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Construction of a gold nanoparticle-based
single-molecule biosensor for simple and
sensitive detection of Argonaute 2 activity†

Su Jiang,‡a Xinyi Zhang,‡b Dong-ling Li,a Ting-ting Wang,a Fei Ma*c and
Chun-Yang Zhang *a

Argonaute 2 (Ago2) is an essential component of the RNA-induced silencing complex (RISC) and it

participates in diverse physiological processes, while dysregulation of Ago2 activity is closely linked to a

variety of human diseases including cancers. The reported Ago2 assays often suffer from laborious

procedures, complicated reaction schemes, and unsatisfactory sensitivity. Herein, we develop a new

gold nanoparticle (AuNP)-based single-molecule biosensor for simple and sensitive detection of Ago2

activity. The Ago2-responsive AuNP nanoprobe is constructed through the self-assembly of multiple

Cy5-labeled signal probes onto the AuNP, in which the Cy5 fluorescence is efficiently quenched by the

AuNP. Target Ago2 can bind with guide RNA to form an active RISC, inducing the cyclic cleavage of the

signal probes and the release of Cy5 moieties from the AuNP nanoprobe. The released Cy5 molecules

can be simply quantified by single-molecule counting. This single-molecule biosensor enables detection

of Ago2 activity with the involvement of only a single AuNP nanoprobe, eliminating the use of any extra

antibodies and protein enzymes. This single-molecule biosensor achieves good specificity and high

sensitivity with a detection limit of 9.1 pM, and it can be exploited for the screening of Ago2 inhibitors,

Ago2 kinetic analysis, and the imaging of intracellular Ago2 activity in live cells, holding great promise in

Ago2-related biomedical research and clinical diagnosis.

1. Introduction

Argonaute 2 (Ago2) is an indispensable component of the RNA-
induced silencing complex (RISC) which is involved in RNA
interference-mediated gene regulation processes.1–3 Upon
binding to single-stranded guide RNA (e.g., miRNA, siRNA,
and piRNA), Ago2 can recognize the target mRNA through
specific Watson–Crick base-pairing between guide RNA and
mRNA, and subsequently catalyze the cleavage of the mRNA
strand to induce translation inhibition/repression.4–6 Ago2
extensively participates in a series of cellular physiological
processes including proliferation, differentiation, and apop-
tosis,7–10 while abnormal expression of Ago2 will disturb the
gene regulation system and consequently leads to diverse

human diseases including breast cancer,11 ovarian cancer,12,13

gastric cancer,14 and lung cancer.15,16 Therefore, the development
of efficient biosensors for the Ago2 assay will greatly facilitate RNA
interference-related biomedical research and clinical diagnosis.

Western blotting17 and enzyme-linked immunosorbent
assay18 are most widely used for Ago2 detection. However, they
involve tedious procedures with poor specificity due to the use
of unstable antibodies for target recognition, and they can only
detect the content of Ago2 protein instead of its activity.
Alternatively, a G-quadruplex–hemin complex-based electro-
chemical biosensor is constructed to detect the cleavage activity
of Ago2 with high selectivity and excellent reproducibility,19 but
it still requires complicated steps for the preparation of the
working electrode. Fluorescent biosensors based on molecular
beacons,20 DNA tetrahedra,21 and graphene oxide22 enable the
detection of Ago2 activity in a homogenous manner, but they
suffer from a relatively high background signal as a result of
incomplete fluorescence quenching and poor sensitivity due to
the lack of signal amplification. To improve the sensitivity,
rolling-circle amplification is further introduced to efficiently
amplify the Ago2 signal,23,24 but additional enzymes (e.g., phi29
DNA polymerase and Bst DNA polymerase) and DNA strands
(e.g., circular template, dual-labeled signal probe, and second
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primer) are required to implement the amplification reaction,
which inevitably increases the assay cost and complexity.

Gold nanoparticles (AuNPs) are one of the most popular
nanomaterials for biosensing applications due to their unique
optical and electrical properties, large surface area, easy surface
modification, excellent biocompatibility, high extinction coeffi-
cients, and potential noncytotoxicity.25–28 Herein, we develop
a new gold nanoparticle-based single-molecule biosensor for
simple and sensitive detection of Ago2 activity. In this bio-
sensor, multiple Cy5-labeled signal probes are assembled on
AuNPs to construct a fluorescence-quenched AuNP nanoprobe.
Target Ago2 catalyzes the cyclic cleavage of signal probes upon
the binding of active RISC with guide RNA, releasing large
amounts of Cy5 moieties from the AuNP nanoprobe. The
released Cy5 molecules can be quantified via single-molecule
counting. This single-molecule biosensor is very simple with
the requirement of only a single AuNP nanoprobe, and it can
further be applied for the screening of Ago2 inhibitors and the
measurement of endogenous Ago2 activity in different kinds of
human cells.

2. Experimental
2.1 Chemicals and materials

All oligonucleotides were synthesized by Takara Biotechnology
Co. Ltd (Dalian, China). The sequences are listed in Table 1.
Recombinant mammalian Ago2 was purchased from Sino Bio-
logical Inc. (Beijing, China). DEPC-treated water was obtained
from Shanghai Sangon Biological Engineering Technology &
Services Co. Ltd (Shanghai, China). The RNase inhibitor was
obtained from Takara Biotechnology Co. Ltd (Dalian, China).
(�) – 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(trolox), trizma hydrochloride (Tris–HCl), sodium chloride
(NaCl), di-sodium hydrogen phosphate (Na2HPO4), sodium
dihydrogen phosphate (NaH2PO4), ethylenediaminetetraacetic
acid (EDTA) potassium chloride (KCl), magnesium chloride
(MgCl2), endoproteinase rLys-C, bovine serum albumin (BSA),
and a-thrombin from human plasma were obtained from
Sigma-Aldrich Company (St. Louis, MO, USA). The p19 siRNA
binding protein was purchased from New England Biolabs
(Beverly, MA, USA). Dithiothreitol (DTT) was obtained from
Invitrogen (Carlsbad, CA). The human lung adenocarcinoma
cell line (A549 cells), human cervical carcinoma cell line (HeLa
cells), human colon carcinoma cell line (HCT116 cells), and
human breast cancer cell line (MCF-7 cells) were purchased
from Cell Bank, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). 10 nm Au
nanoparticles were bought from Nanocs, Inc. (New York, USA).
Aurintricarboxylic acid (ATA), suramin sodium salt (SA) and

oxidopamine HCl (6-OHDA HCl) were bought from Macklin
(Shanghai, China). The Lipofectamine 3000 transfection reagent,
Opti-MEM I reduced-serum medium, McCoy’s 5A (modified)
medium, Dulbecco’s modified Eagle’s medium (DMEM) and
10% fetal bovine serum (FBS) were bought from Thermo Fisher
Scientific (Massachusetts, USA). 1% Penicillin-streptomycin
was purchased from Invitrogen Corporation (Carlsbad, CA,
USA). All solutions were prepared using DEPC-treated water. Other
chemical reagents were analytical grade and used without further
purification.

2.2 Preparation of the AuNP nanoprobe

The AuNPs (10 nm) were modified with signal probes using the
salt aging method. 10 mL of 100 mM signal probe and AuNP
solution (1 mL, 5.7 � 1012 particles per mL) were mixed at room
temperature for 4 min, followed by standing for 20 min. Then
1 � PBS buffer (10 mM phosphate (NaH2PO4/Na2HPO4) and 1%
tween 20, pH 7.4) was added into the solution and mixed at
room temperature for 4 min, followed by standing for 20 min.
Then the NaCl concentration was increased to 0.3 M over 24 h
in a stepwise manner and incubated at 4 1C for another 24 h.
To remove the excess signal probes, the suspension was cen-
trifuged at 20 000 rcf for 30 min, and the supernatants were
removed. The resultant AuNP nanoprobes were resuspended in
PBS buffer (10 mM phosphate and 0.1 M NaCl, pH 7.0) and
stored at 4 1C for further use.

2.3 Detection of Ago2 activity

A 10 mL solution containing target Ago2 with different concen-
trations, 100 nM guide RNA, and 1� Ago2 reaction buffer
(30 mM Tris buffer, pH 7.5, 130 mM KCl, 1.1 mM MgCl2,
1 mM DTT, and 0.1 mM EDTA) was incubated at 30 1C for
30 min to form the RISC. Then 0.5 mL of the AuNP nanoprobe
and 0.5 mL of 10� Ago2 reaction buffer (300 mM Tris buffer, pH
7.5, 1.3 M KCl, 11 mM MgCl2, 10 mM DTT, and 1 mM EDTA)
were added to the solution with a total volume of 15 mL,
followed by incubation at 30 1C for 60 min. The reaction
products were diluted to 50 mL using DEPC-treated water and
centrifuged at 20 000g for 20 min, and the supernatant was
subjected to further measurements.

2.4 Gel electrophoresis analysis

15 mL of the cleavage reaction products were analyzed by 15%
nondenaturing polyacrylamide gel electrophoresis (PAGE) on
ice at a 130 V constant voltage for 50 min in 1� TBE buffer
(9 mM Tris–HCl, pH 7.9, 9 mM boric acid, and 0.2 mM EDTA).
The gels were imaged using a Bio-Rad ChemiDoc MP imaging
system (California, USA).

2.5 Steady-state fluorescence measurements

The fluorescence emission spectra were measured using an
FLS-1000 fluorescence spectrophotometer (Edinburgh, UK).
An excitation wavelength of 635 nm was used to measure the
fluorescence intensity, and the spectra were recorded from 650
to 800 nm. The excitation and emission bandwidths were set
at 6 nm.

Table 1 Sequences of the oligonucleotidesa

Oligonucleotide Sequence (50 - 30)

Guide RNA PO4-UGG AGU GUG ACA AUG GUG UUU G
Signal probe SH-CAA ACA CCA UUG UCA CAC UCC A-Cy5
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2.6 Single-molecule detection

For total internal reflection fluorescence (TIRF) imaging, an
Olympus IX-71 inverted microscope (Olympus, Tokyo, Japan)
equipped with a UAPON 100� TIRF objective (1.49 NA,

Olympus) was used. A 640 nm laser was used to excite Cy5.
For each sample, 50 mL of the final product was diluted
100 times. Then 10 mL of the diluted solution was measured
and imaged with an exposure time of 100 ms. All the images
were quantitatively analyzed using ImageJ software (version
1.48e19, Broken Symmetry Software, USA). The size of the
particles was set at Z2 pixels to reduce false positive signals
resulting from noise. For data analysis, a region of interest
(ROI) with 600 � 600 pixels was selected for single-molecule
counting. For each sample, the fluorescent spots were analyzed
in 10 frames, and the number of fluorescent molecules counted
(N) is the average number in 10 frames.

2.7 Inhibition assay

For the Ago2 inhibition assay, 9 mL of the reaction mixture
containing the inhibitor with indicated concentrations, 0.67 mL
of 1.5 mM Ago2, and 1 mL of 10� reaction buffer (300 mM Tris
buffer, pH 7.5, 1.3 M KCl, 11 mM MgCl2, 10 mM DTT, and
1 mM EDTA) was incubated at 30 1C for 20 min. Subsequently,
1 mL of 1 mM guide RNA was added into the mixture and
incubated at 30 1C for 30 min. The Ago2 activity assay was
performed following the same procedures described above.

2.8 Preparation of cell extracts

The human cervical carcinoma cell line (HeLa cells), human
lung adenocarcinoma cell line (A549 cells), and human breast
adenocarcinoma cell line (MCF-7 cells) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1%
penicillin-streptomycin and 10% FBS in a humidified chamber
containing 5% CO2 at 37 1C. The human colon carcinoma cell
line (HCT116 cells) was cultured in McCoy’s 5A (modified)
medium containing 1% penicillin-streptomycin and 10% FBS.
The whole-cell extracts were prepared according to the manu-
facturer’s instructions, and the buffer solutions were obtained
from the Nuclear Extract kit (Active Motif, Carlsbad, CA).
Briefly, the cells were washed twice with 8 mL of ice-cold PBS/
phosphatase inhibitor buffer, gently scrapped with a cell lifter
and transferred to a pre-chilled 2 mL tube. The cell suspension
was centrifuged for 5 min at 200 g at 4 1C, with the supernatant
being discarded. The cell pellet was resuspended in 300 mL of
the lysis buffer and placed on ice for 3 min by pipetting up and
down at a 2 min interval. The suspension was vortexed for
30 sec and centrifuged at 4 1C for 20 min at 14 000g. The
supernatant was transferred into a pre-cooled microcentrifuge
tube and stored at �80 1C. The supernatant equivalent to
1 � 106 cells was used for the Ago2 activity assay.

2.9 Live cell imaging

About 2 � 106 HeLa cells grown on 20 mm Petri dishes were
incubated for 12 h in a humidified incubator containing 5%
CO2 at 37 1C and used for live cell imaging. The Opti-MEM

transfection mixture was prepared according to the manu-
facturer’s instructions. Firstly, solution 1 (250 mL of Opti-
MEM and 7.5 mL of Lipofectamine 3000) was mixed with
solution 2 (250 mL of Opti-MEM, 10 mL of P3000TM, 10 mL of
10 mM guide RNA, and 10 mL of 0.19 mM nanoprobe) for 15 min
at room temperature. Secondly, HeLa cells were gently washed
twice with 1� PBS buffer (pH 7.4) and then incubated with the
Opti-MEM transfection mixture for 2 h in a humidified incu-
bator containing 5% CO2 at 37 1C. Thirdly, after the transfec-
tion, the cells were gently washed ten times with 1� PBS buffer
(pH 7.4) and 1 mL of DMEM solution containing 1% penicillin-
streptomycin and 10% FBS was added into Petri dishes. The cell
fluorescence images were obtained by using an Olympus IX-71
inverted microscope (Olympus, Japan) with a 10� objective.
For the inhibition assay, the HeLa cells were pre-incubated in
500 mL of Opti-MEM medium containing 20 mL of 50 mM ATA
inhibitor for 30 min. The live cell imaging was performed
following the same procedures described above.

3. Results and discussion
3.1 Principle of the Ago2 assay

As shown in Scheme 1, a 22 nt single-stranded RNA is designed
as a signal probe, which is labelled with a sulfhydryl group (SH)
at the 50 end and a Cy5 fluorophore at the 3’ end. Multiple
signal probes can be assembled on the AuNP surface via Au–S
bonding to obtain a AuNP nanoprobe, leading to efficient
quenching of Cy5 fluorescence by AuNPs through static
quenching and fluorescence resonance energy transfer29,30

and consequently the generation of a low background when
Ago2 is absent. The guide RNA (gRNA) sequence is identical to
that of miR-122, and it is fully complementary to the signal
probe. The gRNA possesses a 5’ phosphate (PO4) end that can
increase the Ago2 activity through stabilizing the RISC structure
(see Fig. S1, ESI†).31 Once target Ago2 binds with the signal

Scheme 1 Schematic illustration of the AuNP-based single-molecule
biosensor for simple and sensitive detection of Ago2 activity.
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probe, an activated RISC is formed and it subsequently cleaves
the signal probe to releases the Cy5 moiety from the AuNP
nanoprobe. Notably, the RISC disassociated from the cleaved
signal probe can recognize a new signal probe to trigger the
next round of cleavage reaction. As a result, multiple signal
probes can be cyclically digested, releasing abundant Cy5
moieties from the AuNP nanoprobe. The released Cy5 mole-
cules can be quantified by single-molecule counting. Notably,
the AuNP nanoprobe is constructed through self-assembly of
multiple signal probes on a single AuNP, which greatly improves
the Ago2 cleavage efficiency through increasing the local concen-
tration of substrate signal probes.29,30 Moreover, only a AuNP
nanoprobe is required for Ago2 sensing, without the requirement
of any antibodies for target recognition and enzymes for signal
amplification.

3.2 Feasibility of the Ago2 assay

Transmission electron microscopy (TEM) imaging demon-
strates the similar morphology of bare AuNPs (Fig. 1A) and
AuNP nanoprobes (Fig. 1B) with a diameter of 10 nm. Moreover,
the signal probe exhibits characteristic absorption peaks of
RNA at 260 nm and Cy5 at 650 nm (Fig. 1C, black line), and the
bare AuNP has a characteristic absorption peak at 525 nm
(Fig. 1C, red line). As expected, the AuNP nanoprobe exhibits all
three characteristic absorption peaks (260 nm, 525 nm, and
650 nm, Fig. 1C, blue line), indicating the successful assembly
of signal probes on the AuNP surface. The 15% polyacrylamide
gel electrophoresis (PAGE) analysis (Fig. 1D) shows no distinct
band in the control group without Ago, while a clear Cy5 band
is observed upon Ago treatment. This result is consistent with
that obtained by ensemble fluorescence measurements with
the generation of an enhanced Cy5 signal upon Ago2 treat-
ment (Fig. 1E, red line), but no obvious signal in the control
group without Ago2 (Fig. 1E, black line). These results clearly

demonstrate the successful fabrication of an Ago2-responsive
AuNP-based fluorescent nanoprobe.

3.3 Sensitivity detection of Ago2 activity

Single-molecule detection can accurately quantify the target
molecules by simply counting the individual fluorescent bursts,
with distinct advantages of an ultrahigh sensitivity, a high
signal-to-noise ratio, and low sample consumption.32,33 When
the target is absent, no fluorescent spot is observed (Fig. 2A),
while abundant Cy5 spots are generated in response to target
Ago2 (Fig. 2B). Under the optimal reaction conditions (see
Fig. S2, ESI†), we investigated the sensitivity of the proposed
single-molecule biosensor (Fig. 2C). The Cy5 count increases
gradually with increasing concentration of Ago2 from 0 to
200 nM. In logarithmic scales, the Cy5 count (N) exhibits a
linear correlation with the Ago2 concentration (C) in the range
from 0.02 to 50 nM, with the correlation equation being N =
92.79 log10 C + 206.22 (R2 = 0.9942). The limit of detection is
calculated to be 9.12 � 10�12 M (9.12 pM) based on the 3s/K
method, where s is the standard deviation of the control group
and K is the slope of the linear regression curve. Notably, the
sensitivity of the proposed single-molecule biosensor is super-
ior to the reported Ago2 assays (Table 2), which is 65.93-fold
higher than that of a molecular beacon-based fluorescence
assay (0.6 nM),20 186.81-fold higher than that of a graphene
oxide-based fluorescence assay (1.7 nM),22 498.90-fold higher
than that of a DNA tetrahedron-based fluorescent biosensor
(4.54 nM),21 and 551.65-fold higher than that of a G-quadruplex–
hemin complex-based electrochemical biosensor (5.02 nM).19 The
high sensitivity of the proposed biosensor can be attributed to (1)
the low background resulting from efficient quenching of the
signal probes by AuNPs,29 (2) efficient Ago2 signal amplification
induced by the assembly of multiple signal probes on a single
AuNP which greatly increases the local effective concentration of

Fig. 1 (A) TEM images of bare AuNPs. (B) TEM images of AuNP nano-
probes. The scale bar is 10 nm. (C) UV-Vis absorption spectra of the signal
probe (5 mM, black color), bare AuNP (red color), and AuNP nanoprobe
(blue color). (D) PAGE analysis of the cleavage reaction products in the
absence (control) and presence of 100 nM Ago2. The gel is imaged by
direct excitation of Cy5. (E) Measurement of the Cy5 fluorescence signal in
the absence (control, black line) and presence of 100 nM Ago2 (red line).

Fig. 2 (A) Single-molecule imaging of Cy5 moieties in the absence of
Ago2. (B) Single-molecule imaging of Cy5 moieties in the presence of
Ago2. The scale bar is 2 mm. (C) Variation of Cy5 count with the Ago2
concentration. Linear relationship between the Cy5 count and the loga-
rithm of the Ago2 concentration (inset) in the range from 0.02 to 50 nM.
Error bars show the standard deviation of three experiments.
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the signal probes and accelerates the Ago2 cleavage reaction,29,30

and (3) the inherent ultrahigh sensitivity of single-molecule
counting.32

3.4 Selectivity of Ago2 assay

We further investigated the specificity of the proposed biosen-
sor using the p19 siRNA binding protein (p19), thrombin,
bovine serum albumin (BSA), rLys-C endoproteinase (rLys-C),
Ago1, and Ago3 as the interferences (Fig. 4). p19 is an RNA
silencing suppressor that can specifically bind siRNA with high
affinity (Kd = 0.17 nM).34,35 BSA is frequently used as an
irrelevant protein.38 Thrombin is a coagulation factor and a
serine endopeptidase, and it can hydrolyze the peptide and
ester bonds specifically at the carboxylic side of Arg.39 rLys-C
endoproteinase can specifically recognize and cleave the
C-terminal peptide bonds in the peptide chain.40 In theory,
none of the above substances possesses cleavage activity toward
the signal probe, and thus no Cy5 signal can be generated.
As expected, a highly fluorescent signal is obtained only in
response to target Ago2 (Fig. 3, red column), but no obvious
signal is detected in response to p19 (Fig. 3, green column),
thrombin (Fig. 3, blue column), BSA (Fig. 3, yellow column),
rLys-C endoproteinase (Fig. 3, magenta column), Ago1 (Fig. 3,
orange column), Ago3 (Fig. 3, purple column), and the control
group without any protein/enzyme (Fig. 3, black column). These
results demonstrate that the proposed biosensor processes
excellent specificity toward Ago2. Moreover, the proposed bio-
sensor exhibits good reproducibility (see Fig. S3, ESI†).

3.5 Inhibition and kinetic analysis

We investigated the feasibility of the proposed biosensor for the
inhibition assay using three small molecules including aurin-
tricarboxylic acid (ATA), suramin (SA), and 6-hydroxydopamine
hydrochloride (6-OHDA HCL) as the inhibitors. These inhibi-
tors can decrease the Ago2 cleavage activity through hindering
the binding of Ago2 with gRNA.41 The relative activity of Ago2
decreases with increasing concentrations of ATA (Fig. 4A), SA
(Fig. 4B), and 6-OHDA HCL (Fig. 4C), respectively. The relative
activity (RA) of Ago2 is measured according to eqn (1)–(3):

Nt = 206.2211 + 92.7939 log10 Ct (1)

Ni = 206.2211 + 92.7939 log10 Ci (2)

RA ð%Þ ¼ ci

ct
� 100% ¼ 10ðNi�NtÞ=92:7939 � 100% (3)

where Nt represents the Cy5 count in the presence of 50 nM
Ago2 and Ni represents the Cy5 count in the presence of 50 nM
Ago2 + inhibitor. Ct and Ci are calculated according to the linear
correlation equation (Fig. 2C). The half maximal inhibitory
concentration (IC50, the concentration of the inhibitor that is
required for 50% inhibition of Ago2 activity) is calculated to be
0.68 mM for ATA, 0.62 mM for SA, and 0.67 mM for 6-OHDA HCL,
which are comparable to the reported IC50 values of ATA,
suramin, and 6-OHDA HCL obtained by the fluorescence polar-
ization assay.41,42 We further applied this biosensor for Ago2

Table 2 Comparison of the proposed biosensor with the reported methods for the Ago2 assay

Strategy Kinetic analysis Linear range LOD Assay time Ref.

Branched rolling circle amplification-based fluorescence assay ND ND 10 nM 3.5 h 23
G-quadruplex-based electrochemical assay ND 6.25–25 nM 5.02 nM 1.5 h 36
DNA tetrahedron-based fluorescence assay ND 0–100 nM 4.54 nM 44 h 37
Graphene oxide-based fluorescence assay ND 5–35 nM 1.7 nM 1.5 h 22
Molecular beacon-based fluorescence assay ND 1–25 nM 0.6 nM 40.5 h 20
Gold nanoparticle-based single-molecule fluorescence assay Yes 0.02–20 nM 9.1 pM 1.5 h This work

Fig. 3 Measurement of Cy5 count in response to Ago2 (100 nM, red
column), p19 (100 U mL�1, green column), thrombin (100 nM, blue
column), BSA (100 nM, yellow column), rLys-C (100 nM, pink column),
Ago1 (100 nM, orange column), Ago3 (100 nM, purple column), and the
control group without any proteins/enzymes (black column). Error bars
represent the standard derivation from three independent measurements.

Fig. 4 (A–C) Variation of the relative activity of Ago2 with the concentra-
tions of ATA (A), SA (B), and 6-OHDA HCL (C), respectively. (D) Variation of
the initial velocity with the nanoprobe concentration. Error bars show the
standard deviations of three experiments.
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kinetic analysis (Fig. 4D). The initial velocity (V) in response to
different concentrations of the AuNP nanoprobe is measured
and fitted to the Michaelis–Menten equation:

V ¼ Vmax½S�
Km þ ½S�

(4)

where [S] is the concentration of the nanoprobe, Vmax is the
maximum initial velocity, and Km is the Michaelis–Menten
constant.43,44 The initial velocity enhances with the increasing
concentration of the nanoprobe from 0 to 4 nM, and the Vmax

and Km are determined to be 0.57 s�1 and 0.30 nM, respectively.
These results indicated that the proposed nanosensor is sui-
table for Ago2 inhibitor screening and kinetic analysis.

3.6 Cellular Ago2 activity assay

We further measured the Cy5 signal in response to different
numbers of cells including the human cervical carcinoma cell
line (HeLa cells), human lung adenocarcinoma cell line (A549
cells), human breast cancer cell line (MCF-7 cells), and human
colon cancer cell line (HCT116 cells). As shown in Fig. 5A, in
contrast to the low signal obtained in the control without any
cell extracts, high Cy5 counts are generated in HeLa cells, A549
cells, MCF-7 cells, and HCT116 cells, with the Cy5 signal
decreasing in the order of HeLa cells 4 A549 cells 4 MCF-7
cells 4 HCT116 cells, consistent with previous research.45,46

Moreover, the addition of Ago2 inhibitors (i.e., ATA, SA, and
6-OHDA HCL) can induce the decrease of the Cy5 signal by
67.5%, 79.0% and 81.5%, respectively. In addition, the Cy5
count increases with the HeLa cell number from 0 to 10 000
cells (Fig. 5B), and a linear correlation is obtained between the
Cy5 count (N) and cell number (X) from 5 to 1000 cells with a
regression equation of N = 127.19 log10 X � 30.50 (R2 = 0.9916).
These results demonstrate that the proposed biosensor can be
applied for accurate and sensitive quantification of endogenous
Ago2 activity in complex biological samples.

We further employed the proposed nanosensor to image the
intracellular Ago2 activity in live HeLa cells. When the nano-
probe is absent (Fig. 6A), no fluorescence signal is observed.

In contrast, distinct fluorescence signals are observed in the
presence of the nanosensor (Fig. 6B), suggesting the Ago2-
induced cleavage of the nanoprobe and recovery of the fluores-
cence signal. After incubation of HeLa cells with the Ago2
inhibitor ATA, the Cy5 fluorescence signal decreases (Fig. 6B),
indicating the efficient inhibition of intracellular Ago2 by ATA.
We further quantified the fluorescence signal in live cell
imaging. Negligible fluorescence is produced when the nano-
probe is absent (Fig. 6D, black column), and the signal pro-
duced by the nanoprobe + ATA group (Fig. 6D, green column)
decreases by 80.35% compared with that produced by the
nanoprobe only (Fig. 6D, red column). These results demon-
strate that the proposed nanosensor can be applied for the
imaging of intracellular Ago2 activity in live cells.

4 Conclusions

In summary, we have developed a new AuNP-based single-
molecule biosensor for simple and sensitive detection of Ago2
activity. The self-assembly of multiple signal probes on a single
AuNP facilitates the construction of a fluorescence-quenched
and Ago2-responsive AuNP probe, enabling simple and sensitive

Fig. 5 (A) Measurement of the Cy5 count in response to cell extracts
(equivalent to 10 000 cells) of HeLa cells (red column), A549 cells (green
column), MCF-7 cells (purple column), HCT116 cells (cyan column), HeLa
cells + 300 mM ATA (yellow column), HeLa cells + 50 mM SA (blue column),
HeLa cells + 20 mM 6-OHDA HCL (pink column), and the control group
without any cell extracts (black column). (B) Measurement of the Cy5
count in response to the HeLa cell number from 0 to 10 000 cells. Error
bars represent the standard deviations of three experiments.

Fig. 6 (A-C) Imaging of Ago2 activity in HeLa cells under different con-
ditions: (A) without the nanoprobe and with the (B) nanoprobe and
(C) nanoprobe + inhibitor. The scale bar is 2 mm. (D) Fluorescence intensity
per cell in response to the control group without the nanoprobe (black
column) and with the nanoprobe (red column) and nanoprobe + inhibitor
(green column). Error bars represent the standard deviations of three
experiments.
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detection of Ago2 activity without the need for any extra anti-
bodies and enzymes. The AuNP nanoprobe can greatly improve
the Ago2 cleavage efficiency through increasing the local concen-
tration of substrate signal probes. This single-molecule biosensor
can sensitively detect Ago2 with a limit of detection of 9.12 pM,
which is superior to the reported Ago2 assays.19–22 Moreover, it
can be successfully applied for the screening of inhibitors,
analysis of kinetic parameters, and the imaging of intracellular
Ago2 activity in live cells, holding great promise in Ago2-related
fundamental research, drug discovery, and disease diagnosis.
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