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Abstract

We report synthesis of dimers composed of a single short double-stranded
(ds)DNA molecule connecting two gold nanoparticles (GNPs). Such struc-
tures may be useful for electrical transport measurements through dsDNA
molecules and for other research purposes. When the DNA molecules are
short with respect to the size of the GNP, gel electrophoresis cannot separ-
ate GNPs with different numbers of DNA molecules attached to them. We
present two methods to separate GNPs connected to single short thiolated
single-stranded (ss)DNA. The separation is performed by hybridizing the
DNA/GNP conjugates with long, partially complementary, ssDNA or with
complementary ssDNA connected to GNPs of smaller size. The separated
GNPs with a single short ssSDNA were used to form dimers consisting of
GNPs connected by a single short dsSDNA molecule.
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1 Introduction

Many conjugate structures composed of DNA and gold nanoparticles (GNPs)
have been reported in the literature. A common method for forming these con-
jugates is by connecting the DNA strands to the GNP through thiol chemistry,
which offers the ability to design complex nanoparticle assemblies [1-3].
Such conjugates have been used for various emerging challenges such as
electrical transport measurements [4-6], surface plasmon resonance (SPR)
studies [7, 8], molecular nanomachines formation [9] and others. Thanks
to their optical properties [10], DNA/GNP conjugates were also applied to
the development of applications in biosensing [11, 12], nanobiotechnology
[11], nanomedicine [13, 14] and nanoelectronics [15]. For many of these
applications it is important to control the exact number of DNA strands at-
tached to the nanoparticles. The ability to separate conjugates of GNPs with
a specific number of short DNA strands, as building blocks for 2D and 3D
GNP-DNA nano-constructions, e.g. dimers, is challenging and has attracted
much scientific interest.

Gel electrophoresis is a common technique for separation of DNA/GNP
conjugates because additional DNA molecules connected to the GNP produce
a significant shift in the electrophoretic mobility of the conjugates [16, 17].
Gel electrophoresis separation is, however, limited to particles connected to
relatively long oligonucleotide strands. The sensitivity and the effectiveness
of the method are reduced when the particle size is comparable or larger than
the DNA length. Recently, some methods to synthesize GNPs attached to
specific numbers of DNA strands have been employed: long DNA strands
were first used to get efficient separation with gel electrophoresis and then
removed or shortened in order to get GNPs with short DNA strands [18, 19].
Another method used anion-exchange HPLC as a technique for conjugate
separation [20].

In this work we present two easy and convenient methods for separa-
tion of conjugates of GNPs with specific numbers of short oligonucleotide
strands. The separation is implemented for and confirmed by the formation of
GNP dimers connected by single dsSDNA molecules. The separation methods
are based on intermediate increase in the variability between the conjugates.
This leads to a significant difference in the electrophoretic mobility of the dif-
ferent structures. Characterization of the products was done by transmission
electron microscopy (TEM).



Formation of Dimers 87

Table 1 DNA sequences used in the synthesis of the four DNA/GNP conjugates.
Strand 1 S26 1 SH-CATTAATGCTATGCAGAAAATCTTAG
Strand2 526 2 SH-CTAAGATTTTCTGCATAGCATTAATG
Strand 3 RC100 1 TTAATGCTATGCAGAAAATCTTAG(Tx76)
Strand4 RC100 2 AAGATTTTCTGCATAGCATTAATG(A x76)

2 Experimental Procedures

2.1 Generation of GNP/DNA Conjugates

Citrate stabilized GNPs with mean diameters of 5 and 8 nm were purchased
(Ted Pella). The GNPs were coated with phosphine ligands (bis(p-sulfonato-
phenyl)-phenylphosphine (BSPP) as previously described by Mastroianni et
al. [21]. The GNPs were stabilized with 1 mM BSPP by overnight incubation
at room temperature. NaCl was then added to the GNP solution until a color
change from red to blue was observed (the final NaCl concentration was
~200 mM for 8 nm GNP and ~300 mM for 5 nm GNP). The GNP solu-
tion was concentrated by centrifugation at 3000 rpm for 10 minutes at room
temperature. The supernatant was removed and the pellet was resuspended
in 1 mg ml~' BSPP solution (concentration of 3.14 mM) to ~1 uM. The
phosphine coating provides a net negative charge on the GNP surface, thus
stabilizing it in high concentrations and in buffer conditions.

5’ thiol-C6-modified ssDNA oligonucleotides with 26 bases (sequences
presented in Table 1) were purchased (Syntezza). The oligonucleotides
were treated with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at a
TCEP:DNA molar ratio of 1000:1 for removal of the protective group on the
thiol, and then purified with Bio-Spin 6 columns (Biorad).

GNP/DNA conjugates were formed by incubating the BSPP coated GNPs
with the treated DNA at a final concentration of 0.5 ©M, DNA:GNP molar
ratio of 1:1 overnight at room temperature (25°C) in 100 mM tris buffer (pH
7.4) with 50 mM NacCl.

2.2 Gel Electrophoresis Separation and Characterization

Two methods were used to separate conjugates of 8 nm GNPs with different
numbers of 26 bases ssDNA strands. In the first method the DNA strands were
conjugated to 8 nm GNPs and hybridized to complementary 26 bases ssDNA
strands, which were conjugated to 5 nm GNPs. For the hybridization the two
conjugate solutions (5 nm GNP conjugates and 8 nm GNP conjugates) were
mixed at a 10:1 molar ratio, respectively, and incubated over night at room
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temperature. After the hybridization, the obtained structures were separated
by gel electrophoresis in 3% MetaPhor agarose (Lonza) with 1X TBE as
running buffer at 100 V for 60 min.

In the second method 100 bases ssDNA strands were hybridized to 26
bases ssDNA strands (over 26 bp length), which were already conjugated to
the GNPs using thiols. The molar ratio of the hybridized 26bp:100bp con-
jugates was 1:10 respectively and the incubation was performed overnight
at room temperature. The resulting structures were separated by gel electro-
phoresis in a 3% MetaPhor agarose gel with 1X Tris/Borate/EDTA (TBE)
buffer as running buffer for 1.5 h at 100 V. The separation of the 20 nm GNPs
was done in a 1.5% MetaPhor agarose gel under the same conditions.

2.3 Dimers Preparation

Conjugates of GNPs with DNA molecules that were prepared by the second
method described above were extracted from the gel by electroelution at
100 V for half an hour. Conjugates of GNPs bound to a single ssDNA
molecule (mono-conjugates) were concentrated similarly to the concentra-
tion procedure described above for BSPP stabilized GNPs. Mono-conjugates
with complementary DNA sequences were then mixed, heated to 60°C for
10 min (for dehybridization of the 100 bases strands from the 26 bases strands
and their hybridization with the complementary 100 bases strands) and then
cooled down to room temperature (for hybridization of the 26 bases strands to
the complementary ones). Hybridization of complementary 100 bases strands
and complementary 26 bases strands is thermodynamically favored. Follow-
ing hybridization of the complementary mono-conjugates, the structures were
again separated by 3% MetaPhor agarose gel electrophoresis with 1X TBE
as the running buffer at 100 V for 60 min. Dimers were then extracted from
the gel by electroelution at 100 V for 60 min.

As a control experiment, dimers were also prepared without using any
separation method. These dimers were prepared by mixing non-separated
8 nm GNP/DNA conjugate solutions and incubating them over night at room
temperature for hybridization.

2.4 Deposition and TEM Imaging

Synthesized dimers were deposited on a 400 square mesh carbon coated
copper TEM grid (Electron Microscopy Sciences) and imaged by a Tecnai
T12 G2 Spirit TEM (FEI). Deposition was carried out by first treating the
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grid with 0.1% w/v poly-L-lysine in water for 1 min, washing by floating on
a water drop for another minute, and then floating on the sample drop for
three minutes. Images were taken with an FEI Eagle 4k, 16 Megapixel CCD
camera.

3 Results and Discussion

Gel electrophoresis is often used as a tool in the characterization and puri-
fication of GNPs/DNA conjugates [16, 17]. The basic principle relies on the
characteristic mobility of objects in a porous matrix, or gel, under an electric
field. The mobility (distance/(electric field * time)) depends mainly on the
size and the charge of the conjugates [16]. A good separation between GNPs
bound to different numbers of DNA molecules is achieved when the bound
DNA molecules are much longer than the GNP diameter, e.g., GNPs with a
diameter of 8 nm and ssDNA of 86 bases (see Figure 1(a)) [16, 20]. When
the DNA molecules are short relative to the size of the GNPs, it is difficult
or even impossible to separate DNA/GNP conjugates based on the number
of bound DNA molecules. For instance, in the gel shown in Figure 1(b) it
is impossible to distinguish between bare GNPs (lane 1) and conjugates of
8 nm GNPs bound to short, 26 bases long, thiolated DNA oligonucleotides
(lane 2). Therefore, in order to prepare mono-conjugates of 8 nm GNP with
a single 26 bases ssSDNA molecule more refined separation methods must be
used.

We describe two methods that enable to separate GNPs connected to
different numbers of short ssDNA strands. These methods are based on tem-
porary hybridization of the short DNA strands that are bound to the GNPs
to complementary short sSDNA bound to a smaller GNP or to longer ssDNA
strands. In the first method 8 nm GNPs were first bound to 26 bases ssDNA
molecules (strand S26 1) and 5 nm GNPs were bound to the complement-
ary 26 bases ssDNA molecules (strand S26 2). Then, the two solutions of
GNP/DNA conjugates were mixed, hybridized, (with the 5 nm conjugates
in a large excess) and separated by gel electrophoresis (Figure 2). Because
the small conjugates were in large excess, they were assumed to hybridize
with all the DNA strands bound to the 8 nm GNPs. This way the 5 nm
GNP conjugates enable separation of the 8 nm GNP conjugates based on
the number of DNA molecules (and 5 nm GNPs) bound to them. Therefore,
after separation we expect that the vast majority of dimers will constitute
8 nm GNPs bound to a single DNA molecule that is hybridized to a single
5 nm conjugate (forming dimers with a single dSDNA molecule). Figure 2
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Figure 1 Effect of DNA length on separation of DNA/GNP conjugates with gel electro-
phoresis. 8 nm GNPs were attached to thiolated DNA molecules as described in Section 2.
(a) Lane 1 contained a control sample of 8 nm GNPs with no DNA. Lane 2 contained con-
jugates with 86 bases DNA molecules. The conjugate mixtures were separated into bands,
each containing a different number of DNA strands as indicated by the illustrations next to the
arrows (adapted from [1]). (b) Lane 1 contained a control sample of 8 nm GNPs with no DNA.
Lane 2 contains conjugates of 8 nm GNPs with 26 bases DNA molecules (strand S26 1). The
conjugate mixtures were not separated into bands in this gel.

shows a gel in which such a separation was carried out. Lanes 1 and 2 are
control lanes: lane 1 contains 5 nm GNPs with no DNA bound to them; lane
2 contains 8 nm GNPs with no DNA bound to them. Lane 3 contains the
hybridized mixture of the two GNPs/DNA conjugates, which was separated
into bands. These bands contain, from bottom up, 5 nm GNPs, 8 nm GNPs, 8§
nm+5 nm dimers. The following bands contain higher oligomeric structures,
as indicated by the illustrations next to the arrows on the right. In order to
visualize and check the formation of dimer structures, the third band from the
bottom (framed), which was expected to contain dimers, was extracted from
the gel for further analysis by TEM imaging (Figure 3). The majority of the
observed structures are of 5-8 nm GNPs dimers. These results demonstrate
that the hybridization of additional structures in large excess can assist sep-
aration between GNP/DNA conjugates based on the number of short ssDNA
strands that they contain.

In the second method, we hybridized the 8 nm GNP/26 bases ssDNA
(strands S26 1 and S26 2) conjugates with long ssDNA molecules (100 bases
ssDNA, strands RC100 1 and RC100 2) with a 26 bp overlap, as illustrated
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Figure 2 Electrophoretic separation of 8§ nm GNP/26 bases DNA (S26 1) conjugates through
binding to 5 nm GNP/26 bases DNA (S26 2) conjugates. Lane 1 contains a control sample
of 5 nm GNPs with no DNA. Lane 2 contains a control sample of 8 nm GNPs with no DNA.
Lane 3 contains the hybridized mixture of the two types of GNP/DNA conjugates with com-
plementary 26 base DNA strands. The conjugates mixture was separated into bands indicating
that the hybridization produced structures of 8 and 5 nm GNPs that are connected by dsDNA
as illustrated next to the arrows. The structures in the band in lane 3 marked by the dashed
frame were extracted from the gel and imaged by TEM (see Figure 3).

Figure 3 TEM image of 8 and 5 nm GNP dimer structures that are connected by 26 bases
dsDNA. The structures were extracted from the gel band marked by the frame in Figure 2.
The majority of the structures imaged were dimers of 8 nm GNPs with 5 nm GNPs. Scale bar
20 nm.
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Figure 4 Illustration of the procedure for the synthesis of dimers composed of GNPs con-
nected by a single dsDNA molecule. (a) Conjugation: 8 nm GNPs were attached to 26 bases
ssDNA. (b) Hybridization with a complementary 100 bases ssDNA over the 26 bp comple-
mentary part. Gel electrophoresis was used in order to separate the GNP/DNA conjugates
bound to a single ssDNA molecule. (c) The GNP/DNA conjugates were extracted from the gel
and mono-conjugates with the complementary short DNA molecules were mixed. By heating
and then cooling down the solution, the complementary 100 bases strands form dsDNA and the
GNPs that were bound to the short DNA molecule formed dimers. Following hybridization,
the structures were again separated by gel electrophoresis (see Figure 5).

in Figure 4. Again, because the long ssDNA molecules were in a large ex-
cess one may assume that they hybridized to all the short ssDNA molecules
bound to the 8 nm GNPs. Similarly to the previous method, this hybridiza-
tion enabled conjugates separation based on the number of 26 bases ssDNA
molecules that are bound to them, which are now extended by the 100 bases
strands.

Figure 5 shows a gel in which such a separation was carried out. Lane
1 contains 8 nm GNPs with no bound DNA. The other two lanes contain
conjugates of 8 nm GNPs with 26 base ssDNA after their hybridization with
100 base DNA molecules. Each one of these lanes contained conjugates with
one of the two complementary 26 bases ssDNA strands (strand S26 1 hybrid-
ized with RC100 1 and strand S26 2 hybridized with RC100 2, respectively).
The conjugate mixtures were separated in this gel into bands, each contain-
ing a different number of DNA strands bound to the GNP, as illustrated
next to the arrows on the right. This clearly shows that the extension with
the longer DNA strands influence the conjugates’ mobility and enables the
desired separation. The inset in Figure 5 demonstrates separation of 20 nm
GNPs attached to 26 bases ssDNA (strands S26 1) after their hybridization
with 100 bases ssDNA strands (strand RC100 1). The right lane (that contains
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Figure 5 Electrophoretic separation of GNP/26 bases ssDNA hybridized with complementary
long DNA molecules. Lane 1 contains a control sample of 8§ nm GNPs with no DNA. The
other lanes contain conjugates of 8 nm GNPs with each of the two complementary 26 bases
ssDNA molecules after their hybridization with 100 base DNA molecules (lane 2 contains
8 nm GNPs attached to S26 1 hybridized to RC100 1, lane 3 contains 8 nm GNPs attached
to S26 2 hybridized to RC100 2). The conjugate mixtures were separated in this gel into
bands, each containing a different number of DNA strands as indicated by the illustrations
next to the arrows to the right. Inset: the left lane contains conjugates of 20 nm GNPs with
26 bases ssDNA molecules (S26 1). The right lane contains conjugates of 20 nm GNPs with
26 bases ssDNA molecules (S26 1) after their hybridization with 100 bases ssDNA molecules
(RC100 1).

the 100 bases strands) was separated in this gel into bands. Those results
demonstrate that the separation method can be affective and useful also for
larger GNPs. Comparison of the separation obtained in the lanes that contain
10 nm (the two right lanes in Figure 5) and 20 nm (the right lane in the inset
in Figure 5) GNPs shows, however, that the separation efficiency drops for
larger GNPs for a given DNA length.

GNP/DNA mono-conjugates were extracted from the second band from
the bottom in lanes 2 and 3 in the gel, and mono-conjugates with complement-
ary sequences were mixed. The 100 bases ssSDNA strands were de-hybridized
from the conjugates by heating, and then the solution was cooled down. Dur-
ing the cooling, the 100 bases ssDNA molecules hybridize to each other at
relatively high temperatures, before the temperature is low enough for them
to re-hybridize to the short conjugates. Therefore, when the temperature is
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Figure 6 Separation of DNA/GNP conjugates by gel electrophoresis. Lanes 1-3 contain con-
trol samples: Lane 1 contains a sample of 8 nm GNPs with no bound DNA. Lane 2 contains
conjugates of 8 nm GNPs with 26 bp DNA sequences (S26 1) hybridized to 100 bases ssDNA
(RC100 1); lane 3 contains a hybridized mixture of 8 nm GNPs that are bound to 26 bases
complementary ssDNA molecules (8§ nm GNPs attached to S26 1 hybridized to 8 nm GNPs
attached to S26 2). In this case, the conjugates might contain varying numbers of DNA mo-
lecules. Lane 4 contains a hybridized mixture of two complementary mono-conjugates (8 nm
GNPs attached to single S26 1 and to 8 nm GNPs attached to single S26 2) after they were
separated by hybridization to long DNA (RC100 1 and RC 100 2 respectively) so it is verified
that only one dsDNA connects the GNPs in each dimer. The arrows point to illustrations of
the expected structures.

further decreased the 100 bases strands are not in ssDNA form anymore and
not available to rebind to the short 26 bases ssSDNA molecules that hybridize
to each other to form dimers, as illustrated in Figure 4 and demonstrated
in Figure 6. Figure 6 shows the gel in which samples were separated after
hybridization of the mono-conjugates. Lanes 1-3 are control lanes. Lane 1
contains a control sample of 8 nm GNPs with no bound DNA; lane 2 contains
conjugates of 8 nm GNPs with 26 bp ssDNA (S26 1) hybridized to one 100
bases ssDNA (RC100 1) (similar to the second band in lane 2 in Figure 5)
and lane 3 contains a hybridized mixture of 8 nm GNP/26 base ssDNA con-
jugates, which had not been separated prior to hybridization. Lane 4 contains
a hybridized mixture of two complementary mono-conjugates after they were
separated by hybridization to 100 bases ssSDNA molecules. In lanes 3 and 4 a
separation to bands is observed. The bands in these lanes contain from bottom
up: mono-conjugates (mixed with bare GNPs), dimers and higher oligomeric
structures. In lane 4 there is no band parallel to the one in lane 2 (mono-
conjugates of 8 nm GNPs bound to 26 bp DNA strand that hybridized to



Formation of Dimers 95

Figure 7 TEM image of the synthesized GNP dimers after using the separation method de-
scribed in the text. The structures were extracted from the gel band indicated by the frame in
Figure 6, lane 4. Most of the particles are assembled into dimers. Scale bar 50 nm.

100 bases complementary DNA). This indicates clearly that the hybridiza-
tion between two 100 bases DNA strands can effectively release the 26 bases
ssDNA bound to the GNP so they are free to form dimers. Note that the total
“color” in lane 3 that did not pass a first separation is stronger, as it overall
contains more GNPs, but the relative intensity of the dimer band (second from
bottom) in lane 4 compared to the bare GNP band (first band) is stronger than
in lane 3 since after the first separation the relative amount of dimers is larger.

The bands that were expected to contain dimers were extracted from the
gel for further analysis by TEM. TEM characterization of the dimer band in
lane 4 is presented in Figure 7. The TEM imaging demonstrates that dimers
were indeed formed and that the majority of the particles belong to dimers.
Though the second band from the bottom in both lanes 3 and 4 was shown (by
TEM characterization) to contain dimer structures, one must note that while
the GNPs forming the dimers in lane 3 may be attached by more than one
dsDNA molecule and may have additional ssDNA molecules bound to them,
the dimers in lane 4 have only one dsDNA molecule attaching the GNPs
and no additional ssDNA molecules. This property cannot be characterized
either by gel electrophoresis or by TEM, but it is essential and stems from
our synthesis procedure.
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4 Conclusions

When GNPs and DNA are mixed in 1:1 ratio, at least some of the GNPs
are connected to more than one DNA strand. Therefore, dimers directly
formed by mixing these conjugates may be connected by more than a single
dsDNA, and may have additional ssDNA molecules bound to them. When
the DNA molecule is long, gel electrophoresis can be used for separation
between GNPs attached to different numbers of DNA strands. When short
DNA strands are connected to the GNPs, however, the DNA/GNPs mono-
conjugates cannot be directly separated by gel electrophoresis. We show
here two simple methods by which one can efficiently separate conjugates
bearing different numbers of short DNA strands. These two methods provide
the requested resolution in gel electrophoresis and enable the isolation of
mono-conjugates containing short DNA strands.

Each one of the two presented methods has its own advantages. In the first
method the DNA/GNP conjugates were hybridized to complementary ssDNA
molecules connected to smaller GNPs. This method allows validation of the
process at intermediate stages. After the separation stage, for example, the
dimers (formed from monoconjugates hybridized to only one complement-
ary ssDNA attached to a small GNP) can be imaged by TEM. In the second
method the DNA/GNP conjugates were hybridized with long complementary
ssDNA. This method enables easy and convenient release of the extending
strand from the conjugates for further use of the mono-conjugates. In our
work, for example, they were used for the formation of dimers composed of
two equal sized GNPs connected by a single dsDNA.

The two methods we demonstrate here for separation of 8 nm GNPs con-
jugated to 26 base ssDNA can be implemented also for larger GNPs. As the
GNP diameter increases the separation efficiency for a given DNA length
drops (as demonstrated in the inset in Figure 5). Effective separation can
be maintained, however, by simply increasing the length of attached DNA
by hybridization with longer complementary DNA strands. In addition to
dimers formation, nanoparticles with a discrete number of DNA molecules
can be used as building blocks for a variety of nanostructures. The methods
we present here may be implemented for preparation of such nanostructures.
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