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Abstract

®

CrossMark

Detection of single molecules or particles avoids ensemble averaging and thus is able to provide
a very local heterogeneous information which is not available from an ensemble measurement.
Single molecules or particles can be detected based on their three characteristic optical
properties, absorption, scattering and fluorescence/photoluminescence, in addition to their
label-free detection. This short review focuses on our group’s research towards understanding
and imaging the above three kinds of optical signals from single molecules and particles.

Keywords: single-molecule spectroscopy, single-particle spectroscopy,
photothermal microscopy, plasmonic enhancement, label-free plasmonic sensor

(Some figures may appear in colour only in the online journal)

1. Introduction

In the past three decades, single-molecule (SM) and -particle
spectroscopy has shown numerous applications in biological
and nanomaterial sciences [1-10]. Single nanoobjects can
be detected based on their absorption, scattering and fluor-
escence/ photoluminescence signals. In the last decade, our
group has focused on understanding all these three optical
properties of single molecules and particles either at low tem-
perature or at room temperature. This review will focus on our
group’s work on these relevant topics in the past ten years.
The most commonly used method for detection of single
molecules is fluorescence because of its ease of use and
because it is background-free. One key advantage of SM fluor-
escence at low temperature is the very narrow linewidth of the
zero-phonon line (ZPL) which can be used as an efficient
sensor for minute changes in the molecule’s environment,
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for example the detection of hopping of single electrons
[11-14]. At room temperature, thermal fluctuations broaden
the spectral linewidth, however single molecules can be spa-
tially selected beyond the diffraction limit. One can use room-
temperature SM fluorescence as a sensor for single-charge
detection by looking at a single molecule’s blinking dynamics
induced by single charges hopping into and out of the molecule
in electrochemically-controlled redox processes [15, 16]. One
of the major limitations of SM fluorescence at room temperat-
ure is photobleaching, which restricts the range of excitation
power used, and thus restricts SM observations to fluorophores
with high quantum yields (QYs). Our group has shown that
SM fluorescence can be enhanced in the presence of a simple
metallic nanorod [16-23] and that SM fluorescence can also
be detected for dye molecules with weak QYs with a good
signal-to-noise ratio.

In contrast to fluorescent molecules, metallic nanoparticles
are mostly detected by their scattering signals [24-27]. How-
ever, scattering is not background-free. Single metallic nan-
oparticles can also be detected efficiently by looking at
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their background-free absorption and luminescence signals
[7, 28-30]. Although the luminescence QY of single metallic
nanospheres and nanorods are quite low, typically on the order
of 1079, their large absorption cross sections enable detection
of their luminescence with high contrast.

The most efficient method for detection of smaller-sized
metallic nanoparticles is absorption, as it scales linearly with
the particle’s volume, in contrast to dark-field scattering,
which scales quadratically with the particle’s volume. Photo-
thermal (PT) microscopy [7, 29, 31, 32] is able to measure
absorption signals of particles with sizes below 40 nm, down
to 1 nm. Typical media used for PT microscopy are organic
liquids which have poor PT responses. Our group has used
near-critical xenon to enhance the PT sensitivity by more than
two orders of magnitude. This enabled us to study single mul-
tichromophoric systems at a low excitation power [33, 34]. PT
microscopy also allows us to measure circular dichroism (CD)
of a single chiral nanoobject with a high sensitivity [35]. In a
label-free manner, single metallic nanoparticles can be used as
plasmon sensors for the detection of single biomolecules [36].
Our recent study has demonstrated fast (sub-microsecond)
label-free detection of single diffusing nanoparticles [37].

In this short review article, we discuss three major
experimental techniques for detection of single particles or
molecules: (a) fluorescence/ photoluminescence, (b) PT (i.e.
absorption) and (c) scattering. In this regard, we recommend
several articles [38—57], mostly reviews, by other groups about
these three different techniques and their applications. Nev-
ertheless, here we briefly describe the principles of these
three methods. When a particle or molecule is excited by a
photon, it absorbs the photon and enters an excited state. From
the excited state, the molecule or the particle relaxes back
to the ground state via either radiative or non-radiative pro-
cesses. The radiative decay leads to Stoke-shifted fluorescence
or photoluminescence, and to weaker anti-Stokes emission,
which can be significant and useful for metal nanoparticles.
As the fluorescence has different wavelengths from the excit-
ation, it can be separated with high efficiency from the excit-
ation by means of suitable spectral filters. Therefore, fluor-
escence is virtually background-free. The interaction of the
molecule or the particle with the excitation beam also creates
scattered light. This scattering can be detected via either dark-
field or bright-field microscopy. In dark-field microscopy, the
scattered light is detected in special configurations where no
background excitation light is detected and thus, the method
is ideally background-free. However, dark-field microscopy is
limited to higher particle sizes compared to bright-field micro-
scopy. In bright-field microscopy, the scattered light interferes
with the reflected or the transmitted excited photons in the
backward or the forward directions, respectively. In so-called
interference scattering microscopy (iSCAT), the background
signal is carefully subtracted from the interference signal. In
contrast to fluorescence or scattering microscopy, PT micro-
scopy is a two-color technique. When a metal nanoparticle or
a molecule is excited by a heating laser, and relaxes from the
excited state to the ground state non-radiatively, the relaxation
creates heat surrounding the particle. This heat diffuses in the

surrounding medium, creating a thermal lens. A second laser
is used to probe the resulting perturbation. This probe beam is
scattered by the thermal lens and interferes with the reflected
or the transmitted probe beam, in a way similar to the interfer-
ence in the iSCAT method. In PT microscopy, the background
is removed through high-frequency modulation of the heating
beam and detection of the interference signal with a sensitive
lock-in detection. PT microscopy measures the absorption of
a single particle or a molecule.

2. Low-temperature single-molecule fluorescence
spectroscopy

Soon after the first detection of SM fluorescence at a cryo-
genic temperature [1], SM spectroscopy was extended to vari-
ous fields of science, from soft-matter physics to biology [3].
We focus here on our group’s work on cryogenic SM fluor-
escence experiments to investigate host-matrix-induced linear
Stark effect of a single centrosymmetric organic dye molecule
at 1.2 K.

2.1 Matrix-induced linear Stark effect of a single organic
molecule at low temperature

The so-called Stark effect is the shift of spectral line of
a molecule caused by an applied static electric field. This
shift depends on the static dipole moment and polarizabil-
ity of the molecule. At liquid-helium temperatures, the ZPL
of an organic dye molecule is often lifetime-limited (with a
linewidth of a few tens of MHz). For example, dibenzoterry-
lene (DBT) in a matrix of 2,3 dibromonaphthalene (DBN)
has a linewidth of about 40 MHz [13]. Such a system is an
efficient sensor of applied electric fields. A centrosymmetric
molecule such as DBT in free space does not show any lin-
ear Stark effect due to the absence of a net permanent dipole
moment. However, at cryogenic temperatures, the host matrix
can break the centrosymmetry of the guest molecule’s struc-
ture, which results in a net permanent dipole moment. Moradi
et al [13] have reported that DBT molecules in DBN crystal at
1.2 K have large linear Stark effect due to symmetry breaking
by the host matrix. Quantum chemistry simulations show that
one DBT guest molecule replaces three DBN host molecules
along the a-axis of the crystal, whereby the DBT molecule
gains a net permanent dipole moment of 1.53 D, which is
larger than the dipole moment of an isolated DBT molecule
in its crystal-deformed geometry (i.e. 0.69 D). These authors
have found that the absolute values of linear Stark coeffi-
cients of most molecules were narrowly distributed around
1.5 GHz (kV cm™")~! when the electric field was aligned to
the a-axis of the crystal, whereas their signs depend on which
DBN molecules in the unit cell they substituted.

This strategy of using an asymmetric host molecule and lat-
tice to create a large linear Stark-effect of a centro-symmetric
molecule opens a new pathway to explore many other host-
guest systems. A single organic dye molecule with a large
linear Stark coefficient is an excellent probe for quantum-
optical applications. It is important to mention here that not
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all organic dye molecules are photostable (free from photob-
linking) and spectrally stable (free from spectral diffusion) at
cryogenic temperatures. Photostability, however, is a require-
ment for nanophotonics applications. DBT is an excellent
guest molecule because of its high QY, its lifetime-limited
ZPL and its high photostability. DBT in DBN host-guest sys-
tem is therefore a very well-suited system for single-electron
(or -charge) detection in such interesting devices as single-
electron transistors.

3. Room temperature single-molecule fluorescence
spectroscopy

In past three decades, SM fluorescence spectroscopy at room
temperature has advanced fundamental understanding and
spawned diverse applications of nanomaterials and of biolo-
gical systems. Photoblinking, a characteristic fingerprint of
a single molecule, is one of the cornerstones of superresolu-
tion fluorescence microscopy [38]. SM fluorescence can also
be used as a sensor for studying electrochemistry at the SM
level [15].

3.1. Single-electron transfer in a single Azurin protein
molecule

Pradhan et al [15] have shown that single electron transfer
events of single protein molecules can be studied in detail by
monitoring changes of the fluorescence intensity and lifetime
of a labeled fluorescent molecule (figure 1). The fluorescent
molecule attached to an Azurin protein undergoes quenching
in the oxidized form of the protein through fluorescence res-
onance energy transfer. The reduced form of the protein, how-
ever, does not absorb the dye fluorescence, and consequently
no fluorescence quenching occurs in the reduced state. By
analyzing blinking in time traces of the fluorescence signal,
detailed statistics of single-electron transfer processes can be
obtained at the single-protein level. The quenching process
was confirmed by measuring the fluorescence lifetime of the
labeled dye molecule in its dark state which was found to be
0.6 ns, indicating 90% fluorescence quenching. The bright and
dark times of blinking events were dependent on the concen-
trations of ferri- (Felll) and ferro (Fell) cyanate ions, which
provided direct access to the electron transfer rates. Autocor-
relation of bright and dark times indicated that electron trans-
fer rates fluctuate over time, i.e. it demonstrated dynamical
heterogeneity with a correlation time of hundreds of seconds.
Abrupt changes of the correlation times over time were most
probably due to the conformational changes of the protein
molecule.

This study showed that single-electron transfer processes
on a single small protein molecule of only 14 kDa can be
studied using SM fluorescence microscopy. Studies by other
groups have also shown that electrochemistry can be observed
at the SM level using fluorescence spectroscopy [58, 59].
These studies indicate that a single fluorescent molecule can
be used as a sensor for single-electron detection at room
temperature.
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Figure 1. (a) Schematic of the electrochemical setup used by
Pradhan et al [15]. Details of the setup are described in [15].

(b) Schematic of immobilization of protein molecule on the glass
surface. (c), (d) Scanning confocal fluorescence image of the same
area at oxidative (300 mV) and reductive (—50 mV) electrochemical
potential indicating the change of fluorescence signal by
single-molecule electrochemistry. (e) Schematic of
oxidation-reduction of copper (Cu) of Azurin protein (empty dot in
top and blue dot in bottom). The dye molecule (yellow dot) in its
bright state (red star at top) and in its quenched state (in bottom).

(f) Three timetraces at three different indicated potentials, showing
the change of bright and dark times at different potentials.

(a)—(f) Reproduced from [15] with permission of The Royal Society
of Chemistry.

4. Enhanced single-molecule fluorescence
spectroscopy

SM fluorescence spectroscopy is limited to a very restricted
class of fluorescent dye molecules with high QYs. In the fol-
lowing, we outline our group’s research towards enhancing
fluorescence using a metallic nanostructure [17-23].

4.1. Single-molecule fluorescence enhancement near a
single gold nanorod

Compared to nanofabricated metallic nanostructures, chem-
ically synthesized gold nanorods have several advantages:
(a) they do not require any expensive nanofabrication, (b)
gold nanorods are often single-crystalline, whereas fabric-
ated nanostructures are mostly poly-crystalline, which adds
a damping channel for their surface plasmon and (c) gold
nanorods have a strong surface plasmon polarized along their
long axis, the longitudinal mode. The fluorescence of a single
molecule is strongly enhanced when the molecule approaches
the tip of a gold nanorod. The fluorescence enhancement is
due to two factors: (a) excitation is enhanced by a combina-
tion of resonance with the longitudinal plasmon and of geo-
metrical lighting rod effect; (b) emission is also enhanced by
the Purcell effect, i.e. the enhanced density of photon states
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Figure 2. (a) Calculated near-field intensity map around a single
gold nanorod of 47 nm length and 25 nm width. The surface
plasmon resonance of the rod is at 629 nm and the excitation
wavelength is 633 nm. The excitation is along the nanorod’s long
axis. (b) Fluorescence time traces of crystal violet molecules in the
presence (green) and absence (red) of a single gold nanorod
showing a large enhancement of fluorescence signal. (c) The
maximum fluorescence enhancement factor as a function of surface
plasmon resonance (SPR) wavelength for 11 single nanorods. Blue
squares: excitation at 594 nm; red squares: excitation at 633 nm;
open circles: theoretical calculation. The dotted solid lines are
guides to the eye. (a)—(c) Reprinted with permission from [21].
Copyright (2014) American Chemical Society. (d) Schematic of a
protein labeled with a dye molecule anchored on the bilayer surface.
The Azurin protein labeled with Atto647N and biotin binds to 1,
2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene
glycol)-biotin (DSPE-PEG-biotin) in the bilayer through
neutravidin (NA). (e) Autocorrelation of fluorescence signal of
single dye-labeled protein molecules in the absence (blue open
circles) and presence (red open circles) of a single gold nanorod.
Solid red circles: autocorrelation of enhanced photons after lifetime
filtering, showing much higher contrast than without lifetime
filtering. (d), (e) Reprinted with permission from [19]. Copyright
(2016) American Chemical Society.

able to receive the emitted photon. The emission process, how-
ever, is out-competed by fluorescence quenching when the
molecule is very close (typically below 5 nm) to the nanorod’s
tip. Yuan et al [23] reported that the fluorescence signal of
a single weakly fluorescent molecule, crystal violet, whose
QY was 0.016, can be enhanced up to more than 1100 times
(figure 2). Using a discrete-dipole approximation (DDA) sim-
ulation, Khatua et al [21] have found that the total enhance-
ment factor of 1100 is a combination of excitation enhance-
ment factor of about 130 times and emission enhancement
factor of about 8.6 times. They have found that the fluores-
cence enhancement strongly depends on the overlap of the
excitation laser and of the molecule’s emission spectra with
the surface plasmon spectra of the nanorod, and consequently
on the surface plasmon resonance (SPR) of each single gold
nanorod. The emission enhancement was associated with a
significant shortening of the fluorescence lifetime.

One of the advantages of SM fluorescence enhancement
for biomedical applications is that biomolecules labeled with
fluorescent dyes can be studied at a very high concentration
using fluorescence correlation spectroscopy (FCS) owing to

the very small near-field volume around the gold nanorod’s
tip. Pradhan et al [19] have shown that the so-called enhanced
FCS was not only restricted to dye molecules with weak
QYs but can also be used for fluorophores with high QYs
(figure 2). Enhanced FCS of dye molecules with high QYs
at a high (micromolar) concentration was possible provided
fluorescence bursts with shortened fluorescence lifetime were
selected on the basis of their fluorescence lifetime. Indeed,
enhanced emitted photons stem exclusively from the near-
field of the gold nanorod. Such a selection enhances the con-
trast of the FCS curve even though the concentration of dye
molecules was very high. Enhanced FCS may suffer from high
background coming from dye molecules sticking on the glass
surface. Pradhan et al [19] functionalized the glass surface
with a lipid bilayer which prevented the molecules from stick-
ing to the glass substrate. Bilayer-mediated surface function-
alization is currently used in a number of biological applic-
ations. Pradhan et al [19] further demonstrated that single
fluorescently-labeled Azurin proteins diffuse freely near a
gold nanorod, without sticking to the bilayer surface. Auto-
correlation of enhanced photons confirmed that the size of the
near-field is about 10 times smaller than the diffraction-limited
confocal diameter.

Zhang et al [18] have demonstrated that the enhancement
factor can be more than four orders of magnitude for the case
of two-photon excitation of dye molecules as the two-photon
absorption rate scales quadratically with the near-field intens-
ity. Two-photon excitation is currently used for studying biolo-
gical systems because of a weaker scattering of infrared light
by biological tissue and of the advantage of optical section-
ing. Zhang et al [18] have achieved an enhancement factor of
15 000 using circularly polarized excitation (60 000 with lin-
early polarized excitation of the longitudinal plasmon). Due to
the very high enhancement factor, the excitation laser power
must be kept low to prevent heat-induced reshaping of the
nanorods.

Enhanced FCS is a promising technique for studying many
bio-molecular processes with a better contrast and higher con-
centrations of biomolecules. Fluorescence enhancement so far
has been investigated only at a room temperature. SM spectro-
scopy at cryogenic temperatures would presumably provide
a more detailed understanding of the enhancement mechan-
ism, as the same molecule could be monitored for unlimited
durations owing to the absence of photobleaching. Moreover,
one could study many molecules in the near field simultan-
eously, thanks to spectral selection by the excitation laser. The
accuracy of superresolution localization microscopy could
also be improved due to enhancement of total number of emit-
ted photons. Unfortunately, however, such experiments have
remained elusive so far.

5. Single-particle photoluminescence spectroscopy

Two major limitations of SM fluorescence spectroscopy are
photoblinking and photobleaching. In contrast to organic
fluorescent dye molecules, metal nanoparticles are highly pho-
tostable, neither blink nor bleach even at a very high excitation
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Figure 3. (a) photoluminescence image of single gold nanorods. (b) The photoluminescence (green) and scattering (blue) spectra of
individual gold nanorods as marked in the image in (a). (c) Photoluminescence spectra of a single nanorod excited with a circularly
polarized 476 nm laser and detected with a detection polarizer parallel (red) and perpendicular (blue) to the long axis of the nanorod. (Left
inset) the longitudinal mode of the luminescence spectra with a Lorentzian fit and (right inset) detection polarization dependent
photoluminescence signal of the longer (red) and shorter (blue) wavelength peaks of the luminescence spectra. (a)—(c) Reprinted with

permission from [28]. Copyright (2012) American Chemical Society.

power. In addition, metal nanoparticles have shape-dependent
optical properties. Compared to other metallic and semicon-
ducting nanoparticles, gold nanoparticles are bio-compatible
and non-toxic (We should mention here that the toxicity of
gold nanoparticles is a subject of debate. We refer here a
review by Alkilany and Murphy [60]). Although gold nano-
particles are mostly used as nano-absorbers or nano-scatterers,
photoluminescence of gold nanoparticles can be used for ima-
ging in biological systems. We would like to emphasize here
that even though fluorescent molecules are less photostable
than gold nanoparticles, fluorescent molecules are mostly used
in biological studies because of their much smaller size and
their easy, specific, one-to-one conjugation to biomolecules.
In the following, we discuss our group’s work on under-
standing the photoluminescence signal of single gold nanor-
ods and its application to a study of supercooled glycerol.

5.1 Photoluminescence of single gold nanorods

The photoluminescence QY of gold nanospheres ranging from
5 nm to 80 nm in size is about 10~7, whereas the QY of gold
nanorods is 10 times higher than that of gold nanospheres
[28, 30]. Although the QY is very low, the large absorption
cross section of metal nanoparticles compensates their weak
QY. Yorulmaz et al [28] have found that the luminescence
spectra of a single gold nanorod resembled the scattering spec-
tra (figure 3). The match between luminescence and scatter-
ing spectra indicated that the surface plasmon of nanoparticles
plays an essential part in their photoluminescence. The same
authors also found that the luminescence spectra consist of
two peaks—a shorter wavelength peak which is mainly due
to the interband transition enhanced by the transverse plas-
mon, and a longer-wavelength peak which is due to the lon-
gitudinal plasmon. The photoluminescence signal at longer
wavelength was found to be strongly polarized. Similar to gold
nanospheres, the QY of gold nanorods is nearly independent
of the SPR wavelength. However, at wavelengths shorter than
650 nm, the QY decreases due to the contribution of interband
transitions.

5.2. Dynamical heterogeneity of supercooled glycerol
probed by single gold nanorods

The polarized nature of the photoluminescence of a single
nanorod can be exploited to track the rotational dynamics of
the nanorod in a soft matter system. Compared to fluores-
cent dye molecules, gold nanorods have clear advantages—
(a) nanorods are highly photostable and can be probed over
very long periods of time and (b) nanorods, being large in
size, can probe relaxation times of a heterogeneous system
on a different length and timescales than a single fluores-
cent dye molecule [61, 62]. However, their main disadvant-
age is their size distribution, which must be accounted for.
Yuan et al [63] have investigated the heterogeneous properties
of a supercooled liquid, glycerol, near the critical temperat-
ure T, by observing the temperature dependence of the rota-
tional dynamics of a large gold nanorod. Single gold nanor-
ods probed local viscosity of the glass-forming liquid. Yuan
et al have found dynamical heterogeneity below 230 K, with
a length scale of more than the length of the gold nanorod, i.e.
over 30 nm. The heterogeneity below 230 K indicates the pres-
ence of cooperatively rearranging regions. The heterogeneity,
however, disappears above 230 K, which qualitatively matches
with the picture predicted by mode-coupling theory.

6. Gold nanoparticle as a heat source and
temperature sensor

Metal nanoparticles are used as local heating sources for
PT therapy [64, 65] because of their large absorption cross
sections. The local temperature increase can create nan-
obubbles in a liquid, which can also be used for thera-
peutic applications [66]. When a metal nanoparticle absorbs
a photon, an electron—hole pair is created. This electron—hole
pair interacts with the thermal bath of the nanoparticle and
gives rise to luminescence through radiative recombination,
in addition to the much more frequent non-radiative relax-
ation. Inelastic interactions produce Stokes and anti-Stokes
luminescence, red- and blue-shifted, respectively, from the
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excitation laser frequency. The anti-Stokes luminescence can
be used as a nano-thermometer [67]. In the following, we
briefly discuss our group’s work in this area.

6.1. Nanobubble dynamics around a heated gold
nanoparticle

Previously other groups have reported nanobubble formation
using a pulsed excitation. Hou et al [68] have found that nano-
bubbles can also be formed using a continuous-wave excitation
and that the formation of nanobubbles can be stabilized using
a suitable heating intensity time profile. The nanobubbles were
created only above a certain threshold excitation power. Below
the threshold, no bubbles were formed. Hou et al have found
that the nanobubble formation was explosive in nature with a
rise time of about 15 ns and a decay time of about 30 ns. Such
a fast dynamics could not be tracked with a lock-in amplifier,
which is too slow. Hou et al [68] used a fast photodiode and
a fast oscilloscope to measure the explosion of nanobubbles.
The nanobubbles’ formation showed a signature of acoustic
echoes which arise from sound waves created by the initial
explosion. A full theoretical understanding of the complex kin-
etics of nanobubbles still requires further investigation.

6.2. Gold nanoparticle as a nanoprobe for measurements of
absolute temperature

As stated above, the shape of the photoluminescence spec-
trum of a metal nanoparticle bears the signature of interac-
tions of the excited electron—hole pair(s) with the thermally
excited charge carriers and phonons. The anti-Stokes side of
the luminescence band is particularly sensitive to temperature,
as it decays exponentially with frequency. Carattino et al

[67] have demonstrated that the continuous-wave anti-Stokes
luminescence of a gold nanoparticle can be used to meas-
ure absolute temperature of a medium without prior calibra-
tion (figure 4). By measuring the surface plasmon spectra of a
gold nanorod and exciting the nanorod at the longitudinal plas-
mon, the anti-Stokes luminescence spectra provided informa-
tion about the absolute temperature of the particle. Carattino
et al found that the calculated absolute temperature scales lin-
early with excitation power and extrapolated to low power
to calculate the temperature at zero excitation (i.e. ambient
temperature).

Jollans et al [69] reported time-resolved anti-Stokes lumin-
escence measurements with a pulsed excitation of a femto-
second laser. Ultrafast pump-probe spectroscopy allowed
them to measure effective electron temperatures of 1000 K and
ultrafast kinetics of excited electrons at picosecond timescales.
The time-resolved spectra confirmed that the anti-Stokes side
of the luminescence spectrum is more temperature-dependent
than the Stokes side. Anti-Stokes luminescence can be applied
to estimate the instantaneous and local electronic temperature.

7. Photothermal microscopy of single molecules
and nanoparticles

The higher photostability of metal nanoparticles compared to
single fluorescent dye molecules promises many applications
in soft matter and biology [70-73]. Smaller-sized metal nan-
oparticles, typically below 40 nm, are difficult to detect by
traditional dark-field scattering microscopy because scattering
cross sections scale with the particle’s squared volume. The
absorption cross section of a metal nanoparticle scales linearly
with volume. Therefore, the absorption of a small nanoparticle
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is easier to measure than its (dark-field) scattering. When
a metal nanoparticle is excited, the nanoparticle absorbs
photons and the excited particle relaxes non-radiatively. The
non-radiative relaxation creates heat surrounding the particle,
and this heat eventually diffuses away into the surrounding
medium. The ensuing refractive-index change is probed with
a second laser by observing changes in the scattered intensity.
This kind of pump-probe microscopy is known as PT micro-
scopy [7, 32], also known as thermal-lens microscopy [74, 75].
The PT sensitivity depends on the coefficient of refractive-
index change due to the change in temperature, i.e. the thermo-
refractive coefficient. The typical thermo-refractive coefficient
[29] of an organic liquid is in the order of 10~ K~!. Such
a low thermo-refractive coefficient does not suffice to detect
single organic dye molecules whose saturation intensity is low
and which photobleach at high excitation power. To enhance
PT sensitivity, Ding et al [33] have demonstrated that using
near-critical xenon, the sensitivity can be enhanced more than
two orders of magnitude. This high sensitivity allows detection
of single organic fluorescent molecules at a comparatively low
excitation power [34].

71. Absorption measurements of single conjugated polymers

Hou et al [34] have reported that absorption of single conjug-
ated polymers of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEHPPV) can be imaged in near-critical
xenon with a low excitation power of below 1 kW cm~2
(figure 5). By simultaneous measurements of absorption and
fluorescence, the QY of a single conjugated polymer molecule
can be determined, and detailed insight into the processes of
inter- and intra-molecular energy transfer can be obtained. The
QYs of single polymer molecules were found to be broadly
distributed and to correlate with the polymer size (taking
absorption as a proxy). The nonlinear correlation between the
QY and the absorption cross section was assigned to fluores-
cence quenching by defects, which are more likely to occur
in longer polymer chains. The fluorescence and absorption
signals of a single chain photobleached continuously upon
continuous excitation, with a faster bleaching rate for fluor-
escence than for absorption, indicating the creation of photo-
induced trap states which quench fluorescence by intra-chain
exciton migration. Further studies of correlative absorption
and fluorescence spectroscopy of single conjugated polymer
chains would provide a more detailed understanding of these
non-radiative energy transfer processes.

72. Photothermal CD spectroscopy of single metal
nanoparticles

CD is a property of a chiral nano-object which interacts dif-
ferently with circularly polarized light of opposite handed-
ness. CD is defined as the differential absorption of left-
and right-circularly polarized light. The standard way to
access the CD of a single chiral nanoparticle is to meas-
ure the differential extinction in a CD spectrometer. Alternat-
ively, differential scattering can also be measured in a micro-
scope [24, 76, 77]. Because it directly measures absorption,
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Figure 5. (Left) top: chemical structure of MEHPPV; (a) and (b):
absorption and fluorescence images of single conjugated polymer
chains in the same area, respectively. (a), (b) Reprinted with
permission from [34]. Copyright (2017) American Chemical
Society. (Right) (c) scanning electron microscopy (SEM),

(d) photothermal (PT) and (e) photothermal circular dichroism
(PTCD) images of single three left-handed and two right-handed
chiral gammadion structures and four achiral nanostructures.
(c)—(e) Reprinted with permission from [35]. Copyright (2019)
American Chemical Society.

PT microscopy provides direct access to the CD signal of
a single chiral nanoparticle, free from scattering or extinc-
tion contributions. Spaeth et al [35] have proposed photo-
thermal circular dichroism microscopy, and illustrated it with
CD images of single metallic nanoparticles with g-factors
down to 10~3 within an integration time of 30 ms. In their
method, Koehler illumination by circularly polarized heat-
ing light guarantees an excellent polarization quality, which
would be very difficult to ensure with a tightly focused illu-
mination. The high spatial resolution was provided by the
high-neutravidin (NA) probing beam, which was diffraction-
limited but unpolarized. As a proof-of-concept, Spaeth et al
have demonstrated enantio-selection of single metallic gam-
madion structures with a g-factor sensitivity of 0.004 with an
integration time of 30 ms (figure 5). Because of the high sens-
itivity, they were also able to detect very weak CD signals of
g-factor below 103 for quasi-spherical gold nanoparticles.

8. Label-free plasmon-sensing using a single gold
nanorod

Optical probing of single molecules or nanoparticles in a
label-free manner has been a great topic of research in the
past two decades [6]. Our group has focused on label-free
probing of single molecules using a single gold nanorod as
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Figure 6. (a)—(c): Label-free single particle detection and (d) and (e): label-free single-molecule detection. (a) Schematic representation of
the plasmon red-shift by a refractive particle. The plasmon shift is monitored with a laser in the blue wing (top) or the red wing

(bottom) of a nanorod’s longitudinal plasmon. (b), (c) Scattering intensity time traces of a single gold nanorod presenting intensity
fluctuations due to single 5 nm gold nanoparticles traversing the near field (top (bottom) the plasmon is probed on the blue (red) wing).
(a)—(c) Reprinted with permission from [37]. Copyright (2020) American Chemical Society. (d) Scheme of a single gold nanorod
functionalized with biotin molecules specifically at the tip of the rod. A red shift follows from the binding of a single protein molecule to the
rod tip. (e) Time traces of photothermal signals (left axis) and plasmon shift (right axis) of a single gold nanorod in the presence of single
protein molecules at three different concentrations, indicating the binding of single protein molecules. The red lines are fits using a
step-finding algorithm. (d), (e) Reprinted by permission from [36]. Copyright (2012) Springer Nature Customer Service Center GmbH.

a plasmon sensor. Ziljstra et al [36] demonstrated that binding
and unbinding of a single protein molecule to a single gold
nanorod can be detected using PT microscopy by looking
at the plasmon shift of the longitudinal SPR at a single fre-
quency. The plasmon shift is due to the change of the local
refractive index upon binding of the protein molecule. The
near-field is strongest at the tip of the rod and therefore the
strongest plasmon shift occurs when the protein molecules
bind to the tip of the rod. By selective functionalization,
Ziljstra et al were able to bind the protein molecules spe-
cifically to the tip of the nanorod. The binding and unbinding
events were observed by step-wise changes of PT signal as
shown in figure 6. The high sensitivity of the method allows
sensing single protein molecules with molecular weight of
53 kDa. The method is promising for label-free detection of
single biomolecules, possibly even inside cells. Baaske et al
[37] developed a scattering-based method for probing single
molecules using plasmon sensing with a sub-microsecond
time resolution which is 10 000 times faster than in previ-
ous reports. Using the characteristic polarization anisotropic
scattering of a single gold nanorod, the signal-to-noise can be
optimized by choosing the proper angle of the excitation polar-
ization and the Gouy phase. Scattering contribution from dir-
ect analyte particles can be neglected in a cross-polarized con-
figuration. Baaske et al have demonstrated detection of single
5 nm gold nanoparticles in a label-free manner (figure 6),
predicting the detection of single protein molecules with

a molecular weight of 20 kDa and an integration time
of 10 ns.

9. Rotational and translational Brownian motion of
a hot gold nanorod in an optical trap

Metal nanoparticles are more polarizable than dielectric
particles and can be trapped in an optical trap for smaller
sizes. However, residual heating of the metal by intense trap
light requires special precautions and is reduced by shifting
the trapping light to near IR, typically 1064 nm. The stable
trapping of smaller-sized gold nanoparticles and quantitative
measurements of optical torque acting on anisotropic particles
could enable SM experiments in biological systems. Ruijgrok
et al [78] have demonstrated that both translational and rota-
tional motion of a gold nanorod in an optical trap can be
studied simultaneously by observing the fluctuations of the
polarization-dependent scattered signal. The autocorrelation
of scattered signals provided information about hot Brownian
motion [79] i.e. Brownian motion of a heated nanoobject
in an inhomogeneous temperature and viscosity profile. The
autocorrelation was found to be bi-exponential, consisting of
fast rotational and slower translational dynamics. Because of
the different ranges of the velocity field for translational and
rotational dynamics, the effective fluid viscosities are differ-
ent for translational and rotational dynamics. The maximum
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torque measured for a single gold nanorod of 60 nm long
and 25 nm diameter was about 100 pN nm. Such a torque
is large enough to study many SM processes in biological
systems.

10. Magnetic susceptibility of single gold nanorods

Even though bulk gold is diamagnetic in nature, gold nano-
particles with functionalized ligands can show magnetic prop-
erties. Our group have focused on measuring the magnetic
alignment in suspensions of gold nanorods by linear dichro-
ism and linear birefringence. Van Rhee et al [80] reported that
gold nanorods show a temperature-independent diamagnetic
behavior, at least up to 300 K. Although measurements were
not performed above 300 K, it is most likely that gold nanor-
ods would keep their strong diamagnetic behavior well above
this temperature. The alignment allowed Van Rhee et al to
calculate the magnetic susceptibility of gold nanorods, which
was found to be in the order of 107°~10~7, three orders
of magnitude higher than that of bulk gold. The magnetiza-
tion depended linearly on the magnetic field. The enhanced
magnetic susceptibility was attributed to the orbital magnetic
moment of electrons in the gold core.

11. Summary

This review discusses several key research works of our group
in past ten years in the topic of SM and single-particle spec-
troscopy. Here are some key highlights:

(a) We have shown that a single molecule can be used as an
efficient sensor for single electron detection at a low tem-
perature using linear Stark effect.

(b) At room temperature, a single molecule can also be used
as a sensitive sensor for single charge detection using its
electric-field induced fluorescence properties.

(c) SM fluorescence can be enhanced by more than thousand
times in the presence of a metallic nanorod due to plas-
monic enhancement.

(d) In contrast to scattering, single metallic nanoparticles
can be efficiently detected by background-free methods,
absorption and photoluminescence.

(e) Anti-Stokes luminescence of a metallic nanoparticle
allows to measure absolute temperature surrounding a nan-
oparticle.

(f) Absorption measurements of a single metallic nano-
particle allow to measure CD down to the single-particle
level.

(g) Single metallic nanorod is an efficient plasmonic sensor
for label-free single molecule detection with a sub-
microsecond time resolution.

(h) The optical torque acting on a metal nanoparticle in an
optical trap can be measured by studying the Brownian
motion of the particle in the trap and could be used in
single-biomolecule experiments.
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