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ABSTRACT: Spatially selective deposition of metal onto
complex DNA assemblies is a promising approach for the
preparation of metallic nanostructures with features that are
smaller than what can be produced by top-down lithographic
techniques. We have recently reported the ability of 2′-
deoxyoligonucleotides containing boranephosphonate linkages
(bpDNA) to reduce AuCl4

−, Ag+, and PtCl4
2− ions to the

corresponding nanoparticles. Here we demonstrate incorpo-
ration of bpDNA oligomers into a two-dimensional DNA array
comprised of tiles containing double crossover junctions. We
further demonstrate the site-specific deposition of metallic
silver onto this DNA structure which generates well-defined
and preprogrammed arrays of silver nanoparticles. With this approach the size of the metallic features that can be produced is
limited only by the underlying DNA template. These advances were enabled due to a new method for synthesizing bpDNA that
uses a silyl protecting group on the DNA nucleobases during the solid-phase 2′-deoxyoligonucleotide synthesis.

■ INTRODUCTION

The ability to manipulate and arrange matter in a
preprogrammed manner at the nanoscale level lies at the crux
of the bottom-up approach for creating functional materials. In
particular, preparation of metallic nanostructures of a defined
geometry leads to materials with optical and electronic
properties that are expected to find applications as components
of future electronics and optical devices.1,2 A promising
approach toward creating such well-defined assemblies of
metal nanoparticles (NPs) having features smaller than what is
possible using top-down technologies is based on the use of
DNA as a scaffold.3−5 DNA is well-suited for construction of
nanostructures due to its programmable self-assembling
properties, a well-defined and rigid secondary structure, and
chemical stability to ambient conditions.6−9 As a result of these
favorable properties, increasingly complex two and three-
dimensional (2D and 3D, respectively) DNA nanostructures
have been realized.10−23 In turn these developments have
fostered efforts toward creating metal assemblies that use DNA
nanostructures as templates.
DNA can be metallized by reduction of metal ions (Ag,24−28

Au,29,30 Pt,31 Pd,32,33 Ni,34 and Co;35 see ref 36 for a more
exhaustive list of references) bound to the DNA backbone
using exogenous agents, such as sodium borohydride or
covalently attached aldehyde groups.37−39 However these
methods do not utilize the underlying addressability available
within complex 2D and 3D DNA assemblies. Alternatively, gold
nanoparticles (AuNPs) can be attached to thiol functionalized
DNA. This allows site-specific immobilization of these particles
at locations within a DNA assembly that contain a
complementary sequence40−52 Unfortunately the AuNPs in
these experiments are negatively charged and cannot be placed

any closer than 20−30 nm due to interparticle repulsions.52,53

This constrains the size, complexity, and density of metallic
features that can be produced even though the available ‘pixel
size’ in underlying DNA structures can be as small as 3 × 7
nm.23

We recently reported that DNA containing boranephosph-
onate internucleotide linkages (bpDNA), as shown in Figure 1,
reduce many metal ions (AuCl4

−, PtCl4
2−, and Ag+) and

produce the corresponding NPs.54 At the same time, previous
research has demonstrated that bpDNA forms standard
Watson−Crick base pairs.55−58 Thus the programmable
Watson−Crick binding properties can be used to incorporate
bpDNA at predetermined sites within a DNA structure, while
the reductive group will lead to metal deposition at these sites
upon exposure to metal salts. In the example outlined in Figure
1, only one of the two alternating tiles (shown as orange in this
example) that comprise this particular DNA array is
programmed to contain bpDNA (see also Figure 4). When
this array is exposed to a metallic salt, metal particles, as
illustrated by the golden colored spheres, will be deposited
selectively at the orange tiles to form a preprogrammed, linear
arrangement of NPs. Moreover because the concentration and
spatial distribution of the reductive boranephosphonate link-
ages can be freely varied even within the same bpDNA, a high
degree of control over the size and density of the metallic
features may be achieved.
In spite of these promising attributes, the use of bpDNA for

constructing metal-NP assemblies has not been realized. This is
because none of the synthetic approaches reported pre-
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viously59−64 can be used to synthesize bpDNA of sufficient
length and purity necessary for nanotechnology applications. In
this report, we present a new synthetic method that overcomes
these limitations. We demonstrate incorporation of bpDNA
into a 2D DNA nanoarray comprised of tiles containing double
crossover (DX) junctions.63 This particular type of tile was
chosen as a large number of DNA assemblies including
addressable 2D arrays23 and origami structures contain these
DX motifs. We last demonstrate site-specific, in situ deposition
onto these arrays of silver nanoparticles (AgNPs) simply by
treating with solutions containing Ag+.

■ RESULTS
Synthesis of N-BIBS Protected 2′-Deoxynucleoside 3′-

Phosphoramidites. The synthesis of bpDNA is problematic
due to reduction of the amide groups that protect the
nucleobase exocyclic amines of adenine, guanine, and cytosine
during DNA synthesis.60 This reduction is caused by the

borane reagents used to generate the boranephosphonate
linkages. Thus our challenge lay in developing a new type of
protecting group that was stable to borane as well as other
reagents used during 2′-deoxyoligonucleotide synthesis.
Recently Liang et al66 reported the protection of amines
using the di-tert-butylisobutylsilyl (BIBS) group. In contrast to
the lability of amines protected with nonhindered silanes,67,68

the BIBS group was shown to be quite stable. In addition no
reactivity towards borane was expected a priori. Thus we sought
to develop a synthetic scheme for preparing BIBS protected 2′-
deoxynucleoside 3′-phosphoramidites that could be used as
synthons for DNA and bpDNA synthesis.
Figure 2 depicts the synthetic scheme that was developed for

the preparation of BIBS protected 2′-deoxynucleoside 3′-
phosphoramidites. Starting with 5′,3′-di-O-acetyl 2′-deoxynu-
cleosides (1, 4, or 7), silylation of the exocyclic amines was
carried out using variations of the reported procedure.65 The
reaction of 5′,3′-di-O-acetyl-2′-deoxycytidine (1) with BIBS-

Figure 1. Schematic depiction of selective metal deposition by controlling the location of bpDNA. In this example only the orange tiles contain
bpDNA. Metal deposition (golden yellow spheres) occurs at the orange tiles when the preassembled array is exposed to a metal salt. The
boranephosphonate linkage is oxidized to a phosphate without degradation of the backbone during this process.54

Figure 2. Synthesis of BIBS protected 2′-deoxynucleoside 3′-phosphoramidites. (i) Et3N, DMAP and 1,4-dioxane; (ii) 1.0 M NH3/MeOH; (iii)
DMT-Cl (1.2 equiv), diisopropylethylamine (2 equiv), pyridine; and (iv) P(OMe)(NiPr2)2 (1.2 equiv), tetrazole (1.1 equiv), and CH2Cl2..
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OTf (Tf = triflate) in the presence of base proceeded in 2 h at
50 °C with good yield (67%), whereas 5′,3′-di-O-acetyl-2′-
deoxyadenosine (4) reacted more slowly and required heating
at 60 °C for 3 days in order to obtain the product in 25−30%
yield. These results are in accordance with the lower
nucleophilicity of the adenine amine. Use of stronger bases,
prolonged reactions times, and higher temperatures (80 °C)
did not improve yields. The reaction of 5′,3′-di-O-acetyl 2′-
deoxyguanosine (7) with 1.2 equiv of BIBS-OTf (60 °C) led to
substitution at the O6 position instead of the N2 amine
(Scheme S1 and Figure S4). However when repeated with a
larger excess (5 equiv) of BIBS-OTf (60 °C) for 3 days, the
bis(silyl) compound (8) was obtained in 74% yield.
Removal of the 5′ and 3′ acetyl groups on 2, 5, and 8 with

1.0 M ammonia in methanol was followed by protection of the
5′ hydroxyl as the dimethoxytrityl (DMT) ether to yield 3, 6,

and 9. Finally, the 3′ hydroxyl was phosphitylated using O-
methyl-bis(N,N-diisopropylamino)phosphoramidite activated
by tetrazole to yield synthons 11−13 in good yields (85−95%).

bpDNA Synthesis using BIBS-Phosphoramidites and a
Novel Trityl Quencher. Solid-phase DNA synthesis using the
phosphoramidite method is comprised of four steps, as shown
in Figure 3a. For bpDNA synthesis, the oxidation (step 3) of
the phosphite triester to phosphate (C1) with peroxide or
iodine is replaced by boronation with BH3 to yield a
trialkylphosphite borane linkage (C2). Since no examples of
N-silyl nucleobase protecting groups for DNA synthesis exist,
we sought to determine the stability of the BIBS groups during
solid-phase 2′-deoxyoligonucleotide synthesis by preparing
DNA containing only phosphate diester internucleotide
linkages. These experiments demonstrated that 12 and 13
could be used without modification of the standard conditions

Figure 3. (a) Synthetic cycle for DNA and bpDNA synthesis using BIBS protected phosphoramidites. (b) Lanes 1 and 2: bpdT21 synthesized using
Et3SiH as scavenger. This mixture was found to contain many degradation products. Lane 3: bpdT21 synthesized using TMPB as a trityl scavenger.
5′-O-DMT-2′deoxythymidine 3′-O-cyanoethyl N,N-diisopropylaminophosphoramidite was used for results shown in lane 1, whereas 5′-O-DMT-2′-
deoxythymidine 3′-O-methyl N,N-diisopropylaminophosphoramidite was used for results displayed in lanes 2 and 3. Lanes 4−6: Reactions mixtures
obtained from the synthesis of bpd(T8CT), bpd(T8AT), and bpd(T8GT), respectively, using BIBS protected phosphoramidites and TMPB as a
scavenger. (c) Denatuing PAGE analysis of reaction mixtures obtained from the synthesis of mixed based sequences bpdB1a (lane 1) and 3−
1bpdB1a (lane 2). (d) 31P NMR spectra of purified bpdB1a (top) and 3−1bpdB1a (bottom). Sequences of bpdB1a and 3−1bpdB1a are shown in
Figure 3d. Subscript ‘p’ and ‘b’ refer to a phosphate and boranephosphonate linkages, respectively.
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(data not shown). However for 11 the 3% trichloroacetic acid
(TCA) in dichloromethane solution, which is routinely used for
detritylation, led to partial removal of the BIBS group during
each synthesis cycle (Figure S5a and S6). Further studies also
revealed that this effect was specific to TCA as BIBS removal
was not observed when a 0.5% trifluoroacetic acid (TFA)
solution (Figure S5b) was used. It is known that TCA binds
strongly to 2′-deoxyoligonucleotides on a solid support,69

which leads to a high local concentration of acid. Perhaps this
increased acid concentration causes an enhanced rate of acid-
mediated BIBS cleavage. In contrast TFA likely does not
interact similarly with the 2′-deoxyoligonucleotides. Irrespective
of the rational, substitution of TFA in the detritylation step
(Figure 3a, step 4) led to the preparation of several DNA
oligomers in high yield and purity (Figures S7 and S8 and
Table S2).
A second challenge that must be addressed for the successful

synthesis of bpDNA stems from the reaction of trityl cations,
generated in step 4 (Figure 3a), with the trialkyl phosphite
borane linked bpDNA (C2). This reaction degrades the
growing 2′-deoxyoligonucleotide chain.60,70,71 Although trie-
thylsilane has been described as an efficient trityl cation
scavenger,63 the synthesis of a fully boronated 2′-deoxythymi-
dine 21-mer, (bpdT21; Table S3) using an acid deprotection
mixture containing 50% (v/v) Et3SiH, led to significant
amounts of shorter length products (Figure 3b, lanes 1 and

2). We therefore reasoned that an analog of the trialkylphos-
phite-borane internucleotide linkage as found in C2 (Figure 3a)
would be a more effective quencher. Accordingly bpDNAs
bpdT21, bpd(T8AT), bpd(T8CT), and bpd(T8GT) were
synthesized using 10% (v/v) trimethylphosphite-borane
(TMPB; Figure 3a) as the trityl scavenger in 0.5% TFA/
CHCl3. Denaturing PAGE analysis of these reaction mixtures
showed the formation of single bands (Figure 3b, lanes 3−6)
for each oligomer. MALDI-TOF analysis after elution from the
gel confirmed synthesis of the expected products (Table S3).
In order to more thoroughly test this synthesis method, two

24-mer boranephosphonate DNAs (bpdB1a and 3−1bpdB1a)
that contained all four 2′-deoxynucleosides were synthesized
(see Figure 3d for the sequences of these bpDNAs). bpdB1a
was boronated at every internucleotide linkage, whereas 3−
1bpdB1a contained an alternating pattern of three phosphates
and one boranephosphonate. For 3−1bpdB1a, the phosphite
triester produced after the coupling step (Figure 3a; compound
B) was either oxidized to phosphate (C1, Figure 3a) with 1.0 M
tert-butyl hydroperoxide in CH2Cl2 or to boranephosphonate
(C2, Figure 3a) using a BH3/THF complex. All other
conditions remained the same. Denaturing PAGE analysis of
the reaction mixture obtained from the synthesis of bpdB1a
revealed a single product (Figure 3c, lane 1). However in the
case of 3−1bpdB1a (Figure 3c, lane 2) a more diffuse band,
which indicates the presence of failure products, was observed.

Figure 4. (a) Modified design of Tile B for incorporation of bpDNA. (b−d) AFM images of 2D arrays that incorporate the fully boronated B1a
(bpB1a) in the modified design. The x−y scale for images displayed in (b) and (c) are in μm, while the image in (d) is in nm. The stripes at higher
magnification result from the rows of vertical hairpin loops present in modified tile B.
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These are likely due to incomplete oxidation as t-BuOOH is
known to be less efficient than iodine as an oxidant (iodine
leads to degradation of compound C2 and cannot be used for
synthesis of DNA containing boranephosphonate and
phosphate linkages). Nevertheless both bpDNAs were purified
by preparative gel electrophoresis and confirmed to be the
correct product by MALDI-TOF MS (Table S3) and 31P NMR
(Figure 3d). Thus by using a combination of BIBS protected
phosphoramidites, TFA for detritylation, and TMPB as a trityl
cation scavenger, mixed sequence bpDNAs of lengths far
greater than previously possible could be synthesized.
Incorporation of bpDNA into 2D DNA Arrays. Winfree

et al.10 were the first to describe the use of rigid DNA tiles
containing DX junctions for the assembly of 2D DNA lattices.
This DX motif has continued to be used in a number of DNA
nanostructures, including various origami-based assemblies72 as
well as complex and addressable 2D shapes.23 Because of the
many potential applications of this motif, we chose Winfree et
al’s 2D arrays as a test system for incorporation of bpDNA into
DNA-based assemblies. Also incorporation of bpDNA within
one of the alternating tiles would be expected to produce a
predictable pattern of metal NPs upon in situ reduction of Ag+

ions.
The original design10 contained two alternating tiles (tiles A

and B; Figure 4a). Each tile in turn was comprised of five
individual DNA sequences (A1−A5 and B1−B5). Upon
assembly, each DX tile displayed complementary sticky ends
on the corners which generates intertile contacts. This design
therefore allowed the formation of arrays with an alternating
pattern of tiles. The B1 and B5 sequences of tile B also
contained vertical hairpin loops as topographical markers for
AFM experiments. In order to incorporate bpDNA, the hairpin
loop segment on B1 was deleted, and the resultant strand was
divided into two individual oligomers that were 24 and 23
nucleotides in length (B1a and B1b, respectively). Fully
(bpdB1a) and partially (3−1bpdB1a) boronated versions of
B1a were synthesized (Table S3). Such a split design was
necessary because attempts to synthesize the entire B1
sequence (47 nucleotides without the hairpin loop) as a fully
boronated bpDNA yielded a hydrophobic material that was
insoluble in aqueous solution and could not be characterized.
Boranephosphonates are more lipophilic than phosphates,55

and therefore the hydrophobic nature of this bpDNA oligomer
was not surprising. Although it was possible to synthesize the
47-mer B1 strand as a phosphate-boranephosphonate oligomer,
the expected lower yields for such an oligomer (for instance see
gel pattern for 3−1bpdB1a which is 24 nucleotides in length)
dissuaded us from doing so.
For assembling the 2D arrays, 1 bpDNA and 10 DNA

strands were mixed together in a 20 mM tris-acetate (pH 7.4)
buffer containing 10 mM Mg(OAc)2. The arrays were annealed
by cooling the mixture from 94 °C to room temperature over 2
days in a 2 L water bath. AFM analysis of the annealed structure
(Figure 4b−d) revealed large, flat arrays that were several
micrometers in length and a few hundred nanometers in width.
An average spacing of 31 ± 1 nm between the rows of hairpin
loops was obtained which is in good agreement with an
expected value of 33 nm. As a negative control we also annealed
a solution where all the strands except bpdB1a were included.
When examined by AFM, no arrays were observed which
confirms the requirement for the bpdB1a strand in order to
successfully assemble this 2D array. The rigid DX tiles are
known to be highly sensitive to the structure of the constituent

double helices, and deviations from the B-form helical
parameters can lead to failure of structure formation. However
our results show that the introduction of boranephosphonates
that contain a chiral P atom was well-tolerated, and no
discernible effect on formation of arrays was observed. Arrays of
similar quality were also produced with the 3−1bpdB1a
oligomer (Figure S9).

In situ Metallization of bpDNA Containing Arrays. In
order to produce assemblies of AgNPs, we first deposited the
DNA arrays that incorporated the bpdB1a strand on
transmission electron microscopy (TEM) grids. The arrays
were subsequently treated with a 20 mM tris-acetate buffer (pH
7.4) containing 0.5 mM AgNO3 and 10 mM Mg(OAc)2 (20 h
in a humidity chamber). Excess liquid was removed, and the
grids were washed three times with water. Deposition of metal
NPs at the sites containing bpDNA was expected to produce a
striped pattern of AgNPs. In addition previous reports have
shown that deposition of NPs can cause these flat arrays to roll
up into tubular structures.43,47 Consistent with these expect-
ations, transmission electron micrographs of these metalized,
bpDNA containing arrays (Figure 5 and S11) demonstrated

formation of tubes with parallel stacked rings of NPs as well as
spiral arrangements with either left- or right-handed helicity.
The different types of tubes are produced as the rolling up can
occur with or without any offset along the boundary that is
being sealed during tube formation. Tubes with different
diameters were also observed which reflects the starting widths
of the flat sheets.
Interestingly the distance between the rows of AgNPs in the

stacked ring conformation was measured to be 23 nm, which is
lower than the expected value of 33 nm (also see Figure S10).
Rothemund et al.73 have shown that formation of tubes from
these types of tiled arrays leads to a gentle bending of the helix
spanning the intertile crossovers. It is possible that in the
present case that the bending effect is exacerbated due to
splitting of the B1 strand into two segments which could
introduce a hinge site. The net effect of such an exaggerated
bending motion would be to bring the rows of tiles (and NPs)

Figure 5. TEM micrograph from in situ reduction of Ag+ onto arrays
containing bpdB1a. (left) Schematic that shows how repulsions
between metal NPs could lead to folding of flat arrays into tubes. The
folding may occur with (green and blue dashed arrow) or without
offset (black dashed arrow) leading to spiral or stacked arrays of NPs.
The DNA array is omitted in the lower part of the figure for clarity.
(right) Both types of metal arrays are seen in the micrograph. The
inset shows a magnified image of rings of NPs in the stacked
conformation.
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closer together. Irrespective of the possible reasons for the
decreased spacing, these results clearly show the site-specific
deposition of AgNPs by in situ reduction of Ag+ by bpDNA.
In order to understand the effect of the number of borane

groups (and therefore the reductive potential) on metal
reduction, arrays containing the 3−1bpdB1a were also treated
with the AgNO3 containing buffer described above. However in
these arrays no metallization was observed. This was also true
when higher concentrations of Ag+ (up to 5 mM), longer
incubation times (up to 3 days), or lower Mg2+ concentrations
(1 mM) were used. These results are consistent with our
previous finding54 that a dithymidine boranephosphonate does
not reduce silver at room temperature, but a fully boronated 21-
mer oligothymidine reacts with Ag+ ions to produce NPs. Thus
a minimum number of borane groups in close proximity
appears to be necessary in order to reduce enough silver ions to
lead to formation of a stable seed particle at room temperature.
When the Ag+ treatment was carried out at a higher
temperature (40 °C), uncontrolled metal deposition that
resulted in ill-defined metal NP arrays was observed (Figure
S12). In addition many unassociated NPs were also seen. These
observations suggest that at higher temperatures the formation
and growth of NPs do not occur solely on the arrays adhered to
the surface. It is likely that unincorporated 3−1bpdB1a
containing tiles that are more mobile at higher temperature
are responsible for this type of growth. In future experiments it
would be instructive to use bpDNAs that contain different
numbers of contiguous boranephosphonate linkages. Current
efforts are directed toward using such oligomers within DNA
nanoassemblies that assemble into discrete structures. These
structures can be purified postassembly, which would remove
artifacts that arise due to unincorporated bpDNA strands.

■ DISCUSSIONS

Here we have presented a method for in situ site-specific
reduction of metals within a DNA assembly. This process was
made possible by introducing a reductive group that is part of
the DNA backbone. Unlike procedures that use presynthesized
AuNPs, the resolution of the metallic features produced using
bpDNA nanostructures is limited only by the underlying
template. Moreover as the metal deposition step can be carried
out in situ, the need for extra synthetic and purification steps
required for AuNP conjugation to DNA oligomers is
eliminated. Lower yields due to unwanted aggregation of
DNA structures through binding of multiple assemblies to a
single AuNP or through aggregation of the NPs33,34 are also
avoided.
A key development that enabled the use of bpDNA in DNA

nanoassemblies was a new method for synthesizing bpDNA
using 5′-DMT protected N-BIBS derivatives of dA, dG, and dC
phosphoramidites. This represents the first reported use of a
nucleobase protecting group that contains a N−Si bond during
solid-phase 2′-deoxyoligonucleotide synthesis. The unique
properties of these synthons (stability to bases and anhydrous
acids as well a quantitative removal with mild fluoride
treatment) make them ideally suited for synthesis of various
base-sensitive DNA analogs.

■ CONCLUSIONS

We have introduced N-BIBS protected 2′-deoxynucleoside 3′-
phosphosphoramidites as a new synthon that can be used to
significantly extend our ability to synthesize boranephospho-

nate DNA. Subsequently we demonstrated the incorporation of
these oligomers into 2D DNA arrays. In situ reduction of metal
ions by bpDNA located at specific sites within these arrays
demonstrated that specific patterns of AgNPs could be
generated. Additionally bpDNA has been shown to possess
properties useful for biological applications as antisense and
antimir agents.54 Thus the development of these methods for
synthesizing bpDNA should stimulate more thorough inves-
tigations into their biological applications.

■ EXPERIMENTAL SECTION
Automated bpDNA Synthesis. Synthesis was carried out on an

ABI 394 Synthesizer. All syntheses were performed at a 0.2 μmol scale
using a 5′-DMT 2′-deoxythymidine joined to a low volume
polystyrene solid support via a succinate linkage. In addition to 11−
13, 5′-dimethoxytrityl-2′-deoxythymidine-3′-O-methyl-N,N-diisopro-
pylphosphoramidite (Glen Research) was used. For synthesis of 2′-
deoxyoligonucleotides, a standard 0.2 μmole synthesis cycle was used
with an increased coupling time of 120 s. A wash with methanol
following the detritylation step was added. 11 and 12 and
commercially obtained 5′-O-DMT-2′-deoxythymidine 3′-O-methyl
N,N-diisopropylaminophosphoramidite (Glen Research) were dis-
solved in anhydrous CH3CN, whereas 13 was dissolved in CH2Cl2 at a
concentration of 0.1 M. Detritylation was carried out using a 0.5%
solution of TFA in anhydrous CHCl3 that also contained 10% TMPB.
Solutions for boronation (0.05 M BH3-THF complex in THF) and
oxidation (1.0 M t-BuOOH in CH2Cl2) were prepared fresh prior to
use. Reagents for activation (ethylthiotetrazole) and capping were
purchased form Glen Research. A stepwise description of the synthesis
cycle is described in Table S1.

Deprotection was carried out in two steps: The solid support linked
2′-deoxyoligonucleotides were first treated with a 1.0 M solution of
disodium-2-carbamoyl-2-cyanoethylene-1,1-dithiolate in DMF for 1 h
followed by extensive washing with DMF and methanol. The resin was
then dried using a flow of argon. Subsequently these 2′-
deoxyoligonucleotides were desilylated by overnight fluoride treatment
(940 μL DMF + 470 μL Et3N + 630 μL Et3N·(HF)3). The resin was
washed repeatedly with DMF, Millipore water, and methanol and
dried with argon. The resin was then transferred to a glass vial and
suspended in 37% ammonia for 1−2 h, and the ammoniawas removed
by evaporation in a SpeedVac. The cleaved 2′-deoxyoligonucleotides
were dissolved in a 10% acetonitrile-water mixture and used for further
analysis and purification.

DNA Arrays. Preparation of DNA arrays was as described
previously10 except that the buffer was 20 mM tris-acetate (pH 7.6)
containing 10 mM Mg(OAc)2.

Atomic Force Microscopy. AFM images were obtained using the
Cypher (Asylum Research) atomic force microscope. Silicon nitride
levers with a nominal spring constant of 0.35 nm (Bruker) were used.
DNA arrays were deposited on freshly cleaved mica by adding 3 μL of
the array solution, waiting for 1−2 min and then adding 75 μL of
buffer (20 mM tris-acetate (pH 7.6) + 10 mM Mg(OAc)2). Imaging
was carried out under liquid using the same buffer.

Metallization of bpDNA Containing Arrays. 400 mesh carbon-
coated gold grids (Electron Microscopy Sciences) were cleaned by
glow discharge immediately prior to use. The grids were first treated
with a solution of 100 mM Mg(OAc)2 for 5 min, the liquid was
removed, and then the grids were washed with water. Next 2−4 μL of
a solution containing the DNA arrays was added to the grid and
allowed to stand for 10 min at room temperature. Subsequently the
liquid was removed using a Kimwipe, and the grid washed once with
water. At this stage 5 μL of the metallization solution (0.5 mM AgNO3
+ 10 mM Mg(OAc)2 + 20 mM tris-acetate (pH 7.6)) was added on
top of the grid, and the grid was incubated in a humidity chamber at
room temperature for 20 h. For incubation of the grids at 40 °C, a
procedure was developed in order to ensure that the liquid on the
grids did not dry out. In this step the grids were floated onto 50 μL
droplets of the metalizing solution that were put on top of a piece of
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Teflon tape. The grids were then incubated in a humidity chamber that
had been pre-equilibrated in an incubation oven set at 40 °C.
Following incubation, the excess liquid was removed from the grid,
and each grid was washed three times with 5 μL of water. The grids
were allowed to air dry and TEM was carried out using a CM100
transmission electron microscope (FEI, Inc., Hillsboro, OR) operating
at 80 kV.
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Detailed synthetic procedures, characterization data for
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