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The discovery and development of polyvalent gold nanoparticle-
oligonucleotide conjugates (DNA-Au NPs) have opened a new
chapter in nanobiomaterials research that is based on the unique
properties of these materials.1–3 Three of these properties include
their cooperative binding, intense surface plasmons, and sharp
melting transitions when hybridized to complementary nucleic
acids.1a,2a All of these properties have been associated with
relatively large diameter particle conjugates (5∼250-nm gold cores),
and researchers have used such structures to develop selective
materials assembly strategies,1 highly sensitive diagnostic assays,2

and stable cellular-transfection and gene regulation agents.3

Gold nanoparticles e2-nm diameter represent another class of
materials and have been important components of nanostructures,4a–c

scaffolds for drug delivery,4d labels for electron microscopy,4e

redox-active probes,4f and efficient quenchers or generators of
fluorescence.4g–i While several groups have demonstrated that small
Au NPs can be conjugated to DNA,4g,h,5a to the best of our
knowledge, small gold nanoparticles heavily functionalized with
DNA have not been isolated, characterized, or studied. These
structures are difficult to isolate and separate from the excess
oligonucleotides with which they are being modified.

Herein, we present a method for synthesizing 2-nm DNA-Au
NPs, a simple but powerful approach for separating such particles,
and a study aimed at characterizing their hybridization properties.
The synthesis of these small DNA-Au NPs involves functional-
ization using excess thiol-DNA in the presence of salt to fully
passivate the Au NP surface. Briefly, 2-nm Au NPs (Ted Pella,
synthesized by reduction of gold chloride using sodium thiocyanate)
were combined with thiol-terminated DNA (DNA 1: 5′ HS-A10-
AGT-GAT-AAG 3′). Salt, sodium dodecylsulfate (SDS), and
phosphate were added to achieve 0.15-M NaCl, 0.01-% SDS, and
0.01-M phosphate (pH 7.4), respectively, and the solution was
incubated for 12 h. During incubation, sonication was used to
facilitate DNA loading on the particles.1c At this stage, however, a
large excess of free DNA remains with the functionalized particles.

Whereas the separation of large (g13 nm) particles relies on
centrifugation, such procedures proved difficult in the case of 2-nm
Au NPs. The mass of 2-nm Au NPs (≈ 4.9 × 104 g/mol) is not
large enough to allow separation using normal benchtop centrifuga-
tion procedures (maximum RCF ≈ 1.6 × 104g). In addition, these
gold nanoparticles have an almost undetectable surface plasmon
resonance or scattering,6 making their characterization difficult.
Moreover, approaches to separate small nanoparticles such as gel
electrophoresis,5a diafiltration,5b gel filtration,5c,d ultracentrifugation,5b,e

and dialysis,5f can be hampered by complicated instrumentation
and lengthy experimental protocols.

To overcome such challenges, we hypothesized that one may
be able to separate functionalized Au NPs from free, unbound,
excess oligonucleotides on the basis of the difference in their
binding properties. The binding constant of a DNA-Au NP for a

complementary sequence has been shown to be as much as 100
times greater than a free oligonucleotide.7 Therefore, if 2-nm DNA-
Au NPs exhibit larger binding constants than free DNA, it should
be possible to combine a mixture of 2-nm DNA-Au NPs and excess
DNA with complementary 15-nm DNA-Au NPs at a temperature
where only 2-nm DNA-Au NPs can hybridize with the 15-nm
particles (Scheme 1). The resulting aggregates should then allow
isolation by simple centrifugation.

Thus, to separate the particles from the free DNA we explored
their temperature dependent hybridization properties (Scheme 1).
First, a mixture containing 2-nm DNA-Au NPs and excess DNA
1 (of the same sequence) was combined with complementary 15-
nm particles (DNA 2: 5′ HS-A10-CTT-ATC-ACT 3′) at 22 °C (step
1; Tlow). At this point, a competition exists between the 2-nm DNA-
Au NPs and the free DNA for the complementary 15-nm DNA-
Au NPs. However, particle aggregation does not take place under
these conditions, since at low temperatures the free DNA strands
hybridize with the 15-nm particles preventing hybridization with
the 2-nm DNA-Au NPs (step 2; Tlow) and subsequent aggregate
assembly. We next conducted the same competition experiment
(steps 1, 2) at an elevated temperature (Thigh, 30 °C, vide infra). In
this case, aggregation was observed, as indicated by a red-to-purple
color change (see Supporting Information). This color change is a
diagnostic indication of the 2-nm DNA-Au NPs and their ability
to cross-link with the complementary 15-nm DNA-Au NPs to form
aggregate structures. The mixture was centrifuged, and the super-
natant was removed (step 3). The precipitates were collected,
washed, and redispersed in water to dehybridize all duplex links
(step 4). The 15-nm DNA-Au NPs were separated by centrifugation
(step 5), and the supernatant containing the isolated product was
collected (step 6).

Scheme 1. Schematic Illustration of the Thermodynamically
Controlled Separation of 2-nm DNA-Au NPsa

a (1) Incubation with complementary 15-nm particles at a desired
temperature; (2) hybridization; (3) centrifugation and removal of the
supernatant; (4) redispersion in water; (5) centrifugation; (6) collection of
the final product in the supernatant.
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To verify that the products isolated using Thigh conditions were
2-nm DNA-Au NPs and probe their binding properties, we
combined two sets of complementary 2-nm particles and measured
their melting transition using UV–vis spectroscopy. Interestingly,
the hybridized particle mixture displayed a sharp melting transition
at 51.5 °C (Figure 1A, 30 °C). Importantly, the narrow breadth of
the melting transition (full width at half-maximum (fwhm) of the
first derivative ) 1.3 °C) is indicative of a particle with a dense
loading of DNA capable of cooperatively binding to similar
particles with complementary sequences.1a–c This type of transition
is observed even after repeated melting and subsequent hybridiza-
tion processes (see Supporting Information).

A solution containing separated 2-nm DNA-Au NPs was
analyzed using inductively coupled plasma mass spectrometry
(ICP-MS) and a DNA fluorescence quantification assay to deter-
mine the concentrations of gold and DNA, respectively (see
Supporting Information). Consistent with assumption of dense
oligonucleotide loading, the surface coverage of the 2-nm DNA-
Au NP is 64.8 ( 6.4 pmol/cm2 (∼5 strands per particle), which is
significantly higher than larger DNA-Au NPs (14∼19 pmol/cm2).1c

Electrophoresis was used to confirm that, within the limits of the
technique, the separated particles are free of excess DNA (see
Supporting Information). The overall yield was 46%.

We next investigated the thermodynamic control afforded by
the separation procedure that leads to the isolation of densely
functionalized 2-nm DNA-Au NPs. The separation protocol was
conducted at 22, 30, 35, 40, and 45 °C, and the hybridization and
subsequent melting properties of the separated products were
examined. Products from the 22 °C separations exhibit a very broad
transition (fwhm ) 8.5 °C, Figure 1A, 22 °C), indicating that they
are primarily free DNA. Products from high temperature separations
(T g 30 °C), however, exhibit very sharp transitions (fwhm )
∼1.5 °C, Figure 1A, 30–45 °C), indicating that they are primarily
2-nm DNA-Au NPs.

To further investigate the properties that enable the separation
process, we conducted melting experiments using 15-nm Au NPs
hybridized with complementary fluorophore-labeled oligonucle-
otides (F-oligo: 5′ fluorescein-T-AGT-GAT-AAG 3′). The ratio
of 15-nm DNA-Au NPs to F-oligo was 1:1, 1:10, or 1:100 to
simulate the possible concentrations of free DNA remaining after
synthesis. Regardless of the concentration of F-oligo, all of the
solutions exhibit broad melting transitions (fwhm ) 9.4 °C) with
a melting temperature (Tm) at 22 °C (Figure 1B). Therefore, when
the separation procedure is performed at 22 °C (the midpoint of
the melting transitions) a significant amount of free DNA can still
hybridize to the 15-nm DNA-Au NPs, and the product contains
this free DNA, as evidenced by a broad melting transition (Figure
1A, 22 °C). At 30 °C or higher, however, hybridization of free
DNA is not likely (Figure 1B). Therefore, primarily 2-nm Au NP-
DNA conjugates bind to 15-nm particles at these elevated tem-

peratures (Tm ) 52.1 °C, see Supporting Information). These
experiments confirm that the separation process is afforded by the
increased Tms and cooperative properties of 2-nm DNA-NPs.

In conclusion, we have developed a novel method to isolate
densely DNA-functionalized 2-nm Au NPs, and discovered that
these materials exhibit increased Tms and cooperative properties.
Because of these properties, we can easily separate 2-nm DNA-
Au NPs from free oligonucleotides on the basis of thermodynamic
control. It should be possible to use this approach to separate other
densely DNA-functionalized materials such as quantum dots,5f virus
particles,8 or dendrimers,9 thus overcoming many of the challenges
commonly associated with handling and manipulating nanomate-
rials not suitable for conventional separation procedures. Moreover,
the discovery that small DNA-Au NPs exhibit cooperative binding
properties should motivate researchers to investigate and utilize
these classes of materials for a variety of assembly, diagnostic,
and therapeutic applications.
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Figure 1. (A) Melting profiles of hybridized products separated at 22, 30,
35, 40, and 45 °C and collected after step 6 (Scheme 1). (B) Melting profiles
of 15 nm Au NPs hybridized with the complementary fluorescein-labeled
DNA (at a 1:1, 1:10, and 1:100 ratio), and their first derivatives (inset).
The separation temperatures used (Figure 1A) are noted in Figure 1B.
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