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ABSTRACT

An optical technique for the parallel manipulation of nanoscale structures with molecular resolution is presented. Bioconjugated metal
nanoparticles are thereby positioned at the location of interest, such as, e.g., certain DNA sequences along metaphase chromosomes, prior
to pulsed laser light irradiation of the whole sample. The nanoparticles are designed to absorb the introduced energy highly efficiently, in that
way acting as nanoantenna. As result of the interaction, structural changes of the sample with subwavelength dimensions and nanoscale
precision are observed at the location of the particles. The process leading to the nanolocalized destruction is caused by particle ablation as
well as thermal damage of the surrounding material.

Nanotechnology implies the control of nanomaterials and
nanodevices. Thereby, this field depends on the availability
of methods for manipulation at the nanoscale. Chemical
approaches based on specific molecular binding and self-
organization provide a tremendous potential in the prepara-
tion of a variety of possible structures reaching high levels
of complexity. Thereby, a controlled manipulation of indi-
vidual molecular species, usually in a mixture of quite similar
molecules, is an often required but difficult task. Especially,
the selection of the molecule of interest and further on the
localization of the region to be manipulated (e.g., by cutting
or destroying) represent a limiting factor.

One approach uses microscopic techniques. A highly
focused laser beam is an established tool for manipulation
at the microscale,1 achieving cut widths of subwavelength
dimensions.2 Another truly nanoscopic tool is the AFM,
which can be used for manipulations at the molecular scale.3

Although these microscopic methods provide an impressive
control over the location of manipulation, they are limited
regarding their degree of parallelization: they manipulate
one molecule at a time with a throughput of probably tens
per day and require qualified personnel and sophisticated
equipment.

For applications toward the manipulation of all structures
(such as molecules) with a given property in a sample, the
above-mentioned microscopic methods are insufficient. This
task requires a parallel approach such as nature demonstrates
in the case of DNA restriction enzymes that manipulate (cut)
all DNA molecules with a specific sequence. Although the
creation of similar artificial autonomous and active nanoma-
nipulators seems infeasible today, there are approaches that
combine the basic feature of manipulation at the nanoscale
with an external control: an established example represents
the photothermal therapy, where active reagents (photoactive
compound) are positioned at a certain localization prior to
activation by an external trigger (i.e., light). As result, these
cells or tissues are damaged due to produced toxic products.
The same basic principle of internal nanoscale converter and
external trigger is utilized in several approaches to thermal
therapy of cancer, where nanoparticles represent the active
elements transforming, e.g., magnetic fields4 or laser light,5
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into tissue-damaging heat. In the case of photonic applica-
tions, longer wavelengths (NIR) are preferred due to the
much better penetration behavior (because of less absorption
by typical biological material).6,7 This technique can also be
brought to the cellular or even molecular level, as demon-
strated in the case of proteins adsorbed onto nanoparticle
surfaces8 or particles bound to protein aggregates.9

There are many examples for the defined conjugation of
nanoparticles on the single molecule level.10,11The particles
were thereby often used as a label for topographic (AFM)
or optical contrast and also utilized for DNA chip detection.12

Besides this application as a rather passive label, the
conversion of external energy into heat is another interesting
way to use these particle conjugates. Such a remote heating
was demonstrated in the case of DNA and the use of
inductive coupling of a radio frequency magnetic field,
achieving a warming that leads to dissociation of double-
stranded DNA.13 In this Letter, we go beyond the described
DNA treatment in two ways, thereby opening novel and
innovative possibilities for molecular manipulations. We
show that external heating of nanoparticles can even be
utilized to induce DNA damage (in a highly localized
fashion) that could be useful for local manipulation and that
light instead of a magnetic field can be used for destructive
action at the nanoscale following the references discussed
before.5,8 The application of light allows for a higher degree
of control because not only certain molecules (which are
labeled) but also only certain substrate regions (which are
irradiated) are addressed. We chose metaphase chromosomes
as an example of a biologically relevant state of DNA packed
by proteins and applied sequence-specific binding of nano-
particles using in situ hybridization techniques14 (Scheme
1). To be compatible with medical application in, e.g., tissue,
wavelengths in the near-infrared are preferred. Therefore,
the surface plasmon resonance band of the used gold
nanoparticles was tuned by a silver shell deposition to the
required value in the 400 nm range for two-photon excitation
using a near-infrared laser. A nanoscale localization of the
damaging effect was realized by using short (fs) laser pulses

because the degree of localization depends on the ratio of
exposure duration to thermal relaxation time of the target
structure.15

The specific interaction of laser light with metal nano-
particles due to their surface plasmon resonance leads to local
temperature increase and can eventually result in structural
changes and irreversible destruction of the particles.16-18 To
utilize this process for biomolecular manipulation, the laser
parameters had to be adapted to the metal nanoparticles and
the biological environment used. For biological environ-
ments, wavelengths approaching the IR part are preferred
due to lower absorption. On the other hand, the resonance
frequencies of gold and silver nanoparticles are around 520
and 400 nm, respectively. To fulfill both requirements, a two-
photon excitation at 400 nm with laser irradiation at 800 nm
was utilized. Because gold nanoparticle labeling is widely
established in biological microscopy for decades, we decided
to use specific binding of gold particles prior to shifting the
resonance wavelength of the gold particles at originally
around 520 nm toward 400 nm by deposition of a silver shell.
This optical effect of an additional metal shell on nanopar-
ticles is known19 and was adapted using optical (Figure 1a)
and ultramicroscopic (Figure 1b,c) characterization. The
process (scheme in Figure 1a, top) is based on the catalytic
activity of gold and subsequently silver surfaces toward a
reduction of silver ions from solution that is confined to the
growing particles.20 AFM studies demonstrate thereby the
high specificity of silver deposition only at the gold nano-
particles with no detectable unspecific background signal
(Figure 1b,c). Such particles exhibit a resonance band at a
wavelength between the pure silver and gold particles, and
the exact position depends mainly on the thickness of the
silver shell (Figure 1a).21

After adapting the particle resonance to the used laser,
first, tests in a biological environment were conducted. There-
fore, gold nanoparticles had to be attached to DNA. To allow
for a homogeneous coverage of the used DNA samples, a
DNA-specific attachment was applied. It is based on electro-
static interactions between the negatively charged DNA and

Scheme 1. Overview over Highly Localized Chromosome Manipulation Using Site-Directed Positioning of Particle-Based
Nanoantennas.

Biotinylated DNA probes are utilized for gene-specific labeling. The position of the labels depends on the addressed target region; in this
paper, centromeric (central) and telomeric (terminal) sequences have been used. These biotinylated sites are targeted by streptavidin-gold
conjugates. The immobilized gold particles are then silver-enhanced (in order to tune their absorbance band, cf. Figure 1). Laser irradiation
of the whole preparation leads to energy absorption only at the particles, resulting in nanolocalized damages only at the targeted sites.

248 Nano Lett., Vol. 7, No. 2, 2007



positively charged gold nanoparticles of 20 nm diameter
(Genogold, BBI). AFM studies of immobilizedBacterio-
phage lambdaDNA were conducted in order to study this
process (Figure 2a,b). The images demonstrate a highly

specificattachmentoftheparticlesalongtheDNA(asevidentinthe
enhanced height of the rod-like structures in Figure 2b
compared to the naked DNA before in Figure 2a). Besides
DNA that is apparently nearly continuously covered by the

Figure 1. Tuning the surface plasmon resonance wavelength by chemical modification of particles: gold nanoparticles with an absorption
band at about 520 nm were covered by a silver shell, thereby shifting the absorption wavelength toward 400 nm. (a) Scheme (top) and
spectra of pure gold or silver particles as well as gold-silver core-shell structures illustrating the changes in the spectrum. (b) AFM
images of immobilized gold nanoparticles before and (c) after silver shell growth.

Figure 2. Combining metal nanoparticles and biological targets. Positively charged gold nanoparticles (20 nm diameter) adsorb electrostatically
onto DNA, as demonstrated by AFM imaging of immobilized Lambda DNA before (a) and after (b) nanoparticle treatment (note the
different height scales). This process was used to bind such particles to metaphase chromosomes prior to silver enhancement as introduced
in Figure 1, leading to gold-silver core-shell particles of about 60 nm final diameter. The application of different levels of laser power
in a line-scan mode (1-77, 2-27, 3-11, 4-7 mJ/cm2) onto chromosomes without (c) and with (d) metal particles was studied. It demonstrated
a higher efficiency for particle-decorated chromosomes, as, e.g., visible in the effects of line 4 clearly visible in (d) but not in (c).
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particles, also strands with a more discontinuous coverage
are visible (comparable to the results on DNA immobilized
on silicon oxide substrate described elsewhere22).

This particle-labeling technique was now applied to
chromosomes, representing a packing state of DNA in
eukaryotic cells. To test the effect of light onto these
structures and study possible enhancement effects of metal
nanoparticles, standard human metaphase chromosome spreads
with or without particle labeling were laser irradiated. The
gold nanoparticles used for labeling were subjected to a silver
enhancement step (as described before) to adjust the particle
plasmon resonance wavelength to about 400 nm to apply a
two-photon excitation using an 800 nm fs laser (for details,
see Supporting Information). The irradiation experiment
addressed two points: to identify conditions that allow for
(a) coupling sufficient energy into the particles in order to
induce damages there and (b) to minimize damages at other
regions due to absorption of the biological matrix (such as
proteins or cell debris). A line-scan mode was chosen to
compare various energy levels and to provide also internal
controls by the adjacent regions that were not irradiated.
AFM imaging reveals the microtopography of the samples
after laser treatment (Figure 2c,d). Both samples show stripe-
like zones of damage pointing to laser effects. To study the
influence of the introduced power, four different laser
fluencies were applied between 77 and 7 mJ/cm2 (comple-
mented by an additional central strip for adjustment pur-
poses). Without particles, 77 mJ/cm2 led to extended damage
both on the background and at the chromosome structures,
whereas 27 mJ/cm2 are less significant, 11 mJ/cm2 hardly
detectable, and the last line at 7 mJ/cm2 shows no effect
(Figure 2c). For the particle-labeled chromosomes, all lines
are visible at the chromosomes (although less clear due to
the surface roughness induced by the nanoparticle adsorp-
tion). However, the line with 11 mJ/cm2 is not detectable at
the background, pointing to a process window regarding the
laser power that minimizes unspecific damages of the matrix
but allows for effects at the chromosomes.

After demonstrating the interaction between laser light and
nanoparticles even in a biological environment, we addressed
the controlled positioning of the particles. DNA-modified
particles are known to be able to bind complementary DNA
sequences that are either in solution23,24or immobilized.25,26

We applied a standard two-step procedure using biotinylated

DNA for in situ hybridization prior to a subsequent incuba-
tion with streptavidin-gold conjugates in order to minimize
any influence of the particle onto hybridization efficiency.
The first step was labeling the metaphase chromosome with
a DNA probe complementary to the defined target DNA
sequence. Target DNA positioned in the primary chromo-
some constriction (centromere)27 or at the terminal chromo-
some ends (telomere)28-33 were utilized and subsequently
conjugated to streptavidin-gold. The positioned gold nano-
particles were then silver enhanced in order to tune their
optical absorption to 400 nm. This step increased their size
to about 60 nm and made them clearly visible in optical dark-
field contrast for characterization of the hybridization ef-
ficiency. Figure 3 shows typical metaphase chromosomes
before (a) and after (b,c) particle labeling and silver
enhancement, with the particle labels appearing as bright
spots. The chosen sequences positioned the particles at either
the centromere (b) or the telomere (c) region of the
chromosomes.

The next and final step was to combine the preliminary
experiments and to irradiate sequence-specific particle-
labeled chromosomes in order to demonstrate the proposed
approach for nanoscale manipulation of a biological sample.
Therefore, chromosomes were labeled with gold nanopar-
ticles prior to silver enhancement, as shown in Figure 4. To
characterize the effect of laser irradiation, the samples were
imaged by AFM before (Figure 4a). The silver-enhanced
nanoparticles appear as protrusions (bright in the height
contrast), which are usually above the background roughness
of the chromosome surface. By using optical dark-field
contrast (complementary information), it was possible to
assign surface features to either metallic or other (biological)
structures. AFM allows also high-resolution imaging of
regions around nanoparticle labels (Figure 4b). The charac-
terized chromosomes were irradiated and thereafter again
imaged by AFM (Figure 4c). Although the overall structure
of the chromosome was well preserved (no significant
unspecific absorption), the known locations of particle labels
showed dramatic changes at closer inspection (e.g., Figure
4d): the protrusions were transformed into nanoscale cavities,
pointing to highly localized effects. Measurements utilizing
high-resolution imaging (Figure 5a) confirm that the cavities
are of subwavelength dimensions.

Figure 3. Optical dark-field imaging for the monitoring of particle binding (marked by arrow heads) onto immobilized metaphase
chromosomes. (a) Chromosomes before binding. (b) DNA-probe targeting the centromeric region (centromere) was applied. (c) DNA
sequence located in the terminal (telomere) region of chromosomes was particle-labeled and silver-enhanced up to a diameter of about
100 nm.
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These results demonstrate the feasibility of the approach
utilizing metal nanoparticles as sequence dependently posi-
tioned antennas in order to induce nanoscale damages in
genetic material. What are the limits? The success depends
on the efficiency of nanoparticle labeling, which is mainly
determined by the efficiency of DNA hybridization as in all
in situ hybridization approaches. The background signal is
determined by the unspecific binding of the target DNA as
well as the gold nanoparticle labels: it is crucial in cases of
particles positioned along the chromosomes but on wrong
positions, but less important when adsorbed to the substrate
in between the chromosomes (as visible in the dark-field
image in Supporting Information). As known from decades
of experiences in biology, optimization of procedures for
passivation (“blocking”) the sample surface against unspe-

cific binding could further improve the specificity of the
binding process.

What happens during the destructive process? Does the
heat induced in the particles lead to complete particle ablation
(cf. Scheme 2b), or is the particle simply embedded into the
chromosome matrix due to sinking in a melted matrix
(Scheme 2c)? Measuring the changes in topography (mea-
sured in height) induced by the laser treatment onto nano-
particle-labeled locations could reveal some information: for
the site shown in high resolution in Figure 4b,c, the cross-
sections reveal a height difference of ca. 60 nm (Figure 5a).
This value could be explained by complete ablation as well
as purely sinking of the still intact particle, as well as any
combination of both processes. Studies of particles processed
on heat-sensitive polymeric substrates point to the possibility

Figure 4. Highly localized energy conversion at sequence-specific bound nanoparticles on metaphase chromosomes. AFM images: overviews
(a,c) and 500 nm× 500 nm zooms (b,d) of the marked regions. Particles targeting certain DNA sequences on a chromosome before (a,b)
and after (c,d) laser irradiation. The irradiation results in a disappearance of the particles in the AFM image and the formation of nanocavities
at these locations (cf. d).

Figure 5. Influence of laser parameters onto the labeled target regions. (a) Cross sections of the particle-labeled chromosome region
shown in Figure 4b,d, revealing the effect of laser irradiating leading to a height difference. (b) This height difference was measured for
ensembles of particles situated both on chromosomes (back row) and on the substrate around the chromosomes (front row) for various
combinations of the laser parameters wavelength and power (overall particle number: 64).
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of heat-induced melting of the substrate in the immediate
vicinity of the label and subsequent sinking of the particle
(Garwe et al., unpublished results). Another complementary
experiment would be to study the laser effect on particles
on substrates that cannot melt in order to reveal the behavior
of the particle. Such experiments were included in the
experiments with the chromosomes by metal nanoparticles
unspecifically adsorbed to the substrate regions outside of
the chromosomes (cf. dark-field image in Supporting Infor-
mation). AFM images before and after laser irradiation
allowed for the measurement of structural (i.e., height)
changes both for particles located at chromosomes and
outside of chromosomes. The results are presented in Figure
5b as the second set of experiments for a wavelength of 800
nm and a fluency of 28.7 mJ/cm2. Clearly visible is the
difference in structural changes at nanoparticles located on
the chromosome (height change of about 60 nm) compared
to particles situated around the chromosomes (height changes
of less than 10 nm). These results point to a partial ablation
of the particles (as detected outside of the chromosomes) in
combination with a significant sinking of the remaining
particle structure into the chromosome material. This obser-
vation leads us to the assumption that the processes depicted
in Scheme 2d are a correct description: the nanoparticles
are slightly ablated, but the main contribution to damages
on the chromosomes is due to heat-related sinking of the
particles into the chromosome material.

How can this effect be controlled? The influence of the
laser power was studied using again measurements on the
laser effect on particles. Utilizing the same (800 nm)
wavelength but reducing the fluency from 28.7 to 21.8 mJ/
cm2 results in a decrease of the laser effect by ca. 50%
(Figure 5b): for this reduced power, particles on the

chromosome show a height difference of 31.5( 18.7 nm
(compared to 61.7( 10.5 nm for 28.7 mJ/cm2 fluency, 95%
confidence), and particles immobilized directly on the glass
substrate exhibit a height loss of 3.4( 2.0 nm (compared
to 7.5( 12.7 nm for 28.7 mJ/cm2 fluency, 95% confidence).
These results demonstrate the influence of the laser power
onto the achieved localized surface modifications and point
to a simple approach to control the extent of the induced
damages.

Another set of experiments was aimed at the question of
the wavelength-dependence of the observed effects: is it
possible to selectively address only metal nanostructures that
show an absorption peak at the laser wavelength? If this
principle would work, an extension of the approach using
different laser wavelengths enables multiplexing using
particles with different absorption properties, e.g., utilized
for labeling different DNA sequences (A, B) with differently
absorbing particles, leading, e.g., to the choice of selectively
knock-off gene A with a red laser and/or gene B with a green
laser. To investigate the wavelength dependency, particle-
labeled chromosomes were irradiated using the same power
but different wavelengths. As shown in Figure 5b, a shift in
wavelength of 30 or 50 nm had a significant influence on
the efficiency of energy conversion (and therefore the
damaging effect) compared to the effect of laser light of the
absorption band of 800 nm. A shift by 30-830 nm decreases
the damage by one-third, shifting 50 nm to lower wave-
lengths (750 nm) even leads to a nearly two-third decrease.
The observed decreases apply roughly to the same extent to
particles at the chromosomes as well as to those immobilized
directly on the substrate surface.

How precise is the presented DNA manipulation tech-
nique? Damaging zones of several tens of nanometers are
observed on the chromosomes (Figures 4, 5). The dimensions
are probably influenced by the final particle size of ca. 60 nm.
Using smaller particles (such as Au-Ag core-shell or even
Ag) in the lower nanometer range could significantly
minimize the size. Another parameter influencing the extent
of damages would be the laser power, as demonstrated in
the experiments presented in Figure 5b.

The spatial arrangement of DNA in the vicinity of the
particles is a key parameter. The high DNA packing in
chromosomes results in more DNA situated nearby the
particle compared to the case of isolated and extended DNA
molecules; the utilization of more extended states of chro-
matin would be the way to achieve higher resolution. On
the other hand, because of the high packing, some targeted
sites were probably not accessible for the particle labeling
and could therefore not be addressed. Again, smaller labels
are the answer because they are known for better penetration
abilities.

Summarizing, we present here a novel approach to utilize
metal nanoantennas in order to manipulate DNA sequence
specifically by optical means with a subwavelength resolu-
tion. The procedure is highly parallel and can be potentially
multiplexed by addressing several different sequences (such
as genes). Applications are envisioned in DNA analytics

Scheme 2. Possible Mechanisms for the Destructive Activity
of Laser-Activated Metal Particles Acting as Nanoantenna.

(a) Typical sample with particles sequence specifically bound
to certain DNA regions on the chromosomes as well as particles
unspecifically adsorbed to the substrate. (b) In the case of extensive
particle ablation,17,18the particles on the substrate would disappear,
and particles on the chromosome would lead to cavities. (c) On
the other hand, heated particles could sink into the chromosome
material. As a result, particles on the substrate would remain, but
particles on the chromosome would disappear into the chromosome,
leading to the formation of a cavity. (d) There is also the possibility
for a combination of the processes of ablation (b) and heat-induced
sinking (c), resulting in cavity formation on chromosomes as well
as in height loss of particles adsorbed around the chromosomes.
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(such as DNA fingerprinting or mutation analysis) as well
as single-molecule manipulations.
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(25) Csáki, A.; Möller, R.; Straube, W.; Ko¨hler, J. M.; Fritzsche, W.
Nucleic Acids Res.2001, 29, e81.
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