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A B S T R A C T   

The determination of per- and polyfluoroalkyl substances (PFAS) in environmental samples, such as drinking 
waters, requires the design of high performing and versatile sensing strategies. Label-free biosensing platforms 
based on specialty fiber optics are a valid option to face this challenge. Among them, lossy mode resonance 
(LMR) fiber optic biosensors are showing remarkable performance in terms of detection limit, selectivity, and 
reproducibility. The detection of small molecules, such as perfluorooctanoic acid (PFOA), can be achieved with 
the help of well-designed biological recognition layers. In this study, the biosensing potentialities of a label-free 
LMR-assisted optical platform based on nanocoated fibers are investigated. Delipidated human serum albumin 
(hSA) was used as biological recognition layer for PFOA in aqueous solution. Different fiber functionalization 
protocols based on the covalent immobilization of hSA were tested. The conformational changes related to the 
formation of hSA/PFOA complex were followed via optical monitoring of LMR spectral shift, showing a trend 
that can be modeled with Langmuir adsorption isotherm. These results confirmed the potentiality of LMR-based 
fiber biosensors for the detection of small molecules, such as PFOA, in synthetic samples.   

1. Introduction 

Optical sensors are largely applied in the analysis of drugs, pesticide 
residues, pathogens, heavy metals, toxic substances, as well as other 
environmental pollutants (Khansili et al., 2018). Among them, fiber 
optic (FO)-based sensors for water pollutants monitoring can provide 
highly sensitive, selective and reproducible responses (Zhang et al., 
2020; Jiao et al., 2020). The easiness of combining FOs with other 
sensing elements, (i.e. metal nanoparticles, quantum dots or inorganic/ 
polymeric nanocoatings) made possible the design of a wide variety of 
sensing strategies that allow modifying the optical features and, as a 
consequence, the performance of the final device (Nazri et al., 2021; 
Shukla et al., 2019; Wang and Wolfbeis, 2020; Li et al., 2021; Esposito 

et al., 2021). 
FOs can be successfully integrated within microfluidic systems for 

the detection of biomolecules, from nucleic acids to cells, and other 
chemicals (Zhao et al., 2020). The design of these platforms together 
with other miniaturized systems is particularly suitable for water 
monitoring applications where the compatibility with on-flow system is 
often required (Meyer et al., 2019; Yaroshenko et al., 2020). The recent 
progresses in FO manufacturing and functionalization, the development 
of “Lab-on-Fiber” tools and their wide application in food safety, health 
and environmental monitoring suggest the interest for these technolo-
gies (Ricciardi et al., 2015; Pissadakis, 2019). Different strategies can be 
adopted to allow the interaction of light traveling inside the fiber with 
the surrounding environment, with the simplest one constituted by the 
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etching of the fiber cladding up to its entire removal, which leads to the 
extension of the evanescent wave of fiber mode (electromagnetic field) 
outside the fiber (Cardona-Maya et al., 2018; ́Smietana et al., 2016). The 
use of suitable micro/nanocoatings can enhance this effect thanks to the 
fact that light can be guided within the applied coatings and leaks more 
out the fiber with a stronger extent (Li et al., 2021; Chiavaioli, 2020). 
Depending on the implemented sensing concept, on the deposited 
coating, and on the FO features, surface plasmon polaritons, Bloch or 
lossy/leaky mode waves can be generated to exploit the excitation of 
resonance-based phenomena (Chiavaioli, 2020), such as surface plas-
mon resonance (SPR) (Homola, 2003) or other mode resonances. All 
these optical resonances can be used to measure the changes in the fiber- 
surrounding refractive index (RI) on the basis of induced shift of the 
resonance wavelength (Chiavaioli et al., 2017; Chiavaioli and Janner, 
2021). 

Among the resonance-based phenomena, lossy mode resonance 
(LMR) has several advantages over the well-established SPR, such as 
easy tunability of the LMR wavelength in the optical spectrum as a 
function of the coating thickness, cheaper material used as coating 
(metal-oxides or polymers with respect to noble metals), possibility of 
exciting both TE and TM polarization states of light and capability of 
multiple LMR generation above all. To have a highly sensitive response 
in LMR, the waveguide modes need to be coupled with a particular lossy 
mode of the semi-conductor nanocoating and an optimal film thickness 
value can allow obtaining a maximum attenuation in the transmission 
spectrum. Therefore, the control and characterization of the nano-
coating thickness play a key-role in LMR-based sensors, as described by 
Del Villar et al. (Del Villar et al., 2012). In this context, the nanomaterial 
that showed the highest RI sensitivity is tin dioxide (SnO2− x) in com-
parison with other LMR-exciting nanomaterials (Kosiel et al., 2018; 
Zubiate et al., 2019). As recently highlighted (Chiavaioli et al., 2018; 
Chiavaioli and Janner, 2021), the FO geometry is doubtless another 
feature to take into account in the design of high-performance sensing 
platforms. Till now, the configuration that experimentally provides the 
best performance makes use of D-shaped or side-polished single-mode 

FO. A scheme of a D-shaped FO nanocoated with a layer of SnO2− x and 
an additional polymeric nano-film for surface functionalization is re-
ported in Fig. 1A, as example of the type of fibers used in the present 
work. Despite the versatility of these optical platforms in label-free 
biosensing, their capability to detect small molecules is extremely 
limited due to the non-chromogenic/fluorescent nature of the analyte 
(in this case a labeled-based approach must be used as single molecule 
array methodology (Schubert et al., 2015) or its low molecular weight. 
So far, this challenge was faced by implementing the instrumentation 
and methodologies in use, including immobilization steps or receptors, 
as overviewed by Peltomaa et al. (Peltomaa et al., 2018). 

In the field of the environmental pollutants, per- and polyfluoroalkyl 
substances (PFAS) represent a class of widely used, man-made forever 
chemicals which bioaccumulate in humans and in the environment with 
harmful effects to our health and ecosystems (Fiedler et al., 2020; 
Nakayama et al., 2019). During the last decade, these findings ignited a 
lively debate in the scientific and regulatory community leading to the 
urgent request of strict regulatory actions against PFAS pollution (Wang 
et al., 2018; Kwiatkowski et al., 2020), the discussion about PFOA re-
ported by Vierke et al. is a representative example (Vierke et al., 2012). 
In this frame, particularly relevant are the PFAS maximum concentra-
tion levels in drinking water and groundwater suggested by environ-
mental agencies, such as EPA (Environmental Protection Agency, U.S. 
A.) and EEA (European Environmental Agency, E.U.) (Abunada et al., 
2020; Dean et al., 2020). These values are mostly lower than 100 ng L− 1, 
while environmental reports show that PFAS levels in water matrices 
exceed even the 1000 ng L− 1 (Goodrow et al., 2020; Bertanza et al., 
2020). 

The large number of fluorinated chemicals, the variety of contami-
nated matrices (i.e. ground waters, soils, plant and animal tissues) and 
the challenges of substance-by-substance risk assessment and manage-
ment urgently need/require the implementation of currently in use 
methodologies along with the design of new analytical tools (Pan et al., 
2020; Koch et al., 2020). Among fluorinated pollutants, per-
fluorooctanoic acid (PFOA, C8HF15O2) has been widely investigated and 

Fig. 1. Schematic representation of the nanocoated D-shaped fiber in use for the development of the sensing platform (A) and the chemical structure of the analyte, 
perfluorooctanoic acid (PFOA), which can form a 1:4 complex with human serum albumin (hSA/PFOA complex) (B). 
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serve as a model system for the development of PFAS sensing strategies 
(Cennamo et al., 2018; Cennamo et al., 2018; Fang et al., 2018). The 
interaction of PFOA with serum proteins, such as human serum albumin 
(hSA), has been extensively elucidated (Chi et al., 2018). Recently, Maso 
et al. reported the crystal structure of hSA in complex with four mole-
cules of PFOA (Maso et al., 2021). They observed one high-affinity site 
(KD = 0.35 µM) and three low-affinity sites (KD = 27 µM). Structural 
analysis revealed the molecular basis of the intermolecular interactions 
among PFOA molecules and each binding site (Fig. 1B) (Maso et al., 
2021). These findings might help designing high-specific medical 
treatment for the population that was overexposed to PFAS contami-
nation as well as guiding the design of novel biosensing strategies to 
detect PFOA in drinking water samples using hSA as biological recog-
nition element. Indeed, hSA presents numerous advantages compared to 
other biomolecules, such as antibodies: it is easily available, relatively 
stable at room temperature and has a cost-affordable pre-treatment. 

Prior to apply delipidated hSA as a bioreceptor for PFAS monitoring, 
the complex stability was further investigated (Daems et al., 2021). The 
native mass spectrometry study proposed by Daems et al. (2021) 
confirmed the stability of delipidated hSA upon PFOA additions showing 
that delipidated hSA binds a larger number of PFOA molecules 
compared to the untreated protein. Delipidated hSA was finally tested at 
a confined-surface by an impedimetric sensor for monitoring of PFOA in 
water samples (Moro et al., 2020). In this sensing strategy, hSA was 
covalently immobilized on the surface of portable electrodes previously 
modified with a polymer rich in carboxylic moieties (Moro et al., 2020). 
The biolayer characterization showed that hSA was not denatured after 
immobilization. Moreover, the electrochemical impedance spectroscopy 
(EIS) data were supported by small-angle X-ray scattering confirming 
that hSA/PFOA complex has a more compact structure than the protein 
itself. These results have been the basis for the design of the optical 
sensing strategy, herein described. Indeed, hSA can be applied as bio-
recognition layer also in optical platforms and the changes observed in 
hSA structure/conformation upon PFOA binding followed via EIS could 
be relevant for the development of a FO-based sensing strategy. In this 
context, we evaluated the applicability of delipidated hSA as a bio-
receptor for PFOA detection in LMR-based sensing platforms. Delipi-
dated hSA was covalently immobilized onto the SnO2− x nanocoating of 
D-shaped FO. Different immobilization conditions were analysed, as 
described in the following paragraphs. After the functionalization of the 
FO surface, PFOA solutions at different concentrations were tested and 
preliminary conclusions drawn, revealing the ability of the sensor to 
detect very small molecules. 

2. Materials and methods 

2.1. Chemicals 

The SnO2− x target with 99.99% purity for the nanocoating deposi-
tion was purchased from ZhongNuo Advanced Material Technology Co. 
(Beijing, China). UV-polymerizing optical adhesive, NOA 68, Norland 
Products Inc. (East Windsor, NJ, US) was used. The recombinant human 
serum albumin (hSA, Albagen XL; UniProt ID: P02768) was purchased 
from Albumin Bioscience (Alabama, US). The charcoal was purchased 
by Caesar & Loretz GmbH. Methacrylic acid/methacrylate copolymer 
(Eudragit L100) was purchased from Evonik Degussa GmbH (Dusseldorf, 
Germany). 1-Ethyl-3-(3-(dimethylamino)-propyl) carbodiimide hydro-
chloride (EDC), and N-hydroxy succinimide (NHS) were purchased from 
Pierce (Illinois, US). Perfluorooctanoic acid (PFOA), NaH2PO4, 
Na2HPO4 and NaCl of analytical grade were purchased from Sigma- 
Aldrich (Milan, Italy). Phosphate buffer solution 0.1 M at pH 7.4 was 
prepared by mixing stock solutions of 0.1 M NaH2PO4 and 0.1 M 
Na2HPO4 and 0.1 M NaCl to obtain the corresponding saline buffer 
(PBS). All the buffers and solutions were of analytical grade and solu-
tions were prepared using double distilled deionized water. 

2.2. Bioreceptor preparation and purification 

Delipidated plasma derived human serum albumin (hSA) was ob-
tained by adsorption onto activated charcoal as previously described 
(Chi et al., 2018). Monomeric hSA was isolated from aggregates and 
disulfide-bridged dimers using a HiLoad 16/600 Superdex 200 prep 
grade size exclusion chromatography column (GE Healthcare) con-
nected to an ÄKTA Pure 25 M system (GE Healthcare) and equilibrated 
with 50 mM PBS pH 7.4. Protein concentration was determined 280 nm 
using a mySPEC spectrophotometer (VWR). Purified defatted hSA pro-
tein was stored at − 20 ◦C prior to use. 

2.3. Fiber manufacturing and integration in the microfluidic system 

As previously described (Zubiate et al., 2019), SnO2− x nanocoated 
fibers were manufactured starting from the purchase of D-shaped fiber 
samples from Phoenix Photonics Ltd (Birchington, UK). The D-shaped 
fibers consisted of a standard single-mode fiber (i.e., Corning SMF-28e) 
with a side-polished region with a length of roughly 17 mm as sketched 
in Fig. 1A. Afterwards, the sensitive region, which is the polished surface 
of the fiber, was covered with the SnO2− x nanocoating. The procedure 
for the deposition of the nanomaterial consisted of placing the fiber onto 
a suitable glassy substrate and then inserting it in a DC sputter machine 
(ND-SCS200, Nadetech Innovations; Navarra, Spain). Partial pressure of 
argon of 9 × 10− 2 mbar and intensity of 90 mA were the parameters used 
for the deposition of SnO2− x nanocoating. The size of the sputtering 
target was 57 mm in diameter and 3 mm in thickness. As already 
showed, these choices guarantee a thickness of the nanomaterial ranging 
from 150 nm to 180 nm (Zubiate et al., 2019), which is perfectly suitable 
for the excitation of first (with highest sensitivity) LMR in the infrared 
region (Nazri et al., 2021). 

A custom-made experimental setup was built up in order to monitor 
the transmission spectrum of the fiber during the biosensing tests as 
showed in Fig. 2. It consisted of a broadband multi-LED light source 
(SLD-1310/1430/1550/1690; FiberLabs, Inc., Saitama, Japan) to guide 
the light through the fiber, of an optical spectrum analyzer (OSA, 
Anritsu MS9030A-MS9701B; Kanagawa, Japan) to monitor the LMR in a 
wide range from 1250 to 1700 nm, of a FO in-line polarizer and of a 
polarization controller, which permits to adjust the polarization state of 
light (TE or TM), placed between the optical source and the D-shaped 
fiber. After the deposition process, the fiber was placed inside a thermo- 
stabilized microfluidic system (Trono et al., 2011). The developed sys-
tem permitted to control and manipulate small volumes of liquid sam-
ples in the order of μL, and to stabilize the temperature inside the flow 
channel with an error of ±0.05 ◦C. As shown in the enlargement of 
Fig. 2, the microfluidic system was made up of two equal-size pieces (74 
mm long, 15 mm wide and 5 mm high each bar), which were assembled 
and sealed with Parafilm® sheet interposed between them in order to 
assure the water-proofing. The two bars consisted of PMMA (top) and of 
stainless steel (bottom). The flow channel was equally fabricated on 
both bars with a cross-sectional square size of 1 mm2 and a length of 40 
mm. Two stainless-steel tubes (1.2 mm outer diameter and 1 mm inner 
diameter) placed on the top bar acted as the inlet and outlet of the flow 
channel. In addition, a V-groove of 0.5 mm deep was engraved on both 
ends of the PMMA bar in order to house the D-shaped portion of the 
fiber, which was finally glued with its jacket to the V-groove edges using 
the UV-polymerizing optical adhesive. The bottom bar was thermally 
stabilized using two Peltier cells driven by a suitable controller (ILX 
Lightwave LDC-3722B TEC controller; ILX Lightwave Corporation, 
Bozeman, MT, US). A thermistor was laterally inserted into a hole in the 
PMMA bar to record the temperature during long-term experiments with 
the aid of a thermometric measuring unit (Lutron TM-917). Finally, the 
microfluidic system was connected to a peristaltic pump (GILSON 
Minipulse 3; Middleton, WI, US) by means of a premium medical grade 
plastic tubing, which made it possible to pump any solution into the flow 
channel at controlled rate. The flow rate changed according to the 
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biosensing protocol detailed in Section 2.5. 

2.4. Fiber surface functionalization with hSA 

The sensitive portion of the SnO2− x nanocoated D-shaped fibers was 
functionalized by means of the deposition of Eudragit L100. The D- 
shaped part was immersed for 1 min in a solution of 0.04 % (w/v) 
Eudragit L100 in ethanol. Afterwards, the polymerization was 
completed after the total evaporation of the solvent (about 15 min). The 
polymeric film provides carboxylic moieties (–COOH) which enable the 
covalent immobilization of the hSA bioreceptor on the FO surface via 1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/N- 
hydroxysuccinimide (EDC/NHS) coupling, as previously reported 
(Zubiate et al., 2019; Chiavaioli et al., 2017). At this point, the FO was 
positioned along the flow channel of the microfluidic system and glued 
with the UV-polymerizing optical adhesive. The temperature of the 
microfluidic system was set to the constant value of 15 ◦C. It should be 
noted that this value was different from those routinely used in the past 
literature ranging from 22 ◦C up to 30 ◦C (Zubiate et al., 2019; Chia-
vaioli et al., 2017). The temperature was set to 15 ◦C to preserve the 
conformation and biochemical activity of delipidated hSA avoiding 
altering the binding process in its kinetic and thermodynamic aspects (i. 
e. affinity constants, entropy/enthalpy-driven interactions). The car-
boxylic groups were activated with EDC/NHS (2 mM/5 mM, respec-
tively) solution injected at 25 µL min− 1 for 30 min. Then, a 1 mg mL− 1 

solution of hSA was injected at different flow rates for 30 min or 1 h 
(specifications in Section 3.1). This step was followed by a washing step 
in PBS running buffer at a flow rate of 250 µL min− 1 for 10 min. All 
solutions mentioned below were freshly prepared in PBS pH 7.4. 

2.5. Protocol for PFOA sensing 

The assays were performed injecting increasing concentrations of 
PFOA, considering two ranges of concentrations: from 15.6 ng mL− 1 to 
625 ng mL− 1 (first range) and from 0.156 ng mL− 1 to 15.6 ng mL− 1 

(second range). In both cases, a flow rate of 25 µL min− 1 for roughly 30 
min was used. Washing steps were performed with PBS after each PFOA 
injection, at a flow rate of 250 µL min− 1 for 10/20 min when the steady- 
state condition was reached. 

2.6. Scanning electron microscopy imaging 

The morphology of the FO after functionalization was characterized 
using a scanning electron microscope (SEM; Gaia 3 Tescan FIB-SEM; 
TESCAN ORSAY HOLDING, a.s., Brno – Kohoutovice, Czech Republic), 
with an in-lens detector at 3 kV and an aperture diameter of 30 μm. The 
SEM is equipped with the X-ray microanalysis system (EDAX; Octane 
Elect EDS system; AMETEK, US) that was used for analysing the 
elemental composition of the FO samples in both its longitudinal and 
transversal cross-section. 

3. Results and discussion 

3.1. FO Functionalization: optimization of the protocol 

In the design of SnO2− x nanocoated D-shaped FO biosensing plat-
forms, the integration of the biological sensing layer with the FO surface 
represents a crucial step. Therefore, flow parameters (i.e., flow rate and 
duration), reagents concentrations as well as other working conditions 
(i.e. temperature of the microfluidic system) need to be optimized to 
assure a stable, reproducible, performing modification of the FO, and 
hence to prevent the bioreceptor alteration. The covalent immobiliza-
tion of hSA biosensing layer onto the fiber was carried out via EDC/NHS 
chemistry using the carboxylic moieties of a polymeric layer (Eudragit 
L100) deposited around the fiber surface before. The successful depo-
sition of the acrylic/methacrylic esters polymer with this protocol was 
previously verified and the estimated thickness is about 60 nm (Zubiate 
et al., 2019). For the design of the following steps, two sets of conditions 
(namely protocol A and B) were tested to identify the best flow rate and 
duration for hSA immobilization step. It is worth noting that short 
modification protocols (<2 h) can result in unstable modifications due 
to the low amount of biomolecules immobilized; while, long modifica-
tion protocols (>2 h) might be difficult to reproduce due to the partial 
alteration of the protein bioreceptor (i.e. conformational changes, 
unfolding) (Borisov and Wolfbeis, 2008). These considerations are 
instrumental to govern the complexity of biosensor design where 
immobilization/collection rates, equilibration steps and flow rate values 
play a key-role not only in the bioreceptor immobilization step, but also 
in the target recognition process, as thoroughly described by the 

Fig. 2. Experimental setup for monitoring in real time the biological interaction of molecules through an SnO2− x nanocoated D-shaped fiber. The enlargement details 
the developed microfluidic system and flow channel with the temperature-stabilization system. 
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computational mode approach of Squires et al. (Squires et al., 2008). 
Here, two protocols named A and B differing mainly for the flow rate 

used in hSA immobilization step of 25 µL/min and 10 µL/min, respec-
tively, were applied. The sensorgrams (signal change vs time), showed 
in Fig. 3A, allow a direct comparison of the results. Using protocol A, 
hSA immobilization experienced a steeper change in the LMR signal and 
reached the stabilization in less than 30 min. For protocol B, the 
immobilization step of hSA lasted 1 h with a slower stabilization trend. A 

reduced flow rate implies a slower immobilization process of the bio-
receptor; however, this does not mean that the assay could not benefit 
from a slower bioreceptor immobilization. In fact, this phenomenon was 
already seen in past literature (Zubiate et al., 2019) and would seem to 
be the most true when small size molecules are considered. 

Here, the best conditions were selected considering the response of 
the biosensors upon addition of increasing concentrations of PFOA in 
low ng mL− 1 range. An addition of 15.6 ng mL− 1 resulted in a LMR 

Fig. 3. (A) Comparison of the sensorgrams of the SnO2− x nanocoated D-shaped fiber biosensors highlighting the modification steps using protocol A (dashed line) 
and B (continuous line): starting from the addition of EDC/NHS to the immobilization of delipidated albumin, the washing steps in PBS running buffer and the 
addition of the target, perfluorooctanoic acid (PFOA). SEM images of both the longitudinal (B) and cross-sectional (C) views of the functionalized silica fiber: the D- 
shaped region of the fiber with the modified surface (light green) and a zoom in the interface between the silica fiber (FO) and the SnO2− x nanocoating modified with 
the biofilm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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residual shift (i.e., the shift of the baseline in PBS running buffer taken 
before and after the analyte injection) of 0.03 nm and of 3.7 nm with 
protocol A and B, respectively. Protocol A was found to lead to the 
formation of a non-suitable biological recognition layer: incubating 
PFOA spiked solutions with increasing concentrations (from 15.6 ng 
mL− 1 to 31.2 and 625 ng mL− 1), no meaningful correlation with LMR 
residual shifts was observed in Fig. 3A. Even after incubation of high 
excess of PFOA (625 ng mL− 1) only a minimal LMR residual shift of 0.17 
nm was recorded. The outcomes obtained after protocol A were ascribed 
to the different properties of the biological recognition layer. This do not 
exclude that tuning the target flow rate and increasing the collection 
time together with the system equilibration time would result in better 
performances (Chiavaioli et al., 2017). In fact, protocol B provided a 
stable modification, and even the incubation of a very low concentration 
of PFOA (0.156 ng mL− 1) resulted in a clear LMR shift, while the 
following additions of PFOA (1.56 and 15.6 ng mL− 1) exhibited 
increasing and larger shifts of the LMR wavelength. 

To avoid a time-consuming optimization process for protocol A, 
protocol B was selected and considered suitable for the proposed 
application. Indeed, protocol B allows recording meaningful LMR re-
sidual shifts upon the incubation of increasing PFOA concentrations. 
Once identified a suitable set of conditions for the fiber functionaliza-
tion, a section of the functionalized FO was analyzed by SEM imaging 
considering the flat surface of the D-shaped fiber portion. A layer 
brighter than the silica fiber was observed and was coloured in green for 
the sake of clarity given the label-free nature of the approach used 
(Fig. 3B). The layer comprises the biological (functionalization layer) 
and tin dioxide (LMR-exciting layer) nanocoatings. In its overall, the 
combined layers showed an average thickness of about (200 ± 15) nm as 
showed in Fig. 3C. 

In the next steps, the biosensor capability to detect in real-time the 
PFOA/hSA binding interactions was screened. 

3.2. PFOA determination: preliminary tests 

Once the biological sensing layer preparation protocol was verified, 
increasing concentrations of PFOA spiked in PBS solutions were injected 
using the peristaltic pump, within the microfluidic system where the 
functionalized FO was previously located. For these preliminary exper-
iments, PFOA concentrations of 0.156 ng mL− 1 (PFOA1), 1.56 ng mL− 1 

(PFOA2) and 15.6 ng mL− 1 (PFOA3) were tested aiming at demon-
strating the range of applicability of the biosensor and its effectiveness in 
real scenario. An example of PFOA real-time monitoring is reported in 
Fig. 4A that represents the part of the entire sensorgram showed in 
Fig. 3A (protocol B) related to the interaction of PFOA with hSA- 
modified sensing layer: it starts with PBS addition, then the blank 
measurement (i.e., zero analyte concentration), followed by increasing 
PFOA concentrations. 

Each sample incubation was followed by an intermediate washing 
step with PBS as well, to prevent nonspecific binding and analyte ag-
gregation, and also to measure the real amount of attached biomolecules 
onto the fiber surface (Chiavaioli et al., 2017). The trend of LMR shift vs 
PFOA concentration is reported in Fig. 4B, while the experimental data 
were fitted using a Langmuir adsorption isotherm making use of Hill 
equation, which can model reversible association, such as complex 
formation, among a protein and a small size molecule ligand giving 
information about the degree of interaction (Gesztelyi et al., 2012). It is 
worth noticing that Hill equation was previously applied in LMR-based 
biosensors (Zubiate et al., 2019) and other types of biosensors (Cennamo 
et al., 2018). The sigmoidal fitting in Fig. 4B showed a correlation co-
efficient R2 of 0.9989 with a maximum standard deviation of about 0.06 
nm (hence the standard deviation bars are not visible in the plot). The 
values of the standard deviation were obtained by considering 20 
consecutive acquisitions for each experimental point under the same 
working conditions at flow stopped and after reaching the equilibrium. 
By using the approach described in (Chiavaioli et al., 2017) where the 

maximum standard deviation of the experimental points can be 
considered (conservative approach), an idea of the limit of detection 
(LOD) is provided by a concentration value below 0.1 ng mL− 1, so very 
close to the PFOA concentration limits required by the current regula-
tion. These preliminary results suggest the possibility to detect PFOA 
concentrations even below 0.156 ng mL− 1. 

After PFOA additions, the presence of fluorine caused by the PFOA 
binding to hSA (see PFOA structure in Fig. 1B) was further confirmed via 
SEM-EDS–based analysis, considering the central flat surface of the 
SnO2− x nanocoated D-shaped FO, as showed in the inset of Fig. 5. 
Fluorine is found to be 3.72 wt%, as reported in Table 1, while the 
functionalization layer (biofilm plus tin dioxide layer) is responsible for 
the presence of both carbon (14.31 wt%) and tin dioxide (30 wt%). 
These data clearly confirmed that, after the incubation step, PFOA was 
confined at the FO surface even after the washing steps in running 
buffer. Therefore, it is possible to conclude that the analyte is not non- 
specifically bound to the protein layer of the FO surface, but it is able 
to give high-affinity non-covalent interactions with the biofilm that 
allow a stable confinement of the PFOA itself onto the FO surface. This 
was further confirmed with the absence of fluorine in SEM-EDS–based 
analysis from a pristine SnO2− x nanocoated D-shaped FO sample (see 
Table 1, row named “No PFOA”). These preliminary findings suggest the 
interest of improving this sensing strategy and support the current 
dataset with negative control experiments and a complete interference 
study. 

Fig. 4. (A) Example of part of the sensorgram of the SnO2-x nanocoated LMR 
fiber biosensor as a function of increasing concentrations of PFOA: 0.156 ng 
mL− 1 (PFOA 1), 1.56 ng mL− 1 (PFOA 2), 15.6 ng mL− 1 (PFOA 3) (B) Calibration 
curve fitted with a Langmuir adsorption isotherm (sigmoidal curve) based on 
Hill equation. 
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4. Conclusions 

The applicability of delipidate hSA in PFOA sensing based on FO via 
LMR was investigated in this study. We showed the importance of 
designing a suitable functionalization protocol, testing at least two 
different sets of immobilization conditions for the deposition of the 
biological recognition layer. In optimized conditions, the biosensor 
response upon incubation of PFOA synthetic solutions with increasing 
concentrations showed a response that follows the typical Langmuir 
adsorption isotherm. The analysis of the chemical composition of the FO 
samples before and after the analysis was used to indirectly confirm the 
confinement of PFOA at the albumin functionalized fiber surface. 
Therefore, SEM-EDS–based analysis can be applied as a control tech-
nique once the sensor tests are completed. 

This study suggests: the interest of performing further optimization 
of the LMR-based platform, the capability to determine PFOA in the low 
ng mL− 1 range as required by the regulation limits for PFAS in waters 
and the compatibility of hSA/PFOA system with optical sensing, as the 
impedimetric approach (Moro et al., 2020). Furthermore, delipidated 
hSA can be engineered by selecting just the domains that showed the 
highest affinity for PFOA based on the crystallographic studies or 
modifying the protein structure to increase the bioreceptor affinity. 
Implementing the biological layer affinity for the target or amplifying its 
conformation changes in presence of these small-size molecules can be 
instrumental also in determining the sensor selectivity which plays a 
fundamental role considering the rapid evolution of this class of 
pollutants. 

LMR-based sensing strategies can be further applied to other com-
pounds of PFAS family by using different protein biological layers or 
engineered albumins (different domains or modification can lead to 
different selectivity in the final bioreceptor). These latter present all the 
advantages of highly stable, reproducible, and cost-affordable 

bioreceptors. We believe that this preliminary but disruptive study 
highlights how LMR-based sensing technology can rapidly evolve ful-
filling the markets needs even in terms of monitoring small-size mole-
cules, thus paving the way for a remarkable and almost-unique approach 
able to sense any kind of biological target (small, medium and large size 
molecules) with high-performance outcomes. 
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Fig. 5. EDS spectrum of an area of the flat surface of SnO2− x nanocoated D-shaped FO after incubation of PFOA synthetic solutions; the area selected is highlighted in 
the SEM image reported in the inset (red box). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Chemical composition of the SnO2− x nanocoated D-shaped FO after PFOA tests and comparison with a pristine FO sample (no PFOA tests).   

Element Carbon (K) Oxygen (K) Silicon (K) Fluorine (K) Tin (L) 

No PFOA wt %  17.44  32.79  21.87  0.00  27.90 
PFOA wt %  14.31  32.74  19.23  3.72  30.00  
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this work. 
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