Selective Functionalization of Tailored

Nanostructures

Winand Slingenbergh,’ Sanne K. de Boer," Thorben Cordes,* Wesley R. Browne,® Ben L. Feringa,®
Jacob P. Hoogenboom,* Jeff Th. M. De Hosson," and Willem F. van Dorp™*

*Applied Physics, Molecular Microscopy Research Group & Single-Molecule Biophysics, and SStratingh Institute for Chemistry, Zernike Institute for Advanced
Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands and “Department of Imaging Science and Technology, Faculty of Applied
Sciences, Delft University of Technology, 2628 (J Delft, The Netherlands

ombining a top-down approach with

molecular self-assembly processes

can lead to unique and otherwise
inaccessible materials for future nanotech-
nological or biological applications.! The
key concept in these strategies is the con-
trolled positioning of nanostructures with
active molecular components. In nanopho-
tonics, the coupling of optically active mol-
ecules to structures like nanoantennas,®™*
cavities,”~” nanoscale waveguides,® or me-
chanical resonators® requires the precise
positioning of functional molecules.'® Re-
porter molecules placed at locations of
strong local field enhancement can be used
for ultrasensitive detection and analysis."’
Moreover, nanoscale responsive surfaces
can be used to control micro- and nanoscale
motion,'? to measure viscosity on micro-
scopic length scales,'® and to perform signal
processing.'”

There are a number of techniques to
deliver functional molecules to designated
positions on a substrate. In many cases, a
self-assembled monolayer (SAM) is used. A
pattern can be written in the SAM with an
electron beam, so that molecular attachment
is either locally inhibited (negative writing)'>'®
or enabled (positive writing) after exposure.”
While the pattern itself can have details on
the order of tens of nanometers,'®~2° this local
pattern can only be written in a SAM that,
inherent to the method, covers the entire
substrate. This limits the type of substrate
that can be used to those on which SAMs
can be formed and makes it difficult to use
samples with complex geometries or samples
that already contain other functional compo-
nents. Direct-write techniques such as dip-pen
nanolithography®"** and  single-molecule
cut-and-paste®® can overcome this limitation.
They can deliver functional molecules directly,
without SAM and even at sub-20 nm resolu-
tion. However, these approaches have other
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ABSTRACT

The controlled positioning of nanostructures with active molecular components is of

importance throughout nanoscience and nanotechnology. We present a novel three-step

method to produce nanostructures that are selectively decorated with functional molecules.

We use fluorophores and nanoparticles to functionalize Si0 features with defined shapes and

with sizes ranging from micrometers to 25 nm. The method is called MACE-ID: molecular

assembly controlled by electron-beam-induced deposition. In the first step, Si0 nanostructures

are written with focused electron-beam-induced deposition, a direct-writing technique. In

the second step, the deposits are selectively silanized. In the final step, the silanes are

functionalized with fluorescent dyes, polystyrene spheres, or gold nanoparticles. This recipe

gives exciting new possibilities for combining the highly accurate control of top-down

patterning (e-beam direct writing) with the rich variety of the bottom-up approach (self-

assembly), leading to active or responsive surfaces. An important advantage of MACE-ID is that

it can be used on substrates that already contain complex features, such as plasmonic

structures, nanoantennas, and cavities.

KEYWORDS: selective functionalization - directed self-assembly -
local decoration - nanostructures - focused electron-beam-induced deposition

limitations, such as the processing speed,
compatibility with existing commercial nano-
fabrication procedures, and the ability to func-
tionalize nonflat surfaces.

We present a novel direct-write nano-
patterning technique for the fabrication
of nanostructures selectively decorated
with functional molecules. We call this tech-
niqgue MACE-ID: molecular assembly con-
trolled by electron-beam-induced deposi-
tion. MACE-ID relies on the use of focused
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electron-beam-induced deposition (FEBID)**~2° to de-
posit SiO nanostructures in the scanning electron
microscope. These nanostructures can be selectively
functionalized using a silane coupling agent, as we
demonstrate with fluorescent molecules, polystyrene
(PS) nanospheres, and Au nanoparticles. We show that
the recipe works for isolated SiO features with arbitrary
shapes and sizes in the range of micrometers down to
25 nm. A major advantage of this approach is that SiO is
a well-characterized material for which many function-
alization strategies are available. In addition, SiO is
optically inactive and transparent. Extension to other
deposits such as Au?’ or Pt?® is possible.

RESULTS AND DISCUSSION

The MACE-ID technique is illustrated in Figure 1.
First, we direct-write a SiO nanostructure on the sub-
strate using focused electron-beam-induced deposi-
tion. The precursor gas is 2,4,6,8,10-pentamethyl-
cyclopentasiloxane, and the deposits consist of
Si101 1Co.06 (referred to hereafter as SiO).% After direct
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Figure 1. lllustration of the MACE-ID technique with some
examples of electron-beam-induced deposition. (a) Nano-
structure deposited by exposing a SiO precursor gas to a
focused beam of electrons. (b) Silane coupling agent
grafted onto the nanostructure. (c) Functional group, such
as a fluorophore or a nanoparticle, covalently linked to the
nanostructure. (d,e) Electron microscope images of SiO
nanostructures written on a Si wafer with FEBID: (d) 30 nm
wide dots and (e) three-dimensional structures that can be
described as nanotrees around a house-shaped object.

writing, we silanize the deposit with a coupling agent
(Figure 1b), which binds to hydroxyl groups at the
surface of the deposit. We use the silanes (3-amino-
propyl)triethoxysilane (APTES) or (3-aminopropyl)-
dimethylethoxysilane (APDMES). As discussed below,
the difference between these two is that APTES is a
trifunctional silane and APDMES is monofunctional.
The latter allows for an easier monolayer coverage of
the deposit. The silanization is performed by submerg-
ing the substrate in a solution of the coupling agent
in anhydrous toluene. The functional entity, either a
molecule or a nanoparticle, is then covalently grafted
onto the deposit via the silane coupling agent. The
30 nm wide SiO nanodots that are written on a Si
wafer (Figure 1d) and the three-dimensional nanotrees
around a small house (Figure 1e) are examples of the
structures that can be made with FEBID. The nanotrees
are branched SiO pillars, created with a point exposure
(on the order of seconds) with the focused e-beam.?
The nanohouse is made by scanning the e-beam in
a series of overlaid rectangles, creating the roof by
writing smaller rectangles on the existing base.

In Figure 2, two fluorescent SiO structures prepared
using MACE-ID are shown. Figure 2a shows a SiO
bicycle pattern, written with FEBID and imaged using
the scanning electron microscope (SEM). Following the
procedure in Figure 1a—c, the bicycle pattern is sila-
nized with APTES and functionalized with the fluores-
cent dye fluorescein isothiocyanate (FITC). When
excited at 465 nm, the FITC fluorescence is observed
by wide-field microscopy (Figure 2b). The SiO bicycle is
functionalized, although not perfectly. Some features
(such as the front wheel) are not evenly fluorescent,
while extra features appear in the rear wheel. We
attribute this to the rinsing and cleaning procedure
that is not yet optimized. We discuss this in further
detail at the end of this section. In Figure 2¢, two arrays
consisting of 100 x 100 nm SiO squares are shown, also
functionalized with FITC.

Increasing the surface concentration of hydroxyl
groups prior to silanization (by exposure to an oxygen
plasma or piranha solution) leads to an increase in
fluorescence intensity under otherwise similar coating
conditions. We have verified that the deposits are
fluorescent only when they are functionalized with a
fluorophore. If the deposit is silanized with APTES or

Figure 2. Fluorescent nanostructures fabricated with MACE-ID, written on Si. (a) SEM image of a nanoscale SiO bicycle after
FEBID and (b) optical image after silanization with APTES and grafting of the fluorescent dye FITC. (c) Two arrays of FITC
fluorescent nanodots observed in the optical microscope. The lateral size of each fluorescent dot is 100 x 100 nm.
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Figure 3. Dependence of the fluorescence intensity on the
deposit height on a silicon substrate. (a) FITC fluorescence
intensity for nanostructures of, from left to right, increasing
height. (b) Fluorescence intensity as function of the deposit
height. If we assume a refractive index of 1.4—1.6 for the
deposit and a wavelength of 512 nm for the emitted light,
the minimum in fluorescence intensity coincides with a
deposit height of approximately /2. This indicates destruc-
tive interference between the direct electromagnetic wave
at the upper surface of the deposit with the wave back-
reflected from the substrate.

APDMES and not exposed to FITC, fluorescence is not
observed (see the Supporting Information for further
details).

Prolonged electron beam exposure or an increase of
electron dose during SiO deposition increases the de-
posit height. Figure 3a shows a sequence of 1 x 1 um
FITC-functionalized SiO squares written with MACE-ID
on a Si substrate, of which the deposit height increases
left to right as indicated. We observe a clear dependence
of fluorescence intensity on the height of the deposit.
We ascribe this to the modified optical mode density
due to the presence of the high refractive index Si
substrate. Constructive and destructive interference of
the EM radiation at the SiO—air interface with the wave
back-reflected from the underlying Si—SiO interface
causes a modulation in fluorescence intensity as a
function of the distance from the Si substrate. It should
be noted that upon close inspection of Figure 3a it can
be seen that, in the second and third column from the
left, the intensity at the edge is weaker than in the center
of the square, while this is reversed for the two rightmost
columns. This is caused by the columns not having a
perfect top-hat profile but having slight “tails”. In the
rightmost columns of Figure 33, the tails have sufficient
height for constructive interference, while the centers of
the squares are higher so that deconstructive interfer-
ence occurs.

A measurement of luminescence intensity supports
this hypothesis for deposit heights up to 200 nm.
In Figure 3b, the fluorescence intensity is plotted as
function of deposit height and the modulation in
intensity is observed. Consistent with thin film inter-
ference, the refractive index of the material and the
wavelength of the light determine height at which
constructive interference (height equal to 4/4) and
deconstructive interference (height equal to 1/2)
occur. Assuming a refractive index of the SiO deposit
of n = 1.4—1.6 and a free-space emission wavelength
of 512 nm for FITC gives an effective wavelength of
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320—365 nm in the deposit. From Figure 3b, we
observe that the maximum and minimum in intensity
are in good agreement with A.¢/4 and A.g/2, respec-
tively. The observed slight deviation may be ascribed
to penetration of the electromagnetic field in the Si
substrate and/or an underestimation of the SiO's re-
fractive index. It is known that the refractive index of
glass varies depending on composition and structure.
If we would solely consider the refractive index of SiO,
based on the data presented in Figure 3b, we find the
best fit forn = 1.7.

We cannot exclude the possibility that the lumi-
nescence is partially affected by the porosity of the
deposit. If the SiO is porous, the internal surface area
increases with increasing deposit height. This would
also lead to an increase in intensity with increasing
deposit height. However, we conclude from the mod-
ulation in fluorescence intensity that changes in the
optical mode density are dominant.

Other than the electron dose, which is a determining
factor for the height of the deposits, the scan condi-
tions do not influence the final fluorescence intensity.
If the beam current is increased while the total electron
dose is kept constant, we do not observe any signifi-
cant change in fluorescence. See the Supporting In-
formation for more details.

In the preceding paragraphs, we have demonstrated
that SiO deposits created with electron beam exposure
can be successfully functionalized with a fluorescent dye
(MACE-ID). We note that the functionalization reaction
described above will occur not soley on the SiO deposit
but also on the native oxide layer of the Si substrate. In
the following experiments, we first use functionalization
on the Si native oxide layer to fine-tune the conditions for
MACE-ID and then apply the scheme to selectively
functionalize nanostructures at monolayer coverage.

The silanization of SiO is investigated further by
functionalization with carboxyl-actived polystyrene
(PS) spheres and Au nanoparticles° These particles
serve as markers that can be easily inspected with the
SEM. In this way, we avoid complications due to low
optical signals at low dye coverage and quenching or
interference effects close to a substrate, as encoun-
tered in the images in Figure 3. Figure 4 shows SEM
images of silicon wafers, of which the native oxide is
functionalized with carboxyl-coated PS spheres and Au
nanoparticles. Again, we have confirmed that functio-
nalization does not occur in the absence of APTES
(Figure 4c; see also Supporting Information). The ex-
periments with PS spheres show that it is crucial to
keep the sample wet during the functionalization
procedure to prevent unselective decoration and the
formation of agglomerates on the surface. Reproduci-
ble results are only obtained when the sample stays
submerged in liquid during the transfer from solution
to solution. A specially designed sample holder is
described in detail in the Methods section.
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Figure 4. Functionalization of the native oxide layer on an APTES-coated Si wafer is inspected with the SEM using (a)
polystyrene spheres and (b) gold nanoparticles as label. (c) Without APTES, there is no functionalization of the Si wafer (apart
from polystyrene spheres that remain after an incomplete washing step).
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Figure 5. Selective functionalization of SiO, with APDMES as coupling agent, determined with the SEM. (a) PS spheres bind to
APDMES-coated native oxide layer on a Si wafer. (b) Particle attachment is not observed on a Au-coated Si wafer treated with
APDMES. (c) Au vs SiO, selectivity is maintained for exposure times up 30 min in the APDMES solution. Similar results were
obtained when using coating with diamond-like carbon instead of Au.

Experiments with PS spheres and Au nanoparticles
show that the functionalization process is difficult to
control when using APTES as a coupling agent. We
estimate a monolayer coverage from the concentration
of APTES in anhydrous toluene (for a time in solution of
30 min) at which the surface concentration of PS spheres,
inspected in the SEM, saturates. A monolayer coverage
on the native oxide of a silicon wafer is observed at
concentrations of 1—2.5 uM, which is low compared to
concentrations reported in literature3' However, the
reproducibility of the surface coverage is poor, and more
importantly, the silanization is not always selective. For
instance, if we write a SiO deposit on a Au-coated wafer,
PS spheres are found on the Au as well as on the SiO.
We speculate that the trifunctional APTES polymerizes in
solution due to hydrolysis. If polymerized APTES settles
on the surface from the solution (whether on SiO or on
Au), it forms multilayers that adhere unselectively to the
surface. This multilayer can subsequently be functiona-
lized. As a result, the silanization is difficult to control,
despite the use of anhydrous toluene.

To increase our control over the selectivity, we
replace APTES with (3-aminopropyl)dimethyleth-
oxysilane in anhydrous toluene. APDMES is a mono-
functional aminosilane, for which we expect that di-
merization in solution does not have further effects.
To verify the selectivity, we compare the silanization
between a Au-coated wafer and the native oxide of a
silicon wafer. After silanization, the samples are func-
tionalized with PS spheres. The results are shown in
Figure 5, where the surface concentration (PS spheres
per 25 um?) is plotted as function of the immersion
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time in the APDMES solution. It is observed that for
exposures up to 30 min PS spheres are only found on
the native oxide and not on the Au surfaces. Therefore,
in this regime, the silanization is selective. It is also
observed that at longer exposure times (>100 min) PS
spheres are observed on the Au surface, as well. We
speculate that this is due to impurities in the APDMES
(purity is 97%). If these impurities are multifunctional
aminosilanes (such as APTES), they can self-assemble
a-selectively on the surface.

Additional experiments indicate that a similar selec-
tivity as for Au-coated Si can be obtained on diamond-
like carbon (DLC)-coated silicon wafers for exposure
times shorter than 30 min (data not shown).

Now that we have identified the regime for selective
silanization of the native oxide of a Si wafer in Figure 5¢,
we apply these conditions, with APDMES, to MACE-ID.
Figure 6a shows SiO lines written on a Au-coated wafer.
Figure 6b shows one of the lines at a higher magnifica-
tion. The thin SiO is (partially) transparent to the
electrons, but the line scan shows a width of 25 nm.
After silanization with APDMES for 10 min, the SiO lines
are functionalized with the fluorophore ATTO655.
When illuminated at 643 nm and observed by optical
microscopy, the luminescence is clearly distinguished.

With MACE-ID, the resolution of the functionaliza-
tion can be expected to go beyond the 25 nm that we
demonstrate here. We expect that 10 nm SiO features
can be written with the setup currently used for the
deposition. FEBID patterns with details smaller than
5 nm have been reported,®*>* and the state-of-
the-art for writing deposits on a Si wafer is 3 nm.3*
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Figure 6. MACE-ID of SiO lines on Au. (a) Optical image of parallel lines after functionalization with APDMES and the
fluorescent dye ATTO655. The intensity gradient from top to bottom is due to a slight misalignment of the microscope. (b)
SEM micrograph of SiO lines on Au. The inset shows the optical fluorescence image of the same lines after functionalization.
(b) From the line scan in the SEM micrograph, it is observed that the line width is 25 nm.

If the deposition is performed on an electron-transparent
membrane and in a transmission electron microscope,
sub-nanometer resolutions are possible3® It is currently
unknown how smooth SiO lines are if they are less than
10 nm wide or how the functional molecules are distrib-
uted on the surface of such lines. This is the topic of
current experiments.

We observe that the control over the surface func-
tionalization with MACE-ID is not fully optimized yet. In
Figure 2b, fluorescent features are visible (for instance,
in the wheels of the bike) that were not written with
the e-beam. Also, there are intensity variations along
the patterns in Figure 6a,b. This is due to impurities
introduced onto the sample surface, variations in the
surface concentration of fluorophores, and sonication
used to clean the samples in the experiments as
presently described. Sonication is known to damage
graphene oxide®” and remove fluorophores from the
surface.® We have observed in the SEM that it can
cause the FEBID SiO (such as lines and parts of the bike
in Figure 2b) to detach from the surface and that it
removes covalently bound PS spheres from the sur-
face. The less-than-perfect pattern transfer is also
caused by the fact that the samples are allowed to
dry between the preparation steps. This is a likely
source for impurities because the experiments are
done in a standard fume hood and not in a clean room.
We are currently working on improving the cleaning
procedure and eliminating the need for sonication.

CONCLUSIONS

In conclusion, our work shows that FEBID allows the
selective functionalization of locally deposited SiO with

METHODS

Direct Writing. The focused electron-beam-induced deposi-
tion is performed on a Tescan Lyra dual beam system, equipped
with a field emission electron gun, which is operated at
10—30 keV. The beam currents are measured with a Faraday
cup and vary between 80 pA and 2 nA. The minimum spot size is
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organic compounds down to pattern sizes as small as
25 nm. The SiO is silanized following the writing with
the e-beam, after which it is ready to be decorated with
functional molecules. Patterns of any particular shape,
two- or three-dimensional, are written on the surface
directly. The use of a resist layer or self-assembling
monolayer that covers the entire sample is not neces-
sary. We demonstrate the functionalization with fluoro-
phores, polystyrene spheres, and gold nanoparticles.
Selective functionalization is possible with the mono-
functional silane APDMES. In contrast, the trifunctional
silane APTES leads to poor reproducibility and an un-
selective coverage of the sample, which we contribute
to hydrolysis in solution. The intensity of the light
emitted from fluorophores on the SiO depends on the
height of the deposits. Measurements indicate that this
height effect is consistent with thin film interference,
where the EM radiation emitted by the fluorophore
negatively interferes with that back-reflected from the
underlying Si—SiO interface.

The process described provides exciting new oppor-
tunities for combining the highly accurate control of
top-down patterning (e-beam direct writing) with the
rich variety of the bottom-up approach (self-assembly)
leading to responsive surfaces. It opens the possibility
of functionalization with a large variety of molecules,
where multiple functionalities can be incorporated by
repeating the procedure or depositing different materi-
als. A key advantage of MACE-ID is that it can be used on
substrates that already contain complex features, such
as plasmonic structures, nanoantennas, and cavities.
MACE-ID nanoassemblies can, for instance, be used to
couple functional molecules to plasmonic structures.

around 3.5 nm. The SiO precursor is 2,4,6,8,10-pentamethylcy-
clopentasiloxane, introduced into the vacuum chamber through
a multigas injection system positioned close to the sample.
Prior to deposition, the sample chamber is plasma cleaned for
atleast 12 h using an XEl Scientific Evactron 25 De-Contaminator.
During the cleaning, the sample is placed in the sample chamber.
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The background pressure is better than 5 x 10 mbar, and the
chamber pressure during writing is around 4 x 107> mbar. The
local precursor pressure at the sample is unknown. The pattern is
written using TESCANSs proprietary patterning software without
the use of a beam blanker. We do not observe an influence of the
beam current on the functionalization of the SiO.

Samples. Patterns are written on a doped Si wafer with a
native oxide or on a silicon wafer coated with 100 nm poly-
crystalline Au (Sigma-Aldrich). FEBID SiO has also been written
on a Si wafer coated with 750 nm diamond-like carbon, applied
by physical vapor deposition.

Sample Preparation. The SiO deposited with FEBID is inher-
ently hydroxyl-terminated. The surface concentration of hydro-
xyl groups can be enhanced by exposing the sample to piranha
solution (a 7:3 mixture of H,50,4 and H,0,) or an oxygen plasma.
After using a piranha solution, the samples are rinsed with Milli-
Q water and ethanol. The final step is drying under a stream of
nitrogen.

Dry samples are handled with clean tweezers. Treatments
in liquid are done in new 20 mL scintillation vials as received.
We have observed that the manipulation of wet samples with
tweezers in glass vials and the transfer of the sample between
solutions is a cause for damage. Our experiments with the PS
spheres show that especially the (unintended) drying of the
sample during the transfer through air with a pair of tweezers
from vial to vial causes unselective functionalization and the
presence of dirt on the sample. We use a dedicated sample
holder during the functionalization to prevent this, which is a
Teflon disk with a cavity of about 1 mm deep. The sample lies
flat in the cavity, and in turn, the Tefon disk lies flat on the
bottom of the vial in the solution. A vertical rod is attached to
the Teflon disk to manipulate it. The cavity is shallow enough to
allow the sample to react with the solution. At the same time,
the cavity causes the sample to stay submerged in about 0.2 mL
of liquid during the transfer from vial to vial. During rinsing in
a solvent, the sample is lifted from the cavity with a pair of
tweezers to make sure that the cavity and underside of the
sample are cleaned properly.

Silanization. The (3-aminopropyl)triethoxysilane (APTES, CAS
919-30-2, Sigma-Aldrich) is dissolved in anhydrous toluene
and used in concentrations of 0.05 to 0.0005 mM. The
(3-aminopropyl)dimethylethoxysilane (APDMES, CAS 18306-79-
1, Acros-Organics) is of 97% purity according to the supplier. The
APDMES is dissolved in anhydrous toluene at 1% (v/v) under a
nitrogen atmosphere. Silanization is done at a solution tempera-
ture of 65—70 °C for 1 min to 20 h. After silanization, the samples
are rinsed and cleaned in an ultrasonic bath.

Functionalization. The fluorescein isothiocyanate (FITC, CAS
3326-32-7, Acros-Organics) is dissolved in ethanol in a concen-
tration of 0.01 mM. Samples are submersed for 15 min at room
temperature for functionalization.

The ATTO655 (CAS 485815-43-8, ATTO-TEC GmbH) is dis-
solved in Milli-Q water in a concentration of 1 uM with a NaHCO;
buffer, giving the solution a pH of 8.2. The samples are sub-
mersed at room temperature for 1 min for functionalization.

The polystyrene (PS) spheres (PCO2N/8748, 1.06 g/cm?,
Bangs Laboratories) have a diameter of 120 nm diameter and
are carboxyl-modified. Grafting onto the deposit or Si wafer is
done with EDC (CAS 1892-57-5) and NHS (CAS 6066-82-6) from
Fluka. The silanized sample is placed in a solution of 0.5 mL of
EDC/NHS and 7 mL of PS in water (dilution to 10% of the original
PS concentration) for 15 min at room temperature. Mild stirring
of the suspension is necessary to obtain a sufficient and re-
producible coverage of PS spheres on the surface.

Colloidal Au nanoparticles are produced via the Frens
method*® and have an average diameter of about 15 nm. Samples
are placed into the suspension of Au nanoparticles for 1 h at room
temperature.

In all cases, samples are rinsed at least three times in ethanol
or Milli-Q water and sonicated for 10's, after which they are dried
in a stream of nitrogen.

Microscopy. High-resolution imaging is done with electron
energies between 5 and 30 keV with Philips XL30, XL30S, or
XL30 ESEM scanning electron microscopes, all equipped with
a field emission source. The deposit height is measured in air
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with a Digital Instruments Nanoscope llla atomic force micro-
scope, operated in tapping mode. The Veeco n-doped uncoated
Si cantilever has a force constant of 20—80 N/m and a char-
acteristic frequency of 300—366 kHz. We have not measured the
tip diameter.

Fluorescence Imaging. Epifluorescence and wide-field micro-
scopy of FITC-functionalized samples is carried out using a
CooILED precisExcite High-power LED (465 nm) illumination
attached to a Nikon TE Eclipse microscope. An Andor iXON
DU897 emCCD camera is used for image acquisition, and Semrock
filters are mounted in a Nikon filter cube (exciter wavelength 482
(£18) nm, emitter wavelength 525 (+45) nm, dichroic wavelength
501—900 nm). A Nikon 60x oil and a Nikon 100x oil objective are
used with a numerical aperture of 1.49 and a working distance
of 0.13 mm.

Epifluorescence and wide-field microscopy of samples func-
tionalized with ATTO655 are imaged with a custom-made
microscope based on an Olympus X71 body. A 643 nm solid-
state Coherent Cube 640-100C laser is used for fluorophore
excitation in combination with a Hamamatsu emCCD camera
for imaging. Band-pass ET 700/75 filters and a 100x Olympus
objective with a numerical aperture of 1.49 are used.
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