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of Chemistry Breast cancer, a disease with highly heterogeneous features, is the most common malignancy diagnosed in
people worldwide. Early diagnosis of breast cancer is crucial for improving its cure rate, and accurate
classification of the subtype-specific features is essential to precisely treat the disease. An enzyme-
powered microRNA (miRNA, RNA = ribonucleic acid) discriminator was developed to selectively
distinguish breast cancer cells from normal cells and further identify subtype-specific features.
Specifically, miR-21 was used as a universal biomarker to discriminate between breast cancer cells and
normal cells, and miR-210 was used to identify triple-negative subtype features. The experimental results
demonstrated that the enzyme-powered miRNA discriminator displayed low limits of detection at fM
levels for both miR-21 and miR-210. Moreover, the miRNA discriminator enabled the discrimination and

. 4 6th 3 2023 quantitative determination of breast cancer cells derived from different subtypes based on their miR-21
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Accepted 26th January 2023 levels, and the further identification of the triple-negative subtype in combination with the miR-210

levels. Therefore, it is hoped that this study will provide insight into subtype-specific miRNA profiling,

DOI: 10.1039/d35c00090g which may have potential use in the clinical management of breast tumours based on their subtype
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Introduction

As a burden to healthcare systems around the globe, breast
cancer is now the most frequent malignant tumour-related
disease diagnosed worldwide, a condition that seriously
threatens the lives of people around the globe.” In recent
decades, breast cancer mortality has significantly declined in
line with advances made in therapeutics, but metastatic breast
cancer remains a leading cause of cancer-related death.*® As the
molecular levels alter in different breast tumours, the hetero-
geneity of the malignancy can be categorised into several
subtypes based on the tumour expressions of the oestrogen
receptor, progesterone receptor (PR), and the human epidermal
growth factor receptor-2 (HER-2).*” According to biology-
centred treatment concepts, accurate identification of the
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breast cancer subtype is necessary for precision management of
breast tumours and is beneficial for predicting tumour behav-
iour.® For example, triple-negative breast cancer (TNBC), in
which these three biomarkers are not expressed, is highly
aggressive; it has the worst prognosis and accounts for
approximately one third of breast cancer-related deaths.®'* Due
to the lack of effective therapeutic targets, TNBC patients do not
benefit from the currently available treatment options, and are
more likely to develop lung or brain metastasis, even at an early
stage of the disease.'*® Therefore, breast cancer diagnosis is
not exclusively related to the early discovery of breast tumours,
the subtype-specific features of the cancer need to be identified,
as well as the potential therapeutic targets for clinical treat-
ment, which is especially important to improve the outcome in
TNBC patients.

MicroRNAs (miRNAs, RNA = ribonucleic acid) are small non-
coding RNA molecules that are involved in the regulation of
gene expression through the interaction with the 3’ untrans-
lated region (3’ UTR) of messenger RNA.* Increasing evidence
has revealed that dysregulated miRNA expression can be closely
correlated with tumour development in many types of cancer.
Therefore, the biological mechanism underpinning tumour
initiation and progression makes miRNA a promising indicator
for use in cancer diagnosis and prognosis, representing
a potential therapeutic target and direction for the management
of cancer.”"” Several miRNAs have been discovered and iden-
tified as diagnostic biomarkers for breast cancer.’*** For
example, miR-21, which is commonly upregulated in solid

Chem. Sci., 2023, 14, 2097-2106 | 2097


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc00090g&domain=pdf&date_stamp=2023-02-18
http://orcid.org/0000-0001-6424-3085
https://doi.org/10.1039/d3sc00090g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00090g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014008

Open Access Article. Published on 31 January 2023. Downloaded on 6/20/2026 6:36:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

tumours, functions as an oncogene in breast cancer and also
contributes toward resistance to breast cancer therapies.'®
Moreover, miR-210, which is highly expressed in hypoxic envi-
ronments, promotes breast cancer proliferation, especially in
the most aggressive TNBC subtype.”* In this view, miRNA
profiling may not only provide predictive information for the
early detection of breast cancer but also guide the management
of subtype-specific cancers.

Due to its high programmability and controllable size,
dynamic DNA assembly has received considerable attention and
has exhibited distinct advantages in biological analysis.?*"*® For
example, in a toehold-mediated strand displacement reaction,
a single-stranded overhanging region, that is, a toehold, medi-
ates branch migration via a controllable strand invasion
mechanism.”” Moreover, logic relationships can be established
by the construction of particular computing-network architec-
tures when DNA assembly reactions occur in an orderly,
sequenced manner.”® On the basis of the dynamic DNA
assembly, several nucleic acid-based computing-network
architectures have been designed to evaluate multiple cell
surface receptors and enabled the identification of a particular
subpopulation of cancer cells.*?*" Recently, single miRNA
biomarker (e.g. miR-21, miRNA-141, miRNA-155) has been used
to manipulate entropy-driven DNA assembly and achieved
signal amplification for low-abundant miRNA imaging in living
cells.**?* In the meanwhile, multiple analysis of endogenous
miRNA biomarkers has also been realized and applied for the
accurate discrimination of cell subtypes in cancers by making
use of DNA-based nanodevices in a logic input-output signal
correlation pattern.***” These methods permitted the automatic
discrimination of non-tumorigenic, malignant, and metastatic
cells, as well as the respective tumours, and facilitated the tar-
geted cancer diagnosis and therapy. However, these methods
were based on enzyme-free DNA assembly strategies, most of
which required a sophisticated design of multiple DNA probes
and exhibited an unremarkable limit of detection (e.g. pM level
for miRNA biomarkers).

Alternatively, an enzyme-powered miRNA discriminator
based on dynamic DNA assembly is herein reported. The
miRNA discriminator incorporates two toehold-mediated
strand displacement reactions, which are initiated sequen-
tially with the miRNA biomarkers and fuelled by T7 exonuclease
(Exo)-powered digestion. Taking the combination of miR-21
and miR-210 as an example, the miRNA discriminator is able
to selectively identify breast cancer cells and also the TNBC
subtype by revealing their miRNA signatures. Compared to the
above-mentioned enzyme-free methods, the miRNA discrimi-
nator is simpler in design as it requires only one signal probe
input and reveals an enhanced sensitivity at the fM level by
virtue of enzyme-powered signal amplification. In the mean-
while, the miRNA discriminator is adaptable to the determi-
nation under a relatively steady condition in vitro, and can avoid
the direct effect of intracellular environment in fluorescence
imaging, such as pH and temperature fluctuation. Moreover,
the design described in this study is based on an electro-
chemical technique, which has the unique advantages of
convenient operation, high sensitivity, and low cost.***®
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Therefore, our miRNA discriminator may provide accurate
diagnostic and therapeutic information for the in-clinic miRNA-
targeted management of breast cancer.

Results and discussion
Principle of a T7 Exo-powered miRNA discriminator

Scheme 1 shows the design of the enzyme-powered miRNA
discriminator employed in this study. As a proof-of-principle
study, miR-21 was selected to identify breast cancer cells for
the early detection of breast tumours, and miR-210 was selected
to identify TNBC to reveal its subtype-specific features. An
electroactive three-stranded signal probe, A/B/C, was prepared
through the hybridisation of strands A, B, and C, in which
strand A is labelled with electroactive methylene blue (MB) and
ferrocene (Fc) molecules at both ends, separately. miR-21 binds
to the toehold region within the signal probe, and initiates the
first toehold-mediated strand displacement reaction, forming
the assembly product A/C/miR-21. T7 Exo, which catalyses the
stepwise hydrolysis of the mononucleotides from duplex DNA
or a DNA:RNA hybrid in the 5-to-3’ direction, is used to
accelerate the displacement reaction and the release of end-
labelled electroactive molecules.®® Once strand A hybridizes
with miR-21 through a strand displacement reaction, strand A is
partially segmented by T7 Exo, and releases the end-labelled MB
molecules. T7 Exo digestion is terminated at the single-stranded
region of strand A, and releases miR-21 to trigger a new round of
strand displacement reactions. A large number of partially-
digested signal probes, A1/C, are generated from the first T7
Exo-powered strand displacement reaction and expose the
toehold regions to interact with miR-210, initiating the second
strand displacement reaction. Strand A1 within the assembly
product (A1/miR-210) is further digested by T7 Exo, and releases
another end-labelled Fc molecule. Free MB and Fc molecules
can be enriched at a cucurbit[7]uril (CB[7])-functionalised
electrode through a host-guest interaction.**** The MB signal
corresponding to miR-21 indicates the occurrence of breast
cancer, and the Fc signal corresponding to miR-210 further
identifies the TNBC subtype in breast cancer.

Verification of the T7 Exo-powered miRNA discriminator

The formation of the three-stranded signal probe A/B/C was
characterised by polyacrylamide electrophoresis gel analysis
(Fig. S17). The preparation of the three-stranded signal probe
was also investigated using fluorescence spectrum after the
assembly of strand A, carboxyfluorescein-labelled strand B
(FAM-B), and black hole quencher-1-labelled strand C (BHQ1-C)
in different ratios, and an optimised hybridisation ratioof1:1:
1 was identified through the observation of quenched fluores-
cence of FAM (Fig. S21). Fig. 1A shows the sequential strand
displacement reactions with miRNA inputs from miR-21 and
miR-210. miR-21 binds to the toehold region of strand A within
A/B/C, and initiates the first strand displacement, resulting in
the release of strand B. In addition, the assembly product, A/C/
miR-21, exposes the toehold region to trigger the second strand
displacement reaction upon the binding of miR-210, resulting

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00090g

Open Access Article. Published on 31 January 2023. Downloaded on 6/20/2026 6:36:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
B (o3 miR-21
Breast cancer UL TR RNRY B . C
5 A \ PNERELLNRRRRT}
5 A
Jrnaned L
iR-21 Recycle 1 #* \/
[ ‘. m A/C/miR-21 us
56 Breastcancer
<] 7 = ¥
Other subtypes FETTTR B RET] T7 Exo
e *" AIC/miR-21 j o
¥ =
1t "\ miR-210
A1/C
mniren
A1
' ..‘. Recycle2 ||||||||\ MB
TNBC miR-210 A1/miR-210 TNBC
-
1 T7 Exo e Output
: e
A1/miR-210 il

Scheme 1 Schematic illustration of the enzyme-powered miRNA discriminator in the subtype-specific diagnosis of breast cancer.

in the formation of the product A/miR-21/miR-210. Fig. 1B
shows the fluorescence spectra of FAM obtained with different
miRNA inputs, in which the fluorescent signal probe, A/FAM-B/
BHQ1-C, was used. The fluorescence of FAM was quenched by
BHQ1 without any inputs (curve a) or with miR-210 (curve c),
but intense FAM fluorescence was observed with miRNA-21
(curve b) or with both miR-21 and miR-210 (curve d). The
results revealed that the first strand displacement reaction was
initiated when miR-21 was present regardless of whether miR-
210 was present, which resulted in the release of the FAM-B
strand and the recovery of the FAM fluorescence. Fig. 1C
further shows the fluorescence spectra of carboxy-4',5"-dichloro-
2',7" dimethoxyfluorescein (JOE) obtained with different miRNA
inputs, in which a fluorescent signal probe, JOE-A/B/BHQ1-C,
was used. Quenched JOE fluorescence was observed without
any inputs (curve a) or with miR-21 (curve b) or miR-210 (curve
c), but intense JOE fluorescence was observed when both miR-
21 and miR-210 were added (curve d). These results are in line
with the design: the second strand displacement reaction only
takes place in the presence of miR-210 and after miR-21-
initiated strand displacement, which recovers the JOE fluores-
cence for the separation of the quencher-labelled strand C. The
sequential strand displacement reactions were also confirmed
using magnetic beads and another fluorescent signal probe, A/
FAM-B/CY5-C. Magnetic beads loaded with A/FAM-B/CY5-C
were characterised by flow cytometry analysis and fluores-
cence microscopy observation, showing the simultaneous
intense fluorescence of FAM and CY5 (Fig. S3 and S47). Fig. S5+
schematically shows the strand displacement reactions at the
magnetic beads. Fig. S61 shows the flow cytometry analysis of
FAM and CY5 fluorescence at magnetic beads with different
miRNA inputs. Only CY5 fluorescence was observed with the
addition of miR-21, both FAM and CY5 fluorescence was

© 2023 The Author(s). Published by the Royal Society of Chemistry

observed with the addition of only miR-210, and no fluores-
cence was observed with the addition of both miR-21 and miR-
210. These results are consistent with the experimental design.
When miR-21 initiated the first strand displacement at the
magnetic beads, FAM-B was replaced and released from the
magnetic beads due to the generation of A/CY5-C/miR-21. When
both miR-21 and miR-210 were present, the strand displace-
ment reactions occurred sequentially at the magnetic beads,
and released both FAM-B and CY5-C from the surface of the
beads.

Successful design of the sequential strand displacement
reactions lays the foundation for the T7 Exo-powered miRNA
discriminator. Fig. 1D schematically illustrates the working
principles of the discriminator, and Fig. 1E shows the poly-
acrylamide electrophoresis gel analysis results of the discrimi-
nator under different conditions. The band for A/B/C in Lane 7
confirms the resistance of the signal probe to T7 Exo digestion
due to the presence of the 5™-overhang domain in strands A, B,
and C. The emergence of the band for A1/C and the disap-
pearance of the band for A/B/C in Lane 8 confirmed that T7 Exo
powered the first strand displacement, while the disappearance
of the bands of A/B/C and A1/C in Lane 9 confirmed the
complete digestion of strand A after the sequential reactions
with both miR-21 and miR-210. The T7 Exo-powered discrimi-
nator was also investigated by fluorescence microscopy obser-
vation of the magnetic beads loaded with A/B/C, in which strand
A was labelled by FAM and CY5 at both ends, separately
(Fig. 1F). Both FAM and CY5 fluorescence was observed
surrounding the magnetic beads; only CY5 fluorescence was
observed after the miR-21-initiated strand displacement
occurred with the assistance of T7 Exo digestion; no fluores-
cence was observed after the complete digestion of strand A
with the input of both miR-21 and miR-210. In contrast, when

Chem. Sci., 2023, 14, 2097-2106 | 2099
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Fig. 1

(A) Schematic diagram of the sequential strand displacement reactions with the input of miR-21 and miR-210 using A/B/C as a signal

probe. (B) Fluorescence spectra of FAM obtained using different miRNA inputs. (C) Fluorescence spectra of JOE obtained using different miRNA
inputs. (D) Schematic diagram of the working principles of the T7 Exo-powered miRNA discriminator. (E) Polyacrylamide electrophoresis gel
analysis results of the T7 Exo-powered miRNA discriminator under different conditions. (F) Fluorescence microscope characterisation of the T7

Exo-powered miRNA discriminator at magnetic beads.

only miR-210 was present, dual fluorescence remained stable
surrounding the magnetic beads, confirming the inherent order
of the miRNA discriminator in the design. Moreover, T7 Exo
digestion was utilized to accelerate the displacement efficiency,
and resulted in greatly enhanced fluorescence compared to that
without digestion using the fluorescent probes A/FAM-B/BHQ1-
C and JOE-A/B/BHQ1-C (Fig. S7t). Overall, the fluorescence
results demonstrated the design and feasibility of the T7 Exo-
powered miRNA discriminator.

T7 Exo-powered miRNA discriminator for electrochemical
measurement of miRNA biomarkers

To achieve the electrochemical measurement of miRNA
biomarkers, electroactive A/B/C was prepared by the dual
labelling of strand A with MB and Fc molecules. Free MB and Fc
molecules were able to enrich a CB[7]-functionalised electrode

2100 | Chem. Sci,, 2023, 14, 2097-2106

through the host-guest interaction, enhancing the electro-
chemical signals (Fig. S81t). Fig. 2A schematically illustrates the
electrochemical measurements conducted using the designed
miRNA discriminator. miR-21 binds to the exposed toehold
region within A/B/C, producing A/C/miR-21 via the first strand
displacement. The partial digestion of A strand by T7 Exo not
only leads to the release of end-labelled MB molecules and
produces a quantitative signal corresponding to miR-21 but also
accelerates strand displacement with the recycling of miR-21.
Moreover, the partially digested product A1/C exposes another
toehold region to interact with miR-210, initiating the second
strand displacement reaction with the aid of T7 Exo. The
complete digestion of the A1l strand by T7 Exo leads to the
release of another end-labelled electrochemical tag, the Fc
molecule, and produces another quantitative signal corre-
sponding to miR-210. Fig. 2B shows the electrochemical

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00090g

Open Access Article. Published on 31 January 2023. Downloaded on 6/20/2026 6:36:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
(A) 8 i » o 7 ™\
A wg B
P L i miR-210 nin I
miR21 . T7Exo. © AIC/miR-21 A1/C A1/miR-210 Z 1 -
(B )o.o- (C)o.o-
-0.54 -0.5+
] < )
§- 1.0 3. -1.0
E -1.54 E 1.5+
@ -2.04 o -2.04
£ =
3 -2.54 S -2.54
3.0 AIBIC o 3.0 —— A/BIC+T7 Exo
: A/B/C+miR-21 =~ ~—— A/B/C+miR-21+T7 Exo
-3.54 A/B/C+miR-21+miR-210 -3.54 A/B/C+miR-210+T7 Exo
MB —— A/B/C+miR-21+miR-210+T7 Exo : MB —— A/B/C+miR-21+miR-210+T7 Exo
4041 r r v v * -4.0 v r r v . v
-04 -02 0.0 0.2 0.4 0.6 04 -02 00 02 04 06
( D ) Potential / V (E ) Potential / V
W — 0.0 4
-0.54 ’ @
< < 1.0 a
= 3 ]
: ~ -1.51 ;:
- !
& g 201 e
= = N
8 - 2.5+ Pos
. O 3ol o i
I 0.2.
1 -3.54 04
-8 -7 £ -5 -4 3 2 -1 -8 T 6 5 -4 3 2 A
LgImiR-21 concentration / uM] -4.0 4 Lg[miR-210 concentration / uM]
00 02 04 06 04 02 00 02 04 06
Potential / V Potential / V
Fig.2 (A) Schematic illustration of the electrochemical measurement of miRNA biomarkers using the T7 Exo-powered miRNA discriminator. (B)

Electrochemical responses obtained with miRNA inputs (miR-21 or both miR-21 and miR-210) and that with both miRNAs after T7 Exo digestion.
(C) Electrochemical responses obtained with different miRNA inputs (miR-21, miR-210 and both miRNAs) after T7 Exo digestion. (D) Electro-
chemical responses obtained with miR-21 at different concentrations (from a to i: 0, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, and 100
nM). The inset shows the linear relationship between /g and the logarithmic value of miR-21 concentration. (E) Electrochemical responses
obtained with the co-existence of miR-21 (100 nM) and miR-210 at different concentrations (from a to i: 0, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM,
1 nM, 10 nM, and 100 nM). The inset shows the linear relationship between /¢ and the logarithmic value of miR-210 concentration.

responses obtained with or without T7 Exo digestion. The peak
currents of MB and Fc were observed after T7 Exo-powered
strand displacement with the addition of both miRNAs, but
almost no responses were observed without T7 Exo digestion,
even in the presence of miR-21 and miR-210. The electro-
chemical results were found to be in good agreement with the
fluorescence analysis, and reconfirmed that T7 Exo digestion
was essential to release both end-labelled electroactive tags.

Fig. 2C shows the electrochemical responses obtained after
T7 Exo digestion with different miRNA inputs. The MB signal
was observed when miR-21 was added, both MB and Fc signals
were observed simultaneously when both miRNAs were added,
but almost no peak current was observed in the absence of
miRNAs or the presence of only miR-210. Overall, the electro-
chemical results demonstrated the feasibility of using a dual
signals-based miRNA discriminator to identify miR-21 and miR-
210 in sequence.

To ensure the high sensitivity of the miRNA discriminator,
experiments were performed to optimize the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

conditions, including the concentration of signal probe, the
reaction time for T7 Exo-powered strand displacement reac-
tions, the pH and the temperature (Fig. S9-S1471). The quanti-
tative determination of miRNA biomarkers was performed
under the optimised conditions. Fig. 2D shows the electro-
chemical responses attained using different miR-21 concen-
trations. As expected, the MB signal increased with the
enhancement in the miR-21 concentration. The correlation
between the peak current of MB (Ip) and the logarithmic value
of miR-21 concentration (Cpir.»1) revealed a linear relationship
in the range from 10 fM to 100 nM. The regression equation was
determined to be Iy (MA) = 0.521 X 1g Crnir21 + 4.63 (coefficient
of determination, R> = 0.998), and the detection limit was
estimated to be 3.0 fM for miR-21 at a signal-to-noise ratio of 3.
Fig. 2E shows the electrochemical responses attained with the
co-existence of miR-21 (100 nM) and miR-210 at different
concentrations. The MB signal remained stable due to the fixed
miR-21 concentration, while the Fc signal increased with the
enhancement in the miR-210 concentration. The inset of Fig. 2E

Chem. Sci., 2023, 14, 2097-2106 | 2101
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shows a linear relationship between the peak current of Fc (Ix.)
and the logarithmic value of the miR-210 concentration (Cpy;g-
210) in the range from 10 fM to 100 nM. The regression equation
was determined to be Iy, (MA) = 0.101 x 1g Ciga10 + 1.01 (R* =
0.999), and the detection limit was calculated to be 1.81 fM for
miR-210 determination at a signal-to-noise ratio of 3. Table S1t
shows the comparison of the method developed in this study
and the methods currently available for the quantification of
miRNA.**¢ The method developed in this study showed an
improved sensitivity with a relatively wider linear range and
a lower detection limit compared to the existing methods.

The selectivity of the miRNA discriminator was then exam-
ined. Fig. 3A shows the electrochemical responses attained with
the different miRNA inputs of miR-210, miR-188, miR-375, and
miR-21 after T7 Exo digestion. An intense MB signal was
observed upon the addition of miR-21, but low-intensity MB
signals approaching that of the background were observed
upon the addition of the other control miRNAs. It is worth
mentioning here that almost no MB signal was observed, even
for miR-210. Fig. 3B shows the electrochemical responses ob-
tained with the co-existence of miR-21 (100 nM) and the
different miRNAs miR-210, miR-188, and miR-375 after T7 Exo
digestion. The MB signal remained stable at a high level, but an
intense Fc signal was only observed in the presence of miR-210.
These results were reasonable and proved the selectivity of the
discriminator. In the first T7 Exo-powered strand displacement

View Article Online
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reaction, the end-labelled MB molecules were released and
enriched at the electrode to produce an MB signal corre-
sponding to miR-21; in the second strand displacement reac-
tion, the end-labelled Fc molecules were released to produce an
Fc signal corresponding to miR-210. The selectivity of the
method was also investigated using mismatched miRNAs. As
shown in Fig. 3C, a decreased Iy was observed upon the
addition of mismatched miR-21, and the I,z obtained with the
control miRNA containing three mismatched bases (TM) was
almost as low as the background. The statistical analysis
revealed that the peak current attained with the target miRNA
was significantly higher than that even with only single mis-
matched base (SM). A similar trend was also revealed by tracing
the Fc signal with the mismatched miR-210 (Fig. 3D). Notably,
the position and the type of the single mismatched base was
also proven to adversely affect the stability of the hybridisation
with the probe in both control experiments, which was in line
with previous reports and confirmed high selectivity of our
discriminator.*”**

The anti-interference performance of the miRNA discrimi-
nator was investigated in a complex serum environment.
Fig. S15 and S161 show the comparison of the I;g and Ir. values
obtained in buffer and those obtained in the serum samples,
respectively. The peak currents attained in the serum samples
were all comparable to those in the buffer, and the recoveries
observed in the serum samples were calculated to be 101.0-
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Fig. 3

(A) Electrochemical responses obtained with the different miRNAs miR-210, miR-188, miR-375, and miR-21 after T7 Exo-powered strand

displacement. (B) Electrochemical responses attained with the co-existence of miR-21 (100 nM) and the different miRNAs miR-210, miR-188,
and miR-375 after T7 Exo-powered strand displacement. (C) /ug attained with miR-21 (100 nM) and mismatched miR-21 containing single
mismatched (SM), double mismatched (DM), and triple mismatched (TM) bases. (D) /¢ obtained with miR-210 (100 nM) and the mismatched miR-
210 containing single SM, DM, and TM bases. Statistical significance was determined by two-tailed Student's t-test; **p < 0.01, ***p < 0.001,

*kkp < 0.0001.
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108.2% for miR-21 and 96.07-99.33% for miR-210 (Tables S2
and S31). Overall, the electrochemical results showed the
satisfactory sensitivity, specificity, and anti-interference prop-
erties of the miRNA discriminator, even in a complex
environment.

T7 Exo-powered miRNA discriminator for electrochemical
analysis of breast cancer cells with different subtypes

Encouraged by its performance in the electrochemical
measurement of the miRNA biomarkers, the miRNA discrimi-
nator was further applied to analyse different breast cancer
cells, including ER-positive MCF-7, HER-2-positive BT-474, and
triple-negative MDA-MB-231 cells. A breast cell line, MCF-10A,
was used as the normal control. Fig. 4A schematically illus-
trates the application of the T7 Exo-powered miRNA discrimi-
nator in the subtype-specific detection of breast cancer. RNA
extracts were obtained from different cell samples by using the
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standard extract kits that contained RNase inhibitors. The gold-
standard method, quantitative reverse transcription polymerase
chain reaction (qRT-PCR), was carried out to determine the
miR-21 and miR-210 levels in the different cells. Fig. 4B shows
the miR-21 levels in different breast cancer cells relative to that
in the normal control MCF-10A cells, suggesting up-regulated
miR-21 expression in all the breast cancer cell lines. Fig. 4C
shows the miR-210 levels in different breast cancer cells relative
to the normal control MCF-10A cells, suggesting elevated miR-
210 expression exclusively in the MDA-MB-231 cell line that
has TNBC features. Fig. 4D shows the MB signals attained for
the MCF-10A, MCF-7, BT-474, and MDA-MB-231 cells. MB
signals corresponding to miR-21 levels were found to signifi-
cantly increase in the breast cancer cell lines. As a comparison,
the MB signal observed for the MCF-10A cells was as low in
intensity as the background. Fig. 4E further shows the Fc signals
observed for the MCF-10A, MCF-7, BT-474, and MDA-MB-231

miR-210
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(A) Schematic illustration of the use of the miRNA discriminator in the subtype-specific detection of breast cancer. (B) miR-21 expressions

determined by gRT-PCR in different cancer cells (MCF-7, BT-474, and MDA-MB-231 cells) relative to that in MCF-10A cells. (C) miR-210
expressions determined by qRT-PCR in different cancer cells (MCF-7, BT-474, and MDA-MB-231 cells) relative to that in MCF-10A cells. (D) Iug
attained for MCF-10A, MCF-7, BT-474, and MDA-MB-231 cells. (E) /¢ attained for MCF-10A, MCF-7, BT-474, and MDA-MB-231 cells.
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cells. A greatly enhanced Fc signal was observed only in the case
of MDA-MB-231 cells. The electrochemical results demon-
strated that the miR-21 levels could be used to distinguish
breast cancer cells from normal cells and the miR-210 levels
could be used to further identify TNBC subtype features.

Fig. 5A shows the MB signals observed for the different cells
with enhanced numbers from 10 to 10° cells using the T7 Exo
powered miRNA discriminator. In line with an increase in the
number of cells, the MB signal gradually increased in intensity
regardless of the breast cancer subtype, but stayed at an
extremely low level for the MCF-10A cells. The MB signal cor-
responding to miR-21 was highly sensitive for identifying breast
cancer, even with only 10 cells. Fig. 5B further shows the Fc
signals obtained for the different cells in line with increase in
the number of cells from 10 to 10> cells. The Fc signal exhibited
an obvious increase with an increase in the number of MDA-
MB-231 cells, whereas only a slight increase in intensity of the
Fc signal was observed for the MCF-7 and BT-474 cells. These
results were in good agreement with miRNA expression deter-
mined by qRT-PCR. miR-21 was highly expressed in all the
breast cancer cells, while miR-210 expression in the TNBC
subtype MDA-MB-231 cells was much higher than that in
luminal-like MCF-7 and HER-2 positive BT-474 cells. In order to
clarify the reliable and accurate miRNA discriminator, a miR-21
mimic was used to pre-treat the normal MCF-10A cells. The
peak current was observed to increase evidently due to the up-
regulated miR-21 level after the treatment with miR-21 mimic,

View Article Online
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which was in accordance with qRT-PCR results (Fig. S171).
Furthermore, when MCF-7, BT-474, and MDA-MB-231 cells were
treated with miR-21 inhibitor,* the MB signals sharply
decreased in intensity to a negligible level in the presence of
increased inhibitor concentrations due to the inhibition of miR-
21-initiated strand displacement (Fig. 5C). Interestingly, Fc
signals were also found to decrease with the addition of miR-21
inhibitors (Fig. S18f). This result was reasonable and recon-
firmed the order of the strand displacement, in which the miR-
210-initiated strand displacement was on the basis of miR-21-
initiated strand displacement. Fig. 5D shows Fc signals
attained for MDA-MB-231 cells after treatment with different
concentrations of the miR-210 inhibitor.”* A high-intensity Fc
signal was observed for the MDA-MB-231 cells due to high miR-
210 expression, but gradually decreased in intensity to quite
a low level in line with increased inhibitor concentration, which
was consistent with the gRT-PCR determination (Fig. S19%).
Overall, these results demonstrated that miR-21 could be used
to discriminate between breast cancer and normal cells, and
miR-210 was used to further identify the subtype-specific
features of TNBC among different breast cancer cells.

Finally, the feasibility of the designed miRNA discriminator
was verified in the analysis of real tissue samples. To do so,
a tumour xenograft mouse model was established via the
subcutaneous injection of MDA-MB-231 cells, and the tumour
and normal breast tissues were finally excised for analysis after
the mice were sacrificed. As shown in Fig. S20,7 both MB and Fc
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(A) Img obtained for different numbers of MCF-10A, MCF-7, BT-474, and MDA-MB-231 cells. (B) /¢ obtained for different numbers of MCF-

10A, MCF-7, BT-474, and MDA-MB-231 cells. (C) Iyg obtained for MCF-7, BT-474, and MDA-MB-231 cells that were pre-treated with different
concentrations of miR-21 inhibitor. (D) /. obtained for MDA-MB-231 cells that were pre-treated with different concentrations of miR-210

inhibitor.
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signals were found to evidently increase in intensity in the
tumour tissue compared to in the normal breast tissue, con-
firming the stability and practicability of the designed
discriminator in complex environments.

Conclusions

An enzyme-powered miRNA discriminator was designed to
facilitate the detection of breast tumours and also reveal the
subtype-specific features in breast cancer on the basis of highly-
ordered strand displacement reactions. Two endogenous
miRNA biomarkers, miR-21 and miR-210, were selected to
identify breast cancer cells and TNBC features, respectively,
which triggered strand displacement reactions in sequence.
miR-21 triggered the first enzyme-powered strand displace-
ment, and the generated MB signal corresponding to miR-21
allowed the distinguishing between breast cancer and normal
cells, even at a fairly low concentration. Thereafter, miR-210
triggered the second strand displacement using the newly-
digested product, and the generated Fc signal corresponding
to miR-210 further revealed the subtype-specific features of
breast cancer cells, taking the TNBC subtype as an example. As
important biomarkers in cancer diagnosis, miRNAs play a key
role in cancer occurrence and development, thus miRNA
profiling may provide more precise information for the imple-
mentation of targeted treatment and prediction of prognosis. In
future studies, more miRNA biomarkers could be combined
and introduced to the miRNA discriminator for a detailed
understanding of tumour features in breast cancer, offering
new options for the management of cancer, especially for
subtypes with poor prognosis, such as HER-2-positive and
TNBC subtypes. Moreover, well-organised strand displacement
may also provide new insight into the development of an
automatous DNA nanomachine and elucidate the complicated
logic relationship involved in cancer-related mechanisms, thus
promoting cancer diagnosis and therapy.
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