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ARTICLE INFO ABSTRACT

Keywords: The haem group is a promising redox probe for the design of albumin-based voltammetric sensors. Among the
Albumin endogenous ligands carried by human serum albumin (hSA), haem is characterised by a reversible redox
Electrochemical biosensor behaviour and its binding kinetics strongly depend on hSA’s conformation, which, in turn, depends on the
:::;n presence of other ligands. In this work, the potential applicability of haem, especially hemin, as a redox probe
PFOA was first tested in a proof-of-concept study using perfluorooctanoic acid (PFOA) as model analyte. PFOA is

known to bind hSA by occupying Sudlow’s I site (FA7) which is spatially related to the haem-binding site (FA1).
The latter undergoes a conformational change, which is expected to affect hemin’s binding kinetics. To verify this
hypothesis, hemin:albumin complexes in the presence/absence of PFOA were first screened by UV-Vis spec-
troscopy. Once the complex formation was verified, haem was further characterised via electrochemical methods
to estimate its electron transfer kinetics. The hemin:albumin:PFOA system was studied in solution, with the aim
of describing the multiple equilibria at stake and designing an electrochemical assay for PFOA monitoring. This
latter could be integrated with protein-based bioremediation approaches for the treatment of per- and poly-
fluoroalkyl substances polluted waters. Overall, our preliminary results show how hemin can be applied as a
redox probe in albumin-based voltammetric sensing strategies.

Perfluoroalkyl substances

1. Introduction electrodes (SPEs) following the electrocatalytic oxidation of L-tyrosine
and further applied in the label-free electroanalysis of protein-ligand
interactions [14,15]. In the design of “direct electrochemical strategies”

[16] based on hSA, we can include electroactive probes whose electro-

Albumin-based electrochemical and optical sensors have shown
promising results in the detection of metal ions [1,2], small molecules

[3] as well as biomolecules [4]. Albumin, especially isoelectric bovine
serum albumin (BSA), is a well-known blocking agent able to prevent
non-specific adsorption phenomena in DNA/RNA sensors and immu-
nosensors [5,6]. Lately, it has been largely applied in hybridised mate-
rials and in the formation of monolayers showing a high degree of
compatibility with other biomolecules/bioreceptors (from peptides to
DNA) [7,8]. The stability of albumins, especially BSA, in biosensing
platforms was investigated considering variables such as temperature
and light radiation [9]. The literature offers a rich background of
experimental data, sensor design protocols and characterisation tech-
niques for the application of albumin in electrochemical biosensors [10-
13]. The electrochemical behaviour of both BSA and human serum al-
bumin (hSA) was recorded on chemically modified screen-printed

chemical behaviour can be easily recorded and correlated to the pres-
ence/absence of the hSA:analyte complex. Redox probes with an affinity
lower than the ligand for hSA pockets can be loaded into the bio-
recognition layer [17]. Once loaded, these probes will show no elec-
trochemical signal because they are buried in the hydrophobic pockets of
hSA. When the ligand is present, the redox probe will be released. This
event can be followed by recording the electrochemical response of the
probe in solution, allowing an indirect, semi-quantitative detection of
the ligand. Before considering designing ad hoc synthetic redox probes,
naturally occurring and commercially available ones, such as hemin
[18], should be tested. In this work, the use of hemin as a probe for the
design of direct sensing strategies is evaluated.

Hemin [iron (III) protoporphyrin (IX) chloride] is a coordination
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Figure 1. (A) UV-Vis absorption spectra of 10 uM hemin (H, red), 5:1 ratio hemin:hSA (H:hSA, navy blue), 5:1:50 ratio hemin:hSA:perflurooctanoic acid (H:hSA:
PFOA, light blue) and negative control spectra of a 1:2 ratio hemin:PFOA (H:PFOA, orange) and 100 uM PFOA (PFOA, grey). Inset: the region between 250 and 550
nm with the Soret absorption band of hemin. (B) Overview of the data obtained in the kinetics study at different PFOA (black squares) and PFOS (red dots) con-
centrations. All measurements were carried out in triplicates and the average values with the associated errors are presented.

complex structurally equivalent to the prosthetic group of haemoglobins
(haem b): it has a ferric centre (Fe3+) coordinated with a tetradentate
protoporphyrin ring and an axial chloride atom. The iron centre (Fe>/
Fe3") of hemin is responsible for its electrochemical behaviour [18].
Endogenously produced in the human body, hemin can bind several
proteins, such as hemopexin [19] and albumins (e.g., hSA) [20]. Arti-
ficial haemoproteins consisting of hSA:hemin complexes were syn-
thesised to model globin-catalysed reactions [21,22]. In wild type hSA,
the Fe3" of the haem group coordinates with a histidine. Hemin, how-
ever, possesses a chloride ligand in the fifth coordination site of Fe3* and
is involved in binding interactions with serum proteins, such as albu-
mins, to form methemalbumin [23].

Porphyrins show a poor water-solubility, thus the binding to serum
proteins can increase their solubility [24]. According to Komatsu et al.
[25], the features of the a-helical pockets of albumin are similar, in
terms of hydrophobicity, to those of the haem-binding sites of haemo-
globin and myoglobin. This structural similarity promotes hemin bind-
ing via hydrophobic interactions to the fatty acid site FA1 of hSA, which
is a narrow D-shaped hydrophobic cavity located in subdomain IB
(Figure S1) [26,27]. The central Fe®' atom coordinates with the hy-
droxyl group of amino acid Y161 and the two-propionate groups are co-
coordinated by three basic amino acid residues oriented towards the
pocket entrance (R114, H146 and K190, inset Figure S1).

So far, hemin:albumin complexes have mainly been studied via
crystallography, nuclear magnetic resonance, electron paramagnetic
resonance, UV-Vis and fluorescence spectroscopy and electrochemistry
[27-29]. The hemin:hSA binding results in a slight expansion of sub-
domain IB (i.e., a 1.4 A separation increase in helices 8 and 10) which
was also observed in the presence of fatty acids. Hemin binding does not
alter hSA’s conformation, but hemin’s binding capability is dependent
on the protein conformation and, therefore, on the presence of other
ligands [25,30,31]. For instance, the binding of warfarin (WAR) and
ibuprofen (IBU) to hSA’s FA7 (Sudlow’s drug-binding site I), located in
the subdomain IIA, induces conformational changes (Figure S2A) able
to affect haem transfer kinetics, increasing Kp values by one order of
magnitude [30,32,33]. The correlation of these events is justified by the
spatial proximity between FA1 (hemin cleft) and the WAR/IBU binding
site [33]. Since the hemin:hSA binding kinetics could be affected by the
conformational changes induced by the presence of WAR, hemin could
possibly be used as an electroactive label in biosensing strategies for
analytes binding to FA7 by recording the changes in its electrochemical
behaviour.

FA7 was found to also entrap perfluorooctanoic acid (PFOA), a
fluorinated manmade chemical that can be considered representative for
the class of perfluoroalkyl substances (PFAS). Since their commerciali-
sation in the late 1940s, PFAS have been found to be ubiquitous envi-
ronmental pollutants and their harmful effects on animal and human
health have been extensively investigated. Several toxicological studies
described PFOA as a fatty acid mimic compound with a high affinity for
serum carrier proteins, such as hSA [34,35]. The study of PFOA’s
binding mode described the formation of a 4:1 PFOA:hSA complex [35]
and PFOA was observed to establish polar interactions in FA7 with the
amino acid residues at the entrance of the pocket while its fluo-
rinated tail accommodates within the hydrophobic region of the cavity.

PFOA binding was found to lead to the formation of a stable complex
[36] and this feature was ascribed to PFOA’s ability to compact hSA.
These conformational changes were also observed via electrochemical
impedance spectroscopy (EIS): hSA was immobilised on SPEs and the
changes at the modified electrode/solution interface were considered to
develop an impedimetric sensor for PFOA in water [37]. These findings
can be used as a foundation for the design of other electrochemical
sensing strategies. For instance, a voltammetric strategy correlating the
changes in hemin’s electrochemical signal intensity with PFOA levels,
due to capability of PFOA to influence hemin:hSA binding, can be
considered. Despite the complexity of the multiple equilibria at stake,
the hemin signal is expected to increase with increasing concentrations
of PFOA. Indeed, the equilibrium between hemin bound to hSA and
hemin in solution will be shifted towards the latter since PFOA will alter
hSA’s conformation.

Aiming at verifying the above hypotheses, we designed this proof-of-
concept study where, first, we monitored the influence of PFOA on the
interaction between hemin and hSA via UV-Vis spectroscopy. Secondly,
we studied the influence of PFOA on the hemin:hSA complex in solution.
Hemin’s electrochemical behaviour was characterised in aqueous solu-
tions and its electron transfer constant was estimated using the Laviron
formalism [38]. Thirdly, the hemin:hSA:PFOA system was applied as an
hSA-based direct electrochemical sensing approach to detect PFOA by
using hemin as a redox probe.

2. Materials and methods
2.1. Chemicals

Perfluorooctanoic acid (PFOA, >96%), perfluorooctanesulfonic acid
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potassium salt (PFOS, >98%) and hemin (from bovine, >90%) were
purchased from Sigma Aldrich Ltd (Belgium). A 0.1 M phosphate buff-
ered saline (PBS) solution pH 7.4 with 0.01 M NaCl was prepared by
mixing stock solutions of 0.1 M NaH;PO4 and 0.1 M NayHPO4, pur-
chased from Sigma Aldrich. All aqueous solutions were prepared using
MilliQ water (R > 18 MQ c¢m). Hemin stock solutions (from 1 to 5 mM)
were prepared in DMSO or 100 mM NaOH, as specified afterwards, and
diluted with PBS solution to reach DMSO/NaOH percentages lower than
2.5% in the tested solutions. Highly purified delipidated hSA was ob-
tained by adsorption onto activated charcoal as described previously
[39].

2.2. UV-Vis spectroscopy

The spectra were acquired in the UV-Vis region using an AvaLight-
DH-S-BAL deuterium-halogen light source, coupled with an Avaspec-
2048L detector (Avantes) with a 20 pm slit, using a fibre optics set-up.
All measurements were recorded in 15 mL of 0.1 M PBS solution,
using a 10 mm pathlength quartz cuvette (100-QS cuvette, Hellma An-
alytics) in oxygen-free conditions (30 min deaeration under Ar atmo-
sphere). Blank solvent corrections were made before recording the
spectra of each sample and all measurements were recorded under
gentle stirring. All measurements were performed in PBS solution testing
different ratios of hSA:hemin and hSA:hemin:PFOA. The final concen-
trations were 10 uM hemin, 2 uM hSA and 100 uM PFOA for the spectra
in Figure 1A. For the kinetic study, a fixed volume of hSA or hSA:PFOA
solution was added to the hemin solution (final concentration of 1 uM
hemin, 1 uM hSA and PFOA/PFOS concentrations ranging from 1 to 100
uM) and equilibrated for five minutes (300 s) while recording a spectrum
every second. Data were collected within the wavelength range
250-900 nm, considering that the primary region of interest is the Soret
band of porphyrin centred at about 400 nm [29]. All spectra were
treated with Orange and Origin 2018 software.

2.3. Electrochemical characterisation of hemin

All electrochemical measurements were carried out using a Metrohm
Autolab potentiostat/galvanostat (PGSTAT 302 N, Metrohm Autolab)
controlled by NOVA 2.1 software. A standard three-electrode configu-
ration was used, consisting of a glassy carbon electrode (GCE) as
working electrode, a platinum wire as counter electrode and a saturated
calomel electrode (SCE) as reference electrode (all the potentials re-
ported in this work are vs the SCE, unless stated otherwise). The GCEs
were polished using alumina slurries (0.3, 0.1 and 0.05 um) with in-
termediate rinsing steps using MilliQ water. A hemin stock solution (5
mM) was prepared in 100 mM NaOH (since the solubility of porphyrins
increases at basic pH) and diluted to 5 uM in 5 mL of PBS solution at pH
7.4. The solutions were degassed with Ar for 20 min before starting the
measurements, and throughout the measurements, an Ar blanket was
kept above the measuring solution. A negative initial scan polarity was
used for all voltammograms recorded because, in these working condi-
tions, the reduction of hemin Fe>* to Fe?* is the first process occurring,
so the addition of electrons to the system in the initial scan step (nega-
tive polarity) facilitates the reduction. Cyclic voltammetry (CV) was
performed in the potential window between —1.00 V and + 0.20 V, with
a starting potential of —0.01 V, at different scan rates ranging from 0.01
to 100 Vs L. Square wave voltammetry (SWV) was carried out at 10-20
Hz with a pulse amplitude of 0.0025 V and a step potential of 0.001 V
going from 0.00 V to —1.00 V (forward scan) and vice versa (backward
scan). All measurements were performed at room temperature. For the
study of hemin’s electron transfer kinetics, a hemin concentration of 0.5
mM was used.

2.4. Electrochemical assay for PFOA monitoring in solution

These measurements were performed using the electrochemical
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setup and working conditions described in Section 2.3. Prior to per-
forming the assay, PFOA spiked samples with concentrations ranging
from 10 to 90 pM were prepared in PBS solution at room temperature.
Then, hSA was added to each sample to a final concentration of 5 pM.
The samples were incubated for 15 min at + 4 °C. This step was followed
by the addition of the redox active probe, hemin, in solution to a final
concentration of 5 pM (1:1, hSA:hemin). The mixture was gently stirred
for 30 s prior to record the SWV scan. As control experiments, PFOA
samples without hSA were considered. The SWV signal recorded in 5 pM
hemin in buffer solution was measured as the blank.

3. Results and discussion
3.1. Spectroscopic characterisation of Haem:hSA complexes

Hemin:hSA complexes were studied in the presence and absence of
PFOA using UV-Vis spectroscopy to confirm the formation of the com-
plexes. The changes in the absorption spectra during the titration of
hemin with hSA and hSA:PFOA were analysed, considering the shifts in
hemin characteristic bands, especially the Soret band. The macrocycle of
porphyrin-based compounds, such as hemin (see Figure 18), has a fully
conjugated aromatic m-electron system which is responsible for: i) the
characteristic strong absorption bands in near UV, namely Soret or B
band (around 400 nm) and ii) the lower bands in the visible region,
namely a and p Q band (at about 490-650 nm). These electronic tran-
sitions were assigned using the four-orbital model of Gouteman, as
described by Dayer et al. [40]. It is worth noting that the formation of
porphyrin-protein complexes influences the electronic transitions of
both hemin and hSA, shifting their characteristic absorption bands. In
Figure 1A, the spectrum of a 10 uM hemin solution (see spectrum H, red
line) shows a low intensity band around 265 nm, a band with a wave-
length of maximum absorbance (Ayax) of 350 nm, a broad Soret band
with a Apax of 385 nm and a large, undefined band from 550 to 650 nm.
The formation of hemin dimers and the occurrence of vibrionic coupling
phenomena can explain the broadening of UV bands and the complete
overlap of the band at 350 nm with the Soret ones. Aggregation pro-
cesses are responsible for the overlap of a and p Q band in the region
from 550 to 650 nm. Because of their lower intensities, Q bands will not
be further considered in this screening study and only the region from
250 to 550 nm will be considered to evaluate the changes in hemin:hSA
complexes (see inset in Figure 1A). Indeed, it was observed that the
addition of hSA to the hemin solution with a hemin:hSA ratio of 5:1 (see
H:hSA spectrum, blue navy line, Figure 1A) is followed by a bathochromic
shift (red shift) of the Soret band and the appearance of another well-
defined band with Ay, at 280 nm. This latter is ascribed to the
intrinsic fluorescence of proteins determined by the presence of aro-
matic amino acids (such as tryptophan, tyrosine and phenylalanine) and
confirms that hSA is in its native state. A red shift of about 15 nm was
observed and ascribed to the formation of the hemin:SA complex
[41,42]. Even in the presence of PFOA, a meaningful red shift was
recorded (see H-has:PFOA spectrum, light blue, Figure 1A). It is worth
noting that the fluorinated compound was incubated with hSA (1:50
ratio) for 15 min prior to performing the analysis ensuring the formation
of the PFOA:hSA complex before adding hemin. The results confirmed
the formation of the hemin:hSA complex even in presence of PFOA. As
negative controls, a hemin:PFOA mixture (1:10 ratio) and a PFOA so-
lution were tested (H:PFOA, orange and H, grey Figure 1A) showing that
PFOA does not affect the position of the typical Soret absorption band of
hemin because no significant changes in the band Ap.x were recorded
and that PFOA itself does not give any absorbance.

The kinetics of hemin binding to hSA and hSA:PFOA were followed
by recording the absorbance at a fixed wavelength of 396 nm, which
corresponds to the maximum of the complex band, over a time frame of
300 s starting from the addition of hSA in the hemin solution (tp). The
absorbance vs time plots recorded at different PFOA ratios (exemplified
in Figure S3) are characterised by a consistent trend: a first linear
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Figure 2. (A) Overlap of the cyclic voltammograms recorded in 0.5 mM of hemin in PBS solution pH 7.4 at increasing scan rates (from red to blue: 0.01, 0.05, 0.1,
0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, then with 5 V s~! increments until 50 V s~ and with 10 V s~! increments until 100 V s~ ! in blue); (B)
Linear dependence of the cathodic (triangle) and anodic (dots) peak potential values on the scan rate with r? coefficient values; (C) Laviron trumpet plot showing the
dependence of the cathodic (triangle) and anodic (dots) peak potential values on the logarithm of the scan rate. The purple box indicates the region in which AE <
200/n mV and the red box indicates the data region in which the AE > 200/n mV condition is verified.

increase (0-30 s) of the signal that goes toward saturation for t > 30 s.
The data from the linear region were analysed using a first order kinetic
reaction model. The kinetic constants (ks;) were normalised against the
one of hemin:hSA (ks phsa) to evaluate the changes in the complex for-
mation kinetics when varying the concentration of PFOA. In Figure 1B, a
comparison of the ks / ks nsa values vs the different PFOA:hSA:hemin
ratios is reported. The results show a decrease in the ks /kspga upon
increasing concentrations of PFOA. These findings suggest that the for-
mation of the PFOA:hSA complex and the presence of an excess of PFOA
in solution are lowering the kinetics of hemin binding to hSA. The 1:1:1
PFOA:hSA:hemin ratio (1 uM PFOA) was found to lead to a decrease in
the hemin binding kinetics of about 35%. Concerning the Apax, blue
shifts of 2-6 nm were observed for PFOA:hSA:hemin ratios higher than
25:1:1 (25 uM PFOA). These findings confirmed that PFOA, as well as
WAR and IBU, can affect the kinetics of hemin binding to hSA [30]. The
same experiment was performed using another perfluorinated com-
pound, namely PFOS, instead of PFOA. This control experiment aimed at
proving that the reduction in the kinetic constant is associated to the
specific ability of PFOA to bind albumin’s pocket FA7 and alter the
conformation of FA1l where hemin binds [34]. Here, the PFOS was
selected because it has the same chain length of PFOA but shows a
different binding mode to hSA [35]. PFOS:hSA complexes differ from
PFOA:hSA ones in stoichiometry and binding sites [35].

As expected, in the presence of PFOS no meaningful changes in the kg
/ ks hsa were observed upon increased PFOS ratios, as summarised in
Figure 1B. Overall, the UV-Vis study confirmed the formation of stable
hemin:hSA complexes and the influence of PFOA on hemin:hSA complex
formation. The multiple equilibria at stake (hemin:hSA, hSA:PFOA,
hemin:hSA:PFOA) should be further considered in the design of an
electrochemical strategy for PFOA monitoring. However, prior to
applying hemin as a probe in our sensing strategy, we need to charac-
terise, via voltammetric techniques, its electrochemical behaviour and
electron transfer (ET) kinetics in the described working conditions. It is
worth noting that such working conditions (see Section 2.3) were
selected aiming at assuring the stability of hSA, but are not optimal for
hemin, which is poorly soluble in aqueous media.

3.2. Electrochemical study of haem

The cyclic voltammograms of 0.5 mM hemin in PBS pH 7.4 under an

Ar atmosphere show the reversibility of the Fe>"-Fe>* redox couple with
an E;; /> of about —0.56 V and a AE of around 100 mV at 0.100 V s~! (see
Figure 2A). The one-electron, reversible nature of the redox process,
previously reported, was clearly observed even in these working con-
ditions [28]. To further characterise this potential redox probe and
determine its ET rate constant (k;), an extensive scan rate study was
performed by CV in the range between 0.010 V s~ and 100 V s™! (see
Figure 2A). The peak separation is increasing with the scan rate: a linear
dependence of the cathodic and anodic peak current intensities (I,) with
the scan rate (v) was observed with 1> > 0.99 (see F igure 2B). For the
application of Laviron formalism, the electrochemical process is
required to be diffusionless and consistent with the Butler-Volmer model
[38,43]. This last requirement can be verified by checking the linearity
of Ep vs log v dependence at high scan rates.

Once the requirements were verified, the characteristic trumpet plot
reported in Figure 2B was elaborated by plotting the cathodic and
anodic peak potentials vs the logarithm of the scan rate (log v). After-
wards, we applied the Laviron formalism (calculations described in
Section S1, Supporting Information) to calculate the ks values.
Considering that most E, values present a 4AE < 200/n mV, it was
possible to estimate a k; value for the ET of hemin of 15.5 & 2.5 s . The
ks was also calculated for the E;, values, fulfilling condition AE > 200/n
obtaining a value of 19.4 + 7.3 s~ 1. In general, the k; calculated from the
trumpet plot by considering AE > 200/n values is higher than the one
extrapolated using Equation 3 (Section S1, Supporting Information), as
previously reported [44]. In this frame, both k, values were considered
consistent, and the hemin redox probe was proven to be applicable in the
following working conditions because of its k; values.

3.3. Towards albumin-based PFOA direct sensing

A proof-of-concept study, aimed at verifying hemin’s applicability in
PFOA sensing, was carried out. On one hand, we expected to observe a
current variation after the addition of hSA to the working solution
because the hemin:hSA complex will be easily formed and the ET of the
hemin iron centre will be partially hindered by the hSA’s hydrophobic
pocket. When hSA is loaded with PFOA prior to adding hSA to the
working solution, hSA:hemin binding will be affected by the presence of
PFOA and the electrochemical signals of hemin will possibly decrease
less than with hSA alone. Naturally, these equilibria can be influenced
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by other phenomena, but those were not addressed in this study. The
mentioned hypothesis was investigated by performing a CV and SVW
study using a fixed hemin concentration of 5 yM and considering
different hemin:hSA and hSA:PFOA ratios.

PFOA will decrease hemin’s availability, which can be followed by
tracking the changes in the hemin faradic signal (especially in terms of
current intensities). Figure 3 provides an example of hemin, hemin:hSA
and hemin:hSA:PFOA voltammograms recorded via SWV. Hemin pre-
sents a unique, symmetric cathodic peak with an E, of —0.383 V that
shifts to —0.404 V when hSA is added with a 1:1 hemin:hSA ratio. This
shift towards higher potentials (AE, = 20 mV) is followed by a decrease
in the I, of hemin of 41%. Both the shift in E, and the current decrease
can be ascribed to the hemin:hSA complex formation, which has pre-
viously been shown to influence albumin’s intrinsic fluorescence [29].
In our case, it leads to a decrease in the ET rate.

When, instead of hSA, hSA:PFOA is added to the working solution
(ratio 1:1:50, Figure 3) a current decrement of about 30% is recorded
compared to hemin alone. This lower decrease in hemin I}, in the pres-
ence of PFOA is possibly due to the slower kinetics of hemin:hSA com-
plex formation when PFOA is absent. Indeed, PFOA, which was
previously loaded in hSA hydrophobic pockets, is expected to induce an
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allosteric change in hSA FA1, hampering hemin binding to the hSA:
PFOA complex and leading to a major availability of free hemin
compared to hSA alone. It is worth noting that PFOA shows no elec-
troactive behaviour in the potential window considered in this study
[37,44,45].

The influence of increasing PFOA:hSA ratios on the hemin voltam-
metric response was explored in the range between 1:1 and 1:100. The
voltammograms in Figure 4A show an increase in hemin I, current at
increasing ratios of PFOA (going from a, 1:10, to f, 1:90). All hemin I,
values recorded in the presence of hSA and hSA:PFOA were normalised
towards the I, value of hemin alone (black line in Figure 4A). The nor-
malised values of hemin:hSA:PFOA at different PFOA concentrations are
presented in Figure 4B. We can observe that, with PFOA concentrations
lower than 20 pM, the Al is lower than 0.10, while for concentrations
higher than 40 uM the variation of this parameter is significant and
follows a linear trend (details in Figure S4). The hemin I, current de-
creases, going from 30% to 16.9% between 40 and 100 uM of PFOA. If,
instead of PFOA, PFOS is used, no meaningful changes in the peak po-
tential and current intensity were observed. These findings can be
explained by considering that the binding mechanism of PFOS to hSA
differs from that of PFOA [34,36,46] and the complex formed is not
expected to undergo any conformational changes in hemin site FA1. This
negative control experiment further supports our data interpretation.

These results suggest the possibility of, indirectly, monitoring
increasing PFOA concentrations by following the changes in hemin’s
reduction peak in the presence of the hSA:PFOA complex. To draw a
sensing strategy from this proof-of-concept study, we need to consider
that: i) PFOA contaminated samples need to be incubated first with hSA
(to assure the hSA:PFOA complex formation) and then with the hemin
redox probe; and ii) only high ratios of hSA:PFOA will be detectable.

Overall, the described data suggest the possibility of combining
commercially available electroactive labels, such as hemin, to hSA-
based sensing strategies for nonelectroactive contaminants.

4. Conclusions

Evaluating hemin’s applicability as a probe in PFOA voltammetric
sensing allowed us to further investigate the possible connections be-
tween pharmacokinetic studies and biosensing design. Indeed, well-
known conformational changes in albumin pockets caused by certain
drugs that affect haem (hemin) binding might occur even when another
molecule, PFOA in this case, binds to the same sites. Aiming to verify this
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Figure 4. (A) Square wave voltammograms of hemin (black line), hemin:hSA (red line) and hemin:hSA:PFOA at increasing PFOA ratios: from 1:1:10 (a) to 1:1:90 (f);
(B) Plot of the normalised values (Ip.proa/Ip-hemin - Ip-hsa/Ip-hemin) Of hemin:hSA:PFOA at different PFOA concentrations. All measurements were carried out in

triplicates and the average values with the associated errors are presented.
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hypothesis, a UV-Vis study was carried out. The hemin-hSA complex
kinetic results were impacted by the presence of the contaminant.
Therefore, it was possible to move forward and try to follow these var-
iations through electrochemistry, considering the changes in the vol-
tammetric behaviour of hemin. The preliminary data confirmed the
possibility of correlating the changes in the intensity of the hemin
reduction peak with increasing PFOA:hSA ratios. It is worth noting that
the ratios considered here were relatively high compared to those of real
samples. Nevertheless, for this preliminary study, it was necessary to
evaluate the magnitude of the signal changes in the presence of rela-
tively high ratios of PFAS. Naturally, this is only a first step to investigate
the possibility of designing analytical devices for PFAS detection based
on hSA and hemin.

Even though PFOA sensing with a hemin probe seems difficult to
combine with a real analytical context (oxygen-free conditions are
difficult to obtain in-situ with portable devices), the development of a
sensor by combining a nonelectroactive ligand and a bioreceptor with an
electroactive probe paves the way for further studies where optimisation
of conditions could lead to a sensor that can be applied in real analytical
contexts. Therefore, this biosensing strategy could be integrated with
protein-based PFAS bioremediation approaches [47] to monitor PFOA
levels in treated water. In addition, by engineering albumins, it would be
possible to selectively determine multiple PFAS, both long- and short-
chain ones [48], using this type of electrochemical assay.
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