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ABSTRACT

Colloidal nanocrystal/DNA conjugates hold the promise of becoming powerful probes for biological diagnostics as well as versatile building
blocks for nanotechnology. To fully realize this potential, it is important to precisely control the number of oligonucleotides bound to the
nanocrystal. Here we demonstrate electrophoretic isolation of 5 and 10 nm gold nanocrystals bearing discrete numbers of single-stranded
DNA (1-5). The potential use of these discrete conjugates in the fabrication of novel nanostructures is discussed.

Nanocrystal biopolymer conjugates hold great promise both and three-dimensional construction, we can imagine that
for biological diagnostics, where the nanocrystals can provide nanocrystals bearing different numbers of oligonucleotides
unique detection signaturés! and for nanotechnology, could serve as elementary construction units: vertex (4
where the information content of the biomolecule can be strands), corners (3 strands), lines (2 strands), terminus (1

harnessed for spatial patterning of nanocrystals. strand), etc. Finally, we note that the nature of interaction
There are many strategies available for bioconjugation of between the polyanionic oligonucleotides and the nanocrys-
nanocrystals, including attachment to bietiavidin 12 tals is far from known or understood but is a very interesting

antigen-antibodies peptides*!>proteinst® etc. Among the  problem in biophysics. The persistence length of ssDNA is
many biological polymers that can be coupled to nanocrys- about 2 nmt? so in some cases DNA strands may be able to
tals, DNA is of particular interest, because of its inherent wrap around the particle, and perhaps it is possible to adjust
programmability. The WatsenCrick base pairing of an  the nanocrystals or the oligonucleotide to promote or suppress
oligonucleotide is thermally stable at room temperature when this effect. It appears that being able to precisely control the
the number of bases is around 12. Twelve base pairs arenumber of bound strands will be very desirable for this
approximately 4 nm in length, or the size of a nanocrystal, purpose.
and contain a sufficient number of unique pairs that the strand  |n this paper we demonstrate the electrophoretic isolation
can be designed to contain detailed instructions for placementof discrete gold nanocrystal/DNA conjugates. We have
of the nanoparticle in a programmed assembly. This remark-chosen Au because of its ease of-utfee nanocrystals are
able property has already been exploited to create three-stable and processable in the high ionic strength buffers
dimensional aggregates of nanocrystélg attach nano-  needed for manipulation of DNA, and attachment of DNA
crystals to surface¥, and to create small groupings of to the Au via a terminal thiol on the oligonucleotide is
nanocrystal$:**® Yet to fully extract the most use from  straightforward. In the strategy we are employing, the binding
nanocrystal/DNA conjugates, it is first necessary to prepare of DNA to the Au is a statistical process. By adjusting the
nanocrystals with a discrete and known number of single- DNA:Au ratio, we can control the average number of DNA
stranded (ss) oligonucleotides attached. strands per particle, but there will always be a distribution
Control over the precise number of oligonucleotides per of oligonucleotides present. Thus, we need a technique for
nanocrystal is essential for diagnostics whenever there is aseparation and isolation of conjugates that is very sensitive
need to quantify the number of hybridization events, rather to the number of bound strands.

than just assess the presence of a particular sequence. Gg glectrophoresis is a powerful technique in biology and
Nanocrystals bganng one and pnly one oligonucleotide strand;g widely applied in the separation of DNA of different
are particularly important for this purpose. In nanotechnology gj;e<20 | this technique, charged particles migrate in a
. _ porous matrix (gel) under an electric field; particle mobility
alivi;r(?@uc\(;lr?lgzlrﬁberﬁglré?/.sepdol?dence should be addressed. E-mall: yonengg on their charge and size. Electrophoresis is also a
 Department of Chemistry. useful tool in colloidal science, and it was recently applied
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Figure 2. Nonthiolated DNA does not bind to the particles, ruling
out nonspecific interaction in these conditions.

Figure 1. Electrophoretic mobility of 5 nm Au/100b HS-ssDNA

conjugates (3% gel). The first lane (left to the right) corresponds This was done by adding DNA of the same sequence but
to 5 nm particles (single band). Wherl equiv of DNA is added without the thiol modifier. As it was clearly demonstrated
to the Au particles (second lane), discrete bands appear (n@mely i this control experiment (Figure 2), discrete bands do not

1, 2, 3, ...). When the DNA amount is doubled (third lane), the . - L
intensity of the discrete bands change and additional retarded bang&PPear when 100b ssDNA is used and there is no significant

appear 4, 5). Because of the discrete character, each band can benonspecific- binding in these conditions. _
directly assigned to a unique number of DNA strands per particle. ~ Second, it was necessary to prove that the discrete bands

do not correspond to nanocrystal clusters (dimers, trimers)

to isolate small gold cluste?lt seems then a natural choice mediated by nonspecific DNA interaction. The first experi-
to use electrophoresis for characterization and isolation of ment consisted in recovering the bar@sl, 2, and3 (see
nanocrystal/DNA conjugates since the binding of DNA to Figure 1) and imaging the particles in a transmission electron
nanoparticles should produce a significant shift in their microscope (TEM¥® For the four bands collected, there was
electrophoretic mobility. no difference in the particle distribution on the TEM grid.

We have used Au particles of 5 and 10 nm mean When these samples were run again in the gel, their mobility
diametet? and alkanethiol-modified single-stranded (HS-ss) remained unchanged. Unless there is some unexpected strong
DNA 18 to 100 bases (b) in lengfA.The conjugates were interaction with the carbon substrate on the TEM grid, the
prepared by addition of the DNA to the Au colloid and were change in mobility cannot be assigned to nanocrystal cluster
analyzed in 23% agarose gel. We first describe the  formation.
results for 5 nm Au with 100b HS-ssDNA attached, where  The second experiment involved mixing the recovered
the most substantial effects are expected. Figure 1 showsconjugate bands with free particles and then, after several
the results: discrete bandk @, 3) of lower mobility appear ~ hours, running the mixture through a gel. Again, if the
in the same lane when 100b HS-ssDNA is added to the Au discrete bands corresponded to nanocrystal clustering due
nanoparticles. Doubling the DNA:Au ratio changes the to some interaction with DNA, adding free particles should
relative intensity of the bands, and in fact new retarded bandsdisrupt this equilibrium and induce the reappearance of the
(4, 5) appear in the gel. These results clearly indicate a other bands. Figure 3a shows that in all cases the lanes
discrete step process that we have assigned as being theorresponded to a superposition of the original conjugate and
number of DNA strands attached to the particles. Each band,free particle bands. In addition, this experiment also proves
corresponding to a defined number of strands per particle, that the HS-ssDNA is strongly bound to the Au, since there
can be recovered from the gel using standard technigues is no redistribution of number of DNA strands per particle.
and stored for weeks at 4C. An additional experiment was to study patrticles of different

Several experiments have been performed that demonstratsizes. Figure 3b shows the bands for 5 nm Au/100b HS-
that the discrete bands arise from nanocrystals bearingssDNA and 10 nm Au/100b HS-ssDNA conjugates. Because
specific numbers of DNA strands. The issue of greatest of the sieving effect of the gel, 10 nm particles migrate less
concern is that the DNA may interact with Au nanopatrticles than 5 nm particles, and the shift of 10 nm Au/100b HS-
in different ways (not via terminal thiol). Nonspecific ssSDNA conjugates is smaller than the 5 nm Au/100b HS-
adsorption of DNA lengthwise onto flat Au surfaces is well- ssDNA ones. When 5 and 10 nm particles are mixed with
known?®> The DNA could bind nonspecifically to the subsequent addition of DNA, it should produce a superposi-
nanoparticles depending on salt concentration or evention of the two sets of bands. In contrast, if particle clusters
promote the clustering of more than one particle. First, the were formed all combinations would be possible-&
specific binding of DNA through the thiol group was verified. 5—10, and 16-10 nm dimers; 55—5, 5-5—10, and other
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Figure 3. (a) 5 nm Au sample and recovered 5 nm Au/100b HS- Figure 4. (a) 5 nm Au sample and first Au/DNA conjugates)
ssDNA conjugate bandsl(2, 3), showing the stability of the of different DNA lengths (50b, 80b, and 100b; 3% gel). (b)
conjugates. Mixing each recovered band with an equivalent amountElectrophoretic mobility of 5 nm Au/18b HS-ssDNA (2% gel). The

of 5 nm Au colloid (Au+ 1, Au + 2, Au + 3) generates superposed DNA:Au molar ratios from the left to the right are 0 (pure colloid),
bands; this result clearly demonstrates that the bands are not dud, 2, 5, 10, 20, 30, 40 and 50; these values reflect the increase of
to nanoparticle clustering (dimers, trimers, etc.). (b) Au/100b HS- the number of DNA strands per particles, but they do not correspond
ssDNA conjugates for 5 and 10 nm particles. (c) Adding DNA to to the actual values.

a mixed solution of 5 and 10 nm particles (last lane) leads to a

superposition of 5 nm Au/100b HS-ssDNA (first Iane_) and 10 nm conjugates. Increasing the gel concentration (increased
Au/100b HS-ssDNA (second lane) bands, corroborating the nature resolution) or running time will not improve significantly
of the Au/DNA conjugates. . - .
the separation due to the spread of both bands and, in this
trimers; etc.), and a much larger number of bands would be case, a better nanoparticle size/charge distribution is probably
superposed, probably resulting in a single spread band. Inrequired. Nonetheless, we could still use electrophoresis for
Figure 3c, the first two lanes correspond to the control short ssDNA conjugates, for example, by hybridizing the
samples of 5 and 10 nm particles, prepared in the sameshort strand with a long one, then isolating the conjugates
conditions as in the mixture (Au concentration and Au:DNA and finally releasing the long ssDNA.
ratio), while the third lane corresponds to the mixed solution.  Gel electrophoresis can be also exploited to determine the
It is clear that the third lane keeps the discrete character andaverage number of strands per particle, for these short DNA
that all the bands can be assigned to either 5 nm Au/100bstrands. Figure 4b shows the results for 5 nm Au/18b HS-
HS-ssDNA or 10 nm Au/100b HS-ssDNA conjugates. The ssDNA conjugates. The first lane corresponds to the 5 nm
mobility pattern also suggests that the DNA preferentially unconjugated nanoparticles, and the second and the third
binds to the 10 nm particles when both 5 and 10 nm are lanes correspond to samples prepared with DNA:Au molar
present in the same solution, but further experiments needratios of 1 and 2. While the particles run in well-defined
to be done to understand this effect. bands, the addition of small amounts of 18b HS-ssDNA does
The success of the electrophoretic isolation of nanocrystal/ not affect the overall mobility of the particles. Nevertheless,
DNA conjugates depends on several factors. First, the by increasing the DNA:Au ratio to 5 or 10, multiple strands
nanoparticle sample must be homogeneous in charge andattach to the particles, producing a decrease in the particle
particle size distributions in order to obtain narrow bands. mobility. We achieve a saturation limit around 20 DNA:Au
These two factors can be monitored and in some waysmolar ratio, above which the particle mobility does not
regulated. In the case of homogeneous samples, the limitationchange significantly. However, we note that the later bands
of the electrophoresis becomes the intrinsic mobility of the are narrower, which indicates more homogeneous charge due
particles and DNA. The mobility of 100b HS-ssDNA and 5 to a better coverage with DNA. Decreasing the gel concen-
nm particles is similar in our conditions so the conjugation tration would help distinguish the bands above 20. Unfor-
of the two leads to a significant shift in their mobility. For tunately we cannot directly assign the DNA:Au molar ratio
shorter DNA strands, which migrate faster in the gel, the in solution with the actual number of DNA strands per
effect on the particle mobility should be smaller. Figure 4a particle. We can, however, infer that in lane 5 there is more
emphasizes the difference in the mobility of the first nano- DNA per particle than in lanes 2 and 3. Methods to quantify
crystal/DNA conjugate (one strand) for 50b, 80b, and 100b the actual average number of DNA strands per particle are
HS-ss DNAs. We note that for DNA sizes below 50b, the  being developed; this will be a subject of future studies.
and1 bands will be barely resolved in these conditions and In summary, we have been able to isolate discrete
it will be difficult to isolate the discrete nanocrystal/DNA  nanocrystal/DNA conjugates by gel electrophoresis. Using
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