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A dual signal amplification-assisted DNAzyme
biosensor for ultrasensitive detection of
Argonaute 2 activity†

Dandan Zhang,‡a Fei Ma,‡a Junhong Leng‡b and Chun-yang Zhang *a

We develop a new DNAzyme biosensor for Argonaute 2 (Ago2) assay

based on target-initiated rolling circle amplification in combination

with an 8-17 DNAzyme-mediated dual signal amplification strategy.

This biosensor can achieve ultrahigh sensitivity with a detection limit

of 0.35 pM, and it can be further used for the screening of Ago2

inhibitors and the accurate measurement of endogenous Ago2 from

HeLa cell extracts.

Argonaute proteins are essential elements of RNA-induced
silencing complexes (RISC) in eukaryotic cells, participating
in RNA-mediated gene silencing processes.1 The Ago proteins
can firstly bind with small non-coding RNAs (e.g. microRNAs
and small interfering RNAs) to form an active RISC structure
which is able to cleave the target messenger RNA (mRNA) to
cause gene silencing.2 Ago protein-mediated transcriptional
regulations play critical roles in many biological processes,
including cell development, proliferation, differentiation, and
hematopoiesis.3 Moreover, the dysregulation of cellular Argonaute
levels has been closely associated with various human diseases
including cancers,4 and human Argonaute 2 (Ago2) is over-
expressed in colon cancer,5 cervical cancer,6 ovarian carcinoma,7

and gastric carcinoma.8 Therefore, the accurate detection of
Argonaute proteins is crucial for both Argonaute- and gene
silencing-associated biological studies and disease diagnosis.

The antibody-based Western blotting (WB)9 and enzyme-
linked immunosorbent assay (ELISA)10 are most widely used for
Argonaute assay; however, they usually suffer from laborious
and time-consuming procedures. In addition, these methods
are only suitable for detecting the protein contents of

Argonaute instead of its cleavage activity towards the target
RNA. To solve these issues, some alternative methods have
been established, such as G-quadruplex-based electrochemical
assay11 and molecular beacon-based fluorescence assay.12

Despite their good performance in selectivity, reproducibility
and simplicity, the sensitivities of these methods are quite
limited due to the lack of an efficient signal amplification
strategy. Therefore, there is an urgent need for the development
of new methods for Argonaute activity assay with improved
sensitivity.

Deoxyribozymes (DNAzymes) are a type of functional nucleic
acid that catalyzes many biological reactions including RNA
cleavage,13 RNA ligation,14 and oxidation–reduction reactions.15

Superior to the conventional protein-based enzymes, DNAzymes
are highly stable, highly active, and cost effective,16 making
them attractive elements for the construction of efficient bio-
sensors for the detection of DNAs,17 microRNAs,18 proteins,19

enzymes,20 and metal ions.21 To the best of our knowledge, the
development of a DNAzyme biosensor for Argonaute assay has
not yet been reported so far, probably due to the inability
of Argonaute to induce the generation of DNAzyme directly.
Rolling circle amplification (RCA) is a highly efficient nucleic
acid amplification approach that can produce long single-
stranded DNAs by using a suitable DNA polymerase with strand
displacement activity,22 and it has been widely used for the
detection of various biomolecules including DNAs,23 microRNAs,24

proteins,25 and enzymes.26 Especially, RCA can efficiently synthe-
size the repetitive sequences of functional nucleic acids including
DNAzymes,27 greatly extending RCA-based biosensing applications
and improving the assay sensitivity.28

In this research, we develop a new DNAzyme biosensor for
Argonaute 2 (Ago2) activity assay by the combination of a target-
initiated RCA reaction with 8-17 DNAzyme-mediated dual signal
amplification. Among various DNAzymes, 8-17 DNAzyme is the
most extensively used metalloenzyme, and it can catalyze the
cleavage of RNA strands with divalent metal ions (e.g., Zn2+,
Mg2+, and Pb2+) as the cofactors.29 As shown in Scheme 1, a
single-stranded substrate RNA (sRNA) is employed to sense the
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target Ago2. This sRNA contains a primer sequence (Scheme 1,
red color) at its 50 region and a blocker sequence at its 30 region
(Scheme 1, black color). The primer is fully complementary to
the circular template (Scheme 1, blue) and it may function as a
trigger to initiate the RCA reaction, while the blocker is non-
complementary to the circular template and it can prohibit the
nonspecific RCA reaction when the target is absent. In the
presence of target Ago2, Ago2 will bind with the guide RNA
(gRNA, Scheme 1, purple color) to form an active RNA-induced
silencing complex (RISC) which subsequently cleaves the sRNA
to release the free primer sequence from the intact sRNA.
Notably, the RISC can be recycled to initiate the next cycle of
sRNA cleavage, producing abundant free primers. The free
primer can bind with the circular template to initiate the RCA
reaction with the assistance of phi29 DNA polymerase. As a
result, a long repetitive single-stranded DNA containing 18-7
DNAzymes (Scheme 1, pink color) is synthesized. A FAM (F) and
BHQ1 (Q) dual-labeled signal probe (Scheme 1, blue color)
containing a single ribonucleotide (rA) is employed to sense
the 8-17 DNAzyme. In the absence of 8-17 DNAzyme, the signal
probe remains intact with the fluorescence of FAM being
efficiently quenched by BHQ1 as a result of the fluorescence
resonance energy transfer (FRET) effect,30 leading to a low
background signal. In the presence of target Ago2, the RCA-
generated 8-17 DNAzyme possesses the ribonuclease activity
with Zn2+ as the cofactor, and it can catalyze the cleavage of
the signal probe into two pieces at the rA position, resulting in
the spatial separation of FAM from BHQ1 and consequently the
recovery of the FAM fluorescence signal. Notably, the released
8-17 DNAzyme can bind with another signal probe to initiate a
new round of cleavage reaction, leading to an enhanced FAM
fluorescence signal. In contrast, in the absence of target Ago2,
the sRNA cannot be cleaved for the initiation of the RCA
reaction, and consequently no DNAzyme is produced for the
cleavage of signal probes and no enhanced FAM fluorescence
signal is observed. Due to the highly efficient target-triggered
RCA and the 8-17 DNAzyme-mediated dual signal amplification,
this biosensor enables selective detection of Ago2 activity with
ultrahigh sensitivity.

We performed fluorescence measurements to verify the
feasibility of the proposed strategy for Ago2 assay. As shown
in Fig. 1, in the presence of Ago2, gRNA, and sRNA (Fig. 1, red
line), a high fluorescence signal with the characteristic emission
peak at 512 nm is observed, indicating the target-triggered dual
signal amplification-induced cleavage of signal probes and the

recovery of the FAM signal. In contrast, when Ago2 is absent, no
distinct fluorescence signal is observed in the presence of gRNA
(Fig. 1, yellow line), sRNA (Fig. 1, pink line), and gRNA + sRNA
(Fig. 1, black line), suggesting no occurrence of signal amplifi-
cation without Ago2. In addition, no distinct fluorescence signal
is produced in response to only Ago2 + gRNA (Fig. 1, green line)
because no available sRNA can be cleaved for the production of
a free RCA primer. Notably, the presence of Ago2 and sRNA
without gRNA (Fig. 1, blue line) cannot generate a distinct
fluorescence signal either, suggesting that gRNA is a necessary
component for the formation of an active RISC which can cleave
sRNA to trigger the subsequent dual signal amplification reactions.

To evaluate the sensitivity of the proposed biosensor, we
measured the FAM fluorescence emission spectra in response
to different concentrations of Ago2 from 0 to 1 mM (Fig. 2A)
under optimal experimental conditions including the Ago2
incubation time of 30 min, 90 nM circular template, 1.2 U of
phi29 DNA polymerase, 1.2 mM signal probe, a RCA reaction
time of 120 min, and 20 mM Zn2+ (see Fig. S1, ESI†). In the
logarithmic scale, the fluorescence intensity exhibits a linear
correlation with the concentration of Ago2 over a range of 6
orders of magnitude from 1 pM to 1 mM (Fig. 2B). The regression
equation is F = 8307.82 + 682.99 log10 C with a correlation
coefficient (R2) of 0.9954, where F and C represent the fluorescence
intensity and the concentration of Ago2 (M), respectively. The limit
of detection is calculated to be 0.35 pM by evaluating the average
signal of the blank plus three times the standard deviation.

Scheme 1 Schematic illustration of the DNAzyme biosensor for Ago2
assay based on target-initiated rolling circle amplification in combination
with an 8-17 DNAzyme-mediated dual signal amplification strategy.

Fig. 1 Fluorescence emission spectra of FAM in response to Ago2 + gRNA +
sRNA (red line), Ago2 + gRNA (green line), Ago2 + sRNA (blue line), gRNA
(yellow line), sRNA (pink line), and gRNA + sRNA (black line). 1 mM Ago2,
200 nM gRNA and 600 nM sRNA were used in this experiment.

Fig. 2 (A) Measurement of FAM fluorescence emission spectra in
response to different concentrations of Ago2 from 0 (control) to 1 mM.
(B) Linear relationships between the fluorescence intensity and the logarithm
of Ago2 concentration from 1 pM to 1 mM. Error bars show the standard
deviation of three experiments.
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Notably, the sensitivity of the proposed biosensor has improved by
as much as 3 orders of magnitude compared with that of RNA
molecular beacon-based fluorescent assay (0.6 nM)12a and 4
orders of magnitude compared with that of graphene oxide-
based fluorescent assay (1.7 nM),12b and the electrochemical assay
(5.02 nM).11 The extremely high sensitivity of this biosensor may
be ascribed to the efficient dual signal amplification strategy
including the target-induced RCA amplification and the 8-17
DNAzyme-assisted cyclical signal amplification (Scheme 1).

To investigate the specificity of the proposed biosensor, we
used thrombin, bovine serum albumin (BSA), and hemoglobin
as the nonspecific proteins. In theory, none of the above proteins
can interact with gRNA to form an active RISC, and thus no 8-17
DNAzyme can be synthesized by RCA and no distinct fluores-
cence signal can be detected. As expected, no distinct fluores-
cence signal is produced in response to thrombin (Fig. 3, green
column), BSA (Fig. 3, blue column), hemoglobin (Fig. 3, pink
column), and the control without any proteins (Fig. 3, black column).
In contrast, a significantly enhanced fluorescence signal is detected
in response to target Ago2 (Fig. 3, red column), and its fluorescence
intensity is 59.1-, 31.5-, and 28-fold higher than those produced by
thrombin, BSA and hemoglobin, respectively. These results clearly
demonstrated the high selectivity of the proposed biosensor
towards Ago2.

To investigate the capability of the proposed biosensor for
Ago2 inhibition assay, we used aurintricarboxylic acid (ATA) as
the potential Ago2 inhibitor. The ATA can efficiently inhibit
Ago2 activity by preventing the binding of gRNA with the Ago2
protein to disturb the formation of an RISC.31 The relative
activity of Ago2 (RA) was measured according to eqn (1):

RA %ð Þ ¼ Fi � F0

Ft � F0
� 100% (1)

where F0 is the fluorescence intensity in the absence of Ago2, Ft

is the fluorescence intensity in the presence of 1 mM Ago2, and
Fi is the fluorescence intensity in the presence of both Ago2 and
ATA. As shown in Fig. 4, the relative activity of Ago2 decreases
with the increase of ATA concentration from 0 to 10 mM. The
IC50 value (defined as the inhibitor concentration required to
reduce the enzyme activity by 50%) is estimated to be 0.45 mM,
consistent with that obtained by the fluorescence polarization

assay (0.47 mM).31 This result indicates that the proposed
biosensor can be applied for the screening of Ago2 inhibitors.

Ago2 is widely expressed in eukaryotic cells.32 To investigate
the feasibility of the proposed biosensor for real sample analysis,
we measured the Ago2 activity in human cervical cancer cells
(HeLa cells) which were obtained from the Cell Bank, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China) (Fig. 5A). In contrast to the low background
signal from the control without any cell extracts (Fig. 5A, black
column), an obviously enhanced fluorescence signal is generated
in the presence of HeLa cell extracts (Fig. 5A, red column).
Notably, the addition of the Ago2 inhibitor ATA to the HeLa cells
induces a significant decrease in the fluorescence signal (Fig. 5A,
green column) due to the inhibition of the Ago2 activity by ATA
(Fig. 4). Moreover, in the logarithmic scale, the fluorescence
intensity exhibits a linear correlation with the HeLa cell number
from 5 to 10 000 cells (Fig. 5B). The equation is F = 1068.17 log10 N
� 615.52 with a correlation coefficient (R2) of 0.991, where F is the
fluorescence intensity and N is the number of HeLa cells,
respectively. The limit of detection is calculated to be 3 cells by
evaluating the average response of the control group plus 3 times
the standard deviation. These results clearly demonstrated that
the proposed biosensor can be used to monitor the endogenous
Ago2 activity in complex biological samples.

In conclusion, we have developed a new dual-signal
amplification-assisted DNAzyme biosensor for Ago2 activity assay.

Fig. 3 Measurement of FAM fluorescence signal in response to 1 mM Ago2
(red column), 1 mM thrombin (green column), 1 mM BSA (blue column), 1 mM
hemoglobin (pink column), and the control without any proteins (black
column). Error bars show the standard deviation of three experiments.

Fig. 4 Variance of the relative activity of Ago2 in response to different
concentrations of ATA from 0 to 10 mM. The Ago2 concentration is 1 mM.
Error bars show the standard deviations of three experiments. The inset
shows the chemical structure of ATA.

Fig. 5 (A) Measurement of FAM fluorescence intensity in response to the
control without any cell extracts (black column), HeLa cells (red column),
and HeLa cells + ATA (green column). Cell extracts equivalent to 10 000
HeLa cells and 20 mM ATA were used in this experiment. (B) Linear
relationship between the FAM fluorescence intensity and the logarithm
of the number of HeLa cells from 5 to 10 000 cells. Error bars show the
standard deviations of three independent experiments.
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The presence of the target Ago2 can induce the cleavage of the
substrate RNA to generate a free RCA primer which can initiate the
RCA reaction to synthesise large amounts of 8-17 DNAzymes, and
the resultant 8-17 DNAzymes can cyclically digest abundant signal
probes to produce an amplified fluorescence signal. Due to
the introduction of the dual signal amplification strategy, the
proposed DNAzyme biosensor can sensitively detect Ago2 activity
with a detection limit as low as 0.35 pM, and it can even accurately
measure the endogenous Ago2 activity from HeLa cell extracts with
a detection limit of 3 cells. This biosensor can be further applied
for the screening of Ago2 inhibitors, holding great potential in
Ago2-related fundamental research and clinical applications.

This work was supported by the National Natural Science
Foundation of China (Grant No. 21325523, 21527811, 21735003
and 21705096) and the Award for Team Leader Program of
Taishan Scholars of Shandong Province, China.

Conflicts of interest

There are no conflicts to declare.

Notes and references
1 (a) A. Boland, F. Tritschler, S. Heimstädt, E. Izaurralde and
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