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Vasiliki Karanikola and Suchol Savagatrup *

Recently, the US Environmental Protection Agency (EPA) has established stringent maximum contaminant

levels (MCLs) for multiple per- and polyfluoroalkyl substances (PFAS) in drinking water. These compounds

pose substantial environmental and health risks due to their bioaccumulative properties. While low

concentrations can be detected quantitatively and selectively by liquid chromatography with tandem

mass spectrometry (LC-MS/MS), this technique is cost-prohibitive, time-consuming, and not suitable for

rapid and on-site measurements. Electrochemical sensors have the potential to provide a fast and

portable alternative with sufficient selectivity and sensitivity for early screening of potential contaminated

sources. These sensors rely on a layer of molecularly imprinted polymers (MIPs) that are synthesized

through electrochemical oxidation of monomers (e.g., o-phenylenediamine, o-PD) in the presence of

targeted molecules (e.g., perfluorooctane sulfonic acid, PFOS) as the template for selective binding sites.

In this study, we test the hypothesis that the physicochemical properties of the electrode surface dictate

the electropolymerization of MIPs and the resulting physical morphology and sensing properties.

Specifically, MIP-based sensors prepared on hydrophobic surfaces exhibit improved sensing

performance toward PFOS than the ones prepared on hydrophilic surfaces. We attribute the increased

sensitivity to the stronger attraction of the hydrophobic surfaces to PFOS during the

electropolymerization, which leads to enhanced imprinting of the MIPs and more selective binding sites.

Our results, with PFOS as a model compound, demonstrate the importance of surface functionalization

to the formation, physical morphologies, and sensing properties of a promising class of materials for

environmental monitoring.
1. Introduction

Per- and polyuoroalkyl substances (PFAS) are synthetic
chemicals that have brought environmental concerns due to
their toxicity and non-biodegradability.1 Specically, toxicolog-
ical studies have revealed that they are endocrine disruptors
and potential human carcinogens.2,3 Due to their widespread
applications, PFAS have been detected in water sources and soil,
posing a serious threat to the ecosystem.4 One of the most
studied PFAS is peruorooctane sulfonic acid (PFOS).5 The
World Health Organization (WHO) recommends a maximum
concentration of PFOS in drinking water of 100 ppt (or
100 ng L−1).6 Additionally, the US Environmental Protection
Agency (EPA) has recently proposed a regulatory limit of 4 ppt
Engineering, University of Arizona, 1133
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
(4 ng L−1).7 While the current gold-standard technologies—such
as liquid chromatography with tandem mass spectrometry (LC-
MS/MS)—are capable of detecting such concentrations, they are
oen impractical due to high cost, lengthy procedures, and lack
of portability for on-site detections.8–11 Therefore, there are
demands for new and alternative sensing platforms that provide
cost-effective and rapid detection to complement traditional
analytical instruments.12

An emerging area of alternative sensors for PFAS combines
electrochemical platforms with molecularly imprinted poly-
mers (MIPs).13,14 MIPs are thin polymeric coatings that are
polymerized in the presence of the targeted analytes as the
templating molecules.15,16 These templating molecules can then
be removed by either a physical or chemical treatment to create
selective molecular cavities.17 In ideal situations, the selectivity
of MIPs toward the templating molecules mimics the lock-and-
key mechanisms found in antigen–antibody interactions.18 For
example, MIPs have been incorporated into various sensing
platforms for PFAS, including electrochemical,19–23
RSC Adv., 2025, 15, 20341–20349 | 20341
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Fig. 1 Schematic of the preparation of gold electrodes prior to elec-
trosynthesis of molecularly imprinting polymers (MIPs). Hydrophilic
and hydrophobic gold electrodes were prepared by surface func-
tionalization of L-cysteine (Cys) and 1-octanethiol (OT), respectively.
The polymerization of o-PD in the presence of PFOS was then carried
out on the functionalized gold electrodes. The template removal was
carried out by solvent extraction using a mixture of water and meth-
anol (1 : 1, v/v).
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View Article Online
photoelectrochemical,24–27 and photoluminescent.28–30 These
reported sensors have demonstrated their capability to selec-
tively detect PFOS with sufficiently low limits of detection
(∼1 ng L−1). Furthermore, MIP-based sensing platforms are
transportable and convenient, with fast analytical time
(∼minutes).

An important principle in the development of MIP-based
sensors has been the rational selection of the monomers and
the templating molecules, based on their physicochemical
properties. That is, a functional MIP can be achieved when the
monomers and the templating molecules form favorable
interactions, to generate selective molecular cavities within the
polymer matrix. For example, several intermolecular interac-
tions are possible between the commonly usedmonomer, ortho-
phenylenediamine (o-PD), and PFOS. PFOS can form hydrogen
bonds and electrostatic interactions when ionized through its
polar sulfonic group, and hydrophobic interactions through its
uorinated alkyl chain.31 Therefore, the selected monomer for
the preparation of MIPs must be able to form hydrogen bonds
or hydrophobic interactions with PFOS.32

However, the monomer–template interaction is not the only
interaction to consider if MIP sensors are electrochemically
synthesized on an electrode. The surface energy of the electrode
will also impact the electropolymerization of MIPs and the
formation of selective binding sites.33,34 For example, Nishizawa
et al. evaluated the effect of hydrophobic and hydrophilic
surfaces on the electropolymerization of pyrrole for electronic
applications.33 Their results showed that lateral growth of pol-
ypyrrole occurred only on hydrophobic surfaces but not on
hydrophilic surfaces. Similarly, Gerasimov et al. studied the
effect of surface modication on the electropolymerization of
a thiophene-based monomer in the preparation of transistors.34

They functionalized the surface with hydrophobic molecules
and with molecules bearing positive or negative charges. Their
results demonstrated that the polymerization varied according
to the surface nature. While these reports have focused only on
the interaction between the monomer and the modied elec-
trodes, the development of electrosynthesized MIP-based
sensors for PFOS requires the understanding of the simulta-
neous interactions of three components: the monomers, the
electrode surface, and the template molecules (PFOS). There-
fore, the monomer–template, monomer–electrode, and
template–electrode interactions must be considered for the
electrochemical preparation of MIP.

Here, we investigated the effects of surface properties of gold
electrodes on both the electropolymerization of MIP and its
sensing properties. Specically, we modied the gold electrodes
by surface functionalization with polar and non-polar mole-
cules and evaluated their interactions with the monomers (i.e.,
o-PD) and the templating molecules (i.e., PFOS). Since PFOS and
o-PD can form polar and non-polar intermolecular bonds, they
can have different interfacial behaviors depending on the
surface energy of the electrodes during polymerization. There-
fore, we aim to understand the relationship between the elec-
trode surface properties and the structures of MIPs, to enhance
the sensing performance by using PFOS as a model compound.
Considering only the template–electrode interactions, we
20342 | RSC Adv., 2025, 15, 20341–20349
hypothesized that the strong affinity of PFOS to hydrophobic
surfaces, due to their long-uorinated alkyl chain, would
enhance the formation of selective cavities and increase sensi-
tivity.35,36 In relation to the monomer–template interactions, our
results showed that different polymer coatings are formed
depending on the electrode surface chemistry. Overall, our
results demonstrated that the surface properties of the elec-
trode signicantly impact the formation and the sensing
properties of MIPs.
2. Results and discussion
2.1 Functionalization and characterization of electrodes

We began by preparing hydrophobic and hydrophilic electrodes
to study the interaction of PFOS and o-PD with the electrode
surface during electrosynthesis, using methods adapted from
previous reports (Fig. 1).37,38 Briey, we functionalized UV-
cleaned gold electrodes by soaking them in a solution con-
taining either 1-octanethiol (OT) or L-cysteine (Cys) for 24 hours,
followed by thorough rinsing and drying steps. OT and Cys were
chosen because they can form a hydrophobic and a hydrophilic
surface, respectively.

We characterized the functionalized surfaces by rst
measuring the water contact angles (Fig. 2a). Prior to func-
tionalization, UV-cleaning treatment produced a bare gold
electrode (Au) with hydrophilic properties (20.55° ± 2.12°).
Similarly, the water contact angle of L-cysteine functionalized
gold electrode (Au–Cys) was 15.85° ± 1.31°, indicating a hydro-
philic coating as expected. The hydrophilicity of Cys arises from
the presence of the amino and carboxyl groups. On the other
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Water contact angles of the bare Au and the Cys and OT
functionalized Au electrodes, (b) XPS S 2p spectrum of Au, Au–Cys,
and Au–OT. The appearance of doublets indicates the presence of
thiol groups.
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hand, gold electrode with 1-octanethiol (Au–OT) exhibited
hydrophobic properties with a water contact angle of 103.40° ±
0.59°, which was expected for a surface functionalized with long
alkyl chains.39 To conrm the functionalization, we then used X-
ray photoelectron spectroscopy (XPS) to characterize the
chemical properties of the different electrode surfaces. XPS
results of the bare Au showed the presence of carbon and
oxygen, which we attributed to the natural contamination of the
surface (Table S1†). In the case of Au–Cys, the XPS results
showed the additional presence of nitrogen and sulfur. More-
over, its XPS S 2p spectrum showed a characteristic doublet,
indicative of the presence of thiol groups arising from the
presence of Cys on the gold electrode (Fig. 2b). Similarly, the
XPS spectrum of Au–OT also detected a sulfur peak with
a characteristic doublet. We attributed these results to the
presence of both S–Au and S–H with the binding energies of
162.5 and 164 eV, respectively.

2.2 Preparation and characterization of MIP lms

Aer functionalization of the electrodes, we sought to evaluate
their effects on both the physical and sensing properties of the
MIP lms. Thus, we fabricated poly(o-phenylenediamine)
(PoPD) MIP lms from a solution of o-PD with PFOS as the
templating molecules. We selected o-PD for this study because
it has been previously shown to produce functional MIP-based
sensors for legacy PFAS, such as PFOS.20,21,40 We adapted the
© 2025 The Author(s). Published by the Royal Society of Chemistry
synthesis parameters of the anodic electrochemical polymeri-
zation from previous reports.20,21,40 Briey, we prepared a solu-
tion containing 10 mM of o-PD and 0.05 mM of PFOS in a 2 : 1
(v/v) mixture of acetate buffer (pH= 5.8) andmethanol solution.
We reduced the relative concentration of PFOS, in comparison
to previous reports, to minimize the formation of defects and
nonspecic binding sites that could lead to lower sensitivity and
signal dris.41 The polymerization was carried out via cyclic
voltammetry (CV) by scanning 25 cycles in the potential range of
0 to 1.0 V (vs. Ag/AgCl) at 50 mV s−1 to polymerize MIP lms
onto the gold electrodes. We then removed the templating PFOS
by soaking the coated electrodes in a mixture of methanol and
water (1 : 1, v/v) for 20 minutes. Full details of the synthesis
parameters are provided in the ESI.† We hypothesized that the
surface chemistry of the electrode dictates the interfacial
behaviors and the localized concentration of PFOS.35,36 More
importantly, we expected that the changes in surface energy will
also affect the electropolymerization of o-PD and imprinting
process of PFOS into the PoPD MIP lms.33,34 For each func-
tionalized surface, we also fabricated non-imprinted polymer
lms (NIPs) as the controls by electropolymerizing o-PD using
the same synthetic parameters without the presence of PFOS.

We rst evaluated the molecular imprinting of PFOS within
the MIP lms fabricated on each surface via XPS. Specically,
we observed the presence of uorine in MIP-Au, MIP-Cys, and
MIP-OT before the template removal step and the absence of F
1s peak aer the template removal (Table S1†). While these
results only suggested that PFOS imprinting may have occurred
and the templating molecules were mostly removed from the
MIP surfaces, we will further evaluate the formation of selective
binding sites via electrochemical methods in the next section.
We then measured the lm thickness and surface roughness
using a stylus prolometer and atomic force microscopy (AFM)
in tapping mode, respectively. Due to the thinness of most of
the samples, we focused primarily on surface characterizations
instead of the bulk characteristic. Similar to previous reports by
our group, we observed that the thickness of an MIP lm aer
undergoing a template removal (TR) process via solvent
extraction was signicantly reduced compared to the freshly
synthesized lm (no template removal, NTR) (Fig. 3a).41 This
reduction in thickness is associated with the removal of weakly
adhered polymer on the surface.42,43 We also observed a clear
deviation in lm thickness for MIP lms fabricated on elec-
trodes functionalized with OT (MIP-OT). Specically, the
hydrophobic OT surface resulted in 200 nm MIP lms,
compared to <10 nm lms on bare Au (MIP-Au) and Au–Cys
(MIP-Cys). Interestingly, the hydrophobic surface of OT did not
lead to a signicant increase in thickness for the control NIP
lm (NIP-OT). This result suggested that the polymerization
and imprinting process of MIP lms were affected by the strong
interactions of PFOS toward the hydrophobic surfaces.44,45

Despite the large difference in thickness for MIP-OT, the surface
roughness aer TR (both average and RMS roughness, Ra and
Rq) for all MIP and NIP lms were relatively smooth (<3 nm)
(Fig. 3b) with minor differences in the grain size of the surface
morphology (Fig. S1, ESI†).
RSC Adv., 2025, 15, 20341–20349 | 20343

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03253a


Fig. 3 (a) Thickness values of the polymer coatings. The abbreviations
NTR and TR stand for no template removal and template removal
steps. (b) Roughness values expressed as Rq (RMS roughness) and Ra

(average roughness) of the polymer coatings after template removal
step obtained from 1 × 1 mm2 AFM images.

Fig. 4 Representative CV curves (25 scans) of the synthesis of MIP
samples for (a) MIP-Au, (b) MIP-Cys, and (c) MIP-OT. The arrows
indicate the sequence of CV scans.
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To uncover the underlying causes of the different physical
properties of MIP lms fabricated on OT, we started by
analyzing the cyclic voltammograms (CV) of the functionalized
electrodes during the electropolymerization (Fig. 4). Two
oxidation peaks were observed for the polymerization of o-PD
on bare gold (MIP-Au, 0.65 V and 0.85 V) and Cys (MIP-Cys,
0.65 V and 0.93 V), which were consistent with previous
reports.20,21,40 These peaks are related to the chain propagation
of o-PD polymerization by oxidative coupling and intra-
molecular oxidations.46–48 We observed that the peak at 0.93 V of
MIP-Cys exhibited a higher current than that of MIP-Au, which
we suspected to be the result of additional oxidation from Cys.
On the other hand, the CV of MIP-OT showed only one
distinctive oxidation peak at 0.61 V, followed by a shoulder
during the rst and second scans. This result suggested that OT
had a distinct effect on the electropolymerization of o-PD when
compared to Cys. While these results indicated that surface
functionalization affected MIP synthesis, additional control
experiments were conducted to explore the underlying
mechanisms.

As a rst control, we collected the electrochemical responses
of the functionalized surfaces without the presence of o-PD
monomers to isolate the responses of the surfaces with and
20344 | RSC Adv., 2025, 15, 20341–20349
without PFOS. For samples without PFOS, we observed two
oxidation peaks in the rst cycles for Au–Cys (0.7 V and 1.0 V)
and a single peak for Au–OT (1.0 V), which were absent on bare
Au electrodes (ESI, Fig. S2a, c and e†). These processes are
indicative of the oxidation of thiol groups in Cys and OT,
respectively.38,49 Specically, they indicated the oxidative
desorption of both Cys and OT, which was conrmed by the
drastic reduction of the S 2p peaks in XPS (Fig. S3†). Further-
more, these results showed that almost all Cys molecules were
quickly oxidized and desorbed in the rst cycle. However, we
observed that the oxidative desorption of OT occurred at amuch
slower rate and took multiple cycles to complete. We attributed
this observation to the different oxidative potentials of Cys and
OT, where Cys oxidizes at a lower potential than that of OT. In
fact, the oxidative desorption of OT occurs at a potential higher
than the potential window used in this study (ESI, Fig. S2g†).
This difference in the oxidative potentials of Cys and OT may
have also contributed to the distinctive behavior of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Calibration curves of MIP samples. Straight lines are the
linear fittings. (b) Absolute slope values of the linear fittings. (c) Abso-
lute DJ values at 1 nM PFOS. Statistical analysis was performed using
on-way ANOVA; differences were considered significant when P #

0.05 (“*”).
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electropolymerization of MIP-OT. We proposed that the lack of
oxidative desorption of OT from the surface at lower potential
resulted in the attenuation of the second peak, in comparison to
those of MIP-Au and MIP-Cys (Fig. 4). Interestingly, in the
presence of PFOS, we observed that the oxidation of OT was
further delayed as indicated by the higher number of cycles
before achieving the characteristic cyclic voltammetry curve of
the buffer (ESI, Fig. S2f†). In contrast, PFOS did not attenuate
the oxidation of Cys. A plausible explanation of the attenuation
effect by PFOS is its strong interaction with OT, which may arise
from the surfactant properties of PFOS, specically at the
liquid–solid interface.44,45

In the second set of control experiments, we fabricated non-
imprinted polymer (NIP) lms to evaluate the interactions of o-
PD monomers with the functionalized surfaces in the absence
of PFOS (ESI, Fig. S4†). We observed that the attenuation in
synthesis current over multiple cycles was much slower for the
OT functionalized surface, compared to Cys and bare gold
surfaces. We attributed this observation to the physical resis-
tance provided by OT to prevent o-PD monomers from reaching
the surface and polymerizing. This transport limitation was
expected because OT is larger than Cys. We also observed
similar behavior when the surface is functionalized with thiols
with an even longer alkyl group (ESI, Fig. S5†). In contrast,
polymerization of o-PD on bare gold and Cys functionalized
surfaces occurred rapidly, as observed by the rapid attenuation
in CV current over just two cycles. Additionally, XPS results of
NIP-Cys aer template removal showed complete desorption of
Cys, while OT persisted in the sample of NIP-OT (ESI, Fig. S6†).
This observation indicated that the polymerization of o-PD
prevents the complete oxidative desorption of OT. Moreover, we
conducted XPS to evaluate if incomplete oxidative desorption of
OT occurred during the synthesis of MIP-OT as it happened in
NIP-OT. Due to the thickness of the MIP-OT lm (∼200 nm),
XPS results of the fully fabricated lms showed no presence of
OT. However, XPS results (ESI, Fig. S7†) of thin MIP-OT
prepared with one and two synthesis scans suggested that
some amount of OT remained on the surface of gold during the
polymerization. Moreover, we have attributed the higher
thickness of MIP-OT (∼200 nm) to the favorable conditions for
o-PD polymerization to grow thicker when PFOS and OT are
present.
2.3 Sensing performance of MIP-based sensors

We then evaluated the PFOS sensing performance of the MIP
coatings by measuring the oxidative currents of the redox probe
(ferrocene carboxylic acid, FcCOOH) at different PFOS concen-
trations. Since PFOS is not electrochemically active, the oxida-
tive current from the redox probe decreases with increasing
concentration of PFOS due to the transport competition
between PFOS and the redox probe.20,21,23,41 Specically, we
measured the change in current density (DJ = J0 − Ji), where J0
and Ji are the current densities at zero concentration of PFOS
and at a specic concentration of PFOS, respectively (Fig. 5a).
We characterized the sensing performance in terms of sensi-
tivity (the absolute values of the tting slope of the calibration
© 2025 The Author(s). Published by the Royal Society of Chemistry
curves, Fig. 5b) and the change in current at the lowest tested
concentration of 1 nM of PFOS (Fig. 5c). For the tested
concentration range (from 0 to 1000 nM), we observed a single
linear relationship between DJ and PFOS concentration, which
is consistent with our previous results.41 However, previously
reported calibration curves comprising a larger concentration
range have exhibited two linear regions.20,21 The observed slope
values indicated that the PFOS sensitivity decreased as MIP-OT
> MIP-Cys > MIP-Au. Additionally, the values of DJ at 1 nM of
PFOS showed a similar trend of MIP-OT > MIP-Cys ∼ MIP-Au.
We note here that 1 nM of PFOS was the lowest non-zero
concentration tested for this study. No further optimization of
the sensors was performed to isolate the variable of surface
functionalization and to produce a fair comparison. From these
two metrics of performance, we observed that the hydrophobic
RSC Adv., 2025, 15, 20341–20349 | 20345
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MIP-OT outperformed both MIP-Cys and MIP-Au, which were
hydrophilic surfaces. This result suggested the importance of
understanding the effects of surface functionalization in the
optimization of electrochemical fabrication of MIPs, in addition
to other parameters traditionally explored (e.g., scan rate,
potential window, molar ratio, pH).20,41 A plausible explanation
for the positive effect of hydrophobic functionalization is the
favorable molecular imprinting condition. A key requirement to
obtain imprinting cavities is that PFOS must be attracted to the
electrode surface during electropolymerization. PFOS had
a stronger attraction to Au–OT than Au–Cys (ESI, Fig. S2d and
f†). To demonstrate the preference of PFOS on hydrophobic
surfaces, we obtained the absorption proles of PFOS on
hydrophobic and hydrophilic gold surfaces using a quartz
crystal microbalance with dissipation (QCM-D) (ESI, Fig. S9†).
The results showed amass increase (frequency decay) in the Au–
OT surface but almost no mass change was detected in Au and
Au–Cys. These results demonstrated that PFOS was deposited
on Au–OT but not on the hydrophilic surfaces (Au and Au–Cys),
which agreed very well with the electrochemical results
described in previous sections and our previous results.35,36

Therefore, our results suggest that better imprinting conditions
are obtained in hydrophobic surfaces, and therefore, the MIP
sensors exhibited enhanced sensing performances.

A potential limitation to MIP-based sensors is the con-
founding signals arising from non-specic binding due to
defects and non-uniformity of the polymeric lms. To this end,
we observed that our non-imprinted control (NIP) samples also
showed responses to PFOS (ESI, Fig. S8†). We attributed this
non-specic response to the presence of defects in the NIP
samples, which were consistent with our previous work.41 We
have previously shown that lm defects increase with faster
synthesis scan rates, which control the rate of electro-
polymerization and quality of molecular imprinting. This
observation also implied that these NIP samples exhibited
wildly different morphologies than the MIP samples and ulti-
mately were not a true control. Therefore, we attributed these
apparent sensing properties of NIP samples to the non-specic
adsorption of PFOS onto defective sites of the NIP surface. A
similar result was found in our recent report on the relationship
mechanical and sensing properties of MIP sensors.41 Thus,
further research is needed to decouple the PFOS absorption
signals originating from specic and non-specic interactions
on the polymeric sensors and evaluate their implications on the
sensing mechanism. Additionally, complexities arising from
interfering effects from real-world samples must be evaluated
and mitigated to enhance the robustness of such sensing
technology.

3. Conclusions

We tested the hypothesis that the physicochemical properties of
the electrode will affect the PFOS sensing properties of the
electropolymerized MIPs. The PFOS sensing performance of
MIPs was studied on coatings prepared on bare and function-
alized Au electrodes with a hydrophobic OT and a hydrophilic
Cys. Electrochemical and QCM-D results showed that PFOS had
20346 | RSC Adv., 2025, 15, 20341–20349
a strong attraction with OT while weak interaction with Cys.
Moreover, the MIP prepared on hydrophobic surfaces (MIP-OT)
exhibited higher PFOS sensitivity than samples prepared on
hydrophilic surfaces (MIP-Cys, MIP-Au). This result highlights
the importance of the electrode's surface chemistry when
designing MIP sensors.

4. Experimental details
4.1 Materials

Peruorooctane sulfonic acid (PFOS) solution (40% in H2O), L-
cysteine (97%), 1-octanethiol (98.5%), and ferrocene carboxylic
acid (FcCOOH, 97%) were obtained from Millipore Sigma.
Ortho-Phenylenediamine (o-PD, 98%) was purchased from
Thermo Scientic Chemicals. All solvents were obtained from
Millipore Sigma. All chemicals were used as received without
further purication.

4.2 Preparation of electrodes

Gold electrodes were prepared on glass substrates via electron-
beam physical vapor deposition with a thickness of 100 nm with
10 nm of chromium as the adhesive layer. The gold electrodes
were cleaned by bath sonication in a detergent solution for
30 min, followed by rinsing with DI water, drying with a stream
of compressed air, and 10 min of UV/ozone treatment. To
functionalize the gold electrode, L-cysteine (Cys) and 1-octane-
thiol (OT) were used to create hydrophilic and hydrophobic
surfaces, respectively. The clean electrodes were soaked in
either a 10 mM solution of Cys in DI water or a 10 mM solution
of OT in pure ethanol for 24 h. Aerward, the electrodes were
then gently rinsed with DI water and sonicated in either DI
water or ethanol for 10 min to remove excess Cys or OT. We
chose to perform this study on gold electrodes because of the
facile processes of functionalization with Cys and OT to
generate hydrophilic and hydrophobic surfaces. Gold surfaces
have also been extensively used for the preparation of MIP-
based sensors for PFAS.20,21,40 Additionally, our group had re-
ported the adhesion behaviors of PFAS on modied gold
surfaces.35

4.3 Electrosynthesis of MIP

The electropolymerization of o-PD was performed on the pris-
tine and functionalized gold electrodes, following previously
reported methods with minor modications.20,21,40,41 Speci-
cally, we performed the synthesis in a three-electrode electro-
chemical cell with the gold electrode, a platinum sheet
electrode, and a Ag/AgCl electrode as the working, counter, and
reference electrodes, respectively. For all MIP samples, the
concentrations of o-PD (the monomer) and PFOS (the templat-
ing molecule) were 10 mM of o-PD and 0.05 mM PFOS in the
solution of acetate buffer (pH = 5.8) and methanol (2 : 1 v/v).
The solution was mixed for 1 h prior to synthesis. The
synthesis was carried out by cyclic voltammetry of 25 total scans
from 0.0 to 1.0 V vs. Ag/AgCl at the scan rate of 50 mV s−1.
Subsequently, the templating molecules were removed via
a solvent treatment, which consisted of soaking in methanol for
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03253a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

3:
02

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
15 s, followed by soaking in a 1 : 1 mixture of methanol and
water for 20 min under mild stirring, and a nal soaking in
methanol for 30 s. As controls, the synthesis and treatment of
NIP samples were identical to that of the MIP samples without
PFOS.
4.4 Characterization

Elemental analysis was carried out by X-ray photoelectron
spectroscopy (XPS) using a Kratos Axis Ultra X-ray photoelectron
spectrometer with a pass energy of 20 eV. The X-ray source was
Al Ka, operated at 15 kV and 20 mA. Water contact angle
measurements were performed via a goniometer (Kruss Scien-
tic DSA25E) with 5 mL DI water droplets. Thickness measure-
ment of MIP and NIP layers were measured using a prolometer
(KLA-Tencor 15) with at least seven measurements for each
sample. Atomic force microscopy (Park NX20) under non-
contact mode was used to obtain 0.5 × 0.5 mm2 and 1 × 1
mm2 topographic images and roughness values from ve loca-
tions. The sensing properties of MIP towards PFOS were eval-
uated electrochemically by assessing the change in the
measured current of the redox reaction of FcCOOH. Briey,
each tested concentration of PFOS solution comprised 0.5 mM
of FcCOOH in 0.01 M ammonia buffer (pH = 8.4). The MIP-
modied electrodes were submerged in the PFOS and
FcCOOH solutions for 15 min prior to each measurement. We
used cyclic voltammetry of 20 scans from 0.0 to 0.5 V vs. Ag/AgCl
reference electrode at the scan rate of 50 mV s−1. The average of
20 scans was taken for each concentration. Quartz-crystal
microbalance with dissipation (QCM-D) experiments were
carried out by using a Q-Sense Explorer (Biolin Scientic) on
pristine gold and functionalized gold sensors. We cleaned and
functionalized the gold sensors in the same manner as the
preparation for MIP-modied electrodes. For QCM-D
measurement, an aqueous solution of PFOS at 0.05 mM was
fed into the cells at a constant ow rate of 300 mL min−1 until
steady state was reached. DI water was used to establish
a baseline before the injection of PFOS solution.
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