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Induction and Manipulation of Biomolecular Condensates
Through Spatially Heterogeneous Solution Conditions
Alexander K. Buell

The study of biomolecular condensates (BMCs) is of great current
interest because of the proposed roles of these types of assem-
blies in biological function and disease. In living cells, BMCs form
in a highly heterogeneous environment and are influenced by
concentration gradients of various relevant species. Furthermore,
the biological functionality of the BMCs requires precise spatial con-
trol of their formation in some cases. In recent years, a number of

in vitro experimental approaches have emerged that allow the gen-
eration, study, and manipulation of BMCs through the creation of
well-defined spatially heterogeneous solution conditions relevant
for BMC formation. In this concept article, it is presented in what
way such methods can contribute to improved understanding
and control of BMCs.

1. Introduction

Biomolecular condensates (BMCs)[1] are spatial regions inside liv-
ing cells, ranging from nm to μm scales, that are not bounded by
a biological membrane and nevertheless are highly enriched in
certain compounds, notably specific proteins and nucleic acids.
BMCs are increasingly recognized to play a wide range of crucial
biological functions, e.g., in development and cell division (see
Figure 1 for examples), as well as in stress response[2] and tran-
scription.[3] In particular, the transient, dynamic nature of BMCs is
exploited in many of these scenarios, as the local accumulation of
specific proteins and nucleic acids is only required at specific
moments in the cell cycle or when a given gene needs to be tran-
scribed. When this biological need is no longer present, BMCs can
dissolve and dissociate again, and their components return to
being homogeneously distributed throughout the cell or the
nucleus. Many of the major protein components found in BMCs
in vivo can undergo liquid�liquid phase separation (LLPS) in vitro
in highly purified scenarios.[4–6] It is therefore currently widely
accepted that the detailed and quantitative study of LLPS of pro-
teins in vitro can provide valuable insight into the formation of
BMCs in vivo, despite the very different physico-chemical envi-
ronments. A wealth of in vitro studies, often based on systematic
mutagenesis, has allowed to delineate in some cases the key
interactions responsible for LLPS and BMC formation.[6–9] The
main conclusion from such studies is that the formation of BMCs
is often driven by aromatic amino acids and π-stacking interac-
tions between tyrosine and arginine residues. Electrostatic

interactions can be both favorable[10,11] and unfavorable[12] for
BMC formation and therefore the solution pH and ionic strength
are important control parameters in studies of BMCs.

The interior of eukaryotic cells is highly heterogeneous, with
various membrane-bound subcompartments, such as the nucleus,
endosomes, mitochondria, or chloroplasts. Furthermore, there are
various sources and sinks of the key molecules that are involved
in controlling BMC formation—in addition to proteins and nucleic
acids mostly small metabolites, such as ATP,[13] that is locally gen-
erated from sources (ATPase) and consumed by sinks (e.g., molec-
ular motors) as well as ions, such as, e.g., Ca2þ that can strongly
influence LLPS,[9] that are flowing in and out of the cell through
ion channels. Furthermore, individual membrane-bound com-
partments can differ significantly in pH from the cytosol, such
as endosomes and lysozomes, and pH is known to have a strong
influence on the tendency of proteins to form BMCs.[14] It is
becoming increasingly clear that this heterogeneity matters for
the formation of BMCs in vivo and that BMCs can even actively
contribute to this heterogeneity through the creation of
gradients of client molecules or pH.[15] Nonhomogeneous distri-
bution of BMCs across the cell can be important for their func-
tions, e.g., in development[16] and cell division[17] (Figure 1a,b).
As a result, spatial control of the solution conditions in in vitro
experiments represents one key additional step toward recapitu-
lating biologically relevant BMC formation. Furthermore, in cases
where BMCs are formed from multiple components in vitro, it is
important in what order and in exactly what way the different
components are brought into contact, as the hierarchical buildup
of the resulting BMCs (see Figure 1c for a relevant example
of a heterogeneous BMC in vivo) can depend on these aspects,
highlighting their nonequilibrium nature in many cases.[18,19]

However, the level of spatial control required to address these
factors cannot routinely be reached in large bulk experimental
setups. Microfluidics represents a very promising platform to
achieve the required level of spatial control of the solution con-
ditions. In this perspective, I present and discuss some recent
advances in this area.
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2. The Induction of Biomolecular Condensate
Formation in Bulk Solution

One major aim of in vitro studies of BMC formation is to elucidate
the thermodynamics of this process,[20] often through the draw-
ing of phase diagrams. If the latter are generated under condi-
tions that approximate equilibrium, they allow to determine
key parameters such as χ(chi), the relative interaction strength
of solvent and solute.[21,22] A low or negative value of χ indicates
relatively favorable solute–solvent interactions, facilitating mix-
ing. A large positive value of χ is characteristic of a system that
undergoes demixing and phase separation.[22] At a given concen-
tration of the relevant biomolecular components, the formation
of BMCs can be induced through changes in χ that can be
brought about in a variety of ways, notably through a change
in temperature and solution composition.[4] If temperature is used
as a control variable, BMCs can be most often induced by lower-
ing the temperature, but there are also cases in which a lower
critical solution temperature leads to the formation of BMCs upon
heating.[23] Depending on the size of the sample, a change in tem-
perature can be induced homogeneously throughout the entire

volume of the solution, which leads to BMC formation throughout
the sample. In particular for very small sample volumes, e.g., in
microcapillaries, temperatures can be very rapidly quenched
on a time scale that even allows the kinetics of BMC formation
to be resolved in some cases.[10] When the formation of BMCs
is to be induced by a change in solution conditions, e.g., pH or
salt concentration, the manual addition of a small volume of con-
centrated buffer or salt stock solution makes it difficult to achieve
rapid homogenization of the solution.[24] Important parameters of
the BMCs, such as the size distribution and in complex systems
also the internal structure of BMCs,[18] can depend on the local
solution conditions and the order of addition of components
and therefore it can be challenging to achieve high levels of
reproducibility of such experiments in bulk solution.[4] If BMC for-
mation is to be induced rapidly through, e.g., the removal of
salt,[4] and therefore dialysis or chromatographic separation are
not an option due to their slow nature, sample dilution is the only
manner in which this can be achieved. However, in a traditional
bulk solution setup, selective dilution of only a given compound
often cannot easily be achieved. Therefore, the dilution of the
inhibitory component, e.g., salt, is limited to dilution factors that
do not push the biomolecular components, e.g., protein and
nucleic acids, outside their binodal line, i.e., outside the region
where they form BMCs. Taken together, these difficulties suggest
that the transition from bulk experiments to microfluidic plat-
forms could be beneficial for the study of BMCs in a multitude
of ways. While it can be challenging and requires considerable
expertise to generate and operate custom-made microfluidic
devices, an increasing number of turn-key microfluidic platforms
(e.g., for droplet microfluidics and for Taylor dispersion (TD) anal-
ysis and diffusional sizing) are becoming available, helping to
democratize microfluidics.

Figure 1. Examples of how BMCs are under spatial control in living cells. a) Fluorescent images of GFP::PGL-1 (green) superimposed on differential inter-
ference contrast (DIC) (red) of a C. elegans one cell embryo before division. The localization of the condensates to one side of the embryo will lead to an
asymmetric discribution of the PGL-1 protein among the two daughter cells. Time relative to pronuclear meeting (pnm). b) C. elegans embryo with GFP-
labeled SPD-5 assembled into spherical pericentriolar material. Cell outline in magenta. Centrosomes are nonmembrane-bound compartments that nucleate
microtubule arrays, which are crucial for the separation of the genetic material during cell division. c) Representative images of Xenopus oocyte nucleoli
expressing mRNA of GFP-tagged UBF (top row), RFP-tagged TCOF1 (middle row), and GFP-tagged LYAR (bottom row) illustrate the hierarchical and spatially
nonuniform build-up of nucleoli that lies at the origin of a measurable pH gradient across this membrane-less organelle. Panel a) reproduced from,[16] panel
b) reproduced from[17] and panel c) reproduced from[15] with permission.
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3. Spatial Control of Solution Conditions
Allows Precise Control of Biomolecular
Condensate Formation

The complete absence of convection, the well-defined laminar
flow, and the ability to simulate the fluid and diffusive dynamics
inside microfluidic devices makes such systems highly suitable for
well-controlled experiments of mixing and de-mixing of molecu-
lar species.[25] Mixing is usually purely diffusive, which can be
highly efficient on a micrometric length scale. To illustrate this, a
typical protein with a diffusion coefficient of 10�10 m2 s�1 diffuses
about 10 μm per second. Notably, if molecules with very different
diffusion coefficients are present in a mixture, efficient separation
can be achieved by exposing the mixture to buffer in a co-flow
geometry. This has been used to induce BMC formation by
the nuclear porin FG-Nup49, where the removal of denaturant in
the continuous microfluidic co-flow induced BMC formation in the
centre of the main channel.[26] Even more efficient separation of
differentially diffusive molecules can be achieved through TD.[27]

In TD, a plug of a molecular mixture is injected into a channel
or capillary and the parabolic flow profile, with high flow rates
in the centre and low flow rates close to the walls leads to a dif-
ferential dispersion of solutes along the flow direction, depending
on the relative diffusion coefficients of the species[28] (Figure 2a).
Highly diffusive species (e.g., small molecules or salt ions) will move
efficiently between flow lines of different velocities and therefore
all travel with similar average velocities and thus display small
degrees of dispersion. Larger species, however, that have lower
diffusion coefficients (e.g., protein molecules) will tend to diffuse
less between flow lines and therefore will show awider distribution
of average velocities, leading to larger dispersion.

If, for example, salt ions and proteins are present in a mixture
and are subjected to Taylor dispersion, these two types of species

that differ by 1–2 orders of magnitude in diffusion coefficient, can
be partly separated in a dynamical fashion. In cases where the salt
acts as a suppressor of BMC formation, e.g., through screening of
favorable electrostatic interactions,[4,9] this separation through TD
can act as an efficient inducer of BMCs (Figure 2a). Notably, the
nonequilibrium nature of this process allows the selective dilution
of the suppressor, while maintaining a relatively high concentra-
tion of the protein/biomolecule (Figure 2b), something that is dis-
tinctly different from bulk measurements, as discussed above. In a
recent study by our group, this feature was exploited to study
BMCs at exceedingly low ionic strength. We were able to discover
that even protein systems that require low ionic strength to
undergo BMC formation, such as Ddx4N1 and PGL3, require a lim-
iting minimal ionic strength in order to form BMCs, and that as
the ionic strength tends to zero, the BMCs dissolve[11] (Figure 2c).
This is likely caused by the fact that as the Debye length tends to
values that exceed second and higher order nearest neighbour
distances inside the condensate, a net repulsion due to the equal
net charges of the protein molecules starts to dominate over
locally attractive interactions between oppositely charged sites/
patches. Taylor dispersion-induced phase separation (TDIPS)
therefore allows very controlled and efficient and therefore
highly reproducible removal of BMC suppressor molecules, while
using minute quantities of sample (tens of nl).[11] These features
are particularly suitable for large-scale screening of condensate
modulating compounds. In TDIPS, BMCs form mostly in the front
(center of the capillary) and back of the plug (close to the walls)
because the suppressor (here: salt) concentration is minimal there
(Figure 2a). The BMCs that form in the front of the plug and there-
fore center of the capillary are unable to interact with the capillary
walls and are therefore not subject to sticking or similar issues.
The exposure of the BMCs to the shear forces in the laminar flow
can lead to flow focusing, as in the case of any colloidal particle

Figure 2. Illustration of Taylor dispersion-induced phase separation (TDIPS). a) The very different diffusion coefficients of salt ions and proteins lead to
an efficient physical separation of proteins and salt through TD (see text for details) in laminar flow. In case the salt suppresses BMC formation (e.g., for
Ddx4N1 and PGL-3), the physical separation of protein and salt induces BMC formation in the center (ahead of the plug) and at the walls (behind the plug)
of the capillary. b) The nonequilibrium nature of the TD experiment allows to reproducibly generate transient extreme dilutions of the salt relative to the
protein that cannot be achieved in equilibrium dilutions (the region accessible through the latter are illustrated by the area shaded in gray). Therefore,
regions of the phase diagram that are normally inaccessible can be explored, such as the region of ultralow ionic strength. This time-dependent analysis
of the sampled regions of the phase diagram was generated from finite element simulations with COMSOL. c) TDIPS enabled the discovery of a re-entrant
transition of PGL-3 and Ddx4N1 as the solution ionic strength tends toward zero. All figure panels from[11] with permission.
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subjected to shear flow.[29,30] Notably, it has been shown that at
sufficiently high shear rates, some condensates formed by aggre-
gation prone proteins can undergo a transition to less reversible
structures,[31] an aspect that should be kept in mind in TDIPS
experiments, but that has so far not been observed in those.
TDIPS is particularly powerful if a small molecule that represses
condensate formation needs to be removed, but it works also in
the reverse case, i.e., if a small molecular species needs to
be added to induce phase separation. This is, e.g., the case of
α-synuclein, where condensate formation can be induced by
the addition of salt.[11,32]

In addition to the transient gradients of molecular species
that can be induced through Taylor dispersion, microfluidic sys-
tems also allow the generation of relatively long-lived gradients,
e.g., using dead end channels,[33] or else even permanent gra-
dients at steady state, induced by constantly supplying and
removing certain components, e.g., in H-channel geometries[34]

(Figure 3a). In the context of such longer lived gradients, the

directed motion of biomolecules and BMCs induced by such gra-
dients can be also conveniently studied in microfluidic devices. If
a molecule or particle interacts favorably with another molecular
species that forms a gradient (e.g., a salt), then the molecule/
particle undergoes so-called diffusiophoretic motion in the
direction of increasing concentration of the gradient-forming
molecule.[33]

4. Phoretic Motion of Biomolecular Condensates

It can be generally assumed that most colloidal particles, whether
solid or liquid, and therefore also BMC particles/droplets, will
carry a surface charge under most solution conditions. They will
therefore be able to be manipulated through the application of
an electric field. This has been shown in some recent studies, in
which the electrophoretic mobility of individual condensate
droplets was measured, either in free-flow electrophoresis[35] or

Figure 3. Diffusiophoresis of biomolecular condensates. a) An H-shaped microfluidic device is used to set up a gradient in NaCl concentration along the
horizontal channel (length L= 800 μm; width= 60 μm; depth= 40 μm) and is fed with polypeptide ([RGRGG]5) and ssDNAs ([dT]40) solutions. b) Fluorescence
image sequences of the [dT]40-[RGRGG]5 BMCs over a period of 60 min. The timestamps for the images are 1, 5, 20, 40, and 60min. c) In the presence
of a salt gradient, the transport of biomolecules is enhanced by diffusiophoresis, which increases their local concentration and thus promotes their phase
separation. In addition, salt gradients further impart directional motility to the phase-separated condensates, thereby extending their lifetime. Yellow:
ssDNA, blue: protein, green: condensates. All figure panels reproduced from[34] with permission.
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directly on a microscope slide.[36] It was shown that accurate
determination of ζ-(zeta-)potential and surface charge, proper-
ties that are relevant for the colloidal stability of the condensates
against fusion,[35] requires not only the measurement of the
mobility of individual BMCs but also the application of a theoret-
ical description appropriate for liquid assemblies, which demon-
strate a much higher electrophoretic mobility for a given
ζ-potential/surface-charge than expected for a solid particle.[36]

Through these measurements, it was shown that the surface
charge, and hence the electrophoretic mobility of condensate
droplets can be modulated, or even undergo a change in sign,
through changes in solution composition.[36]

It has been proposed that diffusiophoresis plays a role in
large-scale pattern formation in Biology,[37] but it has also been
shown that diffusiophoresis can play a significant role on the

length scale and inside of individual living cells, due to the highly
heterogeneous nature of cells.[38,39] Liquid droplets are known to
undergo diffusiophoresis if exposed to chemical gradients, and
their spherical shape is not normally affected by the diffusiopho-
retic movement.[40,41] It has recently been experimentally demon-
strated that a salt gradient leads to diffusiophoretic motion of
associative BMCs formed through coacervation of the peptide
[RGRGG]5 with ssDNA[34] (Figure 3). This system only forms BMCs
at moderate to low ionic strengths and therefore a salt gradient
provides spatial control over where BMCs of such a system can
exist, in addition to being able to induce their diffusiophoretic
motion. In the presence of such a salt gradient, both DNA and
peptide, as well as the BMCs themselves undergo diffusiophore-
sis, leading overall to a clearly directed motion of the BMCs, the
magnitude of which depends on the type of salt employed

Figure 4. Spatial control of BMC formation and localization through direct action of optical, acoustic, and thermophoretic forces. a) Transmission
(upper) and confocal fluorescence images (lower) of time-dependent formation of an α-synuclein BMC when a sample solution containing 200 μM
α-synuclein (100 mM NaCl, 7.5% PEG) was subjected to optical trapping. The bright red spot corresponds to a focused 633 nm laser used to locate the
air/solution interface. The focal position of the 1064 nm laser is indicated by a yellow spot. b) Time-dependent fluorescence intensity distribution of an
α-synuclein BMC at the air/solution interface. c) Fluorescence image of poly-rA condensates aligned by the 2D acoustic field with fx,y= 49.6/49.7 MHz.
d) Left: Illustration of a time-dependent oligonucleotide flow through porous rocks on early earth. Right: At each cycle, the system phase separates into a
dense and a dilute phase, the dense phase sediments and then a fraction of the dilute phase is removed and replaced with samples coming from a
fixed sequence pool. e) Fluorescence time-lapse images of a microfluidic chamber with a 2 μm s�1 inflow of sequence pair 1. DNA that phase separates can
sediment, thus is not advected out of the chamber. Panels a)þ b) reproduced from,[43] panel c) from[45] and panels d)þ e) from[48] with permission.
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(Figure 3b,c). In another recent study, it has been theoretically
demonstrated that diffusiophoresis can also be expected from
a system of biomolecules undergoing a cyclic, driven reaction, in
which a compound oscillates between a phase-separating and a
soluble state. The diffusiophoresis is in this case driven by gra-
dients of fuel and waste molecules.[42]

5. Mechanical Manipulation of Biomolecular
Condensates

In addition to studying and manipulating BMCs by applying an
external electric field or by imposing a concentration gradient,
direct mechanical manipulation is also possible. The ability to
directly and selectively move BMCs around is a complementary
strategy to achieve the same overall goal as described in the pre-
vious sections, namely control over where in a given system BMCs
are present at any given time. The active and externally controlled
movement of BMCs will ultimately also contribute to the estab-
lishment of spatially heterogeneous solution conditions and is
therefore closely related to the more indirect ways of controlling
BMC formation through spatial control of the other relevant con-
trol variables, such as concentrations of the species involved.

Given the size range of BMCs and the fact that the elevated
biomolecular concentration inside BMCs leads to a distinct refrac-
tive index from that of the surrounding dilute solution in in vitro
experiments, optical tweezers can be used to directly manipulate
BMCs. Such mechanical manipulation is, e.g., useful to control the
fusion of BMCs.[19,35] Individual biomolecules are normally too small
to experience significant optical forces that would overcome their
intrinsic Brownian motion, but it was recently demonstrated that
an optical trap was able to induce the local formation of an indi-
vidual α-synuclein BMC droplet, which was reversible upon switch-
ing off the trap[43] (Figure 4a,b). The authors explained this
phenomenon by the transport and trapping at the air/water inter-
face of nanoscale assemblies of α-synculein[12] by the optical trap,
which are present if a crowder molecule, such as PEG, is added.
Those nanometric assemblies are apparently sufficiently large to
experience relevant forces that can lead to their accumulation
at the irradiated spot.

A recent addition to the toolkit of direct mechanical manipu-
lation is acoustophoresis of BMCs, using mechanical transducers to
generate focused beams of condensates in microfluidic devices[44]

or create a two-dimensional standing pressure field. Individual
BMCs can be trapped in the potential wells created by the acoustic
radiation force[45] (Figure 4c). Such acoustic trapping can be used
to study the viscoelastic properties of condensates when two of
them are trapped in the same potential well and the timescale
of their merging is monitored, similarly to when optical tweezers
are employed for the same purpose.[18]

6. Summary and Outlook

The spatial control of solution conditions, as well as the direct
mechanical manipulation of BMCs, is useful for their study, as

it allows well-defined experiments of the generation and further
evolution of such structures, e.g., through merging. At the same
time, such experiments carry the promise of allowing closer
approximations of in vivo scenarios that are characterized by a
high level of spatial heterogeneity. It remains, however, to be
seen to what extent such simplified in vitro setups can recapitu-
late all the relevant processes that control BMC formation in vivo
and also whether inhomogeneous spatial distributions of con-
densates inside living cells are controlled by chemical gradients
as opposed to active transport through molecular motors.[46]

In any case, the types of experiments highlighted in this
Perspective represent important and courageous steps toward
the aim of a better understanding of the highly complex scenar-
ios of BMC formation in biology.

As an outlook, and as mentioned at the beginning of this
Perspective article, temperature is a convenient thermodynamic
variable that allows the control of LLPS and BMC formation in
vitro and in vivo.[47] Thermal cycling in combination with spatial
inhomogeneity caused by dense phase sedimentation has been
recently demonstrated to be able to lead to sequence selection in
nucleic acid phase transitions,[48] as a simulated scenario of how
sequence selection might have occurred on the early earth
through physical processes (Figure 4d,e). However, spatially non-
uniform temperature distributions have not yet been explored in
the context of BMC formation. Such scenarios are also not physi-
cally plausible to occur in living cells without external heating.[49]

On the other hand, the study of BMCs in temperature gradients or
thermophoretic traps[50] could be an interesting way to study the
kinetics and thermodynamics of BMC formation and dissolution.
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