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Editorial

New and Improved Nanomaterials and Approaches for Optical
Bio- and Immunosensors

Boris B. Dzantiev

A.N. Bach Institute of Biochemistry, Research Center of Biotechnology of the Russian Academy of Sciences,
Leninsky Prospect 33, 119071 Moscow, Russia; dzantiev@inbi.ras.ru

The current state in the development of biosensors is largely associated with the
search for new approaches to simplify measurements and lower detection limits. Nanotech-
nologies have provided various tools to achieve these goals; however, their comparative
assessment and the reasonable choice of the most effective nanomaterials are still in de-
mand. The use of nanoparticles as carriers and labels has good practical prospects due to
the availability of simple tools for their optical registration.

The above-listed reasons have driven our interest in preparing this Special Issue. It is
focused on new approaches for highly sensitive bio- and immunosensors with nanodis-
persed labels and their optical registration. The 11 articles of this Special Issue demonstrate
the current state of developments and their most promising directions.

Yuliya A. Podkolodnaya et al. characterize composites of carbon nanostructures and
silica particles in their review [1]. This combination integrates specific features of both com-
pounds and allows for different assay formats and detection techniques. The publication
reports successful applications of the given composites for bioimaging, chromatography,
immunoassays, and other important analytical tasks.

Jia Zhang et al. studied the transformation of mycotoxin sterigmatocystin upon
processing contaminated rice wine [2]. They used HPLC–MS/MS to investigate changes
in sterigmatocystin content and profiles of its metabolites for different rice leaven levels
and fermentation times. The obtained data help enable the evaluation of health risks and
finding methods for their prevention.

Galina V. Presnova et al. considered the digital detection of nucleic acids on silicon
microchips based on the counting of gold nanoparticles in DNA duplexes by scanning elec-
tron microscopy [3]. This approach demonstrated high sensitivities (down to 0.04 pM for
short oligonucleotides) and was effective for productive testing of genetic variability. The
practical potential of the developed technique was confirmed by multiplex quantification
of bacterial genes responsible for resistance against β-lactam antibiotics.

An original way to detect low quantities of pathogen-specific immunoglobulins in
serum samples for efficient serodiagnosis of infection deceases is proposed in the paper
by Dmitriy V. Sotnikov et al. [4]. The authors improved traditional lateral flow test strips
via the two-stage incorporation of nanoparticles into immune complexes. This enables
increasing the number of the detected markers per one formed immune complex (by more
than two orders of magnitude), thus providing the detection of specific antibodies at low
concentrations. The proposed approach was successfully applied for the serodiagnosis of
COVID-19.

Oleg L. Bodulev et al. combined a chemiluminescent enzyme-linked oligonucleotide
assay with mismatched catalytic hairpin assembly amplification [5]. The case study of
this approach for microRNA-155 assay demonstrated a low detection limit of 400 fM. The
efficiency of the assay and its perspectives for medical purposes was demonstrated by
measurements of microRNA-155 content in human cancer lines.

The paper of Zhaodong Li et al. demonstrates the successful application of hapten
design techniques aimed at the modulation of immunodetection specificity [6]. Due to
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the variety of structurally similar sulfonylurea-based anti-diabetic drugs, broad-specific
immunodetection is in demand. The authors present newly produced antibodies and their
use in a multiplexed enzyme-linked immunosorbent assay of sulfonylurea adulterants in
functional pills.

Larisa V. Sigolaeva et al. considered new approaches for highly sensitive surface-
enhanced Raman spectroscopy (SERS) [7]. Their study presents a laser-induced aggregation
of silver nanoparticles and the thermoresponsive micelle-forming diblock copolymer of
1,2-butadiene and N,N-dimethylaminoethyl methacrylate. Using 4-mercaptophenylboronic
acid as a reporting probe led to the laser-induced enhancement of a SERS signal. The
proposed mechanism of this effect was confirmed by theoretical simulation.

Simone Cavalera et al. investigated cases of nonmonotonic dependence of the recorded
signal on the analyte concentration (“hook effect”) in a lateral flow sandwich immunoas-
say [8]. The authors explained this effect as due to antigen saturation caused by the excess
of the labeled antibody and studied the systematic variation in the immunoassay parame-
ters that affect rapid interactions in lateral flow tests. The obtained results allowed for the
development of an effective assay for lumpy skin disease virus detection.

Mariia V. Samodelova et al. developed a SERS-based sensor for detecting the SARS-
CoV-2 virus using aptamers as recognizing molecules [9]. The formed sandwich complexes
of the primary aptamer at the plasmonic surface, antigen-coated silver nanoparticles, and
fluorophore-labeled secondary aptamer allowed an investigation of the impact of the
distance between the SERS-active compound and the quencher and proposal of a protocol
for high-sensitive detection.

One more SERS-based assay was developed in the study of Artem Tabarov et al. [10].
Influenza viruses have no characteristic spectral peaks and, therefore, are difficult to identify
by SERS-based sensors. The authors successfully applied machine learning technologies
and provided differentiation of samples containing influenza A and B viruses with high
accuracy. The given development contributes to more effective medical diagnostics and
assessment of epidemiological situations.

In the study by Olga E. Eremina et al., the development of molecular immobiliza-
tion and resonant Raman amplification by a complex-loaded enhancers (MIRRACLE)
sensor to measure intense Raman signals on a nanostructured silver-based substrate was
reported [11]. The authors synthesized plier-like ligands with different functional groups
as tools for shifting the maximum absorbance of catecholamines and generating a new
absorbance band. The concentration range reached for the determination of dopamine
was 3.2 pM–10 nM, which confirmed its prospects in the evaluation of neurotransmitter
metabolism disorders.
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Luminescent Composite Carbon/SiO2 Structures: Synthesis and
Applications
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Abstract: Luminescent carbon nanostructures (CNSs) have attracted great interest from the scientific
community due to their photoluminescent properties, structural features, low toxicity, and a great
variety of possible applications. Unfortunately, a few problems hinder their further development.
These include the difficulties of separating a mixture of nanostructures after synthesis and the
dependence of their properties on the environment and the aggregate state. The application of a
silica matrix to obtain luminescent composite particles minimizes these problems and improves
optical properties, reduces photoluminescence quenching, and leads to wider applications. We
describe two methods for the formation of silica composites containing CNSs: inclusion of CNSs
into silica particles and their grafting onto the silica surface. Moreover, we present approaches to the
synthesis of multifunctional particles. They combine the unique properties of silica and fluorescent
CNSs, as well as magnetic, photosensitizing, and luminescent properties via the combination of
functional nanoparticles such as iron oxide nanoparticles, titanium dioxide nanoparticles, quantum
dots (QDs), and gold nanoclusters (AuNCs). Lastly, we discuss the advantages and challenges of
these structures and their applications. The novelty of this review involves the detailed description
of the approaches for the silica application as a matrix for the CNSs. This will support researchers in
solving fundamental and applied problems of this type of carbon-based nanoobjects.

Keywords: luminescent composite particles; carbon nanostructures; luminescent carbon-based
nanomaterials; silica nanoparticles; luminescence

1. Introduction

Luminescent CNSs are colloidal quasi-spherical nanoparticles consisting of amorphous
and/or nanocrystalline carbon structure, oxygen/nitrogen groups, and bright and tunable
emission [1,2].

Currently, CNSs are relatively new luminescent labels for biological and analytical
applications [3]. Their optical properties are comparable or even superior to luminescent
semiconductor QDs [3,4], upconversion nanoparticles [5], and organic dyes [6]. Moreover,
CNSs have excellent solubility in water, high resistance to photobleaching, absence of toxic
components, and biocompatibility [1,3–5]. CNSs can be synthesized from a wide range of
start materials without expensive and time-consuming steps [7].

The structure of CNSs has not been fully explored. There are several theories about the
structure of CNSs. One of them describes the structure of CNSs as amorphous carbon [8],
another reports the crystal structure [9], and a third assumes the presence of a mixture of

Biosensors 2022, 12, 392. https://doi.org/10.3390/bios12060392 https://www.mdpi.com/journal/biosensors
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crystalline and amorphous components [10]. Moreover, there is a disproportion across
the structural information provided by various methods, such as X-ray diffraction, high-
resolution transmission electron microscopy (HRTEM), and Raman spectroscopy [3].

The nanostructures described in the literature can be called carbon dots [5,6,11], carbon
nanoparticles [12,13], carbon quantum dots [14,15], etc. A uniform terminology has not
yet been formed. In this review, we use the term “carbon nanostructure” due to their
understudied structure and morphology.

Various start materials, synthetic approaches, and conditions allow obtaining CNSs
with a wide luminescence range. Despite thousands of studies, there are several scientific
open questions about the relationship between structure and emission, optical behavior,
and the nature of electronic states [3,4].

Different synthetic methods lead to mixtures of CNSs with various properties. The
actual purification and fractionation techniques are mostly multistage, costly, or low-scale
productive [12]. The properties of CNSs can depend on the environment, which limits their
applications [16]. Moreover, solid-state CNSs usually have low luminescence due to the
quenching effect caused by the aggregation of nanoparticles [17].

Some of these problems can be solved by using a “fixation” matrix for CNSs. There is
continuous exploration for a suitable matrix for composite formation with CNSs to preserve
and even improve their properties. The literature reports various examples of matrices
such as silica [18–23], polymers [24–26], starch [27], zeolites [28–30], potassium aluminum
sulfate [31], trisodium citrate [32], and sodium chloride crystals [33]. Currently, silica is
a powerful and effective matrix thanks to its optical transparency [34,35], biocompatibil-
ity [34], low toxicity [34,36], tunable dielectric properties [37], and potential for size and
surface customization [34,36].

In this review, we summarize and provide a critical analysis of the synthesis of
luminescent composite particles based on CNSs and silica spheres. We demonstrate two
dominant methods for obtaining composites: (i) inclusion of CNSs into silica particles
(Figure 1A) and (ii) grafting of CNSs onto the silica surface (Figure 1B). Additionally, we
demonstrate the obtainment of bifunctional composites consisting of CNSs/silica and
fluorescent, magnetic, or photosensitizing particles (Figure 1C). We analyze the advantages
and disadvantages of these approaches and complexes, as well as describe their properties
and the possibilities of their application (Table 1).

Figure 1. Schematic illustration of the composite formation: inclusion of CNSs into the silica matrix
(A) [38], grafting of CNSs onto the silica surface (B) [22], and synthesis of bifunctional complexes
(C) [39]. Adapted with permission from [38], ACS 2019, [22], Springer 2017, and [39], Elsevier 2020.
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Table 1. Examples of CNSs/SiO2 composites: synthesis, properties, and applications.

Synthesis CNS Synthesis Composite Composite
Application References

Precursor Method Precursor Method Size, nm Property

CA, AEAPTMS Pyrolysis CNSs, TEOS Hydrolysis by
reverse

microemulsion

~150
PL:

λex. = 380 nm
λem. = 460 nm

QY = 56%

Labels for im-
munochemical

analysis
[18]

CA, AEAPTMS 84–190
PL:

λex. = 380 nm
λem. = 460 nm

Detecting
fingermarks [19]

CA, urea HT
CNSs, TEOS,

APTES 18–159
PL:

λex. = 365 nm
λem. = 450–650

nm
LEDs [17]

Polyacrylic
acid, EDA CNSs, TEOS Hydrolysis by

Stober - Phosphorescence:
λem. = 520 nm

Labels in
tissues [38]

CA, urea Solvothermic
CNSs, ARTMS,

and silica
nanoparticles

Chemical
grafting 25–40

PL:
λex. = 400 nm
λem. = 455–650

nm
QY = 30–60%.

LEDs [40]

1. Nylon 6,
sulfuric acid
2. Obtained
CNSs, nitric

acid

1. Pyrolysis
2.

Solvothermic

Two methods:
(a) silica

modified with
APTES/GOPTMS,

CNSs
(b) Silica, CNSs

(a) Chemical
grafting

(b) Thermal
annealing

-
PL:

λex. = 360 nm
λem. = 460 nm

QY = 2.5%.

Determination
of ions [23]

CA, AEAPTMS Pyrolysis
CNSs, silica
microsized

particles

Sonication,
mechanical

mixing
>5000 -

Stationary-
phase

chromatogra-
phy

[22]

Urea, folic acid Microwave
Fe3O4, TEOS,
APTES, CNSs Hydrolysis by

Stober and
chemical
grafting

155

PL:
λex. = 370 nm
λem. = 455 nm

A magnetic
saturation
intensity:

31.2 emu/g

Synergistic
medicine [41]

CA, EDA CdTe, TEOS,
APTES, CNSs 50

PL:
λex. = 350 nm
λem. = 455 and

658 nm
Ratiometric

optical labels
[21]

CA, EDA,
silica spheres HT

Silica
spheres@CNSs,

AuNCs,
APTES

Chemical
grafting 57

PL:
λex. = 360 nm
λem. = 448 and

610 nm
[20]

CA, urea CNSs, APTES,
TEOS, TiO2

Hydrolysis by
Stober 150 -

Photothermal
and

photodynamic
therapy

[39]

2. Carbon Nanostructures: Features, Structure, and Properties

An unknown highly luminescent material was found in 2004 during the purification
and separation of single-walled carbon nanotubes (SWNTs) synthesized from arc-discharge
soot [42]. The separation of SWNTs from the species of arc soot was achieved by elec-
trophoresis in agarose gel. The soot was previously oxidized by nitric acid and then
extracted with basic water (pH 8.4). After the gel-electrophoretic separation, slow-moving
bands corresponded with SWNTs, while fast-moving bands contained the highly lumi-
nescent carbon material. This material was separated into several fractions with different
emissions in the green-blue, yellow, and orange regions. Since then, similar materials have
been called carbon dots, carbon nanoparticles, etc., without a common terminology. In
this review, we generally refer to these types of PL materials as CNSs. It is universally
acknowledged that the above-described study [42] discovered CNSs for the first time [1,2,7].

These types of nanoparticles have been synthesized and studied by numerous scientific
groups to determine the causes of their photophysical properties, improve their synthesis,
and identify applications [3,11]. CNSs are nanoparticles with a unit size of nanometers,
usually consisting of carbon, hydrogen, oxygen, nitrogen, or sulfur [43]. Their most
important property is bright luminescence in the range from blue to near-infrared [44].

Luminescent CNSs are a large class of carbon-based nanosystems of various structural
types. Messina’s research group classified CNSs according to their differences in structure

7
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and morphology. They proposed four groups of CNSs: graphene quantum dots, graphitic
carbon dots, g-C3N4 carbon dots, and amorphous carbon dots (Figure 2) [4].

Figure 2. Schematic illustration of reported four types of CNSs. Black and red dots represent carbon
and nitrogen atoms, respectively. Reprinted from ref. [4].

Graphitic carbon dots are spherical and the most popular type of nanostructures in
the scientific literature [45–49]. However, a detailed study of their structural features by
HRTEM was obtained in a few studies [47,50,51]. Their structure consists of several layers
of sp2-hybridized carbon with a diameter of units of nanometers. Graphene quantum dots
have a non-spherical structure with 1–3 graphene layers [52,53]. The optical properties
of these CNSs are very similar. In fact, their assignment to different types is a subject
of discussion.

The third type of CNSs is C3N4 carbon dots. Some research groups [54–56] reported on
carbon nitride structures with a graphitic- or β-crystalline arrangement (g-C3N4 or β-C3N4).
CNSs of the g-C3N4 type have a layered structure similar to graphite with sp2-hybridized
carbon and nitrogen atoms. In contrast, β-C3N4 nanostructures have a hexagonal network
of sp3-hybridized carbon atoms connected with sp2-hybridized nitrogen atoms.

Many studies have described a fourth type of CNSs—amorphous carbon dots [8,57,58].
They are a mixture of differently hybridized carbon (sp2 and sp3) in various proportions
without a specific core. However, they also exhibit bright luminescence.

Moreover, Zhu and et al. [59] presented polymer dots consisting of aggregated or
crosslinked polymers derived from linear polymers or monomers.

Several research groups have presented fluorophore-connected CNSs. These fluo-
rophores are formed during the synthesis of CNSs and can be free or connected to the
surface of nanostructures [60,61]. The luminescence of these CNSs has been specified.

Similar sizes (≤10 nm) and surface functional layers characterize all described types
of CNSs. These features determine the optical properties of the CNSs [3,4]. CNSs have
absorbance in the far-ultraviolet (UV), visible, and near-infrared regions. Usually, intense
absorption bands of CNSs have been observed in the range of 190 to 500 nm, corresponding
to π→π* or n→π* transitions [4]. It is assumed that these absorption bands are determined
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by electronic transitions of functional groups located on the surface, as well as defects of
the carbon core [4]. The position and intensity of optical bands depend on the temperature,
pH, solvent, etc. [4,11].

The most attractive optical characteristic of CNSs is photoluminescence (PL). The
spectral range and intensity of the PL bands of CNSs depend on their composition, type,
and density of functional groups, and size, as well as energy of the excitation and properties
of the environment [3,62]. Typically, CNSs have luminescence bands in the range of
350–700 nm [62]. A distinctive feature of the PL of CNSs is a strong dependence of emission
on excitation; an increase in the excitation wavelength leads to a redshift of the spectrum
band [62,63]. Researchers have correlated this fact with the presence of different emitting
centers [64] or the emission of different chromophore groups in the CNS structure [65]. It
should be noted that the optical properties of CNSs depend on the initial components and
the synthetic technology [3]. In some cases, it is possible to improve the optical properties
by varying the temperature, synthetic time, solvents, concentration, and ratio of starting
substances [63]. However, there is no fundamental correlation among the synthetic method,
structure, and properties of CNSs. The application of the matrix allows obtaining a better
understanding of CNS structure and increases their applicability.

3. Silica Matrix: Synthetic Methods and Properties

Silica structures are often used as a matrix for nanoparticles [35,66–69] due to their
thermodynamic and chemical stability in various chemical environments, low toxicity,
biodegradability, optical transparency, and high surface area [34,69,70]. The presence of
hydroxyl groups on the silica surface leads to high hydrophilicity and contributes to further
functionalization [34].

Silica particles can mainly be synthesized by the Stober or the reverse microemulsion
methods [36]. The Stober method can be applied to produce colloidal silica particles
ranging from 200 to 2000 nm. This method is based on the hydrolysis and condensation of
silanes in an aqueous alcohol solution in the presence of an ammonium hydroxide catalyst.
The shape and size of the formed silica particles depend on the synthetic parameters:
the concentrations of silane, ammonium hydroxide, water, and alcohol, their ratios, and
the rate of their interaction [34,70,71]. However, researchers have described difficulties
when synthesizing particles with target dimensions and shapes using the Stober approach
because of the unlimited hydrolysis of silanes [71]. The reverse microemulsion method can
solve these issues.

The reverse microemulsion method involves the formation of a thermodynamically
stable dispersion of water in a nonpolar solvent stabilized by surfactant molecules called
reverse micelles. Reverse micelles serve as nanoreactors for the hydrolysis and condensa-
tion of silanes to form silica nanoparticles. This method allows obtaining a narrow particle
size and shape distribution because of similar micelle reactor sizes. In this case, the size
and shape of the resulting silica nanoparticles depend on several factors: the nature of the
organic solvent and surfactant, the molar ratio of reverse micelle components, the concentra-
tion of ammonium hydroxide, the synthesis time, and the amount of tetraethylorthosilicate
(TEOS) and/or other organosilanes for the surface modification of nanoparticles [36,69,72].

4. Formation of Composite Carbon/SiO2

The following problems limit the application of CNSs:

I. Obtainment of a polydisperse product;
II. The dependence of their optical properties and stability on the chemical environment;
III. PL dependence on properties of the microenvironment and the quenching of lumines-

cence in the lyophilized samples;
IV. Nonuniform distribution of surface functional groups;
V. Weak PL intensity.

The above-listed problems can be solved by the application of a silica matrix. CNSs
can be associated with silica via two approaches: inclusion of CNSs into the matrix or
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grafting of CNSs onto the silica surface. Moreover, these approaches can be applied to the
synthesis of bifunctional complexes.

4.1. Inclusion of CNSs into the Silica Matrix

The inclusion of CNSs into silica spheres allows solving the above-stated problems.
Thus, Xu’s group [18] synthesized luminescent composite nanoparticles via simple co-
hydrolysis of CNSs with TEOS. The authors synthesized amino-modified CNSs via py-
rolysis of citric acid (CA) and N-(β-aminoethyl)-γ-aminopropylmethyldimethoxysilane
(AEAPTMS) at 240 ◦C for 5 min under nitrogen atmosphere. The hydrolysis of TEOS
and the obtained CNSs was carried out by the reverse microemulsion method. However,
the authors highlighted the polydispersity of the luminescent composite nanoparticles.
They applied differential centrifugation to obtain uniform-sized nanoparticles. Figure 3A
shows a transmission electron microscope (TEM) image of the composites after separation.
The PL maximum of the obtained particles was in a blue region at 460 nm and depended
on the excitation wavelength (Figure 3B). The proposed approach allowed increasing the
composite PL quantum yield (QY) by 9% compared to the initial CNSs (56% and 47%,
respectively). The authors described the homogeneous distribution of CNSs in the SiO2
matrix, as well as the good reproducibility achieved by this approach. This composite was
used in an ultrasensitive method for the detection of the thrombocytopenia syndrome virus
(SFTSV). The synthesized composite nanoparticles were used as labels for immunochemical
analysis. The composite was conjugated with an anti-SFTSV monoclonal antibody for
the registration of the optical signal. The detection limit of SFTSV was 10 pg/mL. The
sensitivity of the developed assay was two orders of magnitude higher than that of the
colloidal gold-based test method. The authors claimed that this method can be used for
other viruses, protein biomarkers, nucleic acids, and bacteria in clinical diagnostics.

The Zhao group [19] used a similar technique for the synthesis of composite nanopar-
ticles at 234 ◦C for 5 min. The obtained particles had a spherical morphology and sizes
of 84 to 190 nm. These composite nanoparticles were successfully used for detecting la-
tent fingermarks. The porous structure of the composite increased the adhesion of the
nanoparticle to fingermarks. Moreover, these nanocomposites were effective and sensitive
for both fresh and aged fingermarks. The composites were sensitive for the detection of
latent fingermarks in a range of substrates such as glass, aluminum foil, plastic bags, drug
packing, and leather (the use of CNSs to improve the visualization of hidden fingerprints is
only applicable to a smooth nonporous surface). The optical signal was obtained at 415 nm
irradiation. The luminescence of the found fingermarks was bright and gave a fair contrast,
which suggests that the composite selectively targets the latent fingermarks.

Song’s research group [17] obtained luminescent composite nanoparticles with mul-
ticolor emission via reverse-phase microemulsion. Firstly, the researchers synthesized
multicolored CNSs using the one-step hydrothermal (HT) method from CA and urea.
The authors varied the ratio of the initial components, reaction time (6/10 h), synthetic
temperature (160/180 ◦C), and solvents (water, ethyl alcohol, and dimethylformamide
(DMF)). The PL maxima of the CNSs were in the regions from 450 to 650 nm. The reagent
ratio allowed achieving multicolor luminescence, and the HT temperature and time were
adjusted to obtain more intensive optical properties. Secondly, a mixture of CNSs, TEOS,
and 3-aminopropyltriethoxysilane (APTES) was added to the reverse-phase microemulsion.
This synthetic method is effective for preventing CNS quenching caused by the aggregation
of nanoparticles. The range of sizes from 18 to 159 nm of the obtained composite particles
depended on the TEOS concentrations. The authors described the production of multicolor
light-emitting diodes (LED) with the developed luminescent composite nanoparticles. A
composite-based LED was successfully fabricated by varying the content ratio of blue-,
green-, and red-emitting CNS/SiO2 with a Commission Internationale de L’Eclairage (CIE)
of (0.3497, 0.3045) and color rendering index (CRI) of 85.2.
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Figure 3. TEM images and emission spectra of the CNSs/SiO2 composite obtained by reverse
microemulsion method after separation (A,B) [18] and synthesized by Stober method (C,D) [38].
Images of solid-state composite after 365 nm irradiation from 0 to 10 s (E) [38]. Adapted with
permission from [18], ACS 2019, and [38], American Chemical Society 2019.

Li’s scientific group [38] used the Stober method for the synthesis of composite
nanoparticles with CNSs from polyacrylic acid and ethylenediamine (EDA), obtained using
the HT method at 200 ◦C for 8 h. For the composite synthesis, TEOS and CNSs were mixed
in the presence of ammonia and heated at 100 ◦C with vigorous stirring. This method led
to the covalent bonding of the CNSs to the matrix. Figure 3C shows HRTEM images of the
obtained composites. CNSs were located inside amorphous silica structures. The obtained
composites had a nonuniformity of size and shape. CNSs did not have phosphorescent
properties, while the composites demonstrated phosphorescence at 520 nm (Figure 3D).
The phosphorescence lifetime of the obtained composites was 1.64 s (Figure 3E). The silica
matrix was a protective shield preventing quenching and enhancing solubility in water.
The authors reported successful phosphorescence imaging of CNS/SiO2, both in vivo and
in vitro, highlighting the advantage of long-lived phosphorescence in bioimaging by elim-
inating the autofluorescence interference, especially under short-wavelength excitation.
The biocompatibility of CNSs@SiO2 composites was demonstrated on the mouse breast
carcinoma EM-6 cell line. The MTT colorimetric assay verified the very low cytotoxicity of
composites up to 150 μg/mL.

Thus, the inclusion of CNSs in the silica matrix increases the PL signal because the
PL intensity of several CNSs is higher than the intensity of a single one. Moreover, the
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application of the matrix can reduce the influence of the chemical environment on the
optical properties. Silica spheres allow avoiding the PL quenching associated with the
aggregation of CNSs in the solid state. However, both reverse microemulsion and Stober
methods generally do not provide a synthesis of monodisperse structures. The synthesis of
luminescent composites, as a rule, consists of several stages and is quite time-consuming.
Many researchers have used differential centrifugation as an additional step to obtain
uniform size fractions of composites.

4.2. Grafting of CNSs onto the Silica Surface

Grafting is also a very convenient method since the PL properties of composite
nanoparticles can be controlled by the concentration of CNSs during the synthesis. More-
over, this method allows introducing specific functionality to the composite surface. The
grafting process proceeds through the formation of covalent bonds and increases the
stability of the obtained composites.

Sun et al. [40] synthesized luminescent composite nanoparticles by grafting CNSs onto
the surface of a silica matrix via an amide bond formation reaction. They used CA and
urea (mass ratio = 1:2) in DMF via the solvothermal method in an autoclave at 160 ◦C for 8
h for CNS synthesis. An increase in the concentration of reagents (from 6 to 240 mg/mL)
led to a gradual shift of the PL maximum to longer wavelengths (Figure 4A–H). The
solvothermal reaction of citric acid and urea was demonstrated to be an available route
to acquire full-color-emitting CNSs at controlled reactant concentrations in DMF. They
mixed different concentrations of a solution of CNSs, 3-aminopropyltrimethoxysilane, and
silica nanoparticles in DMF with stirring at room temperature for 3 h (Figure 4I). The
reaction mixtures were centrifuged at 8000 rpm for 10 min, and the precipitated solids
were solidified in a vacuum oven at 50 ◦C for 24 h. The size of the obtained composites
was 25–40 nm. The use of a matrix prevented the quenching of the CNS luminescence in a
solid state. The combined application of full-color-emitting CNS/SiO2 and InGaN chips
with different peak wavelengths led to design flexible packaging schemes for white LEDs
(WLEDs), obtaining a pure white light at the CIE coordinates of (0.33, 0.33) with CRI of 80.4
and a high color-rendering white light with CIE coordinates of (0.34, 0.36) and CRI of 97.4.
This fact indicated the significant application potential of the SiO2/CNSs composite in the
LED field.

The Thongsai group [23] used other methods for chemical grafting of CNSs onto the
silica substrate. The authors synthesized CNSs from nylon-6 by pyrolysis at 250 ◦C for 6 h
in the presence of sulfuric acid. The resulting product was HT treated with nitric acid at
200 ◦C for 6 h. The PL QY of the product was 2.53%. The obtained CNSs were grafted onto
the silica surface primarily modified with APTES or 3-glycidyloxypropyltrimethoxysilane
(GOPTMS). Grafting of CNSs was carried out via a carbodiimide reaction with EDC. The
functionalized substrates were immersed and stirred in a solution with CNSs at room
temperature for 24 h. The product was washed several times with deionized and sonicated
to remove unreacted CNSs. The composites were dried with N2 and kept in a vacuum
oven before use. The authors also described the preparation of composite nanoparticles via
thermal annealing. A water solution of CNSs was added dropwise onto the purified silica
substrate and subjected to thermal annealing in a vacuum chamber at a high temperature
(160 ◦C). The data of the root-mean-square roughness and contact angle of the silica
surface after grafting indicated successful CNS attachment. The authors noted that the
functionalization of both APTES and GOPTMS was effective for introducing CNSs to the
silica surface, but a uniform dense monolayer was not obtained. In addition, the two-stage
methods required a long reaction time and several purification stages. Therefore, the
one-stage method of thermal annealing is the most promising. Moreover, the successful
grafting of CNSs onto APTES- and GOPTMS-terminated surfaces showed the presence of
carboxyl and amino groups. The obtained composites were used for the determination of
heavy-metal ions. The composite demonstrated selective detection and high adsorption of
Cu2+ ions, suggesting practical applications as two-in-one sensors and adsorbents.

12



Biosensors 2022, 12, 392

Figure 4. Images of CNSs solutions (A–H) with concentrations (6–240 mg/mL) under daily and UV
light (λex. = 365 nm). Scheme of CNSs/SiO2 formation mechanism (I). Reprinted with permission
from [40], Royal Society of Chemistry 2020.

The Cai group [22] successfully grafted CNSs onto the matrix surface without linkers.
The authors synthesized silanized CNSs via pyrolysis of CA in hot AEAPTMS at 240 ◦C
for 5 min, which were grafted on the silica micro-sized particles. A mixture of silanized
CNSs and silica microparticles was sonicated, heated to 110 ◦C, mechanically stirred
for 24 h, and mixed until the formation of a homogeneous dispersion. After that, the
resulting substance was washed sequentially with toluene and ethanol and dried at 60 ◦C
in a vacuum oven. This method allowed obtaining a uniform distribution on the silica
surface. The resulting luminescent composite particles had a large surface area and a
variety of functional groups, high adsorption, and thermal and mechanical stability. These
composites were used as a stationary phase in hydrophilic interaction chromatography
for the separation of sulfonamides, flavones, amino acids, nucleosides, and bases. The
composite stationary phase was packed into stainless-steel columns (150 mm × 4.6 mm
i.d.) with carbon tetrachloride as the slurry solvent and acetonitrile as the mobile solvent.
This work revealed a new way to enhance the chromatographic selectivity by CNSs, which
increases the density of the interaction sites on the stationary phase.

The synthesized composite nanoparticles from CNSs and silica helped to better un-
derstand the structure of CNSs, to consider surface and interfacial phenomena with their
participation (such as adsorption, energy, and charge transfer), and to apply CNSs in
important applications (sensing, chromatography, LEDs). However, the chemical grafting
of CNSs onto the silica surface is a complex procedure and requires appropriate chemical
reactions. The authors note the difficulties in obtaining a monolayer of CNSs on the sur-
face of silica. The resulting composite requires several stages of purification to separate
uncombined CNSs.

4.3. Formation of Bifunctional Structures

Composite nanoparticles can be used to obtain bifunctional complexes with a simul-
taneous attachment of structures both inside and on the surface of silica. The application
of a silica matrix allows solving the previously described problems, as well as combining
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the unique fluorescent, magnetic, and photosensitizing properties of particles of different
nature.

Guan et al. [41] fabricated bifunctional composites from Fe3O4, SiO2, and CNSs. A
single-stage microwave method was applied for CNS synthesis from urea and folic acid
at 800 W for 8 min. Magnetic nanoparticles Fe3O4 were synthesized using the solvother-
mal method from iron chloride hexahydrate and anhydrous sodium acetate in a mixture
of ethylene glycol and diethylene glycol at 200 ◦C for 12 h. Then, Fe3O4 particles were
silanized using the classical Stober method with TEOS and coated with APTES for amino
modification of the SiO2 surface. The carbodiimide method was used for grafting of CNSs
onto the amino-modified Fe3O4/SiO2 surface with EDC and NHS linkers for functional
group activation. The magnetic–fluorescent composite had a size of 155 nm and PL max-
imum at 455 nm. The PL intensity of the composite was lower than that for CNSs. This
fact can be explained by the possible interaction of functional groups on the surface of
the CNSs with iron ions. The resulting composites had a magnetic saturation intensity
of 31.2 emu/g. In vitro experiments for Fe3O4/SiO2/CNSs to load and release gambogic
acid in PBS (pH = 7.4 or 5.7) were provided. The cell uptake experiments were performed
by incubating the cell line with bifunctional nanoparticles. Blue luminescence from CNSs
in Fe3O4/SiO2/CNSs nanoparticles was observed near the nucleus, indicating that these
nanoparticles penetrate the cells via endocytosis. The authors reported the successful appli-
cation of the obtained composite in synergistic therapy, including the release of gambogic
acid and magnetic targeting. The release of gambogic acid led to the inhibition of tumor
cells, and their survival rate was less than 20% at a concentration of 100 μg/mL.

A similar synthetic procedure was applied by Xu’s research group [21]. They obtained
luminescent composites via covalent linking of blue-emissive CNSs with the surface of silica
nanoparticles containing red-emissive (λem. = 658 nm) quantum dots. The QD-embedded
silica nanoparticles were synthesized with TEOS hydrolysis and condensation using the
Stober method, and their surface was modified with APTES. CNSs were obtained from CA
and EDA using the microwave approach at 750 W for 10 min and contained carboxyl groups
on their surface. These functional groups reacted with amino-modified silica nanoparticles.
The size of the composites was ~50 nm. The obtained composite nanoparticles had PL
maxima at 453 and 658 nm under the excitation of 350 nm. The obtained composites were
used for the determination of mercury ions. The intensity of the PL maximum at 453 nm
had a linear dependence on the concentration of mercury ions, while the luminescence at
658 nm was unchanged. The detection limit of mercury ions was 0.47 nM, corresponding
to modern analytical standards.

A different dual-emission ratiometric optical probe was developed by An’s group [20]
(Figure 5). The authors HT treated CA, EDA, and silica spheres at 200 ◦C for 5 h. They
suggested the simultaneous formation of CNSs and their fixation inside the silica nanopar-
ticles during HT synthesis. The composite nanoparticles were covalently bonded with
AuNCs. Nanoclusters were prepared thermally at 70 ◦C for 24 h from chloroauric acid
and glutathione. AuNCs were pre-functionalized by APTES for covalent binding to the
surface of composite particles. The size of the obtained composites was approximately
57 nm. The composites simultaneously displayed two emission maxima at 448 nm and
610 nm under a single excitation wavelength of 380 nm. The obtained composites were
dispersed in buffer solutions with different pH values (from 2 to 12), while the PL intensity
was the same, which indicates that the composites were stable in highly alkaline and highly
acidic conditions. The developed composite was used to determine the level of silver ions;
with an increase in their concentration, the PL in the region of 610 nm increased noticeably,
while the PL in the region of 448 nm remained unchanged. The detection limit of Ag+ for
this system was 1.6 nM. Thus, this method has advantages in Ag+ detection sensitivity
compared to other analytical methods.
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Figure 5. Schematic illustration of the composite synthesis and Ag+ detection. Reprinted with
permission from [20], Elsevier 2021.

Bing et al. [39] also used CA and an amine-containing agent (urea) as precursors for the
HT (150 ◦C, 5 h) production of CNSs. Composite CNSs/SiO2 particles were synthesized by
mixing of CNSs with polyvinylpyrrolidone in ethanol and water followed by the addition
of APTES and TEOS. The mixture was stirred for 3 h at 20 ◦C. The polyvinylpyrrolidone
acted as a dispersant, structurant, and linker during the reaction. The synthesized com-
posite particles CNSs/SiO2 were additionally wrapped with the photosensitizing agent of
titanium dioxide as a shell. The CNSs inside the silica matrix had a multifunctional core
for photothermal therapy and photothermal imaging. These composite nanoparticles had
good biocompatibility and a uniform size of 150 nm. CNSs/SiO2 composites can be used
for photothermal therapy and photothermal imaging due to the induction apoptosis in
cancer cells. These structures could absorb long-wavelength light for the activation of pho-
tothermal effects and provide cancer therapy in deep tissues. Moreover, these composites
responded to ultrasonic stimulation with a generation of the oxygen active forms for cancer
sonodynamic therapy.

Thus, we demonstrated examples of silica application as a matrix for the synthesis
of bifunctional composites. Researchers could control and adjust the concentration of
the particles, as well as the size of the composites, at each stage of synthesis. However,
the preparation of composites is a multistage process. Moreover, a few authors noted
the quenching of PL due to the interaction of CNSs with the other components. These
bifunctional systems can be used in sensing (detection of heavy-metal ions), drug delivery
systems, bioimaging, and antitumor therapy.

5. Conclusions

CNSs have attractive characteristics such as unique optical properties, excellent bio-
compatibility and photostability, the possibility of surface functionalization, high colloidal
stability, and low toxicity. To this day, the scientific community is looking for ways to
solve fundamental and applied issues for the wider application of these nanoobjects. The
issues include the unclear structure of CNSs and/or their luminescence mechanism, the
dependence of properties on the environment and/or state of aggregation, and difficulties
in their purification and separation. The application of a silica matrix for CNSs allows

15



Biosensors 2022, 12, 392

unifying the composite CNSs/SiO2 shape, size, and optical properties. Silica is a proper
matrix due to its optical transparency, variety of functional groups for surface modifications,
and controllable dimensions during synthesis.

We demonstrated examples of the inclusion of CNSs into the silica matrix or grafting
onto its surface. Composite formation solves the problems associated with luminescence
quenching in the solid state and purification of the product, as well as improves the lumi-
nescent properties via the emission of several CNSs. Moreover, silica and CNS composites
led to a better understanding of the structure of CNSs, as well as surface and interfacial
phenomena, such as adsorption, energy, and charge transfer. CNSs/SiO2 composites have
improved brightness and chemical stability compared to CNSs.

Furthermore, the silica matrix makes it possible to obtain multifunctional nanocom-
posites due to the combination of several nanoparticles with different properties such as
fluorescent, magnetic, or photosensitizing properties. This review reported examples of the
successful application of composites in bioimaging, medicine, chemical, and immunoassays,
in LED production, and as a stationary phase in hydrophilic interaction chromatography.

It is important to note that the approaches for composite synthesis require further
improvement of the obtained structures with the necessary dimensions, while avoiding
separation and purification steps. The development of effective and well-controlled strate-
gies for the synthesis of these composites can lead to their wider application in medical,
biological, analytical, or technical areas.
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Abbreviations

AEAPTMS N-(β-aminoethyl)-γ-aminopropylmethyldimethoxysilane
APTES 3-aminopropyltriethoxysilane
AuNC gold nanocluster
CA citric acid
CIE Commission Internationale de L’Eclairage
CNS carbon nanostructure
CRI color rendering index
DMF dimethylformamide
EDA ethylenediamine
GOPTMS 3-glycidyloxypropyltrimethoxysilane
HRTEM high-resolution transmission electron microscopy
HT hydrothermal
LED light-emitting diode
PL photoluminescence
QD quantum dot
QY quantum yield
SFTSV thrombocytopenia syndrome virus
SWNT single-wall carbon nanotube
TEM transmission electron microscopy
TEOS tetraethyl orthosilicate
UV ultraviolet
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Abstract: Mycotoxin pollution is widespread in cereal, which greatly threatens food security and
human health. In this study, the migration and transformation of sterigmatocystin (STG) mycotoxin
during the contaminated rice wine processing was systematically assessed. QuEChERS (Quick, Easy,
Cheap, Effective, Rugged, and Safe) coupled with ultrahigh-performance liquid chromatography
coupled with tandem mass spectrometry (UPLC−MS/MS) method was firstly established for STG
analysis in rice wine. It was found that high levels of rice leaven caused a significant reduction in STG
in the fermented rice and wine, which was mainly due to the adsorption of yeast cells and Rhizopus
biological degradation. However, compared with rice, the levels of STG in separated fermented
wine was significantly decreased by 88.6%, possibly attributed to its high log Kow (3.81) and low
water solubility (1.44 mg/L). The metabolites of STG (i.e., monohydroxy STG) were identified in
rice wine fermentation for the first time. Moreover, STG disturbed the metabolic profile rice wine
composition mainly by glycine, serine and threonine metabolism, alanine, aspartate and glutamate
metabolism, purine metabolism pathway, particularly with regard to eight amino acids and sixteen
lipids. This study elucidated the STG migration and transformation mechanism during the rice wine
processing. The finding provided new analytical method for mycotoxin exposure and pollutant in
food production, which may support agricultural production and food security.

Keywords: mycotoxin; food processing; migration and transformation; metabolites; UPLC–MS/MS

1. Introduction

Food security has been severely affected by plant diseases and pollutants such as
pesticides, mycotoxins and heavy metals, particularly mycotoxins, which threaten the
precarious food supply of millions of people on the planet [1,2]. Mycotoxins are secondary
metabolites produced by several fungal species and are known to frequently contaminate
small grain crops in the world [3–5], which may pose severe threats to human and animal
bodies because of their toxicity [6]. Sterigmatocystin (STG) is a polyketide mycotoxin that
is structurally related to aflatoxin B1 and produced by Aspergillus flavus, A. parasiticus,
A. versicolor and A. nidulans; the most common source of STG is A. versicolor [7,8]. STG can
arise due to fungal infestation at the post-harvesting stage in a range of small grain cereals
and grain-based products, including maize, rice, rye, wheat, oats, and barley [8], especially
rice and oats [9], the concentration levels ranging from 0 to 83 μg/kg [10,11]. Over the
past 10 years, the severe contamination problem in cereal grains caused by mycotoxin has
drawn increased attention with regards to food safety [3]. Furthermore, the contamination
of mycotoxin in food and environment may cause potential toxic effects in human and
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livestock, including liver cancer [8]. Like aflatoxin B1 (AFB1), STG resulted as genotoxic,
also able to induce DNA damage and form DNA adducts [8]. However, due to the lack of
data related to the occurrence of STG, the EFSA Panel on Contaminants in the Food Chain
(CONTAM Panel) were not able to carry out a reliable assessment of human and animal
dietary exposure. Therefore, it is essential to collect more data relating to STG in food and
animal feed to accomplish the assessment of dietary exposure [8].

Rice (Oryza sativa L.) is consumed by more than 50% of the world’s population, func-
tions as a vital source to produce foods for a growing population and forage for livestock,
especially in Asian countries. Global rice consumption is predicted to increase 61 Mt to
reach 582 Mt by 2020–2029 [12]. Furthermore, rice provides 20% of the world’s dietary
energy supply and represents a major source of nutrients due to its daily consumption.
Rice is consumed in various forms and can be processed into different foods, including
wholegrain flour (brown, milled, or parboiled) and fermented products (e.g., rice wine).
Chinese rice wine, also named sweet rice wine, is a traditional fermented food in China.
Sweet rice wine has high nutritional value and is rich in amino acids and vitamins [13].

Food processing (e.g., roasting, fermentation, bread and cheese making, milling,
heating, or enzymes) can potentially lead to alterations in the levels of STG; the extent
of these modifications depends on the type of food involved and the food processing
conditions [14,15]. The migration, transformation and degradation of contaminants in
food processing, such as mycotoxins, is closely related to its physicochemical properties,
especially the melting point, the Octanol-Water Partition Coefficient (Kow), water solubility,
and vapor pressure [16–18]. STG has a high melting point (246 ◦C) and is relatively
insoluble in water (1.44 mg/L at 25 ◦C); these characteristics make it stable in the food and
surroundings. Veršilovskis et al. [18] reported that STG remained stable during the bread-
making process; the levels of STG were determined in 5 of the 29 bread samples analyzed at
concentrations ranging from 2.4 to 7.1 μg/kg in Riga, Latvia. Metwally et al. [17] reported
high levels of STG (80%) in the curd and much lower levels (20%) in the whey during the
cheese making process, thus demonstrating the low solubility of STG in aqueous media.

To our knowledge, only a limited amount of data is available for STG and its metabo-
lites during food processing. However, there are many studies relating to the behavior of
mycotoxin during food processing [14,15,18]. Most previous studies were carried out in
cereals that were naturally or artificially contaminated. However, the behavior of target my-
cotoxins in contaminated food is often difficult to predict and characterize. This is because
of the wide levels of variation exhibited by mycotoxins, including different derivatives,
bonding forms, isomers, and precursors; often, these variations are observed synchronously
in grains [15]. Therefore, to investigate the real behavior of target mycotoxins during food
processing, free of contamination cereals were spiked with the targeted mycotoxins. Al-
though STG are similar to AFB1 in terms of chemical structure, literatures on the conversion
profile of STG were scarce in food processing [8], particularly with regards to the process
used to make rice wine. However, with the increasing levels of attention targeted to the risk
assessment of mycotoxins, the need for data related to the behavior of mycotoxins in food
processing has become increasingly urgent. Thus, it is necessary to investigate changes in
the levels of STG in cereal-based products that are naturally or artificially infected with
Aspergillus versicolor during food processing. Additionally, the metabolomic profiles of
rice were demonstrated to undergo changes during Chinese rice wine fermentation [13].
Currently, most studies on STG metabolism focus on the transformation in animals [19],
but there are few studies on the effects of STG on metabolism in fermentation and other
processing technology. Thus, it is essential to investigate whether the level of STG has any
effect on the contents of various components based on the metabolic profiles, including
organic acids, amino acids, and lipids, which in turn leads to changes in the composition
and quality in rice wine during fermentation.

It is worth noting that, the complexity of the rice wine product matrix creates potential
difficulties for the analysis of STG levels and its metabolites; thus, researchers have begun
to focus on the development of propitious analytical methods [20]. We first performed
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the analysis of STG levels in rice wine samples using UPLC–MS/MS coupled with the
modified QuEChERS (“Quick, Easy, Cheap, Effective, Rugged, and Safe”) method. A non-
targeted metabolomics methodology was carried out to identify and compare the metabolic
differences between the rice wine products treated with and without STG. However, the
main purpose was to enforce the scheme for the evaluation of the fate of STG during the
rice wine production and identify the key procedures conducing its possible decrease and
to identify the different STG levels’ exposure effect on metabolite profiles during rice wine
production. This research enhances our knowledge of the effects of food processing on STG
levels. Furthermore, data relating to changes in STG levels during rice wine production
might provide further insight into the assessment of chronic dietary risk, as determined by
the risk quotients (RQs) method and based on Chinese dietary habits. In addition, it was
first observed that the transformation of STG was converted into metabolite (monohydroxy
STG) during food fermentation.

2. Materials and Methods

2.1. Rice Pre-Treatment and Rice Wine Preparation

Rice contaminated with STG were acquired by soaking in an aqueous solution referring
to the treatment procedures described in previous studies [15,21].

Spiked sample 1: Rice (2 kg) was individually soaked in STG aqueous solution
(2 mg/L) for 8 h in a glass beaker (6 L). Subsequently, the rice was allowed to air dry
naturally at room temperature (25 ◦C) for 84 h in order to restore the original state. The
treated rice was stored in a freezer at −20 ◦C until further use.

Spiked sample 2: Rice (0.5 kg) was individually soaked in STG aqueous solution
at six spiked levels (0.3, 0.5, 0.8, 1, 1.5, and 2 mg/L) for 8 h in a glass beaker (2 L). The
rice was stirred every 0.5 h to ensure the uniform absorption of STG. Then, the soaked
rice was separated from the aqueous solution for the next step as a raw material for rice
wine processing.

Generally, rice wine processing includes the following consecutive steps, as shown
in Figure 1. The treated rice was washed with tap water for 1 min and soaked in water at
room temperature (approximately 25 ◦C) for 8 h. Then, the soaked rice was individually
steamed for 30 min. The steamed rice was cooled to about 35 ◦C and was transferred to a
glass (2.5 L). The rice leaven 3 g (ANGEL YEAST CO., LTD., Hubei, China) was dissolved in
100 mL of water; this was then poured into the steamed rice in batches while stirring. Then,
the rice was sealed and fermented at room temperature in the dark for 84 h, respectively.

The STG levels of fermented rice and wine were determined separately. The concen-
tration of STG in rice wine was calculated by weighing the content of STG in fermented
rice and wine, as follows:

C = ∑ C1 × m1
m1 + m2

+ C2 × m2
m1 + m2

(1)

In Equation (1), C represents the concentration of STG in rice wine (μg/kg), C1 rep-
resents the content of STG in fermented rice (μg/kg), C2 represents the content of STG in
fermented wine (μg/kg), m1 represents the weight of fermented rice (g), and m2 represents
the weight of fermented wine (g).

2.2. Instrument Conditions
2.2.1. LC–MS/MS Method for STG Analysis

The UPLC System was coupled to a tandem mass spectrometry QTRAP 5500 (AB
SCIEX; Toronto, ON, Canada) with electrospray ionization (ESI) in positive mode. This
was equipped with a ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm; Waters)
maintained at 40 ◦C, and the injection volume was 2 μL. The mobile phase included A:
water (0.1% formic acid, 2 mM ammonium formate) and B: acetonitrile. The flow rate was
0.3 mL/min, and the gradient elution is given in Table S1. The mass detection parameters
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for STG were optimized, including declustering potential (DP), entrance potential (EP),
collision energy (CE), and collision cell exit potential (CXP) (Table S1).

Figure 1. (A) The processed step of rice wine. The samples highlighted in green were used for myco-
toxin analysis. (B) Changes of STG absolute content (μg) in each procedure during rice wine production.

2.2.2. LC–HRMS/MS Method for the Identification of STG Degradation Products and
Non-Targeted Metabonomics

Chromatographic analysis and the identification of STG metabolites was performed
by the Vanquish UHPLC system equipped with a reverse-phase C18 Acquity UPLC HSS
T3 column (2.1 mm × 100 mm, 1.8 μm; Waters) heated to 35 ◦C, coupled with high-
resolution tandem mass spectrometer (HRMS/MS) Q-Exactive (Thermo Scientific, Bremen,
Germany) equipped with a heated ESI probe. The injection volume was 5 μL and sample
determination was carried out over a 22-minute run time. The mass spectrometer was
operated in full MS-data-dependent MS/MS (full MS-dd MS/MS) mode [22]. Detailed
instrumental and chromatographic conditions are shown in Table S2.

2.3. Statistical Analysis

Differences were considered to be statistically significant if p < 0.05. Comparisons
were carried out by paired-samples t-tests using SPSS version 19.0 software. A nonlinear
curve fitting equation (Y = aX2 + bX + c) was performed using Origin Pro version 9.0
software. The coefficient of determination (R2) was used to evaluate the nonlinear curve
fitting results and evaluate whether equations had a satisfying goodness of fit and good
predictive capability.

The partial least squares–discriminant analysis (PLS–DA) model [23] was accom-
plished using SIMCA-P (V14.1) for discriminate between different groups. The variable
importance in projection (VIP) were calculated by this model. Permutation tests (n = 200)
were used to evaluate the quality of each PLS–DA model (Figure S4) [24]. Permutation
tests were also used to assess whether a particular classification of individuals in either of
the designed groups was prominently better than any other random classification in two
arbitrary groups. p values were calculated by one-way analysis of variance (ANOVA) and
pathway analysis was based on metabolites identified by MetaboAnalyst 5.0.
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3. Results and Discussion

3.1. Method Validation

The method validation was assessed according to guidelines and standards from the
European Commission [25,26].

The overview of the acquired validation parameters are summarized in Table 1. The
product ion chromatograms of STG in fermented rice and wine are shown in Figure S1. The
linearity of the calibration curve was evaluated with a standard solution of blank matrix
extracts and acetonitrile; this was performed by preparing five matrix-matched calibration
standards (5, 10, 20, 100 and 200 μg/L) for STG in each matrix (acetonitrile, soaked rice,
steamed rice, fermented rice and fermented wine). Outstanding linearity (R2 ≥ 0.9910) was
observed in each matrix (Table 1). Matrix effects (ME) were calculated by the slope ratios of
the matrix and solvent calibration curves. As shown in Table 1, the results suggested no
significant enhancement or suppression effects for STG in soaked rice, steamed rice, and
fermented rice, within 10% of the slope ratio, ranging from 0.93 to 1.09. The slope ratio (1.35)
of fermented wine showed the matrix enhancement effect. Recovery was performed by
spiked experimental samples at three different levels (20, 100, and 200 μg/kg) of STG. Mean
recovery of STG ranged from 102–119% for soaked rice, 77–112% for steamed rice, 116–118%
for fermented rice, 73–119% for fermented wine, with RSDs ranging from 2.1–8.7% (Table 1).
The limits of detection (LODs, signal-to-noise ratio = 3) defined as the minimum detection
level, and limits of quantification (LOQs, signal-to-noise ratio = 10) defined as the minimum
quantitation level for STG, were 0.01 and 0.03 μg/kg for all matrices (0.07 and 0.25 μg/kg
for fermented wine) (Table 1).

Table 1. Linear range (μg/L), regression equation, calibration curve coefficients (R2), Matrix effects
(ME), Limit of detection (LOD) and Limit of quantitation (LOQ) for STG in rice wine products.
Recoveries and RSDs of sterigmatocystin in rice wine products at different spiked levels (n = 5).

Mycotoxin Matrix
Linear
Range

Regression Equation R2 ME/%
LOD

(μg/kg)
LOQ

(μg/kg)

STG

Solvent 5–200 y = 190,442x + 268,234 0.9953
Soaked rice 5–200 y = 176,167x + 236,281 0.9979 −7.0 0.01 0.03

Steamed rice 5–200 y = 179,674x + 238,395 0.9969 −6.0 0.01 0.03
Fermented rice 5–200 y = 208,146x + 392,325 0.9959 +9.0 0.01 0.03

Fermented wine 5–200 y = 256,280x + 565,254 0.9910 +35.0 0.07 0.25

Sample
20 μg/kg 100 μg/kg 200 μg/kg

Recoveries (%) RSD (%) Recoveries (%) RSD (%) Recoveries (%) RSD (%)

Soaked rice 102 2.3 107 2.3 119 2.4
Steamed rice 77 6.2 85 8.7 112 3.5

Fermented rice 118 2.1 118 7.6 116 6.9
Fermented wine 73 3.6 105 5.0 119 4.3

3.2. The Fate of STG within the Chinese Rice Wine Process

The process used to make traditional Chinese rice wine involves four key steps: wash-
ing, soaking, steaming, and fermenting [13]. Although mycotoxins are stable, the levels
and structure of STG may change as a result of the complex physicochemical modifications
that occur during the processing of raw materials into a processed product [14,27].

3.2.1. Washing and Soaking

The occurrence and concentration of STG in rice wine products are shown in Figure 1,
Figure S2 and Table 2. In the present study, the treated rice samples were washed with
water for 3 min. During the washing process, the initial level of STG (986.1 μg/kg) in rice
had a significant decrease of 16.6% (p < 0.05) in STG levels; this may be due to the STG
dilution with the water absorption of rice or STG partially dissolved into water during the
washing process. Rice could sufficiently absorb amounts of water during soaking, which
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is conducive to the next effective steaming. Compared to the level of STG in washed rice,
8.7% (p < 0.05) of STG was removed by soaking (Figure S2 and Table 1). When washed
rice absorbs water and expands, it follows that some STG is redistributed into the soaking
water, thus resulting in a decrease of STG in soaked rice.

Table 2. Changes of STG level in spiked samples in different steam time, fermentation time and rice
leaven addition level during the rice wine production (mean, n = 3).

Sample Rice
Washed

Rice
Soaked

Rice

Steam Rice Fermented Rice-1 g Fermented Rice-3 g

15 min 25 min 35 min 12 h 36 h 84 h 12 h 36 h 84 h

Level/
(μg/kg) 986.1 822.3 * 750.8 * 738.8 a 733.2 a 737.7 a 594.8 *,a 711.6 *,b 913.1 *,c 592.8 *,a 712.3 *,b 858.1 *,c

SD 16.4 39.8 14.4 16.2 46.4 37.1 60.8 32.3 23.6 36.8 78.4 17.7

Sample
Fermented rice-9g Separated fermented wine Separated fermented rice Total rice wine

12 h 36 h 84 h 1 g 3 g 9 g 1 g 3 g 9 g 1 g 3 g 9 g

Level/
(μg/kg) 586.6 *,a 736.7 *,b 818.5 *,c 169 a 126.2 b 112.2 c 1214.1 a 1164.9 a 956.0 b 925.4 850.6 613.4 *

SD 74.9 19.4 58.3 2 5.5 3.9 43.1 108.4 39.0

Note: * Indicates a significant difference of STG in rice wine product of the step versus the prior step (p < 0.05),
as determined by Student’s t-test. a,b,c The different letters show a remarkable difference (p < 0.05) between the
effects of the different factors in same processing; conversely, the same letter shows no significant difference
observed. Fermented rice-1 g: the 1 g level of rice leaven during rice wine production, all else follows.

3.2.2. Influence of Steaming Time on STG Levels

In order to investigate the impact of steaming time on the level of STG during rice
wine production, steaming times of 15, 25 and 35 min were used, respectively. The results
of different steaming conditions on STG concentration in soaked rice are demonstrated in
Table 2 and Figure S2. The levels of STG in soaked rice decreased after steaming (p > 0.05) by
1.6%, 2.3%, and 1.7%, after 15, 25, and 35 min, respectively (Table 2). These decreases of STG
levels did not differ significantly (p > 0.05) when compared across different steaming times
(Figure 1 and Figure S2). Our results were in line with the previous studies, veršilovskis
et al. [18] found that the levels of STG were stable during bread production (17 min,
200–220 ◦C); Wu et al. [15] found that the deoxynivalenol (DON) was stable during a
Chinese steamed bread making process (20 min, 100 ◦C). This may be related to the high
melting point of STG at 245–246 ◦C [8].

Steaming is the most widely used method for rice processing and the treatment
time is an essential processing factor for food production. Although some studies have
reported that different processing times exerted influence on the levels of mycotoxin in
food material [15], this is the first detailed investigation reporting changes in the profile of
STG in response to different thermal treatments.

3.2.3. Influence of Rice Leaven Levels on the Concentration of STG

Prior to the fermentation process, rice leaven was added at low, medium, and high
levels (1, 3, and 9 g, respectively). Then, 100 mL of water was added to the steamed rice,
mixed thoroughly, and then fermented in a sealed container. As is shown in Table 2 and
Figure 2A, the fermentation step (12 h and 36 h) caused no significant change in STG
concentrations in fermented rice samples when treated with different levels of rice leaven.
However, after 84 h of fermentation, the STG concentration (913.1 μg/kg) in the fermented
rice that was mixed with 1 g of rice leaven was higher than that (858.1 μg/kg) in the
fermented rice that was mixed with 3 g of rice leaven; the lowest level of STG was found in
the fermented rice that was mixed with 9 g of rice leaven (Table 2 and Figure 2A). There were
significant (p < 0.05) reduction (10.4%) in STG levels when compared between fermented
rice samples containing 1 g and 9 g of rice leaven (Figure 2A and Table 2). Therefore, the
addition of a larger amount of rice leaven (consisting of yeast and Rhizopus) may more
easily lead to a reduction in the concentration of STG in rice wine products by binding
mycotoxins [28,29]. The relevant study showed lactic acid bacteria and yeast composed
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of a rather complex biological ecosystem was contributed to dough fermentation [30].
It is possible that this biological ecosystem, containing yeast and Rhizopus, plays a key
role in the fermentation of rice wine that results in the adsorption, biotransformation, or
degradation of STG. Whereas, no other studies have confirmed the prediction. The results
of this work were similar to previous studies. Previous research demonstrated that the beta-
1,3/1,6-glucan moieties play an essential role during the Saccharomyces cerevisiae cell wall
adsorption of the mycotoxin [31]. The glucomannans and mannan-oligosaccharides have
been proposed to be the most crucial elements responsible for AFB1 binding in yeast [32].
The cell wall of bakery yeast can adsorb 29% of AFB1, 68% of zearalenone (ZEA), and 62%
of Ochratoxin A (OTA) [33]. Cole et al. found that Rhizopus had an effect on biological
degradation of the AFB1 [34] and Aflatoxin G1 (AFG1) [35]. Since STG and AFB1 are similar
in structure, the degradation of STG by Rhizopus is similar to that of AFB1. Based on the
previous literature, and the results of our current research, the weight of rice leaven likely
affected the levels of STG via yeast adsorption and Rhizopus biological degradation during
the rice wine fermentation process. Hence, the addition of high weight rice leaven led to
the decrease of STG level.

3.2.4. Influence of Fermentation Time on STG Levels

To monitor the effect of fermentation time on STG levels during rice wine production,
three different fermentation times (12, 36, and 84 h) were set as sampling points. The results
are shown in Table 2. Compared to the levels of STG in steamed rice, the levels of STG in
fermented rice that was mixed with 1 g of rice leaven decreased by 19.4% (12 h) and 3.5%
(36 h) and increased by 24% (84 h) of fermentation. The STG level of fermented rice that
was mixed with 3 g of rice leaven decreased by 19.6% (12 h) and 3.4% (36 h) and increased
by 16.3% (84 h); and the STG levels of fermented rice that was mixed with 9 g of rice
leaven decreased by 20.5% (12 h) and 0.1% (36 h) and increased by 11.0% (84 h) (Table 2).
Compared to the steamed rice, the decrease in STG in fermented rice at 12 and 36 h was
mainly due to the dilution effect of adding water prior to fermentation (Table 2); therefore,
after 12 and 36 h of fermentation, the STG concentration had not increased relative to the
original STG concentration in steamed rice. As fermentation time increased, the level of
STG in fermented rice showed a gradually increasing trend. Generally, the longer the
fermentation time, the higher the level of STG in fermented rice (Table 2). Furthermore,
the level of STG in separated fermented wine from the three groups supplemented with
rice leaven was significantly lower than that in separated fermented rice when fermented
rice and fermented wine were completely separated (Table 2). Compared to the level
of STG in steamed rice, STG increases of 39.2%, 36.7%, and 22.8% were observed in the
separated fermented rice in the 1, 3, and 9g rice leaven groups; STG decreases of 77.1%,
82.9%, and 84.8% were observed in the separated fermented wine in the 1, 3, and 9g rice
leaven groups (Table 2). This finding was similar to the results reported by [14], who
reported that the levels of fumonisin B1 (FB1) prominently increased by 166% during the
second part of DDGS fermentation in naturally contaminated maize. This is because the
rice leaven consisted of complex biological ecosystem [30] converts rice into rice wine via
biotransformation during the fermentation process, and STG is a mycotoxin with high
fat solubility (log Kow = 3.81) and low water solubility (1.44 mg/L) which tends to be
distributed and accumulated in fermented rice [21]. Another reason for the increase in STG
level may be yeast extracellular enzymes which might be responsible for STG release from
covalent bonds with rice constituents, such as starch or proteins [14].

After the separation of fermented rice and fermented wine, the level of STG in fer-
mented wine were significantly lower than that in fermented rice (Figure 2B and Table 2),
this is mainly due to its high log Kow (3.81) and low water-solubility (1.44 mg/L), which
caused it to accumulate in fermented rice rather than fermented wine. According to the
weight of separated fermented rice and separated fermented wine, the final concentration
of STG in rice wine was calculated as 925.4, 850.0 and 613.4 μg/kg, respectively (Table 2).
Compared to the STG level in rice, the level of STG decreased by 6.2%, 13.8%, and 37.8%
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in the final rice wine (1, 3 and 9 g rice leaven, respectively) during rice wine production.
Considering the information mentioned previously in Section 3.2.3, it might be assumed
that the reduction in STG in the whole rice wine process stage most likely resulted from
adsorption by yeasts cells [14,33,36] and Rhizopus biological degradation [34,35], or to some
extent, via biotransformation.

Figure 2. (A) The STG level in fermented rice of different fermentation time (12 h, 36 h, 84 h) during
rice wine production (1g, 3g, and 9g mean different rice leaven levels); (B) the STG level of fermented
wine and fermented rice after complete separation; (C) correlation of STG level between the original
soaked rice and final rice wine product. Data are expressed as means ± standard error of means
(n = 3). * Error bars represent the standard deviation. * Indicates a significant difference of STG
content in rice wine product of the step versus the prior step, (*: p < 0.05, **: p < 0.01), as determined
by Student’s t-test.
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3.3. Correlation of STG Levels between Soaked Rice and Rice Wine Final Product

Fermented wine was generated from fermented rice during fermentation; the fer-
mented rice and fermented wine represented two food matrices with entirely disparate
physicochemical properties.

The levels of STG in fermented wine were significantly (p < 0.05) lower than the levels
in fermented rice. The final levels of STG in rice wine were calculated by Equation (1)
and depended on the STG levels in fermented rice and fermented wine (Table S4). A
linear relationship was built using the STG levels in the soaked rice and the rice wine
products, with a non-linear fitting curve of Y = 0.00213x2 − 1.20451x + 386.51931, R2 = 0.98
(Figure 2C).

The developed mathematical model demonstrated a satisfying goodness-of-fit and
prediction at concentrations ranging from 280 to 700 μg/kg (Figure S3) and showed that
the STG level in the final product (such as rice wine) could be evaluated according to
the original concentration in raw food material (the STG levels in rice or soaked rice, for
instance). Based on the established model, the linear relationship between STG residue
levels in rice wine products and rice or soaked rice were also predicted. This clearly
demonstrated the potential of this approach to investigate other behaviors of other toxins
in the residue of rice wine products and other processed food products.

3.4. Identification of Fermentation Degradation Products of STG

The calculated data clearly showed that the fermentation procedure (9 g) had a note-
worthy effect on the final levels of STG in rice wine. There was a 37.8% decrease in the
level of STG during the rice wine production (Table 2). In order to investigate whether
the changes in STG level was associated with biotransformation products generated by
the catalysis of yeast enzymes during the fermentation process. While quantifying STG
levels in rice wine products, the biotransformation products of STG were determined by
UPLC−HRMS/MS. Two STG biotransformation products, monohydroxy STG A (M1) and
monohydroxy STG B (M2), were identified for the first time in the food processing field
(Figure 3). The result showed the transformation behavior of STG existed in food processing.
The monohydroxy of STG were major metabolite (phase I metabolism) formed by human
and rat hepatic microsomes, via hydroxylation of the aromatic ring [8]. Previous studies
showed that phase I metabolism of STG consists of a cytochrome P450 (CYP)-mediated
formation of mono-hydroxylation reactions [8]. Saccharomyces cerevisiae also contains
the P450 enzyme system, which could be the reason of the transformation of STG dur-
ing fermentation. Unfortunately, it has not been able to quantify for it because there are
no standards.

3.5. Effects of STG on the Metabolite Profiles of Rice Wine

Changes in the metabolite profiles during the preparation of rice wine using different
groups of rice (with low and high levels of STG) were analyzed by UPLC–HRMS/MS.
Partial least-squares discriminant analysis (PLS-DA) of nontargeted metabolites in rice wine
samples are shown in Figure 4A. These data demonstrated the quality parameters of the
loading plot with an appropriate explanation, including goodness of fit (R2Y), and accuracy
(Q2). The permutation test (n = 200) was performed on all samples; this confirmed that the
model was good quality and that there was no overfitting (Figure S4) [37]. UPLC–HRMS
analysis identified a total of 54 highly differential metabolites with a VIP > 1.0 and p < 0.05
(Table S5). The PLS-DA models acquired from HRMS analysis showed that the metabolites
varied depending on the addition of STG, and each group was obviously discriminated
(Figure 4A).
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Figure 3. (A) Chromatograms of metabolite of STG found in rice wine product; (B,C) HRMS/MS
spectra of metabolites of STG found in rice wine product.
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Figure 4. (A) PLS-DA score plot of STG exposure rice wine in positive and negative mode results (C,
L, and H mean control group, low, and high level STG group); (B) pathway impact analysis showing
changing metabolism in rice wine treated with STG compared to normal rice wine; (C) based on
UPLC–HRMS/MS system identified, a heat map of identified metabolites in rice wine with varied
STG levels exposure by hierarchical clustering of the most significantly differential metabolites in rice
wine (p < 0.05 and VIP > 1.0).

To visualize the changes in metabolite levels based on the STG addition level, a heat
map showed that 35 metabolites (Figure 4: C1, C2, and C3) were significantly down-
regulated and 19 metabolites (Figure 4: C4, and C5) were significantly up-regulated in a
dose-dependent manner when compared with the controls.

Generally, the breakdown of macronutrients can produce micronutrients, such as
monosaccharides, amino acids, and lipid metabolites, which can then partake in glycolysis
and the TCA cycle to make energy. All metabolites were classified into five groups (C1, C2,
C3, C4, and C5) (Figure 4C). Group C1, mainly included amino acids and nucleotides; these
decreased when exposed to STG. When compared to the control group, other metabolites in
group C2 were also significantly decreased at low and high STG levels. These metabolites
were mainly amino acids, nucleic acids, and lipids (Table S5 and Figure 4C). Two saturated
lipid acids (α-eleostearic acid and palmitoleic acid) and one oxylipin (DiHOME) were
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significantly reduced after exposure to STG; these were down-regulated in the low and
high STG treatment groups, thus indicating abnormal lipid metabolism. In group C3, these
metabolites were significantly reduced in the high STG treatment groups. Although the
flavor of long-chain saturated fatty acids is generally regarded as unpleasant, some of
them were involved in esterification to form esters during fermentation and aging [13].
Three esters of long-chain saturated fatty acids (1-linoleoyl glycerol, 1-stearoylglycerol,
and 1-palmitoylglycerol) were significantly down-regulated in the high STG treatment
groups. The metabolites in group C4, including 4 lipids (10(E),12(Z)-Conjugated linoleic
acid, Elaidic acid, Oleamide, Eicosapentaenoic acid) and 3 organic acids (Oleanolic acid,
2-Hydroxycaproic acid, 3-Phenyllactic acid) (Table S5 and Figure 4C), were significantly
increased after exposure to high levels of STG. Group C5 mainly included six organic acids
and others (Table S5 and Figure 4C) which showed a significant increase after exposure
to low levels of STG. The distinct changes of these biomarkers revealed a clear metabolite
profile for rice wine, and clear indicators of promotion or suppression in the relevant
metabolism pathways (Figure 4B). As shown in Figure 4B, the STG exposure may have a
negative effect on secretion of yeast protease, lipase and other relevant enzyme using for the
hydrolysis of sugars and the breakdown of substances such as proteins and fats [38], which
resulted in twelve differential metabolic pathways of rice wine production, especially for
6 pathways of glycine, serine and threonine metabolism, alanine, aspartate and glutamate
metabolism, purine metabolism, pyrimidine metabolism, tyrosine metabolism and cutin,
suberine and wax biosynthesis. As shown in Figure 4C, the relative contents of amino
acids and saturated fatty acids showed a downward trend, while organic acids showed an
upward trend, which had a certain influence on the quality of rice wine.

4. Conclusions

In this research, we used UPLC–MS/MS to investigate changes in STG levels, and its
metabolites, during rice wine production. We found that the levels of STG first decreased
but then increased during processing. When compared to the prior initial processing, the
levels of STG decreased after washing, soaking, and steaming treatment. High levels of rice
leaven may also cause STG levels of fermented rice to fall during fermentation. However,
the opposite trend was observed after different fermentation times. Our analysis showed
that rice leaven levels and fermentation times were both critical factors in food production.
To the best of our knowledge, this study is the first to demonstrate that rice leaven levels
and fermentation times can have significant (p < 0.05) effects on the levels of STG during
rice wine production. Furthermore, for the first time, we also identified the presence of
metabolites of STG (monohydroxy STG) during food processing. We also investigated
relative changes in the characteristic metabolism of amino acids, lipids, and organic acids.
This analysis showed that metabolite profiles changed due to exposure to STG during
rice wine fermentation. In conclusion, the results of this study provide a preliminary
investigation of STG residues behavior and exposure effect on composition of rice wine
during fermentation production and constitute a reference for formulating future rice wine
process and risk-assessment programs. In addition, more studies would be essential to
replenish the conditions of STG during food production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12040212/s1, Figure S1: TIC of STG in fermented rice (A1)
and wine (B1); product ion chromatograms of STG in fermented rice (A2, A3) and wine (B2, B3).
Figure S2. Changes of STG level in fermented rice during rice wine production. Figure S3. Changes
of STG level in spiked samples during the rice wine process. Note: Group 1–6, spiking STG levels of
276.7, 420.3, 474.9, 515.7, 611.2, 692.7 μg/kg, respectively (Table S4). Data are expressed as means ±
standard error of means (n = 3). Error bars represent the standard deviation. * Indicates a significant
difference of STG in rice wine product of the step versus the prior step (* p < 0.05, *** p < 0.001), as
determined by Student’s t-test. Figure S4. Permutation test on fermented rice (FR) and fermented
wine (FW) of exposure groups to control group on PLS-DA model. Spectra are randomly assigned to a
class by 200 permutations. (D1, D3, E1, E3) Low level treatment; (D2, D4, E2, E4) High level treatment.
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Table S1. Chromatography gradient elution procedure and mass parameters Table S2. Instrumental
and chromatographic conditions for the analysis of metabolomics in rice wine samples. Table S3.
Changes of STG absolute content (μg) in each procedure during rice wine production (mean ± SD,
n = 3). Table S4. Changes of STG level in spiked samples during rice wine production (mean ± SD,
n = 3). Table S5. Differential metabolites of rice wine by untargeted metabolomics (p < 0.05 and VIP > 1).
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UPLC–MS/MS, ultra-performance liquid chromatography coupled with tandem mass spec-
trometry; HRMS, high resolution mass spectrometer; Kow, Octanol-Water Partition Coefficient; Sw,
solubility water; STG, sterigmatocystin; DON, deoxynivalenol; AFB1, Aflatoxin B1; AFG1, Aflatoxin
G1; QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe); ZEA, zearalenone. DDGS, dis-
tiller’s dried grains with solubles; OTA, Ochratoxin A.
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Abstract: Digital quantification based on counting of individual molecules is a promising approach
for different biomedical applications due to its enhanced sensitivity. Here, we present a method for
the digital detection of nucleic acids (DNA and RNA) on silicon microchips based on the counting of
gold nanoparticles (GNPs) in DNA duplexes by scanning electron microscopy (SEM). Biotin-labeled
DNA is hybridized with capture oligonucleotide probes immobilized on the microchips. Then biotin
is revealed by a streptavidin–GNP conjugate followed by the detection of GNPs. Sharp images of
each nanoparticle allow the visualization of hybridization results on a single-molecule level. The
technique was shown to provide highly sensitive quantification of both short oligonucleotide and
long double-strand DNA sequences up to 800 bp. The lowest limit of detection of 0.04 pM was
determined for short 19-mer oligonucleotide. The method’s applicability was demonstrated for the
multiplex quantification of several β-lactamase genes responsible for the development of bacterial
resistance against β-lactam antibiotics. Determination of nucleic acids is effective for both specific
DNA in lysates and mRNA in transcripts. The method is also characterized by high selectivity for
single-nucleotide polymorphism discrimination. The proposed principle of digital quantification is
a perspective for studying the mechanisms of bacterial antibiotic resistance and bacterial response
to drugs.

Keywords: high-sensitive digital detection; quantification; functionalized gold nanoparticles; mi-
crochips; β-lactamases; antibiotic-resistant bacteria

1. Introduction

Modern progress in nucleic acids (DNA and RNA) detection techniques has a great
impact on biomedical applications in diagnostics of bacterial and viral infections, genetic
predispositions to disorders, food safety, anti-bioterrorism, and others [1–3]. Among these
tasks, the diagnosis of infections caused by various microorganisms is one of the primary
areas in clinical diagnostics. According to the WHO, bacterial infections represent one
of the leading causes of death in developing countries [4]. Despite the presence of a
variety of antibacterial drugs, the widespread presence of strains resistant to their action
limits options for effective therapy [5,6]. Major challenges concern the early diagnosis
of the etiology of infections and their susceptibility to antibiotics. Over the last decade,
many biosensor platforms have been developed to detect different bacterial and viral
markers [7]. Among them, fast and label-free technologies based on opto-photonic, electro-
photonic, and Raman spectroscopy have been developed for real-time monitoring and
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primary typing of bacteria at the level of single cells [8–10]. Novel methods have been
proposed for studying biofilms as communities of surface-attached bacterial cells which are
more tolerant to antibiotics compared to planktonic cells [11]. Various methods involving
arrays of micro- and nanoelectrodes combined with optoelectronic devices; arrays of
interdigitated electrodes combined with impedance spectroscopy; and the method of
resonant hyperspectral imaging have been reported for monitoring the initial bacterial
attachment to control biofilm formation [12–14].

A more detailed characterization of bacteria and their resistance to antibiotics is carried
out using molecular typing of nucleic acids. Recent developments involve methods provid-
ing multiplexing capability and miniaturization (DNA-based nanobiosensors, biobarcode
assays and DNA microchips) [15–17]. The main focus of genetic methods is achieving high
sensitivity. For this purpose, single-molecule techniques for detecting molecular interac-
tions are being actively developed [18], and great attention is drawn to digital detection
based on single-molecule counting, which is considered one of the most powerful tools for
ultrasensitive biomarker identification [19].

Digital counting of single molecules can be carried out using various high-resolution
imaging techniques. Among them, scanning electron microscopy (SEM) is being effectively
applied for the visualization and characterization of various biological objects from 1 nm
in size, involving cells, viruses, bacteriophages, etc. [20,21]. SEM is also actively used to
evaluate biosensor surface morphology and characteristics [22–24]. However, its use for
the direct analysis of nucleic acids is difficult due to their small size. To overcome this
limitation, indirect detection of nanoparticles as molecular tags for biomolecular complexes
can be used. Metal nanoparticles, including gold nanoparticles (GNPs), have attracted
considerable interest in various molecular nanotechnological applications involving the de-
tection of pathogens [25–27]. Single-particle counting of fluorescent magnetic nanospheres
was used for ultrasensitive multiplexed identification of influenza viruses with a detection
limit of 0.02 pg/mL [28]. The application of a field-emission SEM was demonstrated for the
quantification of single-strand model DNA of 46 bases in the format of a two-step sandwich
hybridization assay on plastic microchips by visualization and counting of GNPs [29].

This study aimed to develop multiplex digital quantification of nucleic acids (oligonu-
cleotides, DNA and RNA) by allele-specific hybridization on silicon microchips via the
visualization and counting of GNP labels with SEM. To reduce the effect of the label on
the formation of DNA duplexes, DNA targets were labeled with biotin, which was then
detected in DNA duplexes by a conjugate of streptavidin with GNPs.

β-Lactamase genes were selected as model DNAs, the multiplex determination of
which is extremely relevant for clinical diagnosis. β-Lactamases are responsible for the
development of bacterial resistance to β-lactam antibiotics (penicillins, cephalosporins,
carbapenems, monobactams), which are the most widely used in clinical practice [30,31].
These enzymes are extremely diverse, including serine and metallo-enzymes, and are
divided into four molecular classes (A, B, C, and D) according to their structure [32]. Multi-
and pan-antibiotic-resistant bacteria carry many resistance genetic determinants, including
several types of β-lactamase genes [33], which explain the need to develop multiplex
methods to determine them. For this work, we have selected four relevant β-lactamases
genes: TEM-1, CTX-M-3, CTX-M-5 (molecular class A), and VIM-1 (molecular class B).
Identification was performed in DNA lysates isolated from bacterial cultures as well as
in RNA transcripts to explore the possibility of applying this technique to determine β-
lactamase gene expression. We also studied the applicability of the developed method
for determining single-nucleotide polymorphism (SNP) in genes. In class A β-lactamases,
certain SNPs encode substitutions of key amino acids that lead to changes in substrate
specificity for cephalosporins. Two of them were selected for identification by digital
counting of GNP labels.

We optimized the conditions for DNA hybridization analysis using a highly specific
biotin–streptavidin reaction for labeling DNA duplexes with GNPs and the conditions for
their visualization and counting by SEM. To determine long DNA molecules, the conditions
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for biomolecules’ unfolding were optimized to increase the efficiency of hybridization.
The analytical parameters for the quantification of short oligonucleotides and long DNAs
corresponding to the genes of four types of β-lactamases were determined. Total DNA
and RNA isolated from bacterial cells were used as samples of nucleic acids. The high
specificity of SNP determination in β-lactamase genes was also shown.

2. Materials and Methods

2.1. Materials

All chemicals and organic solvents were of analytical grade. dNTPs, Taq DNA poly-
merase, and dUTP-11-Biotin were obtained from Fermentas (St. Leon-Rot, Germany);
3-glycidopropyl trimethoxysilane (GPTMS), chloroauric acid, mercaptosuccinic acid, dithio-
threitol, ethylenediaminetetraacetic acid (EDTA), sodium sulfate, sodium chloride, sodium
dodecyl sulfate (SDS), bovine serum albumin (BSA), casein, Tween-20, toluene, methanol,
and isopropanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium citrate
dihydrate was purchased from MP Biomedicals (Eschwege, Germany). Streptavidin was
obtained from Imtek (Moscow, Russia). All water used in experiments was purified with a
Milli-Q system (Millipore, Billerica, MA, USA).

Primers and capture oligonucleotide probes containing a 5′-amino group and 13-
mer thymidine spacer were synthesized and purified by Syntol (Moscow, Russia). Their
sequences are listed in Table 1.

Table 1. Oligonucleotide probe sequences used in this work.

Probe Name Sequence, 5′-3′ Length, Bases

Probe A GATTGGACGAGTCAGGAGC 19

Probe B TTCTAGACAGCCACTCATA 19

Probe C Biotin-GCTCCTGACTCGTCCAATC 19

Probe CTX-M ATATCGCGGTGATCTGGCC 19

Probe TEM CCAGAAACGCTGGTGAAAGT 20

Probe VIM GTGGTTGTGCCGTTCAT 17

CTX-M-3_167_A GACCGTACCGAGACGACGTTAAAC 24

CTX-M-3_167_G GACCGTACCGAGGCGACGTTAAAC 24

CTX-M-3_167_C GACCGTACCGAGCCGACGTTAAAC 24

CTX-M-3_167_T GACCGTACCGAGTCGACGTTAAAC 24

CTX-M-3_240_A GGCAGCGGTGACTATGGCAC 20

CTX-M-3_240_G GGCAGCGGTGGCTATGGCAC 20

CTX-M-3_240_C GGCAGCGGTGCCTATGGCAC 20

CTX-M-3_240_T GGCAGCGGTGTCTATGGCAC 20

GNPs with a diameter of 25 nm were prepared by the Frens method [34], based on the
reduction of chloroauric acid by sodium citrate. A conjugate of streptavidin with GNPs
was prepared by covalent binding of streptavidin modified with mercaptosuccinic acid
with the colloidal solution of GNPs as described earlier [35].

2.2. Silicon Microchips Fabrication

The surface of the silicon plates was purified with oxygen plasma for 30 min using
a reactive-ion etching technique (Alcatel RDE-300, 30 Pa, 25 Wt) and was then treated
with 10 mM GPTMS in dry toluene for 12 h at 80 ◦C, followed by washing for 10 min at
100 ◦C [36]. Further, samples of modified silicon were stored in highly pure alcohol.

Capture oligonucleotide probes (20 μM) dissolved in 0.25 M Na-phosphate buffer,
containing 0.3 M Na2SO4, were spotted onto the silicon microchips with XactII Microarrayer
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(Lab Next Inc., Glenview, IL, USA). The microchip fabrication scheme and the layout of the
capture probes are shown in Figure S1 (Supplementary Materials). Each probe was spotted
in triplicate. After the immobilization, the microchips were blocked using a solution of
1% BSA and 1% casein in 10 mM K-phosphate buffer, pH 7.2, containing 0.15 M NaCl.

2.3. Amplification and Labeling of Target DNA

DNA samples isolated from four phenotypically and genotypically characterized
control and laboratory strains (E. coli EPI300, producing β-lactamase CTX-M-3; E. coli
TOP10/STY20, producing β-lactamase CTX-M-5; E. coli J53, producing β-lactamase TEM-1;
Ps. aeruginosa VR-143/97, producing β-lactamase VIM-2) were kindly provided by Dr. M.V.
Edelstein (Institute of Antimicrobial Chemotherapy of Smolensk State Medical Academy,
Smolensk, Russia).

Total bacterial DNA was extracted with the InstaGene Matrix Kit (Bio-Rad, Hercules,
CA, USA) and used as a template for PCR amplification. Total RNA was extracted with
the «RNA-Extran» Kit (Syntol, Moscow, Russia) by the method of acidic phenol extraction.
cDNA synthesis was carried out via the reverse transcription reaction using «OT-1» Kit (Syntol,
Moscow, Russia). Samples of cDNA were then used as a template for PCR amplification.

Target DNA was amplified by the PCR and labeled with biotin by introducing dUTP-
11-biotin during the reaction. The PCR was carried out in a total volume of 25 μL containing
1.0 μL of bacterial DNA in PCR buffer (2.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl, pH
8.3), 0.5 μM of direct and reverse primers, 100 μM (each) dATP, dGTP, and dCTP; 60 μM
dTTP; 40 μM dUTP-11-biotin and 2.5 U of Taq DNA polymerase [37]. The amplification was
performed in a Mastercycler gradient thermal cycler (Eppendorf AG, Hamburg, Germany)
accordingly to the protocol: an initial denaturation step (94 ◦C for 2 min) was followed by
20 cycles, each consisting of 94 ◦C for 20 s, 60 ◦C for 30 s, and 72 ◦C for 45 s, and a final
extension step at 72 ◦C for 4 min. The quantity and molecular weight of PCR products
were estimated by horizontal electrophoresis in 1% agarose gel.

2.4. Hybridization of Target DNA on Silicon Microchips

The microchips were placed in the wells of a 48-well polystyrene plate (Greiner,
Germany) and hybridized with biotinylated target oligonucleotide (Probe C) or DNA re-
suspended in 2xSSPE buffer (0.04 M NaH2PO4, 0.6 M NaCl, 4 mM EDTA, 6 mM MgCl2, pH
7.4). Hybridization was carried out in a Thermomixer Comfort (Eppendorf AG, Hamburg,
Germany) for 2 h at 45 ◦C. After the hybridization, the microchips were washed once
with 2xSSPE containing 0.2% SDS at 45 ◦C for 10 min and then twice with PBST (10 mM
K-phosphate buffer, pH 7.2, containing 0.15 M NaCl and 0.1% Tween-20) for 10 min at room
temperature. To identify SNPs, long target DNA was fragmented prior to the hybridization
by DNase I (0.5 mU per 1 ng of DNA) to yield 50 to 150 bp fragment sizes.

2.5. Digital Detection and Data Processing

The microchips were incubated in a solution of the streptavidin–GNPs conjugate in
PBST containing 1% BSA at 37 ◦C for 30 min, washed twice with PBST for 10 min, once with
H2O for 3 min, and dried on air. The GNPs on the silicon surface were detected using a
Supra-40 field emission scanning electron microscope (Carl Zeiss AG, Jena, Germany) with
an InLens secondary electron detector built in the microscope column. The accelerating
voltage and beam current were adopted to achieve the best resolution and contrast for
GNP visualization. The number of GNPs on microchip fragments was counted using the
Gwyddion software (Czech Metrology Institute, Brno, Czech Republic). The limit of DNA
detection (LOD) was calculated as the mean number of GNPs registered for a blank DNA
sample (0 pM DNA) plus 2 standard deviations (SD, n = 10).
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3. Results and Discussion

3.1. Assay Principle, Counting of Gold Nanoparticles on Silicon Microchips

The experimental procedure is shown schematically in Figure 1. Standard silicon
wafers with orientation <100> were chosen for the fabrication of microchips. The choice of
the material was determined by its compatibility with all microelectronic processes and
availability. A semiconductor silicon crystal is characterized by low conductivity, which is
sufficient to avoid charge effects during the process of silicon sample imaging in an electron
microscope. As a result, images with a resolution up to 1 nm are obtained. Since, under
normal conditions, the surface of silicon is covered with a layer of native silicon oxide
~2–3 nm thick, it was treated with oxygen plasma to increase the number of free hydroxyl
groups for subsequent chemical modification using GPTMS.

Figure 1. Scheme of successive stages of DNA hybridization analysis on microchips with digital
detection of gold nanoparticles.

Capture oligonucleotide probes with 13 T spacer and amino-group at 5′-end were
covalently immobilized on modified silicon microchips (Figure S1). Biotin-labeled short
oligonucleotides or target DNA were hybridized on the microchips, and then biotin labels
in DNA duplexes were developed by a conjugate of streptavidin with GNPs (Figure 2).
The conjugate was obtained by covalent attachment of streptavidin modified with mer-
captosuccinic acid to GNPs, since this method was shown to improve the signal-to-noise
ratio substantially [35]. After washing and drying, SEM images of the microchips were
registered and analyzed.

Figure 2. Schematic representation of hybridization of biotin-labeled short target oligonucleotides

(a) and long target DNA (b) on silicon DNA microchips. —capture oligonucleotide probes

immobilized on the microchip surface, —a conjugate of streptavidin with gold nanoparticles,

—target oligonucleotides labeled with biotin, —target DNA labeled with biotin.

First, we studied the hybridization of the model biotin-labeled 19-mer oligonucleotide
(Probe C) with complementary (Probe A) and non-complementary (Probe B) capture
oligonucleotide probes immobilized on the microchip. SEM images of specific (Probe A)
and control (Probe B) microchip spots after interaction with streptavidin-GNPs conjugate
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are shown in Figure 3. Nanoparticles were detected clearly by SEM on the spots with
complementary Probe A, and their distribution was uniform. Each recorded nanoparticle is
referred to as one duplex molecule, as each target oligonucleotide contains one biotin label.
So, a sharp image of each nanoparticle allows the visualization of hybridization results on a
single-molecule level. A significant difference was observed between the number of GNPs
registered on the specific and control microchip spots. Only trace amounts of GNPs were
registered on the control spot and the areas outside of the spots with the complementary
Probe A as well.

 

Figure 3. SEM images of the specific microchip spots after hybridization of 300 pM target Probe C
with complementary Probe A (a) and non-complementary Probe B (b). Biotin in DNA duplexes was
developed with a streptavidin–GNPs conjugate.

Then, the SEM was applied for the characterization of long DNA hybridization. Two
target DNAs were studied: 507 bp DNA, coding a large fragment of blaVIM-1, and 870 bp
DNA, coding the whole-length blaCTX-M-3. Several capture oligonucleotide probes were
spotted on the microchip surface: two specific probes (Probe VIM and Probe CTX-M)
and Probe B as a negative control. After hybridization with the target DNA, biotin labels
were revealed by the conjugate streptavidin–GNPs as described above, followed by the
registration of GNPs with SEM. Similarly to the hybridization of the short oligonucleotide,
individual nanoparticles were recorded clearly on SEM images of the spots with com-
plementary duplexes of target DNA and specific immobilized probes. The number of
nanoparticles registered on the negative control spots was negligible.

Long DNA biopolymer molecules were present in the hybridization medium in a
folded conformation, depending on the ionic strength and salt concentration. Since it may
have reduced the hybridization effectiveness, we investigated the addition of magnesium
chloride and SDS to promote their unfolding. The effect of MgCl2 and SDS concentrations
on the GNP density registered on the specific spots is shown in Figure S2 (Supplementary
Materials). The number of particles detected was dependent on the concentration of
magnesium ions, and the dependence was bell-shaped (Figure S2a). Although the flatness
of the curve maximum depended on the type of gene, we chose a concentration of 6mM
magnesium ions, at which the number of nanoparticles on the surface increased as much
as possible. The effect of SDS was also characterized by the dependence of a similar form
(Figure S2b). The increased number of formed DNA duplexes was observed at a wide
range of SDS concentrations, and it did not depend on the DNA type. However, SDS
concentrations above 7.5 mM led to an uneven distribution of the detected DNA duplexes;
accordingly, the standard deviation of the number of registered particles increased also.

Labeling of long DNA molecules in our method is based on the incorporation of
biotin–dUTP during the PCR, and each DNA amplicon contains several biotin labels (data
not shown). Their further development with the conjugate of streptavidin with GNPs
may result in several nanoparticle labels per DNA strand. Figure 4 shows SEM images
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obtained after hybridization of the microchips with different concentrations of target DNA,
containing blaCTX-M-3. The image for high DNA concentrations contains closely spaced
nanoparticles and their agglomerates (Figure 4a). In contrast the image for low DNA
concentration (Figure 4b) is comparable with that for short oligonucleotides (Probe C),
containing one biotin molecule (Figure 4c). In this case, we did not observe a large number
of neighboring nanoparticles or their conglomerates for comparable concentrations of
short and long DNA molecules, and the distribution of GNPs was similar. Most likely, the
large size of the nanoparticles represents a steric hindrance to the interaction of several
conjugate molecules with one molecule of the target DNA. Thus, it can be assumed that the
visualization of GNPs as labels by SEM provides single-molecule analysis for both short
and long target DNA molecules.

 

Figure 4. SEM images of the specific spots after hybridization of the microchip with 0.8 nM (a) and
60 pM (b) target DNA, containing blaCTX-M-3, and 60 pM target oligonucleotide Probe C (c).

3.2. Analysis of Cleaved Silicon Microchips

In order to analyze the thickness and structure of biospecific layers formed on the
silicon surface after the hybridization and development steps, the microchips spots were
split up along the silicon crystallographic axis near the center of the spot, and the sample
edge was explored by placing it closer to the objective lens of the microscope. This enabled
us to obtain images of the surface at different angles, including the orthogonal edge view.
Figure 5 shows the cross-sectional SEM images of the microchips obtained at 80◦ angles
after hybridization of the short oligonucleotide (Probe C) and 870 bp DNA (blaCTX-M-3). It
is clearly seen that the surface location of GNPs is different depending on the DNA length.
In the case of short oligonucleotide duplexes, nanoparticles are recessed in the surface layer
of the support formed by DNA duplexes, immobilized probes, proteins, and GPTMS (an
enlarged image of one nanoparticle is shown in Figure 5b). However, in the case of large
DNA duplexes, nanoparticles are located on the silicon surface (an enlarged view of one
nanoparticle is shown in Figure 5d).

Differences in the surface localization of nanoparticles when analyzing short and long
DNA targets can be explained as follows. The length of the capture probes, including the
13-mer spacer, is about 9–10 nm. The layer of blocking proteins on the microchip surface
is non-uniform in height and is about 10–15 nm (this was shown by us earlier in another
study). Thus, oligonucleotide duplexes with short capture probes (about 6 nm in size) are
located very close to or even inside the protein layer, and the nanoparticles in them appear
to be partially immersed in this layer. When the capture probes interact with DNA targets
of 500 bp or more, the length of which is more than 170 nm, the size of the duplexes exceeds
the protein layer, and GNPs appear on its surface.
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Figure 5. Cross-sectional SEM images of the microchip spots obtained at 80◦ angle after hybridiza-
tion of target oligonucleotide or DNA and development of the duplexes with a streptavidin–GNP
conjugate: (a) 80 pM target Probe C, (b) an enlarged image of one GNP of the duplex with short
oligonucleotide, (c) 50 pM target DNA containing blaCTX-M-3, (d) an enlarged image of one GNP of
the duplex with blaCTX-M-3.

SEM detects secondary electrons, passing through a thin non-conductive layer; the
method is effective in the detection of all GNPs irrespective of their location on the surface
of a microchip. In this regard, SEM has certain advantages over atomic force microscopy
(AFM), which detects only objects placed above the surface and cannot detect reliably the
nanoparticles immersed in the surface layer of the support in whole or in part [38].

3.3. Optimization of Digital Analysis of DNA Duplexes by SEM

Counting GNP labels was used for quantitative analysis of the short target 19-mer
oligonucleotide, assuming that one nanoparticle corresponds to one DNA duplex. In order
to optimize the technical parameters of SEM for better performance, counting nanoparti-
cles at various microscope magnifications was investigated (Figure S3 in Supplementary
Materials). Each magnification corresponds to a fixed frame size: 2.8 μm2, 11.3 μm2, and
52 μm2 for the magnifications of 150 KX, 75 KX, and 35 KX, respectively.

To study the reproducibility, the GNPs were counted on several frames on each spot.
Table 2 contains the number of GNPs and variation coefficients (CV) estimated for different
quantities of frames, labeled probe concentration, and microscope magnification. The most
accurate values of the number of GNPs with low CVs were obtained at frames of larger
size; at the same time, the resolution of individual nanoparticles was worse. At low Probe
C concentrations, the particles were distributed less uniformly, which led to an increase in
the CVs of up to 29% at high magnification. The optimum microscope magnification for
the GNP counting was revealed to be 75 KX with CVs not more than 5–8% depending on
the probe concentration. An average of three frames is sufficient to count the number of
nanoparticles with good reproducibility.

For the characterization of GNP distribution in different spots, it is convenient to esti-
mate the value of the particle density (D), which is defined as the number of nanoparticles
registered per area unit:

D = Xav/S (1)

where Xav—the average number of GNPs registered in the frame and S—the area of
the frame.
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Table 2. Counting average GNP number (Xav), coefficients of variation (CV) and particle density (D)
on separate frames of specific spots of the microchips by SEM at various microscope magnifications.

NF **

MF *

150 KX 75 KX 35 KX

Xav CV% D Xav CV% D Xav CV% D

Concentration of Probe C, 5 pM

3 24 29 8 77 8.9 7 302 4.6 6

6 23 27 8 76 5,9 7 296 3.1 6

9 23 22 8 77 4.9 6 302 2.4 6

Concentration of Probe C, 500 pM

3 1193 3.5 426 4599 3.7 407 20, 956 3.1 403

6 1190 2.7 425 4567 2.9 412 21,060 2.3 405

*—Microscope magnification; **—Number of frames for GNPs counting.

D values, depending on microscope magnification and probe concentration, are shown
in Table 2. This parameter does not depend strongly on microscope magnification and can
be used for quantitative analysis of hybridization results.

Optimization of the hybridization protocol and washing procedure has allowed us
to significantly reduce non-specific conjugate binding resulting in low values of GNPs
recorded on the control spot (noise value). This value did not exceed 1–2 GNPs per frame
at a magnification of 75KH.

3.4. Digital Quantification of Nucleic Acids on Silicon Microchips

To study the feasibility of GNP digital counting by SEM for the quantitative detection
of target DNA, various concentrations of short single-strand oligonucleotide (Probe C)
and fragmented long double-strand DNA, containing genes of β-lactamases (blaTEM-1,
blaCTX-M-3, blaCTX-M-5, blaVIM-2), were hybridized on the microchips. It was found that the
density of GNPs increased with the target DNA concentration (Figure 6). The lower LOD of
0.04 pM was determined for the short 19-mer oligonucleotide (Figure 6a,c). It is one order of
magnitude higher compared to previously published data for digital detection of the GNPs
in sandwich hybridization of short oligonucleotides with the capture probes, which in turn
was shown to be three orders of magnitude more sensitive than fluorescence detection [13].
This demonstrates the advantages of incorporating nanoparticles into DNA duplexes using
a highly specific biotin–streptavidin interaction, which reduces steric hindrances. The
use of streptavidin conjugated with nanoparticles makes it possible to use one universal
approach for multi analysis, which was demonstrated by the determination of several
β-lactamase genes on a single microchip (Figure 6b,d).

Among long double-strand DNA targets, the lower LOD of 0.3 pM was determined
for blaCTX-M-5 and LODs of 0.5 pM, 5.0 pM, and 16 pM were determined for blaCTX-M-5,
blaVIM-2, and blaTEM-1, respectively. The variation in the LODs for different genes is mainly
due to differences in the properties of the capture probes, leading to various hybridization
stringencies with the target DNAs.

Table 3 presents the data on the quantitative determination of DNA by various meth-
ods proposed recently. Most of them use GNPs as a label for DNA duplexes, which are
incorporated either directly into oligonucleotide probes or using the streptavidin–biotin
interaction. Several methods are based on the application of other labels (magnetic nanopar-
ticles and enzymes). Among them, there are methods for determining both types of DNA:
short (no more than 50 bases) and long (more than 150 bases). Our method with GNP digital
detection is more sensitive in determining short oligonucleotide targets when compared
to standard target concentration determination. The indirect method of incorporating
GNPs into duplexes via the streptavidin-biotin interaction reduces the LOD by one order
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of magnitude compared to the digital detection of nanoparticles incorporated directly into
detecting oligonucleotide probes.

Figure 6. Calibration curves for the determination of short oligonucleotide Probe C (a) and long DNAs
(b) containing blaTEM-1(�), blaCTX-M-3(•), blaVIM-2 (�), blaCTX-M-5 (�), on silicon microchips
with digital detection. (c,d)—enlarged sections of the calibration curves (a,b) for low concentrations
of target DNAs.

All methods for determining longer DNA fragments show worse sensitivity. Presum-
ably, this is due to the steric problems of DNA target interaction with capture and detection
probes. Our method is characterized by sensitivity, comparable to the best analytical per-
formance of other methods, while it should be noted that the longest DNA fragment was
determined in our study. When compared to hybridization analysis of the same genes
based on the same capture probes on DNA microchips with colorimetric detection, the
LOD of our method is more than three orders of magnitude lower; also, the dynamic range
is 1–2 orders of magnitude wider [42]. Comparing the analytical characteristics of the
determination of short and long DNA fragments, it can be assumed that the lengthening of
the capture probes may contribute to an increase in the sensitivity of the method.

The size of the detected genes is important for increasing the specificity of the analysis
and reducing false positives in the diagnosis of infectious diseases. The method of real-
time PCR widely used for these purposes is based on the amplification of relatively short
fragments of genes. Even though our method is longer in time and more complex, one of the
advantages concerns the amplification of long DNA, which was shown by the amplification
of full-size β-lactamase genes.
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Table 3. Analytical performances of different methods developed for quantitative determination
of DNA.

Method/Detection
Principle

DNA Target Size Label
Limit

of Detection
Reference

Determination of short oligonucleotides

Hybridization on
silicon

microchips/counting of
GNP labels

Oligonucleotide (19 b)

Indirect labeling of
DNA duplexes with

GNPs via
streptavidin-biotin

interaction

0.04 pM This work

Sandwich
hybridization on plastic
microchips/counting of

GNP labels

Oligonucleotide (46 b)

Direct labeling of
detection

oligonucleotide probe
with GNPs

1 pM [18]

Sandwich
hybridization on the

microelec-
trodes/detection of

conductivity

Oligonucleotide (27 b)

Direct labeling of
detection

oligonucleotide probe
with GNPs, silver

enhancement

0.5 pM
(500 fM) [39]

DNA hybridization
with PNA

probes/colorimetric
detection of GNPs

Oligonucleotide (18 b)

Electrostatic interaction
of DNA duplexes with

GNPs, gold or silver
enhancement

10 pM [40]

Hybridization on DNA
microar-

rays/scanometric
detection with optical

scanner)

Oligonucleotide (21 b)

Labeling of the ds-DNA
with DNA intercalator

(daunorubicin)
conjugated to GNPs,
enhancement of the

GNPs

10 pM [41]

Determination of long DNA

Hybridization on
silicon

microchips/counting of
GNP labels

Full-size gene of
β-lactamase blaCTX-M-5

(870 bp)

Indirect labeling of
DNA duplexes with

GNPs via
streptavidin-biotin

interaction

0.3 pM This work

Hybridization on
membrane mi-

crochips/colorimetric
detection

Full-size gene of
β-lactamase blaCTX-M-5

(870 bp)

Indirect labeling of
DNA duplexes with

horseradish peroxidase
via streptavidin-biotin

interaction

0.71 nM
(0.40 ng μL−1) [42]

Hybridization on
biosensor

array/detection of
magnetoresistive ratio

Synthetic ssDNA
(167 p)

GAPDH gene (the
fragment size is not

specified)

Indirect labeling of
DNA duplexes with

magnetic NPs via
streptavidin-biotin

interaction

39 pM
0.1–1 pM depending on

amount of
amplification cycles

[43,44]

Sandwich
hybridization on glass

microchips/optical
detection

Fragment of Hepatitis
E virus RNA (DNA

target of 500 bp)

Direct labeling of
detection

oligonucleotide probe
with nano-gold, silver

enhancement

0.1 pM
(100 fM) [45]

The method of digital nucleic acid quantification by SEM was also applied for the
detection of expressed β-lactamase genes in RNA transcripts isolated from cultivated
bacteria. Sample preparation for the hybridization stage involved total RNA isolation
from E. coli cells — producers of recombinant β-lactamase TEM-1, reverse transcription
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of specific mRNA β-lactamase to cDNA followed by PCR similar to the preparation of
target DNA from DNA lysates. Several samples of total RNA isolated from bacterial
cultures containing different cell concentrations (from 2.5 × 104 to 6.2 × 107 CFU/mL) were
prepared. From them, samples of labeled target DNA, containing blaTEM-1, were obtained in
sequential reverse transcription and PCR reactions. Calibration curves for the quantitative
determination of the blaTEM-1 in RNA transcripts isolated from E. coli cells by sequential
reverse transcription and PCR followed by hybridization and digital detection of GNP tags
are shown in Figure 7. All calculated values of GNP density corresponded well with the
calibration curve for the quantification of the blaTEM-1 gene amplified from DNA lysates.
Thus, the developed hybridization analysis of specific mRNA on the DNA microchips
with digital detection can be used for the identification of expressed β-lactamase genes in
antibiotic-resistant bacteria. Determining the expression levels of beta-lactamase genes is
important when studying the mechanisms of multi-resistance and the response of bacteria
to the action of drugs.

Figure 7. Determination of specific mRNA of the blaTEM-1 in RNA transcripts isolated from E. coli
cells by sequential reverse transcription and PCR followed by hybridization and digital detection of
GNPs (red). Calibration curve for the determination of blaTEM-1 (blue).

3.5. Digital Identification of Single Nucleotide Polymorphism

Determination of nucleic acids for diagnostic purposes often includes the identification
of SNPs responsible for mutations in encoded proteins and enzymes [46]. This task is ex-
tremely important in the characterization of bacteria resistant to β-lactam antibiotics since
the key substitutions in bacterial β-lactamases result in the enhanced substrate specificity of
the enzymes (extended-spectrum β-lactamases, ESBLs) [31,32]. We demonstrated the capa-
bilities of the microchips with SEM-based digital detection in identifying the SNPs encoding
two key mutations of amino acid residues (P167 and D240) in β-lactamases belonging to
the CTX-M-1 subcluster. Identification is based on an allele-specific hybridization approach,
which exploits the differences in thermal stability of a fully complementary DNA duplex
and duplexes with a single mismatch. For the detection of the SNP, a set of four probes
with identical sequences except for the nucleotide at the central (or close to central) base,
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which was A, T, G, or C, was used (Table 1). After hybridization with target DNA and
digital detection, the density of GNPs was determined for each probe of the SNP set. The
probe showing the highest signal value in the result of complementary hybridization was
considered the perfect match (PM); the remaining ones with lower signal values were
regarded as mismatches (MM). To investigate the discriminatory power of the method,
the relative GNP densities were defined by normalizing to the net GNP density of the
PM probe. Figure 8 represents relative GNP densities determined after the hybridization
of 20 ng blaCTX-M-3 target DNA with the probe sets for identification of SNPs encoding
amino acid replacement at positions 167 (a) and 240 (b) in β-lactamases of the CTX-M-
1 subcluster. Nucleotide triplets in the antisense strain of blaCTX-M-3 contain dGTP and
dTTP in the positions, corresponding to amino acids P167 and D240. They were identified
successfully on the microchips by complementary hybridization with the capture probes
CTX-M-3_167_C and CTX-M-3_240_A, which correspond to the sense strand and include
dCTP and dATP in the central position (Table 1). In both cases, identification of nucleotide
type was characterized by high discriminatory power, and mismatch signals, which show
the level of nonspecific hybridization, were no more than 15% of the PM signals.

Figure 8. Relative GNP density determined after the hybridization of 20 ng blaCTX-M-3 target DNA
with the probe sets for identification of SNPs encoding amino acid replacement at position 167 (a)
and 240 (b) in β-lactamases of the CTX-M-1 subcluster. A, G, C, or T indicates a central nucleotide in
the probe.

4. Conclusions

In this study, we developed a new technique for nucleic acids quantification based
on digital counting of GNP labels by high-resolution SEM. It combines the advantages
of nanoparticles as labels for biospecific interactions and the ability of SEM to produce a
sharp image of the microchip surface with distinguishable GNPs. GNP counting is used
for the digital detection of single DNA duplexes formed on the surface of a microchip.
Immobilization of capture probes of different specificity on a microchip enables multiplex
determination. Indirect labeling of DNA duplexes via biotin-streptavidin interaction
minimizes steric hindrances and makes it possible to analyze both short oligonucleotides
and long DNA molecules of several hundred bases in length. The method is characterized
by enhanced sensitivity and high signal-to-noise values.

The method of nucleic acid analysis on silicon microchips is characterized by high
stability. It is ensured by the high stability of microchips with covalently immobilized
oligonucleotide probes (they retain their properties for more than one year when stored
at RT) and high stability of DNA duplexes and duplexes after the introduction of GNPs
and washing, since streptavidin conjugate with nanoparticles was obtained by covalent
cross-linking.

The method showed high sensitivity in determining both short oligonucleotides and
long DNA molecules up to 800 bp. We have shown its application in the identification
of full-size genes of β-lactamases, bacterial enzymes responsible for the development
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of resistance to β-lactam antibiotics. Such an approach also provides highly selective
identification of SNPs, which is important for the identification of extended-spectrum
β-lactamases. When combined with a reaction of reverse transcription, the method allows
the determination of specific mRNAs of β-lactamases in RNA transcripts.

We believe that our technique may be applicable for fundamental studies of antibiotic
resistance mechanisms, the development of multi-resistance in bacteria, their response to
the action of drugs, and monitoring of β-lactamase genes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12040226/s1, Figure S1: The microchip fabrication scheme
and the layout of the capture probes; Figure S2: Effect of Mg2+ and SDS concentrations on the GNPs’
density on specific microchip spots corresponding to immobilized Probe A and Probe CTX-M after
the hybridization of blaCTX-M-3 and blaCTX-M-5; Figure S3: SEM images of the specific microchip
spots after hybridization with 500 pM short target Probe C obtained at different magnifications of
the microscope.
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Abstract: The presence of pathogen-specific antibodies in the blood is widely controlled by a serodi-
agnostic technique based on the lateral flow immunoassay (LFIA). However, its common one-stage
format with an antigen immobilized in the binding zone of a test strip and a nanodispersed label con-
jugated with immunoglobulin-binding proteins is associated with risks of very low analytical signals.
In this study, the first stage of the immunochromatographic serodiagnosis was carried out in its tradi-
tional format using a conjugate of gold nanoparticles with staphylococcal immunoglobulin-binding
protein A and an antigen immobilized on a working membrane. At the second stage, a labeled
immunoglobulin-binding protein was added, which enhanced the coloration of the bound immune
complexes. The use of two separated steps, binding of specific antibodies, and further coloration
of the formed complexes, allowed for a significant reduction of the influence of non-specific im-
munoglobulins on the assay results. The proposed approach was applied for the serodiagnosis using
a recombinant RBD protein of SARS-CoV-2. As a result, an increase in the intensity of test zone
coloration by more than two orders of magnitude was demonstrated, which enabled the significant
reduction of false-negative results. The diagnostic sensitivity of the LFIA was 62.5% for the common
format and 100% for the enhanced format. Moreover, the diagnostic specificity of both variants
was 100%.

Keywords: immunochromatography; test strips; RBD protein; COVID-19; coronavirus

1. Introduction

Detection of pathogen-specific antibodies in the blood (serodiagnosis) plays a key role in
the diagnosis of many infectious diseases. The advantages of this method are the selection
of a specific biomatrix for testing (in contrast with the determination of viruses or bacteria
in different organs and tissues), and the similarity of the assay protocols for various infec-
tions [1]. In medical diagnostics, microplate-based enzyme-linked immunosorbent assays
(ELISAs), agglutination tests, and other immunoassay formats are successfully used for this
purpose [2–4]. The current trend in the development of diagnostic tools is simplification and
acceleration of the testing procedure. The lateral flow immunoassay (LFIA) is one of the most
relevant immunoassay formats, with the availability of industrial facilities for the wide manu-
facturing of diagnostic kits. Multimembrane composites (test strips) with preliminary applied
immune reactants and colored nanoparticles as detected labels provide maximum reducing
manipulations of an operator. Contact of a test strip with the tested sample initiates the lateral
flow of the immune reactants along the membranes and the assay results can be visualized
within 10–15 min by the coloration of the test strip zones [5]. Successful development of the
LFIA-based serodiagnosis of various diseases is presented in several publications [6–10]. As

Biosensors 2022, 12, 434. https://doi.org/10.3390/bios12070434 https://www.mdpi.com/journal/biosensors
51



Biosensors 2022, 12, 434

an additional application, the assessment of the vaccine effectiveness and the organism’s
protection against infections can be mentioned [11,12].

The recent COVID-19 pandemic also caused the necessity of serodiagnostic LFIAs,
which were successfully developed and commercialized by different groups and organiza-
tions [13,14]. Nevertheless, the development and practical application of a serodiagnostic
LFIA are accomplished by significant limitations. The percentage of the infection cases
revealed by the LFIA serodiagnosis is often inferior to the cases detected by instrumental
immunoassays, such as the ELISA. The main factor causing this obstacle is the need to
detect specific antibodies with low concentrations in the presence of great excess of total
immunoglobulins [15].

Serodiagnosis is typically implemented using immunoglobulin-binding proteins, such
as anti-species antibodies or bacterial protecting compounds (staphylococcal protein A,
streptococcal protein G, etc.) [16]. In the common LFIA format, they are immobilized on
colored nanoparticles, applied on a test strip, and form complexes with all immunoglob-
ulins, including those specific to the target pathogen during lateral flow. The resulting
complexes interact with the antigen immobilized in the test zone (TZ) of the strip, whereas
unbound compounds move across this zone. Therefore, the coloration of the TZ indicates
the presence of specific antibodies in the tested sample [8,17–19]. However, non-specific
immunoglobulins block binding sites at the surface of nanoparticles and only a minor
part of specific antibodies can form labeled complexes in the TZ. This differs from the
ELISA-based serodiagnosis where non-bound antibodies can be removed (washed) prior to
the inclusion of labels into immune complexes. This limited binding leads to a significant
percentage of false-negative results, which are often indicated during the validation of
these assays [20,21].

The possibility to change the order of the immune complexes formation was considered
in alternative serodiagnostic LFIAs [20,22–24]. As a result, some limitations were noted in
these approaches. For example, the inverted LFIA format, where the antigen is immobilized
on label particles and the immunoglobulin-binding protein is adsorbed on the working
membrane, allows for the binding of more immunoglobulins than the traditional LFIA
format. Nevertheless, in this case, the interference of non-specific immunoglobulins is
not eliminated [25–27]. One of the approaches to eliminate their influence is the “double
antigen sandwich” LFIA format based on the antibody polyvalence [23,28–30]. However,
due to the side formation of polyvalent complexes, the efficiency of this format strongly
depends on the ratio of the reagents [15]. Moreover, the use of more sensitive labels or
signal amplification by aggregation or catalysis was considered [31–34]. The improvement
achieved by these methods is associated with significant changes in the production of test
strips. Therefore, they can be implemented in mass practice only after solving additional
tasks, such as stabilization of new reactants and prevention of their non-specific interactions.

Therefore, the improvement of the common serodiagnostic LFIA based on the con-
jugates of immunoglobulin-binding proteins with traditional nanodispersed labels that
ensure an increase in labeled immune complexes in the TZ is in great demand. In the
present study, a two-stage serodiagnostic LFIA is proposed. This method includes the
common LFIA (the first stage) and additional labeling of bound specific immunoglobulins
by a conjugate of gold nanoparticles with an immunoglobulin-binding protein (the second
stage). This approach was performed for the serodiagnostic of COVID-19 infection and
demonstrated the enhancement of the coloration intensity by two orders of magnitude, as
compared with the common LFIA format, which significantly reduces the likelihood of
false-negative results.

2. Materials and Methods

2.1. Chemicals, Materials, and Apparatuses

The recombinant receptor-binding domain (RBD) of SARS-CoV-2 spike protein [35]
was kindly provided by Dr. I.I. Vorobiev. The monoclonal antibodies (MAb) to RBD, clone
RBD5313, were from HyTest (Moscow, Russia). Goat anti-mouse immunoglobulins (GAMI)

52



Biosensors 2022, 12, 434

and a conjugate of recombinant staphylococcal protein A with gold nanoparticles (pA–GNP)
were from Arista Biologicals (Allentown, PA, USA). The polyclonal anti-human antibodies
labeled with horseradish peroxidase were from Imtek (Moscow, Russia). NIBSC Anti-SARS-
CoV-2 Antibody Diagnostic Calibrant reagent was purchased from National Institute for
Biological Standards and Control (Hertfordshire, UK). Human serum was kindly provided
by Dr. S.F. Biketov (State Research Center of Applied Microbiology and Biotechnology,
Obolensk, Russia) and collected during previous studies [33] from volunteers and patients
after obtaining written and informed consent. The pooled negative serum was prepared
by mixing 10 sera from donors without symptoms of respiratory diseases and antibodies
against RBD of SARS-CoV-2, in accordance with enzyme immunoassay.

Bovine serum albumin (BSA), sucrose, poly(vinyl formal), Tris, Tween 20, Triton X-100,
3,3′,5,5′-tetramethylbenzidine (TMB), hydrogen peroxide (H2O2, 30%), were from Sigma-
Aldrich (St. Louis, MO, USA). Salts and acids were all from Khimmed (Moscow, Russia).
The solutions were all prepared using deionized water produced by Milli-Q (Billerica,
MA, USA).

Nitrocellulose working membranes (CNPC-15), glass fiber conjugate membranes
(PT-R7), sample membranes (GFB-R4), and adsorbent membranes (AP045) were purchased
from Advanced Microdevices (Ambala Cantt, India). The 96-well transparent polystyrene
microplates for ELISA were purchased from Corning Costar (Tewksbury, MA, USA).

2.2. Characterization of pA–GNP

For transmission electron microscopy (TEM), pA–GNP solution was applied to
300-mesh grids (Pelco International; Redding, CA, USA) coated with a poly(vinyl for-
mal) film. Then, the film was placed on the glass and exposed to 0.15% v/v solution of
formvar in chloroform. The images were obtained with a JEM CX-100 microscope (Jeol,
Tokyo, Japan) at 80 kV and analyzed by the Image Tool software (University of Texas,
Health Science Center, San Antonio, TX, USA).

The hydrodynamic size of pA–GNP was measured using a Zetasizer Nano (Malvern
Pananlytical; Malvern, UK) at 25 ◦C for 10 s at a scattering angle of 173◦.

2.3. Preparation of Test Strips

GAMI (0.5 mg/mL) and RBD (0.5–1.0 mg/mL) in 50 mM K-phosphate buffer with
100 mM NaCl, pH 7.4 (PBS), were applied to the control zone (CZ) and the TZ of the
working membrane, respectively, by Image Technology IsoFlow dispenser (Lebanon, NH,
USA) at a loading of 0.12 μL/mm. The pA–GNP conjugate (optical density at 520 nm
(OD520) = 2–20) containing 1.0% v/v Tween 20 was applied to the conjugate membrane
(0.8 μL/mm). Both membranes were dried at room temperature for 12 h and composed
together with sample and absorbent membranes to multimembrane sheets. Finally, test
strips (of 3.5 mm width) were obtained by cutting sheets with an automatic Index Cutter-1
guillotine (A-Point Technologies; Gibbstown, NJ, USA) and stored at room temperature in
zipper bags.

2.4. Lateral Flow Immunoassay

The common LFIA was performed at room temperature as follows:

− The test strip was placed on a horizontal surface;
− 60 μL of a sample was applied to the sample membrane;
− the strip was incubated for 5 min;
− 20 μL of TTBSA buffer (10 mM Tris, 0.25% w/v BSA, 0.25% w/v sucrose, 1.0% v/v

Tween 20, 0.05% w/v NaN3, pH 8.5) was applied to the sample membrane;
− the strip was incubated for 5 min.

The enhanced LFIA was started as described above for the common LFIA. Then, 2 μL
of the pA–GNP conjugate was applied to the bottom edge of the working membrane.
Thereafter, 60 μL of TTBSA was applied and the test strip was incubated for 5 min.
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Following the LFIA, test strips were scanned using a CanoScan 9000F scanner (Canon,
Tochigi, Japan). The obtained digital images were processed by TotalLab TL120 software
(Nonlinear Dynamics, Newcastle, UK) to measure the intensity of TZ coloration. The
processing of test strips by a TotalLab application included the finding of TZ in the scanned
images, generation of color intensity profiles, subtraction of background coloration using
the “Background Subtraction” tool, and final registration of the “Volume” value as the
analytical signal using the “Band Detection” tool.

Each sample was tested in duplicate. The limit of detection (LOD) was determined as
the concentration providing the coloration of the TZ, which is higher than the sum of the
average coloration intensity and three standard deviations for a blank probe.

2.5. ELISA of Human Serum

RBD (1 μg/mL, in PBS) was incubated in the microplate wells at 4 ◦C overnight. The
wells were washed 4 times to remove unbound molecules using PBS with 0.05% v/v Triton
X-100 (PBST). Thereafter, serum diluted with PBST (1:25–1:50,000) was added and the
microplate was incubated for 1 h at 37 ◦C. Then, the microplate was washed again and
anti-human antibodies labeled with horseradish peroxidase (dilution of 1:3000 in PBST)
were added to each well. The microplate was incubated for 1 h at 37 ◦C. After washing
the microplate as described above, the enzyme activity of the bound peroxidase label was
determined. For this purpose, the substrate mixture containing 0.4 mM TMB and 3 mM
H2O2 in 40 mM sodium citrate buffer, pH 4.0, was added. Following incubation at room
temperature for 15 min, the reaction was stopped by adding 1 M H2SO4 to the substrate
mixture (v/v = 1:2). Finally, A450 was measured using a Zenyth 3100 microplate photometer
(Anthos Labtec Instruments, Wals, Austria).

3. Results and Discussion

3.1. Consideration of the Proposed Assay Format

The serodiagnostic LFIA can be implemented in several formats, which differ in
the order of arranging the reagents on the membranes and the composition of the re-
sulting complexes [20,22–24]. The most common format is based on the use of labeled
immunoglobulin-binding proteins as reagents to visualize immune complexes. Pathogen
antigens are immobilized in the TZ and interact with specific antibodies, which leads to
label binding.

The assay proposed in this study was first implemented in the same manner as the
common LFIA (Figure 1, stage 1). In the case of the presence of specific antibodies in a
tested blood sample, colored complexes of the immobilized antigen, specific antibodies,
and a labeled immunoglobulin-binding protein are formed in the TZ. To clarify points
for improvement, let us consider this process in more detail. The concentration of IgG as
the main class of immunoglobulins in human blood is typically about 6–20 mg/mL [36],
while the sorption capacity of gold nanoparticles with a diameter of 30 nm (as the optimal
LFIA label) does not exceed 5 μg/mL per unit of the OD [37]. Therefore, even if the OD
of the conjugate is 10, it binds less than 1% of the IgG fraction from the sample. The same
proportion is typical for specific anti-pathogen antibodies. Theoretically, the problem can
be solved by concentrating the conjugate. However, an increase in the concentration of gold
nanoparticles promotes their aggregation, which leads to overlapping of binding centers
and a stability decrease. Therefore, a radical increase in the conjugate concentration is
restricted. As a result, the majority of specific antibodies that bind in the TZ are not associ-
ated with the label. To involve them in the generation of the detected signal, an additional
stage was proposed.
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Figure 1. Scheme of the proposed enhanced serodiagnostic LFIA.

At the second stage of the assay, a labeled immunoglobulin-binding protein is added
to the working membrane of the test strip. This complex flows along the membranes after
the sample, thus washing out the unbound immunoglobulins from the working membrane
and interacting with the immunoglobulins bound in the TZ. At this stage, the release of
the analytical signal occurs in two ways (Figure 1, stage 2). On the one hand, the labeled
immunoglobulin-binding protein interacts with the antibody-antigen complexes in the TZ.
On the other hand, the label conjugate bound in the TZ at the first stage provides available
sites to bind the added reagent. Since the IgG molecules have two symmetric binding
sites for immunoglobulin-binding proteins, they could serve in the formation of various
polycompound complexes based on the labeled immunoglobulin-binding protein, which
is initially bound at the TZ and contains a large number of IgG molecules at its surface.
In this way, non-specific immunoglobulins interfere with signal generation at the first stage,
but provide signal enhancement at the second stage.

Aggregation of functionalized nanoparticles was previously used in LFIA to enhance
the analytical signal [38,39]. In these studies, bifunctional conjugates of nanoparticles were
used. In these conjugates, a part of the nanoparticle surface was occupied by molecules
with affinity to the analyte. The other part was occupied by molecules that provided
aggregation (for example, streptavidin and biotinylated protein). This approach requires
strict control of the conjugate composition to fulfill the efficiency of both processes. In our
approach, aggregation-based enhancement of analytical signal in LFIA serodiagnosis is
provided by a monofunctional conjugate of a nanoparticle and an immunoglobulin-binding
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protein. This simplification becomes possible due to the fact that the antibodies are both
analytes and triggers of the aggregation process.

In the present study, the approach proposed for signal amplification and improvement
of diagnostics was tested to develop a new LFIA format for the detection of antibodies
against the RBD antigen of the SARS-CoV-2.

3.2. Characterization of the Conjugate of Gold Nanoparticles with Protein A

Protein A of Staphylococcus aureus labeled with gold nanoparticles was used as a
reagent for the binding of immunoglobulins. To characterize the size and homogeneity
of nanoparticles, microphotographs were obtained by TEM. Images of nanoparticles are
presented in Figure 2a and the particle size distribution is shown in Figure 2b. The average
size of nanoparticles (171 particles were processed) was 31.51 ± 9.27 nm (minimum value—
16.78 nm, maximum value—65.16 nm) with an ellipticity of 1.28 ± 0.27. Conjugated
nanoparticles were not aggregated in solution, but rather, they were stable during storage
and drying on a membrane.

Figure 2. (a) Micrograph of the conjugate of gold nanoparticles with staphylococcal protein A.
(b) Histogram of particle size distribution.

3.3. Detection of Specific IgG in Model Solutions

To estimate the process which occurs in the proposed two-stage serodiagnostic LFIA
and the possibility of detecting the lower concentration of specific antibodies in blood
samples, the knowledge concerning the minimal concentration of detectable antibodies is
very important. For this purpose, we detected specific antibodies against the SARS-CoV-2
RBD in model solutions. Humanized rat monoclonal antibodies against the RBD were
used as analytes. They contained human Fc fragments to most accurately reproduce the
behavior of real immunoglobulins in human biosamples. Figure 3 shows the results of
antibody testing by the common LFIA. It was demonstrated that up to 10 ng/mL of specific
antibodies can be detected by this method in the absence of non-specific immunoglobulins.
The concentration of IgG specific to individual antigens in the blood is typically in the
range of 3–50 μg/mL [40–42]. Therefore, the test system has a large margin in sensitivity
for antibody detection. Additionally, the most likely reason for a possible false-negative
test result is signal suppression by non-specific immunoglobulins.
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Figure 3. Images of test strips (a) after the common LFIA of samples containing 0.003 (1), 0.01 (2),
0.03 (3), 0.1 (4), 0.3 (5), 1 (6), 3 (7), and 10 (8) μg/mL of MAb RBD5313 in PBS and the concentration
dependence (b) of the assay (n = 3). Hereafter, top and bottom colored lines on the images of test
strips correspond to the CZ and TZ, respectively.

3.4. The Influence of Serum Components on the LFIA

To evaluate the effect of biosamples’ components, primarily, non-specific immunoglob-
ulins, on the LFIA results, we used the pooled serum. The pooled serum was diluted with
PBST (1:3–1:100) and MAb against RBD (in the same way as the previous section), and
then the mixture was added to the model solutions to a final concentration of 10 μg/mL.
The mixture was tested using the common and enhanced LFIAs. The obtained results
demonstrated that in the case of the common LFIA, the use of undiluted serum or one
serum diluted less than 6 times led to the decrease in the signal to an undetectable value
(Figure 4a,c (curve I)). Even when the serum was diluted 100 times, the signal was reduced
by 8 times relative to the signal registered after the LFIA in the buffer. Following the second
stage of the assay, the LFIA signal increased by more than 3 times (Figure 4b,c (curve II)).
The comparison of different serum dilutions demonstrates that a 25-fold dilution of serum
is sufficient to achieve the maximum signal.

Figure 4. Images of test strips after the common (a) and enhanced (b) LFIA of samples containing
1- (1), 3- (2), 6.2- (3), 12.5- (4), 25- (5), 50- (6), and 100- (7) -fold dilutions of pooled negative human
serum and 10 μg/mL of monoclonal antibodies against RBD. (c) Concentration dependence of the
common (I) and enhanced (II) LFIA (n = 3).
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The obtained data are correlated with the regularities described in the previous
study [21], which recommends the dilution of serum from 10 to 100 times to minimize the
effect of non-specific antibodies on the results of common serodiagnostic LFIA. For further
studies, sera diluted 25 times in PBST were used in the analyzed samples.

3.5. Comparison of LODs for Two Formats of the LFIA

Using the selected dilution of serum samples, the LODs for specific MAb RBD5313
were estimated for the common and enhanced LFIA. The final concentration of the added
antibodies varied from 3 ng/mL to 10 μg/mL. To be specific, when performing the common
LFIA, the LOD of specific antibodies in serum was 300 ng/mL, which was 30-fold higher
than when detecting antibodies in a buffer solution with the same test system (Figure 5a,c
(curve I)). Following the second stage, the LOD decreased by 30 times (Figure 5b,c (curve II)).
Therefore, in our case, the proposed enhancement strongly eliminates the effect of non-
specific antibodies on the LODs: A 30-fold loss was compensated by a 30-fold improvement.
Moreover, the results demonstrated that at lower antibody concentrations in the sample, the
enhancement at the second stage of LFIA was increasingly manifested, as compared with
high antibody concentrations (values above 1 μg/mL). This fact is particularly important
for the detection of the anti-pathogen antibodies in weakly positive samples.

Figure 5. Images of test strips after the common (a) and enhanced (b) LFIA of samples containing
0 (1), 0.003 (2), 0.01 (3), 0.03 (4), 0.1 (5), 0.3 (6), 1 (7), 3 (8), and 10 (9) μg/mL of MAb RBD5313.
(c) Concentration dependence of the common (I) and enhanced (II) LFIA (n = 3).

3.6. Determination of the Optimal Concentration of the Label Conjugate

As previously noted, blood immunoglobulins are in large quantitative excess relative
to the binding capacity of the label conjugate (considering real ratios of these reactants
in the test system). Therefore, the higher the concentration of the conjugate, the higher
the sensitivity of the test system. However, an increase in the concentration of colloidal
particles increases the likelihood of their aggregation, which reduces the availability of
immunoglobulin-binding centers. Therefore, the optimal concentration of the conjugate
will provide the maximum binding capacity. To obtain this concentration, we performed
a series of test strips that differed in the concentration of the pA–GNP conjugate applied
prior to the first stage of the assay. Figure 6 shows the testing results of serum samples
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with a known concentration of specific antibodies by LFIAs differing in concentrations of
pA–GNP applied on the test strips (OD520 of GNP solutions were 2, 5, 10, and 20). The
optimal concentration of the conjugate, which provided the maximum analytical signal
and the minimum LOD, corresponded to OD520 = 10. This conjugate concentration was
used in all our experiments in the future.

Figure 6. Images of test strips manufactured with the pA–GNP conjugate with OD520 = 2 (a), 5 (b),
10 (c), and 20 (d) after LFIA of samples containing 0 (1), 0.003 (2), 0.01 (3), 0.03 (4), 0.1 (5), 0.3 (6), 1 (7),
3 (8), and 10 (9) ng/mL of MAb RBD5313. (e) Concentration dependence for test systems containing
the pA–GNP conjugate with OD520 = 2 (I), 5 (II), 10 (III), and 20 (IV) (n = 3).

3.7. Testing of the Developed LFIAs on Blood Samples of Patients with a Confirmed COVID-19 Diagnosis

To validate the developed analytical systems, the positive standard of the National
Institute for Biological Standards and Control (Hertfordshire, UK) was first used. As shown
in Figure 7, the proposed enhancing approach increased the coloration in the TZ from
6 times to 3 orders of magnitude. The maximum signal was observed in the enhanced LFIA
when the serum was diluted from 20 to 40 times.
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Figure 7. Images of test strips after the common (a) and enhanced (b) LFIAs of samples of pooled
human serum containing antibodies to RBD SARS-CoV-2 diluted by 2.5 (1), 5 (2), 10 (3), 20 (4), 40 (5),
80 (6), 160 (7), and 320 (8) times. (c) Concentration dependence of the common (I) and enhanced (II)
LFIA (n = 3).

Following this step, the developed LFIAs were compared with the ELISA in terms of
the efficiency of detecting specific antibodies from patients in the samples. For this purpose,
a panel of 24 sera was collected, which included 16 sera from patients with confirmed
COVID-19 and eight negative sera. This panel has been tested by ELISA.

The resulting panel of positive and negative samples was tested by the LFIA in two
formats (see Table 1). Samples providing the color intensities of the TZ above 100 arbitrary
units (a.u.), which roughly corresponded to the visual detection threshold, were considered
as positive. To be specific, when using the common LFIA, six out of 16 positive samples
provided negative results; namely, the diagnostic sensitivity was 62.5%. This value is in
accordance with the middle of the sensitivity interval of SARS-CoV-2 LFIAs. Moreover, in
accordance with the published reviews, the sensitivity reached levels that vary from 49 to
85% [14,43–45]. To be specific, when using the enhanced LFIA, all of the 16 ELISA-positive
sera provided positive results (with a diagnostic sensitivity of 100%). Moreover, when
testing a panel of negative sera, no positive results were observed (i.e., the diagnostic
specificity was 100%). Notably, the presented analytical parameters characterize the assay
with an instrumental registration of the results. Visual assessment may lead to inaccurate
conclusions in the case of low coloration.
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Table 1. Comparison of ELISA and LFIA data for 24 human serum samples.

Positive Sera

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

C
om

m
on

LF
IA

I
(a.u.) 208 135 140 135 155 130 142 180 90 85 0 0 0 0 0 35

+ + + + + + + + + - - - - - - -

En
ha

nc
ed

LF
IA

I
(a.u.) 585 635 175 525 1650 1285 880 2520 775 1780 125 956 1430 785 2350 3575

+ + + + + + + + + + + + + + + +

EL
IS

A
(A

45
0)

0.807 1.034 0.299 1.004 1.114 0.957 0.747 1.038 0.848 1.124 0.256 0.730 0.932 0.659 0.899 1.072

Negative Sera

1 2 3 4 5 6 7 8

C
om

m
on

LF
IA

I
(a.u.) 0 0 0 0 0 0 0 0

- - - - - - - -

En
ha

nc
ed

LF
IA

I
(a.u.) 0 65 75 0 55 0 0 0

- - - - - - - -

EL
IS

A
(A

45
0)

0.125 0.184 0.198 0.093 0.128 0.120 0.191 0.228

61



Biosensors 2022, 12, 434

4. Conclusions

The present study demonstrates the critical influence of non-specific immunoglobulins
on the diagnostic sensitivity of immunochromatographic serodiagnosis and suggests a
viable method to eliminate this influence. The proposed format of the serodiagnostic
LFIA with two stages of signal generation was tested for the COVID-19 serodiagnosis and
showed a signal increase up to three orders of magnitude. At the same time, the 16 positive
sera that were tested showed a decrease in the percentage of false-negative results from
37.5% to 0, as compared with the common serodiagnostic LFIA. The implications for the
applied two-stage strategy are evident, operator actions are somewhat more complicated
and the assay time was extended by 5 min. However, the modified assay still meets the
criteria of rapid testing. The applicability of the described approach is not limited to a
specific pathogen. Additionally, the proposed solution can be employed to increase the
serodiagnostic sensitivity of other diseases.
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Abstract: In the present work, we describe the development of a chemiluminescent enzyme-linked
oligonucleotide assay coupled with mismatched catalytic hairpin assembly (mCHA) amplification for
the quantitative determination of microRNA-155. To improve its sensitivity, a polymerase-free mCHA
reaction was applied as an isothermal amplification method. The detection limit of the proposed
assay was 400 fM. In addition, the high specificity of the assay was demonstrated. The proposed assay
allowed assessment of the content of microRNA-155 in human cancer lines such as HepG2, Caco2,
MCF7, and HeLa. The quantitation of microRNA-155 was performed after purification of short RNAs
(less than 200 nt) from cell lysates since a high matrix effect was observed without this pre-treatment.
The results of the quantitative determination of the microRNA content in cells were normalized using
nematode microRNA-39, the concentration of which was determined using a heterogeneous assay
developed by us using a strategy identical to that of the microRNA-155 assay.

Keywords: microRNA detection; polymerase-free isothermal amplification of nucleic acids;
mismatched catalytic hairpin assembly

1. Introduction

MicroRNAs (miRNAs) are short (17–25 nucleotides in length) non-coding RNA
oligonucleotides that regulate gene expression by interacting with specific sites of messen-
ger RNA causing translational repression or its degradation [1,2]. MiRNAs were established
to be involved in the regulation of important biological processes such as the development,
differentiation, metabolism, and the formation of an immunological response [3]. Currently,
about 2600 miRNAs have been detected in the human organism [4]. In addition, previous
studies have shown that the miRNA content in tissues, cells, and biological fluids undergo
changes in a wide range of diseases [5]. In particular, a relationship was observed between
fluctuations in the miRNA expression levels and the development of human oncological dis-
eases. A comparative analysis of samples of healthy individuals and cancer patients revealed
upregulation or downregulation of the expression of some miRNAs [6]. This effect depended
on the type and stage of the disease. Moreover, a change in the concentration of miRNA was
also noted during treatment of patients. Considering the above, numerous efforts are being
carried out to develop analytical methods for the determination of miRNA biomarkers.

It should be noted that the concentration of miRNAs in biological tissues and liquids
is extremely low (in the fM–pM range [7,8]) and their determination in clinical samples is a
challenge for analytical chemists. This means that practically significant miRNA methods
should have a low detection limit and high sensitivity coefficient. Often, this is achieved
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by introducing an amplification stage into the analysis scheme [9,10]. Presently, the most
used method of amplification is the reverse transcription polymerase chain reaction (RT-
PCR), which is widely applied to copy miRNA sequences. However, RT-PCR has some
disadvantages associated with the need to vary the temperature during the analysis, which
requires the use of expensive equipment. In addition, miRNAs are short oligonucleotides,
and they must be extended in RT-PCR.

These shortcomings have forced researchers to actively look for alternative methods
for the amplification of miRNAs. Currently, the prospects of using isothermal methods
of miRNA amplification have been demonstrated [11–13]. Among them, a special niche is
occupied by enzyme-free methods since they are cheaper. Catalytic hairpin assembly (CHA)
and its improved variant, called mismatched CHA (mCHA), are most commonly used.

Another important parameter of miRNA assays is their specificity. This is due to the
fact that the number of known miRNAs is high, and their sequences are short, i.e., miRNAs
show high homology. Therefore, only highly sensitive and highly specific miRNA assays
can be useful for their practical application.

One of the miRNAs considered as a promising biomarker in early diagnosis of cancer
is miRNA-155 [5,14]. Its concentration was found to increase in the serum of breast cancer
patients [15]. Overexpression of miRNA-155 significantly promotes the proliferation of
breast cancer cells, which was explained by the silencing of the Socs1 and RhoA tumor-
suppressing genes [16]. Interestingly, the microRNA-155 concentration was reduced after
surgery or chemotherapy in patients with breast cancer [17], i.e., the concentration of
miRNA-155 can be used to assess the condition of patients during treatment.

In this work, a chemiluminescent heterogeneous method for the determination of
miRNA-155 was developed. To enhance the assay’s sensitivity, mCHA reaction was
used as a polymerase-free amplification method. Furthermore, the use of streptavidin-
polyperoxidase conjugate and an enhanced chemiluminescence reaction additionally am-
plified the chemiluminescent signal. The proposed assay made it possible to quantify
miRNA-155 in cancer cell lines such as HeLa, HepG2, Caco2, and MCF-7.

2. Experimental

2.1. Reagents, Materials, and Equipment

Milk casein, Tween-20, 4-morpholinopyridine, Tris, and luminol were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Monoclonal anti-fluorescein antibody (anti-FluAb)
belonging to the IgG class was produced by Bialexa (Moscow, Russia). Further, 30% H2O2
was purchased from ChimMed (Moscow, Russia). Chemiluminescent enhancer for HRP,
3-(10′-phenothiazinyl)-propionic acid was produced as described in [18]. Conjugate of
streptavidin and horseradish polyperoxidase (Str–PolyHRP80) was obtained from SDT
GmbH (Baesweiler, Germany). Black multiwell microplates (High Binding) were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). All oligonucleotides used in this work
(Table S1) were obtained from Syntol (Moscow, Russia).

The human cells (MCF-7, HeLa, Caco2, and HepG2) were obtained from the Russian
Collection of Cell Cultures (Institute of Cytology, St. Petersburg, Russia). All cells were
cultured in Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum at 37 ◦C in
an atmosphere containing 5% CO2 as described in our previous work [19].

2.2. Measurement of MicroRNA Concentration

First, 96-well black microplates with adsorbed anti-FluAb were prepared as described
in [20]. For this, 50 μL of 6 μg/mL monoclonal anti-FluAb in 50 mM carbonate buffer, pH
9.5 was added to the plate wells and incubated for 20 h at 4 ◦C. Then, the plates were rinsed
three times with 10 mM Tris-HCl, pH 7.2 (TB) supplemented with 300 mM NaCl (TBS) and
50 μL of 1 mg/mL casein in TBS was added to the wells. After incubation at 37 ◦C for
60 min, the plates were rinsed three times with TBS supplemented with 0.05% Tween X100
(TBST). The prepared plates were stored at 4 ◦C.
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Before being used in the assay, Flu-HP1 and B-HP2 were annealed at 88 ◦C for
15 min and cooled to room temperature for 1 h. The Flu-HP1 probe was annealed at
a concentration of 30 nM in 10 mM Tris-HCl, pH 7.2 (TB) supplemented with 20 mM MgCl2.
The B-HP2 probe was annealed at a concentration of 100 nM in TB supplemented with
10 mM MgCl2 [21]. The determination of the miRNA concentration in the samples was
carried out as follows: In total, 50 μL of Flu-HP1 (30 nM in TB supplemented with 20 mM
MgCl2) was added to the plate wells to bind with the adsorbed anti-FITC antibodies. After
a 60-min incubation at 37 ◦C, the plates were rinsed three times with TBST. Afterward,
25 μL of aqueous solution of target miRNA (0–200 pM) or purified small RNA solution and
25 μL 160–1280 nM biotin-H2 in TB supplemented with 20–160 mM MgCl2 was added to
the wells. The plates were incubated for 60 min at 25 ◦C and washed three times with TBST.
Thereafter, the plates were filled with 50 μL of Str–PolyHRP80 conjugate solution (diluted
1:100,000 in TBS, supplemented with 1 mg/mL milk casein) and incubated for 60 min at
37 ◦C. The plates were rinsed thrice again with TBST and 100 μL of freshly prepared solu-
tion containing 100 mM Tris, pH 8.3, with 5.2 mM 3-(10′-phenothiazinyl) propionic acid,
9.3 mM 4-morpholinopyridine, and 1 mM luminol, and 3 mM H2O2 [22] was introduced to
the wells. Chemiluminescence was analyzed using a SpectraMax L luminometer (Molecular
Devices, Sunnyvale, CA, USA) at room temperature.

2.3. Purification and Quantitation of Cellular MicroRNAs

The purification of short RNAs from cell lysates was carried out using the LRU-100-50
kit from “BioLabMix” (Russia, Novosibirsk) as described previously [19]. Purified miRNA
samples were stored at −20 ◦C. The quantitation of the microRNA-155 and microRNA-39 in
the miRNA samples purified from the cell lysates was performed as described in Section 2.2.

3. Results and Discussion

3.1. Design of the MicroRNA Assay

The principle of the chemiluminescent enzyme-linked oligonucleotide assay for
miRNA-155 determination is schematically presented in Figure 1. The mCHA reaction
was employed for isothermal amplification of the analytical signal. The sequences of the
hairpins used in this study were modeled according to the mCHA theory [23]. Their
secondary structures are presented in Figure 2.

Immobilization of the HP1 hairpin probe labeled with fluorescein (Flu-HP1) occurred
due to its interaction with the commercial anti-fluorescein antibody (anti-FluAb) pre-
adsorbed on the surface of multiwell plates. Preliminarily, Flu-HP1 was annealed to form a
hairpin structure [24]. During the immobilization of Flu-HP1, its concentration was 30 nM,
since it was shown that this concentration allows the maximum chemiluminescent signal
to be obtained [25].

In the presence of the analyte, the captured Flu-HP1 sequence containing an overhang
located at the 3′ end and adjacent stem strand reacts with the miRNA-155 sequence, forming
a primary duplex structure (Figure 3A). As a result, the HP1 region at the 5′ end becomes
accessible due to its release from the stem. The released sequence then hybridizes with the
protruding fragment of the biotin-labeled HP2 (B-HP2), resulting in the formation of the
Flu-HP1/B-HP2 complex (Figure 3B). During the formation of the secondary complex, the
miRNA-155 molecule is displaced by B-HP2 from the primary complex into the solution.
Consequently, miRNA-155 is in a free state and is able to initiate the next cycle of mCHA
amplification. The higher the number of amplification cycles, the more molecules of the
Flu-HP1/B-HP2 complex are formed.
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Figure 1. Scheme of the chemiluminescent heterogenous microRNA-155 assay coupled with mis-
matched catalytic hairpin assembly amplification.

The amount of Flu-HP1/B-HP2 duplex produced was quantified by a reaction with
the streptavidin-polyHRP conjugate, the enzyme activity of which was estimated by an
enhanced chemiluminescence reaction [22]. The application of the triple amplification
strategy led to a multiple increase in the intensity of the chemiluminescent signal.

In the absence of the target, the hairpins used that are in closed forms should not react
with each other. Unfortunately, this reaction, depending on the assay conditions, can be
observed to one degree or another. This results in the appearance of a background signal.
To minimize the background, the experimental conditions for the mCHA-assisted assays
should be optimized.

3.2. Optimization of the Assay Conditions for MicroRNA-155 Detection

As mCHA represents a catalytic interaction of hairpins, the main factor affecting
the effectiveness of the amplification step in the mCHA-based assays and, therefore, its
sensitivity is the concentration of hairpins used. The use of H1/H2 reactive hairpins at
low concentrations slows down the reaction, which reduces the assay sensitivity. On the
other hand, a sharp increase in the hairpin concentration also reduces the sensitivity due to
high background. Thus, it is necessary to find the optimal concentration of hairpins in the
reaction medium. It should be noted that the optimal concentrations of hairpins may also
depend on the time of the amplification reaction.

In order for the proposed analysis to not take much time, the amplification was carried
out for 1 h. The concentration of the B-HP2 probe in the reaction solution varied within
80–640 nM. Under these conditions, a set of calibration curves were constructed for the
determination of miRNA-155 (Figure 4A). For each curve, the detection limit was calculated
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by the 3σ rule. As seen in Figure 4B, a minimum detection limit was obtained using the
B-HP2 probe at a concentration of 160 nM. At other concentrations of B-HP2, the sensitivity
of the assay was lower.

Figure 2. Secondary structure of the hairpins used in the chemiluminescent heterogenous assay based
on the mismatched catalytic hairpin assembly reaction for microRNA-155 detection. Modeling of the
hairpin structures and ΔG assessment were performed using OligoAnalyzer 3.1 software.

Figure 3. Schematic illustration of the formation of (A) primary and (B) secondary duplexes produced
in the chemiluminescent assay based on the mismatched catalytic hairpin assembly reaction for
microRNA-155 detection. The underlined nucleotide fragments are involved in the stems of the
hairpin structures. Modeling of the hairpin structures and ΔG assessment were performed using
OligoAnalyzer 3.1 software.
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Figure 4. Effect of the B-HP2 probe concentration in the reaction solution on (A) the behavior of
the calibration curves, (B) chemiluminescence signal (I–I0) (black columns), and limit of detection
(gray columns) of the amplified microRNA-155 assay. The mismatched catalytic hairpin assembly
reaction was carried out in 10 mM Tris-HCl with pH 7.2 containing 20 mM MgCl2 at 25 ◦C for 1 h.
The concentration of the B-HP2 probe was (a) 80, (b) 160, (c) 320, and (d) 640 mM. The value of the
chemiluminescence signal (I–I0) was calculated as the difference between the chemiluminescence
intensities recorded in the presence (100 pM) and in the absence of microRNA-155. The detection
limit was calculated using the 3σ rule.

We also analyzed the dependence of the chemiluminescent signal formed in the
presence of 100 pM of miRNA-155 on the concentration of the B-HP2 probe (Figure 4).
When the concentration of the B-HP2 probe was in the range of 160–320 nM, a maximum
signal was observed. The use of the B-HP2 probe outside this concentration range resulted
in a decrease in the chemiluminescence. Considering the factors mentioned above, in the
further work, we used the B-HP2 probe at a concentration of 160 nM.

It is well known that the salt composition of the reaction solution strongly affects the
affinity of the interaction of complementary nucleic acids. NaCl and MgCl2 are salts that
are usually used in the reactions of nucleic acids. The salt effect is especially significant
when carrying out heterogeneous reactions [26]. In our work, we showed that the mCHA
reaction of the immobilized Flu-H1 and soluble B-HP2 did not proceed in 10 mM Tris-HCl,
pH 7.2. The introduction of MgCl2 to the reaction buffer intensified the mCHA and this
effect was concentration dependent (Figure 5). The favorable concentration of MgCl2 was
20 mM. It should be noted that in 10 mM Tris-HCl, pH 7.2 containing 20 mM MgCl2, we
observed not only the maximum chemiluminescent signal but also the maximum sensitivity
(a minimum value of detection limit) for miRNA-155 detection (Figure 5). The addition of
NaCl to the MgCl2-containing buffer had no positive effect on the assay sensitivity (data
not shown).

3.3. Analytical Parameters of the Heterogenous mCHA-Based Assay of MicroRNA-155

Under favorable conditions (10 mM Tris-HCl of pH 7.2 with 20 mM MgCl2 and
160 nM B-HP2 probe), the behavior of the calibration curve for miRNA-155 detection
(Figure 6) obeyed the following equation:

γ =
ax

b + x
+

cx
d + x

(R2 0.9980)

where a, b, c and d are 2.5 × 106, 0.22, 1.1 × 108, and 1.06 × 103, respectively (curve fitting
was performed using SigmaPlot 12.5 software). The detection limit of miRNA-155 was
400 fM. The coefficient of variation of the chemiluminescent signal within the working
range was less than 12%.
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Figure 5. Effect of the MgCl2 concentration in the reaction solution at the stage of the mismatched
catalytic hairpin assembly reaction (mCHA) amplification on (A) the behavior of the calibration
curves constructed, (B) chemiluminescence signal (I–I0) (black columns), and limit of detection (gray
columns) of the amplified microRNA-155 assay. The mCHA reaction was carried out at 25 ◦C for 1 h
using the 160 nM B-HP2 probe in 10 mM Tris-HCl with pH 7.2 containing MgCl2 concentrations of
(a) 10, (b) 20, (c) 40, and (d) 80 mM. The value of the chemiluminescence signal (I–I0) was calculated
as the difference between the chemiluminescence intensities recorded in the presence (100 pM) and
in the absence of the microRNA-155. The detection limit was calculated based on the 3σ rule.

 
Figure 6. Calibration curve for the determination of microRNA-155 by the chemiluminescent het-
erogenous assay based on mismatched catalytic hairpin assembly amplification (n = 6) presented in
(A) linear and (B) semi-logarithmic coordinates.

3.4. Specificity

To assess the specificity of the proposed assay, the cross-reactivity of target microRNA-
155 and five widely studied miRNAs (miRNA-141, miRNA-319a, miRNA-21, miRNA-205,
and miRNA-39) was investigated. As seen in Figure 7, only in the case of miRNA-155 a
high chemiluminescent signal was observed.

For the other miRNAs studied, the signals were negligible. This result allowed us to
characterize the developed method as highly specific.

3.5. Detection of MicroRNAs in Human Cells

The high matrix effect observed when analyzing samples with a complex composition,
such as biological real samples, often does not allow a high sensitivity and the required
accuracy to be obtained. In order to evaluate the matrix effect observed during the de-
tection of miRNAs in cell lysates by the developed assay, we prepared spiked samples of
miRNA-39 added to MCF-7 lysates. MiRNA-39 was chosen in this experiment because
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this nematode miRNA is absent in human tissues and fluids [27]. The determination of the
concentration of miRNA-39 in the assay buffer and the spiked samples was carried out by
the chemiluminescent heterogeneous assay, which was constructed using a strategy similar
to that of the assay of miRNA-155 (Figure S1).

Figure 7. Specificity of the chemiluminescence heterogeneous method for the determination of
microRNA-155 based on mismatched catalytic hairpin assembly amplification (n = 3). The concentra-
tion of the studied microRNAs was 100 pM.

The results of the optimization of the experimental conditions of the miRNA-39 assay
are presented in the Supplementary Materials (Figures S2 and S3). The calibration curve of
the heterogenous mCHA-based assay of miRNA-39 obeyed the following equation:

γ =
ax

b + x
+

cx
d + x

(R2 0.9976)

where a, b, c and d are 5.03 × 106, 6.5, 6.3 × 1014, and 5.8 × 109, respectively (Figure S4). The
detection limit and coefficient of variation of the chemiluminescent signal in the working
range were 300 fM and less than 11%, respectively. Similar to the miRNA-155 assay, the
assay of miRNA-39 was also highly specific (Figure S5).

When we tried to determine miRNA-39 in the crude MCF-7 lysate using the mCHA-
based assay, we observed a very high matrix effect. Therefore, using the proposed assay, the
direct quantitation of miRNA-39 cannot be carried out. To prevent this effect, a commercial
kit LRU-100-50 (BioLabMix) for the purification of short RNAs (less than 200 nts in length),
including miRNAs (see Section 2.3), was used. Actually, the matrix effect was not observed
when the spiked samples were prepared by introducing miRNA-39 to a solution of short
RNAs isolated from MCF-7 lysates (data not shown). The results obtained permitted us
to conclude that the calibration curve generated when the analysis was performed in the
assay buffer can be used to calculate the miRNA concentrations in pre-treated samples.

Although the BioLabMix kit prevents the matrix effect, its use results in a partial loss
of miRNAs. To determine the purification yield, we prepared two spiked samples. One of
the samples was prepared by adding miRNA-39 to the crude MCF-7 lysate followed by
purification using the BioLabMix kit. Another sample was prepared by adding miRNA-39
to the solution of purified small RNAs prepared from the crude MCF-7 lysate with the
same kit. The purification yield determined by comparing the chemiluminescent signals
generated by the analysis of both spiked samples was in the range of 50–60%. Since
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miRNA molecules are highly homologous, we believe that the obtained values of the
purification yield can be used to normalize the results of the detection of all miRNAs,
including miRNA-155.

Using the BioLabMix kit, the content of miRNA-155 in some cultured human cells was
evaluated by the proposed assay. The average content of miRNA-155 in HepG2 cells (cell
line isolated from a hepatocellular carcinoma) was 180 ± 40 copies per cell. In Caco2 cells
(epithelial cells isolated from colon cancer tissue), the content of the target was lower and
equal to 68 ± 26 copies per cell. In contrast, in MCF7 cells (breast cancer cells) and HeLa
cells (cell line isolated from a cervical carcinoma), miRNA-155 was not detected.

4. Conclusions

In the present work, we described the development of a chemiluminescent heteroge-
neous assay for the quantitative determination of miRNA-155. To improve its sensitivity,
a polymerase-free mCHA was applied as an isothermal amplification method. This al-
lowed the construction of an assay with a detection limit of 400 fM. The proposed assay
also showed high specificity. It should be noted that the use of commercially available
microplates as a carrier for the heterogeneous assay (in our work, we used 96-well plates,
though 384- or 1536-well plates can also be used) makes it possible to easily standardize
and automate the determination of miRNA-155.

The proposed assay allowed successful determination of the content of miRNA-155
in human cancer cell lines such as HepG2, Caco2, MCF7, and HeLa. The quantitation of
miRNA-155 was performed after the purification of short RNAs (less than 200 nts) from cell
lysates since without such pre-treatment, a high matrix effect was observed. The results of
the evaluation of the miRNA content in cells were normalized using nematode miRNA-39,
the concentration of which was determined using a heterogeneous assay developed by us
using a strategy identical to that of the miRNA-155 assay.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12080570/s1, Structure of oligonucleotides used in this work;
the experimental results of the optimization of the chemiluminescent assay of microRNA-39. Figure
S1. Secondary structures of (A) the hairpins used in chemiluminescent heterogenous mCHA-based
microRNA-39 assay, (B) Flu-HP1- microRNA-39, and (C) Flu-HP1- B-HP2 duplexes, and ΔG values
of their formation. Underlined nucleotides are involved in the stem of hairpin structures. Modeling
of the hairpin structures and ΔG assessment were performed using OligoAnalyzer 3.1 software.
Figure S2. Effect of the B-HP2 probe concentration in the reaction solution on (A) the behavior of
the calibration curves, (B) chemiluminescence signal (I–I0) (black columns), and limit of detection
(gray columns) of the amplified microRNA-39 assay. The mismatched catalytic hairpin assembly
reaction was carried out in 10 mM Tris-HCl with pH 7.2 containing 20 mM MgCl2 at 25 ◦C for 1 h.
The concentration of the B-HP2 probe was (a) 80, (b) 160, (c) 320, and (d) 640 mM. The value of the
chemiluminescence signal (I–I0) was calculated as the difference between the chemiluminescence
intensities recorded in the presence (100 pM) and in the absence of microRNA-39. The detection
limit was calculated using the 3σ rule. Figure S3. Effect of the MgCl2 concentration in the reaction
solution at the stage of mCHA amplification on (A) the behavior of the calibration curves constructed,
(B) chemiluminescence signal (I–I0) (black columns), and limit of detection (gray columns) of the
amplified microRNA-39 assay. The mismatched catalytic hairpin assembly reaction was carried out
at 25 ◦C for 1 h using the 160 nM B-HP2 probe in 10 mM Tris-HCl with pH 7.2 containing MgCl2
concentrations of (a) 10, (b) 20, (c) 40, and (d) 80 mM. The value of the chemiluminescence signal (I–I0)
was calculated as the difference between the chemiluminescence intensities recorded in the presence
(100 pM) and in the absence of the microRNA-39. The detection limit was calculated based on the 3σ
rule. Figure S4. Calibration curve for the determination of microRNA-39 by the chemiluminescent
heterogenous assay based on the mismatched catalytic hairpin assembly reaction (n = 6) presented in
(A) linear and (B) semi-logarithmic coordinates. The mCHA reaction was carried out using 160 nM
B-HP2 in 10 mM Tris-HCl with pH 7.2 containing 20 mM MgCl2 at 25 ◦C for 1 h. Figure S5. Specificity
of the chemiluminescence heterogeneous method for the determination of microRNA-39 based on
the mismatched catalytic hairpin assembly reaction (n = 3). The concentration of the studied miRNAs
was 100 pM. Table S1. The list of oligonucleotides used in this work (5′-3′).
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Abstract: Sulfonylureas, a family of anti-diabetic drugs widely used in the clinical treatment of
type 2 diabetes, have recently emerged as an illegal adulterant in functional foods, to enhance the
claimed anti-diabetic activity. To establish a screening assay method against their adulteration,
with the aid of molecular simulation of hapten, two antibodies were raised and complementarily
used to enhance the broad-specificity of an enzyme-linked immunosorbent assay (ELISA), which
demonstrated simultaneous detection capability to 6 sulfonylureas; the detection limits ranged from
0.02 to 1.0 ng/mL, and recoveries were between 78.3% to 104.5%. Liquid chromatography with
tandem mass spectrometry (LC-MS/MS) confirmed the reliability of the proposed ELISA, based on
real samples. These results suggest that the proposed ELISA could be an ideal method for screening
to monitor for illicit adulteration of sulfonylureas in functional pill products.

Keywords: sulfonylureas; broad-specificity; antibody; immunoassay; adulteration; functional foods

1. Introduction

More than 463 million people worldwide are afflicted by a chronic disease character-
ized the persistent hyperglycemia known as type 2 diabetes [1]. These patients need to
stay on medication throughout their lives to help their bodies metabolize glucose. The
common hypoglycemic drugs include insulin, metformin, and sulfonylureas. However,
the body may develop resistance if these medications are given in the long term [2]. As a
result, to reduce dependence on glucose-lowering drugs, many diabetics prefer to consume
functional foods or natural medicines that are supposedly “natural, side-effect-free, and
efficacious” [3]. However, some so-called strongly active products have recently been
found to be illegally added synthetic drugs, such as sulfonylureas, added to functional
foods or natural medicines [4] in order to “boost” their effect.
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Sulfonylureas are a typical class of drugs used orally for the treatment of type 2
diabetes, including first-generation drugs that are no longer used (acetohexamide, tolbu-
tamide, chlorpropamide, carbutamide, and tolazamide), and second-generation drugs
(gliclazide, glyburide, glipizide, gliquidone, glimepiride, and glibornuride) [5]. The ad-
dition of these therapeutic drugs to dietary supplements illegally violates the law and
the original intent of consumers. However, on a more important note, it will lead to a
profound and serious public health problem, exposing consumers to the risk of serious
adverse reactions in the form of acute hypoglycemia, diarrhea, and erythrocytic anemia [6].
Currently, analytical methods for sulfonylureas are generally instrumental methods, such
as ultra-performance liquid chromatography (UPLC) [7], liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [8], real-time mass spectrometry (DART-MS) [6,9], and
on-line two-dimensional liquid chromatography (2D-MS) [10], etc. Instrumental methods
are very sensitive and reliable. However, they require complex sample pretreatment, ex-
pensive equipment support, and large amounts of organic solvents that cannot be used
for the rapid detection of sulfonylureas in functional foods. In contrast, immunoassay,
such as the enzyme-linked immunosorbent assay (ELISA), has been widely used in the
rapid screening of illegal additives in functional foods, due to its simplicity, rapidity, and
ease of interpretation [11,12]. However, no ELISA has been reported for sulfonylurea
detection in functional foods. Besides, it is known that the sulfonylurea family contains
a class compound with similar structures and activity; therefore, there is an urgent need
to enhance assay efficiency to establish a immunoassay that possesses the simultaneous
detection capability for sulfonylureas in one, rather than repeatedly.

In this study, four novel haptens were rationally designed by aligning the common
structure of molecular modeling of 11 sulfonylureas, and then immunizing rabbits to gener-
ate two polyclonal antibodies with broad-specificity that can recognize many sulfonylureas.
An ELISA (Figure 1) was established based on a complementary strategy, the combination
of the obtained two antibodies for the simultaneous detection of 6 sulfonylureas, which has
recently been in functional pills with claimed anti-diabetic properties.

Figure 1. Schematic illustration of complementary ic-ELISA for Sulfonylureas. H1-pAb, antibody to
Hapten 1. H2-pAb, antibody to Hapten 2. BSA, bovine serum albumin. EDC/NHS, two coupling
regents EDC and NHS for active ester method.
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2. Materials and Methods

2.1. Chemicals and Reagents

The chemicals 4-(2-aminoethyl) benzenesulfonamide (CAS 35303-76-5), ethyl tosylcarba-
mate (CAS 5577-13-9), di-tert-butyl decarbonate (CAS 24424-99-5), 4-methylbenzenesulfonyl
isocyanate (CAS 4083-64-1), cyclohexyl isocyanate (CAS 3173-53-3), tert-butyl (4-aminobutyl)
carbamate (CAS 1088779-66-1), glycine methyl ester hydrochloride (CAS 5680-79-5), N-(4-
sulfamoylphenyl)acetamide (CAS 121-61-9), acetohexamide, tolbutamide, chlorpropamide,
carbutamide, tolazamide, glibornuride, gliclazide, glimepiride, glyburide, gliquidone, glip-
izide, rosiglitazone, phenformin, metformin hydrochloride, and repaglinide, were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Bovine serum al-
bumin (BSA), ovalbumin (OVA), 1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide hydrochlo-
ride (EDC), hydrolyzed protein, N-hydroxylsuccinamide (NHS), Freund’s complete adjuvant,
Freund’s incomplete adjuvant, 3,3′,5,5′-tetramethylbenzidine (TMB), and goat anti-rabbit
IgG-HRP were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane, triflu-
oroacetic acid, N, N-Dimethylformamide (DMF), Tween-20 and methanol, were bought from
Damao Chemical Reagent Co., Ltd. (Tianjin, China). All reagents are in analytical reagent
grade or higher purity.

New Zealand White rabbits (2–3 months old about 2 kg) were purchased from Guang-
dong Medical Laboratory Animal Center and kept in the Animal Experiment Centre
of South China Agriculture University (Animal Experiment Ethical Approval Number:
2020e009, Supplementary Materials Figure S9). All necessary animal work licenses were
obtained prior to the start of the work.

2.2. Instruments

Ultraviolet−visible spectra were documented on a Nanodrop 2000C spectrophotometer
(Thermo, MA, USA). Absorbance was measured on a Multiskan Spectrum (Thermo, Waltham,
MA, USA). Polystyrene 96-well plates (KE-96−8) were acquired from Yijiamei (Xiamen, China).
The LC-MS/MS experiment was performed on a AB QTRAP4500 triple quadrupole mass spec-
trometer (AB SCIEX, Framingham, MA, USA), and POROSHELL HPH-C18 (2.1 × 150 mm,
4 μm, Agilent, Santa Clara, CA, USA) was used to separate compounds.

2.3. Buffers and Solutions

The following buffers and solutions were used: (A) 0.1 mol/L 2-(N-morpholine) ethane-
sulfonic acid solution, pH 4.5–5.0, as binding buffer for the EDC method. (B) 0.1 mol/L
carbonate buffer (CB), pH 9.6, as coating buffer. (C) Washing solution consisting of PBST
solution in phosphate-buffered saline (PBS, 0.01 mol/L, pH 7.4) containing 0.5% Tween-20.
(D) Blocking buffer to be prepared with 0.1% hydrolyzed protein (w/v) and 0.01 mol/L PBST.
(E) 2 mol/L sulfuric acid as the termination solution. (F) Standard stock solution (1 mg/mL)
produced by dissolving an appropriate amount of standards in methanol and stored at 4 ◦C
until use.

2.4. Conjugation

The hapten synthesis is described in detail in the Supplementary Materials.

2.4.1. Hapten 1-OVA/BSA

Hapten 1 was coupled to BSA and OVA by a direct EDC method [13] with a slight
change. Briefly, 8 mg Hapten 1, 6 mg EDC, and 12 mg BSA or OVA were solubilized in
1000 μL of conjugation buffer (2-(N-morpholine) ethanesulfonic acid solution, 0.1 mol/L,
pH 4.5–5.0). The solution was stirred at 4 ◦C for 12 h. Finally, the prepared conjugates
were purified by dialysis with PBS (0.01 M, pH 7.4) at 4 ◦C for 3 days to remove unreacted
reactants and non-coupled free hapten.
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2.4.2. Hapten 2-OVA/BSA

The Hapten 2-OVA/BSA was prepared using the active ester method [13]. Briefly,
3 mg Hapten 2, 5.7 mg EDC, and 1.7 mg NHS were solubilized in 200 μL of DMF. After
reacting at 4 ◦C overnight, the activated hapten solution was added dropwise to 2 mL
solution of 12 mg BSA or OVA in PBS (0.01 M, pH 7.4) under stirring and reacted for
another 4 h at room temperature. The prepared conjugates were purified by dialyzing with
0.01 M PBS (pH 7.4) for 3 days at 4 ◦C.

2.4.3. Hapten 3-OVA

The coupling method is the same as that of hapten 1-OVA/BSA, with hapten 1 changed
to an equal mole of hapten 3.

2.4.4. Hapten 4-OVA/BSA

The preparation of SUs4-OVA/BSA was carried out by the diazotization method. All
procedures described below were performed at 0~4 ◦C. Six miligrams of hapten 4 were
dissolved in 1 mL of methanol and adjusted to a pH of 1 with pre-cooled 1 mol/L HCl. To
the solution of hapten 4 was added dropwise 0.5 M sodium nitrite, with constant stirring
until the starch potassium iodide test paper turned blue and black, then continuing to react
for 40 min in the dark, and obtaining a dark yellow turbid liquid. To remove the excess
nitrous acid, the pH of the solution was adjusted to 8 with 3 M NaOH. The diazonium salt
solution of hapten 4 was added dropwise to 12 mg of OVA or BSA in 3 mL of PBS (0.01 M,
pH 7.4), and the pH of the solution was maintained at around 9.5 with 3 M NaOH. The
solution was stirred for 12 h after the addition of the final drop. The prepared conjugates
were purified by dialyzing with 0.01 M PBS (pH 7.4) for 3 days at 4 ◦C.

A full wavelength UV-Vis spectroscopy scan was applied to verify the conjugation
(Supplementary Materials Figure S4) and final preservation at −20 ◦C until use. Hapten 1-
BSA and Hapten 2-BSA Hapten 4-BSA were used as the immunogen, while Hapten 1-OVA,
Hapten 2-OVA, Hapten 3-OVA, and Hapnten 4-OVA were used as the coating antigens.

2.5. Antibody Generation

The immunization process in animals was described in our former publication [14].
The collected antisera were assessed by ELISA, with titer and inhibition rate [15] and antis-
era purified by ammonium sulfate precipitation for use in further process development [16].
The purified antibodies were characterised by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and named as H1-Ab (immunized by Hapten 1-BSA) H2-Ab
(immunized by Hapten 2-BSA), and H4-Ab (immunized by Hapten 4-BSA).

2.6. ELISA Procedure

The detection method for sulfonylureas was made up of two independent ELISAs
established by H1-Ab and H2-Ab and the corresponding coating antigen. The individual
ELISA methods were the same as the general ELISA method, which is described in detail
in the Supporting Information.

An inhibition rate (B/B0 × 100) was utilized to evaluate the binding ability of the
antibody to the coating agent and sulfonylureas, where B0 and B represent the absorbance
values of the negative solution and sulfonylureas standard solution (1 μg/mL), respec-
tively. Then, a four-parameter logistic function plotted by Origin 8.5 (Origin Lab Corp.,
Northampton, MA, USA) was fitted to establish calibration curves of 11 sulfonylureas
under optimized antibody/coating antigen concentration. The detection limit (LOD) was
defined as the inhibitory concentration at 10% (IC10), while the dynamic detectable range
was defined as the values ranging from IC20–IC80.

2.7. Specificity

The specificity of the ELISA was determined by the half inhibitory concentration (IC50)
of the rosiglitazone, phenformin, metformin hydrochloride, repaglinide, acetohexamide,
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tolbutamide, chlorpropamide, carbutamide, tolazamide, gliclazide, glyburide, glipizide,
gliquidone, glimepiride, and glibornuride under optimized conditions. The cross-reactivity
(CR) was calculated according to the following equation:

CR(%) =
IC50(most sensitivity SUs, nmol/mL)

IC50(other SUs, nmol/mL)
× 100% (1)

2.8. Sample Preparation

Healthcare capsules were acquired from the locally available market and determined
to be “true negative” by LC-MS/MS (see Section 2.10, Recovery). The shell of the capsule
samples was removed to collect the powder. For each sample, 1.000 g of the sample powder
was accurately weighed into a 15 mL centrifuge plastic tube, 4 mL of methanol was added
and vortex-mixed for 2 min, centrifuged at 4000× g for 5 min, and the supernatant was
aspirated to obtain the sample’s working solution. For the tablet sample, the powder was
obtained by grinding in a mortar, and the remaining treatment was the same as the capsule.

2.9. Matrix Effect

Blank capsule samples were prepared as described above. The working solutions of
the samples were diluted to 40, 60 and 80 times with PBST, respectively. Glipizide (for
H1-Ab ELISA) or tolbutamide (for H2-Ab ELISA) was then diluted with PBST and three
different dilution extracts to establish calibration curves for the ELISA. To ensure that
matrix effects were negligible, t-tests were used to compare calibration curves and confirm
the most appropriate dilution.

2.10. Recovery and Confirmation

Recovery is the addition of a standard of known content, i.e., the component being
measured, to a blank sample or to a background of known content, and the ratio of the mea-
sured value to the added value calculated using an established method. Six sulfonylureas,
often employed as illicit additions, were spiked in capsule samples and compared with the
LC-MS/MS method to evaluate the detection accuracy of the developed ELISA. The capsule
samples were added to three concentration levels of glyburide (0.32, 1.6, and 6.4 mg/kg),
glipizide (0.32, 1.6, and 4.8 mg/kg), glimepiride (0.32, 1.6, and 6.4 mg/kg), gliquidone (0.64,
3.2, and 12.8 mg/kg), tolbutamide (0.32, 1.6, and 6.4 mg/kg), and gliclazide (3.2, 16, and
64 mg/kg), respectively. Three replicates were tested. The samples were then subjected
to the extraction method described above. The accuracy and precision were estimated
using the recovery and coefficient of variation (CV), respectively. The determination coeffi-
cient (R2) between ELISA and LC-MS/MS method was used to evaluate the reliability of
the ELISA.

The standard tolbutamide, glyburide, glipizide, glimepiride, gliquidone, and gli-
clazide were dissolved in MeOH with a concentration from 1.0~1000.0 ng/mL, respec-
tively. As mentioned in a previous article [17], LC-MS/MS analysis was performed on AB
QTRAP4500 triple quadrupole mass spectrometer.

recovery(%) =
Detected concentration

Actual concentration added
× 100% (2)

2.11. Analysis of Blind Samples

Eight samples (Figure 2) were purchased from the local market, after being prepared by
the above extraction method, and the extract was diluted at appropriate concentration; the
extraction was then analyzed by both the established ELISA and LC-MS/MS simultaneously.
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Figure 2. Eight real samples claiming anti-diabetic properties. S1~S4 were capsule samples with
different matrices. S5~S8 were tablet samples with different matrices.

3. Results

3.1. Antibody Production
3.1.1. Hapten Design

Hapten design plays a key role in the whole process of producing a broad-specificity
antibody and developing a broad-specificity immunoassay. To obtain the broad-specific
antibody, that can widely recognize a group of serial compounds with different but usually
related structures [18], structural similarity is often considered the basis of immune hapten
selection that induces broad-specific antibody production. For the structural analysis of
11 sulfonylureas, it was found that the molecular structures can be divided into three parts,
R1, R2, and general structural (S-arylsulfonylurea) (Table 1). Further analysis showed that
the 11 sulfonylureas can be further grouped into two parts. One part is R2 with cyclo-
hexane (named Group 1), while the other is R1 with the single-atom substituent (named
Group 2). In addition, from the alignment result of 11 sulfonylureas (Figure 3), grouping
can significantly reduce group structure differences, indicating that designing a broad-
specificity hapten for each group will help improve the total affinity of broad-specificity
antibodies. Thus, Hapten 1–4 was designed (Table 1). Hapten 1 and Hapten 3 retain the
S-arylsulfonylurea and cyclohexane features of Group 1. Besides, the p-substituent on the
phenyl ring of Hapten 1 was ethylamine, which could be coupled to BSA by forming an
amide bond with the one-step EDC method. The amide bond-forming was consistent with
most of the structures in Group 1. To improve the affinity of the antibody prepared with
the Hapten 1 to Group 1. Hapten 3 is designed as a heterogeneous coating hapten to reduce
the influence of “linking arm antibodies” [19], thereby increasing the detection sensitivity
to the ELISA process. The design of Hapten 2 and Hapten 4 was similar to that of Hapten 1
and Hapten 3. However, since it is hard to determine which structure is more suitable for
antibody preparation, both Hapten 2 and Hapten 4 were used as immunogens synthesis
and as heterogeneous coating haptens to each other.
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Table 1. Structures and classification of 11 sulfonylureas and the structures of 4 designed hapten.

Name
General

Structural
R1

a R2
b Sulfonylureas R1 R2

Glyburide

 

  
Tolbutamide   

Glipizide
  

Carbutamide   

Glimepiride

  
Gliclazide  

 

Gliquidone

  
Tolazamide  

 

Acetohexamide
  

Glibornuride  
 

Chlorpropamide   

Hapten

Hapten 1
 

Hapten 2

 

Hapten 3

 
Hapten 4

 

a R1, The upper part of a structure common to sulfonylureas and connected by wavy lines; b R2, The lower part of
the structure common to sulfonylureas and connected by wavy lines.

Figure 3. The alignment result of 11 sulfonylureas with the lowest energy conformations. (a) total align-
ment result of gliquidone, glipizide, acetohexamide, glyburide, glimepiride, tolazamide, tolbutamide,
chlorpropamide, gliclazide, carbutamide, and glibornuride. (b) grouping alignment result. The left
side included tolbutamide, carbutamide, gliclazide, tolazamide, glibornuride, and chlorpropamide; The
right side included glyburide, glipizide, glimepiride, gliquidone, and acetohexamide. Blue and red
rectangular boxes represent the variant and the common skeleton structure of sulfonylureas.

3.1.2. Conjugate Preparation

A UV−vis spectrophotometer was utilized to determine the effectiveness of the conju-
gation reaction of Hapten 1-OVA/BSA, Hapten 2-OVA/BSA, Hapten 3-OVA, and Hapten
4-OVA/BSA. As shown in Figure S10a,b,e,f, the proteins modified with Hapten 1 and

83



Biosensors 2022, 12, 591

Hapten 4 demonstrated a slight shift in the valley at 250 nm, compared with the natural
protein. Furthermore, Hapten 1 and 4 also demonstrated a pronounced absorption peak at
240 nm. Therefore, the shift of the UV absorption peak of the protein can be ascribed to the
successful coupling of the hapten and carrier protein [20]. Similarly, Hapten 2-OVA/BSA
(Figure S10c,d), due to the active ester method, is more effective than the direct EDC
method; the conjugation showed a significant shift compared with the natural protein.
While the Hapten 4 coupled to the BSA/OVA by the diazotization method (Figure S10g,h),
the formation of diazonium bonds caused Hapten 3-BSA/OVA to display a new absorption
peak at 350 nm. This indicated that Hapten 4 was successfully coupled to the carrier
protein [20].

3.1.3. ELISA Optimization

To obtain a high sensitivity, 12 combinations with three antibodies and four coating
antigens were evaluated by titer and inhibition rate. The result (Figure S11) shows that
the combinations of H1-Ab/Hapten 3-OVA and H2-Ab/Hapten 4-OVA had a superior
inhibition rate and higher titer, which were 83.3%/128,000 and 88.8%/256,000, respec-
tively. Therefore, the heterologous assay combinations of H1-Ab/Hapten 3-OVA and
H2-Ab/Hapten 4-OVA were selected for further optimization.

It is well known that the concentration of the coated antigen and antibody could
affect the sensitivity of an immunoassay [13]. Thus, a chessboard titration was used to
optimize the dilute multiple of coating antigen and purified antibody (Figure S13), by
comparing the values of the IC50 and Amax/IC50 ratio (Figure S13), calculated from the
calibration curve [14], where Amax represents the maximum signal at zero calibrator
concentration. The optimal dilution multiple of coating antigen and antibody for H1-
Ab/Hapten 3-OVA and H2-Ab/Hapten 4-OVA were found to be 1:32,000/1:512,000 and
1:64,000/1:4000, respectively.

3.1.4. Broad-Specificity

The specificity of the two antibodies was evaluated by cross-reactivity of 11 sulfonylureas
and four other oral hypoglycemic drugs usually adulterated in the capsule (Table 2); the
H1-Ab and H2-Ab showed a desirable broad-specificity with sulfonylureas and no obvious
cross-reactivity (CR) for other drugs. Since hapten 1 and 3 bind to the protein at R1 and
hapten 2 and 4 bind to the protein at R2, the R1 terminus of glimepiride, glipizide, glyburide,
gliquidone, and acetohexamide are similar and complex, while the R2 terminus is essentially
the same. Therefore, the attachment of the protein at the R1 end exposes the common R2
end, so that antibodies immunized with hapten 1 recognize all five drugs simultaneously.
Their IC50 were 7.1, 8.5, 12.1, 14.8 and 29.4 nmol/μL, and their LOD (limit of detection) were
0.1, 0.7, 0.4, 0.04, and 2.1 nmol/μL, respectively. Conversely, tolbutamide, chlorpropamide,
and gliclazide have similar and complex R2 ends and essentially identical R1 ends, so that
the attachment of the protein at the R2 end exposes the common R1 end and therefore
the antibody from semi-antigen 2 recognizes all three drugs simultaneously. The IC50 of
tolbutamide, chlorpropamide, and gliclazide were 23.3, 33.6 and 179.6 nmol/μL, respectively,
and 4, 23, and 4 times more sensitivity than that of H1-Ab. Hence, these data indicated the
effectiveness of the hapten design and proved that this “complementary” format (combination
of H1-Ab and H2-Ab) could be used to establish a more broad-specific ELISA.
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Table 2. Specificity and sensitivity of the ic-ELISA.

Name

H1-Ab H2-Ab

LOD a

nmol/μL

Dynamic
Working Range

(nmol/μL)

IC50
b

nmol/μL
CR c

%
LOD

nmol/μL

Dynamic
Working Range

nmol/μL

IC50
nmol/μL

CR
%

Glimepiride 0.1 0.6–102.5 7.1 100.0 1672.4 - 17,228.5 0.1 d (0.04) e

Glipizide 0.7 1.6–45.8 8.5 83.6 1823.3 - >10,000 <0.01
Glyburide 0.4 1.6–96.4 12.1 58.7 3788.8 - >10,000 <0.01
Gliquidone 0.04 1.1–190.7 14.8 48.3 2455.7 - >10,000 <0.01

Acetohexamide 2.1 5.3–161.9 29.4 24.2 23.5 - 4173.0 0.6 (0.2)
Tolazamide 7.7 19.9–530.5 103.1 6.9 2.2 11.2–3221.6 189.5 12.3 (3.8)
Tolbutamide 32.2 81.7–1947.8 398.7 1.8 1.5 4.4–127.2 23.3 100 (30.6)
Carbutamide 66.3 161.1–3331.6 732.3 1.0 15.8 62.7–6911.3 658.6 3.5 (1.1)

Gliclazide 37.7 115.3–5224.3 775.8 0.9 3.1 13.9–2347.8 179.6 13.0 (4.0)
Chlorpropamide 80.2 267.8–16,444.3 2098.7 0.3 0.7 6.9–163.7 33.6 69.3 (21.2)

Glibornuride 228.1 - >10,000 <0.01 9.8 52.4–15,498.0 901.0 2.6 (0.8)
Repaglinide - - >10,000 <0.01 - - >10,000 <0.01

Rosiglitazone - - >10,000 <0.01 - - >10,000 <0.01
Phenformin - - >10,000 <0.01 - - >10,000 <0.01
Metformin

hydrochloride - - >10,000 <0.01 - - >10,000 <0.01

a LOD, detection limit. b IC50, half inhibitory concentration. c CR, cross-reactivity of H1-Ab was calculated
according to IC50 (other SUs) divided by IC50 (glimepiride). d CR of H1-Ab calculated with the IC50 (tolbutamide).
e CR of H1-Ab calculated with the IC50 (glimepiride).

3.2. Matrix Effect

The two ELISA methods were evaluated for their matrix effect by comparing the cali-
bration curve of gliquidone or tolbutamide in PBST, which was used as a control with those
calibration curves of gliquidone or tolbutamide in capsule extracts (Figure 4). The t-test results
showed that the significance values of 80 times dilution were more than 0.05, within the
dynamic working range, indicating that no significant differences were encountered between
the two matrixes at the 0.05 level. This indicated that the matrix effect could be negligible
with 80 times dilution of the capsule extracts. Considering sample preparation and the matrix
effect, the LODs for glimepiride, glipizide, glyburide, gliquidone, tolbutamide, and gliclazide
were respectively 16.0, 86.4, 70.4, 4.48, 137.6, and 316.8 μg/kg, lower than the LODs of the
statutory instrument detection method established by China [21]. Hence, the proposed ELISA
can be used to detect both spiked and authentic samples.

Figure 4. Calibration curves and t-test results of ic-ELISA in PBST and dilution 80 times (a) Glipizide
as the drug for H1-Ab/Hapten 3-OVA ic-ELISA; (b) Tolbutamide as the drug for H2-Ab/Hapten
4-OVA ic-ELISA; The texp and Sig. determined by the t test (p = 0.05).
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3.3. Recovery and Confirmation

The ELISA recoveries for the six sulfonylureas ranged from 79.2% to 110.0%, with the
CVs ranged from 3.7% to 18.5% (Table 3), indicating that the developed ELISA method
for six sulfonylureas possessed an acceptable accuracy and excellent reproducibility. The
recoveries of LC-MS/MS ranged from 76.4% to 112.1%, with CVs of 0.4% to 10.4%. In
addition, the R2 ranged from 0.978 to 0.999, which indicated a good consistency between
ELISA and LC-MS/MS.

Table 3. Recovery of sulfonylureas in capsule by ELISA and LC-MS/MS (n = 3).

Name
Spiked Level

(μg/kg)

ELISA LC-MS/MS

R2 b
Observed

Level (μg/kg)
Average

Recovery %
CV a %

Observed
Level (μg/kg)

Average
Recovery %

CV %

Glipizide
320 259.5 81.1 10.9 244.3 76.4 1.0

0.9951600 1272.0 79.5 7.9 1543.5 96.5 0.8
4800 4434.7 92.4 4.1 4701.4 98.0 2.4

Glimepiride
320 318.8 99.6 10.8 253.5 79.2 9.4

0.9941600 1548.8 96.8 18.5 1340.3 83.8 3.1
6400 5526.3 86.3 14.2 5745.4 89.8 1.6

Gliquidone
640 703.8 110.0 12.4 647.8 101.2 0.4

0.9953200 3092.0 96.6 5.7 3366.3 105.2 2.1
12,800 11,472.8 89.6 7.4 12,304.1 96.1 1.8

Glyburide
320 301.9 94.3 6.8 267.4 83.6 10.4

0.9781600 1554.4 97.1 6.2 1409.5 88.1 1.3
6400 5621.5 87.8 3.7 6363.2 99.4 2.8

Tolbutamide
320 319.2 99.7 10.4 315.9 98.7 5.8

0.9991600 1550.3 96.9 9.0 1722.5 107.7 0.9
6400 6494.9 101.5 6.5 6539.4 102.2 0.7

Gliclazide
3200 2534.1 79.2 18.1 3013.1 94.2 2.7

0.99416,000 16,034.9 100.2 6.8 14,888.0 93.1 1.1
64,000 67,399.1 105.3 4.1 71,709.9 112.1 3.8

a CV, coefficient of variation. b R2, determination coefficient.

3.4. Analysis of Blind Samples

Analysis of blind samples can verify the adaptability of the established method in
different pill matrices. As displayed in Table S2, all samples were sulfonylureas free, and
this may be due to fewer or no cases of sulfonylurea adulteration in functional foods
recently, or a limitation of the small number of samples collected. However, this does not
mean that sulphonylureas are not added to functional foods. Sulphonylureas are still a
potential risk for illegal addition to functional foods [22]. Sampling of functional foods for
sulphonylureas will continue in follow-up work. It was also found that there were no false
positive results for the detected eight samples, which indicates that the developed ELISA
methods may be reliably used for different kinds of pills claiming anti-diabetic properties.

4. Conclusions

To summarize, a high sensitivity ELISA was developed using two anti-sulfonylureas
antibodies with broad-specificity, based on a complementary strategy. The developed
method could be used for the screening assay of illegally added sulfonylurea drugs in pills
with a simple methanol extraction and dilution, demonstrating consistency with results
obtained using the LC-MS/MS method. The proposed method could also potentially be
used for multi-analysis of sulfonylureas in other similar products.
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(f), Hapten4-BSA (g), Hapten4-OVA (h), and corresponding carrier protein and hapten; Figure S11:
Titer and inhibition test for H1-Ab, H2-Ab, and H3-Ab with homologous and heterologous assay
formats; Figure S12: The SDS-PAGE of purified antibodies. Lane M, standard protein markers; Lane
1, the reduction result for H1-Ab; Lane2, the reduction result for H2-Ab; Figure S13: Optimization of
ELISA concentration of the coated antigen and antibody. H1-Ab with Hapten3-OVA (a, b) and H2-Ab
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Abstract: A stimuli-responsive (pH- and thermoresponsive) micelle-forming diblock copolymer,
poly(1,2-butadiene)290-block-poly(N,N-dimethylaminoethyl methacrylate)240 (PB-b-PDMAEMA), was
used as a polymer template for the in situ synthesis of silver nanoparticles (AgNPs) through Ag+

complexation with PDMAEMA blocks, followed by the reduction of the bound Ag+ with sodium
borohydride. A successful synthesis of the AgNPs on a PB-b-PDMAEMA micellar template was
confirmed by means of UV–Vis spectroscopy and transmission electron microscopy, wherein the
shape and size of the AgNPs were determined. A phase transition of the polymer matrix in the
AgNPs/PB-b-PDMAEMA metallopolymer hybrids, which results from a collapse and aggregation of
PDMAEMA blocks, was manifested by changes in the transmittance of their aqueous solutions as
a function of temperature. A SERS reporting probe, 4-mercaptophenylboronic acid (4-MPBA), was
used to demonstrate a laser-induced enhancement of the SERS signal observed under constant laser
irradiation. The local heating of the AgNPs/PB-b-PDMAEMA sample in the laser spot is thought to
be responsible for the triggered SERS effect, which is caused by the approaching of AgNPs and the
generation of “hot spots” under a thermo-induced collapse and the aggregation of the PDMAEMA
blocks of the polymer matrix. The triggered SERS effect depends on the time of a laser exposure
and on the concentration of 4-MPBA. Possible mechanisms of the laser-induced heating for the
AgNPs/PB-b-PDMAEMA metallopolymer hybrids are discussed.

Keywords: thermoresponsive; silver nanoparticles; SERS; 4-mercaptophenylboronic acid; amphiphilic
diblock copolymer; poly(N,N-dimethylaminoethyl methacrylate); laser-induced aggregation;
plasmonic heating; local laser exposure

1. Introduction

Surface-enhanced Raman scattering (SERS) is an ultrasensitive vibrational spectro-
scopic technique, which aims to detect analytes in close proximity to a surface of plasmonic
nanostructures. It is now well understood that the plasmonic coupling effect among
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particles induces enormous electromagnetic enhancement that allows SERS signals to be
detected with very high or even single-molecule sensitivity [1,2].

Tremendous progress in fabricating nanostructured surfaces as SERS substrates, such
as ordered arrays, fractal films, metal clusters, or colloidal metal nanoparticles (NPs), has
taken place due to the intensive development of nanotechnology [3,4]. In addition to the
ordering of micro- or nanostructures, the distance dependence of the enhancement effect
has also been reported, including the effects of the distance between adjacent nanostructures
and of the distance between analyte molecules and SERS substrate. The higher surface
enhancement factors show a near exponential decay with the gap distance between NPs [5].

SERS-responsive assemblies of gold or silver nanoparticles (AuNPs or AgNPs) can
be formed in situ, wherein the overall dimensions and interparticle spatial distances
can respond and adapt to external stimuli. Importantly, the significant enhancement of
SERS spectra arises from the compulsory aggregation of AuNPs or AgNPs, leading to the
formation of “hot spots” in the gap between NPs. The aggregation of NPs can be achieved
by increasing the ionic strength [6], ultrasound treatment [7], or application of gradient
electric field [8].

Several research groups have reported on AuNPs or AgNPs associated with a ther-
mosensitive polymer, that is, poly(N-isopropylacrylamide) (PNIPAAm). These new hybrid
metallopolymer materials provide a controllable spatial distribution of metal NPs in the
polymer matrix via temperature variation [9–11] as PNIPAAm undergoes a volume phase
transition from a swollen hydrated state to a shrunken collapsed state when the temperature
rises above 32 ◦C—a lower critical solution temperature (LCST) [12]. The temperature-
controlled changes in the interparticle distances and the spatial distribution of the metal
NPs in thermoresponsive PNIPAAm-based metallopolymer hybrid systems considerably
enhanced the SERS sensing of 4-mercaptobenzoic acid [13], 1-naphthol [14,15], dyes [16–18],
or biologically relevant molecules such as L-tyrosine or DNA [18].

An alternative to the external heating of temperature-sensitive metallopolymer hybrids
would be laser-induced local heating, which would result in the spatial approaching of
metal NPs, thereby enhancing the SERS signal. A phenomenon of microscopically observed
phase transition was already previously described [19,20], wherein the microparticles of
collapsed PNIPAAm were formed under direct heating with a focused infrared laser within
10–700 s [19] in aqueous solutions, depending on the polymer concentration, molecular
weight of the polymer, temperature, or laser power. Furthermore, the localized surface
plasmon resonance of single AuNPs attached to a transparent substrate can monitor the
phase transition of PNIPAAm in aqueous solution upon a laser exposure [21]. Additionally,
the local laser-induced plasmonic heating of AgNPs in the thermoresponsive dextran-
grafted PNIPAAm copolymer/AgNPs hybrid system has been observed [22]. Worth noting,
however, is that such local SERS triggering effects in temperature-sensitive metallopolymer
hybrids have not been exploited for SERS sensing applications to date.

Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) is also classified as a
thermoresponsive polymer. Its LCST is dependent on the pH of the surrounding aque-
ous medium [23,24], thereby rendering this polymer dual-stimuli-sensitive. Thus, the
hydrophilic–hydrophobic balance of PDMAEMA can be changed by varying both the
pH and temperature. Linear PDMAEMAs and PDMAEMA-based diblock copolymers
have been used as efficient surface modifiers for the design of various types of electro-
chemical sensors, e.g., for choline [25–27], phenol [28], myoglobin [29], dsDNA [30,31],
and drugs [32], as well as to reveal drug–DNA interactions [33]. PDMAEMA-based
(co/ter)polymers were applied for the non-viral delivery of genetic material into cells [34,35].
PDMAEMA-based polymers were also reported as proper polymeric templates for the
synthesis of metal NPs [36,37], wherein a strong stabilizing effect of PDMAEMA segments
was reported [38].

In this work, we prepared metallopolymer hybrids consisting of AgNPs, which were
templated on a poly(1,2-butadiene)290-block-poly(N,N-dimethylaminoethyl methacrylate)240
(PB-b-PDMAEMA) diblock copolymer (where the subscripts denote the number-average de-
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grees of polymerization of the corresponding blocks). Apart from that, for the first time, we
demonstrated local laser-induced enhancement of the SERS signal of
4-mercaptophenylboronic acid (4-MPBA) contacting with the obtained metallopolymer hy-
brid. Indeed, the possible local plasmonic heating of the AgNPs on PDMAEMA segments
of the diblock copolymer under a laser irradiation might result in the heating of the poly-
mer matrix in the laser spot and consequently initiate its phase transition (coil-to-globule
transition of PDMAEMA segments followed by their subsequent aggregation). As assumed,
the latter induces the approaching of AgNPs and thereby leads to the generation of “hot
spots”. We also show herein that such a SERS triggering effect depends on the time of the
laser exposure and on the concentration of 4-MPBA. Thus, we highlight a new approach to
a SERS analysis that could imply potential applications in areas such as nanosensors for
the detection and quantification of biologically relevant molecules.

2. Materials and Methods

2.1. Materials

4-MPBA, AgNO3, and NaBH4 were obtained from Sigma-Aldrich. The PB-b-PDMAEMA
diblock copolymer was synthesized as described earlier [29]. All other chemicals were of ana-
lytical grade and used without further purification. All aqueous solutions were prepared using
Milli-Q water (18.2 MΩ·cm) purified with a Milli-Q water purification system by Millipore.

2.2. Polymer-Templated Synthesis of AgNPs

For the synthesis of an AgNPs/PB-b-PDMAEMA sample, an aqueous solution of
AgNO3 (24 μL, 0.1447 M) was first added to an alkaline solution of the PB-b-PDMAEMA
diblock copolymer (3 mL, 0.023 M with respect to the monomer units of the polymer) at
a Ag:N molar ratio of 1:20. The pH value of the mixture was carefully adjusted to pH 9
and the mixture was allowed to stay under stirring at room temperature for 30 min. Then,
an aqueous solution of NaBH4 (130 μL, 2 g/L) was added into the mixture to provide a
NaBH4:AgNO3 molar ratio of 2:1. Afterwards, the reaction mixture was stirred for 30 min
at room temperature.

2.3. UV–Vis Spectroscopy

UV–Vis spectra were recorded using a Shimadzu UV-1800 double-beam spectropho-
tometer (Shimadzu, Kyoto, Japan) in quartz cuvettes with an optical path length of 10 mm.
The spectra were acquired from 200 to 800 nm with a 1 nm resolution. Before acquisition, an
AgNPs/PB-b-PDMAEMA sample was diluted 10 times with deionized water. The spectral
data were treated with the ORIGIN software.

2.4. Transmission Electron Microscopy (TEM)

For TEM measurements, copper grids were rendered hydrophilic by Ar plasma clean-
ing for 2 min (Diener Electronics, Ebhausen, Germany). Ten microliters (10 μL) of either
AgNPs/PB-b-PDMAEMA sample or control sample (AgNPs prepared in the absence of
the PB-b-PDMAEMA diblock copolymer) were applied onto the grid and an excess of the
sample was blotted with a filter paper. TEM images were acquired with a 200 kV FEI Tecnai
G2 20 transmission electron microscope equipped with a 4 k × 4 k Eagle HS CCD and a
1 k × 1 k Olympus MegaView camera for overview images.

2.5. Turbidimetry

The transmittance of aqueous solutions of the PB-b-PDMAEMA diblock copolymer
or aqueous dispersions of the AgNPs/PB-b-PDMAEMA metallopolymer hybrids with
a concentration of 0.2 g/L (pH 9) was measured on a Shimadzu UV-1800 double-beam
spectrophotometer (Shimadzu, Kyoto, Japan). The temperature-controlled sample hold-
ers were connected to a temperature controller allowing 6 simultaneous measurements.
The samples were scanned at a fixed wavelength of 500 nm. Their light transmittance
was recorded upon heating at a temperature variation rate of 0.4 ◦C/min. The inflection
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points on the transmittance–temperature curves, which correspond to the onset tempera-
ture of the transmittance decrease, are defined herein as the onset temperature of phase
transition (TPT).

2.6. Raman Spectroscopy

An SERS signal was measured using an innoRam Raman spectrometer (BWTek, Plains-
boro, NJ, USA) with a laser wavelength of 532 nm and power of 40 mW. The SERS-active
analyte, that is, 4-MPBA, was used as a reporter as this compound can covalently bind to
the Ag surface due to its mercapto group. Aqueous solutions of 4-MPBA were prepared at
the concentrations of 3, 6, 15, and 30 μM and then mixed with an AgNPs/PB-b-PDMAEMA
sample in a 1:1 ratio. Afterwards, the prepared mixtures were left for 30 min. Then, a
10 μL aliquot of each mixture was applied onto aluminum foil. The SERS spectra were
recorded in between 5–8 cycles of continuous laser exposition (each of 1 min duration). The
acquisition time was 10 s. The characteristic peak of 4-MPBA at 1070 cm−1 was used as an
analytical signal for the evaluation of the SERS efficiency.

3. Results and Discussion

3.1. Physico-Chemical Characterization of the AgNPs Templated on the
PB-b-PDMAEMA Micelles

In the present study, we used a stimuli-responsive (pH- and thermoresponsive) PB-b-
PDMAEMA diblock copolymer, which comprises both a hydrophobic poly(1,2-butadiene)
(PB) block with a low glass transition temperature (Tg) of −15 ◦C and a hydrophilic (charge-
able) poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) block. The chemical
structure of the PB-b-PDMAEMA diblock copolymer is shown in Figure S1A.

The stimuli-responsiveness of the PB-b-PDMAEMA diblock copolymer results from
the presence of a PDMAEMA block. PDMAEMA is a weak polybase with each monomer
unit containing a pendant tertiary amino group. A reversible protonation of such amino
groups imparts pH sensitivity to the PB-b-PDMAEMA diblock copolymer. According to
the published results [29,32], PDMAEMA undergoes a transition from the fully protonated
(charged) state to the fully deprotonated (non-charged) state in a pH window of 4.0–8.5,
and the pKa

app (at α = 0.5, where α is the degree of protonation of PDMAEMA) for the
PB-b-PDMAEMA diblock copolymer was found to be 6.35. PDMAEMA is also related to
thermosensitive polymers with cloud points of its aqueous solutions depending on the
pH [23,24]. It is worth noting that the decreasing pH, which results in the charging of
PDMAEMA due to the protonation of its monomer units, is accompanied by an increase in
cloud points.

Being amphiphilic, the PB-b-PDMAEMA diblock copolymer self-assembles into mi-
celles, which at the ambient temperature and neutral pH (α = 0.75) possess an overall
average diameter of 106 nm. The micellar structure of the diblock copolymer was con-
firmed by means of cryogenic TEM (Figure S1B). Within a micelle, a hydrophobic PB core
has a mean diameter of 38 nm while a hydrophilic PDMAEMA corona has a thickness of
>34 nm [29]. The latter grants the formed PB-b-PDMAEMA micelles sufficient colloidal
stability in aqueous media.

The in situ synthesis of AgNPs was performed by the pre-complexation of Ag+ ions
with PDMAEMA blocks of the PB-b-PDMAEMA diblock copolymer, followed by their
reduction to metallic Ag by sodium borohydride. The reduction was carried out at pH 9 by
mixing an aqueous solution of AgNO3 with an aqueous solution of the PB-b-PDMAEMA
micelles. The molar ratio of amino groups of PDMAEMA to AgNO3 (N:Ag) was kept at 20:1.
According to our previously published results [25,29], all monomer units of PDMAEMA
are uncharged (α = 0) at pH 9. Hence, the formation of an ion-coordination bond between
an Ag+ ion and an uncharged N atom of a monomer unit of PDMAEMA was expected.
The following reduction of Ag+ ions by a 2 molar excess of sodium borohydride results
in the immediate appearance of a yellow-orange color, which indicates the formation of
the AgNPs.
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Figure 1A,B shows the UV–Vis spectra of the AgNPs formed in situ in the presence and
in the absence of the PB-b-PDMAEMA diblock copolymer. As one can see, both samples,
when freshly prepared, exhibit a characteristic surface plasmon resonance band at approx-
imately 410–420 nm. While its position weakly depends on the presence or the absence
of the copolymer, a considerable stabilization effect of the PB-b-PDMAEMA micelles is
obvious. A spontaneous aggregation of non-stabilized AgNPs in the control sample results
in a fast absorbance intensity decrease and broadening of the plasmonic peak soon after
the preparation of AgNPs (Figure 1B). In solutions of the PB-b-PDMAEMA micelles, the
plasmonic peak of the AgNPs keeps its position as well as its intensity (Figure 1A). One only
notes certain (up and down) absorbance intensity variations for the metallopolymer hybrid
system, which takes place during the first few days (Figure 1A). Afterwards, its absorbance
demonstrates nearly no changes over at least 6 months (data not shown). The well-known
strong stabilization effect of the PDMAEMA [38] is expected to impart such high colloidal
stability to the AgNPs/PB-b-PDMAEMA metallopolymer hybrids. Apparently, the mi-
cellar structure of the PB-b-PDMAEMA diblock copolymer (Figure S1) could additionally
contribute to the enhanced colloidal stability of the AgNPs/PB-b-PDMAEMA samples.

b

λ  
λ

 
(A) (B) 

Figure 1. The time evolution of the UV–Vis spectra for the AgNPs prepared (A) in the presence and
(B) in the absence of the PB-b-PDMAEMA micelles.

The TEM images of the AgNPs that were in situ templated on the PDMAEMA blocks
of the PB-b-PDMAEMA micelles are demonstrated in Figure 2A. Two types of objects are
clearly visible in the obtained images. Numerous small darker spots are undoubtedly
attributed to the AgNPs while light grey round-shape structures, which are significantly
weaker in contrast, are thought to represent PB-b-PDMAEMA micelles in a dry state. More
TEM images of the prepared AgNPs/PB-b-PDMAEMA metallopolymer hybrids are given
in Figure S2.

Furthermore, the AgNPs formed in the presence of the PB-b-PDMAEMA micelles were
mostly spherical-like ones, which were separated from each other (Figure 2A). Although
one cannot definitely see how the AgNPs are distributed within the PB-b-PDMAEMA
micelles, they are most likely located in the external (periphery) part of the micelles, that
is, in the micellar corona built up by PDMAEMA blocks. Importantly, the TEM image
of the control sample of AgNPs, which were synthesized in the absence of the PB-b-
PDMAEMA diblock copolymer, considerably differs from that taken for the AgNPs/PB-b-
PDMAEMA sample. Indeed, only aggregated AgNPs are observed in this case, as shown
in Figure S3. These results further confirm a considerable stabilization of the AgNPs in
these metallopolymer hybrids.
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Figure 2. (A) The TEM image and (B) the corresponding size distributions of the AgNPs prepared in
the presence of PB-b-PDMAEMA micelles.

As follows from Figure 2B, the size distribution of the AgNPs formed in the presence
of the PB-b-PDMAEMA micelles was found to be rather narrow. Their mean diameter
was calculated as 4.6 ± 2.5 nm (n = 800). Assuming that all of them are isotropic and
possess a crystalline structure with the closest-packed Ag atoms that form a face-centered
cubic lattice, one can evaluate the mean number of Ag atoms per NP. Indeed, the vol-
ume of a lattice cell for a silver face-centered cubic lattice (a = b = c = 0.4086 nm) is
V = 0.0682 nm3 with the number of Ag atoms per lattice cell of 4. Hence, one AgNP with
a mean diameter of 4.6 ± 2.5 nm contains approximately 2990 atoms. If we assume that
Ag atoms form less-packed clusters, then one can calculate the same for a simple cubic
lattice (a = b = c = 0.288 nm, where 0.288 nm is a diameter of Ag atom). In this case, the
volume of the lattice cell is V = 0.0239 nm3 with the number of Ag atoms per lattice cell of
1. Hence, one can evaluate approximately 2130 atoms per one AgNP with a mean diameter
of 4.6 ± 2.5 nm. Thus, one can consider 2990 and 2130 values as an upper-bound estimate
and a lower-bound estimate for the number of Ag atoms per one AgNP, respectively.

Keeping in mind that the molar ratio of N:Ag was set to 20:1 (see Section 2.2 for
the conditions applied for the synthesis of the AgNPs), one can easily calculate the con-
centration of AgNPs in the AgNPs/PB-b-PDMAEMA system as 1.51 × 1017 particles/L
(assuming a crystalline structure of the AgNPs) or 2.12 × 1017 particles/L (assuming a
cluster structure of the AgNPs). Dividing these values by the concentration of the PB-
b-PDMAEMA micelles (independently determined by means of nanoparticle tracking
analysis as 3.7 × 1016 micelles/L [29]), one can further evaluate the mean number of the
AgNPs per one micelle. Hence, one PB-b-PDMAEMA micelle apparently contains between
4 and 6 AgNPs. It is worth noting that these evaluations are in very good agreement
with the analysis of the obtained TEM images (Figure 2A), wherein 5–6 AgNPs per one
PB-b-PDMAEMA micelle were counted.

A thermoresponsive behavior of the PB-b-PDMAEMA micelles and the prepared
AgNPs/PB-b-PDMAEMA metallopolymer hybrids was revealed in our work by means
of turbidimetry. The measurements were performed for 0.2 g/L solutions of each sam-
ple at a heating rate of 0.4 ◦C/min. A temperature-induced hydrophobization of the
PDMAEMA blocks and the subsequent aggregation of the PB-b-PDMAEMA micelles re-
sulted in a change in the transmittance of the samples (Figure 3A). The inflection points
in the transmittance–temperature curves, which correspond to the onset temperature
of the transmittance decrease, are defined herein as the onset temperature of the phase
transition TPT. As shown in Figure 3A, the transmittance curves demonstrate temperature-
induced phase transition for both the PB-b-PDMAEMA micelles and for the AgNPs/PB-
b-PDMAEMA metallopolymer hybrids, although the intensity of the process and the
temperature ranges are remarkably different. Indeed, the TPT for the PB-b-PDMAEMA
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micelles was determined as 38 ◦C while the AgNPs/PB-b-PDMAEMA metallopolymer
hybrids exhibit a higher TPT of 52 ◦C (Figure 3A). Moreover, the phase transition in the
latter case looks considerably less sharp and less pronounced. Apparently, the loading of
PDMAEMA blocks with the AgNPs notably suppresses the temperature-induced phase
transition. Furthermore, Figure 3B clearly demonstrates that the phase transition for the
AgNPs/PB-b-PDMAEMA metallopolymer hybrids is completely reversible (at least, within
the examined temperature cycle of 30 ◦C–60 ◦C–30 ◦C).

Figure 3. (A) Temperature-dependent changes in the transmittance of 0.2 g/L aqueous solutions of the
PB-b-PDMAEMA micelles (blue line) and the AgNPs/PB-b-PDMAEMA hybrids (red line). (B) The
UV–Vis spectra of 0.2 g/L aqueous solutions of the AgNPs/PB-b-PDMAEMA hybrids recorded at
different temperatures. The pH values of all solutions were adjusted to pH 9 by 0.1 M NaOH.

Thus, a successful synthesis of the AgNPs on a PB-b-PDMAEMA micellar template was
confirmed by means of UV–Vis spectroscopy and TEM, wherein the shape and size of the
AgNPs were determined. We also demonstrated a reversible character of the temperature-
induced phase separation for the AgNPs/PB-b-PDMAEMA metallopolymer hybrids. These
findings allow us to expect a compulsory aggregation of the AgNPs upon a laser beam
exposure of the AgNPs/PB-b-PDMAEMA samples. Indeed, the plasmonic heating of
AgNPs is thought to result in a temperature-induced collapse of PDMAEMA blocks (coil-to-
globule transition) and their aggregation, thereby initiating the approaching of the AgNPs
and appearance of “hot spots”. As consequence, the SERS effect is to be observed.

3.2. SERS for the AgNPs Templated on the PB-b-PDMAEMA Micelles

To reveal a potential of the AgNPs/PB-b-PDMAEMA metallopolymer hybrids to
exhibit the SERS effect, the AgNPs were labeled with 4-MPBA. As it forms a strong Ag–S
bond, this compound can covalently bind to AgNPs. The covalent bond formation also
leads to the appearance of intense peaks in the SERS spectrum of 4-MPBA that renders
it an outstanding reporter for SERS experiments with AgNPs. Moreover, boronic acid
itself can covalently bind to polyols, including carbohydrates and glycated proteins, which
can be advantageously exploited for the diagnosis of diabetes, thereby emphasizing the
biochemical relevance of 4-MPBA [39].

The chemical structure and the exemplary SERS spectrum of 4-MPBA with characteris-
tic vibrations is shown in Figure S4. The most intense peaks of 4-MPBA are at 414, 992, 1018,
1070, 1178, and 1570 cm−1. The peak at 1070 cm−1 is related to the in-plane benzene ring
breathing mode coupled with the C–S stretching mode [40]. In further SERS experiments,
the amplitude of this peak was used as an analytical signal.
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To demonstrate the SERS effect for the AgNPs/PB-b-PDMAEMA metallopolymer
hybrids, a drop of the AgNPs/PB-b-PDMAEMA sample labeled with 4-MPBA was de-
posited on aluminum foil and then an initial SERS spectrum was acquired first. After
that, the sample was continuously exposed to laser beam for 1 min. Then, a second SERS
spectrum was acquired under the same conditions. This procedure was repeated eight
times so that the total time of laser exposition was equal to 8 min. Figure 4 demonstrates
that a continuous laser exposure leads to a notable increase in the intensity of the SERS
spectra, the increase being proportional to the exposure time. This result is thought to
be a consequence of the local “hot spot” generation through a laser-induced collapse of
PDMAEMA blocks (coil-to-globule transition) and their aggregation, followed by AgNPs
approaching.

−

Figure 4. The evolution of the SERS spectra of the 10 μL drop of the AgNPs/PB-b-PDMAEMA hybrid
with 30 μM of 4-MPBA at different exposure times: 0 min (orange line); 3 min (green line); 6 min
(pink line); and 8 min (light blue line).

To prove whether the observed effect of the SERS intensity increase is due to a local
laser exposure of the sample, a control experiment was performed, which started from
recording the series of SERS spectra acquired in between five cycles of a 1 min laser
exposure. Then, the laser was switched off, the drop of the sample was carefully mixed,
and after that, one more SERS spectrum was recorded under the same conditions. As one
can see from Figure 5, the intensity of the characteristic peak at 1070 cm−1 drops back to
the initial value. Indeed, exchanging the exposed sample volume by a portion of the fresh
sample via stirring leads to a decrease in the intensity of the SERS spectrum back to the
start point, thus confirming that the local laser exposure plays a key role in the observed
increase in the SERS signal.
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Figure 5. (A) The intensity increase in the 4-MPBA characteristic peak at 1070 cm−1 upon 5 cycles of a
local laser exposure of a drop of the AgNPs/PB-b-PDMAEMA hybrid labeled with 4-MPBA; (B) The
intensity of the 4-MPBA characteristic peak at 1070 cm−1 upon mixing a drop of the sample of the
AgNPs/PB-b-PDMAEMA hybrid labeled with 4-MPBA. The data are presented as the mean ± SD
for three independent experiments.

Furthermore, we recorded the SERS spectra in the same manner at different 4-MPBA
concentrations and compared the intensities of the characteristic peak at 1070 cm−1 at
different times of laser exposure. As one can see from Figure 6B–E, eight 1 min cycles of
the continuous laser exposure lead to a notable increase in the start point, the endpoint,
and the signal growth rate of the SERS signal intensity, the increase being proportional to
the time of the laser exposure and to the concentration of 4-MPBA. A close to linear signal
growth with the laser exposure is evident, although some deviations from linearity are
found at the high concentrations of 4-MPBA. One can also note a concentration dependence
of the initial SERS signal in the start point. This might be a consequence of a certain initial
aggregation of the AgNPs, which could be induced by 4-MPBA upon its mixing with the
AgNPs/PB-b-PDMAEMA sample. A control sample, which was measured in the absence of
4-MPBA, demonstrates no SERS signal (Figure 6A). One more control sample measured at
30 μM of 4-MPBA in the absence of the AgNPs/PB-b-PDMAEMA metallopolymer hybrids
shows no SERS signal either (data not shown). Here, the time of the laser exposure was
limited to 8 min to avoid the significant evaporation of the sample. The evaporation of a
10 μL drop was followed in a separate experiment and was found to be not exceeding 20%
of the drop volume.

The endpoint intensities of the characteristic peak at 1070 cm−1 were plotted against
the concentration of 4-MPBA (Figure 6F). By this experiment, we demonstrated a potential
benefit of such local triggering effects for the AgNPs/PB-b-PDMAEMA metallopolymer
hybrids in the context of the SERS sensing applications. We think that the new approach con-
sidered herein could significantly broaden the applied range of SERS sensing, which could
have possible applications in areas such as nanosensors for biologically relevant molecules.
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Figure 6. (A–E) The intensity increase in the 4-MPBA characteristic peak at 1070 cm−1 upon 8 cycles
of local laser exposure of a drop of the AgNPs/PB-b-PDMAEMA hybrid labeled with 4-MPBA at
different 4-MPBA concentrations (A) 0 μM (control with water), (B) 3 μM, (C) 6 μM, (D) 15 μM,
and (E) 30 μM; (F) the dependence of the intensity of characteristic peak at 1070 cm−1 on 4-MPBA
concentration plotted for the laser exposure time equal to 8 min. The data are presented as the
mean ± SD for three independent experiments.
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3.3. Theoretical Simulation of Sample Heating by a Laser Beam in SERS Experiments

To confirm that a laser exposure of the AgNPs/PB-b-PDMAEMA sample in the SERS
experiments leads to heating that is sufficient for the temperature-induced collapse and
aggregation of PDMAEMA blocks, a theoretical consideration of sample heating by a laser
beam was carried out. The temperature distribution in a sample drop was simulated, based
on the volume-specific heat source distribution resulting from the absorption of the laser
light by AgNPs. The absorbance spectra (Figure 1A) of the diblock copolymer solutions
with and without the AgNPs were used to determine the light absorption per unit volume.
It was assumed that the extinction of a solution without the AgNPs resulted from the light
scattering by PB-b-PDMAEMA micelles. Then, the difference between the extinctions of
solutions with and without the AgNPs is expected to be exclusively due to light absorption
in the AgNPs. Here, we neglected the own light scattering of the AgNPs since for the
AgNPs with a size distribution as in our samples (Figure 2B), the average absorption
cross-section is approximately an order of magnitude larger than the average scattering
cross-section at λ = 532 nm. To determine the volume-specific heat source distribution,
the absorption coefficient of the AgNPs/PB-b-PDMAEMA sample (determined from the
difference between the extinction spectra of the samples with and without the AgNPs) and
the exponential attenuation of the laser intensity (determined from the entire extinction of
the sample with the AgNPs) were taken into account.

Figure 7 shows the temperature increase distribution (relative to the room temperature)
in a sample drop lying on an aluminum foil and in the surrounding media in the steady
state. The maximum temperature increase in the sample was assessed as 37.7 K with respect
to room temperature, which is sufficient for PDMAEMA blocks to collapse and aggregate
as experimentally shown (Figure 3A). We assume that the SERS signal increase could be
explained by the gradual temperature-induced transformation of the polymer in the steady
temperature distribution (according to [19,20], the temperature-induced collapse time of
thermoresponsive polymers might take approximately hundreds of seconds).

Figure 7. The simulated temperature increase distribution (with respect to the room temperature)
resulting from laser heating in a sample drop (by a volume of 10 μL) on a foil and in the surrounding
air (in the axisymmetric geometry). The horizontal direction corresponds to the radial coordinate (the
symmetry axis is perpendicular to the foil plane and coincides with the laser beam axis).
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4. Conclusions

In summary, we synthesized the AgNPs templated on the thermoresponsive PB-b-
PDMAEMA micelles and showed a temperature-induced reversible phase transition of the
prepared AgNPs/PB-b-PDMAEMA metallopolymer hybrids. With a SERS reporting probe
(4-MPBA), we further revealed a laser-induced enhancement of a SERS signal observed
under a constant local laser irradiation. The triggered SERS effect depends on the time of
the laser exposure and on the concentration of 4-MPBA. The local heating of the AgNPs/PB-
b-PDMAEMA sample in a laser spot is in good agreement with a performed theoretical
consideration pointing to a temperature increase up to approximately 38 ◦C. A plasmonic
heating of the AgNPs during the local laser exposure of the AgNPs/PB-b-PDMAEMA
sample is thought to be responsible for the triggered SERS effect. Indeed, the plasmonic
heating initiates a collapse of the PDMAEMA blocks and their gradual aggregation, which
leads to the approaching of the AgNPs and generation of “hot spots”. However, an optical
trapping effect (optical tweezers) that might appear as a result of a decreasing distance
among the AgNPs as reported in [21] could also be a reasonable explanation.

We think that the smart stimuli-responsive metallopolymer hybrid materials reported
herein could have promising applications in areas such as SERS nanosensors for the
detection and quantification of biologically relevant molecules. At the same time, further
optimization of the technique and the experimental conditions appears to be necessary
to improve the approach and to increase the sensitivity, both of which will be subjects of
future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12080628/s1, Figure S1: The chemical structure of the PB-b-
PDMAEMA (A) and the cryo-TEM micrograph of the PB-b-PDMAEMA micelles (B) in 50 mM sodium
phosphate (c = 2.5 g/L) at pH 7.0. Figure S2: The TEM images of the AgNPs/PB-b-PDMAEMA
hybrids taken from different places of the sample at different magnification. Figure S3: The TEM
image of the control AgNPs sample that was prepared under the same conditions in the absence of
the PB-b-PDMAEMA micelles. Figure S4: The typical SERS spectrum of 4-MPBA with characteristic
vibrations.
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Abstract: Lumpy skin disease (LSD) is an infectious disease affecting bovine with severe symptoma-
tology. The implementation of effective control strategies to prevent infection outbreak requires
rapid diagnostic tools. Two monoclonal antibodies (mAbs), targeting different epitopes of the LSDV
structural protein p32, and gold nanoparticles (AuNPs) were used to set up a colorimetric sandwich-
type lateral flow immunoassay (LFIA). Combinations including one or two mAbs, used either as the
capture or detection reagent, were explored to investigate the hook effect due to antigen saturation
by the detector antibody. The mAb-AuNP preparations were optimized by a full-factorial design
of experiment to achieve maximum sensitivity. Opposite optimal conditions were selected when
one Mab was used for capture and detection instead of two mAbs; thus, two rational routes for
developing a highly sensitive LFIA according to Mab availability were outlined. The optimal LFIA
for LSDV showed a low limit of detection (103.4 TCID50/mL), high inter- and intra-assay repeatability
(CV% < 5.3%), and specificity (no cross-reaction towards 12 other viruses was observed), thus proving
to be a good candidate as a useful tool for the point-of-need diagnosis of LSD.

Keywords: point-of-care test; rapid diagnosis; infectious diseases; single-epitope sandwich; double-epitope
sandwich; lumpy skin disease

1. Introduction

In the recent years, more than ever, screening tests used for monitoring infectious
diseases have been potentiated to counteract pathogenic local outbreaks, as well as pan-
demics [1–3]. The World Health Organization (WHO) has suggested increasing the use
of the point-of-care tests (POCTs), as they optimally fit with criteria gathered under the
acronym of (RE)ASSURED (Real-time connectivity, Easy of specimen collection, Afford-
ability, Sensitivity, Specificity, User-friendliness, Rapidness/Robustness, Equipment-free,
Deliverability) [4]. Among analytical strategies involved in POCTs, the most diffuse and
successful technique is the immunochromatographic strip test, also known as the lateral
flow immunoassay (LFIA). Many POCTs in the LFIA format are routinely employed to
monitor infectious diseases by the Centers for Disease Control and Prevention (CDC) [5,6].
As well as any kind of immunoassay, the LFIA exploits the affinity of specific antibodies to
detect antigens from viruses, fungi, or bacteria, thus enabling the direct diagnosis of the
infection. The LFIA for antigen detection is based on the formation of the immunocomplex
between a labeled specific antibody (detection antibody) and the target antigen, and its
capture by another specific antibody (capture antibody) anchored to a support to create a
reactive zone (test line). The signal is generated by the accumulation of the labeled antibody
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and antigen immunocomplex in correspondence to the test line. For colorimetric LFIAs,
the label is a colored nanomaterial, such as metal (e.g., Au, Ag), latex, or carbon nanoparti-
cles [7,8]. As a widespread and impactful infectious disease affecting bovines, lumpy skin
disease (LSD) needs an effective control strategy to limit the spread of the infection. The
etiological agent is the lumpy skin disease virus (LSDV), a large double-stranded DNA
virus with an oval or brick-shaped morphology, and a genome of about 150 kDa. LSDVs
belong to the Capripoxvirus genus, of the Poxviridae family. LSD causes economic damage,
such as loss in milk production, besides limping and more severe symptomatology [9,10].
During the 2012–2018 Eurasian LSD epidemic, the morbidity and mortality associated
with the epidemic were reported at 9% to 26% and 0.5% to 2%, respectively [11]. Though
characteristic clinical signs of LSD enable a presumptive diagnosis, laboratory confirmation
is necessary for the successful control and eradication of LSD, particularly in cases of mild
disease. Laboratory confirmation of LSD relies on electron microscopy examination, virus
isolation (VI), serological tests, and polymerase chain reaction (PCR). Viral isolation is
the gold standard for LSDV diagnosis; however, it requires several weeks to isolate the
virus. Molecular methods, including conventional or real-time polymerase chain reaction
and loop-mediated isothermal amplification, are the most sensitive methods for detecting
LSDV [12–19]. As far as immunodiagnostics is concerned, serological assays are available
to indirectly diagnose LSDV by detecting the immune response to the virus in the blood of
infected animals, while assays aimed at detecting viral antigens have not been reported yet,
with the exception of the immunohistochemical method for detecting the LSDV antigens in
skin nodules of infected cattle [20]. However, there is a lack of simpler virological tests, such
as ELISA, for antigen detection or rapid tests enabling the point-of-need diagnosis of LSD,
which would be particularly useful in endemic countries. In a previous study, monoclonal
antibodies (mAbs) raised against the Neethling strain of LSDV and recognizing different
epitopes of a 35 kDa viral protein (LSDV p32) were shown to detect LSDV isolates when
used as coating and peroxidase-conjugated antibodies in a sandwich ELISA format [21].
Therefore, taking advantage of these well-characterized pairs of mAbs, here we aimed at
developing a sensitive colorimetric LFIA for the on-field and visual detection of the LSD
virus in clinical samples. Though apparently antibodies can be employed for capture or
detection of target antigens, optimizing the role of each bioreagent modulated the perfor-
mance of the LFIA device [22]. In addition, other parameters, such as the antibody-to-label
ratio, the amount of the labeled antibody, the concentration of the capture antibody, and
the position of the test line play a crucial role in developing effective LFIA devices [22,23].
Typical sandwich-type immunoassays rely on the use of two antibodies, which specifically
target different epitopes of the antigen. In the eventuality that the pathogen shows repeated
copies of the same antigen or that the antigen is composed of repeated molecular domains,
a single antibody targeting the repeated epitope can be employed successfully to develop
a sandwich-type immunoassay. In a previous work, we evidenced a different behavior
between resorting to a “single epitope” (SE) targeting sandwich assay, i.e., one antibody
for capture and detection, and using a “double epitope” (DE) targeting sandwich assay,
where the capture and detection antibodies differed [23]. Indeed, we observed that for DE
assays, the increase in the antibodies led to an increase in the analytical signal. For the
SE assays, the observed effect was the opposite; i.e., when increasing the amount of the
antibodies, the signal decreased. In this work, we deeply investigated the phenomenon
to possibly establish if the evidence could be generalized or if it was due to that specific
antigen (e.g., to the particular number and distancing of the epitopes). Therefore, two
lateral flow devices were designed, using gold nanoparticles (AuNPs) as the optical signal
reporter (Figure 1) and passive adsorption for antibody attachment. Although covalent
coupling of antibodies to AuNPs ensures the best orientation of the ligand for binding
to the antigen [24], the adsorption strategy is universally employed due to its simplicity,
cost efficiency, and preservation of antibody structure and binding ability [24,25]. One
system employed a traditional sandwich-type immunoassay, in which two antibodies,
which recognize two different epitopes of the LSDV p32, were used (DE, Figure 1b). To this

104



Biosensors 2022, 12, 739

end, these two mAbs (identified as #2C6 and #2F10) were either linked to the AuNPs or
immobilized onto the membrane to explore their performance as capture and detection
ligands. The optimal capture–detection combination was defined according to the stability
of the resulting mAb_AuNP conjugate and to the highest.

 

Figure 1. Schematic of the two sandwich-type immunoassays using: one antibody (single epitope,
(a)) and two different antibodies (double epitope, (b)) as capture and detection.

Signal-to-noise ratio (i.e., the ratio between the color developed by applying the
supernatant of an inactivated virus suspension and the color developed by applying the
sample diluent). The second device was designed by using each of the mAb as the capture
and detection ligand in combination with itself (SE, Figure 1a). We studied the effect of
varying the characteristics of the mAb_AuNP probes (such as varying the optical density
of the probe, the mAb-to-AuNP ratio, and the size of AuNPs) on assay sensitivity. The
probes were characterized by UV-visible spectroscopy, zeta-potential, and high-resolution
transmission electron microscopy (HR-TEM), and their effectiveness in the LFIA was
studied by a full-factorial design of experiment (FF-DoE), mapping the intensity of the
color obtained by a “positive control” (inactivated LSDV Neethling strain). Experiments
were replicated for the SE system, using one mAb as the capture and detection ligand, and
for the DE system, which employed the two mAbs. The two systems were optimized and
compared to confirm whether the atypical hook effect, due to the saturation of antigen
epitopes by the detection ligand, could be generalized and occurs for sandwich-type LFIA
based on one mAb. The DE-based assay, which showed the best performance, was further
characterized by evaluating the analytical sensitivity, the inter- and intra-assay repeatability,
and the specificity towards other viruses of the lentivirus and parapoxvirus genii.
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2. Materials and Methods

2.1. Synthesis and Characterization of the Gold Nanoparticles (AuNPs)

AuNPs with different sizes (24, 30, 36 nm) were prepared by tetra chloroauric acid
reduction with different amounts of sodium citrate as previously described [26]. The col-
loidal gold solutions were spectroscopically characterized by means of a Cary 60 UV-Visible
spectrophotometer (Agilent, Santa Clara, CA, USA) in the UV-visible range, and hydrody-
namic diameters were acquired by using a Z-viewR Nanoparticle Tracking Analyzer PMX
120 (Particle Metrix Gmbh, Inning, Germany). The 32 nm AuNPs and conjugates were also
characterized by high-resolution transmission electron microscopy (HR-TEM) (Jeol JEM
3010-UHR, Tokyo, Japan).

2.2. Synthesis and Characterization of the mAb_AuNP Conjugates

Signal reporters used in the LFIAs were prepared by passively adsorbing the mAbs
onto the surface of the AuNPs, followed by overcoating of the AuNP-free surface with
BSA [24]. In detail, the pH of 10 mL of AuNP solution was adjusted to 8 with carbonate
buffer (0.05 M, pH 9.6) and added to 1 mL of borate buffer (0.02 M, pH 8). The mAb solution
was gently mixed with the AuNPs and incubated for 40 min at 37 ◦C at room temperature.
Then, 1 mL of BSA (1% w/v in borate buffer) was added and reacted for 10 min. The
mAb_AuNP conjugates were recovered by centrifugation (10,000 rpm, 15 min) and washed
twice with borate buffer supplemented with 0.1% w/v BSA. Finally, mAb_AuNPs were
re-suspended in AuNP storage buffer (borate buffer with 1% w/v BSA, 0.25% v/v Tween
20, w/v 2% sucrose, and 0.02% w/v sodium azide) and stored at 4 ◦C until use. The
#2F10_AuNP conjugates made from the 32 nm AuNPs were characterized by their visible
spectra], Z-potential, and dynamic diameter, and HR-TEM imaging. For these experiments,
the mAb_AuNP were not overcoated with BSA.

2.3. Production of the LFIA Strips

The capture mAbs (#2F10 and #2C6) used for drawing test lines and the Streptococcal
protein G for the control line of the LFIA devices were diluted in phosphate buffer (0.02 M
pH 7.4) and applied at 1 μL/cm onto the nitrocellulose membrane by means of a XYZ3050
platform (Biodot, Irvine, CA, USA) equipped with a BioJetQuanti 3000 Line Dispenser
for non-contact dispensing. The mAb concentration used for the experimental design
and in the final device was 1 mg/mL and 2 mg/mL, respectively. Strips were composed
as follows: sample pad, conjugate pad, membrane, and adsorbent pad and were cut to
4.2 mm in width) by means of a CM4000 guillotine (Biodot, Irvine, CA, USA). Finally, strips
were inserted into plastic cassettes (Kinbio, Bejing, China) to fabricate the ready-to-use
LFIA device. Cassettes were stored in the dark in plastic bags containing silica at room
temperature until use.

2.4. Experimental Design for the SE and for the DE

Three AuNPs preparations differing in size were used to produce mAb_AuNP con-
jugates. For each AuNP preparation, we changed, independently, (i) 4 levels of optical
density for the SE (Table 1) and 3 for the DE (Table 2), and (ii) 4 levels of the mAb-to-AuNP
ratio. The combinations were tested in duplicate by using a positive and a negative sample,
for a total of 336 experiments. The probes were diluted with the AuNP dilution buffer
(borate buffer with 0.25% Tween 20 v/v, 2% w/v sucrose and 0.02% w/v sodium azide) and
adsorbed onto a pre-saturated glass fiber conjugate pad. Pads were dried for 4 h at room
temperature. The format and condition giving the highest color intensity of the test line
was extracted from the FF-DoE and the optimized device (LSD_LFIA).
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Table 1. The FF-DoE scheme for SE optimization. Each experiment was repeated twice.

mAb-to-AuNP (× 10 μg/mL) a OD
Size of AuNP (nm)

24 32 36

0.5×
0.5 −2 −2 −1 −2 −2 0 −2 −2 1
1 −2 −1 −1 −2 −1 0 −2 −1 1

1.5 −2 1 −1 −2 1 0 −2 1 1
2 −2 2 −1 −2 2 0 −2 2 1

1.0×
0.5 −1 −2 −1 −1 −2 0 −1 −2 1
1 −1 −1 −1 −1 −1 0 −1 −1 1

1.5 −1 1 −1 −1 1 0 −1 1 1
2 −1 2 −1 −1 2 0 −1 2 1

1.5×
0.5 1 −2 −1 1 −2 0 1 −2 1
1 1 −1 −1 1 −1 0 1 −1 1

1.5 1 1 −1 1 1 0 1 1 1
2 1 2 −1 1 2 0 1 2 1

2.0×
0.5 2 −2 −1 2 −2 0 2 −2 1
1 2 −1 −1 2 −1 0 2 −1 1

1.5 2 1 −1 2 1 0 2 1 1
2 2 2 −1 2 2 0 2 2 1

a Defined as a n-fold multiple of the minimum stabilizing mAb-to-AuNP ratio.

Table 2. The FF-DoE scheme for DE optimization. Each experiment was repeated twice.

mAb-to-AuNP (× 10 μg/mL) a OD
Size of AuNP (nm)

24 32 36

0.5×
2 −2 −1 −1 −2 −1 0 −2 −1 1
3 −2 0 −1 −2 0 0 −2 0 1
4 −2 1 −1 −2 1 0 −2 1 1

1.0×
2 −1 −1 −1 −1 −1 0 −1 −1 1
3 −1 0 −1 −1 0 0 −1 0 1
4 −1 1 −1 −1 1 0 −1 1 1

1.5×
2 1 −1 −1 1 −1 0 1 −1 1
3 1 0 −1 1 0 0 1 0 1
4 1 1 −1 1 1 0 1 1 1

2.0×
2 2 −1 −1 2 −1 0 2 −1 1
3 2 0 −1 2 0 0 2 0 1
4 2 1 −1 2 1 0 2 1 1

a Defined as a n-fold multiple of the minimum stabilizing mAb-to-AuNP ratio.

2.5. Viruses

The virulent LSD virus, the Neethling strain, was grown in the ovine testis cell line
(OA3.Ts). The supernatant of infected cells was harvested when the cytopathic effect was
at its maximum and combined with the supernatant recovered from cell debris subjected
to freeze–thaw cycles. The infectious virus titer was expressed as Tissue Culture Infective
Dose 50 (TCID50) calculated by the Reed–Muench method [27]. For inactivation, the virus
suspension was clarified by centrifugation at 5000 rpm for 20 min, followed by filtration
through 0.2 μm filters, and then β-Propiolactone was added at a concentration of 0.01% and
kept for 48 h at 4 ◦C. Inactivation was confirmed by repeated passages in the OA3.Ts cell
line. A series of virus isolates belonging to the family Poxviridae, as detailed in Table 3,
were additionally used for LSD-LFIA initial validation. The sole running buffer was used
as the negative control.
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Table 3. Spectroscopic and dimensional characteristics of conjugates as a function of different amounts
of mAb adsorbed on the surface of the 32 nm AuNP.

Amount of mAb for
mL of AuNP (OD1)

λmax of LSPR
Hydrodynamic

Diameter a Δ b Z-Potential

(μg) (nm) (nm) (nm) (mV)

0 525.5 46.4 ± 0.3 −41.7 ± 0.4
5 536.0 89.8 ± 3.8 (21.7) c −34.5 ± 0.7
10 529.5 50.6 ± 1.5 2.1 −24.2 ± 0.3
15 530.0 51.6 ± 0.2 2.6 −23.5 ± 0.5
20 530.5 52.7 ± 1.7 3.2 −29.7 ± 1.2

a as measured by the Z-viewR Nanoparticle Tracking Analyzer. b (hydrodynamic diameter of the conjugate—
hydrodynamic diameter of the bare AuNP)/2. c the value represents the effect of aggregation rather than that of
mAb adsorption.

2.6. In-House Validation of the LSD-LFIA Device

The visual cut-off was defined as the LSDV level corresponding to the complete dis-
appearance of the test line (visual LOD, vLOD). The specificity was evaluated by testing
viruses belonging to the Poxviridae family, which LSDV also belongs to, and some viruses
infecting bovine. The LSD-LFIA imprecision was estimated by measuring between- and
within-assay reproducibility and was calculated by analyzing three dilutions of the inac-
tivated virus suspension (4×, 1×, and 0.5× of the vLOD) in three replicates each, three
times within the same day, and on three days. The overall assay variability was calculated
as the mean of coefficients of variation (CV%) from all sessions for each level (n = 18).
The within-assay variability was estimated based on the mean of the CV% within days
(n = 9) and between days (n = 3). The shelf life of the device at 4 ◦C, room temperature, and
37 ◦C was explored after 7, 14, 30, and 90 days. The analytical sensitivity was evaluated in
parallel with a sandwich ELISA using live LSDV Neethling strain growth on the ovine testis
cell line (OA3.Ts), titrated by the Reed–Muench method, expressed as 50% Tissue Culture
Infective Dose (TCID50), and tested in serial dilutions [28]. For the sandwich ELISA, the
two selected mAbs (#2F10 and #2C6) were preliminarily evaluated for their capability
in different combinations of adsorbed and HRP-conjugated MAb, to efficiently bind and
detect the LSDV antigen [28]; thus, the combination 2F10 as adsorbed mAb and #2C6 as
HRPO-conjugated mAb was selected. The 2F10 mAb was adsorbed to the microtiter plates
(NUNC, Maxisorp, Roskilde, Denmark) at a saturating concentration of 2 μg/mL in a
carbonate–bicarbonate buffer (pH 9.6), and after overnight incubation at 4 ◦C, three washes
with PBS containing 0.05% Tween 20 were performed. The viral antigen was incubated for
1 h at 37 ◦C, at three-fold serial dilution. After three washes with the same buffer, the #2C6
HRP-conjugated mAb was added at serial checkerboard dilutions with respect to the viral
antigen, for a further 1 h of incubation at 37 ◦C. Following three final washes with the same
PBS–Tween buffer, 0.5 mg/mL of OPD diluted in phosphate–citrate buffer (pH 5.6) and
supplemented with 0.02% H2O2 was added for 10 min of incubation at room temperature;
the reaction was stopped with H2SO4 (1 M). Plates were analyzed using a Multiscan Ascent
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 492 nm wavelength.
The results are expressed as net optical density (OD) obtained by the OD of the reaction
with the viral antigen subtracted by the OD value of the reaction without the viral antigen.

3. Results and Discussion

3.1. Preparation and Spectroscopic Characterization of the mAb_AuNP Conjugates

AuNPs with different localized surface plasmon resonance (LSPR) maximum wave-
lengths (523.0, 525.5, 527.0 nm) were prepared by reducing tetra chloroauric acid with dif-
ferent amounts of trisodium citrate. According to the model proposed by Khlebetsov et al.,
the mean diameters of the AuNPs were calculated as 24, 30, and 36 nm, respectively [29].
The amount of the antibody needed to stabilize AuNPs was defined by a salt-induced
aggregation test and was identified as the one providing a 540/620 absorbance ratio (cor-
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responding to the non-aggregated/aggregated nanoparticles) over 3, which represents
the initial value shown by the unperturbed colloidal gold suspension. The salt-induced
aggregation tests showed the typical behavior, with an increasing stabilization due to the
increasing quantity of the antibody, which passivated the surface of the AuNPs and pro-
tected them from the aggregation (Figure S1). Interestingly, although the AuNPs involved
in the study differed in size, the quantity of antibodies needed for the stabilization was
apparently the same. The smallest AuNPs showed lower absorbance, and largest AuNPs
were more prone to aggregation. As the 32 nm AuNPs are the typically employed probes in
the LFIA, we continued the study on these AuNPs. The minimum amount of mAb required
for stabilizing 1 mL of AuNP diluted at a level giving OD1 was defined as 6 μg for the mAb
#2C6, and 10 μg for the mAb #2F10.

However, with the aim of maximizing the sensitivity of the LFIA for LSD diagnosis
and, concurrently, to investigate the effect of some key parameters on assay performance,
we synthesized several #2F10-AuNP conjugates by varying the mAb-to-AuNP ratio as a
fraction or a multiple of the stabilizing amount (Figure S2a). The #2F10_AuNP conjugates
made from the 32 nm AuNPs were also characterized by their visible spectra, Z-potential,
and hydrodynamic diameter (Table 2), and HR-TEM imaging (Figure S2b–f). The Vis
spectra in Figure S2g and their first derivative (Figure S2h) show a slight blue shift of the
maximum of the LSPR corresponding to the addition of 10 μg, 15 μg, and 20 μg of the mAb.
On the contrary, the addition of 5 μg caused a modification of the peak profile, which can
be ascribed to the conjugate instability and aggregation phenomena. This is consistent
with the flocculation stress test, in which the minimum quantity of the mAb needed for
stabilization was set at 10 μg. The band shift of 4 nm observed upon the addition of 10 μg
of mAb was consistent with the addition of a layer of bioreagents on the AuNP surface
(Table 3).

Interestingly, the addition of higher amounts of the mAb induced a further limited
increase in the λmax (0.5 nm each for 15 and 20 μg of the mAb, respectively). This result
suggests that the quantity of mAb adsorbed onto the AuNP surface varied, though not to the
extent that it was compatible with the formation of a second mAb layer. We hypothesized
that increasing the mAb put into contact with AuNPs over the stabilizing value resulted in
a larger amount of the bioligand adsorbed. This was also supported by the measurement
of the hydrodynamic diameter and Z-potential (Table 3). The thickness of the bioligand
layer adsorbed onto the AuNP was estimated as the difference between hydrodynamic
diameters of the mAb_AuNP conjugate and the one of the pristine AuNP, divided by
two [29]. According to the calculation, the protein layer was 2.1 nm-thick when the
stabilizing amount of mAb was adsorbed and increased to 3.2 nm when the amount was
doubled. Two possible phenomena can explain the increase: (1) the mAb added formed
a second layer of bioligands with a random orientation, or (2) the addition of the mAb
induced the formation of an increasingly bundled monolayer of the bioligand, forcing the
orientation of the antibody towards head-on/tail-on, in such a way that the Fab was more
exposed for the binding (Figure 2) [25].

Though both reasonable, only the second hypothesis was also able to explain the
parallel increase in the binding ability with the increasing quantity of mAb adsorbed. All
mAb_AuNP conjugates showed a largely negative z-potential, which varied from the
−41.7 mV value of the bare AuNP to −24–29 mV for the conjugates prepared by adsorbing
the stabilizing amount of the mAb or exceeding this value. The z-potential for these
conjugates was comparable to the one of mAb at pH 8.0, thus confirming the formation
of the antibody layer on the AuNP surface when 10 μg of the mAb was adsorbed [30].
Coherently with the use of an insufficient amount of antibody to cover the AuNP surface,
the conjugate prepared by adsorbing 5 μg of the mAb showed a more negative z-potential
between the one of citrate-capped AuNPs and the one corresponding to AuNP completely
shielded by the mAb layer. According to the suggested aggregation, the 5 μg conjugate
showed an apparent diameter of about 90 nm.
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Figure 2. Scheme of the hypothesized increase in mAb adsorbed onto AuNP: (1) absorption of a sec-
ond layer of randomly oriented mAb; (2) the additional mAb forced the head-on/tail-on orientation.

3.2. Development of the LSDV_LFIA Based on the Combination #2F10_AuNP/#2F10 (SE)

Combining two mAbs conjugated to AuNPs (detectors, #2F10* and #2C6*) and the
same two used as capturing bioreagents (#2F10c and #2C6c), four combinations were
possible and were investigated: two DEs (#2F10*/#2C6c, #2C6*/2F10c), and two SEs
(#2F10*/#2F10c and #2C6*/#2C6c). Preliminarily, we excluded non-specific bindings in the
explored combinations. DEs and SEs employing #2F10* showed the absence of non-specific
signals, whereas the ones with #2C6* showed a strong non-specific signal. Some attempts
were made to mitigate this non-specific binding by modifying: (i) the running buffer, (ii) the
protein used to saturate the AuNP-free surface, and (iii) the mAb_AuNP storage buffer
used for the dilution of the gold conjugate. In brief, we changed the type (BSA and casein)
and concentration (1, 0.25, 0.1% w/v) of the protein and the ionic strength of the running
buffer by adding different amounts (30, 80, 130, 180 mM) of sodium chloride. The casein
was used for its ability to interfere with protein–protein non-specific interactions, while
the ionic strength was used to reduce electrostatic interactions. The addition of 0.1% w/v
casein and 80 mM sodium chloride to the running buffer reduced the non-specific binding
when 6 μg of #2C6 per mL of AuNPs was adsorbed. However, it was ineffective for higher
mAb-to-AuNP ratios (Table S1). As the attempts made to reduce non-specific interaction of
the #2C6* were unfruitful, the combinations involving this probe were no further studied.
The optimal conditions for detecting LSDV by the LFIA including the same mAbs as the
capture and detection reagents were defined by exploiting an FF-DoE. This was made by
mapping the intensity of the test line as a function of the mAb-to-AuNP ratio and optical
density. As previously observed for a similar LFIA for FMDV detection, the SE showed a
saturation behavior, where the intensity of the test line decreased by increasing the 2F10*
optical density (Figure S3 and Table S2) [23]. The decrease in the signal, while increasing
antigen concentration, occurs for sandwich-type immunoassays when the antigen amount
exceeds the capture and/or detection antibodies. The effect, named the “hook effect”, has
been explained as the overwhelming inhibition by antigen-saturated capture and detection
antibodies of the formation of the capture–antigen–detection “sandwich” complex that is
responsible for the antigen-related signal. To limit the hook effect and increase the dynamic
range of the assay, typically, the quantity of the antibodies should be augmented. In the
LFIA platform, the equilibria between the antigen and capture and detection antibodies
occur separately, so the effect is just apparently similar to the typical hook effect. In this
case, the observed decrease in the signal was not due to the antigen but to the excess of the
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detection antibody. The effect was described as an “antigen saturation hook effect” (asHE)
(Figure 3a) where the capture and the detection antibodies competed for the same epitope
of the antigen.

Figure 3. Intensity map for the 32 nm AuNPs with increasing amounts of #2F10_AuNP (optical
density 0.5-1-1.5-2 for the SE (a) and 2-3-4 for the DE (b)) and antibody adsorbed to the surface of the
AuNPs (5-10-15-20 μg for each mL of AuNP at optical density 1).

In this competition, the detection antibody was favored considering that it was mixed
with the antigen in the solution and that it had much more contact time with the antigen
compared to the capture antibody. The saturation of the antigen by the detection antibody
inhibited its further binding to the capture antibody at the test line and resulted in a
lowering of the test line color. The same behavior happened when increasing both the
quantity of mAb-AuNP and the mAb-to-AuNP ratio. The experimental design was repeated
with AuNPs of various sizes. From the data, we always observed the asHE phenomenon,
regardless of the particle size (Figure S3).

3.3. Development of the LSDV_LFIA Based on the Combination #2F10_AuNP/#2C6 (DE)

When the DE was developed, we observed the opposite effect than that seen for the SE,
and the pattern of color intensities followed the typical trend expected for non-competitive
immunoassays: the intensity of the test line (reported as arbitrary units, a.u., from the
image processing) increased with the increase in the antibody amount, both considered as
the OD of the conjugate and the mAb-to-AuNP ratio parameters (Figure 3b). As for the
SE, we completed the experimental design with various sizes of AuNPs (Figure S4 and
Table S3). From the intensity maps, we determined the experimental conditions leading
to the maximal signal for both the SE and DE approaches. The top performing condition
for the SE approach was characterized by 36 nm AuNPs functionalized with 5 μg for
each milliliter of AuNP of optical density 1, and used at an optical density of 0.5. As
an alternative, the 32 nm AuNPs were also effective when functionalized with 10 μg for
each milliliter of AuNP of optical density 1 and used at an optical density of 0.5. Both the
conditions provided a signal between 35 and 40 a.u. from the digitalizing processing of
the test line color for the inactivated virus suspension. Much more intense signals were
achieved with the DE, for which the top performing condition was obtained from 32 nm
AuNPs functionalized with 20 μg for each milliliter of AuNP of optical density 1 and used
at an optical density of 3. This condition provided a signal of 127 a.u., overcoming the
top performers of the SE approach by a factor of 3.6 and 3.2, respectively. Therefore, the
optimized DE (32 nm, 20 μg/mL, OD3) was selected for the LSDV_LFIA development.
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3.4. The LFIA Device for the Rapid LSD Antigen Detection

Further refining of the assay sensitivity was realized by modulating additives used for
AuNP conjugate preparation and for the running buffer, until reaching of a substantial gain
in the color intensity (Table 3). In particular, by combining the use of a hydrogen carbonate
buffer (26 mM pH 7.9 supplemented with 1% v/v tween 20 and 0.02% w/v sodium azide,
without any additional proteins) as the running buffer, and the use of a borate buffer
(20 mM pH 8 supplemented with 2% w/v sucrose, 0.25% v/v Tween 20, 0.02% w/v sodium
azide, 0.8% w/v BSA, and 0.1% w/v casein) as the mAb_AuNP dilution buffer, we obtained
an increment in the signal-to-noise ratio by a factor of three compared to the use of the
typical phosphate buffer.

Furthermore, by doubling the concentration of the capture antibody, the signal in-
creased again by a factor of about three (Table S5).

The optimized LSDV-LFIA was assessed with serial dilutions of the live LSDV Neeth-
ling strain in parallel with the sandwich ELISA test (Figure 4). The test line was still visible
at 400-fold dilution of the viral antigen. In the sandwich ELISA, the conditions with the
best signal-to-noise ratio were considered, and the cut-off was set at 1/250 (net OD ranged
between 0.1 and 0.15). In accordance with the virus titration of 106 TCID50/mL, the visual
limit of detection (vLOD) for the LSDV-LFIA resulted in 103.4 TCID50/mL, which is compa-
rable with the value obtained in the sandwich ELISA (103.6 TCID50/mL). Although ELISA is
an accurate and reproducible analytical method and it is largely employed for the diagnosis
of infectious diseases, its applicability is confined to the laboratory, and it is not suited for
timely and onsite testing. It is a general opinion that the LFIA possesses lower sensitivity,
specificity, and higher variability in results than laboratory-based immunoassays, such as
ELISA. In this work, we showed that the optimization of the LFIA allows for obtaining
comparable performance, while the same antibodies are employed.

Figure 4. LSD_LFIA sensitivity assessment by testing serial dilution of live LSDV Neethling strain
titrated as 106 TCID50/mL in parallel with the ELISA.

As for the imprecision assessment, we selected three levels corresponding to 4×, 1×,
and 0.5× of the vLOD and repeated the analysis in triplicate in each experimental session
(same sample preparation, same batch of strips) for three experimental sessions (new
sample preparation, different strip batch) each day for three days. No false positives were
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reported considering the total number of experiments for the inactivated virus suspension
diluted below the vLOD (n = 18). Moreover, no false-negative results were observed
considering the experiments including the inactivated virus suspension at levels above the
vLOD (n = 36). As summarized in Table 4, the assay showed very low CV% for both within-
and between-assay variability for the 4x vLOD level (5.3% and 4.4%), which increased for
the 1x vLOD level (20.3% and 26.2%). However, these values were still considered to be
acceptable as they were measured in correspondence of the limit of detection of the method.

Table 4. Imprecision of the LFD-LFIA.

Within-Assay Between-Assay

Level
Within-Day

(n = 3)
Between-Day

(n = 3)
Overall
(n = 9)

Within-Day
(n = 3)

Between-Day
(n = 3)

Overall a

(n = 9)

2× vLOD 3, 7 7, 1 5, 3 0, 6 8, 3 4, 4
1× vLOD 19, 1 21,2 20, 3 27, 5 25, 7 26,2

a calculated as mean coefficient of variation % (CV%).

The device was evaluated for its specificity towards one lentivirus infecting bovine
and viruses belonging to Poxviridae family, namely five orf virus isolates, four bovine
popular stomatitis viruses, and two pseudocowpox viruses; no false-positive results were
observed, proving that the assay was specific for the LSDV (Table 5).

Table 5. List of the viruses tested to evaluate the specificity of LSDV_LFIA.

Sample (#) Genus Species Sampling (m/y) LSD-LFIA

1 lentivirus . . . . . . NEG
2

parapoxvirus

Orf virus . . . NEG
3 Orf virus . . . NEG
4 Orf virus . . . NEG
5 Orf virus . . . NEG
6 Orf virus . . . NEG

7 Bovine papular
stomatitis virus 8/2008 NEG

8 Bovine papular
stomatitis virus 2/2008 NEG

9 Bovine papular
stomatitis virus 8/1998 NEG

10 Bovine papular
stomatitis virus 4/2020 NEG

11 Pseudocowpox 5/2021 NEG
12 Pseudocowpox 5/2009 NEG

The stability of the devices was verified after 90 days from the production by applying
the running buffer and a positive sample (inactivated virus suspension) to LSD_LFIA
devices stored at 4, 25, and 37 ◦C. No appreciable loss in color intensity was observed in
any of the three conditions, and no false positive/false negatives were obtained.

4. Conclusions

We had previously observed a peculiar hook effect in the LFIA [23] and made the
hypothesis that it was due to the antigen saturation caused by the excess of the labeled
antibody. Therefore, we compared the cases of one antibody used as a capture and detector
ligand (i.e., one epitope of the antigen is involved in the binding with both ligands, so
that the saturation of the antigen by the detector impedes its subsequent capture by the
reagent deposed on the test line) and two antibodies targeting different epitopes (where
we expected that the two would not interfere reciprocally and the capture would not be
hampered by the excess of the detector). We suggested that antigen saturation occurred
in the time frame between detector resuspension by the sample and reaching the capture
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ligand (test line), which encompassed a few seconds. Although the contact time between
the detector and the antigen was quite low, the large excess of the detector antibody
generally used to increase the sensitivity of the sandwich-type LFIA caused the partial or
complete saturation of the available epitopes of the antigen. In conclusion, the modulation
of the reagents should be considered very carefully to balance detectability with saturation.
In this work, we demonstrated that the variables influencing the saturation phenomena
are different (AuNP size, mAb-to-AuNP ratio, optical density). To limit the number of
experiments (and the consumption of precious reagents), we applied a design of experiment
strategy to optimize the variables, instead of the traditional checkerboard titration, which
allows for optimizing just two variables at one time. The signal intensity (and, therefore,
assay sensitivity) was used to define optimal conditions.

To investigate the peculiar hook effect, we used a model case, i.e., the detection of
the lumpy skin disease virus. By employing two monoclonal antibodies specific for LSDV,
we traced the route for the optimization of the LFIA in the cases of using both one and
two antibodies for the viral antigen detection. Indeed, even if using different antibodies is
certainly more convenient and also proved to lead to higher sensitivity in our work, is not
uncommon to have just one efficient antibody available (or to have more than one but it
binds to the same or adjacent epitopes). As previously observed for the competitive LFIA, as
well as for the sandwich LFIA employing one antibody, involving the competition between
the capture and detector ligand, the best approach follows the rule “less is more” [31]: the
lower the amount of the detector antibody, the higher the sensitivity. In particular, the effect
of the optical density, and even more so, the mAb-to-AuNp ratio, should be low to provide
better performances.

Moreover, to the best of our knowledge, no LFIA has been reported in the literature yet
for the on-field rapid detection of the LSDV antigen. In the panorama of LSDV diagnosis,
molecular methods are largely predominant, and immunoassays are used for serological
indirect diagnosis and immunohistochemistry. We presented the very first lateral flow test
for the diagnosis of LSDV antigen, which was confirmed to be as sensitive as the ELISA
when exploiting the same antibody pair, reproducible, specific, and robust. The LSD_LFIA
was confirmed to be as sensitive as the ELISA when exploiting the same antibody pair,
reproducible, specific, and robust. So, the LSD_LFIA candidate itself has proved to be a
useful tool for the on-field rapid diagnosis of LSD considering all the advantages of a rapid
on-field testing method. The clinical validation of the assay through analyzing samples
belonging to infected animals is ongoing and will reinforce its application for helping
develop strategies to control LSD transmission and spread.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12090739/s1. Chemicals, AuNP synthesis, flocculation test [32].
Figure S1: Flocculation stress test for the mAb #2C6 (a) and for the mAb #2F10 (b). The ratio between
Absorbance at 540 nm and Absorbance at 620 nm versus the amount of mAb used for each millilitre of
AuNP with different size of AuNPs is plotted. The stabilizing amounts of the mAbs #2C6 and #2F10
are highlighted with a circle. Figure S2: Characterization of the 32 nm AuNPs and its conjugates with
#2F10 mAb. (a) The flocculation stress test carried out by adsorbing 2–4–6–8–10 μg of the mAb to 1 mL
of AuNP (OD1) followed by saline shock with aqueous 10% w/v NaCl: the absorbance at 540 nm and
620 nm are due to non-aggregated and aggregated fractions of AuNP, so increasing the stabilization
increases the 540/620 absorbance ratio; (b–f) HR-TEM images of the mAb_AuNP from figure 2a,
(g) visible spectra of the AuNP and conjugates obtained by increasing the amount of mAb adsorbed
(0–5–10–15–20 μg per ml of AuNP) and (h) their first derivative. Figure S3: Response surface from the
FF-DoE for the SE based on the mAb #2F10 and using different sizes of AuNP: 24nm (a), 32 nm (b),
and 36 nm (c). Data were processed by means of the Software CAT. Figure S4: Response surface
from the FF-DoE for the DE based on the mAb #2F10 as the detection and #2C6 as the capture ligand
and using different sizes of AuNP: 24 nm (a), 32 nm (b), and 36 nm (c). Data were processed by
means of the Software CAT. Table S1: Attempts to eliminate the background signal observed when
using the #2C6_AuNP gold conjugate the mAb-to-AuNP ratio was 12 μg (2.0×) per mL of AuNP
and the probe was diluted to optical density equal to 4. A solution of the inactivated viral culture
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(+) and the sample diluent (−) were applied and the colour intensity at the test line quantified. The
condition selected is highlighted in bold. Table S2: Results from the design of experiment for the
optimization of the SE based on the mAb #2F10. A 1 + 3 dilution solution of the inactivated viral
culture in the sample diluent was used as the positive control and the colour intensity at the test
line quantified. Table S3: Results from the design of experiment made on the DE based on the mAb
#2F10 as the detection and #2C6 as the capture ligand. A 1 + 3 dilution solution of the inactivated
viral culture in the sample diluent was used as the positive control and the colour intensity at the
test line quantified. Table S4: Effects of the composition of the buffer used as running buffer and
#2F10_AuNP dilution buffer. Colour of the test line was measured upon application of a solution of
the inactivated viral culture (+) and of the running buffer (−). The condition selected is highlighted
in bold. Table S5: Study of the optical density of the #2F10-AuNP probe (mAb-to-AuNP 20 μg per
mL) for the device including the test line at 2 mg/mL. The condition selected is highlighted in bold.
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Abstract: The recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has
posed a great challenge for the development of ultra-fast methods for virus identification based on
sensor principles. We created a structure modeling surface and size of the SARS-CoV-2 virus and
used it in comparison with the standard antigen SARS-CoV-2—the receptor-binding domain (RBD) of
the S-protein of the envelope of the SARS-CoV-2 virus from the Wuhan strain—for the development
of detection of coronaviruses using a DNA-modified, surface-enhanced Raman scattering (SERS)-
based aptasensor in sandwich mode: a primary aptamer attached to the plasmonic surface—RBD-
covered Ag nanoparticle—the Cy3-labeled secondary aptamer. Fabricated novel hybrid plasmonic
structures based on “Ag mirror-SiO2-nanostructured Ag” demonstrate sensitivity for the detection
of investigated analytes due to the combination of localized surface plasmons in nanostructured
silver surface and the gap surface plasmons in a thin dielectric layer of SiO2 between silver layers.
A specific SERS signal has been obtained from SERS-active compounds with RBD-specific DNA
aptamers that selectively bind to the S protein of synthetic virion (dissociation constants of DNA-
aptamer complexes with protein in the range of 10 nM). The purpose of the study is to systematically
analyze the combination of components in an aptamer-based sandwich system. A developed virus
size simulating silver particles adsorbed on an aptamer-coated sensor provided a signal different
from free RBD. The data obtained are consistent with the theory of signal amplification depending on
the distance of the active compound from the amplifying surface and the nature of such a compound.
The ability to detect the target virus due to specific interaction with such DNA is quantitatively
controlled by the degree of the quenching SERS signal from the labeled compound. Developed
indicator sandwich-type systems demonstrate high stability. Such a platform does not require special
permissions to work with viruses. Therefore, our approach creates the promising basis for fostering
the practical application of ultra-fast, amplification-free methods for detecting coronaviruses based
on SARS-CoV-2.

Keywords: surface-enhanced Raman scattering (SERS); aptasensor; SARS-CoV-2 virus

1. Introduction

Surface-enhanced Raman scattering (SERS)-based sensors for viral detection are very
attractive, combining high recognition ability and sensitivity with a rapidness of the anal-
ysis. The ultimate specificity can be achieved for low-molecular compounds, providing
identification via the unique Raman spectrum of the compound. In this regard, the develop-
ment of novel improved SERS-active substrates is of high interest [1]. The development and
implementation of reliable methods for the synthesis/fabrication of uniform, reproducible,
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low-cost SERS substrates with a high enhanced factor and quantitative response within
specification limits is being conducted. Thus, the natural reed leaves, without any special
pretreatment, coated by silver, have been utilized as a self-assembled plasmonic structure
for ultra-sensitive crystal violet trace detection with sensitivity as low as 10−13 M using
a novel natural surface-enhanced fluorescence [2]. Recently, a scalable design of SERS
substrate based on a biopolymer of free-standing chitosan film, silver nanoparticles, and
graphene oxide has been demonstrated [3]. The developed plasmon hybrid structures were
assessed by their SERS-sensitivity, reproducibility, stability, and quenching capability. The
fabricated plasmonic polymer nanocomposite offered a limit of detection for R6G down to
100 pM. Using the 3D jet writing technique, biologically inert poly(lactic-co-glycolic acid)
tessellated scaffolds containing fluorescent polymers and/or SERS-encoded gold nanostars
have been fabricated [4]. Such a hybrid scaffold provides efficient work with high-molecule
volumetric objects such as live cells and offers sufficient optical transparency for both
fluorescence and SERS imaging. The novel hybrid metal-dielectric-metal sandwiched
structures [5,6] demonstrate high sensitivity and reproducibility of the SERS signal [7,8]. In
this geometry, the overall enhancement factor principally benefits from the combination of
two main mechanisms. The first one is associated with the excitation of localized surface
plasmon resonance (SPR) in gold/silver clusters. The second one is due to the gap surface
plasmons’ excitation in a thin dielectric layer between the metal mirror and corrugated
gold/silver layers. SERS has attracted much attention for its potential in multiplexed sens-
ing. SERS is an optical molecular finger-printing technique that has the ability to resolve
analytes from within mixtures [9]. However, the biological macromolecules are composed
of the same set of building blocks—amino acids, nucleotides, and sugars, that creates
difficulties for SERS detection based on biopolymer nature [10]. The specific determina-
tion of one protein in a mixture of dozens of other macromolecules is challenging [11–13].
Speaking of viruses, reported Raman spectra of the S protein of SARS-CoV-2 are not the
same [14–17], and Raman spectra of influenza virions are rather different [14,15,18,19].
The differences in spectra could be due to variations of impurities in biological samples
or different SERS-active substrates that enhanced Raman spectra of different groups in
macromolecules. In both cases, their application for real clinical samples is questionable.

Recognizing molecules, like antibodies or aptamers, can be used to provide the speci-
ficity of virus detection along with an increase in the limit of detection [11–13]. The most
common approach is to decorate a SERS-active surface with recognizing molecules enhanc-
ing the local concentration of the target of interest near the surface [15,20–23]. A comple-
mentary approach uses labeled recognizing molecules to trace the spectrum of the artificial
molecule that is detectable in the nanomolar range of concentrations [22–25]. The typical
Raman active labels used for virus detection are fluorescent dyes like Cyanine 3 (Cy3),
Cyanine 5.5 (Cy5.5), Bodipy FL (BDP FL), and Rhodamine Red-X (RRX) [22–25]. Labeled
recognizing molecules are either approaching the surface due to sandwich-like ternary
complexes [22,23] or retiring from the surface due to binding with viral particles [24,25]. In
both cases, the Q-factor and stability in biological fluids are the key parameters that are
to be considered. Silver nanoislands and lithography-based substrates were used for the
sandwich-like complex aptamer1-virus-aptamer2 [22,23]. The first one provided nice SERS
spectra for ternary complexes with Cy3 and BDP FL-labeled aptamers [22]; however, the
stability of the nanostructured surface in biological fluids was revealed to be suboptimal
(authors’ unpublished data). Lithography-based substrates are usually stable in various me-
dia; however, the SERS spectra of ternary complexes with Cy5.5-labeled aptamers were not
acquired [23]. The detected differences in spectra could be attributed to surface-enhanced
fluorescence of utilized model dye.

There is a growing interest in aptamer-based assay methods, without signal amplifica-
tion, due to their low cost, having high stability, being easy to modify, and, in some cases,
they have better specificity and affinity [26]. Among them, an electrochemical aptasensor
for the determination of the SARS-CoV-2 receptor-binding domain in human saliva samples
demonstrated high sensitivity (down to 7.0 pM) and accuracy [27]. Photonic biosensing
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technologies that have been explored for possible use in SARS-CoV-2 serology include
SPR [28,29] for not only the detection of antibodies but also the profiling of binding kinetics
of the complete polyclonal antibody response against the receptor-binding domain. More-
over, the asymmetric Mach–Zehnder Interferometer enables multiplex and ultra-sensitive
detection of antibodies that target the viral antigens:spike protein, the receptor-binding
domain, and the nucleocapsid protein [30]. SERS-based aptasensors have been used to
detect both SARS-CoV-2 spike protein [31] and the whole virus of SARS-CoV-2 [18,23,25,32],
providing good accuracy and satisfactory performance for SARS-CoV-2 determination in
good agreement with RT-qPCR results [33]. However, the limit of detection of the sensors
is still higher than RT-qPCR. Increasing the sensitivity of the method will increase the
reliability of the results of the virus detection. The research work requires a good model
system for the sensor optimization. The RBD protein per se cannot be used as a model, as
the viruses contain dozens or hundreds of surface proteins that bind the solid substrates in
multiple points. Therefore, the exemplary limit of detection of the virus is typically lower
compared to those for the recombinant protein [18,23,25,31,32]. Production of virus-like
particles (VLP) requires genetic engineering, and the stability of these membrane struc-
tures is to be traced during storage. The production of VLP requires laboratory space
organized according to special strict safety requirements. In our work, we proposed a
simplified imitation of the virus surface produced by the adsorption of RBD protein onto
silver nanoparticles. We optimized the conditions to make the nanoparticles recognizable
by the aptamers to RBD and storable for several weeks. This model of synthetic virion was
used to screen SERS-substrates, revealing the mirror silver-dielectric-nanostructured silver
sandwiched plasmonic nanostructures as a promising tool for SARS-CoV-2 detection. A
developed indicator system for SARS-CoV-2 virions demonstrates applicability of the SERS
approach for the selective detection of coronavirus-2 infection.

2. Materials and Methods

2.1. Oligonucleotides and Some Materials

Inorganic salts and buffer solutions, as well as bovine serum albumin, were purchased
from Sigma-Aldrich (New York, NY, USA).

The following oligonucleotides were studied. Selected in lab [34], Found-SH (SH-
CACCGCTTTTGCCTTTTGGGGACGGATATAGGGAAACACGATA GAATCCGAACAGC-
ACC), and complementary to Found—CompFound-SH (SH-CACCGCTTTTGCCTTTTGGG-
GACGGATAGGTGCTGTTCGGATTCTATCGTGTTTCCCTA)—were kindly synthesized by
the group of Timofei Zatsepin (Moscow, Russia). RBD-1C selected in [35] in two forms: RBD-
1C-Cy3(Cy3-5′-CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAAT-
GGACA-3′) and biotinylated aptamer RBD-1C (biotin-5′-CAGCACCGACCTTGTGCTTT-
GGGAGTGCTGGTCCAAGGGCGTTAATGGACA-3′) from Eurogene (Moscow, Russia).
The receptor-binding domain of the S-protein of SARS-CoV-2 (further referred to as
RBD) was from [36] (for details of aptamer preparation and binding experiments see
in supplementary material citation, Figure S1).

2.2. Synthesis of the Model of SARS-CoV-2 Virions

Silver nanoparticles (NP) were obtained by mixing 18 mL of a solution of 3.3 mM
NaOH and 2.6 mM NH2OH·HCl with 2 mL of 10 mM AgNO3. The solution of AgNO3 was
injected for 10 s with a subsequent stirring for 1 h at room temperature.

RBD, expressed in Chinese hamster ovary cell line [36], was obtained in a concentra-
tion of 4.7 mg/mL. An amount of 6.4 μL of RBD protein solution was added to 1 mL of
silver nanoparticles, providing a final concentration of the protein of 1 μM. The mixture
was incubated at room temperature for 30 min. Unreacted protein was removed by cen-
trifugation for 10 min at 10 rpm. The RBD-coated silver nanoparticles (further referred to
as RBD NP) were resuspended in 1 mL of buffer with 10 mM Tris-HCl pH 7.5, 140 mM
NaNO3, and 10 mM KNO3. Bovine serum albumin (further referred to as BSA) coated
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silver nanoparticles (further referred to as BSA NP) were obtained following the same
protocol using 10 μM solution of BSA instead of RBD protein.

2.3. Characterization of Nanoparticles Coated with RBD Protein

A dynamic light-scattering instrument ZetasizerNano ZS (Malvern, Worcestershire,
UK) was used to estimate the size and ζ-potential of nanoparticles.

The ability to bind aptamers to RBD was estimated using biolayer interferometry
(Blitz equipment from ForteBio, Dallas, TX, USA). The sensor was hydrated in water, and
then it was incubated with 1 μM solution of biotinylated aptamer RBD-1C for 2 min. The
baseline was acquired in the binding buffer (10 mM Tris-HCl pH 7.5, 140 mM NaNO3,
10 mM KNO3) for 30 s. Then, the sensor was placed into RBD NP or BSA NP solutions
for 200 s. The 2×, 4×, and 8× dilutions of the nanoparticle samples were obtained in the
binding buffer. The dissociation was performed in the binding buffer.

2.4. SERS-Active Aptasensor Platform

The idea of the aptasensor platform is a formation of sandwich-like complexes on
the silver nanostructured surface. The primary aptamer was modified with a thiol-group
providing stable linkage between the plasmonic nanostructured silver surface and the
aptamer. Primary aptamers bound RBD NP. Secondary aptamers with a Raman-active
label (Cy3) formed complexes with RBD NP immobilized on the surface. The detailed
protocol was as following: (1) SERS substrate was incubated in 20 μL of a 20 nM solution
of thiol-modified aptamer in PBS for 15 min; (2) the substrate was rinsed with PBS; (3) the
substrate was incubated in 20 μL of RBD NP (or BSA NP in the control experiment) solution
for 5 min; (4) the substrate was rinsed with PBS; (5) the substrate was incubated in 20 μL of
a 200 nM solution of labeled aptamer in PBS for 5 min; (6) the substrate was rinsed with
water; (7) the substrate was dried in air.

2.5. SERS-Based Substrates

SERS platforms were prepared by method as previously described [37]. The fabrication
of plasmonic substrates was performed in a preliminary evacuated chamber (base pressure
10−5 Torr). Then, the chamber was filled with Ar gas. The total pressure in the preparation
chamber was 5 × 10−4 Torr and the temperature ~300 K. The 100 nm layer of Ag (99.999%)
was deposited on silicon substrate, a 3 nm Ti adhesion interlayer over Ag and 50 nm
layer of SiO2. A thin titanium layer was introduced, as it promotes adhesion, followed by
deposited SiO2 to the silver layer. Then, a layer of 20 nm silver (99.999%) was deposited on
the top of SiO2. These layers were deposited in one regime by electron beam evaporation.
Then, the substrates were treated by an Ar ion beam with an energy of 150 eV and dose of
4 × 1016 ion/cm2. The angle between the Ar beam and substrate was 45◦. A Hall-effect
ion source with a cold hollow cathode Klan 53-M (Platar Corp.) generated an Ar ion
beam. An ion beam modification of silver film allows for the fabrication of plasmonic
nanostructured surfaces.

2.6. Characterization of SERS-Based Substrates

The surface morphology of the deposited films was investigated using a scanning
electron microscope (SEM) JEOL JSM-7001F (JEOL Ltd., Tokyo, Japan).

Raman spectroscopy and SERS studies were carried out using the Enspectr R532 ana-
lyzer (Enhanced Spectrometry, San Jose, CA, USA) with a solid-state laser
(wavelength—532 nm, 50 MW). All spectra were collected with the working laser spot
diameter of ca. 2 μm through a × 40 objective. The specific power of the laser was set at
0.3 mW, and the accumulation time was 5 s with 10 accumulations. The obtained Raman
scattering spectra were fitted using the pseudo-Voigt functions. Measurements were carried
out in the range of 200–2000 cm–1 using 3rd-order baseline subtraction.
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3. Results and Discussion

In this work, we have developed an indicator system for the recognition of SARS-CoV-
2 virions in the future. We have determined optimal conditions for obtaining the artificial
model of SARS-CoV-2 virions through a specific binding of a Cy3-labeled secondary
aptamer and a primary aptamer with RBD-covered Ag nanoparticles (both the primary and
secondary aptamers interact with the protein with approximately the same efficiency). In
parallel, nonspecific interaction of both aptamers to BSA-covered Ag nanoparticles (Table 1),
allows for the creation of a model without SARS-CoV-2 virions. A developed indicator
system demonstrates applicability of the SERS approach for the selective detection of
coronavirus-2 infection through the control of the distance between the SERS platform and
the dye moiety. Figure 1 illustrates the platform of the SERS-active aptasensor using hybrid
plasmonic substrates for the quantitative detection of coronaviruses. The self-assembled
RBD nanoparticles blocked the direct adsorption of the Cy3-labeled secondary aptamer on a
SERS-active nanostructured surface due to the specific interaction between all components
in the assay leading to a strong quenching Raman signal of Cy3 (Figure 1).

Table 1. Combinations of aptamers and protein-coated nanoparticles studied.

Primary Aptamer Nanoparticles Secondary Aptamer Comment

Sample 1 Found-SH RBD NP RBD-1C-Cy3 Experiment

Sample 2 CompFound-SH RBD NP RBD-1C-Cy3 Control with nonspecific
primary oligonucleotide

Sample 3 Found-SH BSA NP RBD-1C-Cy3 Control with nonspecific
protein instead of RBD

Figure 1. Scheme of the developed indicator system for SARS-CoV-2 virions’ detection using the
SERS approach.
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3.1. Fabrication and Characterization of Model of SARS-CoV-2 Virions

Silver nanoparticles adsorb proteins, readily forming stable coatings [38]. We op-
timized the conditions for RBD and BSA proteins that were used as coating for silver
nanoparticles with a diameter of 80 nm. Stable nanoparticles were obtained after incuba-
tion with 1 μM solution of RBD and 10 μM solution of BSA. An amount of 1 μM solution of
BSA provided aggregates of nanoparticles during the storage, indicating that the protein
coating was not completed. The excess of the proteins was removed by the centrifuga-
tion in both cases. The estimated concentration of the protein-coated nanoparticles was
1010 particles per mL. The optimized protocol provided nanoparticles that are stable for
more than 6 weeks of storage at +4 ◦C. Unmodified NP and RBD NP were studied with
dynamic light scattering. RBD NP was shown to have a significantly increased size com-
pared to uncoated nanoparticles. The diameter of RBD NP was 320 ± 30 nm, whereas the
diameter of NP was 80 ± 30 nm (Figure 2a,b). The size of RBD NP is overestimated, as
protein coating decreases the mobility of silver nanoparticles. Similarly, ζ-potential was
altered significantly from −42 ± 8 mV for NP to −2 ± 5 mV for RBD NP (Figure 2c,d),
indicating significant changes of the surface of silver nanoparticles.

Figure 2. The size distribution for unmodified nanoparticles (a) and RBD-coated nanoparticles
(b) estimated with dynamic light scattering. ζ-potential of unmodified nanoparticles (c) and RBD-
coated nanoparticles (d) estimated with dynamic light scattering. (e) Interaction between aptamer
RBD-1C and silver nanoparticles coated with RBD or BSA proteins.
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We used DNA aptamer RBD-1C selected by Song et al. [35] as a recognition molecule;
this aptamer has dissociation constants in the range of 0.8–5.8 nM for the complexes
with recombinant RBD protein [39]. Adsorbed RBD retained the ability of binding DNA
aptamers as shown by biolayer interferometry (Figure 2e). The binding of BSA NP to
DNA was 3–4 times lower, indicating a low level of nonspecific interaction. The overall
dataset confirmed the formation of RBD-coated nanoparticles with a size close to the size
of SARS-CoV-2 virions; RBD NPs are capable of binding DNA aptamers to RBD protein.
This model system was used in further SERS experiments. Proposed particles are simple in
preparation, stable during the storage, and composed of one type of protein, providing low
non-specific binding.

3.2. Characterization of the Hybrid Plasmonic Sandwiched Structures

First, we obtained an efficient plasmonic sandwiched structure as the SERS-active plat-
form. The surface of the sensor element is represented with a multilayered structure based
on subsequently coated silver mirror film, dielectric film, and Ag nanoparticles, further
referred to as film-Ag/SiO2/nano-Ag NPs (Figure 3a). As noted above, the amplification of
the Raman signal for sandwiches in comparison with one-contained-layer nanostructured
silver surface is associated with the excitation of both gap plasmons in the SiO2 layer and
local surface plasmon resonances in nano-Ag NPs [5–8]. Moreover, the back reflection from
the bottom Au layer gives rise to a stronger absorbance and, therefore, the enhancement
factor (EF) since the excitation beam passes through the top film twice. The morphology of
the obtained substrates was studied by scanning electron microscopy (SEM) (Figure 3b). As
it is shown on an SEM image, silver nanoparticles are evenly distributed and the plasmonic
surface has a reproducible structure. The average size of a particle was 13 ± 1 nm for
150 particles (Figure 3b, the inset).

Figure 3. (a) Scheme of the fabrication of the hybrid plasmonic sandwiched structure: films of Ag,
SiO2, Ag stepwise formed by electron beam sputtering with the further formation of a plasmonic
silver-based structure through the Ar ion beam treatment of the top Ag film. (b) A typical SEM image
of the sensor element decorated by Ag nanoparticles. The inset shows a size distribution of silver
nanoparticles on the sensor element.

The maximum of the plasmonic band of the SERS-active substrate appears at 425 nm
(Figure S2). Moreover, a wide plasmonic peak covers the wavelength range from the blue
to the IR regions of the spectrum. To evaluate the SERS activity of the designed hybrid
substrate, first, we analyzed a model dye Cy3. The EF of the obtained hybrid surfaces was
calculated according to the following equation [40]:

EF =
ISERS Cref
Iref CSERS

(1)

where Iref and ISERS are the band’s intensities of the Raman scattering and SERS at 1397
cm−1 for Cy3; Cref = 1 × 10−2 M and CSERS = 1 × 10−6 M—concentrations of the analytes
whose signals correspond to Raman scattering and SERS, respectively. Corresponding
SERS and Raman spectra of Cy3 are in Figures S3 and S4 of the supplementary information.
The EF of the resulting surface was 9.5 × 104 for Cy3. Moreover, highly reproducible

123



Biosensors 2022, 12, 768

morphology of developed hybrid plasmonic substrates results in a good analytical signal
reproducibility from point-to-point of the sample with the relative standard deviation (RSD)
for the EF value as low as 7.37%.

3.3. SERS-Active Aptasensor Platform for the Detection of Model of SARS-CoV-2 Virions Using
Hybrid Plasmonic Substrates

Figure 4 demonstrates SERS spectra of Cy3 and the Cy3-labeled secondary aptamer.
The SERS spectrum of the Cy3-labeled secondary aptamer, as well as the spectrum of
pure Cy3, contains well-resolved characteristic signals on 1140, 1175, 1216, 1274, 1397,
1439, 1482, and 1591 cm−1, though there is a slight shift within 1–2 cm−1 for some peaks
(Figure 4a). However, low-intensity bands in the region of small Raman shifts (588, 693,
744, 938, 1140, 1175 cm−1) disappear after binding an aptamer to the Cy3. Of note, the
intensity of characteristic peaks (1216, 1274, 1397, 1439, 1482 cm−1) for the Cy3-aptamer
decreased three times in comparison with Cy3. The lateral size of the aptamer is about
2–3 nm [41]. The weakening of the signal can be associated with the increased distance
between the dye and the silver nanostructured surface through the primary aptamer, as
schematically presented in Figure 4b. The signals at 1272 and 1394 cm–1 have been selected
as intense characteristic bands for SERS spectra of the platform for aptasensor assays. The
peak 1272 cm−1 corresponds to the deformation oscillation of the hydroxyl group (COH);
1394 cm−1 corresponds to the CN-bond symmetric stretching [42].

Figure 4. (a) SERS spectrum of Cy3 (green) and Cy3-aptamer mixture (red) on the obtained hybrid
plasmonic substrate. (b) Scheme of the distribution of Cy3 and Cy3-labeled aptamer on a SERS-active
hybrid structure.

Further, the SERS spectra of the proposed model for aptasensor assays will be com-
pared with the spectrum of the Cy3-aptamer. The spectrum of Sample 1 has the least
similarity with the model mixture Cy3-aptamer spectrum. The spectrum retains signals at
1117, 1137, 1176, 1214, 1272, 1372, 1394, 1439, and 1584 cm−1. At the same time, the signal
intensities (1272 and 1394 cm−1) of the dye in Sample 1 fall relative to the other observed
peaks. There are also new modes at 1072 and 1315 cm−1, which may be due to a signal from
an aptamer or RBD protein fragment. A significant three-fold drop in the signal for Sample
1 is associated with the enhanced distance of the dye from the SERS surface due to the RBD
nanoparticle shielding. Consequently, a well-organized, specific interaction of aptasensor
components with model RBD protein-covered nanoparticles aids in the reproducible SERS
signal quenching from the Cy3-labeled artificial model of SARS-CoV-2 virions.

To test the selectivity of the developed model of aptasensor assay, we performed addi-
tional experiments with analytes based on the nonspecific interaction of RDB nanoparticles
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with the primary aptamer (further referred to as Sample 2) and the nonspecific binding of
BSA nanoparticles to the secondary Cy3-labeled aptamer (further referred to as Sample 3).
We investigated the dependence of signal intensity on the distance of the SERS-active label
from the plasmonic surface. The similarity in the set of signals with a Cy3-aptamer probe
has been observed (Figure 5a); all of the main peaks of Cy3 are present in both samples’
spectra. The last mode, associated with CH bond vibrations, can be highly intense in
the spectra for Samples 2 and 3 due to the contribution of vibrations of both the dye and
protein fragments and aptamers. On average, the intensity of the characteristic modes for
Samples 2 and 3 is about 2.5 and 2.3 times less than the intensities for the Cy3-aptamer
sample, respectively.

Figure 5. (a) SERS spectra of the Cy3-labeled secondary aptamer (red), Sample 3 (yellow), Sample 2
(blue), Sample 1 (violet), primary aptamer-RBD NPs (pink), primary aptamer, and BSA NPs mixture
(black) on the obtained hybrid plasmonic substrate. (b) SERS signal at 1272 and 1394 cm−1 for
Cy3-labeled aptamer, Sample 1, Sample 2, and Sample 3. Scheme of the distribution of (c) Sample 1,
(d) Sample 2, (e) Sample 3, and (f) Cy3-labeled secondary aptamer on an SERS-active hybrid structure.

The signal comparison for all the samples mentioned is shown in Figure 5a,b. All
the considered probes are presented in order of decreasing value of EF: from the Cy3-
labeled primary aptamer to the full-size probe with specific binding RBD NPs with primary
and secondary aptamers. The EF ratio for samples 1, 2, 3 is 1:1.25:1.34, respectively. The
self-assembled RBD nanoparticle assay blocked the direct adsorption of the Cy3-labeled
secondary aptamer on the SERS-active nanostructured surface due to the specific interaction
between all components in the assay leading to strong quenching of the signal of Cy3,
which agrees with previously demonstrated SERS data for a real influenza virus [24]. It is
important to mention that a developed artificial indicator system gives us the opportunity
to investigate simulating viruses as well as their fragments. This confirms the applicability
of the proposed artificial indicator system, which does not require special permissions
to work with viruses and will speed up the process of developing effective methods for
their detection. The increase in signal enhancement from Sample 1 to Sample 3 may be
due to the full specific binding of the developed model of SARS-CoV-2 virions with the
thiol- aptamer and the Cy3-labeled aptamer (Figure 5c–f). In the case of Sample 2, the
interaction of Cy3-labeled RBD NPs is not specific with the thiol-modified aptamer. It
results in the direct closer contact of a labeled probe with the SERS-active surface and
an increase of EF (Figure 5d). The absence of specific binding in the case of BSA NPs
for Sample 3 leads to the uneven distribution of probes including BSA NPs, the labeled
secondary aptamer along with the primary one as schematically presented in Figure 5e, and
in summary, a further increase of the signal for Cy3 dye in comparison with Samples 1 and
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2. Moreover, a comparison of SERS data of RBD protein with the Cy3-labeled secondary
aptamer and Sample 1 was performed. As shown in Figure S5, no characteristic peaks
of Cy3 for RBD protein with Cy3-labeled aptamer were observed. The absence of the
signal can be associated with the possible dense coverage of the SERS substrate by protein
fragments. As a result, the dye molecules are away from the SERS-active surface, leading
to the absence of the Raman signal of Cy3.

The developed indicator system allowed us to control the distance between the SERS
platform and the labeled dye moiety. Moreover, it allows us to distinguish sandwich
bioassays from their fragments, which is not possible to achieve with traditional enzyme-
linked immunosorbent assay (ELISA) test. The application of a fabricated efficient hybrid
plasmonic structure provides detection with a sensitivity to the target virus down to 10 nM
(1010 particles/mL). This value is slightly above the upper necessary bound of a virus in
real samples. The typical SARS-CoV-2 load in the clinical samples from the patient is in
the range from 106 to 109 virus particles/mL [43]. Thus, the analytical sensitivity of the
obtained platform in our work should be further enhanced to be competitive with the limit
of detection (LOD) of 102–103 viral particles/mL for SARS-CoV-2 for polymerase chain
reaction [44,45], the LOD of 2 × 104 viral particles/mL for loop-mediated isothermal ampli-
fication [46], and the LOD of 1 × 106–4 × 108 viral particles/mL for rapid antibody-based
assays [47,48]. The developed novel plasmonic structure through varying the deposition
parameters of the films and post-coating treatment paves a promising avenue to improve
SERS performance of the sensor element, including the LOD, and fosters the practical
application of the ultra-fast, amplification-free determination of coronaviruses.

4. Conclusions

Thus, we have proposed a novel SERS sensing platform based on protein-coated silver
nanoparticles with a size close to the viral size as a highly stable structure for studying the
detection of SARS-CoV-2 virions. Such a platform does not require special permissions
to work with viruses and will speed up the process of developing effective methods for
their detection. The optimal conditions for obtaining an artificial SERS-active system
due to both specific and nonspecific binding of the primary aptamer and the Cy3-labeled
secondary aptamer to synthetic virions were determined. Utilizing the receptor-binding
domain of the S-protein of the envelope of the SARS-CoV-2 virus as a shell for model
nanoparticles simulating the virus results in specific interactions by sandwich formation of
it and both aptamers while bovine serum albumin results in no specific way, respectively.
The developed indicator system allows us to control the distance between the fabricated
efficient SERS hybrid platform and the labeled dye moiety. The ability to detect the target
virus due to specific interactions with such aptameric DNA is quantitatively controlled
by the degree of the quenching SERS signal from the labeled compound linked to an
aptamer and paves a promising avenue to foster the practical application of the ultra-fast,
amplification-free determination of coronaviruses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12090768/s1, Figure S1: Sensorgrams of 100 nM found aptamer
sequence (Bt-Found), aptamer from the literature and cmpFound-Bt (nonspecific control), all carrying
Bt-T10—linker at 5′(or 3′)-end; Figure S2: Reflection spectrum of SERS-active substrate; Figure
S3: SERS spectrum of Cy3 (1 × 10–6 M). (532 nm, 0.3 mW, 5 s, 10 acc., ×40) on the obtained
hybrid plasmonic substrate; Figure S4: Raman spectrum of Cy3 (1 × 10–2 M). (532 nm, 0.3 mW,
5 s, 10 acc., ×40) on the obtained hybrid plasmonic substrate. Figure S5: SERS spectra of Sample 1
(violet), primary aptamer-RBD protein with Cy3-labeled aptamer (magenta) (532 nm, 0.3 mW, 5 s,
10 acc., ×40).
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Abstract: We demonstrate the possibility of applying surface-enhanced Raman spectroscopy (SERS)
combined with machine learning technology to detect and differentiate influenza type A and B viruses
in a buffer environment. The SERS spectra of the influenza viruses do not possess specific peaks
that allow for their straight classification and detection. Machine learning technologies (particularly,
the support vector machine method) enabled the differentiation of samples containing influenza A
and B viruses using SERS with an accuracy of 93% at a concentration of 200 μg/mL. The minimum
detectable concentration of the virus in the sample using the proposed approach was ~0.05 μg/mL
of protein (according to the Lowry protein assay), and the detection accuracy of a sample with this
pathogen concentration was 84%.

Keywords: surface-enhanced Raman spectroscopy; SERS; influenza A virus; influenza B virus;
detection; machine learning

1. Introduction

Outbreaks and epidemics of viral diseases in recent years have raised the active search
for new methods for differential diagnostics and virus detection. Modern methods of virus
detection, such as polymerase chain reactions (PCR) [1] and enzyme-linked immunosorbent
assays (ELISA) [2], have high sensitivity in determining the presence of influenza viruses
in a sample [3,4] but have a number of disadvantages: laboriousness, time duration of the
assays, low versatility, and a high percentage of false positive results [5,6].

Surface-enhanced Raman spectroscopy (SERS) is considered a promising alternative
for the differential detection of viral infections [7–11]. The viral envelope contains surface
proteins that differ in their amino acid composition and conformation which leads to the
difference in Raman spectra of various viruses. Since the Raman scattering signal is rather
weak, the SERS is used to enhance it by implementing special substrates with a surface layer
containing nanoparticles. The latter allows amplification of the Raman scattering signal of
the test sample due to the plasmon resonance effect, by 103–109 times, and the subsequent
detection of the pathogen in low concentrations (5 × 108 PFU/mL) [7]. Identification of
viral particles by SERS spectroscopy has a number of potential advantages over classical
diagnostic methods, such as the speed of testing and the possibility of diagnosing without
the need to use specific antibodies or aptamers [7,9–11]. On the other hand, there are
developments that are aimed at the selective detection of a specific pathogen based on
SERS substrates made from precious metal nanoparticles and immobilized antibodies or
aptamers [12–14]. This approach, however, deprives versatility, which is the SERS technol-
ogy’s main advantage, since each antigen has its own specific features in the spectrum [15].
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The label-free SERS platform, in combination with machine learning, can become a power-
ful tool for diagnosing viral diseases not only due to antigen detection, but also due to the
detection of biomarkers in the sample [16,17].

Many research efforts are underway to create a universal SERS substrate made from
metal nanoparticles and nanorods which will allow us to determine the presence of viruses
(including their type) in a sample [18–22]. The optimal parameters of nanostructures in
these studies are selected to amplify the Raman signal. Thus, the differences in spectra
could be noticeable visually [22] or be differentiated by classical methods of mathematical
analysis, such as multivariate calibration and partial least squares regression (PLS/PSR) [23].
It should be noted, however, that these studies were carried out with purified samples
of viral particles. In field work dealing with clinical samples, virus detection using this
approach can be complicated.

Spectral patterns of different influenza strains have similarities [24,25] and to make
their robust classification possible, mathematical processing methods can be used. For
example, machine learning technologies improve the accuracy of differentiation and clas-
sification of SERS spectra [26]. Huang J. et al. managed to achieve an accuracy of 87.7%
using the technology of recurrent neural networks (RNNs) in identifying the spectra of
SARS-CoV-2 spike proteins [27]. The experiments by Paria D. et al. demonstrated how
the random forest algorithm provides an accuracy of 83% when differentiating Zika, coro-
navirus (SARS-CoV-2), influenza A (H1N1), and Marburg viruses [11]. Yeh Y.T. et al.
described a technique for recognizing differences in the SERS spectra of rhinovirus, the
influenza A virus, and the type 3 parainfluenza virus with an accuracy of 93% [24]. Their
scientific team also conducted a study on samples containing avian influenza viruses and
confirmed the data processing efficiency by machine learning using the logistic regression
algorithm [24,28]. The work of Lim J.Y. et al. [25] demonstrates the possibility of classifying
the cells infected with wild and mutant influenza A viruses by their SERS spectra using the
principal component analysis (PCA) [29].

The paper by Zhang Z. et al. described an experiment on modifying the structures
of silver nanosubstrates by adding acetonitrile, bromine, and calcium ions; the minimum
number of viruses for successful detection, in this case, was 100 particles per test [30]. In
their work, the PCA was used to classify the samples containing and not containing viruses;
as a result, differentiation analysis showed the spectra separation with a 95% accuracy
(yet the researchers noted that the cell proteins interfere with the detection of the viral
proteins themselves). In continuing experiments with SERS substrates, Zhang Z. et al.
used sodium borohydride to change the conformation of silver nanostructures in order to
detect adenovirus, coronavirus (SARS-CoV-2), and the influenza A (H1N1) virus [31]. The
analysis time was 2 minutes and the minimum number of viral particles for detection was
reduced to 10 units. Their work used the Latent Dirichlet allocation algorithm [32] with a
differentiation accuracy of 95%.

The work of Durmanov et al. describes the usage of a fabricated SERS substrate,
which was composed of nanoporous mica with the addition of a thin silver layer by
electron beam physical vapor deposition method [33]. Four types of viruses were selected
to demonstrate the practical application of the new SERS substrate: the myxoma virus
(MYXV), the canine distemper virus (CDV), the tobacco mosaic virus (TMV), and the
potato virus X (PVX). The SERS substrate performance was tested in its ability to obtain
the spectra of viral particles of different sizes, morphology, structural composition, and
physicochemical properties. Various methods of data analysis were used to identify the
viruses by their spectra. Data spectral analyses were carried out by the method of machine
learning, the principal components, and the linear discriminant analysis (PCA-LDA), in
particular. The classification model accuracy was double-checked by 5-fold repetition of
the 3-fold cross-validation, resulting in an average accuracy of 99.4%.

Paria D. et al. reported on the creation of a label-free SERS platform with a metal-
insulator-metal nanostructure [34]. Combined with machine learning methods, this struc-
ture made it possible to differentiate four viruses: the influenza A virus, coronavirus,
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Zika virus, and Marburg virus. The PCA method was used for visual analysis of the data
obtained from the SERS spectra collection, and the random forest algorithm was used to
classify the spectral data set. The resulting classification accuracy for labeling an unknown
virus sample was ranging from 83 to 95%.

Song C. et al. were able to demonstrate the possibility of using the portable Raman spec-
trometer to detect the influenza A virus [35]. In their work, SERS spectra of the three influenza
virus types (A/Mute Swan/MI/06/451072-2/2006, A/chicken/Pennsylvania/13609/1993, and
A/chicken/TX/167280-4/02) and the control sample spectra were obtained, with the PCA
method used to classify the spectra. Visualization of the results on the principal component axes
indicated 100% accuracy (n = 10 for each sample). Despite the small number of data set samples,
this study demonstrated the portability and versatility of the SERS virus particle detection
technology.

The support vector machine (SVM) method has been previously applied to the detec-
tion of varied biomarkers using spectroscopic data [36]. A recent study by Yang Y. et al.
demonstrates highly accurate differentiation of respiratory disease virus agents by imple-
menting custom-fabricated SERS substrates with silver nanorods and the SVM classification
procedure with data preprocessing [37]. The authors were able to differentiate a variety
of viruses, including a coronavirus, influenza A and B viruses, and adenovirus. In their
work, influenza viruses were contained in chick embryo allantoic fluid that could influence
spectral uniformity and produce fluorescence. The inclusion of organic components may
influence pattern recognition and defining fingerprints characteristic for viral particles.

In this paper, we propose implementing SERS and subsequent processing of the
spectra to detect and differentiate the A and B influenza viruses in an STE buffer medium
and investigate the limits of virus detection using this approach. Here, to the best of
our knowledge, we, for the first time, demonstrate differentiating the A and B influenza
viruses in an STE buffer based on SERS and SVM. We demonstrate successful detection
and 93% accuracy in the differentiation of the viruses with low-cost commercial substrates,
a simple STE buffer solution, and a standard machine learning algorithm that does not
require time-consuming preprocessing steps of the spectral data. This makes our approach
affordable and effective for use in real-life applications.

2. Materials and Methods

2.1. Viruses

Influenza A and influenza B viruses are typical agents causing acute respiratory
infections. The antigenic structure of the hemagglutinin of influenza A and B viruses differs
by ~70% [38], which made these pathogens a representative model for research.

Influenza A (A/California/07/2009, A(H1N1)pdm09) and influenza B (B/Hong
Kong/269/2017) viruses were grown in chick embryos; purified virus concentrate was
then obtained by differential centrifugation of virus-containing allantoic fluid followed
by ultracentrifugation reprecipitation. The Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Rockford, IL, USA) was used to measure the protein concentration in purified
virus concentrates. The result of determining the concentration of protein, according to
Lowry, in concentrated viral suspensions, was <200 μg/mL. The hemagglutination titer of
the concentrate was 1:256. The specificity of the obtained viral concentrates was confirmed
by the ELISA test using specific monoclonal antibodies to the hemagglutinating protein of
influenza A and B viruses.

The suspension of purified viral particles was placed in an STE buffer medium for
further storage and use.

2.2. Buffer Medium

The STE containing NaCl, Tris, and EDTA with pH = 8.0 was used as a buffer medium.
The choice of this medium was justified by the absence of a fluorescence signal in the
range required. The absorption spectrum of the STE buffer medium (in the visible and IR
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ranges) is shown in Figure 1. It absorbs, in the IR region, near 980 nm lying far from the
SERS signal.

 
Figure 1. Absorption spectra of the STE buffer medium.

2.3. SERS Substrates

Commercial SERS substrates from SERSitive [39] were used in this work. This choice
was made due to the substrate’s hydrophilicity and tenfold Raman signal amplification
at a 633 nm wavelength. The substrates consisted of glass, indium tin oxide, and con-
tained nanostructured electrodeposited silver nanoparticles. The average size of substrate
nanoparticles was 100–150 nm and the distance between nanoparticles was 100–200 nm.
This substrate structure makes it possible to adsorb viral particles and provide high signal
reproducibility over the entire surface. The image of the substrate obtained by scanning
electron microscopy (the accelerating voltage was 10 kV) is shown in Figure 2.

 
Figure 2. Scanning electron microscopy image of SERS substrate.
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2.4. Raman Spectroscopy Setup

The measurements were carried out using a Horiba LabRam Raman spectrometer
(Horiba Jobin Yvon S.A.S., Longjumeau, France). The setup included a laser source (a
632.8 nm wavelength, 0.01 mW of power), a spectrometer (600 lines/mm grating, a
500 nm blaze wavelength), a Mitutoyo Apo Plan 50x VIS lens, and a CCD camera (a
2000 × 800-pixel matrix in the receiving area, a 15 × 15 μm size of the pixel). The design of
the spectrometer is shown in Figure 3.

 
Figure 3. Design of the Raman spectroscopy setup: 1—laser source; 2—spatial filter; 3—edge-filter;
4—lens; 5—sample; 6—mirror; 7—condenser; 8—entrance slit of the spectrometer; 9, 11—aspherical
mirrors; 10—diffraction grating; 12—CCD camera.

The excitation radiation of the laser source was put through an aperture diaphragm
serving as a spatial filter. The edge filter reflecting the excitation light and transmitting the
Raman signal directs the excitation beam to the sample fixed at the object stage. The Raman
scattering signal was then collected by the lens, passed through the edge filter, and directed
to the spectrometer. The spectrally resolved signal was projected onto a CCD camera to
obtain a Raman spectrum.

It was experimentally found that the selected laser’s power and wavelength make
possible the fluorescence signal reduction and allow for minimizing the probability of
destroying the biological structures due to the nanoparticle heating.

3. Results

3.1. Spectra of A Pure Buffer Medium and Viruses in A Buffer Medium

During the experiments, the first dark spectra and spectra of a pure substrate without
a sample were obtained, with no Raman scattering peaks or artifacts visible during the
process. Then, 1 μL volume samples of a clean STE buffer medium with influenza A and
B viral particles (having concentrations of 500 μg/mL and 200 μg/mL according to the
Lowry method, correspondingly), were applied to the SERS substrates surface. Further,
the samples were dried at room temperature and placed in the spectrometer. SERS spectra
were obtained in the range from 550 to 2000 cm−1, which includes the main vibrational
modes of organic compounds; the exposure time was 60 s. Several spectra were taken from
five to six randomly selected spatial points on the substrate. As a result, 25–30 spectra were
obtained for each sample, some of which are given in Figure 4.
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(a) (b) 

 
(c) 

Figure 4. SERS spectra examples at different spatial points on the substrate having: (a) a pure buffer
medium; (b) an influenza A virus in the buffer medium; (c) an influenza B virus in the buffer medium.
The spectra of one sample taken at different points are indicated by different line colors.

The Raman spectra of the influenza A and B containing samples are visually similar
to the buffer medium spectra due to the strong signal from the latter. In this case, the
differentiation of spectra and virus detection become complicated (see Figure 5), prompting
the use of mathematical processing methods (see Section 3.3).

 
Figure 5. Relative comparison of the spectra: blue line—the pure STE buffer medium; green line—
influenza A virus in the STE buffer medium; red line—influenza B virus in the STE buffer medium.

3.2. Spectra of Influenza A Virus in A Buffer Medium at Different Concentrations

To determine the method sensitivity limits of the SERS spectra and classification using
mathematical processing, the suspension with the influenza A virus was diluted with the
STE buffer medium in various ratios: 1:10, 1:100, 1:1000, and 1:10,000. The initial protein
concentration of the sample with the viral suspension was 500 μg/mL, according to the
Lowry method [40]. For this purpose, the STE buffer medium was poured into four test
tubes in portions of 10 μL. Then, 1 μL of the influenza A virus concentrated suspension
was added to the first tube and thoroughly mixed. Next, 1 μL was taken from the resulting
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suspension and put into the next tube, etc. The protein concentration in the resulting
diluted samples was 50 μg/mL, 5 μg/mL, 0.5 μg/mL, and 0.05 μg/mL, respectively. The
samples were then placed on a SERS substrate and dried. The process of obtaining Raman
scattering spectra was the same as the method described in Section 3.1; ten samples were
obtained for each concentration. The spectra did not differ visually, as shown in Figure 6.

 

Figure 6. Influenza A virus in different dilutions: dark blue line—1:10 dilution; green line—1:100
dilution; red line—1:1000 dilution; light blue line—1:10,000 dilution.

3.3. Mathematical Processing of Spectra
3.3.1. Detection of Influenza A Virus in a Buffer Medium

The experimental spectra obtained were combined into a table in which the columns
corresponded to wavelengths and the rows corresponded to intensity values. The table that
is used as a sample set had the dimensions of 57 × 1332 cells, where 29 lines corresponded
to the spectra of the STE buffer medium and 28 lines corresponded to the spectra of the
influenza A virus. For the mathematical processing, we used the package Scikit-learn v.
0.24.2 for Python v. 3.10.7 [41].

The detection of the viral particles was carried out by binarily classifying the spectra of
the pure buffer medium and the spectra of virus A in a buffer medium (with a concentration
of 500 μg/mL, according to Lowry). For preliminary processing of the data, we applied
standardization (StandardScaler) and normalization (Normalizer) to the sample set. For
classification, the support vector machine (SVM) method was used. The SVM is one of the
most commonly used machine learning algorithms, the purpose of which is to solve the
classification problem by constructing an optimal separating hyperplane [42].

Samples that are closest to the hyperplane are the support vectors. The hyperplane
is constructed so that the distance between it and the support vectors is maximized. This
distance is called a margin. Accordingly, the remaining objects must have a distance
to the hyperplane greater than the margin to perform the classification. This strict rule
corresponds to the linear kernel.

Cross-validation was carried out using StratifiedKFold (stratification of the data set
into two subsets at a ratio of 9 to 1, a training set of 51–52 samples, and a test set of
5–6 samples, with equal distribution of objects belonging to the different classes).

The average virus detection accuracy was 95.5% (see Table 1). Visualization of the
classification is shown in Figure 7 (in this case, the values of the spectra were separated by
a hyperplane).
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Table 1. Spectrum Classification Accuracy Results.

Iteration 1 2 3 4 5 6 7 8 9 10

Test set size 6 6 6 6 6 6 6 5 5 5

Accuracy 100% 94% 94% 100% 94% 94% 94% 88% 100% 94%

 

Figure 7. Visualization of spectra clustering of the pure STE buffer medium and influenza A virus
in the STE buffer medium using projection onto support vectors X1 and X2. The red dots mark the
projection of hyperplane points, which allows to classification of the spectra.

3.3.2. Differentiation of Influenza A, Influenza B, and Pure Buffer Medium Spectra

The spectra of influenza A and B viruses were combined into a table and the total
size was 90 × 1332 cells (a total of 90 spectrum samples). An additional class-labeled
column was introduced for classification purposes (the blank buffer medium was labeled
0, the influenza A virus was labeled 1, and the influenza B virus was labeled 2). Each
class of spectra was represented by an equal number of samples (30 for each). Similarly,
the methods of standardization (StandardScaler) and normalization (Normalizer) of the
samples were used for preprocessing. Here, we used the SVM method with the hinge loss
kernel function for classification that introduces soft boundaries of a margin.

Cross-validation was carried out using the StratifiedKFold method (the total data
set was stratified into two subsets at a ratio of 9 to 1, where the size of the training set
was 81 and the size of the test set was 9 samples. The training (test) set included per 27
(3) spectrum samples of the virus A, the virus B, and the pure buffer medium. Thus, a
balanced division of the sample set into subsets with respect to the classes was obtained).
In the full dataset, the mean cross-validation accuracy of classification was 93% (Table 2).
For different subsamples, the prediction accuracy varied within 85–100% and the standard
deviation (SD) was 4.8% (0.04835) at 10 cross-validation iterations. The visualization results
are shown in Figure 8.

Table 2. Accuracy of the pure STE buffer medium, the influenza A virus in the STE buffer medium,
and the influenza B virus in the STE buffer medium spectrum differentiation.

Iteration 1 2 3 4 5 6 7 8 9 10

Accuracy 93% 89% 93% 100% 93% 96% 89% 85% 100% 96%

SD 4.8%
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Figure 8. Visual representation of the spectra classification by support vector machine showing the
projection of the samples onto support vectors X1 and X2: light blue—the pure STE buffer medium;
dark blue—the influenza A virus in the STE buffer medium; green—the influenza B virus in the STE
buffer medium.

3.3.3. Determination of the Minimum Allowable Concentration of Viral Particles for The
Detection and Classification of the Influenza A Virus

In order to solve the binary classification problem of the pure buffer medium spectra
from the influenza A virus spectra at different dilutions, the support vector machine with a
linear classification kernel was used.

For samples with different influenza A virus concentrations in the buffer medium (1:10,
1:100, 1:1000, and 1:10,000), a data set was formed, which consisted of 10 measurements
of the virus A spectra (for each concentration) and 10 measurements of the buffer spectra.
Five subsets were formed for cross-validation (cross-validation was carried out using the
stratification method to maintain the balance of virus and buffer classes). Thus, the test set
for cross-validation had a dimension of 4 × 1332 (two spectra of the influenza A virus and
two spectra of the pure buffer medium), and the training set was 16 × 1332 (eight spectra
of the influenza A virus and eight spectra of the pure buffer medium).

The model always accurately differentiated the virus and the buffer at high virus con-
centrations (the classification accuracy was 100%), but the classification accuracy decreased
while lowering the concentration. The results of differentiation are presented in Table 3.
The samples with a virus concentration of 1:10,000 are of the greatest practical interest, and
the average accuracy of the virus/buffer binary classification for the test sets was 0.84 (84%)
in this case.

Table 3. Results of spectra differentiation by the algorithm at different influenza A virus dilutions.

Sample
Dilution

Average
Accuracy

SD of
Accuracy

Average
Spectrum

RSD

Total
Number

of
Samples

Training
Set Size

Test Set
Size

1:10 100% 0% 24% 20 15 5

1:100 100% 0% 42% 20 15 5

1:1000 94.5% 6.9% 26% 24 20 4

1:10,000 84% 15.2% 28% 20 15 5

We determined the spectrum relative SD (RSD) to investigate the intensity signal
deviation of the spectrum samples and their potential influence on the classification accu-
racy. We calculated the normalized intensity SD at each spectral wavenumber, normalized
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it by a mean value to obtain an RSD at each point, and then averaged it over the entire
wavenumber range. The average RSD was 24% for 1:10, 42% for 1:100, 26% for 1:100, and
28% for 1:10,000. It should be noted that such relatively high values may be caused by
using a label-free SERS substrate, and that no special techniques for ensuring uniformity of
a sample distribution were undertaken. Despite these RSD values, no apparent influence of
signal deviation was found during the classification process.

4. Discussion

Through a combination with machine learning, photonics technology has flourished in
biosensing by the implementation of extremely sophisticated methods to prepare biosam-
ples, tailored substrates, and complicated preprocessing of spectral data for numerical
analysis. In this work, we were focusing on design approaches to easy-to-use and affordable
biosensing applications, and demonstrated the possibility of detecting and differentiating
viral particles in a sample containing the STE buffer medium. The use of surface-enhanced
Raman spectroscopy technology in combination with machine learning algorithms made
it possible to differentiate samples with the influenza A virus, the influenza B virus, and
without the virus, even for the limited data set sizes. The spectra were classified using the
support vector machine. The accuracy of virus detection was 93%. To approach clinical
studies, the concentration of the influenza A virus was reduced by 104 times. At low concen-
trations, the method used was able to differentiate between virus-free and virus-containing
samples with an accuracy of 84%. The results of the study will help to develop fast, cheap
but reliable diagnostic methods for real life working with clinical samples.
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Abstract: Catecholamines–dopamine, noradrenaline and adrenaline are important biomarkers of
neurotransmitter metabolism, indicating neuroendocrine tumors and neurodegenerative diseases.
Surface-enhanced Raman spectroscopy (SERS) is a promising analytical technique with unprece-
dented multiplexing capabilities. However, not all important analytes exhibit strong SERS signals
on stable and robust nanostructured substrates. In this work, we propose a novel indicator system
based on the formation of mixed ligand complexes with bispidine-based bis-azole ligands which can
serve as pliers to trap Cu(II) ions and stabilize its complexes with catecholamines. Four synthesized
ligands with different functional groups: carboxyl, amino, benzyl, and methoxybenzyl, were applied
for forming stable complexes to shift maximum absorbance of catecholamines from the ultraviolet
region to 570–600 nm. A new absorbance band in the visible range resonates with the local surface
plasmon resonance (LSPR) band of metal nanoparticles and most used laser wavelengths. This match
allowed use of Molecular Immobilization and Resonant Raman Amplification by Complex-Loaded
Enhancers (MIRRACLE) methodology to measure intense Raman signals on a nanostructured silver-
based SERS-active substrate. The synthesized plier-like ligands fixed and stabilized catecholamine
complexes with Cu(II) on the SERS sensor surface, which facilitated the determination of dopamine
in a 3.2 × 10−12–1 × 10−8 M concentration range.

Keywords: catecholamines; dopamine; neurotransmitter; resonance Raman spectroscopy; silver
nanoparticles; surface-enhanced Raman spectroscopy (SERS)

1. Introduction

Neurotransmitter metabolism (or metabolism of biogenic amines) forms the basis of
neural mediation both in the peripheral and central nervous systems. The concentration of
biogenic amines varies in normal and pathological conditions, which allows them to be
used as molecular diagnostic markers both in basic research and in clinical medical practice.
Catecholamines (CAs), such as dopamine (DA), noradrenaline (NA), adrenaline (AD), their
precursor–l-dioxyphenylalanine (L-DOPA), and metabolites–homovanillic (HVA) and vanil-
lylmandelic acids (VMA) are biologically active substances involved in the regulation of ner-
vous activity, the cardiovascular system, the lipid peroxidation system, energy metabolism
and myocardial contractility, in microcirculation and tissue oxygen supply, and in the
regulation of embryogenesis [1]. NA in blood plasma serves as a prognostic biomarker for
disorders in the functioning of the cardiovascular system [2]. The ratios of CAs and their
metabolites in the urine are used to diagnose an adrenal tumor–pheochromocytoma [3].
Deviations in the synthesis and metabolism of CAs lie in the etiology of depression and
related conditions [1]. However, there are two main groups of diseases associated with im-
paired neurotransmitter metabolism. The first group includes neurodegenerative disorders
characterized by the death of neuronal cells in various areas of the brain and spinal cord,
which corresponds to a decrease in the content of CA and their metabolites in the body.
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The main types of such diseases include Alzheimer’s (AD), Parkinson’s (PD), Hunting-
ton’s disease and amyotrophic lateral sclerosis [4]. The second group of diseases includes
neuroendocrine disorders–neuroblastoma, pheochromocytoma, paraganglioma, carcinoid
tumors, which are caused by excessive CA secretion and irritation of the autonomic nervous
system [5]. Biochemical low-molecular markers of various diseases are associated with
disorders of neurotransmitter metabolism in living organisms in clinical diagnostics are the
precursor (L-DOPA), catecholamines (DA, AD, and NA) and their final metabolites (HMA
and HVA).

The first major challenge for detecting and quantifying CAs in blood plasma or other
biological fluids is that they are normally present at very low concentrations (at the level
of 1 nM and lower). Moreover, with various pathological disorders, such as AD and PD,
the concentration of CAs in biological samples decreases by an order of magnitude or
more. The second important aspect of reliable diagnosis is the possibility of simultaneous
selective determination of several analytes in a single sample [1]. Notably, in the blood,
CAs can be quickly oxidized by platelet monoamine oxidases; thus, the determination
of CAs in the body should be ideally carried out rather quickly, within 15–30 min [6].
Several analytical methods have been described to measure CAs and related biogenic
amines in biological fluids, e.g., blood, urine, and cerebrospinal fluid. The most common
methods are electrochemical [7–10], enzyme immunoassay [11–13], fluorometric [6,14,15],
high-performance liquid chromatography (HPLC) [16–18] and capillary electrophoresis
(CE) [19–21]. Even though these methods have good selectivity and low limits of detection
(LODs), they cannot always be used for the multiplex determination of CA. Furthermore,
simultaneous quantification of catecholamines and related biogenic amines remains an
analytical challenge because of their low concentrations in plasma, the oxidation-prone
catechol moiety, potential chromatographic interferences, and poor fragmentation charac-
teristics in the mass spectrometer [22,23]. De facto, most of these methods are laborious,
time-consuming, relatively imprecise, require bulk instrumentation and sample pretreat-
ment steps with oxidation-sensitive CAs, and use large sample volumes [22]. Chemical
sensors and biosensors have been among the most demanded tools of modern analytical
chemistry over the past decades compared to relatively bulky, expensive and complex
analytical instruments [24]. Currently, the most widely used in clinical diagnostics are elec-
trochemical sensors, due to their high efficiency, portability, simplicity, and relatively low
cost. However, as a rule, electrochemical sensors do not allow simultaneous, performance,
i.e., multiplexed detection of several target analytes in one sample.

Surface-enhanced Raman spectroscopy (SERS) is widely used in the fields of chemical
and biological analysis as a fast, sensitive, highly selective, and informative technique
for the qualitative and semiquantitative determination of amino acids, nucleotides, water-
soluble and membrane proteins, and nucleic acids [25–30]. In one of the first works on SERS
determination of CAs, the multiplex determination of DA and NA was carried out in model
solutions with non-modified silver nanoparticles (AgNPs) [31]. Despite the similarity of
the SERS spectra of DA and NA, clear differences in the SERS spectra in the region of
1271–1325 cm−1, associated with the adsorption behavior of CAs on the surface of AgNPs,
were reported. The achieved LODs were 5 nM for DA and NA, and addition of 0.5 wt% of
albumin into the analyzed sample had no effect on the SERS spectra of CA. Moody and
Sharma demonstrated multiplexed determinations of seven neurotransmitters: melatonin,
serotonin, glutamate, DA, GABA, NA, and AD, by SERS with gold and silver nanoparticles
in combination using 532, 633, and 785 nm laser wavelengths [32]. The reported LODs
were 0.2, 1, and 10 μM for DA, NA, and AD, respectively. To increase the sensitivity of CA
determination and match required for diagnosis LODS, one can vary the size and shape
of nanoparticles, as well as modify chemical design of nanoparticle surface. For instance,
ultrasensitive SERS detection of DA and serotonin down to 0.1 nM was demonstrated on
graphene-gold heterostructural nanopyramids [33]. The additional 10-fold increase in the
SERS intensity supposedly occurred as a result of chemical amplification originating from
π-π interactions between graphene and aromatic ring structures in DA and serotonin. Thus,
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SERS is a promising technique for the multiplexed sensitive determination of CAs and
related biogenic amines, but few quantitative methods have been proposed so far, most of
which are based on the determination of only one compound. Therefore, the development
and search for new sensing approaches to the determination of neurotransmitters is one of
important tasks for chemical analysis.

Herein, we propose a novel indicator system based on plier-like ligands for trap-
ping catecholamines into stable, colored complexes with Cu(II) ions. We synthesized four
plier-like bispidine-based bis-azole ligands with different substituents: carboxylic, amino,
benzyl, and methoxybenzyl groups. The stability of the obtained complexes with Cu(II) was
studied with spectrophotometry and potentiometry. Importantly, the formation of ternary
complexes allowed measurement of strong SERS signals on the silver nanostructured sub-
strate. High sensitivity was achieved as a result of applying Molecular Immobilization and
Resonant Raman Amplification by Complex-Loaded Enhancers (MIRRACLE) methodol-
ogy, as the ligands and Cu(II) allowed to shift the absorbance of catecholamines from the
ultraviolet into visible range which provided additional signal gain.

2. Materials and Methods

2.1. Materials

Dopamine hydrochloride (≥98%), norepinephrine (or noradrenaline, ≥98%), epinephrine
(or adrenaline, ≥98%), chitosan (CS, with Mw∼150 kDa and a degree of deacetylation of
85%), and copper sulfate (CuSO4·5H2O were purchased from Sigma-Aldrich, USA. Hy-
drochloric, nitric, and acetic acids were obtained from Khimmed, Russia. ACS grade sol-
vents were purchased from Khimmed, Russia, and used as received. All aqueous solu-
tions were prepared using deionized water with a specific resistance of at least 18.2 MΩ·cm
(Millipore, Martillac, France).

2.2. Synthesis of Bispidine-Based Bis-Azole Ligands

General procedure for [3+2]-cycloaddition. To a solution of 1,5-dimethyl-3,7-di(prop-
2-yn-1-yl)-3,7-diazabicyclo[3.3.1]nonan-9-one (1 mmol) and respective azide (2 mmol) in
10 mL of tert-butanol the solutions of sodium ascorbate (0.2 mmol) in 2.5 mL of water and
CuSO4·5H2O (0.1 mmol) in 2.5 mL of water were added sequentially. The reaction mixture
was stirred for 36 h at room temperature under argon. The solution was evaporated to
dryness and quenched with 30 mL of dichloromethane (DCM) and 10 mL of water. The
organic layer was separated and washed with water until discoloration of water layer. The
organic phase was dried with sodium sulfate and evaporated to dryness.

tBu2L1. White foam. Yield 80%. 1H-NMR (400 MHz, CDCl3, δ, ppm) 0.93 (s, 6H,
CH3); 1.48 (s, 18H), 2.42 (d, 4H, 10.8 Hz), 3.05 (d, 4H, 10.8 Hz), 3.69 (s, 4H), 5.08 (s, 4H),
7.66 (s, 2H). 13C-NMR (100 MHz, CDCl3, δ, ppm) 19.68, 27.91, 46.57, 51.43, 51.83, 65.10,
83.55, 124.24, 145.09, 165.37, 215.21. HRMS-ESI. Calculated for [C27H42N8O5+H+]: 559.3351.
Found: 559.3356

Boc2L2. White foam. Yield 56%. Purified with gradient column chromatography
eluting from DCM:MeOH 10:1 to DCM:MeOH 3:1 and to DCM:MeOH:25% NH3·H2O
1:1:0.01. 1H-NMR (400 MHz, DMSO-d6, δ, ppm) 0.82 (s, 6H, CH3), 1.30 (s, 18H, Boc), 2.32
(d, 4H, 10.5 Hz), 3.00 (d, 4H, 10.6 Hz), 3.33–3.36 (t, 4H, 5.7 Hz), 3.59–3.64 (m, overlapped
with H2O), 4.36 (t, 4H, 5.7 Hz), 7.86 (s, 2H). 13C-NMR (100 MHz, DMSO-d6, δ, ppm) 20.12,
28.44, 40.37, 46.31, 49.48, 51.38, 64.70, 78.46, 124.20, 143.52, 155.92, 217.88. HRMS-ESI.
Calculated for [C31H38N8O8+H+]: 571.3145. Found: 571.3145.

L3. Yield 83%. All data are in accordance with our previous work [34].
L4. White powder. Yield 71%. 1H-NMR (400 MHz, CDCl3, δ, ppm) 0.89 (s, 6H, CH3);

2.37 (d, 4H, 10.9 Hz), 2.98 (d, 4H, 10.9 Hz), 3.62 (s, 4H), 3.79 (s, 6H), 5.46 (s, 4H), 6.88
(d, 4H, 8.9 Hz), 7.23 (d, 4H, 8.9 Hz), 7.44 (s, 2H). 13C-NMR (100 MHz, CDCl3, δ, ppm) 19.68,
46.56, 51.96, 53.59, 55.29, 65.14, 114.15, 114.37, 122.45, 126.83, 129.53, 129.71, 145.23, 159.81.
HRMS-ESI. Calculated for [C29H48N10O5+H+]: 617.3887. Found: 617.3882.
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General procedure for Boc-deprotection. Cooled TFA (56.0 mmol) was added to
cooled Boc-protected compound (0.56 mmol) in dry DCM (5 mL) and the resulting solution
was stirred overnight at room temperature. The solution was evaporated to dryness, the
residue was dissolved in 5 mL of DCM and evaporated to dryness again. The dissolving-
evaporation procedure was repeated 3 times. The resulting oil was triturated with dry
diethyl ether till formation of powder. The latter was filtered, washed with dry diethyl
ether, and dried in vacuo over P2O5.

L1·2TFA. White hygroscopic powder. Yield 97%. 1H-NMR (400 MHz, D2O, δ, ppm,
mixture of ketone and gem-diol) 0.77, 0.82 (s, 6H, CH3); 2.85–2.97 (m, 6.5H), 3.46 (d, 1.5H,
11.2 Hz), 3.92 (s, 2.5H), 4.03 (s, 1.5 H), 5.24 (s, 4H), 8.03, 8.05 (s, 2H). 13C-NMR (D2O, mixture
of ketone and gem-diol) 13.83, 14.52, 39.23, 45.40, 48.96, 49.32, 50.44, 59.00, 62.60, 92.99,
111.34, 114.24, 117.13, 119.67 (JC-F 291 Hz), 127.07, 127.12, 139.01, 139.23, 161.87, 162.22
(JC-F 35 Hz), 169.62, 169.69, 210.86. Calculated for C19H26N8O5·2C2F3O2H: C 40.96, H 4.18,
N 16.61. Found: C 41.26 H 4.61 N 16.55.

L2·3.3TFA. White hygroscopic powder. Yield 95%. 1H-NMR (400 MHz, D2O, δ, ppm,
mixture of ketone and gem-diol) 0.82, 0.89 (s, 6H, CH3), 2.88–3.05 (m, 6.85H), 3.51–3.60
(m, 5.50H), 4.02 (s, 2.75H), 4.16 (s, 1.25H), 8.11, 8.13 (s, 2H). 13C-NMR (D2O, mixture of
ketone and gem-diol) 13.59, 13.87, 38.37, 39.20, 45.47, 46.90, 48.84, 49.07, 58.81, 62.42, 93.04,
111.49, 114.37, 117.27, 120.17 (JC-F 292 Hz), 126.30, 126.38, 138.90, 139.17, 162.22, 162.57
(JC-F 35 Hz), 210.72. Calculated for C19H32N10O·3.3C2F3O2H: C 38.78, H 4.49, N 17.67.
Found: C 38.86 H 4.92 N 17.66.

2.3. SERS Sensor Fabrication

A SERS-active AgNP-based planar substrate was prepared by a universal approach as
previously reported [35,36]. Briefly, to 100 mL of freshly prepared 0.17 mM aqueous silver
nitrate solution (Carl-Roth, Karlsruhe, Germany) 30 mL of 2.5 M sodium hydroxide solution
(Sigma-Aldrich, St. Louis, MO, USA) was added dropwise for complete precipitation of
a dark brown silver(I) oxide. The prepared oxide then was washed 5 times with water
and completely dissolved in 35 mL of 30% aqueous ammonia solution (Sigma-Aldrich,
USA). To obtain a 0.1 M solution of [Ag(NH3)2]OH we added water to 170 mL and then
diluted it to prepare final 12.5 mM solution of silver(I) complex. In the ultrasonic silver
rain deposition process, this initial ammonia solution of [Ag(NH3)2]OH was nebulized
into mist. AgNPs were deposited on a preheated surface of a glass slide (290–320 ◦C) in
the form of droplets of 1–5 mm in size, which then evaporated, forming “coffee rings”.
Silver nanoparticles formed aggregates with average size 185 ± 6 nm (see Supplementary
Information, Figure S12). In addition, to immobilize the target analytes–catecholamines,
for their preconcentration and uniform distribution, the silver surface was additionally
modified with an optically transparent polymer film–chitosan (CS) 1.7 ± 0.1 μm thick. This
feature of chitosan film was demonstrated by our group previously [36–38].

2.4. Immobilization of Cu(II) Ions and Bispidine-Based Bis-Azole Ligands into Chitosan Film

The chitosan film was prepared by drop-casting 10 μL of a 1 wt% CS solution in 1vol%
acetic acid. After drying at room temperature for at least 2 h, 10 μL of a mixture of Cu(II)
sulfate with one of the studied bispidine-based bis-azole ligands: L1, L2, L3 or L4, was
applied onto a CS-coated AgNPs surface. Then, the prepared modified sensor was left
drying at room temperature for at least 1 h.

2.5. Material Characterization and Raman Measurements

The obtained substrates were examined by XRD measurements using a Rigaku
D/MAX 2500 machine (Tokyo, Japan) with a rotating copper anode (Cu Kα irradiation,
5–90◦ 2θ range, 0.02◦ step). Diffraction maxima were indexed using the PDF-2 database.
UV−vis absorption spectra were recorded using the Lambda 950 (PerkinElmer, Waltham,
MA, USA) UV−vis spectrophotometer with an attached diffuse reflectance accessory. Mea-
surements were performed in the spectral range of 250–850 nm with a scan step of 1 nm. The
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obtained nanostructured substrates were characterized by scanning electron microscopy
(SEM) Carl Zeiss NVision 40 and transmission electron microscopy (TEM) combined with
electron diffraction (ED) on a 215 LEO 912 AB OMEGA, Carl Zeiss setup at 100 kV accel-
erating voltage. To perform Raman measurements, an InVia Raman confocal microscope
(Renishaw, Wotton-under-Edge, UK) was used. All SERS spectra were acquired using
a 17 mW 633 nm argon laser with a power neutral density filter of 10%. The spectra were
collected using a 50× objective lens and with 10 s of acquisition time. A silicon wafer was
used for instrument calibration.

3. Results and Discussion

3.1. Complexes of Catecholamines with Cu(II) Ions

Catecholamines are known to form complexes with transition metal ions [39–41]. Some
of these complexes have a band with a high molar absorption coefficient in the 500–750 nm
region, which is characteristic of the intramolecular charge transfer. The formation of
complexes that absorb light in the visible region allows additional resonance enhancement
in SERS [42]. First, we studied the possibility of the formation of complexes of dopamine,
norepinephrine, or adrenaline with metal ions: Mg(II), Al(III), Cu(II), Co(II), Ni(II), Fe(II),
and Fe (III) in a concentration ratio of 1:1 (see Supplementary Information file, Figure S1).
The obtained UV-vis spectra of aqueous solutions of CAs with the metal ions showed that
high molar absorption coefficients in the region of 750–900 nm are characteristic of CA
complexes with Cu(II) ions. Moreover, compared to Fe(III), whose complexes showed
similar molar absorption coefficients in this region, Cu(II) ions in aqueous solutions do not
have such pronounced oxidizing ability and react only with strong reducing agents, which
as a rule are absent in the biological fluids. In addition, copper-containing reagents are
widely available, and the resulting complex compounds are quite stable.

First, we studied the possibility of measuring SERS spectra of catecholamine com-
plexes. A previously developed and characterized SERS-active platform consisted of AgNPs
adhered onto a glass slide and coated with a chitosan layer [36]. However, the application of
a DA solution onto the SERS substrate did not result in high-intensity characteristic signals
in SERS spectra [43]. This could be explained by the mismatch of the maximum absorption
of CAs in UV region (230–300 nm) and the local surface plasmon resonance (LSPR) position
of the obtained stable AgNP-based substrate. Thus, for the “visualization” of CA character-
istic bands, we proposed to use catecholamine complexes that are capable of intensively
absorbing in the visible spectrum (450–800 nm). We called this approach as Molecular
Immobilization and Resonant Raman Amplification by Complex-Loaded Enhancers (MIR-
RACLE) [43]. Therefore, the SERS sensor surface was modified with a Cu(II) salt solution,
then a model DA, AD or NA solution was applied onto the sensor and the Cu(II)–CA com-
plex was formed in the CS layer (Figure 1). The SERS spectra for DA, AD, and NA in the
form of their respective complexes with Cu(II) demonstrated intense characteristic bands:
1596 cm−1 (ν (C–C)ring), 1530 cm−1 (ν (C–C)), 1382 cm−1 (ν (C1–C2) + ν (C=O)), 1209 cm−1

(ν (C–H) + ν (C=O)), 948 cm−1 (ν (C–C) + ν (C=O)), and 497 cm−1 (ν (Curing). The obtained
SERS spectra had vibrations characteristic of the (Cu(semiquinone)3)– complexes formed
on the AgNP surface. The peaks shown in Figure 1 agree with theoretically calculated and
previously published bands [44], representing a “molecular fingerprint”. Furthermore, we
observed lower signal enhancement and signal-to-noise ratio for AD and NA compared
to DA.

147



Biosensors 2023, 13, 124

Figure 1. (a) SERS spectra of DA at 3 mM, 0.3 mM, 30 μM, and 3 μM concentrations with 3 mM Cu(II).
(b) SERS spectra of NA at 3 mM, 0.3 mM, and 30 μM concentrations with 3 mM Cu(II). (c) Scheme of
(Cu(semiquinone)3)− formation [45]. (d) Dependence of the intensity of SERS signals (at 1596, 1530,
1382, 1209, 948 and 497 cm−1) on the logarithm of the DA concentration (M) in the presence of Cu2+

(3 mM). Error bars are shown for n = 20, p = 0.95. (e) SERS spectra of AD at 3 mM, 0.3 mM, 30 μM,
and 3 μM concentrations with 3 mM Cu(II). Spectra were measured on the silver nanostructured
surface coated with the chitosan layer at 633 nm laser wavelength.

When the concentration of CAs in the solution applied to the SERS-sensor element was
changed, the peak positions did not shift but the intensities of each of the observed signals
changed. However, due to the instability of the resulting complexes and the oxidation of
CAs on the AgNP surface, the dependences of the intensities of the observed signals could
not be linearized even in logarithmic coordinates (Figure 1d). This could be connected
to the formation of CA complexes with copper ions of various stoichiometry. Moreover,
UV-vis spectra of the CA complexes with Cu(II) demonstrated a gradual increase in optical
density at a ca. 450 nm and a decrease at ca. 750 nm during the formation of complexes
of the (Cu(semiquinone)3)− type (see Supplementary Information File, Figure S2). The
described change can be explained by the oxidation of catecholamines to the corresponding
catecholates (Figure 1c). It should be noted that the oxidation of DA, NA, and AD with
atmospheric oxygen, additionally catalyzed by copper ions, was completed within 15 min
after mixing the solutions at mM concentrations.
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The formation of such semiquinone Cu(II) complexes, on the one hand, is of interest
since it is accompanied by a bathochromic shift of the absorption maxima for CAs. Thus, the
resonance SERS effect can be achieved because of the overlap of the absorption maximum
of the CA and the LSPR band of AgNPs and laser wavelength, which allow measurement
of intense SERS signals. However, on the other hand, for future applications, when ana-
lyzing a real biological sample of a biological fluid, the selectively of CA determination
in the presence of their metabolites (formed in the body due to oxidative stress) would
be compromised. Therefore, in order to develop an appropriate indicator system for the
determination of CAs, it is important that the proposed approach prevents the oxidation of
the catechol fragment of DA, NA, and AD, i.e., ensures the stabilization of their complexes
with copper ions.

3.2. Complexes of Cu(II) Ions and Bispidine-Based Bis-Azole Ligands

In accordance with the classification of vibrational transitions and the selection rules
for SERS spectra of molecules with sufficiently high symmetry, the most enhanced lines
are the lines due to totally symmetric vibrations that transform according to the unit
irreducible representation. In addition, the appearance of forbidden lines associated with
antisymmetric vibrations for centrally symmetric molecules can be observed in the SERS
spectra. Thus, we proposed the determination of CAs with symmetric polydentate ligands
of the bispidine-based bis-azole class (Figure 2) in the presence of Cu(II) ions. As such
ligands, we synthesized a set of bispidine-based bis-azoles: L1, L2, L3, and L4, which
possess similar moiety, differing only in the substituents.

 

Figure 2. Structures of the bispidine-based bis-azole ligands used in the work. L1·2TFA–2,2′-
(((1,5-dimethyl-9-oxo-3,7-diazabicyclo[3.3.1]nonane-3,7-diyl)bis(methylene))bis(1H-1,2,3-triazole-
4,1-diyl))diacetic acid. L2·3.3TFA–3,7-bis((1-(2-aminoethyl)-1H-1,2,3-triazol-4-yl)methyl)-1,5-
dimethyl-3,7-diazabicyclo-[3.3.1]nonan-9-one. L3–3,7-bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-
1,5-dimethyl-3,7-diazabicyclo[3.3.1]nonan-9-one. L4–3,7-bis((1-(4-methoxybenzyl)-1H-1,2,3-triazol-
4-yl)methyl)-1,5-dimethyl-3,7-diazabicyclo-[3.3.1]nonan-9-one.

We studied the formation of complexes between the Cu(II) cation and the bispidine-
based bis-azole ligands used, investigated their stability and established the stoichiometry
of the resulting complexes (see Supplementary Information File). To do this, each ligand was
spectrophotometrically titrated (1 mM) with a Cu(ClO4)2 solution at 7.5 mM concentration
(Figure 3d). The stability constants were calculated using the Bouguer-Lambert-Beer
law and the balance of acting masses. To determine the molar absorption coefficients
of the resulting complexes, we assumed that at the initial stage of complex formation,
the equilibrium concentration of the complex was equal to the concentration of copper
cations in the solution. Then, according to the constructed graph of the dependence of the
optical density of the solution on the concentration of Cu(II) cations, the molar absorption
coefficient was calculated. Based on the data obtained, the true equilibrium concentrations
of the ligand and Cu2+ and the stability constant of each complex were determined using the
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relation K =
[Cux Ly]
[Cu]x [L]y . As shown in Table 1, the complexes had a preferrable stoichiometry

of 1:1.

 

Figure 3. SERS spectra of the bispidine-based bis-azole ligands L1 (a), L2 (b), and L3 (d) with Cu(II)
ions at different concentrations. Spectra were measured on the silver nanostructured surface coated
with the chitosan layer at 633 nm laser wavelength. (c) Typical UV-vis spectra of the triazole ligand
L3 with Cu(II) ions at the increasing L3 concentration.

Table 1. Stability constants of complexes of bispidine-based bis-azoles with Cu(II) with various
stoichiometry. Stability constants were calculated based on the UV-vis measurements using the
Bouguer-Lambert-Beer law and the mass action law (see Supplementary Information file).

Ligand, Solvent L1, H2O L2, EtOH L3, MeCN L4, MeCN

lgK(CuL2) –* –* 8.3 ± 0.5 –*
lgK(CuL) –* 4.0 ± 0.1 6.0 ± 0.5 5.2 ± 0.3

lgK(Cu2L3) 23.0 ± 0.3 (pH 4.0) –* –* –*
λmax, nm 577 595 583 577

* the complexes of this stoichiometry did not form.

Importantly, λmax of the obtained complexes were in the visible wavelength range
and closer to 633 nm laser (Table 1) compared to absorbance of CAs [43]. The measured
stability constants demonstrated that more stable CuL complexes were formed between the
Cu(II) cation and L3, as with the most nonpolar compound. For the most stable complex,
CuL3, it was possible to obtain a solid sample and take an X-ray spectrum, confirming
the 1:1 structure stoichiometry. For L1, a 1:1 complex could not be obtained, which was
presumably due to the excessive polarity of the substituent. Based on the obtained data,
a 1:1:1 complex was chosen for further determination of CA with various bispidine-based
bis-azoles.

We first studied the intrinsic spectra of Cu(II) with the synthesized bispidine-based
bis-azole ligands, which could cause a background in SERS spectra for CA detection. Thus,
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the optimal concentrations of the indicator system were selected by varying the Cu(II) and
each of the considered ligands concentrations in the corresponding solvents from Table 1
in the range of 1–10 mM. The complex formation for L1 with copper ions on the SERS
surface resulted in the significant interfering background signals (Figure 3a). This made
determination of catecholamines in the corresponding ternary complexes challenging. Most
likely, this was related to the additional interaction of –COOH groups of L1 with –NH2
groups of chitosan deposited onto silver nanoparticles. Thus, the indicator system with
Cu(II) and L1 was not further considered for sensitive determination of CAs. For L3, its
complex formation with copper ions also contributed to the additional spectral background
(Figure 3b) due to the intrinsic intense characteristic vibrations of the phenyl groups in
L3 structure. The SERS spectra shown in Figure 3 demonstrated that L2 caused the least
background, and the ligands could be used at 1, 4, and 10 mM concentrations for L1, L3,
and L2, respectively. L3 was advantageous as it showed higher SERS intensities, while L2

provided lower spectral background. Thus, L3 and L2 were chosen for further development
of approach for CA detection.

3.3. Complexes of Catecholamines with Cu(II) Ions and Bispidine-Based Bis-Azole Ligands

To identify CA by SERS, the optimal concentration of the indicator system was selected
by varying the Cu(II) and each of the considered ligands concentrations in the correspond-
ing solvents from Table 1 in the range of 1–10 mM at a constant concentration of DA, as
a model catecholamine. The SERS spectra were recorded with a 633 nm laser wavelength
and an extinction time of 10 s. Raman spectra of CAs have been preliminary modeled with
density functional theory (DFT) (see Supplementary Information file). Strong modes of
CA agreed well with experimental SERS of CA complexes. The SERS spectra in Figure 4a
showed that even at an indicator system concentration of 1 mM, intense signals were
observed in the SERS spectra for the DA complex with L3 and Cu(II) ions. The indicator
system with Cu(II) and L2 demonstrated stronger SERS signals of DA at 8 mM concen-
tration based on the majority of Raman peaks (Figure 4b). The difference in the optimal
concentrations might be connected to the differences in chemical structure of the studied
ligands. From the SERS spectra shown in Figure 3, carboxyl and phenyl groups of L1 and
L3, respectively, demonstrated more effective coordination to the AgNPs surface, compared
to amino groups of L2.

 

Figure 4. Raman intensities of characteristic DA bands in the SERS spectra at different concentrations
of Cu(II) and ligands for: (a) L3 and (b) L2. Error bars are shown for n = 20, p = 0.95.

With using identical experimental conditions, areas of the SERS-sensing surface, con-
centrations and volumes of solutions of the Cu(II):bispidine-based bis-azole components
applied to the surface, and Raman microscope settings, we obtained the calibration curves
for CAs (Figure 5). Notably, the L3 ligand with phenyl groups demonstrated sharper SERS
peaks as well as higher sensitivity compared to the indicator system with amino groups
in L2. This could be explained by NH2-groups in L2 structure also interacting with the
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AgNP-based surface resulting in the presence of differently oriented DA:Cu(II):L2 com-
plexes on the SERS substrate surface. Figure 5c shows the SERS spectra of DA obtained on
the developed SERS-active surface at various concentrations of DA in the reaction mixture
(the indicator system is L3:Cu(II) ions at 1 mM concentration). The linear trend for DA
determination was observed at a 3.2 × 10−12–1 × 10−8 M concentration range. Normal
values of catecholamines in blood plasma were reported to be 4 × 10−11–4.5 × 10−9 M [46],
4.5 × 10−10–2.49 × 10−9 M [47], and 2 × 10−11–4.67 × 10−10 M [47] for DA, NA, and
AD, respectively. Thus, the proposed approach demonstrated promise for rapid multiplex
determination of catecholamines: dopamine, adrenaline, and noradrenaline which could
be applied for “point-of-care” analysis (Figure 6).

 

Figure 5. (a) Typical SERS spectra of the blank non-modified SERS substrate, DA (0.1 mM), L2

(8 mM), L3 (1 mM), the indicator system: Cu(II) ions with L2 (8 mM), the indicator system: Cu(II)
ions with L3 (1 mM), DA (0.1 mM) applied onto the SERS substrate modified with Cu(II) ions and L2

(8 mM), and DA (0.1 mM) applied onto the SERS substrate modified with Cu(II) ions and L3 (1 mM).
(b) Single-crystal structure of the bispidine-based bis-azole ligand L3. (c) SERS spectra of various DA
concentrations applied onto the SERS substrate modified with Cu(II) ions and L3 (1 mM). All SERS
spectra were measured on the silver nanostructured surface coated with the chitosan layer at the
resonant 633 nm laser wavelength. (d) Calibration curve for DA determination with Cu(II) ions and
L2 (8 mM) based on Raman intensity of 1597 cm−1 peak. Pale orange lines demonstrate confidence
corridor with p = 0.95. (e) Calibration curve for DA determination with Cu(II) ions and L3 (1 mM)
based on Raman intensity of 1612 cm–1 peak. Pale blue lines demonstrate confidence corridor with
mboxemphp = 0.95.
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Figure 6. SERS spectra of the DA (0.1 mM), NA (0.1 mM), and AD (0.1 mM) applied onto the SERS
substrate modified with Cu(II) ions and L3 (1 mM) at 633 nm excitation laser wavelength.

4. Conclusions

Herein, we propose an approach for catecholamine detection based on trapping
them into colored stable complexes on the SERS-active surface. The MIRRACLE (Molecu-
lar Immobilization and Resonant Raman Amplification by Complex-Loaded Enhancers)
methodology allowed for sensitive determination of dopamine in 3.2 × 10−12–1 × 10−8 M
concentration range. The determination of catecholamines in complexes with Cu(II) and
bispidine-based bis-azole ligands on a nanostructured silver surface coated with a thin
layer of chitosan by SERS allowed the selective determination of dopamine, adrenaline,
and noradrenaline. Four synthesized bispidine-based bis-azole ligands served as pliers
in the ternary complex with Cu(II) ions and catecholamines. The limits of detection of
catecholamines using the developed method make it possible to determine them at the
level of picomolar concentrations, which corresponds to the reference values in the blood
plasma of healthy people. Therefore, the use of the proposed technique provides a potential
opportunity to determine catecholamine neurotransmitters in biological fluids using SERS
spectroscopy, specifically for diagnosis of neuroendocrine disorders. Further prospects in
this area lie in the improvement and optimization of methods for the multiplexed deter-
mination of the largest possible set of molecules–markers of neurotransmitter metabolism
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disorders, as well as the subsequent detection of the correlation of neuroendocrine and
neurodegenerative diseases with concentrations and their ratios in biological fluids with
the possibility of non-invasive diagnostics.
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(1 mM). All SERS spectra were measured on the silver nanostructured surface coated with the chi-
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(NA) in “Q-Chem” with PBE0 method and 6-31G* basis. Figure S18: Calculated normalized Raman
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