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Abstract: We present a novel method for size-selectively separating mixtures of nanoparticles in aqueous
media utilizing the inherent chemical recognition properties of DNA and the cooperative binding properties
of DNA-functionalized gold nanoparticles. We have determined that the melting temperatures (Tms) of
aggregates formed from nanoparticles interconnected by duplex DNA are dependent upon particle size.
This effect is proposed to derive from larger contact areas between the larger particles and therefore
increased cooperativity, leading to higher Tms. The separation protocol involves taking two aliquots of a
mixture of particles that vary in size and functionalizing them with complementary DNA. These aliquots are
mixed at a temperature above the Tm for aggregates formed from the smaller particles but below the Tm for
aggregates formed from the larger particles. Therefore, the aggregates that form consist almost exclusively
of the larger particles and can be easily separated by sedimentation and centrifugation from the smaller
dispersed particles. This unusual size-dependent behavior and separation protocol are demonstrated for
three binary mixtures of particles and one ternary mixture.

Introduction

The concept of synthetically programmable assembly with
oligonucleotides as particle directing groups has led to important
advances in materials synthesis,1 the development of powerful
nucleic acid and protein diagnostic tools,2 ways of assembling
particles on single strand templates,3 and the discovery of
fundamentally new properties for nanoparticles modified with
DNA.4 In fact, many of the properties of oligonucleotide-
modified nanoparticles not only derive from the DNA-coating
on their surfaces but also the size of the particle used as a
scaffold.4b,c,5In general, particle size and size distribution play
a significant role in controlling the properties of any colloid
based upon a nanomaterial.6 As a result, many groups have
developed a variety of approaches to achieve particle separation
and to narrow the size distribution of particles in a colloidal

solution. Unlike molecular systems, it is often difficult to employ
crystallization for colloidal structures, and the methods that have
been used successfully are performed primarily in organic media.
In such media, precipitation methods have been developed and
used with great success for certain compositions.6a,b Such
methods, however, require an empirical tuning of the experi-
mental conditions to effect optimum size-selective precipitation
or crystallization. Other postsynthetic methods for refining
particle size or separating a mixture of particles of different
sizes in organic media include digestive ripening,7 use of
supercritical fluids,8 gas pressurization,9 HPLC,10 and size-
exclusion chromatography.11
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In contrast, the improvement of the particle size distribution
in aqueous media has been a more challenging task and is
usually performed by filtration12 or chromatographic methods
such as size-exclusion chromatography13 and capillary electro-
phoresis.14 Such techniques, however, are somewhat limited in
throughput and the types of compositions that can be used due
to different degrees of interactions with column supports or
filtration membranes (e.g., irreversible adsorption or membrane
fouling) and the need for specialized equipment. For particles
dispersed in aqueous media, it would be a major advance if
one could utilize the inherent chemical recognition properties
of biomolecules15 to size-selectively assemble particles. Herein,
we describe a novel approach for the size-selective assembly
and separation of nanoparticles in aqueous media. This approach
takes advantage of the intrinsic particle size-dependent melting
characteristics and the sharp melting profiles of oligonucleotide-
functionalized gold nanoparticles (DNA-Au NPs),1,4b and as a
proof-of-concept, we demonstrate its utility for separating binary
and ternary mixtures of gold particles.

Experimental Section

Functionalization of Au NPs with DNA. To investigate the particle
size effect on the melting properties of NP aggregates, Au NPs with
average diameters of 15, 30, 40, 50, 60, and 80 nm were studied. All
Au colloids were purchased from Ted Pella. Two complementary
HPLC-purified 5′-thiol-modified oligonucleotides (a, 5′-HS-(CH2)6-
A6-AGTGATAAG-3′; b, 5′-HS-(CH2)6-A6-CTTATCACT-3′) were
obtained from Integrated DNA Technologies (IDT). The DNA func-
tionalization of the Au NPs was performed following a previously
published procedure with a few modifications.4b DNA, freshly depro-
tected by dithiothreitol (DTT, Pierce) and purified by a NAP-5 column
(GE Healthcare), was added to each Au colloid (final oligonucleotide
concentration is∼6 µM), and the solution was brought to a concentra-
tion of 0.3 M NaCl in phosphate buffer (10 mM phosphate, 0.01%
SDS, pH 7.4) through a stepwise process. The excess DNA was
removed by repeated centrifugation and washing with a buffer solution
(0.1 M NaCl, 10 mM phosphate, 0.005% Tween 20, pH 7.4).

Homoparticle Aggregate Formation. In each case, two samples
of particles of the same size were functionalized with DNA sequences
a andb, respectively, and combined (final concentration of each particle
with a given DNA sequence was 100 pM in all cases). The mixture
was heated at 50°C for 10 min and allowed to hybridize under the
hybridization conditions (room temperature, 0.1 M NaCl, 10 mM
phosphate, 0.005% Tween 20, pH 7.4). The particle concentrations were
measured by UV-vis spectroscopy (Cary 5000, Varian) using the molar
extinction coefficients at the wavelength of the maximum absorption
of each gold colloid [ε(15)528nm) 3.6 × 108 cm-1 M-1, ε(30)530nm) 3.0
× 109 cm-1 M-1, ε(40)533nm) 6.7 × 109 cm-1 M-1, ε(50)535nm) 1.5 ×
1010 cm-1 M-1, ε(60)540nm) 2.9 × 1010 cm-1 M-1, andε(80)550nm) 6.9
× 1010 cm-1 M-1].16

Melting Analyses.Melting analyses of the hybridized Au colloids
were performed by monitoring the change in extinction at 260 nm every

0.2 °C at a rate of 1°C min-1 (Cary 5000 equipped with a Peltier
temperature controller, Varian). For homogeneity, the solution was
continuously stirred with a magnetic stir bar. The melting temperatures
(Tms) were derived from the maximum of the first derivatives of the
melting transitions.

Size-Selective Separation of Binary Mixtures (30/60, 15/60, and
40/80 nm).In a typical experiment, unmodified 30 and 60 nm particles
were mixed in a 1:1 ratio. The NP mixture was divided into two aliquots
and modified with oligonucleotides (a andb, respectively) following
the same procedure established for a single component system (vide
supra). The two aliquots of 30/60 nm particles functionalized with DNA
sequencesa andb, respectively, were combined (each particle with a
given DNA sequence was at a final concentration of 100 pM,ε(30/60)540nm

) 1.6 × 1010 cm-1 M-1),16 heated to 50°C for 10 min, and then held
at 44 °C for 4 days to allow selective DNA-Au NP hybridization.
The homoparticle aggregates composed of the 60 nm particles through
the particle size-selective hybridization process were isolated by
centrifugation (1000 rpm for 2 min). The supernatant containing the
30 nm particles was decanted from the precipitate. The precipitate was
washed with a buffer solution twice (0.1 M NaCl, 10 mM phosphate,
0.005% Tween 20, pH 7.4). The supernatant was additionally centri-
fuged at 3000 rpm for 2 min, and any precipitate was discarded. Two
other particle mixture combinations (15/60 nm and 40/80 nm) were
separated under the same conditions [ε(15/60)537nm) 1.3 × 1010 cm-1

M-1 andε(40/80)545nm) 3.6 × 1010 cm-1 M-1].16

Size-Selective Separation of a Ternary Mixture (30/50/80 nm).
The size-selective separation of a ternary mixture was performed in a
similar manner as the binary mixtures. Unmodified 30, 50, and 80 nm
gold particles were mixed in a 1:1:1 ratio. The NP mixture was divided
into two aliquots and modified with oligonucleotides (a and b,
respectively) following the same procedure established for a single
component system (vide supra). The two aliquots of 30/50/80 nm
particles functionalized with DNA sequencesa and b, respectively,
were combined (each particle with a given DNA sequence was at a
final concentration of 35 pM,ε(30/50/80)542nm) 3.1× 1010 cm-1 M-1),16

heated to 50°C for 10 min, and then held at 45°C for 3 days to allow
the first selective hybridization (80 nm NPs). The 80 nm homoparticle
aggregates were isolated by centrifugation (1000 rpm for 2 min) and
washed with a buffer solution twice (0.1 M NaCl, 10 mM phosphate,
0.005% Tween 20, pH 7.4). The supernatant containing the 50 and 30
nm particles was centrifuged at 3000 rpm for 2 min to discard any
precipitate and held at 43°C for the second size-selective hybridization
(50 nm NPs). After 3 days, the 50 nm homoparticle aggregates were
isolated by centrifugation (1000 rpm for 2 min) and washed with a
buffer solution twice (0.1 M NaCl, 10 mM phosphate, 0.005% Tween
20, pH 7.4). The supernatant containing the 30 nm particles was
additionally centrifuged at 3000 rpm for 2 min, and any precipitate
was discarded. Note that the hybridization time for each separation
step for this ternary mixture (3 days) was shorter than that used for the
binary mixtures (4 days).

Fluorophore-Labeled DNA Coverage Study.The DNA coverage
on the Au NP surface was determined by functionalization of the Au
NPs with fluorophore-labeled DNA.17 Six types of Au colloids (15,
30, 40, 50, 60, and 80 nm diameter, Ted Pella) were functionalized
with 3′-fluorophore-labeled 5′-thiol-modified sequenceb (5′-HS-(CH2)6-
A6-CTTATCACT-(6-FAM)-3′, Integrated DNA Technologies). Freshly
deprotected DNA was added to each Au colloid (final oligonucleotide
concentration is∼6 µM). The salt concentration was brought to 0.3 M
NaCl in phosphate buffer (10 mM phosphate, 0.01% SDS, pH 7.4)
following the stepwise salting procedure (vide supra). The colloids were
washed four times with a buffer solution (0.3 M NaCl, 10 mM
phosphate, 0.005% Tween 20, pH 7.4) by centrifugation and finally
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redispersed in the same buffer. The particle concentration in each colloid
was measured by UV-vis spectroscopy (Cary 5000, Varian).

The fluorophore-labeled DNA strands were released from the Au
NPs by a ligand exchange process induced by DTT (final DTT
concentration was 0.5 M).18 After DTT addition, the solutions were
incubated at 50°C for 5 min and held at room temperature for 1 h.
The solutions were centrifuged at 10 000 rpm for 15 min to isolate the
Au NPs, and the supernatants containing the released fluorophore-
labeled DNA strands were collected for the fluorescence analyses.

A series of dilutions (0.50, 1.0, 2.0, 3.0, 6.0, 8.0, 10, 20, 25, 50, and
100 nM) of the fluorophore-labeled DNA were prepared in 0.5 M DTT
solution in phosphate buffer (0.3 M NaCl, 10 mM phosphate, 0.005%
Tween 20, pH 7.4) to obtain a standard calibration curve (see Supporting
Information, Figure 1S). The fluorescence of the DNA samples was
measured in a 96-well plate format using a Gemini EM fluorescence/
chemiluminescence plate reader (Molecular Devices). The number of
DNA strands per particle was calculated from the measured fluorescence
intensity and the standard calibration curve. The density of DNA strands
on the Au NP surface for each particle size was obtained from the
number of DNA strands per particle (see Supporting Information, Table
1S) and the surface area of the particle. Five separate experiments were
performed for each particle size.

Transmission Electron Microscopy. Samples for TEM were
prepared by placing a 3µL drop of the solution onto a carbon-coated
Formvar copper grid (300 mesh, Electron Microscopy Sciences). The
grids were allowed to dry in a dust free area. TEM images were obtained
on a Hitachi 8100 operating at 200 kV.

Results and Discussion

Particle Size Effect onTms of Homoparticle Aggregates.
It has been suggested that DNA-Au NPs, when hybridized to
complementary particles of the same diameter, exhibitTms that
are dependent upon particle size.5 We hypothesized that if the
particle aggregates formed from DNA-directed assembly ex-
hibited significant changes inTm, one could use temperature
and programmable assembly methods to separate a mixture of
particles that differed in size. To evaluate this hypothesis, we
have studied the magnitude of theTm difference for a series of
homoparticle aggregates each formed from particles of a
different size (15, 30, 40, 50, 60, and 80 nm particles) but
assembled with the same duplex DNA interconnects under
identical conditions. As shown in Figure 1A, the observed

melting behavior of each homoparticle aggregate is highly
dependent on the size of the NPs. Interestingly, as the particle
size increases, there is a significant and measurable increase in
Tm for all particle sizes studied. For example, aggregates
composed of 15 nm particles melt at 40.5°C, while 80 nm NP
aggregates melt at 46.4°C (Figure 1B).

Size-Selective Separation of Binary and Ternary NP
Mixtures. Because of theseTm differences and the sharp, highly
cooperative melting transitions, which are characteristic of
aggregates formed from these NP-DNA conjugates, we hy-
pothesized that mixtures of particles of different sizes could be
separated by size-selective hybridization at a specific temper-
ature that is between theTms of each homoparticle aggregate
(Scheme 1). Such conditions are expected to result in the
hybridization of the large particles, leaving the small particles
in the supernatant. To test this hypothesis, we prepared three
different particle mixtures consisting of particles of two different
sizes and explored their hybridization properties. In the case of
the 30/60 nm particle mixture, 44°C was chosen as a size-
selective hybridization temperature, because it is on the higher
plateau of the melting curve of the 30 nm homoparticle
aggregates and on the lower plateau of the melting curve of the
60 nm homoparticle aggregates (Figure 1A). At the end of the
experiment, aggregates of 60 nm particles formed exclusively,
leaving 30 nm particles dispersed in the supernatant. This size
selective hybridization was then demonstrated for two other
particle size combinations (15/60 and 40/80 nm). Mixtures of
15/60 and 40/80 nm NPs were similarly size-selectively
hybridized and separated, because 44°C is also between the
Tms of the small (15 and 40 nm) and the large (60 and 80 nm)
homoparticle aggregates in both cases. For all combinations,
the particles in the collected aggregates dissociated upon water
addition or heating with a concomitant color change of the
solution to red. Importantly, for each combination we do not
expect the formation of heteroparticle aggregates composed of
small and large particles at 44°C, because theTms of such
aggregates are all below this temperature (see Supporting
Information, Figure 2S). Moreover, simple centrifugation of
unmodified Au NPs under similar experimental conditions did
not yield precipitates. The 4 day assembly period was deter-
mined by monitoring the hybridization rate of 60 nm DNA-Au
NPs (each at 100 pM concentration) at 44°C by measuring the
change in extinction of the colloid at 260 nm, which is diagnostic
for the particle assembly process (see Supporting Information,
Figure 3S).4b

Representative transmission electron microscopy (TEM)
images of each sample before and after the size-selective

(18) Thaxton, C. S.; Hill, H. D.; Georganopoulou, D. G.; Stoeva, S. I.; Mirkin,
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Figure 1. (A) Normalized melting curves of each homoparticle aggregate.
The melting curve for the aggregates formed from the 15 nm NPs is not
shown because of the low extinction coefficient for this size particle. (B)
A graph ofTms for the aggregates as a function of NP size. Note that a 10
nm difference in diameter leads to∼1.5 °C change inTm. This effect is
minimized at the small (15 nm) and large (80 nm) ends of the particle size
range. This observation could be correlated to the slightly higher DNA
surface coverage for the 15 nm NPs and slightly lower DNA surface
coverage for the 80 nm NPs compared to the coverages for the intermediate
sized particles (see Figure 4).

Scheme 1. DNA-Induced Size-Selective Separation of a NP
Mixture
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hybridization and separation protocol are shown in Figure 2.
In each case the particles are separated with nearly 100%
efficiency into the corresponding small (15, 30, and 40 nm)
and large (60 and 80 nm) particles. As predicted, the precipitates
are composed of the large particles and the supernatants contain
only the small particles. A few small particles (<1%) were found
in the precipitates and a few large particles (<5%) in the
supernatants without the additional washing step, indicating that
only large particles took part in the hybridization and the small
particles merely remained in the supernatant without being
hybridized.

We further evaluated the potential for particle size-selective
hybridization to be used in the separation of a mixture composed
of three different particle sizes (30, 50, and 80 nm, Figure 3A).

The separation was performed in a stepwise manner starting
with the hybridization and isolation of the largest NPs (80 nm)
by holding the temperature of the mixture at 45°C. This
temperature was chosen because it is below theTm of the
homoparticle aggregates formed from the 80 nm particles and
above those for the 30 and 50 nm homoparticle aggregates. The
aggregate that forms under these conditions is composed almost
exclusively of the 80 nm particles (Figure 3B), and the
supernatant contains the 30 and 50 nm particles. The remaining
mixture of 30 and 50 nm particles could be separated using the
binary mixture separation protocol described above. Parts B,
C, and D of Figure 3 illustrate representative TEM images of
the isolated 30, 50, and 80 nm particles, respectively, after the
size-selection process. A thorough investigation of 15 TEM

Figure 2. Representative TEM images of DNA-Au NPs before and after the size-selective separation of binary particle mixtures: (A) 15/60 nm, (B) 15
nm, (C) 60 nm, (D) 30/60 nm, (E) 30 nm, (F) 60 nm, (G) 40/80 nm, (H) 40 nm, (I) 80 nm. Note that the length scale is different in each of the images.
Additional representative TEM images are shown in Supporting Information (Figure 4S).

Figure 3. Representative TEM images of DNA-Au NPs before and after the size-selective separation from a ternary mixture: (A) the starting mixture of
30, 50, and 80 nm particles, (B) the separated 30 nm particles, (C) the separated 50 nm particles, and (D) the separated 80 nm particles.
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images for each NP size shows a separation efficiency of more
than 90% in each case.

The Chemical and Physical Origin of the Size-Selective
Hybridization Process. This size-selective phenomenon is
directly related to the number of duplex DNA connections
formed between each particle, which is determined by the DNA
density on the particle surface and the particle-particle contact
area. The NPs are designed to directly hybridize with one
another through a complementary two-strand system. The
number of duplex particle interconnects will depend on particle-
particle contacts and oligonucleotide surface coverage. The DNA
surface coverage for each particle size was determined using
fluorophore-labeled DNA and found to be similar regardless
of the NP size (∼1.4 × 1013 DNA strands/cm2, Figure 4).
Therefore, we believe the particle-particle contact area to be
the dominant contributor to the effects we are reporting and
utilizing in our size-dependent separation scheme. The larger
particles, which have larger contact area with the surrounding
particles, form a larger number of DNA duplex interconnects
between the particles that comprise the aggregates. Therefore,
the aggregates composed of larger particles melt at higher
temperature, because the number of linkages between the
particles proportionally influences the melting enthalpy due to

cooperative melting interactions.4b Other independent theoretical
studies also are consistent with the conclusion that multiple
closely spaced linkages are responsible for the increasedTm

associated with DNA-assembled particle aggregates.19

Conclusion

We have developed a novel method for the size-selective
separation of Au NPs in aqueous media. This method can be
viewed as a type of synthetically programmable “recrystalliza-
tion” process that is guided by the chemical recognition
properties of DNA. Its limitations are that it requires a DNA-
modification step, appropriate time for the size-selective hy-
bridization, and improvement of separation resolution (at
present, 20 nm compared to less than 10 nm demonstrated by
chromatographic and filtration methods). However, its strengths
are that it can be tailored for mixtures of particles that vary in
size simply through the choice of the DNA interconnect and
desired recrystallization conditions (e.g., temperature, salt
concentration). Importantly, in principle, this is an approach that
can be generalized for the separation of other types of NPs that
can be readily functionalized with DNA and to more complex
systems composed of particles that differ in size and shape.20
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Figure 4. The DNA surface coverage for each particle size, as determined
by fluorophore labeling experiments.
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