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We investigate the conditions which should be fulfilled to grow chains of nanosized noble metal clusters on
DNA templates according to a selectively heterogeneous, template-controlled mechanism. A long incubation
of double-stranded DNA molecules with Pt(Il) complexes is necessary to obtain a template-directed formation
of thin and uniform cluster chains after chemical reduction of the DNA/salt solution. Without this “activation”
step, DNA acts as a nonspecific capping agent for the formed clusters and does not hinder the formation of
random cluster aggregates. The effect of binding Pt(Il) complexes to the DNA is investigated-byisJV
spectroscopy, electrophoresis experiments, and scanning force microscopy, revealing that the base stacking
along the DNA molecule is significantly distorted but the double-stranded DNA configuration is retained.
Citrate ions can be used as additional stabilizers for the heterogeneously grown metal clusters, leading to
significantly more regular metal cluster chains. After a systematic variation of the absolute concentration of
the reactants (Pt salt, DNA, reducing agent), we can conclude that there is an optimum concentration value
for the fabrication of cluster chains and that small variations around the optimum value do not have noticeable
effects on the quality of the metallization products. The described metallization procedure can be resolved
into a series of simple and efficient steps, which is essential for a biomimetic fabrication of nanostructures
in a reproducible way.

I. Introduction biomimetic metallization techniques are the difficulties associ-
L ) ) ) ated with the reproducible assembly of individual structures into

Metallic wires fabricated via the selective growth of metal \yorking devices and with the control of their desired physical
on DNA templates are very promising candidates for use in ,roherties such as, e.g., electric conductivity. Moreover, it is

microelectronic devices of future generatfon? The aim of ot clear at the present stage whether the recently developed
this approach is to create novel devices where quantum Siz€echniques for the metallization of biomolecules can be ef-
effects and the large number of surface atoms influence their ficienty employed in large scale applications. To be suitable
chemical, electronic, magnetic, and optical beha#ép.Since for industrial processing, the methods for the fabrication of wires
DNA molecules have a diameter of only two nanometers and (3nq other metallic structures) should be both (i) simple and
can be arbitrarily long, very thin (below 10 nm) and regular iy rohyst. Namely, (i) the overall process should be composed
wire-like metallic structures can be efficiently produded. by a few, clearly defined elementary steps which can be
Moreover, both the ends of DNA molecules and the surface of performed in sequence with high degree of automatizm, and
solid substrates can be functionalized through a variety of (i the method should be as little as possible sensitive to small
methods to create specific links between DNA and substrate, j,cyations of the set of parameters which define the optimum
allowing the integration of DNA molecules into specific, cqongitions for the fabrication of the products. In this work, our
predefined sites of microstructured electronic circtts16.17 goal is to define the conditions which permit a selectively
Furthermore, by exploiting the specific recognition of comple-  heterogeneous metallization of DNA molecules to be achieved
mentary nucleotide sequences, complex structures made of DNA, 4 way which is simple, robust, and reproducible.

can be fabricated without much effdf1318and metallized in The assembling of metallic nanoparticles along DNA tem-

a later §tagé. _ _ plates can be performed in several w&yBor instance, chains
Despite of the progress which has been made in the past yearsgs separated particles can be prepared by binding positively
the current techniques of biopolymer metallization for the cnharged colloids to the negatively charged backbone of DNA
production of nanoscopic conductive elements are still at an yja electrostatic interactiorid Moreover, particles can be grown
early stage of development. The major drawbacks of the today’s gjrectly on the DNA template after the previous formation of
nucleation sites along the DNA followed by chemical reduction
*To whom correspondence should be addressed. E-mail: mertig@ of dissolved metal salts. Through this technique, coarse pal-

tmgsfl]gr?;li(étcuﬁgrﬁ?]?\?gfgiteéjres e ladium wires with a diameter of about 50 nm have been
* Delft University of Technology. obtainec® which possess peculiar electric conduction properties
§ University of Cambridge. both at room and at low temperatufes.
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More recently, by accurate tuning of the metallization into the influence of the DNA composition on the overall
conditions, continuous chains of platinum clusters no thicker reaction kineticg® Finally, we give a summary of problems
than a few nanometers and extended over several micrometersand open questions to stimulate future work in the field of DNA
have been realized by the present autliorhe key feature of metallization.
the employed technique is the long incubation of DNA with an
aged solution of KPtClL, to allow the binding of Pt(ll) IIl. Experimental Section
complexes to the biomolecule. The bound Pt(Il) complexes act
in the subsequent reduction step as preferential nucleation A. Metallization of DNA Molecules. If not otherwise stated,
centers for a selectively heterogeneous cluster gréth fact, the reduction experiments were performed by aging a 10 mM
through a series of first principles investigations, we demon- solution of K:PtCl, or K;PdCh (both purchased from Fluka)
strated that the presence of the nucleotide ligands both enhancéor at least 24 h, diluting the aged solution to 1 mM, and mixing
the electronic affinity of the complexes and stabilize the it with 5 ug/mL of A-DNA (New England Biolabs) or DNA
formation of PPt bonds during the first reduction stages. from salmon testes (SIGMA). Both types of DNA exhibit
Since cluster growth is an autocatalytic proc8sthe first statistically random sequences and GC base pairs contents of
formed nuclei quickly develop to larger clusters and consume 49.9% and 41.2%, respectively. In this way we can exclude
the dissolved Pt(ll) complexé€21n this way, the homogeneous  such effects of DNA metallization, which arise from the specific
nucleation process is hindered. Therefore, the achievement ofcomposition of DNA sequence. The concentration of DNA was
a selective DNA metallization without homogeneous formation varied between 0 and 10@/mL in the investigations described
of clusters in solution is the result of a delicate balance betweenin section I11.B. The kinetics of DNA activation was investigated
the kinetics of reduction in the homogeneous and heterogeneousy diluting four stock solutions of JPtCl, at different initial
case. concentrations which were previously aged for at least 24 h to

Here we show how this balance is shifted by changing the & final concentration of 1 mM and mixing them with.g/mL
absolute and relative concentrations of reactants, and the type?f 2-DNA. The reduction of the dissolved complexes to form
of metal complexes. This can have a dramatic effect on the final Metal cluster was started by heating the solution t6Gand
products, leading in most cases to the formation of random @dding 100uL of a 10 mM solution of dimethylaminoborane
cluster agglomerates or to a very coarse DNA metallization. (PMAB, Fluka) to 1 mL of the DNA/Pt solution. In some cases,
However, we find that there is an optimum interval of sodlum citrate was added to the DNA solu_tlon in the concentra-
parameters where thin and uniform cluster chains form selec- tion of 0.5 mM before starting the reduction.
tively on DNA molecules. Moreover, small variations around  The kinetics of both the activation process and the cluster
the optimum set of parameters have only little or no influence formation process were studied using a Cary 50 UV/VIS
on the quality of the metallization products. This makes our photospectrometer (Varian), recording the absorbance spectra
metallization technique robust, in the sense that once anatwavelengths above 240 nm and above 550 nm, respectively,
optimum set of parameters is found for a given metal complex during the reaction course.
uncontrolled small fluctuations of the reducing conditions are  B. Microscopic Investigations.Samples for scanning force
very unlikely to lead to faulty products. We stress that, despite microscopy (SFM) and transmission electron microscopy (TEM)
the fact that the actual molecular mechanisms leading to clusterwere prepared 30 min after starting the reduction. SFM samples
formation are rather complicated, the overall process can bewere prepared as described by Bezanilla & Ay diluting the
resolved into a series of very simple steps. In particular, DNA/cluster suspension with HEPES/Mg buffer (40mM HEPES,
uncomfortable processes such as dialysis, ion exchange, os5mMMgCl,, pH 7.6) to a final DNA concentration of Ag/mL
changing of the solvent are avoided, which would be very and placing a droplet onto freshly cleaved mica for 2 min.
expensive and inefficient at a level of massive production.  Subsequently, the sample was rinsed with water and blown dry

Defining the conditions which are necessary for a template- with nitrogen. Imaging was performed with a Nanoscope lIlla
controlled cluster growth on DNA requires the detailed knowl- (Digital Instruments) in tapping mode in air. SFM samples from
edge of all steps of the metallization process. This begins with activated DNA were prepared following the same protocol. TEM
the dissolution of metal salt in water and with the reaction of samples were prepared by placing a droplet of the DNA/cluster
the dissolved metal complexes with the DNA bases and endssuspension onto a carbon-coated copper grid for 5 min.
with the formation of the metallized products after the addition Afterward, the sample was rinsed with water and excess water
of a reducing agent to the solution in order to achieve the was removed with filter paper. The TEM investigations were
formation of metal clusters. Although the essential steps of the carried out using a Philips CM 200 with tungsten cathode at
process have been presented in ref 6, a number of questions.60 kV for low-resolution imaging, whereas a Philips CM 200
remain to be answered in more detail. In particular, we microscope with a field emission cathode was employed for
investigate here (i) the effect of the hydrolysis degree of the high resolution work.
dissolved the Pt(Il) complexes on the kinetics of binding to the  C. Electrophoresis Experiments. In the electrophoresis
DNA bases during the activation step; (ii) whether the addition investigations, Stg of nativeA-DNA and of A.-DNA digested
of citrate ions to stabilize the formed metal clusters improve with Hind 1l (New England Biolabs) were activated for 20 h
the quality of metallization; (iii) to which extent variations of in 1 mL of a 1mM K,PtCl, solution previously aged for 24 h.
the concentrations of reactants influence the formation of regular Single-stranded DNA (ss-DNA) was obtained by thermal
and thin metal wires; (iv) the importance of the double-stranded denaturation of double-stranded DNA (ds-DNA) at @5 and
DNA configuration with respect to the single-stranded DNA subsequent cooling on ice. After activation, 20 of each
configuration for the formation of the reduction products; and sample were mixed with ZL of a 1 mM DMAB solution to
(v) how the balance between homogeneous and heterogeneousover the DNA with nucleation sites for the subsequent gold
nucleation can be shifted by changing the overall reduction stain. Electrophoresis was performed in a 0.5% agarose gel for
kinetics using Pd(ll) complexes instead of Pt(Il) ones. Further- 1.5 h in 1x TAE-buffer at 4.2V/cm. Subsequently the gel was
more, we briefly discuss the results of previous investigations covered with a gold stain solutiéruntil the DNA bands
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Figure 1. TEM micrographs of Pt particles formed after reduction of
a 1 mM solution of PtGF~ with 1 mM DMAB. (a) In the absence of

citrate; (b) in the presence of 0.5 mM citrate. The scale bar in the inset

is 10 nm.
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as follows (see, e.qg., ref 29)

(CHy),HNBH, + PtCL(H,0), + 2H,0 —
Pt + (CHy),HNH" + H,BO, + 2HCI + OH™ + 2H, (3)

In the absence of any capping agent, the formed metal clusters
agglomerate inte-50 nm large, polycrystalline particles (Figure
1a). When a capping agent like sodium citrate is added to the
solution prior to the reduction, small metal clusters are stabilized
by a citrate ligand shell and are visible in the TEM images
together with bigger agglomerates (Figure 3bYhe isolated
particles are of polyhedral shape (tetrahedrons, cubes, and
cuboctahedrons can be distinguished on the sample’s surface),
which is typical for Pt clusters stabilized by citr@feinterest-
ingly, the morphology of the formed cluster aggregates is in
part chainlike. However, the typical length of these randomly
formed chains is much shorter than the length of any hetero-
geneously grown chain of particles on DNA (see below and
refs 5, 6, and 16).

Since the reduction is performed under air, the presence of
dissolved oxygen is expected to lead to formation ofpi@ases
at the surface of the metallic particl&s3 Superficial platinum
oxide phases have been in fact detected by time-of-flight
secondary ion mass spectrometry (FEHIMS) in a previous
analysis of the platinum powders obtained following a reduction
protocol analogous to the one used in this wirkurthermore,
an XPS analysis of the same material confirmed the metallic
character of the obtained particles, revealing the presence of
oxygen and carbon adsorbates, together with chlorine and
potassium iong® Although no boron impurities could be
detected in these analyses, the boron content in particles
produced by reduction of Pt complexes with boron compounds
(such as, e.g., DMAB) has been found to be about 0.05 wt %
by other authorg?:36

B. Pt Cluster Synthesis in the Presence of Nonactivated
DNA. We turn now to study the reduction of dissolved RCI
ions in the presence of native DNA. To this aim, an aged

appeared. The reaction was stopped by rinsing the gel with solution of K.PtCly is mixed with dissolved DNA, and DMAB

abundant water.

I1l. Results

A. Pt Cluster Synthesis in the Absence of DNAWhen K-
PtCly salt is dissolved in water solution, it dissociates, and after
the dissociation, the Ptgl ions undergo the following sol-
volysis reactiong#25

PtCl,*” 4+ H,O = PtCL(H,0)” + CI (1)

PtCL(H,0)” + H,0=PtCL(H,0),+ ClI~  (2)

At the equilibrium a 1 mMsolution of K:PtCl, which is usually

is immediatelyadded to the solution. Under these conditions,
the characteristic reduction time is shorter than the characteristic
binding time of Pt(Il) complexes to the DNA bas&sso that
only a few complexes have time to bind to the DNA before the
reduction is fully completed. We refer to these conditions as
reduction in the presence of “nonactivated” DNA.

The overall kinetics of the reduction process in the presence
of DNA in different concentrations is monitored by means of
UV —vis spectroscopy at the wavelength of 600 nm (Figure 2).
At this wavelength, there is no absorbance due to either
dissolved [PtG]2~ complexes or DNA. Far from the plasmon
resonance frequency (which is at about 215 nm in the case of
Pt colloidg®), the absorption of light depends mostly on the
concentration of the formed metal particles, and only to a minor

considered as standard concentration to obtain suspensions oéxtent on their shape. According to ref 26, the major contribution

metal nanoparticles in reduction experimetit&) consists of 5
PtCl2-, 53% PtCy(H;0)", and 42% PtG(H;0),.28 At room

to the increase of absorption in this region of the spectrum is
due to dipole-dipole interactions of small particles when they

temperature, the aging time necessary for reaching the equilib-aggregate into bigger structures during the reduction reaction.

rium is about 1 day. The solution is then stable for some days.

Within this time, the formation of higher-order solvolysis

Therefore, the measured curves represent the overall kinetics
of the reduction process.

products can be neglected because the corresponding formation In the presence of DNA, the overall reduction kinetics is

rates are 3 orders of magnitude loveAfter mixing an aged
solution of KPtCl, with DMAB, the dissolved Pt(Il) complexes

slowed (Figure 2). The maximum effect is reached at a DNA
concentration of 10Qug/mL, and no further retardation is

are reduced to metallic platinum particles (Figure 1). Consider- measured by increasing the DNA amount. The metallization

ing, for instance, doubly hydrolyzed complexes, an overall
chemical reaction of this preparation can formally be written

products obtained at mg/mL are small crystallites with a
diameter of about 5 nm, as well as a few larger polycrystalline
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plexes, respectivel§® In fact, the characteristic time for the
binding of non-hydrolyzed complexes is albduih (which is
comparable with the characteristic time of the chlorine/water
substitution reaction), whereas 2-fold hydrolyzed complexes
react with the DNA bases within a few minut&sAlthough
monofunctional adducts are formed fast, the formation of
bifunctional adducts is much slower. In the case of cisplatin,
the latter is completed within about 10%h.

In the case of dissolved [Pt]# ions at high Pt(Il)/base
ratios, it is known that three Pt(ll) complexes bind on average
# . . to each base paff. This reaction is completed in about 1G%h.

10 15 2 % In analogy with the reaction mechanism proposed for hydrolyzed
Time (min) cisplatin complexes, the reaction of hydrolyzed Pt(Il) complexes
Figure 2. Reduction kinetics of a solution of Pt2t in the presence ~ With DNA is expected to begin with the formation of a covalent

of different amounts of nonactivated DNA, measured by -LN& bond between the N7 atom of a purine DNA base (A or G) and

spectroscopy at 600 nm. The DNA concentration is givepgfmL. the Pt atom after loss of a water ligand. This reaction can be
The concentrations of Pt (ImM) and DMAB (1 mM) are kept formally written as
constant.

\

600 nm Absorption

G + PtCL(H,0), — (G)PtCL(H,0) + H,0O 4)

Then, after the loss of a second water ligand, bifunctional
complexes like, e.g., (AG)Ptehre expected to form, where a
Pt(11) ion binds to two stacked bases. Similarly to the hydrolysis-
limited binding process of cisplatin, we expect that the hydroly-
sis degree of the [Ptg]f~ solution (see section I1I.A) will affect
the kinetics of binding to DNA. To gain more information about
the characteristic binding time of dissolved Pt(ll) complexes
under the conditions used in our metallization experiments, we
measure the binding kinetics of P&l to DNA at different
20nm hydrolysis degrees by means of BVis spectroscopy.
i 1. Kinetics of [PtC}]%2~ Binding to the DNADNA molecules
_ e e S o have a maximum in the absorbance spectrum280 nm, which
Figure 3. TEM micrograph showing the metallization products s qye to electronic excitations of the nitrogenous bases. The
obtained after reductionf@ 1 mM aged solution of PIGH ~ with 1 260 nm absorbance increases passing from an ordered stack of
mM DMAB in the presence of xg/mL nonactivated DNA. ; - o
bases to disordered conformations because of the diminished
electronic interactions between the bases. This is evident, for
particle agglomerates (Figure 3). Note that TEM analysis alone instance, during the melting of DNA, which is the transition
does not permit the possibly present nonmetallized DNA from the double-stranded to the single-stranded structure. Also
molecules to be visualized. However, previously performed SFM the binding of dissolved [PtG]F~ ions to the DNA is known
studie8® revealed that under similar conditions the large metal to lead to a significant distortion of the base stacléigThis
agglomerates are surrounded by free DNA molecules and thatallows us to investigate the kinetics of the binding process
afew small crystallites appear to be located on the DNA strands. ooking at the changes of the 260 nm absorbance peak during
The addition of citrate to the Pt(ll)/DNA solution prior to  the incubation of DNA with [PtG]2~ (Figure 4). To separate
reduction led to similar aggregates (not shown) and was not the contribution of the DNA spectrum from that of the Pt(Il)
effective in stabilizing long chains of particles aligned along complexes, which also have a strong absorbance in the 260 nm
the DNA molecules. From these results, we conclude that, to region, we subtract from the spectrum of the Pt(1l)/DNA solution
produce thin metallic wires, the reduction has to start necessarilythe spectrum of a reference solution containing only PtCl
after the completion of the binding reaction of Pt(ll) complexes ions at the same concentration (Figure 4a).
to the bases. The details of this process are investigated in the As expected, the binding of the Pt(ll) complexes to DNA
next section. leads to an increase in 260 nm absorbance, i.e., to a strong
C. Activation of the DNA Template. The binding process  distortion of the DNA base stacking, with increasing incubation
of Pt(ll) complexes to DNA is well investigated in the case of time (Figure 4b). For each obtained DNA spectrum, we measure
cisplatin  €is-[Pt(NH3).Cl;]) which is widely used as an  both the sample and the reference solution to account for the
anticancer drug§® When DNA is incubated with Pt(ll) com-  time-dependent changes of the [RI€! spectrum due to
plexes such as cisplatin, the Pt(ll) atom binds to one or two ongoing hydrolysis processes. We start from a freshly prepared
stacked DNA bases forming monfunctional and bifunctional 1 mM solution and three aged stock solutions with different
DNA-Pt(Il) adducts, respectively. The most favorable binding concentrations (100, 10, and 1.5 mM), which were diluted to a
site for cisplatin to the DNA is the N7 position of guanine, concentration of 1 mM immediately before mixing with the
followed by the N7 position of adenirf€ After these sites are  DNA solution. In the four samples, the absolute concentration
occupied, the binding reaction proceeds more slowly and of Pt(ll) complexes is the same but the initial relative concentra-
indiscriminately with other metal-binding sites of all bagék. tions of non-hydrolyzed, 1-fold hydrolyzed, and 2-fold hydro-
is known that the limiting step for the binding of [Pt(N}ACl,] lyzed complexes are different (Table 1). The measured kinetics
complexes to guanine or adenine is the hydrolysis of the curves are reported in Figure 4c. Initially, we observe a rapid
complexes with loss of one or two chlorine ions, leading to the increase of the absorbance, which slows down at long incubation
formation of [Pt(NH).CI(H,0)]* and [Pt(NH)2(H20)z]?T com- times. However, the absorbance does not reach a saturation value
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Figure 4. Distortion of the DNA base stacking due to the binding of FACtomplexes as a function of the incubation time. (a) SpedtealomM

solution of PtCJ>~, and of a solution containing 1 mM Pt and 5ug/mL 2-DNA immediately after mixing (incubation time= 0). Subtraction

of the first spectrum form the second one provides a spectrum for the DNA only. The characteristic maximum at about 260 nm is visible. (b)
Spectra of DNA incubated with Pt&i obtained at increasing incubation times. Note the increase of the absorbance in the region around 260 nm,
indicating the ongoing distortion of the DNA base stacking. (c) Distortion of the DNA base stacking recorded at 260 nm for differently hydrolyzed
solutions of PtCP~, which were prepared by dilution of one fresh and three aged stock solutions with initial concentrations of 100, 10, and 1.5 mM
to a final concentration of 1 mM. The percentages of the hydrolyzed species are reported in Table 1.

TABLE 1: Relative Equilibrium Concentrations of the

Hydrolyzed Pt(ll) Species in One Fresh and Three Stock 48502
Solutions of K,PtCl, Aged for 16 k¢ T-‘
tanbs2 2741
PICL2~ PHHO)C~ Pt(HO):Cl,  (min) == 23130
fresh PtCJ>~ 1 0 0 440
aged 100mM PtGF  0.700 0.292 0.008 350 wesl 9416
aged 10mM PtGF 0.350 0.585 0.065 190 il 6682
aged 1.5mM PtGF~  0.170 0.562 0.268 70 4381
2 The data were obtained using the equilibrium constants from ref 4
25. The right column in the table gives the characteristic time for the i i : 1 - %g%;

distortion of the base stacking of DNA (see text and Figure 4) upon !
incubation with the four differently hydrolyzed stock solutions after H b
their dilution to a final concentration of 1 mM. P

within the whole duration of the experiment, indicating that the 1 2 3 4

binding of Pt(Il) to the DNA still continues after more than 16  Figure 5. Electrophoresis experiments of single and double stranded
h of incubation. The time after which half of the maximum DNA after 16 h of activation with PtG}~. Lane 1: single-stranded
absorbance is reached for each solution is reported in Table 1A-DNA. Lane 2: double-stranded-DNA. Lane 3: single-stranded
The more the [PtG 2- golution is hydrolyzed, the faster the lTDNA diggstqd withHind lll. Lane 4: double-stranded-DNA
helix-breakdown process is, indicating a faster binding of the digested withHind lil.

complexes to the DNA. Like in the case ois-Pt(NH;s)>Cly,

the binding process appears thus to be limited by the hydrolysisindicates that the process of Pt(ll) binding to ds-DNA does not
of the complexes. break the double strand configuratitin.

2. Double-Stranded DNA Structure after P#CI Binding. 3. DNA Morphology after Pt(Il) Bindingrhe binding of Pt(ll)
From the kinetics measurements presented above, it is uncleacomplexes to ds-DNA is known to cause an overall shrinkage
whether the DNA still retains its double-stranded structure after of the molecule length, as it was previously noticed in SFM
the binding of Pt(ll) complexes. Indeed, the binding of Pt(ll) experiments at low Pt/base ratit¥sHere we investigate by
complexes could break the hydrogen bonds between the strandgneans of SFM the structural changes which DNA undergoes
causing a transition from double-stranded to single-stranded upon PtCI>~ binding at a Pt/base ratio of about 65:1 (Figure
DNA, which could as well lead to an increase of the absorbance 6). Compared with nativé-DNA (Figure 6a), the incubation
peak at 260 nm. To rule out this possibility, we perform a series with hydrolyzed PtCP~ ions reveals the formation of kinks and
of gel electrophoresis experiments (Figure 5). Solutions of coils in the DNA structure (Figure 6, parts b and c). This results
double strandi-DNA, thermally denaturedi-DNA, A-DNA in an overall shortening of the DNA molecules from a native
digested wittHind Ill, and thermally denaturettDNA digested length of about 16/m to lengths in the range of 1-2.9 um.
with Hind Il are incubated wh a 1 mM aged solution of The appearance of these short segments cannot be due to rupture
K,PtCl,. After 20 h of incubation, the four solutions are treated of long molecules, as this would not result in the appearance
with a highly diluted DMAB solution and let run in an agarose of a single, shar@-DNA band in the electrophoresis experi-
gel. Subsequent gold staining (see Experimental Section) revealgnents (see Figure 5, lane 2), which is indicative of a unique
the appearance of clear bands in the case of both full lengthmolecule weight.
and digested-DNA (lanes 2 and 4 of Figure 5). However, no D. Synthesis of Pt Cluster Chains in the Presence of
bands appear in the lanes of the previously thermally denaturatedActivated DNA. In section B we have shown that the reduction
ss-DNA samples (lanes 1 and 3 of Figure 5). This clearly of metal salt in the presence of nonactivated DNA leads to the
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Figure 6. AFM images of DNA after incubation with Pt&r. (a) NativeA-DNA. (b) A-DNA after 1 h of incubation. (c)A-DNA after 16 h of
incubation.

formation of particle aggregates. They are in part bound to the ments (activation followed by reduction) using Pt(ll) concentra-
DNAS®® but also form bigger agglomerates of homogeneously tions of 1/4, 1/2, 2, and 4 times the standard concentration, while
nucleated particles. As demonstrated in ref 6, the formation of keeping constant the concentration ratios of the reactants. A
long cluster chains via a clean, purely heterogeneous clusterchain of clusters obtained under the standard conditions is shown
formation process necessarily requires the activation of the DNA as a reference in Figure 7a. The inset of Figure 7b shows a
for about 20 h prior to the reductid$:16At fixed concentration high resolution TEM image of the same preparation, which
of Pt(ll) complexes (1 mM), analysis of metallization products confirms the metallic character of the obtained particles (see
at different concentrations of activated DNA (5, 20, and 100 the caption of Figure 7b). Remarkably, also when the absolute
ug/mL) revealed that continuous chains were obtained at a DNA concentrations of the reactants are either half or twice the
concentration of Zxg/mL. These concentrations correspond to standard ones, we obtain very clean samples with purely
a Pt(Il)/base ratio of about 65:1, and will be considered as the heterogeneously formed cluster chains (Figure 7c). Instead, in
“standard” concentrations in our metallization experiments. After the case of either one-fourth or four times the standard
long activation, about 1.5 complexes are expected to be boundconcentrations, only random cluster agglomerates are found on
to each base on averatfewhich means that less than 3% of the sample’s surface (not shown).
the total complexes are bound to the DNA. Despite the large 2. Variation of the DNA Molecular Structur&o investigate
amount of free complexes in solution, no large agglomerates the influence of the DNA structure on the morphology of the
of homogeneously formed particles are present after reductionmetallization products, we perform reduction experiments in the
with DMAB (see Figure 7a and refs 5, 6, and 16). In other presence of ss-DNA. The persistence length of ss-DNA is about
words, the balance between the homogeneous and heterogeneodsnm, i.e., much smaller than the persistence length of ds-DNA
nucleation processes is shifted from mixed homogeneous andwhich is ~100 nm in solutions with ionic strength of about 1
heterogeneous nucleation in the case of nonactivated DNA tomM.*3 Thermally denaturatet-DNA is activated for 16 h, and
purely heterogeneous nucleation in the case of activated DNA. subsequently, DMAB is added to the solution. The metallization
A numbers of parameters which control this balance are products are shown in Figure 7d. In contrast with the case of
investigated below. ds-DNA, only very short cluster chains and random aggregates
The parameters which in principle can influence the metal- of small clusters are obtained. The small clusters appear to be
lization process are the absolute and relative concentrations ofstabilized to a certain extent by the ss-DNA, which act as a
the reactants (metal complexes, DNA, reducing agent); the typecapping agent in a similar way as nonactivated ds-DNA (cf.
of metal salt and its hydrolysis degree; the strength of the Figure 3).
reducing agent (i.e., both the reduction potential between metal To study the capping action of DNA for the formed clusters
complexes and reducing agent, and the kinetics of electronin more detail, we perform reduction experiments in the presence
transfer); the temperature and the pH of the reducing bath; theof a mixture of single nucleotides, dATP, dTTP, dCTP, and
composition of the DNA sequenégFinally, variations of the dGTP. The relative ratios of the different nucleotides are chosen
activation time influence both the number of complexes which to match the base composition @iDNA. The nucleotide
bind to the DNA prior to reduction and, possibly, the hydrolysis mixture is incubated for 16 h with an aged solution gP¥Cl,
degree of the bound complexes. Here we study how changingat the standard reaction concentration. Subsequently, DMAB
the absolute concentrations of reactants and the metal typeis added to the solution, and the metallization products are
influence the metallization process. Furthermore, we analyze imaged with TEM. The formed clusters are shown in Figure
the metallization products obtained with different DNA molec- 7e. The surface of the TEM grid is covered by separated small
ular structures (ds-DNA, ss-DNA, and single nucleotides) and polyhedral crystallites surrounded by a capping layer, indicating
in the presence of citrate as a capping agent for the formedthat single nucleotides efficiently stabilize the formed clusters.
clusters. The effect of the guanine content of the DNA template A few bigger agglomerates are also present, which could
on the kinetics of metallization has been studied in ref 16 and presumably be avoided by more carefully tuning the concentra-
will be discussed later in this paper. The strength of the reducing tions of the reactants (here they are kept equal to those of the
agent, the temperature, and the pH of the reducing bath can bestandard DNA metallization protocol).
considered parameters for a “fine-tuning” of the metallization 3. Effect of CitrateCitrate ions are known to be good capping
procedure, and a systematic study of their effects on the agents for metal cluste¥s(cf. Figure 1b). With the aim of
metallization products will require further investigations. improving the quality of the obtained cluster chains, we add
1. Variation of the Absolute Concentration of the Reactants. citrate to a solution of activated DNA immediately before
Varying the absolute concentrations of the reactants (Pt salt,starting the reductiof: In the presence of citrate, the metal-
DNA, and reducing agent) can have a dramatic effect on the lization kinetics is slightly slowed, as expected in the presence
reaction products. Therefore, we perform metallization experi- of capping agentd The obtained products are extremely regular
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= Figure 8. TEM micrograph of a chain of Pt clusters grown ;DNA
in the presence of citrate (see text).

Figure 9. TEM micrographs of chains of (a) Pt and (b) Pd clusters

\ ; y grown onA-DNA in the presence of citrate at our standard concentra-
Figure 7. TEM micrographs of the metallization products formed after tions (see text). Note the presence of homogeneously nucleated particles
reduction of a PtGF- solution with DMAB at different concentrations N the case of palladium.
in the presence of ds-DNA, ss-DNA, and dissolved nucleotides. (a) 5
ug/mL 2-DNA, 1 mM PtCL*", and 1 mM DMAB. (b) as in (a), at  together and form continuous wires with a typical length of 50
higher resolution. Power spectrum analysis of multiple particles revealed 100 nm (cf. Figure 7b), in the presence of citrate, they are clearly

interlayer distances correspondent to the [111], [200], and [202] ; ;
crystallographic planes of bulk Pt, thus confirming the metallic character separated by a ligand shell (see also Figure 9a).

d

of the obtained particles. (c) J@y/mL A-DNA, 2 mM PtCL?-, and 2 4. Comparison Pds Pt.As demonstrated in ref 6, increasing

mM DMAB. (d) 5 ug/mL single-stranded-DNA, 1 mM PtClL?~, and the activation time leads to an acceleration of the overall kinetics

1 mM DMAB. (e) 5 ug/mL of nucleotides at a composition corre-  of metallization. At the same time, the nucleation behavior

sponding to that ofi-DNA, 1 mM PtCL*", and 1 mM DMAB. changes from mixed heterogeneous and homogeneous nucleation
to purely heterogeneous nucleation (see ref 6). However, since

chains of clusters of approximately the same siz& (im), only less than 3% of the Pt(Il) complexes are bound to the DNA,

which uniformly cover the DNA template over its whole length  this can only happen if the heterogeneous nucleation channel
(Figure 8). Neither bigger agglomerates of homogeneously is considerably faster than the homogeneous nucleation channel.
formed clusters nor random cluster aggregates are present irif, on the other hand, the homogeneous process itself is too
any of the investigated samples, whose backgrounds appear tdast, then the formation of homogeneously nucleated particles
be consistently clean of any spurious product of homogeneousremains highly probable. This would lead to undesired ag-
metallization processes. In comparison with the chains obtainedglomeration processes and formation of thicker metallic wires
in the absence of citrate, the chains obtained here are signifi-and/or cluster agglomerates. We investigate this issue using K
cantly less curled (compare, for instance, Figure 8 with Figure PdCL instead of KPtCl as the salt precursor for both the
7a). Most of the crystallites are of regular shape, which is a activation and the subsequent metallization. Indeed, the reduc-
direct influence of the capping action of citrate. Whereas without tion of Pd(ll) complexes is known to be faster than the reduction
citrate the single clusters composing the chains tend to grow of the corresponding Pt(Il) complexé&s.
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In reduction experiments in the absence of DNA, the that the binding of Pt(Il) complexes to DNA bases prior to
characteristic time for the reaction of an aged 1 mM solution chemical reduction of the Pt(Il)/DNA solution igecessanto
of [PdCL]? ions with DMAB lies below one second, and only  promote a uniform, template-controlled growth of clusters along
large cluster agglomerates could be found in TEM investigations the DNA template$.We call this step ‘activation’ of the DNA
(not shown). The addition of citrate has a similar effect as shown template.
in the case of Pt(Il) complexes, leading to separate, crystalline B_Activation of the DNA Template. From the spectroscopic
clusters, as well as a number of bigger agglomerates (cf. Figureexperiments reported in section 111.C, it is clear that the binding
1b). When Pd(ll) ions are reduced in the presence of activatedkinetics of dissolved [PtGJ2~ ions toA-DNA depends on the
DNA and citrate, the characteristic time for metal formation is hydrolysis degree of the Pt(Il) complexes. This is in agreement
about 30 s. In comparison, the metallization starting from yjth the data for cisplatin at low Pt/base rati§sAt the Pt(ll)
PtCL?" in the presence of citrate is significantly slower, being - concentration used in our standard metallization protocol (10
completed after about 8 min. TEM images of the obtained m\ stock solution diluted to 1mM prior to reduction), the
metallization products are shown in Figure 9. In the case of Pt, gpnsorbance reaches half of its maximum value after a charac-
all obtained clusters appear to be grown specifically onto the teristic time of abot3 h (Table 1), and still increases after more
DNA template (Figure 9a) forming long and ordered chains over than 16 h. This behavior is in general consistent with the results
the whole DNA length. Instead, in the case of Pd, a significant of the metallization experiments reported in refs 6 and 16.
number of isolated clusters are present. These are clearly theyowever, in those works, the reduction rate (which is mainly
result of homogeneous nucleation and growth processes (Figurgejated with the number of Pt(Il) complexes bound to the DNA)
9b). Chains of Pd clusters along the DNA template are still a5 found to increase even after more than 30 h of activation.
obtained, but the metallization is coarser than in the case of PtThs result indicates that the DNA metallization kinetics is also
due to the fact that homogeneously formed clusters form jhquenced by processes which take place after the number of
aggregates on the heterogeneously formed chains (see also reby(||y complexes bound to DNA has reached the saturation value

2). of 1.5 complexes per bade.Processes characterized by
_ _ extremely slow kinetics are, for instance, the formation of
IV. Discussion bifunctional complexes and the further hydrolysis of bound

complexes? Evidence that they can influence the kinetics of
DNA metallization comes from previous theoretical work, where
it was found that the hydrolysis of DNRt(Il) complexes have
a great influence on the stability of the first-formed Pt nu&ei.
In the same work, bifunctional (and fully hydrolyzed) complexes

A. Reduction in the Presence of Nonactivated DNAIn
the presence of nonactivated DNA, the overall kinetics of the
process of metal cluster formation is slowed (see Figure 2). This
effect is associated with the hindering of the aggregation of small
metal crystallites into bigger agglomerates (cf. Figure 1a with ; - ;
Figure 3), strongly suggesting that nonactivated DNA acts like were foungl to have higher electron affinity with respect to
a capping agent for the metal clusters. Indeed, the reductionMonofunctional (and less hydrolyzed) complexes.
kinetics during the formation of metal particles is known to be ~ C. Formation of Cluster Chains. The results of our
retarded with increasing concentration of capping agents (see Metallization experiments show that the Pt(ll) complexes which
e.g., ref 31). The capping action of DNA is mostly evident for are bound to the DNA act as very efficient nucleation centers
the reduction of PtGF~ in the presence of single nucleotides. for the growth of small crystalline particles. The mechanisms
In these experiments, the Pt/nucleotide ratio is chosen to be©f the initial nucleation process of noble metal clusters in
about 65:1. Thus, only very few complexes are bound to reducing baths have been extensively studied by means of first
nucleotides before the chemical reduction begins. Despite this,Principles molecular dynamics simulation, both in the homo-
the obtained metal particles appear to be perfectly stabilized geneous cadé?? and in the heterogeneous c4sé.n these
and form small Crysta"ites surrounded by a ||gand shell (see works, it was found that the initial formation of Pt dimers
Figure 7e). This clearly proves the great affinity of nucleotides betweenunreducedPt(Il) complexes and singly reduced Pt(l)
to the metal surface, to which they are expected to bind mainly complexes is the limiting step of the whole cluster formation
via covalent bonds between surface metal atoms and deprotorocess, especially at high concentration of metal salt and in
nated nitrogen atoms of the bases. the presence of mild reducing ageftsAfter the initial

Although the aggregation of small clusters is hindered by Nucleation steps, the nucleus (which is not necessarily com-
the presence of DNA, the processes of nucleation and growthPletely reduced to the zerovalent state) continues to grow via
of the small crystallites are expected to be influenced only to a Steps of addition of unreduced Pt(ll) compleXeand reduction
minor extent. The reason for this is that the metal reduction is Of the whole cluster, according to an autocatalytic mechafism.
relatively fast. It is completed within a few minutes (Figure 2), In the presence of activated DNA, the initial reduction
whereas the characteristic time for binding Pt(Il) to the DNA reaction can involve either dissolved Pt(ll) complexes or DNA
bases varies from 1 to 10 h (Figure 4), depending on the Pt(ll) complexes. On one hand, our previously performed
hydrolysis degree of Pt(ll). Therefore, homogeneous metal theoretical work?® suggests an enhancement of the electronic
reduction is expected to take place before Pt(Il) complexes will affinity of Pt(ll) complexes after binding to the DNA (see, in
form adducts with DNA In fact, if the metal salt is reduced particular, ref 20 for a thorough discussion about possible DNA
immediately after addition of dissolved DNA, particles grow Pt(ll) species involved in the reduction reaction). This is due
according to a prevalently homogeneous nucleation channel, ago the presence of the heterocyclic DNA bases as ligands for
it was observed in previous SFM experimenthe chainlike Pt(11), which can “accommodate” the additional electrons in a
aggregate structures visible in Figure 3 are most likely due to more favorable way. On the other hand, reduction in solution
aggregation processes after the formation of small clusters,cannot be excluded a priori because of the large number of
similarly to the case of absence of DNA but presence of citrate dissolved complexes. However, our first principles molecular
(see Figure 1b). These results show that uncontrolled adsorptiondynamics studies led to the conclusion that the heterogeneous
of homogeneously formed clusters to the DNA does not lead formation of a Pt(I>Pt(ll) dimer at DNA is considerably
to the formation of long, ordered cluster chains. This means favored over the analogous homogeneous reaction in solution
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irrespective whether the initial reduction involve a free or a thehomogeneousucleation channel, resulting in the formation
bound Pt(Il) compleX:2°In other words, the presence of DNA  of random aggregates of homogeneously nucleated particles.
bases as ligands for Pt(Il) complexes has both the effect of 3 Metallization of ss-DNAN section Ill. D.2, we have shown
enhancing the electron affinity of the metal complexes and that regular chains of particles cannot be grown in solution on
increasing the bond energy of the first-formed-Pt bonds  single stranded DNA with our methd@Compared with double
during the reduction process. This means that the formation of stranded DNA, the extent of random aggregation is increased,
heterogeneous nucleation centers (the DRII) adducts  pecause the more flexible structure is not able to separate
formed during the activation) leads to lacally enhanced efficiently the heterogeneously formed clusters. Indeed, this can
nucleation kinetics along the DNA. Since the clusters grow in only be achieved if the persistence length of the molecular
an autocatalytic, nucleation-limited way, this leads in turn to template is larger than the cluster diameter. Therefore, it is
anoverall enhancement of the metallization kinetics, as observed necessary to use ds-DNA as metallization template to obtain
in the experiments reported in ref 6. Therefore, enhancementthe formation of regular wire-like metallic structures in solu-
of the stability of the first-formed nuclei due to the complexation tion 50
of Pt(Il) by heterocyclic systems such as the DNA bases leads 4 Effect of Citrate Citrate is known to act as an efficient
to a purely heterogeneous growth of particles on the DNA under capping agent for noble metal clusters (see ref 31 and Figure
the right reaction conditions. In particular, the concentration of 1b). Therefore, we have added citrate prior to the reduction of
metal complexes and the strength of the reducing agents Shou"’platinum in the presence of DNA to fully suppress the local
be carefully tuned to ensure thqt tht_e autocatalytic growth Startedagglomeration of heterogeneously nucleated particles. Indeed,
from the heterogeneous nuclei quickly consume the feedstockine addition of citrate ions leads to less curled and, therefore,
of free metal complexes before homogeneous processes leagynger cluster chains than those obtained in the absence of citrate
to the formation of free clusters in the solution. If this condition (see Figure 8). However, the clusters obtained in this way are
is fulfilled, then the metallization occurs via a selectively o longer in metallic contact. They are surrounded by a ligand
heterogeneous, DNA-controlled mechanism. shell, so that the obtained cluster necklace is not expected to
1. Effect of the Kinetics of Metal Reducti@onsistently with be conductive. A thermal treatment after formation of the
the discussion above, the balance between heterogeneous anstructure may be possibly sufficient to decompose the citrate
homogeneous nucleation appears to be directly influenced bylayer restoring the metallic continuity.
the kinetics of the reduction process. Indeed, in the metallization  on the other hand, when citrate is not added as a stabilizer,
experiments performed with Pd(ll) complexes, which are the produced wires appear to be continuous over distances of
reduced considerably faster than Pt(ll) complexes, both the ghout 50 to 100 nm (see Figure 7b). However, small gaps are
heterogeneous formation of cluster chains on the DNA and the stjll present, which are expected to interrupt the metallic
homogeneous formation of metal particles in solution are conductivity over longer distances. We expect that a further
simultaneously observed (see Figure 9). Especially in the selective reduction of metal complexes on the cluster chains
absence of additional stabilizers such as citrate, these homo-(simi|ar|y to the protoc0| used to produce “cerghell” nano-
geneously formed particles can form random aggregates. Thisparticle§?) will fill the gaps without increasing the thickness
generally results in a much coarser and irregular metallization, of the wire of more than a few nm (thus keeping the wire
as reported in refs 2 and 3, where the obtained wires have adiameter below 10 nm). Investigations of this possibility, as
diameter of about 50 nm and the formation of bigger, poly- well as measurements of the I/V characteristics of the obtained
crystalline agglomerates of clusters is evid€nt. structures are currently under investigation in our laboratory.
2. Effect of Changing the Concentration of Reactalmtsur 5. Purity of the Pt Nanoparticlet powders produced by
investigations, we have identified a standard set of concentra-reduction of Pt(ll) complexes with DMAB under air predomi-
tions which results in a purely heterogeneous growth of platinum nantly reveal metallic character. Rt@hases are present but
on DNA templates. In addition, we have shown that small are limited to the outermost atomic layers of the particles (see
deviations from the standard conditions (from 1/2 up to 2 times section IlI.A and refs 26, 34, and 35). Boron impurities are
the standard concentration) have no effect on the quality of the expected to be present in the bulk of the particles at a
metallization products. However, larger deviations (1/4 and 4 concentration of about 0.05 wt %36 We assume that the
times the standard concentration) have a dramatic effect on thepresence of DNA has little or no influence on the amount of
metallization products, and in both cases random agglomeratesmpurities in the particle chains. In fact, HR-TEM investigations
of particles are obtained. On one hand, when the concentration(see Figure 7b) confirm the metallic character of the synthesized
of Pt and DNA is too high, the formation of agglomerates is clusters. Moreover, evidence of the predominantly metallic
expected to happen both as a result of aggregation of the formedcharacter of structures obtained using a similar protocol comes
metallic chains, and, possibly, of the formation of links between from previous work on 50 nm thick Pd wires grown on DNA
different DNA strands by Pt(ll) complexes during the activation templates after the reduction of Pd complexes with DNVEB.
step. On the other hand, when the concentration of Pt and DNA Conductivity measurements showed that these wires present
is too low, the formation of metal clusters is likely to occur ohmic behavior, and that their specific resistivity is only 10
through the classical mechanism of full reduction of the metal times larger than that of bulk palladiuhd.Electron scattering
salt to the zerovalent state, followed by agglomeration of Pt(0) at the grain boundaries of the clusters was identified as the
complexes. Namely, as discussed in ref 47, at very low dominant scattering mechanisnWhether this effect is also
concentration of Pt salt unreduced complexes are expected taelevant for the conductivity of the ultrathin cluster chains
have little effect on the mechanism of cluster formation. composed by series of single clusters remains to be investigated.
However, to observe a catalytic activity of DNA in promoting Certainly, the present impurities will affect the conductivity of
heterogeneous metal formation, the nucleation process necesthe particle chains in some way. To reduce the amount of
sarily has to involveduinreducedcomplexes. This means that impurities to the minimum, the cluster chains could be produced
at too low concentration of metal salt the balance between under exclusion of oxygen, or using hydrogen instead of DMAB
homogeneous and heterogeneous nucleation is shifted towardas reducing agent.
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6. Effects of the DNA Compositioall of the investigations The reaction conditions described in this work are tuned to
presented here are carried out using DNA molecules with a fabricate chains of metal clusters in the bulk solution. However,
random sequence and a content of GC base-pair between 4@pplication in electronic circuits or sensors will require the in-
and 50%. Thus, the influence of sequence and composition of situ metallization of molecules bound to the surface of a solid
the DNA template is excluded from the present study. However, substrate. The optimal reaction conditions for the metallization
we briefly discuss in this section results of previous investiga- of molecules on a solid surface should be the subject of further
tions showing a peculiar influence of the content of GC vs AT investigations. Moreover, although continuous metal wires are
base pairs on the kinetics of the reduction reaction in the obtained over relatively short distances, long chains of clusters
presence of DNAS invariably present small gaps that are expected to limit their

Since for short interaction times Pt(ll) complexes are known conductivity. Additional work, including systematic measure-
to bind primarily to the guanine bas#spne would expect that ~ ments of the electric characteristic of the cluster chains and the
the reaction kinetics becomes increasingly accelerated with continuous metal wires, should be devoted to address the
increasing content of GC base pairs in the DNA used. This issueproblem of closing these gaps. If a thermal annealing of the
was investigated performing metallization experiments using metallized DNA is not sufficient, then the selective deposition
three different types of DNA, containing 27%, 42%, and 72% of a thin metal layer on the formed clusters should lead to
of GC pairs'® The metallization rate was found to be indepen- continuous wires with a diameter below 10 nm. Moreover, the
dent of the DNA content when no complexes are bound to the influence of the impurities present in the bulk and on the surface
DNA bases (no activation), or after very long activation times, of the obtained metallic structures on their conductivity remains
where all metal-binding sites along the DNA are indiscriminately to be investigated.
occupied by Pt(Il) complexes. However, for a window of Finally, previously performed metallization experiments using
activation time ranging from 30 to 300 min, the reduction DNA with different GC contents revealed that the metallization
process was found to be faster for higher G contents. Indeed,kinetics can be remarkably influenced by the nucleotide
in this time window the kinetics of Pt(Il) binding to guanine is  composition of the DNA sequence under particular conditiéns.
substantially faster than the binding to other b&$ekhus, in We stress that the metallization procedure presented in this paper
this time window, the number of complexes bound to the DNA is not designed to be affected by the DNA sequence and
depends directly on the GC content of the DNA. This confirms composition. However, we expect that the present metallization
the active role of the formed Pt(IlDNA adducts in promoting protocol can be modified by carefully acting on the kinetics of
an acceleration of the reduction reaction. In particular, these Pt(ll) binding and reduction to develop a procedure for a
experiments suggest that the DNA sequence could be designegequence-specific metallization of DNA, where only guanine-
and the metallization performed in such a way that only G-rich rich sequences become fully metallized. This would enable a
DNA sequences become fully metallized, while A-rich parts of direct control of the metal growth by the DNA template at an
the template remain in their native form or are decorated by a unprecedented level.
few, isolated clusters.
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