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ABSTRACT Condensates have emerged as a new way to understand how cells are orga-
nized, and have been invoked to play crucial roles in essentially all cellular processes. In this
view, the cell is occupied by numerous assemblies, each composed of member proteins and
nucleic acids that preferentially interact with each other. However, available visual represen-
tations of condensates fail to communicate the growing body of knowledge about how con-
densates form and function. The resulting focus on only a subset of the potential implications
of condensates can skew interpretations of results and hinder the generation of new hypoth-
eses. Here we summarize the discussion from a workshop that brought together cell biolo-
gists, visualization and computation specialists, and other experts who specialize in thinking
about space and ways to represent it. We place the recent advances in condensate research
in a historical perspective that describes evolving views of the cell; highlight different attri-
butes of condensates that are not well-served by current visual conventions; and survey po-
tential approaches to overcome these challenges. An important theme of these discussions is
that the new understanding on the roles of condensates exposes broader challenges in visual
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representations that apply to cell biological research more generally.

INTRODUCTION

In the 19th century, cells were seen as being composed of soft fluid
or jelly, based largely on physical appearance (Kolliker, 1845; Her-
twig, 1895; Reynolds, 2008, 2018; Liu, 2017). By the beginning of
the 20th century biologists began to think of the cell as a “colloid,”
that is, a viscous fluid with small particles dispersed within it (Hardy,
1899; Hober, 1902), and attempted to study its aggregate proper-
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ties through physical chemistry approaches like precipitation experi-
ments and measurements of gross viscosity (Heilbrunn, 1926). This
framework conceptualized the cell as a disordered but dynamic sys-
tem of semifluid phases. However, these colloid concepts did not
provide good mechanistic explanations for cellular functions such as
oxidative phosphorylation or secretion, nor did they easily account
for the existence of clearly visible, persistent structures such as chro-
mosomes or the Golgi apparatus (Matlin, 2022).

Two kinds of methodological innovations around the 1930s
marked a clear break from the past. The first was cell fractionation:
breaking the cell apart to study isolated fractions and proteins, and
to assemble molecular mechanisms (Bechtel, 2005; Matlin, 2022).
The second was the use of imaging tools borrowed from mineralogy
and crystallography: polarization microscopy (Schmidt, 1924), x-ray
diffraction (Frey-Wyssling, 1937), and later electron microscopy
(Geren and Schmitt, 1954). These tools carried the assumption that
the structure of cells and macromolecules were rigid and regular,
like crystals. These innovations were essential for the development
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FIGURE 1: Depictions of soft cellular structures “hardened” after
1950. With the advent of x-ray diffraction and electron microscope
imaging, illustrations of structures like the cell membrane increasingly
emphasized their regularity. Angstrém-scale imaging required
crystallizing purified biomolecules or plasticizing tissue preparations
to achieve such precise dimensional measurements. (A) Highly
schematic diagram by polarized light microscopist Wilhelm J. Schmidt
(1941) of a lecithin droplet in water (cross section) illustrating how
more ordered structures like lipid bilayers could arise from disorder. In
the diagram, weighted sticks represent lipids and small circles
represent water molecules. (B) Diagram of cell membrane structure by
electron microscopist Fritiof S. Sjéstrand (1960), showing a tradeoff
between physical measurement and a realistic depiction of soft or
fluid texture.

of modern cell and molecular biology, and gave rise to the still-
prevailing conception of the cell as being composed of rigid mole-
cular machines.

Order, regularity, solidity, and crystallinity were essential for the
development of modern molecular biology techniques. x-ray crys-
tallography demands extensive purification of protein and nucleic
acid samples, while atomic lattice models and electron micrographs
show precise measurements at angstrom scales only if they hold
still. Even more importantly, the idea that ligands and binding sites
were as regular and rigid as locks and keys was essential for bio-
chemists to usher in the specificity revolution in the 1950s (Olby,
1986; Judson, 1996; Mertens, 2019). Orderly crystalline structures
were also easy to illustrate, and our recognizable style of structural
biological diagramming echo 1950s trends in modernist architec-
ture, manner, and design (Figure 1).
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The growing appreciation of the continuum between order and
disorder that underlies cell biology — for example, in the study of
lipid bilayers and intrinsically disordered proteins (Liu, 2018) - did
not overturn these early 20th century conceptions. While the term
"colloid” is rarely invoked nowadays, the cell interior is still mostly
conceived as composed of highly structured entities, each diffusing
in a crowded aqueous medium. Many biomolecules can be purified
and reconstituted into machines that function in isolation. And it is
generally assumed that the reverse is also true: that a structural de-
scription of cellular components and their interactions will explain
their ability to organize the cell and allow it to function.

CONDENSATES: A NEW PARADIGM

Over the last decade, the 19th century interest in the fluid nature of
cellular space has been rekindled, challenging the assumed univer-
sality of the “molecular machines” conception. Building on a culmi-
nation of findings and advances in many areas of cell biology and
biophysics, a 2009 paper (Brangwynne et al., 2009) is thought to be
an inflection point in this shift. This paper demonstrated that well-
known germ cell-specific structures called P-granules behave as lig-
uids, and that physical properties of liquids can account for P-gran-
ule dynamics and their asymmetric localization.

More generally, biomolecular condensates (henceforth ‘conden-
sates’) are cellular assemblies without a membrane enclosure, like
P-granules, that selectively concentrate and exclude biomolecules
(Banani et al., 2017). Condensates are found throughout the tree of
life and play pivotal roles in organizing diverse cellular processes
including heterochromatin formation, transcription, DNA repair, cell
cycle regulation, meiotic recombination, protection of cellular com-
ponents under stress, germ cell specification, cell signaling, and
RNA transport.

To mediate these processes, condensates are thought to func-
tion by locally modulating the concentrations of components that
could be included, concentrated, or excluded from them (Lyon
et al., 2021). This is in stark contrast to what we typically hold about
crystalline structures functioning through the exquisite positioning
of biomolecules relative to one another. Condensate formation
through multivalent reversible interactions challenges the universal-
ity of the lock and key model of molecular interaction and function.
This traditional model assumes that biological processes are medi-
ated by highly specific interaction surfaces, such as between en-
zyme active sites and substrates, transcription factors and promot-
ers, or subunits of macromolecular complexes like the ribosome.
Instead of the lock and key positioning, molecules in condensates
interact through different interaction surfaces, often exhibit internal
dynamics (i.e., rearrangement of molecules and exchange with their
surroundings), and collectively exhibit behaviors such as fusion, re-
laxation, and deformation behaviors that are consistent with the vis-
cosity and surface tension of fluids. These properties vary widely
between different condensates — which can take material forms
ranging from liquids to gels to solids — and can change over time
and in response to cellular signals (Alberti et al., 2019). The dynamic
and varied interactions between condensate components has thus
changed the way we consider molecular interactions and the func-
tions that arise from them.

The formation of many condensates has been attributed to the
process of phase separation, whereby the sum of multivalent revers-
ible interactions drives interacting macromolecules to separate from
their surroundings and form discrete phases (Hyman et al., 2014).
Phase separation of proteins and nucleic acids can be modeled
through a polymer chemistry framework that considers biomole-
cules as an array of interaction units, or “stickers”, connected by
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intervening units, or “spacers” (Choi et al., 2020). The number, dis-
tribution, and strength of stickers have been shown to contribute to
the formation of condensates and their properties. Stickers can be
globular interaction motifs such as SH3 and PRM, SUMO and SIM,
or RNA binding modules and RNA molecules; or individual residues
that interact via hydrophobic interactions, pi-pi interactions be-
tween aromatic residues, or interactions between oppositely
charged residues (Li et al., 2012; Lin et al., 2015; Nott et al., 2015;
Zhang et al., 2015; Wang et al., 2018; Yang et al., 2020).

Most condensates in cells include many different biomolecules,
each concentrated to a different degree in the condensate (Currie
and Rosen, 2022). These components do not contribute equally to
condensate formation and properties but rather their contribution
falls within a continuum. At its two extremes are molecules that are
required for condensate formation, called scaffolds, and molecules
that have a minimal impact on condensate properties but become
enriched in the condensate through their interaction with scaffolds,
called clients (Banani et al., 2016). In addition to proteins, many con-
densates include RNAs that have different chemical properties than
proteins, further complicating the accurate representation of the
complex condensate environment. The heterogeneity of conden-
sate composition and properties that differ between components
and condensates as well as change over time and in response to
stimuli all contribute to the complexity of studying and conceptual-
izing cellular condensates.

VISUAL REPRESENTATIONS OF CONDENSATES

The explosive interest and whirlwind progress in researching con-
densates has unfortunately not been accompanied by similarly rapid
development of graphical representations. Cell biologists still often
resort to using a graphical language developed in the 1930s to de-
scribe the inner workings of the cell (Figure 2, left panel). This lan-
guage uses colorful, geometric shapes — each indicating a molecule
or a domain of specific type and conformation — that specifically in-
teract with one another, and arrows to indicate biochemical or
temporal transitions (e.g., a catalytic cycle) or modes of regulation
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(e.g., activation or repression). These graphical conventions re-
flected important assumptions of cell biology: that individual com-
ponents and tight interactions can be studied and conceptualized in
isolation, and in turn inform the way these biomolecules function in
the complex environment inside the cell.

Applying this established graphical language to condensates
fails to capture many of their unique features and limits the full
appreciation of their biological functions. The condensate field has
also adopted tools from the material sciences, like the phase
diagram. However, the rich and dynamic composition of many bio-
molecular condensates generates complex phase diagrams that are
not readily amenable to clear graphical representation (Choi et al.,
2020; Riback et al., 2020; Sanders et al., 2020). These challenges
highlight the need to develop new visual conventions. As far as we
know, there has not been a deliberate effort to evolve the visual
language of cell biology to accommodate condensates — for exam-
ple, finding ways to depict liquid assemblies made of irregular, flex-
ible regions and subunits that rearrange. This process will likely re-
quire casting off some of the visual conventions that have served
cell biologists well for decades.

To address the condensate representation problem, a group of
cell biologists, technology developers, and other visualization ex-
perts met in Fall 2022 at the University of Utah to participate in a
workshop entitled “Re-imagining a cellular space occupied by con-
densates” (https://theroglab.org/condensates). We discussed the
challenges of visualizing condensates and started to chart potential
solutions to address them. Below, we summarize some of the dis-
cussions from this unique forum.

HETEROGENEITY AND DYNAMICS

The term “biomolecular condensate” describes an increasingly di-
verse group of compartments that vary in their composition, dynam-
ics, and association with other cellular features. Beyond the obvious
heterogeneity between different types of condensates and compo-
sitional stochasticity inherent to biological systems, we are learning
that remarkable compositional heterogeneity exists even within and

Possible directions to expand
traditional graphical vocabulary
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FIGURE 2: Commonly used graphical conventions. Left: Biologists commonly depict structured proteins as simple
colorful shapes, nucleic acid or disordered proteins as “spaghetti,” and arrows to depict movement or functional
relationship (e.g. activation). These conventions are often combined in order to describe condensates. Expanding upon
these conventions will allow biologists to better describe molecular features. (A) For example, use of zoom boxes can
describe characteristics, such as heterogeneity, across different scales. (B) Uncertainty can be represented by the use of
blurring or by showing alternative hypotheses. (C) Crowding may be depicted using simplified or space-filling forms.

(D) Motion may be indicated using comic conventions, such as movement lines and motion blurs. (E) Disorder can be
described by overlaying multiple structures, or indicating conformations that specific domains may sample. (F) Other
solutions cannot fit into a standard printed figure, and include animations and interactive technologies such as AR and VR.
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between instances of the same condensate, as shown for cytoplas-
mic processing bodies and stress granules (Xing et al., 2020; Yang
et al., 2020; Currie and Rosen, 2022). Furthermore, condensates like
RNA transport granules, PML bodies, and Balbiani bodies change
their biophysical properties based on cellular location, cell-cycle
stage, and developmental stage, respectively (Dellaire et al., 2006;
Grousl et al., 2009; Rai et al., 2018). In addition, condensate compo-
nents are not positionally stable. Unlike ordered supramolecular
structures — for example, centrioles or nuclear pore complexes — sub-
units in most condensates are assumed to not keep a constant posi-
tion or orientation relative to one another. How do we depict the
dynamics of the multivalent reversible interactions driving conden-
sate assembly or the manner in which components rearrange, transit
through, or concentrate in the condensates? The multiple levels of
heterogeneity and complexity in condensate composition, dynam-
ics, and biophysical properties highlight the need to move beyond
static representations to include spatial and temporal information.

One method to convey motion is to take advantage of motion
blurs and digital presentations (Figure 2D). Comic artists have ex-
tensively used motion blurs — faded images of past and future
locations — to communicate movement within 2D static images.
These comic conventions can easily be adopted to convey the
dynamics of condensates on paper, while moving images and
interactive tools can be used in digital presentations. In addition,
blurring could represent random motion (Figure 2E) or experimen-
tal uncertainty in structural conformation (Figure 2B), and may also
be used to reflect highly regulated compositional transitions.
Another way to represent levels of uncertainty or changes in con-
centration is to use gradients of colors as is often done for electron
cloud models.

In addition to temporal information, representing condensate
heterogeneity or complexity in composition can be achieved using
different combinations of shapes and colors (Figure 2, A and C) that
shift in subsequent panels representing the passage of time. Depict-
ing the dynamics of condensates in the context of a cell, as opposed
to presenting them in isolation, can help communicate these con-
cepts to broader audiences (Figure 2A). However, trying to pack too
much information in a visualization of condensates in a crowded
cellular space can be confusing. How do we effectively balance the
information presented? In printed materials, insets can be used to
zoom in from the cellular scale down to the molecular condensate
scale, focusing on certain molecules by blurring and fading the color
of surrounding components (Figure 2C). In digital representations,
built-in layers of fading and blurring can highlight specific scales or
objects.

BRIDGING SPATIAL AND TEMPORAL SCALES

To accurately describe biological processes, it is often necessary to
bridge large spans of space and time, linking mesoscale events with
molecular events. For example, the switching between structural
conformations or binding partners of a multivalent interaction —
events that occur over timescales of microseconds and spatial scales
of angstroms — will cumulate and could have radical implications for
cellular processes that occur over seconds and minutes and affect
cells many micrometers in diameter. How do we visually represent
such large spatial and temporal scales?

Notably, this issue predates the consideration of condensates. A
common strategy in molecular biology has been to focus on events
that occur at the single-molecule level and then to extrapolate these
events to the cellular level. This strategy has been further reified by
popular research techniques — fluorescence microscopy, western
blots, and biochemical reconstitutions — all of which yield data relat-
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ing to a limited set of components. However, the nontrivial effects of
events at the molecular scale on the mesoscale in condensates — for
example, generation of highly persistent cellular condensates from
very transiently interacting components — makes the application of
this reductionist approach more challenging.

Visualizing different spatial scales is a challenge that has been
tackled in various ways. lllustrators will often utilize a magnified inset
to highlight a region of an illustration and show it in a more zoomed-
in view. Space constraints in manuscripts typically limit how many
levels of magnification can be effectively presented: visualizations
thus need to be chosen carefully to highlight relevant events and
scales, with the caveat that not all scales can be represented. In ani-
mation, it is possible to offer a “continuous zoom” effect that en-
compasses a large continuum of scale (Eames and Eames, 1977).
For examples of using these methods — and others discussed below
—in animation, please see Phase Separation 101: https://animation-
lab.utah.edu/phase-separation.

Representing processes that occur over different time scales also
pose significant challenges to which few solutions exist. In scientific
animations, it is common to exaggerate or disregard time scales, for
example, by showing events that occur over seconds and over hours
at the same pace. Such simplifications can give meaningful approxi-
mations in some cases — for example, the effect of changing concen-
trations on enzymatic activities and the resulting cellular metabolism.
However, many other cases, especially those involving condensates,
involve nonlinear processes — such as nucleation events or liquid to
solid transitions — which will be poorly served by them. If an exagger-
ated time scale is required to represent the condensate phenome-
non in question, then it may also be heuristically useful to animate
condensate dynamics in “real time” as a means of comparing rele-
vant time scales.

CROWDING

The intracellular environment is a highly packed space, where
molecules relentlessly wade through a tight crowd. While cellular
concentrations of specific macromolecules are relatively low, the to-
tal concentration of all biomolecules (up to 400 g/L; Zimmerman
and Trach, 1991) means that they fill a significant fraction of the cell
volume (Ellis and Minton, 2003), leaving essentially no unoccupied
space.

The effects of this extreme crowding on both the rates and the
equilibria of a wide range of processes have been increasingly ap-
preciated (Ellis, 2001; Kuznetsova et al., 2014). Condensates are
also heavily influenced by crowding. In in vitro experiments, addi-
tion of chemicals that mimic crowding can dramatically modulate
the critical protein concentration required for phase separation.
For example, crowding agents decrease the critical protein con-
centration required for the stress-granule components hnRNP1
and FUS to phase separate with RNA, but increase the critical pro-
tein concentrations required for these proteins to phase separate
in the absence of RNA (Lin et al., 2015; Protter et al., 2018). In
some cases, like FCA (Fang et al., 2019) and NPM1 (Ferrolino
etal., 2018), crowding agents are essential to observe phase sepa-
ration. Crowders can also change the biophysical properties of
condensates, either acting as ideal inert species or through spe-
cific interactions with condensate components. For example,
crowding promotes the irreversible liquid to gel transition of FUS
prion-like domain condensates (Kaur et al., 2019). Despite the ex-
perimental evidence that crowding impacts condensate formation
and properties, it is still rarely depicted in visualizations, making it
all too easy not to take it into account when building models, de-
signing experiments, and interpreting data.
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FIGURE 3: lllustration of the Caulobacter crescentus polar microdomain (https://pdb101.rcsb.
org/sci-art/goodsell-gallery/caulobacter-polar-microdomain). Some of the strategies utilized to
represent the crowded scene include: (1) The cartoony, flat color approach avoids visual
distractions that could come from more detailed shading, and thereby makes it easier to
comprehend the whole scene. In particular, the color scheme is carefully chosen to highlight
physical compartmentation of the molecules: all the molecules present in the condensate are
depicted in shades of yellow, clearly standing out from the surrounding crowd, depicted in
shades of blue. (2) The choice of a cross-sectional view in orthographic projection (instead of an
immersive view) allows the display of large fields of molecules with the main players occupying
prominent positions in the scene, and allowing easy comparison of molecular sizes and shapes
across the scene. Several depth-cued layers of molecules are added behind the foreground to
improve the perception of depth. (3) Small molecules and water are omitted for clarity. (4) While
the molecular distribution is based on accurate concentrations for species that are present in
high copy numbers, artistic license is used to include a selection of molecules that are found in
lower concentrations and would normally only be seen by chance, in order to highlight cellular
functions of interest.

One of the biggest challenges for visualizing crowding is to find ~ DISORDER

set of interacting molecules in the middle of
a crowded condensate? Different tools and
strategies enable us to move toward clearly
representing specific processes or mole-
cules in complex and crowded environ-
ments. In figures, one can represent the
complexity while maintaining focus on the
key events or molecules by using different
color schemes or using fading and blurring
methods discussed previously. The diffusive
random motion of molecules further compli-
cates the design of dynamic animations to
describe a process, as efficient storytelling
often requires one to follow the process in a
coherent step by step series of events. In
molecular animations, an effective strategy
to alleviate this problem is to layer stochas-
tic motion on top of the keyframed steps
used to script the main story.

To represent the state of crowding in
figures, scientists can create 2D representa-
tions of molecules and arrange them in close
proximity (Figure 2C). For a more detailed
and accurate representation of the cellular
space with condensates, scientist/artist col-
laborations have proven extremely benefi-
cial. Figure 3, created in collaboration with
Keren Lasker at Scripps Research, combines
multiple strategies to capture salient features
of a PopZ condensate at the pole of a
Caulobacter crescentus cell (Goodsell and
Lasker, 2023). While the PopZ condensate is
particularly well studied, many decisions, and
appreciable artistic license, were necessary
to resolve missing data. For example, struc-
tures of many of the membrane-bound com-
ponents were available only as AlphaFold2-
predicted structures, the PopZ filament is
based largely on current hypotheses from the
Lasker laboratory, and interactions between
PopZ with itself and with clients are not
fully characterized. This semiquantitative 2D
painting approach is intended as a prelude
to full 3D modeling, providing an opportu-
nity to gather and curate the necessary bio-
chemical, structural, and micrographic data
in collaboration with experimentalists. These
data then feed into a computational, auto-
mated workflow to generate 3D models of
mesoscale environments (Johnson et al.,
2015), and even of entire cells (Maritan et al.,
2022), generating models that can be inter-
actively explored, analyzed, and easily up-
dated to describe specific studies. Additional
suggestions on how to depict biological
information within a crowded space are
included in the Figure 3 legend.

a sweet spot that balances scientific accuracy and clarity: how can  Structural biology has focused on atomic-level elucidation of
we focus the attention of the viewer on the process of interest within ~ discrete conformations adopted by macromolecules and by the
a dense cytoplasm? How would a viewer visually distinguish a sub- ~ multicomponent complexes that they form. This could be a single
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conformation, or a handful of conformations, for example, reflecting
catalytic steps or alternative binding partners. Discrete conforma-
tions are thought to represent functional states — one of few low-
energy folding configurations that uniquely create an active site or a
protein—protein interacting interface. The adoption of ordered sec-
ondary and tertiary structures entails both fixed stoichiometries in
macromolecular complexes (e.g., the ribosome) and mesoscale
symmetrical or stereotypical organization (e.g., clathrin-coated vesi-
cles or a polarized spindle). Two of the major techniques that probe
such structures — crystallography and, more recently, single-particle
cryo-electron microscopy — rely on these assumptions in sample
preparation and data analysis.

Condensates place renewed emphasis on biological scenarios
that do not easily fit into this mold, either at the intra- or intermo-
lecular levels. Intramolecularly, condensates reinvigorated an inter-
est in so-called intrinsically disordered regions and proteins, many
of which can also form condensates. Despite their names, these
proteins do not completely lack internal order, but rather adopt an
ensemble of possible conformations that are influenced by the sol-
vent environment or presence of binding partners (Ruff et al.,
2019). In addition to disordered protein regions, conformational
diversity of nucleic acids contribute to condensate formation and
identity (Zhang et al., 2015; Langdon et al., 2018). On the intermo-
lecular level, disorder exists as a result of molecules interacting in a
nonordered or nonstoichiometric manner. This can occur due to
relatively weak interactions between macromolecules with concat-
enated interacting surfaces. While each interaction domain may be
traditionally folded, a cluster of macromolecules does not adopt a
single conformation or have a fixed stoichiometry. Disorder at this
level is further amplified by non—fixed ratios of scaffold and client
proteins.

While a certain degree of disorder is an important distinguishing
feature of condensates, many condensates likely exist on a contin-
uum of order—disorder. An example of a condensate with order—
disorder characteristics is the meiotic synaptonemal complex,
which behaves as a fluid condensate but also contains ordered
structures that have been resolved by electron microscopy (Moses,
1956; Rog et al., 2017). Many condensates are also anchored to, or
are associated with, structured entities, such as the diffusion barrier
at the center of the nuclear-pore complex (Schmidt and Gérlich,
2015) or pericentriolar material around centrioles (Woodruff et al.,
2017). In these cases, significant order is exhibited at least on some
dimensions.

Representations of disorder have been misleading or overly
simplistic, and the condensate field has yet to coalesce on a suc-
cessful convention. A molecular-level representation that quickly
rose to prominence is the yarn-like threads produced by struc-
ture-prediction softwares like AlphaFold to designate the
absence of a high-confidence fold (Figure 2). These threads,
which loop around alpha helices and beta sheets in structured
parts of proteins, capture the lack of fixed structure but fail to
communicate that the actual structure is not completely random
but rather falls within a statistical ensemble of conformations
(Ruff and Pappu, 2021). Other potential directions are represen-
tations of ensembles, such as those produced by nuclear mag-
netic resonance (NMR) studies and resembling a jumbled ball of
spaghetti noodles. However, these representations are not intui-
tive to interpret and, due to technical constraints, can only be
experimentally derived for relatively short peptides. One way to
get around these limitations and represent ensembles of disor-
dered regions is to show different conformations of flexible re-
gions that are faded or blurred to communicate that one peptide
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chain assumes varied structures or draw a “cloud” that repre-
sents a range of space that the region can occupy at different
conformations (Figure 2E). Building on this, one could depict me-
soscale order-disorder by including detailed structures along-
side more faded ensembles of nonstructured interactions.

UNCERTAINTY

Depictions of condensates would ideally indicate size, composi-
tion, and structure, as well as the concentrations, internal distribu-
tion, interactions, and dynamics of each of its components. Some
of these factors may be grounded in experimental evidence and
associated with error statistics, while others may be largely specu-
lative. For example, fluorescence imaging of yeast P-bodies was
used to generate a quantitative inventory of the major compo-
nents and their cytoplasmic exchange rates — properties that could
be assigned quantitative uncertainty (Xing et al., 2020). These
experiments investigated population averages, however, so that
the distribution and dynamics of all molecules within a single con-
densate remain unknown.

Uncertainty can and should strongly impact our interpretation of
data, and therefore needs to be accessible in visualizations. Indeed,
the issue of how to represent uncertainty is considered a key prob-
lem in visualization research (Johnson, 2004). Graphs in peer-re-
viewed articles indicate the uncertainty that comes with quantitative
measurements using precise and space-efficient approaches, such
as error bars and confidence bands. However, it is more challenging
to depict uncertainty in other kinds of visualizations, including struc-
tural models of both condensates and noncondensates.

Possible solutions include combining various rendering styles,
depicting multiple possible scenarios or using visual cues such as
different color schemes (such as color gradients), transparency, or
blurriness to indicate high uncertainty (Figure 2). Because these vi-
sualizations can quickly become confusing, information could be
organized in interactive layers, as discussed below.

INTERACTIVE TECHNOLOGIES

Interactive technologies can alleviate some of the challenges of ac-
curate and effective condensate visualization. Perhaps the most ba-
sic are physical models that can be viewed, touched, and manipu-
lated. Historically, important scientific insights have been gained
through such models, including the discovery of the protein alpha
helix by Linus Pauling (1994) and, legendarily, the benzene ring by
August Kekulé (Rocke, 2010).

3D printing, which has recently become widely accessible, can
be used to create complex models that can be made of a variety of
materials with properties that are more flexible than typical wood or
plastic modeling kits. Such 3D-printed models have proved instru-
mental in generating testable hypotheses about unusual chemical
structures called quasi-crystals (Ajlouni, 2019). A disordered protein
can be printed as a flexible or floppy chain, with embedded mag-
nets providing a means to demonstrate the impact of molecular
attraction or repulsion. Such models of viral capsids (Chemical &
Engineering News, 2011) were instrumental in conveying self-as-
sembly capabilities of large and complex macromolecular structures
from individual components. Similar demonstrations for conden-
sates may likewise prove influential.

Virtual reality (VR), augmented reality (AR), and game engines
now place the user in the “driver's seat,” enabling them to explore
complex models in biology (Pettersen et al., 2021). These tools
have already proven effective in designing small molecules (Wal-
ters et al., 2022) and can likewise provide important insight into
biological problems including those involving condensates. For
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instance, users may toggle the visibility of groups of molecules to
reduce the complexity of a model, or play a 3D simulation of
molecular interactions in real time or slowed down - all while be-
ing able to rotate the model or walk around it. By transforming the
observers from passive viewers to active users, interactive tech-
nologies may allow condensate researchers to appreciate and
gain insights into complex and dynamic biological processes that
may be difficult to achieve by other means of visualization. De-
spite the strong potential benefit of VR and AR technologies in
biological research, support for technical development and access
to such tools for researchers has so far been limited. With in-
creased funding support, rapidly evolving technology can more
readily spread beyond early adopters, allowing them to realize
their full potential as hypothesis generation and modeling tools,
while also making them more accessible in scientific communica-
tion and publishing.

EDUCATION

Our ability to imagine cellular space, and to share this understanding
with trainees and other researchers, can be greatly facilitated by the
development of analogies. Some of the most historically successful
analogies related biological processes to the motion of bodies and
objects in our daily lives. Such analogies allow us to imagine the
“walking” of motor proteins on cytoskeletal elements and to predict
how such directed motions will result in diffusion regimes different
from those of Brownian motion, likened to aimless (or random) walks.

While analogies require careful and specific use (Reynolds
2018), they are likely to be particularly useful for developing intu-
itions in the classroom. However, adequate analogies for conden-
sates have been elusive. The analogy of water and oil separating
in a vinaigrette has often been used to explain the process of
phase separation. While this analogy captures some aspects of the
phenomenon, it fails to convey many of the complexities of cellular
condensates described above. For example, water/oil represents
single-component phase separation — where a single “scaffold”
dictates the formation of a condensate — which is in poor agree-
ment with data for cellular condensates (McSwiggen et al., 2019;
Riback et al., 2020). It is important to discuss these limitations with
students when using this analogy.

New technologies provide exciting potential for condensate-bi-
ology education. The move away from paper-based teaching
materials and toward digital media paves the way for the creation of
tools that can easily move between scales. As described above,
such digital tools obviate the need to focus on a single level of inter-
pretation — intramolecular dynamics, intermolecular dynamics, or
mesoscale — and can also allow to modulate how much complexity
is visible (see Phase Separation 101 for many useful animations:
https://animationlab.utah.edu/phase-separation).

Finally, the importance of the local environment and 3D space
for condensate biology should prompt cell biologists to be inspired
by other fields, such as architecture. In these disciplines, both tradi-
tional (drawing) and modern (computer-aided design) tools are
used throughout training. Moving towards more active engagement
with these approaches will allow students and practitioners to gain
spatial intuition, hone visualization skills to communicate findings
effectively, and to become adroit in moving between a 4D world
and reductive 2D representations.

OUTLOOK
Traditional depictions do not suffice to describe the dynamic,
disordered, complex, and crowded nature of biomolecular
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condensates. However, tools and common practices to visualize
condensates are rapidly evolving in parallel to the research on
condensates. In the workshop and in this perspective, we have
explored existing conventions for diagramming and representing
condensates and reimagined how these conventions may be ex-
panded and improved to grow with the rapidly progressing re-
search. Accurately conveying dynamics, complexity, and hetero-
geneity within a visualization is difficult, and practical solutions
will require collaboration with visualization experts. Conventions
and methods may be borrowed from adjacent fields of inquiry —
for example, many of the visualizations presented here build on
methods perfected over decades of work in molecular graphics.
But perhaps the greatest insight that we gained from the work-
shop was that successful visualization of condensates is not a
trivial task, and provides an exciting challenge for future work. A
key step will be the development of new visualization tools that
enable researchers to readily visualize and share dynamic, com-
plex, and multidimensional data (Lyons et al., 2022). With better
tools, training, collaboration with visualization experts, and in-
creased support for visualization careers, we expect that repre-
sentations of biological space can more accurately reflect our
hypotheses.

The limitations of traditional 2D schematic illustrations and the
need for complementary visualization techniques that more ac-
curately reflect the processes they depict were highlighted. Inter-
estingly, many of the promising solutions came from individuals
who are not biologists, highlighting the importance of cross-dis-
ciplinary forums like this workshop. Unfortunately, hyperspecial-
ization makes such forums rare, with most communication about
condensates occurring exclusively amongst cell biologists.
Related to this challenge is the lack of sustainable funding struc-
tures (e.g., academic positions or grants) that allow long-term in-
vestment in individuals and communities that will actively evolve
a graphical language and visualization technologies. Another
challenge is how we integrate new immersive technologies, such
as animation, AR, and VR, within our current communication
methods, which are largely limited to 2D representations (such as
in publications and posters). With findings from our workshop, we
hope that more opportunities will arise for cross-disciplinary
discussions and funding mechanisms to support them, as well as
for supporting individuals that specialize in visualizing dynamic
processes in the complex, crowded environment of a cell.
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