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Abstract
We report a method for increasing the rate of target hybridization on DNA-functionalized surfaces
using a short internal complement DNA (sicDNA) strand. The sicDNA causes up to a 5-fold
increase in association rate by inducing a conformational change that extends the DNA away from
the surface, making it more available to bind target nucleic acids. The sicDNA-induced kinetic
enhancement is a general phenomenon that occurred with all sequences and surfaces investigated.
Additionally, the process is selective and can be used in multicomponent systems to controllably
and orthogonally “turn on” specific sequences by the addition of the appropriate sicDNA. Finally,
we show that sicDNA is compatible with systems used in gene regulation, intracellular detection,
and microarrays, suggesting several potential therapeutic, diagnostic, and bioinformatic
applications.

There is a major need to increase the rate of DNA hybridization on surfaces in order to
improve the speed and efficiency of bioinformatic assays, diagnostics, and therapeutic
agents.1 Such methods should not only be easily employable and compatible with a wide
range of sequences but also retain their activity both inside and outside a cellular
environment. Previous approaches for increasing DNA hybridization rates include the use of
designer nucleic acids2 and hairpin disruption.3 However, designer nucleic acids are costly
to synthesize, and hairpin disruption is incompatible with many sequences and applications.
An alternative approach for increasing binding rates is the use of a region of double-stranded
DNA (dsDNA) adjacent to a single-stranded DNA (ssDNA) target hybridization site.4 The
dsDNA region creates an additional base-stacking interaction with the incoming target,
thereby stabilizing hybridization. It has also been proposed that structural changes caused by
the dsDNA region could increase target hybridization kinetics on the surface of a
nanoparticle.5 However, previous work in this area has been performed on materials that
allow both structural changes and base-stacking interactions to occur, making it difficult to
experimentally distinguish the two factors.4a,d,5 In addition to questions about the
mechanism of action, the adjacent duplex strategy has several limitations. It has not been
used to selectively “turn on” the hybridization of a specific sequence in a solution of many
targets and capture sequences, and it is poorly suited for in situ biological applications.
Thus, there remains a need for a general approach to dynamically control the rate of DNA
hybridization both inside and outside of cells.
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One class of materials where DNA hybridization is particularly important is a DNA-
functionalized gold nanoparticle (DNA–Au NP), which consists of a spherical gold core
with a dense monolayer of DNA covalently bound to the gold surface.6 The unique
architecture of DNA–Au NPs results in cooperative hybridization,7 resistance to nucleases,8

and extraordinary cellular uptake.9 This combination of hybridization and cellular properties
has proven useful in materials self-assembly,6,10 extracellular diagnostics,11 intracellular
biodetection,12 and gene regulation.13 The intracellular utility of DNA–Au NPs provides an
ideal platform for applying new types of hybridization control in biologically relevant
systems. Our group has recently developed Nano-Flares, a class of DNA–Au NP that can
detect mRNA levels inside a living cell14 with high sensitivity relative to molecular
beacons.15 In this system, DNA–Au NPs are hybridized with a fluorophore-labeled short
internal complement DNA (sicDNA). When sicDNA is bound, the gold surface quenches
the fluorophore; upon target binding, the sicDNA is displaced, resulting in an increase in the
fluorescence signal. This approach allows extremely sensitive in situ detection of unlabeled
target mRNA. A major concern in the original Nano-Flare design was that the sicDNA
would act as a competitive inhibitor and slow target binding. However, in the work
presented here, we were able to quantitatively determine that sicDNA is not in fact a
competitive inhibitor but rather acts cooperatively with the surface-bound DNA to increase
the rate of target association. This result explains in part the remarkable efficiency of the
Nano-Flare.14 Furthermore, we have investigated the mechanism of rate enhancement and
compared it to previously described systems. The proposed mechanism involves a structural
change in the DNA that moves the ssDNA binding domain away from the surface, making it
more available to the incoming target (Figure 1a). Unlike previous studies,5 we were able to
separate the roles of structural changes and base stacking because sicDNA is released during
the target binding process, making base-stacking interactions unable to stabilize the final
duplex. Additionally, the structural change is unique to sicDNA-bound strands, allowing us
to orthogonally “turn on” the binding kinetics for specific sequences in multicomponent
systems. This process not only plays an important role in Nano-Flare-based detection of
mRNA and gene regulation14,16 but also can be applied to microarray experiments,
demonstrating the generality of the approach. This work suggests that our method for
increasing DNA hybridization rates will be important in a wide range of fields, including
bioinformatics, diagnostics, and therapeutics.

Au NPs (13 ± 1 nm) were synthesized by citrate reduction of HAuCl4 and subsequently
functionalized with DNA containing a 3′ propylthiol-A10 spacer and a 5′ 20-base-pair
recognition region.17 After purification from excess oligonucleotides, there were on average
73 ± 18 DNA strands per NP, as determined using a commercial DNA concentration
assay.18 Complementary DNA was then hybridized to the DNA–Au NPs. The efficient
distance-dependent quenching of the gold surface was used to monitor the hybridization rate
of DNA–Au NPs with fluorophore-labeled targets.

The rate of target hybridization to the DNA–Au NPs was measured with ssDNA–Au NPs or
with DNA–Au NPs in the presence of one of four unlabeled complements [sicDNA, short
external complement DNA (secDNA), long internal complement DNA (licDNA), and full
complement DNA (fcDNA)] (Figure 1a). In these experiments, the labeled target and the
unlabeled complement can both bind to the same region of DNA. In contrast to previous
kinetic experiments4,5 (see above), this prohibits the simultaneous binding of sicDNA and
target to the same capture strand, preventing any additional base-stacking interactions from
occurring. As expected, long unlabeled complements (licDNA and fcDNA) act as
competitive inhibitors, greatly reducing the observed rate of association (kobs = 0.0020 ±
0.0001 and 0.0008 ± 0.0002 min−1, respectively) in comparison with ssDNA–Au NPs
(0.011 ± 0.002 min−1) (Figure 1b). Since sicDNA also binds in the target hybridization site,
one might expect it to act as a competitive inhibitor as well; however, this DNA architecture
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actually increases the rate of target binding (kobs = 0.030 ± 0.002 min−1) in comparison with
ssDNA–Au NPs. Similar experiments were repeated with other DNA sequences and locked
nucleic acid (LNA)–DNA chimeras. In all cases, a significant rate enhancement was
observed when sicDNA was used (Figure 1 and Figure S1 in the Supporting Information),
indicating that this is a general strategy for increasing the hybridization rate that is
applicable to a wide range of DNA designs. Additionally, the effect of complement position
was investigated by measuring the rate of target hybridization in the presence of short
external duplexes with the same predicted binding strength as the sicDNA. Unlike the
internal complements, the external complements had no significant effect on the
hybridization rate (kobs = 0.010 ± 0.002 min−1) (Figure 1b), indicating that leaving an
external ssDNA binding site available for incoming target is critical for the rate
enhancement observed with sicDNA. Together, these results show that although most
unlabeled complements inhibit the hybridization of a labeled target, the use of sicDNA
results in more rapid binding. In particular, the combination of an internal dsDNA region
with a relatively long ssDNA region (~9 base pairs) appears to be important for the rate
increase.

We next investigated kobs as a function of the number of sicDNA strands per Au NP. In all
of these experiments, the number of available binding sites on the DNA–Au NPs exceeded
the number of target molecules in solution. Under these conditions, the reaction reaches
equilibrium with approximately 100% of the target bound.7 The rate of association increases
as a function of sicDNA concentration (Figure 1c). The hybridization rate plateaus as the
concentration of sicDNA approaches the concentration of DNA covalently bound to the Au
NP, reaching a maximum kobs that is 4.7-fold larger than that for an ssDNA–Au NP,
consistent with a rate-enhancing DNA structural change at the nanoparticle surface.

In order to further characterize the kinetics of the system, the relative contribution of kon and
koff to the change in kobs was investigated. These parameters were calculated for
nanoparticles at three different concentrations of sicDNA (0, 20, and 50 sicDNA/NP)
(Figure S2). Conjugates with 50 sicDNA strands per NP were found to have 5-fold larger
kon than ssDNA–Au NPs (kon = 0.009 ± 0.004, 0.033 ± 0.004, and 0.045 ± 0.003 nM−1

min−1, respectively, for the three concentrations). No significant difference in koff was
observed for any of the DNA–Au NPs under these conditions.

We next investigated whether the increased association rate was due to the DNA structure
alone or a cooperative event involving the combined architecture of the DNA strands
immobilized on a surface. The rate of DNA hybridization in the absence of Au NPs was
measured using a molecular quencher in place of the gold nanoparticle, and the value of kobs
was found to be 58% smaller than that for the ssDNA–Au NPs. Kinetic measurements
showed that the addition of sicDNA caused no observable change in rate when the DNA was
not bound to the particle surface (Figure 1d), which is consistent with previous studies using
similar DNA structures.19 From this we conclude that the sicDNA-induced rate
enhancement is a cooperative property arising from the combined architecture of the
sicDNA and the nanoparticle surface. This distinguishes sicDNA from the previous
techniques for increasing hybridization kinetics, as neither hairpin disruption3 nor base-
stacking4a,d,5 mechanisms are surface-specific.

The sicDNA–Au NP conjugates contain two distinct types of binding sites: sicDNA-bound
sites and unbound ssDNA sites. The origin of this rate increase could involve alteration of
the DNA conformation specifically on the sicDNA-bound strand, thereby increasing the
hybridization rate at that site. Alternately, sicDNA could change the conformation of DNA
globally across the nanoparticle surface, thereby increasing the rate at both sicDNA-bound
and unbound ssDNA sites. To distinguish these possibilities, Au NPs were functionalized
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with two different DNA sequences, each having its own sicDNA and target, creating a
mixed monolayer of DNA on the nanoparticle surface (Figure 2a). If sicDNA increases the
binding rate to all nanoparticle-bound DNA, one would expect the addition of a single
sicDNA sequence to increase the hybridization rate for both targets on the same
nanoparticle. However, the results of these experiments show that sicDNA specifically
increases the hybridization rate for its corresponding target and has no effect on the other
target sequence (Figure 2b,c). In order to increase the hybridization rate of both targets
simultaneously, both sicDNAs were required. This observation suggests that targets bind
sicDNA sites preferentially over ssDNA sites on the nanoparticle surface. This was
confirmed by monitoring the release of sicDNA as a function of added target (Figure S3).
These results demonstrate that we can selectively “turn on” the target binding kinetics for a
specific sequence even in a mixed monolayer of DNA, opening the door for applications in
complex, multicomponent systems.

To determine whether sicDNA has an effect on the overall structure of the DNA–Au NPs,
dynamic light scattering (DLS) was used to measure the hydrodynamic radii of the
nanoparticles (Figure 3a). At high loadings of sicDNA, the radius increased by as much as
2.5 ± 0.9 nm, consistent with a sicDNA-induced structural change. Although the DLS
experiment provides information about the general DNA–Au NP structure, specific regions
of the DNA appear to be particularly important in increasing the hybridization rate. A
relatively long region of ssDNA must be present on the external end of the DNA–Au NP
(Figure 1b). To directly investigate the position of this external DNA region, the DNA
covalently bound to the nanoparticle surface was labeled on the distal end with a
fluorophore, and the nanoparticle-associated fluorescence was measured before and after the
addition of sicDNA strands. When sicDNA was added to the DNA–Au NPs, an increase in
fluorescence was observed, which can be attributed to an increase in the distance between
the distal DNA end and the nanoparticle surface20 (Figure 3b). This result, combined with
the observed change in nanoparticle radius (Figure 3a) and the requirement of a distal
ssDNA region in the sicDNA architecture (Figure 1), suggests that sicDNA acts by
extending the ssDNA region away from the Au NP surface, making it more available to
incoming targets.

The sicDNA-induced change in surface architecture was further investigated through
molecular dynamics (MD) simulations. A flat gold surface was modeled with either seven
ssDNA (Figure 4a) or seven sicDNA (Figure 4b) strands bound (see the Supporting
Information for methods). When the sicDNA is present, the distance between the terminal
base and the gold surface is increased by 1.2 ± 1.3 nm (Figure 4c), within one standard
deviation of the increase measured by DLS. The modeling results, combined with the
experimental structural studies (Figure 3), establish that sicDNA causes a conformational
change in which the height of the DNA monolayer is increased, moving the terminal ssDNA
region away from the particle surface. This agrees with previous simulations of DNA on
gold surfaces21 and suggests that the movement of the terminal ssDNA region increases its
availability for target binding, thereby causing the observed increase in target binding rate.

The increase in hybridization rate observed with sicDNA–Au NPs may be general across a
wide range of surface-based DNA technologies. The role of DNA density was investigated,
as many of the unique cooperative binding properties of the DNA–Au NPs7,9 arise because
the DNA monolayer is much more dense than those on traditional flat surfaces. To test
whether density plays a role in the hybridization kinetics, DNA–Au NPs were created with
85% fewer DNA strands per nanoparticle relative to the DNA–Au NPs described above.9

The kobs for target binding on the sparsely functionalized nanoparticles was much higher in
the presence of sicDNA, indicating that high DNA density is not critical for the sicDNA-
based rate increase (Figure S4). To further investigate the generality of sicDNA-induced
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binding rate increases, we performed analogous binding rate experiments on microarrays. A
microarray was created with ssDNA and sicDNA spots in different locations (Figure 5a).
Fluorophore-labeled target DNA was hybridized to the chip, after which the fluorescence
associated with each spot was quantified as a function of time and the initial hybridization
rate determined (Figure 5b). We observed a 2-fold increase in initial binding rate with
sicDNA. Although the increase is not as great as that observed on the DNA–Au NPs, this
result still confirms that sicDNA can be used to increase the rate of hybridization on both
high- and low-DNA-density surfaces and thus should be compatible with a wide range of
applications, including intracellular detection, gene regulation, and microarrays.

Due to its nanoscale structure and its dynamic and controllable target binding properties,
DNA plays an increasingly important role in a wide range of fields and in the development
of new technologies. Control of DNA hybridization kinetics in the context of functional
devices and materials will be needed for continued improvement and growth in this area.
sicDNA induces changes in DNA surface structure that result in the presentation of an
external ssDNA site that can easily initiate target binding, thereby increasing the overall rate
of target hybridization. By addition of specific sicDNA sequences, the binding of a target
can be selectively “turned on”, even in the presence of multiple sequences and targets.
sicDNA increases the rate of target hybridization for all of the nucleic acids and surfaces
tested, including microarrays and DNA–Au NPs, which can be used for intracellular
experiments such as mRNA detection14 and gene regulation.13a This work represents a
significant step forward in the understanding of hybridization kinetics on surfaces and opens
new doors for the development of advanced materials, biological assays, and medical
devices.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
sicDNA increases the rate of association of DNA–Au NPs to target DNA strands. (a)
Scheme depicting the fluorescence-based measurement of a DNA–Au NP binding a target.
The corresponding sequences are shown below. (b) Hybridization in the presence of
different complements (ssDNA, sicDNA, secDNA, licDNA, and fcDNA). (c) Rate of
binding of DNA–Au NPs to targets in the presence of increasing concentrations of sicDNA.
(d) Comparison of ssDNA and sicDNA target binding in the absence of the NP. Inset:
scheme of the experiment using a molecular quencher. Each plot represents the average of
three independent experiments.
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Figure 2.
Effect of sicDNA on the bound strand and adjacent ssDNA sites. (a) Scheme of a
nanoparticle containing a mixed monolayer of DNA. The different sequences can be
orthogonally addressed by the corresponding sicDNA and target. This experiment was
performed in the presence of both target-1 and target-2, which were distinguished by
different fluorophore labels. (b) Plot of target-1 binding to DNA–Au NPs in the presence of
sicDNA-1 and/or sicDNA-2. (c) Plot of target-2 binding to DNA–Au NPs in the presence of
sicDNA-1 or sicDNA-2. Each plot represents the average of three independent experiments.
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Figure 3.
DNA conformation on the Au NP surface as a function of sicDNA concentration. (a) DLS
measurements of the nanoparticle radii at different sicDNA concentrations. (b) Fluorescence
spectra from DNA–Au NPs containing a distal fluorophore label. These spectra were taken
before and after the addition of sicDNA. Each plot represents the average of three
independent experiments. Each error bar represents the standard deviation of the three
experiments.
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Figure 4.
MD simulation snapshots of ssDNA and sicDNA on flat gold surfaces. Seven strands were
modeled on each surface. (a) ssDNA is shown with the final nine residues highlighted in
light blue. (b) sicDNA is shown with the final nine residues highlighted in dark blue. (c)
Normalized distribution of the distance (z) of the last residue of ssDNA (black) and sicDNA
(red) from the surface. The average of z was 10.6 ± 0.9 nm for ssDNA and 11.8 ± 1.0 nm for
sicDNA.
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Figure 5.
sicDNA increases the rate of target association on microarrays. (a) Scheme depicting the
fluorescence-based detection of target binding to the microarray surface. (b) Fluorescence
confocal microscopy images of representative spots after exposure to the labeled target. The
reaction was stopped at different time points by washing away unbound target. (c)
Quantification of the fluorescence experiments shown in (b). The initial rate of target
association was determined by a linear fit of the data. Each error bar represents the standard
deviation of four independent experiments.

Prigodich et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2014 February 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


