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ABSTRACT: Fluorescence microscopy has tackled many of
the burning questions in cellular biology. Probing low-affinity
cellular interactions remains one of the major challenges in the
field to better understand cellular signaling. We introduce a
novel approachthe nanowire-aperture probe (NAP)to
resolve biological signatures with a nanoscale resolution and a
boost in light detection. The NAP takes advantage of the
photonic properties of semiconductor nanowires and provides
a highly localized excitation volume close to the nanowire
surface. The probing region extends less than 20 nm into the
solution, which can be exploited as a local light probe in
fluorescence microscopy. This confined detection volume is
especially advantageous in the study of cellular signaling at the cell membrane, as it wraps tightly around the nanowire. The
nanowire acts as a local nanoaperture, both focusing the incoming excitation light and guiding photons emitted by the
fluorophore. We demonstrate a 20-fold boost in signal-to-background sensitivity for single fluorophores and membrane-localized
proteins in live cells. This work opens a completely new avenue for next-generation studies of live cells.

KEYWORDS: nanoaperture, biosensing, localized excitation, nanoantenna, waveguiding, subdiffraction microscopy, cell,
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All physiological processes in the human body comprise
interwoven chains of cellular signaling cascades, and a

deeper knowledge of such signaling pathways is crucial for both
biological and medical research.1,2 Detailed spatiotemporal
information about protein−protein interactions, which are the
fundamental steps of any cellular cascade,3,4 is typically
obtained in live cells or in isolated systems (cell-free
environment) via fluorescence-based imaging.5−9

Protein−protein interactions occur at length scales (∼10
nm) far below the diffraction limit barrier of optical microscopy
(∼240 nm).10 To overcome this resolution barrier, several
techniques have been developed,11 and at present two key
strategies based on either fluorescence resonance energy
transfer (FRET) or co-localization between two fluorescently
labeled proteins are used. FRET is a very common method
based on energy transfer between two fluorophores but
requires an interaction between fluorophores that are closer
than 10 nm.12 In the case of co-localization of fluorescent
molecules, several techniques have been developed to improve

signal detection. Total internal reflection fluorescence (TIRF)
microscopy reduces the excitation volume close to a surface
(∼100 nm) and thus reduces the fluorescence background.13 A
spatial resolution down to 20 nm is possible using so-called
super-resolution microscopes (e.g., stimulated emission deple-
tion, stochastic optical reconstruction microscopy, and photo-
activated localization microscopy),14−16 which is an order of
magnitude better than classical confocal microscopy. However,
these approaches are expensive or labor intensive. The higher
resolution comes at the cost of increased complexity of
experimental conditionssuch as reduced temporal resolu-
tionand data analyses, and each approach requires the
optimization of the fluorescence labeling of the proteins
involved.
Nanostructures (e.g., nanoparticles, nanowires, nanochan-

nels, and nanoholes) have established a new frontier for
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fluorescence-based studies by confining the detection volume in
standard microscopy.17−23 Exploring the modulation of the
light pathway by nanostructures opens a window to new
approaches overcoming the diffraction limitation of fluores-
cence-based studies,24,25 which can be applied to address key
low-affinity cellular interactions as it tackles low signal-to-
background issues in standard probing techniques.26,27 In
particular, high aspect ratio dielectric nanowires have been
shown to work as photonic structures that modulate light−
matter interactions through several phenomena28−31 including
guiding,32 emitting,33,34 and collecting light.35,36 Out of these
phenomena, the principles behind the nanowire optical
waveguiding effect suggest the potential of a highly localized
nanowire-based aperture (nanowire-aperture), where a sub-
diffraction probing volume around the nanowire is created and
the radiation pattern of dipoles nearby is modified.
In addition to their optical features, arrays of nanostructures

have been shown by us and others to have a great potential for
the investigation of biological samples due to the high
compatibility of their dimensions with cells (100−1000 times
smaller) and with isolated proteins (area 10 000−20 000 times
smaller than the surface of nanostructures). A broad range of
proof-of-concepts has been illustrated in the past decade on
purified proteins,37,38 complex biological fluids,37,38 and living
cells for, for example, cell transfection, studies of single-cell
signaling by fluorescence or electrophysiology, and diagnos-
tics.27,39−42

While both features of nanostructures have a very strong
potential for future applications, they have rarely been
combined to explore biological systems, with one of the few
examples being the work by Xie et al. with silica nano-
wires.27,43,44 In this work we introduce a nanowire-aperture
probe (NAP) based on GaAs nanowires. We show that when a
NAP is in contact with cells, it can be exploited to study protein
interactions in living cells at the nanoscale by tailoring the light
through the unique photonic properties of these dielectric
nanowires. We show that a NAP not only confines the probing
volume to less than 20 nm from the nanowire surface when we
use regular confocal microscopes but also enhances the signal-
to-noise ratio of fluorescent processes within that volume. The
working principles and potential of NAP are illustrated by both
theoretical considerations and experiments. We give an example
of application in live cells exploiting the NAP to reveal
interactions between an intracellular protein and a membrane
receptor.

■ RESULTS
Nanowire-Aperture Probe Setup. The essence of the

NAP is the use of nanowires with a high refractive index
vertically oriented on a substrate illuminated in a confocal
microscope. The sample is placed in an aqueous solution,
buoyant at a couple of micrometers from a coverslip. The
advantage of the NAP is twofold: the probing volume is
restricted to a biologically relevant distance (i.e., <20 nm) and a
strong signal enhancement is obtained within that region. This
is of considerable advantage for studying interactions at cell
membranes, as they tend to tightly embrace nanowires.45,46 The
signal enhancement is a synergistic combination of a light up-
concentrating power of the nanowire (i.e., the antenna effect)
and the modulation of fluorophore emission by the presence of
the nanowire. Figure 1 schematically describes these two
phenomena, which will be explained in more detail in the next
section.

Numerous nanowire materials can be used as NAPs. In this
work, we focus on gallium arsenide (GaAs) nanowires grown
on silicon substrates via the self-catalyzed vapor−liquid−solid
mechanism,47 with diameters of approximately 100 nm and
lengths between 2 and 5 μm (see SI Figure S1). The motivation
for using GaAs is due to its large refractive index (n > 3) and
relatively small extinction coefficient at visible wavelengths,
while offering excellent optical functionality. As will be
explained in the following section, it is important for the
NAP effect that the light efficiently couples to a guided mode.
Depending on the refractive index of the material and
embedding medium, nanowire diameter, and wavelength, the
coupling is more or less effective and other modes can also
exist.48 GaAs nanowires of diameters smaller than 125 nm in
water will support only a fundamental HE11 guided mode at
the wavelengths of interest in this experiment. Further
information on how size affects the photonic properties of
the nanowires is found in the Supporting Information (section
SI-3).

Tailoring the Electromagnetic Environment. A the-
oretical analysis is provided to outline the working principles of
the NAP. We start by examining the interaction between the
standing nanowire and the incoming excitation light, defined as
a plane wave along the nanowire axis. Figure 2a shows the field
energy distribution around the nanowire embedded in water
under steady-state conditions. Most of the incoming light is
concentrated close to the nanowire surface. This is due to the
coupling of light into a guided mode of the nanowire (see
section SI-3 for further information). In turn, the preferential
light gathering at the nanowire creates a “dark region” next to
the “bright” region in close proximity to the nanowire surface.
As shown in the contour plots in Figure 2a, this “dark region”
can extend up to 700 nm around the nanowire. In the zoom-in
of Figure 2a, we show how light intensity in the bright region
rapidly decays with distance to the nanowire surface (with a
characteristic decay length of 45 nm from an exponential decay
fit), due to the evanescent nature of the field at the nanowire−
water interface. Figure 2b plots the quantitative increase in

Figure 1. Mechanism of nanowire-aperture probe (NAP) impact on
the light path. Schematic illustration of the nanowire array in a
fluorescence confocal microscope. When focusing onto the NAP, the
volume in close proximity to the nanowire surface (<40 nm) is much
brighter than the rest of the laser excitation spot arising from the
nanowire light self-concentrating power. In turn, fluorophores in close
proximity to the nanowire surface (<14 nm) radiate predominantly
into the high dielectric constant material (i.e., the nanowire). The
nanowire then acts as a waveguide and directs most of the light toward
the nanowire tip, where it outcouples and is emitted back toward the
microscope objective lens.
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excitation light intensity as a function of distance to the
nanowire surface at a distance (dz,tip) of 1500 nm from the
nanowire tip. We find an increase in photon flux at the
nanowire surface of a factor of 6, which slightly varies along the
axial position (see section SI-3).
We then look at the light emitted by dipoles located close to

the nanowire surface (10 nm), which is a typical distance at
which protein−protein interactions occur. Fluorophores emit
photons isotropically unless the dipole is fixed. Thus, we have

considered dipoles emitting in three orthogonal polarizations.
Figure 2c compares the radiation pattern of such a dipole in
solution and in the presence of a nanowire. In the latter, most
of the emitted light is coupled into the nanowire, which at the
same time effectively acts as a nanoscale optical fiber. The
emitted photons are guided along the nanowire and outcoupled
at the tip toward the objective lens with a significantly different
angular pattern. As a result, the integrated power up to an
angular aperture of 55 deg of light coming from such
fluorophores is enhanced up to 3−4-fold, as indicated by the
red dots in Figure 2b. The effect is strongly restricted to
fluorophores in close proximity to the nanowire and with
radially polarized emission (see section SI-2). We observe a
strong correlation between light incoupling to a waveguide
mode and signal detection, which corroborates that the
enhancement is a combination of increased emission rate into
the nanowire, waveguiding, and reduced angular radiation
patterns of outcoupled light. As a result, a short characteristic
decay length of 14 nm is obtained, by considering an
exponential decay function.
Figure 2d convolutes the two photonic processes at two

different axial positions, predicting a total fluorescence signal
enhancement up to 20-fold for a single dipole emitter located at
10 nm from the nanowire surface. While total enhancement can
reach a maximum of 25-fold at dz,tip ≈ 1000 nm, the average
enhancement is around 20 for dipoles emitting at 500 nm from
the tip and below (see SI Figure S3-1 for more detailed
information on the axial dependence). Such enhancement
decays exponentially with distance to the nanowire surface, with
a decay length of ∼13 nm regardless of the axial position. This
result elucidates the extremely confined probing volume of the
NAP.

Experimental Demonstration of NAP Working Princi-
ple. On the basis of simulations, two different optical processes
(confining incoming light and waveguiding of dipole emission)
are responsible for the enhancement of signal detection in
NAP-based fluorescence spectroscopy. We now provide
experimental evidence of the combined phenomena by using
a GaAs nanowire array on a silicon substrate. We have mapped
the three-dimensional electromagnetic field distribution around
a GaAs nanowire by immersing it in a solution of fluorescent
dye (Alexa Fluor 647) and collecting the light emission in a
confocal microscope, as illustrated in Figure 3a. No
fluorescence signal was detected after washing the sample in

Figure 2. Simulations of the modulation of the light distribution in the
proximity of the nanowire. (a) 2D map of the field energy density
distribution around the GaAs nanowire under steady-state excitation
conditions (see text for more details). A close-up of the nanowire tip is
also shown to illustrate the strong confinement of a “bright” region at
the nanowire surface. (b) Simulated signal enhancement given for
incoming and outgoing light as a function of distance to the nanowire
surface and distance dz,tip of 1500 nm to the nanowire tip. (c)
Illustration of the aperture modulation of a dipole radiation by the
presence of a GaAs nanowire. The two polar plots correspond to the
radiation patterns of dipoles at 10 nm and far from the nanowire
surface, respectively. Both plots are represented with the same color
scale. (d) Representation of the strong confinement and total signal
enhancement provided by a GaAs-based NAP close to the nanowire
tip (dz,tip = 150 nm (orange)) and at 1500 nm from the tip (blue).

Figure 3. GaAs nanowires immersed in a fluorescent dye solution to map the three-dimensional electromagnetic field distribution, by measuring the
fluorescence dye in solution (500 μM Alexa Fluor 647) surrounding the GaAs nanowire (excitation, 633 nm; emission, 670−690 nm) in a confocal
microscope. (a) Scheme of a nanowire immersed into a dye solution with cross sections in the xy-plane (green) and zx-plane (pink), illustrating
where the data in panels b and d are obtained. (b) Fluorescence side view (xz-plane) of the solution-immersed GaAs nanowire. (c) Line scans in the
xy-plane through the nanowire, at dz,tip 150 nm (red) and 1500 nm (green) from the nanowire tip (intensities are normalized to max intensity in part
b). (d) Fluorescence z-cut (xy-plane) at dz,tip = 1500 nm. Intensity is normalized to the max intensity. Inset: Simulated intensity map data obtained
with similar condition and location on the nanowire.
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a buffer solution, indicating that the fluorophores were not
bound to the nanowires (see SI Figure S4).
The xy-image (Figure 3b) shows a high fluorescence

intensity along the nanowire and a region with reduced
fluorescence signal (referred to as “shadow” in the rest of the
article) in the surrounding of the nanowire that increases in
width along the light path as predicted by theory (Figure 2a).
This is further illustrated in Figure 3c and d. The line scans in
Figure 3c show that both the enhancement and the “shadow”
depend on the axial position along the nanowire, as predicted
by simulations. The z-cut (xy-plane) of the emission pattern at
dz,tip = 1.5 μm from Figure 3d also shows a clear enhancement
of light detection at the nanowire position surrounded by the
dark shadow around it, which highlights the relevance of this
technique to probe fluorophore emission close to a nanowire
with low background noise. This shadow originates from the
strong coupling of light into the nanowire and can have a
diameter of up to 1300 nm at the bottom, which is much larger
than a diffraction-limited spot in regular microscopes. We have
simulated a z-cut of detected signal focusing at the same dz,tip by
taking into account excitation and emission of light as described
in the previous section. The resulting intensity map convoluted
with a Gaussian PSF of the confocal microscope is shown in the
inset of Figure 3d, and it is in excellent agreement with the
measurements. These results further illustrate the role of the
nanowire as an extremely small optical aperture as predicted by
theory.
Determination of the Subdiffraction Light Confine-

ment. To measure the detection volume around the nanowire,
we have tuned the distance between the nanowire and
fluorophore using a controlled layer of optically transparent
hafnium oxide (HfO2), as illustrated in Figure 4a. In this
particular experiment, fluorescent proteins (streptavidin-Alexa
Fluor 647) were adsorbed to the nanowire surface (using BSA-
biotin). The integrated signal as a function of HfO2 thickness is
displayed in Figure 4b for two axial positions along the
nanowire (close to the tip and at around 1500 nm below). As
expected from the simulations, the fluorescence signal decreases
rapidly within the first 50 nm and is independent of the axial
position. This effect is not due to the optical properties of HfO2
nor quenching induced by HfO2 (see SI Figures S5 and S6).
The experimental decay length fitted to a Gaussian decay
depends on the axial position and is 8 and 12 nm for positions
at midheight and tip of the nanowire, respectively, which is

again in good agreement with the theoretical prediction of 13
nm. This corresponds to a NAP probing volume of 0.01 μm3.
Such a probing distance is much smaller than the TIRF,

which is widely used for the investigation of biological samples
and has a typical decay length of 90 nm, as illustrated in Figure
4b. The NAP volume is highly confined in 2D (in the xy-
plane), making it optimal to study biological interactions at the
nanowire surface. The NAP probing distance thus appears as a
technique filling the gap between TIRF and FRET techniques,
which is ideal for studying biological interactions at both sides
of a cell membrane, the latter being around 4−5 nm in
thickness. In addition, a NAP is an easy to use setup compatible
with a standard confocal microscope.

Evaluation of the Probing Effects for Biosensing.
Probing low-affinity interactions is still a major challenge in
fluorescence microscopy. Because of the equilibrium between
bound and free fluorescent molecules, a large excess of
fluorescent molecules are in solution during the measurements
and thereby contribute to the fluorescence background. Here
we evaluate the potential of the NAP by comparing the signal-
to-background (SBR) of the NAP with that of TIRF
microscopy, a common technique to reduce the background
fluorescence signal in biological studies.
This study is conducted under relevant biosensing

conditions, i.e., at a high background signal, where it is
challenging to measure binding events (micromolar concen-
trations of fluorescent molecules). We monitored the binding
of fluorescently labeled streptavidin present in high excess in
solution (4 μM) to a surface prefunctionalized with BSA-biotin.
The specific signal obtained is 704% and 55% with the NAP

and TIRF, respectively. Thus, using the NAP instead of TIRF
leads to a 12.8-fold enhancement of the specific signal detected
(see Figure S7). These results highlight the potential of a NAP
for tackling low-intensity specific signals in the presence of high
background fluorescence, which is typically the case in cell
studies, where intracellular labeling of proteins and resulting
fluorescence signals are hard to control.
One should note that the 704% SBR cannot be directly

compared to the 20-fold enhancement predicted by our
theoretical calculations. Our simulation gives a 20 times
increase in signal from a single fluorophore next to a GaAs
nanowire with respect to a fluorophore suspended in solution.
Even if the whole probing volume was considered instead of a
single emitter, the background signal is difficult to account for

Figure 4. Tuning the nanowire−fluorophore distance by adding a HfO2 layer between the nanowire and the fluorophore. (a) Illustration of
streptavidin-Alexa Fluor 647 binding with the receptor (BSA-biotin) immobilized on the nanowire. (b) Fluorescence signalnormalized to intensity
without HfO2as a function of HfO2 thickness to illustrate the detection volume from the nanowire compared to a TIRF microscope (penetration
depth of 90 nm) and FRET (Föster distance of 5 nm). Thick lines correspond to exponential decay fits to experimental data. Curves associated with
TIRF and FRET techniques are theoretical exponential profiles. Insets show raw fluorescence xy-plane images of a single nanowire with respectively
0 and 50 nm of HfO2 between the nanowire and fluorophore.
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in the analysis. In order to decouple the two effects, we did
measurements on a second nanostructured system that does
not produce a significant signal enhancement (i.e., using a
material with a refractive index close to that of water). To this
end, biotin-functionalized SiO2 nanobeads were taken as
reference material to bind the fluorescent streptavidin. The
specific signal of functionalized SiO2 beads in the same highly
concentrated solution was only 5%, in agreement with
simulations where almost no enhancement (maximum local
enhancement of 1.5) by the bead is predicted. Comparing the
experimental signal increase with the background signal on the
two nanostructures (704% and 5%), a 140-fold enhancement is
achieved using the NAP. This is in very good agreement with
that found by simulations (160-fold), where photonic effects
and surface area of the two nanostructures were considered
(see SI Table S1 and Figure S8 for more information).
This example highlights the key importance of choosing the

right material as a NAP; for example, SiO2 will not produce a
significant effect due to its refractive index being too close to
that of water. In such case, the nanostructure does not behave
like a waveguide. On the other hand, the value of the extinction
coefficient is also important. The smaller the absorption, the
higher the portion of light traveling inside the nanowire that
will reach the tip and outcouple to free space. To stress this
point, we have also measured the SBR of biotin-functionalized
InAs nanowires in the same experimental conditions. InAs has a
similar refractive index coefficient to GaAs, but much stronger
light absorption properties. We obtained for InAs-based NAP
17 times less signal than in the case of GaAs (see SI S9).
NAP-Mediated Resolution of a Low-Affinity Protein−

Protein Interaction in Live Cells. Finally, to validate the

potential of the NAP for live cell investigations, we probed a
low-affinity interaction between a membrane protein and an
intracellular protein at the plasma membrane. This is one of the
most challenging imaging cases due to a high background signal
as a result of the low affinity. Scaffold proteins are essential
intracellular proteins involved in the coordination of signal
transduction cascades. Their affinities for membrane proteins
have so far only been measured on isolated proteins and
isolated cell membranes using biochemical and biophysical
methods, which revealed low-affinity interactions (i.e., in the
μM range).49 Here, the NAP could be a powerful tool to
increase the knowledge about scaffolding proteins, their
interaction with other intracellular proteins and membrane
proteins, and their role in cell signaling, which are still poorly
elucidated today.
As a model interaction for this study, we imaged the

interactions in cells of a G-protein-coupled receptor, beta-1
adrenergic receptor (b1AR), with the intracellular scaffold
protein postsynaptic density protein 95 (PSD-95).50 PSD-95 is
the most abundant scaffold protein in the postsynaptic density
of excitatory glutamatergic synapses and is known to be
important for the regulation of synaptic plasticity, learning, and
memory.51−53

We have previously shown that b1AR interacts specifically via
its C-terminal tail with a PDZ domain of PSD-95.49 This
specific interaction results in the partial recruitment of PSD-95
to the cell membrane, which is difficult to detect with classical
microscopy techniques due to a high background signal from
the nonbound cytosolic PSD-95 (see confocal imaging of cells
on coverslips in SI Figure S10). Such challenging conditions are

Figure 5. Detection of low signal-to-background PSD95:b1AR interaction by exploitation of subdiffraction nanowire aperture probing. (a)
Illustration of the investigated interaction: Cytosolic scaffold protein PSD-95 (fused to GFP) binds the C-terminal tail of b1AR (labeled with BG-547
through an extracellular SNAP-tag) and is recruited to the membrane. Low receptor concentration results in low PSD-95 recruitment to the
membrane, thus creating a low signal (PSD-95 at the membrane) to noise (PSD-95 in the cytosol) ratio. (b, c) Confocal slices through a cell
interfaced with a NAP as seen in the PSD-95-GFP (b) and b1AR (c) channels. (d) Zoom-ins of a region (indicated in b, c) with a single nanowire
close to the border of the cell showing a clear co-localization of the PSD-95, b1AR, and nanowire (photoluminescence) signals. (e) Line scan of the
PSD-95 signal across the zoom-in of d. The positions of the nanowire (*) and the regular cell membrane (†) are indicated.
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perfect for the evaluation of the potential of the NAP for cell
imaging.
We first verified that cells can be interfaced with GaAs

nanowires, coated with a nanometer thin layer of HfO2 (see
SEM image in Figure S11). The cell viability was as good as on
glass surfaces (see viability data in SI section S12), and the cell
interface was similar to what has been observed on various
arrays of high aspect ratio nanostructures.39 The wrapping of
the cell membrane along part of the nanowire, due to the
density of nanowires and predicted by our previous studies,46,54

results in a close interface between the cell plasma membrane
and the nanowire (SI S13).
For this study, the intracellular PSD-95 was fused to GFP

and b1AR was labeled via an extracellular SNAP-tag with BG-
547 (Figure 5a) as in previous studies.45,49 The distance
between the two fluorophores located on each side of the
plasma membrane is larger than the Förster distance between
them, preventing FRET effects. Thus, the interaction may be
observed only through co-localization of the two signals.
The position of nanowires was detected through their

photoluminescence, excited at 633 nm, and thus did not
interfere with the detection of the PSD-95 and b1AR signals.
The interaction between PSD-95 and b1AR was measured as
the signal of receptor-bound PSD-95 at the cell membrane
compared to the background signal of nonbound cytosolic
PSD-95 (Figure 5b−d, SI S13). The NAP-mediated enhance-
ment of the detection of PSD-95:b1AR interaction is clearly
visible from the bright fluorescent signal of PSD-95 at the
interface with nanowires.
In a single experiment, it was possible to compare

quantitatively the SBR obtained by the NAP and classical
confocal microscopy by measuring at distinct locations in a
single cell (limiting thereby heterogeneity of signals due to
heterogeneous cell populations). Line scans across positions at
the cell membrane in close contact with or away from
nanowires were used to evaluate the fluorescence intensities
corresponding to receptor-bound PSD-95 and the cytosolic
signal in between (i.e., intracellular background signal) (Figure
5d,e). The SBR of PSD-95 is 20 fold higher when the
membrane is in contact with a nanowire benefiting from NAP
(i.e., an SBR of 10.1 and 0.5, respectively, at the nanowire and
at the cell membrane in the absence of a nanowire). Control
experiments on another type of nanowires confirmed that this
enhancement was due to the optical properties of GaAs
nanowires and not an artifact of, for example, a different
geometry of the membrane at the nanowire (SI S14). More
examples of line scans across the nanowires in Figure 5b are
given in Figure S15.
Using a NAP, we bring the PSD-95 recruitment signal clearly

out of the background signal, thus resolving otherwise unclear
PSD-95:b1AR interactions. Hence, the NAP presents an
enormous potential for future applications in bioimaging.

■ CONCLUSION
We have shown that a NAP provides a highly localized
detection volume at the nanowire surface, which can be
exploited as a local light source in biosensing. We demonstrate
how a NAP creates a 3D illumination profile extending less
than 20 nm into the solution. A reduced detection volume is
obtained by the photonic interaction with a high refractive
index nanowire. The nanowire acts as an aperture, both
focusing the incoming excitation photon flux and guiding the
fluorophore photon emission. We exploit the NAP to study

low-affinity interactions at the membrane of living cells with a
boosted signal-to-background ratio of 20-fold.
The NAP is compatible with wide-field and confocal

microscopes, without any modification of the instrumental
setup. It is based on the simple addition of a small-sized chip to
the sample chamber. This provides a single image both at
standard imaging resolution and at super-resolution at specific
locations within the sample due to the small aperture given by
the nanowire.
The NAP thus opens up novel perspectives for the real-time

evaluation of molecular interactions in cells. It will be
particularly suitable for the study of interactions taking place
in cell membranes (plasma and organelles)45,55 or to investigate
any molecular interactions with one of the partners
immobilized on the nanowire.38,40 As an example, we believe
that NAPs have a great potential for selective photoactivation of
proteins in live cells, which enables following the protein
dynamics in living cells.56,57

■ MATERIALS AND METHODS

Nanowire Growth. The GaAs nanowires were grown by
molecular beam epitaxy on oxidized Si(111) with 100 nm
apertures using a self-catalyzed method, as previously described
by Krogstrup et al.47 . The Au seeded GaAs nanowire chips was
produced as described by Kolasinski.58

The HfO2 layers were deposited via atomic layer deposition
at 150 °C using tetrakis(methylamino)hafnium and water
vapor, 0.2 and 0.02 s pulses, respectively, and 45/45 s purge
times, respectively.

Nanowire Functionalization with BSA-Biotin and
Streptavidin. Nanowire arrays were functionalized with 0.1
mg/mL BSA-biotin (Sigma-Aldrich) and 1 mL of Alexa Fluor
647 streptavidin conjugate in 0.01 M PBS buffer (Life
Technologies) as described in Rostgaard et al.38

Flp-In T-Rex 293 Cell Culture. Cultures of stable Flp-In T-
Rex 293 cells (Life Technologies) expressing PSD-95-GFP
constitutively and SNAP-b1AR under induction were main-
tained at 37 °C, 5% CO2, and >95% humidity and cultured in
DMEM/F-12 + Glutamax-l medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco), 100 μg/mL hygromycin,
15 μg/mL blasticidin, and 200 μg/mL Geneticin
(=DMEMT‑Rex).

SNAP-b1AR Labeling. Just before interfacing the cells with
nanowires and imaging, the SNAP-b1AR receptor in cells was
labeled for 10 min at 37 °C with 5 μM BG-547 (New England
Biolabs) dye, as previously described,45,49 in DMEMT‑Rex and
then washed three times in serum-free DMEM/F-12 HEPES
medium (Gibco).

Interfacing Cells with Nanowire Arrays. 1 mL cell
suspension in serum-free DMEM/F-12 HEPES medium was
transferred to a sterilized nanowire array placed in a 24-well
plate. The plate was swirled gently to distribute the cells and
incubated for 30 min at 37 °C, 5% CO2, and >95% humidity
before imaging. The expression of SNAP-b1AR was induced
with 0.01 μg/mL tetracycline 24 h before interfacing.

Fluorescence Imaging. Confocal laser scanning micros-
copy imaging was performed on an inverted confocal laser
scanning microscope (Leica TCS SP5). For the live-cell
imaging (Figure 5), a 63× magnification, water-immersion
objective with a 1.2 numerical aperture was used, and imaging
was performed in serum-free DMEM/F-12 HEPES medium.
For the cell-free measurements (Figures 3 and 4), a 100×
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magnification, oil-immersion objective with a 1.4 numerical
aperture was used.
The fluorophores were excited and the emission was

collected by a photomultiplier tube at the following excitation:
emission wavelengths ex488: em508−540 nm (PSD-95, GFP),
ex543 nm: em560−600 nm (SNAP-b1AR, BG-547), and ex633
nm: em650−700 nm (streptavidin, Alexa Fluor 647). The
nanowire photoluminescence was detected at ex633 nm:
em730−800 nm.
Complying with the Nyquist rate for optimal imaging

conditions, Z-stacks were collected with a pinhole of one airy
unit, and a pixel and step size of approximately 50 × 50 nm2

and 130 nm, respectively.
Quantification of Fluorescence Signals. Quantification

of fluorescence signals was performed with ImageJ software.
The nanowire signals were measured with a ROI of 10 pixels
around each nanowire, where each plane was fitted to a 2D
Gaussian. The fluorescence signal was measured as the
Gaussian volume using the fwhm and the amplitude of the
Gaussian. The line scan used in Figure 5 was an average over 5
pixels.
Quantification of Specific Signals. The specific signal is

defined as Isignal = Itotal/Inonspecific − 1, where Inonspecific is the
nonspecific signal. This signal was evaluated experimentally
using fluorescent streptavidin saturated with biotin and thereby
not able to bind to the surface coated with BSA.biot.
Total Internal Reflection Fluorescence Microscopy.

TIRF imaging was performed on a spinning disk confocal
microscope (CSU-X1) TIRF. The coverslips were function-
alized with 0.1 mg/mL BSA-biotin (Sigma-Aldrich) and 4 μM
Alexa Fluor 647 streptavidin conjugate in 0.01 M PBS buffer
(Life Technologies) as described in Rostgaard et al.38 As
control the nonspecific signal was measured, where the signal
from straptavidin preblocked with biotin is taken as the
nonspecific signal. The fluorescence from streptavidin Alexa
Fluor 647 was measured using the BP629/62 FILTER CUBE.
Theoretical Simulations. Simulations were carried out by

evolving Maxwell’s equations over finite time steps on a single
GaAs nanowire vertically standing on a SiO2/Si substrate, as in
the experiments. In the following, we describe how the NAP
tailors the nanowire’s electromagnetic environment through
simulating both the incoming excitation light flux and the
outgoing fluorophore photon emission separately.
GaAs nanowires on a silicon substrate were set to 100 nm in

diameter and 3 μm in length and immersed in water. The finite-
difference time-domain software package MEEP was used to
model the electromagnetic response. For simulating the
excitation field energy density distribution, a plane mono-
chromatic (λ = 633 nm) wave was used as a light source
propagating along the vertical direction. Perfectly matching
layers around the cell were included to avoid scattering at the
boundaries. Monochromatic single dipole emitters (λ = 680
nm) were used to simulate the fluorophore emission. The
power flux equivalent for an objective lens with an angular
aperture of 60° was measured at a distance of 325 nm from the
nanowire tip. The refractive index and extinction coefficient of
GaAs and silicon were set to nGaAs = 3.8571/3.794 94, kGaAs =
0.198 14/0.157 79, nSi = 3.882/3.808 36, and kSi = 0.0196/
0.013 27 for λ = 633/680 nm, respectively. n = 1.331 was used
for water.
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