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Imidacloprid is the most widely used insecticide in agriculture and its intensive use over the last 30 years
has caused a global concern due to its potentially toxic effects on the ecosystem. Considering the
recent scientific interest in novel simple methods for imidacloprid analysis, we propose a label-free
sensitive and specific localised surface plasmon resonance system for the detection of the insecticide
based on 2D nanostructured metasurfaces with highly performing plasmonic properties. The specificity
of the sensor proposed was achieved by covalent bio-functionalization of the metasurface using a smart
and easy one-step procedure mediated by carbon disulphide. The biosensor produced was tested using
a set of imidacloprid standard solutions showing a competitive limit of detection, lower than 1 ng mL™%.
Our novel nanosensing configuration represents a valid and reliable solution to realize low-cost portable
POC tests as an alternative to the laborious and expensive methods traditionally used for insecticide

rsc.li/materials-b detection.

1. Introduction

Imidacloprid is a systemic insecticide belonging to the family
of the neonicotinoid compounds. The name of this class of
insecticides means ‘‘new nicotine-like insecticides” and it
arises from the chemical structure resemblance between these
compounds and nicotine.»”* The presence of the nitroimine
group in imidacloprid allows the insecticide to exhibit selective
lethal effects against their invertebrate target, acting as agonists
on the postsynaptic nicotinic acetylcholine receptors (nAChRs).?
In particular, the ligand-gated ion channel nAChRs are irreversibly
bound by the insecticide with a consequent overstimulation of
cholinergic synapses finally resulting in the paralysis and death of
the insect." Despite the low toxicity of imidacloprid in mammals*
chronic exposure to sublethal doses still seems to pose risks in
these species, humans included.>® Moreover, the widespread and
intensive use of imidacloprid over the last 30 years for many
agricultural and residential purposes has provoked a rising global
concern because of the imidacloprid non-target effects on living
beings important for the ecosystem, such as aquatic organisms
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and pollinators.” " The gold standard methods in use for imida-
cloprid detection, such as liquid chromatography-tandem mass
spectrometry, have excellent performance but are complex,
expensive and not suitable for on-site analysis. The design of
novel, simple and cost effective analytical methods for imida-
cloprid has been in high demand in recent scientific literature.'>
A SPR system coupled with a smartphone for the qualitative/
semiquantitative detection of imidacloprid was proposed in
2016 by the Pei-Kuen Wei group.'® The chip was fabricated on
a polymeric substrate using a complex procedure that involved
hot embossing nanoimprint lithography in order to realize
capped silver nanoslits encapsulated by an Al,O; film. Although
the system allowed a visual detection limit (DL) of ~1 ppb and
a working concentration range of 1 ppb-10 ppm, the system
was characterized by limited resolution and poor sensitivity.
A renewed system with an improved spectral resolution
~0.1 nm per pixel, a DL ~ 10 ppb and a detection time ~
2 h 30 min has been recently proposed by the same authors.'*
A quench-body immunoassay for imidacloprid detection was
then proposed in 2018 by Zhao et al.*® It was realized by means
of a recombinant antibody antigen-binding fragment carrying a
Cys-tag for fluorescence labelling. This strategy involved a dye
coupling reaction, expensive reagents, and different steps of
purification after expression. The immunoassay was character-
ized by low cross-reactivity (1.7-3.2%) and a LOD of 10 ng mL ™"
(= 10 ppb). Electrochemistry was also exploited to realize an
imidacloprid sensor. El-Akaad et al. has recently reported a
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reusable capacitive sensor based on a molecularly imprinted
polymer (MIP) (particle size < 1 pm) for insecticide detection
with a limit of detection (LOD) of 4.61 pM.'® Zhang et al. used
MIP as a recognition element to realize an electrochemical
sensor based on a ratiometric strategy found a LOD = 47 nM
(12 ng mL™")."” Among the variety of transduction elements that
can be adopted for the simple, label-free, cost-effective and
on-site investigation of hazardous agents to ensure environ-
mental protection and food safety, localized surface plasmon
resonance (LSPR) has proved to be particularly favourable."® This
phenomenon exploits a coherent oscillation of the conduction
electrons generated in metallic nanoelements upon interaction
with photons of appropriate wavelength, causing both trans-
mitted light attenuation and electric near-field amplification.
Refractive index (RI) variations due to the deposition of mole-
cules on the metallic surface can be simply and promptly
revealed by evaluating the red shift of the wavelength associated
with the transmitted light minimum, allowing a quantitative
label-free analysis.’®>*> Compared with other plasmonic appro-
aches, LSPR sensing does not require temperature control or
complicated coupling optical systems and, moreover, it allows
the design of cheap portable prototype devices (costs less than
$5000).>> The most sensitive region to RI changes is in close
proximity to the metal surface; indeed the electromagnetic field
quickly decreases over a 10-15 nm distance from the plasmonic
area.”**® LSPR sensors are commonly realized by exploiting
nanoparticles in solution or nanostructured metal surfaces (on
a solid support) realized by top-down approaches or bottom-up
assembly, and they can be made using different metals and in a
plethora of shapes and sizes.'*>"?°3° Nanopatterned-surfaces,
in particular, show different performances according to their
pattern features such as geometry, symmetry, element sizes
and inter-particle distances. Photonic crystals based on iso-Y-
shaped-nanopillars (NPs) have shown interesting plasmonic
properties.>** In this work we exploit a 2D periodic arrange-
ment of iso-Y gold NPs to realize an engineered chip for the
imidacloprid detection by LSPR. We designed and fabricated
the pattern using the Electron Beam Lithography (EBL) technique.
Its plasmonic features were explored both numerically, using
FEM simulations, and experimentally, analysing the spectral
properties and measuring its bulk sensitivity.*> The nano-
patterned surface was functionalized using a monoclonal anti-
body (Ab) to confer specificity on the proposed biosensor.
An easy smart one-step method mediated by carbon disulphide
(CS,) was adopted for the Ab covalent immobilization. Using
our biofunctionalized nanostructures as LSPR sensors, we
demonstrate the possibility of detecting small amounts
(<1 ng mL ™) of the investigated insecticide. We carry out
our analysis performing measurements of the LSPR shift in the
presence of different concentrations of imidacloprid and reali-
zing comparative tests with other pesticides to evaluate the
specificity of our system. Our results suggest that this device is
promising for the development of a simple, rapid, sensitive and
specific sensor for detection of imidacloprid in water. It can
be a valid alternative to traditional methods and, in addition,
can be integrated using other chemical on-chip devices to
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realize compact and cost-effective portable point-of-care (POC)
systems.

2. Experimental

2.1 2D nanostructure fabrication

An EBL system (Raith150) was used to fabricate a two-
dimensional array with size 200 x 200 pm based on a unit cell
arranged in a periodic configuration. The unit cell consists of
gold NPs with iso-Y shape and with the size of the branches
S1 =100 nm and S2 = 60 nm (inset of Fig. 1a). The cells are
arranged in a triangular lattice with side of 600/,/3 nm. The
nanostructured substrate was fabricated making use of conven-
tional EBL fabrication steps. A film of 150 nm thickness of the
positive resist styrene methyl acrylate, co-polymer (ZEP520A)
was spin coated onto a BK7 glass substrate coated with 15 nm
of indium tin oxide (ITO). The substrate was baked at 170° for
5 min and successively exposed to the 22 pA electron beam
current with an area dose of 24 uC cm™> to generate a pattern
based on the iso-Y shaped nanoholes in the photoresist film.
Layer development was achieved by immersing the sample in
n-amyl acetate (90 s), in a 1:3 solution of MIBK: isopropyl
alcohol (IPA) (60 s) and, finally in IPA for 30 s. Subsequently,
2 nm Cr and 50 nm Au films were evaporated on the sample
surface by the means of the SISTEC CL-400C e-beam system.
Au lift-off was accomplished by immersing the sample in
acetone for 20 min, then in N-methyl-pyrrolidinone (NMP) at
80 °C for 5 min and, finally, spraying it with NMP. After these
steps, the plasmonic crystal with Au iso-Y NPs arranged with
the geometry described above was achieved.

2.2 Morphological and spectroscopic characterization

The plasmonic nanostructure realized was characterized mor-
phologically making use of both scanning electron microscopy
(SEM, Raith 150) and atomic force microscopy (AFM, NT-MDT
NTEGRA Spectra) in a contactless configuration.

LSPR of the nanostructure was measured and analyzed
realizing a spectroscopic characterization based on the extinc-
tion signal evaluation. In the set-up, unpolarized white light of
a halogen lamp is focused on the nanostructured pattern
making use of a 10x (N.A. 0.25) objective that allows a circular
light spot of about 400 pm. The transmission signal T versus the
wavelength 4 achieved from the nanostructure was collected
using a fiber with a core of 50 pm positioned behind the
nanostructure (in proximity to it) and connected to a spectro-
photometer (Ocean Optics USB4000, optical resolution ~1 nm).
T%(/%) was determined using the relation T%(4) = (T(1) — Tq)/
(Tref(A) — Tgq) x 100, where T.¢(4) represents the reference
transmission spectrum measured out of the nanostructure
and Ty represents the dark transmission spectrum achieved
by turning off the lamp. Extinction spectra Es were calculated by
the relation E4(1) = 100 — T%(A). Mean E; was calculated from
repeated measurements achieved by moving the collection fiber
on different areas of the nanostructures.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Nanostructure morphology: (a) SEM image, (b) AFM image and (c) sketch of multilayer and representation of the functionalization steps.

By the mean E; both the LSPR characteristic of the consi-
dered plasmonic nanopattern and its shifts obtained under the
different experimental conditions taken into account can be
estimated.

In order to evaluate the bulk refractive index sensitivity m
of our nanostructure we measured the LSPR peak obtained for
five different bulk media: water (n = 1.332), IPA/water 1:10 wt/wt
(n = 1.341), IPA/water 1:5 wt/wt (n = 1.349), IPA/water 1:1 wt/wt
(n=1.364), and IPA (n = 1.374) (Fig. 3). The refractive index of the
medium was measured making use of an Abbe refractometer.

Using the same setup, we evaluated the spectral shifts Adg,;
of the LSPR peak achieved for different concentrations of
imidacloprid (in PBS solutions) using substrates functionalized
as described in the next section. For each concentration taken
into account the Alg,ir was evaluated as the mean value of 6
measurements realized under the same experimental conditions.
The corresponding errors were calculated from the measurements
according to the standard deviation relation.

2.3 Nanosensor functionalization and imidacloprid
deposition

The biosensor realization was achieved exploiting a one-step
functionalization mediated by carbon disulphide to immobilize
covalently an anti-imidacloprid monoclonal antibody (CABT-
L091S, Creative Diagnostics, NY, USA) on the nanopatterned
gold surface. A solution 30 uM CS, and 10 pg mL™' anti-
imidacloprid monoclonal antibody in PBS was deposited onto
the metastructures for 2 h at 4 °C. The biofunctionalized chip

This journal is © The Royal Society of Chemistry 2021

was then copiously washed with milliQ water and stored in PBS
PH 7.4 a 4 °C until use (by up to 24 h). The biosensor
performances were tested using a stock solution 250 pg mL ™"
imidacloprid (Sigma-Aldrich, Milan, Italy) in milliQ water that
was properly diluted in PBS before use. The imidacloprid
solution was dropped on the functionalized nanostructures
and left to incubate in a humid chamber for 1 h at 25 °C.

After incubation of the analyte, the biosensor was washed
5 times with 1 mL PBS pH 7.4 and dried with N, before LSPR
spectrum data collection.

2.4 Specificity tests

The biosensor specificity was tested using different no-target
pesticides. In particular we used 250 pg mL ™' glyphosate in
milliQ water and 250 pg mL~" fipronil (TCI-Europe, Zwijndrecht,
Belgium) in 50% aqueous ethanol solution as stock solutions.
Each pesticide stock solution was diluted down to 400 ng mL ™" in
PBS pH 7.4 before its deposition on the biosensor surface. After
1 h of incubation in a humid chamber at 25 °C, the biosensor was
washed 5 times with 1 mL PBS pH 7.4 and dried with N, before
LSPR spectrum registration.

In order to reduce the aspecific signal we also adopted a
blocking strategy before pesticide deposition onto the biofunc-
tionalized nanostructures. In particular, we used 3% w/w BSA to
passivate the sensor surface (1 h at 25 °C, in a humid chamber).
The chip was then copiously washed with milliQ water and
stored in PBS pH 7.4 at 4 °C until the no-target pesticide
deposition.

J. Mater. Chem. B, 2021, 9, 9153-9161 | 9155
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2.5 Non-specific adsorption test

We prepared a chip biofunctionalized with an anti-glyphosate
polyclonal antibody (AS13 2739, Agrisera, Vdnnis, Sweden) to
verify the lack of imidacloprid non-specific adsorption onto the
sensor surface. A solution 30 pM CS, and 10 pg mL ™! anti-
glyphosate monoclonal antibody in PBS was deposited onto the
metastructures for 2 h at 4 °C. The biofunctionalized chip was
then copiously washed with milliQ water and stored in PBS pH
7.4 a 4 °C until use.

The 250 pg mL " imidacloprid stock solution was diluted
down to 400 ng mL™"' in PBS pH 7.4, dropped on the nano-
structures and left to incubate in a humid chamber for 1 h
at 25 °C.

After analyte incubation, the biosensor was washed 5 times
with 1 mL PBS pH 7.4 and dried with N, before LSPR spectrum
registration.

2.6 Finite element method (FEM) simulation

We performed a three-dimensional numerical simulation using
the finite element method FEM (COMSOL Multiphysics® 5.5,
Stockholm (Sweden)) to investigate the electric near-field of the
plasmonic substrates taken into account. We reproduced the
multilayer shown in Fig. 1c considering semi-infinite glass
substrate (BK7), semi-infinite air cover, and a thickness for
ITO and gold nanopillars respectively of 10 nm and 55 nm.
Dispersion relations based on real refractive indices were used
for the air, BK7 and ITO while a complex index was considered
for gold. At first, we calculated the field on the plane of a
singular iso-Y NP (size reported in Section 2.1) when an
incident monochromatic source affects it. We performed a
parametric sweep calculation for sources with wavelengths
ranging between 550 and 1150 nm (step size of 5 nm) and for
both x and y polarization. Subsequently, in order to analyze the
effects of NP interactions, the field relative to a portion of the
considered nanopattern is calculated for an incident source
with wavelength of 850 nm and, as in the previous case, with
both x and y polarization.

Both types of calculations were performed considering per-
fectly matched layer (PML) boundary conditions in the z-direction
perpendicular to the layers. Furthermore, in the case of an
extended pattern, the periodic conditions in both x and y direc-
tions were considered. The multilayer was discretized using a
tetrahedral mesh with element size in the range 0.5-20 nm. The
simulations were performed using a computer with a processor
intel core i7, 8 core, 3.40GHz and 32 Gb of RAM.

3. Results and discussion

The nanopattern we consider in this work comprises a periodic
arrangement on the triangular base of a unit cell (inset Fig. 1a)
made of iso-Y-shaped gold NPs.

We fabricated the nanostructure using the EBL method.
As is well known, EBL allows realizing of nano-geometries
with high resolution and repeatability but on the other hand
it is an expensive and complex technique. Anyway, it is useful to
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underline that the nanostructures developed using this approach
are replicable by other fabrication techniques based on molding
or printing, giving the possibility of realizing engineered low-cost
devices. In Fig. 1, it is reported the morphological analysis of the
nanopattern realized. SEM images in Fig. 1a show how both sizes
of the iso-Y NPs and their distance are regular on the whole
nanopattern and consistent with the design parameters. The
AFM image in Fig. 1b allows estimation of a mean NP height of
54 &+ 2 nm. The shape, size and pitch of the NPs determine the
main plasmonic characteristics of the structure. Our purpose
was to realize a sensing device based on LSPR properties that
worked in the near infrared region between 800 nm and
1000 nm. As is well known in the literature, the LSPR-based
sensing shows a higher sensitivity in the infrared region than in
the visible one.**® Furthermore, a sensor that works in a
wavelength range below 1000 nm allows the design of compact
devices with lower cost.

The characteristic size of the branches that we chose for the
iso-Y cell under consideration (S1 = 100 nm, S2 = 60 nm, see
inset Fig. 1a) determines a localized resonance with a peak in
air just around 850 nm, allowing a sensing in the spectral
region of our interest.

We investigated our nanopattern plasmonic behavior by
the means of numerical simulations based on FEM analysis.
At first, we investigated the spectral plasmonic field properties
of a singular iso-Y NP. We calculated the electric near-field
module distributions for both x and y polarized incident
monochromatic light for wavelengths in the Vis-NIR range
between 550 and 1150 nm and with a wavelength step size
of 5 nm. The videos realized with the distributions calculated
for both incident polarizations are available in the ESLf
In Fig. 2a we report some frames extrapolated from the anima-
tions relative to the fields achieved for the incident wavelengths
550, 700, 850, 1000 and 1150 nm for both x (first line) and y
(second line) polarizations. In the figure, the electric fields are
normalized regarding the maximum value found. Concerning
the shape of the cell considered (Y-shaped), the aim was to
increase the density of hot spots shown by the pattern. As known
from the literature, the formation of hot spots is favored in
proximity of tips and the Y shape taken into account shows a
number of tips which is double those shown in the more
conventional triangular shape.?*® As expected, depending on
the polarization used for the FEM analysis, the iso-Y NP shows
six hot spots corresponding to the vertices of the different
branches that can be associated with the LSPR effects. For both
polarizations, the maximum size and intensity of the hot spots
are achieved for wavelengths of around 850 nm. In this range
the superposition of the two hot spots corresponding to vertices
of the same branch is visible and three big hot spots are
generated. In order to analyze the effects of NP interactions,
we calculated the field relative to an extended portion of the
nanopattern. In this case, we consider for calculations a source
with a wavelength of 850 nm for which the simulations relative
to the singular pillar show high hot spot intensity. Fig. 2b
shows the near-field distributions obtained for the x and y
polarization. As visible from these last calculations, the plasmonic

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 FEM simulations. Distributions of the normalized module of the
electric near-field calculated for both x and y polarization of the incident
source: (a) near-field distributions of a singular iso-Y NPs achieved for
different wavelengths of the source, (b) near-field distributions of an
extended portion of the nanopattern considered to be achieved for a
wavelength of 850 nm.

fields of the single NPs interact with each other modifying the
distribution and increasing the intensity of the near-field in the
regions between the NP branches (dipolar coupling), in particular
in the case of an x polarized source. It is worth noticing that this
interaction could certainly be increased by reducing the distances
between the NPs in the geometry considered and, hence, achiev-
ing hot spot area with higher intensity. However, this would
lead to an increase in the gold filling factor with a consequent
reduction in the signal-to-noise ratio relative to the transmission
measurements on which our sensing approach is based. For this
reason, we believe that the characteristic size taken into account
for our nanopattern represents a good compromise to meet these
two aspects.

We experimentally evaluated the bulk sensitivity m of the
plasmonic nanostructure realized. In Fig. 3a the graph relative
to the mean extinction spectra Eg measured for different media
as described in Section 2.2 is reported. The LSPR peaks
evaluated in the refractive index range 1.332-1.374 are located
in the near infrared region (NIR), around 900 nm, and, as
expected, they show a red-shift for medium with a higher
refractive index. In Fig. 3b, LSPR peaks wavelengths (pecal)
are plotted as a function of the refractive index (n) of the
medium showing a good linear trend. For the electromagnetic
field with negligible decay length with respect to the effective
adsorbate layer thickness, the bulk sensitivity can be estimated
using the equation®” Apeak = Ao + mn, where 4, is the y-intercept
and m the bulk sensitivity. Our data are well fitted using the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Spectral characterization of the iso-Y nanopattern: (a) medium
extinction spectra measured for different media, (b) linear fit of the LSPR
peak wavelength plotted versus the refractive index of the medium.
The fitting equation is 4, = 318 + 428 x n, with a correlation coefficient
R = 0.99.

following values: /o = 318 & 16 nm and m = 428 + 12 nm RIU .
The sensitivity m that we achieved of 428 nm RIU ' is more
than double the average value of about 200 nm RIU™ " normally
found for 2D nanostructures based on gold nanopillars.*® The
small error bars of 2-3 nm shown in Fig. 3b highlight a high
reproducibility of the signal when we move the collecting fiber
on the plasmonic pattern. The values of figure-of-merit (FOM)
defined as the ratio FOM = m/FWHM (with FWHM being the
full wave at half maximum) calculated for the different spectra
achieved is about 1.90.

Subsequently, we functionalized the nanopattern to test its
performance as the LSPR sensor for specific detection of the
imidacloprid. We adopted an easy one-step functionalization
strategy for the Ab covalent immobilization mediated by carbon
disulphide (CS,) described in Section 2.3 and represented
schematically in Fig. 1c. The CS, allows the in situ forma-
tion of dithiocarbamates (DTCs) exploiting the presence of
immunoglobulin G (IgG) amino groups. This strategy was
successfully reported in the literature for the bio-functionali-
zation of gold surfaces with proteins, oligonucleotides, amino
acids, and small organic molecules.*’™® DTC chemistry
allowed us to achieve a robust gold surface functionalization
without introducing linkers taking up the limited LSPR sensing
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zone. To the best of our knowledge, this is the first time that
this method has been employed for the direct immobilization
of antibodies to the sensor surface.

A useful parameter to establish the potential for antigen
sensing is to check the amount of antibodies that are immo-
bilized onto the surface, usually expressed in ng mm~> of
deposited mass.

This parameter can be evaluated from the measurement of
the wavelength shift before and after functionalization with an
anti-imidacloprid detecting unit. In fact, when a molecule is
adsorbed onto a plasmonic support, the absorption spectrum
(angular or spectral) changes, thanks to the surface refractive
index variation. If the change An is detected in a thin layer
whose effective thickness is 4, An is related to % via the
relationship proposed by Homola:*”

An = (dn/dc)I'/h

where I' is the surface mass density of the adsorbed layer, dn/dc
is the variation of refractive index with the concentration of the
adsorbed species. As the sensor sensitivity has been evaluated
in 428 nm RIU ", the spectral change of 22 + 2 nm (immobi-
lization shift) corresponds to a surface refractive index change
An = 0.051. The value of dn/dc is typically 0.1-0.3 mL g ',*
while the penetration in the external medium of the resonant
field, that represents the thickness /4 of the sensing region, has
been estimated to be approximately 10 nm. Taking a typical
value of dn/dc = 0.2 mg L™, the corresponding surface mass
coverage is readily found to be I' = 2.5 ng mm ™. As, to our
knowledge, the mass coverage of the anti-imidacloprid is a
missing value not known in the current literature; however the
found value can be compared with figures obtained for its
isotype, namely the IgG, linked to the gold surface with
chemistries other than CS,. For instance, in a recent work*®
where o-lipoic acid activated with EDC-NHS chemistry is taken
as an IgG immobilizer, a coverage of 24.4 ng mm 2 is reported,
while a gold linked mixture of mercaptoundecanoic acid (MUA)
and propionic acid with EDC-NHS activation led to a gold
coverage of 1.2 ng mm™>.*° A value of 3.4 ng mm >, has been
found for the IgG mass coverage onto an SPR gold chip
functionalized with activated MUA,>® while a lower coverage
of 1.5 ng mm > has been found for IgG coated gold nano-
particles via direct immobilization of the antibody.”" In conclusion,
the efficiency of our immobilizing strategy on gold with carbon
disulfide is nicely comparable with other ones currently
available.

We evaluated the limit of detection (LOD) of our system
using equal copies of our bio-functionalized nanostructure.
We performed repeated measures of solutions of imidacloprid
with the concentration ranging between 0.1 and 2500 ng mL™".
For each measurement, the nanosensor was incubated with a
solution of imidacloprid in PBS (pH 7.4), and the LSPR peak
measured after washes. The mean LSPR peak shifts (AAgpne)
evaluated are shown in Fig. 4a (black squares). Experimentally,
the Algnire grows to a value of about 35 nm corresponding to an
imidacloprid concentration of [I] = 1000 ng mL ", after which
the signal reaches a plateau due to the saturation of the
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Fig. 4 LSPR sensing of imidacloprid with functionalized iso-Y nano-
pattern: (a) LOD evaluation for specific imidacloprid detection: Aeax shift
versus imidacloprid concentration (in the inset, an image of a substrate
with some iso-Y nanostructure replicas circled in red), (b) specificity
analysis of the functionalized nanopattern carried out considering two
other pesticides, glyphosate and fipronil.

nanostructured sensitive area of the sample. We are aware that
the imidacloprid AZgnire magnitude is particularly high, consi-
dering the low molecular weight of this molecule (255 g mol ™).
A possible explanation could be the formation of n-stacking
interactions among the imidacloprid molecules captured by the
antibody and the molecules dispersed in solution, due to the
presence of the analyte aromatic ring. Moreover, this inter-
action could be also stabilized with a hydrogen bond between
the nitro group and the amine group of the imidazolidine ring
of the molecule.”

To estimate the LOD of our system we fit the data using the
following sigmoidal-logistic relation (red line in Fig. 4a):

Adgnife = A/Abmax/(l + eXP(—k([I] - xc))

where Alnax represents the theoretical maximum shift, x. the
imidacloprid concentration corresponding to a shift of Al;,ax/2
and £ a fit parameter. The experimental evaluation reported in
Fig. 4 is well fitted using A/max = 36.6 = 0.9 nm, k = 6.5 £
0.3 mLng ' and x. =351 + 13 ng mL ™", with an R* > 0.99 and

This journal is © The Royal Society of Chemistry 2021
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a reduced y” = 0.2. Considering the intersection of the fit with
the minimum detectable shift S;op of 3.3 nm of our system
we estimate a LOD value for our nanosensor of 0.75 ng mL "
(0.75 ppB). S op was evaluated through the relation Syop = Ko
where K = 3 is a parameter relating to a confidence interval of
99% for a Gaussian distribution of the values and ¢ = 1.1 nm is
the standard deviation of the signal achieved from the blank
sample.”® The standard deviation (SD) values estimated are
reported as error bars in Fig. 4a, and the calculated percentage
coefficients of variation (% CV = SD/mean x 100) indicate a
good reproducibility of our measurements. Indeed, the % CVs,
calculated for the tested concentrations above the LOD, range
from 8 to 12%.

Non-specific adsorption tests were performed exploiting a
metasurface functionalized with an anti-glyphosate polyclonal
antibody using the CS, one-step method. This kind of reference
sensor is unable to bind imidacloprid specifically and allows us
to reveal non-specific imidacloprid adhesion onto the biofunc-
tionalized metasurfaces. In this case, the LSPR shift registered
upon 400 ng mL ™' imidacloprid incubation was 0.5 & 0.6,
proving the lack of imidacloprid non-specific adsorption onto
the sensor surface.

Finally, the specificity of our biosensor for the detection of
imidacloprid was evaluated using 2 different no-target insecti-
cides (Fig. 4b). We tested a concentration of 400 ng mL " for
glyphosate and fipronil, and we registered a % signal compared
to the 400 ng mL ™" imidacloprid response of 17.5% and a
19.8%, respectively. We repeated the measurements after passi-
vation of the biofunctionalized metasurface with 3% (w/w) BSA
and in this case we revealed LSPR shifts lower than the S;op
of our system for both pesticides. In particular, we achieved
an 8.2% and a 11.3% response for glyphosate and fipronil,
respectively, compared to the imidacloprid signal.

These results highlight how our system can represent an
optimum tool for a sensitive and specific detection of the imida-
cloprid for concentrations ranging between 1 and 1000 ng mL .

It must be mentioned that the obtained LOD value of
0.75 ppb is extremely competitive considering the imidacloprid
detection systems reported in the literature."**® Moreover, we
believe that our work represents an outstanding result consi-
dering that is the first example of imidacloprid detection
achieved using a LSPR tool.

In the future, we have planned to perform further experiments
to improve the reproducibility, the detection time and to mini-
mize the cross-reactivity of our immunosensor, also testing real
samples.

4. Conclusions

In this work, we conceived a LSPR sensor made of a plasmonic
2D nanostructure based on a periodic arrangement of iso-Y
gold NPs. Enhanced plasmonic properties of such a structure
were analyzed through FEM simulations in detail. The nano-
pattern was fabricated using the EBL technique and morpho-
logically characterized. We demonstrated that our sensor can

This journal is © The Royal Society of Chemistry 2021
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be used for a very reliable, sensitive and specific detection of
imidacloprid. Furthermore, to the best of our knowledge, it is
the first time that a nano-patterned LSPR bio-sensor has been
employed for imidacloprid detection. The plasmonic properties
of the pattern were investigated experimentally and a bulk
sensitivity of 412 nm RIU ' was found. We functionalized the
plasmonic surface using a smart one-step strategy never used
so far for the direct antibody immobilization. A wide working
concentration range between 1 and 1000 ng mL™ " and an
extremely appealing LOD lower than 1 ng mL~" were achieved.
The specificity of the system was preliminarily tested using two
other pesticides, achieving LSPR shifts lower than the Syop of
our system. Our achievements show how the developed nano-
sensor is a valid alternative to traditional methods for pesticide
detection that can be integrated with other devices to realize
low-cost portable POC testing.
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