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ABSTRACT

Urgent identification of COVID-19 in infected patients is highly important nowadays. Forster or
fluorescence resonance energy transfer (FRET) is a powerful and sensitive method for nanosensing appli-
cations, and quantum dots are essential materials in FRET-based nanosensors. The QDs are conjugated to
DNA or RNA and used in many applications. Therefore, in the present study, novel fluorescence DNA-
conjugated CdTe/ZnS quantum dots nanoprobe designed for detection of Covid-19 after extracting their
RNA from saliva of hesitant people. For achieving this purpose, the water-soluble CdTe/ZnS QDs-DNA pre-
pared via replacing the thioglycolic acid (TGA) on the surface of QDs with capture DNA (thiolated DNA)
throw a ligand-exchange method. Subsequently, by adding the different concentrations of complemen-
tary (target DNA) in a mixture of quencher DNA (BHQ,-labeled DNA) and the QDs-DNA conjugates at dif-
ferent conditions, sandwiched hybrids were formed. The results showed that the fluorescence intensity
was decreased with increasing the concentration of target DNA (as a positive control). The linear equation
and regression (Y = 40.302 X + 1 and R? = 0.98) were obtained by using the Stern-Volmer relationship.
The Limit of detection (LOD) was determined 0.000823 pM. The achieved results well confirm the
outcomes of the RT-PCR method in real samples.

© 2021 Published by Elsevier B.V.
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1. Introduction

Viral infections are among the primary sources of fatality and
morbidity in humans [1]. Coronavirus disease is one of the most
common viral infectious diseases that is affecting the entire world
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nowadays [2]. Coronaviruses consist of a large single-stranded RNA
genome of about 30 kb [3]. According to research up to now, high-
risk people who suffer from diabetes, obesity and so on more
affected by this virus. Current protocols, including physical separa-
tion, extensive hygiene, travel barriers, and COVID-19 vaccines
could control this pandemic [4,5]. However, this virus needed
urgent identification in infected patients. The most routine method
to detect the Covid-19 virus is the reverse transcription-
polymerase chain reaction (RT-PCR), but this technique is expen-
sive and not readily available for point-of-care (POC) applications
[6]. As a result, several other methods are being considered for
the diagnosis of Covid-19 that among them sensing by nanomate-
rials has received particular interest due to high sensitivity and
accuracy [6,7]. Forrester resonant energy transfer (FRET) is known
as a powerful and sensitive method for nanosensing applications
[8,9]. FRET appears when the overlap of donor emission and accep-
tor absorption is larger than 30%. The FRET system is an interaction
between the dipole-dipole of a donor molecule and an acceptor
molecule. The donor molecule, in exciting status, gives the energy
to the acceptor molecule in-ground status that causes reduction of
fluorescence intensity in the donor molecule (Fig. 1a and b) [10].
Quantum dots (QDs) are semiconductor nanocrystals that could
emit and absorb energy in different wavelengths. Indeed, these
are essential materials in FRET-based nanosensors, but the surface
coating strategies are the most considerable hint for this purpose
[11]. The QDs can be conjugated to DNA or RNA and used in many
applications [12-14]. For example, QDs were applied to sense
breast cancer biomarker microRNA by the FRET method [15].
FRET-based gold nanoflower probe (AuNF) @ graphene quantum
dots (GQDs) used for microRNA-34a assay that is important in car-
diovascular diseases [16]. Sensing of DNA by stabilization of DNA/
QDs interface was explored in solution [17]. Herein, CdTe-ZnS
QDs-bioconjugates were produced to detect a specific target
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complementary DNA (as a positive control) or RNA from the
Covid-19 virus by the FRET method. First of all, the CdTe/ZnS
QDs capped with thioglycolic acid (TGA) were directly synthesized
in the aqueous phase according to previous experience [18]. DNA-
conjugated quantum dots (QDs-DNA) have formed by replacing
thiolated DNA (capture DNA) with surface-bound TGA molecules
through a ligand exchange process. To complete the required ele-
ments of the FRET experiment, an oligonucleotide from virus gen-
ome connected to the BHQ, quencher (BHQ,-DNA) was also
designed. Finally, these elements (QDs-DNA bioconjugate nanop-
robe and BHQ,-DNA) can be used for sensing of target DNA
sequences (complementary DNA) or virus RNA detection by FRET
experiment. Indeed, the target DNA (complementary DNA) pairs
with DNA-conjugated quantum dots (QDs-DNA) and quencher
DNA (BHQ;-DNA) to form a sandwiched hybrid structure that
causes the decreases of emission intensity of DNA-conjugated
quantum dots via energy transfer from CdTe/Zns quantum dots
(as donor) to BHQ, organic quencher as an acceptor (Fig. 1¢).

2. Materials and methods
2.1. Materials

Tellurium powder (Te), sodium hydroxide (NaOH), sodium
borohydride (NaBH,4), cadmium chloride (CdCl,), thioglycolic acid
(TGA), glutathione (GSH), zinc chloride, sodium chloride (NacCl),
magnesium chloride (MgCl,), and tris hydrochloride (Tris-HCl)
were purchased from Merck, Sigma Aldrich or Carloerba Reagents
companies. All DNA probes were prepared from Metabion, Ger-
many, with the following sequences:

Capture DNA (thiolated DNA): 5'-Thiol -C6-GTACTGTAGGC-3'
(11-mer)

a
S)l > L s b)u & CdTe/ZnS ODs
' SI 4! £ o\ BHQ, DNA
‘ g
' k™ hv =
’ . 0ad
’ o
' 2 m
\J <
>0 50 e B M we o e
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¢)
%o Target- DNA
{ /ZnS
& =

Sandwiched hybrid system

Fig. 1. (a) The fundamental mechanism of FRET that involves a transfer of energy form an excited donor to a nearby acceptor in a non-radiative fashion through long-range
dipole-dipole interactions; (b) spectral overlap between emission spectrum of CdTe/ZnS QDs as a donor and absorption spectrum of BHQ, as an acceptor that leads to FRET;
C) A schematic of DNA-conjugated CdTe/ZnS QDs nanoprobe for detection of complementary (target- DNA) derived from Covid-19 virus genome.
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Quencher DNA (BHQ,- DNA): 5-CGGCACTTGTG-BHQ,-3’
(11-mer)

Complementary DNA (target DNA): 5-CACAAGTGCCGGCCTA
CAGTAC-3' (22-mer: This arrangement is planned based on a speci-
fic sequence of the Covid-19 virus genome) [19,20]

Non-complementary DNA (non-target DNA): 5-GTGACATGA
CATCCGTTCGTGA —3' (22-mer)

The RNase-free water and RNA of Covide-19 viruses were pro-

vided by National Institute for Genetic Engineering and Biotechnol-
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ogy (NIGEB), Iran. Double distilled water was used throughout the
analysis.

2.2. Apparatus

Autoclave (Tomy XS-700E, Japan) was used for sterilization of
samplers, vials and sampler heads. DLS (Dynamic Light Scattering,
Horiba-SZ100, Japan) was used for the characterization of the size
and zeta potential of QDs and DNA-QDs. TEM (Transmission Elec-

Intensity
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(©)
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Fig. 2. (a) TEM of DNA-conjugated CdTe/ZnS QDs (QDs-DNA); (b) DLS of CdTe/ZnS QDs; (c) Zeta potential of CdTe/ZnS QDs; (d) DLS of DNA-conjugated CdTe/ZnS QDs, and (e)

Zeta potential of DNA-conjugated CdTe/ZnS QDs.
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tron Microscope, ZEISS EM10C, Carl Zeiss AG, Oberkochen, Ger-
many) was applied to measure the size of the QDs and DNA-QDs.
UV-vis (Shimadzu, Japan) was operated for collecting absorption
spectra. Nanodrop 2000/2000c spectrophotometer (Thermofisher)
was used to measure the concentration of DNA samples. A Fluores-
cence spectrofluorophotometer (Shimadzu RF-6000, Kyoto, Japan)
was employed for measuring the fluorescence intensity.

2.3. Synthesis of CdTe/ZnS QDs

The synthesis was carried out according to our previous com-
munication [18]. In a typical reaction, Te (0.025 g) and NaBH,4
(0.025 g) were dissolved in water under magnetic stirring and pure
nitrogen to obtain a colorless sodium hydrogen telluride solution.
Secondly, CdCl, (0.11 g) was dissolved in another flask. To prepare
cadmium thioglycolate solution, TGA (1.4 mmol) was added to the
later solution, followed by the addition of an aqueous solution of
NaOH (1 M) to adjust the pH of the solution at 7-8. In the next step,
sodium hydrogen telluride solution (1.5 mL) was injected into cad-
mium thioglycolate solution (80 mL) and the mixture was refluxed
at 100 °C for 1 h under stirring. For the preparation of the CdTe/ZnS
QDs, aqueous solutions of ZnCl, (0.0136 g) and glutathione
(0.1229 g) were added to the reaction solution of CdTe-TGA QDs,
and the reaction was continued for another 1 h. The CdTe/ZnS/
TGA quantum dot was centrifuged for 15 min at 9000 rpm.

2.4. Conjugation of QDs with DNA

Thiolated DNA was directly attached to CdTe/ZnS/TGA QDs via a
ligand exchange method. Briefly, a solution of purified CdTe/ZnS/
TGA QDs (100 pL) was added to the solution of capture DNA (thio-
lated DNA: 5'-thiol -C6-GTACTGTAGGC-3' (11-mer); 100 pL,
0.6 pM) at room temperature in order to allow the exchange of
the thioglycolic acid in QDs with the thiolated single strand
oligonucleotides.

2.5. Detection of target DNA

Different concentrations of complementary DNA (target DNA)
were added to calculated amount of CdTe/ZnS QDs- thiolated
DNA bioconjugate (QDs-DNA) and quencher DNA (BHQ,- DNA) at
different conditions in a total volume of 180 pL. The obtained solu-
tion of sandwiched structure was used for fluorescence analysis.
For comparison, the same experiment was performed in the pres-
ence of the non-complementary DNA molecule and its fluores-
cence spectrum was measured. To measure the fluorescence
spectrum of each sample, the excitation wavelength was set to

0.54

Absorbance

QDs-DNA

0.0

T T T
400 500 600 i

Wavelength (nm)
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Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 269 (2022) 120702

Intensity

325 nm and the emitted light was collected in the range of
460-640 nm.

3. Results and discussion
3.1. Characterization of QDs-DNA

3.1.1. TEM and DLS

The shape and average diameter of CdTe/ZnS QDs-DNA nano-
bioconjugate was evaluated using transmission electron micro-
scopy (TEM). The TEM image of the QDs-DNA sample was indi-
cated a well-dispersed crystalline structure of QDs-DNA with an
approximately spherical form and average diameter of 7 nm
(Fig. 2a). The size and zeta potential of the QDs before and after
interaction with thiolated DNA (capture DNA) were measured
using Dynamic Light Scattering (DLS). The size and zeta potential
of the CdTe/ZnS QDs (53 nm, —0.6 mV) was changed to 220 nm,
—28.9 mV after conjugation with thiolated DNA, respectively
(Fig. 2b, c, d, and e). The obtained results fully confirm the attach-
ment of single strand DNA oligonucleotides at the surface of quan-
tum dots. This increase in the size of quantum dots after surface
modification can be attributed to the larger size of oligonucleotide
molecules than TGA on the surface of dots. The negative charge of
these oligonucleotides also causes repulsion between these chains,
which increases the hydrodynamic radius of the QDs nanoparticles
and the more negative charge in the zeta potential measurement.

3.1.2. The efficiency of conjugation

The absorption spectrum of the conjugated DNA on CdTe/ZnS
QDs (QDs-DNA) was determined by UV-vis (Fig. 3a). As can be
seen, the first excitonic absorption peak was observed at 520 nm.
Also, the fluorescence spectra of CdTe/ZnS QDs before and after
conjugation with thiolated capture DNA (5'-thiol -C6-
GTACTGTAGGC-3') were investigated at different times (Fig. 3b).
The maximum FL intensity was observed at 45 min after the addi-
tion of thiolated DNA. As a result, this time was considered as the
optimum time of conjugation.

3.2. Optimization of hybridization step

The hybridization of the QDs-DNA nanoprobe, quencher DNA
and complementary DNA (target-DNA) is an essential step in
designing the nano-biosensor. Complementray DNA sequence (tar-
get DNA), as a positive control, is 5'-CACAAGTGCCGGCCTACAG
TAC-3' (22-mer). It was designed based on a specific part of the
SARS Cov-2 virus genome from BLAST (https://blast.ncbi.nlm.nih.-
gov). The Basic Local Alignment Search Tool (BLAST) finds regions

QDs-DNA 45 min

C(Te/ZnS QDs ~

460 480 500 520 540 560 580 600 620 640
Wavelength (nm)
(b)

Fig. 3. (a) UV-vis absorption spectrum of DNA-conjugated CdTe/ZnS QDs; (b) Fluorescence spectra for the interaction of the purified CdTe/ZnS QDs and capture DNA
(thiolated DNA) at different mixing times at 25 C (Aex for emission spectra = 325 nm).
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of local similarity between sequences. The program compares
nucleotide or protein sequences to sequence databases and calcu-
lates the statistical significance of matches. BLAST can be used to
infer functional and evolutionary relationships between sequences
as well as help identify members of gene families [19,20]. There-
fore, the estimation of the effective parameters on the fluorescence
intensity is required. Herein, the effects of time, solvents and the
amount of the quencher DNA were investigated. The effect of time
on the hybridization of the complementary DNA (target DNA) and
the QDs-DNA nano-probe has been illustrated in Fig. 4(a). 5 pL
(0.6 uM) of target DNA in the presence of some QDs-DNA,
quencher DNA (BHQ,- DNA), and tris buffer were used for the
hybridization reaction at room temperature. The fluorescence
intensity was decreased during the time from 0 to 45 min. The

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 269 (2022) 120702

lowest fluorescence intensity was observed at 25 min. However,
by increasing the time, the fluorescence intensity was fixed and
did not change (Fig. 4a). RNase-free water and tris buffer as inter-
action media were also examined in this experiment (Fig. 4 and
Fig. 5). For this analysis, the volumes of QDs-DNA nanoprobe and
quencher DNA were kept constant (5 pL, 0.6 uM) and only the vol-
ume of the complementary (or non-complementary) target DNA
molecule was changed (a - e: 0, 2, 5,9, 15 pL (0, 0.006, 0.016,
0.028, 0.046 uM in final solution)), while the total volume was con-
stant (180 pL). The fluorescence intensity of hybrid systems con-
taining QDs-DNA nanoprobe, quencher DNA, and complementary
DNA were sharply reduced with increasing the concentration of
the complementary (target DNA) in RNase-free water (Fig. 4b).
However, the intensity of fluorescence in the same experiment,
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Fig. 4. (a) The effect of time on fluorescence intensity for the hybridization of the complementary DNA (target DNA) and the QDs-DNA nano-probe from 5 to 45 min in RNase-
free water; (b) Fluorescence spectra of nanosensor containing different concentrations of complementary DNA in RNase-free water (a — e: 0, 0.006, 0.016, 0.028, 0.046 uM);
(c) Fluorescence spectra of nanosensor containing different concentrations of non-complementary DNA in RNase-free water (a — e: 0, 0.006, 0.016, 0.028, 0.046 M), and (d)
The difference between a sandwiched hybrid system (QDs-DNA nanoprobe, quencher DNA and complementary DNA) and a non-sandwiched hybrid system (QDs-DNA
nanoprobe, quencher DNA and non-complementary) in RNase-free water.
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Fig. 5. (a) Fluorescence spectra of nanosensor containing different concentrations of complementary DNA in tris buffer (a - e: 0, 0.006, 0.016, 0.028, 0.046 uM); (b)
Fluorescence spectra of nanosensor containing different concentrations of non-complementary in tris buffer (a — e: 0, 0.006, 0.016, 0.028, 0.046 uM), and (c) The difference
between a sandwiched hybrid system (QDs-DNA nanoprobe, quencher DNA and complementary DNA) and a non-sandwiched hybrid system (QDs-DNA nanoprobe, quencher
DNA and non-complementary DNA) in tris buffer.

Table 1
The effect of the amount of quencher DNA (BHQ,- DNA) on the detection performance of nanobiosensor.
Complementary or non-complementary (pL) Quencher DNA (pL) © QDs-DNA nanoprobe (uL) ° RNase-free water (pL)) Sample?
x4(0,2,5,9,15) 5 5 170 - X 1
8 5 167 - X 2
3 5 172 - X 3

a) Total volume is 180 UL; b) £ex = 325 nm and 4, range for FL measurments = 460-640 nm; c) the concentrations were 0.6 uM and d) X = 0-15 pL.
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Fig. 6. The effect of the amount of quencher DNA on the detection performance of the system in RNase-free water.
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Fig. 7. The plot for the fluorescence quenching fraction (Aex = 325 nm) of the probe
versus the concentrations of target DNA.

Table 2
Analysis of target DNA using the Florescence assay method (each experiment was
repeated 4 times).

Type Sample Concentration (uM) RSD%

Florescence assay Target DNA 0.016 33
0.028 1.7
0.046 2.7

using a non-target molecule in RNase-free water (QDs-DNA nanop-
robe, quencher DNA and non-complementary DNA), did not
change in comparison to the reference probe; containing QDs-
DNA nanoprobe and quencher DNA in same conditions (Fig. 4c).
The decrease in fluorescence intensity in the presence of the com-
plementary DNA can be attributed to the occurrence of FRET. CdTe/
ZnS QDs acts as a donor pair, and BHQ, acts as an acceptor pair in
the FRET experiment. The capture DNA and quencher DNA can
form a sandwiched hybrid structure in the presence of target
DNA. The formation of entitled sandwiched hybrid causes the
decrement of emission intensity of QDs donor in bio-conjugated
QDs- DNA by transferring the energy from CdTe/ZnS QDs (as
donor) to BHQ,, (as acceptor). Indeed, in the presence of non- com-
plementary DNA, the pairing of DNA strands does not occur; the
FRET phenomenon does not exist, and so the fluorescence intensity
of CdTe/ZnS QDs does not reduce. The difference between a sand-
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wiched hybrid system (QDs-DNA nanoprobe, quencher DNA, and
complementary DNA) and a non-sandwiched hybrid system
(QDs-DNA nanoprobe, quencher DNA, and non-complementary
DNA) well recognized in Fig. 4(d).

The effect of tris buffer, as interaction medium, on the fluores-
cence intensity of the DNA-conjugated CdTe/ZnS QDs nanoprobe
was investigated as well (Fig. 5a-c). The procedures and other con-
ditions were the same as the RNase-free water. The fluorescence
intensity was decreased by adding complementary DNA (target
DNA) in tris buffer, but this reduction is negligible compared to
using RNase-free water. Moreover, the fluorescence intensity of
the QDs-DNA nanoprobe was also decreased by increasing non-
complementary DNA. This result indicates the effects of different
ions in the buffer on DNA pairing in hybrid sandwiched structure.
As a result, RNase-free water was selected as a suitable solvent for
further experiments.

In continue, the effect of the amount of quencher DNA (BHQ--
DNA) on the detection performance of the system was investigated
(Table 1). As can be seen in Fig. 6, the highest separation of the
curves in the presence of complementary DNA (as a positive con-
trol) and non-complementary DNA is obtained for 5 pL of quencher
DNA. At lower concentration of quencher (3 pL), the number of
sandwiched hybrid chains, responsible for nanoprobe fluorescence
quenching through FRET mechanism, is low. In this regard, the F
value in 1-F/F; increases (the quenching value decreases), and con-
sequently it reduces detection efficiency (Table 1). In the presence
of an extra amount of quencher (8 pL), some fluorescence intensity
of nanoprobe (Fp in 1-F/Fy) is reduced, and the detection efficiency
of the system losses. The decrease in Fy can be attributed to the
occurrence of FRET before the formation of the sandwiched hybrid
system in the presence of complementary DNA.

4. Limit of detection

Limit of detection (LOD) is the main characteristics item for
method validation. Indeed, it shows the lowest detectable concen-
tration of a sample in an analysis. Herein, the linear equation and
regression (Y = 40.302 X + 1 and R? = 0.98) were obtained by using
the Stern-Volmer relationship (Fig. 7) [21]. Subsequently, the LOD
was evaluated using the equation of 3 s/S, where s is the standard
deviation of the blank signal, and S is the slope of the linear calibra-
tion plot. Under optimum condition, the LOD was evaluated for
complementary (target DNA) that was 0.000823 pM. The relative
standard deviation (RSD) values of entitled fluorescent quantum

0.50

0.45+4 / Al

1-(F/Fo)

25

Concentration (puL)
(b)

Fig. 8. (a) Fluorescence spectra of nanobiosensor containing target molecule (A1 and A2: with RNA of Covid-19 virus) and non-target molecule (A3 and A4: without RNA of
Covid-19 virus) in the real samples and (b) Dose response curve for samples A1-A4 (A1-A2 = positive and A3-A4 = negative) in different concentrations to highlight the ability

of the proposed system for detecting the virus in real samples.
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dots nanoprobe was 2.6 % at three concentrations levels of 0.016,
0.028, 0.046 (uM), respectively (Table ?). It should be noted that
each experiment was repeated 4 times Table 2.

4.1. Real samples

Based on the obtained results, two positive (A1 and A2: contain-
ing RNA of Covid-19 virus) and two negative (A3 and A4: without
RNA of Covid-19 virus) samples were investigated. These samples
were prepared for RT-PCR test and were collected from the saliva
of suspected people to Covid-19 after extracting their RNA in
National Institute for Genetic Engineering and Biotechnology
(Iran). As shown in Fig. 8(a), the fluorescence intensities of positive
samples were easily reduced due to sandwiched hybrid system for-
mation (including QDs-DNA probe, quencher DNA, and RNA of
Covid-19 virus as target molecules) in RNase-free water. However,
the fluorescence intensities of the negative samples without RNA
of Covid-19 virus (non-hybrid system), were slightly increased
compared to the control probe (mixed QDs-DNA probe and
quencher DNA) in identical conditions. The achieved results well
confirm the outcomes of the RT-PCR method. The dose response
curve in Fig. 8(b) illustrates the distinction between positive and
negative samples very clearly.

5. Conclusion

In summary, a fluorescence DNA-conjugated CdTe/ZnS quan-
tum dots nanoprobe was designed for detection of complementary
(target) DNA as a positive control or RNA (from a real sample) of
Covid-19 virus genome. The nano-bioconjugate water-soluble
CdTe/ZnS QDs-DNA was prepared by replacing the thioglycolic acid
on the surface of QDs with capture DNA (thiolated DNA) through a
ligand-exchange method. TEM image was indicated a well-
dispersed crystalline structure of QDs-DNA with an approximately
spherical from and an average diameter of 7 nm. The size and zeta
potential of the QDs after conjugation with thiolated single strand
DNA was changed form 53 nm, —0.6 mV to 220 nm, —28.9 mV,
respectively. The obtained results confirm the attachment of
oligonucleotides on the surface of quantum dots. In detection step,
by adding different concentrations of complementary DNA to a
mixture of quencher labeled DNA (BHQ,- DNA) and QDs-DNA con-
jugates, a sandwiched hybrid system can be formed that it cusses a
quenching of QDs fluorescence as the energy donor part in FRET
experiment. Moreover, the fluorescent CdTe/ZnS QDs-DNA
nanobiosensor was good enough for determination of RNA from
Covid-19 virus in real samples from the saliva of suspected people.
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