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Fig. 1. Schematic diagram of vesicle morphology with different curvatures controlled by mixed
phospholipid composition and reduced volume regulated by osmotic pressure difference. (a) Molecular
shape controls spontaneous curvature; (b) Vesicle deformation upon volume reduction for positive
curvature: prolate to pear and negative curvature: discocyte to stomatocyte.
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Fig. 2. Schematic diagram of the microfluidic chip for non-perturbative solution exchange. (a) Schematic
diagram of the chip structure and experimental setup; (b) Environmental fluorescence intensity variation

and confocal images of vesicles during perfusion-based solution exchange.

4.3 IE/fiBRMETRBIEISE EZREN

TEFTIA B R 3 vk RIS b, AW 70 S0 SO AN S S B RS A R 22, DR R £ AL A
L IFBERAF H R IR &M TSN ZES . i, EIHR A A M R w1 RT3 b
—#17£ POPC:DOPE = 9:1 fJFEREIELL S EnN 10 pM LPC, VAREEIE B & iR E&4E; B — A EH A
FEREEA AN LPC, BN E K ZM . ALK A 200 mM<. 230 mM. 250 mM Al 280
mM F AN, 2B 0 mM. 30 mM. 50 mM 1 80 mM [KiBiE K 2, I 30 pL/min Hil 1
NEET SIS .

w@%ﬂ%T,i%*ﬂi@@ﬁ%%#T,ﬁul6SMH@@ﬁL SRS EIE, L
AR UG I ZIE T () 2 i R R AR R A B . 45 IR ER 0, VAR B R IR T B AR B AR AN L e T4
%W%ﬁﬁ,mxﬂﬁakﬁzﬁ%mﬂ%%moﬂ%EEK%i%%,%@%%Lﬁwﬁﬁﬁﬁﬁmﬁ
JREAR . E3(b) BoR, ELBERZET (FEARRE N=125), 95.2% MIEMRRFFERIE; HBEEE
A 30 mM B} (FEAEEL N=153), 42.5% NI LERFERTE, 52.3% WA NEFLE; #t—P1 K% 50 mM
I (REAS S8 N=91), 83.5% MBI TR AW E448, RTINS a5 M AT, 2438 k28N %
80 mM J5 (FEAEEL N=84), 54.8% MEEEIE— P REHAKES, HA 27.4% e siifahif
AN S3 5E S1). MAME, MEBSEEZESA, IEHKMFERRIE b =AY A & ih 2R M
SEMIFRE R R ACARFE .

MEHZ T, fUE R R AREAFSEE W) BRI HEARMEL . E3(c) Bn, EEE%
PR CREAR S N=52), 95% UL LB 7RSI 0] P R FEERTE s MBIEIE 2N 30 mM B (FEAR LS4
Ns&,52%m§@$WEmmW% PN M g R, SRR (<5%) d#E—B R AETEIRIIABA
FEIE RPN M BB L5 CFE AN TR R 820 EHE R, RSB IE RS IR R B 4G, XLy 1]
MWTMEﬁﬁ%§@<ﬁL%%ES@,%%ﬁ%%ﬁﬁiﬁmﬁ % W IE 3RS R KBRS 1 2 A A
T A AP i B S P A 2R AN T 3 5 R A%



(a) (b)

% fSpherical
o i v
) m O O &
= Pear Necked Tailed
= 100 -
3
80
=
g = £ g0
2l o S
@D @ g
o ]
— 2 40
Q. o
o1 =
6 S 20
Elo
8
. m—— 0 T T T T
Time 16.1s @@ @@ 69 @@
(C) Q o L N
0 mM 30 mM
Spherical
@ 10 pm
Invaginated >

Time 78,35 Time 78.35

K3 HEMERFSHZBERSESHNELELE. (a) FEARIFEELEARERZIELZE T WAL R
=B (b) XRL (a) PAFRSEEZE TR EEKIESS T (o) B KMRENAREEEZE THRIER
K.

Fig. 3. Spontaneous curvature sign regulates osmotic-pressure-induced vesicle deformation. (a)Schematic
diagram of deformation of positive spontaneous curvature vesicles under different transmembrane
osmotic pressure differences; (b) Morphological statistics of vesicles stabilized under different osmotic
pressure differences corresponding to (a); (c) Deformation diagram of negative spontaneous curvature
vesicles under low osmotic pressure differences.
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Fig. 4. Synergistic regulation of vesicle final morphology by LPC concentration and osmotic pressure
difference. (a) Confocal final-state images of vesicles under different parameter combinations; (b)
Morphological phase diagram: morphology partitions (I-VI) as a function of LPC concentration
(horizontal axis) and osmotic pressure difference (vertical axis).The phase boundaries in the figure are
drawn as guiding curves based on the statistical results obtained at discrete experimental-data points.
The actual transition intervals between adjacent data points are subject to uncertainties arising from the

limited resolution of parameter sampling and statistical fluctuations in the morphological distributions.

PP EE R A 1) LT 5 A 5 r 5 AR R VR B AR AR — 2D i R4, B4(b) s T30 03 X I8 5 e 2k
TALE P EBESHIRSH IS REHNIL . UFE—S 808 EWE R W ME RS, Wi
B BAFAE ML I AT G TR AN S BCRAE 70 W IEF SN e v, DR s DX 18] 1) 23 512 N B Dy
AT

LRE KA RS HER DN S M, AT TSI (b) SEi T AN T B 4442 i 2 5—R]
LM E R ¢y SAMER o P PR AS B EDWL L o L, 20 ih 2R AE d LPC WKL 2
WARRAZE this 23 5 22 A% o 1800 IR 2208 1 IR 20 A A R HE S J0 (i 10 BRTEZ DR A B AZ T 1 A i 25 )
PE AR IE 2 NI JT TR R, I8 R 8 TR AR RS A R IR AR BB . 7EBEHEZR R, 570 G L
PR gty (X3 D X IAELI B R iR 5 2 AR B AL+ S K IR AR B N, AR — 5 3K
g B SRR R AR AR RIE . B LPC IKREEThE - TR MR TE B R TR AR A I A S BT ifs (I8 15 72
SR PR TAE 2t BRI 5T, RRNEEZBEAN NG S X —ToE A KA AR 1 Bk sk
WS HIRT N ELE Y EE S, A A Rl BEGER EA R FEIE T AR s A ik &, el
HNT M) SRR AL R — R S5



AT TE R G I B T O il AR VB0 IR ZE 0 BT R S TR AR T 1R 45 T AR AR AT S 2 1 B[R]
AR . 4RRY], Bk 2l R IR ARSI EASE D IR, 10 B A 50 geg IR AL SE i 4b
ik RN R DT R e AR IR B R RN, BB ARSIEHEEE R E R KRR IUVERIE .. 398,
SR A A B AFRHE R A 72 00 F R R AT, WX BB . LB NS SR A T30,
PR SCAE LA AE_E S B R0 MR R

BE—P 4, ABFTCESL T LN LPC IRFEERNSE L 72 A iEH S B B AR STESENE, it 7 AR
XA SR ] P o A . SRR, 50 SRR MR TSR S5 A I AR A7 AL, T2 MR
FLTHREE IS ] FEAR TR RS, ZEFCHIE LPC RN 10 nM i A5 st B (3 o 1F B %
2, DB IRAIMIBEIL 72 0.15-0.25 FE A& R BIAaE N . 2 LPC iKEE i (BlHnis 3] 20
nMD BB SR 0.5 i, FIEEARRSTEIUR AT L m A ARG IR AT 0 RB S X k. ik,
ATCAE Helfrich SEPEESHESL T, KB A A il 2 5 Q40 AR A S s ) B VR SN T SEIR IR 24, JF
A9 T T ARG S TSR A S 00 5 o IR B4 RN P BT AZ P B DA L2 B0t ] 20 N T4 fie
BT B

Sk

1] Miele Y, Holl6 G, Lagzi I, Rossi F 2022 Life 12 841
2] Kretschmer S, Ganzinger K A, Franquelim H G, Schwille P 2019 BMC Biol. 17 43
3] Kurisu M, Imai M 2024 Soft Matter 20 8976

[1]

2]

3]

[4] Mann S 2012 Acc. Chem. Res. 45 2131

[5] Guindani C, da Silva L C, Cao S, Ivanov T, Landfester K 2022 Angew. Chem. 134 €202110855
(6]

6] Schwille P, Spatz J, Landfester K, Bodenschatz E, Herminghaus S, Sourjik V, Erb T J, Bastiaens P,
Lipowsky R, Hyman A, et al. 2018 Angewandte Chemie International Edition 57.13382

[7] Fu H, Ma L, Xu C, Li J, Ouyang H, Xie C, Sun Y, Tao Y, Wang H, Hu S, et.al. 2026 Proc. Natl.
Acad. Sci. U.S.A. 123 €2517323123

[8] Tao Y X, Fu H, Hu S X, Li M, Lu Y 2025 Acta Phys. Sin. 74 138702(in Chinese) [P JHut, £, #
FoHr, 20, FEE 2025 MEREER 74 138702

[9] Ma D F, Hou W Q, Xu C H, Zhao C Y, Ma J B, Huang X Y, Jia-Q, Ma L, Liu C, Li M, Lu Y 2020
Acta Phys. Sin. 69 038701(in Chinese)[ 7R ¢, 30HE, REE, BEW, Sk, ®ENHK, TIH,
ak, XEE, 258, FEA 2020 P7EEEER 69 038701]

[10] Fan Q K, Yang C G, Hu S X, Xu C H, Li M, Lu Y 2023 ##%#k 72 147801 (in Chinese)[#%&Jl, ¥
R, EHARE, IRESE, AU, B 2023 YL T2 147801))

11] Murtas G 2013 Mol. BioSyst. 9 195
12| Higgs P G 2021 Life 11 966
13] Staufer O, Schréter M, Platzman I, Spatz J P.2020 Small 16 1906424

[11]

[12]

[13]

[14] Dobereiner H G, Kés J, Noppl D, Sprenger I, Sackmann E 1993 Biophys. J. 65 1396

[15] Campelo F, Arnarez C, Marrink S J, Kozlov M M 2014 Adv. Colloid Interface Sci. 208 25
[16]

16] McMahon H T, Gallop J L 2005 Nature 438 590



[17] Hanczyc M M, Szostak J W 2004 Curr. Opin. Chem. Biol. 8 660
[18] Walde P, Cosentino K, Engel H, Stano P 2010 ChemBioChem 11 848

[19] Luisi P L, Stano P 2010 The minimal cell: the biophysics of cell compartment and the origin of cell

functionality (Springer Science & Business Media)

Seifert U 1997 Adv. Phys. 46 13

Lipowsky R 1995 Curr. Opin. Struct. Biol. 5 531

Seifert U, Berndl K, Lipowsky R 1991 Phys. Rev. A 44 1182

Helfrich W 1973 Z. Naturforsch. C 28 693

Callan-Jones A, Sorre B, Bassereau P 2011 Cold Spring Harb. Perspect. Biol. 3 a004648
LiY, Ten Wolde P R 2019 Phys. Rev. Lett. 123 148003

Cooke I R, Deserno M 2006 Biophys. J. 91 487

Bryant S J, Bryant G, Greaves T L 2024 Fur. J. Pharm. Biopharm. 204 114472
Yokoyama H, Tkeda K, Wakabayashi M, Ishihama Y, Nakano M 2013 Langmuir 29 857
Cullis P t, De Kruijff B 1979 Biochim. Biophys. Acta Biomembr. 559 399

Dimova R, Lipowsky R 2012 Soft Matter 8 6409

Papadopulos A, Vehring S, Lopez-Montero I, Kutschenko L, Stockl M, Devaux P F, Kozlov M,
Pomorski T, Herrmann A 2007 J. Biol. Chem. 282 15559

[32] Gurtovenko A A, Vattulainen I 2007 J. Phys. Chem. B 111 13554
[33] Ho J C, Rangamani P, Liedberg B, Parikh A N 2016 Langmuir 32 2151

[34] Sperelakis N 2012 Cell physiology source book: essentials of membrane biophysics (Elsevier)

10



Morphology diagram of giant unilamellar vesicles
synergistically regulated by membrane lipid

asymmetry and osmotic pressure difference*
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518055, China)

Abstract

Giant unilamellar vesicles (GUVs) serve as a well-defined model system for investigating the phys-
ical principles underlying synthetic cell division. A central challenge is to direct GUVs toward divi-
sion-compatible morphologies, for example dumbbell-shaped intermediates with a distinct neck, while
avoiding non-productive deformations such as elongated tubes or deep invaginations. Although membrane
deformation and volume confinement are known to act synergistically in cell division, how spontaneous
curvature and reduced volume jointly determine whether a vesicle enters division-related deformation
pathways remains experimentally unexplored.

In this work, we systematically investigate this synergy using a low-perturbation-microfluidic perfu-
sion platform combined with confocal imaging. Membrane spontaneous curvature.is independently tuned
by incorporating different concentrations of lysophosphatidylcholine (LPC). into a:POPC/POPE base
membrane, while transmembrane osmotic pressure differences are applied by varying the external glucose
concentration to precisely control the reduced volume. Real-time imaging reveals that the sign of spon-
taneous curvature dictates the deformation direction: positive curvature drives an outward deformation
pattern; whereas negative curvature induces an inward deformation pattern. Increasing the osmotic pres-
sure difference promotes deeper deformation by decreasing the reduced volume, while the curvature sign

determines whether the deformation proceeds outward or inward.

* Project supported by the National Key Research and Development Program of China(Grant No.
2025YFA0922903), Strategic Priority Research Program of the Chinese Academy of Sciences(Grant
No. XDB0480000), Project supported by the National Natural Science Foundation of China (Grant
No. T2221001 to M.L., 12504245 to F.H.)., Chinese Academy of Sciences Project for Young Scientists
in Basic Research (Grant No. YSBR-104), Project supported by the China Postdoctoral Science
Foundation (Grant No. 2024M763506).

# These authors contributed equally.
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T Corresponding author. E-mail: mingliQiphy.ac.cn
17 Corresponding author. E-mail: yinglu@iphy.ac.cn
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By constructing a morphology diagram with LPC concentration and osmotic pressure difference as
coordinates, we identify six distinct morphological regimes. Importantly, the division-compatible dumb-
bell morphology with a well-defined neck emerges only within an intermediate window of both positive
spontaneous curvature and moderate volume shrinkage. Excessive curvature or osmotic stress redirects the
system into non-productive long-tail or deep-invagination states. The elongated tail represents a highly
localized nonlinear budding instability that lies beyond the scope of linear stability analysis. This study
reveals the synergistic regulation of vesicle deformation by spontaneous curvature and reduced volume,

providing an experimental basis for the rational design of divisible artificial cells.
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Fig.S1. Assembly process of the microfluidic device. From left to right, the operations-are: adding
vesicle suspension and bath solution to the reservoir, peeling off the protective.film, and sealing the

liquid filling channel. The fourth image shows the assembled microfluidic device.
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Fig.S2. Schematic illustration of the geometric relationships among vesicle deformation parameters and

temporal evolution of the daughter-vesicle curvature ratio \. under different osmotic pressure differences.
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Fig.S3. Global view of vesicles under different osmotic pressure difference parameters in Fig. 3(a). In
each image, the vesicle indicated by the blue arrow represents a typical deformed vesicle appearing in the

main text.
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Fig.S4. Schematic diagram of shape recovery of negatively spontaneous curvature vesicles'in Fig. 3(c).
Under the condition that the osmotic pressure is restored to the initial state, the vesicle morphology

returns to a spherical shape. The temporal and spatial scales are the same as those in Fig. 3(c).
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Fig.S5. Vesicles are extremely unstable in a high LPC environment. The figure shows a confocal image

of vesicle rupture under an osmotic pressure difference of 20 mM in a 50 pM environment.
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Table.S1. Morphological statistics of vesicles with positive spontaneous curvature under different osmotic

pressure differences.

BENZE (mM) BB Wisk e s (WERE) KB 587y
0 119 (95.2%) 6 (4.8%) - 125
30 65 (42.5%) 80 (52.3%) 8 (5.2%) - 153
50 12 (13.0%) 3 (3.3%) 76 (83.5%) - 91
80 15 (17.9%) 23 (27.4%) 46+(54.8%) 84
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Table.S2. Morphological statistics of vesicles with negative spontaneous curvature under different

osmotic pressure differences.

BiERXE (mM) KB WIME  AsEE adk
0 50 (96.2%) 2 (3.8%) - 52

30 54 (61.3%) 31 (35.3%) 3 (3.4%) 88
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Table.S3. Sample number statistics of typical deformed vesicles under different osmotic pressure

differences and LPC concentrations in Fig. 4(a).

OopM  5pM  10pM  20pM

BiEIL%E

80 mM 12 42 33 37
50 mM 23 50 40 33
30 mM 16 41 32 18

0 mM 70 68 92 53




