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Sigma A 7 ; &AL (NaCl) IR A 4 (NagHPOy-

12H,0) B2 — 4 (KHoPOy ) &« TE/K ZEEA
FH 350 DR [ 72 43 B 4l ).

2.2 AREE

CLE 5/ H B (R B 919 - 1) AL &
%I & DOPC, DOPC/DOPA(1 : 0.1) #I DOPC/
DOPA (1 :0.4) BEARH R, KEH 4 mg/mL.
Z% LR 1 [ NBD-PE 32 (8% g 70 7, G 77 o A
B8 i 100 A5 Dy 2% (B 7K 43 %), PLL G il ek B2
N1 mg/mL KW, kRO F B T
—20 °CHif; BB AR, 4 °CHA, — AW
FH58. 10 mmol-L~1, pH = 6.98 I B2 22 b b 15 W
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— N HIZE. S8 KR 48 Milli-Q & 1 22 e if Ak
RGALFLFTR AKX,
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PIE R PRAE TS VEIF I ITO Mot b, B T H 2 T4
FEZ/b2 h, BRI N A PER E K. Bi&
GUVs I, S ) s B A 233 N PBS 280, Ji it in
Hi7, I AR ST A4 GU Vs [ 4 i 1%, 4%
#il A4 A &R AE ) GUVs. PLL 5 GUVs #H HAEH
SEISISRTE HL ) % GUVs T sh it 4T, e 5
40.235 mL, BE42 10 mm. /& 3 mm [ RA: X . #
THIE R EE S 22 (KD scientific, 32 ) y3: 1k 3 % HL
0.1 mL/h.

3 HRET®

& = AN PLL (MW: 15000—30000) ) #%
KIRPEIEBIZIN 49 pug/mL i, #1458 DOPC/DOPA
(1:0.1) GUVsHHIE, FEIE P EEA K «407 45, DA
TR %E A TRV AR B 18 K, il 1 s, GUVs H 4
HUBEAR DOPA & &8 m, T PLL VK BEBAIC.
M5 2, GUVs G PERGE, FOR PLL i S fa
Z1. 3EAPLL (MW: 15000—30000) [ & 3K ik
F700 pg/mL i, X DOPC GUVs A=A v,

20 pm

E1 PLL (MW: 15000—30000) % 5 DOPC/DOPA (1 : 0.1)
GUVs MR F)RCBMERE  (a), (b) M4 GUVs ki Al H
“H37; (c) 20 s Ja, R TAE K

Fig. 1. Fluorescence imaging of DOPC/DOPA (1 : 0.1)
GUVs induced after the addition of PLL (MW 15000-30000):
(a), (b) Attachment of adjacent GUVs and formation of

ropes; (¢) GUV attachment area increased after 20 s.

#1 MEFMET, PLLESAR GUVs A0 BT &

Table 1. PLL induced the amount of response required for different GUVs under the same conditions.

S PLL PLL % WER
15000 DOPC 700 pg/mL 7
PBS = 10 mmol-L~1! s
H — 6.08 — DOPC/DOPA (1:0.1) 49 ug/mL R <4 T
pH =6.
30000 DOPC/DOPA (1:0.4) 6.4 ug/mL RZE <4 TR
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it XPIEER L HURE, /il PLL AT %5 3 47 sk
GUVs Wi 57, {EXF H A PR GU VS o).

3.1 tHEBGUVsHHE

VE N PLL J& 48 GUVs (¥ 46 2 47 P i 55 2
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RO, &2 ooy 5 Sk BT 4R 2 Ak, IR AR P A
GUVs#I46 A1 JEZ) 5 0.6 pm. Pantazatos 1 Mac-
Donald P11 8B 5 SR 52 FRL IR (¥ 6 22 R OE,
AL THT ARG K, PN ZE I B 23 T A LSS R,

B Rl AL B i OUZ Rl

PLL 712 & A 4 T B ik 5 1 BH ES 1
RE LK, AR R IE A7 3 00 /T 5 6 e
PP 44 B2 B4 F A 1500030000 ) H
ANPLL 4K 33—66 nm. P55 190—380 /NFH & F-.
AT, DOPC & DOPA 45 AN fi
fof. PA b (0 HELAR 0T BT H AR U B ) AR A A
2 A SRR AR T 75 mmol- L~ i), PC Al PA
W Dt oy 8 3L TRk, 23 M A R TE S 56 T TR BT
#, DOPC/DOPA GUVs H 3l AR 1 PC F1 PA
BAEX. AT, WA PLL G 2 730 W% 51 w5 ]
GUVs 1 DOPA E4E X, 55 GUVs fhiZ.

A= B 2% #F N PLL BH B 7 Bk it B 4 K B 4
0.35 nm, W57 1k F2 122 0.47 nm. WM LATRR
#1175 F&, — A~ DOPA Sk 3 fil PLL # Ha W I, K5 o5
P 3 AR AR AL B, W E R 4N PHE T UR =
Kl 3 (a) Fros. iAW R e, HAE oA S5k K 6 15

K2 PLL (MW: 15000—30000) #5'% DOPC/DOPA (1 : 0.4) GUVs Fi&EIFERI 78 BB (A5 GUVs HUREE 4 # 3k
frfg, I&iE GUVs IRSZE W #7k FriE)  (a) 0 min; (b) 1 min; (¢) 3 min; (d) 5 min

Fig. 2. Fluorescence imaging of the attachment between DOPC/DOPA (1 : 0.4) GUVs induced by the addition of PLL
(MW 15000-30000): (a) 0 min; (b) 1 min; (c) 3 min; (d) 5 min (the red and pink arrows indicate the attachments

between the adjacent vesicles and the nearby vesicles, respectively).
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3 (cov)) a2 &GUVl 2
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y S \GUVZ ? - « Quv2 < <
< 7 N 4 « GuUV2 | GUV3
GUV3 GUV3
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(a)

(b)

(c)

(d)

K3 PLL 5 DOPC/DOPA GUVs KRB (FE: mEE SRR EXRE)  (a) —4 DOPA k3 4 34~ PLL 5%
E R =S AL (b) W PLL #5198 (c) PLL 5 DOPA B4EX 456, ERUE MR X IR, HH4E GUVs WiiZ; (d) 4%
AETHARY R £ TN &AL 45 kA0 PLL 731, RG> A GUVs th DOPC &4 IX, il #4r A% DOPA H4IX

Fig. 3. Schematic diagram of PLL-induced DOPC/DOPA GUYV attachment: (a) Surface area of one DOPA headgroup
is equal to that of three PLL residues; (b) uniform diffusion of PLL in solution; (c) adsorption of PLL to DOPA-
enriched membrane area, formation of positively charged domains, and attachment of adjacent vesicles; (d) increase
of the attachment membrane area. The green coils represents PLL, while the orange and blue colors represent the

membrane area enriched in DOPC and DOPA, respectively (Note: This diagram is not drawn to scale).
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ARE I E £ X BN Ai. PLL 5 GUVs # DOPA
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Tt g3k 17220270 g X 3 ) b A L R
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W5l 7.
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KEHZEH AL, BK; B GUVsH A —
ZCa O B4 (a) H GUVs 7uilh 7 “487 4544,
PR HR S R, B4 (b) /230 s )5
GUVs fEA [\ £~ 1 E B EME, GUVs h A — 25
14 pm MRCE (A8 kB dR), RO N E
REEH. B4 () F, BTk FrfE GUVs FAUAEE—
Zeo) kTR GUVs g 245 <487, [ 4(d)

10 pm

1 GUVs 4B, 26T #HR, Sl BN
2 um.

&8 PLLE WA [F 9K & 113 & & &R,
PLL# % /N T 50 ug/mL B, 76 W & § & 3
Bl A (1 mOsm/L) &K K & & & 0%, &K1
200 pg/mL B}, 45 &/ PLL & 0% /N iR B
A%, VEN B PLL % VR %€ 0 A1 582 0% 1R PR AL,
¥ RS <487 A BEE N B PO st B 4t B
R, FEDOPC/DOPA GUVs 74 “4i” 45 ¥y it 75
() PLL ¥ 0 B2 /N T 50 pg/mL. KUk, W] BAHER:
BIE R s BRI DTk, FRATTICH GUVSs BE
[r) A A HH T <4 S5 A, J8 T I B 1) 0] 1) P 4H 2R
1TA.

BT PLL & K& 1F f s, U B R JLgh
KENJLHGK. ik, —2% 82 % PLL 7] 5 GUVs
E I DOPA & & X # U B, T B — A 1E FL PR )
PLL/DOPA s [X 15, W1l 5 (a) frax. PLL/DOPA
e DX IR A W BT AT, A0 B A, R A A
R B AN R AR B A S e, IR A R AL ok
[l Fa e R4, PLL/DOPA i X 38 Py 8 fig 43 1 25
A5y T8 N 7752 3 PLL AE (52 M. PLL W B &
B AW X 38 GU Vs A0 B8 i 203 1) R 48, 1 A0 i
H R 2 1 GUVs OB AU B 77, i <28 45
¥, W 5 (b) Fras. 54, A4 PLL/DOPA filX
12 [A]. PLL/DOPA f X 38 R 5+ 43 i) PLL
Z 8], BEAE R AR 70, a0l 5 (c) B 208 Sk ir
. B BIBE TN R R I 4 5 RV A PR AT T
JE A R o T I ) 2P R HEST S0k 2Ry
5 GUVs &AM PLL/DOPA i [X 35k 3% 47 ¢
A GUVs P, BIA K H “487 4544,

10 pm

10 pm

K4 PLL (MW: 4000—15000) 5% DOPC/DOPA (1 : 0.4) GUVs f24: “4i” Zif o e B (a) K& “48” 454,
FERE < 1 pm; (b) 30 s JEHIMAE S5 K, BAR 1.4 um; (c) GUVs X —4 “487, #Hikibn; (d) ML, AN 2.3 um,

ki

Fig. 4. Fluorescence imaging of the formation of ropes from DOPC/DOPA (1 :0.4) GUVs induced by the addition
of PLL (MW 4000-15000): (a) Large number of ropes with diameter less than 1 pm; (b) after 30 s, the diameter of

ropes increases to around 1.4 pm; (c) GUV with one rope (yellow arrow) and many ropes (green arrow); (d) tube

with a diameter of 2.3 pm (pink arrow).
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" (a) ég‘: (b) . (c) JI (d) ]| (e)
- §§ 3| o
i 1 W\ — =
" 3 l n ’l y DOPC
I ¥ Tgl g pora
e F l | DOP
2 -§§ , JI =~/ PLL

K5 o iR R B (F: mEES KRR T RER)

(a) DOPA & £ IX W Mt PLL J% 5 1E R A% A 33 X 35K

(b) B (a) s X I BOR I, B XUS A1 - T AR s 51N ) BE 9 N R D (c) W HH <287 S5 M, L0 kAR X 3 n]
R F, DLR R PLL SR, (d) TR, (e) TR« 427
Fig. 5. Schematic diagram of PLL-induced rope formation: (a) Adsorption of PLL adsorpted to DOPA-enriched

membrane area, formation of positively charged domains; (b) enlarged image from panel (a) shows that the con-

traction asymmetry in the two lipid leaflets causes the bending of the lipid membrane inward; (c) budding of the

membrane; the red arrows indicates the electrical repulsion between the micro-domains, as well as the electrical

repulsion between micro-domain and PLL; (d) formation of the tubes; (e) formation of ropes (Note: This diagram

is not drawn to scale).

Khalifa %5 01 F1) B f3 4 S 30 =) #4 pH B FE, WL
FFE M-S 50 um [ GUVs ShAS IR P e, 25
224 pHBEIE, WIE R LUK IR k. Sega il
B GUVs WA “48” K B3I ds i k. i
W, B, AR A Ja, IR 2 AR
VARSI G e ol AR o ) = LR RS A T
€, RGUERIMXALE, k4 (c) TR EEL TR
GUVs FHC AR E I “ 47,

“HR”AE GUVs WIS RN BI4REh 2«48 4k 24
KH—Fah ). W& 2“4 K GUVs, “4i”
PLL/DOPA Tt [X 325 1) L 4 4 487 45 b 1) 5 oL
¥, ERURIZAIRED. BN <4 AWk GUVs #:H
oAb ) o TN <487 Py, BB <487 AR K.

3 HI 4 (a) F1E 4 (b) B GUVs I ELAZ, &
54, BCPBIME, 2 WR2. A48 Ak
KA GUVs B fIE 70 7, S EGUVs B A2 ik /)
AD = Dy — Dp ~ 2.5 um (A0 s, B fA#%
30 ), HERHBRD AS = S — Sp ~ 862 ym?.
KR W12 B 4 nm, PLL (MW: 4000—15000)
X IS FR) R 2 2 A AR, K EEZ 09 8—30 nm,
X TG E Al A OK R ELAR R “487 T &, AT
DL ag” BAE R 5 (d) FE 5 (e) BT BAA
[A] (e (161,

T AS ~ 862 pm? 7] LUBT A= il LR 3 7 25
F: 1) 216 B AR 1.4 pm K BE 30 pm IFE, (H 52
B b R A ] 2R AP A 21— 2%; 2) {1 PLL

iR J5 I BOIR &5 K AT DA S KB B, R ANIR
BE 5 () R, ITAESKZ190 %, H4£0.03 pm, K
FEB0 pm R FE, X5 SEI0 W82 3] <487 (AR A
BAKZER; 3) HAZ0.5 pm. KF 40 um IR, AT
WA K28 %, X 5 MBI LR EBRTE. 41
GIHT, AS TLHTAE I <487 G5 R AN [F AR IR
AT 5 gk — 0 P SC IR S

#2  GUVs AT SE AR LTS 8O 5500
Table 2. Geometric parameters and calculation data

of GUVs deformation and microtubules generation.

MR Z /s
0 30
F#EAE D/pm 55.34327 52.8055
KW S/pm? 9622.314 8760.098
Bl TH ~1.37x 1010 ~1.25 x 1010
N = S1/Ag/A> -pm?
2 LB 4R AR
Bk G}Mﬁhf}i 047 049
53 FIaEE R d/nm

3.3 GUVs#Ez

SIS MEE R JEANPLL AT S8 GUVs #ZE. K
ZH GUVs Wi Jo i 24 RS B “487 45811
A ANGIAE H <887 Z5R 1 GU Vs 76— BB ] f5 il
2. M, PLLES GUVs KHZE S A AR H K
B “4p”, A GUVs o B AR 7 19 TR A K TV 48 5T
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H a2, i GUVs i L.

FEh, RIER GUVs 1, — AN UL GUVs T
5, RN GUVs R 2 I SSAAH 73 5 (1 1mk
gk, K6 (a) AL KPR GUVs B S, HII
K16 (c) ik Frfa s X, 4 #ilh, BT PLL
R B AR AT AR g EIATR L, 40 R B PR A A
PEAT B, E AR RIS 2T s X R
B 4 U2 J 3 ik PLL i IR B FE 52 22 1 GU Vs L,
B S OGIX K. T PLL/DOPA 3 [X 35 [i]
i B HE R AN S 20 T R B, o X ekt 30 AR
BB AN BRI R, X —S5 R GUVs 5 A
MRS FEEBHEES RGN R T E2
2% i

K6 PLLi#%ES DOPC/DOPA (1 : 0.1) GUVs %4 K%
JERME  (a) HAB GUVs KEE; (b) Hih—A> GUVs B2,
(c) GUVs B R4 B A < 5,

Fig. 6. Fluorescence imaging of PLL-induced DOPC/
DOPA (1 :0.1) GUVs rupture: (a) Attachment between
adjacent GUVs; (b) rupture of one GUV; (c¢) formation of

the phase separation structure.

4 % W

I FH 5% S AU SR A W 9 T PLL X 63 A
GUVs g, seie &8, PLL 5] k& 6 i fg 1
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PLL % 5 4 H1 1 GUVs 2 28 i) 5, %o o
GUVs i, PLL 5 1 ¥ GUVs A B/ F 2
Bkl Z, SR 775 R R 5K 77 1 55 Gt 72
AR WP, DOPC FI DOPA VR 1 2, ¥k
DOPA & # KM X 5. PLL 5 DOPA & 4 X & 5
W B, 8 PLL/DOPA 73 X 38 o M [ 5, 7y i i
f%. PLLAE MG, BR# 7755 53 W B 5 01 GU Vs
K%, PLL/DOPA i [X 382 [A]. PLL/DOPA i [X
WO PLL 8], fFEF AR 7). GUVs 4 PLL,
SEN N RRASKI R, SIEZA I E R iR,
JIg 53 ¥ [R1 5K F1 34 0, PELAS «48” A . &R HHERR /7.
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Abstract

Decoration of biomembrane with polymer may improve its physical properties, biocompatibility, and stability.
In this study, we employ the inverted fluorescence microscopy to characterize the polylysine (PLL) induced shape
transformation of the negatively charged giant unilamellar vesicles (GUVs) in low ionic medium. It is found that PLL
may be adsorbed to the 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1, 2-dioleoyl-sn-glycero-3-phosphatidic
acid (DOPA) binary mixture vesicles, resulting in the attachment between the membranes, the formation of the ropes,
and rupture of the GUVs. The response of GUVs generally is enhanced with the increase of the negatively charged DOPA
in the membranes. The experimental observations are concluded as follows. Firstly, for the PLL induced attachment
of GUVs, the attachment area grows gradually with time. Secondly, ropes can only be found in relatively large GUVs.
However, the hollow structure is not discernable from the fluorescence imaging. Thirdly, after the rupture of GUVs, some
phase-separated-like highly fluorescence lipid domains form in the adjacent intact vesicles. Through careful discussion
and analysis, we show that on the one hand, the positively charged PLL adheres to the negatively charged membrane
surface, bridging the neighboring GUVs and drawing the originally electrical repulsive vesicles together. The contact
zone between GUVs expands with the increasing adsorption of PLL in this area. And the local high fluorescence areas
in the GUVs originate from the PLL induced membrane attachment as well. Some membrane segments from ruptured
vesicles are adsorbed to the particular areas of GUV, forming a few lipid patch structures above the latter membrane. On
the other hand, PLL is adsorbed to the membrane area enriched in the negatively charged DOPA, reversing the surface
charge of the upper leaflet and deteriorating the stability of the lipid bilayer. The original equilibrium of the system
is broken by the change of the electrical interaction between the neighboring lipid domains as well as the interaction
between the domain and water-dispersed PLL. The lipid packing density and inter-lipid force are affected by the PLL
adsorption. Lipid membranes have to bud to release the stress built in the spontaneous curvature incompatibility in
the two leaflets. The system may become stable again after buds grown into rods with a certain length. All in all, this
study deepens the understanding of the interaction mechanism between lipid membrane and oppositely charged polymer.
The conclusions obtained will provide valuable reference for the further studies on the polymer-GUV application areas

including drug delivery, control release, cell deformation, micro-volume reaction, and gene therapy.

Keywords: giant phospholipid vesicles, poly-L-lysine, electrical interaction, membrane deformation
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