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A B S T R A C T

This study aimed to directly detect the V617F point mutation of the Janus kinase 2 (JAK2) gene in the target DNA
using a FRET-based biosensor. The water-soluble GSH-CdTe-QDs were synthesized by a one-step process, then
GSH-QD conjugated to the termini amino-modified oligonucleotides target via carboxylic groups on the QD
surface. The prepared QDs-DNA biosensor was applied in the quantitative and rapid detection of V617F mutation
with a detection limit of 3 � 10�9 mol L�1 based on the FRET mechanism. In other words, detecting the V617F
mutation by bio-sensing technology would be much simpler, cheaper, time-saving, highly sensitive, and more
convenient than molecular diagnostic tools. Furthermore, the nano-biosensor was applied to detect the V617F
mutation in clinical samples compared to the common ARMS-PCR (Amplification Refractory Mutation System-
Polymerase Chain Reaction) standard method.

The results revealed that the GSH-capped biosensors would be effective for V617F mutation detection in
samples distinguished with satisfactory analytical outcomes. Therefore, the designed fluorescence nanoprobe is
suitable for the specific detection of V617F mutation of the JAK2 gene in clinical samples.
1. Introduction

Myeloproliferative neoplasms (MPNs) are introduced as clonal disor-
ders in the affected hematopoietic stem cell, leading to abnormal changes
in peripheral blood and the generation of differentiated mature cells such
as erythroid cells, megakaryocytes, and granulocytes [1, 2]. Multiple
studies have demonstrated that somatic point mutations in the tyrosine
kinase JAK2 protein are diagnosed in MPN disorders [3–5]. Single base
mutation (G1849T) in the JAK2 gene resulted in a valine to phenylalanine
substitution at codon 617 (V617F) in the JH2 pseudo-kinase domain [6–9].
The JAK2mutations and the abnormal changes in signal transduction can
be caused hematopoietic and inflammatory disorders [10, 11]. In the last
years, several molecular-based diagnostic techniques have been widely
used for the detection of V617F mutation, including allele-specific PCR
(AS-PCR), polymerase chain reaction with restriction fragment length
polymorphism (PCR-RFLP), direct sequencing, high-resolution melting
(HRM) analysis, and amplification refractory mutation system (ARMS) [8].
Thus far, despite the advantages of the techniques mentioned above, some
drawbacks such as cost issues, complexity, selectivity and sensitivity,
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time-consuming, low DNA concentration of samples, proficiency, and
contamination can be retained for clinical uses [12–14]. In the recent
decade, bio-and nano-sensing technology have been promising ideas for
addressing these limitations simultaneously due to its unique characteris-
tics for identifying specific genes and mutations [13, 15]. Undoubtedly
quantum dots (QDs) are an attractive kind of fluorescent nanomaterial in
the field of bioassays owing to their optical properties in the F€orster
Resonance Energy Transfer (FRET) phenomenon [16, 17]. Ideally,
comparedwith commonly used fluorescent dyes, QD-FRET probeswith the
QD as the donor have been provided a higher quantum yield (QY), higher
sensitivity, fast response time, narrow emission spectra, long stability and
lifetime, selective fluorescence signal, high surface density for immobili-
zation of oligonucleotide, and the multicolor agents for biological diag-
nostic application [18–20]. The application of QDs FRET-based sensors in
the biosensing of oligonucleotides was introduced by Zhang et al. for the
first time to detect a point mutation in ovarian tumors [21]. Algar et al.
designed another FRET system containing two different colors for the
simultaneous detection of SMN1 (Survival of Motor Neuron 1) and LacZ
(gene for β-galactosidase of E. coli) genes in 2007 [22]. The target DNA
cember 2022
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Table 1. Summary of the probe, primers, and DNA sequences used in this study.

Type Abbreviations Synthesis scale Sequence 5'_ 3'

DNA CTDNA 0.04 μmol TCTCGTCTCCACAGAAACATACTCCATAAT

DNA MCTDNA 0.04 μmol TCTCGTCTCCACAGAGACATACTCCATAAT

DNA SDNA 0.2μmol Cy5-ATTATGGAGTATGTT

DNA PDNA 0.2 μmol TCTGTGGAGACGAGATTTTTTTT-C7Amino

DNA FO 0.04 μmol TCCTCAGAACGTGTATGGCAG

DNA RO 0.04 μmol ATT GCTTTCCTTTTTCACAAGAT

DNA FWt 0.04 μmol GCATTTGGTTTTAAATTATGGAGTATATG

DNA RMt 0.04 μmol GTTTTACTTACTCTCGTCTCCACA AAA

Complementary target DNA (CTDNA), Single base mismatch target DNA
(MCTDNA), Probe DNAmodified with NH2 (PDNA), Single DNA labeled with Cy5
(SDNA), Forward Oligo (FO), Reverse Oligo (RO), Forward Oligo Wild type
(FWt), Reverse Oligo Mutant type (RMt).
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and single mismatch in hepatitis B virus (HBV) gene were detected by
FRET reaction through CdSe/ZnS QDs-DNA bioconjugates [23]. Another
report applied a QDs/DNA-AgNCs (silver nanoclusters) FRET-based probe
to detect BRCA1 (Breast Cancer gene 1) gene deletion mutations with a
detection limit of 1.2 � 10�13M [24]. Besides, the detection of single-base
mismatch mutations in the BRCA1 gene was detected via the FRET
mechanism by CdTe-QDs and AgNCs [24]. Shamsipur et al. have designed
a thiol-capped CdTe-QDs biosensor for rapid detection of human papillo-
mavirus 18 (HPV18) DNA by FRET experiment with high sensitivity [25].
Moreover, a FRET experiment for a multicolor paper-based platform has
been successfully applied to detect target DNA using green and
red-emitting GSH-capped QDs with the limit of detection (LOD) in the
range of femtomole [16]. Furthermore, other research has also been re-
ported for the detection of oligonucleotide targets via FRET principle
[26–30]. Till now, no sensor-based approach like GSH-CdTe-QDs probes
has been reported for the detection of V617F mutation of JAK2 gene. Here
we introduced a CdTe-QDs biosensor for the detection of the V617Fmu-
tation of JAK2 gene. For this purpose, a FRET system was designed con-
taining a CdTe-QDs probe modified with NH2 as the donor and DNA
labeled with Cy5 as the acceptor in the FRET pairs. The FRET phenomenon
was done by forming the classic “sandwich” between QDs-DNA conjugates
and complementary target DNA (Scheme 1). The designed nano-biosensor
was employed for specific detection of single-base mutation in JAK2 gene
(V617F) through a fast and simple operational procedure without any
excess washing and separation of the hybridized solution. Based on fluo-
rescent intensity, the assay can be easily applied for low concentrations of
target DNA. It is noticeable that successful functionalization of the
CdTe-QDs surface and effective conjugating to the oligonucleotide was one
of the advantages of this research. Such QDs-based biosensors can be
suggested for sensitive and specific detection of JAK2mutation as a
time-saving and inexpensive procedure in clinical investigations.

2. Materials and methods

2.1. Chemicals and reagents

Cadmium dichloride (CdCl2), potassium telluride (K2TeO3), L-gluta-
thione reduced (GSH�98%), sodium citrate (Na3C6H5O7.2H2O), sodium
borate (Na2 [B4O5(OH)4].8H2O,3-(3-dimethylaminopropyl), Tris-borate-
ethylenediamine-tetra acetic-acid (TBE), 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC), and N-hydroxysulfusuccinimide (NHS)
and other chemicals were obtained from Sigma-Aldrich. All pre-solutions
were prepared using ultra-pure water (18.3 MΩcm�1). DNA Oligo
Scheme 1. The step by step synthesis
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products, including primers, probes, and templates, were designed based
on the specific part of the JAK2 genome (GenBank accession number
NG_009904.1) using the primer design program Primer3 [31] and
PRIMER1 [32] and synthesized by Metabion international AG (Stein-
kirchen, Germany) as lyophilized powders as listed in Table 1. TheT4
DNA ligase kit was purchased from SinaClon Company (Tehran, Iran).
JAK2 positive clinical samples were obtained from the DeNA laboratory
(Tehran, Iran (https://dna-lab.ir).

2.2. Synthesis and characterization of glutathione capped CdTe QDs

Water-soluble glutathione-capped CdTe quantum dots (GSH-CdTe-
QDs) were successfully prepared according to the previously reported
procedure with slight changes [33]. The green synthesis of
GSH-CdTe-QDs was carried out under open-air atmospheric conditions
using biocompatible compounds. In brief, a precursor solution of the
CdCl2 with a final concentration of 4mM was prepared in 50 mL of
borate-citrate buffer (30mM in ultrapure water, pH 9). The mixture was
stirred for 10 min at room temperature, and then GSH (10 mM) was
added under high stirring as a reducing and capping agent. After 5 min,
K2TeO3 (1 mM) was added, and the mixture was incubated at 90 �C. As a
result, the GSH-CdTe-QDs were stabilized in red color after 120 min, and
the reaction stopped at 4 �C. The GSH-CdTe-QDs were then purified from
the water solution by adding 2 volumes of ethanol via centrifugation at
13000 �g for 15 min, and finally, QDs dried for 24 h at room tempera-
ture. The prepared GSH-CdTe-QDs (1.84 μM) were stored at 4 �C in the
process of developed biosensor.

https://dna-lab.ir
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dark (further details in the supplementary data). The obtained QDs were
quite stable over several months without changing the spectroscopy
properties (Figure S2). The High-resolution transmission electron mi-
croscopy (HRTEM FEI, TECNAI, F20 Philips) analysis was used to
determine the morphology and particle size of GSH-CdTe-QDs. The
Fourier transform infrared (FTIR) spectra of free GSH and GSH-CdTe-QDs
were acquired by an FTIR instrument (FT-IR, TENSOR 27, BRUKER). The
proton nuclear magnetic resonance (1H NMR) spectroscopy (Ascend
850-BRUKER) confirmed the presence of glutathione on the surface of
QDs. The optical responses (absorbance and fluorescence spectra) of
prepared GSH-QDs were recorded by a UV transilluminator (MUV, CA,
USA), Ultraviolet-Visible (UV-Vis) absorption Spectrophotometer
(PG-T80þ, UK), and an Infinite M-200-Pro microplate reader (Tecan,
Austria, GmbH). The Zeta (ζ) potential measurements of GSH-CdTe-QDs
were also done using a Brokhavan Zetasizer Nano (ZS) instrument.
2.3. Coupling and characterization of PDNA to GSH-CdTe-QDs

The functional carboxyl (COOH) groups at the surface of QDs provide
colloidal stability and suitable sites for the covalent attachments to the
amino-functionalized oligos [34, 35]. Self-assembly approaches can
immobilize DNA strands on QDs surfaces [19]. For the preparation of
PDNA-QDs conjugates, we designed a DNA sequence terminated with an
amine (NH2) group at the 30 termini and conjugated to the QDs surface via
the (EDC)/(NHS) standard strategy through amide bond formation [36].
Briefly, 40 μL of purified GSH�QDs (1.84 μM) were added to a glass vial
and diluted with 20 μL of borate buffer (50 mM, pH 7.2), and an aqueous
solution of EDC/NHS (10 μL, 50 mM) under a stir bar. The mixture was
vortexed for 30 s. Subsequently, 20μL of PDNA (50 μM) was added to the
above solution and then incubated undermild agitation for 1hour at 25 �C.
The prepared PDNA-QDs conjugates were transferred to an Eppendorf
microtube and centrifuged at 20000 rpm for 10 min. The supernatant was
discarded, and the PDNA-QDs conjugates were suspended in borate buffer.
PDNA-QDs solution was stored at 4 �C until future uses [17]. Gel elec-
trophoresis assay and ζ-Potential measurements were performed on
GSH-QDs and PDNA-QDs conjugates to confirm the conjugation of PDNA
on the surface of QDs [22, 37]. Agarose gel (1%) prepared in TBE buffer
(0.5X, pH 8.0). The electrophoresis was run at 80V for 40min, and then the
bands were visualized by UV transilluminator at 365nm.
2.4. Hybridization

Detection of CTDNA was carried out by hybridization reaction in a
constant volumeof buffer solution containing Tris–HCl 10mM,NaCl 0.1M,
MgCl2 5mM,EDTA10mM, pH8.0. In brief, 80 μL of PDNA-QDs conjugates,
10 μL of SDNA (10 μM) and the calculated amounts of CTDNA/PDNA-QDs
(R) (R ¼ 200, 100, 50, 20, 10, 5, 2, 0.5, 0) with equal concentrations (1.5,
0.75, 0.3, 0.15, 0.075, 0.03, 0.012, 0.003, and 0 μM in final solution,
Figure 1. (a) Low resolution and (b) High resolution TE
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respectively) were mixed in Tris buffer solution. In this experiment, the
amount of PDNA-QDs conjugate andSDNAwerekept constant, andonly the
amount of the CTDNA was changed, whereas the total volume of reaction
wasconstant (200μL).The reactionwasallowed tokeepat37 �Cfor1hrand
then cooled to 4 �C. The fluorescent measurements were also carried out at
λex: 420 nm. Tris buffer was used as a blank.
2.5. Fluorescence detection of a single base mutation in JAK2 gene

A detection experiment of single base mismatch mutation was per-
formed in aT4 ligationbuffer. Toaccomplish the reaction, 140μLof PDNA-
QDs conjugate with 20μL of SDNA (10 μM), 20 μL of MCTDNA (10 μM),
were added to 30 U of T4 DNA ligase, and 20 μL of T4 ligation buffer (230
μL total volume). Finally, themixturewas incubated at 37 �C for 1 hr. After
cooling, the fluorescence measurements were taken on an Infinite M-200-
Pro microplate reader instrument (Tecan, Austria, GmbH).
2.6. Mutation detection by ARMS-PCR assay as a standard protocol

Genomic DNA was extracted from peripheral blood samples using the
salting-out method [38]. Next, the concentration of the DNA samples was
measured by the NanoDrop 2000/2000c spectrophotometer (Thermo
Scientific, USA) and stored at -20 �C for further analysis. PCR reaction
consisted of 12.5 μL 2x PCR master mixes (Fermentas, USA), 200 ng of
DNA template, 50 nM of each primer (RO, Fwt, FO, and RMt), and
nuclease-free water up to 25 μL.

The ARMS-PCR assay was performed, as the gold standard method for
detection of the V617F point mutation in clinical samples, by a Thermal
Cycler (iCycler, Bio-Rad, USA) instrument under the following program;
initial denaturation cycle at 95 �C for 5 min, 40 cycles of template
denaturation at 95 �C for the 30 s, annealing at 59 �C for 30s, extension at
72 �C for 30 s, and, final extension holds at 72 �C for 7 min [39]. The
mutant and non-mutant DNA templates were used as a positive and
negative control, respectively. Then, the PCR amplicons were charac-
terized by gel electrophoresis in 2% agarose gel in TBE buffer (0.5x, pH
8.0). The gel electrophoresis was run at 100 V for 45 min, and the
samples were visualized by a UV transilluminator. This study was
approved by institutional ethical committee of Zanjan University of
Medical Sciences (Ethical code: IR. ZUMS.REC.1398.459).

3. Results and discussion

3.1. Synthesis and physical characterization of QDs

The choice of a donor molecule with colloidal stability and high
quantum yields is also notable for the success of the FRET mechanism.
Indeed, some literatures reported that the best fluorescence yields are
attributed to larger QDs [40–42]. In this regard, red GSH-CdTe-QDs were
M images and (c) SAED pattern for GSH-CdTe-QDs.



Figure 2. Agarose gelelectrophoresis (1%) in TBE buffer 0.5x of the GSH-CdTe-
QDs (lane 1) and PDNA-QDs conjugate (lane 2).

Figure 3. Normalized UV�vis absorption spectra and FL spectra of the pure
GSH-CdTe-QDs, PDNA-QDs conjugate and Cy5 at λem: 420nm.
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synthesized after 120 min and optimized for this study (further details in
Figure S2 of supplementary data). Furthermore, the structural and optical
characterizations of the prepared GSH-CdTe-QDs were analyzed by the
HR-TEM, FT-IR, 1HNMR, UV-Vis, and Fluorescence (FL) spectroscopy.
Indeed, the size and morphology of GSH-CdTe-QDs as a tiny core nano-
crystal can be exactly evaluated by the HR-TEM microscopy technique
[43]. As shown in HR-TEM and SAED pattern micrographs (Figure 1) the
synthesized GSH-CdTe-QDs exhibit cubic crystalline structure. CdTe
displays a cubic crystalline structure that allows it to function as a
semiconductor. The size of the QDs varies between 3-4 nm in
ultrapure-water pH 7.4. Besides, the insertion of CdTe-QDs nanocrystals
in the GSH layers can increase the stability of the synthesized QDs.

Further, FT-IR and 1HNMR techniques have been used for the surface
binding characterization of the QDs [44]. For further confirmation, the
NMR experiment was applied for ligands attached to distinguish the GSH
in a free state and bound to the CdTe-QDs surface [45]. The FT-IR and
NMR studies revealed that the GSH ligands had been successfully con-
jugated onto the CdTe-QDs surface through Cd–S covalent interactions
(further details in Figure S3 at supplementary data).

3.2. PDNA-QDs conjugate characterization

Electrophoretic mobility shift assay and ζ-Potential measurements
were convenient methods to characterize the QDs before and after
conjugation. As previously reported, the electrophoretic velocity of the
bio-conjugate materials resulted in charge-to-mass ratio changes, which
can be verified by gel electrophoresis [46, 47]. Mobility shift assay can
prove the successful attachment of PDNA onto the surface of
GSH-CdTe-QDs. The results of gel electrophoresis analysis using 1% w/v
agarose in 0.5x TBE buffer of GSH-CdTe-QDs and PDNA-QDs conjugates
have been indicated in Figure 2. In lane 1, GSH-CdTe-QDs and in lane 2,
PDNA-QDs conjugates were loaded. As shown in Figure 2, PDNA-QDs
conjugates immigrated faster than GSH-CdTe-QDs, which is caused by
the conjugating of the PDNA to the GSH-CdTe-QDs surfaces increasing its
negative charge. Besides, electrophoretic behavior changes can be
attributed to the conformation of PDNA-QDs conjugates the ζ-Potential
changes further confirmed the attachment of PDNA to QDs. PDNA
presence at the surface of QDs after the coupling increases its negative
charge. The ζ-Potential values were obtained -35 and -80 mV for
GSH-CdTe-QDs and PDNA-QDs, respectively, which fully confirms the
coupling of the positively charged NH2-modified PDNA to the negatively
charged GSH-CdTe-QDs. Significantly, the conjugation efficiency of the
(EDC)/(NHS) standard procedure used in this study depends on pH value.
The optimized pH for the typically used EDC/NHS mediated reactions
has been investigated at 6–8. At very acidic or alkaline conditions, the
fluorescence responses of thiol-capped QDs bioconjugates can be
decreased and become unstable. For example, the coupling yield and the
number of captured DNA on each QD significantly decreased at pH 8.0
and 6.0, respectively. Therefore, the pH of 7.2 around physiological pH
was utilized to balanced efficiency and stability in the conjugation re-
action [24, 48].

3.3. Optical characterization

Totally, the spectral properties of the fluorescence pair affect FRET
efficiency for the bio-sensing process. Figure 3 represents the absorbance
and emission spectra properties of GSH-CdTe-QDs, PDNA-QDs, and Cy5
as a designed FRET-based system. To determine the best excitation
wavelength and minimize the inner filter effects, the experiments were
done at λex attributed to concentrations of CdTe-QDs that absorbance
density is < 0.1. In this regard, the λex can be set according to the longest
wavelength absorption band at the red edge of fluorescent spectra.
Therefore the excitation wavelength was chosen at 420 nm as λex for
further experiments [49]. As shown in Figure 3, the broad absorption
band of the GSH-CdTe-QDs allows flexibility in choosing a suitable
excitation wavelength to excite the QDs with minimum interference from
4

background emission. Due to the significant spectral overlap as a
requirement of FRET between the PDNA-QDs and Cy5, the FRET phe-
nomenon can be accrued between QDs and Cy5 as donor-acceptor pairs.
Additionally, according to Figure 3, it is observed that the coupling of
PDNA did not interfere with the absorption and emission spectra
GSH-CdTe-QDs. As a result, the size of QDs upon conjugation was nearly
mono-disperse and homogeneous as GSH-CdTe-QDs with no change in
their optical properties. The fluorescence spectrum of GSH-CdTe-QDs
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and PDNA-ODs were shown very narrow emission bandwidths with
similar FWHM (full width half maximum) of about 40nm. The result
suggests that the GSH-CdTe-QDs and Cy5 were ideal fluorophores as a
FRET pairs that permitted FRET occurrence exactly. To evaluate the FRET
efficiency of this fluorescent probe, the quantum yield (Ф) of the pre-
pared QDs was estimated at 20% (using the fluorescein as a standard
fluorophore), in agreement with the other thiol-capped QDs as reported
in the literature.

Fluorescence quantum yields of QDs calculated using a relative
method. The fluorescence quantum yield of fluorescein was obtained at
90% (in 0.1 M NaOH solution) of the literature. [Ф] for the synthesized
QDs was determined according to the following equation:

∅¼∅standard
n2

n2
st

�
A
ASt

�

Where Ф was the quantum yield, n was the refractive index of solvent
(1.33 for water and 1.335 for NaOH), and A is the slope of the plot of
integrated fluorescence intensity vs. absorbance [41, 50–52] (further
details in Figure 4).

F€orster distance (R0), the distance of the donor-acceptor pair at 50%
FRET efficiency typically in the range of 2–10 nm, in our FRET system
obtained~7 nm, according to previous studies. The FRET parameter was
calculated using the analytical-based software [53, 54] (further details in
the supplementary data).
3.4. FRET detection

The FRET-based experiment was done to detect V617F mutation in
the JAK2 gene. To evaluate the sensing capability of nanoprobe for
detecting the CTDNA, we assembled the PDNA-QDs conjugation in the
presence of CTDNA and SDNA. They formed a PDNA-QD/SDNA/CTDNA
complex through the hybridization reaction. The hybridization reaction
was accomplished bymixing the varying ratios from CTDNA to PDNA-QD
(R) in Tris buffer as solvent. When the sandwich complexes exited at λex:
420 nm, the spectral overlap, and cross-talk between PDNA-QDs and
SDNA lead to energy transfer to the Cy5 dye, resulting in a FRET signal
that can be utilized to recognize CTDNA with high efficiency. In order to
evaluate the concentration effect on the FRET response, a range of con-
centrations containing 1.5, 0.75, 0.3, 0.15, 0.075, 0.03, 0.012 and 0.003
μM of CTDNA was examined.

After adding CTDNA into the hybridization solution, it formed a
sandwich structure with PDNA-QDs and SDNA. When several sandwich
hybrids are successfully formed in each local concentration of targets,
signal QDs enriched in a nanoscale domain. Due to hybridization inter-
action in the CTDNA, SDNA and PDNA-QDs are placed at a satisfying
Figure 4. (a) FL spectra of nano-biosensor containing various concentrations of comp
QDs, MCTDNA and CTDNA target (R ¼ 100) in Tris buffer and at λem: 420nm.
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distance of the F€orster radius (R0), resulting in the transfer of energy via
the FRET phenomenon. In this manner, the indirect excitation of Cy5 at
the excitation wavelength of the QDs allowed CTDNA qualitatively to
distinguish with a very low background signal. Figure 4a shows the
fluorescence spectra of Cy5, Tris buffer (as a blank solution), nano-
sandwiched hybrid, and non-hybrid systems. The direct excitation of
Cy5 at the excitation wavelength of QD was investigated as variable
control in this experiment. As indicated in Figure 4a, tris buffer and Cy5
alone have no significant emission when they exited at the excitation
wavelength of GSH-CdTe-QDs. In the absence of CTDNA (R ¼ 0, as a
negative control), the pairing does not occur, and therefore, fluorescence
is only emitted from PDNA-QDs. Figure 4a clearly indicated that all the
hybrid nano-sandwiches containing the different concentrations of
CTDNA showed a stoke shift at the emission maximum position
compared to the negative control (R ¼ 0, containing PDNA-QDs and
SDNA with constant concentrations). Generally, the stoke shift to the
higher wavelength (redshift) is related to the size increase of QDs [40,
42].

Furthermore, with the increase of the CTDNA fragments, the hydro-
dynamic radius of QDs samples increased due to the aggregation of
sandwich structures. Therefore, as the number of hybrid nano-
sandwiched increased on the QDs surface, fluorescence emission
spectra of the samples shifted to longer wavelengths due to the size in-
crease of hybrid molecules. In addition, as observed, the FRET efficiency
promotes by an increasing number of hybrid molecules and a redshift in
the emissionmaximum of hybrid molecules at the wavelength close to λex
of the Cy5. These relative changes in the system's fluorescence intensity
can result in the FRET phenomenon occurrence.

To examine the selectivity of the nanoprobe, a hybridization reaction
was carried out to distinguish the MCTDNA from the CTDNA. As shown
in Figure 4b, the fluorescence emission spectrum of the PDNA-QDs has no
prominent change in the presence of the MCTDNA (at a ratio of R ¼ 100)
compared to the fluorescence emission spectrum of the PDNA-QDs. Be-
sides, this result reveals that the FRET reaction did not occur between
PDNA-QDs and SDNA in the presence of MCTDNA. Furthermore, sug-
gesting that MCTDNA fragments could be sensitively and selectively
distinguished by QDs bio-probe as well as CTDNA.

The limit of detection (LOD) of the nano-sandwiched system was
calculated to be 3 � 10�9 mol L�1 using the Stern�Volmer equation (F0/
F ¼ 1 þ Ksv [Q]), where F0/F is the intensity fluorescence of PDNA-QDs
nanoprobe. In this equation, the fluorescence intensity of PDNA-QDs
nanoprobe in the absence and presence of SDNA probe and comple-
mentary DNA are signed by F0 and F, respectively, the [Q] is the CTDNA
concentration, and Ksv constant is signed as the fluorescence lifetime or
quenching coefficient of the system (as the slope of the Stern-Volmer
curve) [26, 55, 56].
lementary DNA (R) in Tris buffer and at λem: 420nm; (b) FL spectra of the PDNA-



Figure 5. (a) Fluorescence responses of a hybrid system containing different concentrations of V617F samples were recorded at λem: 420nm, that F0 and F are
attributed to the fluorescence intensities of PDNA-QDs in the absence and presence of SDNA-probe and V617F DNA samples, respectively. (b) Representative agarose
gel electrophoresis (2%) of ARMS-PCR assays for different concentrations of V617F DNA samples under light UV (362nm).
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Herein, the Stern�Volmer equation was obtained as Y ¼ 15.487 X þ
1.0696 at five concentrations levels of 0.075, 0.03, 0.016, 0.012 and
0.007μM with a regression (r) of 0.9848.

3.5. Detection of V617F mutation in clinical samples by biosensor

To validate the practicality and feasibility of the designed fluorescent
probe in the clinical samples, the nanoprobe system was examined for
V617F mutation detection in the clinical setting. So, the different con-
centrations (0.7, 0.3, 0.15, 0.07, 0.03, 0.015, 0.0075, and 0.003 μM in
final solution) equal with R (100, 50, 20, 10, 5, 2, 1 and 0.5, respectively)
of V617F positive samples were tested based on a hybrid system by
biosensor. It should be noted that this experiment was done under the
conditions mentioned above for a CTDNA. Also, to evaluate the accuracy
of the biosensor, ARMS-PCR was performed for the qualitative detection
of mutation in clinical samples (ranges of 3, … and 0.01 � 10�12μM)
compared to the biosensor assay. In these experiments, DNA samples
from the healthy volunteerswere tested (DNA without mutation, R ¼
100) as a negative control. The fluorescence intensity or FRET signal as
the response function (F0–F) of the biosensor was evaluated for different
concentrations of V617F positive samples as target molecules at λem:420
nm Figure 5 indicated the plot of (F0–F) (a) and gel electrophoresis image
(b) containing different concentrations of V617F positive samples. Here,
a linear relationship exist between the fluorescence response function
and V617Fmutationat both low and high concentrations. The linearity
with regression of 0.9942 and 0.9894 were obtained for the detection of
V617Fmutationin this study. In addition, the FRET signal can gradually
be saturated in the higher concentration of target DNA which was
assigned to the depletion of the active hybridization sites onto the QDs
surface. Too, due to the depletion of the available sites, the linearity
behavior in the higher concentration can differ compared to the lower
concentrations. As indicated in Figure 5a, the planned biosensor showed
good selectivity for V617F mutation detection in the clinical samples.
The response function of a hybrid system containing the target DNA
decreased with decreasing concentration. In addition, if the concentra-
tion is higher, the response function is also more, resulting in much en-
ergy transferring from PDNA-QDs to the SDNA probe at a higher
concentration. Additionally, there are no sandwiched hybrids and FRET
reactions in the negative real sample. As a result, the fluorescence in-
tensity [F] there is no change compared to [F0] (fluorescence intensity of
PDNA-Qds). Thus, the response function of the biosensor [F] is the same
F0 (F0–F ¼ 0). This result suggested that the biosensor clearly and
selectively distinguishes between positive and negative samples. As
shown in Figure 5b, the FO and RO common primers produced an
amplicon size of 463 bp from the JAk2 gene. Indeed, the 229 and 279 pb
6

bands attributed to wild-type and mutant allele, respectively, indicating
the presence of the V617F mutation as a heterozygote. As can be seen
from Figure 5b, the bands of the amplification products JAK2 DNA were
obvious for the concentration’s ranges of 3–0.0037 μM; the bands related
to 0.0075 and 0.0037 μM concentrations are very weak. As shown in
Figure 5b, there is noPCR band in values of 0.0018,….,0.01 � 10�12 μM
for the amplification products. As a result, the outcomes of the fluores-
cence assay had good agreement with the results of the ARMS-PCR
method.

4. Conclusion

Herein, a versatile and simple diagnostic tool was designed for the
detection of theV617F mutation in the JAK2 gene. We prepared a fluo-
rescent biosensor based on carboxyl-functionalized-CdTe-QDs attached
with amino-modified DNA. Fabrication and application of QDs-based
biosensors are simple and efficient for diagnostic approaches. The
biosensor for the sensitive detection and selective hybridization of target
DNA was examined based on the FRET signals. The “nano-sandwiched”
hybrid structures composed of the QD-dye pair and CTDNA are formed
that promote the fluorescence intensity of Cy5 acceptor by transferring
energy in the donor-acceptor complex through the FRET mechanism. In
addition, the maximum emission wavelength for the bioprobe showed a
significant redshift near the emission maximum of Cy5. We found that
the further redshift and increasing fluorescence intensity at a higher
concentration of target molecules occur simultaneously. Herein, the
number of sandwiched hybrid structures has been increased with a more
effective and higher yield for the FRET reaction. FTIR, HR-TEM, and 1H
NMR analyses characterized the GSH-CdTe QDs. Zeta potential and
fluorescence measurements were done before and after conjugation.
Furthermore, the prepared nano-biosensor could also successfully
discriminate and detect the V617F positive clinical DNA samples, indi-
cating that the nano-biosensing can be valuable for performing quanti-
tative analysis in biological diagnosis and clinical practice.
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