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Abstract

Interferometric scattering microscopy (iSCAT) is an extremely sensitive
imaging method based on the efficient detection of light scattered by
nanoscopic objects. The ability to, at least in principle, maintain high
imaging contrast independent of the exposure time or the scattering cross
section of the object allows for unique applications in single-particle
tracking, label-free imaging of nanoscopic (dis)assembly, and quantitative
single-molecule characterization. We illustrate these capabilities in areas
as diverse as mechanistic studies of motor protein function, viral capsid
assembly, and single-molecule mass measurement in solution.We anticipate
that iSCAT will become a widely used approach to unravel previously
hidden details of biomolecular dynamics and interactions.
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Numerical aperture:
quantifies the range of
angles over which a
lens can collect light;
dictates how tightly a
lens can focus light

Fluorescence: having
absorbed light, some
substances
spontaneously emit
light of a different
wavelength in a
spin-allowed transition

1. INTRODUCTION

The primary objective of microscopy is to visualize structure and dynamics on small length scales.
Our perception of the meaning of the word small in the context of what can be imaged has evolved
dramatically since Hooke’s observation of individual cells 350 years ago (1), all the way to clear
images of individual atoms (2). The use of visible light to image the species of interest has been
and continues to be important in the life science context, owing to its comparatively noninvasive
nature and three-dimensional imaging capability. Frustratingly, however, light microscopy has
until relatively recently been restricted tomodest gains in resolution and sensitivity, largely limited
by the achievable numerical aperture and the resulting mismatch between the area to which light
can be confined and the size of even relatively large molecules (Figure 1a).

Being able to visualize the smallest features ultimately comes down to addressing three
challenges: resolution, specificity, and sensitivity. Here, we focus on imaging sensitivity, which is
determined by a combination of two factors: the ability to detect a weak signal and the ability to
distinguish that signal from any background. The most intuitive way to achieve the latter involves
removing all other objects, i.e., trapping in a vacuum, which led to the first observation of indi-
vidual ions (3). It took almost another decade until similar sensitivity levels were reported in the
condensed phase, using absorption as a contrast mechanism in combination with a sophisticated
double-modulation approach at cryogenic temperatures (4). Soon thereafter, the same molecular
system was investigated using fluorescence detection as in the original ion work, demonstrating
significantly enhanced signal-to-noise ratios (SNRs) compared with the absorption case but with
a considerably simpler experimental setup (5). The difference in achievable SNRs between the
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Figure 1

Sensitivity limits of light microscopy illustrated with tubulin and microtubules. (a) Illustration of the size mismatch between the
diffraction-limited area of visible light focused with a high numerical aperture objective and that of the tubulin dimer. (b) Simplified
microtubule structure. (c) Schematic of a typical dark-field microscope and example image of individual microtubules acquired using
such a microscope. Scale bar: 5 µm. (d) Schematic of a fluorescence microscope operating in transmission mode and an example image
of fluorescently labeled microtubule seeds. Scale bar: 5 µm. (e) Schematic of interference-based optical detection of a nano-object.
( f ) Phase contrast image of microtubules. Scale bar: ∼5 µm. (g) Differential interference contrast image of a single microtubule. Scale
bar: 2 µm. (h) Schematic of reflection-based interference microscopy. (i) Image of individual microtubules taken on a laser-scanning
confocal microscope in reflection mode. Scale bar: 4 µm. Panel f adapted from Reference 13 with permission; copyright 2017
American Chemical Society. Panel g adapted from Reference 7 with permission. Panel i adapted with permission from
Reference 23.

302 Young • Kukura



PC70CH13_Kukura ARjats.cls May 17, 2019 16:10

Extinction: the
combined effect on
radiation of absorption
and scattering by a
substance

two experiments is representative of the ease with which one can remove background signatures
arising from the bulk.

1.1. Scattering and Absorption as a Contrast Mechanism

The challenge in moving from fluorescence toward the more universal extinction as a contrast
mechanism rests on our ability to reject background signatures that overpower the signal of inter-
est. In fluorescence detection, the ability to suppress illumination light by more than six orders of
magnitude using optical filters while detecting at a different wavelength with essentially no losses
generates a vacuum-equivalent scenario. The object becomes completely isolated from other op-
tical signals, as long as none of the surrounding molecules and optics fluoresce at the detection
wavelength. It is therefore not surprising that fluorescence detection has been the dominantmech-
anism for single-molecule optics since its inception and has become a routine approach through
the directed improvement of associated detectors and optics.

Efficiently separating illumination and detection, however, does not necessarily require a dif-
ference in wavelength between the two processes. Using the simple concept of orthogonal illu-
mination and detection pathways, Siedentopf & Zsigmondy (6) recorded optical signatures from
nanometer-sized gold colloids as early as 1902 using what they called an ultramicroscope. The
general concept of removing excitation light while detecting scattered light has become known as
dark-field microscopy, which has traditionally been the gold standard for ultrasensitive light mi-
croscopy beyond fluorescence. As an example, dark-field observation of individual microtubules
(Figure 1b,c) can produce images of near-identical quality to those achievable with fluorescence
staining (Figure 1d) (7). Given the similarity of these images in terms of their contrast, the imme-
diate question arises as to why dark-fieldmicroscopy cannot detect singlemolecules if fluorescence
can. Although factors such as labeling density affect the fluorescence contrast to some degree, a
key difference is how the signal magnitude scales with the number of molecules present.

Assuming for simplicity that every tubulin dimer is fluorescently labeled and given that the
structure ofmicrotubules implies the presence of approximately 300 dimers per diffraction-limited
spot (Figure 1b), we would accordingly expect the signal to drop 300-fold in fluorescence detec-
tion when comparing the signals from a microtubule and a single tubulin dimer. By contrast,
the dark-field scattering signal scales with the square of the object volume, which in this case is
roughly equivalent to the square of the number of proteins, amounting to a signal drop of ∼105.
Ultimately, this dramatic signal scaling with object size makes the detection of single molecules in
pure scattering so challenging. The problem is not that extinction signals become intrinsically too
small to detect, as we know from the observation of single atoms in vacuum (8), but rather that it
becomes increasingly difficult to detect these signals in the presence of background light caused
by the sample or imperfections in the optics. Even if the background were constant and could be
subtracted, the measurement would have to be performed with extremely high dynamic range to
visualize and quantify the tiny single-molecule signal over the dominant background.

1.2. Interference-Based Microscopy

The drastic drop in scattering signal with particle volume can be partially addressed by employing
an interferometric detection scheme, because the interferometric signal scales linearly with object
size compared with a square dependence for pure scattering (9). Here, the object is detected as
a consequence of interference between background light and light phase-shifted by interaction
with the object (Figure 1e). That such an approach may indeed be worth pursuing in the context
of visualizing small objects was already confirmed by the first report on single-molecule detection
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Shot noise:
Poisson-distributed
noise associated with
counting independent
and random discrete
events, such as photons
arriving at a detector

(4), which was enabled bymodulating the interference between light interacting with themolecule
and background light.Taken together, interference thus seems well suited for ultrasensitive optical
microscopy down to the single-molecule level, with the continuing caveat of sufficient background
suppression.

Perhaps the first microscope to explicitly make use of interference as a contrast mechanism
was the phase contrast microscope conceived in 1935 by Zernike (10), which introduces a phase
shift to the transmitted light in a conventional microscope to increase the contrast of transparent
objects. This was followed in the 1950s by differential interference contrast microscopy (11, 12),
where the interference takes place between a pair of slightly displaced beams to reveal interfaces
between regions of different refractive index. A major advantage of both approaches is the use of
common path interferometry, where the two interfering light fields travel along almost identical
routes, minimizing the influence of external perturbations. Nevertheless, images of microtubules
using these contrast mechanisms fail to achieve image quality comparable with that of dark-field
microscopy: In phase contrast, microtubules are barely visible owing to illumination, transmis-
sion, and detection inhomogeneities (Figure 1f ) (13), whereas differential interference contrast
improves the image quality (Figure 1g) (7) but still with inferior SNR compared with dark-field
imaging. Although such transmission-based schemes have struggled to reach the extreme sen-
sitivity levels required for single-molecule detection, there have been significant developments
using advanced illumination and detection schemes, which are particularly powerful for label-free
imaging of cellular structures (14, 15).

Operating interference-based microscopy in reflection rather than transmission is advanta-
geous for the detection of small objects, because the majority of incident light passes the sample
unaffected, while only a small portion is reflected (Figure 1h). Assuming that light scattering
from subdiffraction objects is the same in the forward and backward directions, the combination
of weakly reflecting illumination and backscattered light results in enhanced interferometric con-
trast. It is important to realize that this approach does not improve the SNR of the measurement.
The contrast simply increases at the expense of the total number of detected photons, resulting
in the same SNR for shot noise–limited detection (16).

There have been numerous implementations of common path interferometry in reflection
for microscopic contrast, taking advantage of different illumination and detection schemes, all
sharing the same underlying idea. A transparent substrate supporting the sample is illuminated
through the same objective lens as is used for imaging. A small portion of the incident light
is reflected at the interface between the glass and the sample, serving as a reference field. The
majority of the incident light propagates past the interface and interacts with objects in the
sample. The back-reflected light from the interface and some of the light scattered by the sample
are collected by the objective lens and used to form an image (Figure 1h). The detected intensity,
Idet, at a given point in the image is then given by

Idet = Iinc[r2 + |s|2 + 2r|s| cos(ϕ)], 1.

where Iinc is the incident intensity, r2 is the reflectivity of the glass-water interface, s is the scat-
tering amplitude of the object, and ϕ is the phase difference between the reflected and scattered
fields. For Mie scattering by a spherical particle, the scattering amplitude can be written as

s = ηεmπ
D3

2
εp − εm

εp + 2εm
, 2.

where εm/p are the dielectric functions of the surrounding medium/particle, respectively; D is
the diameter of the spherical particle; and η is a constant factor accounting for the detection
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Speckle: apparently
random intensity
pattern produced by
the interference of a
set of wavefronts, such
as those produced by
scattering from a
rough surface

efficiency of the setup. Here, the origin of the intensity scaling for pure versus interferometric
detection discussed above becomes immediately clear: Whereas the pure scattering term, |s|2,
scales with the square of the volume of the scattering object, the interferometric term scales
linearly, causing a much slower signal drop with decreasing object size. It is this interferometric
contribution that is of particular interest for ultrasensitive imaging.

Initially, it was the phase change caused by an optical path difference between the two fields
that attracted most interest and was used to measure cellular adhesion in a method termed inter-
ference reflection microscopy (17). Developments in the experimental implementation, primarily
the introduction of the antiflex method to reduce stray reflections from optical components (18),
and in the theoretical framework of the technique (19) followed, though the inherent optical com-
plexity of the biological cell limited interpretation of the images obtained to a mostly qualitative
nature (20). Subsequent work was thus aimed at better-defined model systems, enabling quanti-
tative measurements on colloidal particles, giant unilamellar vesicles, and lipid bilayers (21, 22),
with the technique by then known as reflection interference contrast microscopy.

1.3. Ultrasensitive Extinction Microscopy

Although the improved scaling of the interferometric scattering signal versus that of pure scat-
tering assists in the detection of weakly scattering objects, the associated signals still drop linearly
with volume, making very small objects such as single molecules difficult to detect. Under ideal
experimental conditions, the only noise source would be the shot noise associated with counting
photons.Were one to realize such ideal detection, the use of lasers as an illumination source could
be advantageous owing to the high incident power densities of monochromatic light that they en-
able, despite bringing additional difficulties associated with coherent illumination, such as a risk
of increased speckle corrupting the image.

The first explicit example of imaging subdiffraction objects in a reflected light microscope us-
ing laser illumination made use of a laser-scanning confocal microscope that was equipped with
a beam splitter, rather than the more conventional dichroic mirror in fluorescence imaging, to
study microtubule dynamics (Figure 1i) (23). Although performing a quantitative comparison
is difficult, it appears that the interferometric contrast is enhanced compared with differential
interference contrast (Figure 1g) and the SNR is at least qualitatively comparable with dark-
field imaging (Figure 1c,i). Given these results, single-molecule detection sensitivity does not
seem completely impossible. Nevertheless, interest in this approach to interferometric detec-
tion essentially vanished with the influx of genetically encodable fluorescent proteins (24) and
the immense promise of fluorescent imaging for cellular and single-molecule imaging. Interest in
fluorescence-free imaging of nanoparticles only reemerged alongside the advent of nanoscience
and when the fundamental limitations associated with fluorescence-based methodologies were
encountered.

A step change in detection sensitivity was achieved by an absorption-mediated modulation
approach called photothermal microscopy, enabling the observation of 5-nm gold particles (25).
Here, background suppression was achieved by a contrast mechanism based on a phase shift in-
duced by local heating of the sample and ensuring that this heating was exclusively due to light
absorption by the nanoparticle of interest. Subsequently, Lindfors et al. (26) demonstrated detec-
tion and spectroscopic investigation of gold nanoparticles (GNPs) as small as 5 nm in diameter for
interferometric imaging in reflection with a supercontinuum laser source. Reverting to the illumi-
nation scheme used in Reference 23 allowed for more rapid monochromatic imaging, high-speed
detection and visualization of nonmetallic objects such as microtubules (27) and viruses (28), and
implementation of wide-field imaging (27).
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Point spread function
(PSF): response of a
microscope to a point
source, approximately
an Airy disk limited in
width to ∼200 nm for
visible light and a high
numerical aperture
objective

Localization
precision: precision
with which the center
of mass of an object
can be determined

Photoblinking:
switching between
bright and dark states
of a fluorophore,
typically as a result of
the photophysics of
the emitter

Photobleaching:
permanent cessation
of a fluorophore’s
emission as a result
of photochemical
alteration of the
emitter

1.4. Interferometric Scattering Microscopy

The term interferometric scattering microscopy (iSCAT) was coined in the context of a study
reporting on the diffusional dynamics of individual viruses on supported lipid bilayers (29). Al-
though technologically similar to Reference 23 in recording the interference of scattered and
back-reflected laser light from a sample with an inverted microscope, it introduced a few concepts
that have since been crucial to the evolution of the technology. Principal among these is the, in
hindsight, trivial realization that for shot noise–limited detection the SNR of an interferometric
signal, S, scales as S × N1/2, where N is the total number of detected photons. Given that N for a
given exposure time is directly proportional to the illumination intensity, the SNR could there-
fore in principle be improved indefinitely by simply detecting more photons, by increasing either
the laser power or the exposure time. The underlying challenge, therefore, is to maintain shot
noise–limited imaging performance. This was addressed in two ways, which have and continue
to remain central to all iSCAT experiments: (a) wide-field detection combined with speckle-free
illumination to eliminate image noise caused by laser-based fluctuations that otherwise make shot
noise–limited detection impossible and (b) efficient (digital) background subtraction, in particular
of residual substrate signatures, spurious reflections, and illumination inhomogeneities.

The result of this evolution is a light microscope capable of—at least in principle—detecting
and localizing any changes in local optical properties relative to the surrounding medium (see
Equation 2). We illustrate the resulting unique capabilities of iSCAT in three application areas:
(a) high-speed and/or highly accurate single-particle tracking (SPT) of GNPs or similarly strong
scatterers (Section 2); (b) imaging biological nano-objects made of lipids or peptides and their
(dis)assembly dynamics (Section 3); and (c) detection, imaging, and mass measurement of single
unlabeled proteins (Section 4).

2. SINGLE-PARTICLE TRACKING

SPT interrogates the motion of single molecules or larger assemblies at a level of detail inac-
cessible to ensemble techniques (30). In its fluorescence-based implementation, the object of
interest is typically labeled with a dye molecule, fluorescent protein, or semiconductor quantum
dot. The optical image of a subdiffraction species returns the point spread function (PSF) of
the microscope centered on the location of the object. Although the full width at half maximum
of the PSF is typically on the order of 200 nm for visible light and a high numerical aperture
objective lens, finding the center of mass of the PSF, for example, by fitting a two-dimensional
Gaussian function, returns the position of the emitter with a precision much higher than the
resolution of the microscope. The achievable precision in the absence of noise sources other than
shot noise can be approximated as σ /N1/2, where σ is the standard deviation of the Gaussian and
N the number of detected photons (31). In this way, localization precision on the order of a few
nanometers is achievable for N > 104 (32).

The key advantage of fluorescence-based SPT is its compatibility with live-cell imaging be-
cause of its powerful background rejection capability and the possibility of using molecular-sized
dye labels or genetically encodable fluorescent proteins (24). Photoblinking and photobleaching,
however, limit the total observation time and can produce gaps in the acquired trajectories, result-
ing in poor statistics. More fundamentally, however, optical saturation caps the maximum achiev-
able photon flux from single emitters. Combined with the dependence of localization precision on
photon count mentioned above, this results in a rule of thumb that the achievable spatiotemporal
precision is on the order of 1 nm/Hz1/2. Although these limitations can be addressed by reducing
the observation duration per trajectory (33, 34) or using advanced illumination approaches (35),
the majority of single-emitter-based studies exhibit comparable performance characteristics (32,
36–40).
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These limitations are absent for iSCAT, as for all scattering-based approaches, because scat-
tering labels do not bleach or blink, nor do they saturate regardless of illumination power. If the
SNR ∝ S × N1/2, as enabled by background subtraction and shot noise–limited detection, then
one can maintain a given localization precision irrespective of exposure time, which determines
the time resolution, by proportionally increasing the incident light intensity. As a result, within
the limits set by photodamage, one can achieve essentially arbitrary combinations of localization
precision and temporal resolution for high-speed (Section 2.1) and high-precision (Section 2.2)
SPT. This comes at the cost of a requirement for larger labels, usually on the order of 20-nm-
diameter GNPs for in vitro and 40-nm diameter or larger for cellular studies (Section 2.3). At
the same time, however, label-free imaging of biological nanoparticles can be performed directly,
obviating the need for labeling altogether (Section 2.4).

2.1. High-Speed Single-Particle Tracking

The capabilities of iSCAT for SPT are well introduced by recent experiments on the processivity
of myosin 5, a molecular motor that has been studied in much detail at the single-molecule level
over the past decades (41). Using single-molecule fluorescence, it has been shown to walk in a
hand-over-hand fashion along actin, taking ∼74-nm steps (Figure 2a) and consuming one ATP
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Figure 2

Tracking of molecular motors with gold nanoparticle labeling with high spatial precision and temporal resolution. (a) Schematic of a
gold-labeled myosin 5 motor stepping along an actin filament. (b) Distance-time trace and accompanying XY trajectory of a myosin
5 molecule stepping along actin, imaged at 1 kHz. The transient state when the motor takes a step is localized to one side of the actin
filament. (Inset) Image of a 20-nm gold nanoparticle label before and after background subtraction. (c) Schematic of the concept of
temporal averaging to improve localization precision, through averaging the motion of the scattering label. (d) Distance-time trace and
accompanying XY trajectory of a myosin 5 molecule stepping along actin, after frame averaging to 100 Hz. A small transition can be
observed while the labeled head is bound to actin. Panels a, b, and d adapted from Reference 45.
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molecule per step (32, 42, 43). As a consequence of the limitations in spatial precision and temporal
resolution achievable with fluorescence imaging, these experiments could provide information
on the motor only while bound to the underlying actin filament, leaving much of the stepping
mechanism in the dark. Using iSCAT imaging of 20-nm gold labels attached to one of the motor
domains revealed detailed signatures of a previously reported intermediate state (44) persistently
to one side of the actin filament (Figure 2b). This transient state exhibited kinetics associated
with ATP hydrolysis, which is required before the moving head can rebind to actin to complete
the step, suggesting that it is a signature of the step being taken. In combination with a series of
control experiments, this finding led to a model for the efficiency of myosin 5 processivity, based
on restricted relative motion between the two heads of the protein (45). The clear observation
and characterization of this state was enabled by the simultaneous nanometer spatial precision
and millisecond temporal resolution, which are highly beneficial for mechanistic studies of motor
proteins (46, 47).

Although these imaging speeds are sufficient to reveal many new details ofmotor proteinmotil-
ity, where the relevant timescales are determined by the mechanochemical cycle of the protein,
following processes such as diffusion in lipid bilayers requires much higher temporal resolution
(48).The absence of saturation in the scattering signal also allows access to these temporal regimes
with iSCAT, enabling not only detection (27) but also nanometer-precise tracking with submil-
lisecond exposure times (16, 49, 50). Frame rates have even approached 1 MHz with an appro-
priately fast camera (51). Accessing these temporal and spatial domains with SPT is particularly
important, because it allows for the observation of transient events (52, 56).

2.2. High-Precision Single-Particle Tracking

Aiming for ever-higher temporal resolutionwith label sizes on the order of several tens of nanome-
ters, however, contains a potential pitfall: One begins to observe not only the motion of the object
to which the label is attached but also the motion of the label itself (50). As a result, even if the
nominal localization precision is high at very low exposure times, trajectories become affected by
the motion of the particle about its attachment point, which is superimposed onto the motion of
the object of interest.Moving in the opposite direction of longer integration times, for example by
temporal averaging of frames, effectively eliminates this effect because the label motion averages
out and enables very high SNRs through large total numbers of detected photons per exposure and
thus very high localization precision (Figure 2c). One therefore has either to accept slightly lower
than theoretically achievable localization precision (45) or to sacrifice some temporal resolution
for spatial precision (53).

As an example, in the case of myosin 5, reducing the imaging speed from 1 kHz to 100 Hz
improved the localization precision to 1.6 nm. As a result, the traditional distance versus time
traces now exhibited not only the expected 74-nm step of the labeled head but also an additional,
much smaller backward movement of the label coinciding with stepping of the unlabeled head
(Figure 2d). The key outcome here is the ability to maintain few-nanometer localization preci-
sion even at speeds almost 100-fold higher than achievable with single-molecule fluorescence for
prolonged imaging, thereby accumulating sufficient statistics to clearly visualize previously hid-
den transitions. An additional salient point is that the concept of repeated measurements can be
reused to improve precision with respect to the localization of the bound states, with subnanome-
ter precision possible in principle.

2.3. Tracking Molecules on Cells

High-performance SPT, in addition to detecting sufficient photons, rests on the ability to esti-
mate and remove the background, not just from the optical setup but also from scattering within
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Figure 3

Interferometric scattering microscopy (iSCAT) tracking on cells. (a) Schematic of gold nanoparticle (GNP) tracking on an axon of a
neuronal cell. (b) Raw iSCAT image of a 40-nm GNP-labeled membrane protein on a neuronal cell. The yellow arrow marks a GNP.
Scale bar: 2 µm. (c) Background-subtracted image of a 40-nm GNP-labeled membrane protein on a neuronal cell; a yellow arrow marks
the GNP. Scale bar: 2 µm. (d) Selected localizations from 2-kHz trajectory of 40-nm GNP-labeled glycosylphosphatidylinositol-green
fluorescent protein on an axon. The 20% of all localizations exhibiting the highest confinement are shown in blue, whereas the 20%
exhibiting the lowest confinement are shown in yellow. (e) Schematic of a three-dimensional reconstruction from the geometry of the
neurite and example three-dimensional trajectory. Panels b–e adapted from Reference 54 with permission from Elsevier.

the sample. The examples considered so far are reconstituted systems where the sample-specific
background can be well controlled.More highly scattering environments such as living cells, how-
ever, prove to be more of a challenge, although such measurements are possible provided that the
background is small and varies much more slowly than the motion of the particle of interest. As
an example, it has proven possible to track 40-nm GNP-labeled membrane proteins with 3-nm
localization precision at 40 kHz on thin regions of U2OS cells and the axons of neuronal cells
(Figure 3a–c) (54). In agreement with the arguments outlined above concerning the balance be-
tween temporal resolution and achievable localization precision as a consequence of label mo-
tion, temporal averaging to 2-kHz frame rate revealed signatures of compartmentalized diffu-
sion. The resulting periodicity on the order of 200 nm (Figure 3d) matched the periodicity of
actin-spectrin rings previously reported in axons (55), suggesting that subcellular structures non-
trivially affect the mobility of membrane proteins. Furthermore, the interferometric nature of
iSCAT enabled the observation of three-dimensional motion of the molecule on the circumfer-
ence of the tube-like axon structure (Figure 3e). More recently, SPT on living cells was demon-
strated withmicrosecond temporal resolution and nanometer spatial precision in three dimensions
(56).

An alternative approach to reducing scattering background from the cell involves perform-
ing the measurement in transmission, because it avoids collecting reflections from the powerful
combination of nearby glass-water and cell-water interfaces (57, 58). Although the tracked objects
in recent reports were comparatively large (>200-nm virus particles and vesicles), there is clear
opportunity for future improvements in sensitivity. In addition, more sophisticated background-
estimation methods may further extend the applicability of iSCAT-based SPT, as exemplified in
recent work that estimates the background in cases where the particle of interest moves by less
than the size of the diffraction-limited PSF (59).
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Label-free single-particle tracking. (a) Interferometric scattering microscopy image of individual microtubules bound to microscope
cover glass. Scale bar: 0.5 µm. (b) Tracking of artificial 8-nm steps performed by moving the sample of microtubules bound to cover
glass with a nanometric stage (top) and accompanying measurement of the length of the microtubule as it is translated (bottom): Gray
dots represent localization acquired at 1 kHz frame rate and the blue line represents localization after averaging to 100 Hz. Figure
adapted from Reference 60 with permission from Elsevier.

2.4. Label-Free Single-Particle Tracking

Although the large scattering contrast of GNPs makes them particularly attractive as labels, it is
clear fromEquation 2 that any object with a refractive index different from that of the surrounding
medium will scatter light. This property provides a route to high-SNR visualization of assemblies
of biological materials such as proteins and lipids, without the need for labeling. Noting that the
contrast of an individual microtubule in iSCAT is rather similar to that of a 20-nm-diameter GNP
(27), one would expect similar levels of spatiotemporal precision to be achievable. Indeed, under
essentially identical imaging conditions as in Reference 45, the center of mass of individual micro-
tubules (Figure 4a) could be determined with a localization precision of 1.4 nm at 1 kHz, improv-
ing to 0.4 nm at 100 Hz (Figure 4b) (60). This is sufficient to distinguish not only the 8-nm steps
characteristic of a microtubule bound to a single kinesin motor, but also smaller steps of 4 nm and
2 nm at higher motor densities. In addition to following the center of mass, the length of the mi-
crotubules could also be followed with a precision of 1 nm at 100Hz (Figure 4b), which, in combi-
nation with the lack of photobleaching,meant that the shrinkage of microtubules upon washout of
taxol could be followed with high spatiotemporal precision over long timescales. Given that most
individual proteins are of diameter>2 nm, these results illustrate that in principle it should be pos-
sible to monitor the dynamics of biological assemblies at the single-molecule level in a universally
applicable way.

3. IMAGING NANOSCOPIC (DIS)ASSEMBLY

The fact that the interferometric contrast relies on a difference in optical properties of the ob-
ject compared with its surroundings implies that iSCAT can be viewed more generally as a
highly sensitive refractive index microscope in the sense that any nanoscopic changes in opti-
cal properties can in principle be detected and quantified. To illustrate this, consider the hypo-
thetical (dis)assembly of a nanoscopic structure, such as a GNP, on a glass substrate in solution
(Figure 5a). In the absence of the particle, we would expect no spatially distinct scattering signal
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Label-free imaging of nanoscopic (dis)assembly. (a) Schematic of nanoparticle assembly, leading to a local refractive index change that
can be visualized in interferometric scattering microscopy (iSCAT). (b) Schematic of nanoparticle motion as a local refractive index
modulation. (c) Schematic of the transition from vesicles adsorbing to a glass surface, to a supported lipid bilayer. (d) Histogram of
iSCAT contrasts of 100-nm extruded unilamellar vesicles. (e) Histogram of iSCAT contrasts of 20-nm sonicated unilamellar vesicles.
( f ) Sequence of iSCAT images showing the transition from adsorbed sonicated unilamellar vesicles to a supported lipid bilayer on a
glass surface. Images are separated by 200-ms intervals. Scale bar: 1 µm. (g) Sequence of iSCAT images separated by 1 s showing the
appearance of lipid nanodomains upon cooling of a three-component droplet interface bilayer below the transition temperature. Scale
bar: 1 µm. Panels c–f adapted with permission from Reference 61; copyright 2013 American Chemical Society. Panel g adapted from
Reference 65.

from the diffraction-limited volume, because the optical properties of said volume are indistin-
guishable from the surrounding bulk. This situation changes upon assembly of the GNP, because
the local optical properties have now changed, as the local concentration of gold atoms has in-
creased within the diffraction-limited volume.

As a result, iSCAT can be used to monitor not only the motion of objects with high spatiotem-
poral resolution but also changes to their structure such as their formation or disassembly (see
sidebar titled Extinction or Reflectivity?). In fact, even SPT can be regarded as a special form of the
more general concept of local changes in optical properties (Figure 5b), just with different under-
lying dynamics in that the object moves, rather than forming, disappearing, or binding/unbinding.

EXTINCTION OR REFLECTIVITY?

A highly simplified, but potentially very useful way to think about iSCAT imaging is to completely abandon the
concepts of extinction and interference and think about changes in surface reflectivity. According to the Fresnel
equations, the reflectivity of an interface for normal incidence is given by R = | n1 − n2

n1 + n2
|2, where n1 and n2 are the

refractive indices of the two bulk materials forming the interface. In the absence of an object at the interface,
n1 = nglass and n2 = nH2O, but in its presence n2 �= nH2O, causing a local change in reflectivity, which can then be
detected and imaged. Although these considerations clearly ignore the subtleties at play, they distil the problem to
a very simple scenario: iSCAT microscopy, just like interference reflection microscopy or reflection interference
contrast microscopy, is a tool that images the reflectivity of an interface. The higher the sensitivity, the smaller the
local change in refractive index that can be measured.
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3.1. Lipid Assemblies and Their Dynamics

A well-studied but difficult to visualize example of nanoscopic dynamics is the formation of sup-
ported lipid bilayers by the vesicle fusion method, which involves the transition of a lipid bilayer
from a nanoscopic sphere to a supported sheet (Figure 5c). Given that the optical properties of a
lipid bilayer are different from those of glass or water, iSCAT can be used to visualize individual
vesicles bound to microscope cover glass directly, with a signal that scales with the average particle
diameter (Figure 5d,e) (61). Importantly, however, rupture of the vesicles on the glass surface to
form a planar bilayer causes a change in the amount of material present in a diffraction-limited
spot because of the difference in surface area of a sphere compared with that of a disk. As a result,
iSCAT can monitor not only the adsorption of single vesicles to a glass substrate, which is the first
step in the formation of supported lipid bilayers, but also their rupture, which is the critical next
event (Figure 5f ). Combining these observations with changes to vesicle size and substrate prop-
erties enables the direct observation and characterization of supported lipid bilayer formation,
revealing the interplay between factors such as critical concentration of surface-bound vesicles
and the surface-substrate interaction strength.

The concept of imaging changes in local refractive index can also be applied to dynamics within
the membrane, such as local phase separation. Such processes have traditionally been visualized
using fluorescence imaging with dye molecules that preferentially compartmentalize in one of
the different membrane phases (62–64). Phase separation often involves differences in lipid order
and membrane thickness, with associated differences in the local reflectivity that can be imaged
with iSCAT. As a result, the appearance and growth of lipid nanodomains upon cooling a bilayer
membrane near a phase boundary could bemonitored directly with iSCAT in the first dynamic ob-
servation of such structures (Figure 5g) (65). The dependence of the iSCAT signal on domain size
and the ability to quantify simultaneously the mobility of the domains enabled characterization of
domain size down to a 50-nm radius. The same concept could also be applied to more complex
cholesterol-containing bilayers, which are more closely representative of cellular membranes.

3.2. Virus Particle Dynamics

A virus containing its packaged DNA possesses a different scattering cross section, and therefore
different iSCAT contrast, than does an empty viral capsid (Figure 6a) (28, 66). As a result, it is
possible to quantitatively probe the dynamics of DNA ejection by immobilized bacteriophages
upon interaction with the receptor protein LamB (Figure 6b) (67). By following the intensity of
the iSCAT signal from individual phages as a function of time, the kinetics of material loss can be
quantified with higher temporal resolution than possible with previous single-particle studies, an
important consideration for a process that occurs on the sub-10-s timescale (68), with a measure-
ment uncertainty equivalent to 4.2 kbp per frame (Figure 6c). This corresponds to monitoring the
DNA content of individual phages to within 10% of the total content. Aside from DNA release,
the same approach is also applicable to the direct monitoring of single virus particle assembly (69).
Here, rather than quantifying DNA release, the label-free imaging sensitivity of iSCAT is used to
visualize the increase in local protein concentration associated with capsid assembly.

4. LABEL-FREE SINGLE-MOLECULE IMAGING
AND QUANTIFICATION

With respect to the possibility of detecting and imaging individual biomolecules, considering
microtubules once again proves informative. iSCAT images of individual microtubules bound to
a microscope cover glass (Figure 4a) provide a signal-to-background ratio on the order of 10,
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Viral capsid dynamics. (a) Schematic of the difference between a viral capsid with packaged DNA and after
DNA ejection. (b) Interferometric scattering microscopy (iSCAT) images of full and empty bacteriophages.
(c) Time trace of the DNA content of an immobilized bacteriophage upon addition of LamB, as measured by
iSCAT contrast: raw (100 Hz) trace (light blue), trace after applying a tenfold moving average (dark blue), and
trace after a 100-fold moving average (black). Panels b and c adapted with permission from Reference 67;
copyright 2016 American Chemical Society.

suggesting a detection limit of approximately 30 tubulin dimers. The fact that the background
is constant and can be accurately quantified, however, suggests that the achievable sensitivity
of iSCAT is much better than 30 proteins, assuming that the background can be either re-
moved or subtracted, in the spirit of fluorescence detection or the original ion-detection work.
This speckle-like background has been persistent in all iSCAT studies and is likely caused by
imperfections on and near the surface of microscope cover glass.

It is therefore unsurprising that the first reports of fluorescence-free single-molecule detec-
tion at room temperature, which emerged almost simultaneously, used a combination of sophis-
ticated noise and background suppression methodologies to extract the desired single-molecule
signal. The experimentally simplest approach removed background signatures by immersing the
molecule in an index-matched matrix and eliminating laser-based intensity fluctuations with a
balanced detection scheme. The result was sensitivity below parts per million in a transmission
equivalent of the work by Lindfors et al. (26), the single-molecule version of an absorption spec-
trometer, revealing clear signatures of single absorbers (70, 71). Detection of single molecules was
also reported with a photothermal approach (72) similar to the original GNP work (25) that capi-
talized on the excellent background suppression of photothermal microscopy. These studies were
complemented simultaneously by a related ground-state depletion approach (73).

These achievements were transformative in that they shattered the notion that room-
temperature single-molecule detection was feasible only using fluorescence as a contrast mecha-
nism. All of these approaches, however, relied either on the presence of a strong, resonant electric
dipole transition as in single-molecule fluorescence imaging or on quenchers. As a result, they
only slightly broadened the scope of single-molecule imaging, because all continued to require
that the molecule of interest possesses a resonant response at the illumination wavelength to gen-
erate sufficient imaging contrast.Enabling the full promise of label-free single-molecule detection,
especially in the biological context of single proteins, required a different approach.

4.1. Nonresonant Single-Protein Detection and Imaging

The other route to visualizing single molecules involves quantifying the background precisely and
comparing images with and without the molecule of interest. This approach is no different from
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Nonresonant label-free imaging of single biomolecules. (a) Raw interferometric scattering microscopy image of actin filaments on a
microscope cover glass in the presence of myosin 5a. (b) Differential image obtained by subtracting the temporal median image of a
stack from the raw image in panel a. (c) Line cuts across averaged differential images, illustrating the reduction in shot noise–induced
background fluctuations as a function of the number of frames averaged, enabling the observation of a signal from an individual myosin
5a molecule. (d) Differential image of individual myosin 5a molecules obtained by averaging 170 consecutive differential frames. Scale
bars: 1 µm. Figure adapted from Reference 74; copyright 2014 American Chemical Society.

the operation of essentially any sensor, which, by definition, compares a readout in the presence
and absence of the analyte. For an optimized iSCAT experiment, this requires efficient suppression
of noise sources such as sample drift or illumination noise. Under these conditions, it is irrelevant
that the single-molecule signal is much smaller than the background because the background can
be removed.

To illustrate this approach, consider the first label-free detection, imaging, and tracking of
single proteins, illustrated by myosin 5 molecules walking along actin (74). A raw iSCAT image
exhibits the now well-known speckle-like background from the microscope cover-glass substrate
as well as faint elongated features that can be attributed to single actin filaments (Figure 7a).
The assignment to single filaments is robust assuming linear scaling of iSCAT signal with particle
volume: Given that individual SV40 virus-like particles of mass 15 MDa produce an iSCAT signal
of 4.5%, we would expect single actin filaments, which contain approximately 75 actin subunits
(with a total mass of 3.1 MDa) per diffraction-limited spot, to exhibit an iSCAT signal on the
order of 0.9%, in excellent agreement with the experimental observation. On the basis of these
considerations, we can also calculate the expected signal (0.15%) from individual motor molecules
(502-kDa, tail-truncated myosin 5 construct). Taken together, these findings immediately make
clear that individual motors cannot be observed statically because their signal is smaller than that
of actin filaments, which are visible only with an SNR of ∼3.

To visualize single proteins, therefore, the two approaches described above are combined: First,
the static background is removed by taking the median image across the stack of images in a movie
containing mobile features and subtracting this from all images in the stack (Figure 7b). Second,
(background-subtracted) images are averaged to reduce shot noise–induced fluctuations to a level
below the signal of individual motors (Figure 7c). Thus, the images reveal mobile, diffraction-
limited features colocalized with the filaments and of contrast 0.18 ± 0.06%, as expected for in-
dividual motors (Figure 7d). These results, in combination with the expected processivities, step
sizes, and velocities, confirm that iSCAT is capable of detecting and imaging individual proteins
with a signal magnitude that scales roughly linearly withmolecularmass.Demonstrating detection
of proteins down to 66 kDa, a related study subsequently used rapid binding to a coverslip surface,
rather than motion across objects attached to it, to identify and subtract background features (75).
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4.2. Toward Quantitative Label-Free Single-Molecule Microscopy

Despite these successes, the collection of sufficient photons not only to detect singlemolecules, but
also to image them with sufficient precision to enable quantitative studies remained a significant
experimental challenge. Detection of the signal from a ∼500-kDa myosin 5 molecule with an
SNR of 10 requires collection of ∼108 photoelectrons, which is orders of magnitude higher than
the full well capacity of current digital cameras. As a result, careful combination of spatial and
temporal averaging was needed in these initial studies to visualize single molecules.

An appealing alternative would be to attenuate the reference field (r in Equation 1), thereby in-
creasing the interferometric contrast while reducing the amount of light at the detector.This could
in principle be achieved by tuning the reflectivity of the glass-water interface by index matching
(26), albeit at the expense of biological compatibility. Specific antireflection coatings on the sub-
strate could similarly be used, but they reduce the practicality and simplicity of commercially
available cover-glass substrates.

A more practical and tunable approach takes advantage of the ability to distinguish between
reflected and scattered light on the basis of their spatial distributions in the back focal plane of
the microscope objective. A substantial portion of the emission from a point scatterer near a glass-
water interface is concentrated in high numerical apertures of collection, particularly at and above
the critical angle. By contrast, the reflected (and illuminating) light, corresponding to wide-field
illumination at the sample plane, occupies a small central portion of the back focal plane. As a
result, positioning a small, partially reflective mask in or near to the back focal plane of the mi-
croscope objective (or a conjugate plane thereof ) can attenuate the reflected light by a factor of
100 or more, while only minimally reducing the collection of light scattered by a molecule at the
surface (76, 77). Although, as highlighted in the comparison between transmission and reflection
in Section 1, this does not in principle improve the shot noise–limited SNR because both the
single-molecule contrast and the shot noise–induced fluctuations increase with the square root of
the attenuation factor, it is nevertheless advantageous in two regards. First, the reduction of light
intensity reaching the detector (by up to 4 orders of magnitude) for a given illumination intensity
enables a much better match between the number of photoelectrons that need to be collected for
a given SNR and the full well capacity of the detector, thereby reducing the amount of averaging
required. Second, it enables the use of cameras that are more efficient at detecting light than are
the high full well cameras otherwise necessary.

4.3. Mass Photometry

Although it has thus far been implicit (and intuitive) that smaller proteins give rise to smaller
scattering signals, closer inspection of Equation 2 suggests a more quantitative analysis may be
fruitful. The interferometric contrast depends on the difference in refractive index between a
particle and the surroundingmedium, and it increases linearly with volume.Under the assumption
that proteins all have similar optical properties and densities, the interferometric contrast should
thus be proportional to the protein mass. Indeed, a calculation based on additive contributions of
the individual amino acids in a protein sequence to specific volume, refractivity, and mass, when
calculated for >105 protein sequences over six species, gave approximately normal distributions
of both refractive index and specific volume, with standard deviations of 0.3% and 1.2% of the
mean, respectively (78). This raises the prospect of using interferometric contrast as an absolute
measure of molecular mass with a few-percent mass accuracy.

Experimentally, the improvements brought about by numerical aperture filtering in detection,
together with an optimized data analysis routine, enabled high SNR imaging and thus highly ac-
curate determination of the interferometric contrast of each molecular binding event (Figure 8a).
By measuringmany such events, a distribution of contrasts could be built upmolecule by molecule
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Mass photometry. (a) Single-molecule interferometric scattering microscopy contrast as a function of sequence mass of the protein,
including a corresponding linear fit. Deviations from the linear fit are displayed at the top, with error bars denoting the standard error
of the mean determined from repeated measurements. (Inset) Differential image of individual BSA molecules binding nonspecifically to
a coverslip surface. Scale bar: 0.5 µm. (b) Mass histogram of BSA, with n = 12,209 molecules measured. (Inset) Zoom of higher-mass
species. (c) Mass distributions of HIV glycoprotein Env as a function of BanLec concentration. Cross-linking induced by BanLec causes
an increase in the proportion of higher-order species rather than binding, which would cause a mass shift. (Inset) Zoom of the
higher-mass species. Figure adapted from Reference 78 with permission from AAAS.

and the average contrast for a given molecular weight species determined. A plot of mean con-
trast against sequence mass for a range of proteins verified the expected linear relationship, with
an average error (defined as the deviation of a data point from a linear fit) of 2% of the sequence
mass (Figure 8a) (78).The width of the distribution arising from a single molecular species, which
arises from the precision with which the contrast of each molecule can be measured, defines the
resolution of the microscope’s performance as a mass measurement device and reaches values as
low as 19 kDa (full width at half maximum). This parameter is of the utmost importance because
it enables clear separation of different oligomeric states (Figure 8b), which is critical for both
structural and interaction studies. The precision with which the center of the distribution could
be determined in repeated experiments was ∼2% of the molecular mass, approaching the levels
required to detect small-molecule binding.

The concept of using such amicroscope as a biomolecular mass measurement devicemay prove
a useful analytical tool, especially for the characterization of samples exhibiting heterogeneity,
multistep assembly mechanisms, or protein-ligand interactions. Compared with other solution-
based techniques, this approach exhibits high mass resolution, whereas the single-molecule basis
of the technique addresses often-encountered issues associated with sample heterogeneity through
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the ability to count even very rare species in the presence of many other molecules of different
mass, such as the 0.25% abundant BSA tetramer (Figure 8b). Although mass photometry can-
not hope to match the resolution and accuracy of native mass spectrometry in the gas phase, its
ease of use and compatibility with essentially any buffer conditions make it a highly valuable and
competitive addition to the bioanalytical toolbox.

Several aspects of the achievable capabilities are well illustrated by a comparatively simple ex-
periment on a rather complicated system: the interaction of the HIV inhibitor BanLec (60 kDa)
with the HIV envelope protein (∼300 kDa) (79–81). Recording the mass distributions of the sys-
tem as a function of BanLec concentration reveals a reduction in monomer species, with a con-
comitant increase in dimers and higher-order oligomers (Figure 8c).This behavior directly points
toward a cross-linking, rather than a coating, mechanism, which would have simply resulted in a
mass shift of the monomer species to higher molecular weight.This intuitive analysis can be quan-
tified by segmenting themass spectra into different oligomeric species and determining their mole
fractions as a function of BanLec concentration, yielding quantitative information on the aggre-
gation mechanism and the associated energetics.

4.4. Mass Imaging

A key advantage of employing an imaging-based approach is that one can not only detect and
determine the molecular mass of single biomolecules but also perform these measurements with
high temporal resolution and spatial precision. To illustrate this, consider the well-known phe-
nomenon of actin polymerization. Combining label-free imaging precision with single-molecule
mass sensitivity enabled direct observation of the growth (Figure 9a) and stepwise changes in
the length of surface-immobilized actin filaments under polymerizing conditions (Figure 9b).
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Figure 9

Label-free mass imaging of actin polymerization at the single-molecule level. (a) Schematic and interferometric scattering microscopy
image sequence of actin filaments polymerizing near a cover-glass surface. Scale bars: 1 µm. (b) Traces of actin filament tip position
over time (green), with corresponding detected steps (black). (c) Step size and mass histogram from 1,523 steps and 33 filaments,
including a fit to a Gaussian mixture model (black) and individual contributions: monomer (orange), dimer (purple), and trimer (blue).
Figure adapted from Reference 78 with permission from AAAS.
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Analysis of these traces revealed length changes at multiples of 2.7 nm and associatedmass changes
of ∼40 kDa, in good agreement with expectations based on the size and mass of monomeric actin
(Figure 9c). Moreover, the resulting on/off rates as well as their relative magnitude match those
expected from ensemble studies of actin polymerization (82–85), confirming the direct observa-
tion of single-molecule dynamics.

5. CONCLUSION

Ultrasensitive optical microscopy has undergone dramatic changes over the past three decades,
with broad implications for imaging biological structure and dynamics as well as for bioanalytics.
The dominance of fluorescence-based approaches, in particular for in vitro studies, has recently
been challenged by extinction-based methodologies. As always, such a drastic change of contrast
mechanism is accompanied by both advantages and disadvantages, which have to be considered
carefully when deciding which approach to use to address the question of interest. Nevertheless,
there is now clear evidence that iSCAT can provide uniquely detailed information in three areas:
(a) SPT with up to microsecond temporal resolution and subnanometer spatial precision when la-
bels of 20-nm diameter or larger are acceptable; (b) label-free imaging of nanoscale (dis)assembly
with high spatiotemporal precision; and (c) direct optical detection, imaging, and mass measure-
ment of single biomolecules in solution. These capabilities do not focus on one specific problem,
but instead cover a tremendous breadth of biological systems and questions, demonstrating the
potential of iSCAT for studying nanoscale phenomena down to the single-molecule level. What
is most exciting, however, is the realization that this technology is very much still in its infancy, in
particular, in the context of single-molecule bioanalytical applications such as mass photometry.
If only a fraction of the creativity, effort, and innovation that has been directed at single-molecule
fluorescence-based techniques over the past decades can be applied to interference-based mi-
croscopy, it will likely become a transformative method for providing quantitative information on
the structure and dynamics of a wide range of nanoscale processes.

SUMMARY POINTS

1. Both extinction- and interference-based microscopy significantly expand the potential
applications of ultrasensitive microscopy beyond simply avoiding the need for fluores-
cent labeling.

2. High-speed and ultraprecise single-particle tracking is instrumental for revealing mech-
anistic details of nanoscale motion at short timescales and small length scales.

3. Imaging nanoscopic refractive index differences and changes with high sensitivity en-
ables the observation of (dis)assembly processes in a variety of environments and a broad
range of species.

4. Careful optimization of the experimental approach enables robust, nonresonant optical
detection and imaging of single biomolecules without the need for any labels or other
structures for signal enhancement.

5. The close relationship between molecular mass and polarizability of biological macro-
molecules paves the way to accurate, precise, and highly resolved mass measurement at
the single-molecule level.
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