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MicroRNA-155 regulates the expression of 147 target genes that are involved in cancer pathways, and its
expression level has been shown to be up-regulated in breast cancer. Thus, it is necessary to investigate
the value of microRNA-155 for early diagnosis and prognosis of breast cancer. Here we present a novel
and “light shift" spectral method for the detection of miRNA based on different thermo-responsive
aggregation/disaggregation of CdTe quantum dots (CdTe QDs) by using single stranded DNA or a DNA/
RNA heteroduplex as a template after heat treatment. In this method upon addition of the DNA/RNA
heteroduplex, the CdTe QDs aggregate strongly due to their strong interaction with the double stranded
nucleic acid, which results in fluorescence quenching. By applying the melting temperature (T,,,), the
DNA/RNA heteroduplex denatures and two strands are dissociated, which disaggregates the QDs,
effectively switching to fluorescence emission of QDs. These processes were investigated with Atomic
Force Microscopy (AFM) and fluorescence spectroscopy. The proposed method has been used also for
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1. Introduction

MicroRNAs (miRNAs or miRs) are small single stranded non-
coding RNA that regulate the expression of multiple genes.*
The difference in the expression level of miRNAs causes the
onset of diseases, including several cancers, such as breast
cancer (BC).” In general, miRNAs are often classified into two
categories: oncogenic miRNAs (“oncomir”) (act by expression of
tumor suppressor genes) and the tumor suppressor miRNAs
(act by silencing oncogenes).? MiR-155 is an oncogenic miRNA
or a tumor suppressor.* Recently, several studies showed that
up-regulation of miR-155 occurred in BC and which make it an
appropriate biomarker for BC diagnosis.>® Conventional tech-
niques for detecting miRNAs are northern blotting, reverse-
transcription polymerase chain reaction (RT-PCR), and miRNA
arrays. However, all of these methods display some limitations
and do not meet the current demands. So, there is an urgent
need to develop efficient and low-cost miRNA detection
methods. To that end, the rapid development of nanotech-
nology has resulted in new tools for DNA and miRNA detection,
including nanoparticle-derived probes, isothermal amplifica-
tion, electrochemical methods, and DNAzyme based
reporters.®*
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and normal human embryonic kidney cell line (HEK 293).

Recently, the unique photophysical and electronic properties
of semiconductor nanoparticles or quantum dots (QDs) have
attracted extensive application studies in many fields, especially
in biosensing and biomedicine imaging.'® Similar to other
nanoparticle colloids such as gold nanoparticle, the distur-
bance in the surface charge of QDs exerts a great influence on
the stability of its corresponding suspension, and meanwhile,
fluorescence change and a bathochromatic shift (also
commonly called a red shift) of the fluorescence emission peak
happens due to the particle aggregation caused by this impaired
stability in surface charge.' There are several advantages in
using QDs such as narrow excitation bands, small effective
Stokes shifts, broad emission bands, and susceptibility to
photobleaching.™ The fluorescence transduction of QDs to the
direct interactions occurring at the surface is very sensitive in
such a way that these interactions have significant importance
in the efficiency of the radiative recombination, either leading
fluorescence activation or quenching. These changes allow us to
specifically identify a particular analyte in a complex mixture.*®
Previously, researchers described hydrogen-bonding interac-
tions between oligonucleotides and quantum dots capped with
mercaptoacetic acid ligands.”® Other results showed that the
chalcogenide QDs interact electrostatically through their own
metallic center of the with the oxygen or nitrogen site of DNA
bases. On the other hand, The chalcogenide QDs interact
strongly with negatively-charged phosphate groups on the DNA
backbones due to their positive charge of metal ions.**"*
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Scheme 1 Schematic representation of the fluorescent behavior of
bare QDs before (a) and after (b) heating and their spectra and
photographs of them before and after heat treatment.
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Scheme 2 Schematic representation of the fluorescent behaviour of
ssDNA-QDs complex before (a’) and after (b') heating and their
spectra and photographs of them before and after heat treatment.

We used aggregation assay of CdTe QDs using heteroduplex
as a new fluorescent nanosensor to achieve the objectives of the
miRNA analysis. We showed that both the quenching and
a bathochromatic shift mechanisms could be occurred before
and after denaturation of heteroduplex, respectively, through
aggregation/disaggregation between QDs and DNA/miRNA
heteroduplex. Here, this nucleic acid heteroduplex aggregates
thioglycolic acid (TGA)-stabilized CdTe QDs; and as a result,
fluorescence quenching occurs.”**> Applying melting tempera-
ture (Ty,: is defined as the temperature at which half of the
double strand begins to dissociate), resulted in a larger Stoke's
shift emission change upon the de-aggregation,**® which
depends on the concentration of miRNA. This is due to the
shorter distances between the CdTe QDs in the heteroduplex
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Scheme 3 Schematic representation of the fluorescent behavior of
dsDNA/miR-155—-QDs complex before (a”) and after (b”) heating and
their spectra. Photographs of them before and after heat treatment.

than that of the single strand and free CdTe QDs, which can
increase the dipole-dipole interaction between the CdTe QDs,
resulting in a larger Stoke's shift emission change (Schemes 1-
3). The proposed method can be used as a highly selective
nanosensor for duplex/heteroduplex nucleic acid detection. The
present assay was successfully applied for the determination of
miRNA-155 in human breast cancer cells (SK-BR-3). The
implemented miRNA can also be replaced with other miRNAs.

2. Experimental
2.1 Apparatus

All fluorescence measurements were monitored using a Perkin
Elmer LS-55 fluorescence spectrometer with a xenon lamp as
source of excitation while the spectral band widths of mono-
chromators for excitation and emission were 10 nm. (Buck-
inghamshire, UK). The size and morphology of CdTe QDs were
measured by Atomic Force Microscopy (AFM) (NT-MDT, Zele-
nograd, Russia). UV-vis spectroscopy was performed by a Spe-
cord 250 spectrophotometer (Analytik Jena, Germany).

2.2 Materials and reagents

Fetal bovine serum (FBS), Dulbecco's modified Eagle medium
(DMEM), and penicillin/streptomycin were purchased from
Gibco (USA). Oligonucleotides were synthesized and purified by
Pishgam Biotech Co (Tehran, Iran), and their sequences were
listed in Table S1.1 All DNA samples were purified by PAGE and
prepared with TE buffer (1 M Tris-HCl, 0.5 M EDTA). Cd(NO3),,
tellurium powder, thioglycolic acid (TGA) and sodium borohy-
dride (NaBH,) were purchased from Merck and cell culture lysis
reagent (CCLR), 5X was purchased from Sigma Aldrich. All other
commercially available substances were purchased from
Aldrich, Merck and Acros and used without further purification.
All other reagents were of analytical reagent grade and ultrapure

RSC Adv., 2018, 8, 30148-30154 | 30149
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water (Milli-Q plus, Millipore Inc., Bedford, MA) was used in the
reactions.

SK-BR-3 cells (human breast cancer cell line) and HEK 293
cells (from normal human embryonic kidney cell line) were
used in this study. SK-BR-3 and HEK 293 cells were received
from Pasteur Institute, National cell bank of Iran.

2.3 Preparation of samples for atomic force microscopy
(AFM) imaging

AFM imaging was performed on DNA probes and DNA/miR-155
heteroduplex samples were deposited on freshly cleaved mica
sheets. For this, 1 x 1 ¢cm mica slides were soaked in 5 mM
MgCl,. 2 min after, the surface was rinsed with ultra-pure
distilled water and dried at room temperature. Then, 50 pl of
samples in 1 mM MgCl, were spotted onto mica plates and
dried at room temperature. After washing the samples with
deionized water and drying, AFM imaging was done on a Solver
PRO AFM system (NT-MDT, Russia), in a semi-contact (tapping)
mode, using Si-gold-coated cantilevers (NT-MDT, Zelenograd,
Russia) with a resonance frequency of 375 kHz. Images were
recorded in height mode, and Nova image processing software
(NT-MDT, Zelenograd, Russia) was used for data processing and
particle analysis.

2.4 Preparation of TGA capped-CdTe quantum dots

The experimental procedure was based on previously reported
works.?”*”3® In summary, Cd solution (0.4 mmol) and thio-
glycolic acid (TGA) (1.4 mmol) were solvated in 80 ml distilled
water with pH adjusted to 10.0 using NaOH solution. Next,
sodium borohydrate (0.8 mmol) and Te powder were diluted in
10 ml distilled water in a flask, with vigorous stirring under
argon flow. The mixture was heated to 80 °C to get a clear red
NaHTe solution. Cd-TGA solution was heated at 100 °C under
argon flow in a 250 ml three-neck flask. Then the freshly
prepared NaHTe solution (4.0 ml) was added to the flask, and
the resulting solution was refluxed at 100 °C for 2 hours.

2.5 Cell culture

SK-BR-3 cells (human breast cancer cell line) and HEK 293 cells
(from normal human embryonic kidney) were cultured in 25
em?” tissue culture flasks (SPL, Korea) with 5 ml Dulbecco's
modified Eagle's medium (Sigma, UK) containing 10% heat
inactivated fetal bovine serum (Gibco), 100 U ml™" penicillin
(Sigma, UK). Cell lines were grown at 37 °C in a humidified
atmosphere of 5% CO, and 95% air for 5 days until the cell
monolayer became confluent. Growth medium was replaced
with fresh media every 2 days or as required, indicated by color
change due to production of lactic acid and CO, which leads to
low pH. Upon reaching at least 80% confluence, the cells were
washed with phosphate buffered saline (PBS) and trypsinized
for 10 min at 37 °C with 0.05% trypsin.

2.6 Total RNA extraction

Cell samples was disrupted and total RNA was extracted from
SK-BR-3 and HEK 293 cell lines using Cell Culture Lysis Reagent
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(CCLR). Approximately 2.0 x 10° cells were collected by low-
speed centrifugation at 1000 rpm for 10 min. Culture medium
was carefully removed and the pellet was washed twice with
PBS. After carefully removing the PBS, 600 pl CCLR buffer was
added. Cells were gently resuspended in CCLR buffer with
a vortex and incubated for 20 min. Subsequently, 0.2 ml chlo-
roform was added followed by a 20 s violently vortex. Next, the
mixture was centrifuged for 20 min at 13 000 rpm at 4 °C by
refrigerated centrifugation. Adding the same volume of iso-
propyl alcohol to the upper water which has been taken out and
mixing evenly in —20 °C precipitation for the night. Afterward,
centrifugation for 20 min at 13 000 rpm at 4 °C was carried out.
Next, the supernatant was removed and the rest was washed by
80% ethanol with DEPC water followed by centrifugation for
20 min at 13 000 rpm at 4 °C. The ethanol was volatilized
(letting the tube dry) and the purified RNA was dissolved in an
appropriate volume of DEPC water.

2.7 Assay procedure

In order to determine the hybridization effects of miRNA targets
on fluorescence intensities, different concentrations of miR-155
targets (from 20 to 100 pM) were added to 10 pl of the probe
DNA (100 pM) in 40 pl of phosphate buffer (20 mM, pH = 6.5)
and heated to 90 °C for 10 min (denaturation step). The
hybridization was carried out by incubation at 37 °C for 1 h
(annealing step). After incubation, 10 pl of green QDs (100 pM)
was added to above solutions. All samples were heated to the set
temperature (90 °C) in hot plate. All fluorescence experiments
were carried out for all samples before and after heat treating at
room temperature.

2.8 Agarose gel electrophoresis analysis of oligonucleotide-
QDs interaction

Agarose gel (3% v/v, high melt, medium fragments, Chemos
CZ, s.r.o., Prague, Czech Republic) was prepared with 1x TAE
buffer (40 mM Tris, 20 mM acetic acid and 1 mM ethylene
diamine tetraacetic acid). 5 pl of samples were prepared with
5% (v/v) bromophenol blue and 3% (v/v) glycerol and loaded
into a gel. The electrophoresis was run at 60 V and 6 °C for
20 min and visualized by UV trans illuminator (312 nm). The
mixture samples including ssDNA, dsDNA/miRNA and their
corresponding interacted samples (with QDs) were loaded into
the gel lanes.

3. Results and discussion

3.1 Thermo-responsive based aggregation/disaggregation of
CdTe QDs

In this paper, we report a novel single — color fluorescence “off-
on” switch system by applying melting temperature (7,,,) for
sensitive miRNA detection. The system was composed of TGA-
capped CdTe QDs (TGA-capped CdTe QDs characterized in Fig
S1}) in presence of sSDNA and DNA/miRNA heteroduplex and
their different thermo-responsive at T,,,. Quantitative detection
of miRNA could be achieved by measuring the intensity and
color change in fluorescence of the reaction solution before and

This journal is © The Royal Society of Chemistry 2018
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after heat treating, respectively. Firstly, the CdTe QDs with
maximum emission of 530 nm (green QDs) and disperse
nanoparticles was prepared (Scheme 1a). After heating, the bare
QDs solution emitted at 536 nm (green-yellow fluorescence) due
to repulsion force reduction between the QDs (Scheme 1b).

Upon addition of the single-stranded DNA probe to QDs
solution, no significant difference was observed in the emission
of QDs (Scheme 2a’). It has been suggested that ssDNA (with
positive charge of bases) can be rapidly adsorbed onto nega-
tively charged thioglycolic acid capped CdTe QDs surface to act
as a coating and stabilizer and therefore by applying melting
temperature, the fluorescence emission was completely
changed to yellow emission (at 575 nm) (Scheme 2b/).

But after addition of miR-155 and duplex formation with
DNA probe, the interaction between chalcogenide QDs and
DNA/miRNA heteroduplex*’ results in aggregation of the QD
nanoparticles and their UV-vis absorption coefficient is reduced
and therefore, their fluorescence intensity also is reduced
(“signal off”)**32 (Scheme 3a’). Then, by applying melting
temperature, DNA probe strand dissociated from miRNA and
red emission (at 615 nm) can be observed (“signal on”)**-¢
(Scheme 3b'). This is due to the shorter distances between the
CdTe QDs in the dsDNA/miRNA than that of the ssDNA and free
CdTe QDs, which can increase the dipole-dipole interaction
between the CdTe QDs resulting in a larger Stoke's shift emis-
sion change.”

3.2 Atomic force microscopy (AFM) analysis

In order to confirm the hypothesis of CdTe QDs aggregation in
the presence of double-stranded nucleic acid (DNA/miR-155
heteroduplex), and measuring the amount of QDs disaggrega-
tion in high temperature, AFM has been carried out on samples
(Fig. 1). AFM spectroscopy was expected to confirm these
interpretations by direct imaging of surface topographies.

Fig. 1 3D images of CdTe QDs by Atomic Force Microscopy (AFM)
scanning of mica surface (3 x 3 um) prepared by the solution of (A)
single strand DNA + QDs before heat treatment, (B) single strand DNA
+ QDs after heat treatment, (C) double stranded DNA/miR-155 + QDs
before heat treatment and (D) double stranded DNA/miR-155 + QDs
after heat treatment.

This journal is © The Royal Society of Chemistry 2018
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As shown in Fig. 1B, AFM results indicate that by applying T,
the CdTe QDs are dissociated (uncovered) from DNA probe and
free DNAs can provide a short inter QDs distance with larger
dimensions with a mean diameter of 80 nm in comparison to
DNA-probe@QDs (Fig. 1A) in normal conditions with a mean
diameter of 30 nm.

In the presence of miR-155 target and duplex formation with
DNA probe, the QDs aggregate and induce a super-molecular
structure with a mean diameter of 200 nm (Fig. 1C). But after
applying Ty, the double-strands begins to dissociate from each
other and following that the QDs de-aggregated relatively
reaching a mean diameter of 80 nm (Fig. 1D). These results are
in good agreement with fluorescence emission data in Schemes
2 and 3. And also we took TEM images (Fig. S21) from
aggregation/disaggregation phases of double stranded DNA/
miR-155@QDs.

3.3 Optimization conditions

In order to obtain the best performance, some effective condi-
tions such as different CdTe QDs concentration, heating time
duration and high temperature were optimized.

The efficiency of this assay is greatly dependent on the
appropriate molar ratio between the quantum dot and DNA
probe. Fig. S3(A)t exhibits the fluorescent emission spectra at
different molar ratios of QDs to DNA probe (10, 1 and 0.1,
respectively). Molar ratio 1 : 1 was chosen as the optimum ratio,
because it led to significant difference in fluorescence intensity
between ssDNA and dsDNA/miR-155. In fact, we chose
a concentration of the CdTe QDs in which the ratio has the most
quenching effect in the presence of dsDNA/miRNA and the
smallest quenching in the presence of a single strand DNA probe.

Fig. S3(B)f shows the effect of different temperature (50 °C to
100 °C) with the addition of dsSDNA/miR to CdTe QDs. When the
temperature was at 90 °C, the color change of fluorescence (red
shift) was maximized. It seems that at this temperature the DNA
strand is dissociated from RNA strand well.

Finally the effect of heating time duration for dsSDNA/miR-
155 and CdTe QDs over the range of 1-20 min was studied. As
shown in the Fig. S3(C),} incubation times which were about
15 min resulted in complete red shift of the QDs fluorescence
signal. On the other hand, those more than 15 min had no
significant difference compared to incubation time of 15 min.
Therefore, 15 min was regarded as the best choice.

As shown in Fig. 24, the hybridization with increasing amounts
of target miR-155 can specifically decrease the fluorescence
intensity of the TGA-CdTe QDs. The decrease fluorescence inten-
sities are linearly proportional to the concentrations of target miR-
155. After applying T, with increasing miR-155 concentration the
maximum photoluminescence (PL) emission wavelength showed
a red-shift from 580 nm to 615 nm, while the PL emission wave-
length also exhibited a red-shift and the fluorescent color under
UV irradiation changed from green to green-yellow, yellow and
finally red. The red-shift of the maximum PL emission wavelength
was due to the increasing of relative aggregation of QDs, while the
increasing PL emission intensity was due to the improvement of
the crystallization. The decrease of the PL intensity after heat

RSC Adv., 2018, 8, 30148-30154 | 30151
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Fig. 2 Emission spectra of dsDNA-QDs complex formed with miR-
155 target in a concentration ranging 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 pM, before (A) and after (B) heat treatment.

treating resulted from the high concentration, large size and
relatively small surface-to-volume ratio of the obtained QDs
(Fig. 2B). A linear relationship between the emission intensity of
QDs and the miR-155 concentration was obtained the range of 10-
100 pM. The detection limit is 0.42 pM (S/N = 3). In addition,
compared with other QDs based-sensing methods for miRNA
detection®** the proposed biosensor exhibited acceptable sensi-
tivity while other methods have used labeled probes, enzymes,
immobilization (Table 1).

To study aggregation/disaggregation kinetics before and
after heating, the S-V plot obtained (Fig. S41) by a Stern-Volmer
equation:

View Article Online

Paper

Fig. 3 Gel electrophoresis of (a) the ssDNA probe, (b) the ssDNA
complex formed by QDs, (c) the dsDNA formed by miR-155 target, (d)
the dsDNA/miR-155 complex formed by QDs.

FL 615/FL 580 nm
o

miR-21 LetTa

o Il
Blank

miR-155 with five
mismatches

non-complementary all of sequences miR155
DNA

Fig. 4 Plot of FL 615/FL 580 nm ratio obtained with different miRNA
and non-complementary DNA at the same concentration (100 pM).

Fo/F =1 + Kgv[Q]

where F, and F are the fluorescence intensity of DNA@QDs in
the absence and presence of miRNA-155 respectively, [Q] is the
miRNA-155 concentration, and Ky is the Stern-Volmer plot, Ksy
before and after heating is calculated to be 8.4 x 10'> M~ * and
8.8 x 10" M, respectively. This was due to the strong binding
of QDs to DNA/miR-155 heteroduplex and their aggregation
before heating.

3.4 Gel electrophoresis

To further confirm the interaction of CdTe QDs with dsDNA/
miRNA, agarose gel electrophoresis was carried out in phos-
phate buffer. The agarose gel electrophoresis image demon-
strated the impact of the binding of CdTe QDs with ssDNA (lane
b) and dsDNA/miR-155 (lane d) which is shown in Fig. 3.
Different molecular mass or different conformation of DNA will

Table 1 Detection performance comparison of our strategy in miRNA detection with other methods by using quantum dots

Method Quantum dot LOD Ref.
Electrochemiluminescence resonance energy transfer CdSe@ZnS QDs 0.03 fM 39
Catalytic hairpin assembly CdTe/CdS/ZnS QDs 37 ftM 40
Resonance light scattering CdTe QDs 9.4 pM 41
Electrochemiluminescence Nitrogen doped carbon QDs 10 aM 42
Fluorescence resonance energy transfer MoS2 QDs 0.38 nM 43
Photoelectrochemical aptasensor CdSe QDs 5.6 fM 44
Thermo-responsive CdTe QDs 0.42 pM This work
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DNA@QDs complex formed with total RNA extraction from HEK 293,
MCF-7. (C) Plot of FL 615/FL 580 nm ratio obtained with them (D)
comparison of two methods for miR-155 detection: gRT-PCR and the
suggested method in this work.
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appear as different stripes. As shown in Fig. 3, the ssDNA probe
was loaded to lane a. In the lane b there were mixture samples of
lane 1 contents with QDs in ratio 1 : 1. The lane c was loaded by
dsDNA formed by miR-155 target (after hybridization) and
finally in the lane d there was mixture sample of lane c contents
with QDs in ratio 1 : 1. The low or no brightness of the lane was
dependent on the amount of QDs that had interaction with
dsDNA/miRNA-QDs (Fig. 3, line d). This is probably due to the
fact that DNA-QDs interactions are preventing the DNA to be
stained. These results illustrated that gel electrophoresis also
could prove the interaction of dsDNA/miRNA and CdTe QDs
and help us to distinguish between DNA probe and DNA/miRNA
heteroduplex.

3.5 Specificity

Selectivity is another important quality index in evaluating
performance for the sensing platform described here, as it is
a significant challenge for miRNA assays to accurately recognize
a specific miRNA in the presence of other miRNAs. DNA probes
complementary to miR-155 were designed to distinguish miR-
155 from non-complementary target DNA, miR-21, Let 7a and
mixture of all sequences at the same concentration of 100 pM.
As the results are shown in Fig. 4, the fluorescence shift of the
DNA probe toward the perfectly matched target miR-155 was
much larger than that other sequences which were closed to
that of the blank sample. Also, this method is specifically
capable of detecting miR-155 in the presence of other miRNAs
and DNA sequence. These results confirm the high specificity
for miRNA detection in this method.

3.6 Detection of cellular microRNA-155

To investigate the feasibility of this proposed assay to biological
samples, we applied this method to detect miR-155 in total RNA
extraction from human breast carcinoma SK-BR-3, MCF-7 cells
and normal HEK 293 cells. The fluorescence response of the
CdTe QDs based system in total RNA extracts was recorded
(Fig. 5). RNA extracts obtained from SK-BR-3 (73.8 ng ul™"),
MCF-7 (103.2 ng pl~") and HEK 293 (63.4 ng pl~ ') were mixed
with hybridization ssDNA probe and the QDs and then we
initialized the temperature treatment. As shown in Fig. 5, the
wavelength emission of the system for the SK-BR-3 and MCF-7
was around 595 nm and for HEK 293 was around 565 nm.
The same samples were also tested by quantitative real-time
PCR (qRT-PCR) method. The results show that miR-155 had
different expression levels in HEK 293 (human normal cell) and
MCF-7, SK-BR-3 (human breast cancer cells). The cell lysate
from SK-BR-3 and MCF-7 had a higher concentration of miR-
155 than that of HEK 293. The results obtained by the sug-
gested strategy in this work were in good agreement with RT-
PCR and also consistent with previously published data by
standard methods.***®

4. Conclusion

In summary, we developed a facile switchable fluorescent CdTe
QD probe for microRNA-155 detection. The switching
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mechanism is based on QDs aggregation in the presence of
double stranded DNA/miR-155 (due to interaction between
dsDNA/miR-155 and QDs) and applying melting temperature
triggered QDs disaggregation (due to dissociation of miR strand
from DNA probe). Taking advantage of the flexible process-
ability of QDs, this switchable fluorescent probe has great
promise for the detection of various targets, such as other
microRNAs and gene detection.
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