that serves as a plastic mold to
which the template can specifically rebind upon extraction.

Optimizing the stoichiometric ratios between the crosslinker, monomer, and template
will improve this affinity and the binding capacity of the MIP [78]. The sensing capability
of a MIP is usually compared with a non-imprinted polymer (NIP) that is synthesized in
an identical manner, but without the presence of the template analyte to evaluate the effect
of imprinting [79]. Clearly, the major challenge is to achieve MIPs with a high affinity and
specificity for the target analyte [77].

Most approaches to synthesize MIPs are focused on free radical polymerization as
this method offers a facile and low-cost route for creating large batches of MIPs. However,
these particles are highly heterogeneous which makes it hard to create reproducible sensors.
Therefore, more controllable methods of creating homogenous, high affinity MIPs have
been developed by more controllable methods such as suspension, precipitation and
emulsion polymerization [80]. However, all these methods will result in the creation of MIP
particles that still need to be deposited on a planar sensing electrode. Therefore, methods to
directly deposit MIPs onto a conductive sensing surface, such as electropolymerization, are
becoming increasingly popular [81,82]. The polymerization method is of high importance
as it affects the size, shape, homogeneity, thermal durability, and binding capacity of the
resulting MIP particles or layers [83-86].

MIPs can also be synthesized directly on the sensor surface by depositing a thin
polymer layer, which is imprinted with the target [55,87,88]. With this method, the binding
cavities are mostly located at the outer layer of the substrates; see Figure 3 [89,90]. Surface
imprinting can be accomplished directly on the electrode’s surface, or the outer layer of
a carrier such as nanoparticles and nanofibers. The MIP layer usually embeds only part
of the template, which can be sufficient for the selective rebinding of the template after
its removal. To date, there are several studies reporting on the use of surface-imprinted
polymers for PFAS sensing [91-94].
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Figure 3. Schematic illustration of molecular imprinting directly on an electrode surface. As shown,
the templates leave the imprinted cavities on the top of polymeric matrix and target analytes can
rebind with the imprints. Figure reprinted from [95]. Copyright 2022, with permission from Elsevier.

The synthesis approach depends on the specific application that is targeted. In some
cases, it is preferable to prepare polymers separately by for instance bulk or suspension
polymerization to facilitate quality control, enable mass production, and control surface cov-
erage. Nevertheless, these methods can have drawbacks including difficulty in controlling
the layer thickness, embedding of the template, and cavity accessibility [96,97]. It is worth
mentioning that one of the main challenges in conventional polymerization methods is the
incorporation of polymerized MIPs into the sensors and imprinting of polymers on the
electrode’s surface is a feasible solution to this issue [98]. Molecular imprinting, directly on
the electrode’s surface, offers several benefits such as binding sites with better accessibility,
faster binding kinetics, and faster mass transport [52]. In general, larger macromolecular
entities (cells, proteins, bacteria, etc.) cannot be dissolved in a pre-polymerization mixture
and therefore need to be imprinted on the surface of a solid substrate. In addition to the
polymerization method, the selection of monomers will affect the performance of MIPs and
depending on the monomers; the MIPs will function best in a specific pH range [99].

2.1. Imprinting with Conventional Polymerization Methods

Bulk free radical polymerization is the most common route to prepare MIPs for low-
molecular-weight compounds such as PFAS, owing to its simplicity and low production
costs for large amounts [100]. Once the polymerization is completed, the product is a solid
polymeric structure that needs to be crushed, ground and then eluted with solvents. The
synthesized product can be sieved with an appropriate mesh size to obtain particle sizes
adapted to a particular application, which may vary from micrometer to submicrometer
diameters [101,102]. A disadvantage is the grinding and sieving process, which may take
long and result in significant product waste [43,103].

In 2023, Ahmadi Tabar et al. synthesized PFOA MIPs by bulk free radical polymer-
ization and optimized the receptor by changing the molar ratio of the polymerization
components (1/4/12 for template/monomer/crosslinker) to maximize the target affinity
and selectivity [104]. Rebinding of PFOA to the MIPs was assessed by a thermal transducer
known as heat transfer method HTM [105,106]. This method works by recording the ther-
mal resistance between the chip and the sample with two temperature sensors while the
chip is covered with a MIP layer. The temperature below the chip (T7) is kept constant
at, e.g., 37 °C using a temperature control unit, and the output temperature (T,, above
the MIPs layer) is measured; see Figure 4. Increasing the concentration of PFOA led to
a concentration-dependent decrease in T, for the MIP chip, while temperature changes
were negligible for its NIP counterpart; see Figure 5a. The effect size (%) was calculated
by dividing the temperature changes by the initial temperature (°C), which is plotted
in function of the PFOA concentration in Figure 5b. Increasing T; from 37 °C to 40 °C
minimized the noise on the signal and lowered the detection limit LoD from 0.48 nM to
22 pM. This LoD is below the PFOA contamination level (0.1 pg/L: 0.24 nM) stated in the
EU Drinking Water Directive [13].

The results also demonstrated that the sensor is selective with the cross selectivity
below 30% for other PFAS molecules such as heptafluorobutyric acid (HFBA), and per-
fluorobutanesulfonic acid (PFBS). Furthermore, the sensor was able to detect PFOA in
spiked environmental samples including river water and soil in the regulatorily relevant
concentrations with LoD values of 91 and 154 pM, respectively. These results provided
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proof of the potential application of MIP-based sensors in routinely monitoring of envi-
ronmental samples for PFAS contamination. The benefit of combining bulk MIPs with a
thermal readout principle is that the synthesis approach is scalable and rebinding results
in an easily interpretable increase in the thermal resistance, respectively a decrease in the
temperature T,.

Temperature
control unit

Figure 4. Schematic illustration of the heat transfer method setup. The temperature T; is constant by
using a heating element and a temperature control unit. The temperature in the fluid (T,) is varying
by the changes on the MIPs layer.
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Figure 5. (a) Temperature response (T;) for both MIP and NIP after exposure to different concen-
trations of PFOA in PBS (T; was kept constant at 37 °C). (b) Dose-response curve of MIP- and
NIP-covered sensor chips obtained by HTM. The LoD for these measurements was calculated as
0.48 nM based on the intercept of the 30 line with the MIP curve. Reproduced with permission
from [104]. Copyright 2023, Elsevier (CC-BY).

Precipitation and emulsion polymerization are other techniques for synthesizing
MIPs [107-109]. In these methodologies, the polymerization approach is the same as
bulk polymerization, but the post-processing stages are not necessary, resulting in fewer
steps and, more crucially, a lower risk of damaging the binding sites. The emulsion
polymerization is rapid and has a mechanical dispersion system constantly working in
the presence of a surfactant, and it can achieve continuous production [110]. There is no
need for a surfactant for precipitation polymerization and, during this polymerization, the
growing polymer segregates from the solution, finally forming MIP particles with micro or
submicrometer dimensions [111,112].

Cao and coworkers prepared MIPs for the selective adsorption of PFOA in aqueous
solutions by precipitation polymerization of acrylamide in the presence of PFOA as the
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template molecule [39]. The concentration of PFOA in Milli-Q water was measured by
liquid chromatography with tandem mass spectrometry. The optimized MIPs showed a
high affinity for PFOA, and the uptake percentage by the MIPs was 1.3-2.5-fold higher
than that of the NIP when exposed to PFOA alone. The MIPs adsorbent showed a high
selectivity for PFOA over other PFAS molecules such as PFOS and perfluorodecanoic acid.
Furthermore, the reusability of the MIPs adsorbent was confirmed in five consecutive
adsorption—desorption cycles without a notable decrease in the PFOA uptake. In summary,
the results were promising in terms of selectivity, the sorption capacity of the resulting MIPs
and the relatively low batch-to-batch variability, which also makes the MIPs promising
candidates for PFOA detection. In this context, it is noteworthy that there is also literature
on PFAS absorption using MIPs [43].

2.2. Imprinting by Electropolymerization

Surface imprinting of low-molecular-weight compounds can be achieved by deposit-
ing and imprinting a polymer layer directly on an electrode surface via electropolymer-
ization, which is a particularly useful method in combination with electrochemical trans-
ducers [113,114]. By cycling the potential in a predetermined range with a given sweep
rate, the electroactive monomer (such as aniline, o-phenylenediamine, and pyrrole) will
be electropolymerized and the substrates will be coated by a very thin layer of poly-
mer [81,92,115]. In this method, the potential range, the sweep rate and the composition of
pre-polymerization mixture can control and optimize the adherence and morphology of
the imprinted polymer layer on the electrode [116]. The main advantage of this method is
that the polymer layer thickness is controllable in a reproducible manner with low batch-
to-batch variability. In addition, it is possible to automate the process. Finally, it is feasible
to obtain better binding capacity and sensitivity, which is the result of thinner and more
homogenous layers. Additionally, because of the ultrathin MIPs film that is produced
and the proximity of the imprinted cavities to the surface, this approach makes template
removal facile. Therefore, electropolymerization is typically a straightforward and fast
method that involves these phases: dissolution and interaction of an electroactive monomer
with the given template in a solvent (the solvent can even be water with electrolytes),
coating electrochemically, and finally the elution of the templates [30].

Clark et al. performed electropolymerization on a glassy carbon electrode surface by
cyclic voltammetry in an aqueous solution containing o-phenylenediamine (0-PD) and
PFOS [93]. Figure 6 shows a schematic illustration of fabrication process for the MIP-based
sensing platform. After template removal by a water/methanol solution, they performed
oxygen reduction (O, was dissolved in water) on the electrode, as illustrated in Figure 6b.
In differential pulse voltammetry (DPV), the electrode revealed oxygen reduction peaks
around —0.5 and —0.9 V and the first one was used as an electrochemical signal to plot
the calibration curves. PFOS was able to associate with the MIPs (Figure 6¢) and block the
electrochemical signal of the oxygen redox reaction (Figure 6d). In this electrochemical
spectroscopy technique, as the PFOS concentration increased, the effective electrode surface
area decreased. This can be seen by the increase in the charge-transfer resistance (Rct), which
is the diameter of the semi-circle of the Nyquist plots in Figure 6e. The curve in Figure 6f is
the change in Rt with respect to the baseline against the logarithm of PFOS concentration.
Furthermore, the sensor achieved a detection limit of 3.4 pM for PFOS using electrochemical
impedance spectroscopy without a redox mediator such as ferrocene carboxylic acid. Clark
et al. also revealed that two common environmental interferents (sodium chloride and
humic acid) do not affect the sensor signal. Moreover, it was feasible to obtain reproducible
results with matrices such as river water using impedance spectroscopy.

In a similar approach, Karimian and co-workers developed an electrochemical sensing
platform for the determination of trace amounts of PFOS in water [94]. The sensor consisted
of a gold electrode functionalized with a thin layer of MIPs, synthesized by electropoly-
merization of 0-PD with PFOS as the template. The sensor was activated by template
elution with adequate solvents. Ferrocene carboxylic acid (FcCOOH) was used as a redox
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probe, capable of generating analytically useful voltametric signals by competing for the
recognition regions with PFOS, while PFOS itself is not electrochemically active. According
to the observations, the voltametric signal at the MIP-coated electrode decreased gradually
when the sensor was submerged in PFOS containing samples in deionized water, scaling
inversely with the PFOS concentration. According to the selectivity results, other PFAS
molecules including PFOA, HFBA, and PFBS caused maximally 20% change in the signal
normalized to PFOS. The sensor also demonstrated a limit of detection of 0.04 nM, and an
acceptable reproducibility and repeatability.
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Figure 6. Schematic illustration of the PFOS detection procedure. (a) Electropolymerization of
o-phenylenediamine (0-PD) on a glassy carbon macroelectrode. PFOS molecules are shown as black
ovals and the white ovals are the biding cavities remained after PFOS removal. (b) Driving of oxygen
reduction on the MIP-modified electrode. (c) Rebinding of the template molecule with the MIPs.
(d) Blocking the electrochemical signal of the redox reaction by bound PFOS molecules. (e) The Ret
values increases with the increase in the PFOS concentration. (f) The normalized Rt against the
logarithm of PFOS concentration. Reproduced with permission from [93]. Copyright 2020, American
Chemical Society (CC-BY).

2.3. Imprinting on Nanoparticles

In order for MIPs to work optimally, the number of binding cavities is essential. One
strategy to increase the number of binding sites can be achieved by increasing the thickness of
the imprinted polymer layer. However, this will reduce diffusion and therefore mass transport
and interaction with the transducer [117,118]. One practical solution is to synthesize MIPs
on the surface or the external layer of a particular carrier with a large surface area [96]. This
improves elution and rebinding of template- and target molecules, it decreases the amount
of non-accessible binding sites. In addition, it enhances both the availability of the target to
the binding regions as well as the corresponding kinetics [118]. Polystyrene microspheres,
silica nanoparticles, carbonaceous nanomaterials, and magnetic nanoparticles are examples of
frequently employed carriers [119-122]. The surfaces of imprinted substances are controllable,
and the recognition regions with high density are easily accessible by the targets, improving
the adsorption capacity and effectiveness [118,123,124].

In 2022, Lu et al. modified pristine glassy carbon electrodes (GCE) with a thin layer of
gold nanostars (AuNS) by drop-casting to increase the sensitivity of the electrode to the
electrochemical probe (ferrocene carboxylic acid) [125]. These AuNs-coated GCEs were
then coated with a layer of PFOS-imprinted o-PD using cyclic voltammetry for electropoly-
merization to enhance the sensitivity towards PFOS; see Figure 7. The interaction between
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the MIP layer and PFOS was analyzed by the oxidation peak of FcCOOH (Fe?*/Fe®")
using DPV. Figure 7 (left) indicates that the oxidation peak has entirely disappeared for
the MIP/AuNS/GCE before PFOS removal. This means that the MIP layer is able to
completely block the charge transfer between the working electrode and the solution. This
voltametric sensor was able to detect PFOS with a limit of detection (LoD) of 0.015 nM
calculated by using the 30 method. The suggested sensing platform was also capable of
detecting trace levels of PFOS in tap water. However, during the measurements significant
interferences with perfluorobutanoic acid (PFBA) or PFBS were observed. This observation
can be explained, by the smaller sizes of PFBA and PFBS molecules, enabling them to
pass across the MIPs layer and occupy the PFOS-shaped cavities by non-specific binding.
Therefore, it is required to first screen an unknown sample for the presence of small PFAS

molecules such as PFBA and PFBS.
.
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Figure 7. Schematic illustration of the voltametric sensor consisting of MIP and gold nanostars
(AuNS) coatings for PFOS determination. Right: The GCE surface is first modified with AuNS and
then electropolymerized with o-PD using cyclic voltammetry (CV). Left: The CV curve and the
probes’ oxidation peak for pristine GCE, AuNS/GCE, and MIP/AuNS/GCE before and after PFOS
removal. Figure adapted from [125]. Copyright 2021, with permission from Elsevier.

Gao et al. prepared an electrochemical sensor for the detection of PFOS in real water
samples [126]. The sensor (PFOS-MIPPDA / AuNPs/GCE) was made from a GCE modi-
fied with gold nanoparticles (AuNPs) and an electropolymerized molecularly imprinted
polydopamine (DA) coating with PFOS as the template. PFOS detection was achieved by
using DPV and K3[Fe(CN)g] as the detection probe. The results revealed that the devel-
oped PFOS-MIPPDA / AuNPs/GCE sensor was able to determine PFOS with a nanomolar
detection limit. The sensor also showed promising results for analyzing real water samples
including tap, lake, and canal water.

Zheng et al. developed a photoluminescence sensor (PL) for selective detection and
quantification of PFOA based on MIP-coated CdTe@CdS quantum dots (QDs) [127]. This
optical sensor provided fast and sensitive detection of PFOA in the presence of common
interferents by the PL quenching via target rebinding into the recognition cavities in the
polymeric layer. Furthermore, the fabricated sensor demonstrated a good linearity in the
range from 0.25 to 15.00 umol /L with a PFOA detection limit of 25 nM.

2.4. Imprinting on Nanofibers

As mentioned above, one solution to improve the recognition performance of the
sensor is to synthesize MIPs on the exterior layer of a particular carrier with a high surface-
to-volume ratio. Electrospun fibers can be considered as promising carriers because of
their large surface area. Wang et al. successfully prepared a MIPs MOFs (Co/Fe)-driven
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carbon nanofiber (Co/Fe@CNF) electrode for electrochemical determination of PFOA,
more information on MoFs is provided in Section 3.2 [67]. MIPs were formed by elec-
tropolymerization of pyrrole with PFOA as template. Owing to the strong adsorption force
between the imprinting sites of MIPs and PFOA, PFOA molecules could reach the surface
of electrode. In DPV measurements, the peak at 0.2 V (corresponding to PFOA) was used to
plot the calibration curves (Figure 8a). The response current of MIPs Co/Fe@CNF electrode
increased with the increase in PFOA concentration (Figure 8b). Under optimum conditions,
the resultant MIPs Co/Fe@CNF was able to determine PFOA with a linear response with
respect to the logarithm of the PFOA concentration and the limit of detection was 1.07 nM.
The as-developed sensor also worked properly for measuring PFOA in real wastewater
samples and it was a promising candidate for the determination of PFOA in environmental
water samples.

In recent literature, there are many more PFAS sensors based on MIPs and Table 1
provides a comparative overview on the polymer composition, the readout principle, the
limit of detection, and the sample type, which has been used for the measurements.

Table 1. Comparison of the different MIP-based receptors for PFAS detection.

Target Receptor Material Receptor Type Readout Principle Limit of Detection Sample Type Ref.
poly acrylamide HTM 22pM riverwater andsoll 104
poly VBT and PFDA SPR sensor 2pM seawater [11]
CdTefIg;iES S/ poly photol;le?;r;iscence 25 nM river wvzjl/;etre fmd tap [127]
PFOA AgI—B1OINF§ /poly MIPs photoelectrochemical 24 pM river water and tap (8]
acrylamide sensor water
poly pyrrole/ . river water, tap
graphitic carbon 1 m];:rllectrorihem; " 24 pM water, and lake [41]
nitride nanosheets uminescence senso water
poly
pyrrole/Co/Fe@CNE MIPs and MOFs DPV 1.07 nM wastewater [67]
HFPO-DA poly o-PD/gold MIPs DPV 250 fM river water [92]
electrode
poly APTES/ $102 NPs ﬂuorggcegce 11 nM river water and tap [119]
nanoparticles quantification water
. . river water, tap
TiO, nanotube photoelectrochemical 172 M water, and [128]
arrays/poly APTES sensor mountain water
. DC resistance
polyaniline on paper measurements 24 pM DI water [46]
phenolic resin LC-MS/MS 12 pM milk [97]
PFOS poly o-PD/GCE MIP DpPV 0.05 nM DI water [2]
G-UCNPs-5i0, /poly s fluorescence 1pM human serum, egg, lake 89]
APTES quantification P water
Au/poly o-PD Drv 0.04 nM tap water [94]
poly o-PD/ -
AuNS,/GCE DPV 0.015 nM tap water [125]
poly o-PD/GCE EIS 3.4pM river water [93]
poly DA/AuNPs/GCE DPV 42nM lake water, canal water, ;)
tap water
CNW/poly o-PD DPV and EIS 24nM tap and wastewater [91]
poly chitosan/carbon fluorescence .
quantum dots spectrophotometry 08 M serum and urine (311
Abbreviations: HTM: heat transfer method; VBT: (Vinylbenzyl) trimethylammonium chloride; PFDA:

1H,1H,2H,2H-perfluorodecyl acrylate; SPR: surface plasmon resonance; APTES: 3-aminopropyltriethoxysilane;
AglI-BiOINFs: Agl nanoparticles—BiOl nanoflake arrays; DC: direct current; DPV: differential pulse voltamme-
try; HFPO-DA: hexafluoropropylene oxide dimer acid; EIS: electrochemical impedance spectroscopy; CNW:
B,N-codoped carbon nanowalls; LC-MS/MS: liquid chromatography-tandem mass spectrometry; Co-N-C: cobalt-
embedded Nitrogen-doped Carbon.
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Figure 8. (a) Differential pulse voltammetry (DPV) of MIPs Co/Fe@CNF at different PFOA concen-
trations in molar units and (b) linear relationship between the current density and the logarithm of
the PFOA concentration. Figure adapted from [67]. Copyright 2023, with permission from Elsevier.

3. PFAS Sensing with Other Synthetic Receptors
3.1. PFAS Sensing with Aptamers

As mentioned before, aptamer molecules undergo conformation changes in the pres-
ence of various target analytes and bind to them with high selectivity and affinity [129,130].
They are gaining increasing attention from researchers as a substitute to antibodies as
specific elements for target molecule recognition owing to their flexibility, relatively small
size, and easy chemical modification. Figure 9 indicates how the aptamer goes through
conformational changes in the presence of a target molecule. Different kinds of reactions
and physical factors can participate in the formation of aptamer-target complexes, namely
hydrogen bonding, polar groups, shape complementarity, and van der Waals forces [58].
Aptasensors are a class of biosensors that combine a synthetic, biomimetic recognition
element (aptamer) with chemical/physical transduction for precise detection of various
target molecules. These sensors can potentially be used in environmental monitoring due
to their high sensitivity and selectivity, high efficiency, and the ability to miniaturize these
platforms [131]. Therefore, aptasensors can be developed for screening of PFAS and other
existing pollutants in water.

3'-
folding binding
5'-

5- -3' 5- -3
aptamer aptamer folding target-aptamer
complex

Figure 9. Schematically representing the formation of a target-aptamer complex. The aptamer
folds into a 3D structure, upon which it binds to the target molecule. Reproduced with permission
from [132]. Copyright 2017, Society for Neuroscience (CC-BY).

Park et al. demonstrated the potential use of DNA aptamers for detecting PFAS molecules
and other fluorinated alternatives for the first time in a study published in 2022 [59]. The
designed aptamer was capable of specifically binding PFOA and was integrated into a
fluorescence-based aptasensor, able to detect PFOA with a LoD of 0.17 uM in water. The
detection mechanism was based on quenching of the fluorescence of fluorescein by dabcyl and,
by binding of PFOA, the aptamer changed its conformation so that the quenching stopped.
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Figure 10a shows the predicted structure of the aptamer (with 30 bases) after binding to PFOA.
The aptamer was mixed with PFOA solutions with different concentrations (0.5-50 uM) and,
after 40 min, the fluorescence intensity was recorded. The fluorescence intensity was increasing
with the increase in PFOA concentration (Figure 10b). The existence of interferents negligibly
affected the aptamer performance, and the first proof of application was provided by testing
the sensor in wastewater effluents. The fluorescence-based aptasensor was sufficiently
sensitive for screening PFOA levels in water near accidental spills and industrial sites,
where high concentrations of PFAS were anticipated. This work demonstrated the potential
application of aptasensors for effective monitoring of the trace levels of different PFAS
molecules and other fluorinated substances in water environments. The LoD is not yet
low enough to measure concentrations below the regulatory limit (0.1 pg/L for each PFAS
molecule and 0.24 nM for PFOA), but fluorescence-based sensors have the advantage that it
is not necessary to immobilize the receptor on a solid support, everything can be performed
in solution. To date, and to the best of our knowledge, there is no additional literature on
PFAS-sensitive aptamers.

2.0e+7

1.8e+7
1.6e+7
1.4e+7
1.2e+7
1.0e+7

8.0e+6

Relative fluorescence unit (RFU)

6.0e+6

0 200 400 600
PFOA concentration (uM)

Figure 10. (a) The predicted 2D structures of aptamer after exposure to PFOA. (b) Fluorescence
responses for binding of PFOA with different concentrations to the aptamer. The aptamer was
modified with fluorescein (FAM) at 5'-end and dabcyl (D) at 3'-end, which was used as the quencher
strand. Reproduced with permission from [60]. Copyright 2021, Elsevier (CC-BY-NC-ND).

3.2. PFEAS Sensing with Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a type of crystalline porous nanomaterials
made of metal ions and organic ligands. Because of their large specific areas, tunable pore
size, straightforward synthesis routes, abundant functional groups, and chemical stability,
MOFs are extensively used in diverse fields including separation, gas storage, drug delivery,
electrochemical applications, catalysis, and importantly the detection of chemicals [67].
They have been applied in affinity-based determination of various analytes such as alcohols,
ammonia, biomolecules, and recently fluorocarbon [133-135]. Firstly, the enormous surface
area (ranging from 103 to 10* m? per gram of MOFs material) and porous structure of MOFs
provide more interfaces and active sites for interaction with target molecules. Different
types of interactions between MOFs and PFAS species exist, including redox, electrostatic,
H-bonding, hydrophobic, and attractive intermolecular fluorine—fluorine (F-F) interactions
as shown in Figure 11. Which interactions are at work depends on the precise type
of the PFAS molecule and the design of the MOF structure. It is noteworthy that the



Sensors 2024, 24, 130

13 of 22

negatively charged fluorine functionalities in two different molecules are responsible for an
attractive force, which is known from experiments and quantum-chemistry calculations; see
[Varadwaj, ChemPhysChem 2018]. Secondly, the organic ligands with versatile functional
groups provide easy functionalization of MOFs with a broad range of molecules such as
nucleic acids, enzymes, and nanoparticles. Finally, the diverse compositions of MOFs
between metal and organic ligands offer a lot of functionality, such as catalytic activity,
electrochemical activity, and optical activity. As a result, MOFs can be utilized as signal
probes for different detection methods [136].

Electrostatic

F-F Interaction

up linker

) Y : l ﬁ - Metal
? @9a PaP® . charged P_ﬁ clustor
Q 1argeg | Organic
198,8,08,0 o—a -
0009090 9 \ 4
Representative PFAS molecule MOF Structure

Figure 11. Schematic illustration of the different interactions between fluorinated MOFs and PFAS
molecules including redox, electrostatic, hydrophobic, hydrogen bonding and F-F interactions.
Reproduced with permission [66]. Copyright 2022, John Wiley and Sons (CC-BY-NC).

In 2020, Cheng and coworkers prepared a MOFs-based impedimetric sensor using a
microfluidic platform for ultrasensitive in situ determination of PFOS [23]. The mesoporous
MOFs Cr-MIL-101 (a chromium-based metal-organic framework) with high surface area
and pore volumes was employed as the probe for capturing PFOS, which was based on
the affinity of the chromium center toward both the fluorine and sulfonate functionalities.
The MOFs capture probes were sandwiched between interdigitated microelectrodes in a
microfluidic channel, forming an impedance sensor in a portable microfluidic device. This
sensor directly measured PFOS concentrations by a proportional change in the electrical
current as seen from the increase in the impedance signal. This microfluidic platform
integrated with a MOFs-based sensor demonstrated ultra-sensitivity for the rapid in situ
detection of PFOS with a LoD of 0.5 ng/L, corresponding to 1 pM at the molar scale.
However, the selectivity of sensor towards other PFAS molecules was not yet studied.

Chen et al. designed a fluorescent MOFs array for optical sensing of multiple PFAS
molecules in water samples [137]. The sensor array comprised three zirconium based
porphyrinic coordination networks (PCNs) to determine PFAS molecules. The MOFs
sensing array was also utilized to discriminate between six different PFAS by making a
distinctive fluorescent response pattern for each molecule, according to their adsorptive
affinity with the MOFs. The principal sensing mechanism was the quenching of the
fluorescence emission of PCNs caused by the adsorption of PFAS. As an example, with
increase in the PFOA concentration, the fluorescence emission of PCNs was quenched
proportionally; see Figure 12. The calculated LoD for PFOA was 111 nM and it was in
the same range for other PFAS molecules including PFOS. Importantly, the PCNs sensors
showed a very fast response toward PFAS within only 10 s, owing to the ordered pore
structure enabling rapid PFAS diffusion.
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Figure 12. Fluorescence emission of the PCNss suspension at excitation wavelength Aex = 430 nm upon
exposure to different concentrations of PFOA in water (0-10 pg/mL). Figure adopted from [137].
Copyright 2021, with permission from American Chemical Society.

Several other PFAS sensors based on MOFs exist, which are summarized in Table 2; a
few of these platforms are able to detect PFAS in complex samples in the relevant concentra-
tion ranges. Despite these promising results, there are still some challenges associated with
the use of MOFs in the sensing of PFAS species. The synthesis process generally requires
harsh solvents and high temperatures, and thus, a “greener” synthesis approach should
be applied. Furthermore, most MOFs are not stable in aqueous media, which will limit
their applicability in sensing platforms. If these challenges can be overcome, MOFs may
prove to be exceptionally advantageous towards solving the difficulties associated with
PFAS pollution.

Table 2. Comparison of the different receptors based on MOFs and aptamer for PFAS detection.

Target Receptor Material ~ Receptor Type = Readout Principle Limit of Detection Sample Type Ref.
fluorescent
PFOA DNA aptamer aptamer quantification 0.17 uM wastewater [60]
tap water,
MOFs-coated MOFs mass spectrometry 26 pM rainwater, and [138]
probes
seawater
MOFs Cr-MIL-10 EIS 1pM groundwater [23]
PFOS zinc based MOFs MOFs mass spectroscopy 1.28 nM tap Waf/s; tae r;d nver [139]
. . . river water, tap
MOFs-derived colorimetric 20 nM water, and lake [140]
Co-N-C nanosheets measurements
water
0.004- tap water, river
PFAS MIL-101(Cr) MOFs UHPLC-MS/M5 0.12ng/L water, wastewater [141]
zirconium based
porphyrinic fluorescent 111 nM surface water and [137]
coordination quantification for PFOA groundwater
networks

Abbreviations: UHPLC-MS/MS: ultra-high-performance liquid chromatography—tandem mass spectrometry;
Co-N-C: cobalt-embedded nitrogen-doped carbon.

4. Comparison between the Different Receptor Types

In the previous sections, a summary of recent studies on PFAS detection was provided.
Different targets, receptor material, receptor type, readout principle, limit of detection,
and sample type were discussed. MIP-based sensors seem to have the lowest LoDs when
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comparing them to other biomimetic PFAS sensing platforms. However, several challenges
still lie ahead when it comes to incorporating these receptors into commercial devices.
Real-world samples such as lake and river water contain very low concentrations of PFAS.
Most of the user-friendly, handheld sensors can simply not reach the desired detection
limits yet. Some of the more sensitive sensors on the other hand, are mostly focusing on
the detection of PFOS and PFOA specifically, while there are more than 5000 different
PFAS compounds identified [142]. Therefore, it is crucial to try to re-engineer these sensors
towards the detection of a broader range of PFAS depending on the application. The next
research phase should experiment with selectivity and intelligently design MIPs based
on the envisioned application by integrating, e.g., computational studies into the design
cycle [143].

The main challenge for industrialization, however, lays in upscaling the synthesis
procedure towards mass production. In this regard, MIP-based receptors are more suitable
for upscaling to industrial production due to their relatively low-cost and straightforward
synthesis process. For all the receptors discussed in this review, it is essential to create large
batches of sensors that are re-usable and provide accurate results in a reproducible manner.
In a final step, the current lab-based prototypes should then be turned into handheld
sensor solutions for on-site screening, combining for instance a dipstick-like sampler with
a portable, smartphone-based transducer. The detection limits of the resulting sensors can
be further optimized by combining biomimetic receptors with the most recent advances
in the field of electrochemical and optical (quantum dots, fluorescence, etc.) MIP-based
sensing [144-146].

5. Conclusions

PFAS molecules have attracted considerable attention worldwide as emerging pollu-
tants because of their adverse effect on humans, aquatic life, and the environment. This
review was written to provide readers with an overview of PFAS sensors based on synthetic
receptors as these have the same benefits but overcome some of the drawbacks of natural
bioreceptors. It summarizes different receptor layers used for selective determination of
PFAS in the past few years.

MIP-based receptors are promising candidates, owing to their distinct ability to bind
special targets with high selectivity. The sensors employing these receptors offer advantages
with regard to their facile preparation, portability, user-friendliness, and cost-effectiveness.
Synthesis of MIP-based receptors is possible via different approaches ranging from conven-
tional polymerization methods such as bulk polymerization, to more advanced methods
like electropolymerization. In many studies, nanomaterials have been used as substrate
for electropolymerization improve the detection performance and response time of the
sensor. In general, the MIP-based sensors demonstrate adequate sensing performance in
terms of very low detection limit. Furthermore, many of the MIP-based sensing platforms
introduced in this review show promising results for PFAS determination in real-world
samples such as river water and tap water.

On the other hand, aptamers can also be used as recognition elements for PFAS
detection but their detection limit needs to be lowered. There is only one publication
on aptamers so far, dating from 2022, but more results in this context maybe expected
in near future. Finally, the diverse compositions of MOFs between metal and organic
ligands offer a lot of functionalities, making them promising candidates as signal probes
for PFAS detection. Although using MOFs for PFAS determination is new, several recent
studies show their capability at achieving highly sensitive and selective sensors for different
PFAS species.

Considering all elements, both MIPs and MOFs are promising candidates to serve
as receptors in on-site biomimetic PFAS sensors: both receptor types enable quantifying
even subnanomolar concentrations, i.e., below the legally allowed limits. We see a slight
advantage for MIPs because there are synthesis routes that enable continuous operation
(nanoMIPs), or to fabricate large batches simultaneously and directly on transducer el-
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ements (electropolymerization). Moreover, it is facile to imprint MIP materials with a
mixture of different PFAS molecules, so that the sensor will respond to a broad spectrum
of these compounds. In the case of a positive sensor response, it will still be possible
to perform a more selective analysis by chromatography and mass spectrometry. Such
reduced selectivity can probably also be achieved by MOFs thanks to the fluorine—fluorine
interaction. It is noteworthy that MOFs and MIPs can already be purchased from com-
mercial suppliers and the step is small to adapt these materials towards PFAS detection.
For on-site analysis with the analytical result ready within a few minutes, it is of course
mandatory to make compact and low cost, but still accurate, readout techniques available.
Here, we see a role for miniature photospectrometers and impedance analyzers. The costs
have dropped tremendously in recent years and both transducers can be readout with a
smartphone to arrive at a truly mobile application. A final element to bring sensor-based
PFAS detection and quantification to the market would be accreditation of the instrument
according to the norms of the International Organization for Standardization ISO. This still
appears as a hurdle, but if sensor developers can show that sensor-derived data comply
with the results of ISO-certified methods, this should become feasible.
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