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DNA-responsive disassembly of AuNP aggregates:
influence of nonbase-paired regions and colorimetric
DNA detection by exonuclease III aided amplification†

Zhixin Zhou, Wei Wei, Yuanjian Zhang* and Songqin Liu*

Due to great potential in nanobiotechnology, nanomachines, and smart materials, DNA-directed

disassembly of gold nanoparticles (AuNPs) has been extensively explored. In a typical system, nonbase-

paired regions (e.g., overhangs and gaps in the linker DNA and oligonucleotide spacers between thiol

group and hybridization sequence) are indispensable portions in the disassembly of AuNPs based on

DNA displacement reaction. Therefore, it is necessary to study the effect of nonbase-paired regions to

improve the kinetics of disassembly of AuNPs. Herein, the disassembly rate of AuNPs based on DNA

displacement reaction was investigated by using different length spacers and linker DNA containing

various lengths of gaps or overhangs. Interestingly, it was revealed that among the gaps in the linker

DNA could be most effectively used to improve the disassembly rate of the AuNPs. As a result, when we

introduced gaps into linker DNA, the DNA displacement reaction of AuNPs was markedly shortened to

less than 50 min, which was much faster than the previous methods. As a proof of the importance of

our findings, a rapid AuNP-based colorimetric DNA biosensor has been successfully prepared. In

addition, we showed that the signal of the biosensors could be further amplified using exonuclease III,

resulting in a much lower detection limit in comparison with previous sensors similarly using AuNP

aggregates as probes.
Introduction

Due to its high stability, tremendous recognition properties,
and predictable secondary structure, DNA has been widely
applied to the assembly of nanomaterials in the past few
years.1–4 It is attractive that the assembly process could be
precisely controlled by tailoring the length of DNA, regulating
the DNA structure and sequence, and selecting suitable nano-
materials. Among them, DNA-directed assembly of gold nano-
particles (AuNPs) has attracted much attention because of its
powerful programmable capability of DNA and distinguished
assembly performance of AuNPs, thus it was widely used in the
elds of smart materials,5–7 nanomachines,8 and biosensors.9,10

For example, Mirkin and co-workers developed a three-compo-
nent sandwich colorimetric biosensor containing linker DNA
and two sets of DNA-modied AuNPs.11,12 When the linker DNA
(complementary with two sets of DNA-modied AuNPs)
assembled AuNPs, the consequent aggregation of AuNPs trig-
gered a color change. Analogous three-component sandwich
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structures have been widely adopted as colorimetric biosensors
for various applications in terms of detection of DNA,13

proteins,14–16 metal ions,17–19 and even small molecules.20,21

Recently, the reverse process taking advantages of target
analytes to disassemble AuNP aggregates has also been proven
to be one elegant platform for developing colorimetric biosen-
sors. The redispersion of the AuNP aggregates accompanies a
distinct color change, therefore, the reversible aggregations of
DNA-modied AuNPs could also be used as colorimetric
biosensors in principle. To control disassembly of DNA-linked
AuNPs, physical, chemical and biological stimuli have been well
studied, such as temperature,22,23 enzymes,24,25 proteins,26 metal
ions27–29 and small molecules.30,31 Compared with these disas-
sembly methods, the DNA displacement reaction, rstly
demonstrated by Niemeyer and co-workers,32 shows some
unique advantages.33–35 For example, it is a highly selective way
to disassemble AuNPs without the limitation of a specic-DNA
sequence, thus providing a general facile way to fabricate
nanomachines and biosensors. Despite their success in disas-
sembly of materials using the DNA displacement reaction, the
slow disassembly rate (up to 24 h) has not been well addressed
yet.32,36 Such a time-consuming process is not conducive to
practical applications based on disassembly of AuNPs. There-
fore, speeding up the DNA displacement reaction of AuNPs is an
urgent challenge to be solved.
J. Mater. Chem. B, 2013, 1, 2851–2858 | 2851
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Previous studies demonstrated that nonbase-paired regions
(e.g., overhangs and gaps in the linker DNA and oligonucleotide
spacers between thiol group and hybridization sequence, see
scheme in Fig. 1) are indispensable portions in the disassembly
of AuNPs based on the DNA displacement reaction. Overhangs
in linker DNA could form more complementary paired bases to
promote DNA displacement reaction.6,8,32 For example, Sleiman
and Aldaye applied overhang sequences to control the geometry
of the discrete AuNP assemblies.7Gaps were recently introduced
in the linker DNA to reversibly control the internanoparticle
distance.37 This was because internanoparticle distance was
closely correlated to both van der Waals and electrostatic forces
between AuNPs, which in turn signicantly affected the duplex
DNA stability and assembly–disassembly properties. For the
same reason, oligonucleotide spacers were used to increase
interparticle distance to improve the crowded environment of
the DNA-cross-linked AuNP aggregates.26,30,38 Given the impor-
tance of these nonbase-paired regions in the DNA-responsive
disassembly of AuNPs, it is necessary to study their effect on the
disassembly processes of AuNPs. However, other than the
investigation of the effect of nonbase-paired regions on the Tm
(melting temperature) of AuNP aggregates,22,38,39 fundamental
studies about the effect of nonbase-paired regions on the
disassembly rate of AuNPs are few.

Herein, we reported a study on the disassembly rate of
AuNPs using different length of gaps or overhangs in the linker
DNA and oligonucleotide spacers between thiol group and
hybridization sequence. Interestingly, it was found that among
them the disassembly rate of AuNPs was mostly dominated by
gaps in the linker DNA. For instance, when we introduced gaps
into the linker DNA, the DNA displacement reaction based on
AuNPs was markedly shortened to less than 50 min (nearly 30
times faster than that by conventional methods). As a proof of
the importance of our ndings, a rapid colorimetric biosensor
was developed for detection of target DNA. In addition, exonu-
clease III was applied to AuNP-based colorimetric biosensors for
further boosting the sensitivity of the DNA detection. Exonu-
clease III catalyzes the stepwise removal of mononucleotides
from blunt or recessed 30-hydroxyl termini of duplex DNAs.40–44

Compared with other nucleases such as nicking endonu-
clease45,46 and DNAenzyme,47 exonuclease III does not require a
Fig. 1 Scheme of DNA-directed assembly and disassembly of DNA-functional-
ized AuNPs. Oligomer Fa contains overhangs (a) and gaps (b).

2852 | J. Mater. Chem. B, 2013, 1, 2851–2858
specic recognition site, which may offer a universally adapt-
able system. Consequently, the detection limit of the proposed
sensor could be reduced to 2 nM while those similarly using
AuNP aggregates as probes in previous reports ranged from
20 nM to 50 mM.26–31
Experimental
1 Reagents

Exonuclease III was purchased from TAKARA biotechnology
Co., Ltd. (Dalian China) and used without further purication.
All oligonucleotides were obtained from Shanghai Sangon
biotechnology Co., Ltd. (Shanghai China) and used as received.
The sequence of synthesized oligonucleotides is given in Table
S1 (ESI).† Trisodium citrate, HAuCl4, NaH2PO4, Na2HPO4, and
NaCl were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Tween-20 was
obtained from Sunshine biotechnology (Nanjing China) Co.,
Ltd. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was
provided by Thermo Scientic (USA). Double distilled water was
used for all of the experiments.
2 Preparation of citrate-capped AuNPs

AuNPs were prepared by reducing HAuCl4 with trisodium citrate
according to previous reports.48,49 Briey, 5 mL of 38.8 mM tri-
sodium citrate was added rapidly into a stirred boiling aqueous
solution containing 50 ml of 1 mMHAuCl4. The solution turned
clear, black, purple and deep red in sequence within 2 min.
Aer the solution was kept boiling and stirred for 15 min, it was
naturally cooled to room temperature. The nal colloidal solu-
tion was stored at 4 �C for further use. The concentration of
AuNPs was 13 nM calculated using the Lambert–Beer law. The
extinction coefficient of 2.7 � 108 M�1 cm�1 at 520 nm for
13 nm AuNPs was used in this work.48
3 Preparation of DNA-functionalized AuNPs

DNA-functionalized AuNPs were synthesized according to
previous reports with minor modications.50–52 To activate the
thiol–DNA, 20 mL of 100 mM DNA was added to 5 mL of 20 mM
Tris buffer (pH 7.3) containing 100 mM TCEP. The resultant
solution was incubated for 1 h at room temperature. Aer
incubation, the activated oligonucleotides were puried using
Millipore's Amicon Ultra-0.5 centrifugal lter device to remove
excess TCEP. The freshly deprotected and puried DNA was
later added to 500 mL of gold colloidal solution to functionalize
the AuNPs. The mixed solution was sonicated for 10 s, and then
incubated for 20 min with shaking at room temperature. Aer
that, the resultant solution was mixed with 0.1 M phosphate
buffer (pH 7.2) containing 0.1% sodium dodecyl sulfate (SDS)
and the nal concentrations of phosphate and SDS were
brought to 0.01 M and 0.01%, respectively. The solution was
sonicated for 10 s, and incubated for 20 min. In the subsequent
salt aging process, the concentration of NaCl was rst increased
to 0.05 M using 2 M NaCl. The process was repeated with one
more increment of 0.05 M NaCl and for every 0.1 M NaCl
increment thereaer until a concentration of 0.5 M NaCl was
This journal is ª The Royal Society of Chemistry 2013
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reached. Aer each addition of NaCl, the DNA–AuNPs were
vortexed, sonicated for 10 s, and then incubated for 20 min.
Aer the salt aging, the mixture was shaken at room tempera-
ture overnight. To remove excess DNA, the solution was
centrifuged at 13 200 rpm for 20 min, and then redispersed in
reaction buffer (pH 8.0) containing 20 mM Tris, 200 mM NaCl,
5 mM MgCl2, and 0.05% Tween-20. Tween-20 was used to
reduce the sticking of AuNPs to the Eppendorf tube in this
work.50 This step was repeated three times to sufficiently remove
excess DNA. The good stability in the salt aging process
conrmed the successful coupling of DNA to AuNPs (see
Fig. S1†).

4 Formation of DNA-cross-linked AuNP aggregates

In practical applications, both a high degree of aggregation and
rapid rate of DNA-responsive disassembly of AuNPs are desired,
thus the concentration of linker DNA was optimized as 100 nM
in this study (see Fig. S2 andmore discussion in ESI†). Typically,
thiol–DNA1 and DNA2-modied AuNPs were mixed. 1 mL of
100 mM linker DNA was added to the mixed AuNP solution so
that the concentration of linker DNA was 100 nM. The mixture
was heated to 70 �C and incubated for 5 min. Aer that, the
solution was cooled to room temperature, during which the
color of the solution changed from red to purple, and nally a
large amount of aggregates precipitated at the bottom of the
centrifuge tube. To ensure homogeneity and reproducibility
of AuNP aggregates, all solutions were vigorously agitated
before use.

5 Kinetic disassembly investigation

2 mL of the complementary target, which was used to give the
nal concentration of 200 nM, was added to a solution (100 mL)
of the as-prepared DNA-cross-linked AuNP aggregates to initiate
the disassembly of AuNPs. The mixed solution was incubated
for 2 h at 37 �C, and the absorption spectra were monitored
using a UV-visible spectrometer.

6 Colorimetric assay of oligonucleotides based on
exonuclease III assisted signal amplication

A 1 mL aliquot of sample solution containing varying concen-
trations of target was added to 99 mL of solution of as-prepared
DNA-cross-linked AuNP aggregates. Then, 60 U exonuclease III
was added to the mixed solution followed by incubation at 37 �C
for 2 h. Aer that, the solutions were monitored by UV-visible
spectra or directly observed using the “naked” eye.

7 Characterization

UV-vis spectra were taken using a UV-visible spectrometer
(Shimadzu UV-2450, Kyoto, Japan). Transmission electron
microscopy (TEM, JEM-2010, Hitachi, Japan) was used to char-
acterize the morphologies of mono-dispersed AuNPs and AuNP
aggregates before and aer digestion by adding exonuclease III
and target. The sample was prepared by dropping 10 mL of
sample solution onto a carbon-coated copper grid and drying at
room temperature.
This journal is ª The Royal Society of Chemistry 2013
Results and discussion
1 The effect of nonbase-paired regions on disassembly
kinetic of AuNPs

1.1 Assay formats. To evaluate the disassembly rate, two
sets of DNA-functionalized AuNPs were designed. One was
functionalized with 50-thiol-modied DNA (DNA1) which had a
12-mer sequence for hybridization (Fig. 1, colored in green), 5
protruding nucleotides (colored in yellow) at the 30 termini of
DNA1 to prevent the exonuclease III from digesting the DNA1 in
next DNA detection experiment, and various numbers of
oligonucleotide spacers (An n ¼ 0, 13, 23, 33). The other was
functionalized with 30-thiol-modied DNA that had a 12-mer
sequence for hybridization and a 10-nucleotide spacer (DNA2,
Fig. 1, colored in blue). Two complementary fueling oligonu-
cleotides, Fa and Fd (Fig. 1), were used to assemble or disas-
semble AuNPs, respectively. Various numbers of overhangs
(Fig. 1a, colored in light blue) and gaps (Fig. 1b, colored in
orange) were present in oligomer Fa. Upon addition of oligomer
Fa to the mixture of DNA1–AuNPs and DNA2–AuNPs, the color
of the mixed AuNPs solution changed from red to purple, and
nally AuNP aggregates were precipitated at the bottom of tube,
resulting in a colorless supernatant. In the disassembly step, to
restore the original absorption of dispersed AuNPs solution, two
equivalents of oligomer Fd (with respect to Fa, 200 nM) was
added in the AuNP aggregates solution.32 Oligomer Fd was
complementary with and hybridized with oligomer Fa to form a
more stable double helical structure via nonbase-paired regions
(gaps or overhangs), resulting in disassembly of AuNP aggre-
gates. Upon disassembly, the color of the supernatant of AuNP
aggregates solution turned from colorless to red gradually,
allowing convenient monitoring of disassembly rate. To quick
screen which is the rate-limited nonbase-paired region, we xed
the disassembly time (e.g. 2 h) for each region. This method-
ology was previously used to study the assembly process of
AuNPs.39

1.2 Effect of overhang in oligomer Fa on the disassembly
rate of AuNPs. To study the effect of overhangs, DNA2 with a 10-
nucleotide spacer and DNA1 with a 23-nucleotide spacer were
used. Various lengths of overhangs were introduced at 30

termini of oligomer Fa (see scheme in Fig. 1a). The absorbance
ratio of 525 nm over 650 nm (A525/A650) was used to quantify the
color of the solution.39 This was because when AuNPs were
assembled with the addition of oligomer Fa, the peak intensity
at the 520 nm decreased while that at 650 nm increased. The
ratio of A525/A650 decreased when assembly of AuNPs occurred
and the ratio of A525/A650 increased when disassembly of AuNPs
occurred. As shown in Fig. 2, the absorbance ratio increased
rst, then reached a maximum between 8 and 12 nucleotides,
and nally decreased with the increase of overhang size. It is
well known that the longer the overhang size in oligomer Fa, the
easier it is for oligomer Fd to hybridize with the oligomer Fa.34

This could be used to explain why the disassembly rate of AuNPs
rst started to increase with the length of the overhang size.
However, further increasing the overhang size might result in
additional steric effects. In simple terms, with the increase of
overhang size, the length of oligomer Fd became longer.
J. Mater. Chem. B, 2013, 1, 2851–2858 | 2853
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Fig. 2 The effect of overhang size on the disassembly rate of AuNPs monitored
by absorption ratio of 525 nm over 650 nm.
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However, the interparticle distance, which was dened by 24-
mer linker DNA and a 33-nucleotide spacer, was xed. In this
regard, a longer oligomer Fd presented an additional steric
effect to prevent the oligomer Fd from entering the crowded
three-dimensional network. In our case, the disassembly rate of
AuNPs decreased signicantly if the overhang size was more
than 12 nucleotides. Therefore, our ndings suggested that
optimization of overhang size should be considered for AuNP-
based smart materials and biosensors using DNA displacement
reaction.

1.3 Effect of gap size in the oligomer Fa on the disassembly
rate of AuNPs. To investigate the impact of gap size on disas-
sembly rate of AuNPs, DNA2 with a 10-nucleotide spacer and
DNA1 without any spacer were used. Various numbers of gaps
were introduced in oligomer Fa containing a 5 nucleotide
overhang which was used in the next DNA detection experiment
(see scheme in Fig. 1b). As shown in Fig. 3, the absorbance ratio
of 525 nm over 650 nm started to increase with the gap size up
to 8 nucleotides, reached a plateau between 8 and 16 nucleo-
tides, and nally decreased slightly if 20 nucleotides were
present in the linker DNA. This indicated that the disassembly
rate increased with the increase of gap size up to 8 nucleotides.
When the gap size exceeded 8 nucleotides, the gap size no
longer exerted an important inuence on the disassembly rate
of AuNPs. Unlike the case of overhangs in oligomer Fa, here,
Fig. 3 The effect of gap size on the disassembly rate of AuNPs monitored by the
absorption ratio of 525 nm over 650 nm.

2854 | J. Mater. Chem. B, 2013, 1, 2851–2858
increasing the gap size would also increase the interparticle
distance, which would not pose additional steric hindrance.
Nevertheless, if a large gap size was present in the oligomer Fa
(e.g. $20), the absorbance ratio also decreased, which might be
because a longer oligomer Fd could more easily form a
secondary structure.39 The longer the oligomer Fd, the higher
the chance to form the secondary structure, and the smaller the
chance for the oligomer Fd to hybridize with oligomer Fa to
disassemble AuNPs.39 As a result, the disassembly rate of AuNPs
was inhibited here if the gap size was more than 20 nucleotides
in the oligomer Fa.

1.4 Effect of spacer length on the disassembly rate of
AuNPs. To investigate the effect of the spacer length on the
disassembly rate of AuNPs, DNA1 with spacers of 0, 13, 23, 33
was designed, while the length of DNA2 was constant with a 10-
nucleotide spacer. In the rst approach, the effect of spacers on
the disassembly rate of AuNPs in the presence of oligomer Fa
containing a 12-overhang nucleotide (linker-O12) was studied.
As shown in Fig. 4 (solid circles), the absorbance ratio of 525 nm
over 650 nm increased with the length of the spacer. This
phenomenon might be caused by steric hindrance in the
crowded cross-linked AuNP aggregate networks. The shorter the
spacer size between thiol group and hybridization sequence,
the more crowded the cross-linked AuNP aggregate networks,
and the more difficult it would be for oligomer Fd to enter the
aggregate networks and disassemble AuNPs. Therefore, here in
the presence of the oligomer Fa containing overhangs, at least
23 nucleotide spacers were needed in disassembly of AuNPs.

In the second approach, we studied the effect of spacers on
the disassembly rate of AuNP aggregates in the presence of the
oligomer Fa containing a 12-nucleotide gap (linker-G12). As
shown in Fig. 4 (open circles), the absorbance ratio of 525 nm
over 650 nm was almost constant. This suggested that the
disassembly rate of AuNPs did not change as a function of
spacer size. Increasing the spacer size could not change the
disassembly rate.

Comparing these two approaches, Fig. 4 also showed that the
absorbance ratio of disassembly of AuNP aggregates in the
presence of oligomer Fa containing gaps was around two times
Fig. 4 The disassembly rate of AuNPs monitored by the absorbance ratio of
525 nm over 650 nm as a function of spacer size in the presence of oligomer Fa
containing a 12-gap nucleotide (open circles), and that in the presence of olig-
omer Fa containing a 12-overhang nucleotide (solid circles).

This journal is ª The Royal Society of Chemistry 2013
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higher than that in the presence of oligomer Fa containing
overhangs. This indicated that the disassembly rate of AuNPs in
the presence of oligomer Fa containing gaps was much higher
than that in the presence of the oligomer Fa containing over-
hangs. The difference might be attributed to two possible
reasons. One is that overhang sequences might result in addi-
tional steric effects which would signicantly hinder the
disassembly rate. In contrast, the gaps increased the interpar-
ticle distance, which relieved the steric effect. The other
possible reason is that the spacer and overhang aligned on the
same side which might inhibit the disassembly rate.38

1.5 Rapid disassembly rate of AuNPs. As mentioned
previously, the disassembly rate of AuNPs could be improved
remarkably when the gap size was more than 8 nucleotides in
the oligomer Fa. To identify the optimal time, time-dependent
monitoring of the DNA displacement reaction rate was per-
formed. As shown in Fig. 5a, in the presence of 2 equivalents of
oligomer Fd (with respect to Fa), the absorbance ratio of 525 nm
over 650 nm became saturated within 50 min. It was far more
rapid than the previous reports of up to 24 h.32,36 Recently, Gang
and coworkers reported the use of DNA displacement reaction
to modulate the distance between adjacent AuNPs in three-
dimensional superlattices within 3 h.37 However, the DNA
displacement reaction in their work could not fully restore the
system to the original state. In contrast, in our work, the color of
the AuNP aggregates started to turn red within 5 min, and the
absorption fully restored to the original dispersed state within
50 min (see Fig. 5b, curves 1 and 3), clearly indicating the great
potential for fabricating rapid colorimetric DNA biosensors.
2 Design of rapid colorimetric DNA biosensor using
exonuclease III assisted signal amplication

2.1 The feasibility of the proposed sensor. Colorimetric
detection of DNA based on AuNPs has attracted a lot of atten-
tion due to the merits of lower cost and fair sensitivity in
comparison with uorescent assay, and the exquisite capability
of visual detection using the “naked” eye.53–56 As a proof of the
importance of the aforementioned ndings, we successfully
prepared a rapid colorimetric biosensor for DNA detection
based on disassembly of AuNPs. In addition, to make the AuNP-
based colorimetric biosensors more feasible in practical
Fig. 5 (a) Time course study of disassembly of AuNPs (with a 12-nucleotide gap)
monitored by the ratio of 525 nm over 650 nm. (b) Absorption spectra of
dispersed DNA-AuNPs (1), AuNP aggregates (2), and redispersed AuNPs in solu-
tion after incubation for 50 min in the presence of oligomer Fd (3). The insert
shows corresponding photographs.

This journal is ª The Royal Society of Chemistry 2013
applications, we show that the signal of the AuNP-based color-
imetric biosensors could be further amplied by using exonu-
clease III. As illustrated in Fig. 6, the sensor consists of
exonuclease III, linker DNA, and two sets of thiol–DNA (DNA1
without any spacer and DNA2 with a 10-adenine spacer) which
were tethered on AuNPs via Au–S bonds. Exonuclease III cata-
lyzed the stepwise removal of mononucleotides from 30-hydroxyl
recessed or blunt terminus of duplex DNA. Linker DNA was
divided into three segments. The rst segment (colored in light
blue) was the overhang in the 30-hydroxyl terminus which per-
formed two roles. On one hand, it prevented exonuclease III
from digesting the linker DNA in the absence of target. On the
other hand, it promoted hybridization of linker DNA and target.
The second segment (colored in orange) was the gap which
enabled target to hybridize with the linker DNA and increase the
interparticle distance. The third segment (colored in red) was
the hybridization sequence which was complementary with
DNA1 and DNA2. Two sets of AuNPs modied with DNA1 or
DNA2 were assembled with linker DNA to form AuNP aggre-
gates. Upon addition of target and exonuclease III on the
aggregates solution, target hybridized with the linker DNA to
form duplex with a blunt 30 terminus, resulting in the redis-
persion of AuNP aggregates. Exonuclease III catalyzed the
stepwise removal of mononucleotides from this terminus,
releasing the target DNA. The released target was free to
hybridize with another linker DNA and underwent a new
cleavage reaction, resulting in signicant amplication of
the signal.

Since the disassembly rate of AuNPs had an approximately
linear relationship with the gap size in the presence of both
target and exonuclease III (see Fig. S3 and more discussion in
ESI†), a 20 gap nucleotide was used in the proposed sensor.
Fig. 7 shows AuNP aggregates were not digested by exonuclease
III (curves a and b), and the peak intensity was slightly increased
with the addition of a low concentration of target (curve c),
indicating that the target hybridized with the linker DNA.
Interestingly, a remarkable increase in peak intensity was
observed when the target and exonuclease III was added to the
aggregates solution simultaneously (Fig. 7, curve d). This result
was likely due to the cyclic hybridization with linker DNA by
target DNA and subsequent cleavage of linker DNA by exonu-
clease III. The amplication provided by exonuclease III led to a
2.5-fold increase in the nal absorbance ratio of 525 nm over
650 nm. The signal amplication provided by exonuclease III
was conrmed by transmission electron microscopy. As shown
in Fig. 8, the TEM image of AuNP aggregates aer addition of
Fig. 6 Scheme of colorimetric method for DNA detection using exonuclease III
assisted signal amplification and AuNP aggregates as probes.

J. Mater. Chem. B, 2013, 1, 2851–2858 | 2855
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Fig. 7 UV-vis absorption spectra (left panel) and histogram (right panel) of AuNP
aggregate solutions (a), AuNP aggregate solutions after addition of exonuclease
III (b), gold aggregate solutions after addition of target (c), AuNP aggregate
solutions after addition of target and exonuclease III (d). [Target] ¼ 40 nM,
[exonuclease III] ¼ 60 U. All DNA sequences are listed in the ESI.†

Fig. 8 TEM images of (a) mono-dispersed colloidal AuNPs, (b and c) AuNP
aggregates after adding exonuclease III, and (d) AuNP aggregates after digestion
by adding the target and exonuclease III. Scale bars in (a), (c) and (d) are 100 nm,
and that in (b) is 500 nm. [Target] ¼ 60 nM, [exonuclease III] ¼ 60 U.

Fig. 9 (a) Photographs of AuNP aggregates after incubation with different
concentrations of target DNA followed by digestion by exonuclease III, (b) cor-
responding UV-vis spectra, and (c) the standard curve for the relationship
between the ratio of 525 nm over 650 nm and the concentration of target DNA,
the inset: linear relationship between the ratio of A525/A650 and the concentra-
tion of target DNA.

Fig. 10 Histogram of specificity of the DNA assay. No T: no target DNA was
added, T: perfectly matched DNA was added; T2: two-base mismatched DNA; T3:
three-base mismatched DNA. The DNA concentrations of T, T2 and T3 are 40 nM.
[Linker DNA] ¼ 100 nM. [Exonuclease III] ¼ 60 U. Inset: the photograph of the
corresponding samples. All DNA sequences are listed in the ESI.†
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exonuclease III showed large aggregates, indicating that
exonuclease III alone could not digest the AuNP aggregates
(Fig. 8b and c). In contrast, in the presence of exonuclease III
and targets, Fig. 8d showed a majority of dispersed AuNPs
together with a minority of small gold AuNP aggregates, indi-
cating that the target acted as a trigger of the exonuclease III
digestion reaction.

2.2 Sensitivity of the proposed sensor. The sensitivity of
the proposed colorimetric biosensor for quantitative detec-
tion of DNA was investigated using target DNAs of different
concentrations. Fig. 9a showed the photographs of AuNP
aggregates aer addition of 60 U exonuclease III and various
concentrations of target DNA. It was observed that the color
of the solution turned to red gradually with the increase
in the concentration of target, whereas the amounts of
black precipitates decreased. Meanwhile, in UV-vis spectra,
the intensity at 525 nm increased with increasing the
2856 | J. Mater. Chem. B, 2013, 1, 2851–2858
concentration of target, while that at 650 nm decreased
(Fig. 9b). Fig. 9c depicts the ratio of 525 nm over 650 nm as a
function of target concentration. The linear correlation was
obtained in concentration from 0 nM and 40 nM and the
correlation coefficient was 0.998 (inset in Fig. 9c). The
detection limit of 2 nM was obtained in terms of 3 times
deviation of blank sample, notably much lower than that of
other colorimetric biosensors based on disassembly of
AuNPs (20 nM to 50 mM).26–31 It should be noted that the color
change of the AuNP aggregate solution was observed within
5 min in this work. To decrease the detection limit of the
biosensors using exonuclease III, the reaction time was
compromised to 2 h, which however was still more rapid
than previous reports (up to 24 h).32 In these regards, our
proposed rapid colorimetric biosensor with high sensitivity
holds great potential for quantitative assay of DNA visually
using the “naked” eye.
This journal is ª The Royal Society of Chemistry 2013
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2.3 Selectivity of the proposed biosensor. To provide better
understanding of the specicity of the experiment, perfectly
matched DNA, two-base mismatched DNA and three-base mis-
matched DNA were chosen. The AuNP aggregates were incu-
bated with perfectly matched DNA, two-base mismatch DNA,
three-base mismatch DNA and in the absence of DNA. The
histogram and corresponding photographs (Fig. 10) aer
addition of exonuclease III and different targets showed that as
the number of mismatched bases increased, the solution
turned colorless while the amount of AuNP aggregates precip-
itated on the bottom of Eppendorf tube increased. Further
improvement of the selectivity could be achieved by increasing
the spacer size and decreasing the gap size.
Conclusion

In summary, the effect of nonbase-paired regions on the
disassembly rate of AuNP aggregates was investigated. First, in
the presence of linker DNA containing overhang, the disas-
sembly rate started to increase, and then reached a maximum,
and nally decreased with the increase of overhang size.
Secondly, in the presence of linker DNA containing gaps, the
disassembly rate started to increase, and then reached a
plateau, and nally decreased with the increase of gap size.
Thirdly, the disassembly rate increased with the increase of the
length of spacer in the presence of overhangs, while it changed
little in the presence of gaps. More interestingly, we found that
the disassembly rate of AuNP aggregates in the presence of gaps
was much higher than that of overhangs, which might be
attributed to two possible reasons. One possible reason was that
the overhang sequence might result in additional steric effects
which signicantly inhibited the disassembly rate. The other
possible reason was that the interaction between overhang and
the spacer attached on AuNPs might inhibited the disassembly
rate. As a result, when we introduced gaps into linker DNA, the
DNA displacement reaction of AuNPs was markedly shortened
to less than 50 min. As a proof of the importance of our nd-
ings, a rapid AuNP-based colorimetric DNA biosensor was
successfully prepared. In addition, we showed that the signal of
the biosensors could be further amplied using exonuclease III,
resulting in a much lower detection limit in comparison with
previous sensors similarly using AuNP aggregates as probes.
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