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Nanoparticle and Cell Membrane

Li Jiawei (Materials Science and Engineering)

Directed by Prof. Zhang Jun

Abstract

Due to the intrinsic physical and chemical properties of nanoparticles (NPs), they have
been widely used in biomedical fields, such as drug delivery and cell imaging et al. However,
some serious drawbacks still exist in the NP-based diagnostic and therapeutic applications,
including the low internalization efficiency and side effects of NPs, which limit the further
development of nanomedicine. In recent years, inspired by the unique spiky surface and
superior transmission ability of virus, morphologically virus-like nanoparticles (VLPs) have
been successfully synthesized, and it is experimentally demonstrated that the cellular uptake
properties of NPs can be improved by mimicking the spiky surfaces of viruses. For instance, it
is reported that the VLPs can achieve higher transmembrane efficiency and longer blood
circulation time as compared with traditional NPs. However, this field is still in its infant stage
and some intractable problems remain unresolved. Especially, the theoretical and simulation
investigation on how the virus-like surface topology affects NP-membrane interactions has not
been reported yet, and such investigation is envisioned to provide useful information for
designing and optimizing NPs for versatile biomedical applications. Therefore, an in-depth
understanding of the interactions between VLPs and membrane is essential for the development
of VLPs for biomedical applications. In this work, dissipative particle dynamics (DPD) was
employed to systematically investigate the internalization of VLPs, as well as the factors
influencing VLP-membrane interactions. These studies provide an important theoretical
guidance for the optimization and design of VLPs for biomedical applications. The main
research contents in this thesis are summarized below.

The microscopic mechanisms of the spikes of VLPs affecting the penetrability of VLPs
have been clarified. By comparing the penetration process of VLPs and traditional NPs, it is
verified the significant effect of the surface nanotopology on the penetrability of NPs. Moreover,

by investigating the penetration process of different NPs, it is found that the presence of spikes
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can help to increase the lateral defects in the bilayer, decrease the vertical deformation of the
bilayer, and lower the density of nearby lipids during the translocation process. These effects
of spikes jointly contribute to the superior penetrability of VLPs. Furthermore, by comparing
the transmembrane process and transmembrane efficiency of VLPs with different spike
numbers and spike lengths, theoretical suggestions were put forward for improving the
internalization efficiency of VLPs, which holds great promise for the development of NP-based
diagnostic and therapeutic agents with advanced functionalities.

The receptor-mediated endocytosis process of VLPs has been investigated, and the effects
of the spike number and spike length on the endocytosis efficiency of VLPs have been analyzed.
By comparing the dynamic process of receptor-mediated endocytosis of VLPs with different
spike number and spike length, it is found that the spikes can produce biphasic effect on the
receptor-mediated endocytosis efficiency of VLPs, meaning that the relative short spikes can
enhance the endocytosis efficiency of VLPs, while relatively long spikes can hinder endocytosis
process. Meanwhile, the effect of spike number on endocytosis efficiency of VLP is in
significant. Further investigation on endocytosis process demonstrated that the effect of the
spike length on the wrapping mode of the particle and the diffusion ability of the surrounding
lipids is the main reason for the biphasic effect of spikes. The obtained results of this part serve
as a foundation for future studies toward the rational design of VLPs with specific functions for
biomedical applications.

The influences of the hydrophobicity properties of the VLPs on the internalization
efficiency and the cooperative behavior of VLPs have been clarified. The comparative study of
the interactions between membrane and VLPs with different hydrophobicity arrangement
demonstrates that the internalization efficiency of VLPs is mainly affected by the
hydrophobicity of the spikes. The uptake efficiency of VLP can be improved with changing
hydrophilic VLP spikes into hydrophobic spikes or amphiphilic block spikes. With the goal of
controlling the dynamics behavior of VLPs in the practical applications, the multi-particle
model was used to conduct further research on the cooperative behavior of VLPs during the
internalization process. It is found that the cooperative effect is enhanced as the core of VLP
changes from hydrophilic to hydrophobic. These findings highlight that the regulation of

hydrophobicity arrangement of VLP can be an efficient strategy for controlling the VLP-

iv



membrane interactions.

The effects of spike shape of VLPs on the non-specific and specific interaction between
the VLPs and the cell membrane have been elucidated. Based on the VLPs in experimental
studies, VLP models with different kinds of spike shape were built and investigated. By
analyzing their penetration and receptor-mediated endocytosis process, the effects of spike
shape on the internalization ability of VLPs were clarified. Moreover, with elucidating the
underlying mechanisms of spike shape affecting the transmembrane efficiency of VLPs, the
theoretical suggestions for optimization of VLPs were put forward, which serve as a foundation
for future studies towards the development of VLP-based diagnostics and therapeutics.

Key words: Virus-like Nanoparticle, Cell Membrane, Penetration, Endocytosis,

Dissipative Particle Dynamics



XA RIRE

A ARG M 51 NFERIORE 1230 AR 400578, DL AR R A J (0 417 23 9 oK kL
TR R, RBAL G SR ST R BRYE, $RZR 1 1599 B 40 AU R 5 e A K S A
o AR 2 R AT IR B R SIORL I B TR AL T BT AR R ) SR B

1L MR TR KBRS R ZI5EE, B T BTSSR ERSRITIKRB
RLES RE R MO L o S8 3L R 700793 5 G K IORL 5 1% Ge g R TR AE 1235 7 I e e 3%
AT RE R 225, [ W] T GURRURL R [ 0 S8 S0 9K BRI A N A3 i A
M WM 4 ¥ S RURL 51 3 52 AT N B RE I, S T 07978 23 oK UL (10 3R] 5 7 88 3 A2 x4
RS 2859 (¥ FOIE B AT UL ] L 198 i 337 RO (00 2 00 73 o e 9 3 FE 30 ) ARG Bl T
ANRIRLIS 1 BE TR SZAR A T AT R B

2. BARA T RIRKBERMBL B X BRLIEE e IR Z 4k S B R M, B0
TR B GURBURLEE AR R 5 ORI AL BE FT TR ISR 2R o 22068 AT AN [R]3R 54 B AR 2%
K H P79 5 A K URL 5 20 A 1] (R0 AR LA A AR AR e B, S i 25
ANRIIORL 1235 T IR E 71 52 R S BEANE H SR RIS, L s2 4R A G A R £ 857
N FRAS P B RZ M ELAS R FEE R 5% 200 A A 03 AR AR E T 0 SR SR AN H 52
M 77975 53 G K RIURE PN A6 BE 77 B BOWATL AR A3l 0 22 R 52 i EREAT 1 e, i 1 A
B YKL S5 4 11 J5 5 185 JE 0 TR R 0k AR AR o

3. BT iR S g KBURLR B K P B AR SRR UL AL BE ST RO, R T
BE— BRI IR B AKBR N ALBE T T . R G00 0 1 BA A FR BK MR BRI R
KBTI 23 IR BRI AT RERT ARG S S 1 3R SRR N A BRSPS i) A2 52
Wi 77995 75 G K UKL AL BE /1 AN [FIAT S OR8E, #87R 17 R S IR OGS FIUREIES HE R0 R 52
AR LA o BF7E AR D9 2R W= 245 7908 75 9 K RURE (0 B A e v 32 It J: i A A

HiHET.

vi



BB D ettt et aee 1
L1 ] B ettt Rttt 1
1.2 PRI LE A EE AT FH oottt 3

1.2.1 GEKRTRLIITE LT I3ZE e 3
1.2.2 FETFGURITRLITIZTT L vttt 3
1.3 413 B AN K UL AE A 4 I 22 AU FE IR oo, 6
1.3.1 PHAEGURFIRIMEIR c.ooovoeeee sttt 6
1.3.2 DR BN K ITRL I R G I oo 7
1.3.3 B HUTTRBEDIRITRL vocvovvveeee ettt 9
1.3.4 TR BELIRIIRL .coooeeeeeeeeeeeeeee s 11
1.3.5 ZABDTTRBEDIRITURL cvovoveec ettt 13
1.4 R 5 20 AR A PR ELAE FHIETE v 16
1.4.1 UL S THEE oottt 16
1.4.2 GIRIIORL55 SH AL AT PRI AE FLAE I FT oo 17
1.5 FERORL 13N D) A AE A TR TS IR oo, 19
1.5.1 FEHCRE TSI 1M ERR LR ..ot 21
1.5.2 FEHTRL BN TZE IR TB G L oo 22
1.5.3 FETFERCRLF B S AE Y BT TR e, 23
1.6 AW SCHIBF TR Sy BETCIBEE BT TE I oo, 27

BT RENARBRFREESBRTII oo, 30
2.1 G ettt 30
2.2 BEAYEE T G B TR e 30
2.2.1 DR EEDI KT T L oottt 30
2.2.2 MO R AT UARE I IR TR covoovoveve s 31
2.2.3 BEFUANE AT EHAEF B EIEE oo 32
2.2.4 FAFE FTRIH TTVEIEUE oovooeeeeee ettt 33
23 B R G T e 34

vii



2.3.1 TS JL B H X ZE BRI I R oot e et nens 34

2.3.2 DR BRI G A B AL TR oo 36
2.3.3 UKL TR TN B> TR GEFIHIFEME oo 37
D4 TRBEIINGE oo 40
B=F IREHARBRRZEN FATITAT R e, 41
3.1 Gl B e bbbttt 41
3.2 BRI N G TF B TV et 41
3.2.1 IR EF AR T I L oot 41
3.2.2 YA B HTUARE T AR cooooeoe s 42
3.2.3 RGN KA EAE B EUIEI oo 43
3.3 B R G I T ettt 44
3.3.1 FIRMAKE S EE XS B RERITTEM oo 44
3.3.2 (IR EEGNKIIURL Y B BT FE oo 46
3.3.3 HIZEELIA P B R R AL oo 47
3.3.4 % [A) SRR R BRI S DL AR TAE BB oo 51
B ZREEZINEE Lo 53
BT SFRHKMET 7R YK BRL AL BE ST IR I T oo 55
A1 ] et e 55
4.2 FEFU T G BT o 55
4.2.1 iR EEGIRITRIAE L I T oottt 55
4.2.2 YIHIE B AIEEAE T IR T oo 56
4.2.3 AT B A AR FHB BRI covvooveeeee s 57
B3 BE B G 1T oottt 58
4.3.1 SRERZKVE TN HGURE-S5 20 82 T B AH AR PRSI e, 58
4.3.2 SEGRKME BT FIRL P AR ZERITEEMH oot 60
4.3.3 SRR TN BURL AT R T 0 AT BT FEI oo 62
B RFEIINEE oot 65
SBHE RRFARNG 5 BPIRBRL AL BE ST IR T oo 66

viii



5. B T G AT G T B T e oo et e e e e e e et et e e et et e s et et et et et et et et et et et et et et et et et ereear e 66
5.2.1 05 B N K A T I 7 oo e e e s s e et eee s e e e renen e eeeeees 66
5.2.2 B R AT U T FRIRAIZE <o e e e e e e et e et e e e et e e e e et eseseseseseseneeas 67
5.2.3 AT K AE FAE B BUIIEEL oo e e s e s s s eeees 68

5.3 R G 0 T oo ettt ettt ettt et et et e et et eae e et et enennneas 69
5.3.1 B FHLAIRITFRLIZIE FTEBE TTHTEZIA .ot 69
5.3.2 F RILIRIHIRLZZ KA T I TEHTEEI .o 71

S R BT 7 N ettt ettt e e et et et et et et et eateareneeaeanens 75

e =l - R 77
I A 2 ) BB BT T BB v eeeeeeeeeeeeeseeeesseseesseseessessessessesessessessessessensensenseneas 100
L TR 103
(== SRR 105

ix






AR (4O 22 S

=

it

1.1 3|

AL T H RS/ BERTIARK . 2R T RE = S F A DU MR DG 22 5 B
JREE TV A A E T 2N . BET, AARBURCA T 6 A B 2 B 3222
BAAEYIRAR . W, 9ikik. Jeshniasr . StRGeTT . BYEIRTT . PURTETT
FLRNAYTAENL, Il 1-1 FroR . AR DAGRITR AT 6 B & M2y M D2 B TR
KIS 5T, (HE5IER, WHRZ0TTR R 9K BURLE H AT R s A2 — L
IR 1) 5 B, L G A R TR 14 4 5 N 28R LR DA R R R AORE R i 2 6 AR P4 1) 2% B A
LR MIRE R AU, Sl A R SN R R KRR AR ORL, 7T BAE— 2D 4
THAR ARSI A= ) P 2 Uk i) S FH AL, BT AR AR e A 490 K R0 Aot HL L 26 B g PO s 2
FERI A 2 a5 T TCE AR 2 R0 A8 LLGR IR A Atk i 5 Fi2 7 b
FIFR S GRORBIORL AR 122 [ 2 10 25 2 5 o BT 4 [ A R 2 i 1 o 5 Ak P S R 4
5, ZNORFIURE- 55 4H RS 18] XA EL A PG oK RORE RO R A 22 SQ 017, BT, ATk
WL A1 P52 TR T4 K JIURE 55 4 68 ) 40 AH EL A T SR T A oK A A B 58 0 K AR FA) 2
PIRIRIE B AR R RSURE P25 il DL OR P 22 4 7 Y 207 ELAT Bl JHL B S 1 i S,

B 1-1 PAGRBURLA AL B2 W Aia T R A

Figurel-1 Nanoparticle-based diagnosis and treatment!!!



wow i

B TR, B AR B S R AR R R AN T B SEEL 1A R PR g8,
HAE P58 R RAS AR Bt fl g 05 AR RRR AL 1A 28 (0 BB . BB AISRNE 2224, B
KAt RIS MR S . ELEVI S, R e iAFIR N — k. e, 1EA
PN AN RESRSL A A I 2 A AR A FLAB A R N R B R 45 R R As R 0 R, e AT 1T
PR T8RP, AR, AT 2 A B AR AT RIS AE A WAL AT 2E, ER] LA
BRI, X TR Z 18 R AR A 2 18 K I RE A B 1 AR S I AR 4
FRAIRE FIP0 s FEAVE SCHIBE T HAIE],  IEAE B A el R B At RE 4 K, OB AL TR PR 75 12
THA BRI G T2 N MR AR EMATE RN R T ERIEEFR . 2
i A% Qe e IR IE SR A A, TR, B AT T8 A R Bl U A 2 30
XHERBURLEAT U 85 et ) DA AR TR BRI PERE. CBE 8020 3. B (1 4
MfRH AR LRI E MRS ) B2, [T, BEE SRUR 0T IT b 05 35 9K KL & BT 1251
AR JE, BB &G R T 2R L BN A s gk ik, 2810, 1
TR GRBURL A RIE 7E H AT AE RS20 B B, A9 K BURE PR 3R T 9 T 45 14 52 W 40 R 0RE P9 AL 14
Bk > 2GRN BRI T, W75 51N BT IR R 70 75 9K BORLAE 2R W) 1= 27 40
Rt RS TR N ER R R

TR, 73 TN IR IZ I A R RO — Rl MO 2 X T R 28 ik R BT B, X
FIBTIE O R . OS5 R AR FH ML S ) 7 R s AR IR B, 7
T TVE CAEAE MR 2 I 9R M RO TR S 21— € RN, 82 T A R BRI 7 1
AT 20 BAT A A B SV R R 0 KA e G RG] RO R AR T IR AT ST, O
AR R BT AN £ 5 AR Bt 11 20 w5 B ANER IR SR, (H i TAE SR it
FC R GHOK RIURE R T P F N5 4 (R IR 2RI SR RIB TR 2 TV R R RORE 2 i 41 4
ZERL T RIORL 5 20 M AR ELAE FH OB SBLRTE FE IR R I0E, MR A2 A MR A Ah e %5
T, A TTARSUR FHAREORL 13 /1 S BAUE, X078 55 40K UL 5 240 B B AR EL A H Y
A EMPLEAAT RGO T, FINTUDR R BUR R RE H . KB SRBKIE. B
IREEXT 15973 B A9 A RIURLIES Ji RE /7 A2, - JREEM 017993 B 40 K BURLIES IR R (1 AR
AL g 57 5 AN K JSURE (1) BRI 150 T B (At JRE At el A R A0

FEARTN, B IR R GIRBURLAE 2L V) = 22 008 1 N A BEAT IR, SR 5 X D # 4hK
RIURL (1 SR FE IR BEAT S A AL 4G, 48 H BT SRS T FT RO A A2 ARAR RIS D7 1A
B8 J5 A EAERIORL 58 ) A AU AR A S S BN I, fJim A R A1 ST
FURE . WU S S



AR (4O 22 S

1.2 SSREURITE 4 Y = g R B2 A
1.2.1 HERFRBHNEXS7HE

J7SC b PRI R = g 8] o 3 /DA AT KR B R A JBURL A R
FREOL, PR RO AR oK RO, ko e AR 22 A 6] T 2 00 ROBE AR IR R (g 4
J, LR 5 A DA S B B AR AT 2 S I BT IRV  7E 1857 4, Michael Faraday
7 O IR TR H KA B R I 3 2 RN RS T S 8. 1 B, BE
LT R AR AW R AN Je, T8 AT AT DA A (R RAE AR AR A T 2% 1F,
BIFFEE AT E BRI 8 K RO P RS R TR R 58 45 4 1P 5T 15 0 KRR 12 B 1) 114 5
Fo EMZICHEN)G, SREARAWHEE, (15 HE % B 2% S8 BE H 9K Bk
B o FERR B ZE L2 AE 2011 R[5 S, GRRM R —Fh R B AR R 2H BRI R IR
FHCR B RAR BN TAPRE, HIX—FE AR — a2 A = 4EHTE 149K % 100 49K
8], FF HAX - FEASIORL ) e B AR AN AR BT R S 0 5 50% BL b #fb A
F, AUKBRLR] 73 FENGUK R T POKIE . GUKREJE . GUOKBEE . GRS ARk
AR AR, GURITURL AT 23 R GRREE AR 9K T AERL 9Kk A
WARAELME A ARL . GOR B AP R AN K 1R %%
122 ETHRFRAISTT A

550 F 2L, GUOKRRURL AT DUREE/ANRST 2082, AT E  E N0, HLil T
W5R5iE M B (Enhanced Permeability and Retention, EPR) RGN, 44Kk 5 &) 40 ) fif
FILHIR, K520 DNA ik B N ARe e 28 B4 thdh, goRmoki ) L R i
AEG TR R BB 2, W SEIRYT 5T SR ER A AR, 6 1R 2 9K BURLIE F]
Wbl & R T2 LRSS T R FORAM MR REE RIS, I AMUA BY T3 4k 2
O BETE SR IEZG U1 L T ek 25 P &, DA 2 I B R OGS LE 2% B s 2 4t
ALl FaX BRI PR, GORIBURLAE AR AR 25t ie A s 2
S I BRI R A BN ] 12 B, B G2 R T AR R A AU ) T
ORARL T EAFE S BAURARL . BEPEGRA LRI Sk 7 255, ALY R 3 2
AR 70 T AKERL T B DK ARRI R IR AR o3 - REEE, e HL-ToHL At
RHE AP 2 A B AR R



Polymeric Solid-lipid

Nano-emulsions ) ]
nanoparticles nanoparticles

Quantumdots Colloidal gold

?FP --'\.:_'
Gk T 0 @
3 e

. . . Carbon
Nanodiamonds Dendrimers Nanocrystals Liposomes

nanotubes

B 1-2 F R T2IT I GOR BRI T 147)

Figurel-2 Typical nanoparticle used in diagnosis and treatment!“”!

TEAURIIRL I SE R FH R, GoRIBURL AL 220 2y . RITPERR . RSE RS #5535 T 5
N P9 K UKL 5 20 B R AR ELAE AT e I FE R AR R 22, i 193 B TE4x
JEAAKM B ST, H TS 40K & BT VEAR XS 18] 5 LA A TAE R IS Ak
NI A A B 2 T e A )2 AT ST IR AN oK A 7381 o b A < ) K DR LA R ) A
VEIANA Y FUARR I, & LA By YA R RORE RS, 345 oK RORL % & il o B O BRAR AR 2E
PIARAET10), - 5 A1 G R RTORL A B FH TR Ol R R A1 7% s 40 161921 - SR K FOREL Hy T
LR 2 1 2 ROA A TR TR B 1 IR, LR T s i 192930, A SRATE 58 2
FO53UE SEREAE SRAIKRIORL T (BRI LU R RS B3R T, A B T 40K BRI AR &
FRUREIC, T HR M R R R T P AR 25— T LA 200 M 3¢ Rl 53 49 A TG 75 - A B T2, R bkl
HEA TR IPIRE T RE . TERLTE QR BORIAT 57T, 25 Fh 25 B 1R Th BE R 4 oK Bk —
FFEE . Bl BRI R UL R SR K O AS, EIE S AT DA AR P B 2 rh R H SRR
VR FILOO81 BB B, WFAL B O R T DAL 0% . K IE Sk AL e vk 48 AR
R 2 B BT V2R £ R e MR B 3 AT # REME 9K RORE . H BT REVE AN KR AE
A A ek 1) 32 2 82 T SO R AR RORL /N RO IR Ry A FL 48 T A 4 o e )
BBV, e B R G FIREREI MG PER N, RSk
BHORE . D15 RS AR DR 5, AR SIS WG T« B Al SORE 21k
YyKen, &Rl U-VI Rk HI-V BT R AR E B RSTE 2~20nm 2 B FIZ99K &
A, Horb I-VIRE T 5 0 & OTVE IR B . AR, B AT



AR (4O 22 S

B =5 i RO T — R AN T RE R LI I 25 W) 73755 s A AR EE
LS AR BB AR 2L b0 5% =R T T 7 K e d & 7 il &% .
LA, AT CdSeTe Al CdTeTg 456 & 1 R & MRTT R 177, s &K
BRMAWA e, BT R ALY AR RIS . ARG oK TR AR
AR 2 R TR AR BRAR K — SRR RE, SRR R Ok B AT H i A
PR DL AR T2 HI B 2R, JCIL R AE AR S T, WS E TR 4
WRE T B T A 3 W B SN WSS 1 i — S AR N R TRL DA TR 1 42
[ P R REL 7.

Silica-based NPs

ry

>, Metal-based NPs

Liposomes
oxide NPs

“l’ﬁj% G
.
Polymer-based NPs

Bioseparation & purification or
bioactive substances immobilization

f

(Immunoassay & biomedical diagnosis
\

B 1-3 AN FISREL B GNRTRRLAE 2R PR S K B 25 ol L F 1881

Figurel-3 Examples of typical nanoparticles and their applications in biomedical fields!®®!

TERRFEDURM RIS ¥ . SRR E A SRIRETYE . — 4. 490K
BHEAE S EEM BRI 24 W12 5 T A 28 SRS IR AR 3807577, i e g K T DA DA i
HLMEE KA A, ASEIT LB - HERURIEL KA BAE & 038 2% .
B MR T, VAR R G TR R SR B 2 A k), UL
Polyethylenimine F! Poly(amidoamine) ARERMMAIE 73+, BT AEMMEEERL . &
KA AT 2 R E T3 1T B AR S R SR i, BRI 4 TR AR DR 27 P

bacterial, antifungal and antiviral

Drug loading & delivery, anti- >

!
iosensorsand contrast agents for

medical diagnostics and cell study

Photoacoustic, photothermal or
photodynamicimaging & therapy

!

Magnetically()-assisted >
imaging &hyperthermia

5



wow i

MR B AR AR BARTS S g A o5 — P 2 ik FE I A LK A4, 49K Mg i
PR E BTN T IR PR I GOR 25403838 A ¢, BAT il 4 2 2 fj AT ) DL 4 i
Rl PR s 182500, S IR R T 2 W BOK IR 25 W) B TR BRI B, T AR 254 )
BEIFE R LR AE IR TR), 38 w2540 € RO, el 2t 1 5 400 Jo AN 240 PO 953
& HIRETO AR ROR . tEAh, A R A AT TR R A
RT3 TR Lot J5 24 R /K P P AN~ 3 S A M BRAL 2 PR 5 BT, SRR AR T3
AL VIAN NI R0 5y A0 R 1) R s 3 A T 2 PR 384

RGN AL AL [ 2 U R I LK PR DL 5 A 77, (EDOR 2 1T 045 Hh 9l
AKBURLAE F AT ) A=W B 27 B O A7 AR 1 22 Bk, BRA T AARBIRL N T & B 5 A2 T 7
RLFROR « BLBT B B S0t 7 AT ORI A Tl 2 B AR R R RORE A 3245 B AR AR N7
PRI )R DA R AR AE — E I IR F S U898 TR, IR NS BGORRORL 5 AR A, U
5 A TB] AR LA x4 5 DLAAKRORE T & B2 Wi AR 7 R B R
PR OME - BRI, TCIR R KRB T 25 Wais B2 ik 2ot a7,
BIF 7 A1 T A B AL B SR AN R URL (K AR 0 R BE (R RIS SR TR AORL (R 4 [ 1, IR A8
RHAR A FEPRI [E] L 38 5 AR A ROR « BRI A 0210, DSl B b, R
FRORRLAE L) S 94T 9 5 AR AR RN O AR IR 2 AU R AT 78 A a1 O31991,

1.3 ifREMREREEYEZ TR RIVK
1.3.1 (AR RETR

IR A LIS H AR TP (5 MR BEAT 6 I I TR RN e . W58 R F
WA, ARV KOO 2 KB % B A B ROV S maEe, M
1117 E 4% B 4 U N H T AE (A5 . N E AR P22 SR RGP A 22—, K e
WIS R BRSNS o BRIt R OBk 2 A TRIE AR 1 46 e
MRHRSE 17 3% 2R R BAEUR IO, GE L4k, DM BRI R, Ao
93 7T L W AR BIRTRIRFE AR O &, bR AR IR R g« S5 LA K B
e, KU E B S SRR S RORSE &, BT LS N SO S &, BLSEIUR
SEMJRIDIRERI WM —, Bork IR S5 ae . DhRe 5 IR A0S R IAL B A 3T AL R
R %&. H 20 A 90 FARLLR, MEM B ERNRE R RN — DN MR L W)
BERM AW 2 8 2 SRR A XVERI T, DN FHERE R A it LARERL ) S 7]
AR VORI, AT FIE AT ING L A RO AR R SRR A R B T BRI T

6



AR (4O 22 S

AR BN, A20e VUSSR E VIR K R R LER A A5 R, ) PH <0028 — By 22 P R R ik 1
ST A KR A G AR CLO H RTHT R K B AR 2N N, R o
W BT UARERS R I OL R B s R, IR BRI i TR RIZE M
AR EVINRAR, SR RN A R & 0 — R0 AR B 2 fLIR = R I
R TS e 012012, B B AR T AN AR S A B AR TR AR,
BT AEBRB AN ZEWGE A 7300, AERXFE 5N, QORI A5 RIS I A R K
FEMRZHITE IAWSS 71, JIEGURMBHIRS 7K ERED, JHRLHE 2 2 T
fE. #l4n, Park A1 Meldrum'TDGEEIE-B SRR, S s THESE,  HETT DL R
WA R T S B SRAURAR BT 840 55 . Sugawara SEUA A BK COE O 2T 4E 2R
N2 WA R R D & 1 B R AR R T I BRIR S 5. Aisenberg 2512152 /2
3R A N A 6 AR 45 i 1 2R R 5 A By o BRI A1, IR Z Y
KRS R AR AR S S AL 3 1 BB JR R o Biltn, 24 it 25 A0 K R K, Tiang 45
(O] PO 20 bk ] 2 17 45 i ik 38 T B A7 AR ABL R AR R K BR 9POK 7 T . Fiirstner 4601271
()R 52 AT I S5 K SR A, ) FH XU 0 e B s Rl FR) SRR i I R T 25 A EAT R 1, 1981 13K
ARG R TR . BEE W TCHIER AN, T8 AT IUAE C 28 AT DL L 45 B 1 R AL 228
AR 2155 2 Fh 7 ik ) 6 R R K B . SR UG, 7E AR P B RS S %
PEREDUER AL EHLEAE PN RL, X bR S 5 S B R L 5 N
AR R B 22, B RALBORAAE ) 2 S 2 R AN A R, AT X 2
SRAP R B AR N, A NAERUR B LT AT RE T Wi rgiE s tesh, 5k, )
B A AMGURBHEBORGREETED , Dy el as . BRI 5 & s EM RHER Bt T4
TIBARSCEE . RIS AT I AT AL 2 AEON R b ST 28 25 3 B 47 AR AR 1 46
Jiids, BET O R v 0 AE AR IR M Zh g o 017 A2 ZRBARE A PR it TR
PP (8 2% R B AR RN HES R B5RT BT B EE L, AT Z B RO AR T 7 A 5
RITIAIZ
132 imEMNRBRNERS N

BB AR BURLE FE ISR, A, R as— 2 R B T DRI “fa 50,
AR E— DA SR 7R R . AP R, i aE RO s BLgiffag i, A
— %R (DNA BGRNAD, & — s Z5U7E T 40 N 2 A 5 DL 1 07 U9 5 i AR 40 g 24 )
Mo R, e ALY ORI Z ZEE, Bl AR EEN R (Human



wow i

Immunodeficiency Virus, HIV). JERFIEE MBIREE . I AR ESA NI REM TN
frs JHFAERHRI R . DR Y RS R . LA 1-4 BR YRR TR 45 1R
B, e EEH MR KB E AT MR, HRA B ORI AR R 4. K
b, iR BT A0S AN REEAT AR A i id 3, A Ao B, (iR — B
BENTE EAHMZ J5, et rr LA FH 4 o fR SR e A R B 1 S AR IR P 1 IR g4
GRS AW R RS NSV HYR A R R, A b
WA RL N HLEE RNA R #E. 0UEE RNA Ji#E. H4E DNA JR #1008 DNA JiEE. 250
WK AL, R T 7E B AR T P RS SR NG I B R IR AR AR L0-132,

Spike (S) protein ——> ‘\

Membrane (M) Protein

_———— Nucleocapsid (N} RNA

<—— Lipid bilayer

Envelop (E) Protein ——— — Genomic RNA

B 1-4 RBELEHREE!
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Figurel-5 Section through a cryotomogram of a field of influenza virions!'33!
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Figure1-6 Illustration of the formation of the virus-surface-mimicking hybrid vector!!4?!
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Figurel-9 Structural characterization of nanotruck!'>!
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Figure1-10 Illustration of the virus-surface-mimicking hybrid VLPs for enhanced gene transfection
and nanocluster-induced NIR photothermal therapy!'5!
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Figurel-13 Illustration of structure of cell membrane!!®7!
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Figurel-14 Illustration of different pathways of nanoparticles translocation across cell membranes!3l
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Table2-1 Interaction parameters of bead—bead pairs ai; among water/lipid/nanoparticle

i w H T P
W 25 25 100 25
H 25 25 100 25
T 100 100 25 100
P 25 25 100 25
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Figure2-3 Evolution of particle position as a function of simulation step
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distance between the nanoparticle and the bilayer center. (b) Heatmap of critical force for VLP
penetrating lipid bilayer as a function of the number of spikes and the type of VLP

35



O PR RGN 5 ISR 5 R T

232 (iR EMNARBRNFENESTRE
DN BT ARORE 24 THT FR) SR 5% 245 ¥ BE M8 42 T B 40 R R 27 AR (LR, DL

BRI VLP22s) B, 734 1 55 85 9K BURL 57 I (R 2 25 A - 40 B 2-6 s, £ VLPasogs)
R B SIS 07990 B AN R RIURE 2 ¢ A e A I e e e A ok R S N AR P, e
TR K RUREAE 20 B PR T (A2 2l 8 N 2 e R R 2 8 S A B PR 454
WG ITRER R . BRI, AR 3R TEDGH BIGRTRL, VP 78 A RZIE N 20 A, 40
NRH SR DA A AR, B 2 I AR AR SE, 70 R 9K BURLIZ D 15 B O 5 25 DL
HI 1=

adhesion

B 2-6 VILP,. 253 PR 7E 20 HUBR /G IR 40 U AR S5 4 ) T AR

Figure2-6 Representative snapshots of the internalization pathway for VLP2.s)

NE BT TE RIS J1 52T, T J6Xt VIPras (B IE 7 I R T i 5%
AT BT T E T, W 2-7 (a) FR, - Hras RARWIAE T B 40 KR ) 7 Jis
P, ALFERURLAE 40 B R N BB B, RORLE AN W E AR B . ani&l 2-7 (b)) Py
VLP2ys)TE 5 MEI A2 B I ) AR 40 (1 58 B ) = 4EI2 S8, {15973 BN K BIOREA/E 4 P 1
TR — B IR], TR I BN ) A 70 B AN K RORL & AN WP 3h 5 RS, 0 R e B AE T
7N 1A IR B 8] Y A7 903 B 4 K BURLAE 40 B i PR32 21 5 SO ORE 1 2 2 4 i J i 58
BEWOR T M 2 WA P4 .

N

36



AR (4O 22 S

(o) v *
05F
@ 2z
g ool 01 3
'”W-é‘i-
— s
-1.0 ' ' -
15 10 5 0 -5

The distance between particle and bilayer center (r,)

B 2-7 (a) VLP oo fE FREEHHIER I (b) EFEIEFN=4iZ5HT

Figure2-7 (a) Particle orientation and (b) 3D centroid trajectories of VLP2:2s)
233 FRIRERIFEX N FEEHHIFNT

N BEE— 25 M R K SBURE (4 2 T P 45 K X 9 K ORI RE T RIFEMR i RS A
[Fi 14 75 995 5 290 K FRTUASE AT 308 33 2 49 K U B 5 JB I AR 84T 1 X B . B0, XFEEAITSE 1
VLP22s) M R RS AR SEER I R BORLAE 57 B A O A BB 45 F A2l . (R, B
HPIRAS S AR MR 1) JEE L N, BT 1 R ORRIORE 27 JE 5 RS IR 40 B JB e B R4, i 2-8
() P o WRURL R Lo AR A 5 AU IR AR TR (R 5% S 0] LU, BRI GRBTRIAT VLP21os)
T 27 JRAD R B A 20 M5 ) K SRORE 1) J5 o P FRD /DS, 2 P R ) TR AR B i 1 K, JF
HEEE F RO E R, M aE 5. ARMEMFEREEREI T, VLPaos) Gk
FR A S 1E A Y SR /N T 5 RO AH TR R BRI AR, 3 — X ) 13 7T A H AR 4 4 i A
X7 B T VE G RO RUR 57 I R P o B Y, ] 2-8 (b-¢) fos o AEAH R A7 B A7
T3 R UKL AN A% 48 40 K URE 12 B3 A R RS A [ 102 A8 R R 1) 3 22 Ji B2 7 B 490 K R 2
T R T £ 22 B2 I AME A RARAR, - AT RT BAge B A 201 S 4 AR 7S, A2l UG H
TV T A P Xk UL -5 240 6 1) R EL AR FH 05205 A oK UL RS 2880 ) DXl o AR 22 3
AR B 1P 7 T G OK UKL 5 % e AR oK TR LE 757 B I R vl i s A i R L
AR (R 22 AR TR 1199 B 4N K BURE A2 2 S5 A v P 3 B 4 I 5 i e BEAG, AT BE A A
TANAKTRL 2 1 7 T

37



—E OiAEOREAL 7 B AR SRR BT

#

80
—®—VLP243(5)

®— NPradius=4

(a)

50 -

20+

Vertical deformation ratio (%)

-10 L I 1 1 1
8 4 0 -4 -8

The distance between particle and bilayer center (r.)

& 2-8 (a) NPragius=s F1 VLP2 a5 fE F L REF S EKMMBEER TR (b) NPradiu=s F
(¢) VLPsfEAH FALE 5| 2 i 40 i R A2 U 41 B
Figure2-8 (a) Vertical deformation ratio of the bilayer during the translocation of the nanoparticle.
Side view of the membrane during (b) spherical nanoparticle and (c) VLP2+s) across the lipid
bilayer. Color gradient for beads of lipid is based on the relative distance along the Z-axis
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Figure2-9 (a) Lateral defective area of the bilayer during the translocation of NP agius=4 and VLP25s).
Top view of invagination in the bilayer induced by (b) NP adius=4 and (c¢) VLP2.3(s), and the translucent
mauve is the surface of the bilayer
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Figure2-11 Planar number density distribution of lipids during the translocation of NP agius=4 and
VLP2+) (scale bar = 5r.)
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Figure3-1 Model of virus-like nanoparticle and representative snapshot of the interaction between
virus-like nanoparticle and membrane
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Figure3-2 Density profile of hydrophilic/hydrophobic beads of cell membrane in equilibrium state
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Table3-1 Interaction parameters of bead—bead pairs ai; among water/lipid/receptor/nanoparticle

aijj W H T R L P

w 25 25 100 25 100 25
H 25 25 100 25 100 25
T 100 100 25 100 25 100
R 25 25 100 25 100 5

L 100 100 25 100 25 100
P 25 25 100 5 100 25
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Figure3-3 (a) Engulfment degree of VLPs as a function of spike length and spike number (b) Relative
engulfment speed for full engulfment (c) Representative snapshots of interaction states
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Figure3-4 Evolution of engulfment ratio and the distance between bilayer and particle centre
M 3-5 Ca-c) Jlrzs BIGNATURLAE A A 3 7 o il P ] 3R A0 i) = 4z sh s vpa] LLE
HH =l Y PR A K RORLE R PR 380 240 B s 5 40 M PR TS B T — B[] o (E oK
FLoF SRR T, GOKBURII AN S8 i IR, HEREE BURL IS 3R, VLP21660)
A1 NPragius= B HTHE AR 5E B, T VLP2ago MR HK I3 S FEAS 1 ROk ) . 55 i
R, mZAEEAE DL AR e g, Wi 3-5 (b Jhos.

46



AR (4O 22 S

(a) . (b)

2 L
v v
=20 < 20 V
; radiug=) E L P;) 'L(N‘.‘U)
-8 -3
1 1
@ =z
5 10 § 10
P .
g E
= =
g c
: o
f -
2 2
2 e )
g‘lo e 7 2’
= > »
2 L - z
- ~z
( ) S
<)
2 20
1%
=
&
<
g
5 10
-
2
z
z
g2 0
Z
o
2
o
z
a.10
; -~
-]

Y

B 3-5 (a) NPragius=2 (b) VLP2:0630) (€) VLPaagoE WA TR H BERT R ZR40 ) =412 Z) 5T,
(d) KRIZRFEAG VLP 26 BEREE

Figure3-5 3D centroid trajectories of (a) NPradius=2, (b) VLP2+0.630) and (¢) VLP2:230). (d) Snapshot of
long spikes hinder the endocytosis of VLP2+9.6:30)
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Figure3-6 Dynamic endocytosis processes of (a) NPragius=2 and (b) VLP2+9.630). Scale bar = Sr.. (¢)

TEM micrograph of receptor-mediated interactions between silica NP and SKOV3 cell 1214, Scale bar
=200 nm. Reprinted with permission of publishers, copyright belongs the American Association for
the Advancement of Science. (d) Representative snapshots of the asymmetrical engulfment of VLP
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Figure3-7 Side view of membrane during endocytosis of VLP2+9.630) and NPragius=2. Color gradient for
beads of membrane is based on the relative distance in Z-axis. The position of particle is indicated by
white circle
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Figure3-8 (a) Mean square displacement of receptors in different systems. Snapshots of basal surface
modified with (b;) short and loose spikes, (b2) long and loose spikes, (b3) short and dense spikes, and
(bs) long and dense spikes
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Figure3-9 3D schematic illustrations of the spatial arrangement of receptors onto (a) VLP with short
spikes and (b) VLP with long spikes
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Figure3-10 Model of (a) Janus VLP with short spikes, (b) Janus VLP with long spikes, (c) cube-
shaped NP, (d) cube-shaped NP with short spikes
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Figure3-11 Snapshots of the interaction state between membrane and (a:) Janus VLP with short
spikes, (a2) Janus VLP with long spikes. Initial contact between membrane and (b:) cube-shaped NP,
(b2) cube-shaped NP with short spikes. Dynamic endocytosis processes of (c1) cube-shaped NP, (c2)
cube-shaped NP with short spikes
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Figured4-3 Initial configuration of simulation system for investigating cooperative effect
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Figure5-6 Diffusion coefficient D of VLPs after they adhere onto membrane
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Figure5-7 2D centroid trajectories of VLP with cone-shape spikes after it adhere onto membrane
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Figure5-8 Diffusion coefficient D of VLPs after they adhere onto membrane
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