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etal nanoparticles (NPs) have a

large variety of applications such

as biosensing, nanolasing, solar

cells, surface-enhanced Raman spectrosco-
py and fluorescence enhancement.” Specif-
ically, in the context of fluorescence micro-
scopy, metal NPs are used to enhance the
excitation and emission rates of weak fluor-
escent emitters (usually dye molecules), and
thus, to improve the overall fluorescence
intensity. In fact, low brightness is not the
only problem in fluorescence microscopy; it
suffers from two additional major problems:
limited resolution and poor emitter photo-
stability. Indeed, even scanning confocal
fluorescence microscopy, the most impor-
tant tool for noninvasive deep-tissue imag-
ing,? does not allow discerning features that
are closer together than allowed by diffrac-
tion, approximately half of the emitted light
wavelength.>* Thus, biological and chemical
processes occurring on a scale smaller than
this have been impossible to observe. In addi-
tion, fluorescent dyes are unstable due to
photobleaching, a process whereby the dye
becomes irreversibly inactive, thus, limiting
the signal brightness and the scan duration.
In this Article, we propose a novel appli-
cation for metal NPs in which they are used
to improve these two aspects of fluores-
cence microscopy. Our proposal is based on
stimulated-emission-depletion (STED) na-
noscopy, a technique that uses stimulated
emission to turn off the capability of emit-
ters to emit spontaneously.>® In a typical
STED nanoscope, a focused excitation beam
is spatially overlapped with a doughnut-
shaped beam’® that de-excites emitters
to the ground state everywhere except
for within the center of the doughnut
(Figure 1a), providing diffraction-unlimited
resolution in the transverse plane.® Spec-
trally, the STED wavelength, Astep, is red-
shifted with respect to the fluorescence
emission, see Figure 1b. This minimizes re-
excitation by the STED beam and allows a
distinction to be made between stimulated
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We show that metal nanoparticles can be used to improve the performance of super-resolution
fluorescence nanoscopes based on stimulated-emission-depletion (STED). Compared with a
standard STED nanoscope, we show theoretically a resolution improvement by more than an
order of magnitude, or equivalently, depletion intensity reductions by more than 2 orders of
magnitude and an even stronger photostabilization. Our scheme may allow improvement of
existing STED nanoscopes and assist in the development of low-power, low-cost nanoscopes.
This has the potential to increase the availability of STED nanoscopes and lead to a significant
expansion of our understanding of biological and biochemical phenomena occurring on the
nanoscale.
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emission (at Astep) and spontaneous emis-
sion (around A¢n).

STED nanoscopy has already unraveled sev-
eral key biological phenomena that could not
have been discovered otherwise.'®'" STED
also inspired the invention of other techniques
providing diffraction-unlimited resolution in
fluorescence imaging'>'® where different
mechanisms are used to switch-off the fluo-
rescence. Yet, STED remains by far the fastest
technique and the most suitable for tracking
the dynamics of small organisms. The STED

nanoscope, however, has still not become a
widespread tool, mainly because of the high
intensities and complicated setup required
and the nanoscope's high cost. In addition,
STED also suffers from the low brightness and
poor photostability of the dyes.

Tremendous progress has been achieved by
using a lower excitation-depletion repetition
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Figure 1. (a) A schematic illustration of a STED nanoscope. Insets show the transverse cross sections of the field distributions
and signal. (b) Schematic illustration of the spectral configuration for standard STED measurements specifying the absorption
(blue line) and emission (green line) cross sections of the dye, as well as the spectral location of the depletion wavelength Asrep
(dashed orange line). (c) Same as panel b for NP-STED measurements with the local-field enhancement associated with the
plasmon resonance of the NP (orange line) centered around the depletion wavelength.

rate that minimizes photobleaching and maximizes
the depletion intensity,® replacing the original pulsed
illumination scheme with a continuous wave illumina-
tion scheme,’* and employing time-gating in order to
optimize the resolution and reduce the intensity
requirements.’> "’

In this Article, we suggest a complementary ap-
proach in which instead of modifying the illumination
scheme, the fluorescent labels are modified. Specifi-
cally, we propose to achieve high depletion intensities
by exploiting the near-field enhancement occurring
near small metallic nanoparticles. Thus, instead of using
standard fluorescent labels (ie., stand-alone emitters
such as dye molecules), we suggest the use of "hybrid"
labels that consist of an emitter (or emitters) and a small
NP. We refer to our scheme as nanoparticle-assisted
STED nanoscopy, or in short, NP-STED.

RESULTS AND DISCUSSION

Principles of NP-STED. Highest field enhancements are
attained by tuning the plasmon resonance wavelength
of the metal NPs, Apg, to the depletion wavelength,
Asteps see Figure 1c. Indeed, an emitter placed at nm-
proximity to a metallic NP can experience field en-
hancements of several orders of magnitude at reso-
nance.! The depletion will then be correspondingly
more efficient for a given incident intensity and the
penetration to the tissue deeper. Moreover, the en-
hancements can allow the use of weaker, hence, cheap-
er depletion sources. With lower input intensities, there
will be less photons incident upon the regions not in the
immediate vicinity of the illuminated hybrid label thus
reducing photobleaching®'®'? and lowering photo-
damage to the biological environment.?
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The spectral scheme described above has two
additional merits: first, by detuning Astgp from the
emission line center A, it minimizes absorption of
the emitted signal. In addition, it can utilize the en-
hanced absorption in the metal at Apg to further
improve the photostability of the dye. The physical
origin of these two effects is the metal-induced en-
hancement of the emitter's excited state decay rate.'
This enhancement applies to both the singlet (ie.,
fluorescent) and triplet (i.e., phosphorescent) emission;
the latter is typically spectrally red-shifted with respect
to the fluorescence wavelength Ao, by about 100—
200 nm. Since Astep is also red-shifted with respect to
the fluorescence (see Figure 1c), with a proper design,
it can be matched to the triplet emission wavelength
A, thus, leading to a significant enhancement of the
nonradiative triplet decay rate, hence, to a shortening
of the triplet lifetime and an overall lowering of the
triplet state population.

We now recall that in STED nanoscopy, the triplet
state population is the main cause for (1) loss of image
brightness and contrast due to ground-state deple-
tion® and (2) photobleaching.®'®2"?2 Thus, the emis-
sion-depletion detuning allows to transform the detri-
mental absorption in the metal into an advantage: by
maintaining a low triplet state population, it can re
duce the effects of photobleaching. Indeed, spectral
schemes where the plasmon resonance overlaps the
triplet emission Ar were used before in the context of
confocal microscopy and organic semiconductor las-
ing.>>~?° Then, even rather modest triplet decay rate
enhancements have been shown experimentally to
lead to significantly weaker photobleaching. Such an
improved photostability not only can allow brighter
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Figure 2. (a) Geometry of the metal nanoshell; (b) electric-
field enhancement; (c) total decay rate enhancement; and (d)
quantum yield as a function of wavelength for a 52 nm-
diameter (black dashed line), 26 nm-diameter (blue line), and
20 nm-diameter (red dash-dotted line) metal nanoshell. Dashed
lines denote the enhancement levels at the chosen emission
(A =520 nm) and depletion (1 ~ 650 nm) wavelengths.

images and longer scans, but would also allow using
higher intensities (hence better resolution)® and better
contrast’ compared with standard STED nanoscopy.
Importantly, this can be achieved without the need to
employ low repetition rates as is customary in standard
STED nanoscopy,® or more generally, in fluorescence
microscopy.”®

However, the plasmon resonance is sufficiently
broad such that there may be some residual enhance-
ment of the nonradiative singlet state decay rate and a
corresponding reduction of the fluorescence quantum
yield. While the enhanced (spontaneous) decay rate
protects the dye from internal conversion and conse-
quent singlet bleaching,®?”-*® the enhanced decay also
competes with the stimulated emission, causing the
depletion to be less effective. Specifically, this is mani-
fested through the reduction of the normalized intensity
C = Istep/lsar (see Methods), where Istep is the STED
intensity and /s, is the saturation intensity, defined as
the intensity at which the rates of spontaneous and
stimulated emission are equal; since the latter scales
with the total decay rate, then, indeed, enhancement of
the decay rate corresponds to weaker depletion.

Example: Metal Nanoshells. To quantify these compet-
ing effects, we consider, as an example, a configuration
of metal nanoshells (i.e., dielectric-core, metal-shell NPs)
with a dye emitter placed at the core center*®*’—3° and
Figure 2a. Metal nanoshells have several merits. First,
there is a wealth of experience in fabricating and using
them in biological and medical applications.>' 3% Sec-
ond, by varying the thicknesses of the core and shell one
can tune Apg across the visible and near-IR spectrum %>
This facilitates matching the plasmon resonance to the
STED dye. Third, it offers substantial field enhancements
in the core (see Figure 2b) while keeping the emitter ata
sufficient distance from the metal so that decay rate

SIVAN ET AL.

(a) (b) (c)

|
-200

| | |
-100 0 100 200 300

0
-300

Figure 3. (a) Intensity distribution in the focal plane of an
incident Laguerre-Gaussian beam propagating in free
space; (b) intensity distribution in the focal plane of a
Laguerre-Gaussian beam incident on a small metal nano-
shell at the beam center; very little scattering is observed;
(c) same as panel b for a metal nanoshell shifted 10 nm away
from the beam center. Significant local-field enhancement
is observed, yet, the overall doughnut-shaped field pattern
is not modified. Scale-bar length is 200 nm. (d) Cross
sections along the center for panels a—c with black, blue,
and red colors, respectively. In accordance with the local
character of the scattering, the different lines are nearly
indistinguishable except near the NP.

enhancement is minimized (Figure 2c) and quenching is
not too strong (Figure 2d). Fourth, they have already
been shown to result in increased photostability>**
which originates from a combination of the enhanced
excited state decay rate discussed above and chemcial
isolation of the encapsulated dye from oxygen.

The resolution of our scheme is detemined in the
following way. First, we calculate the field distribution
for a series of relative alignments between the incident
doughnut-shaped depletion beam and NP. As seen in
Figure 3, the small nanoshell particle does not alter the
overall field distribution, and can only induce a local-
field enhancement in the immediate vicinity of the NP.
The collected signal is then calculated as in ref 9 where
each point of the scan constitutes a pixel of the final
image. This process mimics the raster scanning used in
a STED measurement. For more details and values of
parameters used (see Methods).

As a first demonstration, Figure 4a compares the
signal obtained from a confocal, STED, and NP-STED
imaging schemes at a given depletion intensity.
We study a 26 nm-diameter particle with a silica core
(Feore =10 M, g4 = 2.25) and a gold shell (rgpe = 13 nm,
dielectric data &, taken from refs 35 and 36), chosen
due to their biocompatibility and chemical stability.>’
While STED clearly provides a narrower signal, hence,
a better resolution than the confocal scheme, the
improvement provided by NP-STED is far more signifi-
cant. For a more systematic comparison, Figure 4b
shows the signal width (fwhm) of NP-STED, d\eb, as a
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Figure 4. Comparison of resolution obtained using a confocal (solid line), STED (x symbol), and NP-STED (core—shell symbol)
imaging schemes. (a) Signal collected from a single emitter at the center of a 26 nm-diameter silica/gold nanoshell; (b) fwhm
of the signal as a function of standard STED resolution; (c) same as panel b as a function of peak normalized incident intensit
&™), The vertical dashed line corresponds to the parameters used in panel a. (d) Resolution improvement Qq = dstep/dYep
and (e) intensity reduction Q, = Isten/INe), obtained with nanoshells of a 52 nm-diameter (black dashed line), 26 nm-diameter

(blue line), and 20 nm-diameter (red dash—dotted line).

function of the signal width of (standard) STED, dstep.
The improved resolution provided by NP-STED is quite
striking—up to 7 times better compared with STED
(see Figure 4d), thus providing resolution which may
even exceed the NP size.

Since in such cases the NP size limits the achieved
resolution, one should exploit the (residual) field en-
hancement for lowering the STED intensities. This is
shown in Figure 4c where the resolution provided by
both schemes is plotted as a function of the peak
normalized depletion intensity £™ = max(). It can be
seen that for any given resolution, NP-STED requires
about 80 times lower intensity compared with STED
nanoscopy (see Figure 4e).

As for the signal intensity, we note that for this
geometry, the fluorescence quantum yield is reduced
by about 28 times at Ae,, = 520 nm (see Figure 2d).
However, the up to 80-fold intensity reduction should
be sufficient to compensate and even overcompensate
for that loss by allowing faster repetitions rates, longer
scans or stonger excitation levels than in standard STED
nanoscopy. Moreover, since the triplet state decay rate
is quite high (~3700 times, see Figure 2c), then for a
typical phosphorescence yield of ¢@ ~ 107 to 107>’
we can have Ty, (Astep & A1) 9@ > 1,in which case, the
triplet population decay rate is enhanced by a factor ~
Lot Ustep ~ A7) $'©.38 Then, the photobleaching rate is
further reduced by about the same factor,*® thus,
providing even further improved photostability.

We also examine the dependence of the improved
performance on nanoshell size. As shown in Figure 4d,e,
larger nanoshells provide better improvement in

METHODS

In general, the image is acquired by scanning the illumina-
tion and depletion beams across the sample and counting
the emitted photons for every point of the scan. The total
signal arriving at the detector is given by the product of the
excitation probability 7exc(lexc(r,ro)ilexc), the spontaneous
emission probability #7sp(/step(r.ro)iAsten), and the detection
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imaging performance (e.g., 12-fold improvement of
resolution or a 120-fold reduction of required intensities
for a 52 nm-diameter nanoshell); this is a result of the
lower decay rate enhancement (I'yo; (Aem) &~ 16 com-
pared with ~130 for the 26 nm nanoshell, see Figure 2d).
Smaller nanoshells show the opposite trend.

In summary, we have shown that using hybrid
fluorescent labels consisting of a dye emitter and a
metal NP can lead to a significant improvement in
all aspects of the imaging performance of STED
nanoscopy. We emphasize that the proposed tech-
nique relies on challenging yet demonstrated NP
fabrication technology for fluorescence micro-
scopy. Importantly, as the scheme relies on local,
near-field enhancement rather than on far-field
properties such as the scattering cross-section,
one can use very small NPs and thus minimize the
interference of the NP with the biological processes
and exploit the full extent of the resolution im-
provement. While we restricted the current study
to NPs not smaller than 20 nm, there is no physical
limitation on using even smaller particles. We
further emphasize that our approach is comple-
mentary to the improvements made to STED nano-
scopes, thus, itis compatible with any STED mode of
operation such as CW'* and time-gated'®'” STED
modes. Moreover, different materials and geome-
tries may also be suitable for NP-STED. The various
advantages provided by NP-STED, be these low
STED power, high resolution, or improved photo-
stability, allow one to design a NP to suit the
imaging requirements and object sizes.

point-spread-function (PSF) hpgr(r—ro;d21); that is,

Slro) = / Hexct, 10; MeplUsren(r,r0): Ihaerlr — 1oz ) r - (1)

Here, ry is the center of the illumination beams and r is the
coordinate on the sample, both measured with respect to
the center of the metal NP. The excitation probability is
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given by

Nexc(r ro; Aexc) = F()N; (lexc(r, ro); Aexc) (2)

where F(r) is the distribution of emitters and N, is the
number density of the electrons in the excited level. For
excitation well below saturation, as is typical, the latter is
simply given by the excitation PSF of the microscope. The
excitation PSF as well as the detection PSF can be simply
estimated as a Gaussian-like functions. The spontaneous emis-
sion probability originates from a solution of the rate equations
governing the population of the enegry levels of the emitter. In
the general case, it was shown that it is given by’

—ks, tot Tsten (1 + ¥(r; o))
1+ v ro)e e

Nsp(r, 10) = @e(r, dem) 1+ y(r, ro) ¢

where @g(rdem) is the apparent quantum yield and

&(r, ro)kvip
o) = ol 4
vl o) &(r, ro)ks, tot + kuib @

is the depletion factor. The STED intensity

thS, tot (r, lem)

_ Isten(r, ro) _
ASTEDOem (AsTeD)

C(r/ fo) - 7 /sat
Isat

(5)

is normalized by the saturation intensity, a level at which the rate
of stimulated emission equals the total rate of spontaneous
decay, itself defined as

kS, tot(r/ /’{em) = kS, rad (I’, lem) + kS, nrad (I’, /’{em) (6)

where ks ,.g and ks nraq is the radiative and nonradiative decay
rates, respectively. Note that all the fluorescence properties are
modified by the presence of the metal and become strongly
wavelength- and position-dependent. Additional parameters
used above are the depletion wavelength Asrep, the emission
cross-section of the emitter g, the vibrational decay rate ki,
the STED pulse duration Tsrep and he ~ 2 x 1072 Jm.

In the absence of any scattering (i.e., in the absence of NPs),
the excitation and depletion fields are translation-invariant, in
which case, the signal is given simply by a convolution between
the fluorophore distribution F(r) and the product of the emis-
sion probability and the excitation and detection PSF. However,
in the presence of a scattering element, the field distributions,
hence excitation and depletion profiles, depend on the scan
coordinate ro. In this case, the integration in eq 1 cannot be
reduced to a simple convolution, so that one has to compute
the excitation and depletion fields for each point in the scan.
The field distributions are calculated in the frequency domain
using rigorous theory for vectorial beam propagation® using
standard commercial software. The illumination system is as-
sumed to consist of a NA = 1.2 objective lens focusing into water
with optimal aperture-filling by the incident beam. The depletion
pulse is assumed to be 70 ps long and to have the spatial
doughnut profile of a circularly polarized Laguerre—Gaussian
beam.” Decay rate and quantum vyield calculations were per-
formed in the time-domain using standard commercial software.

The emitter was chosen to be a dye molecule having
Lorentzian-shaped absorption and emission cross sections with
a 50 nm spectral width and a magnitude of 107'® cm?. The
intrinsic emitter lifetime is assumed to be 5 ns, and the intrinsic
fluorescence quantum yield is assumed to have the rather high
value of ¢ = 0.65. These values correspond to those of an Atto
dye which is popular in STED microscopy. The emission-depletion
detuning is chosen to be 130 nm, as in standard STED.

For simplicity, we assume that the system consists of a single
metal nanoshell with a single emitter at its center, that is, F(r) =
d(r). The set of calculations of a scan along the radial direction
thus provides a cross-section of the obtained signal. The
resolution of the scheme is taken to be the width of signal.
We have verified that in absence of metal NPs, this procedure
reproduces the well-known confocal PSF and the resolution
scaling of STED nanoscopy.’

In more realistic cases, the core will be doped with more than
one emitter. In this case, one can simply assume a uniform

SIVAN ET AL.

distribution F(r) = Const within the volume containing the
emitters (typically smaller than the overall core size). The
calculation would be performed in the same way, namely, using
eq 1. It can be shown that within the core, the field enhance-
ments are, on average, similar to those experienced by an
emitter at the core center; however, the average decay rate
enhancementincreases. Thus, in the case of a uniform doping of
the core, the performance improvement would be somewhat
lower than with a single emitter, but the signal will be naturally
brighter compared with the case of a single emitter.
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