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ABSTRACT

Discrete DNA-gold nanoparticle conjugates with DNA lengths as short as 15 bases for both 5 and 20 nm gold particles have been purified
by anion-exchange HPLC. Conjugates comprising short DNA (<40 bases) and large gold particles (g20 nm) are difficult to purify by other
means and are potential substrates for plasmon coupling experiments. Conjugate purity is demonstrated by hybridizing complementary conjugates
to form discrete structures, which are visualized by TEM.

DNA-nanocrystal conjugates have proven to be an important
addition to the arsenal for addressing many emerging
challenges of nanoscience.1–3 Gold and quantum dot4 con-
jugates have been used extensively as biomolecular markers.
Additionally, DNA base pairing has directed the self-
assembly of discrete groupings and arrays of inorganic
nanocrystals,5,6 which may ultimately provide a route to self-
assembled nanoscale electronic devices and memory com-
ponents. Recently, plasmon coupling between gold nano-
particles conjugated to DNA has also been developed as a
molecular ruler capable of detecting subnanometer distance
changes over length and time scales inaccessible via fluo-
rescence resonance energy transfer (FRET) measurements.7,8

For many of these applications, it is desirable to obtain
nanocrystals functionalized with discrete numbers of DNA
strands. For instance, hybridization of a mixture of two
cDNA-gold monoconjugates will result in the formation of
DNA-gold dimers,9 whereas hybridizing polyconjugates
results in formation of a network solid.10 Thus, control over
DNA-mediated assembly of complex inorganic nanostruc-
tures depends crucially upon the ability to isolate discrete
DNA-gold building blocks in which the number of DNA
strands is controlled.

Plasmon coupling experiments place substantial additional
constraints on the conjugates.7,8 In such experiments, the
scattering intensity of a pair of nanoparticles depends on both
the particle radius (R) as R6 and the interparticle distance
(RP) as 1/RP

6.11 For good plasmon coupling efficiency, noble
metal nanoparticles at least 20 nm in diameter are required,
with an interparticle distance less than or equal to the

diameter of the particles. Consequently, it is desirable to use
a DNA spacer that is short relative to the diameter of the
nanoparticle, resulting in a small interparticle distance.

Although DNA-gold monoconjugates are routinely used
by a variety of researchers, isolating nanocrystals function-
alized with discrete numbers of short (<40 base) DNA
strands has proven difficult. Separations are often carried out
by agarose gel electrophoresis in which both the size of the
nanoparticle and the length of the attached DNA are
important, meaning that even longer DNA strands must be
utilized to achieve adequate resolution for larger particles.9,12

Other separation methods have been successfully used to
purify nanoparticles bound to short DNA,13–15 but to date
these have been restricted to very small particles (e10 nm),
which have limited utility for plasmonic applications.

High-performance liquid chromatography (HPLC) and
size-exclusion chromatography (SEC) are techniques that
offer high resolving power and have been successfully used
by other researchers to measure size distributions in samples
of unconjugated nanoparticles,16–20 and to purify nanopar-
ticle-protein polyconjugates from unconjugated protein.21

Here we investigate the use of anion exchange HPLC, a
technique popular for purification of short, single-stranded
DNA, in order to isolate nanocrystals functionalized with
discrete numbers of short DNA strands.

Anion exchange is a form of HPLC in which the stationary
phase is functionalized with cationic (usually quaternary
ammonium) functional groups. The cationic surface strongly
binds anions, in particular polyanionic molecules such as
DNA. Analytes are eluted by increasing the salt concentration
of the mobile phase until equilibrium favors release of the
analyte from the stationary phase. AE-HPLC has been
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particularly successful in separations of short, single-stranded
DNA, giving single-base resolution up to approximately 60
bases.22

Agarose gel electrophoresis has been widely used to purify
gold nanocrystals conjugated to controlled numbers of DNA
strands. When DNA-gold conjugate structures are analyzed
by agarose gel electrophoresis, they give discrete bands
corresponding to structures with increasing numbers of DNA
strands.12 For a given gel percentage, greater separation is
observed for long DNA strands than for short strands. Figure
1 demonstrates this effect. When thiolated poly(T) DNA was
conjugated to 5 nm gold particles and analyzed in a 3%
agarose gel, bands were visible (although not well-resolved)
for DNA as short as 40 bases. However, when the same DNA
was conjugated to 20 nm AuNP, bands were only clearly
visible for DNA at least 70 bases in length.

Aliquots of 5 and 20 nm conjugates were then analyzed
by AE-HPLC. In a typical analysis, 100 µL of nanoparticle
conjugate solution (about 300 pmol of 5 nm particles or 3
pmol of 20 nm particles) was injected with an aqueous
mobile phase incorporating 40 mM NaCl to encourage strong
binding of polyanions (such as DNA) to the stationary phase.
After 3 min at the low salt concentration, the NaCl
concentration was raised from 40 to 900 mM over 20 min.
Gold elution was observed by monitoring the UV–vis
absorbance at the gold plasmon peak of 520 nm vs a
reference wavelength of 850 nm, at which gold colloid has
very low absorbance, and visually confirmed by the presence
of the characteristic red color of the colloid in collected
fractions. A representative set of HPLC traces are shown in
Figure 2. As expected, each sample exhibits a broad peak
eluting at a low ionic strength, corresponding to unconjugated
gold. Small variations in these peaks were sometimes
observed due to slight differences in the completeness of
the neutral poly(ethylene glycol) (PEG) ligand shell passi-
vating the particles (see Supporting Information). The traces
in Figure 2 are normalized to the position of the unconjugated
gold peak in order to observe the effect of increasing DNA
length.

The second peak eluted at an ionic strength dependent
upon the length of DNA oligomer conjugated to the gold
particle. As in the electrophoretic purification, the separation
between unconjugated (first peak) and monoconjugated
(second peak) gold increased with increasing DNA length.
Disconjugate (third peak) was also separated from mono-
conjugate, although the separation was not as pronounced

as that between unconjugated gold and monoconjugate. Near-
baseline resolution was achieved for 15-base conjugates in
the HPLC, while for DNA shorter than 15 bases, peaks were
not well resolved. It should be noted that DNA retention in
AE-HPLC is known to be slightly sequence-dependent;23 in
these experiments, the use of polyT sequences ensures that
differences in retention can be attributed solely to DNA
length.

It should also be noted that AE-HPLC is often superior to
gel electrophoresis as a DNA-gold conjugate purification
method, even for cases in which discrete bands are clearly
visible in a gel. A direct comparison of the two methods is
shown in Figure 3 for 5 nm AuNP conjugated to 70-base
DNA. Although bands in the gel appear well-separated,
optical density analysis (Figure 3a, lower frame) demon-
strates that the monoconjugate band has significant overlap
with both the unconjugated gold and the diconjugate. HPLC
purification of the same type of conjugates is shown in Figure
3b: here, baseline resolution is achieved for the first three
peaks, indicating that high-purity monoconjugates can be
recovered. Typical monoconjugate yields from a 100 µL
injection were 30–50 pmol for 5 nm particles and 0.3–0.5
pmol for 20 nm particles, similar to quantities extracted from
an 8-well agarose gel, making AE-HPLC a viable preparative
technique for DNA-Au conjugate self-assembly experi-
ments.

Although monoconjugates can clearly be separated from
unconjugated gold and diconjugate using AE-HPLC, the
conjugates should also be separated from any excess uncon-

Figure 1. Electrophoretic analysis of gold conjugated to thiolated
DNA of varying lengths. (a) 5 nm gold particles are conjugated to
polyT DNA 30–90 bases in length. Black arrowheads indicate
visible bands as a guide to the eye. (b) 20 nm gold particles
conjugated to 70- and 90-base polyT DNA.

Figure 2. Elution profiles of varying lengths of polyT DNA
conjugated to 20 nm AuNP. Leftmost peak is unconjugated gold.
Monoconjugate peak migrates to longer retention times as DNA
length is increased, with near-baseline separation achieved for
monoconjugates of 15-base DNA.
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jugated DNA in order to ensure that no further conjugation
can take place after purification.

To quantify DNA retention, free thiolated poly(T) DNA
was analyzed using the same gradient applied to the
conjugates. Elution was observed by monitoring the UV–vis
absorption at the DNA absorption peak of 260 nm vs a
reference wavelength of 360 nm at which DNA does not
absorb strongly. In general, a single large peak was observed,
although occasionally a very small secondary peak (area
<5% of primary peak area) was also observed at slightly
lower ionic strength, suggestive of a small amount of DNA
degradation. The position of the primary peak was used in
plotting DNA retention (Figure 4a).

Interestingly, both mono- and diconjugates elute at lower
ionic strength (shorter times) than the free thiolated DNA
of the same length. Attaching the DNA to a gold nanoparticle
coated with neutral ligands is expected to decrease retention
of the DNA because the ligand shell around the gold
nanoparticle will interfere with binding of the DNA bases
proximal to the nanoparticle. It is also not surprising that
addition of a second DNA strand does not impact retention
as much as the first, since the effect of additional DNA bases
binding the column decreases sharply after the first 30 bases
(see DNA curve in Figure 4a). Additionally, it is expected
that the DNA strands are distributed on the surface of the
nanoparticle, which may prevent the second strand from
binding as completely as the first.

Surface passivation of the nanoparticle is also key in
determining the retention behavior of conjugate structures
(Figure 4b). Passivation with neutral thiolated PEG results
in unconjugated gold eluting at very low ionic strengths,
whereas use of carboxy-terminated (anionic) PEG results in
much stronger retention of unconjugated gold because the
ligands on the surface of the gold can also bind the column.
Differences can be seen in the gold and monoconjugate
elution for passivation with short neutral vs long neutral PEG
molecules, presumably because the thicker ligand shell
created by longer PEG molecules slightly reduces the number
of DNA bases free to bind the column. Because the Debye
screening length in the mobile phase ranges from 1.24 nm
at the beginning of the run to 0.34 nm at the end of the run,

it is also possible that charges on the gold surface under the
PEG ligands could play a small role in retention behavior.
These charges could arise either from the gold particle
synthesis procedure or from a small number of residual
anionic phosphine ligands left after the PEG ligands are
exchanged onto the particles.

To demonstrate that HPLC-purified conjugates are good
substrates for self-assembly, 20 nm gold particles discretely
functionalized with one, two, or three strands of DNA were
isolated and hybridized with complementary conjugates of
5 nm gold. Hybrid structures were visualized by TEM.

Typically when TEM images are used to characterize
DNA-templated self-assembly of nanoparticles, interparticle
distance can be used to infer the length of the DNA linker,
which is not itself visible under the electron beam. However,
the increased forces acting on larger nanoparticles as the
sample dries on the TEM grid can be sufficient to bend the
DNA linker (Figure 6), so structures were also assembled
in which a central, discretely functionalized 20 nm particle
bearing one (Figure 5a), two (Figure 5b), or three (Figure
5c) 60-base DNA strands was hybridized to the appropriate
number of monofunctional 5 nm particles. Although some
drying-induced DNA bending was observed in these struc-
tures as well (Figure 5b inset), enough hybrids adopt an
extended conformation to make a convincing argument for
DNA-mediated assembly rather than nonspecific aggregation.

Figure 3. Comparison of agarose gel and AE-HPLC purification
of 70-base polyT DNA conjugated to 5 nm AuNP. (a) Gel
purification of conjugates. Although four distinct bands are visible,
a lane trace produced by optical density analysis shows monocon-
jugate overlaps with both unconjugated gold and diconjugate. (b)
When the same structures are purified by AE-HPLC, baseline
resolution is observed for the first three peaks.

Figure 4. (a) AE-HPLC retention of free DNA compared with DNA
conjugated to 5 nm AuNP. At all DNA lengths, free DNA is
retained more strongly than 5 nm AuNP conjugated to one or two
strands of the same DNA. Peak width at half the maximum value
is approximately 4 mM for DNA and 20 mM for mono- and
diconjugate. (b) Ligand used to passivate gold surface plays an
important role in conjugate retention, although in each case,
increasing numbers of DNA strands correlate with increased
retention.
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These experiments demonstrate that not only mono- but also
di- and triconjugates can be isolated in sufficient purity for
use as self-assembly substrates.

Radial assemblies were also formed in which 5 nm
polyconjugates were hybridized to 20 nm monoconjugates.
In a large percentage of structures, the 20 nm particles are
pulled into contact with each other during drying (Figure
6a). This can obscure the 5 nm polyconjugated hub, however,

the 5 nm particle is usually visible when the structure is
viewed more closely (Figure 6b). Drying conditions are
believed to play an important role in the morphology of 20
nm multiparticle assemblies. For instance, parts a and c of
Figure 6 are assembled using conjugates prepared from the
same DNA. Importantly, this suggests that the 20 nm
particles are not aggregated in solution, a key prerequisite
for utilizing the assemblies in plasmonic experiments.

In conclusion, we have successfully isolated discrete
DNA-gold conjugates suitable for plasmonic applications,
composed of a large gold nanoparticle attached to controlled
numbers of short DNA strands. The anion-exchange puri-
fication method used in isolating these conjugates is also an
improvement on the existing gel electrophoresis purification
method for other DNA gold conjugates (e.g., small nano-
particle attached to longer DNA) routinely used for nanoscale
self-assembly experiments. Ongoing experiments seek to
determine the size limits of this new method. The large size
of the column packing material (approximately 13 µm
spheres) results in interstitial spaces quite large in comparison
to the conjugates, thus it is expected that similar methodology
may be applied to much larger particles. However, the
increased sensitivity of larger nanoparticles to high salt
concentrations will require careful optimization of the
nanoparticle surface passivation conditions. We also plan to
leverage the new range of discrete nanoparticle conjugates
described here to develop an expanded set of plasmon ruler
measurements.
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