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DNA has been successfully used as a scaffold for the fabrication of metallic nanowires, primarily based
on the electrostatic complexation and reduction of the metal cations on the negatively charged
sugar-phosphate backbone. Here, we probe the differential binding affinities of nucleobases for silver
ions using sensitive isothermal titration calorimetry (ITC) measurements of the reaction enthalpies,
which go in order: C > G > A = T. Using the disparity between the interaction of cytosine (strong
binding) and thymine (weak binding) with silver ions, we have successfully generated silver
nanoparticle doublets and triplets on custom-made oligonucleotides, C30—T40—C3¢ and Cyo—T20—Coo—
T»0—Cso, respectively. Thus, a new and simple method of generating metallized DNA wires is presented,
based entirely on the nucleotide sequence of DNA. The concept could be extended to other cations
and complex DNA sequences in order to achieve intricately patterned DNA constructs.

Introduction

One of the primary objectives in nanotechnology research is
miniaturization of future devices. The thrust therefore is on
developing methodologies devoted to fabrication of active and
passive components of nanoscale dimensions, and currently
includes techniques such as nanolithography,! microcontact
printing,> and molecular self-assembly.® Insofar as integrated
circuits are concerned, there is a need to fabricate metallic
interconnects for the components in the circuit. Among the
current approaches for achieving metallic nanowires, template-
mediated nanowire fabrication, wherein an array of nano-
particles is assembled either by chemical or physical means on the
desired nanotemplate, has been receiving considerable attention.
It is desirable that these templates possess high aspect ratios and
structural flexibility. DNA is one such template that meets the
above-mentioned criteria and also offers remarkable predict-
ability and structural control through highly specific base-pair-
ing. It has therefore been a popular choice for bottom-up
assembly and conducting nanocircuits.*” Most strategies for
achieving DNA metallization have relied on the binding of pre-
formed metal nanoparticles to double-stranded DNA (dsDNA)”
or by chemically*® or photo-catalytically reducing® metal cations
electrostatically bound to the negatively charged backbone (due
to the phosphate groups). Such methods have been successful in
achieving metallized molecular wires,** rings® and networks.*!®
However, one immediately recognizes that the non-specificity of
the Columbic interaction between metal cations and the phos-
phate backbone leads to metallization along the entire DNA
segment with little opportunity to control metallization spatially.
To overcome this, sequence-specific DNA binding proteins and
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sequence-specific reducing agents'* have been localized on DNA
prior to the metallization step. This leads to pattern generation
by either limiting or promoting the metallization process on
specific loci along the DNA length. Although successful in
generating patterned molecular wires on DNA, these procedures
require extensive multi-step modifications of the DNA.

As mentioned earlier, nitrogenous bases gives DNA an
unmatched advantage over other currently available templates for
metallization. Besides their role in complementary strand binding,
nucleobases also govern processes such as binding of nucleopro-
teins, metallozymes and drug molecules in a sequence-specific
manner,'? and such interactions have been studied extensively by
a variety of means. The role of nucleobases in DNA-metal cation
interactions has also been a subject of study for a long time. A
number of these studies have described specific interactions of
nucleobases, nucleosides/nucleotides with metals cations,'* and
have suggested that some cations (e.g., cobalt and nickel) show an
affinity towards the sugar-phosphate backbone, while others,
such as silver, bind preferentially to nucleobases.'® Similarly, there
have been theoretical studies on the nature of nucleobase—neutral
gold cluster interactions, which explain various bonding factors
influencing such complexes.’* However, to the best of our
knowledge there has been no attempt to compare the strengths of
interactions between nucleobases and a given cation.

Isothermal titration calorimetry (ITC) has recently emerged as
a sensitive analytical tool in nanotechnology research,'® in
addition to its conventional biological applications.'® In previous
work, we used ITC to demonstrate that subtle structural differ-
ences between the nitrogenous bases could lead to their surpris-
ingly different abilities to interact with metal nanoparticles.'#
Here, we have employed ITC as a tool to compare the disparities
in the binding strengths of nucleobases and single-stranded DNA
(ssDNA) with Ag*. ITC analysis indicates significant differences
between the four nucleobases in their ability to bind silver ions.
We believe that these differences could be exploited to bind silver
differently on DNA by selecting sequences that would either
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promote or inhibit the binding, resulting in selective metalliza-
tion. This hypothesis is proved, in this work, by achieving
sequence-dependent generation of silver particles on custom-
made single-stranded oligonucleotides.

Results and discussion

ITC measures the heat of reaction for two aqueous solutions
when one is titrated against the other, and the amount of heat
liberated or used up during the course of a reaction is recorded as
the reaction proceeds; the extent of the exothermicity or endo-
thermicity being a function of the strength of interactions. The
heat of solvation/dilution can be easily accounted for by per-
forming control additions of equivalent amounts of solutes in the
solvent. The ITC measurements for the titration of the four
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nucleobases against the silver ions are shown in Fig. 1. It is
evident from the titration plots that the magnitude of exothermic
response (enthalpies) shown by the four bases varies signifi-
cantly. The extent of exothermicity recorded with the first few
injections is a measure of the different strengths of interaction.
For example, while cytosine showed the maximum exothermic
response, thymine showed the weakest, with guanine and
adenine showing intermediate values, the overall order being
C > G > A > T. Further, comparative studies between cytosine
(the strongest-binding nucleobase) and thymine (the weakest-
binding nucleobase) were done in a 30-injection ITC measure-
ment. This experiment also helped to establish the saturation
points for the nucleobase-Ag" interactions. The magnitude of
the exothermic response was 44.48 kcal mol~! for cytosine and
2.8 kcal mol~' for thymine, at the time of the first injection of the
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Fig. 1 ITC response recorded by titrating the four nucleobases against Ag* ions in a 10-injection experiment with a time interval of 5 min between

successive injections.
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Fig. 2 (a) and (b) show ITC measurements recorded by titrating the nucleobases cytosine and thymine against Ag*, respectively. (c) represents the
UV-vis—-NIR spectra recorded upon the reduction of Ag* without the nucleobases (black, curve 1) and in the presence of increasing concentrations of
cytosine (red, curves 2 and 4) and thymine (blue, curves 3 and 5). (d) TEM images of silver nanoparticles formed in (i) the absence of any nucleobases,
(ii) the presence of thymine, and (iii) the presence of cytosine. The scale bars in the TEM images represent 100 nm.
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respective base into the Ag* ions (Figs. 2(a) and (b), respectively).
The heat evolved during the subsequent binding events
decreased, reaching saturation close to the equimolar ratio of the
bases and the silver ions, beyond which there was no significant
change in the heat evolved. The saturation point of the ITC
curves also indicated that at the equimolar concentration of
nucleobases and silver ions, there is complete binding between
the two. This was further confirmed by reducing Ag* in the
presence and absence of the nucleobases. It has been previously
shown by Sastry and co-workers that Ag* can be reduced to form
metallic silver by tyrosine in presence of KOH in aqueous solu-
tion.'” Therefore, in separate experiments, 10~* moles of cytosine
and thymine were added to 10~* moles of Ag* followed by the
addition of tyrosine in alkaline media. While in the absence of
any nucleobases, reduction of Ag* leads to an intense charac-
teristic surface plasmon resonance band at 420 nm'’ (absor-
bance: 2.41) (Fig. 2(c), curve 1), the absorption was dampened in
the presence of both cytosine (absorbance: 0.007) and thymine
(absorbance: 0.064) (Fig. 2(c), curves 2 and 3, respectively). This
clearly indicates strong binding of the silver ions with the bases,
resulting in the formation of highly aggregated silver nano-
structures on the addition of the reducing agent. Upon increasing
the Ag* concentration, an increase in the intensity of the 420 nm
band was observed for both cytosine (absorbance: 0.188) and
thymine (absorbance: 0.709), which still remains significantly less
than the control peak, indicating the reduction of excess
(unbound) Ag* only (Fig. 2(c), curves 4 and 5).

The TEM images suggest that the strong interaction between
cytosine and silver ions results in unusually compact structures
upon the subsequent reduction of Ag® by alkaline tyrosine
[Fig. 2(d)(iii)], resulting in the absence of an intense plasmon
absorption band at 420 nm. In the presence of the weakly-
binding thymine, however, the loosely held Ag* ions aggregate
only slightly upon reduction to silver nanoparticles [Fig. 2(d)(ii)],
resulting in a dampened plasmon absorption at 420 nm, as
compared to the characteristic sharp plasmon absorption band
exhibited by spherical silver nanoparticles in the absence of
nucleobases [Fig. 2(d)(i)]. Such aggregation of silver nano-
particles, into clusters of irregular shapes and sizes, has been
shown with strongly binding molecules such as pthalazine,'® and
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is characterized by the dampening of the plasmon absorption
band in the UV. Similar dampening of the plasmon absorption
band by the aggregation of mannose-capped silver nanoparticles
upon addition of concanavalin A has been used as a bioassay."
Thus, there is a remarkable difference between the nature of the
interactions of Ag* with cytosine and thymine. The stronger
binding of silver ions by cytosine has been also documented by
Dickson and co-workers who reported, using '"H NMR, that
silver nanoclusters caused significant spectral shifts for cytosine
compared to other nucleobases.®® This observation was the
motivation behind the synthesis of silver nanoclusters using an
oligo-cytosine template by the same group.?!

The differential binding of Ag" to the four nucleobases
presents some exciting possibilities in terms of exploiting DNA
as a template for selective metallization. However, the presence
of the negatively charged sugar-phosphate backbone, in addition
to the nucleobases, complicates the interaction of any charged
moiety with the DNA molecule. In dsDNA, the hydrophobic
core, made up of the nucleobases, remains generally inaccessible
to any interacting charged species. In contrast, a short ssDNA
molecule would offer an exposed sugar-phosphate backbone as
well as the nucleobases for the same. Thus, any such interaction
is now subject to the competitive binding affinities of the sugar-
phosphate backbone and the nucleobases. The strength of
binding of the sugar-phosphate backbone to Ag* was therefore
measured, similarly, by titrating the short ssDNA molecules,
oligo-cytosine (C,4) and oligo-thymine (T,4), having similar
backbone and dissimilar base composition, against Ag* ions and
measuring the exothermic response. Both ITC measurements
showed exothermic responses with sigmoidal binding curves.
However, the degree of exothermicity for the two oligos
varied considerably. Thus, while the heat liberated for Cyy
was —139 kcal mol™!, for T, this value was —25 kcal mol™!
(Figs. 3(a) and (b), respectively). These results are exciting as the
two oligonucleotides have the same length and hence, similar
charge densities resulting from the sugar-phosphate backbone,
the only difference being the base composition. The results
clearly illustrate that it is indeed the nucleobases that are inter-
acting with the silver ions as interaction of the Ag* ions primarily
with the sugar-phosphate backbone would have generated the
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Fig.3 ITC measurements recorded by titrating the short oligonucleotides (a) C,4 and (b) T»4 against Ag*. (¢) UV-vis—NIR spectra recorded upon the
reduction of Ag" without the oligonucleotides (black), and in the presence of T,4 (blue) and C,y4 (red). (d) Representative TEM images of silver ions
reduced (i) in absence of nucleobases, (ii) in the presence of thymine, and (iii) in the presence of cytosine. Scale bars in the TEM images correspond to

50 nm.
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same extent of exothermic response in both cases. These ITC
results clearly reinforce the hypothesis that nucleobases, and not
the sugar-phosphate backbone, are responsible for silver ion
complexation, as established previously by many other groups.*?
The results also underline that there is a significant difference
between the binding abilities of cytosine and thymine. Reduction
of Ag"* in the presence of the two oligomers showed that the
extent of binding of the silver ions with T,4 and C,4 varies,
resulting in a less intense plasmon absorption band at 420 nm
(Fig. 3(c), blue and red curves, respectively). The plasmon
absorption band in the presence of C,4 is further dampened
compared to T,y (Fig. 3(c), red curve), highlighting the stronger
binding ability of C,4 over T,4. TEM images reveal that the
interaction of Ag* with the strongly binding C,4 results in highly
aggregated structures [Fig. 3(d)(iii)] in comparison to Ty
[Fig. 3(d)@i)].

We propose that these differences in the binding ability of the
nucleobases, as free molecules or as a part of the DNA structure,
could be exploited for sequence-dependent metallization of DNA
molecules leading to the formation of pattered nanowires. As
a proof of concept experiment, two custom-made ssDNA
molecules (100 bases each) were procured, consisting of cytosine
and thymine as the bases but with varying sequences. The first
oligonucleotide C;3p-T4—Cszq consisted of two stretches of
30 bases each of strongly-binding cytosine flanking one stretch of
40 thymine bases in the center. The second oligonucleotide,
Cro-Trp—Csp-T20—Cyo, consisted of alternating cytosine and
thymine stretches of 20 bases each. In two separate experiments,
the oligonucleotides were incubated with silver ions at low
temperatures. After an incubation period of 5 h, the solutions
were centrifuged at 10000 rpm for 15 min to remove the
unbound/loosely held silver ions. This addition—centrifugation
step was repeated four times to gradually build up the Ag*
concentration at the binding loci along the length of the ssDNA.
The solutions were then reduced with alkaline tyrosine. TEM
images showing the distinct assembly pattern of silver

nanoparticles on the two oligonucleotides are shown in Figs. 4
and 5. It is evident from the TEM analysis (Fig. 4) that in the first
oligonucleotide sequence (Cs3p—T40—Cz0, ca. 34 nm length) silver
ions are trapped on the two stretches of cytosine and are
subsequently reduced to metallic silver by tyrosine in alkaline
conditions. As the particles grow in size, the unoccupied thymine
stretch at the center is delimited by two particles of ca. 15 nm on
either side. The average inter-particle separation is observed to
be 12.2 + 1.7 nm, which is consistent with the length of the T4,
stretch in the middle (ca. 13.6 nm). The metallized DNA there-
fore, appears in the form of doublet of nanoparticles separated
by a fixed distance (Fig. 4). On the other hand, for the second
oligonucleotide sequence (Cog—T20-Cr0-T20-Cs, ca. 34 nm)
exposure to the reducing agent following the interaction with the
silver ions leads to the appearance of short linear arrangements
consisting of three silver nanoparticles (Fig. 5). These linear
arrangements suggest that silver ions bind to the three C,
regions in the ssDNA and subsequently form silver nano-
particles. The alternating T,y regions do not bind silver nano-
particles strongly and therefore remain non-metallized. The set
of three silver nanoparticles are separated by an average distance
of 6.04 + 1.33 nm, which is comparable to the length of alter-
nating T, stretches (ca. 6.8 nm). Variation in the interparticle
separation could result from differences in the particle size on the
flanking C,, stretches (Fig. 5). Also, the diameter of the central
silver nanoparticle is observed to be smaller in many of the
triplets which may result form space constrains, while in certain
cases, the particles in the triad seems attached to one another.
Scheme 1 depicts the step-wise metallization process for the two
oligonuleotides. In both cases, a few free silver nanoparticles can
also be seen in the TEM images, which are formed as a result of
the reduction of unbound silver ions in the solution by the
reducing agents. These TEM images are comparable to those
achieved by Alivisatos and co-workers*> where Watson—Crick
base pairing was used to acquire different spatial arrangements
of preformed gold nanocrystals. Thus, it is evident that

Av. separation=12.2%1.7 nm

Fig. 4 Representative TEM images of the silver nanoparticle doublets assembled on the oligonucleotide C3p—T45—Cso.

This journal is © The Royal Society of Chemistry 2009

Nanoscale, 2009, 1, 122-127 | 125


http://dx.doi.org/10.1039/b9nr00004f

Downloaded on 04 July 2011
Published on 13 August 2009 on http://pubs.rsc.org | doi:10.1039/BONRO0004F

View Online

Av. separation = 6.04 £ 1.3 nm

55nm 5.7 nm.

S oL
< v .y
~ 6.4nm —
b .20nm'

fote 4.inm

3

4.5
nm el

~ 5nm °

20 nm

Fig. 5 Representative TEM images of silver nanoparticle triplets assembled on the oligonucleotide Cyg—T20—C20-T20—Cso.
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Scheme 1 Cartoon depicting the step-wise metallization process result-

ing in pattered alignment of silver nanoparticles in form of doublets and
triplets on the oligonucleotides C3g—T40-Cso and Cop—T20—Cr0-T20-Cap-

deposition of ionic silver and its subsequent reduction to form
nanoparticles is dependent on the binding ability of cytosine and
thymine in the ssDNA.

Experimental
Nucleobases and ssDNAs

The four nucleobases, adenine, cytosine, guanine and thymine,
Ag>S0,, and tyrosine were obtained from Aldrich and used as
received. Short oligonucleotides C,4 and T4 were synthesized on
a 3900 DNA synthesizer (Applied Biosystems) and their
concentrations were determined by measuring the optical density
at 260 nm. Custom-made oligonucleotides C3g-T49-C3¢ and
Cy0-T20—Cro-T20—Cyo were purchased from Invitrogen, US and
reconstituted in TE buffer (pH 8.0).

ITC measurements

ITC experiments were performed in a Micro-Cal VP-ITC
instrument at 4 °C wherein 300 pL of 100 M aqueous solution
of DNA bases and 4 uM aqueous solution of ssDNA (Cyy, Ta4)
at pH 7 were injected in equal steps of 10 uL into 1.47 mL of
100 uM Ag,SOy, solution.

UV-Vis—NIR spectroscopy

UV-Vis-NIR spectra for all solutions were recorded on a Jasco
V-570 UV-Vis-NIR spectrophotometer operated at a resolution
of 1 nm.

TEM analysis

Samples for TEM analysis were prepared by drop-coating the
solutions on carbon coated copper grids. TEM measurements
were performed on a JEOL model 1200EX instrument operated
at an accelerating voltage of 80 kV.

DNA metallization

For the metallization of custom-made oligos, 50 uM of the each
oligonucleotide was mixed with 50 uM silver ions and incubated
at 4 °C for 8 h. After the incubations, excess silver ions were
removed by centrifuging the samples at 10000 rpm at 4 °C for
20 min. This cycle of silver ion addition and removal was
repeated several times to gradually build up the local silver ion
concentrations at binding sites. The reduction of silver ions was
then brought about by addition of 5 x 107> M tyrosine and
adjusting the pH of the samples to ~10.

Conclusions

This study reveals the comparative strength of Ag*—nucleobase
interactions using ITC. The different affinities of nitrogenous
bases towards Ag* are proved by the varying degree of aggre-
gation of silver nanoparticles in the presence of the nucleobases,
cytosine and thymine. The preferential binding of Ag* to the
nucleobases over the sugar-phosphate backbone of DNA is
evident for ssDNA (T4 and C,4) where the differences in binding
strengths are retained, in the presence of similar backbones. It
was therefore envisaged that one could control the metallization
of DNA templates by varying the nucleotide sequence and
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promoting or limiting metal-ion deposition at specific loci. As
a proof of concept, we have demonstrated controlled nano-
particle alignment on short oligoncleotides consisting of
alternating silver-binding (oligo-cytosine) and nonbinding
(oligo-thymine) stretches. Further studies in this field, involving
different ionic species and more intricately designed DNA
sequences, could therefore be used to develop patterned metal
deposition on DNA scaffolds.
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