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Abstract

Per- and polyfluoroalkyl substances (PFAS) are highly toxic pollutants of significant concern as they are
being detected in water, air, fish and soil. They are extremely persistent and accumulate in plant and animal
tissues. Traditional methods of detection and removal of these substances use specialised instrumentation
and require a trained technical resource for operation. Molecularly imprinted polymers (MIPs), polymeric
materials with predetermined selectivity for a target molecule, have recently begun to be exploited in
technologies for the selective removal and monitoring of PFAS in environmental waters. This review offers
a comprehensive overview of recent developments in MIPs, both as adsorbents for PFAS removal and
sensors that selectively detect PFAS at environmentally-relevant concentrations. PFAS-MIP adsorbents are
classified according to their method of preparation (e.g., bulk or precipitation polymerization, surface
imprinting), while PFAS-MIP sensing materials are described and discussed according to the transduction
methods used (e.g., electrochemical, optical). This review aims to comprehensively discuss the PFAS-MIP
research field. The efficacy and challenges facing the different applications of these materials in
environmental water applications are discussed, as well as a perspective on challenges for this field that need
to be overcome before exploitation of the technology can be fully realised.

Keywords Per- and polyfluoroalkyl substances (PFAS), molecularly imprinted polymers (MIPs), sensor,
adsorption, environmental waters
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Abbreviations
AA Acrylic acid
AAM Acrylamide
An Aniline
APTES Aminopropyltriethoxysilane
BPA Bisphenol A
CMS Carbon microspheres
CQD Carbon quantum dots
CTAB Cetyltrimethylammonium bromide
DBP Dibutyl phthalate
2,4-D 2,4-Dichlorophenoxyacetic acid
ECH Epichlorohydrin
ECL Electrochemiluminescence
EGDMA  Ethylene glycol dimethylacrylate
FITC Fluorescein 6-isothiocyanate

FTO
FTS
GC
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GCE

HPLC
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LC-MS

LOD
MAA
MBA
MIP

MMIP

Fluorine-doped tin oxide

Fluorotelomer sulfonate

Gas chromatography

Granular activated carbon

Glassy carbon electrode

High performance liquid chromatography
Imprinting factor

Liquid chromatography

Liquid chromatography coupled with
spectroscopy

Limit of detection

Methacrylic acid
N,N’-Methylenebis(acrylamide)
Molecularly imprinted polymer

Magnetic molecularly imprinted polymers
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Nanoparticle POF
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Per- and polyfluoroalkyl substances SPE
Perfluorobutanoic acid SPR
Perfluorobutanesulfonic acid TEOS
Per- and polyfluoroalkyl compounds TEMAA
Perfluorodecanoic acid TRIA
Perfluorododecanoic acid TRIM
Perfluorohexanoic acid UHPLC
Perfluoroheptanoic acid VBT

Perfluorohexanesulfonic acid potassium salt\/Py

Perfluorononanoic acid WHO

Perfluorooctanoic acid

33 1. Introduction

Perfluorosulfonic acid

Perfluorooctanesulfonyl fluoride
Perfluoropentanoic acid

Perfluorotetradecanoic acid

Perfluoroundecanoic acid

Photoluminescence

Photoluminescent molecularly imprinted polymer
Plastic optical fiber

Poly-pyrrole

Pyrrole

Quantum dots

Relative standard deviation

Sodium dodecylbenzene sulfonate

Sodium dodecyl sulfate

Screen-printed electrode or Solid phase extraction
Surface plasmon resonance

Tetraethoxysilane

2-(Trifluoromethyl) acrylic acid
Trimethylolpropane triacrylate
Trimethylopropane trimethacrylate

Ultra-high performance liquid chromatography
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Vinylpyridine

World health organization

34  Per- and polyfluorinated alkyl substances (PFAS), also known as per- and polyfluorinated compounds
35 (PFC), have been used for decades in a range of applications like firefighting foams, non-stick cookware
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and water and stain-resistant clothing [1,2]. They make up a large group of over 4700 artificial chemicals, to
which humans are exposed daily, in soil, water and air, and are of significant health concern.
Epidemiological studies show that PFAS constitute a danger to the endocrine and reproductive systems [1].

The PFAS class of compounds covers fully (per-) or partly (poly-) fluorinated aliphatic compounds in
which at least one carbon atom is fully fluorinated. The general structure of the perfluorinated aliphatic
compounds contain the moiety C,F2+1—R, where n is the number of carbon atoms, while R refers to the
functional group (carboxylate, sulfonate, phosphonate. . .etc.) [3]. Amongst PFAS, perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA) (Table 1) have drawn particular attention and generated
regulatory concerns in recent years. These are the most frequently detected PFASs in the environment [4,5].
They are highly resistant to thermal, biological and chemical decomposition and photolysis and thus highly
persistent [6,7]. They have been listed as persistent organic pollutants by the Stockholm Convention and in
the reduction plan by the US Environment Protection Agency [8,9]. The World Health Organization
(WHO) has recently set maximal values of 0.4 pg.L™" and 4 pug.L™" for PFOS and PFOA respectively in
drinking water intended for human consumption [10].

The C-F bond is highly polar and one of the strongest covalent bonds (544 kJ.mol™), which renders this
class of chemical highly resistant to complete degradation [11]. Moreover, the low polarizability of the
fluorine atom imparts hydrophobic and lipophobic properties, while the terminal functional R group gives
them chemical and thermal stability [12]. Additionally, most PFAS containing long per-fluorinated chains
exhibit amphiphilic properties, owing to the hydrophobic tail and the hydrophilic functional group. This
contributes to their high solubility in water and absorption in soil, which paired with their high stability and
resistance to degradation, leads to severe risks of pollution of natural resources and persistence in these
environments [13]. Furthermore, PFAS are most likely to be absorbed by the human body through oral
ingestion, as they persist in drinking water, transferred to food through non-stick cookware and certain
cleaning products, and sometimes even found in food packaging [1,2].

Table 1. Name, chemical structure and acronym of several PFASs, including PFOS and PFOA (n = 8).

Name Structure Acronym
Perfluoroalkyl o n=4, PFBA;
E;fgg lic acid | Flcry) “OH| | 5 prpa;
n =6, PFHXA;
n=7,PFHpA,
n=_8, PFOA,
n=29, PFNA;
n =10, PFDA,
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n=11, PFUnA;
n=12, PFDoA
Perfluoroalky!l C-},,o n =4, PFBS;
i id | FHCF;7>OH
sulfonic acid 2'q n=5. PFPS:
(PFSA)
n =6, PFHXS;
n =7, PFHpS;
n =8, PFOS
Perfluoroalkyl 9 _oH| N=6, PFHXPA;
ic acid | FtCFs. ~OH
phosphonic acid TCRT, n=8, PFOPA:
(PFPA)
n=10, PFDPA
Perfluoroalkane 9, o | n=4,FBSA,
. S
sulphonamide | F+CF;T "“NH =6, FHXSA:
(PFASA)
n=28, FOSA

PFAS consequences on human health have been getting considerable attention [14]. Toxicological studies
usually tend to focus on PFOS and PFOA given their extensive use in various industries in the past and
present. PFAS have been classified as endocrine disruptors, as animal studies showed that they may alter
cholesterol metabolism and thyroid levels leading to severe conditions in humans [1,2,15]. More recent
studies investigate the relationship between exposure to PFAS in general and abnormal ovarian functions,
decline in fertility and risks of cancer in the reproductive system [1,15], although there is not enough
evidence to confirm a causal relationship. In addition, some toxicological studies have shown that long-
chain perfluoroalkyl acids might behave additively or interact synergistically or antagonistically when found
in mixtures depending on the compounds in question, their dose levels, and ratios in the mixture [14].

Therefore, there have been many efforts to analyse these emerging contaminants in the environment,
especially for drinking water and the food industry. Traditional methods used for the detection of PFAS are
liquid chromatography (LC) and gas chromatography (GC) coupled with either mass spectrometry (MS) or
tandem mass spectrometry (MS/MS). However, these commonly used techniques usually require a pre-
treatment step based on liquid-liquid extraction or solid phase extraction (SPE). Moreover, they have some
inherent disadvantages and limitations that can limit their use for the monitoring of PFAS: for example the
cost, the usage of large amounts of solvent, the risk of contamination in the different steps and the
interference of other compounds present in complex media that could falsify the results. Molecularly
Imprinted Polymers (MIPs) appear to be an attractive alternative to overcome these shortcomings. Indeed,
they can be used as selective absorbents for an efficient sample processing or as recognition elements in the
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design of chemical sensors. MIPs in general represent highly selective receptor materials and are designed to
bind a specific analyte through specific imprints, which can be used either as recognition element in sensors
or for molecular separations by selective sorption [16].

The MIP synthesis technique consists of co-polymerising one or multiple functional monomers and a cross-
linker around a template which is the target of interest (Figure 1). Once the template is removed, vacant
imprinted binding cavities are generated that retain the conformation, the complementary functionality, and
the size of the template. Therefore, MIPs exhibit strong affinity and high specificity for the target molecules,
compared to their non-imprinted homologues (NIPs) which omit the template molecule during
polymerization. The non-covalent approach is the most widespread across research published about MIP
systems thanks to its simplicity and the convenience of using readily available functional monomers. In this
technique, the target molecule interacts with the monomers through interactions including hydrogen
bonding, van der Waals forces, n— 7 interactions, and/or hydrophobic or ionic bonds. Hence, the selection
of suitable monomers able to evolve good and stable interactions with the template is a crucial step in this
approach in order to achieve a successful imprinting of the target [17].

Furthermore, the most common kind of MIPs reported in the literature are highly cross-linked polymers.
They benefit from inherently high mechanical stability and robustness in a wide range of temperatures, pHs
and solvents and can be prepared in varying types of formats and supports [18,19]. As a result, MIPs are
extensively used in many environmental applications such as selective adsorbents for sample pretreatment
[20], sensors for the selective detection of the target analyte [21] and catalysis [22]. In this review, the role,
and the applications of MIPs in the enrichment and detection of PFAS in varied environmental
matriceswater are investigated across the recently published literature, as they remain a relatively new
technology in this field.

NON-COVALENT IMPRINTING

l Polymerization Molecularly
g it o Imprinted Polymer

Fig. 1. Schematic representation of the synthesis of a MIP (Adapted from [23], Reprinted-with permission from
Elsevier, Copyright 2012).

2. MIPs as selective adsorbents for PFAS

Various adsorbents such as granular activated carbon (GAC), powder activated carbon (PAC), resins, ion
exchange polymers, alumina, boehmite and clay minerals have been used in order to extract and to detect
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PFAS [24-26]. However, these materials have no selectivity for PFAS and in complex media several other
compounds can be extracted as well which lowers the adsorption efficiency and distorts the results.
Molecularly imprinted polymers appear to be an attractive material to allow selective extraction of PFAS.

2.1. Preparation of adsorbents

Table 2 lists the MIPs prepared for use as adsorbents for PFAS, specifying their compositions, preparation
methods and performances. As far as MIPs are expected to be used as adsorbents, the desired format is
usually that of particles. This format can be obtained directly through precipitation polymerization or surface
imprinting technology. Bulk polymerization is easier to implement but requires the grinding and sieving of
the MIPs to obtain non-monolithic polymers. For example, Deng and co-workers investigated PFOS-MIP
adsorbents that were synthesized by bulk copolymerization of 4-vinylpyridine (4-VPy) as functional
monomer with either trimethylolpropane triacrylate (TRIA) or ethyleneglycol dimethacryate (EGDMA) as
cross-linkers in presence of PFOA or PFOS as templates [27]. Different molar ratios of
PFOA/monomer/cross-linker were tested and it was noticed that the adsorbent prepared using PFOA as a
template showed the highest sorption capacity. This was potentially attributed to the higher water solubility
of PFOA than that of PFOS as well as the electrostatic interaction in the low pH conditions used for the
sorption experiments. Cao and co-workers prepared MIP particles for PFOA by precipitation
polymerization [28]. They optimized the nature of the functional monomer by using several commercial
monomers that are commonly used for MIP synthesis, including acrylic acid (AA), acrylamide (AAM), 2-
VPy and 4-VPy. They included 2-(trifluoromethyl) acrylic acid (TFMAA) in their study to provide
additional fluorine-fluorine interaction between the functional monomer and the template. Among all tested
monomers, AAM gave the MIP with the highest adsorption capacity, possibly because of the hydrogen
bonding between the amide group of AAM and the carboxylic acid group of PFOA. Cao and co-workers
further used TFMAA and 4-VPy as binary functional monomers and PFOA as template for preparing MIPs
for PFOA and PFOS removal by precipitation polymerization (Figure 2) [29]. The presence of TFMMA in
addition to AAM in the binary functional monomer MIPs enhanced their adsorption capacities compared to
AAM based-MIPs due to the additional fluorine—fluorine interactions provided [28].

In another approach, Yu and co-workers used chitosan to prepare MIP adsorbents for the selective removal
of PFOS from aqueous solutions [30]. Chitosan is a linear natural polymer that these authors cross-linked
with epichlorohydrin (ECH) in a two-step procedure. During the second step, which corresponds to the MIP
preparation, the effect of the pH of the solution was studied. It was found that the optimal MIP adsorbents
were imprinted in PFOS solution at pH 3 where the electrostatic attraction between the sulfonic group in
PFOS and the protonated amino groups in the chitosan molecules is favoured.

In an original approach, Yan and co-workers prepared two molecularly imprinted phenolic resin
adsorbents for dispersive solid-phase extraction using a portable syringe filter [31,32]. The device
was combined with LC-MS/MS. An analytical method was established for the rapid and
selective extraction and determination of long-chain PFCs in food samples (milk and pork).
PFNA or perfluorotetradecanoic acid (PFTeDA) were used as templates, phenolic compounds as
monomers, glutaraldehyde as cross-linking agent and polyethylene glycol-6000 as the porogen.
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The surface imprinting technique was developed to enhance the mass transfer rate and increase the
accessibility of the recognition sites [33]. For that purpose, the surface of particles (usually inorganic in
nature) is covered with an imprinted layer to provide core-shell type particles. Several kinds of particles
were investigated to prepare MIP adsorbents for PFASs. Du and co-workers employed mesoporous silica
nanoparticles (MSNs) as carriers to prepare core—shell structural MSNs/MIPs to separate and enrich PFOS
in water samples [34]. Cao and co-workers prepared surface imprinted MIPs using multi-walled carbon
nanotubes (MWCNTS) as supporting materials [35]. MWCNTSs were selected due to their interesting
properties such as their large surface area, their highly porous and hollow structure, their high density of z-
electrons, and their ease of chemical modification. They used PFOA as template and AAM as functional
monomer and reproduced the same protocol used to prepare their conventional AAM based-MIP
previously described [28].

The development of magnetic molecularly imprinted polymers (MMIPs) to remove PFOS has attracted
attention from Du and co-workers since they can provide superparamagnetic materials [36]. Indeed, these
superparamagnetic nanoparticles can be easily separated and thus, the target molecules can be extracted
rapidly. In this context, they synthesized MMIPs using PFOS as a template molecule on the surface of
functionalized Fe,O3 nanoparticles (Figure 3) [36].

In the same perspective, Lin et al. constructed a superparamagnetic core-shell MIP via self-
polymerization of dopamine around PFOS and immobilization onto Fe;O, substrate [37]. The
same group designed a MIP adsorbent by surface imprinting on carbon microspheres (CMSs) as carrier
[38]. CMSs were chosen because they are stable in acidic conditions and their mechanical stability is also
good. An amine group was introduced onto the surface of the CMSs by silanization to increase the reactivity
of the surface. They used PFOA as template and methacryloyloxyethyl trimethyl ammonium chloride
(MTAC) and TFMAA as binary functional monomers to include two different kinds of binding forces,
which provided good binding selectivity to the template. The tertiary amine groups of the MTAC monomer
and the carboxyl groups in the TFMA can be easily protonated at low pH. Hence, the electrostatic
interaction between the functional monomers and the PFOS played an important role in the adsorption
process at acidic pH as well as the fluorine-fluorine interaction most probably involved in the adsorption.

Hu and co-workers were concerned by the destruction of harmful perfluorinated pollutants during the
regeneration process of the MIPs adsorbents [39]. They combined the MIP adsorption for PFASs with TiO;
photocatalysis in order to develop a photocatalyst to achieve selective removal of perfluorinated compounds
from secondary effluents and simultaneous regeneration the polymers. The photocatalyst was prepared by
surface coating of vinyl-functionalized TiO2 nanotube arrays (NTAs) with a thin MIP layer using
methacrylic acid (MAA) and trimethylopropane trimethacrylate (TRIM) as functional monomer and cross-
linker respectively. Wu and co-workers fabricated a similar MIP-modified TiO, photocatalyst using AAM
and EGDMA as monomers [40].

In all studies reported, subsequent to MIP synthesis, the removal of the template and unreacted monomers
was achieved by successive extraction using an organic solvent or a mixture of an organic solvent with an
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acid or a base or pure water until no template was detected in the eluate. Therefore, no contamination with
PFAS template to the environment is assumed during MIP usage.

2.2. Properties/characteristics of the adsorbents

PFOS and PFOA adsorption on MIPs are pH dependent. Indeed, the pH of the solution not only influences
the properties of the adsorbent surface but also affects the speciation of target pollutant in solution. For
example, PFOA ionizes in water to form a perfluorocarboxylic anion when the solution pH is above its pKa
value of 2.8 [41] whereas the pKa of the sulfonic group in PFOS is about -3.27 [42]. In most cases, MIPs
show highest removal rates for PFOS and PFOA at low pH where the functional groups present in the
adsorbents such as pyridine [27,29], amine [30,36] and quaternary ammonium [38] are positively charged.
Consequently, electrostatic attraction between the target and the MIP adsorbent dominates the adsorption
process. With increasing solution pH, deprotonated forms of the functional groups are sometimes formed
and electrostatic repulsion between the target and the MIP adsorbate becomes stronger, reducing the binding
affinity and decreasing the adsorption capacity [28,29,35,38].
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Langmuir and Freundlich models have been used to describe the binding characteristics of the MIP
adsorbents prepared for PFAS extraction. The Langmuir model assumes that binding sites present on the
adsorbent surface are identical and that adsorption is mainly monolayer, whereas the Freundlich model
assumes binding sites are different and adsorption is multilayer on a heterogeneous surface. The adsorption
isotherms of several PFAS MIPs revealed that the Langmuir model describes the adsorption behavior of
PFAS on reported MIPs adsorbents well [28,29,35,36,38], while for others the Freundlich model seems to
provide a better fit to the experimental results [34,39,40] (Table 2).

Since the knowledge of the adsorption kinetics between analyte and adsorbent is an important feature for
extraction applications, it has been studied by most authors who prepared MIPs for PFAS. The two kinetics
models used for describing PFASs binding are: the pseudo-second-order kinetics model and the pseudo-
first-order kinetics model. In almost all MIPs for PFAS, the pseudo-second-order kinetics model fits the
experimental data better than the pseudo-first-order model. This indicates that the PFAS adsorption by the
MIPs follows chemical reaction mechanisms, such as electrostatic interactions reported between the selected
PFAS and MIP [30,38] , in addition to hydrogen bonding and hydrophobic interactions in some cases
[27,36]. The results of adsorption kinetics studies of MIPs adsorbents for PFAS show that the time to reach
adsorption equilibrium ranges between 25 min [25] to 80 h [34]. This recorded time seems reasonable
compared to other types of adsorbents where similar or more prolonged time was required in some reports.
For example, GAC adsorbents required between 3 and 240 h to reach equilibrium [43,44], PAC adsorbents
reported equilibrium time between 1h and 24 h [45,46], resins adsorbents reached equilibrium after 2 to 168
h [44,47] and mineral adsorbents like clays reached equilibrium only after 0.3 h [48]. After the sorption
experiments, several synthesized MIPs were regenerated completely and re-used at least in five consecutive
adsorption-regeneration cycles without losing adsorption capacity for PFAS [35]. The MIP adsorbents
showed excellent mechanical stability and their practical applicability in direct removal from real water
samples was demonstrated.

2.3. Performances of the adsorbents

The establishment of adsorption isotherms commonly allows the determination of the binding capacity of
sorbents. Several factors influence the binding capacity such as the physicochemical characteristics of the
sorbent (specific surface area, pore distribution, particle size), the solution temperature and pH and the
PFASs concentration. The binding capacity of MIPs for PFASs varies significantly, ranging from 1.289
[37] to 1455.5 mg-g *[30] for PFOS and from 5.45 to 12.4 mg-g - for PFOA as detailed in Table 2.

An important aspect of an adsorbent performance is its selectivity toward the target in a real media because
of the complexity of the matrix and the usually low concentration of the target in such medium. Improving
the selectivity will increase the performances of the adsorbent. The advantages of MIPs over other
adsorbents are expected to be their high affinity as well as their high specificity toward the target molecule
so they can isolate the target analyte from interfering species in a sample. The specific recognition process of
the MIPs adsorbent towards the template mainly depends on the adsorbent characteristics, e.g. the imprinted
cavities possessing distinct size and shape matching the targets and the specific functional groups involving
diverse interactions between the target and the MIP. Unlike traditional adsorbents and NIPs, MIPs benefit

10
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from the presence of specific imprinted sites which can selectively extract targets from complex real
samples.

In a first step, the imprinting effect which is an indicator of the presence of specific binding cavities in the
MIP can be evaluated by comparing the binding capacity of the MIP with that of the corresponding NIP and
estimating the imprinting factor as the ratio of these two values. By doing so, as presented in table 2, it
appears that the PFAS binding capacity of MIPs goes from 1.01 [29] up to 4.95 [32]-fold higher than that of
the corresponding NIP in presence of the pure target. For instance, as shown in the Figure 4.a, maximum
PFOS binding capacity of MIP-CMSs (75.99 mg.g™) was almost two times that of NIP-CMSs (43.94 mg.g°
Y, indicating the specific binding property of the MIP-CMSs [38]. The studies of Cao and co-workers
enable a comparison between conventional AAM-based MIPs adsorbents prepared by precipitation
polymerization [28] and surface-imprinted MWCNTs-MIPs adsorbents [35] both prepared under
comparable conditions. MWCNTs-MIPs had an adsorption capacity toward PFOA 2.3-fold greater than the
conventional MIP. Moreover, the time to reach adsorption equilibrium for these MWCNTSs-MIPs appears
to be 8-fold lower than in the case of the corresponding conventional AAM-based MIPs. In addition, the
maximum adsorption capacity of MWCNTs-MIPs (12.4 mg.g™) was almost two times that of MWCNTs-
NIPs (7.44 mg.g™), whereas, AAM-MIPs and AAM-NIPs have similar binding capacities with a imprinting
factor of only 1.08. This comparison clearly highlights the advantages of the surface imprinting technique.
In the surface imprinting method, the binding sites are accessible at the particles surface, which makes
rebinding and removal of target molecule in the polymer network quicker and easier.

Comparing the adsorption capacities toward PFASs of MIP adsorbents with those of clay minerals shows
that the performances of MIPs are higher: clay minerals showed adsorption capacities ranging from 0.29 to
0.31 mg-g *for PFOS and 0.10 to 0.11 mg-g™ for PFOA [48]. However, MIPs hinding capacities are lower
than those of other traditional adsorbents such as activated carbon or classical polymeric resins. For instance,
the reported adsorption capacity of GAC ranges from 71.6 to 290 mg-g * for PFOS and 41.3 — 120 mg-g *
for PFOA while the PAC has an adsorption capacity around 560 mg-g* for PFOS and 290-500 mg-g * for
PFOA, whereas, resins showed adsorption capacities ranging between 200 to 2390 mg-g * for PFOS and
525-1500 mg-g * for PFOA [26]. All these traditional sorbents usually suffer from a lack of selectivity
towards the targets; then other matrix components are co-extracted with target analytes. Only a limited
number of papers demonstrated the selectivity of traditional adsorbents to the class of PFAS compounds
[49-51]. The major limitation of these adsorbents is their lack of their selective ability toward one single
target PFAS from other PFAS molecules. From this perspective, MIPs appear to be a good choice to
improve the selectivity of the extraction process to one PFAS analyte from interferents.

The specificity of the MIPs is evaluated in presence of interferents in binary or multi-component
competitive solutions. Comparison of the removal rates of MIPs and NIPs for the template with respect to
the interferents shows that MIPs have higher specific binding preference toward the template against
interferents compared to NIPs. For several synthesized MIPs adsorbents for PFAS, it was found that other
contaminants with different molecular size, structures, functional groups and polarities such as phenol, 2,4-
dichlorophenoxy acetic acid [34,35], bisphenol A and dibutyl phthalate [40], sodium dodecylsulfate and
sodium dodecylbenzene-sulfonate [38] had little influence on the adsorption of the target. Moreover, when
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other PFAS competitive pollutants having similar molecular structures were tested, the MIP adsorbents
showed significantly better selectivity toward the template compared to other PFAS interferents in single
and mixture solutions. However, the competitive PFAS with longer chains could also be adsorbed onto the
MIPs adsorbents in competition with shorter chain analogues [28,29,35]. For example, it was observed that
MIPs prepared for PFOA (8 carbons) showed higher adsorption rate towards long-chain PFASSs such as
PFOS (8 carbons), PFNA (9 carbons), PFDA (10 carbons), PFUNnA (11 carbons), PFDoA (12 carbons) than
short-chains PFASs like PFBS and PFBA (4 carbons), PFPeA (5 carbons), PFHXS and PFHXA (6 carbons),
PFHPpA (7 carbons) (Figure 4.b). This might be due to the strong hydrophobicity of long-chain PFASS.

The practical applicability of MIP adsorbents in enrichment and separation was demonstrated by
performing direct removal of PFAS from real samples such as tap, lake and river water samples,
as well as human serum, pork or milk samples. The impurities in real environment can often
interfere with the binding of the analyte and decreases the adsorption efficiency. In real water
samples spiked with 5 uM PFOS, the removal rate of MMIPs and MSNs/MIPs toward PFOS
were in the range of 53.06-55.66% [36]and 61.68-76.12% [34] respectively. Excellent recovery
rates (77.0-96.4%) were obtained within human serum and water samples spiked in the
concentration range between 5 and 200 ng.L ™ [37]. In another example, the MWCNTs-MIPs
showed better recognition ability toward PFOA (removal rate of 74.3%) compared to
corresponding NIPs (removal rate of 38.1%) in tap water spiked with 100 ug.L™* PFOA in a
mixture with other competitive PFAS[35]. For the detection of trace levels of long-chain PFAS
in pork sample and in milk, molecularly imprinted phenolic resins were used[31,32]. In pork sample,
PFOA was not detected in any of the prepared samples, PFNA was detected in six samples in the
concentration range of 5.21-19.04 ng.g * , and PFDA was detected in three samples in the concentration
range of 0.13-0.72 ng.g *. Whereas in milk sample, trace PFOA was detected in fifteen milk samples at
concentrations of 0.12-2.19 ng.mL" %, and PFOS was detected in four milk samples at concentrations of
0.08-0.31 ng.mL" ™. These results confirm that molecularly imprinted polymers are selective and
accurate for determining trace levels of PFASs in complicated real samples.
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Table 2. Summary of PFAS absorption methods using MIPs, # Maximum adsorption capacity of MIP, "Maximum adsorption capacity of NIP, ¢ Calculated imprinting

factor (IF) = —ge‘M”’
e—NIP
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Template Monomer Crosslinker Polymerization Qenip® (Mg.g") Qenip”(Mg.g™) Imprinting Interferents  Reusability Realsamples Modeofuse  Ref
method factor®
PFOS - ECH Cross-linking of 145552 120351 121 PFOA, 24-D, 5cycles - Dispersive [30]
chitosan SDBS,  PCP, mode
phenol
PFOS or PFOA 4-VPy EGDMA  or Bulk - - 24-D - - Dispersive [27]
TRIA polymerization mode
PFOA AAM EGDMA Precipitation ~ 5.45 5.04 1.08 PFPeA, 5 cycles Dispersive [28]
polymerization PFHXA, mode
PFHpA, PFNA,
PFDA, PFUNA,
PFDoA, PFBS,
PFHXxS, PFOS
PFOA 4-Vpy and EGDMA Precipitation 6.42 for PFOA 6.31 forPFOA 1.01 PFPA, PFHXA, 5 cycles Spiked lake Dispersive [29]
TFMAA polymerization PFOA, PFNA, water (1 mg.L* mode
PFDA, )
PFUNA,
6.27 forPFOS 531forPFOS 1.18 PFDOoA. PFOS,
PFBS, PFHXS
PFOS AAM EGDMA Surface 2401 1.164 2.06 PFOA, SDS, 5cycles Spiked tap and Dispersive [36]
imprinting SDBS river water (5 mode
uM)
PFOS Dopamine Self- 1289 for Low 0.331 1.75 PFOA, SDBS, 5cycles Spiked lake SPE [37]
polymerization affinity binding CTAB, phenol, water, river
of dopamine  site PFHSK, F-53B water, human
. serum  (5-200
0.556 for high ng/L)
affinity binding
site
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PFOS APTES TEOS Surface 21.10 9.78 215 PFOA, SDS, 5cycles Spiked tap and Dispersive [34]
imprinting SDBS river water (5 mode
uM)
PFOS MTAC  and MBA Surface 75.99 4394 172 PFOA, PFHSB, 4 cycles - Dispersive [38]
TFMAA imprinting PFKSB, F53-B, mode
BPA, DBP, NP
PFOA AAM EGDMA Surface 124 744 1.69 PFPeA, 5 cycles Spiked tap Dispersive [35]
imprinting PFHXA, water (100 pg.L” mode
PFHpA, PFNA, Y
PFDA, PFBS,
PFHXxS, PFOS
PFOA AAM EGDMA Surface 0.8125 (pg.cm’ - PFOS, PFHA, Dispersive [40]
imprinting h 24D mode
PFOA MAA TRIM Surface - - PFBA, PfeA, Dispersive [39]
imprinting PFOA, PFHXA, mode
PFHpA
PFTeDA 4- Glutaraldehyde Bulk Atraton, Pork samples  Dispersive SPE [31]
mercaptophenol polymerization Prometryn,
Sulfamethoxaaz
ole, B -Estradiol
PFNA m-aminophenol Glutaraldehyde Bulk - - 4.95 for PFOA  Sulfamethazine, Milk samples  Dispersive filter [32]
polymerization sulfamethoxazol extraction
3.76 for PFOS e florfenicol,
thiamphenicol
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3. MIPs as selective sensing materials for PFAS

In recent years, new sensor technologies have emerged to try to address the challenge of PFAS detection as
a more deployable means to monitoring these pollutants. Innovations include colorimetric sensing [52], pre-
cursor detection using the total oxidisable precursor assay [53] and MIP-based sensors. The following
section summarizes MIP-based sensor materials created for PFAS detection in aqueous environments
according to their detection type.

3.1. Electrochemical sensors

Electrochemical transduction plays a big role in diversifying sensors technology for bioanalytical and
environmental applications [54,55]. The immobilization of MIPs on the surface of electrodes offers an
alternative to biomolecule-based materials, potentially overcoming classical sensing challenges related to
biological recognition such as high cost, instability and selectivity [56-59].

To date, only a few publications have been reported for PFAS-specific detection (Table 3). It is interesting
to note that all the strategies reported for PFAS sensing rely on soft (non-crosslinked), electroactive
polymers, that are often produced using electropolymerisation methods. This approach offers several
advantages compared to chemical polymerization methods, namely the use of aqueous solvents, control of
the polymer layer characteristics such as thickness, conductivity etc. and good adhesion to the base electrode
material [60]. Electrochemical synthesis of MIPs using o-phenylenediamine (oPD) (also known as 1,2-
benzenediamine) as a starting material has been reported as a promising approach to MIP synthesis. Indeed
the homopolymer of o-phenylenediamine (poly(o-phenylenediamine)) was one of the first examples of
electrochemically synthesized MIPs, and was used for the selective detection of glucose [61]. Their polymer
films are considered rigid and stable. Poly-oPD (Figure 4) is non-conductive at pH 5.2, making it a good
candidate for capacitance-based sensors [62]. oPD is typically electropolymerized via cyclic voltammetry
from aqueous solutions on gold or carbon electrodes [63-66] in the presence of PFAS. PFAS is then
removed from these films by a wash step (typically water/methanol), and binding of target is monitored
indirectly via a bulk redox probe response such as ferrocenecarboxylic acid. Limit of detection (LOD)
values as low as 7.5 x 10° ug.L™ (0.015 nM) for PFOS have been reported using this strategy, falling well
below the limit of 0.4 pg.L™ set by the WHO [10] for drinking water. It is also noteworthy that this kind of
MIP-based sensors can be enhanced by surface modification of the electrode surface with nanomaterials,
such as gold nanostars (AUNS) [64]. Selectivity studies [63-65] considered structurally similar interfering
analytes to PFOS (some belonging to the PFAS class and others not) and revealed that PFOS-MIP sensors
exhibited high affinity towards PFOS compared to non-PFAS interferents, and a lesser selectivity towards
PFOS when smaller PFAS interferents were present simultaneously, due to a more favourable competing
access to binding sites. Thus, this sensing approach is promising for detecting PFAS in contaminated water,
but further enhancement of selectivity remains a challenge to discriminate between the different PFAS,
when present in water as a mixture.

The conducting polymer polyaniline (PANI) (Figure 4) has also been used as a soft MIP templating
material for several targets [67-70,59],. A paper-based MIP sensor was reported recently for PFOS
detection, created through the chemical polymerization of PANI in the presence of PFOS [71]. Aniline
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(An)/PFOS was first adsorbed onto the polyester paper substrate, then exposed to oxidant and dopant to
create the PFOS encapsulated polymer film. Upon removal of PFOS, the MIP was created whereby, in the
presence of PFOS, which is a negative-charge-rich aliphatic acid, PANI conductivity was modulated
through PFOS binding. It was proposed that PFOS binding occurred through the electron holes on the
nitrogen atoms of aniline, reducing the number of charge carriers on the surface in the film, reducing film
conductivity. This sensor had a reported LOD of 1.02 nM, and resistivity tests before and after exposure to
spiked water samples showed significant selectivity towards PFOS compared to other PFAS .

19



Table 3. Summary of MIP-based PFAS sensing approaches, highlighting the sensor type, monomer and crosslinking materials, polymerization method, substrate,
target PFAS, detection method, limit of detection (LoD), linear dynamic range, spiked water samples tested and recovery

Sensortype  Monom  Crosslink  Polymerization Substra Target  Detectionmethod LoD Linear dynamic Spiked Recove  Ref
er method te molecul L4 range (ug.L™%) water ry rate
e (ol sample
Electrochemi  oPD Electropolymeriza GCE PFOS Voltammetry 0.025 0-0.025 - - [63]
cal tion
oPD Electropolymeriza GCE PFOS Voltammetry 75x10° 0.025-25 Deionised, 86 — 93 [64]
tion tap %
oPD Electropolymeriza Au disc PFOS Voltammetry 0.02 0.05 — 245 and Distilled, 82 -110 [65]
tion electrod 4.75-750 tap, %
e bottled
oPD Electropolymeriza Au-SPE  PFOS Voltammetry - - - - [66]
tion
An Radical Polyeste PFOS  Resistivity 102x10°  10°-107 - - [71]
polymerization r
substrate
Py Electropolymeriza ~ Graphite PFOA  Potentiometry 41407 414x10>-414 - - [72]
tion electrod
e
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Photoelectroc ~ Aam EGDMA  Photopolymeriz  FTO PFOA  Photocurrent 0.01 0.02—1000 Tap,river  98-102 [73]
hemical ation glass response %
Aam EGDMA  Photopolymeriz C-SPE  PFOSF  Photocurrent 0.01 0.05-500 Tap, river, 92-100 [74]
ation response lake %
Aam EGDMA  Photopolymeriz ~ TiO, PFOS Photocurrent 86 250-5000 Tap, river, 95-117 [75]
ation NTAs response mountain %
Electrochemil Py - Electropolymeri  GCE PFOA  Electrochemilumine 0.01 0.02—-40and50— Tap, river, 969 - [76]
uminescent zation scence 400 lake 103.8%.
Photolumines APTS - Anchoring SiO, PFOS Fluorescence 5.57 5574854 Tap,river 957 — [77]
cent APTS-FITC NPs 101 %
conjugates
with/without
PFOS at surface
of Si0O2 NPs
Chitosa ECH Hydrothermal sol- Chitosa ~PFOS  Fluorescence 4x107 2x10°-2x10"  Serum, 81 - 98 [79]
n gel polymerization n urine %
hydroge
|
APTES TEOS Sol-gel Silica PFOA  Photoluminescenc 10.35 103 x10° — 62 — 91 -107 [79]
polymerization  shell e x10° %
Surface VBT EGDMA  Thermal POF PFOA  Surface  plasmon 0.13 - - - [80]
plasmon and polymerization resonance
resonance PFDA
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Polypyrrole (Ppy) (Figure 4) is another widely used conducting polymer in sensing applications [62]. A
potentiometric sensor based on Ppy electrodeposited on pencil lead in the presence of PFOA as template
was developed to detect fluoro-surfactants from aqueous firefighting foams [72]. Methylene blue was
incorporated into the Ppy matrix during electropolymerisation to increase selectivity (forming ion pairs with
the anionic surfactants of interest that were only sparingly soluble in water). The PFOA-specific MIPs
showed good selectivity towards PFOA compared to 6:2 fluorotelomer sulfonate (6:2 FTS) and PFOS
(which has a larger hydrophilic moiety of the sulfonic acid than the carboxylic acid in PFOA). It also
showed an interesting response towards SDS and sodium dodecylbenzenesulfonate (SDBS) (both common
detergents), which falls outside the scope of this review. However, the SDS-MIP showed no discernible
response for smaller interferent molecules, i.e. PFOA, PFOS, 6:2FTS and SDBS, because SDS leaves a
larger cavity after its removal, allowing the smaller interferents to bind to the MIP cavities. Thus, the sensor
showed great potential as an accessible pre-screening tool for detecting anionic surfactants. However, efforts
to test it in water samples instead of aqueous or buffered solutions remain crucial to validate its efficiency.

3.2. Photoelectrochemical sensors

Photoelectrochemical (PEC) sensors have evolved from electrochemistry and exploit the effect of light on
photoactive materials to drive photo-induced chemical events associated with charge separation and transfer
[81,82]. PFAS has been the target for several MIP-based PEC sensing approaches [73,83,74,75]. The MIP
material is based on photopolymerized AAM crosslinked with EGDMA using azobisisobutyronitrile as
initiator. In one publication reporting a PEC sensor targeting PFOS, the photoactive material consisted of a
highly ordered, vertically aligned TiO, NTA serving as a graft polymerization substrate for the Aam-based
MIPs [75]. Evaluating the relative change in photocurrent response to PFOS against that of PFAS analogues
and non-fluorinated interferents indicated high binding selectivity for PFOS, even when interferent
concentration was 20 times greater than PFOS. Sensor repeatability was 2.8 % standard deviation for 10
measurements, and long-term stability after 1 month storage (< 4 % decrease in response) and 3 months
storage (<5.1 %). The LOD of this sensor was estimated at 86 pg.L™.

In another PEC-based PFAS sensor, an Agl nanoparticle and BiOIl nanoflake array (Agl-BiOINFs)
immobilised on fluorine-doped tin oxide (FTO) was used as a photoactive electrode and was realised via a
successive ionic layer adsorption and reaction method [73]. The array was subsequently grafted with a
PFOA MIP. The LOD for PFOA was estimated at 0.01 pg.L™, comparable to that achievable with LC-
MS/MS. Selectivity towards PFOA was remarkable as the relative change in the photocurrent response of
samples containing selected structurally similar non-fluorinated compounds and other PFOA analogues was
negligible compared to PFOA-spiked samples. Furthermore, in the presence of interferent compounds, the
response to PFOA was not impacted and the superior selectivity for PFOA was attributed to the selective
shape and hydrogen bond identification. The recovery rate for spiked tap and river water samples was
reported to be in the range of 98.2-102.4 %. The same group later proposed a disposable PEC sensor for
PFOSF using a screen-printed carbon electrode functionalised with electrodeposited BiIOINF [74] (Figure
5). This surface was then used for grafting the MIP. This method was simpler to realize and offered high
selectivity to PFOSF with 2 0.01 pg.L™* LOD, much lower than the 0.5 pg.L™ reported by LC-MS.
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3.3. Electrochemiluminescent sensors

The basic principle of electrochemiluminescence (ECL) is that an electrochemically initiated reaction
produces molecules at excited states that undergo subsequent relaxation and generate a luminescence
emission [84,85]. The smart combination of electrochemistry and chemiluminescence gives ECL several
advantages, mainly in avoiding background noise and issues associated with light scattering as it does not
require an external light source [85]. Much like PEC sensors, ECL detection using MIPs as selective
materials has received considerable attention as an analytical tool for clinical detection of analytes like
deoxyribonucleic acid [86], cancer biomarkers [87], bacteria [88] and antibodies [89]. However, reports
on MIP-based ECL sensors for PFAS targets in environmental waters are still scarce [90]. One recent
example was based on MIP-modified ultrathin graphitic carbon nitride nanosheets (utg-CsN,4) for the
detection of PFOA [76]. The method consisted of modifying a glassy carbon electrode (GCE) with a utg-
C3N,dispersion using drop-casting and subsequently carrying out an electropolymerisation of 5 mM pyrrole
and 1 mM PFOA via cyclic voltammetry at pH 6. The ECL signal intensity was shown to decrease with
increased concentrations of PFOA in a linear fashion over two concentration ranges: 0.02 to 40 ng.ml™ and
50-400 ng.ml™. The LOD was estimated to be 0.01 ng.mlI™, significantly lower than those reported using
chromatographic methods (25 ng.L™ by LC-MS/MS, for example [91]). The selectivity of the ECL sensor
was evaluated, and it was found that the change in ECL intensity was negligible for interfering compounds
with similar size and structure to PFOA. Recovery rates in samples of spiked tap, river and lake water were
found between 96.9 and 103.8%. The reproducibility and stability of the sensors were investigated, and the
RSD was found to be 4.10%.

3.4. Photoluminescent sensors

Fluorescence-based detection methods have received considerable attention thanks to their remarkable
sensitivity and versatility in terms of transduction schemes [92,93]. Fluorescent sensors have utilized
quantum dots (QDs) [94], nanomaterials [95], conjugated polymers [93] and photoluminescent MIPs
(PLMIPs) [96]. There are numerous ways to synthesize PLMIPs, most of which involve copolymerization
of fluorescent monomers, or encapsulation with fluorophores or nanomaterials [96]. For instance, a
selective detection method for PFOS in water through MIP-capped silica nanoparticles was published [77].
Fluorescein 6-isothiocyanate (FITC) dye was covalently linked to the surface of silica nanoparticles (SiO»-
NPs). Upon binding of PFOS to NH, ligands within the specific recognition site, the PFOS-amine
complexes formed strongly suppressed the fluorescence emission of the FITC through a charge-transfer
mechanism from FITC to PFOS. The LOD was determined to be 5.57 pg.L™. Analysis of tap and river
water spiked with PFOS revealed a recovery rate from 95.7 to 101%. For samples containing a mixture of
PFOS and interfering molecules (PFOA, PFHxA, PFHXS, Phenol, SDBS), the quantitative recovery of
PFOS ranged from 97.9 to 106%. Another similar approach for detecting PFOS was developed using a
MIP-based fluorescent hydrogel comprising carbon quantum dot (CQD)-doped chitosan [78]. However, it
seemed that both the MIP- and NIP-coated CQDs showed fluorescence responses to PFOS, which indicated
that the NH, groups present at the surface of the MIP- and NIP-coated NPs could also act as binding sites
for PFOS through hydrogen bonding and electrostatic interactions. Despite this, as shown through the
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imprinting factor (IF) (Ksv, mip/Ksv. nip), the specific binding cavities in the MIP hydrogel had stronger
adsorption of PFOS and showed higher fluorescence intensities where IF value for analogue molecules
ranged from 0.51 to 1.33, compared to 2.75 for PFOS. Cadmium-telluride (CdTe)/cadmium-sulphide
(CdS)-based QDs coated with thioglycolic acid (TGA), imprinted with 3-aminopropyltriethoxysilane
(APTES) in the presence of PFOA have been reported via sol-gel polymerization [79]. The PL intensity of
the MIP-capped QDs decreased by 44% with PFOA bound to the recognition sites compared to the NIP-
capped QDs. However, this PL intensity soars to 81.25% after the removal of PFOA, thus confirming the
capacity to which PFOA can quench the MIP-capped CdTe/CdS QDs. The PFOA-induced PL quenching
was significantly higher than those resulting from analogues using the MIP-capped QDs, however the
response was nearly identical using the NIP-capped QDs for these same analogues. Analysis of real water
samples showed average recovery rates of PFOA ranging between 91-107% with RSD below 5.6%.

Overall, these PL sensors showed value in coupling selective recognition of MIPs and analyte-dependent
emission of various fluorophores such as QDs and fluorescent dyes, which allows for more applications in
the optical detection of PFAS in real water samples.
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Fig. 5. Schematic of photoelectrochemical detection of PFOSF using a MIP based BiOINFs on SPE sensing strip
(Reprinted with permission from Elsevier, Copyright 2018 [74]).
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3.5. Surface plasmon resonance (and optical intensity-based sensors)

One of the relatively new optical detection methods is plasmon surface resonance (SPR). Popularized in the
90s by biosensor companies [97], this refractive index-based technique allows the determination of the
kinetic parameters of molecular interactions. However, it can also be used for real-time, label-free analysis
of analytes in complex matrices with superior sensitivity [97,98]. The integration of MIPs to SPR sensors
was very favorable and shifted research to achieve more sensitive detection. However, most of this research
is geared toward detecting complex biomolecules and biomolecular assays, such as proteins [98,99],
antigens [100], and antibiotics [101]. There are very few studies done to detect pollutants and non-biological
analytes using SPR and MIPs, namely explosives [102], pesticides [103,104], and PFAS. The latter received
attention with the recent development of a MIP based plasmonic plastic optical fiber (POF) sensor to detect
PFOA in water [80]. In this method, the optical platform consists of a POF (poly(methyl methacrylate))
topped with an optical (photoresist) buffer layer (1.5 um) and finished off with a sputtered thin gold film (60
nm in thickness). The photoresist optical layer enhances the sensor's performance by offering a higher
refractive index than the POF core in the desired visible range. On the other hand, the gold film provides a
support to the MIP receptor layer, whereby it can be directly deposited (in-situ polymerization) without any
prior surface modification, which is a key advantage for this kind of sensors. Thus, the binding of the target
analyte to the recognition site in the MIP layer causes a change in the refractive index between this layer and
the gold film, which causes a shift in the resonance wavelength (which can be quantified through SPR
spectroscopy). However, when PFOA was present in the bulk solution, the change in resonance wavelength
(and refractive index) recorded was a decrease rather than the usual increase. The success of this sensor was
confirmed by binding and non-binding experiments, where the signal recorded with the SPR-POF-NIP
showed no shift of the resonance wavelength, whereas the SPR-POF-MIP showed a clear shift into smaller
values (decrease in refractive index), with an LoD of 0.13 pg.L™, comparable with that of an SPR-POF
platform with a bio-receptor (antibody) of 0.24 pg.L™, previously developed by the same research team for
the detection of PFOA [105].

This SPR-POF-MIP sensor also showed similar responses when adding PFAS compounds with varying
carbon chain lengths (C4-C11), compared to PFOA alone in the sample solutions, with a slight difference in
resonance wavelength variation that can be explained with the change in refractive index in the MIP layer
due to the change in molecular size of the binding analyte present.

In a similar study done by the same group [106], an intensity-based POF sensor paired with a MIP receptor
was used for the first time to detect C4 to C12 PFAS in water samples. This POF-MIP sensor is virtually
identical to the SPR-POF-MIP discussed previously [80], except for the gold film and optical buffer layer
(which provide the SPR properties) and the spin-coated MIP layer on the POF platform. This type of
detection showed promise for PFAS detection in water samples, offering a lower cost of preparation and
experimental set-up, convenience to use under environmental conditions and good repeatability.

4. Conclusions

PFAS are emerging as chemicals of concern because of the reported risks to human health, notably their
capacity to act as endocrine disruptors, and their environmental safety as they are persistent and
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bioaccumulative. PFOA and PFOS are of particular interest as they are very widely used in the
manufacture of household objects, cleaning supplies and as firefighting foams.

MIPs are popular as selective recognition elements due to their unique ability to bind specific targets with
high affinity. As traditional adsorption materials for PFAS, such as activated carbon, biomaterials and
mineral materials, lack in selectivity, MIPs were introduced as an alternative for more efficient enrichment
methods of PFAS. The methods of MIP preparation range from traditional polymerization techniques such
as bulk and precipitation polymerization, to more innovative ones like surface imprinting techniques
involving functionalized nanomaterials (such as MWCNTSs and CMSs). Many of the PFAS-MIP sensors
reviewed here exhibit higher affinity towards PFAS than for competing minerals present in sample matrix -
river, lake, sea water. Lab testing is performed on collected water samples typically and on-site testing is less
common. However, when the field moves onto this, no doubt more challenges will arise. High selectivity
towards PFAS is particularly evident when in competition with structurally related non-PFAS. As for
competing PFAS pollutants, long-chained molecules are more likely to bind to PFAS-MIPs than to their
short-chained analogues. Moreover, regeneration studies on some PFAS-MIPs do demonstrate reusability
with conserved adsorption capacity and mechanical stability, further highlighting the advantages of using
MIPs as selective sorbents. The reported detection methods used included electrochemical,
photoluminescent, photoelectrochemical, electrochemiluminescent, and surface plasmon-based strategies.
This versatility is a further advantage as it provides alternatives for industrial scale sensor manufacture.
Finally, it is important to stress that while MIP-based sensors will never replace traditional, more established
detection techniques, PFAS-MIP sensors inherently present advantages in terms of portability,
miniaturisation and cost-effectiveness. Although sensor technology is always more challenged in terms of
analytical sensitivity, there are some reports emerging of PFAS-MIP sensors with sensitivities reaching ppb
and even ppt levels, targets that must be delivered upon to comply with PFAS regulations.
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