
RESEARCH ARTICLE
www.small-journal.com

Triblock Proteins with Weakly Dimerizing Terminal Blocks
and an Intrinsically Disordered Region for Rational Design
of Condensate Properties

Dmitrii Fedorov, Nelmary Roas-Escalona, Dmitry Tolmachev, Adam L. Harmat,
Alberto Scacchi, Maria Sammalkorpi, A. Sesilja Aranko, and Markus B. Linder*

Condensates are molecular assemblies that are formed through liquid–liquid
phase separation and play important roles in many biological processes. The
rational design of condensate formation and their properties is central to
applications, such as biosynthetic materials, synthetic biology, and for
understanding cell biology. Protein engineering is used to make a triblock
structure with varying terminal blocks of folded proteins on both sides of an
intrinsically disordered mid-region. Dissociation constants are determined in
the range of micromolar to millimolar for a set of proteins suitable for use as
terminal blocks. Varying the weak dimerization of terminal blocks leads to an
adjustable tendency for condensate formation while keeping the intrinsically
disordered region constant. The dissociation constants of the terminal
domains correlate directly with the tendency to undergo liquid–liquid phase
separation. Differences in physical properties, such as diffusion rate are not
directly correlated with the strength of dimerization but can be understood
from the properties and interplay of the constituent blocks. The work
demonstrates the importance of weak interactions in condensate formation
and shows a principle for protein design that will help in fabricating functional
condensates in a predictable and rational way.

1. Introduction

Liquid–liquid phase separation (LLPS) is widespread in
biology.[1,2] In LLPS, typically a protein- or RNA/DNA- con-
taining liquid, spontaneously separates into a dense and dilute
phase.[3] The dense phase is observed as liquid-like droplets. The
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droplets are often called condensates or
coacervates, with the former prevailing in
the context of cell biology.[4,5] For synthetic
biology, for probing cellular biology, and bi-
ological materials engineering, it is central
that we have tools and understanding for a
rational design of condensates.[6,7]

LLPS is an intermediate step in the
assembly of biological materials such as
has been described for in squid beaks,[8]

mollusk adhesives and shells,[9,10] and
for protein fiber formation.[11,12] Conden-
sates function as intermediate states that
can undergo further changes into amy-
loids, gels, fibers, or aggregates.[8,12–14] In
cells— particularly in eukaryotic ones—
LLPS plays an important role by form-
ing membrane-less organelles that have
roles in, for example, RNA processing,
stress response, and development.[15–19]

A key feature of LLPS is that the
configurational entropy of participating
polymers decreases—order increases—
within the dense phase.[20] For materials
formation, LLPS is therefore interesting

because condensates form an intermediate stage toward the final
structure. It follows that many engineered molecular structures
that undergo LLPS are attracting much interest for new bioengi-
neered materials, food technology, drug delivery, and analytical
techniques.[21–26]
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In synthetic biology and for molecularly engineered biological
materials it is important to be able to structurally design con-
densates for specific properties.[6] Therefore, much effort has
been put into engineering macromolecular features and inter-
actions involved. Intrinsically disordered regions (IDRs) in pro-
teins have been widely found to affect LLPS. IDRs are highly
repetitive, flexible, and lack a defined 3D structure. Their amino
acid composition can vary widely, giving rise to a range of in-
teractions involving charge, 𝜋-stacking, hydrogen bonding, and
hydrophobicity.[27–30] LLPS is therefore sensitive to conditions
such as temperature, pH, and salt screening.[31,32] The individual
interactions are weak, and are described in the terminology of
polymer science as “sticker-interactions”.[33] Properties depend
on the cooperativity of these repetitive stickers. A successful ap-
proach to adjusting condensate properties has been to tune the
strength of their IDR – interactions.[34] The overall architecture
of proteins plays a large role. A commonly observed arrange-
ment is that a flexible IDR sequence is linked to a folded protein
like a tail. The chain length of IDRs affects properties.[35] Folded
proteins can be oligomerizing, resulting in multivalent struc-
tures capable of cross-linking and cooperativity.[36] One strategy
for condensate engineering involved the construction of multi-
valent architectures using interacting domains with high affini-
ties ranging from 10−6 to 10-11 m.[37] Conditions for LLPS of-
ten involve high concentrations of cosolutes. The presence of
other macromolecules affects condensate formation by, for ex-
ample, competing weak interactions and crowding. Interfacial
tensions of condensates are low—in the range of μNm−1—
but in many ways play an important role in the properties of
condensates.

In this study, we explore how weak interactions between
folded proteins in combination with IDRs can be used for ra-
tional molecular engineering of condensates. We experimen-
tally explore design principles for the overall architecture of en-
gineered proteins to undergo LLPS. We have noted that pro-
teins undergoing LLPS and engineered versions of them are af-
fected strongly by the presence of terminal domains that have
individually folding structures.[38,39] We took the triblock archi-
tecture found in these proteins as a model and designed pro-
teins with varying functionalities as terminal blocks (Figure 1).
As the midblock, we used the IDR sequence from the ADF3
dragline silk of the spider Araneus diadematus.[40] In ADF3 the re-
peats contain stretches of on average six alanine residues flanked
by longer stretches rich in glutamine. The alanine stretches
form hydrophobic sticker- interactions between chains.[12] The
ADF3 sequence contained 12 repeats and was kept the same
in all variants. As terminal blocks, we chose functionally un-
related domains. These had similar folds and sizes and based
on preliminary analyses could represent a range of different
dimerization affinities, starting from ultra-weak to medium
strength.

2. Results and Discussion

2.1. Protein Architecture

We engineered proteins with a triblock architecture consist-
ing of an IDR-midblock which was capped at both termini by
two globular proteins serving as terminal blocks (Figure 1a–c;

Table S1, Supporting Information). The IDR-midblock was con-
stant in all variants and consisted of a 542-amino acid long
part of the native ADF3 spidroin. The globular terminal blocks
were: A cellulose binding module from the Clostridium thermo-
cellum cellulosome[41] (CBM), SpyCatcher002[42] (SC), human fi-
bronectin III domain 10 [43] (FN), and human 𝛾D-crystallin[44]

(Crys). The terminal blocks were also expressed as individ-
ual proteins to determine their properties. All four terminal
block proteins have approximately the same size and are struc-
turally similar (Figure S1, Supporting Information). All pro-
teins were produced in Escherichia coli and purified by affinity
chromatography.

2.2. Quantification of Dimerization for Terminal Blocks

We initially determined the strength of dimerization, that is,
binding affinity, of the isolated terminal blocks using the dis-
sociation constants (Kd) determined by analytical ultracentrifu-
gation (AUC). We verified the Kd for CBM dimerization to be
90 μm as previously reported.[45] We performed sedimentation
velocity experiments and collected the sedimentation profiles of
SC, FN, and Crys at multiple protein concentrations. Initial anal-
ysis was performed by the van Holde–Weischet (vHW) method
(Figure 1d). Both FN and Crys displayed a shift toward higher
sedimentation coefficients with an increase in protein concen-
tration. This shift of the distribution to a higher sedimenta-
tion coefficient together with the shape of the curves in turn
represents the formation of oligomers. SC, however, did not
display any signs of self-association even at a concentration of
0.5 mm.

We selected appropriate methods for data analysis based
on the vHW analysis.[45] For SC we used the 2DSA method
(Figure S2, Supporting Information). For FN, we used the C(s)
method in combination with fitting a binding isotherm us-
ing weight-average sedimentation coefficients, giving a Kd of
2300 μm (Figure S3, Supporting Information). For Crys a Kd of
2.8 μm was calculated by a global fit of sedimentation equilib-
rium data (Figure S4, Supporting Information). Crys data were
also analyzed by the ls*-g(s) method.[46] The range of Kd val-
ues for the terminal domains spans several orders of magnitude
(Table 1).

2.3. Impact of Terminal Blocks on the Tendency of Triblock
Proteins to Undergo LLPS

LLPS was determined by observing the formation of condensate
droplets using a light microscope. We used the amount of crowd-
ing agent required for LLPS as a measure of the propensity to un-
dergo condensation.[47,48] Condensation was observed also with-
out crowding, but at higher protein concentrations. The crowd-
ing agent Dextran 500 was chosen since does not interact with
silk proteins.[49] The solution contained 100 mm NaCl. Multiple
combinations of dextran and protein at different concentrations
were used to map the tendency of each variant to undergo LLPS
(Figure 2).

The four proteins showed differences in their tendencies to
undergo LLPS. Crys-ADF3-Crys had the strongest tendency and
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Figure 1. a) Schematic representation of the four variants of the ADF3 with different terminal blocks. Proteins and linkers are not drawn to scale.
b) The silk IDR exhibits weak sticker interactions and the terminal blocks dimerization interactions. c) The terminal blocks are similar in size but differ in
their surface charges. The range of electrostatic surface potential is shown from −5kBT/e (red color) to +5kBT/e (blue color). d) AUC data. Van Holde–
Weischet distribution of the four terminal blocks at different protein concentrations: CBM in concentration range from 3 (violet circles) to 267 μM (red
crosses); Crys: 0.4 μm – violet circles, 1 μm – blue triangles, and 2.4 μm – cyan squares; FN in concentration range from 126 μm (violet circles) to
2.3 mM (red crosses); SC from 7 μM (violet circles) to 450 μM (red crosses). The shifts in curve positions show that all proteins except SC show a
concentration-dependent association.

underwent LLPS at dextran concentrations already 30 gL−1 across
the whole studied protein concentration range. Microscope im-
ages of condensate droplets in the different regions are shown
in Figure S5a–d (Supporting Information). The tendency be-
came then weaker in the order, CBM-ADF3-CBM, FN-ADF3-

FN, and SC-ADF3-SC (Figure 2e). The tendency to undergo
LLPS correlated directly with the Kd values of the terminal do-
mains. The protein and dextran concentration needed for LLPS
increased in the order of decreasing terminal domain interac-
tions. One interpretation of the results is that terminal domain

Table 1. Physical properties of the triblock protein variants and their condensates.

Protein Kd of terminal block,
[μM]

Diffusion coefficient,
[μm2s−1]

Inverse capillary velocity,
[sμm−1]

Surface tension,
[μNm−1]

SC-ADF3-SC Not measurablea) 0.19 ± 0.02 0.0260 ± 0.0018 234 ± 84

FN-ADF3-FN 2300 1.01 ± 0.12 0.0038 ± 0.0011 284 ± 32

CBM-ADF3-CBM 90 0.27 ± 0.04 0.0072 ± 0.0016 213 ± 144

Crys-ADF3-Crys 2.8 0.51 ± 0.40 0.0053 ± 0.0011 162 ± 78
a)

No dimers were detected even at the highest concentration of 0.5 mm.
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Figure 2. Mapping the tendency of the four terminal block variants to undergo LLPS. The lower the minimal concentration of dextran resulting in LLPS,
the higher the propensity for LLPS. Open symbols indicate no LLPS, filled symbols show LLPS. Colored regions serve as a guideline – LLPS was observed
inside the area and was not observed outside. a) Crys-ADF3-Crys — blue circles. b) CBM-ADF3-CBM — green squares. c) FN-ADF3-FN — red triangles.
d) SC-ADF3-SC —orange diamonds. e) Overlap of phase diagrams highlights the ranking of the variants in terms of the tendency to undergo LLPS.

dimerization effectively increases the chain length of the pro-
tein, leading to a higher degree of entanglement and/or
interactions.[34,35] A similar prediction has been made for systems
of globular proteins.[50] Terminal domain dimerization can also
enhance colocalization and therefore increase the weak sticker
interactions of the IDR.[51] To qualitatively understand the ar-
gument, we can calculate the fraction of terminal domains that
would be in dimer form at a particular concentration. Using for
example a concentration of 100 μm which is in the mid-range of
protein concentration used as shown in Figure 2 — we can cal-
culate the fraction of proteins in dimer form: Crys 95%, CBM
50%, FN 4%, and SC 0%. Inside the condensates, the fraction
of proteins in dimer form will be larger as concentrations are
higher. These Kd-values in the range of millimolar to micromo-
lar are therefore in a range relevant for condensation. If interac-
tions were stronger, above that of Crys, the fraction of molecules
in contact at 100 μm or higher would not increase markedly as

the effect of increasing it further from 95% would not be very
significant.

2.4. Differences in the Terminal Domains Affect the Physical
Properties of the Condensates

To understand further correlations between terminal domains
and LLPS, we continued to study the physical properties of the
condensates. As a robust technique to probe both viscosity and
surface tension, we determined inverse capillary velocities (ICV)
for all variants (Figure 3a,b and Table 1). The ICV values were
calculated from video recordings of condensate fusion events
(Figure 3a). The value of ICV corresponds to the ratio of viscos-
ity to surface tension (𝜂/𝛾).[52] Low viscosity (𝜂) and high surface
tension (𝛾) lead to rapid droplet fusion (low slope) while high 𝜂

and low 𝛾 lead to slow fusion (steep slope).
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Figure 3. a) Data points for inverse capillary velocity (ICV) calculations were obtained by analyzing video recordings of droplet coalescence. b) The
ICV values for the variants correspond to the slopes of the solid lines. The ratio 1/D𝛾 obtained from independently measured values for the diffusion
coefficient and surface tension data is shown as dashed lines. Symbols are explained in (c) and (d). c) Diffusion coefficients obtained from FRAP
experiments. d) Surface tension values obtained by colloidal probe AFM measurements.

To better understand the results, we used fluorescence re-
covery after photobleaching (FRAP) to measure the diffusion
of molecules inside the coacervates. Diffusion coefficients (D)
were calculated based on the recovery profiles (Figure 3c, Table 1;
Figure S6, Supporting Information). Diffusion coefficients were
distinctly different between variants. FN-ADF3-FN was clearly
the most rapidly diffusing while SC-ADF-SC was the slowest dif-
fusing one. We used the technique of capillary bridging in col-
loidal probe AFM to measure the surface tension of the coacer-
vate droplets (Figure 3d; Figure S7, Supporting Information).

Because diffusion is inversely proportional to viscosity based
on the Stokes–Einstein equation[53] we approximated ICV by cal-
culating 1/D𝛾 using FRAP and AFM data (Figure 3b, dashed
lines). The relative order of 1/D𝛾 and ICV (𝜂/𝛾) was the same
by both methods, verifying independently the relative ranking
in capillary velocities. The difference in absolute values can be
expected in this approximation. First, the calculation of ICV in-
cludes some arbitrary choices in determining the a and b axis in
the enclosing ellipse (Figure 3a) and the calculations do not con-
sider the viscosity of the surrounding medium. Second, using
the Stokes–Einstein equation for comparing protein variants we
would also need to assume that the effective size of the protein
would be the same—which they necessarily are not. It is interest-

ing to note that the largest deviations in the comparison are for
Crys-ADF3-Crys and CBM-ADF3-CBM which have the strongest
dimerization propensity and therefore expected to have a com-
parably larger effective size. Not taking this into account would
overestimate the slope in accordance with what is observed.

A clear correlation between Kd-values of terminal blocks and
diffusion rate and surface tension is not observed. Elsewhere
it has been widely described that the viscosity of dense pro-
tein solutions rises from the complex interplay of different fac-
tors, but it does show some general trends where attractions,
repulsions, and geometry are important.[54–57] For FN-ADF3-FN
and SC-ADF3-SC, their response to variations of salt gives some
insight (Figure 4). The above experiments were performed in
100 mm NaCl in order to screen electrostatic interactions. The
presence of salt and thereby screening of electrostatic interac-
tions is required for reliable Kd-values by AUC since otherwise,
the resulting nonidealities lead to inconclusive results.[58] The
charge of SC is −10e, while FN has zero net charge, but it has
a structure that forms a significant electric dipole (Figure 1c). We
further tested salt-free conditions for LLPS and found that SC-
ADF3-SC did not undergo LLPS at any of the protein concentra-
tions tested, but with the added NaCl LLPS was achieved. Elec-
trostatic repulsion between SC-blocks without salt and screening
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Figure 4. Schematic representation of how the presence of salt affects LLPS and molecular diffusion. Red arrows indicate repulsion and blue indicates
attraction. a) In a salt-free solution SC-ADF3-SC did not undergo LLPS. The strong negative charge of SC can cause strong electrostatic repulsion.
b) Adding 100 mm NaCl screens the electrostatic repulsion and leads to LLPS at high concentrations of the crowding agent. c) In a salt-free solution
FN-ADF3-FN readily underwent LLPS at low concentrations of crowding agent. d) Adding 100 mm NaCl reduced the tendency of FN-ADF3-FN to undergo
LLPS markedly. Since FN has a distinct dipolar charge distribution, the reduced tendency of LLPS can be understood by screening the dipolar charge
interactions by NaCl.

of the repulsion with salt explains this behavior (Figure 4a,b).[59]

The attractions between the mid-IDR block must therefore be
driving the LLPS of SC-ADF3-SC. In general, the viscosity of
protein solutions with internal repulsions coupled with attrac-
tive clustering is expected to be particularly high, as these con-
ditions lead to reduced protein mobility.[60,61] SC-ADF3-SC at
100 mm NaCl represents such a condition (Figure 4b), since the
negative charge of SC is still expected to result in internal repul-
sion, and the observed LLPS is mediated by the multivalent IDR-
interactions of ADF3.

FN-ADF3-FN showed an opposite response to electrostatic
screening by NaCl compared to SC-ADF3-SC. NaCl decreased the
tendency of FN-ADF3-FN to undergo LLPS, compared to the non-
screening (no NaCl) condition (Figure 4c,d; Figure S8, Support-
ing Information). If FN blocks interact by dipolar charge inter-
actions, their interactions are expected to be stronger when elec-
trostatics are not screened than if they are. This is what was ob-
served. We measured the diffusivity of FN-ADF3-FN in salt-free
conditions giving a value of 0.2 μm2 s−1 (Figure S9, Supporting
Information). This value is much lower than that at 100 mm NaCl
(≈1 μm2 s-1). It has been shown that proteins forming coupled
interactions have increased viscosity.[62] The increased dipolar in-

teractions when charges are not screened are therefore expected
to show lower diffusion compared to when the dipolar interac-
tions are weaker with NaCl present. The particularly high dif-
fusion of FN-ADF3-FN would therefore be a result of the rela-
tively weak—but still attractive—terminal block interactions. The
differences in diffusion observed here thus follow what is gen-
erally known for dense protein solutions. The absolute mag-
nitudes are difficult to predict but electrostatic repulsions or
attractions — as well as the anisotropy of these— are highly
important, as are cluster formations and interactions leading to
chain-like assemblies.[63] The involvement of both terminal block
and IDR interactions makes this interplay between parts highly
complex. The Crys and CBM variants did not show marked ef-
fects by changes between conditions when charges were screened
or not. They showed low to intermediate diffusion values, agree-
ing with their rather strong terminal block affinities leading to
the coupling between molecules.

3. Conclusion

The triblock approach keeping a constant IDR segment and
weakly interacting terminal blocks in this study was driven by
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the idea that LLPS is a key step toward biological materials
formation.[12] Often the multiple weak sticker interactions of
IDRs will be central for forming the materials properties. For
example when the aim is to make materials such as adhesives
or silks, where properties are based on specific features of the
IDR regions.[11] In silk, the alanine stretches of IDRs are crit-
ical for functions as they show a subsequent switch from 𝛼-
helices to 𝛽-sheets which play an important role for materials
properties.[23] With this work, we propose that a triblock ap-
proach is a useful strategy to controllably tune condensation and
the initial properties of condensates. As the properties of the
IDR-containing condensates can be tuned, it allows for select-
ing assembly conditions, which can be used to design suitable
technical processing conditions. This will allow for more feasi-
ble routes for biomimetic materials than available for the na-
tive molecule designs, as the native designs could require us
to follow the natural—and technically unfeasible— biological
conditions.

We found that dimerization constants (Kd) of terminal do-
mains correlated logically with the propensity for condensa-
tion. Terminal domain affinity can bring colocalization which
in turn can enable weak sticker interactions between IDRs.[51]

However, alone the affinity of terminal domains alone is insuf-
ficient to predict the properties of condensates. For diffusion
rates, we found that the nature of the interactions between ter-
minal domains—especially if the interactions were electrostatic
and their charge distribution[56]—strongly affect properties. Ter-
minal domain characteristics can provide an opportunity to engi-
neer diffusivity—and by extension viscosity—but effects can be
difficult to predict because the underlying mechanisms are com-
plex. However, a systematic approach in which well-characterized
terminal domains are used could allow engineering a predictable
behavior for condensates.

In particular, the conclusion of this work is the need to un-
derstand the nature of very weak interactions between proteins.
Methods for studying and understanding weak interactions —
such as AUC— will be important. A toolbox of weakly interact-
ing protein terminal blocks could be further developed and ex-
plored together with IDRs for a rational approach toward engi-
neered LLPS systems for diverse protein materials and wider use
in biomolecular science.

4. Experimental Section
Recombinant Protein Expression: All constructs were cloned into pEt28-

vectors as fusion proteins with His-tags to allow purification by affinity
chromatography. Cloning of constructs coding for CBM, [12] CBM-ADF3-
CBM, [12] and SC-ADF3-SC[35] had been reported before. To construct the
plasmids coding for FN, Crys, SC, Crys-ADF3-Crys, and FN-ADF3-FN, the
sequences coding for the terminal domains and the middle fragment were
ordered as synthetic genes followed by assembly into pEt28-vectors to re-
sult in desired architectures. The protein sequences for all constructs are
shown in Table S1 (Supporting Information). All proteins were recombi-
nantly expressed using E. coli strain BL21 (DE3) (ThermoFisher Scientific)
and MagicMedia (ThermoFisher Scientific) expression medium follow-
ing the manufacturer’s instruction. Cell lysis was performed with a high-
pressure homogenizer EmulsiFlex. Protein purification was performed by
immobilized metal affinity chromatography (IMAC). An ÄKTA-Pure liquid
chromatography system (GE Healthcare Life Sciences) with a 5 mL His-
Trap column was used for IMAC of the supernatant. Proteins were trans-

ferred into water or 100 mm NaCl for subsequent experiments by gel fil-
tration. All proteins contain a 6xHis-tag in the C-terminus. The amino acid
sequences are shown in Table S1 (Supporting Information).

Analytical Ultracentrifugation: Sedimentation experiments were con-
ducted using a Beckman Coulter Optima analytical ultracentrifuge using
the An-60 Ti rotor and standard 12 mm Epon centerpieces in all experi-
ments. All measurements were performed at a temperature of 20 °C. Sed-
imentation velocity experiments were used to study both FN and SC. SC
was measured in absorbance mode at the following concentrations and
wavelengths: 7 μm at 280 nm and 75, 300, and 450 μm at 300 nm. The
rotor speed was 60 000 RPM. FN was studied at 126 μm concentration
in absorbance mode and in 436–2.34 mm concentration range in inter-
ference mode. The rotor speed in experiments with FN was 50 000 RPM.
Data analysis was carried out by Sedfit and Ultrascan.[64,65] In the Crys
sedimentation equilibrium experiments, measurements were performed
at three rotor speeds: 27 000, 35 000, and 42 000 RPM with three loading
concentrations: 0.5, 1, 2 μm. The experiments were made in absorbance
mode at 230 nm. Data were analyzed by Sedphat.[66] GUSSI[67] visual-
ization software was used for data obtained in Sedfit and Sedphat. Other
details of experimental design and data analysis procedures were as pub-
lished previously.[45]

Fluorescence Recovery After Photobleaching: FRAP imaging was per-
formed using a Leica TSC SP5 confocal microscope and a 63 × 1.2 NA
water objective as previously described.[49] An argon laser (488 nm) and
a 488/561 dichroic beam splitter were used. The triblock proteins were la-
beled with Oregon Green 488 dye (ThermoFisher Scientific) according to
the manufacturer’s protocol. All samples were additionally flushed with
MQ water using Vivaspin 6 centrifugal concentrator tubes to remove un-
bound dye molecules. Samples for FRAP were prepared by mixing dextran
and protein to have a final concentration of a sample of 15 gL−1 protein
and 10% dextran. Data treatment was made by LAS X software (Leica). Dif-
fusion coefficients (D) were calculated in MatLab according to the Equa-
tion (1).[68]

I (t) = I0 ⋅

(
1 −

√
w2

w2 + 4𝜋Dt

)
(1)

where I(t) is intensity as a function of time, I0 is the plateau intensity, w
is the diameter of the bleached area, and t is the time after bleaching.
CD spectroscopy is used to verify that the labeling reaction did not affect
protein structures (Figure S10, Supporting Information).

LLPS Analysis: CBM-ADF3-CBM, SC-ADF3-SC, Crys-ADF3-Crys, and
FN-ADF3-FN protein samples were mixed with dextran 500 at different
concentrations in 100 mm NaCl or water. Both dextran and protein sam-
ples were diluted beforehand to provide a 1:1 dextran-to-protein ratio in
the final mixture. A Zeiss Axio Vert A1 optical microscope was used to in-
spect the protein solution for condensate presence.

Inverse Capillary Velocity: Protein samples were mixed with dextran 500
in 100 mm NaCl buffer. The final concentration of dextran was 10%. The
concentration of proteins was chosen to provide multiple and big enough
coacervates. Microscope imaging was performed by Zeiss Axio Vert A1 in-
verted optical microscope. Events of droplets coalescence were recorded
for further shape analysis. Shape analysis was performed essentially as
previously described.[16] Fusing droplets were approximated by an ellipse
where the long axis was the maximum distance between the borders of
droplets. The short axis was calculated from the long axis and volume of an
ellipse. The volume of the ellipse assumes that volume was constant dur-
ing coalescence and equal to the sum of volumes of fusing droplets. Vol-
umes of fusing droplets were calculated assuming that they were spheres.
Radiuses of spheres and distances between droplets borders were directly
obtained from ZEN microscope software. Graphs of aspect ratio versus
time were approximated to determine characteristic relaxation time by
Equation (2):

A.R. (t) = 1 + (A.R.0 − 1) ⋅ e−
t
𝜏 (2)
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where A.R. =
llong

lshort
is the aspect ratio, llong is the long axis of the ellipse,

lshort is the short axis of the ellipse, A.R.0 is the aspect ratio right before
coalescence, t is the time from the beginning of coalescence, and 𝜏 is the
characteristic relaxation time.

Plots of characteristic relaxation time (𝜏) versus characteristic length
(l) were fit to Equation (3):

𝜏

l
= 𝜂

𝛾
or 𝜏 = 𝜂

𝛾
⋅ l (3)

where, 𝜂 is the viscosity, and 𝛾 is the surface tension. The
characteristic length was calculated as a geometric mean

l =
√

(llong, 0 − lshort, 0) ⋅ lshort, 0, where llong,0 and lshort,0 – axis be-

fore coalescence. The fit determines the ICV 𝜂

𝛾
. All fitting procedures were

made using Origin software.
Surface Tension Measurements by AFM: The interfacial energy was de-

termined using a colloidal probe atomic force microscopy (CP-AFM) from
spectroscopy experiments. Solutions containing condensates were pre-
pared by mixing 60 gL−1 of dextran, and 100 mm NaCl with 5–10 gL−1 of
the triblock proteins. A glass sphere probe (CP-qp-CONT-BSG, D≈5 μm)
was used to measure the asymmetric adhesion of coacervates, which pre-
bound firmly to mica and bound temporarily to the AFM tip surface during
measurement. The force curves were measured at a rate of 4 Hz and cali-
brated spring constant between 0.06 and 0.15 Nm−1. JPKSPM data analy-
sis software and Origin 2020 software (OriginLab Corporation) were used
to analyze and process the force curves. The force curves were taken on
coacervates with 20–30 repetitions at 10 s of contact time. This contact
time was considered long enough to form the capillary bridge between the
coacervate and the glass probe. The interfacial tension was calculated from
capillary adhesion force at zero separation, which was valid close to satu-
ration. The capillary forces measured in the CP-AFM setup for this system
do not show signs of hysteresis. The hysteresis-free nature of the force–
distance measurements allowed to use equilibrium thermodynamics to
analyze the results. Then by following the method of Sprakel et al.,[69,70]

when the capillary bridge was near its binodal concentration, meaning that
saturation conditions apply, the attractive force, extrapolated to zero sep-
aration, follows the equation: lim

𝜇→𝜇∗
Fh= 0 = −2𝜋R𝛾 cos(𝜃). Where R is the

radius of the spherical probe, 𝜃 is the contact angle at the three-phase con-
tact line. Then, the above extrapolation was carried out by plotting all the
force curves simultaneously for each coacervate and using the region of
attractive force to extrapolate linearly to zero separation, using MatLab.
Data are presented as mean ± s.d. (standard deviation). The value of s.d.
was obtained from the data of four condensate droplets × 25 force curves.
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