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Plasmonics for advance
single-molecule fluorescence
spectroscopy and imaging in
biology

Cecilia Zaza?' and Sabrina Simoncelli*?*

London Centre for Nanotechnology, University College London, London, United Kingdom,
2Department of Chemistry, University College London, London, United Kingdom

The elucidation of complex biological processes often requires monitoring the
dynamics and spatial organization of multiple distinct proteins organized on the
sub-micron scale. This length scale is well below the diffraction limit of light,
and as such not accessible by classical optical techniques. Further, the high
molecular concentrations found in living cells, typically in the micro- to mili-
molar range, preclude single-molecule detection in confocal volumes, essential
to quantify affinity constants and protein-protein reaction rates in their
physiological environment. To push the boundaries of the current state of
the art in single-molecule fluorescence imaging and spectroscopy, plasmonic
materials offer encouraging perspectives. From thin metallic films to complex
nano-antenna structures, the near-field electromagnetic coupling between the
electronic transitions of single emitters and plasmon resonances can be
exploited to expand the toolbox of single-molecule based fluorescence
imaging and spectroscopy approaches. Here, we review two of the most
current and promising approaches to study biological processes with
unattainable level of detail. On one side, we discuss how the reduction of
the fluorescence lifetime of a molecule as it approaches a thin metallic film can
be exploited to decode axial information with nanoscale precision. On the
other, we review how the tremendous progress on the design of plasmonic
antennas that can amplify and confine optical fields at the nanoscale, powered a
revolution in fluorescence correlation spectroscopy. Besides method
development, we also focus in describing the most interesting biological
application of both technologies.

KEYWORDS

plasmonics, nano-antennas, single-molecule fluorescence correlation spectroscopy,
single-molecule fluorescence imaging, near-field coupling, biological applications

1 Introduction

Exciting opportunities exist for combining plasmonics with microscopy and
spectroscopy techniques (Simoncelli et al., 2016; Simoncelli et al., 2018). Some of the
simplest synergic combinations of the two started with thin metallic films (Vasilev et al.,
2004), quickly evolving to nanostructured metallic materials than can provide strong
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confinement of electromagnetic field intensity by coupling light
with localized surface plasmon resonances (Purcell et al., 1946;
Anger et al., 2006; Sultangaziyev and Bukasov, 2020). These fields
can interact with fluorophores increasing excitation rate, raising
quantum vyield, and giving control of the far field angular
distribution of the fluorescent emitted light (Ford and Weber,
1984). This effect occurs at characteristic distances (Enderlein,
1999). At short distances from the metal surface, strong
quenching of radiative transitions occurs due to energy
transfer between a fluorophore and a metal (Anger et al,
2006). At longer distances, below the decay length of surface
plasmon field, the surface plasmons emissions becomes
dominant providing a pathway to increase the intrinsic
fluorescence of molecules located in their vicinity. Over
decades, this phenomenon has been used for a wide variety of
applications in biosensors and imaging (Bauch et al, 2014).
However, to date, only a handful of plasmonic-based
approaches have been able to push the boundaries of the
state-of-the-art
spectroscopy. These include techniques such as localized

(LPSIM)
stimulated

current in fluorescence microscopy and

illumination
2018);
emission depletion (STED) nanoscopy (Cortés et al.,, 2016);

plasmonic  structured microscopy

(Bezryadina et al, plasmon-assisted

surface-enhanced Raman spectroscopy combined — with
stochastic optical reconstruction microscopy (SERS-STORM)
(Olson et al, 2016), among others. Although useful these
approaches have yet not been expanded to investigate open
questions in the field of biology.

In this review, we mainly focus on the most novel
applications, that take advantage of the near-field coupling
between single emitters and surface plasmon modes, to
develop nano-imaging and nano-spectroscopy technologies
with demonstrated capability of exploring biological process
with nanoscale spatial- and microsecond temporal-resolution.
First, we describe the development of metal-induced energy
transfer (MIET), a method capable of exploiting the distance-
dependent fluorophore-metal interaction to achieve sub-
diffraction axial resolution when combined with fluorescence
lifetime imaging microscopy (Chizhik et al., 2014; Simoncelli
et al,, 2017). Since its inception, MIET has matured not only in
terms of technological development, but also in the breadth of
applications in the field of biology. This year, it has reached a
milestone by allowing researchers to achieve isotropic three-
dimensional super-resolution imaging of subcellular structures
when combined with single-molecule based super-resolution
microscopy (Thiele et al., 2022). Secondly, we review recent
breakthroughs in plasmonic antennas arrays that allow to
visualize single-molecule dynamics at high concentration
ranges, providing a major leap forward in fluorescence
correlation and cross-correlation spectroscopy (FCS/FCCS)
techniques (Punj et al., 2013a). The tight light confinement of
localized plasmonic fields tuned by proper antenna design make
them powerful tools to reduce the focusing volume in FCS, thus

Frontiers in Photonics

02

10.3389/fphot.2022.989570

increasing the working concentration of fluorophores to relevant
physiological conditions, i.e., from nano- to the milli-molar level.
In the context of biology, thanks to the higher level of spatial
resolution provided by plasmonic antenna FCS, it was recently
possible to shed light on the temporal dynamics and size of lipid
nano-domains in cell membranes, thus reconciling contrasting
views in the scientific community (Winkler et al., 2017). Finally,
we provide possible perspectives for new combinations of
plasmonics with single-molecule imaging and spectroscopy
techniques.

2 Plasmonic substrates for axial
nanometer cell imaging

MIET decodes the absolute position of fluorescent molecules
located in the vicinity of a thin metallic layer by leveraging the
distance-dependent fluorescence lifetime modulation (Chizhik
et al,, 2014). The fluorescence lifetime is the period of time a
fluorophore spends in the excited state before emitting a photon
and returning to the ground state (Lakowicz, 2006). The decay
rates of a fluorophore are modified by proximity to a metal
surface, which affects the fluorophore’s lifetime, as happens in
Forster resonance energy transfer (FRET) (Lukosz and Kunz,
1977; Chance et al.,, 1978). Namely, the photons’ return to the
ground state accelerates as the fluorescent emitter gets closer to a
metallic surface, typically gold, resulting in a shorter lifetime
(Chizhik et al., 2011; Chizhik et al., 2012; Chizhik et al., 2013).
This is proportional to the distance from the gold surface (that
acts as an acceptor) and, in contrast to FRET, has a large dynamic
range up to around 200 nm above the surface plane (Figure 1A).
The modulation of the fluorescence lifetime signal, however, is
not only dependent on the fluorophore-surface distance, but also
on the material and thickness of the metal layer, the overlap
between the plasmon surface resonance and the fluorophore’s
absorption and emission bands, as well as the fluorophore’s
emission quantum yield (Gregor et al, 2019). To transform
lifetime information into axial distances, the emitter distance-
lifetime dependence can be calculated by modelling the emission
properties of an emitter above a metallic surface (Chizhik et al.,
2014). Figure 1A shows some example calculations for the
lifetime-distance dependent signal of Cy5b and CF680 dye
supported on 10 nm-thick layer of gold (Thiele et al., 2021),
where the monotonous relation between lifetime and axial
distance is observed up to around 75nm. To ease the
implementation of MIET, the group of Enderlein has
developed a MATLAB-based graphical user interface that
automatize the conversion of lifetime to height information
with user-defined experimental parameters (Chizhik and
Enderlein, 2020).

Berndt and colleagues were the first to take advantage of the
strong distance dependence of this energy transfer process to
infer axial distances from fluorescence lifetime experiments in a
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FIGURE 1
(A) Left: Scheme of metal-induced energy transfer (MIET) method for biological imaging. Axial information of biomolecules can be decoded
from the distance-dependent near-field coupling between fluorophores excited states and surface plasmons in planar metal films. Right: Calculated
lifetime-distance dependence calibration curves for Cy5b (red) and CF680 (blue) supported on a glass cover slide coated with 10 nm-thick layer of
gold depicts the shortening of the molecules’ fluorescence lifetime as it approaches the metal layer. (B) dSTORM image of a-tubulin and clathrin

in U20S cells labelled with Alexa Fluor 647 (AF 647) and CF680, respective
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ly. (C) 3D MIET-dSTORM image of the same region as in (b), where lifetime

values were converted to height values and both targets are shown together (D) xz cross sections of microtubules 1 and 2 shown in (C). Scales bar:

50 nm. Figures adapted from (Thiele et al., 2021)

biological system (Berndt et al., 2010). Specifically, they imaged
microtubules attached to a gold surface via different molecular
spacers: avidin, neutravidin and kinesin-1. By measuring the
lifetime in a wide-field time-domain fluorescence lifetime
imaging microscope, they were able to obtain the molecular
dimensions, in the axial axis, of the microtubule-attached
proteins with nanometer precision. A couple of years later,
Chizhik and colleagues also used this technique to measure
the basal membrane of living MDA-MB-231 cells, but in this
case with a confocal microscope capable of performing time
correlated single photon counting (TCSPC) to quantify lifetime
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in each pixel (Chizhik et al., 2014). They measured cell-substrate
distances between 50 and 100 nm for various cell types and found
differences in cell-substrate distances between three cell lines
(MDA-MB-231, A549 and MDCK-II). Cade and colleagues
showed this technique using a nanostructured silver film,
obtaining height maps of carcinoma cells. They claim that
silver films provide better axial sensitivity than gold because
radiative decay processes dominate, even when close to the metal,
resulting in higher signal levels from fluorophores close to the
2015). Also, MIET has been used in
combination with other techniques such as atomic force

substrate (Cade et al,,
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microscopy (Port et al., 2022). In this work, Port and colleagues
applied a force with the cantilever forming a new focal adhesion
on living cells and at the same time they measured the height of
the actin skeleton of NIH 3T3 mouse fibroblasts detecting
alterations in the units connecting the actin cytoskeleton to
the extracellular matrix (Gottschalk et al., 2022). They also
studied the influence of shape induced tension on the height
of the actin cytoskeleton (Grandy et al., 2022).

A couple of years later, Chizhik and colleagues measured the
axial distance between two proteins in the inner and outer part of
the nuclear membrane (Chizhik et al., 2017). Performing dual-
color MIET to spectrally separate the signals of the two antibody-
labelled proteins, they could determine the distance between
those two proteins with nanometric resolution, obtaining a
thickness of the nuclear envelope of 30-35nm which is
comparable to electron microscopy measurements. Also, the
temporal spreading and adhesion of living platelet to surfaces
were investigated via MIET using a confocal microscope with fast
scan (Zelena et al., 2020). Hwang and colleagues used MIET to
prove a nanometer sectioning method in a large field-of-view in a
confocal microscope with a low numerical aperture objective.
They tested the method in human aortic endothelial imaging a
large field-of-view of 120 um x 96 um (Hwang et al., 2021).

Up to this point, the information obtained was diffraction
limited in the lateral dimension. As a result, a combination of
MIET and FRET was developed to obtain additional nanometric
information in the imaging plane (Chizhik et al., 2018). Axial
distances of actin and vinculin were used to elucidate the 3D
structure of focal adhesions in hMSCs cells at different points of
seeding and the lateral distance between both proteins was
inferred via FRET. Karedla and colleagues were the first to
combine MIET with single-molecule detection (smMIET), first
by measuring the axial distance of single molecules located at
different distances (20-50 nm) from a gold film using SiO,
spacers (Karedla et al., 2014; Karedla et al., 2018) and then by
determining axial distances on a DNA origami platform (Isbaner
etal, 2018). These works represented the steppingstones to apply
MIET in the field of super-resolution fluorescence microscopy,
particularly single-molecule localization microscopy (SMLM).

The basic concept of SMLM lies on separating the emission of
fluorophores temporally and spatially to pinpoint with a
precision much higher than the size of the signal itself the
position of each emitter. The lateral localization accuracy in
SMLM depends on the number of emitted photons. Therefore,
using fluorophores with high absorption cross section and
emission quantum vyield it is possible to reconstruct super-
resolved images with sub-20 nm resolution in xy (Masullo
et al,, 2021). For example, with ATTO655 that has a quantum
yield of 30% and using an SMLM known as DNA point
accumulation for imaging in nanoscale topography (DNA-
PAINT) a spatial resolution of 6 nm could be achieved (Raab
et al., 2014). Axial resolution in SMLM, on the other hand, is
typically two- to four-fold worst depending on the methodology
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(Huang et al., 2008). Therefore, the possibility to combine MIET
with SMLM offers a direct avenue to achieve nanometric
isotropic resolution in 3D in a simple fashion. In 2020, with
the invention of the new wide-field TCSPC cameras, Oleksiievets
of three
fluorophores with similar emission spectra and they could
distinguish them with lifetime (Oleksiievets et al, 2020).
Super-resolution imaging could not be achieved at this point

and colleagues perform single-molecule FLIM

because of the low quantum yield of this camera, which has
rapidly improved over the past two years. At about the same time,
Thiele and colleagues developed a method to perform SMLM in a
time resolved confocal microscope and used it to perform
multiplexed measurements (Thiele et al, 2020; Oleksiievets
et al., 2022a). First, they validated their technique by imaging,
via two different SMLM modalities: dISTORM and DNA-PAINT,
B-tubulin and clathrin in COS-7 cells, labelled with
ATTO647 and ATTO655, respectively. These experiments
demonstrated that their optical configuration was suitable to
perform SMLM experiments whilst decoding color information
via the emitter’s fluorescence lifetime. They also performed
single-molecule measurements in different spectral regions
with the two experimental approaches: confocal or widefield
and compared both performances in 3D localization of single
emitters with MIET (Oleksiievets et al., 2022b). Finally, in 2022,
Thiele and colleagues demonstrated, for the first time, isotropic
3D super-resolution imaging using the combination of dSSTORM
and MIET [17] as schematically illustrated in Figure 1A (Thiele
etal., 2021). Specifically, single molecules are localized in each of
the confocal binned frames. Then, each single-molecule burst is
assigned a lifetime, which is finally transformed into an axial
position using the calibration curve that relates lifetime to height.
They could obtain images of microtubules and perform
multiplexed measurements with the addition of a dichroic
mirror. Figure 1B shows a super-resolved image of a-tubulin
and clathrin in U20S cells labelled with Alexa Fluor 647 and CF
680, respectively, where each fluorophore type is represented by a
different color. Each channel’s lifetime information provides
axial distances for both dyes. Figure 1C shows the same
microtubules image as Figure 1B, where color represents axial
distances in a 3D super-resolved image. With this configuration,
the authors were able to resolve the xz profile of the hollow
interior of microtubules (~35nm in diameter), as shown in
Figure 1D, highlighting the superior axial resolution of their
technique in comparison to the most conventional astigmatic
imaging.

3 Plasmonic nano-antennas for live
cell fluorescence spectroscopy

Fluorescence correlation spectroscopy (FCS) is a technique
that provide dynamic information with high temporal resolution
(Krichevsky and Bonnet, 2002a). FCS records the temporal
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(A) Comparison of the typical confocal volume and the achievable reduction of the detection volume using different plasmonic nano-antennas.

(B) Scheme of the “antenna-in-box" design (top) for FCS measurements. Finite difference time domain method (FDTD) simulations of the normalized
excitation intensity enhancement at 633 nm for a gold nano-dimer (diameter 80 nm) in a nano-aperture for different gap sizes (15, 30 and 45 nm).
Adapted with permission from (Winkler et al., 2017). Copyright 2017 American Chemical Society. (C) Fluorescence enhancement versus
detection volume reduction compared to a diffraction-limited confocal set-up. The different colors represent the nominal gap size used in the
fabrication of the gold nano-antennas. Adapted with permission from (Flauraud et al., 2017). Copyright 2017 American Chemical Society. (D)
Normalized autocorrelation curves from different gold nano-antenna gap sizes. Adapted with permission from (Winkler et al., 2017). Copyright
2017 American Chemical Society. (E) FCS diffusion laws to extract the type of diffusion exhibited by molecules in biological membranes.

fluctuations caused by fluorescently tag single molecules as they
transient through a small observation volume. Since its inception
(Magde et al., 1972), FCS has been used to study chemical and
biological process by giving access to molecular concentration
and molecular diffusion constants (Krichevsky and Bonnet,
2002b). Even further, dual-color cross-correlation fluorescence
spectroscopy (FCCS) allows quantification of interacting
molecules by providing access to affinity constants and
reaction rates (Krieger et al, 2014). However, most FCS
modalities use a diffraction limited single focal spot for the
measurements. This not only limits the statistical power of the
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technique, but it also precludes single-molecule detection in the

relevant physiological concentration ranges where most
biological reaction occurs. To go beyond the current state of
the art of FCS technologies, plasmonic nano-antennas have been
used to enable single-molecule sensitivity at micromolar
concentration ranges (Figure 2A). The fluorescent signal of
molecules diffusing nearby plasmonic antennas can be
modified through

transitions of both parties (Simoncelli et al., 2014), leading to

resonant coupling of the electronic

fluorescence enhancement in volumes much smaller than the
ones dictated by the diffraction-limit of light.
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FCS
demonstrated that the volume

(AuNPs)
can be

experiments on gold nanoparticles

of observation
drastically reduced below the diffraction limit thus increasing
the detectable fluorophore concentration range (Estrada et al,
2008; Wang et al,, 2011; Punj et al., 2013b; Punj et al., 2014;
Flauraud et al., 2017; Winkler et al., 2017). These works showed
that the presence of individual gold nanoparticles enables to
reduce the detection volume by four orders of magnitude due to
the gold nanoparticles’ localized surface plasmon resonance.
Also, by sensibly designing 2D antennas arrays it is possible
to enhance the fluorescence of the few molecules diffusing in and
out the antenna gap region (hot spot) while simultaneously
deactivating the fluorescence background of the thousands of
molecules diffusing within the diffraction limited volume
(Flauraud et al, 2017). To simultaneously optimize field
and broadband

operation, the geometrical parameters of the nano-sized

confinement, single-molecule detection

antennas are typically first defined through numerical

simulations. Plasmonic and dielectric nano-antennas with
typical configurations including rods, dimers, bowties and
trimers have already been used for this purpose (Dutta
Choudhury et al, 2012; Kinkhabwala et al, 2012; Albella
et al., 2013; Yuan et al.,, 2013; Caldarola et al., 2015; Khatua
et al,, 2015; Punj et al., 2015; Pradhan et al., 2016; Regmi et al,,
2016).

Nano-apertures were also used to increase light-matter
coupling (Wenger et al., 2007; Aouani et al., 2011). However,
the combination of nano-antenna and aperture proves to be the
best choice for this type of experiment since the antenna focuses
the field while the aperture reduces background signal by
preventing free molecules diffusing out of the gap from being
excited (Punj et al., 2013a; Flauraud et al., 2017; Winkler et al,,
2018). Figure 2B illustrates a schematic illustration of this type of
antenna, along with simulations of field enhancement as a
function of antenna gap distance. This antenna called
“antenna-in-box” was used by Punj and colleagues to prove
the detection and discrimination of different biomolecules at
10 UM concentration. They also studied the fluorescence
enhancement and the changes in the detection volume for
a ful
characterization and description of the fabrication method

different nano-antenna gaps. In a later work,
was presented (Flauraud et al, 2017). For instance, Figure 2C
shows the fluorescence enhancement for different geometries of
the “antenna-in-box” design as a function of the reduction in the
detection volume compared to the typical confocal volume. This
data illustrates that antennas with smaller gaps present the
highest fluorescence enhancement, leading to the maximum
the

microscopes nowadays can easily resolve distances of 40 nm,

reduction  in observation volume. Super-resolution
but often at the cost of a low temporal resolution which is not
useful for some dynamics experiments in living systems.

Therefore, the nano-focusing FCS technology appears to be a
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powerful platform to investigate biological process with
microsecond temporal resolution in sub-diffraction volumes.

Regarding the biology applications, Winkler and colleagues
performed FCS on this antenna-in-box plasmonic platforms
with different gap sizes to assess the dynamic nanoscale
organization of mimetic biological membranes (Winkler
et al, 2017). They studied the diffusion of a lipophilic
fluorescent dye in the liquid-ordered (Lo) and liquid-
disordered (Ld) phase of cholesterol in lipid membranes.
Figure 2D shows the obtained normalized correlation curves
for different antenna gaps which means different observation
areas. The diffusion time for different observation areas is key to
extract the diffusion environment of the molecules (i.e., free
diffusion, nano-domains, meshwork). For example, free
diffusion is characterized by a strict linear proportionality
between the diffusion time and the observation area with a
curve crossing the origin. Different slopes and interceptions
with the time axis reveals different types of diffusion constrain
as schematically shows in Figure 2D. In this work, a change in
the diffusion law could be seen for different lipid compositions
of the membrane. With this breadth of information, they found
the presence of transient nanoscopic domains in both the Ld
and Lo phases of ternary lipid mixtures with sizes in the range of
10 nm and short characteristic times around 30 us for the Ld
and 100 ps for the Lo phases [55]. These nano-antennas were
also used to measure the influence of hyaluronic acid in the
organization of mimetic lipid bilayers (Winkler et al., 2021).
The study was complemented with atomic force microscopy
and spectroscopy to assess the morphology and mechanical
properties of the bilayers, resulting in changes of the micro and
nano-organization with the presence or absence of the
hyaluronic acid. Beyond mimetic systems, these platforms
were also used to study the nanoscale dynamics of different
lipids in living cells (Regmi et al., 2017).

Most recently, the “antenna-in-box” concept was also
combined with multiplexed fluorescence readout using a
sCMOS camera for simultaneous detection of 225 nano-
antennas (Winkler et al, 2022). High-throughput arrayed
detection of single-molecule dynamics at the nanoscale in
living cell membranes was demonstrated. In addition, since
field intensity relative to the aperture decay as a function of
the axial distance, the axial positions of fluorophores was also
determined in this work by utilizing the brightness-to-axial-
distance relationship provided by antennas. Finally, in 2022,
Barulin and colleagues introduce a new an optical horn
antenna platform for single label-free proteins detection in the
UV range via their natural ultraviolet fluorescence (Barulin et al.,
2022). This antenna combines a conical horn reflector for
fluorescence collection at ultrahigh angles with a metal nano-
aperture for fluorescence enhancement and background
screening. The horn antenna was used not only to achieve
but also enable UV

fluorescence enhancement
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autofluorescence detection of single proteins above the
background noise.

4 Discussion

Over the past two decades, several innovations in
instrumentation and experimental techniques powered the
resolution revolution in optical microscopy, including
based
fluorescence microscopy (Lelek et al., 2021). Popularization

approaches on  single-molecule localization
of these fluorescence super-resolution techniques has begun to
facilitate discoveries in different field of biology, by resolving
protein organization with previously unattainable spatial
detail. Whilst these techniques offer lateral resolution in
the range of 10-40 nm, axial resolution is typically 2 to
4 times worse (Huang et al., 2008) and therefore different
approaches over the years have been developed to achieve
isotropic resolution in 3D (Bourg et al., 2015; Szalai et al,,
2021; Velas et al.,, 2021). By levering the distance-dependent
fluorescence lifetime modulation as response to the near-field
coupling between fluorescent molecules and plasmon surface
resonances in a thin metallic film, MIET currently offers a
straightforward solution for isotropic 3D super-resolution
imaging (Thiele et al, 2021). However,
demonstration in 2014 (Chizhik et al., 2014), only three

groups have applied MIET. Furthermore, the experimental

since its

realization of 3D super-resolution imaging via MIET either
requires expensive cameras for wide-field FLIM imaging or a
stable drift correction in the case of the confocal modality. In
addition, it is rare for biological labs to have the expertise of
fabricating the type of metal-coated slides required for MIET.
Therefore, given the breadth of other recent approaches
developed to achieve isotropic sub-30 nm resolution in 3D,
the wider uptake of MIET in the biology community remains
to be seen.

Like MIET, there is another technique, called graphene
energy transfer (GIET), capable of decoding axial position
from lifetime information using graphene as the “metal” layer.
MIET uses the fluorescence signal coming from near-field
electromagnetic coupling of a fluorophore’s excited state to
surface plasmons in planar metal films, whereas in graphene,
the energy transfer from the excited fluorophore to electron-
hole pairs resembles classical FRET between two molecular
systems (Kaminska et al., 2019; Ghosh et al., 2021; Kaminska
et al,, 2021). In this case, the efficiency of this energy transfer
process presents the advantage of increasing the distance
dependent to around 25nm, providing a dynamic range
that lies between the operational range of FRET and MIET.
Asaresult, GIET s localization accuracy improves by nearly an
order of magnitude compared to MIET as there is a steeper
distance-lifetime relationship (Ghosh et al, 2019). For
example, in 2021, Raja and colleagues used this technology
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to map the quasi-stationary states of the inner and outer
mitochondrial membranes before and during ATP synthesis
with
resolution) through fluorescence lifetime experiments (Raja
2021). They that the
intermembrane distance is (10.6 £ 0.6) nm in resting state,

ultra-high precision (i.e, sub-nanometer axial

et al, showed mitochondrial
whereas it decreases to (8.6 + 0.6) nm in the active state. In this
sense, GIET provides a differential advantage to MIET in
decode
information, as its level of axial accuracy is unrivalled
the with ultra-high

precision the conformational organization of proteins and

comparison to other approaches to axial

opening opportunity to resolve
complexes in their native environment. Among the new
generation of ultra-resolved super-resolution imaging
techniques, MINFLUX (Balzarotti et al., 2017), can achieve
1nm lateral precision, offering a unique potential to be
combined with MIET or GIET. p-MINFLUX (Masullo
et al., 2020) is the best candidate for this combination as it
provides direct access to fluorescence lifetime information,
allowing a direct estimation of axial distances.

Besides spatial resolution, temporal resolution is also key
to elucidate complex biological processes in living cells. The
opportunities offered by plasmonic nano-antennas to confine
the volumes of excitation/detection to the zepto-liter range
provide a major step forward in fluorescence correlation
spectroscopy techniques (Estrada et al., 2008). Whilst the
first examples simply started with gold nanoparticles and
nanorods, thanks to the rapid progress in numerical
nanofabrication,

could be
implemented in large scale to enhance the capabilities of

simulations  and high-performance

antennas  configurations developed and
FCS measurements. These configurations allowed to
controllable confine excitation light to sizes between
10 and 50 nm with a temporal resolution in the order of
the s

concentrations range as high as 10puM (Punj et al.,

and enable single-molecule detection at
2013a; Winkler and Garcia-Parajo, 2021). However, as
the modulation of the fluorescence signal is usually
dictated by the overlap between the molecular and the
plasmon transition bands, the choice of fluorescent tags
suitable for a specific antenna configuration might be
restricted. Furthermore, this technique requires complex
nanofabrication skills, and it is not trivial to engineer
antennas design that have a broad band plasmon
resonance. Ultimately, this limits the extension of these
technologies to multi-color interrogation of distinct target
proteins in living cells representing a key barrier to
furthering our understanding of the vast and complex
network of protein-protein interactions in the complex
and crowed environment of living cells.

In conclusion, the combination of single-molecule imaging
and spectroscopy with plasmonic has a lot to offer the life

sciences since it can reveal unique information about the
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distribution and dynamics of molecules in sub-diffraction
dimensions.
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