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Controlled Nucleation of DNA Metallization**
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The outstanding self-recognition properties of DNA have
been exploited in the use of this biomolecule as a template for
the construction of nanoscale assemblies!"! and hybrid struc-
tures.>? To further expand the utility of DNA for other
applications, research is currently aimed at increasing its

intrinsically low electric conduc-
tivity.! The selective coating of
oH
NalO,
—
OH
DNA-1
oH
_NC’L
OH
NalO,
OH
v
OH

DNA with a thin layer of a con-

ductive element, such as Ag/”

P4 Pt Cu® or Co® has

emerged as a promising avenue.

Most coating procedures involve

the reduction of electrostatically

bound metal ions on the DNA by

an exogeneous reductant to give

small metal clusters attached to

the DNA. In a second, develop-

ment step, known from black-and-

white photography, these metal

clusters function as nucleation

sites for the reductive deposition

of metal atoms until a continuous >
conductive coating is formed.

Novel procedures aimed at

increasing the selectivity of the

metallization process are the dec-

oration of DNA with functional DNA-3

groups to control the spatial dis-
tribution of the nucleation sites,!'”
the photochemical deposition of
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silver on DNA strands,"! and the formation of DNA-Pt"
adducts as precursors for metal deposition on DNA.["I The
most critical step in the whole metallization process is the
initial nucleation step. The uniformity and the distribution of
the metal clusters define the homogeneity of the development
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Scheme 1. Transformation of diol-modified DNA-1 and DNA-3 into aldehyde— and dialdehyde-modified
DNA-2 and DNA-4, followed by metallization steps.

step and hence the result of the metallization process.
Unfortunately, nucleation in chemical reactions is still a
poorly understood process and is therefore difficult to
control.

To coat DNA with silver, small silver clusters Ag, (n =2, 4,
6...) that are able to undergo a development process need to
be deposited on the DNA. These clusters can be formed in a
redox reaction between Ag" in solution and aldehyde groups
present on the DNA (Tollens reaction). Owing to the
stoichiometry of the redox process, one aldehyde group can
reduce two silver ions to form an Ag, cluster. Dialdehyde
groups should be able to form an Ag, cluster (Scheme 1). Itis
suspected that these Ag, clusters, as a result of their electronic
structure, are the smallest stable, developable (magic-size)
silver clusters.'¥ If this hypothesis is correct, the controlled
formation of Ag, clusters on DNA should enable more
reliable DNA metallization.

To construct DNA with dialdehyde moieties, we function-
alized DNA with cis-3,4-dihydroxypyrrolidine units, which
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were cleaved directly on the DNA strand with sodium
periodate™ to give closely spaced dialdehyde moieties
(Scheme 1). For comparison, we also prepared DNA con-
taining open-chain 1,2-diol moieties, which were converted
into monoaldehydes upon treatment with sodium periodate.
For the preparation of sufficiently long DNA strands con-
taining the desired modification, we installed the appropriate
triphosphate building blocks enzymatically by PCR.I"! In this
way, we prepared two types of DNA strand, DNA-1 and

DNA-3, which could be converted into monoaldehyde- and
dialdehyde-modified DNA-2 and DNA-4, respectively, upon
treatment with sodium periodate.

The nucleoside triphosphate 1 with a terminal diol was
prepared in a linear sequence of six steps from the known
deoxyuridine derivative 3 (Scheme 2). The synthesis of
triphosphate 2 with a terminal 3,4-dihydroxypyrrolidine unit
is depicted in Scheme 3. Key steps in the preparation of 2 are
the formation of an amide bond with 3-pyrroline and the
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Scheme 2. Synthesis of the diol-modified deoxyuridine triphosphate 1. DMF = N,N-dimethylformamide, NMO = N-methylmorpholine N-oxide,

TBAF =tetrabutylammonium fluoride, TBS =tert-butyldimethylsilyl.
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Scheme 3. Synthesis of the cyclic-diol-modified deoxyuridine triphosphate 2.
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following selective OsO,-mediated cis dihydroxylation of the
pyrroline double bond. The triphosphate unit was synthesized
by a one-pot procedure. The nonnatural nucleotide substrates
1 and 2 were incorporated efficiently into DNA by the
polymerases Vent exo— and KOD XL in the PCR reaction.
The desired diol-containing amplicons DNA-1 and DNA-3
were typically obtained in high yield and excellent purity
(Figure 1).

|
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=

Figure 1. PCR synthesis of a) 300-mer DNA, b) 900-mer DNA, and

c) 2000-mer DNA. Lane 1: native triphosphates: DNA-N; lane 2: tri-
phosphate 2 substituted for 2’-deoxythymidine 5'-triphosphate (dTTP):
DNA-3, lane 3: triphosphate 1 substituted for dTTP: DNA-1.

Diol-modified DNA-1 and DNA-3 were transformed
subsequently into aldehyde-modified DNA-2 and DNA-4
by treatment with a 1 mm solution of NalO, in acetate buffer
(Scheme 1). To investigate the efficiency of the transforma-
tion on the long 300-mer DNA strands, we subjected the
DNA molecules to enzymatic digestion before and after
periodate treatment and analyzed the resulting nucleoside
mixtures by HPLC-MS.I"" The quantitative conversion of the
diol groups on both DNA-1 and DNA-3 into aldehyde groups
was confirmed in this way. Importantly, we detected no by-
products. It was possible that by-products might be generated
by oxidation of the vulnerable bases dA and dG. Thus, the
mild periodate cleavage conditions do not harm the canonical
nucleobases.

To investigate the silver-deposition properties of the 300-
mer DNA strands 300DNA-2 and 300DNA-4, we treated
both aldehyde-modified strands with Tollens solution. A
rapid yellow coloration of the solutions could be observed by
the naked eye in the case of dialdehyde-modified DNA-4,
whereas hardly any coloration was detected with DNA-2,
even when it was used at twice the concentration of DNA-4.
We next monitored silver deposition during the Tollens
reaction of DNA-2 and DNA-4 by UV/Vis spectroscopy.
Plasmon absorption at 400-450 nm, which is characteristic of
silver nanoparticles,'”! is clearly much more intense in the
case of dialdehyde-modified DNA-4 (Figure2a,b). The
metallization reaction proved to be selective and specific for
aldehyde-modified DNA: No plasmon absorption was
observed for unmodified DNA of the same sequence and
length under the same conditions."® Concentration-depen-
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Figure 2. UV/Vis spectroscopic monitoring of the Tollens reaction of
aldehyde-modified DNA: a) 300DNA-2; b) 300DNA-4. The optical
density (OD) of DNA is 0.25. Bottom black line: before the addition of
Tollens solution; colored lines: measurements at 5 min intervals after
the addition of Tollens solution. c) Comparison of the development of
the plasmon peak at different concentrations of 300DNA-2 (black) and
300DNA-4 (red). Triangles: OD 0.125, circles: OD 0.25, squares:
ODO0.5.

dent studies on the evolution of the plasmon peak showed
that the initial concentration (measured by absorption) of
monoaldehyde-modified DNA-2 had to be four times as high
as that of DNA-4 for the same intensity of plasmon
absorption to be reached (Figure 2c¢).

We performed silver-staining experiments on nylon blot-
ting membranes to assess whether the enhanced formation of
silver nanoparticles leads to an improved detection limit. To
this end, the aldehyde-modified DNA strands 300DNA-2 and
300DNA-4 and native DNA were spotted onto a blotting
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membrane and treated first with the Tollens reagent to induce
silver-seed formation and then with a gold enhancement
solution"™ to develop the silver seeds formed (Figure 3).['%!
Native DNA did not stain. A comparison of 300DNA-2 and
300DNA-4 revealed a dramatic improvement of the detection
limit for the dialdehyde-modified DNA 300DNA-4, which
could be detected down to a limit of less than 0.4 nguL™!
(40 pg in the example shown).['%]

3

Figure 3. Membrane-staining experiment with 1) 300DNA-N,
2) 300DNA-2, 3) 300DNA-4. Concentration: a) 40, b) 4, c) 0.4,
d) 0.04 nguL™".

High-resolution scanning transmission electron micros-
copy (HR STEM) was employed for the microstructural
analysis of the complex DNA-silver-cluster nanostructures.
For these experiments we used the 900-mer DNA amplicons
900DNA-N (unmodified DNA), 900DNA-2, and 900DNA-4.
A tiny drop of each of the solutions obtained upon Tollens
treatment (incubation for 20 min) of the DNA strands was
placed on conventional, amorphous-carbon-coated copper
TEM grids. The samples were dried in air and examined
immediately afterwards with the microscope (Figure 4). A
TEM foil with Tollens solution only (without DNA) was
prepared as a control. In this control experiment, a small
number of randomly distributed silver nanoparticles with a
mean diameter of (1.1 & 0.4) nm"” were detected (Figure 4a).

Figure 4. HR STEM micrographs: a) Tollens solution without DNA;
b) Tollens solution incubated with native DNA; c) Tollens solution
incubated with 900DNA-2; d) Tollens solution incubated with
900DNA-4. The incubation time was 20 min in each case.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

For unmodified DNA treated with Tollens solution, the
HR STEM image shows few nanoparticles, which are nearly
exclusively present in large clouds of organic material
(Figure 4b). The silver nanoparticles within the organic
cloud were found to be slightly larger ((1.8+0.7) nm) than
those generated with the Tollens solution alone.'” This
difference can be explained in terms of the observation by
Wei et al. that DNA can function as a template for silver-
particle formation.”” The HR STEM micrograph of mono-
aldehyde-modified 900DNA-2 after incubation with the
Tollens solution revealed the presence of large amounts of
small silver particles ((1.2 #+0.5) nm; Figure 4c)." Thorough
analysis of different areas of the TEM foil confirmed that
these small particles were the main product of the reaction.
Chainlike arrangements of larger silver nanoparticles were
also detected, but these arrangements were rare, and the
particles constituting the chains were distributed rather
irregularly, which indicates rather inefficient silver-cluster
formation.

The HR STEM results for the specimen with 900DNA -4,
which contains closely spaced dialdehyde groups, were
prominently different. A much larger number of chainlike
formations of silver particles were found. Figure 4d shows a
representative section of the micrograph. These silver par-
ticles are larger ((2.6+0.9) nm) than those formed with
900DNA-2. Although the DNA itself cannot be resolved in
the STEM images, the length of the cluster chains and the
regularity of the distribution of the particles along the chains
support the hypothesis that the particles are attached to a
DNA strand. Interestingly, the distance between the clusters
is much greater than the distance between pairs of aldehyde
groups on the DNA template. We currently believe that the
initial Ag, clusters are able to diffuse along the DNA to form
larger clusters, as also suggested by Wei et al.?”) The driving
force for the process may be a decrease in the free surface
energy of the metal clusters. If the clusters diffuse with the
same efficiency in both directions, and if the growing silver
clusters consume all available silver, then a roughly equi-
distant distribution of silver clusters along the modified DNA
should occur, as observed. This process needs further inves-
tigation.

Our results show that the initial nucleation event in the
silver-deposition process is of key importance for metalliza-
tion. This step can be controlled chemically by functionalizing
DNA with dialdehyde groups, which seem to produce
particularly stable developable Ag nanoclusters. Importantly,
the triphosphate building blocks required are readily avail-
able and can be inserted into DNA with unprecedented
efficiency by PCR.

Received: June 30, 2008
Published online: November 28, 2008

Keywords: DNA - metal clusters - nanotechnology - nucleation -
silver

[1] E. Winfree, F. Liu, L. A. Wenzler, N. C. Seeman, Nature 1998,
394, 539-544; Y. He, T. Ye, M. Su, C. Zhang, A. E. Ribbe, W.

Angew. Chem. Int. Ed. 2009, 48, 219—223


http://dx.doi.org/10.1038/28998
http://dx.doi.org/10.1038/28998
http://www.angewandte.org

Jiang, C. Mao, Nature 2008, 452, 198-201; Y. Weizmann, A. B.
Braunschweig, O. I. Wilner, Z. Cheglakov, I. Willner, Proc. Natl.
Acad. Sci. USA 2008, 105, 52895294,

C. I. Richards, S. Choi, J.-C. Hsiang, Y. Antoku, T. Vosch, A.

Bongiorno, Y.-L. Tzeng, R. M. Dickson, J. Am. Chem. Soc. 2008,

130, 5038-5039; Y. Weizmann, F. Patolsky, I. Popov, I. Willner,

Nano Lett. 2004, 4,787-792; F. A. Aldaye, H. F. Sleiman, J. Am.

Chem. Soc. 2007, 129, 4130-4131; M. Fischler, A. Sologubenko,

J. Mayer, G. Clever, G. Burley, J. Gierlich, T. Carell, U. Simon,

Chem. Commun. 2008, 169—171.

U. Feldkamp, C. M. Niemeyer, Angew. Chem. 2006, 118, 1888 —

1910; Angew. Chem. Int. Ed. 2006, 45, 1856 -1876; N. Ma, E. H.

Sargent, S. O. Kelley, J. Mater. Chem. 2008, 18, 954—964.

[4] X. Guo, A. A. Gorodetsky, J. Hone, J. K. Barton, C. Nuckolls,
Nat. Nanotechnol. 2008, 3, 163 -167.

[5] E.Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 1998, 391,
775-17178.

[6] J. Richter, R. Seidel, R. Kirsch, M. Mertig, W. Pompe, J.
Plaschke, H. K. Schackert, Adv. Mater. 2000, 12, 507 -510.

[7] R. Seidel, L. C. Ciacchi, M. Weigel, W. Pompe, M. Mertig, J.
Phys. Chem. B 2004, 108, 10801 -10811.

[8] C.F.Monson, A. T. Woolley, Nano Lett. 2003, 3, 359 -363.

[9] Q. Gu, C. Cheng, D. T. Haynie, Nanotechnology 2005, 16, 1358 -
1363.

[10] K. Keren, R. S. Berman, E. Braun, Nano Lett. 2004, 4, 323 -326;
K. Keren, M. Krueger, R. Gilad, G. Ben-Yoseph, U. Sivan, E.
Braun, Science 2002, 297, 72-75; G. A. Burley, J. Gierlich, M. R.
Mofid, H. Nir, S. Tal, Y. Eichen, T. Carell, J. Am. Chem. Soc.
2006, 128, 1398 —1399; M. Fischler, U. Simon, H. Nir, Y. Eichen,
G. A. Burley, J. Gierlich, P. M. E. Gramlich, T. Carell, Small
2007, 3, 1049-1055.

2

—_—

[3

—

Angewandte

[11] L. Berti, A. Alessandrini, P. Facci, J. Am. Chem. Soc. 2005, 127,
11216-11217.

[12] M. Mertig, L. C. Ciacchi, R. Seidel, W. Pompe, Nano Lett. 2002,
2, 841-844.

[13] P. Fayet, F. Granzer, G. Hegenbart, E. Moisar, B. Pischel, L.
Woste, Phys. Rev. Lett. 1985, 55, 3002—-3004; T. Tani, Photo-
graphic Sensitivity: Theory and Mechanisms, Oxford University
Press, Oxford, 1995.

[14] C. V. Miduturu, S. K. Silverman, J. Org. Chem. 2006, 71, 5774 —
57717.

[15] K. Sakthivel, C.F. Barbas III, Angew. Chem. 1998, 110, 2998 —
3002; Angew. Chem. Int. Ed. 1998, 37, 2872-2875; S. E. Lee, A.
Sidorov, H. Gourlain, N. Mignet, S. J. Thorpe, J. A. Brazier, M. J.
Dickman, D. P. Hornby, J. A. Grasby, D. M. Williams, Nucleic
Acids Res. 2001, 29, 1565—-1573; M. Kuwahara, J.-I. Nagashima,
M. Hasegawa, T. Tamura, R. Kitagata, K. Hanawa, S.-I.
Hososhima, T. Kasamatsu, H. Ozaki, H. Sawai, Nucleic Acids
Res. 2006, 34, 5383 -5394.

[16] See the Supporting Information for further details.

[17] A.Kumbhar, M. Kinnan, G. Chumanov, J. Am. Chem. Soc. 2005,
127,12444-12445; U. Kreibig, M. Vollmer, Optical Properties of
Metal Clusters, Springer, Berlin, 1995.

[18] “Method for gold deposition during preparation of biosensors”:
E. Braun, Y. Eichen, U. Sivan, 99-IL.570 2000025136, 19991027,
2000.

[19] For a statistical analysis of the particle-size distributions, see the
Supporting Information.

[20] G. Wei, H. Zhou, Z. Liu, Y. Song, L. Wang, L. Sun, Z. Li, J. Phys.
Chem. B 2005, 109, 8738 -8743.

Angew. Chem. Int. Ed. 2009, 48, 219—223

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

223


http://dx.doi.org/10.1038/nature06597
http://dx.doi.org/10.1073/pnas.0800723105
http://dx.doi.org/10.1073/pnas.0800723105
http://dx.doi.org/10.1021/ja8005644
http://dx.doi.org/10.1021/ja8005644
http://dx.doi.org/10.1021/nl049939z
http://dx.doi.org/10.1021/ja070017i
http://dx.doi.org/10.1021/ja070017i
http://dx.doi.org/10.1039/b715602b
http://dx.doi.org/10.1002/ange.200502358
http://dx.doi.org/10.1002/ange.200502358
http://dx.doi.org/10.1002/anie.200502358
http://dx.doi.org/10.1039/b711764g
http://dx.doi.org/10.1038/nnano.2008.4
http://dx.doi.org/10.1038/35826
http://dx.doi.org/10.1038/35826
http://dx.doi.org/10.1002/(SICI)1521-4095(200004)12:7%3C507::AID-ADMA507%3E3.0.CO;2-G
http://dx.doi.org/10.1021/jp037800r
http://dx.doi.org/10.1021/jp037800r
http://dx.doi.org/10.1021/nl034016+
http://dx.doi.org/10.1088/0957-4484/16/8/063
http://dx.doi.org/10.1088/0957-4484/16/8/063
http://dx.doi.org/10.1021/nl035124z
http://dx.doi.org/10.1126/science.1071247
http://dx.doi.org/10.1021/ja055517v
http://dx.doi.org/10.1021/ja055517v
http://dx.doi.org/10.1002/smll.200600534
http://dx.doi.org/10.1002/smll.200600534
http://dx.doi.org/10.1021/ja052461w
http://dx.doi.org/10.1021/ja052461w
http://dx.doi.org/10.1021/nl025612r
http://dx.doi.org/10.1021/nl025612r
http://dx.doi.org/10.1103/PhysRevLett.55.3002
http://dx.doi.org/10.1021/jo060723m
http://dx.doi.org/10.1021/jo060723m
http://dx.doi.org/10.1002/(SICI)1521-3757(19981016)110:20%3C2998::AID-ANGE2998%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-3757(19981016)110:20%3C2998::AID-ANGE2998%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-3773(19981102)37:20%3C2872::AID-ANIE2872%3E3.0.CO;2-5
http://dx.doi.org/10.1093/nar/29.7.1565
http://dx.doi.org/10.1093/nar/29.7.1565
http://dx.doi.org/10.1093/nar/gkl637
http://dx.doi.org/10.1093/nar/gkl637
http://dx.doi.org/10.1021/ja053242d
http://dx.doi.org/10.1021/ja053242d
http://dx.doi.org/10.1021/jp044314a
http://dx.doi.org/10.1021/jp044314a
http://www.angewandte.org

