
TOPPARI ET AL . VOL. 7 ’ NO. 2 ’ 1291–1298 ’ 2013

www.acsnano.org

1291

January 10, 2013

C 2013 American Chemical Society

Plasmonic Coupling and Long-Range
Transfer of an Excitation along a DNA
Nanowire
J. Jussi Toppari,†,‡ Janina Wirth,‡ Frank Garwe,‡ Ondrej Stranik, Andrea Csaki, Joachim Bergmann,

Wolfgang Paa, and Wolfgang Fritzsche*

Institute of Photonic Technology, Albert-Einstein-Strasse 9, Jena 07745, Germany. ‡These authors contributed equally. †Present address: Nanoscience Center,
Department of Physics, P.O. Box 35, 40014, University of Jyväskylä, Finland.

T
he ever-growing progress ofmicro- and
nanotechnology, which has influenced
vast aspects of our lives and cultures

(information and communication technology,
entertainment, etc.) during the last decades, is
crucially related to the increasing miniaturiza-
tion of electronic devices. However, the devel-
opment of the established top-down fabrica-
tion technologies is already slowing down,
and substantial barriers to further progress
are encountered both in the operation of
devices and even more in a cost-efficiency of
the fabrication. Thus, in order to ensure the
continuation of Moore's law and especially to
discover novel new fabrication methods for
realization of the inexpensivemass production
in nanoscale, many bottom-up technologies
have been developed during the past decade.
These methods are relying on totally opposite
processes, such as chemical synthesis and in
particularly self-assembly, for which one of
the most studied and promising molecules is
DNA. Its superior self-assemblypropertieshave
been proven by many different constructions,
suchas tile-basedarrays,1 origami structures,2,3

and recently even 3D-origami.4 In addition,

DNA has been predicted to serve as a good
conductor,5�8 but so far the experimental
results have been highly controversial and
diverging.9,10 This has been assigned mainly
to the fragility of the double-stranded DNA
(dsDNA) against the environment,11�16 espe-
cially in light of recent results showing that
within a well-controlled environment a real
charge transfer (CT) exists in the double
helix.16,17Due to this, a number of supposedly
better DNA-based conductors have been
developed, e.g., M-DNA18,19 andG4-wires,20,21

whicharealsomore robust.However, the long-
range conductivity is still an open question.
Although an impressive variety of molec-

ular assemblies, DNAbased aswell as others,
is accessible already, there still exists a major
obstacle: The difficulty of integration of
such devices into the present technological
environments. Especially, realization of a
proper electrical connection to a molecule
is challenging. For that, chemical affinity-
and electric field-based linking, for example,
have been suggested, but so far they have
not proven their full potential, mostly due
to the high contact resistances induced by
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ABSTRACT We demonstrate an excitation transfer along a fluorescently labeled

dsDNA nanowire over a length of severalmicrometers. Launching of the excitation is done

by exciting a localized surface plasmon mode of a 40 nm silver nanoparticle by 800 nm

femtosecond laser pulses via two-photon absorption. The plasmonicmode is subsequently

coupled or transformed to excitation in the nanowire in contact with the particle and

propagated along it, inducing bleaching of the dyes on its way. In situ as well as ex situ

fluorescence microscopy is utilized to observe the phenomenon. In addition, transfer of

the excitation along the nanowire to another nanoparticle over a separation of 5.7μmwas clearly observed. The nature of the excitation coupling and transfer could not

be fully resolved here, but injection of an electron into the DNA from the excited nanoparticle and subsequent coupled transfer of charge (Dexter) and delocalized exciton

(Frenkel) is themost probablemechanism. However, a direct plasmonic or optical coupling and energy transfer along the nanowire cannot be totally ruled out either. By

further studies the observed phenomenon could be utilized in novel molecular systems, providing a long-needed communication method between molecular devices.
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mismatches between the molecular levels and the
Fermi level of the metal or the band structure of a
semiconductor, which are difficult to control.22 An-
other widely suggested interconnection technology
is based on optical coupling, i.e., using light irradiation to
switch the state (electrical or conformational) of anabsorb-
ing structure.23,24 Yet, the immediate disadvantage of this
approachwouldbe the restrictionof theminiaturization to
the diffraction limit defined by wavelength.
However, plasmonics, based on propagating or

localized surface plasmon polaritons (SPP), i.e., the
strongly coupled excitations of electromagnetic field
and oscillation of free electrons on metal, could pro-
vide a robust optical-like connectionwhile overcoming
the diffraction limit.25,26 By the localized SPP resonance
(LSPR) appearing on metallic nanoparticles (NPs),27,28

optical energy can be directed even down to sub-
wavelength volumes, as demonstrated by using the high
electric field of LSPR to destroy the nearest surround-
ings of NPs within biological systems, such as cells,29,30

metaphase chromosomes,31 and protein aggregates32

or in technical materials such as PMMA.33 These effects
aremostly based on a local heating29�32 or emission of
electrons overcoming the work function of the metal
via multiphoton absorption.33�36 However, by com-
bining LSPR with a nanoantenna effect37,38 or utilizing
optically active molecules39 even a real optical access
to subwavelength structures can be realized. Although
this has been already demonstrated for some discrete
systems, interconnections between several functional
units on the surface must still be realized. So far, these
interconnections have been demonstrated only by
metallic strips, not providing parallel fabrication and
again limited by top-downminiaturization problems as
discussed before.39�41

More interestingly, an excited LSPR can also couple
the excitation energy directly to a molecular wire,
where it propagates further, as was demonstrated for
the first time in our previous study of a nanometer-
wide destruction of a PMMA film along a dsDNA
excited via NPs.42 If this effect could be thoroughly
understood and utilized, a newworld of optoelectronic
circuitry would be accessible with the potential to
address the needs of future development. In this article
we use fluorescence as a more precise local tool to
study this phenomenon and the nature of the propa-
gating excitation: electrical (CT) or plasmonic/optical.
We demonstrate the excitation transfer over several
micrometers along a fluorescently labeled dsDNA-
based molecular wire upon plasmonic excitation of a
silver nanoparticle (AgNP) in contact with it. Further-
more, we demonstrate a transport of the excitation
along the wire to another nanoparticle several micro-
meters away, thus establishing a link between the
nanoparticles by combining the advantages of both
the molecular assemblies and plasmonics. By utilizing
this phenomenon on communication between novel

molecular devices, real nanoscale integration with
bottom-up fabrication capabilities could be realized.
However, further studies are still needed to reveal the
fundamental nature of the propagating excitation and,
for example, to prevent the destruction of the AgNPs
used for excitation.

RESULTS AND DISCUSSION

Molecular wires used in the experiments consisted
of genomic bacteriophage λ-DNA molecules fluores-
cently stained with an intercalating dsDNA-specific
SYBR green II dye, bundled together and elongated
on a glass substrate covered with PMMA, by the reced-
ing meniscus of a drying droplet.43�45 The number of
dsDNA molecules per bundle varied from two to
around 10. Plasmonic coupling was realized via chemi-
cally synthesizedAgNPswith a diameter of∼40 nmand
the resulting LSPR band around 417 nm.46 The SYBR
green II dye was chosen due to its distinct absorption
and excitationmaxima at 488 nm and at 266 nm, which
is the third harmonic of the utilized 800 nm laser. The
observed contrast in the fluorescence between the
presence and the absence of dsDNA was more than a
factor of 100, which is important for a reduction of the
background. The fluorescent and absorption properties
of the nanoparticles and the dye are presented in more
detail in the Supporting Information.
The excitation transfer was initiated by illuminating

the AgNP attached to a DNA wire, by 100 fs long laser
pulses at awavelength of 800 nm. Although neither the
DNA, the dye, nor the AgNPs are active at this wave-
length, the high electric fields of the femtosecond laser
can excite plasmonic modes in the AgNPs via multi-
photon absorption enabled by the plasmonic field
enhancement.47 Thus, this provides a real nanoscale
spatial confinement for the initiation, as all the excita-
tions of the DNA or the dye must happen via the
localized LSPR modes of the AgNP excited by second
(400 nm), third (266 nm), or higher order processes of
the illumination wavelength. It should be stressed that
the absorption and thus the excitation strength of the
dye is very low at 400 nm but high at 266 nm (see the
Supporting Information). Figure 1 represents sche-
matics of the utilized setup. More details can be found
in the Methods section.
After fabrication, the sample was characterized by

atomic forcemicroscopy (AFM) to find suitable isolated
molecular wires connected with AgNPs. (Typical AFM
images are presented in Figures 2 and 3.) In addition,
before and after the laser excitation a fluorescence
image was taken of the studied sample by illuminating
it with 470 nm light and recording the fluorescence
at 550 nm by a CCD camera, as shown in Figure 1.
A fluorescence image of a single molecular wire with
a small aggregate of nanoparticles attached in the
middle is presented in Figure 2A. As seen from the
image, AgNPs are highly fluorescent, which implies that
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the SYBR green II attaches to them also. The reason for
the observed increased fluorescence even when the
dyes attached to AgNPs are not intercalated can be due
to a very efficient and dense attachment or plasmonic
enhancement of the dye excitation. Also some back-
ground is visible despite the high contrast of the
intercalated dye compared to free dye.
After fluorescent imaging the nanoparticles were

excited by scanning the femtosecond laserwith a focus
width of 2 μm, a pulse fluence of ∼3 mJ/cm2, and
a repetition rate of 76 MHz, over the sample in 1 μm
steps. The scanning was done by the sample stage
within a 20 μm � 20 μm area containing the nanopar-
ticle of interest, thus ensuring excitation at least on one
of the illumination points. The laser illumination was
continued for one second per position, and during the
stage movements the beam was shut by an electronic
shutter. On each illumination position, the whole
sample was also simultaneously imaged by the CCD
camera through the same 550 nm fluorescent filter,
to observe the fs-laser-induced fluorescence. To ensure
detection of the possible very weak signals, the camera

was operated in electron multiplication mode, allow-
ing even single photon detection. Figure 2D presents
the images recorded during the laser scanning, over-
laid over the whole scanned area of the same sample
as in Figure 2A. Faint background visible everywhere
indicates very weak direct excitation of the dye by
the 800 nm laser pulses or a third-harmonic generation
(THG) somewhere inside the sample. The DNA wire is
clearly visible mostly due to the much higher fluores-
cence of the intercalated dye compared to the free dye

Figure 2. Experiment on a DNA nanowire with an attached
AgNP. (A) Fluorescence image of a sample before the laser
illumination showing aDNAnanowirewith a bright AgNP in
themiddle. (B) Fluorescence imageof the same sample after
the scanning fs-laser illumination. The illuminated area is
clearly visible as a darker region. The fluorescence of the
excited nanoparticle has disappeared, and the dye on the
DNA wire has been bleached around it. (C) AFM height
image showing the DNA nanowire and the AgNP after the
laser illumination. The height color scale is shown below,
and the green arrows point to holes left by the destroyed
nanoparticles. The zoomed area (blue rectangle) shows an
enhanced view of the excited AgNP, revealing destruction
of the particle and the DNA close to it, as well as the PMMA
below them (visible as dark ∼80 nm deep holes/wells42),
over a 800 nm range, as shown by the cross-section taken
via the blue crosses. However, the DNA looks intact further
away. This destruction cannot be due to a simple thermal
effect as explained in the text. The droplets along the DNA
are probably moisture gathered from air or left from the
buffer while drying. (D) Overlaid fluorescent images taken
during the fs-laser illumination. The excited AgNPs are
visible as bright spots. AgNPs pointed out by the green
arrows were destroyed during the laser illumination, visible
in the AFM image (C) as ∼80 nm deep holes in the PMMA.
Other particles are out of the AFM image range.

Figure 1. Schematics of the measurement setup and the
observed phenomenon. The excitation of the silver nano-
particle was done by the fs laser while simultaneously
imaging the fluorescence with the CCD camera. For pure
fluorescence imaging, white light through the excitation
filter was used for illumination. It should be noted that
the laser and the white light excitation were never used
simultaneously.
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(see Supporting Information), but the excitation of the
dye on the dsDNA could also be selectively enhanced
by THG.48�51

All AgNPs within the scanned area show up as
extremely bright spots, even saturating the CCD when
hit by the laser pulses, as illustrated by arrows in
Figure 2D. This clearly shows that the dyes attached to
the AgNPs are efficiently excited via three-photon ex-
citation enabled by the plasmonicmodes of the particle.
However, none of the individual images showed
any fluorescence along the DNA nanowire during the
fs-laser illumination of the AgNP, as would have been
expected if the excitation travels as light or plasmonic
exciton with energy similar to 266 nm light. The reason
could be too weak fluorescence masked by the bright
fluorescence of theAgNPor the absenceoffluorescence
at all.
After the fs-laser illumination, a new fluorescence

image was taken as shown in Figure 2B for the same
sample. The laser-illuminated area is clearly visible as a
darker region due to bleaching of the dye. From the
image one can see that the dye on the nanoparticle has
been totally bleached, as well as the dye intercalated
on the DNA wire around it. However, everywhere else
the DNA wire looks intact. An AFM height image from
the same sample after the laser illumination is shown
in Figure 2C with the AgNP of interest zoomed on
the blow-up. Due to the high excitation by the fs-laser
pulses, all the laser-illuminated AgNPs (shownbygreen
arrows) have been destroyed as well as the PMMA
under them, leaving∼80 nm deep holes on the PMMA
layer, as seen from the image.42,47 Like in the previous
observations, the DNA attached to the AgNP, and also
the PMMA below it, was destroyed within a length of

∼400 nm away from the particle.42 This can be verified
from the blow-up AFM image of Figure 2C and the
attached cross-section taken from it. The observed
“bumps” along the DNA are probably moisture dro-
plets gathered from air or left from the drying of the
buffer.
Further, by taking cross-sections of the fluorescence

images (Figure 2A and B) along the DNA nanowire,
as shown in Figure 3, one can see that the bleaching
of the fluorescence has taken place over a far longer
range than the destruction of the DNA, i.e., at least
over the range of∼1.5 μm away from the particle. This
indicates the propagation of the excitation along the
DNA much farther than would be expected by the
destruction. To ensure that the bleaching of the dye is
really attributed to the coupling of the excitation into
the DNA via LSPR of the AgNP, the same experiment
was repeated with a similar DNA nanowire, but now
with a nanoparticle located 780 nm away from it.
Similar high fluorescence of the nanoparticle during
the laser illumination was observed, as well as destruc-
tion of it on the AFM image afterward. However, the
fluorescence of the DNA was not affected, since the
distance to the particle was so long that its plasmonic
field on the wire is negligible. Results are shown in the
Supporting Information.
This proves that the close proximity or even a direct

contact between the DNAwire and AgNP is needed for
the coupling, which further implies the effect being
launched by the plasmonic excitation in AgNP. How-
ever, this does not yet fully rule out the simple possi-
bility that the bleaching of the dye along the DNA
would be due to a local heating of the particle during
the illumination. Nevertheless, our earlier studies have
shown that illumination by femtosecond pulses with
similar fluencies to those here induces a maximal
temperature increase of only 10 K (10 nm below the
particle) and an accumulated temperature rise of about
three degrees within a few nanometers from the
particle,33 which is not enough to cause the bleaching
of the dye along the DNA. Also, the sinking of a
nanoparticle into PMMA, as we observe in our experi-
ments, requires nanoparticle temperatures higher than
400 �C and a large force on them over a few nano-
seconds.52 Thus, the observed phenomenon cannot be
just due to a simple thermal effect.
As the simple thermal effect is ruled out, there are

still a few possibilities for the nature of the excitation.
The propagating excitation could be optical, assuming
the DNA bundles behave as subwavelength optical
fibers (fibers smaller than 50 nm have been demon-
strated53) to where the light from the SPPmodes of the
nanoparticle could scatter. Also a plasmonic nature
is conceivable, in which case the excitation would
propagate through the DNA as quasi-particles, called
excitons.54,55 However, since the initial excitation
happens via three-photon absorption enabled by the

Figure 3. Bleaching along the DNA nanowire induced by
the excited AgNP. Cross-section of the fluorescence profile
before (A) and after (B) the laser illumination. The cross-
sections have been taken along the area shown in the insets
(same fluorescence images as in Figure 2A and B) by
averaging the width of the area at each distance along the
DNA. AgNP is situated on the origin of the graphs.
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LSPR of the AgNP, both of these methods should
involve an optical excitation with 266 nm wavelength
and thus fluorescence of the dye along the propaga-
tion, which was not observed. Anyway, we cannot
totally rule out these choices, as the fluorescence could
have been too weak or masked by the bright lumines-
cence of the AgNp, as discussed before.
Most probably the observed bleaching of the dye

along the DNA nanowire is due to a coupled transfer of
charge (Dexter) and faster delocalized exciton (Frenkel)
along the DNA.55 Sole charge transfer has been proven
for short dsDNAs, and the coupled Dexter and Frenkel
transfer is feasible for a longer range within DNA
bundles or similar constructions.13,16,56 As the femto-
second laser irradiation causes a very high plasmonic
excitation on the AgNPs with highly enhanced electric
fields, the excited electrons in the nanoparticles can
overcome the work function by absorption of multiple
photons,34,35 which leads to Coulomb explosion.36

These processes start at a laser fluence around 3 to
7 mJ/cm2. The escaped electrons can subsequently be
injected on empty electronic states or excite other
electrons on DNA. This excess charge can further propa-
gate along theDNA, leading to a bleaching or quenching
of the intercalated dye without fluorescence.57,58 The
longer propagation of the coupled charge (short-range)
and Frenkel excitons (long-range) along the DNA can be
sustained by the initial kinetic energy of the escaped
electron, which can be as high as 50 eV.34 Or, it can be
driven by the very high electric field of the fs-laser pulses,
present several micrometers away from the AgNP, pos-
sibly leading to a directional net effect via second-order
processes; even the kinetic effect of the fundamental
alternating laser field averages to zero.48�50

To further prove the discussed excitation transfer,
we utilized a sample with two separate small aggre-
gates of dye-labeled AgNPs attached to the same
dsDNA nanowire with intercalated dye. The separation
of the AgNP aggregates was∼5.7 μm, as shown by the
fluorescence image of the sample in Figure 4A. The
image was taken similarly to the case of one AgNP
above. The fs-laser illumination area was now chosen
so that from the two AgNP aggregates on the same
nanowire only the upper one (blue box in Figure 4)
could be excited during the scanning process. The
scanning was done exactly the same way as described
above except the illumination time per pixel was
500 ms this time. The fluorescence image (Figure 4B)
taken after the illumination shows again bleaching of
the dye on the excited AgNPs, as well as of the inter-
calated dye along the DNA starting from the excited
nanoparticle. Also other particles within the illumina-
tion area were bleached. In addition and more inter-
estingly, the dye on the other AgNP aggregate
attached to the end of the same DNA (red box in
Figure 4) was also significantly bleached, although it
was not excited by the fs laser at any time. This means

that the excitation (charge or energy on optical range)
from the excited nanoparticle (donor) needed to be
transferred along the DNA nanowire all the way to the
other AgNP (acceptor) to induce bleaching.
From the AFM images taken after the laser illumina-

tion and shown in Figure 4C, one can see that again the
excited donor nanoparticle (blue box) was destroyed by
the laser illumination, as also the DNA in the vicinity of
the particle andPMMAbelow them. Also, by comparing
Figure 4B and 4C, one can see that all the AgNPs within
the fs-laser illumination area have been destroyed.
However, the not-excited but still bleached acceptor
AgNP (red box) looks intact on the AFM image, further
proving that thebleachingof thedyeon itwas not due to
a direct plasmonic excitation by the laser focus wings.
A more quantitative analysis of this experiment is

presented in Figure 5, where a fluorescence cross-
sectionalong theDNAnanowire coveringboth thedonor
(at position ∼1.5 μm) and the acceptor (at position
∼7.2 μm)AgNPs is plotted before (blue curve) and after
(red curve) the laser illumination. The obtained result
shows a clear bleaching of the dye on the excited donor
AgNP, as well as of the intercalated dye along the DNA
near it. However, even when the bleaching of the
intercalated dye has stopped around three micrometers

Figure 4. Experiment on aDNAnanowirewith two attached
AgNPs demonstrating the excitation transfer along the
wire. Fluorescence images of the sample with two aggre-
gates of nanoparticles, marked with blue (donor) and red
(acceptor) boxes, before (A) and after (B) the point by point
fs-laser illumination within an area including the donor but
not the acceptor AgNP (visible as a darker rectangular on B).
At the place of the donor only a dark region is visible in B,
similarly to that for other illuminated AgNPs within the
illumination area. Also the fluorescence of the acceptor
outside the illumination area, is clearly bleached. Separa-
tion of the donor and acceptor particles is 5.7 μm. (C) AFM
phase image of the nanoparticles and the connecting DNA
wire after the fs-laser illumination. The blow-ups are
zoomed height images of the donor and acceptor nanopar-
ticles, with the height color scale shown below.
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from the donor particle, the dye on the acceptor still
shows a significant bleaching. This proves that the
charge or energy of the induced excitation has indeed
traveled via the DNA nanowire from the donor AgNP to
the acceptor 5.7μmawayand that the excitation transfer
happens even further than shown by the bleaching of
the intercalated dye.
In addition, to rule out possible effects by a general

bleaching due to fluorescent imaging or small changes
on the focus, the fluorescence of several isolated dye-
labeled AgNPs (NPs 1�3 and 5 in Figure 5) as well as
the acceptor AgNP at the end of the DNA wire (NP 4;
red box) were compared before and after the laser
illumination, as also shown in Figure 5. All the exam-
ined particles are located outside of the laser illumina-
tion area and thuswere not excited by the fs laser. Their
initial fluorescence varies due to different sizes and
amounts of attached dye. Since the particles 1�3 and 5

are not connected to the donor by any nanowire, they
act as controls. From the data (Figure 5) it is clear that
dye on the acceptor AgNP (4) has been severely
bleached compared to the control AgNPs. The ob-
served bleaching is more than 10 times higher than
any measurement uncertainties (see e.g. fluorescence
of AgNPs 1 and 5) and thus clearly not due to a general
bleaching induced by the imaging or differences in
focusing or any other random differences during the
imaging.

CONCLUSIONS

We have shown that excitation can be coupled from
the LSPR modes of a silver nanoparticle excited via

multiphoton absorption by a femtosecond laser pulse,
to the attached DNA nanowire, and that the excitation
can be transferred along the nanowire for distances of
several micrometers. The transfer along the DNA wire
was demonstrated nondestructively by bleaching
of the SYBR green II dye intercalated into the DNA.
Furthermore, we have demonstrated a transport of this
excitation from a nanoparticle to another nanoparticle
∼5.7 μm away along a DNA nanowire connecting
them. The success of the excitation transport was again
verified by a clear bleaching of the dyes attached to
the acceptor nanoparticle. Simultaneously, bleaching
of the dye intercalated into the connecting DNA
nanowire was also observed near the initially excited
nanoparticle, i.e., the donor. All the results were verified
via control experiments also. This study demonstrates
possibilities for establishing a link between nanostruc-
tures by combining the advantages of both molecular
assemblies and plasmonics. Since here the donor
nanoparticle was always destroyed during the initia-
tion of the transfer, the method is limited to single
use in this form. However, by further theoretical
and experimental studies this can be most probably
avoided and themethod could be utilized in nanoscale
integration, for providing a communication method
between novel molecular devices equipped with par-
allel bottom-up fabrication capabilities. In addition to a
robust and well-localized coupling, one could easily
envision altering of the coupling by molecular, elec-
trical, or optical means, thus providing a platform for
actively controlled applications.

METHODS
Sample Fabrication. The buffer used in every fabrication pro-

cess was 1� TBE involving 89 mM Tris base, 89 mM boric acid,
and 2 mM EDTA and precisely tuned to have a pH of 8.0 by HCl.
For the fluorescent staining of the λ-DNA (Fermentas GmbH,
St. Leon-Rot, Germany) the SYBR green II (Molecular Probes,
Eugene, OR, USA) dye was 10 times diluted in the TBE buffer to
obtain a working solution (WS). All WSs were stored at 4 �C and
used on the same or next day after fabrication. The staining was
carried out by further diluting the SYBR green II WS by TBE by a

ratio of 1:50 000 (vol) and letting it react with 4 ng/μL genomic
bacteriophage λ-DNA molecules for 30 min or more. After that,
the aqueous solution of the silver nanoparticles (∼1011 parti-
cles/mL) fabricated with the recipe from ref 42, resulting in a
diameter of∼40 nm and LSPR band around 417 nm, was mixed
and incubated with stained λ-DNA in a ratio of 25:1 (vol) and
subsequently applied as droplets onto the surface of a cleaned
glass cover slide spin-coated with an 80 nm thick PMMA layer in
advance. The spinning of the PMMA was done in a clean room
to ensure a smooth surface and hard baked after the spinning at

Figure 5. Measured fluorescence in the experiment on a
DNA nanowire with two attached AgNPs. (C) Fluorescence
along the DNA nanowire, i.e., along the area shown as a
green rectangle in (A) by averaging the width of the area at
each point along the DNA. Both the donor and the acceptor
AgNPs are clearly visible before the illumination (blue
curve). After the illumination (red curve) the donor is totally
bleached and the acceptor is clearly also. (C, inset) Fluores-
cence of the dye on several AgNPs, numbered 1�5 in (B),
before (blue) and after (red) the fs-laser illumination. The
fluorescence has been measured as an integral over the
green circles in (B) including the particles (1�5). Particle 4 is
the acceptor AgNP, and it shows a clear bleaching com-
pared to other AgNPs. The fluorescence images (A) and (B)
are the sameas in Figure 4A, except showinganarrower and
wider area, respectively.
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180 �C.While drying of the droplet the fluorescently stained and
nanoparticle-labeled λ-DNA was immobilized and stretched by
a receding meniscus.42�44 The obtained result was verified via
fluorescent microscopy (see below and Figure 1), as well as by
atomic force microscopy (Nanoscope III with a Dimension 3100
detector head from Digital Instruments, Santa Barbara, CA,
USA). All the preparations were done in ambient conditions.

Experimental Setup. The experiment used amodifiedObserver
microscope (Zeiss Inc., Jena, Germany) (see Figure 1) in ambient
conditions for taking fluorescence images of the prepared
sample before and after the femtosecond pulse illumination
procedure. The single-photon-sensitive IXON X3 camera (Andor
Inc., Belfast, Northern Ireland) was used to take a 512� 512 pixel
image from the illuminated area using an integration time of
100ms. During this time only veryweak bleaching of the dsDNA-
intercalated SYBR Green II dye was observed (Figure 5). The dye
was excited by ET bandpass 470/40 (Zeiss) filtered white light,
and the fluorescence was measured using an HC 550/88 fluo-
rescence filter (Zeiss) in front of the camera.

For the excitation of AgNPs a titanium/sapphire laser (Mira
Optima 900-D, Coherent Inc., Santa Clara, CA, USA) delivering
100 fs long pulses at a wavelength of 800 nm and repetition
rate of 76 MHz was coupled to the same Observer microscope
used in fluorescent imaging. The microscope was equipped
with an oil immersion objective (magnification: 63�, numerical
aperture: 1.25, Zeiss) to obtain a pulse fluence of 3 mJ/cm2. An
independent measurement of the laser fluence was carried out
to ensure the optimal conditions for nanoparticle excitation.42

For the area illumination the stage scanning method using a
Nano 545 3R7 stage (PI Instruments Inc., Karlsruhe, Germany)
and a PI XYZ piezo controller was utilized. The scanning was
done in 1 μm steps, which guarantees the excitation of the
nanoparticles within the area. Irradiation time at each position
varied from 500 to 1000 ms, and the fluorescence was simulta-
neously recorded with the CCD camera with electron multi-
plication enabled, thus providing even single-photon sensitivity.
During the stage movements the laser beam was closed by
a shutter and the camera was reset. At the end of this procedure
an area of 20 μm � 20 μmwas illuminated with uniform femto-
second laser fluence and a uniform dose. LabVIEW software
(National Instruments, USA) was used to realize the needed
synchronization between the devices.
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