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Ultrasensitive Colorimetric DNA Detection using a
Combination of Rolling Circle Amplification and Nicking
Endonuclease-Assisted Nanoparticle Amplification

(NEANA)

Wei Xu, Xiaoji Xie, Dawei Li, Zhaogqi Yang, Tianhu Li, and Xiaogang Liu*

The rapid growth of genomic DNA sequences has prompted
strong demand of low-cost, reliable methods for DNA
detection at ultralow concentrations.l Common detection
approaches including microarray,[?l polymerase chain reac-
tion (PCR),P! Southern blotting,*! and rolling circle ampli-
fication (RCA),! are generally based on DNA hybridization
assays, which utilize a single-stranded oligonucleotide as a
probe to recognize a specific nucleotide sequence in a target
analyte and subsequently hybridize to the target as part of
the detection process. Despite their usefulness, there are
many constraints associated with these approaches. Most
assays involve tedious covalent functionalization of the target
with a fluorescent or radioactive tag.[’! Apart from the need
of target pre-modification, these approaches also require
stringent purification steps and costly instruments.[’]
Alternatively, gold nanoparticles have shown great
promise in DNA assays by virtue of their size-dependent
optical and electronic properties.®] Owing to their high
extinction coefficients and strong distance-dependent optical
properties, gold nanoparticles have enabled rapid colori-
metric strategies for DNA detection.[>1°l We have previously
demonstrated that target DNA sequences can be directly
visualized with the naked eye using nicking endonuclease-
assisted nanoparticle amplification (NEANA)."l  This
method allows high-sensitivity (ca. 10 pm) detection of long
single-stranded oligonucleotides with single-base mismatch
selectivity. Despite the advantage over conventional detection
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techniques, the NEANA approach has a relatively limited
scope for detecting random DNA sequences, because of the
requirement of a specific sequence for target DNA to be rec-
ognized by the nicking enzyme. Here, we show that a combi-
nation of the NEANA approach with RCA through use of a
padlock probe overcomes the sequence constraint and ena-
bles colorimetric detection of random DNA sequences. As
an added benefit, the utilization of RCA improves detection
sensitivity down to 1 pm.

In our design, we use a padlock oligonucleotide probe for
RCA reactions. This probe has one segment with sequence
identical to a linker probe a’b” and two target-complemen-
tary segments present at opposite ends of the molecule
(Scheme 1). Upon hybridization to a target sequence in the
presence of a DNA ligase, the ends are brought in contact
to form a circular oligonucleotide. When added to a mix-
ture of DNA polymerase and deoxynucleotide triphosphates
(dNTPs), the circularized probe can serve as an efficient
template for RCA reactions. As a result, prolonged single-
stranded DNA molecules containing many copies of comple-
mentary sequence of the padlock template are synthesized
using a short DNA primer.['?l Subsequently, a nicking endo-
nuclease and the linker probe (a’b’) are added to initiate the
NEANA process. Importantly, the nicking reaction occurs
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Scheme1. ColorimetricDNAdetectionthroughrollingcircleamplification
and nicking endonuclease-assisted nanoparticle amplification.
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simultaneously at many sites along the linear single-stranded
DNA products resulting from the RCA process. Upon com-
pletion of the strand-scission, two sets of different oligonu-
cleotide-modified gold nanoparticles (probes a and b) with
sequences complementary to that of the linker probe are
added to the solution. If the target DNA matches the padlock
probe, no aggregation of gold nanoparticles will be observed
because of the cleavage of the linker probe through the
RCA-coupled NEANA process. Conversely, when the target
DNA is not present, no circularized padlock probes and RCA
products are formed. Thus, we would observe a color change
due to particle aggregation through hybridization of the par-
ticle probes and the uncleaved linker probe.

Notably, the end segments of the padlock probe can be
easily modified for detecting a specific DNA target sequence
without modifying the linker probe and gold nanoparticle
probes. Thus, with the assistance of RCA, arbitrary DNA
sequences at ultralow concentrations can be readily identi-
fied using the same set of linker and particle probes in the
presence of nicking enzyme.

As a proof-of-concept experiment, we designed a linear
87-mer oligonucleotide as the padlock probe. The end seg-
ments were connected by a ligation reaction, forming a cir-
cular probe as the template for RCA. The formation of the
circular probe was confirmed by analyzing [y-32P]-labeled
reaction products via 20% denaturing polyacrylamide gel
electrophoresis (PAGE). This analysis is based on the fact
that oligonucleotides of different sizes and geometries travel
at different rates, with linear structures passing more easily
than circular structures through the pores in the gel.[’] As
shown in Figure 1 (lane 2), the PAGE analysis of a successful
ligation reaction showed two separate bands with a sizable
gap between them. By comparison, our control experiment

Target DNA - +
Exo | - - +
Lane 1 2 3

-
Circular 8-mer ——> a .
Linear 87-mer ———— ".

T1: 5'-GCA TCG ACC TGA GAT TTT CCT GCT GGG CAT TCA C-3'
Padlock: 5’-AAA TCT CAG GTC GAT CGA GCA GGA TGC AGG
TGA GGA TCA TTA CGT aaa gga tcg aat aag agg tec ttc ACA GAA
TGC CCA GCA GGA-3’

Figure 1. Padlock probe circularization analysis through polyacrylamide
gel electrophoresis. Lane 1 (control): autoradiogram of polyacrylamide
gel separated linear padlock probe with no target added. Lane 2:
padlock probe circularization catalyzed by E. coli. ligase in the presence
of target DNA (T1). Lane 3 (control): padlock probe digestion by addition
of Exonuclease | (Exo I).
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Figure 2. AFM characterization of the RCA products. A) Topographic
AFM image of single-stranded DNA (ssDNA) products formed on mica
with length up to several micrometers. B) Topographic AFM image of
the RCA product hybridized to the padlock probe. C,D) Corresponding
height profiles of the DNA products marked in (A) and (B).

without the added target DNA showed only a single band
ascribed to the linear 87-mer (Figure 1, lane 1). This result
clearly reveals the essential role of target DNA in the process
of padlock probe circularization. By analyzing the volume of
each band in lane 2, we found that under our experimental
conditions (10 units of E. coli. DNA Ligase incubated for
2 h) approximately 60% of linear probes were circularized.
The circular nature of newly formed oligonucleotides was
further confirmed through examination of their resistance
to hydrolysis by Exonuclease 1.'*l Exonuclease 1 digests
nucleotides one at a time from the end of a linear DNA in a
3’-to-5" direction, but does not cleave double-stranded or cir-
cular DNA.["Y] As anticipated, upon addition of Exonuclease
I to the reaction mixture after ligation a significant portion
of linear probes was digested as evidenced by a markedly
diminished band intensity in the gel (Figure 1, lane 3). In con-
trast, the band intensity of circular probes remained essen-
tially intact.

We subsequently evaluated the feasibility of using as-
prepared circular probes for RCA. A primer (5-TGA
TCC TCA CCT GCA TCC T-3; 1 pmol) was first added
to the ligation product (20 puL) and amplified using phi29
polymerase (10 units). After purification, the RCA reaction
products were added onto a mica substrate and characterized
by atomic force microscopy (AFM). A typical tapping-mode
AFM image revealed the presence of single-stranded linear
DNA molecules up to a few micrometers long (Figure 2A).
The DNA molecules on mica have compact structures with
lumps and super twisting, largely due to the loop flexibility
and intrastrand base-pairing in single-stranded DNA mol-
ecules. To provide a better view of the RCA products, the
single-stranded DNA products obtained from RCA were
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Figure 3. Polyacrylamide gel electrophoretic analysis of oligonucleotide
cleavage assays by addition of nickingendonuclease. Lane 1: >?P-labeled
5’ phosphorylated linker strand alone. Lane 2: cleavage of the linker
probe using RCA product as the template. Note that BSA was added in
both ligation and RCA steps. Lane 3: a control reaction under standard
conditions, but without BSA.

further hybridized with complementary padlock probes to
form double-stranded DNA molecules. The resulting nicks
were closed by ligation before deposition of the molecules
onto the mica substrate. AFM image of the double-stranded
DNA molecules showed elongated structures owing to the
rigidity imposed by the DNA duplexes (Figure 2B). Despite
the compact structure of the DNA molecule on mica, it was
possible to estimate its height in the loops. The height for
single- and double-stranded DNA molecules was measured
to be around 0.4 and 0.6 nm, respectively. Taken together,
these results clearly demonstrate the successful generation of
single-stranded DNA molecules, typically a thousand bases
long, from a starting template with only 87 bases (~30 nm).

In a further set of experiments, we validated the cleavage
of the linker probe (a’h’) by nicking endonuclease through
use of RCA product as the template. Using [y-32P]-labeled
linker strands for PAGE analysis, we found that under our
experimental conditions (10 units of Nt. Alwl (nicking
endonucleases), 10 mm Tris-HCI pH 7.4 (Tris = 2-amino-2-
hydroxymethyl-propane-1,3-diol), 10 mm MgCl,, 50 mm NaCl,
1 mm dithiothreitol (DTT), 60 °C, 2 h), the nicking enzyme
cleaved more than 82% of linker strands within 2 h (Figure 3,
lane 3). By comparison, without the added target no cleavage
product was observed (Figure 3, lane 1). It should be noted
that commonly used bovine serum albumin (BSA) was not
added in buffer solutions as the small protein could prevent
gold nanoparticles from aggregation and potentially result in
a false positive signal readout.'®) Importantly, the absence of
BSA (Figure 3, lane 3) did not have a marked affect on the
enzymatic reaction as compared to the assay with the BSA
(Figure 3, lane 2).

We next tested the colorimetric detection of DNA by
RCA-coupled NEANA approach with two different sets of
15-base DNA-modified gold nanoparticles (probes a and b).
We observed that no apparent particle aggregation formed
for all solution samples containing target DNA strands at
different concentrations (Figure 4A), indicating the efficient
cleavage of linker strands by the nicking enzyme through
repeated RCA product-templated strand-scission cycles. In
contrast, precipitation of the gold nanoparticles was clearly
seen in the absence of target DNA (Figure 4A). Under our
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Figure 4. Sensitivity and selectivity assays for DNA detection via the
RCA-coupled NEANA approach. A) Photograph showing colorimetric
detection of target DNA (T1) at various concentrations (1 nm,
100 pm, 10 pm, and 1 pwm). B) Photography showing colorimetric
response of colloidal solutions to perfectly matched (T1; 10 pm) and
single-mismatched sequences (T2 to Té; 10 pm each). Mismatched
positions are marked with X1 to X5.

standard conditions, this method has a remarkably low detec-
tion limit of 1 pm.

To obtain a mechanistic insight into the selectivity of this
detection system, we undertook a series of studies that eval-
uate sequence-dependent ligation efficiency in the padlock
circularization step. We found that target sequences were rec-
ognized with very high specificity, adequate to detect single-
base mismatches in DNA, due to the stringent requirement
for hybridization to two target segments at the nick site.!'”]
In our assays, polymorphic targets were made by introducing
single-base mutation at different positions (labeled as X1 to
X5) adjacent to the ligation site (Figure 4B). The results for
a perfectly matched and five mismatched target DNAs were
colorimetrically compared using the RCA-coupled NEANA
approach. As shown in Figure 4B, strong position dependent
effects of sequence mismatches in target DNA on the liga-
tion reaction are evident. If the mutations are located near
the nick site (X; and X,), ligation is significantly hampered,
causing the RCA process disrupted. Nanoparticle aggrega-
tion occurs as the linker strand added could not be cleaved
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despite the presence of nicking enzyme. Importantly, in excess
of a distance of more than two nucleotide bases from the nick
site (e.g., X; to Xj), the effect of the mismatched position on
the ligation reaction becomes marginalized. As a result, these
mismatched sequences cannot be colorimetrically differenti-
ated from a perfectly matched target (Figure 4B).

In conclusion, we have demonstrated the combination of
RCA and NEANA for rapid colorimetric DNA detection
that eliminates the need for costly and time-consuming target
fluorescence-labeling. This technique relies upon high specifi-
city ligation and rolling circle replication of a padlock probe.
The coupling of RCA and NEANA provides high sensitivity
and great detection capacity for random target sequences by
utilizing a fixed set of linker and particle probes and an easily
modifiable padlock probe. Furthermore, we expect that this
work can be extended for multiplexed colorimetric DNA
detection with other types of nanoparticle systems displaying
various colors.[®!8] Applications of the methodology include
rapid screening of specific DNA sequences and genotyping of
single nucleotide polymorphisms.

Experimental Section

Circularization of the Padlock Probe: A set of 100 uL mixtures
containing 10 nm linear padlock probes, various concentrations
(1 nm, 100 pm, 10 pm, 1 pm, O pm) of the single-stranded target
(T1), and 1x New England Biolabs (NEB) E. coli. Ligase buffer
(30 mm Tris-HCl (pH 8.0), 4 mm MgCl,, 26 um nicotinamide adenine
diphosphate (NAD), 1 mm DTT, and 50 pg/mL BSA) was prepared
and heated at 95 °C. The vial with target T1 was used as a control.
The ligation reactions were carried out in the presence of E. coli.
DNA ligase (10 units) for 2 h at 16 °C.

Characterization of Padlock Probe Circularization: The 87-mer
linear padlock DNA was first labeled and purified at its 5”-end with
[¥-32P] ATP (adenosine triphophate). A mixture of 10 nm 32P-labeled
linear padlock probe, 10 nm target DNA, 30 mm Tris-HCl (pH 8.0),
4 mm MgCl,, 26 um NAD, 1 mm DTT, and 50 pg/mL BSA was then
prepared and kept at 95 °C for 5 min, followed by cooling down to
16 °C. After hybridization, E. coli. DNA ligase (10 units) was added
and the resulting mixture was further incubated at 16 °C for 2 h
before being loaded onto a polyacrylamide gel (20% acrylamide).

Exonuclease | Digestion: To confirm the successful formation
of circular DNA, [y->?P]-labeled circularization products were mixed
with 67 mm glycine-KOH (pH 9.5), 6.7 mm MgCl,, 10 mm 2-mercap-
toethanol, and 10 units of Exonuclease I. The resultant mixture
was then incubated at 37 °C for 30 min before being loaded onto a
polyacrylamide gel (20% acrylamide).

Rolling Circle Amplification: In a typical experiment, to a
20 L solution from circularization products were added 10 units
of phi29 polymerase, 1 pmol primer, 10 umol dNTP, 50 mm Tris-HCl
(pH 7.5), 10 mm (NH,),SO,, 10 mm MgCl,, and 4 mm DTT, and sub-
sequently incubated for 1 h at 30 °C.

Nicking Endonuclease-Assisted Nanoparticles Amplification:
After RCA reaction, 1.5 pL of RCA product was added into a solu-
tion containing 3 pmol a’b’, 10 mm Tris-HCl (pH 7.4), 50 mm NaCl,
10 mm MgCl,, 1 mm DTT, and 10 units of Nt. Alwl for a nicking reac-
tion at 60 °C for 2 h. After the nicking reaction, two sets of 15-base
oligonucleotide-modified gold nanoparticle probes (a and b, 25 uL
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each) were added into sample solutions for visual readout of target
DNA strands.
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