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Spatially-extended 3D magnetic DNA nanodevice-
based split-type photoelectrochemical strategy
for sensitive and reliable miRNA detection in
cancer cells†
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Highly sensitive and reliable PEC detection of miRNAs still faces

some challenges like the inaccuracy caused by coexisting interfer-

ences in the PEC system. Herein, we developed a split-type “turn-

off” PEC biosensor based on spatially-extended 3D magnetic DNA

nanodevices with high-order DNA amplifiers for sensitive detec-

tion of miRNAs in cancer cells.

MicroRNA (miRNA) performs crucial functions in feedback
mechanisms by safeguarding key biological processes includ-
ing the regulation of gene expression and attenuation of apop-
tosis, where its expression levels in cancer cells are closely
related to malignant diseases. Recent studies have demon-
strated that cancer-specific fingerprints of miRNAs can provide
important information about tumor initiation, the progression
of invasion, and metastasis. Interestingly, intracellular miRNA
has emerged as a promising genetic marker for cancer pro-
gression and prognosis.1 These findings have fueled the need
to develop highly sensitive and reliable detection methods for
miRNA in cancer cells to obtain information on the progress
of malignancy and better guidance in practical clinical appli-
cations. Therefore, the development of strategies for simple,
sensitive, and robust quantitative detection of miRNA in
cancer cells has become imperative.

Recently, some engaging strategies have been proposed for
the detection of miRNA in biological samples, including fluo-
rescence,2 electrochemical,3,4 surface plasmon resonance,5

ECL6 and photoelectrochemical (PEC).7 In particular, the PEC
technique exhibits unique merits of low background and high
sensitivity resulting from the separated optical excitation and
signal readout.8–12 Typically, most PEC biosensors involve the
interfacial confinement of DNA probes on the photoelectrode,

followed by passivation with a blocking reagent that backfills
the unoccupied space and forces the probe to adopt a vertical
direction for target recognition.13–16 Unfortunately, the
binding of biomolecules on photoelectrodes may inevitably
cause the weakening of the photocurrent signal due to their
steric hindrance effect on mass transfer and target accessibil-
ity, and the interference in light absorption of photovoltaic
substrates. Moreover, tedious electrode assembly and cleaning
procedures reduce the accuracy and stability of the PEC
sensor.17–19 In order to overcome the above bottlenecks, a
variety of split PEC detection methods have been developed in
recent years, which can well avoid the interference between
biometric identification and PEC detection system.20 To
improve the sensitivity, various enzyme/nucleic acid amplifica-
tion circuits were introduced into the homogeneous PEC
system.19,21 Despite these substantial achievements in sensi-
tivity, there are still some challenges of concern. For example,
target recognition and signal output were carried out in the
same solution, and the coexisting enzyme or nucleic acid sub-
strate was susceptible to being adsorbed to the electrode
surface, resulting in electrode contamination. In addition, the
coexisting reducing components in biological samples (H2O2

or dopamine) will compete with the electron donor, leading to
an unpredictable photocurrent response, thereby affecting the
accuracy.22 Thus, an unconventional split-type PEC strategy is
still urgently desired in biological sample analysis.

3D magnetic DNA nanodevices are emerging as potential
alternatives to the strategy of constructing split-type sensors
due to their attractive attributes associated with highly
efficient removal of coexisting interference substances.17 This
platform can also permit concentrating on the substrate probe
in the nanospace to improve reaction efficiency and amplifica-
tion ability.23 For example, Li et al. developed a split-type PEC
biosensor by introducing superparamagnetic Fe3O4@SiO2 to
control the load of a CdTe-modified DNA signal for sensitive
detection of miRNA-122.24 Recently, our group developed a
split-type digital quantitative aptasensor by using superpara-
magnetic Fe3O4 to control the load of an invertase–DNA conju-
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gate for on-the-spot detection of antibiotics.25 Although these
magnetic DNA nanodevices can be obtained by one-step
hybridization with CdTe-modified DNA or an invertase–DNA
conjugate onto the surface of Fe3O4 nanoparticles, some limit-
ations remain. For example, the size of CdTe and invertase
were both larger than 3 nm, which is comparable to small
Fe3O4 probes.24 In this sense, the amount of coupling capture
of DNA was significantly reduced due to the interface hin-
drance effect. Moreover, in the one-step hybridization mode,
the loaded DNA is only confined to the limited surface of mag-
netic Fe3O4 nanoparticles, which cannot be extended to three-
dimensional space, thus limiting its removal performance and
impairing the sensitivity for detection. Currently, the appli-
cation of 3D DNA nanodevices in PEC biosensing is still in its
infancy. Therefore, more efforts should be devoted to this area
to meet the demand for high sensitivity analysis of trace
miR-21 in complex biological samples.

Herein, we developed a facile split-type “turn-off” PEC bio-
sensor based on spatially-extended 3D magnetic DNA nano-
devices with high-order DNA scaffold amplifiers for the sensi-
tive and selective detection of miRNAs. A highly amplified
signal and low background are achieved by a high-order DNA
scaffold made by rolling circle amplification (RCA) self-assem-
bly and magnetic separation. In this strategy, a padlock probe
(P-circle, green yellow) is designed to be complementary to the
target miR-21 (light yellow) at its 5′- and 3′-terminals. In the
presence of miR-21, the formed RNA/DNA complex between
the padlock probe and miR-21 served as an engaging primer
to initiate the RCA process, generating abundant single-strand
DNA (RCA–DNA). The RCA–DNA served as the framework,
which was designed to include the anchoring sequence for
one short functional DNA (biotin-P1, red) and two short unmo-
dified DNAs (P2, purple; P3, green). Through periodic binding
with the bio-P1 (biotin-modified P1), P2 and P3, respectively,
the long RCA–DNA can be folded and self-assembled into
higher-order superstructures (Fig. S1†). Benefitting from the
strong interaction of biotin–streptavidin and the multivalency
of streptavidin molecules (one streptavidin binds four biotins),
multiple higher order DNA scaffolds can be anchored to strep-
tavidin-modified Fe3O4 (strep-MB), forming 3D magnetic DNA.
In this sense, the loaded DNA scaffold was not only limited to
the surface of magnetic Fe3O4 nanoparticles, but also can be
extended into the three-dimensional space (Fig. 1A). In this
case, by transferring the 3D magnetic DNA nanodevice to an
MB solution, the carried higher-order DNA scaffold amplifier
can be used as a huge container to load MB through its abun-
dant guanine bases and double helix grooves. After magnetic
separation, the remaining pure MB molecules result in a
reduced photocurrent signal, which is directly inversely pro-
portional to miRNA with extremely high sensitivity (Fig. 1B). In
contrast, in the absence of target miR-21, the proposed RCA is
blocked; the RCA–DNA products and the spatially extended 3D
magnetic DNA nanodevices cannot be generated, resulting in
no obvious change in photocurrent. In our system, the RCA-
based high-order DNA scaffold assembled 3D magnetic DNA
nanodevice expanded the scope of space and overcame the

spatial hindrance effect on magnetic nanoparticles, thus
enhancing the DNA load capacity and MB removal ability and
further increasing signal amplification. Target recognition and
signal output occur in two different reaction pools, avoiding
interference of biological sample components to the PEC
response and guaranteeing reliability. The split-type “turn-off”
PEC sensor can achieve remarkable detection limits (2.4 fM)
and eliminate the instability caused by the PEC system.
Significantly, the proposed strategy was demonstrated with
high selectivity and capability of detecting miR-21 in the total
RNA samples extracted from different cells. Given the need for
high performance miRNA analysis in cancer cells, the strategy
shows promise in its application to complex biological matrices.

To verify the feasibility of the 3D magnetic DNA nano-
device-based split-type PEC strategy for miR-21 detection, we
performed electrophoretic analysis using 2% agarose gel in a
TAE buffer (Fig. 2A). In the presence of miR-21, the band of
the product (lane 4) migrated slower than the padlock (lane 2),
resulting from the miR-21 mediated RCA process with the
designed DNA structures. Notably, with the addition of three
primers (P1, P2, and P3, lanes 5–7), a discrete band of
different mobility was observed while the bands of low mole-
cular weight corresponding to the three short primers dis-
appeared (lane 8), suggesting the formation of high-order DNA

Fig. 1 Schematic illustration of the spatially-extended 3D magnetic
DNA nanodevice-based split-type photoelectrochemical strategy for
sensitive and reliable miRNA detection. (A) Target recognition process;
(B) PEC signal output process.
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nanostructures. In order to further explore the distribution of
high-order DNA nanostructures on the surface of magnetic
nanoparticles, bio-P1, P2, P3 and streptavidin-modified Fe3O4

(strep-MB) were introduced into the RCA product system in
sequence and the products were further characterized by AFM.
As shown in Fig. 2B, magnetic nanoparticles were surrounded
by highly dense high-order DNA nanostructures, which was in
accordance with the agarose gel electrophoresis results. This
indicated that the RCA mediated high-order DNA scaffolds
enable loaded DNA probes not only to be confined to the
surface of magnetic Fe3O4 nanoparticles but also to be
extended into the surrounding space.

To test whether the high-order DNA scaffolds have the
ability to capture free MB, after transferring the high-order
DNA scaffolds into the pure MB solution, a photochemical
analysis was performed (Fig. S3†). The proposed PEC platform
employs free MB as the photochemical signal reporter and a
negatively charged FTO electrode as the working electrode. A
reduced PEC response can be successfully achieved based on
the diffusivity difference between free MB molecules and MB
molecules embedded within high-order DNA scaffolds, which
was similar to the previous system with dsDNA for capturing
MB.26,27 More interestingly, in the above free MB and coexist-
ing MB/DNA scaffoldssituation, the repeated photocurrent
tends to rise slowly as the test time goes on (Fig. S3†). To
further explore this process, the stoichiometry and binding
energy of the interaction between MB and high-order DNA
scaffolds were studied by ITC experiments at 310.15 K
(Fig. 2C). The N value was 10.6 ± 4.59, suggesting that each
“boxcar” of high-order DNA can load about 6–14 MB mole-

cules, indicating that it has a high ability to capture MB. In
this multimodal bonding process, where free MB and MB/DNA
complexes coexist, the electronegativity of the complex
decreases significantly, which may overcome electrostatic
repulsion and allow diffusion to the electrode surface, thus
interfering with the original stability. Moreover, with continu-
ous PEC detection, the binding dynamic equilibrium of MB/
DNA might be influenced by the surrounding environment
and lead to imperfect reliability. Therefore, in the PEC system,
where the substrate probes and signal reporters coexist,
mutual interference cannot be avoided.

To eliminate mutual interference, a target recognition and
signal output spatial partition based PEC approach was pro-
posed. As shown in Fig. 2D, when the target miR-21 was
present, a significantly reduced photoelectric signal was
observed compared to that of the initial MB solution. This
suggests that the target sequence can be hybridized with a
lock-like probe, initiating an RCA process that locks onto one
biotin DNA and two short unmodified DNAs. The resulting
periodic DNA/DNA hybrids can self-assemble in a high-order
folded manner and then bind to streptavidin magnetic nano-
beads to form space-expanded 3D magnetic DNA nanodevices
through avidin–biotin conjugation. After transferring them
into the pure MB solution, a large amount of MB was
embedded into magnetic DNA nanodevices and then removed
by magnetic separation. Therefore, the concentration of MB
was drastically reduced and resulted in a photocurrent
decrease in a proportional manner. In contrast, in the control
system without miR-21, there was no distinct photocurrent
attenuation compared to that in the initial MB solution
(Fig. 2D). This indicated that in the absence of miR-21, the
padlock probe could not circulate and trigger the subsequent
RCA process, thus preventing the formation of periodic DNA/
DNA hybrids. In this case, by transferring magnetic DNA nano-
devices to a pure MB solution, it is difficult to remove MB
because it only carries P1, resulting in a lack of MB insertion
sites. All results testify to the operational feasibility of the
designed split-type PEC platform.

To improve the operational performance of the as-proposed
split-type PEC assay, the experimental conditions should be
carefully optimized (Fig. S4†). Under optimal experimental
conditions, the as-proposed PEC platform was used to quanti-
tatively determine miR-21 with different concentrations.
Fig. 3A depicts the photocurrent responses of the split-type
PEC sensor after incubation with target miR-21. Evidently, the
photocurrents decreased as the miR-21 concentration
increased from 0 fM to 1 μM, which is attributed to the drasti-
cally reduced presence of MB induced by the powerful target-
triggered removal of MB/DNA complexes. Moreover, the photo-
current change (ΔI, the difference between the photocurrents
in the presence and absence of the miR-21) exhibits a good
linear correlation with the logarithm of the miR-21 concen-
tration ranging from 10 fM to 1 μM (Fig. 3B). The corres-
ponding linear correlation equation is ΔI = 76 lg CmiR-21–49
and the correlation coefficient (R2) is 0.9889, where ΔI is the
photocurrent change (nA) and C is the miR-21 concentration

Fig. 2 (A) Agarose gel analysis of high-order DNA scaffolds. Lane 1:
miR-21; lane 2: padlock; lane 3: padlock + miR-21; lane 4: miR-21 +
padlock strand + DNA polymerase; lane 5: P1; lane 6: P2; lane 7: P3; lane
8: miR-21 + padlock + P1 + P2 + P3 + DNA polymerase. (B) AFM image
of 3D magnetic DNA nanodevices. (C) Thermodynamic parameters
corresponding to the inclusion complex between highly folded DNA and
MB. (D) PEC response of the proposed PEC sensor in the absence of the
miR-21 (a) and in the presence of the miR-21 (b).
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(fM). The detection limit was recorded as 2.4 fM (S/N of 3),
which was comparable or superior to some reported analysis
strategies toward miR-21 (Table S2†).

To assess the reliability of the results in this split-type PEC
strategy, the precision and reproducibility were explored by cal-
culating the relative standard deviation (RSD) of intra- and
inter-assays. Three concentrations of miR-21 (0.4 pM, 0.4 nM
and 0.4 μM) within the linear range were chosen for the test.
Intra-assay precision and inter-assay precision for three paral-
lel determinations of the miR-21 sample were performed on
the same day and after three days, respectively (Fig. 4B). For
miR-21 detection, the RSD of the intra-assay precision were
0.46%, 0.62% and 0.47% and the RSD of the inter-assay pre-
cision were 1.39%, 3.45% and 3.15%, respectively. These
results indicated that the as-proposed PEC sensor possessed
satisfactory precision and reproducibility.

Specificity is an essential indicator of a sensing platform.
Due to the highly sequential homological similarity between
family members, distinguishing the difference between
miRNA family members remains a great challenge. To evaluate
the specificity of the split-type PEC sensing platform,
sequences such as miR-155, miR-141 and let-7b were chosen
as possible distractors (Fig. 4A). The photocurrent responses of
several miRNAs, including miR-155, miR-141 and let-7b were

separately measured at the same concentration. As displayed
in Fig. 4C, only miR-21 induced a dramatic enhancement of ΔI
while other interfering miRNAs showed negligible changes.
These results suggested that this strategy displayed high
selectivity for the detection of miR-21.

We further examined the application of the split-type PEC
strategy using real samples, namely miRNA-21 from cervical
cancer cells (HeLa), human hepatic cancer cells (HepG2) and
human non-small cell lung cancer cells (A549), which were put
into practice. As shown in Fig. 5, upon analysing the samples
containing lysates from the above cells, this system exhibits a
higher photocurrent response to HepG2 cells and HeLa cells
and a lower photocurrent response to A549 cells, which is con-
sistent with previous reports.28,29 These satisfactory results
well demonstrated that this split-type PEC biosensor has good
potential to detect miRNAs from various cancer cells in early
diagnostics.

In summary, a sensitive and reliable split-type PEC bio-
sensor was proposed based on spatially-extended 3D magnetic
DNA nanodevices with high-order DNA scaffold amplifiers
mediating a “zero mutual interference” protocol. In our
system, target recognition and signal output occur in two
different reaction pools, avoiding the interference from bio-
logical sample components in the PEC response, thus ensur-
ing reliability. The RCA-based high-order DNA scaffold
assembled 3D magnetic DNA nanodevice expanded the scope
of space and overcame the spatial hindrance effect on mag-
netic nanoparticles, thus enhancing DNA load capacity and
MB removal ability and further increasing signal amplification.
The split-type “turn-off” PEC sensor can produce a high con-
trast PEC signal and a low detection limit of 2.4 fM for the
target miR-21. Importantly, the strategy was successfully used
to assay the expression levels of miR-21 in HeLa, HepG2 and
A549 cells, demonstrating that this approach holds potential
for the sensitive detection of low-abundance biomarkers in
complex biological matrices.
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