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Abstract

of

Cells achieve highly intricate internal organization via membrane bound and membraneless organelles. Research

ro

over the past decade has implicated liquid-liquid phase separation (LLPS), a phenomenon by which charged and

-p

often disordered biological macromolecules assemble into reversible liquid-like condensates, as the mechanism
of formation of membraneless organelles in cells. During the same period, optical microscopy saw exciting

re

advancements, including the super-resolution revolution, that were quickly adopted by researchers in the

lP

biological community. Today, there exists a vast library of techniques capable of providing unprecedented

na

information regarding the formation, function, and dynamics of biomolecular condensates. In this review, we
discuss a select number of modern optical microscopy methods that are particularly suited for studying

Jo

ur

biomolecular condensates both in vitro and in cells, as well as the associated technical challenges.

Introduction

Phase separation is known to be important for intracellular organization via formation of membraneless
organelles, also termed biomolecular condensates (1-3). Such condensates are typically rich in highly charged
proteins containing disordered regions, and can contain nucleic acids as well. The phenomenon often cited as
the mechanism behind formation of membraneless organelles is liquid-liquid phase separation (LLPS) (1),
which draws clear comparisons with the well-known complex coacervation of polyelectrolytes (4). While initial
description of liquid droplet-based organization and coacervate-like formation of membraneless cellular bodies
date back almost a hundred years (5-8), the past decade has seen a reemergence of interest in the role of LLPS in
biology. LLPS has been invoked as the physical mechanism behind formation of several cytoplasmic (3) and
nuclear bodies (9, 10), as well as compartmentalization of chromatin in the cell nucleus (11-13).
A single membraneless organelle in cell can be composed of several types of proteins and nucleic acids, and
can exhibit multiphase architecture (9). To fully understand the formation, regulation, and function of such
1

complex structures requires detailed characterization. Optical microscopy has long served as a work-horse
technique in cellular biology and biophysics and provides the most powerful family of methods at our disposal.
Over the past several decades, major advances in optical microscopy have enabled the generation of large data
sets of fluorescence images of living cells collected with unprecedented spatial and temporal resolution (14-16).
The expanding toolbox of optical microscopy techniques promises to provide new information on the properties
and function of biomolecular condensates. In this review, we discuss selected techniques and highlight their
application to the field of biological phase separation.

of

Imaging Biomolecular Condensates

ro

Fluorescence microscopy is amongst the most widely used experimental techniques for studying subcellular
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structures. Since the introduction of the optical microscope, several techniques with varying complexity,
chemical selectivity, and spatial and temporal resolutions have been invented (Figure 1). Correlating formation

re

and dynamics of biomolecular condensates to cellular function relies heavily on fast, high-resolution imaging.

lP

Characterization of biomolecular condensates often involves monitoring their morphological and compositional
changes using fluorescence microscopy. However, when condensates are, or have features smaller than the

na

diffraction limit of light, their structure cannot be accessed accurately without super-resolution imaging. Here,

ur

we discuss super-resolution fluorescence microscopy as well as recent advances in diffraction-limited
techniques with high temporal resolution that we envision will be integral in obtaining a full understanding of

Jo

biomolecular condensates.

Super-Resolution Imaging. Super-resolution fluorescence microscopy is a rapidly expanding field that has
found success in its application to biological systems (14, 15). While early work was limited to specialized users
and custom-built equipment, rapid commercialization of super-resolution microscopy techniques as well as the
development of simpler approaches to break the diffraction limit have made them more widely available to the
biological community.
Stimulation Emission Depletion Microscopy (STED). The spatial resolution of a conventional microscope is
determined by the Abbe diffraction limit (17):

=

=

(Eq. 1)

where d is the diameter of the excitation spot, λ is the wavelength of the excitation light, n is the refractive index
of the material, θ is the maximal angle of the cone of light collected by the objective, and NA is the numerical
2

aperture of the objective. Confocal microscopy is performed by scanning an excitation laser, focused to a
diffraction-limited spot over a sample and measuring the emission intensity, point-by-point. Nearly 30 years
ago, Hell and coworkers proposed (18) and demonstrated (19) a novel approach to confocal microscopy capable
of significantly exceeding the diffraction limit, termed stimulated emission depletion (STED). In this approach,
a spatially structured and red-shifted laser beam, the depletion laser, is overlapped with the excitation laser at the
sample. The excitation laser (tuned to the absorption spectrum of the fluorescent probe) excites a Gaussian,
diffraction-limited volume at the sample. The depletion laser, which has a spatial profile of a doughnut (a high
intensity ring surrounding a low intensity zone) drives stimulated emission of the chromophores in the periphery

of

of the excitation spot, thus immediately downsizing the excitation spot at the sample. The modified diffraction

ro

limit equation becomes a function of the depletion laser intensity and the saturation intensity (a property that
relates to the stimulated emission cross-section of the fluorescent molecule), and is given by:
(Eq. 2)
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where I is the depletion laser intensity and Isat is the saturation intensity for stimulated emission.
While in principle this approach provides diffraction-unlimited imaging, spatial resolutions achieved are

na

typically around 50 nm in the x-y plane and 100 nm in the z plane (14, 20). A practical limitation to achieving

ur

diffraction unlimited imaging is that for most samples, prohibitively high laser intensities is needed in order to
achieve depletion of chromophores near the center of the excitation beam. One of the most important

Jo

considerations in STED microscopy is the choice of the fluorescent probe. As STED relies on reversibly
switching chromophores between light and dark states, the photo-physics of the chromophore are critically
important. Though the number of available chromophores for STED are limited, there are opportunities for
designing new chromophores with suitable photo-physics. For example, Hotta et al. demonstrated that overlap
of excited state absorption bands of a chromophore with the depletion laser limits the effectiveness of the
chromophore in STED microscopy (21), therefore chromophores which do not have such overlap could be
applicable for STED microscopy. Furthermore, exploring new chromophore modalities, such as nanographenes
(22), could provide probes with improved photo-stability and depletion cross-sections, and therefore enhance the
performance of STED microscopy.
A strength of STED microscopy is the compatibility of its excitation scheme with different detection
modalities. In most fluorescence microscopy, images are contrasted based on the fluorescence intensity, which
reflects the spatial distribution of chromophores throughout the sample. However, information on the
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physical/chemical environment of the chromophore can be encoded in the wavelength, polarization, and lifetime
of the light emitted from the sample as well (23). Despite being highly informative, these quantities are not
routinely measured in standard imaging techniques. STED microscopy has been coupled with spectral imaging
to image spatially varying chemical composition of polymer films (24), anisotropy to image interfacial
polyelectrolyte concentration (25), and fluorescence lifetime to enhance spatial resolution of STED microscopy
(26). Such hyper-dimensional STED microscopy can also be utilized to obtain unprecedented insights into the
dynamics and chemical properties of biomolecular condensates, given that suitable chromophores are available.
Increased spatial resolution provided by STED microscopy has been leveraged to observe internal
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organization of membraneless organelles. The nucleolus, for instance, is known to contain multiple sub-

ro

compartments including the fibrillar center (FC) and dense fibrillar components (DFC), which carry out distinct
functions (27). Yao et al. (28) used STED microscopy to show that the pre-rRNA processing factor fibrillarin

-p

forms numerous small clusters in the DFC. The size of an individual cluster was found to be on the order of 50

re

nm or below, with ~100-200 nm spacing between clusters (28), which would have been impossible to detect

lP

with diffraction-limited techniques. In another study, Rippe and coworkers (29) employed STED microscopy to
study the mechanism of heterochromatin domain formation. HP1α, a bridging protein enriched in

na

heterochromatin, has been implicated in segregation of heterochromatin via LLPS (11, 12). Using STED

ur

microscopy to image individual heterochromatin domains, the authors observed heterogeneously distributed
clusters (of sizes on the order of 100 nm) enriched in HP1α. From image analysis, they estimated peak
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concentrations of HP1α within clusters to be ~3 mM. As this concentration is much less than the critical HP1α
concentration required for in vitro LLPS (12), they suggested that LLPS of HP1α is likely not the primary
driving force for euchromatin-heterochromatin segregation in cells.
Localization Microscopy. Photo-activated localization

microscopy (PALM) and stochastic optical

reconstruction microscopy (STORM) are super-resolution imaging techniques that rely on stochastic photoswitching of chromophores between bright and dark states. The general concept is that fluorescence emission
can be localized with precision (σ), well below the diffraction limit, provided that the emission arises from
single, well-dispersed chromophores (30). To achieve sparse emission from a densely labeled sample the
chromophores are first driven into a dark state, then stochastically photo-activated and imaged before being
driven back into a dark state (30-32). Fluorescence emission from individual locations is fit with a Gaussian
function. The localization precision is given by:
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(Eq. 3)

where si is the standard deviation of the PSF, a is the pixel size of the camera, b is background signal, and N is
the number of photons collected from the molecule. The spatial resolution scales as N-1/2, hence spatial
resolutions on the order of 10s of nm are routinely obtained by imaging stable, immobilized chromophores (3133).
Super-resolution imaging based on localization of sparse fluorescence signals has been well-established for
live-cell imaging (31-33). Localization techniques have also been employed to study biomolecular condensates
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in cells. Recently, several studies have implicated phase separation in membraneless organization in bacteria

ro

(34-36). Using single-particle tracking of ParB, a DNA-associating protein in bacteria, Guilhas et al. (35)

-p

reported low-mobility and high-mobility populations of ParB. For the low-mobility populations, diffusion was

re

restricted to volumes characterized by a diameter of <50 nm. From this, the authors concluded that ParB
transiently partitions into nanoscopic phase-separated condensates containing both ParB and DNA.

lP

Characterization of the nanoscopic condensates in bacteria was made possible by a localization precision on the

na

order of 14 nm (35).

Optimizing the effectiveness of localization microscopy hinges on maximizing photon collection from a

ur

single emitter. In contrast to STED microscopy, which provides a real-time downsizing of the excitation spot at
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the sample, the spatial resolution of localization microscopy scales with the number of photons collected. This
introduces a natural trade-off between spatial and temporal resolution (14), as longer integration times provide
better localization precision. One general strategy for applying localization microscopy is to image the internal
structure of static structures with fully immobilized chromophores (32, 37), where localization precision
upwards of 10 nm can be obtained. However, optimizing chromophore photo-physics and buffer conditions (38)
have led to significant advancements in the temporal resolution of localization microscopy and have enabled
studies of dynamic structures with localization precision on the order of 50 nm (31-33, 35, 39).
Structured Illumination Microscopy (SIM). Structured illumination microscopy (SIM) is a powerful superresolution technique for wide-field imaging without the need for sparse fluorescent labeling (40-42). The
technique is based on the moiré effect that produces coarse fringes upon superimposing two finely structured
patterns (Figure 2). In SIM, a structured excitation light field (for example, a striped sinusoidal pattern)
superimposed with the unknown spatial distribution of chromophores within the sample, results in moiré fringes
that are easily detected on a camera. The final image is then computed from the experimentally measured moiré
5

pattern and the known structure of the excitation light field. The lateral resolution in the resulting images can be
enhanced by nearly a factor of two beyond the diffraction limit (40). Subsequent advances using nonlinear
photo-switching of chromophores have been shown to enhance resolution to below 50 nm while still using lowlevels of excitation light (41, 42). Unlike other super-resolution techniques, SIM uses low excitation intensities
making it ideal for studying biological samples. However, the technique is primarily suitable for fixed samples,
and obtaining high quality data using SIM is challenging for live cells. This is because a single SIM image is
constructed from several frames measured at different angles between the structured excitation pattern and the
sample. Standard protocols collect 3, 6, or 12 frames, resulting in temporal resolutions on the order of 100s of

of

ms given a camera frame rate of ~30 ms.

ro

SIM is readily extended to multi-color imaging as it uses a single excitation source, enabling easy colocalization imaging below the diffraction limit. This is in contrast to other super-resolution techniques that rely

-p

on multiple lasers working in tandem that give rise to spectral crowding (43, 44), and hence often cannot

re

perform multi-color imaging satisfactorily. Multi-color SIM has been shown to be valuable for elucidating the

lP

composition of condensates. For example, Luo and coworkers (45) in their study of TAZ (a key transcription
effector)-based condensates in the nuclei of human cells, showed co-localization of TAZ with RNA polymerase

na

II using two-color SIM. To observe the fine structure of the paraspeckles, nuclear condensates composed of long

ur

non-coding RNA NEAT1 and several RNA-binding proteins (46), Nakagawa and coworkers (47) have also
applied multi-color SIM. They revealed a core-shell spheroidal structure of paraspeckles arising from

Jo

partitioning of the 5’ and 3’ ends of the RNA within the shell and the middle region of the RNA, as well as
RNA-binding proteins, partitioned into the core (47).
These studies highlight the power of super-resolution imaging modalities in unraveling the composition and
fine internal structure of biomolecular condensates. Such detailed observations, clearly beyond the ability of
traditional optical microscopy, are critical to enhance our understanding of the architecture, and consequently
function of biological condensates in the cellular milieu.

Large Volume Imaging and Large Data Set Analysis. Along with major improvements in spatial resolution,
there have been significant advancements in imaging of large sample volumes with high temporal resolution.
This has allowed routine collection and analysis of large data sets in biological samples. Such approaches can be
applied to simultaneously monitor changes in multiple biomolecular condensates with high spatiotemporal
resolution.

6

Lattice Light Sheet Microscopy (LLSM). A constant challenge in fluorescence imaging of biological systems is
to limit damage to both the chromophore and the cell caused from excitation lasers. Ideally, imaging would be
performed under light fluxes comparable to natural light to not perturb the system. However, this is impractical
for most experimental approaches. In conventional epifluorescence and confocal microscopes fluorescence is
measured only from a narrow plane of the sample even though the entire volume of the sample is illuminated,
making it prone to photo-bleaching. A general approach to limit light exposure to fragile samples is to use
selective plane illumination microscopy (SPIM) (48). SPIM significantly reduces photo-damage by exciting
only a single optical plane of the sample and detecting the fluorescence using a collection lens perpendicular to

of

the excitation plane. While this technique has proven powerful in developmental biology, the spatial resolution

ro

is not enough to study sub-cellular structures. Recently, Betzig and coworkers introduced a novel technique
termed lattice-light sheet microscopy (LLSM) that achieves diffraction-limited resolution by replacing Gaussian

-p

excitation beams with a lattice of non-diffracting Bessel beams (49-51). LLSM combines high temporal

re

resolution and large volume imaging of traditional SPIM microscopy with diffraction-limited spatial resolution.

lP

This provides non-invasive 3D imaging over large observational time windows (50). In addition, sparse signals
can readily be analyzed using localization methods (31, 32) that can enhance the spatial resolution to well-below

na

the diffraction limit. However, its wide-spread implementation is limited due to the technical difficulty in

ur

building the instrument. Like traditional SPIM techniques, excitation and detection must be carried out using
two perpendicular objectives (50). As LLSM uses high magnification and high numerical aperture objectives,
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the excitation and detection objectives must be aligned close to the sample with precision. Furthermore, the
minimal photo-bleaching of LLSM is partially due to delicate destructive interference of side-lobe intensities
from neighboring beams in the lattice (50), which requires careful alignment. However, once these technical
challenges are met, the technique can provide fast, high resolution, large volume imaging that is essentially free
of bleaching.
The power of LLSM in studying biomolecular condensates has been exemplified in the recent work of
Karpen and coworkers on the phase behavior of heterochromatin (12). In this work, 3D images (~4x103 μm3
imaging volume) of HP1a-chromatin droplets were collected in Drosophila embryos over the course of several
hours. The experimental approach allowed for monitoring the dissolution, growth, and stabilization of HP1arich droplets over the course of more than 10 nuclear cycles. Similarly, other groups have also demonstrated the
utility of LLSM in studying biomolecular condensates (52-54). A major challenge in understanding the
mechanism of condensate formation is spatially and temporally resolving early nucleation and growth of the
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structures. Within this context, Cisse and coworkers (53) used LLSM to image early stage nucleation of
Dendra2-Synphilin1 aggregation in living cells. The spatial and temporal resolutions of LLSM enabled
quantitative measurements of cluster size and kinetics of early stage protein aggregates/clusters, which would
not have been achievable with traditional wide-field or confocal imaging. Thus, LLSM provides an ideal
experimental technique for monitoring fast kinetics of cellular structures at the diffraction limit for extended
observation times.
Spinning Disk Confocal Microscopy. Spinning disk confocal microscopy is a widely used variation of confocal
microscopy that significantly increases imaging frame rate (55-57). In contrast to standard confocal microscopy,

of

which illuminates a single point in the sample at a time, spinning disk confocal illuminates the sample at

ro

upwards of 1000 points simultaneously by passing the excitation laser through a pair of spinning disks; a
microlens array and a pinhole array (Figure 3). In addition to imaging thousands of points in parallel, the

-p

excitation scheme also significantly reduces the area that needs to be scanned in order to image the entire

re

sample. 3D image acquisition times can be reduced to below 1 frame per second (fps), allowing for generation

lP

of large data sets. Imaging and analysis of hundreds of thousands of cells under systematically varying
conditions can provide a powerful approach for understanding the biochemical regulation of biomolecular

na

condensates. As a beautiful illustration, Pelkmans and coworkers (58) targeted over 1,000 genes and imaged

ur

thousands of cells per perturbation to reveal the regulatory networks of six membraneless organelles, leveraging

Jo

spinning disk confocal microscopy (Figure 3).

Sequence Selective Imaging. In addition to proteins, many membraneless organelles contain nucleic acids (9,
10, 59, 60) and hence their formation and maintenance can depend on the NA sequence (61, 62), structural
properties (62-65), and affinity towards binding proteins (66). Recent experiments have suggested that LLPS
contributes to the segregation of heterochromatin in the cell nucleus (11-13). Our understanding of LLPS of
chromatin and its role in nuclear organization has largely relied on imaging fluorescently labeled proteins
involved in chromatin formation and compaction (11-13, 29). There are well established methods such as FISH
multiplexed with techniques based on chromatin conformation capture and super-resolution imaging to obtain
detailed insights into chromatin organization, from DNA sequence point-of-view (67). As the field moves
forward, we expect that such methods will be utilized to understand how specific DNA elements such as
promoters and enhancers, structural units such as topologically associated domains (TADs) and chromatin
loops, as well as accompanying RNA are linked with phase separation-based organization of chromatin in cells.

8

Fluorescence in situ Hybridization (FISH). FISH microscopy (39, 68, 69) is a powerful technique for nucleic
acid sequence-selective imaging in living cells. Specific DNA/RNA sequences are targeted using fluorescently
labeled RNA/DNA constructs which hybridize with complementary sequences in situ. Imaging the fluorescent
tags reports on the 3D spatial location of the target sequence within the nucleus. Recently, FISH has been
utilized to determine co-localization of transcription factors and cofactors concentrated at super-enhancer
elements (70-72), that constitute assemblies/hubs thought to form via phase separation. On the other hand, using
3D-FISH imaging combined with LLSM to study the dynamics and transcription factor hubs, Tjian and
coworkers (52) demonstrated that transient intermolecular interactions between low-complexity domains drive

of

the formation of the hubs with no detectable LLPS at physiological conditions.
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An additional strength of FISH imaging is that the inherent sparse nature of hybridization can be utilized for
localization microscopy (31, 32). Using this microscopy approach, Zhuang and coworkers spatially resolved

-p

local chromatin structure for active, inactive, and repressed states in Drosophila nuclei (39). Unique scaling
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exponents for radius of gyration vs. domain length were reported, suggesting significant conformational changes

lP

occurring in the chromatin domains between different epigenetic states. With the ability to resolve the fine
structure of chromatin, such methods have clear applications in studies geared towards understanding the

ur

na

interplay between local chromatin structure and phase transitions in cell nuclei.

Dynamics of Biomolecular Condensates

Jo

Typical approaches to demonstrate liquid-like nature of biomolecular condensates in cells include assessing
their morphology, measurements of merging (fusion) dynamics, diffusion of molecules (using fluorescence
correlation spectroscopy (FCS), fluorescence recovery after photo-bleaching (FRAP), or particle tracking), as
well as response to small molecules such as 1,6-hexanediol (73, 74). There are ongoing debates on whether
these methods are sufficient to indicate that LLPS is the underlying mechanism of formation of biomolecular
condensates in cells (74 , 75, 76). Regardless of the mechanism of assembly, the liquid-like nature of
biomolecular condensates is understood to be key to their function. As such, there is significant interest in
characterizing the dynamics, including diffusive transport within the condensate, reversibility of assembly, and
viscoelastic properties both in cells and in vitro. In this section, we review the application of fluorescence
microscopy techniques to studying dynamics and highlight illustrative examples from literature.
Diffusive Transport: Bulk. Bulk-level measurements of transport properties often assume that the biomolecular
condensate behaves as a simple liquid, i.e. the diffusion is Fickian. In simple liquids, the dynamics can be

9

described by a single viscosity η, which is sufficient to determine the diffusion constant (D) via the StokesEinstein relation,
$% &

#=

'!

(Eq. 4)

where kB is Boltzmann constant, T is temperature, and a is the radius of the diffusing object. Several standard
techniques are available for experimental measurements of D (77-80). In the fast-transport regime (for instance,
molecules diffusing through low-viscosity media) FCS is typically used. This technique uses a stationary
excitation spot focused in the sample to measure temporal fluctuations in fluorescence emission intensity arising
from dilute, fluorescently labeled probes diffusing in and out of the excitation volume (77, 78). A correlation
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function of the fluorescence intensity time-trace shows decorrelation at the average timescale required for the

ro

probe to transit the excitation spot. As the size of the excitation spot for a standard confocal microscope is
determined by Eq. 1, D is easily computed by,
)* + ,

-p

(

(Eq. 5)
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where D is typically given in units of μm2 s-1, d is the diameter of the excitation spot, and τtransit is the measured
transit time. The strength of FCS is its dynamic range, which extends between 1 μs – 100 ms. This allows

na

measurement of D values between 1x104 and 0.1 μm2 s-1. A variation of FCS was used to estimate the mesh size

ur

of LAF-1 based droplets by measuring D for a series of different sized probes (81). For fluorescent probes
smaller than the average mesh size of the droplets, D is insensitive to the polymer mesh, and therefore transport

Jo

reflects the viscosity of the intercalating liquid. In contrast, when the size of the fluorescent probe is larger or on
the order of the mesh size, D is determined by the dynamics of the polymer mesh, which are significantly slower
than the surrounding liquid. Therefore, the mesh-size can be estimated by determining the probe length scale at
which an abrupt decrease in D is observed (81).
While FCS is a powerful technique for studying fast dynamics, artifacts due to photo-bleaching of the
chromophores arise when the diffusion is too slow, and bleaching becomes likely during the transit through the
excitation spot. For such systems, alternative methods are more suitable for measuring diffusion. One of the
most widely used techniques is FRAP (79), in which photo-bleaching of fluorescent probes partitioned into the
condensate is utilized. An intense excitation laser is used to photo-bleach all chromophores sitting within a neardiffraction-limited spot, creating an apparent ‘hole’ in the droplet. Following bleaching, the system is imaged as
a function of time as the photo-bleached hole is repopulated by un-bleached chromophores diffusing into the
area from the surroundings. As FRAP relies on real-time imaging, the temporal resolution is given by the

10

imaging frame rate, which is typically on the order of 10-100 ms. However, there is no upper-time limit of the
technique, and therefore it is a powerful method for measuring slow dynamics with D values below 0.1 μm2 s-1.
For instance, it has been shown that condensates formed from RNA binding protein Whi3 display slow merging
and transport dynamics (61), with the D of Whi3 within the droplets on the order of 0.01 μm2 s-1. Here, the
dynamics are sufficiently characterized by FRAP under conditions where FCS is not possible. Both FCS and
FRAP have been extensively applied to studying dynamics in living cells (82-85). Another method that can be
used to measure diffusion is particle tracking, as it measures the full mean-square-displacement (MSD) of
micron sized probe particles via video-microscopy (typically epifluorescence microscopy). In principle, the
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MSD contains information on the complete viscoelastic response of a system from which the dynamics can be

ro

characterized over many length and timescales. In practice, however, the size of the probe is generally
significantly larger than the size of the components, therefore only bulk level dynamics that resemble simple

-p

liquids have been reported (61, 86).
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Diffusive Transport: Nanoscale. In biomolecular condensates, diffusion on small length scales can be

lP

influenced by mesh-size of the condensed phase, electrostatic interactions between the charged components
below the Debye length, or through short-range interactions between the diffusing species and its surroundings.

na

Diffusion in such environments often deviates from simple Fickian behavior, where the value D takes on an

ur

explicit dependence on the length scale over which diffusion is being probed (87).
As discussed above, FCS is widely used to measure fast diffusion of species too small to visualize directly
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in a microscope (fluorescent molecules or fluorescently labeled proteins). In this technique, freely diffusing
molecules enter and exit a stationary excitation volume with a well-defined dimension (typically ~200 nm in the
x-y plane and ~800 nm in the z plane), creating bursts of fluorescence intensity as a function of time. The
fluorescence intensity autocorrelation function decay time is proportional to D of the probe and the excitation
volume, thus providing a direct measurement of D at a single length scale. However, the assumption that
diffusion is invariant to length scale is true only for simple liquids. To characterize complex liquids, D should be
measured as a function of length scale. One experimental technique capable of providing such information is
spot-variation FCS, in which FCS measurements are obtained at systematically varying excitation spot sizes (88,
89). Increasing or decreasing D with increasing length scale indicates sub-diffusive and super-diffusive
processes, respectively, while constant D with increasing length scale indicates Fickian diffusion. This
technique, however, is limited by diffraction. It only allows measurements of diffusion on length scales larger
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than several hundreds of nanometers to be studied, and therefore the heterogeneities that are of interest in
biomolecular condensates are averaged.
Coupling FCS with STED microscopy allows spot-variation FCS to be carried out below the diffraction
limit (82, 90), approaching the length scales of interest in biomolecular condensates. STED-FCS was recently
used to demonstrate molecular transport in histone-DNA condensates is non-Fickian on nanometer length scales
(91). Employing molecular probes with systematically varied chemical and physical properties it was shown that
hindered, sub-diffusive transport is driven by short-range cation-π interations between the small-molecule probe
and the charged scaffold of the condensate (Figure 4). Cation-π interactions between aromatic and charged
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residues of proteins are often discussed to be important for the assembly of biomolecular condensates (92). It is

ro

likely that non-Fickian diffusion driven by cation-π interactions also play a role in transport mechanisms within
membraneless organelles. Characterization of transport properties on nanoscopic length scales is of particular

-p

importance, as controlling the kinetics of biochemical reactions is thought to be one of the major functions of

re

biomolecular condensates (2, 93, 94). The kinetics of diffusion-limited reactions are strongly influenced by the

lP

transport properties (95), hence it is important to characterize the diffusion mechanism within biomolecular
condensates and how it is altered by the composition and external perturbations.
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Viscoelasticity. Viscoelasticity is a fundamental characteristic of complex liquids that describes the dynamic

ur

response to either external shear or thermal fluctuations (96). The viscoelastic response is characterized by the
complex shear modulus, G*(ω) given by Eq. 6,
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(Eq. 6)

where G’(ω) describes the elastic response of a material and G’’(ω) is a loss modulus that describes the viscous
response (96). The relative contribution of viscous and elastic components typically depends on the frequency of
the perturbation. Viscous dissipation dominates at low-frequency perturbations and elastic storage contributions
arise in the high-frequency regime. In the case of complex liquids, both components contribute to the dynamics
at practically relevant frequencies. As viscoelasticity of polymer solutions is governed by the structure and
dynamics of the constituent polymer chains, studies on the viscoelastic properties of polymers have proven to be
particularly informative (96-99). Viscoelasticity can be modeled by the Generalized Stokes-Einstein equation,
%
- ∗ /01 = 45〈∆8/51
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(Eq. 7)

where ∆r(ω) is the Laplace transform of the MSD, and ω is the Laplace frequency. Eq. 7 highlights the
connection between the shear modulus of a material and the MSD of a probe undergoing thermal diffusion. A
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simple measurement of G*(ω) can obtained from particle tracking experiments using wide-field microscopy
(100-102). Such micro-rheology methods has been applied to study the properties of both the cytoplasm and
nucleoplasm (103, 104). There have been efforts at characterizing the viscoelastic properties of membraneless
organelles using particle tracking (61, 86). However, only viscous diffusion was observed suggesting that the
probe was too large to measure the complete viscoelastic response. For complex liquid environments such as the
interior of biomolecular condensates, contributions from the elastic component cannot be ignored. Using
fluorescently labeled proteins or nanoparticles with size on the order of the mesh size, contributions from both
components can potentially be obtained. Such studies on the viscoelastic properties can help describe the

of

internal dynamics and the material properties of biomolecular condensates and further our understanding of their

-p

Application of New Imaging Techniques

ro

maintenance in cells.

re

Given the diversity of imaging techniques and the rapidity with which they advance, choosing a suitable

lP

technique (or combination of techniques) can itself be a challenge. When initiating studies of biological
condensates with no a priori knowledge of their behavior, techniques that require little to no special expertise

na

can be applied. Bright-field microscopy is typically the starting point for non-fluorescently labeled or in vitro

ur

samples, in particular to quickly assess the morphology of condensates and determine phase diagrams.
Epifluorescence microscopy is also relatively simple and useful for the analysis of relevant length and

Jo

timescales in the system. From such techniques, basic questions can be answered such as: Is there a possibility
that biological condensates (or their structural features) have sizes smaller than the diffraction limit? Do
condensate dynamics (formation, dissolution, and merging) occur on timescales of seconds, minutes, or hours?
Roughly how many condensates are there per cell, and how uniform is their distribution? Obtaining a quick
answer to these questions can aid the design of subsequent experiments for detailed studies.
Super-resolution techniques should be considered for condensates with sizes or internal structural features
below the diffraction limit. For STED and localization microscopies, which rely on the reversible switching of
the chromophore between bright and dark states, the imaging performance (spatial-resolution enhancement,
saturation intensity, etc.) depends critically on the chromophore and its environmental conditions (21, 33, 38).
Indeed, there are many chromophores that are either not compatible with such techniques or provide little to no
improvement in spatial resolution. In practice, chromophores already demonstrated to be compatible with these

13

techniques are chosen. However, if this is not possible, then standard calibration experiments must be performed
to determine the spatial resolution and saturation intensities, and to optimize sample conditions.
Once suitable techniques and chromophores are selected, sample preparation must be taken into
consideration. For in vivo imaging, GFP and its variants are perhaps the most often employed chromophores, as
they can be directly conjugated to a protein of interest and endogenously expressed. Furthermore, GFP is
compatible with super-resolution microscopy, as it has been employed with both STED (105) and localization
microscopy (31). Alternatively, imaging protein distributions throughout a cell can be done using fluorescentlylabeled antibodies, where a wide-range of synthetic chromophores can be used. An important consideration for

of

sample preparation for in vivo samples is immobilization/diffusion of the chromophore. For imaging

ro

intracellular condensates with the highest spatial resolution, chemical fixation is useful as it minimizes the
dynamics of the cell. This is particularly important for SIM and localization techniques, as the construction of a

-p

single image requires multiple frames and therefore hundreds of milliseconds to 10s of seconds of data

re

acquisition is needed. Therefore, without proper immobilization, the observed spatial resolution could be limited

lP

by diffusion of the chromophore during the acquisition time. Indeed, initial PALM measurements were
performed on fixed cells to limit diffusion during imaging (31), though current implementations of the technique

na

have sufficiently rapid data acquisition to not only image live cells but to monitor dynamics (33, 39).

ur

When the dynamics of biological condensates are of interest, live-cell imaging is preferred despite the cost
to spatial resolution. Bright-field and epifluorescence imaging can also provide a quick measure of relevant

Jo

timescale for formation, dissolution, and merging dynamics in the system. When studying condensates in vivo,
the dynamics are often linked to the cell cycle and therefore can occur over the timescale of several hours to
days. Observing dynamics over many cell cycles is best done with SPIM or LLSM (12, 48, 50), which allow
large-volume imaging with minimal photo-bleaching. For instance, in LLSM of GFP tagged proteins, the
imaging can essentially be performed in absence of any noticeable photo-bleaching, as the photo-bleaching of
GFP is slower than natural lifetime of the protein.

Conclusions
Major discoveries in dynamic cellular organization often follow quickly from advancements in microscopy.
While electron imaging and scanning-probe techniques, such as scanning tunneling microscopy (STM) and
atomic force microscopy (AFM), have provided molecular scale resolution, optical microscopy remains the
method of choice in cell biology. Emerging fluorescence microscopy methods have opened possibilities of

14

imaging intracellular structure and dynamics with higher spatial and temporal resolution than previously
available, combined with unprecedented chemical selectivity. The biological phase separation community is
positioned perfectly to take advantage of these emerging techniques to provide new information on the
formation, dynamics, composition, and regulation of biomolecular condensates. Here, we have reviewed the
current state-of-the-art in optical microscopy, both for imaging and dynamics measurements, and have
highlighted the application of these techniques to the field of biomolecular condensates as well as the limitations
of their current capabilities. As optical microscopy is constantly advancing, there are ever increasing

of

opportunities to uncover new biology, chemistry, and physics involved in cellular organization.

ro

Acknowledgements

-p

We thank the Korean taxpayers for supporting this work through the Korean Institute for Basic Science, Project

re

Code IBS-R020-D1.

lP

Declaration of interests

na

The authors have no interests to declare.

ur

Highlighted References
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*[42] – Extended SIM into the nonlinear regime, where saturated photo-induced transitions were used to
enhance the spatial resolution of SIM to ~50 nm.
*[50] – Introduced lattice-light sheet microscopy as a non-invasive, wide-field imaging technique with spatial
resolution at the diffraction limit and minimal photo-bleaching.
*[58] –A combination of large-volume imaging with high throughput data analysis to study systems-level
regulatory mechanisms of membraneless organelles.
*[91] – Revealed non-Fickian nanoscale molecular transport in histone-DNA condensates using STED-FCS.
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Figures and Captions
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Figure 1. General properties of common optical microscopy techniques. Comparison of typical spatial and
temporal resolutions of state-of-the-art microscopy techniques (top). Note, no unit is given for temporal
resolution as it depends on factors such as 2D vs 3D imaging and imaging area/volume. (bottom) Table
highlighting the strengths and weaknesses of microscopy techniques with respect to general imaging properties.
The table is marked with a green Y or a red X depending on whether the microscopy technique is above or
below average performance for a given property. Note, the strengths/weaknesses listed here are for typical use
but can vary significantly depending on the specifications of the experiment.
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Figure 2. Super-resolution imaging with linear and nonlinear SIM. (a) Physical principle behind SIM relies
on imaging moiré fringes generated by the interference of two finely structured optical fields with inherent
features below the diffraction limit of light. One of the fields is known (the structured input field used for
excitation) while the other is an unknown field generated from the position of the fluorescent molecules. Postprocessing allows the spatial distribution of fluorescent probes to be computed with sub-diffraction limited
spatial resolution. (b) NSIM utilizes sinusoidal excitation field to drive photo-switchable on-off transitions of
fluorescent probes; probes located at the illumination maximum are driven into dark states while probes located
at the illumination minimum remain in fluorescent states. Saturation of dark states can reduce the FWHM of the
resulting emission to the order of 50 nm. (c) Comparison of images of a CHO cell imaged with TIRF, SIM, and
NSIM microscopy, which shows significant enhancement of spatial resolution using both SIM and NSIM
(reprinted with permission from Ref. [42]).
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Figure 3. Systems-level study of membraneless organelle regulation using spinning disk confocal
microscopy and high throughput image analysis. Over 1000 genes in human cells were targeted using RNAi.
Using spinning disk confocal microscopy, which allows for fast imaging of hundreds of thousands of cells,
morphology changes of 6 membraneless organelles were tracked. High throughput image analysis using
machine learning was employed to quantify the morphological changes of the organelles. Regulatory networks
were deduced by correlating the observed morphology changes and RNAi gene perturbations (parts of this
image were reprinted with permission from Ref. [58]).
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Figure 4. Measuring molecular diffusion below the diffraction limit of light. (a) 3D confocal image of
histone-DNA droplets containing a small molecule fluorescent probe, AlexaFluor488 (AF488). (b) STED-FCS
measured within single phase-separated droplets. The diameter of the excitation spot is controlled by the
intensity of the STED depletion beam. (c) STED-FLCS curves measured for the diffusion of AF488 in histoneDNA droplets obtained at beam diameters ranging from 224 nm to 35 nm. (d) Resulting apparent diffusion
coefficient Dapp computed from STED-FLCS curves. For AF488 in histone-DNA droplets, Dapp decreases with
decreasing spot size, indicated sub-diffusive transport within the droplet. In comparison, AF488 diffusing in a
concentrated PEG solution shows Dapp that is invariant of the length scale being probed, indicative of Fickian
diffusion. (parts of this image were reprinted with permission from Ref. [91]).
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