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MicroRNAs (miRNAs) play key roles in the post-transcriptional regulation of genes, and their aberrant
expression may disturb the normal gene regulation network to induce various diseases, and thus
accurate detection of miRNAs is essential to early clinical diagnosis. Herein, we develop for the first time
a single-quantum dot (QD)-based Forster resonance energy transfer (FRET) nanosensor to accurately
detect miRNAs based on copper-free and enzyme-free cycling click chemistry-mediated tricyclic ligase
chain reaction (LCR) amplification. We design four DNA probes namely DNA probes 1-4, with DNA
probes 1 and 3 being modified with azide (N3z) and DNA probes 2 and 4 being modified with
dibenzocyclooctyne (DBCO). When target miRNA is present, DNA probes 1 and 2 can proceed via
copper-free and enzyme-free click chemistry to generate the probes 1-2 ligation product.
Subsequently, DNA probes 3 and 4 can hybridize with the probes 1-2 ligation product to generate the
probes 3—-4 ligation product. Both the probes 1-2 ligation product and probes 3-4 ligation product can
act as the templates to initiate cycling click chemistry-mediated tricyclic LCR amplification whose

products can be easily measured by the single-QD-based FRET nanosensor. This assay does not involve
Received 3rd April 2021

Accepted 6th July 2021 any enzymatic reverse transcription, copper catalyst, and ligase enzyme, and it exhibits excellent

selectivity, high sensitivity, and the capability of differentiating even single-base mismatches. Moreover,
this nanosensor can accurately quantify miRNA-155 even at the single-cell level, and it can distinguish
the miRNA-155 expression in tissues of healthy persons and nonsmall cell lung cancer (NSCLC) patients.
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(e.g., breast, ovarian, and lung cancers)."* Therefore, miRNAs
may function as the potential biomarkers for clinical diag-

Introduction

MicroRNAs (miRNAs) are a large family of small non-coding
endogenous RNA molecules with ~22 nt length, and they are
produced by a 70 base-sized single stranded RNA precursor with
the assistance of Dicer enzyme processing." MiRNAs play key
roles in the post-transcriptional regulation of genes,>* cell
differentiation,* and apoptosis.®> More than 1000 miRNAs
identified in humans® control the activities of over 60% of
human protein coding genes.” Especially, the aberrant expres-
sion of miRNAs may inevitably disturb the normal gene regu-
lation network to induce various pathologies such as diabetes,®
neurodegenerative disease,” myocardial disease'® and cancers
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nosis,*” prognosis,” and cancer therapy,** and accurate detec-
tion of miRNA in a cancer patient's cells and tissues is of
significance for early clinical diagnosis and anticancer drug
discovery.'>'* However, the unique characteristics of miRNAs
(i.e., low abundance, short survival time, small size, and similar
member sequence) make it difficult to accurately detect
miRNAs."

Traditional methods for the miRNA assay include micro-
arrays,'® next generation sequencing'® and northern blotting.*®
Microarrays are characterized by low cost and high throughput,
but they involve complicated data analysis with poor sensi-
tivity.® The next generation sequencing enables high-
throughput RNA sequencing, but it cannot be applied for
absolute quantification.'®' Northern blotting is the standard
method of miRNA assay,” but it involves large sample
consumption and time-consuming steps with poor sensitivity.
Alternatively, quantitative reverse transcriptase polymerase
chain reaction (qQRT-PCR) can greatly improve the detection
sensitivity,” but the reverse transcription step of converting
miRNA to cDNA inevitably increases the probe design

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complexity and the experimental cost.”® Recently, ligase chain
reaction (LCR) was introduced for the miRNA assay to achieve
high specificity and high sensitivity,>* without the need for
enzymatic reverse transcription of target RNA to the corre-
sponding ¢cDNA. However, the enzymatic ligation efficiency of
conventional enzyme-dependent LCR is usually low (typically
<50%).> In addition, the enzyme activities may be disturbed by
the environmental factors and reaction media, leading to poor
reproducibility.’® In contrast, the click chemistry-assisted liga-
tion can be chosen as an excellent ligation strategy to simulate
the action of ligase.?” The classical click chemistry is copper(1)-
catalyzed alkyne-azide Huisgen cycloaddition with high liga-
tion yield and excellent specificity under relatively mild reaction
conditions.”® Alternatively, the copper-free click chemistry
between dibenzocyclooctyne (DBCO)-modified DNA and azide
(N;)-modified DNA enables the ligation of nucleic acid
sequences with the advantages of proceeding spontaneously
and no metal catalyst involved.”® To the best of our knowledge,
the copper-free and enzyme-free cycling click chemistry-medi-
ated LCR amplification for sensitive miRNA detection has not
been explored.

Quantum dots (QDs) have emerged as novel semi-conductor
nanomaterials and fluorescent labels with superior physical
and optical properties over fluorescent proteins and organic
fluorophores, including broad absorption spectra, large Stokes
shift, high quantum yield, long fluorescence lifetime, narrow
and size-tunable emission spectra, and excellent photo-
stability.**** Single-molecule detection can sensitively quantify
target analytes at the single-molecule level with distinct
advantages of high sensitivity and low sample consumption.**
The integration of QDs with single-molecule detection facili-
tates the construction of single QD-based nanosensors.***°
Herein, we develop a copper-free and enzyme-free click chem-
istry-mediated single QD nanosensor for accurate detection of
microRNAs in cancer cells and tissues. We design four DNA
probes namely DNA probes 1-4 (Table 1), with DNA probes 1

Table 1 Sequences of the oligonucleotides”
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and 3 being modified with N; and DNA probes 2 and 4 being
modified with DBCO. When target miRNA is present, DNA
probes 1 and 2 can proceed via copper-free and enzyme-free
click chemistry to generate the probes 1-2 ligation product.
Subsequently, DNA probes 3 and 4 can hybridize with the
probes 1-2 ligation product to generate the probes 3-4 ligation
product. Both the probes 1-2 ligation product and probes 3-4
ligation product can act as templates to initiate cycling click
chemistry-mediated tricyclic LCR amplification whose products
can be easily measured by the single-QD-based Forster reso-
nance energy transfer (FRET) nanosensor. This nanosensor is
very sensitive and it can differentiate even a single-base
mismatch. Moreover, this nanosensor can be applied for the
measurement of miRNA-155 in HeLa cells and MCF-7 cells at
the single-cell level, and it can distinguish the miR-155
expression in tissues of healthy persons and nonsmall cell lung
cancer (NSCLC) patients.

Results and discussion

The principle of the copper-free and enzyme-free click chem-
istry-mediated single QD nanosensor for the microRNA assay is
shown in Scheme 1. This assay involves (1) miRNA-actuated
click chemistry-mediated tricyclic LCR amplification and (2)
single-QD-based FRET measurement. We used miRNA-155
(Scheme 1, yellow color) as a model target. The miRNA-155 is
overexpressed in various cancers including human cervical
cancer and breast cancer.’”?®* DNA probes 1 and 2 (Scheme 1,
green color) are specially designed to initiate the click chem-
istry-mediated ligation reaction. DNA probe 1 (Scheme 1, green
color) contains an azide (N3) modification (Scheme 1, brilliant
blue color) at the 3’ end, and probe 2 (Scheme 1, green color) is
modified with some phosphorothioates (Scheme 1, gray color)
at the 3’ end and a dibenzocyclooctyne (DBCO) (Scheme 1,
yellow color) at the 5’ end, respectively. When target miRNA-155
(Scheme 1, yellow color) is present, it hybridizes with DNA

Name Sequence (5'-3')

miRNA-155 UUA AUG CUA AUC GUG AUA GGG GU
DNA probe 1 ACC CCT ATC AC-N;

DNA probe 2 DBCO-GAT TAG CAT TAA *T*T*T

DNA probe 3 N;-GTG ATA GGG GT

DNA probe 4 AAA TTA ATG CTA ATC-DBCO
PCR-primer TTA ATG CTA ATC GTG ATA GGG GT
Synthetic probes 1-2 ligation product ACC CCT ATC ACG ATT AGC ATT AAT TT
Let-7a UGA GGU AGU AGG UUG UAU AGU U
miRNA-141 UAA CAC UGU CUG GUA AAG AUG G
miRNA-210 CUG UGC GUG UGA CAG CGG CUG A
miRNA-214 ACA GCA GGC ACA GAC AGG CAG U

Mismatched target 1
Mismatched target 2
Mismatched target 3
Mismatched target 4
Capture probe
Signal probe

UUA AUG CUA AUA GUG AUA GGG GU
UUA AUG CUA AUU GUG AUA GGG GU
UUA AUG CUA AUC AUG AUA GGG GU
UUA AUG CUA AUC UUG AUA GGG GU
GTG ATA GGG GT-biotin

AAA TTA ATG CT-Cy5A ATC

¢ In probe 2, the “*” indicates the phosphorothioate group. Mismatched single bases are indicated with the underline.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of the copper-free and enzyme-free click chemistry-mediated single QD nanosensor for the microRNA assay.

probes 1 and 2 (Scheme 1, green color) to form a sandwich
hybrid, bringing DBCO (Scheme 1, yellow color) and N3 (Scheme
1, brilliant blue color) groups into close proximity to form the
triazol linkage (Scheme 1, pink color) and complete click
chemical ligation in PBS solution (pH = 7.4) (Scheme S1%). The
resultant probes 1-2 ligation product (Scheme 1, green color)
with the triazol linkage (Scheme 1, pink color) can be used as
the template for the following tricyclic LCR reaction. The
subsequent denaturation at 85 °C results in the release of target
miRNA-155 (Scheme 1, yellow color) which can hybridize with
new DNA probes 1 and 2 (Scheme 1, green color) to initiate the
cyclic click chemical ligation reaction through the thermal cycle
of 85 °C and 25 °C, generating numerous probes 1-2 ligation
products (Scheme 1, green color, first cycle) with the triazol
linkage (Scheme 1, pink color). Subsequently, we introduced
DNA probes 3 and 4 (Scheme 1, red color) which are comple-
mentary to DNA probes 1 and 2 (Scheme 1, green color),
respectively. DNA probe 3 (Scheme 1, red color) is modified with
a Nj (Scheme 1, brilliant blue color) at the 5’ end, and DNA
probe 4 (Scheme 1, red color) is modified with DBCO (Scheme 1,
yellow color) at the 3’ end. The probes 1-2 ligation products
(Scheme 1, green color) with the triazol linkage (Scheme 1, pink
color) obtained in the first cycle can act as the templates for
DNA probes 3 and 4 (Scheme 1, red color) to obtain the probes
3-4 ligation product (Scheme 1, red color) with the triazol

10428 | Chem. Sci., 2021, 12, 10426-10435

linkage (Scheme 1, pink color) after the click reaction-mediated
ligation. The denaturation at 85 °C induces the release of probes
3-4 ligation products (Scheme 1, red color), and the probe 1-2
ligation products (Scheme 1, green color) will unceasingly
hybridize with new DNA probes 3 and 4 (Scheme 1, red color) to
initiate the cyclic ligation reaction through the thermal cycle of
85 °C and 25 °C, generating abundant probes 3-4 ligation
products (Scheme 1, red color, second cycle) with the triazol
linkage (Scheme 1, pink color). The probes 3-4 ligation prod-
ucts (Scheme 1, red color) with the triazol linkage (Scheme 1,
pink color) obtained in the second cycle can act as the new
templates for free DNA probes 1 and 2 (Scheme 1, green color) to
obtain abundant new probes 1-2 ligation products (Scheme 1,
green color) with the triazol linkage (Scheme 1, pink color)
through cycle click reaction-mediated ligation with a thermal
cycle of 85 °C and 25 °C (Scheme 1, third cycle). The subsequent
addition of Exo III and Exo I can digest the excess DNA probe 1
(Scheme 1, green color), probe 3 (Scheme 1, red color), probe 4
(Scheme 1, red color), and the probes 3-4 ligation product
(Scheme 1, red color), but the DNA probes 1-2 ligation product
(Scheme 1, green color) cannot be digested due to the phos-
phorothioate modification (Scheme 1, gray color) of DNA probe
2 (Scheme 1, green color) which can prevent the digestion of Exo
III and Exo I. The remaining probes 1-2 ligation products
(Scheme 1, green color) can hybridize with the biotinylated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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capture probes (Scheme 1, blue color) and Cy5-modified
reporter probes (Scheme 1, purple color) to obtain the sandwich
hybrids which can self-assemble onto the streptavidin-func-
tionalized 605 nm-emitting QD to obtain the QD-oligonucleo-
tide-Cy5 nanostructure via the streptavidin-biotin interaction
(Scheme 1), inducing efficient FRET between the QD donor and
Cy5 acceptor and consequently the emission of Cy5. Notably, in
this FRET nanosensor with 605 nm-emitting QDs as the donor
and Cy5 as the acceptor, there is significant spectral overlap
between the emission spectrum of QDs (Fig. S1,t red line) and
the absorption spectrum of Cy5 (Fig. S1,t blue line), facilitating
efficient FRET from the QD donor to the Cy5 acceptor. More-
over, when the excitation wavelength is 488 nm, there is neither
direct excitation of Cy5 nor crosstalk between QD and Cy5
emission spectra (Fig. S1f). Consequently, the miRNA-155
(Scheme 1, yellow color) concentration can be simply measured
by quantifying the Cy5 signals. When target miRNA-155
(Scheme 1, yellow color) is absent, no click chemical ligation
reaction occurs between N; (Scheme 1, brilliant blue color) and
DBCO (Scheme 1, yellow color) because the two DNA probes are
far from each other. As a result, neither the probes 1-2 ligation
product (Scheme 1, green color) with the triazol linkage
(Scheme 1, pink color) nor the QD-oligonucleotides-Cy5
nanostructure can be obtained, and thus no Cy5 emission can
be detected.

We performed nondenaturating polyacrylamide gel electro-
phoresis (PAGE) and fluorescence measurements to verify this
assay (Fig. 1). This assay mainly relies on miRNA-actuated
enzyme-free click chemistry ligation for the initiation of tricyclic
LCR amplification. The 12% nondenaturating PAGE with SYBR
gold as the indicator was used to analyze the LCR amplification
products (Fig. 1A). In the absence of miRNA-155, only two bands
of 11 bp and 15 bp are observed (Fig. 1A, lane 4), which are
identical to the DNA probes 1-3 hybridization product (Fig. 1A,
lane 2) and the DNA probes 2-4 hybridization product (Fig. 1A,
lane 3), respectively, indicating that neither click chemistry
ligation nor LCR amplification occurs. In contrast, the presence
of miRNA results in the generation of a distinct new band of 26
bp (Fig. 1A, lane 5), which is the final hybridization product of
the DNA probes 1-2 ligation product and DNA probes 3-4
ligation product, indicating that miRNA-155 can successfully
initiate cycling click chemistry-mediated tricyclic LCR
amplification.

We measured the fluorescence emission spectra of QD and
Cy5 in the absence (Fig. 1B, black curve) and presence (Fig. 1B,
red curve) of miRNA-155 (Fig. 1B). When miRNA-155 is absent,
no click reaction-mediated LCR amplification can be initiated
and no Cy5-modified reporter probes can assemble on the QD
surface. As a result, only the QD fluorescence signal is detected,
but no significant Cy5 fluorescence signal is observed (Fig. 1B,
black curve). In contrast, the presence of miRNA-155 can initiate
copper-free and enzyme-free cycling click chemistry-mediated
tricyclic LCR amplification to generate abundant probes 1-2
ligation products which can hybridize with biotinylated capture
probes and Cy5-modified reporter probes to obtain the QD-
oligonucleotide-Cy5 nanostructures. Consequently, efficient
FRET from the QD to Cy5 occurs, resulting in the decrease of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Analysis of LCR reaction by nondenaturing PAGE with SYBR
gold as the indicator. Lane 1, miRNA-155; lane 2, DNA probe 1 + DNA
probe 3; lane 3, DNA probe 2 + DNA probe 4; lane 4, DNA probe 1 +
DNA probe 2 + DNA probe 3 + DNA probe 4; lane 5, miRNA-155 +
DNA probe 1 + DNA probe 2 + DNA probe 3 + DNA probe 4. The
miRNA-155 concentration is 500 nM, and the concentration of each
DNA probe is 2 uM. (B) Measurement of fluorescence emission spectra
in the absence (black curve) and presence (red curve) of miRNA-155.
The inset shows the magnified fluorescence spectra from 660 to 690
nm. The concentration of each DNA probe is 100 nM, and the miRNA-
155 concentration is 10 nM. (C) Fluorescence lifetime curves of the QD
in the absence (control, black line) and presence (red line) of miRNA-
155. The lifetime was measured in the emission channel of 605 nm.

QD fluorescence signal and the increase of the Cy5 fluorescence
signal (Fig. 1B, red line). The FRET efficiency (E) is calculated to
be 59% based on eqn (1).

E (%) = (1 — FpalFp) x 100% (1)

where Fp and Fp, are the QD fluorescence intensity in the
absence and presence of miRNA-155, respectively.

To further verify efficient FRET between the QD and Cy5 in
the QD-oligonucleotide-Cy5 nanostructure, we measured the
fluorescence lifetime of QDs (Fig. 1C). The average lifetime of
QDs is 26.44 ns when miRNA-155 is absent (Fig. 1C, black line),

Chem. Sci., 2021, 12, 10426-10435 | 10429
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whereas the average lifetime of the QD is reduced to 9.68 ns in
the presence of miRNA-155 (Fig. 1C, red line), indicating the
miRNA-155-induced efficient FRET between the QD and Cys5.
The FRET efficiency (E) is calculated to be 63% according to eqn

).
E (%) = (1 — toaltn) x 100% 2)

where 1p, is the fluorescence lifetime of QDs in the presence of
miRNA-155 and 1p, is the fluorescence lifetime of QDs in the
absence of miRNA-155. This FRET efficiency value (63%) is
consistent with that obtained by ensemble fluorescence spec-
troscopy measurements (59%, Fig. 1B), indicating that the
copper-free and enzyme-free click chemistry-mediated single
QD nanosensor can be used for accurate detection of miRNA-
155.

We employed total internal reflection fluorescence (TIRF)
microscopy to record the single-molecule fluorescence images
of QDs and Cy5 (Fig. 2). When miRNA-155 is absent, only the QD
signals are observed in the donor channel (Fig. 2A, green color),
but no Cy5 signal is detected in the acceptor channel (Fig. 2B,
red color). In contrast, the presence of miRNA-155 induces the
simultaneous generation of both QD (Fig. 2D, green color) and
Cy5 signals (Fig. 2E, red color) whose perfect colocalization
leads to the appearance of yellow color in the overlay channel
(Fig. 2F, yellow color). Notably, the presence of miRNA-155
induces efficient FRET from the QD to Cy5, resulting in the
decrease of single QD fluorescence intensity (Fig. 2D, green
color) compared with that in the absence of miRNA-155 (Fig. 24,
green color) and meanwhile the appearance of the Cy5 fluo-
rescence signal (Fig. 2E, red color). Therefore, the miRNA-155
concentration can be measured by quantifying the Cy5 signals.

We measured the variance of Cy5 counts with different
concentrations of miRNA-155 using the single QD-based
nanosensor under the optimized experimental conditions
(Fig. S2-S57%). As shown in Fig. 3, the Cy5 counts enhance with
the increasing concentration of miRNA-155 from 1 x 10~ "®to 1

Fig. 2 Single-molecule fluorescence image in the absence (A-C) and
presence (D—F) of miRNA-155. The QD signal is indicated by green (A
and D), and the Cy5 signal is indicated by red (B and E). The colocal-
ization of the QD and Cy5 signals is indicated by yellow (C and F). The
concentration of each DNA probe is 100 nM, and the miRNA-155
concentration is 10 nM. The scale bar is 5 pm.

10430 | Chem. Sci., 2021, 12, 10426-10435
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Fig. 3 Cy5 counts generated by different concentrations of miRNA-
155. Inset shows the linear relationship between the Cy5 counts and
the logarithm of miRNA-155 concentration. The concentration of each
DNA probe is 100 nM. Error bars are standard derivation obtained from
three independent experiments.

x 10~® M, and a good linear correlation is obtained between the
Cy5 counts and the logarithm of miRNA-155 concentration over
7 orders of magnitude in the range of 1 x 107 '°-1 x 10°° M
(inset of Fig. 3). The regression equation is N = 407.72 +
23.38 logy, C (R> = 0.9978), where N is the Cy5 count and C is
the miRNA-155 concentration. The limit of detection is calcu-
lated to be 3.87 x 10~'” M by calculating the control group plus
three times the standard deviation, which is superior to that of
ensemble fluorescence measurement (Fig. S61). The sensitivity
of this FRET nanosensor has been enhanced by 5684.75-fold
compared with that of label-free fluorescent assay,* 2583.98-
fold compared with that of the nano-photon switch fluorescent
assay,*® 300.52-fold compared with that of the peptide nucleic
acid-based electrochemical assay,** and 258.40-fold compared
with that of the nanostructure-based electrochemical assay.*?
The enhanced sensitivity can be ascribed to the following four
factors: (1) the high efficiency of the click reaction-mediated
ligation reaction can generate abundant DNA probes 1-2 liga-
tion products and DNA probes 3-4 ligation products to initiate
the tricyclic LCR amplification reaction, (2) the high amplifi-
cation efficiency of tricyclic LCR can generate large amounts of
DNA probes 1-2 ligation product, (3) the improved FRET effi-
ciency results from single QD/multiple Cy5 acceptors in the QD-
oligonucleotides-Cy5 nanosensor, and (4) the single-molecule
detection has characteristics of high signal-to-noise ratio and
the near-zero background.

We evaluated the specificity of the proposed nanosensor
using four irrelevant miRNAs namely miRNA-141, miRNA-210,
let-7a, and miRNA-214. As shown in Fig. 4A, 10 nM target
miRNA-155 generates a high Cy5 signal (Fig. 4A, red column),
which is 9.97, 10.27, 8.81, and 10.27-fold higher than that
generated by 10 nM let-7a (Fig. 4A, orange column), 10 nM
miRNA-141 (Fig. 4A, blue column), 10 nM miRNA-210 (Fig. 4A,
purple column), and 10 nM miRNA-214 (Fig. 4A, green column),
respectively. We further used mismatched miRNA 1 (misR-1),
mismatched miRNA 2 (misR-2), mismatched miRNA 3 (misR-3),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Comparison of Cy5 counts generated by 10 nM let-7a

(orange column), 10 nM miRNA-141 (blue column), 10 nM miRNA-210
(magenta column), and 10 nM miRNA-214 (green column), respec-
tively. (B) Measurement of Cy5 counts generated by 10 nM single-base
mismatched miRNA 1 (pink column), 10 nM single-base mismatched
miRNA 2 (purple column), 10 nM single-base mismatched miRNA 3
(cyan column), 10 nM single-base mismatched miRNA 4 (gray
column), and 10 nM miRNA-155 (red column), respectively. The
concentration of each DNA probe is 100 nM. Error bars show the
standard deviation of three independent experiments.

and mismatched miRNA 4 (misR-4) with only one nucleotide
difference from target miRNA-155 in different positions to
evaluate the capability of this nanosensor to differentiate
a single-base mismatch. The Cy5 signal in response to 10 nM
miRNA-155 (Fig. 4B, red column) is 5.27, 6.28, 6.23, and 6.07-
fold higher than that in response to 10 nM misR-1 (Fig. 4B, pink
column), 10 nM misR-2 (Fig. 4B, purple column), 10 nM misR-3
(Fig. 4B, light blue column), and 10 nM misR-4 (Fig. 4B, gray
column), respectively, suggesting that this nanosensor
possesses good selectivity with the capability of discriminating
a single-base mismatch. The high specificity of this nanosensor
can be attributed to the following two factors: (1) the high
specificity of the click reaction-mediated ligation reaction and
tricyclic LCR amplification and (2) the elimination of false
positives by Exo III/Exo I-mediated digestion of excess DNA
probes 1, 3, and 4, and DNA probes 3-4 ligation products.

To demonstrate the proof-of-concept of the proposed nano-
sensor for complex sample analysis, we measured miRNA-155
spiked in 10% fetal bovine serum samples. A quantitative
recovery ratio ranging from 99.10%-100.78% is obtained with
a relative standard deviation (RSD) of 1.88-5.05% (Table S17).
We further measured the variance of Cy5 counts with different
concentrations of miRNA-155 in 10% fetal bovine serum. As
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shown in Fig. 5, the Cy5 counts enhance with the increasing
concentration of spiked miRNA-155 in the range of 1 x 10~ '%-1
x 10~° M, and a good linear correlation is obtained between the
Cy5 counts and the logarithm of spiked miRNA-155 concen-
tration in the range of 1 x 107'°~1 x 10~° M. The regression
equation is N = 408.40 + 23.56 logyo C (R*> = 0.9983), where C is
the miRNA-155 concentration and N is the Cy5 counts. The limit
of detection (LOD) is measured to be 6.32 x 10~"” M, consistent
with the LOD (3.87 x 10~"” M) obtained in the absence of 10%
fetal bovine serum samples (inset of Fig. 3), suggesting the good
performance of the proposed nanosensor in the complex bio-
logical matrix.

We measured target miRNA-155 in HL7702 cells, MCF-7
cells, and HeLa cells, respectively. As shown in Fig. 64, the
miRNA-155-negative HL7702 cells generate a low Cy5 signal
(Fig. 6A, green column), but miRNA-155-positive HeLa cells
(Fig. 6A, red columns) and MCF-7 cells (Fig. 6A, blue columns)
generate a high Cy5 signal, respectively, consistent with the
overexpression of miRNA-155 in cancer cells.**** We further
measured the Cy5 counts generated by different numbers of
HeLa cells. As shown in Fig. 6B, the Cy5 counts enhance with
the increasing number of HeLa cells from 1 to 10 000, with
a linear correlation being obtained between the Cy5 counts and
the logarithm of HeLa cell number in the range of 1-10 000. The
corresponding equation is N = 88.53 + 53.38log;p X (R* =
0.9952), where X is the number of HeLa cells and N is the
measured Cy5 counts. The detection limit is estimated to be 1
cell. We measured the Cy5 counts generated by different
numbers of MCF-7 cells as well. As shown in Fig. 6C, the Cy5
counts enhance with the increasing number of MCF-7 cells
from 1 to 10 000, with a linear correlation obtained between the
Cy5 counts and the logarithm of MCF-7 cell number in the
range of 1-10 000 cells. The corresponding equation is N =
80.75 + 60.81 log;o X (R*> = 0.931), where X is the number of
MCF-cells and N is the measured Cy5 counts. The detection
limit is estimated to be 1 cell, suggesting that the proposed
nanosensor can sensitively detect miRNA-155 at the single-cell
level.

To investigate the feasibility of the proposed nanosensor for
potential clinical applications, we measured the expression

2004 ©N=408.40 +23.56 log,,C
1604 R*=0.9983
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Fig. 5 Linear relationship between the Cy5 counts and the logarithm
of mIRNA-155 concentration in 10% fetal bovine serum. The
concentration of each DNA probe is 100 nM. Error bars show the
standard deviations of three experiments.
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Fig. 6 (A) Measurement of miRNA-155 expressions in the control
group with no miRNA (black column), 10 000 HL7702 cells (green
column), 10 000 Hela cells (red column), and 10 000 MCF-7 cells
(blue column), respectively. The concentration of each DNA probe is
100 nM. (B) Linear relationship between the Cy5 counts and the
logarithm of Hela cell number. (C) Linear relationship between the
Cy5 counts and the logarithm of MCF-7 cell number. The concen-
tration of each DNA probe is 100 nM. Error bars are standard derivation
obtained from three independent experiments.

levels of miRNA-155 in tissues from healthy persons and non-
small cell lung cancer (NSCLC) patients, respectively. The
expression levels of miRNA-155 obtained by the proposed
nanosensor (Fig. 7, red columns) are calculated based on the
calibration curve of the inset of Fig. 3. The miRNA-155 levels
from the NSCLC patient samples are significantly higher than
those obtained from healthy persons (#test, P < 0.001), in good
agreement with those obtained by the standard qRT-PCR assay
(Fig. 7, green columns) that were quantified with the threshold
cycle (Cy) value (Fig. S71). The mean levels of miRNA-155 in the
NSCLC patients (3.36 x 10 "' M) are 5.66-fold higher than
those of healthy persons (5.93 x 10~ ** M), consistent with the
previous report.** These results clearly suggest that the
proposed nanosensor has the capability of quantifying miRNA-
155 in human tissues with excellent accuracy, providing a new
powerful platform for cancer research and clinical diagnosis.
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Fig. 7 Analysis of the miRNA-155 level in tissues by using the
proposed method (P = 0.000591, red column) and gRT-PCR (P =
0.000629, green column). 250 ng of total RNA extracted from five
NSCLC patients and five healthy persons was measured, respectively.
The concentration of each DNA probe is 100 nM. Error bars show the
standard deviations of three experiments.

Conclusions

In conclusion, we have developed a copper-free and enzyme-free
click chemistry-mediated single QD nanosensor for sensitive
detection of miRNA-155 in cancer cells and human tumor
tissues. In this assay, we design four DNA probes namely DNA
probes 1-4, with DNA probes 1 and 3 being modified with azide
(N3) and DNA probes 2 and 4 being modified with dibenzocy-
clooctyne (DBCO). When target miRNA is present, DNA probes 1
and 2 can proceed via copper-free and enzyme-free click
chemistry to generate the probes 1-2 ligation product. Subse-
quently, DNA probes 3 and 4 can hybridize with the probes 1-2
ligation product to generate the probes 3-4 ligation product.
Both the probes 1-2 ligation product and probes 3-4 ligation
product can act as the templates to initiate cycling click
chemistry-mediated tricyclic LCR amplification whose products
can be easily measured by the single-QD-based FRET nano-
sensor. This nanosensor is very simple without the involvement
of any enzyme-assisted signal amplification, copper catalyst,
complicated separation, and purification steps. This nano-
sensor has significant advantages: (1) the high efficiency of
copper-free and enzyme-free click chemical ligation can trans-
form the target miRNA-155 into DNA probes 1-2 ligation
product, eliminating the involvement of the enzymatic reverse
transcription, copper catalyst, and ligase enzyme; (2) the
introduction of ligase chain reaction (LCR) amplification can
ensure high specificity and the capability of discriminating even
one base mutation; (3) the integration of the QD-oligonucleo-
tides—Cy5 nanosensor with single-molecule detection endows
this assay with high sensitivity; (4) the DNA probes 1-2 ligation
product can prevent the Exo I and Exo III-catalyzed digestion,
endowing this assay with good specificity. This nanosensor can
sensitively detect miRNA-155 with a detection limit of 3.87 X
10~ M, and it can differentiate even a single-base mismatch.
Moreover, this nanosensor can be applied for the measurement
of miRNA-155 in HeLa cells and MCF-7 cells at the single-cell
level. Furthermore, this nanosensor can distinguish the
expression levels of miRNA-155 in tissues of healthy persons

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and nonsmall cell lung cancer (NSCLC) patients. Importantly,
this nanosensor can provide a versatile platform for sensitive
detection of various nucleic acid sequences by simply changing
the corresponding DNA probes.

Experimental section
Chemicals and materials

All the high-performance liquid chromatography (HPLC)-
purified oligonucleotides (Table 1) were synthesized by Sangon
Biotechnology Co. Ltd (Shanghai, China) except for miRNA-
155. MiRNA-155 was synthesized by TaKaRa Bio. Inc. (Dalian,
China). Exonuclease I (Exo I), 10x Exo I reaction buffer (670
mM glycine-KOH, 67 mM MgCl,, 100 mM 2-mercaptoethanol
(B-ME), pH 9.5), exonuclease III (Exo III), 10x NEBuffer 1 (100
mM Bis-Tris-propane-HCIl, 100 mM MgCl,, 10 mM DTT, pH 7)
and RNase inhibitor were purchased from New England Biol-
abs (Ipswich, MA, USA). Magnesium chloride (MgCl,) and
ammonium sulfate ((NH,4),SO,) were obtained from Sigma-
Aldrich Company (St. Louis, MO, USA). Tris-HCl was
purchased from Invitrogen Corporation (Carlsbad, CA, USA).
The streptavidin-coated 605 nm-emitting quantum dots (QD)
were purchased from Thermo Fisher Scientific (Massachusetts,
USA). Diethylpyrocarbonate (DEPC)-treated water (RNase free)
was purchased from Beyotime Biotechnology Co. Ltd
(Shanghai, China). Phosphate buffer (PBS) and SYBR Gold
were purchased from Life Technologies (Carlsbad, CA, USA).
The human cervical carcinoma cell line (HeLa cells), human
hepatocyte cell line (HL-7702 cells), and human breast
adenocarcinoma cell line (MCF-7 cells) were purchased from
the Cell Bank of Chinese Academy of Sciences (Shanghai,
China). The tissue samples of nonsmall cell lung cancer
(NSCLC) patients and healthy persons were obtained from the
Affiliated Hospital of Guangdong Medical University (Zhen-
jiang, Guangdong, China), and the experiments were approved
by the ethics committee of the Affiliated Hospital of Guang-
dong Medical University.

Cycling click chemistry-mediated tricyclic LCR amplification

The cycling click chemistry-mediated tricyclic LCR amplifica-
tion was performed in 20 pL of reaction system containing 2 pL
of PBS (0.1 M NaCl, pH 7.4), 0.5 uL of RNase inhibitor, 400 nM
DNA probe 1, 400 nM DNA probe 2, 400 nM DNA probe 3, 400
nM DNA probe 4 and a certain amount of target miRNA-155.
The reaction was carried out with 50 thermal cycles at 85 °C for
30 s and 25 °C for 150 s.

Exo I and Exo III treatment

After tricyclic LCR, 36 U of Exo I, 36 U of Exo III, 2 uL of 10x Exo
I reaction buffer and 2 pL of 10x NEBuffer I were added into 10
uL of reaction mixture with a final volume of 20 pL to digest the
excess DNA probes 1, 3, and 4, and the probes 3-4 ligation
product. The digestion reaction was carried out at 37 °C for 40
min, followed by termination at 80 °C for 20 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hybridization reaction

The hybridization reaction was carried out in a solution con-
taining 100 mM Tris-HCI (pH = 8.0), 10 mM (NH,),SO,, 3 mM
MgCl,, 100 nM Cy5-labeled reporter probes, 100 nM bio-
tinylated capture probes, and 10 pL of probes 1-2 ligation
product after Exo I and Exo III treatment at room temperature
for 20 min to obtain the sandwich hybrids (the molar ratio of
Cy5-labeled reporter probes to biotinylated capture probes was
kept at 1:1). Subsequently, streptavidin-coated QDs were
added to the solution with a final concentration of 2.78 nM,
followed by rotation for 10 min at room temperature to form the
QD-oligonucleotide-Cy5 nanostructures.

Gel electrophoresis analysis

After the tricyclic LCR amplification reaction, the products were
analyzed by 12% nondenaturing polyacrylamide gel electro-
phoresis (PAGE) in 1x TBE buffer (9 mM boric acid, 0.2 mM
EDTA, 9 mM Tris-HCl, pH 7.9) at a 110 V constant voltage for 55
min at room temperature. SYBR gold was used as the fluores-
cent indicator, and the gels were stained with 1x SYBR gold and
visualized using a ChemiDoc MP Imaging System (Hercules,
California, USA).

Fluorescence measurements

The fluorescence spectra were obtained using an F-7000 fluo-
rescence spectrometer (Hitachi, Japan) at an excitation wave-
length of 488 nm, and the emission spectra were scanned from
550 to 750 nm. The emission intensities at 605 nm (for the QDs)
and 670 nm (for the Cy5) were used for data analysis.

Quantification of miRNA-155 extracted from cells and tissues

MCF-7 cells, HL-7702 cells and HeLa cells were cultured in
Dulbecco's modified Eagle's medium containing 10% fetal
bovine serum (FBS, Invitrogen, USA) at 37 °C under 5% CO,.
The miRNA-155s in the cells was extracted by using the SanPrep
Column microRNA Extraction Kit (Sangon Biotech, Shanghai).
Next, the miRNeasy FFPE kit (Qiagen, Germany) was used to
extract total RNA from ten human lung tissues of NSCLC
patients and healthy persons. The concentration of total RNA
was determined by using a Nanodrop 2000C Spectrophotometer
(Thermo Scientific). Quantitative polymerase chain reaction
(qPCR) was performed to quantify miRNA using the Mir-X™
miRNA qRT-PCR SYBR Kit (TaKaRa, Dalian, China) in a BIO-
RAD CFX Connect TM Real-Time System (Hercules, CA, USA).

Detection of miRNA-155 in the spiked fetal bovine serum

To investigate the feasibility of the proposed method for real
sample analysis, 10% fetal bovine serum (FBS) was spiked with
20 pL of a mixture containing different concentrations of
miRNA-155, 400 nM DNA probe 1, 400 nM DNA probe 2, 400 nM
DNA probe 3, 400 nM DNA probe 4, 0.5 uL of RNase inhibitor,
and 2 pL of PBS (pH = 7.4). The reaction was carried out with 50
thermal cycles at 85 °C for 30 s and 25 °C for 150 s. The
measurements follow the procedure described above. The
concentration of miRNA-155 was calculated according to the
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fitting equation (inset of Fig. 3). The recovery ratio (R1) is
calculated based on eqn (3).

R1 (%) = (C,/Co) x 100% 3)

where C, and C, represent the miRNA-155 concentration in the
presence and absence of FBS, respectively.

Single-molecule detection and data analysis

For TIRF imaging, 10 puL of samples was directly pipetted onto
the coverslips. A sapphire 488 nm laser (50 mW, Coherent, USA)
was used to excite the QDs. The photons from the QD and Cy5
were collected by a 100x objective (Olympus, Japan) and imaged
with an exposure time of 100 ms by an Andor Ixon DU897
EMCCD. A region of interest (600 x 600 pixels) of the images
was selected for Cy5 molecule counting by using image ]
software.
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