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Fipronil, an insecticide widely employed, poses risks to both the environment and human health. Existing
detection methods for fipronil and its metabolites, such as GC-MS, are known; however, these methods are
laborious and time-intensive. In this investigation, our aim was to devise a label-free aptasensor strategy for
detecting fipronil in food-related scenarios. To achieve this objective, we developed ellipsometric-based apta-
sensors specifically tailored for fipronil detection. The advantage of ellipsometric sensors lies in their efficacy in
analyzing thin and uniform films. Spectrophotometric ellipsometry (SE), utilized in this realm, is preferred due to
its sensitivity to molecular accumulation at the substrate surface, as evidenced by the phase shift (A). The limit of
detection (LOD) observed in the buffer solution for the two aptamers, Anti-FIP1 and Anti-FIP2, used in this study,
with lengths of 80 and 73 bases respectively, showed promising results. Additionally, the specificity of these
aptamers against bovine serum albumin and ethiprole in the SE sensor approached the reproducibility limit. This
is attributed to the wide-ranging cocktail employed during the aptamer selection process. The LOD for Anti-FIP1
was 0.034 nM (33.7 pM), while for Anti-FIP2 it was 0.025 nM (24.9 pM). The limit of quantification (LOQ) was
calculated as 0.1 nM (0.044 ng/mL) for Anti-FIP1 and 0.075 nM (0.033 ng/mL) for Anti-FIP2. Utilizing the spike
method for fipronil detection by introducing egg and grain samples, the deviation observed was less than +£10 %
for recovery. This study presents a dependable aptasensor platform for the testing of fipronil in food samples,
employing aptamer-based SE.

1. Introduction

natural mammalian heterooligomeric receptor compared to insect
GABA, receptors, it has been found to have a high affinity for the human

Fipronil is an insecticide with systemic properties, accounting for
approximately 10 % of the global insecticide market volume [1].
Fipronil exhibits its insecticidal activity by inhibiting the nervous sys-
tem, binding to y-aminobutyric acid (GABA) receptors [2], and gluta-
mate receptors associated with chloride channels [3], disrupting neural
signaling in insects. Glutamate receptors are specific to insects, making
fipronil more effective on invertebrates compared to vertebrates, and
fipronil also shows low affinity for vertebrate receptors [4]. Fipronil is
metabolized into a sulfone compound in mammals, and experiments
have shown that it binds to human and rodent GABA receptors with
approximately 6 times higher affinity [5]. It has been shown that fipronil
metabolites retain bioactivity and toxicity in mammals, with a 10-fold
higher potential at the GABA-gated chloride channel in mammals (for
fipronil-desulfinyl), narrowing the selectivity between insects and
mammals [6]. Furthermore, despite the low affinity of fipronil for the
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receptor subunit f3 [7]. The human 3 GABA, receptor is associated
with neurodevelopmental disorders such as autism, Angelman syn-
drome, and epilepsy [8]. Fipronil can affect some cytochrome P450
enzymes, and in vitro cytotoxic effects at high concentrations suggest
toxicity potential through non-neural mechanisms [9]. Acute fipronil
toxicity in laboratory rodents is characterized by tremors, altered ac-
tivity or gait, hunched posture, agitation, seizures, and mortality at
doses higher than 50 mg/kg [10]. Fipronil toxicity indications in
humans, are characterized by increased excitability, headaches, dizzi-
ness, seizures, decreased food consumption, nausea, and vomiting, in-
dependent of neural targets [9]. Additionally, a range of significant risks
for the environment has been identified, including acute and chronic
risks to freshwater and marine invertebrates and fish species, acute le-
thal and reproductive risks for birds, and reproductive effects in insec-
tivorous mammals [9].
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Fipronil remains stable under acidic and neutral conditions [11] and
the half-lives of fipronil and its metabolites under aerobic soil conditions
can vary significantly but are generally a few months. It is indicated that
people worldwide are exposed to fipronil via contaminated water
sources [12] even contaminated food sources such as honey [13].
Extensive information on the physicochemical properties of fipronil,
along with its environmental fate, can be found in the literature [13].
Hence, the EPA has classified fipronil as a moderately toxic potential
human carcinogen and has established a range of restrictions for residue
concentrations for different products, ranging from 0.005 to 1.5 ppm
(Title 40 of the Code of Federal Regulations: Protection of Environment,
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PART 180—TOLERANCES AND EXEMPTIONS FOR PESTICIDE CHEM-
ICAL RESIDUES IN FOOD Subpart C—Specific Tolerances, §180.517; htt
ps://www.ecfr.gov/) [14].

Detection of residues of fipronil and its metabolites in environmental
samples and body fluids is typically carried out using well-known
analytical techniques such as liquid chromatography (LC) or gas chro-
matography (GC) coupled with sensitive and highly selective mass de-
tectors [15-20]. Some chromatographic methods encountered in the
literature and their analytical performances are summarized in Table 1.
Despite the advantages of being highly sensitive and selective, instru-
mental methods require extensive sample preparation and cleanup

Table 1
Comparison of some fipronil detection methods.
Method Sample Linear range LOD References
19F _ qNMR (with dispersive liquid-liquid micro-extraction) Egg NR* 57 nM [21]
Colorimetric (AgNP, LFIA, pAb) Egg, honey, tea, urine NR* 6.9 nM (instrumental) [22]
Colorimetric (AuNP, LFIA, mAb, indirect competetive ELISA) Egg, cucumber NR* 0.114 nM [23]
Colorimetric, aptamer Water, soil vegetable NR* 0.036 uM [24]
Colorimetric, LSPR, peptide aptamer, AuNP Egg 2.3 pM-2.3 yM 22.9 pM [25]
ECL Egg 1-100 uM 0.8 M [26]
ECL (ZnO @ g-C3Ny4, GCE) Egg 5-1000 nM 1.5nM [26]
Electrochemical (Al-TiO», GPE) Egg 23-206 pM 38 pM [27]1
Electrochemical (CoZnO nanofiber) mAb Egg 0.23 fM-228 yM 0.26 fM [28]
Electrochemical (FeO.TiO,, CPE) Egg 1-100 nM 1.2 nM [29]
Electrochemical (nanocomposite on SPE) Egg 1.0-8.0 yM 0.74 pM [30]
Electrochemical (nanocomposite, aptamer, GCE) Water 0.23-22.8 yM 0.17 nM [31]
Electrochemical (SPE, nanocomposite, aptamer) Honey NR* 2.45 nM [32]
Electrochemical (SPE, nanocomposite, immunoassy) Agricultural products 0.23-2.3 pM 48 pM [33]
Electrochemical (SPE, TiO,, polytriazine imide, CoZnO Egg, water 0.01-10 uM 8.42 nM [34]
nanofiber)

Electrochemical (TiO,, CPE) Egg 1 pM-100 nM 0.34 nM [35]
Electrochemical, CPE Milk NR* 0.76 nM [36]
ELISA Animal tissue 68 nM-2.28 uM 23 nM [37]
ELISA Water samples 0-1.14 pM 52 nM [38]
ELISA Urine, serum NR* 1.33 nM [9]1
ELISA, TRFICA Chinese cabbage, spinach, apple and egg NR* 1.97 nM [39]
Fluorescence (aptamer) Egg 5-500 nM 105 nM [40]
Fluorescence Egg, milk 0.70 pM — 47 pM 19 pM [41]
Fluorescence (aptamer) Egg 72-864 nM 155 nM [42]
Fluorescence (aptamer) Plant tissue extracts 5-65 nM 3.4nM [43]
Fluorescence (aptamer), oxidized carbon nanohorns Egg NR* 3 nM [44]
Fluorescence (immunoassay, FRET, upconversion NPs) Spinach 22.8-228 nM 0.01 [45]
Fluorescence (nanocomposite, FRET, aptamer) Egg 10-60 nM 3.6 nM [46]
Fluorescence, competitive immunoassay Water samples 57-373 pM 41.1 pM [47]
Fluorescence, evanescent wave Milk, water NR* 73 pM [48]
Fluorescence, metal organic framework Tea 0-0.15 mM 4.4 nM [49]
GC-ECD Water 0.46-228 nM 46 pM [50]
GC-ECD Edible oils 4.6-457 nM 0.46 nM [51]
GC-ECD Edible oils 1.81-904 nM 0.54 nM [52]
GC-ECD Honey NR* 2.29 nM [53]
GC-MS Water, soil, urine 0.686-229 nM 0.18 nM [54]
HPLC Water samples 114 pM-45.8 nM 18.3 pM [55]
LC-MS/MS Egg NR* 0.8 nM [56]
LC-MS/MS Water samples 114 fM-0.229 nM 45.8 fM [57]
LDI-MS Blueberry juice, green tea beverage, fish muscle ~ 0.46-229 nM 0.11 nM [58]
Luminescence Egg 1-100 uyM 0.8 uM [59]
Raman Egg 2.3 yM-1.1 mM 0.73 M [60]
SERS Egg 0.23 nM-228 nM 2.3nM [61]
SERS (aptamer) Egg 100 nM-100 pM 100 nM [62]
SERS (Au nanorods, graphene oxide enhancer) Egg 10 nM-100 pM 10 nM [63]
SERS, nanocomposite Water NR* 228 nM [64]
SERS-RRS Egg 11.4pM — 1.14nM  11.4 pM [65]
UHPLC-MS/MS Egg 2.3-45.8 nM 0.69 nM [66]
UHPLC-MS/MS, various extraction strategies Egg NR* 0.69 nM [67]
UHPLC-Q-Exactive HRMS, nanocomposite Egg NR* 4.5 pM [68]
Spectroscopic ellipsometry (aptamer 1) Egg, grain 0.1-1000 nM 33.7 pM This study
Spectroscopic ellipsometry (aptamer 2) Egg, grain 0.1-1000 nM 24.9 pM This study

NR* — Not reported.

ECL - Electrochemiluminescence, GCE — Glassy carbon electrode, GC-ECD — Gas chromatography-electron capture detection, GPE — Graphene paste electrode, LC-MS/
MS — Liquid chromatography-tandem mass spectrometry, LDI-MS — Laser desorption/ionization mass spectrometry, LFIA — Lateral flow immunoassay, LSPR — Based
on localized surface plasmon resonance, mAb — monoclonal antibody, NPs — Nanoparticles, pAb — polyclonal antibody, qNMR - Quantitative nuclear magnetic
resonance spectroscopy, SERS — Surface enhanced Raman scattering, SERS-RRS — SERS-Resonance Rayleigh scattering, SPE — Screen printed electrode, TRFICA —
Time-resolved fluorescent immunochromatographic assay, UHPLC-MS/MS — Ultra high-performance liquid chromatography coupled with mass spectrometry, UHPLC-
Q-Exactive HRMS — UHPLC coupled with Q-Exactive high resolution mass spectrometry.
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procedures that can become cumbersome, time-consuming, and expen-
sive, especially when analyzing a large number of samples in pollution
monitoring studies.

Therefore, studies have been conducted for the detection of fipronil
using different approaches including competitive-indirect enzyme-
linked immunosorbent assays (ELISAs), fluorescence assays, colori-
metric methods, vibrational spectroscopic methods, and electro-
chemical methods (Table 1). The majority of the studies reported in this
table meet the detection limit (LOD) for fipronil concentration, which is
the lowest legal residual limit of 11.4 nM. However, the LCsg limit of 74
fM reported for some species in insects for fipronil is well below these
detection limits [29]. When only residues are considered, there is still a
need for the development of an easier, more specific, and lower detec-
tion limit method.

Originally reported by Ellington and Gold, aptamers are sequences of
single-stranded DNA or RNA (more recently, peptides) capable of
adopting specific three-dimensional structures that allow them to bind
specifically to their targets [69,70]. Aptamers are produced through the
process known as Systematic Evolution of Ligands by EXponential
enrichment (SELEX), involving target-specific enrichment [70]. Theo-
retically, they can be tailored for virtually any specific target. Over time,
a diverse array of high-affinity aptamers has been developed for various
target molecules, spanning from metal ions and peptides to drugs, pro-
teins, and even entire cells or viruses [71].

A specific aptamer for fipronil (with a Kd = 48 + 8 nM) exhibits
positive selectivity for fipronil against to interfering agents atrazine,
propanil, malathion, and ethiprole has been reported [40]. Additionally,
another aptamer with similar motifs, but without specified kinetic per-
formance, has been considered a promising alternative for fipronil
detection in the same study [40]. In this study, the aim was to use the
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two alternative fipronil-specific aptamers that have been reported for
their selectivity in fipronil detection and to evaluate their analytical
performance.

Elipsometry is a method that measures the phase difference and in-
tensity of polarized beams of monochromatic light reflected from thin
films. Parameters A (Delta) for phase and ¥ (Psi) for intensity of
polarized light are measured with respect to the wavelength of the
incoming light (spectroscopic ellipsometry). A and ¥ are functions of the
refractive index and thickness of the medium interacting with the re-
flected light on the surface [72]. By measuring these parameters from
nanofilms on a substrate material, the accumulation on the surface can
be precisely quantified [73,74]. Various studies have evaluated the
performance of ellipsometry in different analytes. The use of aptamers
and ellipsometry has been reported in the determination of amino-
glycoside antibiotics in dairy products [75], HIV-1 Tat protein detection
[76], Influenza A detection [77], mercury ion detection [78], and
zearalenone determination [79], among others. Fig. 1 provides a sche-
matic representation of the ellipsometric fipronil sensor.

In this study, two aptasensor platforms based on spectroscopic
ellipsometry (SE) were developed for the first time for the detection of
fipronil. The performance of these platforms in detecting fipronil,
including real samples, was investigated.

2. Experimental
2.1. Chemicals
Analytical grade fipronil (FIP) was utilized for surface functionali-

zation, alongside mercaptopropyltriethoxysilane (MPTES, 97 %), mer-
captoundecanoic acid (MUA), ethanol, acetonitrile, hexane, and

Aptamers

EDAC + APTAMER

—

Ellipsometer

Sensor response A

without FIP

with FIP

Incident light wavelength (nm)

Fig. 1. Schematic representation of the ellipsometric sensor platform (Si chip with immobilized aptamer, ellipsometer setup, and typical sensor data obtained

during binding).
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ammonia. NaH;PO4 and Nap,HPO4 were employed for buffer solutions.
Aptamer sequences were obtained with a 5’ modification (amine). All
chemicals and aptamers were purchased from the local representatives
of Merck or Sigma-Aldrich and were used without further processing
unless specified otherwise. Measurements were conducted using a
spectroscopic ellipsometer (Optosense S9000, Turkey). Si chips served
as the base material for surface modification, with the optical properties
(and thicknesses) of the accumulated organic matter on these surfaces
determined via ellipsometry. A phosphate buffer at pH 7.4, with a
concentration of 100 mM, was prepared for the experiments.

2.2. Modification of the Si-wafers

The attachment of the aptamer, which was thiol-functionalized, onto
the Si surface was achieved through the formation of an S-S bond with
the MPTES-functionalized surface [80]. Anti-fipronil aptamers, specif-
ically modified with an amino group at their 5’ ends for immobilization
onto Si chips, were sourced from the local representative of TIB MOL-
BIOL (Germany). The aptamers utilized in this investigation are detailed
in Table 2. Before usage, the Si chips employed as the sensor substrate
were dipped into an oxidizing solution comprising HoSO4 and H204 (v/v
7:3) for 2 s, followed by rinsing with ethanol. Subsequently, for the
complete elimination of any organic residues, they underwent a clean-
ing process using oxygen plasma at 100 W power with a Diener (Ger-
many) model plasma device.

The Anti-FIP1, Anti-FIP2, and control (FIPCTRL) aptamers were
attached onto the Si chip surfaces terminated with -COOH groups. To
achieve this, Si chips of approximately 1 cm x 1 cm dimensions were cut
and thoroughly cleaned. These cleaned chips were then subjected to
oxygen plasma for 30 min to induce a silanol reaction. Subsequently,
MPTES dissolved in absolute ethanol was utilized to create a functional
surface with —SH terminations on the Si chips. During the formation of
the MPTES layer, the optimization of MPTES concentration and reaction
duration was carried out through ellipsometric thickness measurements.
Next, the -COOH functional groups were established on the Si chip
surfaces using MUA via a disulfide reaction. The process of layer for-
mation was monitored at this stage by measuring the ellipsometric
thickness to determine the optimal parameters. Following this, the
aptamers containing NHj functional groups were immobilized onto the
—COOH functionalized Si surfaces using the 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDAC) reaction. These aptamers were pre-
pared in a 100 mM phosphate buffer solution (PBS, pH 7) and stored at
4 °C. The aptamer solutions used in the experiments were prepared by
dilution from the stock solution. The optimization of concentration and
reaction times involved determining the thickness of the organic accu-
mulation on the Si chip surfaces using ellipsometric methods. The
ellipsometric measurements were modeled using the device’s software,
considering a model of air/organic layer (with the measured thickness)/
SiO4 layer (5 nm), and Si substrate. The concentrations mentioned in the
study indicate the final concentrations used. All experiments and mea-
surements were repeated three times unless otherwise specified to meet
the analytical requirements.

Table 2
Fipronil aptamers used in this study.
Sequence Name Reference
5'-TGTAC CGTCT GAGCG ATTCG TAC AGTTT CTGGA Anti- [40]
GGACT GGGCG GGGTG ACGGT TATG AGCCA GTCAG FIP1
TGTTA AGGAG TGC-3'
5'-CCGTC TGAGC GATTC GTACC AAAGT CGAGA CTGTA  Anti- [40]
GTGAG GCAAA AAGCC GGCAG CCAGT CAGTG TTAAG FIP2
GAG-3'
5'-ACCTG CAGGC GCGAG TTTCA GATCA AAACT TGTCT  FIPCTRL None

GGCGT-3'
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2.3. Ellipsometric measurements

The analytical performance of aptamers Anti-FIP1, Anti-FIP2, and
FIPCTRL in detecting FIP was assessed using FIP solutions ranging from
100 pM to 1000 nM in a buffer solution. The FIP solutions were prepared
using PBS buffer (pH 7.4, 150 mM NacCl). The ellipsometric measure-
ments were performed using a spectrophotometric ellipsometer with
light at incident angles of 60° and 70° and wavelengths ranging from
400 to 1700 nm. The ellipsometric parameters, delta (A) and psi (¥),
were obtained, and the sensor response was analyzed based on the
change in A and ¥ values. Delta (A) indicating the phase shift between
the polarized incident light and the reflected light, was chosen as the
preferred sensor response due to its sensitivity to the accumulated ma-
terial on the surface, affecting its thickness and dielectric function. The
A spectrum obtained around 450-600 nm exhibited a nearly linear
change, shifting towards lower degrees with increased accumulation on
the surface. Therefore, sensor calibration graphs were generated using
the A values at this wavelength. The sensitivity and LOD were calculated
from the graph depicting A changes concerning FIP concentrations using
30 as noise level. Quantification limits (LOQ) were calculated using
3xLOD approach. To assess specificity, interference experiments were
conducted with BSA and another broad-spectrum insecticide, ethiprole.

The thickness of the molecular layer accumulated on each sensor
chip’s surface was calculated using both A and ¥ values with the model
solver software of the ellipsometer. All thickness measurements were
conducted on ten different randomly selected measurement points on
three distinct test samples, and the average value (+1c) was reported.

2.4. Fipronil detection in food samples

The food samples were prepared following the procedures outlined
in the literature [81]. The extraction protocols specified for solid food
samples were applied accordingly [41]. Acetonitrile was used for the
extraction of both sample types, and 0.22 um syringe filters were
employed to eliminate any impurities from the resultant mixtures. Local
market-sourced egg samples were used in the study. For standard
addition, a specific quantity of fipronil and 10 mL of acetonitrile were
added to 5 g of homogenized sample. Subsequently, 4 g of anhydrous
MgSO,4 and 1 g of NaCl were introduced to the homogenized mixture,
which was thoroughly mixed. Following this, it underwent centrifuga-
tion at 5000 rpm for 10 min. The supernatant was then evaporated in a
25 mL beaker at room temperature and subsequently reconstituted in 5
mL of 0.1 M PBS (pH 7.4). This resulting solution was filtered through a
0.22 um filter and diluted to 25 mL using PBS buffer prior to analysis
[26,41]. The recovery efficiency was calculated by determining the ratio
between the fipronil concentration obtained from the calibration curve
and the corresponding fipronil concentration artificially added to the
blank sample [60].

The grain (wheat) samples used in the study were sourced from a
local market. Before processing, the samples underwent a drying process
at 80 °C for 2 days [82]. Subsequently, 20 g of the dried grain samples
were pulverized, and then mixed with a specified amount of fipronil and
20 mL of acetonitrile. This mixture was then homogenized thoroughly.
Following centrifugation, the resulting supernatant was carefully sepa-
rated and combined with 4 g of anhydrous MgSO4 and 1 g of NaCl. The
mixture was then centrifuged once more at 5000 rpm for a duration of
10 min [83]. The supernatant obtained was dried in a 25 mL beaker at
room temperature and later dissolved in 5 mL of 0.1 M PBS (pH 7.4). The
solution was subsequently filtered using a 0.22 um filter, diluted to a
volume of 25 mL with PBS buffer, and prepared for analysis.

3. Results and discussion
3.1. Modification of Si-wafers

Firstly, the conditions for the immobilization of the MPTES layer on
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the Si wafer were optimized. The effect of the interaction time on surface
accumulation was investigated using Si wafers treated with oxygen
plasma in a 1 pM MPTES solution for varying durations. The surface
thickness measured by ellipsometry after this process ranged up to a
maximum of 1.8 nm within the first 120 min. For 240 and 360 min, the
thickness values increased to around 2.7 nm (See Fig. S.1). It has been
noted that MPTES molecules yielded ellipsometric results higher than
their theoretical lengths in previous studies (approximately 3 nm) [80].
However, considering the theoretical length (~1 nm), it can be said that
a nearly single-layer formation occurred within the initial 120 min, and
thereafter, multiple layers (oligomeric form) were formed by 240 min
[84]. Therefore, the reaction carried out with 1 uM MPTES for 120 min
was deemed sufficient and appropriate for the objectives of the study.

Subsequently, optimization was carried out to create a disulfide bond
between the —SH terminated surface and MUA. For this purpose, the
reaction was conducted at room temperature and in the dark. Consid-
ering the slow formation of the disulfide bond in our previous studies,
the reaction was aimed to be carried out for 2 to 12 h to perform the time
optimization. In this optimization phase, 1 pM MUA (in ethanol) was
prepared. After the specified time, the previously MPTES-modified Si
wafers were removed, washed with ethanol, and the accumulated layer
on the surface was ellipsometrically measured. It was observed that with
the use of 1 uM MUA, the thickness reached an approximate plateau
after 6 h, which was considered as the optimal value (See Fig. S.2). The
optimum binding time and concentration of aptamers with approxi-
mately the same base count (one with 80 and the other with 73 bases)
were also determined as 120 min and 1.5 pM, respectively, by ellipso-
metric thickness measurements.

4. SE measurements and analytical performance of the sensor
platform

Using spectroscopic ellipsometry, the interaction between the
fipronil solution in the buffer and the Anti-FIP1, Anti-FIP2, and FIP-
CTRL aptamers was investigated. For this purpose, the incident light
angle was set to 60°, and the A change between 400 nm and 1700 nm
was examined.

The sensor responses obtained by interacting the fipronil solution
prepared in the buffer at different concentrations with the sensor chip
were presented in average (line) and standard deviation (area) for
convenience. It can be observed that the sensor response obtained from
each sensor chip shows similarity (due to the base material being Si
wafers and the top layer being organic material) and shifts to lower A
degrees with increasing fipronil concentration (Fig. 2a and b).
Furthermore, the A-A change around 450-650 nm wavelength was
found to be linear with a determination coefficient of >0.90 (in terms of
R?). This region also corresponds to the area where ellipsometric data
follow approximately the same slope.

Within the range used to obtain the sensor response, all responses for
the Anti-FIP1 aptasensor follow an average slope of 0.0167 + 0.0022,
and for the Anti-FIP2 aptasensor, it is 0.01683 + 0.0007. Considering
that the obtained standard deviation (0.0022) is only about 1 % of the
average slope, the intersection point results of the curve fitting process
were used to create the sensor calibration curve.

Relative sensor response (calculated based on the value measured
when there is no fipronil present) was determined considering the linear
region in this range, and the sensor calibration curve was established
(Fig. 3a and b).

The calibration curves for Anti-FIP1 and Anti-FIP2 were obtained as
straight lines fitting the equations A = 2.9739 x log [FIP] + 5.3369 (R?
=0.97) and A =1.36311 x log [FIP] + 2.7783 (R2 = 0.98), respectively
(See Figs. S4 and S5). The noise levels, represented on the graph, were
obtained by taking three times the standard deviation of the sensor
signal for 10 nM fipronil for Anti-FIP1 (with a standard deviation of
0.32) and 1 nM fipronil for Anti-FIP2 (with a standard deviation of
0.20). Considering these noise levels, the LOD was determined as 0.034
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Fig. 2. a) Sensor response for Anti-FIP1 and b) Anti-FIP2 aptasensors for
fipronil concentrations ranging from 0.1 nM to 1000 nM. The region where the
calibration curve was generated is indicated by dashed red vertical lines. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

nM (33.7 pM) for Anti-FIP1 and 0.025 nM (24.9 pM) for Anti-FIP2.

The FIP-CTRL aptamer yielded a A change of 0.71 + 0.23 when 100
pM FIP was used, 1.21 + 0.42 A when 10 nM FIP was used, and 1.29 +
0.37 A when 100 nM FIP was used. This indicates the selectivity of the
aptamers and suggests that even a very low amount of fipronil could not
be completely removed from the sensor surface during the washing step.

The relationship between the binding of captured fipronil from the
solution to the aptamer on the sensor surface occurring at a single site,
and the decrease in binding rate depending on the free aptamer con-
centration, was considered. In this regard, the conformity of the cali-
bration data to the Langmuir model was also checked (See Figs. S6 and
S7). The fipronil analyses conducted with both Anti-FIP1 and Anti-FIP2
aptamers respectively conform to the Langmuir model with determi-
nation coefficients of 0.992 and 0.998.

The Langmuir model coefficients are provided in Table S3. It was
determined that the sensitivity of the AntiFIP1 sensor is higher than that
of the Anti-FIP2 sensor. This result yields significant findings in terms of
comparing the interaction between aptamer and fipronil in the Lang-
muir coefficients. The product of the parameters a and b is 5.92 for the
AntiFIP1 model, while it is 2.92 for the Anti-FIP2 model.

Accordingly, the similarity in the c coefficients has raised the idea
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Fig. 3. Calibration curve obtained for Anti-FIP1 (a) and AntiFIP-2 (b) for
fipronil concentrations ranging from 0.1 nM to 1000 nM.

that both aptamers capture fipronil through the same interaction site(s).
Calculated from the DNAFold data (given in 5’ to 3’ base indices), the
potential binding loops for both aptamers were as follows [85]: 1) For
Anti-FIP1, a 3.15 kcal/mol hairpin loop between bases Cgs-Gys (11
bases), a 3.42 kcal/mol internal loop between Co-G4g (17 bases), and a
3.41 kcal/mol hairpin loop between Ta4-Ase (11 bases). 2) For Anti-
FIP2, a 3.04 kcal/mol internal loop between bases G33-Cs7 (9 bases), a
0.84 kcal/mol internal loop between Gsg-Css (7 bases), a 2.10 kcal/mol
hairpin loop between C42-G4g (7 bases), and a 3.03 kcal/mol hairpin
loop between Gi4-Cog (11 bases).

Considering the base numbers and free energies, it can be observed
that the 3.41 kcal/mol hairpin loop between Tog-Asg (11 bases) for Anti-
FIP1 and the 3.03 kcal/mol hairpin loop between G;6-Co¢ (11 bases) for
Anti-FIP2 are similar. This hairpin loop for Anti-FIP1, consisting of 4
Thymines, 4 Guanines, 2 Adenines, and 1 Cytosine, forms a loop with a
stem connection of G-C pairs. Similarly, the loop for Anti-FIP2, con-
taining 2 Thymines, 2 Guanines, 4 Adenines, and 2 Cytosines, also ex-
hibits a similar connection. Additionally, in the Anti-FIP1 aptamer, the
hairpin loop between Cg5-G75 also consists of 3 Thymines, 4 Guanines, 3
Adenines, and 1 Cytosine.

Moreover, if Anti-FIP1 had two binding sites, it would be expected to
affect the c coefficient in the model. However, despite the presence of
two active regions in Anti-FIP1, the preference for the 11-base hairpin
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loops as the active fipronil binding regions might be indicated by the
product of the Langmuir model’s a and b parameters being 5.92 for the
Anti-FIP1 model and 2.92 for the Anti-FIP2 model, where the prefer-
ential selection could be lower.

Although the Kd values for the aptamers were not disclosed in the
selection paper [40], the interaction between the aptamer and FIP
demonstrated an excellent fit to the Langmuir model, validating the
anticipated single-site (1 aptamer — 1 FIP) relationship.

5. Specificity, accuracy and reproducibility tests

To test the specificity of the sensor, ethiprole (ETH) and bovine
serum albumin (BSA) were used as interfering materials at concentra-
tions of 10 nM and 1000 nM while testing the 1000 nM fipronil solution.
The effect of the selected interfering agents at different concentration
ratios on the sensor response is presented in Table 3.

In all measurements with the interfering components, a positive bias
was obtained. The sensor response exhibited positive biases in all
measurements due to nonspecific interactions, which also affected the
standard deviation in the measurements. When the same ratio and a
100-fold concentration of the interfering component were used, both
BSA biases for Anti-FIP1 and Anti-FIP2 were lower than the ETH bias.
This may have occurred due to the structural similarity of ETH to
fipronil. BSA, being a relatively large molecule, led to a low level of
nonspecific interaction for both aptamers. The small biases in the sensor
signal, reflected in the measured concentration due to the logarithmic
structure of the calibration curve, were higher at higher fipronil con-
centrations. However, under all conditions, BSA interference ranged
from 4.2 % to 7.7 %. This deviation is within the repeatability limits of
the sensor.

In the case of ETH interference, the deviations were 7.3 % for the 10
nM fipronil measurement and 12.0 % for 1000 nM ETH. The excess
deviation observed at higher concentrations can be associated with the
logarithmic change in the calibration curve. While ETH shows a higher
deviation compared to BSA when 10 nM fipronil and 1000 nM of the
interfering substance are added, directly comparing this value (7.3 %) to
the selectivity of the aptamer may not be realistic as it is still close to the
repeatability limit.

For the use of ETH with the Anti-FIP2 aptamer, the deviation values
were found to be 8.6 % and 12.7 %, respectively. Although this value is
relatively high, it does not show a significant difference that can be
attributed to selectivity.

Based on these reasons, it can be concluded that ethiprol either
causes very low interference or no interference at all. In the article
where the aptamers were selected, the authors have already verified the
specificity of the selected aptamer for various interferents [40]. Among
these interferents are fipronil metabolites; some herbicides and in-
secticides such as atrazine, which has a wide range of use, malathion,
and propanil; and bovine serum albumin (BSA) as a general protein
model.

The accuracy and precision of SE sensors using Anti-FIP1 and Anti-
FIP2 aptamers were evaluated using 10 nM and 1000 nM fipronil solu-
tions. For intra-day measurements, five independent sensor chip series
were used. For inter-day measurements, five consecutive days each with
five independent chip series were tested. The accuracy and precision of
both methods are provided in Table 4.

The accuracy of the methods for intra-day measurements ranged
from —8.54 % to —3.10 % for Anti-FIP1 and from —1.17 % to +0.3 % for
Anti-FIP2. In inter-day measurements, the accuracy ranged from +6.9 %
to +9.6 % for Anti-FIP1 and from +9.3 % to +9.6 % for Anti-FIP2. Due to
the logarithmic nature of the calibration curve, small changes in sensor
signal had a significant impact on the calculated results in inter-day
accuracy, reaching up to 9.6 % for 1000 nM fipronil detection. How-
ever, the standard deviation for all measurements was quite low, with a
maximum deviation of 0.22 % in precision.

For Anti-FIP2 aptamer, the intra-day accuracy ranged from —1.17 %
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Table 3
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Changes observed in the sensor signal obtained by measuring the fipronil added to the sample at concentrations of 10 nM and 1000 nM with the presence of 1000 nM

interfering substance (%A).

Aptamer Fipronil added Interferant Interferant concentration Deviation on the sensor signal after interference agent Fipronil found RE
(nM) added (nM) (%A) (nM) %
Anti- 10 BSA 1000 0.65 10.42 £+ 0.02 4.2
FIP1 10 ETH 1000 1.09 10.73 + 0.02 7.3
Anti- 10 BSA 1000 0.81 10.59 + 0.01 5.9
FIP2 10 ETH 1000 1.18 10.86 + 0.01 8.6
Anti- 1000 BSA 1000 0.67 1077.22 &+ 0.02 7.7
FIP1 1000 ETH 1000 1.03 1120.47 + 0.02 12.0
Anti- 1000 BSA 1000 0.58 1069.30 £+ 0.01 6.9
FIP2 1000 ETH 1000 1.03 1126.96 + 0.01 12.7
Table 4
Accuracy and precision results for Anti-FIP1 and Anti-FIP2 (experiments conducted in 5 replicates and presented as mean value with standard deviation + ¢ where
applicable).
Aptamer Fipronil added (nM) Inter-day Intra-day*
Found (nM) Accuracy % Precision % Found (nM) Accuracy % Precision %
Anti-FIP1 10 9.69 + 0.018 -3.10 0.18 10.69 £ 0.022 +6.9 0.22
1000 914.65 £ 0.019 —8.54 0.002 1062.07 £ 0.028 +6.2 0.003
Anti-FIP2 10 10.03 +0.01 +0.3 0.10 10.93 £+ 0.01 +9.3 0.1
1000 988.35 + 0.01 -1.17 0.001 1095.71 + 0.02 +9.6 0.002

* Five consecutive days.

to +0.3 %, while the inter-day accuracy was found between +9.3 % and
+9.6 %. There was no significant variability observed in accuracy and
precision across all measurements. No clear systematic bias was
observed in the accuracy measurements, with accuracies ranging from
—8.5 % to +9.6 % for both aptamers.

6. Food samples

Both aptamers were used to detect fipronil in real samples through
spiking into locally sourced egg and cereal (wheat) samples. After
sample preparation steps, samples spiked with three different concen-
trations (1 nM, 100 nM, and 1000 nM fipronil) were tested (Table 5).

For the Anti-FIP1 aptamer, the recovery deviation in egg samples
ranged from —2.61 % to 5.53 %. In cereal samples, the recovery was
between —8.94 % and 5.44 %. When the Anti-FIP2 aptamer was used,
the recovery in egg samples ranged from —2.34 % to 5.05 %, while in
cereal samples, it was between —0.33 % and 3.58 %. The recovery

Table 5
Analytical recovery data of sensors from egg and cereal products, experiments
were repeated 3 times and presented as the average of the results.

Samples Added (nM) Detected (nM) RE (%)

Anti-FIP1 Egg 1.00 1.06 + 0.02 5.53
100.0 97.39 + 0.03 -2.61

1000 1034.57 + 0.03 3.46

Grain 1.00 0.97 + 0.02 -3.09

100.0 105.44 + 0.02 5.44

1000 910.58 + 0.03 -8.94

Anti-FIP2 Egg 1.00 1.05 + 0.01 5.05
100.0 103.83 + 0.01 3.83

1000 997.66 + 0.01 —2.34

Grain 1.00 0.99 + 0.01 -0.33

100.0 99.63 + 0.01 -0.37

1000 1035.78 + 0.01 3.58

values fall within the accuracy deviation limits of the spectrophoto-
metric aptasensors, with a recovery of <£10 %.

Since measurements were made on real samples using the spiking
method and no positive systematic bias was observed, it was assumed
that fipronil was not present in the samples taken. Considering the
detection limit of both aptamers and the recovery values from real
samples, it can be seen that fipronil can be successfully detected in food
samples.

7. Conclusion

Due to its toxicity and long-lasting presence, fipronil and its me-
tabolites pose a danger in food samples. In this study, we report highly
sensitive aptasensor platforms for fipronil detection using the SE
method, as it is sensitive to molecular accumulation on the substrate
material, as measured by A (phase shift) values. The LOD values for both
aptamers in the buffer solution were quite promising, reaching 33.7 pM
for Anti-FIP1 and 24.9 pM for Anti-FIP2. These figures are well within
the range of other fipronil detection methods summarized in Table 1,
reported in the literature. Moreover, due to the extensive molecule
cocktail used in the negative selection at the aptamer selection stage, the
specificity of the aptamers to BSA and ETH in the SE sensor structure
approached the limit of repeatability. Since its analytical performance in
terms of sensitivity and selectivity are remarkable, it can be concluded
that the proposed SE method is a good candidate for fipronil detection
even from a complex media. However, since it’s a sophisticated instru-
ment, miniaturization of SE to form a handheld or portable device for
on-site measurements is not possible. Nonetheless, measurements in the
drop-measure format, which do not require any additional labeling,
coupled with the use of multiple manufactured SE sensor chips, could
allow for high-throughput analysis in the laboratory environment.
Especially considering that only meeting the mass transfer-complex
formation rate is sufficient in terms of analysis time, yielding results
within a maximum of 30 min can also be considered an advantage. In
conclusion, the proposed ellipsometric-based aptasensors have shown
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promising results for the detection of fipronil in real samples.
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