hESES: 0648 BARTE: 10425
¥ B S15090916

@ 42}

fit S M8 X

China University of Petroleum Master Degree Thesis

T2 AR ZER K2 5 #a A O FE AR
NN F RS

Dissipative Particle Dynamics Simulations of Vesicle Formation

REYRR

Mechanism and Structure Regulation

R M5 T
BT BT AR
IE#E4: 3 o
RSHON: K F #R

—O— )\#=H



Dissipative Particle Dynamics Simulations of Vesicle

Formation Mechanism and Structure Regulation

A Thesis Submitted for the Degree of Master

Candidate: Pei Shuai

Supervisor: Prof. Zhang Jun

College of Science

China University of Petroleum (East China)



KT FAIR IR B4 =R

ANFEFY: P 2 AR SRR NAESR FHIMNE T N LT AT A AR TR
R 18 S AT R R AIEE 2 SE SRR 1 o RRPIT AN, BRSO C & 0 AARVEFIE0S 4b,
AR AT HARN O R R BIES IR TR, AR S A N it N 3R AT A A
KEp (2R BB AN 22 AL 82 Pk P i kR 53— F TAER R &
XS FE R AAE AT DTk ey AR SO PR T B U

TARELZZHAE, AN A S E R T

SR S 24 H: = A H

FALR I fE AR

A NGE A AR B R (R ARUE A A 30 CEAREAN R T L BN AR
AHFRRO, AT NEFEEAR T REEAIRSC, e A E A RE T (LD
BT WA AR, VAR ST B L A B RTR BN, H S A8 S 4 ik

Iy WG NA RBAE E AT IR, SRR ED . 4 B A 5B ) 3 BUORAF 22 AR 5

TR AR SCHE AR B P LA

=S DATS R (R H 39 F A H
T8 FHIMLEA - H 39 F A H







mE

e — R E B AR, b MR Y RS a5 CrR IRl K2 AT A SRSk SR D
FEZIINIE WU AR F A B Z N . tesh, WS SR X 1R )
PR A HAT I 5 AR 00 SR ABL, XA (AT BRI A A W 07 A AT A B B AT LAY
fH. 7£ 2013 9, FEHS LTS AROCH T 3RAG 1 DURR %4, Hb ] LLE 3R
HWAEAEY) . AU 2 B AT T E . 80 FEE I L R F 5 I S X ELAo
LRI, ATt R B N E 7. BT, AR SCR RO 1 3h /7 24
T, AR IR BUR &) PAA-b-PS NWFAIX R, B8 T A EHR B LU Sk B2 T
ANFTE ST AR, 3t — 20 ol 72 R S YR I 5 Nk, SRR 1 IR gk 1k
o7 B MR 30 45 R M P AR A LR

RICEFHE T REW 0T R K iR B LI AR AR (3 B 59 B A AR SN
FOT RIS BAA R R FEMFRE T, B RE WK iR B S SRk iR B LU R4
m, BAZAERKEIER. B FE. B0, EERRNESHE. X250
AR LIEE R —5 BAh, WERARTER, B EERRMTEIHA GG . (HX]
TN, BEEWR LRGN FEI W] LUt — 2Dl eI ORI AV IR R AN ) T S 3
XA FEIE S AE RNV A &I, B E R WA R 7> TN U E 2= 5 . A
b, FAVS e RE R A LA T 0 IR MBI IE S SN R

L I A5 Q2 i K /IN B JEE 5 R HAE N s R i R &, AT i U R I el A2
KA1 1R pr] DA S8 S5 AT %, (H H AT — Ut T2 B B, it
FED o AV SO, 1 Sk B R K E A BT R B A MR . B T4 SRR
A EE B K IRBOR S i, BEAE H K PER 3G9, R AR JF 1 2 e RST I 5
DS i A (67 B IR B KR i e, RV 8 ARG RAHBE JEANAR . A B /K R BOR
S R A R I N, SR A B I 2 M AR [ IS B JEE K A YR e S R
WHyed, HFEEEZE = umEn, BRI 2 ST E IR HIEI.

FEAR IO, BATRAFERORL T30 /1 SR EEFE T 3R Gk B b i Ak 3o 2L
HHEBERIFEN, JFS T RE EfER TR IR EER RN tesh, @il 5] Nmdt
Xt BRI [ A AN BE AT 1R %, JFRAS 1w SRR YE . A B R SIS R R
Wi R . AR SO FC 4 R ] Oy B A R R = A B 5 %

R I, RRHLE, SRS, FEHOT B A

1



Dissipative Particle Dynamics Simulations of Vesicle Formation

Mechanism and Structure Regulation

Pei Shuai(Materials Science and Engineering)

Directed by Prof. Zhang Jun

Abstract

Vesicles are important assemblies. Their possess hollow structure with a hydrophobic
bilayer membrane and hydrophihe internal and external coronas. Because of the unique
structure, vesicles have attracted considerable attention for their potential applications, such as
drug delivery, microcapsules, nanreactors and so forth. Reseachers founds that the material
exchange through the vesicle membrane is similar to cell membrane, so the vesicles can be
viewed as valuable systems for mimicking cell machinery. In 2013, the research on the
mechanism of vesicle transport had won the Nobel prize for medicine. This proves, the
research of vesicles is important in the field of biology and chemistry. Understanding of the
vesicular structure and formation process is benefit for vesicle potential applications. In this
paper, disspative particle dynamics (DPD) simulation was used to study the vesicles
self-assembly mechanism of amphiphilic poly(acrylic acid)-b-polystyrene (PAA-b-PS)
copolymers at different concentrations and PS/PAA block ratio. Then the terminal groups
were connected to the polymer chain, the effect of hydrophobicity, location and number of
terminal groups on the vesicle structure had been revealed.

Firstly, we studied the effect of polymer block ratio and concentration on polymer
self-assembly morphology and size. The simulation results show, at the same polymer
concentration, with the increase ratio of the hydrophobic block, the self-assemblies transfer
from spheres, rods, membrane and vesicles to compound micelles. This changing tendency is
good consistent with the experiment result. Furthermore, concentration had no effect on the
morphology of spheres, rods and compound micelles. But the vesicles will be further fusion to
form spherical and tube-like vesicles with the increasing concentration. Through the analysis
of spherical and tube-like vesicles, we found that the ratio of polymers in outer and inner

layer is difference during the fusion process. So we come to the conclusion that the polymer
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movements between the inner and outer layer is the key factor governing the vesicle
morphology.

The structure of vesicle is the key factor to determine its application as a drug carrier.
Recently researchers show that the terminal group can affect the structure of the vesicles, but
the research in this area is still at an early stage. Through the study of this paper, we found
that when the terminal group connected to the hydrophobic block, with the hydrophobicity of
the terminal group increased, the vesicular wall thickness increases and cavity size decreases.
Reversely, changing the location of the teriminal group and connected to the hydrophilic
block, the vesicular cavity size increased but membrane nearly unchanged. Increasing the
number of the terminal groups that connected to the hydrophobic block, the vesicular wall
thickness also increase and cavity size decrease. When the number of the terminal group
increased to 3, The aggregates become complicatedthat are multi-compartment vesicles.

In this paper, the DPD simulation is employed to study the effect of polymer block ratio
and concentration on polymer self-assembly. The difference of vesicle morphology was
revealed in molecular level. What’s more, through the investigation of hydrophobicity,
location and number of terminal groups, we summarized the change regulation of vesicle
structure. The simulation findings can provide a reference for vesicle structure regulation and
application.

Key words: Vesicle, formation mechanism, structure regulation, dissipative particle

dynamics simulation
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Figl-1 Equilibrium morphologies of AB diblock copolymers in bulk!3
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Figl-2 Transmission electron microscopy (TEM) micrographs and corresponding schematic
iagrams of various morphologies formed from amphiphilic PSm-b-PAAn copolymer!3!
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Figl-3 Schematic plot of typical physical properties of vesicles versus molecular weight of the
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FEWL B B R BCE LB IR R F AL — N B (D~1 um? STHM, (B A E M T &
ST BENR R, BVl 2 MY s B2 i KA (R, X T ERBOE R
W N AEAE — Fh P 22 i R RE ML . 180 ) PAA-B-PS TR RGO ZE, MR Ra s
i PAA BEBLI Bk He s o KRR PAA T 5 173 BOAE FEI (1 SN THI 117 46 (1) PAA 5%
SIALEPN R, RIALTAh R T 1Y) PAA BEBOHE R EF TR, s iy
1.2.2 BN AIK

FEWL I BAT RS E VR A B R R S A R, B2 N R AE R AR R S 4 e ot
P R AT AT LSO S ISR HAE . Blansi/KEEBCN PEO WIZEEY,



AR (A 2083

TR AR TR K A BB, 5 (TR M TR B3 IR 7 (N B 2t AT
A, R 5 5 RGUR AR . T AR B 15 A o ) R R e 1
92.45), et REAEILEAT S REAL OIS, T DL ST K T 5 I 5 2 e
TV 72 T AL 0 5 0 L S Y s 0 B 1 s 4445, S 0 T B
P RE NS T S B A T SKIBURL. 28 (1R 5540 TR /7. SO JERE ] D)
SRR AT AR, IR IRI BT A R R R 1 SURE

SR 5 LA A B2 R TR A o R B B T L 5 A
R, B R B S RS . 3 DAoL Rk A HA e e 4 T
W, ETOSCBLIEMRALS . TSR AR . B I AT pH IR0,
ELFENRRIET, SIS TR S AR F AT ELA A SR S,
i3 AR A 18

PR B YR L AR U 24 ORIV T EL B EEZD I AT T IR 2,
SEIRIE R, R TN 6 B K SR K 2 S T LA B9 AR . Discher B\
A5/ HI %5 1 PB-b-PEO T 40 5 T BRI PLA-b-PEO T A W1 715 2 1 4 L g 2
T, TSR, H K (DOX) BB LE M . B Z54(TAX)
OB . TERTR R AR AL, PLA B SRR, DOX
I TAX ) 2B MBELTIR . SRR, TR e dizah, FImaa
I B P R A0 2 7 T U AP (O R AL St W T L 3kt
T BRI T S — B -F AT W 77 v,

Insoluble fluorescent product

inside nanocontainers
. - Eron 2
Ll i BT
y - . L4
C &

| ‘ﬁ.\ Bacterial pore )k

protein

o

I pH-sensitive enzyme “l

Soluble non-flucrescent -
substrate ABA triblock copolymer

nanocontainer -

B 1-4 BT NSELIETO R AT R 1)
Figl-4 Illustrations of enzymatic nanpreactor in the processing of the external non-fluorescent

substrate into an internalized fluorescent!3!

5



F= 5l

hafl3

B T SR BB A R N B 25 WP RE T U AL, FEHLIE T LIRS B . FET
R LR AR FZ B TR R N 23 i 5 AN R A B8 70 B T ). Hunziker At ) T BA KT
TIPS N A TR, sl 1-4, EFEIIEE LRI E A, BRGETEEE. &
pH A 57 (14 Pl (L S AE BRIV N B, IR LA B N AR A A IE . FEMR pH R, ZEIE
A BUEIE B AVE TR, SCVEAKIE AR PO S MGEE N N . TR N
HAMAEE, ARSI AT BT A 2 8 1R eV E N I

W A VB NI B AR O 28 % e BON B ST — N T . 8 b
A ed, ol G B O L R T T AT BRI 7). MBI ai i e 1%
YR LI B A9 G S R 2 R /N A B 2 xR a8 24y R 3 BRI o T ) 25 R NATT I
WRF BRI LG, AR R BN (1 2L AT 2

1.3 REYEOLEHEE
1.3.1 BEYIRE SN

TR 5REMBER BAEHVINERR. Wang S AIRE T BRI 5
REVHTEZRFRRE, UREDM /T EIE 31000 £ 276000 Z A1, & 75 AL HE
JE1F R MBI EAZ N 200 nm-480 nm, R EZE S/ FEMIEN. Terreau 5 AHRIE T
TR AT TR R ST IS, X PS-b-PAA H AL RN A, BEE PAA B>
TR ARG MIBR TR D . X EER BT TR, AFK R 2
KA, BAKH PAA B AT 7E 216 &M T 8 6 5 B 540 17 43 A 72 FE 30 P 3R 1500,
Greenall F1 Marquest®*:R FIRLRLEE 73580 ) S U T3 124 s 1 B30 i B il 2 A 283 o
R EIEMEEHZ MK AR, JFRHH T R RIR &Y.

TP AR 2 X SR A ) 1 A 7 A EE R o LA BEIL IR W) PSar0-b-PAA2s NI, 75 DMF
WL 2 wt Y%l BE R A B A R SRR . IR EE S N3] 2.6 wt %l TE S AT
WIRH, ZHKEIEFR 4 wt %0152 ZEHR R 50-500 nm®. xR &Y
PS310-b-PAAs2 R 58, (EIKEEN 25 wt %I FV A ERSVIIREHET 0.6 wt %I 4 %
L. TSR 0.6 HEINE] 5 wt %, FEHFR T 90 3 INE] T 124 nm. X FER=
7 FP R BRI -b-JE A E IR AE DMSO W RN, 24 SR SR LA 1 89005 100 mg/mL
i, 52BN KA EARAE 72 nm B 176 nm Z 7102, B 7 SEIGHF 70 4h,  Shillcock FIAR
AR TR FIRESGAIE 1 SEgeas R BB RSV E RN, R m.



AR (A il 218 5

1.3.2 /A5 HIS A

ST B R, IR SR ACRITIBR 7K 1 B 1415 gk B 228 S 10 2 e s T 3R RS 1)
DRHRRI ZR 3651, VAT 5 R AR AR AR A vE T IRER I ZESe, X5 E AR R HEAR
SR EAT /1. Yu F Eisenbergl®f it T ik Bt I 5 PS-b-PAA 1E N,N-— H FL HI ik
e« VUSRI « F I S50 7 v PR SRR TR LA B R ST o S5 AR W, IR AR AL 55 1) PAA
5 )16 P 55 R ELAE P DA R g R T B I 19 95 eV 5 380 77 i o SR AR 4 H B S A
JEARFERIBG NN . 3 E B B TV FRURE M oRA 1 i B ) (R AR AU M R 1), 4T
FRARAZ B R B, TR X S B A e R B

FEY A T DU I R R iR %, G SR AR SR A I N B K & ) R KA
t, BT EKIBC S KSR EEE R, R RS BHBEE S — R RN WRIE. R
BB, K KIZE N BRSBTS K IR, R, e
T RAVESE R R R IAFAE, BRI RS R OUAS R R A8 4k . Sanson At ) (] BALET)
i T PRZES LSRG, A AR 2R = R R R R -b- 3R L-B R 43 T VA AR AE DMSO I A JL
V0 0k e T Y JSE ) VR 7 o DG Kk e R Y I ) VR 7 mh 45 3 1 2296 RS (200
nm) K21 & 7E VU ZWE IR IA 5 (100 nm) iR . X F 2R ROy FLRIE R 5K AL, R
EYET 2R A R, TR R I R &R A

FEFE P R AR BRGNS, T A K I & & g — AN g R RO, B 5
REWN 0T REDIRE ST B H VLR BB MK 238,
AR S 2R A8 R B 28 T BRI . 17 FLREE /K & B3 n, A3 3 R
PSR, F, A LAIR IR, I AR B IR T LR R AR A
QIR P N
1.3.3 SR RO S0

A SR A AR RPN IR B 1 SR RIHTE M7 S th e e X 22
R E)EE 1R . Zhang 1 Esienberg I FE R, 1] PSa10-b-PAA2s Y] DMF ¥ H
AN —E & [¥) CaClas HCI. NaCl %431, RERPIEIR AR, 3N FEAR,
AR FF 322 TR KRB PAA IR FEAE e AE T 5 1EE R « Burke 381 7] PS310-b-PAAS3
POV I N R TS PE ) BB R RREN(SDS) Ja » R IR A T S AR I B 75 B K
BT, IXFPELR B R PR N R T R T PAA REC R LR R DA R R
Tt P ) RO B 5 i SR K A AR AR o 6F T AN IR PS-b-PAA R R, [ HimA



il

o gl

BRI o0 B e S R By . B A RPN R R OHG, BIRAERR R
Wy BBMEAZ . BERROHEWIE—DHM, RERREHALERL TR, &R
R ONTE AR BRI B K WAz Y,
1.3.4 inEAI 200

BT _EIREEI DR B AL, ST BT S AR B S M R S P i B 2 T DA B A
BN G5 RIGE B I  IEEAE LT, TR ERIE I ISR BE /& 2000 £ 60000 g/mol T i
FE PRV FE KT 200 g/mol B Bl A%t 10000 g/mol B AB BUEE &), Stk K5 1 %I
ST ABA BURAWIuGEE 5 2 %, MU/ AR, bR — R R R 4 AT

AL

B 1-5 3mER ABA BEEYRIRE cryo-TEM A 72

Figl-5 cryo-TEM images of the micelles from ABA with different groups!™!
M.Grzelakowski 1 K.Kita-Tokarczyk! "l i it 5L & 3L, X7 T ABA RLERAGY, EHA
[l T RIS A BT R, ARWE 1-5. SERRE N REER, B 2rEH
FENFRIEARFREN, AR AR ST KATE 100 nm AL WE 1-5(A). Z4ERRRE N
RAEWE 1-5(C)MRILNE 1-5(D), 1538 Ry 7 St By 2, R 200



AR (A il 218 5

nm. T 2424 10 St A Dy Y 5 T s TR T ) 15 38 1 B3 R Ky 500 nm 4] 1-5(B) . [F]
B R B AL SR B B3 72 T S /K 35 5 PNIPAM LUK A i 64 00 1) H 42547
N, B R R SRR R T 2 =T, SR EATE. IWIRE RN, T
ML FE . Xt—DiE T TRy S, FIAmER ARG A AL
T LAE R Z RIS E 2 gk A k. bah, SRE AN Bl S R A e, Bl
Moon Jeong Park [A/F LA B\ A B4, @ 7E PS-b-PEO AW PEO #E K it B2 0%
e dE, S PECREWEEN A BRI, HNSCE R SRR A, T RAE SR
A PEO AH. FEZIR T, IXFPdedeni JE i 58 & W0 v G VRG34 5 T Vs v A L 3 K
-7 1%

R CL EAFFEIRA TR, B — R BRI R R, X R G B AR S AL
FEW () G5 R AT A SIS o R 3 B N A IR B g 2 45 TS AT I A KA R
R LATEZGWIHIE . AEYARIERES . PR RN AS DL B A S5 40 A N A . H AT,
Xof A [E R 5 i i 5 5 5 ) B 2E R TR 30 ) IR AR A R AT B = R G K ORI B R o [
P AR S a2 i 2 SO T U0 B, R P REHIORE 180 ) S B 5 8 7R 1 i R AR A
SXoF VI 23 K 1) PR AR (1 5 )

(8]

14 X ERNRENX

WAL SN, W REMHEHBEAT AT LS N (1) BREY a3k
HIESE 1T HS I, DHFCR SR AL, SRR EY A 3TN
IS SEBR R AT 3 BB Lo (2) X AZ B4R, T8I MRy 1 45 FRF 53
HAEAEY) . MORIEOUSE B AN M o TR I 260 B E A thog, angeit
P B JEE R 2 Ji K /NS o DR I G Xt 9 P 5 A EAT v S0P U 428, A T 7 Q0T8O
el o (3) ST ISR AR B, 8 R E W BEAR il ik 2 ) e B L 3T 37 A B B
I HAE—E R b2 A B i RS o (B H HIBT X S o 26 S B AL R i R ) ok =
KRGNERIEFE, FEXHEEmLE sk = iR . (4 THRAEIC AN TITR RS EH
B —RE ROE, BT AR R R e s SR Se 46 B AL, 8 W Seaa it
T, LSRR B, RAH AR EOR I U R S B A%, R 3R L
HUEE DL B8 AE o 5L RN N (A5 A A AL U, AR ANTZ IR BRI IV I E H AR
X

FEA R SO BATTRE R A FERORL T3 /1A R ik (S =5, ARG

9



hafl3

F= 5l

PAA-b-PS [MAAAH EHARAT N, BaF BAREH MO, B RESEIENIE L
Bl JRR A B RN SR A B A% U SR AR NS U, B A e R
IKVE SR E L RN

WA SR FLRATA BIE RIS B AR 25—, EWNIRBER G B 43T NI
L, BRI AR B AR S LA SRR AR, 52 8 FEHE T A i) R A SO0 RBE wF
T B, N REWEEBCER AL, B RR G im A I N, B A
RO I B A AR o Ay TR AR SC A AT X R SR 1 5 1] e T A5 A iR 42 3R 1t
EER

10



AR (A il 218 5

BT MIRFESHER
2.1 MK FHF

FE AR AR AR S R o, o SIS OR R 90t RS IR0 35 e mT DA
BhSgGxt—2e B ot . S AL A fE I 1 SR REAT B, ETT LS R . IR T2
AREEFWM  THERE B EIE, THENUEL AR G 1 SEI SN R B LAY
72: £ 24 Monte carlo BRI, GBABAUIS 7T IR US OV T AR SR — o
RI9 R AR A5 ¥ —FERIORE 130 7 AL (DPD) 51 kS T RHIF N 5% 3K J5 % it . DPD 4
PACUHURLAG R LA, 7EBR T (B BOE S35, WA o (K BRAG PR T, 3 1 S 300 5 K )
RS SRR ERIE S, B ez C A& IR B T Ko7 H AR R,
ST RHEN B B E AL, R RN A% VA R R AR . BS SERE DL K B 2
.

2.1.1 FER TR HFE L REA

FEHIORL 12 /127 (DPD) AUl A2 HHAif == B} 2% X Hoogerbrugge I Koelmanz!®® 8U7E 1992
SRR I — Al IR B FOREAEL, AR IR W32 3 1) 77 3R S A AL ) 0 2 1] JRUBE 1 1)
JLPR I R . DPD R0 77 SRAE CRAIE A o B4k MR BRI i P Stk b, ROTREMIfET iz 5. Rtk
£ DPD FLU A (1 Bk ATEARER EL LI BAN -, T 0] B BEAN 4 B0 s 7 TR B
I BAE IR AT 2075 . R DPD J5 Wik 5 I BR T 10 3 LA AR 105 #2 9 A,
ATz B s FEwU ), BENL IR )18 . BJSTE 1997 4, Groot 1 Warren(®2/%}
DPD J7ikikAT Tit— b RIS, AR Floy-Huggins FI&THE T & 711 H H
fe, HRIX—4RE DPD SBT3 21 B HReEEAT X b, R 3 2 (B LE A R
KFo EX—RKIYLH DPD B 5 S brm 7 T RIEFEE XN MK R, X115 DPD 4,
A DU e W R BRI SBR[ TR AT 2

b5, A ZALRMIE A S0 DPD SR BEAT T ATA R 5T AL B 2 REE [, Conveny
1 Fabritiie® LK A5 00 F5 Hh ot & A0 0K /)N [ 2 1 Bk 1- 1 88 D9 Jit & 5 oK /N R AT A8 ) Voronoi
&7, IREE SRR REFES IR S8, RIBE R 55258 — 3. Evans®™IH 5
T DPD R R (R, (43 DPD B AT LLET A9 SR BOR BT ORI AR . Bl S
Groot!® Vi 5] N HAEFIE#F DPD A LIS LR R . Amitesh®Vl i B 50 Bk R
SHEAERSEZRRR, KILT SRR AR R 2400 DUR R m ik k5

11



B MIATRETR

2.1.2 N TR NFIEICERM

DPD #4545 T 43 Tah 115 TRl BRZ T3 8h 1225071, 18P mg A AR
Py S B SPIE DL SR SRS, M VR SRR R 2 7 B 1 AR AL,
AR T RAE AR T B — AL BDR I 5 Bk T ISR m Rm & —A
KB — AN EEI R o A Bk (A1 1R38 2y T 2 00 2 R SR A i o

ST R ANRTEMZ I N=Fh, QIEFET) . FBOITREENLT), 5P 2 g
I BRFATZ B E IR e W R N — X T — kB . BRIEs i A2k
THIZ I AT AR R

ﬁ = Z(EJC +E‘jD +E’]'R) (2-1)

J#I

Hrp Ry IRAFER T HFEM, o, FonEk T i M j RN EAER D, Ba,-a, >0

FC=a,(-L),
;= _r_)ry (2-2)

c
o, BRI IR RERERT i 55 ZIAMIBE S, AR HEHO
S —FRBEHER 7, RIS IR DPD Bk IR EE . Ry, AR AR R A
E” = 0" (1,)(r, -v,)7, (2-3)

Bk T HVEFTREE, oo(r,) J9RUR ST 0T LUK R DPD Bk 710 12 J0 36 . etk ol i,
FEHIC H Dy — P g B ek R 2 T BEHL A0 7T LR N A 30(2-4), o ZRELAREL " (r)
RSB SIBER S, T CAFRORREROD IR (E RIS . T gy S A 743
£ =00 ()0, 7, @-4)

H A AR 200, BT 0-1 Z II—ABEHLE, IR R F %R R, X AHE T
TR [ Bk TR S A7 ZE AR AR PR 180 6 B L3 2 8 S F o SO AR L iR 2
<0ij (1)0,,(t ')> = (8,8, +3,8,)5(t—1") (2-5)

156 2 1T I R A RQ2-6) 18, Hefk J9BURE WAL T RAXHREE . KRikz 4t
o’ =2yk,T (2-6)

AR B TR AEAE R A, AEATRQ-7) ISR P 50 C = 10, B2 I f1 V- T B 39 15 Ay

12



AR (A il 218 5

0.8,

s p 27
F = Cl=r, Jr. )1 (2-7)

2.1.3 FEHRFEIHNFELAI

RAEVTERI P AL Z 30 7850 B ISR R il 725200 1
AT 50 % R 30 52 2 SRS R s e 2 B AR HE ) o SR PSS R AR T DA B 2H 260
FREIEAT IO AT LAY 29 SEEG BRI HAA R TX 2 4TS AT 500 R B 19 434t . DPD A58,
JiE oy i TR B AR R 0 R BRI AT, A b T4 ST A & R 8 ) 1)
R % ) RO $ e B AN B 2 - DPD BB RE % T AT 25K B 5 ik B SRR VA b 1 4
A7y, HAET DPD S w2 N B T R AW IR B AR T

Wang!®71%5 A Fi| Fi] DPD 40 5 0F 78 T ABABA B IR 22 B ik BL R A0 0 1 412385
1T, Hh A BRI R . B AE RRTE IR, TR R IES 2
BRI, TEARIRIE L N BRI IS R AR N JEi0 . Jei 8@ % P K 10 7 OB A, B iR
FE I e B A R RS 3578 /N, (RIS 1 S S o b ARV 1) 5% 7K/ 7K kB LA
AR AL 2 X RV ) RSS2 RN R R J 8 3 Bl o 4 /K BRI A I B A R B
SRR LTSRS, 45 2 A FEI A O AR FE I R FBE SN AR, 30 A B
FEUL [ RS S8 AR R B sl o AR SO BRI O 25 M HEAT W2 R I, 73T 454
PRI [F] 48 2 52 1 3R P A (R 1 1 7 X

Lin FNEREEZH R A BSXE ABC =k BUIL SRR R IE 7 b (1) B A7 AT T
7, Hodh A #BONSEK, By C HRBONBIK. 45 R LY B #RBSE KM DL R BLK 2
X B A REEE MG R . SR B IBOAME, (ELEHUKYER T C BRBG BB C kB
55 THERAE B RBGRT, TERR “BAE 7 RGBT, 3K b F4) FA) HH I 3 22 E A SR )
FH BB RBIE KN TERH 2 FORER, B C B RAD, By C #REAIR >
B, LA TR TSR, X RIS . BEE RN R, X R
HA “WEM”, B R LIRS R 2 A T e T ¢ Y e, SEI 25 i R BRI

5 [ A A BTN R 25 AR 2 A 1) 8 R R 2 ORI i DPD 7 iR R 3 T e /ML TR
SRR AV A T I A ARAT TEARFNRE  WREE DL BR T ISR K M S 5 T
1F2N T — RIS AR, BRT ISR R S 2R 2 2 ZE 1 p 3 225 A,
WhE 2 R b A2 KRB 2, R TRIHORKS TERAREW N T

13



B MIATRETR

BRI T AR S o X DS A I B B DR Y RS A T — AR
{PIRF

55 K221 Sheng®hi i DPD 44U, 1 5 P BUIR 2 54 Bx-comb-(Ay)m ) H HEAT
N, HEEEE A SRR, IRFEECARMIEE A MKERR THRIRE. A2, 2950
PARGHE BN Z IR B EE TSN, X — RPIESRM A 52 45 R — 2. @il 229
I R T SR, BEE R AN S S R RG22, I B 4 52 DL K M B P2 2 1
R CA RS JE RGN . AN Al DPD BEAbl xS BV i A i PR 45 T 4B 4y
Hr, RS R B R T Rl il “ 27 7 SUB . ASCRIH] DPD AR
B THEA R T MORVERUIRER &9 B 2B S (e, RIS A SOUL A L4 T 1Y)
PR S L, S BB AT SRR TR T

BEERUBOAR 20 K &, DPD J5 A AT AR R AT IR 540 B 42 A 5 )
AL, R UIS A R G5 B AAEHAT . Lin FERELLEUT R T IXFEh A5 K
FRIBEADL 5y, 3 ) SR e BN TEPE AR i, (PRI YRR I AR TR BT 46 J5 PT LA
W ERR DR SRR i, SCHUBERIIE K. I —ZhaS IR T AR B A S I
REMRRGUKP IR, KRSV B A%, Lin S NNEEREHT A4
FERIRAUR I, BEE R SMFERIIGN, B HITEHR A BRI R —if dUR R — 3 —
HEMHRNFAR . BERAT ORI, ERETET B ARSI BOR G R ECK,
B R A R AT R R K TR K E & g K a3 A 4L,
X TRt —D ke 7 DPD BRI G ) B 4 Ak i BV

i LB SEGIEATTAT A H, DPD HioR 4] 2 M B 7 R &Y A AR 00 a3k
ATTRE IR — ST A SCHR S4B TR0, AN A T 25 280 A T BT L BT SR Bk Z PR FEE 72 O HLEE X 3R
Wy i e R BE VD 28 (1) FE A ASE AL, b BT oA o R, ARSI AR B BB AR .

22MRAER
22.1 MPRJITRBZAAR AR

TERF PSR MR B L IR Y A 1 R vh, FRATIRICR N ARIR-b-2K LM AW F 5
o AT RERLAK, G HR S /K PR TR S TR R B8 7K R 2R 207 43 SRR AL D — AN BRG] 2-1(a),
FURLAL JG 1 SR PR ] PAA-b-PSy SK3RIR , X HLIE AW (58 B /K ik B L 31l mT LA J ik
HORB/KERT 1IN x Ay SRS, 785 SCHIRF T 3ATTFH I Foh 77 2R AR AN IR 2544 (1
REBAL Y. WK 2-1(b), AW PAAL-b-PSs FRoR KR BL S H/KIREL I L N 2:4.

14



AR (A 2083

@
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Fig2-1 The coarse-grain mapping of (a) PAA and PS; (b) polymer PAA,-b-PS,
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Fig3-1 The initial model for the polymer PAA,-b-PS4 at 600 numbers
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Table3-1 Interactions parameter (a;;) for amphiphilic polymer in aqueous solution
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A 23 25 40

B 60 40 25
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Fig3-2 Phase diagram of PAA-b-PS at different copolymer numbers and block length ratio
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Fig3-3 The snapshots of morphologies from 600 PAAs-b-PS;
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Fig3-4 The snapshots of morphologies from 600 PAA-b-PS;
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Table4-1 The cavity size and membrane thickness of the vesicles

Parameters PAA3-b-PS3(600) PAA3-b-PS3(900) PAA>-b-PS4(300) PAA>-b-PS4(600)
R(in) 2.4 3.24 1.32 2.20
d 1.64 1.60 2.04 2.04

8.6 R=0 8.6
& 4-8 BAY PAA-b-PS, BB IR IR 1M TR B

~
ral

-
<

Figd-8 The side view of the segmentation map of tube-like vesicle from 900 PAA,-b-PS,
XFT PAA2-b-PS4 £E 900 43T I JE B ARTEWL, th T~ HONAK S5, AN A T 3kE 32
Y, DR DA A2 ) 23 AT B 2500 A R EAT 20 H o 36 FLERAT T AR 7 A0 bR S 96 Py e A8 T
Kl 4-8, XHAHBEAT TR . BHEM ST, EIREIKEN 17.2, BEE N 2.08,
5 PAA2-b-PS4 £E 600 73T I LRI BRIE FEWIBE S 2.04 AHEL, BEJERJARMUABE ., X
WS U T, IR TR AT S AT R PR BE S B M 50N, TR 5 2 B 2 B R
EW - KR B EL AR S
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Figd-9 The evolution of the total energy and the solvent accessible surface area in the process of
vesicles fusion
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BACHATOIL, BATVRIL TARRM AR, il 4-9(c)Fi(d). 4P FEIEAETF iR
i J5 e B G /NIRRT G RS R — D IR e R R A A PR, VR AT IR R T
FBUNBE, WRCN T ZIRE Sy BT PN BRI 25 16 9 A7 7R 35 7K 31 DR mT i Ak 3R
ARG T, DL E MU, T RIEMMET S, AP B3 HBEAET
PR (BB IRE) SR R, AR AR A S g AT RS, S R AR DL
WA E. I ERAT IR A w, ST IR PIRRLG 70, 02 DLE ARV L [FF
EOEE

I ERAE L — 13 F R AW PAA2-b-PS4 7543 T 58 600 LUK 900 15658 T 1 H 41
B RE, RIAEE 4-1() 1 4-3(e)H AR MIAFAEH WAL I AOX — A [ P ALy 2, 2
AT 4 B G R R B K TES, TR 5 T4 600 B BRI ZEIL T 75 4141 900 B IR
FEUINE ? FAEN, ERIEREHE N AMNZ 15§38 i il X Fp gl R £ . A
BEFATHE T LRSS A SNE S THH R 42 ROREEEW - TH05 900 1,
RLG AT SIS Z TN K ANE S AR T HUE], Hedr Veisclel . Vesicle2 il
Vesicle3 AJ 2% & 4-4.

K42 FEY) PAA-b-PS,TESFTH1 900 I B LEHME B

Table4-2 The structural data of the vesicles form 900 PAA,-b-PS4

Parameters Polymer Number in Polymer Number in Ratio (Outer/inter)
Inner Layer Outer Layer

Vesicle 1 163 384 235

Vesicle2 85 268 3.15

Vesicle3 263 637 2.42

TN INZ T EBIny, JAIZH A @4-1), R NFERSME, d VEER,

1) — 47Z'R2 — Nout
= ="

Nout Al Nin A REILINZAAZ 70 T8 BUONERRRIE T, B0 7 IR
FEUTAAHFIR), A A AR R AR EE AR AR 2 0 T8t . b A KBATR BIE
t, X E SRR EY) A4 R, FEER OO ANE 5 AR AR E
N ROV S AANE D TREUCERSCHR, P ABA TR BLHE ANE S AR 2> 14
Kb 2l o A BB L B PR e N MR R 5 AR AR R A1 2 5 AR 20T R AL SR 2 A7 AE K
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T Vesiclel M Vesicle2 2 [ HiB Xt N AMNE 70 TG KBMCE 15 17 RkA T iE
%, AN RS JF ARG IR SAT, R AT UK 25 RO B IR TR
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Table4-3 The structural data of the vesicles form 600 PAA;-b-PS,

Parameters Inner Layer Outer Layer . .
Rat t t
Number Number atio (Outer/inter)
Vesicle before fusion 84 260 3.1
Vesicle after fusion 173 427 2.46

XF T PAA2-b-PS4 7E 71 1408 600 Bl 230 5 ERt & T2 Bk P i —d i, &
BT TR TS 2 AN 0N 4-3 s R R T LU BE S i e &
AR THCN 344, WANZILHIN 3.1, K20 FHCN 256, MR-G5 R ERY 52
T 880 600, HLBIDy 2.46 /N REGHTH 3.1, XERIATTZ BTHEIR 45 R —3
It LATE X P L N Al J5 10 e A 5 GO BRI 2830 . GBI DL B Pt ot A48 R T %%
M4 EUARBENER, WNasERrh R e s FERELNES N ZE R,
3 R I A 2 T AL AR, RSB G RE I ER TR 2 S IR R
DERIIRAEH

4.3 KRE I

TEARZE R RATEZ M T RAY) PAA2-b-PS4TES TN 600 F1 900 F A% i T
LT kAT, DLSOE U A TE A 28 S ML . TEARIR A ol Jv 5 v IR & TR A%
BRIV, MIER S IRE RIS R E BT R T8 R . PR 7 A&
R I T RO AR B P TR RS, (R AT BN IS G T E 7 o B X — i)
FATH HAAT T AL TE . FATVR IR & AR h R G W o FE R N AN E I 7 0%,
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Acrylic acid Styrene B2A4-T1
(a) (c)
A2B4-Th A2B4-T3
(b) (d)

B 51 (RZFBNABRAERAER; 0)REW ABTi FRBAET: (0REY BT
HLRLALAREL; (d)FREY AB-Ts PR LA R
Fig5-1 The coarse grained mapping of (a) styrene and acrylic acid. (b) The chain structure of
polymer A;B4-T. (c) The chain structure of polymer BsA,-T;. (d) The chain structure of polymer
A2B4-T;
BAVEE A AR R 5 PAA-b-PS BRI IEAE AN 1 um s, bindd A
BA T Eom. BANRABIRA)VERER CIHEBIRBAIH — AR R, AT TERSR
AT R AR B RFE R WK 5-1(a), IR IRATIHH AxBy SKRERESY) PAA-b-PS.
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PLER AW PAA2-b-PSa A, TATTHEH T ABao WK 5-1(b)F N E RS W) PAA2-b-PS4
IR BEAR S e — Aok, W HFLRIR AoBa-Ti TERFFUHAL BRI, FRATH
sk T EREBIRKEEAR WA 5-1(c)fTR, WHERRN BiA»Tio A 7T A4
BAGES, AR ZH 2 A SRR BOR W F — A 8 b, Wl 5-1(d)FR, Bhif &
NI A EE RS T KB AR, RN AoBa-Ta.  [F)HIE LA 52 X 4
SEMAS, TR AR A v B> — ANRIE] . eAh, AT IRA IR RATAETE KRS,
VI — S HRAGER TR

5.2 BT

®51 REMEBHTRHEERSH

TableS-1 Interactions parameter (a;;) for amphiphilic polymer in aqueous solution

aij w A B T
w 25 23 60 arw
A 23 25 40 30
B 60 40 25 50
T arw 30 50 25

R 51 RR TIEES A WG THREM S KT HIHF 1248, WREREY A,
B BT LASOKER T W A EAEHSH3S 5 =% M. itk 5% E5% A, B {REEH)
M EAE S0 5 01 30 #1050, it 57K Z A AE AR F 280 an 7R R, BUE
Kk 25, 35, 45, 55, 65, 75, PRI MismHEsn KV R. TEAT I RS
IR EE N EME, 2 FAEE B TE 900 4, SEAIRBCK R 2 h 2, BiKEEB KK
KN4, 6, 8, 10, 12. EHmILGRIKN)Y AoBa-Ti, A2Be-Ti, A2Bs-Ti, A2Bio-Ti,
AoB12-Tio BT HIK/NA 300 X300 X300, *FRKIZK73F#053 7128 74700, 72900, 71100,
69300, 67500. A7ty H A L EAK 737N B OO, it 5T B FE
BME R K TR 900 A, BF T =i e B B A4 R K 7 FAR U 1800 A4>. 7E
Rl FE R, REAMA R TR 100000 25, BHAEKSA 0.01 SR NVT &5,

53 ZBR511E
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Figs-2 Phase diagram of morphologies obtained from polymer A;By-T; at different hydrophobic
lengths Ng and different az.»
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Fig5-3 (a) The radial distribution function g(r) of polymer and water beads as a function of

distance from the vesicular center of mass; (b) The structure of the polymer molecule in the vesicle
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Fig5-4 The radial distribution function g(r) of water beads, the different hydrophobic block length

of polymer A;B,-T; at az.y =35, as a function of distance from the vesicular center of mass
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Fig5-5 The radial distribution function g(r) of water beasds, the polymer A;B1o-T; at different azy,
as a function of distance from the vesicular center of mass

W T REVeKBER S, RATEE R EMGUKEER AL, &HEEEY
AoBio-Ti AR R, W s im0 S8uh 25 $nE) 75 X —2 i iy, sl
P EARAC R . 1K 6 FhEEIR K T4 0 AT R HUn 18] 5-5 Bz . B EE ] LLAHI,
Kl 5-5 5 5-4 RS R RIMH IR, ARGV R EK EAR G KR, 7K T2
IIATRRHE Y O I BUREARFR AR A RS, X 10 B I B R 2 i R AR/ AR, TX
e 2 1) R S A, X R i A RS W B AR . AN, K AR 0 A
BRI 0 I IR ARARIES FE PR, 4 SRS 01 S Ak A /K PR o, RV A BE JE 18 0
[ o AP ARALGE IS H1 7 TS5 SR O E 1, BT 2SI i) i R e 42 31 17 g 7K B B B R i »
It LA SRS ik 2R KIS, R T RAE B R R AR R A IR . 1 B A i Ak
GRKPEIG 98, ERURN T BKEEBUN — 7, BN IR E Y T EAR AL G P R BOR
G A A TS S KB — R R BB K IR . BT DA 24 S i ) K 4 O
VI 2 s 23 gk N T BE R, H 2 i TN SR A0 I B KRR A R A AR, A
PR R 4B IE S o X — WA R B —E R SEhRa 3, il itk 1 50 AFATTAT A
FEASAR TRV RO BTS2 T X 3 A F20 Ji R/INEEAT I8, 3 m] DIOK B AE ) o 3 i Ak
R P B2 L3 R

45



SHILE SRR N B A5 A R T

5.3.2 um B B X L5152
TE B30, MEREW 5T 1 b 2 TR B /K BE BRI, i M KT 9 25 ) 1 52 1

AT Titt. EX—Ah, RAOTASCEREGWN 51450, BANE 5-1(c), Fim

S R KR BOR U, T 118 2wt R (4 B o8 5 B 1R S K M LR B K B AR A e 5

EE/ISEE- YT Skt i AT

12
09-@

10

... Vesicle Vesicle

4 Sphefesi ‘ .

i ; Micro Cavity Vesicle

25 35 45 55 65 75
aT—lF

Bl 5-6 REY ByAr T EARRK M SRERA R BGAKSEK T K 5 HEAAE

Fig5-6 Phase diagram of morphologies obtained from polymer A,B,-T at different hydrophobic
lengths Np and different a7
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B 5-7 (a) The radial distribution function g(r) of water beads, the differenthydrophobic block
length of polymer ByA,-T; at azw =35, as a function of distance from the vesicular center of mass; (b)
The radial distribution function g(r) of water beasds, the polymer BioA-T; at different oz, as a
function of distance from the vesicular center of mass
BEXTAH B I B, AT IR FH K 23 142 100 23 A R 5010 7 2O Fe S50 12847 73
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Table5-2 The cavity size and wall thickness of vesicles formed by polymer B1oA»-T; at different az.y

Parameters arw =25 arw =35 orw =45 orw =55 orw =65 orw =75
Cavity size 4.55 4.75 5.05 5.15 5.15 5.25
Wall thickness 2.7 2.8 2.6 2.5 2.7 2.7
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FITRE N A AR AR AT A% T i B LI R ) 2 AR ARG /NI S N . JF HL, 24K 7RI
O FFAe HE I Bt N2 AR A AR 0 B 2 i Ak i 7K PR R s el s A, XU v i R
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Table5-3 The cavity size and membrane thickness of polymer A;B19-T1, A2B19-T2, A2B19-T3

Parameters AzB10-Ti AxBio-T2 A2B10-T3
Cavity size 6.55 6.15 5.75
Membrane thickness 2.60 2.80 3.20
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