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Interfacial tension of biomolecular condensates
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Abstract. Biomolecular condensates, as membraneless organelles formed through liquid-liquid phase separation, play critical roles
in cellular spatiotemporal organization and functional regulation. This review focuses on their interfacial tension, a core
physicochemical parameter, and systematically elucidates its thermodynamic foundations, measurement methods, and regulatory
mechanisms on condensate stability. Based on the Flory-Huggins model, it reveals the driving role of interfacial tension in
condensate formation, coarsening, multiphase assembly, and interactions with cellular structures. Various in vitro and in situ
measurement techniques, including optical tweezers-induced fusion, micropipette aspiration, and condensate shape analysis, are
reviewed, along with comparisons of interfacial properties between biomolecular condensates and traditional oil-water systems.
Additionally, recent advances in modulating interfacial tension to enhance condensate stability using intrinsically disordered protein
as Pickering stabilizers and amphiphilic block copolymers are discussed. These studies not only deepen the understanding of the
physicochemical mechanisms underlying cellular compartmentalization but also provide potential new strategies for treating diseases
associated with aberrant phase separation, such as neurodegenerative disorders and cancers.
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Fig.1 Critical conditions for biomolecular condensate formation and its coarsening mechanism: (a) Flory-Huggins free energy

curve and phase behavior, when the system is in the shaded region above the critical point ( black asterisk) , it enters the
two-phase region: polymer-rich phase ( green) and solvent-rich phase (blue). (b) Critical conditions for condensate

formation, the critical size of condensate (R” ) is determined by the free energy density difference (Af ) and the interfacial
tension () between the condensed phase and the ambient phase. (¢) Coarsening mechanisms of condensates, coalescence
and Ostwald ripening. Due to higher capillary pressure, small-sized condensates dissolve and molecules diffuse toward larger
condensates' "
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Fig.2  Microscopic mechanism of condensate interfacial tension and interfacial interactions between condensates and different

substrates: (a) at the microscopic level, interfacial tension represents the energy cost for molecules to detach from the bulk
phase and enter the interface; at the macroscopic level, interfacial tension manifests as the tension per unit length of the
interface. (b) Mechanical equilibrium of condensate wetting on solid surfaces. Rigid substrates exhibit wetting states
determined by the contact angle () ; the deformation of an elastic substrate is determined by the capillary torque (2mwyR*)
and the membrane bending stiffness («). (c) Self-organization of multiphase condensates induced by differences in

interfacial tension between condensates, side-by-side (left), core-shell ( middle), and partial wetting (right) assembly

structures! '
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Methods for measuring interfacial tension of biomolecular condensates: (a—c) optical tweezers—induced condensate fusion
technique ( (a) schematic of dual optical tweezers controlling condensate fusion; (b) dynamic monitoring of the condensate
fusion process (inset shows time-series microscopic images, scale bar is 10 um); (c) relationship between characteristic
length and fusion time, reflecting fusion dynamics dependent on viscosity and interfacial tension ( the slope of the fitted curve
represents the ratio of the two) ). (d-f) Passive microrheology with optical tweezers (pMOT) ((d) schematic of
optical trapping and displacement monitoring of probe microbeads in condensates; (e) trajectory of probe microbead
Brownian motion; (f) normalized position autocorrelation function to obtain the elastic modulus ( G’) and viscous modulus
(G") of the condensate) ™). (g-h) Micropipette aspiration-patch clamp ( MAPAC) technique ((g) schematic of
MAPAC; (h) dynamic changes of characteristic length with stepwise aspiration pressure) *’. (i-j) Condensate shape
analysis technique ( (i) schematic of right-angle prism planar imaging system; (j) nucleolus contour analysis: the
relationship between height ( H) and radius (R) reflects interfacial tension, inset shows contour comparison of small-sized
(left) and large-sized (right) nucleoli, scale bar is 40 wm) "
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Fig.4 Comparison of viscosity and interfacial tension between biomolecular condensates and common oil phases: the viscosity and
interfacial tension of biomolecular condensates are indicated in green (arrows denote time-varying properties) , while those of
oil droplets in water are indicated in orange; the gray banded region indicates the parameter range boundaries suitable for
measurement by micropipette aspiration (MPA) technique (n=0.02y is represented by a black dashed line, and the gray
area corresponds to 7=0.01y to 1=0.04y) "

Feric 2517V #EST T 3T B AR BE AR A BE SR AARTE AR A A 5 2, SR T JC R 40 i 2 5L 1w 516 1y ikl i (1 3
(1)—(j)) o LAAEINTCE BR-H) 20 i A2 A AE A A SE s B N LS B M B S 2K E (1~
10 pm) @SR AN EERAE, EENEAT BRI L AL WP AR RS TR Bt gk J) e 7y 3 6]
PUE I H AR USRS EE R AR XZ S I S (H) FREAR (R) S 5(E 3()) ) 45/ 4
BN AT AR EER A () sk S 77

B ApgH®
Y= 4.308(1-H/R)
Ho Ap HEERIR SR 25, g MEE I B, %07 i A A AR 25 1 NPMIL 8 SR AR 1 A 1
KM (4£1)x1077 N/m, ZEfK T -k FLsk g (B 4) 0% A 2R 48 1 (FIB1) SR AR PR R BR il

(10)



8 R R % M (B % R % 60 45

Toik AN 1 ) (B8 AT FHEE SR ARAEAN [R]85S _E AR AT Ry oy HE LT 5K ) - E B /K 3R 1 | FIB1 #ER
TR (He A (70£10) ©) % NPMI BERIK((130£10) ©) R I S5 pOHERR I, % 3 TE K R EAHR, #E—
454 Flory-Huggins AWV R BIE (9TF B30 UE , B W ST T B0 X% B 7K ) 18 1 KR sy, >
Yo >Yrpiewn o PSSR TR BE KBl T A% 2R ARG [ K A%, B 5K ST FIB 1 R AR IR
T 5K 77 1) NPM1 5 R FETE pUZ AR 2 R i, 0 X2 8] ) L TET 5K T ¥ gy 20200 2 7E R A2
A BER R A M AR e 51 e e AU S T A 43 T3 R AR J 1 ik 1 R AE ik, R T 5
TET 1K 1 8145 T JEE 4 L 8 2 266 0 ) B 23 S L, Ry A 73 5 S A OGS I LRI I S 44 1 i 2y P il

3 AMnTRRENFERTERE

AT BA BN SUZ LS M R A0 &% , A=W 00 7 BER A th T 8= Yy PG5 B S g R 45 R R e Ml
We 5y 52 BN AAEE R R (L0 pH B FNES Foi B 55 ) (s o) LIRS,
@ Th

(b) i 0s 12s 36s 7.2s144s204s
PGL-

i 0s 12s 36s 7.2s144s264s
wee sk
+MEG-3|
Stow dynamics - Siow coarsening (C)
/lﬁse 10'
— T
-« >
Undersaturated Conditions Supersaturated Conditions
+ Pickering Agent - Pickering Agent >
s T 10°
. —e— 500 nM MEG-3
—e— 250 nM MEG-3
’ —e— No MEG-3
10" T T T T 1
Lt 2 3 4 5 6 7
Fast dynamics - Dissolution Fast dynamics - Slow coarsening Fast dynamics - Fast coarsening £ (um)
(d

© s ®I0I0) OO
: o0 OO

g e

| 00
forf Aottt W‘Q:YO O
W< (@)

PEG-PCT-BM

1888

membrane

K5 AW FEERRR SRR E MR . (a) WAETCIT 2R 1 MEG-3 /£l Pickering F278 7 ( #64) 4E4F P Bikith PGL-3
BERIRAORE ™ 5 (b) POL-3 ISR IKAEAT & MEG-3 B IVAMF T AUR A bR AT H AR RO S um' s (¢) PGL-3 B
BERVRAE A MEG-3 8 1 55 0F T IRl A 3 2% LA, AR RPRACR BB BB (n/y) ™ ;5 (d) PR MBI R
Yika e BER MR B (o) MR BUL R Y 43 4581 ; (f) DTAB/PTS $E R K TEA To W 35 M ik B SR 2 4
FRREMER BRI 50H 20 wm (LD A1 10 pm (R ' (@) eBA S o-PL/y-PGA BESR AT A JE MR
BL R S F T MRS A A S H AR ROl 2 pm

Fig.5 Regulation of interfacial stability of biomolecular condensates; (a) intrinsically disordered protein MEG-3 acts as a Pickering

stabilizer (yellow) to maintain the stability of PGL-3 protein condensates within P granules'®'; (b) comparison of the
fusion process of PGL-3 protein condensates with and without MEG-3 protein, scale bar is 5 wm'®!; (c¢) comparison of
fusion dynamics of PGL-3 protein condensates under different concentrations of MEG-3 protein. The slope of the straight line
represents the reciprocal of capillary velocity (5/y)!!; (d) schematic of amphiphilic block copolymers stabilizing
condensates'®’ ; (e) molecular structures of the amphiphilic block copolymers'®’; (f) stability comparison of DTAB/PTS
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