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Fluorophobic Effect Enables Selective Detection of PFAS in
Water with Electrolyte-Gated Organic Transistors

Rian Zanotti, Marcello Berto,* Matteo Sensi, Alessandro Paradisi, Eleonora Veronese,
Lucia Pasquato, Carlo Augusto Bortolotti, Pierangelo Metrangolo, and Fabio Biscarini*

PerFluoroAlkyl Substances (PFAS) are responsible of major environmental
pollution worldwide, as they are both persistent and mobile. Environmental
agencies impose strict regulations about PFAS in drinking water, hence, there
is an urgent need for on-field deployable, rapid, reproducible, and distributed
monitoring of PFAS. This work demonstrates an ultra-sensitive sensor for
perfluoroalkyl acids based on an organic transistor whose gate is functionalized
with a binary self-assembled monolayer containing a perfluorinated molecule.
The device exploits the fluorophobic effect for selectively recognizing

1. Introduction

PerFluoroAlkyl Substances (PFAS) are a
family of persistent organic pollutants with
a variety of structural, physico-chemical,
and toxicological properties,!!l which are
currently raising global concern for en-
vironment and health. Two of the most
harmful PFAS are PerFluoroOctanoic Acid
(PFOA) and PerFluoroOctyl Sulfonate

different PFAS based on the different number of fluorous interactions,

viz. fluorine-fluorine (F---F) contacts, that can be formed. Remarkably,

the organic transistor senses differences in the binding energy to linear PFAS
surfactants in water of 4 + 1 k] mol~", which corresponds to one —CF,- unit.
This device allows to quantify PFAS in water down to ppt level of detection.
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(PFOS), both entailing a perfluoroalkyl
chain bound to a carboxylic and a sul-
fonic acid group, respectively. These
molecules have been linked to cancer
and other health problems,** and are
responsible for major environmental pol-
lution worldwide due to their long-range
transport and persistence linked to the
strength of the C—F covalent bond.>*]
The wide diffusion and the demonstrated effects of PFAS on
human health forced national and international organizations to
adopt new regulations that introduce more stringent limits for
their concentration in drinking water and food. The revised EU
Drinking Water Directive in 2020 introduced two relevant param-
eters for water legislation starting from 2025: The limit for the
“sum of PFAS” of 0.1 pug L™, which regards a list of 20 PFAS,
among them PFOA, PFOS, PerFluoroNonanoic Acid, and Per-
FluoroHexane Sulfonate (PFHxS),”] and the limit of “total PFAS”
of 0.5 pug L7, which refers to the entire PFAS family that, ac-
cording to the OECD recommendation, may group some 10 000
compounds.® Other organizations, like the United States En-
vironmental Protection Agency (US-EPA), suggest much more
stringent concentration limits for each single PFAS in the order
of ppt and even below (PFOA: 0.004 ppt; PFOS: 0.02 ppt).[1%]
At the state of the art, the golden analytical technique for
PFAS detection in water, which enables to achieve limits of de-
tection (LODs) suitable for the regulated parameters, is liquid
chromatography coupled with tandem mass spectrometry. It is
a consolidated, highly precise technique, but requires expensive
laboratory instrumentation operated by trained personnel. Fur-
thermore, the managing of new molecules requires new stan-
dards, and the technique is not deployable on field and is time
consuming.['!] A laboratory approach alone is not sufficient for
covering the needs of monitoring and mapping the territory and
the waters affected by PFAS pollution. There is, indeed, an un-
met need for in-field deployable platforms for PFAS detection

that exhibit the following requirements:['?! i) small, portable, easy
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to use, and inexpensive; ii) specific and selective; iii) LODs in the
range of sub-ppt for most of the PFAS.

Different approaches were proposed for PFAS monitor-
ing: colorimetric sensors with nanoparticles functionalized
with perfluorinated SAMs;1*!*] impedentiometric sensors with
molecularly imprinted polymers or metal organic framework as
PFAS recognition elements;!'>1%] DNA aptasensors coupled to
fluorescence detection;'’! amplifying fluorescent polymers, 8]
among others. Recently, a detection limit of 400 ppt for PFOA was
attained by measuring resistivity changes in an electrical lateral
flow sensor.[*] However, the reported LODs do not satisfy current
legislation requirements. To the best of our knowledge, there are
no examples of PFAS sensors using Electrolyte Gated Organic
Transistors (EGOTSs), albeit EGOT ultra-sensitivity is widely doc-
umented in the literature,[223] down to the detection of single
molecule recognition events.[?*]

In this work, we report the first example of an EGOT capable
of specific and selective interactions with PFAS at a solid/water
interface. It features a label-free architecture that specifically rec-
ognizes and quantifies perfluoroalkyl acids, whose chain length
is four, six, and eight carbon atoms, i.e., PerFluoroButanoic
Acid (PFBA), PerFluoroHexanoic Acid (PFHxA), and PFOA,
with record-low LODs of 11.9 pm (2.5 ppt), 3.9 pm (1.2 ppt),
and 97 fm (0.04 ppt), respectively, discriminating one from the
other. The device exploits functionalization of the EGOT gate
electrode with a mixed self-assembled monolayer (SAM) that in-
cludes 1H,1H,2H,2H-perfluorodecanethiol (PFDT) and a major-
ity mercapto-oligoethylene glycol (OEG). PFDT exhibits a high
fluorous affinity for the target PFAS. The capacitive coupling be-
tween the gate electrode and the organic semiconductor channel
(OSC) amplifies the effects of the interfacial PFAS/mixed SAMs
interaction. Fluorophobic effect and the consequent electrostatic
interfacial interactions are then transduced into the transfer cur-
rent curves of the EGOT, showing that its selectivity toward the
tested PFAS is due to an increase of the effective association con-
stant, corresponding to a difference in binding free energy in the
order of less than 2 RT (4 k] mol™) per -CF,- unit. Control ex-
periments confirm the “transparency” of a non-fluorinated sur-
factant to the perfluoro-functionalized EGOT sensor. Hence, the
EGOT sensor responds selectively to noncovalent interactions of
the same nature, viz. fluorous, resolving differences in the or-
der of thermal energy amongst chemically and structurally sim-
ilar molecules. Our EGOT design fosters exploitation of mul-
tiple F---F interactions as a viable strategy enabling selective
PFAS recognition by exploiting the electronic amplification of
minute differences in the electrostatic interactions at the EGOT
gate/water interface between the perfluorinated probe molecules
and the PFAS.

2. Results and Discussion

We demonstrate how our gate-functionalized EGOT is able to
sense the target PFAS in aqueous solution. The device ex-
ploits fluorine-fluorine interactions, also known as fluoropho-
bic effect,!®] between the PFAS and a mixed OEG/PFDT Self-
Assembled Monolayer (SAM) deposited on the Au gate electrode
surface. The sensitivity and selectivity toward different PFAS,
specifically these three substances with perfluorinated chains of
increasing length, is imparted by the number of F---F interac-
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tions and the capability of the EGOT response to resolve weak
interactions in the order of a few k] mol~! units.

First, we show how the device is made highlighting the molec-
ular model for the functionalized gate electrode. Then, we dis-
cuss how the interaction between the SAM and the target ana-
lytes changes the multiparametric response of the EGOT device,
and we assess the steady-state response of the EGOT to increas-
ing concentrations of different PFAS (and some relevant con-
trols) in water. Afterward, we analyze the current variation due
to the interaction between the sensor and the analytes compar-
ing a canonic linear model of the EGOT, and a novel model that
we recently proposed for describing the whole transfer response
of the EGOT including the electronic properties of the organic
channel.?®! Finally, we estimate the LOD and the sensitivity,
and discuss, through the binding free energy, the impact of the
fluorophobic effect in imparting the EGOT exquisite sensitivity
and chemical selectivity based on noncovalent fluorine-fluorine
interactions.

2.1. Functionalization of the Gate Electrode with Mixed SAM

The EGOT exhibits a three-electrode architecture (source, drain,
and gate) where the semiconductor channel between source
and drain is capacitively coupled to the gate electrode through
the electrolyte (distilled water in this work). The device layout
is depicted in Figure la. The sensitivity of the EGOT toward
the PFAS arises from the functionalization of the gate elec-
trode with a mixed SAM obtained by its overnight incubation
in an ethanol solution of 1H,1H,2H,2H-PFDT and 2-[2-[2-(2-
methoxyethoxy)ethoxy]ethoxy]ethanethiol, a thiol four unit-long
OEG (Figure 1Db).1?”] The mixed-SAM was designed with the aim
to: i) minimize nonspecific interactions with small biomolecules
eventually present in relevant water samples; ii) favor the wet-
tability of the electrode surface by aqueous solutions by tuning
the OEG/PFDT ratio; iii) promote the segregation of the minority
component PFDT within the OEG matrix to maximize the inter-
face for PFAS molecular recognition./?5%]

The system is considered to attain equilibrium, hence the sur-
face concentration and the surface distribution of each species
in the mixed SAM will be time-invariant, as suggested by the
fact that we did not observe a substantial continuous drift of the
EGOT characteristics. The mixed SAM likely consists of phase-
segregated domains of the minority PDFT molecules embedded
into a continuous 2D matrix of the OEG (Figure 1b).[3032] We as-
sume that the same 1:3 ratio of PFDT:OEG in solution is also re-
flected in the SAM composition. The PEDT domains are expected
to establish interactions with the PFAS in the aqueous solution,
while the OEG forms a smooth and compact 2D diffusional bar-
rier for the PFAS. On the one hand, this feature protects the elec-
trode from nonspecific PFAS adsorption on the Au surface and,
on the other hand, it enables surface diffusion of the PFAS until
they reach the binding sites in the PFDT domains. Thus, we envi-
sion that in an optimum EGOT sensor, the characteristic distance
(correlation length) between PFDT domains should be compara-
ble to half the surface diffusion length of PFAS onto the OEG
SAM.

We assess the overall SAM coverage with Electrochemical
Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV),
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Figure 1. a) Schematic drawing of the PFAS EGOT sensor; inset: structure of the DPP-DTT semiconductor. b) Schematic representation of the mixed
SAM. F atoms are depicted in green, O in red, C in gray, S in yellow, and H in white. The drawing on the top left depicts the functionalization of the
Au gate electrode incubated in an ethanol binary solution of PFDT and OEG. c) Transfer curves recorded with bare gold (red), SAM-functionalized gold
(black) gate electrode, and the latter after exposure to a 10 nm solution of PFOA (blue). d) molecular structures of the three linear PFAS target molecules.

both confirming that incubation yielded complete coverage of
the whole Au surface, since a decrease of the redox current as-
sociated with the oxidation and reduction of an electrochemical
probe in CV and an increase of the electron transfer resistance
in the electrochemical impedance (EIS) spectrum are observed,
as shown in Figure S1 (Supporting Information). The compari-
son of the results of electrochemical characterization of different
functionalized electrodes proved that the functionalization pro-
tocol is highly reproducible.

2.2. The EGOT Sensor

The EGOT device depicted in Figure 1a features a 24 + 8 nm-thin
film of poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-
(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] (DPP-DTT) (its chem-
ical structure is shown in the inset of Figure 1a) spin cast to form
the semiconducting channel. The DPP-DTT thin film exhibits a
smooth and homogeneous morphology, with <50 nm diameter
grains forming a compact continuous coating (Figure S2, Sup-
porting Information).l**! The gate electrode is negatively polar-
ized to accumulate positive charge carriers in the p-type DPP-

Adv. Funct. Mater. 2025, e08425 €08425 (3 of 12)

DTT channel, and a negative potential difference V, is applied
between the source and drain to drive the Ij,g channel current.
In the linear regime, the channel current can be described as:

w
Ins = T”Ceff (VGS - Vth) Vbs (1)

where the geometric parameter W/L is the ratio between the
channel width W and the length L, the effective capacitance C.4
generates the charge carriers upon the application of a nonzero
Ves—Va, and u is the charge carrier mobility in the channel.
The threshold voltage V,;, embodies the electrostatic field within
the organic semiconductor that can be generated by adventitious
dopants or capacitively induced charges. The transfer curves
(Figure 1c) were acquired by fixing Vg = —0.1 V while sweep-
ing V¢ from 0 to —0.7 V and back. Figure 1c shows the apparent
decrease of I after the functionalization of the gate electrode.
Also, the on/off ratio decreases by one order of magnitude. In
our EGOT, the SAM molecules induce a positive shift (increase)
of the work function of the gate, which corresponds to a positive
change of polarization of the gold electrode or, equivalently, to a
shift of V,, to more negative values, as observed from the offset
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Figure 2. a—c) Schematic representation of the fluorine-fluorine interactions causing interdigitation of PFAS in the mixed SAM and PFOA (a), PFHxA
(b), and PFBA (c). d—f) Transfer curves recorded at increasing concentrations of PFOA (d), PFHxA (e), and PFBA (f). Horizontal red arrow indicates the
trend of the threshold voltage, green arrow the trend of the on-current vs PFAS concentration.

black curve with respect to the red one in Figure 1lc. As far as
the target PFAS are concerned, we selected three homolog lin-
ear pollutants, namely PFOA, PFHxA, and PFBA (Figure 1d). A
standard example of the sensor response to [PFOA] is depicted
in Figure 1c (blue curve): the interaction with the selected linear
PFAS causes a shift of the transfer curve to less negative Vg, re-
sulting in an increase of both I and on/off ratio proportional to
[PFAS].

Adv. Funct. Mater. 2025, e08425 e08425 (4 of 12)

The interaction patterns that we expect to occur between the
PFAS and the PFDT-functionalized gate electrode are schemat-
ically depicted in Figure 2a—c.>*"] Manifold F---F interactions
may occur as a consequence of the interdigitation of the flu-
orinated chains of PFAS and PFDT, thus the longest PFAS is
expected to have the highest affinity for the PFDT domains.
The fluorous interactions cause the variation of the polariza-
tion of the gate electrode due to the PFAS chain dipoles and
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negative charges, which, synergically, make the gate electrode ef-
fectively more negative. This consideration on the electrostatic
interactions is indeed confirmed by the transfer curves recorded
exposing the gate to the presence of the PFAS in water and shown
in Figure 2d—f, where the current I,¢ increases with the PFAS
concentration across orders of magnitude at the same applied
voltages.

We assume, as shown in Figure 2a—c, that in the case of maxi-
mum chain interdigitation, the carboxylate head of the different
PFAS molecules will occupy equivalent positions on the PFDT
basal plane, and thus the hydrated charge should be considered
the same for the three homologues. Then, the rationale for these
large differences in current lies in the increasing number of
fluorine-fluorine interactions that can be formed upon interdig-
itation. Furthermore, the amphiphilic nature of the PFAS used
here (an omniphobic/fluorophilic perfluorinated chain and a hy-
drophilic carboxylate residue) makes the most probably accessi-
ble region for PFDT/PFAS interactions the interface between the
fluorinated domains and pegylated region. In these regions, the
SAM is mostly disordered due to the abrupt change in packing
density and competing interactions.

It is also reasonable to assume that the interdigitation of the
analytes may cause a minor reorganization of the SAM, which
should not substantially affect the gate interfacial capacitance.
This seems supported by the evidence that g,, does not markedly
change in the curves recorded at different analyte concentrations.
This observation is also supported by the measurements of elec-
trode capacitance with electrochemical methods (Figure S3, Sup-
porting Information). With this interpretation, we ascribe the in-
crease of the current and the shift toward more positive threshold
voltage V,, in the presence of PFAS to the negative charge accu-
mulation at the interface between the gate and the electrolyte.

2.3. EGOT Response Analysis: The Dose Curves

The EGOT response to the different PFAS molecules is ana-
lyzed vs [PFAS] by means of two transistor parameters: the linear
transconductance and either the threshold voltage V,, in Equa-
tion 1 (this is the standard linear analysis of the FET) or the
switch-on voltage V; in Equation 4 with the recently proposed
framework.?®] The latter yields a robust estimation of V; and
provides the connection between the physical parameters of the
organic semiconductor and the signal amplification due to the
transistor architecture. While both the switch-on voltage V; and
V,,, are related to the work function of the gate electrode, the two
parameters differ in the definition. V,, derives from the conven-
tional metal oxide-semiconductor field-effect transistors theory,
but it poorly describes the physics of organic transistors. Herein,
its definition is approximated as the onset voltage for the accumu-
lation of charge carriers in the channel. Conversely, we treat V.
as the fitting parameter that represents the gate voltage at which
the (semi)conductor film is in the charge neutrality condition.[?¢!
We demonstrate that the relative variation of the output cur-
rent scales as the switch-on voltage shift DV,. By assuming
that DV is proportional to the coverage of adsorbed PFAS, and
hence to the PFAS concentration in solution, a suitable equilib-
rium isotherm curve explains the trend of the observed current
variation.
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2.4. Analysis of the Linear Regime of the Transfer Curves

As shown in Figure 3a, AV, increases toward more positive val-
ues as the concentration of PFAS increases. The increasing loga-
rithmic trend is interrupted above a characteristic concentration
to yield a saturation plateau. We notice that the AV, trends ob-
tained for different PFAS exhibit increasing slopes according to
PFOA>PFHxA>PFBA. This observation suggests that AV, is re-
lated to the change of the chemical potential of binding and that
the strength of the interaction increases with the length of the
PFAS chains. The data also hint that the same plateau value is
attained for all PFAS.

To rationalize the sensor response and disentangle the ef-
fect of each PFAS, we calculate the sensor signal (S) as

Spras(Ves, [PFAS]) = IDS(VGS’[;’F?‘?D*S’S(V“’O) at fixed Vg value. The
DS\VGS~
signal is the relative variation of I3 with respect to the current

response of the same device with no PFAS in solution. The dose
curves for every PFAS analyte calculated at V3 = —0.7 V are
shown in Figure 3b. One immediately notices that for any PFAS
there is a range where the EGOT responds monotonically, fol-
lowed by a saturation plateau above a characteristic concentra-
tion. All PFAS signal curves exhibit a similar shape, albeit with
marked differences: the plateau value S, and the slope of the
signal decreases in the order PFOA>PFHxA>PFBA; the charac-
teristic concentration from monotonically scaling to plateau, in-
stead, follows the opposite trend, viz. PFOA<PFHxA<PFBA. The
latter observation hints to a greater affinity constant between the
functionalized gate and PFAS with longer perfluorinated chain.

To discuss the quantitative aspects, we fit the experimental data

in Figure 3a,b using the uniform Langmuir model (ULM):(383]

AV | (14 Kig0" [PFAS]
2A 1+ K, 06 [PFAS]

AV,, (IPFAS)) = (2)

for the threshold voltage, and

Smux (VGS) ~11’1

SpFAs (Vcs, [PFAS]) = A

1+ K, (Vgs) " [PFAS]
1+ K,y (Vis) ¢4 [PFAS]
for the signal.

Compared to the standard Langmuir model, which describes
a single equilibrium interaction, the ULM introduces a pop-
ulation of binding sites with a distribution of binding ener-
gies (U) spreading across a range AU = U, —U, ... The vari-
ability of binding energies is embedded in the coefficient A
of Equations 2 and 3, which is defined as A = W,kfg is

Boltzmann constant, T is the temperature. We find that the
relevant values for our datasets are A > 1, which means the
energy disorder is greater than twice the thermal energy, ca
5 kJmol~'. From the best fit of the data with Equations 2
and 3, we extracted the average affinity constant K, for the
SAM/PFAS interaction, the dimensionless parameter A, and
S s From Taylor series expansion of Equation 3, one demon-
strates that the slope at concentration [PFAS] much smaller than
1/K,,4(Vis) scalesas K, (Vg S)[%]. Although K, is greater for
PFOA>PFHxA>PFBA, the energy spread A correlates with the
inverse inequality PFOA<PFHxXA<PFBA, thus the slopes of the

curves tend to be comparable at low concentrations. We find that,
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Figure 3. a) Threshold voltage shift versus PFAS molar concentration. Each color corresponds to a PFAS according to the legend. b) Dose curve built
from lpg signal at Vg = —0.7 V versus PFAS molar concentration. Same color code as in (a). c) Dose curves of PFOA at different Vg from —0.6 V
(orange curve) to —0.7 V (black curve). Black arrow indicates the shift of the signal at constant concentration. Data for each PFAS are fit with Equations 2
and 3. Inset: S,,,, variation along Vs is depicted. The different colors are as in (a). The continuous lines are guide to the eye obtained by fitting S,
data vs Vg with Equation 5. d) Control experiments: comparison between the signal after the interaction with of PFOA (blue), with the non-fluorinated
surfactant SDS (dark green), and with a non-fluorinated carboxilic acid hexanoic acid (HxA) (orange). The error bars correspond to the standard error
of the mean (SEM) of four independent sensing experiments and two control experiments (HxA).

in general, the values of the parameter A are comparable for the
two analyses, while the values of the affinity constant in Equa-
tion 2 does not depend on V while it does in Equation 3. The
latter gate voltage dependence is discussed below.

Following the TUPAC definition,[*"] and on the basis of the
ULM fitting curves, we calculate a limit of detection (LOD) as
low as 97 fm for PFOA (0.04 ppt), 3.9 pm for PFHxA (1.2 ppt), and
11.9 pm for PFBA (2.5 ppt). These values are within the requested
LODs of the techniques that are suitable for the PFAS detection
requirements of the new EU regulation on water pollutants, and
close to those contained in the US-EPA guidelines.[”*10]

Figure 3c shows some of the dose curves obtained at different
values of V;.2041=3] While the curves retain the same shape, the
increase of the modulus of the gate voltage V., yields a decrease
of both K,,, and S,,,,, in Equation 3. The inset of Figure 3c shows
the inverse V¢ dependence of S, , which is well represented
by the trend described by Equation 5 below. The K, values ex-
tracted at three different V¢ from the best fit with Equation 3
are reported in Table S1 (Supporting Information), together with
the fit parameters of Figure 3a (which do not exhibit a V4 de-
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pendence). It is apparent how PFAS of increasing length inter-
act more strongly with the functionalized gate electrode surface,
which results into the values of the association constants K,,
increasing by three orders of magnitude from PFBA to PFOA.
These large differences must depend on the chain length of the
PFAS analyzed: the fluorine-fluorine interactions can be reason-
ably regarded as proportional to the number of F---F contacts,
hence to the number of -CF,- units in the molecular chains.

As control experiments, we assess the response of the EGOT
to nonspecific interactions using Sodium-Dodecyl-Sulfonate
(SDS), which is a nonfluorinated surfactant, and hexanoic acid
(HxA), i.e. the non-fluorinated homologous of PFHXA, as target
molecules. As shown in Figure 3d (green line), the interaction
between the functionalized gate electrode and SDS in solution
does not affect the device response, even at high concentrations,
as the signal dose curve of the device is flat and negative (the cur-
rent slightly decreases in the presence of SDS). We also notice the
weak increasing trend of the signal (orange line) for nearly eight-
decade concentration range of HxA. A comparable non-specific
response is obtained using a gate electrode functionalized
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with pure OEG SAM for the detection of PFBA (Figure S4, Sup-
porting Information), thus the non-specific signals are probably
caused by a weak interaction between the carboxylic residues of
the molecules in solution and the OEG domains of the SAM. As
a further control, we monitor the variation of the electrical re-
sponse of the EGOT before and after the sensing experiment, us-
ing as a control gate a bare gold electrode (Figure S5, Supporting
Information). As evident, the performance of the device slightly
worsens, resulting in a shift of the threshold voltage to more neg-
ative V¢ and a decrease of the output current I 5. This effect is
opposite and decisively lower in magnitude than the variation due
to the sensing of the tested PFAS molecules.

2.5. Correlation Between Current Signal and Switch on Voltage
Shift

We now analyze the EGOT transfer curves according to the model
and the protocol that we recently proposed to unify the chemical-
physical description of EGOFET and OECT.I?] This framework
allows us to reproduce the whole transfer curve and to obtain
reliable and robust values of the EGOT sensor characteristic
parameters.

We recall the analytical expression for the EGOT current
that describes the transfer curves across the whole gate voltage
range:(2°]

Ips (Vcs? Vs [PFAS]) R Ipsof (VDS) +

, Ves—Vr , Ves—Vi
sinh (26L> —sinh <6L>
ao [ o

8l (VDS) ¢ sinh (i) + a cosh (23%)

)

Here Ipg (Vps) is the EGOT off-current; g,,, = V—LVyCDL Vps is
the linear transconductance of the EGOT device (alike the one
extracted from the linear part of the transfer curve); e is the el-
ementary charge; V;is the switch-on voltage (surrogating the
role of the threshold voltage V,, of the linear regime analysis);
o and ¢ are two energy parameters of the organic semiconduc-
tor: the former measures the energy disorder in the gap, while ¢
is half of the HOMO-LUMO band gap (estimated as distance be-
tween the band edges of an organic semiconductor with exponen-
tial disorder). The dimensionless ratio of areal charge densities
(%) depends on the maximum areal number density of
electrons 2n,,,.d that can populate the tail of the density of states
in the bandgap (2n,,,,), and on the organic semiconductor thin
film thickness d. The interfacial capacitance Cp; encompasses
both the gate and the channel interfacial capacitances in series,
hence is sensitive, in principle, to the molecular composition of
the gate, i.e., to the PFAS coverage (fraction of occupied binding
sites) at the gate.

Equation 4 embodies the voltage-dependent effective capaci-
tance that generates the charge carriers in the channel. In the
EGOT sensor, the three parameters affected by the analyte con-
centration are, in principle, the voltage V;, the transconduc-
tance g,,; and a. The voltage V. is influenced by the PFAS con-
centration [PFAS], since the PFAS coverage is proportional to
[PFAS], and the electrostatic energy at the gate-electrolyte inter-
face changes with the PFAS coverage. The transconductance g,
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and the parameter a are associated with the possible variation
of the interfacial capacitance with [PFAS]. We assume that the
properties of the organic semiconductor thin film, and hence the
parameters o and ¢, in this experiment are insensitive to PFAS
concentration and will be treated as fixed global parameters.

In Figure 4a, we show the results of the best fit of the trans-
fer curves acquired at different concentrations of PFOA in wa-
ter using Equation 4. Based on experimental evidence (Figure
S3, Supporting Information), we observe that the concentration
effect is more significant on V; than in the other parameters.
Therefore, we fit the whole individual transfer curves for the three
homolog PFAS with Equation 4, using the energy disorder o,
a and the transconductance g, ; as concentration-independent
global parameters, with a fixed band gap for DPP-DTT
of 2e = 1.7 eV.**I The baseline off current I, ,4( Vpps) is also fixed
to its average value. The continuous lines overlayed to the dotted
transfer curves in Figure 4a represent the fit to the experimental
curves with this model. When the gate voltage of each transfer
curve is shifted by its value of V7, the set of the transfer curves
collapse into a ‘universal’ transfer curve shown in the inset of
Figure 4a. This reinforces the hypothesis that V is the parameter
more affected by PFAS binding at the gate electrolyte interface.

In Figure 4b, we show the trend of the best-fit value of switch-
on voltage shift AV, = V([PFAS]) — Vg, for the three homolog
PFAS. V¢, is the switch-on voltage with the functionalized gate
in the absence of PFAS. AV is larger for PFOA>PFHxA>PFBA
at the low concentrations and saturates to the same plateau value
~80 mV at the larger concentrations. We notice that taking into
account the intervals of confidence around the lines of best fit
(the ones drawn are for 95% confidence level) the PFOA curve is
already distinct from the others for concentrations as low as 1 pm,
whereas PFHxA and PFBA become separated by their confidence
intervals for concentrations ~1 nm.

The shifts of the threshold voltage V,, obtained from Equa-
tion 1 (Figure 3a) are always smaller than those of the switch-on
voltage V; obtained from Equation 4. For instance, AV ranges
up to 80 mV, while AV,, ranges up to 25 mV, thus making the
sensitivity of AV to the PFAS concentration about three times
larger than the one of AV,;,, This is clear from the linear correla-
tion plot between AV, and AV, shown in the inset of Figure 4b.
Noticeably, the standard errors of the mean (SEM) on AV, are
smaller than the ones on AV,,.

We are now able to analyze the sensor signal S(Vig;
[PFAS]). Because of the insensitivity of the interfacial capacitance
Cp; to the concentration of PFAS, and assuming that the baseline
currents I s +(Vps) are negligible with respect to the EGOT cur-
rent, a condition which applies for |Vg — V| > o/e, the signal
turns out to be independent of the transconductance g,, :

S (Vgs: [PFAS])

{ sinh (2 (vgu — Avy)) — sinh (vgu, — Avy) }

sinh (2vg,y, ) — sinh (vgy)

sinh (i) +a cosh (2vg,y)
x ~1 (5)
sinh (i) +a cosh (2 (veuy — Avy))
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Figure 4. a) Representative transfer curves (dots) for PFOA fitted with Equation 4 (continuous lines). In the inset the same transfer curves plotted
against Vs-Vr overlapping onto a universal transfer curve (semilog graph). b) PFAS concentration dependence of AVy, estimated from at least four
different dataset per point are plotted against the PFAS concentrations with the standard error of the mean, the shaded areas confidence interval of
the fit equation (ULM), selecting a confidence level of 95 %,; in the inset: correlation plot between AV; (horizontal axis) and AV, (vertical axis). The
first one is about three times the latter, as the red line slope is 0.31 + 0.02. ¢) Sprop Versus AV at two different Vs and the corresponding Equation 5
(continuous lines) and Equation 6 (dashed lines). In the inset Sproa versus [PFOA] at 2 different Vg and the corresponding Equation 5 (continuous
lines) and Equation 6 (dashed lines), where the dependency of AV on PFBA concentration is described by the corresponding Uniform Langmuir Model
isotherm. d) standard free energy of binding AG® calculated from the averaged association constant (black) and the energy spread AU (red) plotted

against the PFAS length. Both properties are calculated from the best fit value of AV versus PFAS concentration and its linear fit.

Here we introduce the dimensionless effective gate voltage of
the SAM functionalized electrode vg,,, = VG%VZ“M and the di-

mensionless gate voltage shift Avy. = %/ZASD. As i ~6.7>1
2Vgs—Vrsaml—e )

2~ 1 for
exp(le\vcs VT?SAM AVT| z)

. 1+
the second factor will approach - il
+a

Av; < 1. Under these conditions the signal canbe approximated
as:

S (Vgs: [PFAS])

{ ¢ cosh (Vs ) — 2cosh (2vg,y)

o sinh (2vgan) — sinh (Vsay)

} AV, ([PFAS)) (6)

Within this limit, the signal will no longer exhibit a depen-
dence on a and &. We can identify the factor in curly brackets
as an amplification factor which depends on the value v,,,: for
negative values, it is positive and greater than or equal to 2 (the
asymptotic value at large negative values).

For wvg,, — 0 Equation 6 reads as S(Vis [PFAS]) =
—AVr(PEAS) _ _2vr(PFAS) - Therefore, Equation 6 predicts

Ves=Vrsam Vsam
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that the signal will decrease for V;3 — V54 < 0, and that the
EGOT operation at low gate voltage yield the largest signal, since
the signal decreases inversely with the gate voltage in agreement
with the inset of Figure 3c.

We also notice that the saturation plateau will be related to
the plateau AV, as S,...(Ves) = {2 w}A Vr

o sinh(2vsan)—sinh(vsa) Smax:

Since AV, ~ 80mV for all the investigated PFAS, the
origin of the different signal plateaus S, for each PFAS
arises from the device properties within the curly brackets in
Equation 6.

2.6. Concentration Dependence of the Current Signal and the
Switch on Voltage Shift

The good qualitative agreement with our prediction and exper-
imental data spurs us to test quantitatively Equations 5 and 6.
First, in Figure 4c, we plot both theoretical (continuous and
dashed lines as Equations 5 and 6, respectively) and experimen-
tal (symbols) dependency of Sppo, on AVy. We plug into the
equations the average best fit parameters (o, a, € and vgy,,) from
the analysis of the EGOT sensors used for PFOA detection with
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Equation 4 (their values are reported in Table S3, Supporting In-
formation). Equation 5 describes accurately the Sz, trend on
AV at both the gate potentials. Approximation in Equation 6 in-
stead works nicely at Vo = —0.7 V for all AV, and at V4 =
—0.6 V at small AV, while deviates substantially at high A V.. for
Vs = —0.6 V. This is consistent with the assumptions behind
Equation 6.

We extend now the considerations above to the dependence on
[PFAS].

We recast Equations 5 and Equation 6 replacing AV; with
its dependency on [PFAS], which, similarly to Equation 2 is

described by AV, ([PFAS]) 1+ Kogoc! [PEAS) ). The best

= M jpy( e TR
24 14Kgug0 €4 [PFAS]
fit values K, ,,

A and AVy, . are extracted from the data in
Figure 4b. In the inset of Figure 4c, we plot the predicted
Sproa (continuous and dashed lines) from Equations 5 and 6,
and experimental Spp,, defined at two different gate poten-
tials vs [PFOA]. Remarkably, Equation 5 reproduces perfectly
the dependency of Spp,, vs [PFOA] for the two Vg values.
Instead, Equation 6 (dashed lines) predicts correctly Sppo, VS
[PFOA] for Vi3 = —0.7 V, while fails to predict the trend for
Vs =—0.6V.

At this point, considering that all the measurements are con-
ducted at (quasi)equilibrium, we can infer the thermodynamics
of the interaction between PFAS and the mixed SAM from the
ULM isotherm that describes the AV variation vs [PFAS] as in
the fit of Figure 4b.

While AV, is the same for the three different PFAS, con-
sistently with the hypothesis that the three PFAS have the same
number of possible interaction sites, K,,, and A change as func-
tion of PFAS length (Lpp,s). Thus, the selectivity of the sensor
toward different linear PFAS stems from these parameters. In
Figure 4d, we plot the chain-length dependence L, of the stan-
dard Gibbs free energy AG® = —RT In K, , of the interaction be-
tween PFAS and the binary SAM, together with and the energy
dispersion AU between the different interaction sites. We take
the laboratory temperature 293.15 K. The AG° values are the fol-
lowing: PFOA = —65.3 + 0.7 k] mol™!, PFHxA = —52.9 + 0.9
k] mol~ and PFBA = —48 + 2 k] mol~!. We notice the linear
correlation between AG? and Lp,s, which hints to free energy
of binding proportional to the number of perfluorinated carbon
units. Interestingly, the rate of increase of AG?is 4 + 1 k] mol ™!

a 33— ’ . ’

—_—0M
=100 fM
—1pM
=10 pM
10 nM T
1uM
=100 pM
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00 02 -04 -06 -0.8
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per unit, which suggests that for an increase of two units in the
PFAS chain, there are one or two additional F---F interactions
established (see schematics in Figure 2a) as earlier references re-
port 2-3 k] mol ™! for a single F---F bond.l****] These values con-
firm that our sensor can distinguish two species of homolog lin-
ear series when the difference in chain length is either one or two
—CF,- units. These considerations explain why the interaction
energy is lower for PFBA than for PFHxA and PFOA. Additional
evidence supporting the role of fluorine-fluorine interactions as
driver for PFAS recognition is the energy dispersion A U, which
decreases with PFAS length symptomatic of lesser energy fluctu-
ations as the binding energy becomes much larger than thermal
energy.

The demonstration that EGOT is able to resolve binding en-
ergy differences one-two times the thermal energy is a remark-
able outcome. This figure of merit clearly indicates a strategy for
the selective quantification and identification of different PFAS:
a suitable design of a perfluorinated recognition species for each
class of PFAS, either linear, branched, dendritic, and/or with
more complex geometries should be envisioned for fabricating
arrays of EGOT sensors capable of classifying the species in
water.

2.7. Test in Real Matrices

We finally assessed our EGOT sensor on a real matrix, viz. bottled
water spiked with PFHxA. An example of transfer curves regis-
tered at increasing [PFHxA] is reported in Figure 5a. Using AV
as the observable parameter, we build the dose curve reported in
Figure 5b (red markers) and overlay them with the sensing re-
sponse previously obtained in distilled water (blue markers and
line). The two data sets are in good agreement, albeit the response
of the device in bottled water seem influenced by the presence of
ions (reported in Table S2, Supporting Information) interacting
with the SAM, thus resulting in larger error bars. The horizontal
shifts of the red markers with respect to the “ideal” dose curve
(blue line) at concentrations much higher than the 3.9 pm LOD
will lead to underestimate the real concentration by a factor ca.
4-5 above 1 nM, and to overestimate it by the same factor. These
results confirm the efficacy of our device toward PFAS, and sug-

e Distilled water
e Bottled water
0.08+ E
-
> 0.04 ]
§
0.004 E
-0.04

10 10 10 10°  10°  10*
[PFHXA] (M)

Figure 5. a) Transfer curves recorded at increasing [PFHxA] in bottled water. b) PFHxA dose curves as variation of Vy in distilled water (blue points) and
bottled water (red points). The error bars correspond to the standard error of the mean (SEM).
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gest that a proper rescaling may lead to map different aqueous
solutions onto a universal curve.

3. Conclusion

This first-ever label-free EGOT sensor for PFAS exploits a tai-
lored perfluorinated interface to specifically detect and selectively
quantify PFAS in water. Limits of detection (LOD) as low as
97 fm for PFOA (0.04 ppt), 3.9 pm for PFHxA (1.2 ppt), and
11.9 pm for PFBA (2.5 ppt) were obtained, which are within
the state-of-the-art parameters set by current water preserva-
tion and environmental authorities. The LOD exhibited by the
EGOT on PFOA is about three orders of magnitude smaller
than the parameter indicated by the EU Directive. The speci-
ficity and selectivity arise from the fluorophobic partition of
the target PFAS molecules binding to the fluorinated domains
of the gate SAM, thanks to manifold fluorine-fluorine interac-
tions. The functionalization of the gate electrode with our mixed
oligoethyleneglycol/perfluoroalkane SAM is robust and repro-
ducible. The model used for data interpretation allowed us to ra-
tionalize the quantitative differences between different PFAS in
terms of their interaction mechanism via fluorine-fluorine inter-
actions with the SAM. In particular, we found that each —CF,-
unit of the target PFAS contributes —4 k] mol™! to the bind-
ing energy, thus, the proposed sensor in principle resolves linear
PFAS with chain lengths differing by one perfluoro-methylene
unit, whose interaction difference is less than twice the ther-
mal energy RT. Interestingly, the EGOT sensor gives infor-
mation about the thermodynamics of the interactions, which
is also useful to better understand the behavior of PFAS at
interfaces.

The sensor herein demonstrated is designed for in-field de-
ployed applications, thus, it is suitable for on-site detection of
aqueous PFAS at the sub-ppt level. The response is obtained
in less than 10 min, with minimal sample preparation, and
straightforward measurements. The sensing strategy described
here can be readily applied to any linear PFAS, and with further
molecular design of the perfluorinated SAM-forming species,
can be repurposed toward more complicated molecular struc-
tures, thus opening the way to label-free sub-ppt detection of a
variety of perfluorinated pollutants in water. Preliminary results
with PFAS-spiked solutions in bottled water hint that our re-
sults may be transferred to real water samples without excessive
effort.

4. Experimental Section

Reagents: The gold wires used as gate electrodes and working elec-
trodes have T mm of diameter.

The interdigitated source and drain electrodes (substrates) are supplied
by Micrux (Spain), they are the model ED-IDE1-Au: gold on glass, 90 pairs
of interdigitated gold electrodes, dimensions 10 x 6 X 0.75 mm, electrodes
width 10 um, gap width 10 um.

2,5,8,11-Tetraoxatridecane-13-thiol (OEG) is produced by PurePEG LLC
(USA).

Perfluorodecanethiol (PFDT), sodium-dodecyl-sulphate (SDS), hex-
anoic acid (HA), KCl, KOH, H,SO,, and K;Fe(CN)¢ are acquired from
Sigma—Aldrich (Germany).

Standardized PFOA, PFHxA and PFBA are titrated with NMR prior the
measurements.
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Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-
2-yl)thieno[3,2-b]thiophene)] (DPP-DTT) with MW = 111 kDa is produced
by Ossila (UK).

Device Fabrication:  First, the substrate (ED-IDE1-Au by Micrux, Spain)
should be cleaned. The cleaning procedure consists of 10 min of sonica-
tion in Hellmanex 1%, 10 min of sonication in distilled water, and 10 min
of sonication in ethanol.[*’! The DPP-DTT solution is made by heating a
solution of 5 mg mL™" of DPP-DTT in 1,2-dichlorobenzene at 80 °C for
1h. 10 ul of DPP-DTT heated solution was deposited over the substrate to
form an organic semiconductor layer channel by spin-coating. The spin-
ning procedure consists of 2 min at 2000 rpm, with an acceleration of
100 rpm s~'. Then, the device was heated at 140 °C for 30 min to cure the
semiconductor layer.

The gold wire used as gate electrode is cleaned by 4 h of immersion
in KOH 2.5 m at 120 °C, and 2 h of immersion in H,SO,4 concentrated at
220 °C. Then it was rinsed by water and ethanol, and it was dipped for
16 h at 20 °C in an ethanol solution of OEG (PurePEG LLC, USA) 3 mm
and PFDT (Sigma-Aldrich, Germany) 1 mwm. After the functionalization
the gold wire was rinsed with ethanol, and it was left in distilled water for
1h.

To perform the capacitive coupling between the gate electrode and the
semiconductive channel a drop of distilled water (50 ul) was deposited
between the two elements.

Electrical Characterization: All electrical measurements were per-
formed using a Precision Source/Measure Unit (SMU) Agilent B2912A.
The transfer curves were recorded maintaining constant the volt-
age difference between the source electrode and the drain electrode
(Vps = —0.1 V) and sweeping the voltage difference between the
gate electrode and the source electrode (Vs) between 0 and —0.7
V. Each measure was conducted until a stable transfer curve was
recorded. Before the sensing experiment, the device was switched
on and off until reaching a stable response (Figure S6, Supporting
Information).

To register a dose curve, the same functionalized gate was incubated
in analyte solutions at increasing concentrations for 10 min, ex situ. Af-
ter incubation, before the electrical characterization, the gate electrode
was rinsed with water (distilled or bottled). For the three PFAS molecules
tested, the data reported are the average of four independent sensing
experiments.

Electrochemical Characterization: It is conducted in a standard elec-
trochemical cell, in a three electrodes set-up using a CHI-760D potentio-
stat from CH-Instrument. The three electrodes are the gold wire as work-
ing electrode (WE), an Ag/AgCl reference electrode (RE), and a platinum
counter electrode (CE). The electrochemical cell is filled by a solution of
Fe(CN)g*/> 5 mm and KCl 1 m. Two techniques were applied, the electro-
chemical impedance spectroscopy (EIS) and the cyclic voltammetry (CV).
To perform the CV the potential difference is swept between —0.2 V vs
Ag/AgCl and 0.6 V vs Ag/AgCl. The EIS is conducted at the half-wave po-
tential sweeping the frequency between 0.1 and 100 000 Hz. To measure
the capacitance of the working electrode the CV were recorded in a solu-
tion of KCI 0.1 m.

Spiked Solutions Characterization: High performance liquid chro-
matography mass spectrometry (HPLC-MS) was adopted to validate the
concentration of PFAS in the spiked solutions, which resulted in the right
order of magnitude.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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