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ABSTRACT: We imaged core—shell nanoparticles, consisting
of a dye-doped silica core covered with a layer of gold, with a
stimulated emission depletion, fluorescence lifetime imaging
(STED-FLIM) microscope. Because of the field enhancement
provided by the localized surface plasmon resonance of the gold
shell, we demonstrate a reduction of the STED depletion power
required to obtain resolution improvement by a factor of 4. This
validates the concept of nanoparticle-assisted STED (NP-
STED), where hybrid dye-plasmonic nanoparticles are used as
labels for STED in order to decrease the depletion powers

required for subwavelength imaging.
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F or close to two decades, the diffraction limit has not been
the ultimate bound to resolution in far-field fluorescence
microscopy. Indeed, several techniques using some particular
physical properties of nanoemitters of light have demonstrated
far-field resolutions in the nanometer range, giving birth to
several “nanoscopies”. STimulated Emission Depletion micros-
copy (STED) was the first type of nanoscopy to be proposed.'
In this scheme, the object to be imaged is labeled with small
fluorescent dyes or fluorescent proteins. The fluorescence of
the labels is excited by a focused laser beam. An additional laser,
at a wavelength tuned to the red-edge of the emission of the
dye and with a doughnut shape at the focal plane, forces the
emitters into their ground state via stimulated emission. This
only leaves the emitters lying at the zero-intensity center of the
doughnut in their excited state. The size of this volume of
excited emitters is not limited by diffraction anymore. An image
is reconstructed by raster scanning the sample with respect to
the lasers, and this image has an effective resolution much
below the diffraction limit, which now depends on the intensity
of the STED laser with respect to the saturation intensity of the
dyes used.

The first experimental demonstrations of the principles of
STED presented a modest improvement of resolution.”’
Initially, a STED microscope required a powerful, pulsed
laser to generate the depletion beam, which was confining the
technique to specialized laboratories. Still, by the imaging of
fluorescent labels attached to specific proteins in cells, it
allowed for the understanding of some biological processes
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inaccessible without the enhanced resolution.** Following this,
many developments have been made to simplify the
experimental realization of the technique, such as the
demonstration that it is possible to perform STED with
continuous wave lasers,”” or even low-cost diodes.® Time-
gating the detected signal also allows the resolution to be
optimized®'* and therefore provides a means to reduce the
STED power. Following the work on STED, other nanoscopies
have emerged based on stochastic switching of emitters to/
from dark states combined with single molecule localization, for
example, refs 13—20. Still, to this day, STED remains one of the
most widely used nanoscopy methods as it is well-suited for
dynamic imaging, with demonstrated live cell™ or in vivo
imaging.22 So far, most of the developments in STED have
focused on the technique itself and less on the production of
fluorescent labels designed for STED.*"**

In parallel, the development of the field of plasmonics has
yielded many advances in the manipulation of light at the
nanometric scale. A surface plasmon polariton is a charge
density wave at the interface between a metal and a dielectric,
which can be excited by light—and in the case of noble metals,
from the near-UV to the IR range.”* Metallic nanoparticles can
exhibit localized surface plasmon resonances (LSPRs),

Received: April 16, 2014
Revised:  July 18, 2014
Published: July 22, 2014

dx.doi.org/10.1021/nl5014103 | Nano Lett. 2014, 14, 4449—4453


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showImage?doi=10.1021/nl5014103&iName=master.img-000.jpg&w=233&h=94

Nano Letters

collective electronic oscillations which give rise to interesting
properties.”> LSPRs enhance the electromagnetic field locally in
subwavelength volumes, which can be used to increase the
efficiencies of spectroscopic methods such as Raman
scattering®® or surface-enhanced infrared absorption
(SEIRA).”” Metal NPs can also act as nanoantennas, effective
transducers between the far field and the near field: at the
LSPR, their scattering cross section can be much larger than
their physical cross section, which allows them to efliciently
capture light. This light is then concentrated in the vicinity of
the nanoparticle.”® Conversely, nanoantennas can modify the
radiative properties of nanoemitters placed in their vicinity,
assisting for instance the emitter in coupling its energy to the
far field: fluorescence enhancement by several orders of
magnitude has been demonstrated.”® The spectral position of
the LSPRs can be tuned by changing the shape, size, and
material of the NPs used.

Plasmonics is finding an increasing number of applications,*
and it is using the knowledge acquired in that field that we
proposed to use hybrid labels to perform STED: a fluorescent
element combined with a plasmonic resonator, nanoparticle-
assisted STED, NP-STED.*'™** Indeed, in its simplest form
(i.e., for pulsed STED), the resolution Ar achievable in STED
can be described by the functional form Ar =~ A/[2NA(1 +
Isren/I) /%], with 4 the wavelength used, NA the numerical
aperture of the objective, Isrpp the intensity of the depletion
beam at its crest, and I, the saturation intensity of the
fluorescent emitter used. Increasing the intensity of the
depletion beam directly increases the resolution. LSPRs are
known to provide high field confinement and enhancement on
deeply subwavelength volumes.**** The STED resolution
improvement can also be expressed as ISo-> & (1 + Pgrgp/
Py)"?, with Pgrpp and Py, the power of the depletion beam
and the saturation power of the dye used, respectively. In earlier
theoretical works>"** we have shown that when the STED dyes
are combined with a plasmonic cavity, the resolution
improvement becomes I'ht TP =~ [1 + FP(PSTED/PS“)]I/ 2
where T, is the ratio of the average intensity enhancement
provided by the plasmon resonance at the STED wavelength
over the enhancement of decay rate of the dye.>' Note that, for
this reason, contrary to the majority of the work on LSPRs and
fluorescence, we want to avoid modifying the emission
properties of the emitter used, as this can be detrimental to
the resolution improvement: an increase in fluorescence decay
rate leads to a reduction of the saturation intensity and
consequently to a reduction of the STED resolution.”’ The
modification in decay rate is linked to the field enhancement at
the level of the dye, at the wavelength of emission.”® In NP-
STED, the change in decay rate is mitigated by using plasmonic
resonances red-shifted compared to the emission of the dye,
thus minimizing the field enhancement at the emission
wavelength, and enhancing the field mostly at the depletion
wavelength. Then, by providing the enhancement factor I, the
plasmonic cavity should allow to reach STED superresolution
with smaller depletion powers than that required with standard
labels or, at constant depletion power, improve the resolution
achievable. Somewhat similarly, it was already suggested
theoretically to use the effect of stimulated emission in the
context of structured-illumination imaging.35 However, an
experimental demonstration of resolution improvement/
intensity reduction was not demonstrated so far, especially
not in three dimensions. In this article we present a proof of
principle experimental demonstration that 3D NP-STED labels
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can allow subdiffraction resolutions in STED to be reached,
with a depletion intensity four times lower than that required
for the same fluorescent label without the help of a plasmonic
resonator.

The hybrid NPs chosen for this work consist of core—shell
structures: the dielectric core containing the fluorescent
emitters is covered with a thin shell of gold. The core—shell
system has been extensively studied, and the position of its
plasmon resonance can be tuned by changing the dimensions of
the shell. An increase of inner diameter leads to a red-shift of
the LSPR, while making the shell thicker leads to a blue-shift of
the resonance, at constant inner diameter.>” Moreover, it has
been shown that, in a core—shell configuration, the dyes
embedded in the cores experience a field enhancement that is
mostly homogeneous, independent of their position or of the
relative position of the core—shell with respect to the depletion
beam.>® The NPs are produced in two steps. First, cores of
radius r.,, = 60 nm are chemically grown in an aqueous
colloidal solution and consist in silica spheres doped with
ATTO 647N,** a fluorescent dye commonly used in STED
emitting around 670 nm.” An estimate of the number of dye
molecules has been made by the manufacturer of the cores
(Hybrid Silica Technologies). It is based on the comparison of
the emitted intensity from a single ATTO 647N dye molecule
in water with the total emission of one single core and yields 25
dye molecules per particle. One part of the solution is kept to
be used as reference in the estimation of the resolution
improvement. The rest of the cores are then subjected to the
chemical growth of a gold shell (Growth performed by
Nanocomposix).37 Figure la presents a transmission electron
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Figure 1. Hybrid NP-STED nanoparticles (NPs). (a) TEM image of
the hybrid NP consisting of a dye-doped silica core of radius 7., = 60
nm coated with a 20 nm gold shell. Inset: sketch of the core—shells
used. (b) Red curve: fluorescence spectrum emitted by the NPs,
corresponding to the typical emission of the ATTO 647N dye doping
the core. Gray curves: scatterinég spectra of five single NPs obtained by
dark field microspectroscopy.®

microscope image of some of the core—shells used. The
thickness of the gold has to be tuned so that the plasmon
resonance obtained enhances the field at the level of the
fluorescent emitters at the wavelength of the depletion beam
(780 nm in our STED microscope).32 At the same time, the
plasmon resonance must affect the emission properties of the
dye as little as possible.>’ For the 60 nm radius cores, the
plasmon resonance of the core—shell is slightly higher than 780
nm with a 20 nm thick gold shell. The spectral properties of the
core—shells in the conditions used for the STED measurements
can be found in Figure 1b. The red curve corresponds to the
emission of the ATTO 647N in the silica core and matches well
the emission peaking around 670 nm of the dye alone. The gray
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curves correspond each to the scattering cross section of a
smgle core—shell structure, measured by dark field micros-
copy.®® The peak of scattering cross section indicates the
position of the dipolar plasmon resonance, red-shifted
compared to the emission of the dye, to lead to field
enhancement mostly at the depletion wavelength, and to
minimize the modification of the fluorescence emission rate.
Note that, regardless of the position of the LSPR, dyes placed
within &5 nm of the metal have their fluorescence quenched.
However, with the core—shells used here, most of the dyes
should be found away from the metallic shell. The dark-field
spectra also show that the optical properties change slightly
from one core—shell to another, which is a consequence of the
inhomogeneous size and shape distribution of the NPs
produced by chemical means. The bare cores and the core—
shells are then diluted and drop cast on coverslips, and the
solvent is left to evaporate. The dilution is adjusted to ensure
that the coverslip presents an average distance between single
NP of the order of a couple of micrometers. The side of
coverslip with the particles is immersed in index matching oil
(Leica Type F, index n = 1.518) and placed in contact with a
microscope glass slide. The index matching oil is used to
minimize bleaching and backscattering of the depletion laser
beam. Images of the NPs are taken on our inverted STED
microscope, through the coverslip. The STED experimental
setup is presented in the Supporting Information and is similar
to that used in refs 9 and 40.

The characterization method used is illustrated in Figure 2 by
the case of one single core—shell, pumped in standard
conditions, for a depletion power density at the focal plane of
the microscope objective of 2.3 MW-cm™%*" Images of the NPs
are then acquired, first in confocal mode—depletion beam
off—and then in FLIM-STED mode. In the latter, a
fluorescence decay trace is obtained for each pixel. Figure 2a
shows the time trace obtained when integrating the information
on all the pixels from the STED-FLIM image of one single
core—shell structure, presented in Figure 2c. The time trace has
two main features: an exponential decay corresponding to the
fluorescence of ATTO 647N (indicated by the dashed line to
guide the eye); and a sharp, intense and short peak close to the
onset of the fluorescence (~0.3 ns: the depletion pulse reaches
the sample shortly after the pump pulse). To understand the
origin of this peak, we have acquired the spectrum of the light
collected when only the pump beam is used (inset in Figure 2a,
red curve), and when only the depletion beam is used, the
pump beam being switched off (inset in Figure 2a, black curve).
When only the pump beam is used, the spectrum obtained
corresponds well to the fluorescence of ATTO 647N, filtered
by the fluorescence band-pass filter used in the microscope.
When only the STED beam is used, we obtain a flat spectrum
in the range of the band-pass filter. We attribute this to the
luminescence of the gold shell of the NPs, 4probably excited by
two-photon absorption of the STED beam:**** the relationship
between excitation intensity and parasitic luminescence is
quadratic, as shown in the Supporting Information, Figure S3.
The temporal decay measured on the bare cores at similar
depletion power did not show this instantaneous peak. A much
smaller peak at the wavelength of the depletion laser (780 nm)
is also present. One effect of the presence of this gold
luminescence is the sharp peak visible in the time trace in
Figure 2. The second effect is that, in the STED images,
reconstructed from the lifetime information, the depletion
doughnut produces light that is detected as well. Figure 2b
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Figure 2. Processing of the images—time gating of FLIM images. (a)
Time trace obtained by accumulating all the individual lifetime traces
of each pixel of a FLIM image of one single NP (shown in c). The
dashed line is a guide to the eye showing the characteristic decay of the
fluorescence of the ATTO dye used. The sharp peak occurring 0.3 ns
after the onset of the fluorescence corresponds to luminescence
emission from the gold shell. Inset: spectra of the light collected by the
microscope when only the pump beam is used (red) and when only
the STED beam is used (black). The spectra, obtained with different
integration times, have been normalized. (b) Confocal image of the
NP. (c) Raw STED image of the same NP, acquired with a STED
power density at the focal plane of 2.3 MW-cm™2 (d) Time-gated
STED image of the NP, reconstructing the image from detection
events recorded after the sharp gold luminescence peak seen in (a).
For (b), (c), and (d) the color scale is set between 0 and the maximum
intensity, and the scale bars represent 300 nm. (e) Horizontal line
profiles taken across the confocal (red curve) and time-gated STED
(black curve) images. Both profiles have been normalized to allow for
an easier comparison.

presents the confocal image of one core—shell NP—only the
pump beam is used to excite the NP. Figure 2c is the image
reconstituted from the lifetime information on the same NP,
acquired subsequently to Figure 2b, when both pump and
depletion beams are used. The image in STED mode is clearly
not improved compared to the confocal case, due to the
parasitic contribution of the gold luminescence excited by the
depletion beam. To mitigate the effect of the gold
luminescence, we timegate the image by integrating the lifetime
signal measured only after the gold luminescence has decayed,
in Figure 2a after 0.4 ns. Figure 2d shows the time gated image
corresponding to Figure 2¢: most of the contribution of the
gold luminescence has been removed, leaving an image with
improved resolution.

Then, for each NP studied, the same procedure is applied:
confocal image followed by STED-FLIM image. The latter is
time-gated to minimize the effect of gold luminescence. After
this, horizontal profiles taken across the center of the image
spots are fitted to a Gaussian model. The full-width at half-
maximum of the fit is taken as a measurement of the resolution
obtained, and the improvement of resolution y calculated as y =
100-(1 — Wgrgn/Weons), with Wergp and W, the resolution
in STED or confocal mode, respectively. Note that the ratio
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http://pubs.acs.org/action/showImage?doi=10.1021/nl5014103&iName=master.img-002.jpg&w=138&h=228

Nano Letters

Weren/Weons has been denoted as T';! in a previous work,*
and we will keep this notation below.
Figure 3 compares percentage improvement in resolution

obtained for bare cores (blue disks) and for core—shells (black
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Figure 3. Resolution improvement using core—shell NPs, as a function
of the STED depletion power density used. Blue disks: bare doped
silica cores only. Black dotted circles: core—shell nanoparticles. The
red dashed (respectively green dotted) line is a least-square fit of the
bare silica (respectively core—shell) data as described on the text.

dotted circles), for varying depletion power. The raw fwhm
measured can be found in the Supporting Information, Figure
S4. For the bare cores, the improvement in resolution increases
until it reaches its maximum, around 60%, which corresponds
to a resolution close to the size of the NPs. In the case of the
core—shells, the resolution increases faster with increasing
depletion power density. Above 3.5 MW-cm™?, there are clear
signs of degradation of all the core—shells, which we attribute
to the heating of the gold shell by the STED beam. For
depletion powers between 2.5 MW-cm™ and 3.5 MW-cm ™2,
some particles also show signs of degradation after interacting
with the STED beam, with ~10% of particles exhibiting damage
at the low end of this range and up to a few tens of percent at
the top end. This effect could be mitigated by modifying the
depletion or scanning conditions, with a rapid scanning of the
depletion beam rather than a displacement of the sample, in
order to leave more time for the heat generated to diffuse away
from the NPs as done, e.g,, in ref 44.

Following the notations used in ref 31, the percentage
resolution improvement in resolution y takes the functional
form

1
\/1 + I, (Bren/Pa)

2 =100-(1 —=T}) =100]1 -

(1)
Of course, in the case of the bare cores, I', = 1. A least-square
fit of the data to this function is performed and shown in Figure
3 as a red dashed line for the bare cores and a green dotted line
for the core—shells. For the bare cores (respectively the core—
shells), the quantity (1/P,,) takes the value 0.056 + 0.004
MW .cm? (respectively (Fp/Psat) =021 + 0.03 MW '.cm?),
leading to a ratio of I, = 3.8 + 0.8. Thus, with the core—shell
nanoparticles, a given resolution improvement in STED is
obtained with an intensity ~4 times smaller than that necessary
with the bare cores. These results, albeit obtained on NPs of a
size not yet optimal for labeling of biological tissues, validates
the concept of NP-STED:>* the addition of a plasmonic cavity
to a dye enhances the effect of the depletion beam used and
hence lowers the depletion powers required to achieve
resolution improvement.
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We compared the measured resolution with that deduced
from numerical simulations, as described in refs 31, 32, and 38,
for the geometrical parameters extracted from the TEM images.
As explained in ref 38, since the doughnut beam used in STED
imaging has a true zero at its center, it does not have an electric
dipole moment. Accordingly, the field enhancement level shifts
from the enhancement appropriate to the next highest
multipole moment in the beam (an electric quadrupolar in
the current case) for the case where the beam is centered on
the NP to the enhancement appropriate to the electric dipole
moment as the doughnut beam is scanned away from the metal
NP. Mie-type calculations show that the average intensity
enhancement within the core of the nanoshell, as a function of
the scan coordinate, is roughly 4. Judging from the emission
data and dark-field images (see Figure 1), we estimate the decay
rate enhancement to be negligible. Thus, the intensity
reduction predicted theoretically is close to the measured
value. The slight theory—experiment discrepancy could be due
to a number of factors, such as the possibility that the actual
geometrical parameters of the core—shells differ from those
deduced from the TEM images or that the roughness of the
metallic shell plays a role. More information about the
evolution of the field enhancement when the doughnut is
scanned over the NP is shown in the Supporting Information,
section on additional data on the theoretical modeling. In the
present article we observe that the depletion power required for
the specific hybrid NPs used is four times less than for the same
labels without gold. Earlier calculations suggest that up to 2
orders of magnitude reduction could be achieved for smaller
dimensions of core—shell structures, for which the near-field
enhancement is higher.32 However, to this date, the reliable
synthesis of hybrid NPs with dimensions in the tens of
nanometer range remains challenging, and progress in that field
will be required to access the full potential of NP-STED.

In conclusion, in this article we have imaged nanoparticles
with 120 nm diameter spherical cores of silica doped with
ATTO 647N covered by a 20 nm gold shell with our STED-
FLIM nanoscope. We have observed that the improvement of
resolution in STED mode for the core—shell NPs requires four
times less depletion power than required for the same particles
without the gold shell. These results validate the concept of
NP-STED and open the door to obtain even better
performances with smaller nanoparticles. The NP-STED
performance could be further improved in many ways, for
instance by using continuous wave depletion beams:*” with a
cw STED beam the luminescence of the gold we observed
would be greatly reduced, due to the lower associated
instantaneous powers. Also, further studies will be required to
assess the effect of NP-STED on bleaching and to understand
fully the interplay of parameters such as change in the decay
rate of the dye induced by the plasmon resonance and field
enhancement at the STED wavelength. Reducing the power
needed to reach STED resolution enhancement is particularly
useful for the recent development of parallel STED schemes,
using several doughnuts at the same time, which increases the
speed of the measurements but also requires more laser power
to generate the depletion beams*—a drawback that could be
alleviated by NP-STED.

B ASSOCIATED CONTENT

© Supporting Information
STED microscope—experimental configuration, resolution
improvement: STED vs. NP-STED, depletion curve, lumines-
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cence of gold, and additional data on the resolution and the
theoretical modeling. This material is available free of charge via
the Internet at http://pubs.acs.org.
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