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Surface tension and viscosity of protein condensates
quantified by micropipette aspiration
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ABSTRACT The material properties of biomolecular condensates have been suggested to play important biological and path-
ological roles. Despite the rapid increase in the number of biomolecules identified that undergo liquid-liquid phase separation,
quantitative studies and direct measurements of the material properties of the resulting condensates have been severely lag-
ging behind. Here, we develop a micropipette-based technique that uniquely, to our knowledge, allows quantifications of both
the surface tension and viscosity of biomolecular condensates, independent of labeling and surface-wetting effects. We demon-
strate the accuracy and versatility of this technique by measuring condensates of LAF-1 RGG domains and a polymer-based
aqueous two-phase system. We further confirm our measurements using established condensate fusion and fluorescence re-
covery after photobleaching assays. We anticipate the micropipette-based technique will be widely applicable to biomolecular
condensates and will resolve several limitations regarding current approaches.

WHY IT MATTERS Biomolecular condensates that arise from liquid-liquid phase separation are often likened to oil
droplets in water because of the coexistence of two liquid phases without a membrane boundary. However, oil droplets
and biomolecular condensates represent two extremes in the realm of liquid properties. The surface tension of oil droplets
is ~1000 times higher, whereas their viscosity is ~1000 times lower, compared with biomolecular condensates. The
unique combination of high viscosity and low surface tension makes biomolecular condensates well suited for
quantitative micropipette aspiration studies, as demonstrated in this study using condensates of LAF-1 RGG domains.
Compared to oil droplets, biomolecular condensates more closely resemble a polymer-based aqueous two-phase system,

illustrating how knowledge in polymer physics can guide mechanistic understanding of phase separation in biology.

INTRODUCTION

Biomolecular condensates that arise from liquid-liquid
phase separation (LLPS) have recently emerged as a
central player in numerous cellular processes (1,2).
Surface tension and viscosity are two independent pa-
rameters that define the material properties of a liquid
(3,4). Gradual increases in the viscosities of biomole-
cular condensates are often linked to the formation
of fibrils that underlie aging-associated diseases
(5-10). Quantification of condensate rheology there-
fore holds promise for unraveling the mechanisms, as
well as facilitating therapeutic advances in the treat-
ment of these diseases (11).

The surface tension of biomolecular condensates
can also play key physiological roles. Differences in
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surface tension can lead to layered multiphase conden-
sates, such as the compartmentation in nucleoli
(12-14). During autophagy, surface tension deter-
mines whether p62 condensates will be sequestered
in small droplets or digested as a whole (15). Finally,
the nucleation of microtubule branches relies on an
instability of TPX2 condensates, driven solely by the
condensates' surface tension (16).

Several techniques have been developed to probe
either the viscosity or the surface tension of biomole-
cular condensates (8,12,17-21). The most widely used
measure of viscosity relies on fluorescence recovery
after photobleaching (FRAP), which is challenging to
quantify in the scenario of three-dimensional compart-
ments such as biomolecular condensates (4,22). Mea-
surements of surface tension rely heavily on the fusion
kinetics between two condensates (17). Although signif-
icant improvements have been made (23,24), the fusion
assay is intrinsically limited because only a ratio of sur-
face tension/viscosity can be estimated (12). Therefore,
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a user-friendly technique that can directly measure both
the surface tension and the viscosity of biomolecular
condensates is still missing.

Micropipette aspiration (MPA) has been well estab-
lished to study the elasticities of liposomes (25,26),
polymersomes (27,28), and cells (29,30). However, it
has been challenging to apply MPA to quantify liquids.
Dimensional analyses on typical MPA experiments
show that precise quantifications of both the viscosity
and surface tension can only be achieved on liquids
with viscosity values (in Pa - s) larger than 2% of their
surface tension values (in mN/m) (see Supporting ma-
terials and methods for details). Although the criteria
is not met by common oil droplets (viscosity: 1073-
1072 Pa - s; surface tension: ~10 mN/m), currently
available data suggest that biomolecular condensates
and certain aqueous two-phase systems (ATPSs)
(viscosity: 107'-10% Pa - s; surface tension: 10~ %-
10" mN/m) are well poised for quantitative MPA
studies (Fig. 1).

Here, we demonstrate the application of MPA to
quantify the viscosity and surface tension of liquid con-
densates. We calibrated our method using a PEG-
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FIGURE 1 Viscosity and surface tension of liquids. Viscosity and

surface tension of biomolecular condensates in aqueous buffer
(green, arrows represent changes of properties over time) and com-
mon “oil droplets” in water are shown (orange, open circle and line
represent the minimum and change of hexadecane surface tension
in the presence of surfactants (31)). The gray belt represents an esti-
mated boundary above which MPA will be well suited for viscosity
and surface tension measurements (n = 0.02xy is plotted as the
black dashed line; the gray region represents n = 0.01xy to
n = 0.04x1; see Supporting materials and methods for details). Vis-
cosity and surface tension of the dextran-rich condensates (in PEG-
dextran ATPS) measured in this study are shown as the magenta cir-
cle. Literature values for dextran-rich condensates are represented by
the dashed circle (32-34), with compositions comparable with the
one used in this study highlighted in light magenta. See Table S1
for values and references used in this plot.

2 Biophysical Reports 7, 100011, September 8, 2021

dextran ATPS (35). This allowed us to develop a linear
model to extract the material properties of conden-
sates from their responses to MPA. We applied this
technique to quantify condensates formed by the
RGG domain, a well-known RNA binding region of the
P granule RNA helicase LAF-1 that undergoes LLPS
(18,36). We further confirmed our viscosity and surface
tension measurements by FRAP and fusion assays,
respectively. Our results suggest that the material prop-
erties of protein condensates are closer to the ATPS
than to oil droplets in water. MPA represents an active
microrheology technique that can simultaneously
quantify independent properties of biomolecular con-
densates, insensitive to common sources of artifacts
such as labeling, photobleaching, and wetting effects
of proteins.

Results
Calibration of MPA with PEG-dextran ATPS

To study the relation between the stress and strain rate
of a liquid, a critical aspiration pressure P, determined
by the surface tension (y) of the condensate, needs to
be reached. At aspiration pressures (P,gp) greater than
P,, the condensate will flow into the micropipette
(Fig. 2 a; we define suction pressures as positive).
For a Newtonian fluid, the pressure difference and the
shear rate are linearly related via the condensate's vis-
cosity () (37):

Pasp =M x 7 x S+P,. (1

Here, M is a unitless dissipation factor that corre-
sponds to the radial collapse of the condensate during
aspiration (37), S = d(Lp/Rp)/dt is the shear rate, L, is
the aspiration length, and R, is the radius of the micro-
pipette. The critical pressure is P, = 2y(H — 1/R;), with
H representing the mean curvature of the liquid inter-
face in the micropipette (we define the curvature illus-
trated in Fig. 2 a as positive). The unaspirated portion
of the condensate is approximated by a sphere of
radius R.. Equation 1 is valid when AL R,%/R.> << 1,
with M independent of geometrical factors in the
MPA system (37). When AL,R,*/R.> ~1, geometrical
dependence of M and dissipation in the micropipette
will need to be considered. In our experiments,
ALpR,*/R:® < 0.05.

Re, Ly, Rp, and H describe the shape of the aspirated
condensate and are readily available through micro-
scopy. However, the unitless dissipation constant M
must be determined experimentally by aspirating lig-
uids of known viscosities (37). Then, by measuring S
under different P,g,, the viscosity and surface tension
of an unknown liquid condensate can be quantified
from the slope and intercept, respectively, of Eq. 1.
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FIGURE 2 Micropipette aspiration of dextran-
rich condensates. (a) lllustration of the micro-

40

pipette aspiration system: dark blue, sample;
light blue, water used for minimizing evapora-
tion; green, a pipette-aspirated condensate;
Pasp, aspiration pressure; R, pipette radius;
L,, aspiration length; R, radius of condensate
outside the pipette. H: mean curvature of the
liquid interface in the micropipette. (b) An

emulsion of PEG-dextran (upper) undergoes
bulk LLPS after creaming for 1 h (lower). Scale
bars, 20 um. (c) Aspiration pressure (upper)
and normalized aspiration length (lower) dur-
ing MPA. Gray lines: linear fits of the normal-
ized aspiration length for each pressure step.
(d) Pasp of each step plotted against the corre-
sponding shear rate (slopes of the gray lines
in c). (e) Viscosity determination by optical
dragging. Inset image: a trapped polystyrene
particle dragged at 5 um/s (arrow) in the
dextran-rich phase. Cross: trap-center. Scale
bars, 2 um. Linear fits: R* = 0.990 for (d) and

0.999 for (e).
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To calibrate M with liquids that are appropriate for
MPA (Fig. 1), we chose an ATPS composed of PEG
(8000 Da) and dextran (500,000 Da) (15,32,38). Under
a range of concentrations, mixtures of PEG and
dextran will phase separate into emulsions of micro-
meter-sized droplets (Fig. S1 a). Rhodamine-B was
included to identify the condensates microscopically.
This mixture produced a labeled emulsion that is sta-
ble on the timescale of MPA experiments (~10 min)
but undergoes bulk phase separation after 1-2 h
(Fig. 2 b).

With careful control of water evaporation (Fig. S2),
next we applied MPA to samples of limited volumes
(20-30 ul). Stepwise aspiration pressures were
applied to dextran-rich condensates, and the aspiration
length was found to change linearly under each pres-
sure step (Figs. 2 ¢ and S1 b). The resulting relation be-
tween the aspiration pressure and the condensate flow
(Fig. 2 d) agrees well with predictions from Eq. 1. The
slope dP,s,/dS = 37.0 + 0.7 Pa - s (n = 6; mean +
standard error of the mean for all values reported here-
in) represents the viscosity of the dextran-rich phase
multiplied by M (Eq. 1). We then directly measured
the viscosity by dragging an optically trapped particle
within the dextran-rich phase (Fig. 2 €). The measured
viscosity of the dextran-rich phase (74 + 4 mPa - s)
agreed with bulk viscometer measurements (Support-
ing materials and methods), giving M = 500 =+ 30, a
value that can be directly applied when quantifying
the viscosity of other liquid condensates via indepen-
dent MPA setups, provided AL,R,*/R.> << 1. Addition-

ally, the intercept from the P,g,-S relation corresponds
to a surface tension of 0.02 = 0.01 mN/m (Eq. 1), in
agreement with the literature (32,34).

Surface tension and viscosity of LAF-1 RGG condensates
quantified by MPA

LAF-1 is one of the first well-studied proteins that un-
dergoes LLPS, mediated mainly by its intrinsically
disordered N-terminal RGG domain (4,18,19,22,36).
The RGG domain consists of the first 168 residues of
LAF-1 and is especially rich in glycine and arginine
(39). We applied MPA to a tandem RGG domain that
robustly undergoes LLPS (Supporting materials and
methods; hereafter named RGG condensates) (36). Un-
like dextran-rich condensates, RGG condensates fully
wet the inner wall of the micropipette, requiring a nega-
tive (ejection) pressure P, to balance the capillary ef-
fect (Fig. 3 a; Video S1; H = —1/R;). Beyond P,, the
aspiration length changed linearly under each pressure
step (Fig. 3 b), indicating a lack of condensate elasticity
at the timescale we were probing (>1 s). After the
initial entry steps, the shear rate S increased linearly
with Pag, (Figs. 3 ¢, S3, and S4). The slope corre-
sponded to a viscosity of 1.62 + 0.18 Pa - s (n =
11). As expected from the wetting behavior, the inter-
cept of P4ep VS. S was negative, and the corresponding
surface tension was 0.159 = 0.010 mN/m (nh = 11).
The viscosity and surface tension measured through
MPA are in agreement with previous estimates for con-
densates of LAF-1 RGG using FRAP and condensate
fusion assays (39).
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FIGURE 3 MPA of RGG condensates. (a)
Left: transmitted light image of an RGG
condensate with a nearby micropipette. Right:
time-lapse fluorescent images of the RGG
condensate under three aspiration pressures:
—25 Pa (290-320 s), —175 Pa (320-340 s),
and —275 Pa (340-380 s). Dashed lines trace
the change of L. (b) Aspiration pressure (up-
per) and normalized aspiration length (lower)
during MPA. Dashed line: zero pressure. Gray
lines: linear fits of the normalized aspiration
length for each pressure step. (c) Pasp Of
each step plotted against the corresponding
shear rates for a free condensate (closed,
see a) and a condensate strongly adhered to
a glass pipette (open, inset image). Linear
g fits to the data are shown as black (slope:

§ 890 + 30 Pa - s, intercept: —184 + 7 Pa,
R> = 0982) and gray (slope: 830 =+
30 Pa - s, intercept: —192 + 4 Pa, R? =
0.976) lines, respectively. All scale bars,
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Compared with currently available methods for
condensate rheology and surface tension measure-
ments, MPA has significant advantages. First, many
proteins tend to wet and adsorb onto solid surfaces
(4,16,23,24,40). Although potentially mediating impor-
tant biological processes (15,16,40,41), this wetting
effect can introduce significant artifacts in measure-
ments that rely on the fusion kinetics or morphology
of condensates (12,23,24). In our experiments, adhe-
sion between RGG condensates and the glass
bottom dish can be prevented by coating the glass
with Pluronic F-127 (36). However, the same coating
procedure does not necessarily work for other protein
condensates or glass surfaces. To study the effect of
wetting in MPA measurements, we carried out experi-
ments to compare sedimented condensates that
were weakly attached to the bottom coverglass of a
coated dish (Fig. 3 a) with condensates that were
strongly adhered to a bare glass pipette (Fig. 3 ¢, inset;
n = 5). Adhesion to glass led to nonspherical conden-
sates outside the aspiration pipette (Videos S2 and
S3); however, P,s, vs. S relations measured under
these two different configurations were not signifi-
cantly different (Fig. 3 ¢; p = 0.83 for viscosity and
p = 0.45 for surface tension, Student's t-test). The
insensitivity of MPA to the wetting between conden-
sate and glass is expected from Eq. 1, for which the
contribution of R is negligible when |[R.'| << H, as
in our experiments. Additionally, fluorescent labeling
of the protein is not necessary for MPA as long as
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the condensate-buffer interfaces can be resolved
(Figs. S1 ¢ and S4; Video S3). For the same reasons,
MPA measurements are insensitive to photobleaching
and can be easily combined with fluorescence-based
studies (24,42). Finally, MPA does not require highly
specialized instrumentation or the incorporation parti-
cles to the condensate (8,18), further expanding the
applicability of this technique.

Estimation of RGG condensate properties through FRAP and
fusion assays

To confirm the accuracy of the surface tension and vis-
cosity of RGG condensates measured by MPA, we first
adopted an improved version of the condensate fusion
assay (23,24). Two optically trapped RGG condensates
were manipulated to encounter each other, and the
subsequent fusion process was recorded (Fig. 4, a
and b; n = 76 pairs). A linear relation was observed be-
tween the fusion time and the size of the condensates
(Fig. 4 c). The slope, which scales with the inverse
capillary velocity n/y, was 0.016 + 0.002 s/um, in
agreement with the MPA measurements (n/y = 0.010
+ 0.001 s/um).

We then used FRAP to estimate the viscosity of RGG
condensates. A circular region within RGG conden-
sates was photobleached, and the three-dimensional
diffusion coefficient (D = 0.018 um?/s) was calculated
based on the half-recovery time (Fig. 4 d, n = 42; Egs.
S7a and S8b) (22). Combined with an estimate of the
protein hydrodynamic radius, we obtained a viscosity
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FIGURE 4 Surface tension and viscosity of

RGG condensates estimated from condensate

fusion and FRAP. (a) (7-5): Illustration of the

condensate fusion experiment using dual-opti-

4 cal traps. (b) Fusion of two RGG condensates
+ (inset images) quantified as a decrease of the
overall aspect ratio to 1. The curve is an

exponential fit. (c) The fusion time of RGG

condensates versus the condensates' length.

A Gray and black circles are individual and
binned fusion experiments, respectively. Line:

T 5 5 10 weighted linear fit to the binned data (R? =

Length (um) 0.902). (d) FRAP measurements within RGG
condensates. Inset images show a represen-
tative experiment. Red dash represents the
fit to a model in which an immobile fraction
of the protein was allowed (Eq. S7a; R® =
0.995). Blue dash represents the fit to a model

LAF-1 in which all proteins were assumed to be mo-

o bile (Eq. S7b; R? = 0.966). (€) Zoom-in of Fig. 1,

PolyR with MPA-measured RGG condensate viscos-
...... [RGRGCs-dT40 ity (1.62 + 0.18 Pa - s) and surface tension

(0.159 + 0.010 mN/m) represented by the
0 magenta box. The range of viscosity and sur-

NPMT LAF-1 RG face tension estimated from FRAP and

condensate fusion are represented by the
dashed box. The horizontal red dashed line
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Time (s)

10 100 (n = 0.8 Pa - s) represents viscosity calcu-

Surface tension (mN/m) lated assuming the presence of immobile pro-

teins in a two-dimensional model (Eqgs. S7a
and S8a). The vertical red dashed line

represents surface tension calculated using n = 0.8 Pa - s and the upper bound of inverse capillary velocity (n/y = 0.018 s/um). The horizontal
blue dashed line (n = 3.6 Pa - s) represents viscosity calculated assuming the absence of immobile fraction in a three-dimensional model (Egs.
S7b and S8b). The vertical blue dashed line represents surface tension calculated using n = 3.6 Pa - s and the lower bound of inverse capillary
velocity (n/y = 0.014 s/um). All error bars are mean + standard error of the mean; all scale bars represent 10 um.

of 1.8 Pa - s, comparable with the MPA result. We
noticed that viscosity values between 0.8 and 3.6 Pa
- s can be extracted from FRAP, depending on the
extract model of choice (Fig. 4 e). The agreement
between FRAP- and MPA-based viscosity measure-
ments on the same RGG condensates independently
confirmed that our calibrated M value (500 + 30) is ac-
curate within a factor of 2.

Discussion

In this study, we only explored condensates that
behave as Newtonian fluids at the timescale of our
MPA measurements (>1 s). We demonstrated that
MPA can be applied to simultaneously quantify the
surface tension and viscosity of RGG condensates.
However, several other biomolecule condensates are
known to be viscoelastic or gel-like (8,10,20). When
applying stepwise changes in aspiration pressure
to viscoelastic condensates, immediate elastic re-
sponses followed by nonlinear creep compliances in
the aspiration length would be expected (43). Although
these were not observed on either dextran-rich (Fig. 2 ¢)
or RGG condensates (Fig. 3 b), it is highly probable that
condensates made of complex multidomain proteins

can exhibit prominent viscoelastic features. General-
ized viscoelastic models will need to be evoked to fit
the time-dependent aspiration lengths when applying
our MPA protocol to viscoelastic condensates. Specif-
ically, this involves replacing the linear fitting to the
aspiration length (such as in the lower panels of Figs.
2 ¢ and 3 b) with exponential or power-law fittings
(44). It is also possible to apply a sinusoidally oscil-
lating pressure to an aspirated condensate, for which
the phase delay in the response of aspiration length
will inform the condensate's frequency-dependent
viscoelasticity (20,45). Because of the inertia of the
aspiration system, it is challenging to operate MPA
faster than 10 Hz. However, it is currently unclear
whether the high-frequency elastic response of biomol-
ecular condensates would have direct biological rele-
vance.

RGG condensates fuse quickly (inverse capillary ve-
locity ~0.01 s/um) with >90% of the constituting pro-
teins moving freely, consistent with their liquid
behavior during MPA. However, many biomolecular
condensates can take more than 100 s to fuse
(15,46) while exhibiting small fractions (<50%) of mo-
bile proteins (3,10,47). In the latter cases, MPA mea-
surements will be essential to clarify confusion
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around the condensates' material properties. For
example, in a “gel-like” multicomponent condensate
(10), viscoelastic properties of the condensate can be
measured by MPA without necessarily knowing its mo-
lecular constituents, in contrast with assays based on
fluorescent labeling.

The unambiguous quantification of RGG conden-
sates through MPA further iterates the contrasting ma-
terial properties of biomolecular condensates and oil
droplets (Fig. 1). For example, mineral oil has a surface
tension 300-fold higher than that of RGG condensates,
whereas its viscosity is more than 200-fold lower. The
cause of this drastic difference between biomolecular
condensates and oil droplets has not been studied in
detail. However, it is conceivable that the large size
of biopolymers compared with those of typical oil mol-
ecules plays a role in determining both viscosity and
surface tension (17). The difference can also arise
from intermolecular interactions. For example, the
strong hydrophobicity of oil-like molecules contributes
to their high (10 mN/m) surface tensions, whereas bio-
polymers often tend to form hydrogen bonds with wa-
ter (48).

The contrast between biomolecular condensates
and oil droplets can affect scientists' intuition about
phase separation in biology; the known capillary veloc-
ities for biomolecular condensates have a median
value of 1 um/s, with several examples below 0.01
um/s (Fig. 4 e). These capillary velocities correspond
to a complete fusion between micron-sized conden-
sates in seconds to minutes. These fusion rates can
leave a strong impression of liquid-like condensates
when observed under a microscope. However, the
liquid behavior becomes nonintuitive when these
micron-sized condensates are scaled to the macro-
scopic world. For example, under a capillary velocity
of 0.01-1 um/s, it will take hours to weeks for droplets
of centimeter size to fuse together, a rate at which the
liquidity of the droplets may become debatable (49).

In our protein condensates, the helicase domain and
disordered C-terminal prion-like domain of the full
length LAF-1 were replaced by a second copy of the
N-terminal RGG domain (36). Comparing our measure-
ments of RGG condensates and literature reports on
LAF-1 condensates (18), the viscosity of RGG conden-
sates is more than 10-fold smaller than that of LAF-1
condensates, whereas their surface tensions are com-
parable (Fig. 4 e). These results point to a potential role
of the helicase and C-terminal domains in uniquely con-
trolling the viscosity of LAF-1 condensates. More
generally, surface tension and viscosity are tunable
through intermolecular interactions. Thus, a future di-
rection will be to systematically dissect how protein
sequence and biochemical environment affect the ma-
terial properties of biomolecular condensates (50).

6 Biophysical Reports 7, 100011, September 8, 2021

Importantly, by carefully implementing a whole-cell
patch-clamp configuration (51), the demonstrated
MPA protocol could be applied to study large (>2 um
in diameter) cytosolic biomolecular condensates
in vivo. MPA setups are readily available in electrophys-
iology and biomechanics labs, making it easily
adaptable for studying the material properties of bio-
molecular condensates in the broader biological and
chemical communities.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.
bpr.2021.100011.
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