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Abstract: Molecular imaging is an essential tool for disease
diagnostics and treatment. Direct imaging of low-abundance
nucleic acids in living cells remains challenging because of the
relatively low sensitivity and insufficient signal-to-background
ratio of conventional molecular imaging probes. Herein, we
report a class of DNA-templated gold nanoparticle (GNP)-
quantum dot (QD) assembly-based probes for catalytic imag-
ing of cancer-related microRNAs (miRNA) in living cells with
signal amplification capacity. We show that a single miRNA
molecule could catalyze the disassembly of multiple QDs with
the GNP through a DNA-programmed thermodynamically
driven entropy gain process, yielding significantly amplified
OD photoluminescence (PL) for miRNA imaging. By com-
bining the robust PL of QDs with the catalytic amplification
strategy, three orders of magnitude improvement in detection
sensitivity is achieved in comparison with non-catalytic imag-
ing probe, which enables facile and accurate differentiation
between cancer cells and normal cells by miRNA imaging in
living cells.

M icroRNAs are a class of small, endogenous, non-coding
RNA molecules that serve as critical regulators of gene
expression.™) Aberrant expression levels of miRNA are
associated with a number of human diseases, including cancer,
highlighting their potential as both diagnostic biomarkers and
drug targets.*” Direct imaging of miRNA in living cells
would provide a valuable means for identifying cancerous
cells and evaluating drug efficacy in real time. Conventional
molecular beacons for nucleic acid sensing are designed on
a one-to-one basis, where one target binds to and activates
one probe for signal generation.% Although these probes
are capable of detecting concentrated targets, they are not
competent to accurately sense fluctuation of target quantity
within low concentration ranges owing to relatively low
sensitivity and insufficient signal-to-background ratio, limit-
ing their usefulness for imaging low-abundance biomarkers.
Sensitive optical imaging of nucleic acid molecules in living
cells requires activatable probes with optimal responsivity to
low target concentration and boosted signals to exceed the
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detection threshold of the microscope, which has not been
fulfilled by traditional imaging probes. Although a variety of
strategies based on enzymatic amplification have been
established for high-sensitive analysis of miRNA in vitro
and in fixed cells,""" most of the these strategies are not
suitable for direct imaging of miRNA in living cells.

Compared to conventional fluorophores, QDs have
offered improved sensitivity for bioimaging owing to their
strong and persistent photoluminescence (PL).'*'® QDs
could be bio-functionalized to specifically interact with
a variety of biomolecular targets for bioimaging.">**! Despite
these successes, it remains difficult to facilely distinguish QDs
signal from the background if the targets are present at low
concentration, which is prone to biased imaging results. The
Willner and Ho groups recently report the use of QD probes
for in vitro sensitive analysis of microRNAs.") QD-based
probes with signal amplification capacity for sensitive in vivo
imaging of low-abundance intracellular nucleic acids are
highly desirable, yet remains undeveloped.

Herein, we developed a class of nanoparticle assembly-
based imaging probe for high-sensitive catalytic imaging of
miRNA in living cells. The probe comprises a GNP and
several QDs tethered to the GNP surface through a DNA
linker (Figure 1a). PL of QDs is quenched by the nearby
GNP through fluorescence resonance energy transfer
(FRET). A single copy of miRNA target could trigger
disassembly of multiple QDs with the GNP with the aid of
fuel DNA strands, yielding significantly amplified imaging
signals (Figure 1a; Supporting Information, Scheme S1).
Unlike traditional probes, the miRNA target serves as
a catalyst to repeatedly unlock the DNA linkers to activate
the probe and thus offers high detection sensitivity. As shown
in Figure 1a, GNPs (13 nm) and CdTe QDs (3.8 nm) are co-
assembled on the linker strand (L) through DNA hybrid-
ization. DNA1-functionalized GNPs are prepared by attach-
ing thiolated DNA to GNP surface (Figure S1).2*2°l DNA2-
functionalized QDs are prepared using chimeric phosphor-
othioate-phosphate DNA molecules as templates to synthe-
size QDs (Figure S2).”*?"l The average numbers of DNA1
and linker DNA on each GNP are determined to be 37 and 23
respectively using a DTT displacement assay (Figure S3).
DNA2-QDs contains 89% monovalent QDs and 11%
bivalent QDs as revealed by native polyacrylamide gel
electrophoresis (PAGE; Figure S4). Assembly of DNAI-
GNPs and DNA2-QDs results in satellite nanostructures, as
shown in the high-resolution transmission electron microsco-
py (HRTEM) image (Figure 1b). There are 16 QDs on each
GNP on average, as determined by elemental analysis. The
GNP-QDs nanoassemblies are colloidal, stable under differ-
ent ionic strength (0-1000 mm NaCl) and pH (4.0-10.0), and
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Figure 1. a) lllustration of GNP-QDs nanoassembly for catalytic
miRNA sensing. The miRNA molecule serves as a catalyst to disas-
semble QDs from the GNP with the aid of fuel DNA strands. b) TEM
images of GNP-QDs nanoassembly. c) Agarose gel electrophoresis for
monitoring the catalytic disassembly reaction.

remain intact in the presence of DNase I (50 UL™) or in the
cell extract (Figure S5). The DNA linker is designed based on
a thermodynamically driven entropy gain process,”! where
the fuel strand (F) displaces two short strands (DNA1 and
DNA2) to form a free, double-stranded waste product.
miRNA-21 is a common oncogenic miRNA that is upregu-
lated in most kinds of cancers,” " and was selected as an
initial imaging target. The miRNA-21 strand (C) or the
cognate DNA strand (C’) with the same sequence binds to
toehold 1 (8 nt) and displaces DNA2 from the linker through
branch migration to expose toehold 2 (5 nt); subsequently the
fuel strand (F) binds to toehold 2 and liberates DNA1 and the
catalyst strand (C/C’) (Scheme S1). To validate this design, we
performed agarose gel electrophoresis to monitor the cata-
Iytic reaction. As shown in Figure 1c, successive assembly of
DNA1-GNP with L and DNA2 resulted in retarded mobility
of GNPs in the gel. Disassembly of GNP with L occurred in
the presence of F (1 x) and subtle amount of C’ (0.05 x), but
did not occur in the absence of C’, confirming that C' could
catalyze disassembly of GNPs with L.

We subsequently explored the dependence of GNP-QD
catalytic disassembly on target concentration. As shown in
Figure 2a, the unpurified GNP-QD nanostructure exhibited
multiple discrete bands in the agarose gel. The two bands with
highest mobility were isolated and observed under TEM. The

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

(a) C’/L molar ratio

NG S N RN
o A O IS FTFEHS n IS T T

O

+) (+) fuel o

(b) disassembled

;{ .%:.

assembled monomer assembled dimer

-

50 nm 50 nm
e

)
.

.

.
200 nm ¢ 200 nm 200 nm
S o ——

Figure 2. a) Agarose gel electrophoresis characterization of GNP-QDs
disassembly under different C'/L molar ratios in the presence (left)
and absence (right) of fuel DNA. b) TEM images of assembled GNP-
QDs satellite monomer and dimer, and disassembled reaction prod-
ucts isolated from agarose gel.

lower major band corresponds to GNP-QD satellite mono-
mers, and the upper minor band corresponds to GNP-QD
satellite dimer consisting of a pair of GNPs (Figure 2b). The
heterogeneity of the nanoassembly is expected because
bivalent DNA2-QDs could crosslink GNPs to form higher-
order nanostructures. Disassembly of GNP-QD nanostruc-
ture in the presence of F resulted in the disappearance of the
higher-order nanostructure bands and a shift of the monomer
band toward higher mobility, which could be visualized at
a C'/L molar ratio of 0.04 and became more completed as the
C'/L molar ratio increased (Figure 2a). TEM confirmed that
the single band at C'/L molar ratio of 1 corresponds to the
disassembled GNPs without QDs (Figure 2b). In contrast,
disassembly of GNP-QD in the absence of F was observed
only at a C'/L molar ratio of 1, but not at lower C'L™" molar
ratios between 0.001 and 0.1 (Figure 2a), which suggests that
stoichiometric target concentration is required to efficiently
activate the probe by non-reversible target-probe binding.
Disassembly of the GNP-QD nanostructure resulted in
recovery of QD PL (Figures 3 and Figure S6). QD PL was
enhanced by 3.5-, 8.8-, 20.1-, and 40.9-fold by catalytic
disassembly at C/L molar ratios of 0.001, 0.002, 0.004, and
0.01 respectively, revealing high responsivity of the GNP-QD
nanoassembly to low target concentrations (Figure 3a and b).
A near-linear relationship between the QD PL intensity and
C'/L ratio was obtained at C'/L molar ratios between 0 and
0.01 (Figure 3c). In contrast, activation of QD PL in the
absence of F was only detected at C'/L molar ratios above 0.2
(Figure 3b and d). The limit of detection (LOD) is calculated
to be 4.56 pMm for catalytic disassembly, which is about three
orders of magnitude lower than non-catalytic disassembly
(4.64 nm). Additionally, the GNP-QD probe would not be
activated by non-target DNA with the sequence of miRNA-
141 (Figure S7), indicating the selectivity of the detection
system. The disassembly kinetics of GNP-QD nanostructure
was characterized by measuring the QD PL intensities at
different time points. As shown in Figure 3e, catalytic
disassembly became faster with increasing reaction time or

Angew. Chem. 2016, 128, 31253128


http://www.angewandte.de

An dte

=7 Zuschriften Chemie
(a) (+) fuel (d) () fuel (a) (b)
20000 [CTL molar rati] 20000 CIL molar ratio 4000
_ _ = 2 k=i A
g 15000 g 15000 = §§z4 ;E’ 3000+ ? 6004
-210000- gwooo- EE% % 55004 ,g i
] : = £ :
& 50001 & 5000 2 1000 5200_
£ zZ
0- = 0 : 3 [ x
500 600 700 800 500 600 700 800 0- E 0 )
(b Wavelength (nm) (e) Wavelength (nm) ng / Q/Q’
3:2oooo- _ &
§15000' % T nEsome Figure 4. Quantitative analysis of miRNA-21 in total RNA extracted
2 § = from Hela, MCF-7, MDA-MB-231, and HEK-293 cells. a) PL intensity
gmooo- % (630 nm) of GNP-QDs nanoassembly incubated with total RNA
% — é extracted from HelLa, MCF-7, MDA-MB-231, and HEK-ZB% cells in the
b= = presence or absence of fuel DNA. b) Copy numbers of miRNA-21 per
T ol = I pg total RNA from Hela, MCF-7, MDA-MB-231, and HEK-293 cells
00 02 04 06 08 1.0 2 4 determined by catalytic detection.
C'/L molar ratio Time (hours)
(c)
51200 Y = (1.06x109)x+261 (Figure 4b and Table S1). The copy number of miRNA-21 per
:tE,mooo- Rezoee pg total RNA in MCF-7 cells determined using our method is
g 80001 consistent with the results obtained from duplex-specific
E 9000 nuclease-assisted detection!™ or qRT-PCR.P"! Tt is notewor-
2 40001 thy that the miRNA-21 target in total RNA could not be
£ 20001 detected non-catalytically (Figure 4a), revealing that the
o =3 1 % & & catalytic detection is well suited for accurate sensing of
L molar ratio (x10°) nucleic acid targets at relatively low concentration ranges.
Figure 3. PL activation of GNP-QDs nanoassembly under different C'/L Based on the.abf)ve resul.ts, we gpphe@ the C_}NP-QD
molar ratios. a) PL spectra of GNP-QDs nanoassembly under various nanoassembly for in situ detection and imaging of miRNA-21
C'/L molar ratios in the presence of fuel DNA. b) PL activation curves in live cancer cells. To facilitate uptake of GNP-QD and fuel
for catalytic and non-catalytic GNP-QDs disassembly as a function of DNA by the cells, the probe was complexed with Lipofect-
C'/L molar ratio. c) Standard curve for quantitative analysis of miRNA amine-2000 and then incubated with the cells. Efficient
target. d) PL spectra of GNP-QDs nanoassembly under various C'/L delivery of fuel DNA into cells was achieved, as revealed by
rrhlola-r raFios in the absence of fuel DNA. e) GNP-QDs diséssembly confocal microscopy, and the majority of fuel DNA remained
kinetics in the presence or absence of fuel DNA under various C'/L . . . . .
molar ratios. intact in cells after 6 hours incubation (Figure S9). As shown
in Figure 5a, strong QD PL signals were detected in HeLa,
MCF-7, and MDA-MB-231 cells, but not HEK-293 cells, that
were incubated with GNP-QD and fuel DNA for 6 hours. In
target concentration. Efficient probe activation was achieved  contrast, all of the types of cells incubated with GNP-QD
after 6 hours reaction at a C'/L molar ratio of 0.01, and this  without F exhibited marginal PL signals, which failed to
condition was selected for miRNA detection and imaging  distinguish cancer cells from control cells (Figure Sa). The PL
experiments. In contrast, the probe could not be activated in ~ enhancement factors (catalytic vs. non-catalytic) for HeLa,
the absence of F at low C'/L molar ratios (0.01 and 0.1) even =~ MCF-7, and MDA-MB-231 cells were determined to be 11.5,
after prolonged incubation. 9.7, and 12.7, respectively (Figure 5b). These results suggest
Next, we applied the GNP-QD nanoassembly for in vitro  that catalytic disassembly of GNP-QD could proceed in live
quantification of miRNA-21. Three cancer cell lines (HeLa, cells and be used for high-sensitive imaging of low-abundance
MCEF-7, and MDA-MB-231) containing upregulated levels of = nucleic acid biomarkers that are difficult to tackle using
miRNA-21, and a control cell line (HEK-293) with minimal ~ conventional probes.
level of miRNA-21, were examined. Total RNA extracted Taken together, we have developed a class of nanoparticle
from each cell line was incubated with the GNP-QD nano-  assembly-based probe for accurate sensing of low-abundance
assembly and the QD PL was recorded. Pronounced recovery = miRNA molecules in vitro and in live cells. High sensitivity is
of QD PL was detected for total RNA extracted from HelLa, achieved through catalytic disassembly of QDs with GNPs to
MCF-7, and MDA-MB-231 cells based on catalytic detection  amplify QD PL signals. The LOD of catalytic detection is
(Figure 4a and SI Figure S8). The miRNA-21 concentration  three orders of magnitude lower than non-catalytic detection,
in each total RNA sample was determined by converting the ~ which enables facile and reliable differentiation between
QD PL intensity to C/L molar ratio using the standard curve  cancer cells and normal cells in vitro and in situ. It opens up
in Figure 3c. Copy numbers of miRNA-21 per pg of total new opportunities for monitoring low-abundance nucleic acid
RNA in HeLa, MCF-7, and MDA-MB-231 cells were molecules in live cells, which provides a valuable means for
calculated to be 323428, 746+44, 706 £45, respectively  fundamental research and clinical diagnostics.
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Figure 5. Live-cell imaging of miRNA-21 in HeLa, MCF-7, MDA-MB-
231, and HEK-293 cells. a) Fluorescence microscopy images of Hela,
MCF-7, MDA-MB-231, and HEK-293 cells treated with GNP-QDs
nanoassembly/fuel DNA (left panel) and GNP-QDs nanoassembly only
(right panel). b) PL enhancement factor for catalytic vs. non-catalytic
imaging.
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