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ABSTRACT

We review some of the progress of single-molecule optical experiments in the past 20 years and propose some perspectives for the coming
years. We particularly focus on methodological advances in fluorescence, super-resolution, photothermal contrast, and interferometric scat-
tering and briefly discuss a few of the applications. These advances have enabled the exploration of new emitters and quantum optics; the
chemistry and biology of complex heterogeneous systems, nanoparticles, and plasmonics; and the detection and study of non-fluorescing
and non-absorbing nano-objects. We conclude by proposing some ideas for future experiments. The field will move toward more and better
signals of a broader variety of objects and toward a sharper view of the surprising complexity of the nanoscale world of single (bio-)molecules,

nanoparticles, and their nano-environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087003

I. INTRODUCTION

Optical microscopy’s spatial resolution is limited by diffrac-
tion to a few hundred nanometers. Therefore, its application to
nanoscience is not as commonplace as that of electron microscopy,
whose resolution is limited by the wavelength of electrons down
to a fraction of a nanometer, or that of scanning probe micro-
scopies STM and AFM, whose resolution is essentially determined
by atomic-sized tips. However, optical photons interact very specif-
ically with particular excited states of atoms, molecules, and solids
so that individual localized electronic states, and thereby individual
atoms, molecules, and defects in solids, can be detected and studied
optically. Moreover, under proper conditions, the diffraction bar-
rier of optics can be lifted by means of various super-resolution
techniques.’ Even more importantly, optics have very specific
advantages compared to scanning probes and to electron micro-
scopy: most optical methods are non-invasive, and they are not
limited to the surfaces of solid bodies, but enable in-depth probing
of liquids and solids, provided that these are transparent enough for
the used wavelengths. Optical microscopy is compatible with a wide
range of conditions, from cryogenic to ambient and high tempera-
tures and from ambient to high pressures. It requires no vacuum and
applies to complex materials ranging from catalyst nanoparticles all

the way to living matter. Finally, the resonance of photons at opti-
cal frequencies with electronic levels of atoms and molecules enables
spectroscopic observations, which sensitively report on these elec-
tronic states and, therefore, on the structure and dynamics of matter
down to molecular scales. These decisive advantages explain the
spectacular expansion of single-molecule optical methods in the past
20 years, despite the limited spatial resolution of optical microscopy
images.

Single-molecule optics commonly relays a signal from a sin-
gle localized electronic state (which we henceforth call a molecule,
but which could be an atom, ion, nanoparticle, defect in a solid,
etc.) directly from the nanoscale to the laboratory scale. It requires
that only one optically interacting molecule sits in the diffraction-
limited detection volume and that this molecule emits, or interacts
with, enough photons to produce a reliable signal above background
and noise. Historically, the first extinction experiment of Moerner
and Kador® was succeeded by fluorescence experiments, provid-
ing a much improved signal-to-background ratio.” The selection
of single molecules is made possible by resonance of the exciting
photons with a molecular excited state. Although Raman scatter-
ing and fluorescence obey similar selection rules, the continuous
transition from one to the other demonstrated in pre-resonant
Raman scattering highlights the spectacular enhancement due to
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resonance. Because of resonance, fluorescence is several orders of
magnitude brighter than non-resonant Raman scattering. After flu-
orescence or photoluminescence, other optical methods have been
developed to reach single-molecule sensitivity. Photothermal micro-
scopy is based on absorption, i.e., on the dissipation of optical
energy into heat as opposed to extinction of the incident light
beam. Photothermal detection rejects background through high-
frequency modulation of a heating beam and lock-in detection of
the variations of scattered intensity of a probe beam.® This method
reaches single-molecule sensitivity under favorable conditions.” Effi-
cient subtraction of background in space and/or time makes it
even possible to detect extinction changes produced by individ-
ual nanoparticles” " or by single protein molecules." " The latter
technique, often dubbed iSCAT, requires specific signatures from
the particles to be detected, in space, time, or other property, to
distinguish them from other scattering objects in their environ-
ment, such as impurities, defects of glass slides, and organelles of
cells.

Beyond the technical challenge of detecting individual
molecules optically, it is instructive to reflect on the specific advan-
tages of single-molecule measurements vs conventional ensemble
measurements. The complete removal of ensemble averaging offers
unique benefits. It provides direct access to inhomogeneous static
or quasi-static distributions. As a consequence, it is much more
forgiving to imperfections, impurities, or heterogeneities in sam-
ple preparation; indeed, a single molecule is always 100% pure.
In kinetics experiments, a single molecule does not require any
synchronization step before a sequence of states can be measured
and assigned;'” indeed, a single molecule is in a single, possibly
unknown, state at every single time. This property is particularly
attractive for biomolecules and for soft-matter systems in which
very subtle interactions and conformational changes determine the
molecular state because these interactions cannot be precisely con-
trolled in time and/or space. Fleeting intermediates in reactions,
such as transition states upon barrier crossing, which may exist
during very short time intervals only, appear in a long single-
molecule trajectory even in the midst of a long uneventful period.
The detection of such intermediates in a large ensemble is much
more challenging. Another example of kinetic information uniquely
accessible on single molecules is the sequence of states occupied by
single proteins, which directly appears from a single-molecule trajec-
tory,'® whereas time-tagged information on a sequence of states is all
but hidden in unsynchronized ensembles. These unique advantages
explain why single-molecule spectroscopy has developed steadily in
the past 30 years and has found applications in many fields ranging
from heterogenous catalysis and materials science to bio-physics and
bio-chemistry.

The present Perspective updates an earlier perspective writ-
ten by one of us some 20 years ago,'” which focused on single-
molecule fluorescence at cryogenic temperatures. In the interven-
ing time, single-molecule spectroscopy has developed in several
exciting and unexpected directions, which include quantum optics
and single molecules in interaction with plasmonic structures and
with optical micro- and nano-cavities. Other entirely new branches
have sprouted from the study and applications of new emitters,
such as color centers; from the search for new methods, such as
label-free absorption and scattering; and from the many super-
resolution methods and their applications to bioscience questions.

PERSPECTIVE scitation.org/journalljcp

Single molecules have been applied more widely to explore complex
and heterogeneous systems at molecular scales, free from ensemble
averaging. In the following lines, we intend to review some chosen
subjects and reflect on our best hopes for future developments in
single-molecule optics.

Il. RECENT ADVANCES IN SINGLE-MOLECULE
SPECTROSCOPY

The explosive growth of single-molecule fluorescence in the
1990s has led several groups to search for more general optical
methods to detect single-molecule signals, which may complement
fluorescence and remedy some of its weak points: (i) its need for
fluorescent labels, a rather restricted class of conjugated molecules
that may interfere with the phenomena to be studied; (ii) the lim-
ited photostability of fluorescent labels, which may blink and bleach,
thereby aborting signal acquisition on the one molecule under study;
and (iii) the comparative weakness of fluorescence signals related
to the fluorescence lifetime of some nanoseconds and to the lim-
ited collection efficiency of this multidirectional emission. A simple
but general scheme for an optical experiment on a small object,
molecule, or nanoparticle requires excitation with an incident wave,
most often by a diffraction-limited tightly focused beam and in other
cases with a collimated beam (see Fig. 1). Under excitation by the
incident wave, the molecule emits a “secondary” optical wave into
the far field, which may be at the same exciting wavelength or spec-
trally shifted away from it. This emitted wave bears information
about the molecule that we are interested in so that we strive to
detect it with the highest possible sensitivity. The weakness of single-
molecule signals implies that we must efficiently filter the desired
signal from the strong background of the exciting wave and of other
waves reflected, transmitted, or scattered by the sample.'® In single-
molecule fluorescence [see Fig. 1(a)], as the secondary wave’s color
differs from the excitation’s, it can easily be separated by means of
sharp color filters (often multi-dielectric filters), which reject the
excitation light with a high rejection ratio of several, typically 6-10,
orders of magnitude. Some emitters have long photoluminescence
lifetimes, which enables time-resolved separation of their lumines-
cence from a pulsed excitation. Other characteristics of the emitted
photons, such as their propagation direction and/or their polariza-
tion, can, in principle, be used for the isolation of the secondary
wave, but rejection of the excitation is often too poor to rely entirely
on these separation methods alone.

Non-fluorescent objects may interact with excitation light
but will not emit spectrally shifted light. In that case, the only
available optical wave has the same wavelength as the excitation.
(We ignore Raman scattering and the weakly spectrally shifted
Rayleigh-Brillouin scattering because of their weak intensity.) The
most general detection method in this case is scattering, which
can be applied in two versions. The first one, dark-field scattering,
requires observation in directions where excitation light is absent
[Fig. 1(b)]. The ultramicroscope invented by Siedentopf and Zsig-
mondy in 1902" and excitation by total internal reflection (TIR)
of gold nanoparticles”’ are good examples of dark-field scattering
with high rejection of the exciting wave. However, as the scattered
intensity scales as the square of the volume of the particle, scat-
tering by small particles cannot be easily distinguished from weak
but omnipresent scattering by other uninteresting impurities and
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FIG. 1. Schematic representations of fundamental principles of (a) fluorescence microscopy, (b) dark-field scattering microscopy, (c) photothermal microscopy, and (d)
bright-field microscopy or interferometric scattering (iISCAT) microscopy. (a) In fluorescence microscopy, a single molecule or particle here represented as a single dipole
emits fluorescence (green) as a spherical wave, which is filtered from the background (blue) by using a dichroic filter. The detected fluorescence signal is the square of the
amplitude of the fluorescence electric field. (b) In dark-field scattering microscopy, with the background wave and the spherical wave scattered by the single dipole having
different angles, the detector can selectively be positioned to collect the scattered signal only. The detected intensity is thus only the square of the scattered electric field. (c)
In photothermal microscopy, two lasers are used: a heating laser (blue) and a probe laser (red). The heating laser is intensity-modulated, while the probe laser is continuous.
A thermal lens (magenta) is formed surrounding the single dipole after the non-radiative relaxation of the absorbed heating photons. The wave scattered by the thermal lens
usually dominates scattering by the dipole itself. The wave scattered by the thermal lens interferes with the reflected or transmitted probe beam. The interference signal,
i.e., the real part of the product of the electric fields of the probe and scattered beams, is afterward detected as a change of the detection signal by rejecting background
through high-frequency modulation. (d) In bright-field scattering microscopy, the spherical wave scattered by a single dipole interferes with the reflected or transmitted probe
wave and the interference signal is detected as the real part of the product of the probe and scattered electric fields. In this case, the interference signal is detected as a

heat Eprobe Escat

Escat

change of the detection signal by rejecting background by spatial and temporal filtering.

defects. Thus, dark-field scattering is too weak, in practice, for the
detection of metal particles below 30 nm and of dielectric particles
below 50 nm in diameter. The second scattering method, bright-
field scattering, relies on the detection of changes of the scattered
intensity and is better suited for very small particles. In this case,
the scattered field interferes with the excitation field so that the
change in intensity scales linearly with the volume of the parti-
cle, thus more favorably than dark-field scattering [Fig. 1(d)]. Also
known as iSCAT,”' bright-field scattering requires a careful subtrac-
tion of the background of unscattered excitation light. Extinction,
i.e., the measurement of the change of the transmitted intensity due
to scattering and absorption by a small object, is a special case of
bright-field scattering. Indeed, according to the optical theorem,'®
the scattered wave interferes with the incident wave so as to exactly
produce the attenuation of the incident wave measured as extinction
in conventional ensemble experiments.

Finally, the absorption of light itself can be detected specifically,
even when photoluminescence is extremely weak. Absorption-based
methods apply, for example, to metal nanoparticles, semiconductor
nanocrystals, and conjugated polymers. The absorption of light is
not detected through the missing absorbed photons, i.e., through

extinction, as is done in a standard spectrophotometer. Indeed, this
weak signal would be difficult to isolate from the photon noise of
the, usually weak, unabsorbed beam. Instead, it is interesting to
detect a consequence of the absorption process itself, which only
arises upon photon absorption, but not upon photon scattering.
Examples of such consequences are the production of heat detected
through scattering changes’” [Fig. 1(c)] or changes of other opti-
cal signals due to a change of electronic state upon absorption of
one or more photons, as used in coherent Raman scattering and
derived methods.”” Only in exceptional cases is the absorbed opti-
cal energy re-emitted as (photo-)luminescence that is then often
distinguishable from the exciting wave by its frequency, giving rise
to fluorescence or photoluminescence. In this case, as mentioned
earlier, this emission is very easy to separate from excitation with
suitable spectral filters with very efficient throughput and excel-
lent rejection of the excitation light. However, absorption-based
methods apply to a much broader class of objects, even though
the signal-to-noise ratio is usually lower than that of fluorescence
methods.

Figure 1 represents the four possible detection schemes
discussed above: (i) fluorescence, (ii) dark-field scattering,
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(iii) photothermal contrast, and (iv) bright-field scattering. In sum-
mary, the optical excitation gives rise to different effects, which can
be used for optical detection. First, when a significant luminescence
is emitted by the objects to be detected [Fig. 1(a)], usually at a
different wavelength or at a delayed time, spectral or time-resolved
separation by suitable optical elements enables excellent rejection
of the excitation light, leading to the powerful fluorescence or
photoluminescence methods for single-object optical detection.
Very strong scatterers such as medium-sized plasmonic particles
can be imaged directly in the dark field [Fig. 1(b)]. Photothermal
detection and other pump-probe methods make use of a second
auxiliary beam [Fig. 1(c)] to probe a consequence of the excitation,
which indirectly reports on the absorption of the first beam.
Finally, one can monitor the scattered wave through its interference
with a reference wave [Fig. 1(d)] both at the same frequency
as the excitation (or very close to it in the case of Rayleigh and
Brillouin scattering). The iSCAT method detects this interference
with a reference wave, which can be the transmitted or reflected
beam or even light scattered by another object than the one of
interest.

In the following, we review recent progress in single-molecule
optics, starting with fluorescence-based methods, then absorption-
based photothermal detection, and finally scattering-based
detection.

A. New fluorescent emitters

Since the early 1990s, fluorescence has remained the workhorse
method in single-molecule optics and has led to totally new insights
and approaches in the study of complex systems in cell biology
and materials science. Yet, important progress has been done in
the last 20 years in the techniques, labels, and applications of
fluorescence-based single-molecule spectroscopy. In the next para-
graphs, we highlight some of the directions in single-molecule
fluorescence, which have experienced much change in the past few
years.

Historically, the first molecules to be detected individually were
first rigid aromatic molecules in rigid matrices at low temperature
and soon after that dyes at room temperature in polymer films
and aqueous solutions. The latter dye molecules were typically laser
and fluorescent dyes, which were often water-soluble and could be
employed in biochemistry and cell biology. Even in this relatively
old field, new designs have been proposed to improve the fluores-
cence properties, reduce bleaching and control blinking, and extend
the range of colors accessible to fluorescence microscopy. New dyes
were proposed not only for multiplexing and superresolution** but
also for vibrational imaging by coherent Raman scattering.”> The
spectroscopy of individual emitters has been extended to more com-
plex systems, such as individual conjugated polymers,”*’ and to
inorganic quantum dots,”’ " including more recently single per-
ovskite nanocrystals.” ** Novel architectures and materials open
the road to controlling bleaching and blinking, so as to offer sta-
ble signals over long integration times. Spectacular quantum optical
and magnetometry experiments have appeared with color centers
in high-bandgap materials, such as the NV center in diamond,” *’
which greatly benefited from the synthesis of high-quality dia-
mond. The spectroscopy and photophysics of those color centers
resemble those of molecules on many points, but their triplet
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ground state endows them with sensitivity to magnetic interac-
tions. Sensitive magnetometry at nanometer scales and dynami-
cal decoupling with hyperfine interactions have all been demon-
strated with single NV color centers, which remain unique testbed
systems for quantum information treatment. Plasmonic metal
nanoparticles, which will be discussed below, also rather surpris-
ingly emerged as useful photoluminescent labels."*"” Carbon dots
are graphitic nanoparticles obtained by pyrolysis of organic com-
pounds, which present bright blue emission. They often contain aro-
matic nitrogens, which shift their absorption and emission toward
thered.’® A summary of photophysical properties of some important
classes of emitters is presented in Table I.

B. Superresolution

The use of single molecules for superlocalization, i.e., the local-
ization of sources of a train of fluorescence photons, has led to
superresolution fluorescence imaging.

Techniques such as photo-activated localization microscopy
(PALM), stochastic optical reconstruction microscopy (STORM),
and point accumulation for imaging in nanoscale topography
(PAINT) have led to a revolution in fluorescence microscopy, mostly
applied to biological samples. They yield images with resolutions
that can become comparable to that of cryo-electron microscopy.
We do not review this field here as it extends beyond single-molecule
observations. Stimulated emission depletion, STED,”® in fact, does
not rely on single molecules at all, but on point-spread-function
engineering and photophysical saturation. Single-molecule super-
localization leads to superresolution images when the density of
molecules localized is high enough. Several schemes have been
designed: PALM,”” STORM,”® and fluorescence-PALM’® control
switching from the dark to bright state by a photo-activation laser.
The same switching process occurs spontaneously and randomly in
direct-STORM, " which relies on blinking due to chemically assisted
transitions to and from dark states. Here, the control parameters
are concentrations, pH, and redox potentials of the sample solu-
tion. It is even possible to do away with activation completely in
PAINT and derived methods’"" by exploiting transient binding
of dyes on the structures to be imaged: transient immobilization
of the dye at a given position enables superlocalization at this
position, whereas freely diffusing dyes only contribute to back-
ground and are removed from the image. Different immobilization
schemes have been designed, for example, DNA hybridization in
DNA-PAINT.*

C. Cryogenic single-molecule spectroscopy

At cryogenic temperature, the spectral linewidth of a single
molecule is very narrow, typically lifetime-limited. Such a sharp
spectral line is sensitive to changes in the local environment or to
interactions of the molecule with external electromagnetic fields.
Cryogenic single-molecule spectroscopy enables the study of spa-
tial and temporal heterogeneities on a nanometer length scale. Aside
from the spectroscopy of NV centers in diamond, which expanded
as a whole new independent field,*" many quantum-optical exper-
iments have been performed on the narrow lifetime-limited opti-
cal zero-phonon lines of single molecules under cryogenic condi-
tions. One of their first applications has been as sources of single
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photons.®> Several groups demonstrated many quantum and non-
linear optics experiments®® with cryogenic single molecules. A spec-
tacular example is the Hong—Ou-Mandel two-photon interference
(see an example in the top panel of Fig. 2), where two photons
from two different molecules were brought together on a beam split-
ter, leading to a dip in the coincidence rate from two detectors in
the reflection and transmission arms.””** Single molecules can now
be detected without fluorescence, through extinction of a strongly
focused excitation beam. Although this extinction is of the order
of a few percent and more difficult to detect than fluorescence, its
advantage is the coherent optical signature of the molecule it pro-
vides. Recently, a single molecule was coupled to a micro-cavity,
which enhanced the purity of the molecular emission by suppressing
vibronic sidebands.®” Entangled superpositions could be obtained
through coherent coupling of two single molecules.”””" Such entan-
gled states could be used for information treatment and storage and
make single-molecule emitters potential contenders as qubits for
quantum information.”” Beyond their uses in quantum optics, the
narrow lines of single molecules are sensitive oscillators that pro-
vide first-hand information about their environments, such as the
local electric field,”” the motion of laser-induced charge carriers,*
or local strain and stresses by acoustic waves or macroscopic defor-
mations.” Detailed knowledge of the dynamics and structure of the
nano-environment leads to a more detailed understanding of con-
densed matter. An interesting application of cryogenic conditions
discussed below is the exploration of the 3D structure of a pro-
tein with Angstrom resolution using the so-called COLD (Cryogenic
Optical Localization in 3D) method.”

D. Chemistry at SM level and complex heterogeneous
systems

Photochemical reactions take place from an excited state, in
closed-shell molecules most often from the metastable triplet state,
which has longer lifetime than singlet states.”’”® It is often very
hard to identify the intermediate states in single-molecule studies
because fluorescence is usually lost as soon as the initial molecule
reacts. A few exceptions have been identified, in particular in the case
of photo-oxidation of aromatic molecules.””’ Reversible transi-
tions between a fluorescent and a dark state under (photo)-chemical
reactions give rise to fluorescence blinking, i.e., sudden changes of
fluorescence brightness as a function of time until the molecule
bleaches and fluorescence is lost irretrievably. For example, Zon-
dervan et al.”! reported the blinking behavior of Rhodamine 6G in
polyvinyl alcohol polymer by intermolecular charge transfer mech-
anism, which created the dark state. The role of charge transfer
in the blinking of dyes in aqueous solutions started to be better
appreciated, which led to strategies to minimize or control blinking
by playing on chemical conditions. Often, the strategy amounts to
reducing the triplet lifetime by introducing triplet quenchers” or by
introducing electron donors or acceptors, which assist charge trans-
fer to restore the initial fluorescent ground state.”” These strategies
became particularly important and useful in the context of dSTORM
superresolution schemes, where the conditions are tuned to obtain
short bright times and long dark times. Molecules can then be acti-
vated, in turn, and super-localized. Charge transfer processes such
as photo-induced interfacial electron transfer have been studied
using single-molecule fluorescence spectroscopy. The blinking of the
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FIG. 2. Top panel: quantum interference of two indistinguishable photons emitted by two remote single organic molecules. (a) Schematic representation of the experimental
setup. DM: dichroic mirror, BP: bandpass filter, HWP: half-wave plate, BS: beam splitter, APD: avalanche photodiode, SIL: solid immersion lens, and #ED: gold electrodes.
(b) Intensity cross correlations of two photons under four different conditions: (i) on resonance, i.e., with the same zero-phonon line (ZPL) frequency for two molecules; (i)
off resonance, i.e., the ZPL of one molecule is detuned by about 5 GHz; and (iii) and (iv) near resonance, i.e., two molecules are detuned by 200 and 300 MHz, respectively.
The red curves represent the calculations. Reproduced with permission from Lettow et al., Phys. Rev. Lett. 104, 123605 (2010). Copyright 2010 American Physical Society.
Bottom panel: single-molecule experiment probing the interaction of intrinsically disordered protein molecules in a crowded environment. (c) Schematic representation of
the molecular interaction of acceptor-labeled NCBD protein (orange) binding to the surface-immobilized donor-labeled ACTR protein (blue) in the presence of polymeric
crowders (gray). (d) Single-molecule FRET timetraces (donor signal: magenta; acceptor signal: light blue) at different poly(ethylene) glycol (PEG) concentrations. The
most likely states are shown in gray. (e) Histograms of apparent FRET efficiency at different PEG concentrations. The histograms can be used to calculate the equilibrium
dissociation constant, kp. Reprinted with permission from Zosel et al., Proc. Natl. Acad. Sci. U. S. A. 117, 13480 (2020). Copyright 2020 Author(s), licensed under a Creative
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fluorescence signal between bright and dark states allows us to study
static and dynamical heterogeneity of these processes.'””'"" The
electrochemical redox reaction of a redox-sensitive dye molecule,
methylene blue, was studied at the single-molecule level via flu-
orescence blinking.'”” The weak fluorescence of methylene blue
was enhanced by the plasmonic near field of a gold nanorod.
The mid-point potential of individual molecules was determined
through their redox-induced blinking behavior according to the
Nernst equation. The mid-point potentials of individual methy-
lene blue molecules are broadly distributed by local interactions
with the surface. Such differences are averaged out in ensem-
ble experiments. Another similar example is the change in fluo-
rescence lifetime and brightness upon oxidation or reduction of
a metal center in an azurin protein, demonstrated by Pradhan
et al.'” The long timetraces of individual electron transfer processes

demonstrate signatures of dynamical heterogeneity at the single pro-
tein level. The dynamical heterogeneity, i.e., the temporal changes
of the electron transfer rates, is assigned to conformational changes
of the single protein although its size is comparatively small, only
14 kDa.

Single-molecule studies of complex and heterogeneous sys-
tems offer a unique insight into differences from site to site and
the influence of defects. This is particularly appealing in studies of
heterogeneous chemical reactions and in material science. Super-
resolution fluorescence microscopy can be used to study complex
heterogeneous polymeric systems and chemical reactions.'’ Single-
molecule methods were applied to studies of spatial and dynamical
heterogeneity in glass-forming materials, such as polymers'*” "’
and supercooled liquids.'”*'"’ Glass-forming materials show a non-
exponential relaxation close to the glass-transition temperature.
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Single-molecule experiments demonstrate that this non-exponential
behavior arises from spatial heterogeneity, i.e., a spatial distribu-
tion of exponential relaxation times, and to a lesser extent from
dynamical heterogeneity, i.e., temporal changes of relaxation times
at each particular location. Many catalysts present surface sites
with very variable activity. Catalytic sites can be imaged by fluo-
rogenic reactions in zeolites''"''* or in metal nanoparticles.'' """
For example, the catalytic activity of individual gold nanoparti-
cles shows heterogeneity correlated with size so that the bind-
ing affinity to the substrate decreases, whereas the binding affin-
ity to the product increases with decreasing size.!'* Diffusion in
porous materials also displays large heterogeneity, reflecting the
complex connectivity of the channels confining the molecular
motion.'"”

Proteins are complex biomolecules that present various confor-
mations affecting their properties, often to a large extent. Examples
are the conformational fluctuations of a protein by means of a fluo-
rescent flavin quenched by electron transfer to a tyrosine residue,''°
the catalytic activity of single lipase molecules,''” or the redox cycles
of the copper protein azurin.'%’

E. Biophysics and cell biochemistry

Biological systems, as a consequence of their high degree of
organization, are highly heterogeneous in space and time. Single-
molecule optical microscopy and superresolution are therefore first-
rate tools to comprehend the spatial and time-dependent aspects
of their organization. Methods and progress have been extensively
reviewed,'” '”" and we just give a few highlights here. Several of
the superresolution methods, distinguished by the 2014 Nobel Prize
in Chemistry, were invented in the early 2000s. As discussed in
Sec. II C, most of the superresolution methods, such as PALM,
STORM, dSTORM, and PAINT, rely on single-molecule obser-
vations. Remarkable discoveries have arisen from the large gain
in detail and correlation brought by superresolution studies of
cells such as bacteria'*” and neurons.'” Single-molecule observa-
tions give an unprecedented view of dynamical processes in such
complex systems,'”! where ensemble observations are impossible
due to the lacking synchronization mechanisms. Good examples
are the elucidation of the stepping behavior of molecular motors
thanks to fluorescence and optical tweezers'”"'* or the visual-
ization of interactions between proteins and DNA."”*'*" Single-
molecule studies notably helped understand kinesin transport
over microtubules, which follows a hand-over-hand mechanism,'*
and the molecular mechanism of RAD51 nucleoprotein filament
disassembly.'*

Structural information about distances and/or angles in bio-
chemical systems is often obtained through single-molecule Forster
resonance energy transfer (FRET) measurements. Forster resonance
energy transfer (FRET; see an example in Fig. 2, bottom) probes
the rate of energy transfer between a donor and an acceptor and
is widely used as a molecular ruler to measure distances between
a donor and an acceptor and their variations."””'** It was used to
probe protein folding'*”'*’ by changes of donor-acceptor distances,
the structure of chromatin,'’! and the dynamics of nucleosomes or
the changes of an electronic state of an acceptor, such as the copper
center of azurin, which becomes an energy acceptor in its oxidized
state.
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Fluorescence correlation spectroscopy (FCS) accumulates
statistics from many events corresponding to the crossing of the con-
focal volume by many individual molecules. Although these many
molecular events are often integrated and averaged in a given inte-
gration time, cross correlation can also provide true single-molecule
information when individual bursts are analyzed. FCS is currently
used to study mobility and dynamics of complex heterogeneous bio-
logical systems. Joined with multi-dimensional fluorescence mea-
surements, such as lifetime, FRET, and cross correlations,'** it may
provide enough resolution of different species in a mixture to assign
individual bursts to a given type of molecule. Alternatively, the focus
may be spatially scanned or moved to track single molecules,'* virus
particles,'*® or carbon nanotubes.'?’

The spectacular improvement in optical resolution makes it
possible to contemplate correlative optical and electron imaging.
Cryo-electron microscopy is compatible with single-molecule fluo-
rescence in frozen samples, where molecules are physically trapped.
Such a correlation would be very attractive as complement to TEM
and to the images and structures provided by cryo-electron micro-
scopy, preferably in situ on the same specimens. However, standard
super-resolution schemes have been developed and perfected for
room temperature and do not work properly at cryogenic condi-
tions. The diffusion and photochemical processes at the core of
the STORM or PAINT superresolution schemes, for example, are
dramatically slowed down or impeded at low temperatures so that
new super-resolution techniques must be developed. Yet, several
demonstrations have already appeared on protein molecules’'*
and assemblies and even on whole bacteria'® and highlight the
tantalizing promise of these methods. Another interesting prospect
for biomolecular studies at low or cryogenic temperatures is that
of microsecond thermal cycles, inspired by simulated annealing in
molecular dynamics. Switching a single molecule between a low
temperature where the process of interest is frozen and a high tem-
perature where its activation is possible would make it possible to
resolve even very complex heterogeneous dynamics into sequences
of steps. The crucial idea thereby is that the whole immediate envi-
ronment of a single molecule, down to a few tens of nm, can be
cycled in extremely short times, well below a microsecond, and
the cycles can be repeated many times. Such short cooling times
cannot be reached for larger ensembles. First experiments in this
direction have demonstrated the soundness of the idea.""” "’ Yuan
et al."""""? tracked the conformational dynamics of a single polypro-
line oligopeptide on the timescale of few minutes, showing several
transitions between bright and dark states of the donor. These
transitions were assigned to interactions between the dye and pro-
line residues, correlated with conformational changes of the dye
link.

F. Nanoparticles

Nanoparticles are small pieces of a bulk material with sizes
ranging from a few nm to a fraction of a micrometer. They
can be made out of different solid materials, metals, semicon-
ductors, organics, etc. Their physical and chemical properties can
differ strongly from those of the bulk material and in some cases
can be varied through size and shape. Indeed, nanoparticles have
higher surface-to-volume ratios compared to bulk materials. In
the case of semiconductor and metal nanoparticles, their strongly
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delocalized electrons are sensitive to the boundary conditions cre-
ated by surfaces. For good metals, plasmonic interactions are
exquisitely sensitive to the size and shape of the nanoparticle.
Nanoparticles are subject to intense research because of their fun-
damental interest, of their potential applications in fields such as
catalysis or magnetism, or of their impact in environmental sci-
ence.'*” Some of them, usually semiconductors or insulators doped
with emitters such as organic molecules or rare-earth ions, are
strongly fluorescent or, more generally, photoluminescent. Metals
usually have very low luminescence quantum yields because the
absence of an energy gap in their excited-state spectrum leads to
a fast relaxation of charge carriers toward the Fermi level. Despite
their much weaker photoluminescence quantum yields, metals are
usually so highly resistant to photo-damage that their photolu-
minescence not only is observable, but also allows one to study
them at the single-nanoparticle level. **'* As nanoparticles exist in
a bewildering variety of sizes, shapes, facet development, impuri-
ties, and defects, single-particle observations are the only practical
way to eliminate heterogeneity because it is impossible to pre-
pare ensembles of identical nanoparticles. Single nanoparticles give
insights into the distributions of their parameters in the ensemble
and into the influence of variations of these parameters on their
properties.

Here, we focus on nanoparticles made out of noble and
highly conductive metals, whose optical properties are particularly
interesting because their collective electronic oscillations, usually
called localized surface plasmons, enhance the interaction of these
particles with light. This enhancement takes place not only inside
the nanoparticle but also in its immediate vicinity in the so-called
near field, which extends a few nm up to some 20 nm around the
particle. Near-field effects are particularly pronounced near tips and
sharp edges. The enhanced interaction of metal nanoparticles with
light can be observed in absorption, emission, Raman scattering,
or nonlinear optics. The case of gold is particularly important
because of its low optical dissipation in the red and near-infrared
spectral range. Thanks to its chemical inertness, gold is interest-
ing in complex chemical environments where other plasmonic
metals, such as silver, copper, or even aluminum, would degrade.
The optical enhancement by metal nanoparticles themselves
has been used for harmonic generation,'** two-photon-excited
photoluminescence,** or one-photon-excited photoluminescence.*
Time-dependent properties of individual gold nanoparti-
cles in pump-probe spectroscopy showing coherent acoustic
oscillations' " allow us to determine the mechanical properties of
each nanoparticle.

Owing to strong near fields in their vicinity, nanoparticles can
be seen as light concentrators or as components of optical micro-,
nano-, or even pico-cavities.””' '”* Although these open cavities
are very leaky (their quality factor rarely exceed a few tens), they
present extremely small mode volumes. Such high confinement of
photons leads to very high Purcell factors and to enhanced inter-
actions with all kinds of nano-objects from molecules to other
nanoparticles. Plasmonic enhancement makes single-molecule flu-
orescence more readily observable,'”” for molecules with high'*°
and for low'”” quantum yields. Thanks to plasmonic nanoparticles,
single-molecule detection can be generalized to dyes with poor emis-
sion properties, provided that their transition dipole moments are
not too small.
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Plasmonic cavities can be assembled with sub-nanometer posi-
tioning accuracy in scanning probe microscopes, in effect combining
optics with near-field probes, often STM. Single-molecule emis-
sion can be excited through electroluminescence at the STM tip'**
or by photoluminescence,'*” and surface-enhanced Raman scatter-
ing is obtained with a well-defined geometry.'” The plasmonic
properties are involved in both excitation and emission enhance-
ment, which makes even very weak Raman scattering processes
observable.'®!

G. Non-fluorescent imaging methods

The power of fluorescence-based methods lies in their weak
background, as fluorescence is a comparatively rare property in
nature, and their easy use. However, fluorescence entails several
limitations: it requires fluorophores, a very restricted kind of rigid,
absorbing molecules that often must be either attached chemically to
the sample or doped into it and, therefore, may alter its properties.
Even when fluorophores are natural molecules, such as autoflu-
orescent proteins, their use in un-natural conditions may bring
undesired side effects. Fluorophores, presenting long-lived excited
states, are prone to photochemistry. Examples of photochemically
induced processes are blinking, which involves excursions to tran-
sient dark states, or bleaching, when this transition to a dark state is
irreversible, leading to a non-fluorescent product. A further limita-
tion of fluorescence is its comparatively long lifetime, on the order
of a few nanoseconds, which limits the intensity of single-molecule
fluorescence signals and thereby the signal-to-noise ratio. These lim-
itations of fluorescence make non-fluorescence-based optical meth-
ods very attractive for single-molecule studies. The two main optical
properties that have been used so far for that purpose are absorption
and scattering.

Absorption-based methods rely on the optical detection of a
change of state consecutive to optical absorption. The absorption
and detection steps are usually performed at two different wave-
lengths, which can then be easily separated spectrally, as done in
fluorescence. Several methods have been developed, which all are
nonlinear techniques of the pump-probe or X(3) type.'” As any
absorbing object will give rise to a signal, independently of any
possible emission of fluorescence, these methods are more gen-
eral than fluorescence, although they are still about 1000 times less
sensitive when applied to fluorescent molecules. The most com-
mon absorption-based method is photothermal imaging,° which
makes use of the thermal lens caused by dissipation of optical
energy by the object to be detected. The optical response of the
excited molecule can also be modified by excitation, leading to tran-
sient absorption, stimulated emission, ground-state depletion, and
coherent Raman scattering signals.”> Optical pump-probe signals
can be isolated in many different ways depending on the sample
studied. For single molecules and point-like absorbers, spatial sig-
natures are difficult to use, but time-resolved methods work well,
either with short laser pulses or with fast modulation of at least
one of the beams. In photothermal microscopy, a modulated heat-
ing laser causes a synchronous change of the scattered probe signal
due to modifications of the probe propagation in the vicinity of the
heated object by a refractive-index profile known as the thermal
lens. Modulation at high frequencies, 100 kHz-10 MHz, restricts
the spatial extent of the time-dependent thermal lens and enables
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imaging with high spatial resolution. A sensitive lock-in detection
enables shot-noise-limited detection of the thermal lenses created
by individual absorbers. Other types of photothermal detection use
whispering-gallery modes'® or nanomechanical devices together
with heating.'”*'"” The sharp resonance of a whispering-gallery
mode microresonator or of a silicon nitride mechanical drum res-
onator is highly sensitive to changes of local refractive index and/or
mechanical properties due to local heating and thus provides high
photothermal sensitivities. Photothermal detection has been applied
to a variety of objects, including single gold nanoparticles,® semi-
conductor quantum dots,'*® carbon nanotubes,'®” or conjugated
polymers.”! Single-dye-molecule absorption by photothermal imag-
ing” was reported in 2010 (see Fig. 3, left panel), simultaneously with
direct extinction'*'*” and with ground-state depletion.'”’ Correla-
tive photothermal and fluorescence imaging of single nanoparticles
or molecules enables a direct determination of the luminescence
quantum yield at the single-molecule level, as shown in the exam-
ple of Fig. 3 (right panel). Photothermal microscopy has further
been adapted to the detection and quantitative measurement of cir-
cular dichroism (CD) of single chiral nanoparticles. This method
called photothermal circular dichroism (PT CD) microscopy' "'’
relies on the true absorption of individual particles rather than
on their extinction. In contrast to intensity-modulated photother-
mal microscopy, PT CD microscopy uses modulations between
left and right circularly polarized lights and measures differential
absorption of chiral nanoobjects. Thus, PT CD microscopy images
single chiral nanoobjects with a sign correlated with the handed-
ness of the object. The recent development of mid-IR photothermal
microscopy """ enables the combination of spatial resolution with
high spectral resolution through vibrational imaging with chemical
specificity. Although mid-IR photothermal microscopy uses mid-
IR as heating beam, the spatial resolution is mostly determined by

166
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the visible probe beam and thus improves the diffraction-limited
spatial resolution by an order of magnitude compared to tradi-
tional IR spectroscopy. Wide-field photothermal microscopy,'”” "
although less sensitive than the standard confocal version, makes
much faster imaging possible. Very recently, a fluorescence-detected
photothermal method'”*'”” may open broad applications in
biology.

The second kind of fluorescence-free optical detection is
through pure scattering and does not require any optical absorp-
tion by the sample. A simple index contrast with the surrounding
medium suffices to give rise to scattering, and the challenge is
then to distinguish the weak interference signal arising from scat-
tering from background and noise. As discussed above, dark-field
scattering’s intensity decays as the square of the scatterer’s volume
and the method is not well-adapted to very small particles. Indeed,
background from all kinds of defects or other small scatterers dom-
inates the signal of the particle of interest. Bright-field scattering,
on the other hand, consists in observing changes of scattered inten-
sity in the presence of background. As this method involves an
interference between two fields, it has been called iSCAT. Because
background is part of the detected signal, iSCAT requires very care-
ful subtraction of background intensity. This can be done in different
ways, most often by imaging in space, on images from a pixelated
detector array,”'”'*’ and/or in time by comparing the signals at
different times when scatterers have been entering or leaving the
diffraction-limited detection volume.'”'*" The iSCAT signal pro-
vides the scattering strength, nearly directly related to the mass of
an individual protein molecule (see examples in Fig. 4, right panel).
The change of the scattering spectrum of a plasmonic particle, for
example, a single gold nanorod, can also act as a detector for small
objects, down to single protein molecules, in the near field close to
the nanorod tips,"*>'" as illustrated in the left panel of Fig. 4. Other
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FIG. 3. Left panel: photothermal imaging of single organic dye molecules at room temperature. (a) Photothermal image of four black-hole quencher (BHQ) constructs (BHQ1-
10T-BHQ1), each construct consisting of two BHQ molecules. (b) Photothermal timetraces of single BHQ1-10T-BHQ1 molecules showing single-step photobleaching in
an oxygenated environment. (c) Histogram of absorption cross sections from 30 single-step photobleaching events. The average cross section is 0.04 nm?. The red
line is expected for an isotropic distribution of the transition dipole moments of single chromophores. (d) Histogram of single-step photobleaching events. The average
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Right panel: simultaneous absorption and fluorescence measurements of single conjugated polymer molecules. In the top, a schematic representation of the experimental
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variants of the iSCAT technique can involve polarization-sensitive
opto-plasmonic detection.'**'"

H. Control of diffusion and trapping

Because of the mismatch between molecular sizes and the light
wavelength, the interactions of single molecules and light are rather
weak so that detecting them requires fairly long integration times.
An obvious manner to confine molecules is to immobilize them
in a solid, either a crystal or a glassy matrix, such as a polymer.
However, as the natural environment of most biomolecules is fluid,
dedicated methods are needed to keep the molecules in their native
fluid environment, while extending the optical observation times.
Chemical tethering to a solid surface is possible, but involves sev-
eral tedious chemical preparation steps and requires controls that
the molecule’s properties are not altered by the tether. Several tether-
free confinement methods have been demonstrated in recent years.
Proteins and other biomolecules can be corralled in small bilayer-
bounded droplets called liposomes or vesicles.'® In this method,
water-soluble biomolecules interact only with the hydrophilic side
of the phospholipid bilayer, which is a rather innocuous interaction-
free interface to most molecules. Other tether-free confinement
methods exploit passive potentials or active feedback to lengthen
the dwell time of the molecule in the detection volume.'®” """ The
anti-Brownian electrokinetic (ABEL) trap developed in Moerner’s

lab exploits optical information on the molecule’s location, initially
its fluorescence'’"”'"*> and more recently its scattering iSCAT.'**
Fast feedback voltages and currents applied through electrodes
compensate in nearly real time the Brownian displacement by elec-
trokinetic flows of the buffer solution, which keep the molecule in
the illuminated area. Electrostatic traps rely on surface charges on
properly treated substrates to create trapping potentials in small
three-dimensional spaces, where molecules with a given charge can
be confined for long times.'”* Plasmonic holes (or zero-mode waveg-
uides) and nanopores can simultaneously confine molecules and
enhance optical fields in these small regions to improve single-
molecule sensitivity. Various methods such as optical,'””'”* mag-
netic,'”” or acoustic'”® tweezers can be combined with fluorescence
to reach the same goal.

lll. BEST HOPES FOR THE FUTURE

In this section, we propose some ideas for new single-molecule
developments in the future, starting with projects actively pursued
in the authors’ group.

A. Cryogenic SMS

The sharp optical resonances of single molecules at cryo-
genic temperatures are sensitive detectors, which have been used to
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explore the reorganization degrees of freedom of atoms or groups of
atoms, known as two-level systems, in disordered solids. Coherent
and incoherent charge transfer in solids is usually much faster (ps to
s) than the reorganization of atoms, even in tunneling systems at low
temperatures (microseconds to days and longer). However, in suit-
able structures, single charge carriers can be trapped for long times.
Single molecules could monitor the charge state of small metallic
islands in insulating environments. Such experiments have already
been carried out at room temperature, where fluorescence can probe
the charge state of a molecule,'"'” considered as a sub-nm capac-
itor for single charges. Coulomb blockade occurs for kgT < e2/2C,
where e is the electron charge, C is the capacitance, kg is Boltzmann’s
constant, and T is the temperature. A single molecule as a capacitor
produces Coulomb blockade at room temperature. A metallic island
some tens of nm in diameter, however, requires much lower tem-
peratures to perform as a single-charge box. Cryogenic temperatures
make it possible to reach the single-charge regime with 50 nm metal
islands while guaranteeing the sharpness of single-molecule lines.
Under such conditions, the molecular line could monitor the island
charge through the electrostatic field it generates in its vicinity. In
previous work, relaxation processes of a complex charge distribu-
tion were visualized as drifts of the single-molecule lines,"””*" but
the interpretation of these observations was difficult owing to the
simultaneous motion of many charges. A single-charge box or tran-
sistor would be much better defined and cause clear frequency shifts
of a single molecule placed in its vicinity. First steps in this direction
were set in Moradi’s Ph.D. thesis.”"!

A single molecule can perform as an optical transistor in dif-
ferent ways, as demonstrated in Ref. 202. An attractive prospect
is to use a molecule’s metastable triplet state as a toggle to switch
its interaction with the excitation laser and, thereby, its fluo-
rescence, on and off.’”’ The triplet state itself could be excited
optically from the ground singlet with a high-intensity auxiliary
beam. Due to the difficulty in locating the very weak singlet-to-
triplet transitions in organic molecules, this has not been possi-
ble yet. Should such a transition be found, all kinds of double-
resonance experiments would become possible, similar to those
carried out on single NV centers,””* thanks to the additional
degrees of freedom of the electronic triplet spin and of nuclear
spins.

Because up to hundreds of single molecules in a diffraction-
limited volume can be separated spectrally at low temperatures,”””
the near field of a plasmonic structure could be sampled at differ-
ent points by several immobile molecules. One would thus obtain
a better view of excitation and emission enhancements by the
nanostructure’s near field.”’° The very short lifetimes due to quench-
ing by the metal and to radiative enhancement could be measured
directly at low temperature in the spectral domain through the
broadening of zero-phonon lines. However, apart from the first
steps reported in Ref. 206, previous experiments on molecules near
the tips of plasmonic nanorods did not provide the expected sharp
single-molecule lines yet. Reasons for this failure may be sought in
the spectral diffusion induced by many defects in the lattice struc-
ture induced by the proximity of the metal or in the low volume
of the near field and the low probability to find molecules at the
right distance, not too close to avoid quenching, but close enough to
feel significant enhancement.””’” Further experimental attempts are
required to answer this question.
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B. Plasmonics

Plasmonic enhancement becomes particularly efficient for
higher-order nonlinear optical processes if more than one interac-
tion step can be enhanced by the same plasmonic structure. Two-
photon-excited luminescence can be enhanced by gold nanorods
when the emitter is placed in the vicinity of a tip. For example,
CdSe quantum dots were efficiently excited with two red photons
at 780 nm,”” although the emitted wavelength, around 650 nm,
did not match any resonance of the rod. Higher enhancement
factors could be obtained with doubly resonant structures, which
would enhance both excitation and emission steps. Such structures
could help excite the very weak electronic transitions of single lan-
thanide ions or complexes and improve the efficiency and emission
rate of luminescence photons. These rates are in the 0.1-10 kHz
range for isolated single ions, i.e., too low for efficient optical
detection.

Another intriguing prospect is the plasmonic sensing of non-
absorbing nanoparticles and (bio-)molecules. Such particles cause
a change of the index of refraction in the environment of a plas-
monic structure, for example a gold nanorod, which slightly mod-
ifies its plasmon resonance. The particle’s presence in the near
field causes a slight change of the absorption'®” or of the scatter-
ing'®* of a probe beam by the plasmonic structure.'® Detecting
a number of characteristics from such transients could provide
enough information to identify the diffusing or transiently binding
analytes.

C. Photothermal microscopy

Circular dichroism (CD) spectra are routinely recorded to
analyze protein structures and interactions. Because the chiral elec-
tromagnetic interactions responsible for circular dichroism are
very weak, standard CD spectrometers require solutions with large
ensembles of molecules. Single-molecule or single-nanoparticle CD
would provide structural information free from ensemble averag-
ing, but is exceedingly difficult. A few years ago,'”' we started
exploring photothermal CD detection on single metal nanoparti-
cles. Each individual gold nanoparticle, albeit quasi-spherical on
average, displays specific morphological and surface defects giving
rise to a significant CD signal, which varies in sign and magni-
tude from particle to particle. In particular, magnetic nanoparticles
provide a CD signal through the polar magneto-optical Kerr effect
(MOKE). Due to the polar MOKE effect, the strength and sign of
the CD signal scale with the projection of the magnetic moment
along the propagation direction of the photothermal heating light.
Thus, PT CD is a probe of the magnetic properties of individual
nanoparticles. A fascinating prospect is to monitor the magnetic
state of individual nanoparticles by means of photothermal con-
trast, including their vortex states, superparamagnetic states, and
their temperature-, light- or microwave-activated magnetization
reversal.”"”

Super-resolution microscopy is mostly applied under fluores-
cence modalities, but could be generalized to photothermal contrast,
for example, with PAINT or DNA-PAINT and molecules or other
objects tagged with absorbing gold nanoparticles. Superlocalization
of many transient binding events would then reveal the underlying
pattern of binding sites.
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Vibrational CD is much weaker than optical CD in the UV, but
provides information of a different nature on chemical bonds in the
biomolecules. Combining mid-IR photothermal microscopy with
photothermal CD microscopy would help study the conformations
of biomolecules with a higher spatial resolution than with traditional
vibrational CD spectroscopy. The fluorescence-based and wide-
field modalities of photothermal detection could also help in this
context.

D. Broader outlook

An exciting prospect of cryogenic single-molecule experiments
is their use for quantum optics. A major disadvantage of organic
molecules as emitters is their broad fluorescence spectra due to
the spread of fluorescence photons over their many intramolec-
ular vibrations and matrix phonons. Coupling the molecule to a
cavity tuned to resonance with the zero-phonon line can narrow
down the emission to a Fourier-limited line, largely suppressing
emission on the vibrational modes.”'’ Coherent coupling to reso-
nant light opens the path to state manipulations, photon-photon
interactions, and all-optical switching circuits. A strong advantage
of molecules is their control through chemical synthesis, which
makes it possible to arrange desired nuclei spatially, in ways allow-
ing for controlled hyperfine interactions. Quantum computation
with NMR on a large ensemble of specially designed molecules
has been demonstrated 20 years ago.”'" Electronic spin degrees of
freedom, either through excitation of the triplet state of a closed-
shell molecule or in the ground and excited electronic states of
an open-shell molecule, would make the control and manipulation
of the nuclear spins of a single molecule possible. These nuclear
spins, in turn, could be placed at desired positions by chemical
synthesis.

Studies of frozen biomolecules under cryogenic conditions
enable correlations between cryo-electron microscopy and superres-
olution optical images."”*'*” Controlling dark states and blinking
dynamics to obtain superresolution poses original photophysics
questions. The ability to freeze-quench single molecules and assem-
blies thereof by temperature cycles opens detailed studies of their
potential energy landscapes, dynamics, and kinetic pathways. The
first feasibility studies'"”'"’ must now give way to convincing
demonstrations to illustrate the potential of the method for single-
molecule studies of intermediates, reaction pathways, or folding.
Long-standing conundrums, such as allostery or the alternative
mechanisms of conformational selection vs induced fit, could thus
be revisited in each particular case.

The ideal near-field optical source is a bright dipole emitter
placed on a movable tip. This old dream was first attempted in
a heroic experiment by Michaelis et al.”'? Ideally, such an emit-
ter should be monochromatic and Fourier-limited. Could a single
molecule at low temperature serve as such an emitter? As cryogenic
plasmonic experiments have shown, it is difficult to keep a lifetime-
limited narrow line for a molecule close to a surface. Comparatively,
narrow lines were obtained in UHV and close to an ultraclean sur-
face,”’? but applying such a source to near-field imaging of a real
sample appears very challenging. A similar problem arises for NV
centers in nanocrystals, where the proximity of surface states induces
disorder and dynamical fluctuations, reminding us of Pauli’s remark
that “if bulk was God’s invention, the surface was invented by the
devil.”
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The coupling of single emitters to plasmonic cavities leads to
superemitters with broader but still lifetime-limited lines. These
small optically active systems would be very useful for photonic
applications and for quantum optics either under cryogenic condi-
tions or outside the cryostat.”'* In further steps, such interacting sin-
gle molecules or emitters could be brought into interaction, creating
entangled superpositions, as proposed in an early publication.”

IV. CONCLUSION

After an explosive beginning in the 1990s, single-molecule
optics has reached a more steady rate of growth. It has turned
into a standard method in cell bio-physics because of its ultimate
resolution and of the advantages of optics vs more invasive elec-
tron microscopy, scanning-tip microscopy, and mass spectrometry.
Single-molecule chemistry is a unique tool for basic bio-chemistry,
in particular, for proteins because their large complexity is a step-
ping stone before the full complexity of cells. The complex potential
energy landscapes of these biomolecules require dedicated meth-
ods to explore their potential energy surfaces, the pathways, and
the intermediates involved in their complex reactions. For a deeper
understanding of this complexity, complete removal of ensemble
averaging is indispensable. Only single-molecule methods offer this
ability. The single-molecule methods pioneered in bio-science have
started to be generalized to heterogeneous catalysis, porous mate-
rials, soft matter, and, generally, (soft) material science, where the
potential for new applications is huge.

For the future quantum Internet, communication hubs are
required between information-storing qubits and flying qubits, in
practice photons. Single small emitters in condensed matter, such
as molecules, and also color centers and (self-assembled) quantum
dots are all strong contenders in this endeavor and present specific
advantages compared to ions and atoms in the gas phase. A unique
asset of molecules is their control and flexibility under chemical
synthesis, although interactions with the matrix may perturb a
molecule’s properties beyond recognition. Techniques must be
developed to imbed these molecules into strong matrices that do not
perturb the guest molecule too much. Inclusion of the molecules in
a hexagonal boron nitride multilayer’® is an original and attractive
development. After more than 30 years of constant re-invention, the
field of single-molecule experiments having become an indispens-
able tool for the study of living and complex systems will continue
to expand in unexpected new directions.
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