Talanta 270 (2024) 125497

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

A “signal off-on” fluorescence bioassay based on 2D-MoSs-tetrahedral DNA [
bioconjugate for rapid virus detection

Daniel Garcia- Fernandez®, Laura Gutiérrez- Galvez °, Manuel Vazquez Sulleiro”,
Marina Garrido , David Lopez-Diego ©, Moénica Luna “, Emilio M. Pérez b Tania Garcia-

Mendiola®®"", Encarnacién Lorenzo > %"

@ Departamento de Quimica Andlitica y Andlisis Instrumental, Universidad Auténoma de Madrid, 28049, Madrid, Spain

b IMDEA-Nanociencia, Ciudad Universitaria de Cantoblanco, 28049, Madrid, Spain

¢ Instituto de Micro y Nanotecnologia IMN-CNM, CSIC (CEI UAM+CSIC), 28760, Tres Cantos, Madrid, Spain

4 Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad Auténoma de Madrid, 28049, Madrid, Spain

ARTICLE INFO ABSTRACT

Handling Editor: Prof A Campiglia In this work we present the preparation of a 2D molybdenum disulphide nanosheets (2D-MoS;) and tetrahedral
DNA nanostructures (TDNs) bioconjugate, and its application to the development of a bioassay for rapid and easy
virus detection. The bioconjugate has been prepared by using TDNs carrying the capture probe labelled with 6-
carboxyfluoresceine (6-FAM). As case of study to assess the utility of the assay developed, we have chosen the
SARS-CoV-2 virus. Hence, as probe we have used a DNA sequence complementary to a region of the SARS-CoV-2
ORF1lab gene (TDN-ORF-FAM). This 6-FAM labelled capture probe is located on the top vertex of the tetrahedral
DNA nanostructure, the three left vertices of TDNs have a thiol group. These TDNs are bounded to 2D-MoS,
surface through the three thiol groups, allowing the capture probe to be oriented to favour the biorecognition
reaction with the analyte. This biorecognition resulting platform has finally been challenged to the detection of
the SARS-CoV-2 ORFlab gene sequence as the target model by measuring fluorescence before and after the
hybridization event with a detection limit of 19.7fM. Furthermore, due to high sensitivity of the proposed
methodology, it has been applied to directly detect the virus in nasopharyngeal samples of infected patients
without the need of any amplification step. The developed bioassay has a wide range of applicability since it can
be applied to the detection of any pathogen by changing the probe corresponding to the target sequence. Thus, a
novel, hands-on strategy for rapid pathogen detection has proposed and has a high potential application value in
the early diagnosis of infections causes by virus or bacteria.
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1. Introduction

Nanobioconjugates are hybrid components that combine the prop-
erties of nanomaterials and biomolecules. They show improved prop-
erties than the individual materials due to the synergistic effect. Among
biomolecules, bioconjugation includes lipids, antibodies, nucleic acids
or other biologically active molecules. These molecules can be paired
with different substances that may introduce interesting properties
(dyes, ligands, drugs, fluorophores, etc.) [1]. During the last years,
bioconjugates have experienced a recent advance, allowing deeper ap-
proaches into different fields. Currently, bioconjugates are mostly used
in medical chemistry, particularly dedicated to therapy, drug delivery or

imaging [2-4], however, there are some fields like DNA sensing which
have not been completely approached and developed [5,6].

In terms of sensing, bioconjugates have been mostly applied to the
development of biosensors for the detection of different biomarkers or
pathogens, such as dengue virus (DENV-2), lung cancer P53 protein or
thrombin [7-9]. However, during the recent years, there has been a new
trend aimed towards the use of bioconjugates to detect analytes right
away [10,11] bringing out several advantages, such as greater
simplicity, ease of use and less cost.

The detection of specific DNA sequences is a promising approach for
the selective detection of pathogens since the diseases caused by these
organisms constitute one of the most dangerous threats to public health
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due to their usual high mortality rate. During the last two decades, three
outbreaks of human coronaviruses have been reported, including SARS-
CoV-2 (2019), so early detection of this type of infection is essential to
stop the spread of the disease. Since traditional techniques struggle to
detect pathogens in an early stage of the infection, there is great interest
in developing highly rapid, simple, affordable and sensitive virus
detection techniques [12]. DNA optical assays, fluorescent assays i.e.,
can meet these properties and provide a promising alternative due to its
advantages including ease of use, low cost and robustness.

Although numerous detection platforms that use DNA as recognition
element have been described in the literature [13], there are not many
methods based on the use of bioconjugates between nanomaterials and
DNA despite the many advantages that these can provide, in particular,
the development of rapid and selective detection methods [14].

Among nanomaterials, two-dimensional nanomaterials due to their
unique properties, such as large specific area, active surface interaction
with biomolecules and facile surface functionalization, provide advan-
tages in developing novel detection technologies with fast response and
high sensitivity [15]. Single- and few-layered transition metal dichal-
cogenide nanosheets (TMD-NS), in particular molybdenum disulphide
(2D-MoSy), has proved many promising applications in the fields of
sensors and electronics due to its exceptional optical, electronic and
electrochemical properties [16]. As well, this nanomaterial is capable of
immobilize thiolated DNA probes given that organic molecules with
thiol group tend to repair or eliminate sulphur vacancies of the MoSy
lattice, resulting in the molecular functionalization of the substrate [17].
Taking all this into consideration, 2D-MoS; proves to be a nanomaterial,
not very explored yet, but with great potential for bioconjugate prepa-
ration with synergic properties, allowing better performance than the
individuals.

Besides that, the use of DNA as an emerging material for nanoscale
engineering is a great deal of interest due to its characteristics including
flexibility, specificity and programmability. These features allow the use
of DNA probes with the objective of building nanostructures based on
probe self-assembly. DNA self-assembly hinges on the pairing of
nitrogenous bases, thus, oligonucleotides are used as “building mate-
rials” ignoring their genetical information. One of the methods is the so-
called DNA Origami [18] based on the use of a long single-strand viral
DNA (known as scaffold) that folds into the desired structure using short
DNA viral fragments (known as staples). This method requires a complex
design and preparation; thus, new alternatives have been developed,
specifically, the synthesis of three-dimensional polyhedral DNA nano-
structures. These nanostructures are built through base complemen-
tarity of short DNA single strands and have captured the attention of the
scientific community [19]. Among them, tetrahedral DNA nanostructure
have been emerging and gradually used in the biosensing field [20,21].
DNA tetrahedrons functionalized with capture probes can be developed
and provide considerable advantages for enhancing biomolecular
recognition on bioassay platforms [22]. These advantages are achieved
due to the specific orientation, well defined spacing between probes and
high stability of these tetrahedral DNA nanostructures. Although the use
of TDNs have been reported previously, it is a deal of great interest since
it provides advantages concerning the recognition event through hy-
bridization in DNA biosensor development and by end in the perfor-
mance of the final device. Hence, the design of new type of these
structures and its application is a subject that needs to be studied in
order to bring out their full potential. Overmore, its combination with
two-dimensional nanomaterials has yet to be deeply explored [23].

The major attraction of fluorophore-labelled oligonucleotide probe
systems relays on the strongly enhanced fluorescence signals observed
upon hybridization with target or complementary sequences of DNA
[24]. However, when fluorophores are used there are two major diffi-
culties. Firstly, the poor photostability of fluorophores due to possible
photobleaching effects that may result in irreproducible signals. Sec-
ondly, the low signal amplification obtained through dye-labelled DNA
probes because these probes can only be modified with one or a few
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fluorescent molecules, thus, fluorescent signal is too weak to detect low
concentrations of analyte. Consequently, new strategies have been
explored in order to achieve photostable and strong fluorescence signals
[25].

Taking these goals into account, in the present work we propose, for
the first time, a tetrahedral DNA nanostructures (TDNs) and molybde-
num disulphide nanosheets (2D-MoSz)-based fluorescence bioconjugate
for the rapid and easy detection of SARS-CoV-2, which has been chosen
as case of study due to the pandemic that continues affecting the mass
population, nonetheless, the method is pliable enough to detect other
virus or pathogens if needed. The developed method shows improved
analytical characteristic compared to similar detection methods re-
ported in the literature and has been directly applied to detect the virus
in nasopharyngeal samples of infected patients without the need of any
amplification step.

2. Materials and methods
2.1. Chemicals

Sodium phosphate dibasic dihydrate (NayHPO4-2H20), sodium
phosphate monobasic monohydrate (NaH;PO4-H20), sodium chloride
(NaCl), magnesium chloride (MgCly), tris(hydroxymethyl)amino-
methane (Tris, NHy;C(CH20OH)3), hydrochloric acid (HCl) and sodium
hydroxide (NaOH) were purchased from Merck.

DNA oligonucleotides (Table S1) were also purchased from Merck.
The design of Tetra-A, Tetra-B, Tetra-C and Tetra-D was previously re-
ported by (Pei et al., 2010). The red regions correspond to the capture
probe and its complementary strand, while the rest of the regions with
the same colour represent the complementary regions of the nano-
tetrahedron scaffold. For selectivity studies 2 interferents (SARS-CoV-1
and Influenza A) and one mutated (a Single Nucleotide Polymorphism
(SNP) from ORF1ab) sequences were used (see Table S1 in Supporting
Information).

2.2. SARS-CoV-2 nasopharyngeal samples from patients

RNA from inactivated swab nasopharyngeal samples obtained from
COVID-19 patients and supplied by Hospital Ramén y Cajal (Madrid)
was extracted with the QIAamp Viral RNA Qiagen kit. The total RNA
obtained was eluted in water free of RNase, and its concentration was
measured using a Nanodrop prior to its storage at — 80 °C. To avoid any
cross-contamination between samples and/or during their manipulation
by the operator, all procedures were performed in P2-biosecurity cabi-
nets with spatial and temporal separation between COVID-19 positive
and negative samples. Two positive samples with different viral load
(cycle threshold values (Cts) of 15 (patient 2, P2) and 29 (patient 1, P1))
and a negative sample or non-infected patient (with a Cts value above
the threshold (~35)) were analyzed by the developed method after 1:10
dilution in sterilized purified Milli-Q water and results compared with
those obtained by RT-qPCR.

2.3. Apparatus

For fluorescent measurements, a Varian Cary Eclipse spectrofluo-
rometer and quartz cuvettes with a 1.0 cm optical path were used.

UV-visible spectra were recorded from 200 to 800 nm in 1.0 cm
quartz cells in a double-beam PharmaSpec UV-1700 series spectropho-
tometer from Shimadzu Corporation.

TDN synthesis was carried out using a MiniAmpPlusTM Thermal
Cycler.

Purified water Millipore Milli-Q-System (18.2 MQ cm) was used for
the preparation of all solutions. All materials and solutions were steril-
ized in a Niive OT012 autoclave before being used.

Raman spectra of different stages in the biosensor preparation were
recorded on a Bruker Senterra confocal Raman microscope (Bruker
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Optic, Ettlingen, Germany) by using the following parameters: objective
100X; laser excitation: 532 nm, 2 mW; resolution: 3-5 cm-1; integration
time: 10 s; coadditions: 10; slit opening: 50 x 1000 pm.

For the nanostructured bioconjugate preparation a Hettich Zen-
trifugen Universal 320 R centrifuge and 3 KDa Centrifugal Filter Units
purchased from Merck were used.

Atomic force microscopy (AFM) images were obtained with a
Nanotec Electrénica AFM system (provided by Nanotec Electrénica,
Madrid, Spain), using silicon cantilevers (PPP-FM Nanosensors, 2.8 N/m
nominal spring constant and a resonant frequency of 75 kHz in air), in
dynamic mode. The acquisition and processing of images were carried
out with WSxM 5.0 Develop 9.4. software [27].

An incident light fluorescence microscope Axioskop 2MAT (pur-
chased from ZEISS, Oberkochen, Germany) (AxioVs40AC v. 4.1 soft-
ware) with a mercury short arc lamp HBO 50 W/AC L1 (OSRAM) was
used for acquiring the fluorescence microscopy images.

SEM images were acquired with a FEI instrument (VERIOS 460),
with xT microscope Control v. 5.5.2 software, provided by FEI,
Netherlands.

2.4. Procedures

2.4.1. Liquid phase exfoliation of 2D-MoS2

In a round-flask of 250 mL volume, 150 mg of bulk MoS; was
dispersed in 150 mL of 2-propanol and water (7:3 vol mixture) (Gio-
vanelli, Castellanos-Gomez, and Pérez 2017). The mixture was cooled
down at 2.5 °C in a Minichiller Hubber and sonicated during an hour
using an ultrasonic probe (Vibracell 75115, Bioblock Scientific, 500 W)
with an amplitude of 40%. After sonication, the black suspension was
transferred to six 50 mL conical centrifuge tubes and centrifugated in an
Allegra X-15R Beckman Coulter centrifuge (FX6100 rotor, 20 °C) during
30 min at 1792 g (4000 rpm). The olive-colour supernatant was care-
fully decanted from the black sediment and collected in a conical
centrifuge tube for further experiments.

2.4.2. Oligonucleotides preparation

Stock solutions of Tetra-A-ORF-FAM were reconstituted at a final
concentration of 100 pM with sterilized purified Milli-Q water. Stock
solutions of the thiolated oligonucleotides (Tetra-B, Tetra-C and Tetra-
D) were prepared following the protocol for thiol-modified oligonucle-
otide reduction using 1,4-Dithiothreitol (DTT) and a NAP-10 column of
Sephadex G-25. Stock solutions of the non-thiolated oligonucleotides
(ORF-WT, SC1, and ORF-NC) were reconstituted at a final concentration
of 100 pM with PBS (10 mM phosphate buffer 0.4 M NaCl pH 7.0). All
stock solutions were stored at —20 °C in aliquots of a few microliters.

2.4.3. Tetrahedral DNA nanostructures synthesis

The four oligonucleotides (Tetra-A/Tetra-A-ORF/Tetra-A-ORF-FAM,
Tetra-B, Tetra-C and Tetra-D; listed in Table S1) were mixed in equi-
molar quantities in TM buffer (20 mM Tris 50 mM MgCI2 pH 8.0). Then,
the mixture was subjected in a thermocycler to a treatment based on
three different stages divided into steps of 2 min each. Specifically, the
first stage consists of 2 different steps at 95 °C and 51 °C; the second one
of 4 steps at 46.1 °C, 43.6 °C, 41.2 °C and 38.8 °C; and the last one of 2
steps of 30 °C and 4 °C.

2.4.4. Bioconjugate (2D-MoS2-TDN) preparation

Firstly, an aqueous solution of molybdenum disulphide was pre-
pared. For this purpose, 2D-MoS; suspension was filtered using a 3 KDa
filter and centrifugation (5 min, 10000 rpm) followed by a subsequent
resuspension of the pellet in water. Next, the aqueous suspension of
molybdenum disulphide was incubated overnight at room temperature
with the previously synthesized tetrahedral DNA nanostructures
(TDNs). After that, a washing step was carried out to remove non-
absorbed molecules consisting of a second centrifugation (3 min,
10000 rpm), separating the nanostructured bioconjugate (2D-MoS,-
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TDN) from the TDNs that have not been immobilized over the 2D-MoS,
surface.

2.4.5. Detection of SARS-CoV-2 ORFlab gene

100 pL of bioconjugate (2D-MoSy-TDN) were challenged with 10.0
pL of the analyte in different concentrations (ORF-WT) and incubated in
humid chamber at 37 °C for 1 h. The prepared solution was let to cool
down to room temperature. Afterwards, a separation step was carried
out based on a centrifugation (3 min, 7000 rpm) and resuspending in a
final volume of 110 pL. After that, the excitation spectrum of the mixture
was measured in the range 200-800 nm. Subsequently, the obtained
excitation wavelength for the fluorophore was chosen (487 nm) and the
emission spectrum was carried out, measuring fluorescence intensity
through peak height.

2.4.6. Detection of SARS-CoV-2 in nasopharyngeal samples

100 pL of bioconjugate (2D-MoS2-TDN) were challenged with 5.00
pL of the nasopharyngeal sample and incubated in humid chamber at
37 °C for 1 h. The prepared solution was let to cool down to room
temperature. After that, the separation step and the emission spectrum
were carried out under the same conditions of the above described.

3. Results and discussions

The first step to the development of the bioassay for rapid and easy
virus detection was the preparation of the bioconjugate between the
TDN and 2D-MoS,.

3.1. Tetrahedral DNA nanostructure synthesis and characterization

The TDN was prepared by using three thiolated DNA 55-base long
oligonucleotides (Tetra-B, Tetra-C, and Tetra-D) and a fourth 80-nucle-
otide strand (Tetra-A-ORF-FAM) that contains the DNA capture probe
complementary to a specific SARS-CoV-2 gene region coding for the
ORFlab gene at its 5 end modified with the fluorophore FAM. Ac-
cording to this design of the TDN, each oligonucleotide forms one of the
4 faces of the tetrahedron (Figure S1A). Each of them has a fragment of
17 base pairs complementary to each of the other three oligonucleotides.
The complementary zones between them are indicated with the same
color in Figure S1A and Table S1. The TDN has the ORFlab capture
probe labelled with FAM at one vertex (TDN-ORF), exposed to the so-
lution and ready to hybridize with the target DNA, and three thiol
groups at the basal vertices to be anchored to the 2D-MoS,.

There are some procedures for TDN synthesis reported in the liter-
ature [22,29-32] that can give rise random structures. In this sense, we
designed an improved synthesis method based on a slow and controlled
temperature drop in several steps. We considered the melting temper-
ature (Tm) of each of the complementary fragments that must hybridize
with each other to obtain the desired structure, avoiding the formation
of other undesired ones.

The Tm of each fragment used in the synthesis of TDN was calculated
by the expression Tm = 64.9 + 41-(G + C-16.4)/L [33], where G and C
are the number of guanine and cytosine bases, respectively, in the DNA
sequence and L is the total number of bases (17 bases). Considering the
resulting Tm, the procedure of TDN synthesis described in material and
methods section was proposed.

To corroborate the efficacy of the proposed synthesis method, we
characterized the resulting structures by electrophoretic analysis,
cryogenic electron microscopy (cryo-EM) and optical microscopy
(bright field and fluorescence).

Bright-field and fluorescence images of the of TDN-ORF-FAM
immobilized on gold screen-printed electrodes are depicted in
Figure S1C and D. As can be seen, the fluorescence corresponding to the
FAM molecule attached to the TDN is observed (Figure S1D), confirming
their successful synthesis, and anchoring on the gold surface.

Figure S1E shows the obtained gel electrophoresis. As it can be seen,
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TDN-ORF (lane 5) moved more slowly than either each single-stranded
DNA oligonucleotide (Tetra-A-ORF, Tetra-B, Tetra-C and Tetra-D,
respectively, in lanes 1 to 4) or any trimer combination lacking one
strand (TDN-ORF without Tetra-A-ORF, Tetra-B, Tetra-C or Tetra-D,
respectively, in lanes 6 to 9). These results point out a successful syn-
thesis of the TDN-ORF [26] and agree well with the cryo-EM images of
TDN (Figure S1B).

Once the nanostructure is built, one vertex contains the capture
probe available for the biorecognition reaction, while the other three
vertices are thiolated for 2D-MoS, surface modification.

3.2. Liquid phase exfoliation of 2D-MoS;

Liquid phase exfoliation of 2D-MoS, nanosheets was carried out as
described in detail in the experimental section and using bulk MoS; as
the precursor [28]. This mixture was cooled down and sonicated, prior a
centrifugation step. Finally, the supernatant was decanted from the
pellet, and it was resuspended on 2-propanol and water (7:3).

3.3. Tetrahedral DNA bioconjugate (2D-MoS2-TDN) preparation and
characterization

Once TDNs are synthesized and 2D-MoS; is resuspended in water,
both precursors are challenged. 2D-MoS, -TDN bioconjugate is formed
through the thiol groups of the TDN that tend to eliminate or repair
sulphur vacancies of the 2D-MoS; surface, resulting in the functionali-
zation of the nanomaterial lattice (2D-MoS,-TDN) [17] as can be seen in
Fig. 1A.

The percentage of the TDN immobilized on the 2D-MoS, was
calculated using 6-FAM labelled TDN-ORF (TDN-ORF-FAM) through the
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measurement of the DNA UV-Vis signal of the bioconjugate at 260 nm.
By measuring the absorbance of TDN-ORF-FAM solutions of different
concentrations, a molar absorptivity coefficient of 1.96 L (pmol cm) !
was obtained for the DNA nanostructure (see Figure S2). Once this value
is obtained, the percentage of immobilized DNA was calculated by
introducing the absorbance signal from the nanostructured bioconjugate
(see Fig. 1B, red curve) on the obtained linear fitting. A TDN-ORF-FAM
concentration of 0.373 uM was obtained and, since initial concentration
of TDN-ORF-FAM is 0.400 pM,, it can be estimated that around 93% of
the TDNs modify the 2D-MoS; surface.

The different steps followed for the bioconjugate preparation were
characterized through different techniques in order to obtain the in-
formation that allow to stablish the optimal conditions and, conse-
quently, to obtain reproducible results. UV-Vis spectra of 2D-MoS,
nanosheets (blue curve) and 2D-MoS,-TDN suspensions (red curve)
show (see Fig. 1B) the characteristic A and B peaks of 2D-MoS; sus-
pensions in water at 623 and 684 nm, respectively, in both curves [34].
A clear difference based on two peaks is shown between the nano-
material (blue curve) and the bioconjugate spectra (red curve). On the
red curve, a distinguishing peak due to the fluorophore (FAM) and a
significant peak ascribed to DNA [35] is observed at 491 and 260 nm,
respectively. Fluorescence has also been used in order to characterize
different steps of the bioconjugate preparation. As it is portraited in
Fig. 1C, there is practically no fluorescent signal for 2D-MoS; (blue
curve), since this nanomaterial does not have any fluorescent properties.
Once the TDN carrying the fluorophore is immobilized on the 2D-MoS,,
although the fluorophore is over the sensing platform, it does not emit
any fluorescent signal (black curve), indicating that MoS; has a fluoresce
quenching effect. After the FAM labelled probe hybridizes with the an-
alyte (a totally complementary sequence of the probe, ORF-WT), there is
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Fig. 1. (A) Scheme for bioconjugate (2D-MoS»-TDN-ORF) development. (B) UV-Vis absorbance spectra of 2D-MoS, nanosheets (blue curve) and 2D-MoS,-TDN (red
curve). Inset: Amplified UV-absorbance spectra of 2D-MoS,-TDN. (C) Fluorescence spectra of MoS, (blue curve); 2D-MoS,-TDN (black curve) and 2D-MoS,-TDN/

ORF-WT (red curve) at an excitation wavelength of 487 nm.
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a significant increase of the fluorescence signal (red curve). The fluo-
rescent signal of FAM is recovered by the hybridization recognition re-
action. Based on previously reported results [24,36], this fact is due to
FAM fluorophore undergoing a fluorescence quenching by MoS, due to
Van der Waals interactions between the nanomaterial and the fluo-
rophore resulting in energy resonance transfer. This effect is also
observed on dye-labelled single-stranded DNA [16]. When the target
ORF-WT was added, hybridization is performed, forming the dsDNA
containing FAM fluorophore with the emission maximum at 518 nm at
excitation wavelength of 487 nm. The Van der Waals forces between the
dsDNA formed after hybridization and MoS2 nanosheets are signifi-
cantly weakened, which results in the recovery of the fluorescence in-
tensity. These results not only demonstrate the bioconjugate formation
but also are the base of the developed “signal off-on” fluorescence
bioassay.

As well, Raman spectroscopy was carried out with the objective of
characterizing the bioconjugate. As it is shown in Figure S3 in Sup-
porting Information, 2D-MoS; spectra (black curve) show the charac-
teristic bands for 2D-MoS;, which corresponds to the 2H polytype
structure of this material. These bands are found to be at 381 and 406
em~! that correspond to in-plane Ej5; and out-of-plane A;g (A and B,
respectively) vibration modes of 2H MoS; [37]. On the TDN Raman
spectra (red curve), signals for guanine (594 and 681 cm™ 1), thymine
(748 c¢m-1), adenine (1143 and 1342 cm™)), cytosine (1183 em™Y) and
the DNA phosphate backbone (832, 954, 1008 and 1452 cm™Y) are
found [38]. Finally, on the bioconjugate spectra (blue curve) previously
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mentioned signals for 2D-MoS; and TDNs are found, thus, the immobi-
lization of the TDNs over the 2D-MoS, lattice is demonstrated.

The characterization of the bioconjugate was also performed by
EDAX and Fluorescence microscopy. Fig. 2B show the EDAX spectra of
MoS; flakes on gold where the presence of the peaks corresponding to
the energies of Mo, S and Au can be observed. The spectra of the bio-
conjugate on gold (Fig. 2D) is similar to the previous one due to the fact
that the energies of the peaks corresponding to P and Au are very close.
Therefore, the peaks overlap, and those two elements cannot be distin-
guished. To probe the presence of P from the TDN, the bioconjugate was
deposited on highly oriented pyrolytic graphite (HOPG) instead of gold.
The absence of gold allows for the detection of the isolated peak that
corresponds to the energy of P (Fig. 2E), indicating the presence of DNA.
Fig. 4 shows the fluorescence optical microscopy images of gold and
HOPG substrates modified with 2D-MoS; or 2D-MoSs-TDN bio-
conjugate. Contrast can only be observed in the Fluorescence images,
where the bioconjugate is present (See Figure S4D and F in Supporting
Information) revealing the presence of TDN-ORF-FAM. As control ex-
periments, EDAX spectra and Fluorescence microscopy images of the
bare substrate (gold) were carried out (See Figure S5 in Supporting In-
formation), in this case no fluorescence is observed.

Fig. 3 shows the AFM images and profile of the topography of 2D-
MoS; on gold (A, C and E) and of 2D-MoS,-TDN on gold (B, D and F). The
gold topography image and profile is shown in Figure S3. On 14 selected
areas of the Au/2D-MoS; and Au/2D-MoS,-TDN we have performed a
roughness analysis (See Figure S6 in Supporting Information). As can be
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Fig. 2. SEM images (A, C, E) and EDX spectra (B, D, F) of the selected area of: (A, B) 2D-MoS, over gold substrate (Au/MoS.) (C, D) 2D-MoS,-TDN over gold substrate
(Au/2D-MoS,-TDN) and (E,F) 2D-MoS,-TDN over highly oriented pyrolytic graphite (HOPG/2D-MoS,-TDN). 5 kV, resolution: 128 eV.
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Fig. 3. AFM images of (A) Au/2D-MoS, and (B) Au/2D-MoS,-TDN over gold; their respective profiles shown in the images (C from A and D from B) and their

respective three-dimensional images (E from A and B from F).

observed, the RMS roughness is higher in the case of 2D-MoSy-TDN. In
particular, a mean value of roughness of 2,1 + 0,9 and 3,0 + 1,3 nm for
the Au/2D-MoS; and Au/2D-MoS,-TDN, respectively, were observed.
This increase in roughness could be attributed to the modification of the
2D-MoS; with the TDNs.

3.4. Bioassay development

Once the bioconjugate was characterized, it was employed for the
development of the bioassay for rapid virus detection, taking as case of
study the detection of SARS-CoV-2 virus through the detection of a
specific DNA sequence of the ORFlab gene. The scheme of the proposed
optical bioassay is depicted in Fig. 4A. Once the bioconjugate (2D-MoS-
TDN) is obtained, it is then challenged with the complementary strand,
the SARS-CoV-2 ORF1ab gene (ORF-WT). The biorecognition reaction is
followed by the change of the fluorescence signal of the bioconjugate. As
it can be seen in Fig. 4B there is a gradual fluorescence increase on
increasing the concentration of ORF-WT in solution (100 fM, 250 fM,
375 fM, 500 fM, 625 fM, 750 fM, 875 fM and 1.00 pM).

2D-MoS; plays a key role in fluorescence quenching and recovery.
The same assay was carried out without using 2D-MoS; and no signifi-
cant difference in the fluorescence signal between the tetrahedral DNA
nanostructure before and after being challenged with the sequence an-
alyte was found.

Fig. 4C shows that the signal increase is linear with the ORF-WT
concentration (If = 34.0 + 0.0730-[ORF-WT]; R = 0.9889). The
values presented were obtained from the mean of three different mea-
surements for every concentration, leaving a percentage coefficient of
variation (CV) of 2% and a sensitivity of 0.0730 a.u. (fM~1). The limit of
detection (LOD) and quantification (LOQ) were calculated through
3-Sp'm and 10-Sp-m criteria, respectively, where Sy, corresponds to the
standard deviation of the blank signal (signal obtained incubating with
saline phosphate buffer without the analyte) and m is the slope of the
linear fitting. The blank signal was measured 10 times and a LOD and a
LOQ of 19.7 fM and 65.6 fM respectively, were obtained. These values
were experimentally proven. Reproducibility was estimated from the
mean and the standard deviation of three different assays using three
different bioconjugates prepared following the same protocol. The
reproducibility is expressed in percentage of coefficient of variation (CV
(%)) by using the errors obtained in the calibration plot. The range of CV
(%) covered from 1.3 % (875 fM) to 4.2% (375 fM).

In addition, the selectivity of the bioassay was also evaluated. The
fluorescent signal of three different samples containing the analyte

(ORF-WT) in a concentration of 750 fM in the absence or presence of
potential interfering sequences was measured. Among the possible
interferees, two viral sequences were evaluated: SARS-CoV-1 (SC1) and
Influenza A (ORF-NC) both at a concentration of 750 fM. As it is shown
on Fig. 4D, the intensity of the fluorescent signal does not suffer a sig-
nificant change in the absence or presence of a possible interferent.
These results demonstrate that the developed bioassay is capable of
detect a specific sequence of the SARS-CoV-2 genome, discerning be-
tween this analyte and possible interferents.

Finally, we wanted to go one step forward to assess the selectivity of
the bioassay and we employed as analyte a ORF sequence carrying a
mismatch. As it is portraited in Fig. 4E, there is a significant difference in
the fluorescence intensity measured when with the analyte is the totally
complementary sequence or one carrying a mismatch. When the bio-
conjugate is challenged with the mismatched strand a lower signal is
obtained, probably due to partial hybridization with the capture probe.
Therefore, the designed bioassay can differentiate between the ORFlab
and its mutations, opening the door for the development of new bio-
sensing platforms that can distinguish between different COVID-19
variants.

In order to study the real utility of the developed bioassay for rapid
virus detection, it was applied to nasopharyngeal samples from COVID-
19 infected patients. The samples were provided by Hospital Ramén y
Cajal and were also analyzed using RT-qPCR. Three samples were used:
one corresponding to a non-infected patient and the other two to pa-
tients with different viral loads (P1, 29 Cts and P2, 15 Cts, these values
were obtained in the Hospital through RT-qPCR). As it can be observed
in Fig. 5, the developed bioassay is able to distinguish between the two
nasopharyngeal samples with viral loads of 29 and 15 Cts, respectively,
and from a non-infected patient sample. Therefore, it can be concluded
that the developed bioassay can be employed to detect a SARS-CoV-2
DNA sequence from human nasopharyngeal samples in a rapid and
easy way compared to the time consuming and more expensive gold
standard method.

Lastly, the stability of the bioconjugate was evaluated by measuring
the bioassay response for 30 days when it was stored at 4 °C. The results
showed that the initial signal was kept at a 90% after 30 days (see
Figure S7 in Supporting Information).

The developed bioassay has a wide range of applicability since it can
be applied to the detection of any pathogen by changing the probe
corresponding to the target sequence. Thus, a novel, hands-on strategy
for rapid pathogen detection has proposed and has a high potential
application value in the early diagnosis of infections causes by virus or



D. Garcia- Fernandez et al.

2D-MoS,/TDN-ORF-FAM

150

1.00 pM

100 -

Fluorescence Intensity / a.u
0
o

550 600
Wavelength / nm

Fluorescence Intensity / a.u

ORF-C

SARS-CoV-1 Influenza A

Talanta 270 (2024) 125497

27\ W

2D-MoS,/TDN-ORF-FAM/ORF-WT

; 120 4 c :
y = 34.0 + 0.07-[ORF-C]
R? = 0,98893

400 600 800 1000

[ORF-C] / fM

0 200

120 T

Fluorescence Signal / a.u.

ORF-NC

ORF-MUT ORF-C

Fig. 4. (A) Scheme for TDN and MoS,-based fluorescent bioassay for SARS-CoV-2 ORF1lab gene detection. (B) Fluorescence spectra of the bioconjugate after hy-
bridization with increasing amounts of ORF-WT (100 fM (red curve), 250 fM (orange curve), 375 fM (yellow curve), 500 fM (green curve), 625 fM (blue curve), 750

fM (dark blue curve), 875 fM (purple curve), 1.00 pM (pink curve)) using Aexc =

487 nm. (C) Obtained calibration plot. (D) Fluorescence intensity obtained in the

absence and presence of potential interferents (ORF-WT 750 fM (red bar); ORF-WT + SC1 750 fM (blue bar) and ORF-WT + ORF-NC 750 fM (green bar)). (E)
Fluorescence intensity obtained of the bioconjugate after challenged with ORF-MUT (750 fM, purple bar) and ORF-WT (750 fM, orange bar). Blank signal with PBS

(blue bar).

bacteria.
4. Conclusions

A new fluorescent bioassay based on the use of a 2D-MoSy/TDN
bioconjugate has been developed and proposed as an efficient alterna-
tive to detect pathogens, specifically SARS-CoV-2. 2D-MoS; allows the
anchoring of thiol groups through sulphur vacancies, thus, the designed
TDN can be immobilized over the nanomaterial lattice. Through this
process some advantages are obtained such as signal amplification. This

nanostructured bioconjugate can detect a specific SARS-CoV-2 DNA
sequence, ORF1lab, with detection and quantification limits of 19.7 and
65.6 fM, respectively. Overmore, the bioconjugate is capable of detect-
ing ORFlab sequence in the presence of potential interferents. The
bioconjugate shows great stability when stored at 4 °C and its applica-
bility has been proved by detecting SARS-CoV-2 in nasopharyngeal
samples from COVID-19 infected patients, not being necessary any
amplification process. Furthermore, the developed bioassay has a wide
range of applicability since it can be applied to the detection of any
pathogen.
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