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FR R M AR — R R AN A L R T
T RS, AR 50 R A U A A 1R — iy 5 L AF G ) —
Ui A7-AE 2 IR RIE A 7K 22 3 DA 204 = AR 1) 45 R
TEIX — ik, B8 AR ET 8, X — B AR
VAT (wave pinning, WP) #27.

WP AR A 2% i 4 i AR A4 B B H ) — A 5% Bt
5y ¥ Rho®E H, BEAE MM L b T HUES o, H
¥ HOE 2 D, /N T B AR M i RS A b
1) =P HU# # Dy,; Rho & FI7E I 25 2 18] 4 H
A, B a B b B 3 AR 2 Bk, = 0,
M8 O A — A IR OB R B, I IR OB A
b3l a 1) e A0 TH 2 kg, TR B A R 5 AR T, /P
kpa = ko + (va?)/(K? + a?), HA ko AR FAGE
B,y F K 53 ARG A R 5 R B0 e K e o 38 2
FH . ERBR /R TR n = 27 MRER ARG 3
BOGESHFRS I, SafidiE /07T

da

oa _ 2
9 D,VZ<a+ f(a,b),

b )
51 = DoV~ f(a,b),

f(a,b)z(k0+KZ o )b sa.  (3)

WP%‘Z’F”ﬁﬁFgﬁﬂyﬁi H— eax T/
i R RS E A ARHRR S =, RIs SR —
FOBE S —BE, eof P B, i AR P R
IRPELENPLED TR G M8 m RL1Y); H=, FERRE T A
Ja, RECHREUE S 25, R rE & 2 AR 1L
PRI WP FIFEAT R H O L. B, WP
TR {7 54 58 55 0 B R AN I B Lk, M
T L SE S (RIS 5 B M R AR E £
WEER A& BB 52 77 70 2 46 9 K (R ).
325 MBEAGELLE

ZR LRI, ML BR A AF 123 22 Rl 2 FE R,
RESLIERIE T AR 2R, A A 7
A& & BGRR[0 IF EAERh 40 AR AL R
RS HE, AR RS A0 AR AL M LERAR AT RE A7 4
BRI ZS, UL Z AR AR R, IE4t,
T B A 20 £ R EL S R A D A R e AR
R, FEIX SRR R LAl B, SIS (0 AL 2 B 4y
AN TR FR RS TR 45 5 b oK mT DA 22 B O A B 4 B A
JSLA IR AR, T DAFS 3 58 475 5 SR A A B AL R
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R R VA S, SR, SRR RS 5 L
b 20 B AR AL R RS AR AT, A7 SE R, 9] 0 LEGI A
R SR BA B 5 HABCBE K S B BT S B oxe L [
AT, ﬁﬁ*ﬁﬁuﬁﬁ%m%ﬁm%ﬁﬁ”\ﬁﬂiw
BAFE], DR 58 UL EAIPY 525
R EEE PNV s ﬁ Eﬁ{t%%i.

4 WEETEEMEAE
41 EATYRESSHEMRENSERRR

B 74255, R E B2 L 2R 40 i A
A S 240 0 55 240 T %) 5 BT 0+ 400 L 32 380 PR A D7)
DAY St AT DR e A s 4 i AR A, T
3K — 7 THI X Ji 83 4 i LA AR ) FAd 2t 2
TK"\E’JEE%, T SRR AN L5 b 45 R
BB — R
ﬁ:%—@(ﬁ A 1461 O BRI A SV UL (VSM) 4 fid
WM S ARE R QMR b il Rk
FIR) A 86 Xof ek B A 5 Ul v Aot L 2 4 i 49 O 1) 99
SeWE I AR, 75 min J5 W22 ) 40 Mo A Oy
JEHCE R, I R A B ER Ik (Western
blotting) KAl Rac 5 Rho Jg &I, 00 5+ A
5 M Rac il /b, T H B A 8 FE Bk O, 93/ Bk B
{H Rho (135 PE %A 52 200 25200, X S0E 1
ok 4 O it v Ae 5 DR A L i 32 4 182 5 AT LA Rac,
T A Bl g2l 3 — 2 ) SIZE6 %oF 20 i e o R
LHENA LN A UiD SR P A N TS WA E oA i e o
ok S A 1T AE 3 BT R 7 R 40 i D 2 R
Weds. BT LR RE B #4F2 (Fluorescence reso-
nance energy transfer, FRET) SR M 7% M Rac, K
PR AR JS , A7 18] PR 4H 9 S Rac W& 14 BT
ANV R B, X — SRR 7 ) R A«
55 i 200 L PR AR AP 2 A
FE S8 —rp U7 R R T OB BB R,
2FIEHE A (fibronectin) Fil 1 IK4H B AT 26 B X I8 7E &
JEE b BTt D JHURE B TR, 45 dn ] 4 it s 1 1A
LW A NN R 3 7 (RPE) 41 i /5 5
JEE B4 8, AR A MR IY ORI S AT LS. S o
SR AP AL T A M3 2 i 26 B AL s i 1 ALsh R A
FEA MR T I R, JF A5 R R i 2E B 40
LA 2 T B T PR ) £ 4 ARV R B ) ZE EL4H
P03 25 T 1S5 ) S0 3 1 24, T AE A G PR TR 25 24
NG AT NI YEAE RS H AT DU H 40 B 1R 2 B

TR = S AR AR, SERE— 2D, BT
TR A Fi 42 1l 4H R A P P A

(a)_ CHEEA

W AN I 25 AR Ak,

50|

120 240
FEE/(°)

8800
5900

B4 FERRE AR A AT 5 B L i ik (47)

o

Eo

SFHEIHER

18R B HAE 5 v] LS 4l ik 2 ), B
SR AR AR B 1) 1] Rt A, WV ERAS 5 2 o] S e 240
Wb % 4 M A 0 12 i 2 FE Ak 2 e B
SO A 2 0 A T A I SR I, T AR ERAE

TR GO TR o R — 2. A
PREIEERL T 1H, HBG 15405 S5 A v LU N 3
O R B (R o 115 5 915 R 20 P 3 1 AR X
T s, YIS 51 R 40 B AR Ak A5 2 gk mT
DAR ok, DR, 2T AR ML 2 S
L.

4.2 BEZENSHRFHM

To VS 4 5 A0 TR] O RGBS 4 4
PRLAI I £ 208 PR, A8 AS A 20 L L 5 4 e
SEJFUR Sk, 0L A0 B R S R T S
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HBC AR S AR BL). TSR N SRS
I B AP (RGBT, BERILFAAE
T HT A A MR T, A 2 A AR 3 T R I 2 AR,
A RSN X 5 i Ah B AR, M Py X 05 40
WL BEARIE, B — B R A S 4l P AME B A%
i, PR E i S K A A R TR BN S R T
NZHR A SR ML 5 S ) R R R, AR EH
o F1 B AN B T BRI 57 TR AR, AR B WA
BERE TR, MEA 2 S A AME R B B A (5] 40
GEEAS) MHEEE, Mol RESRIEABA
Wb TEAE, FRAEAH M A HE S RE DR, 1B T E el 5
(A BEG (FAK) MR FETF- 2L D6e, a2
ANTFUE S FAKS &8 EEE M L2 A,
V4 Tl R A 1T s, AT 2 8% AT BA 5 Sre, PIBK,
SFKs LA J2 28 [ (paxilin) Z5 M 45 & B AL 55, 1K
Se ) S AE 45 A B FAK b5 R 930S . @it 6l o
FAK-paxilin-Crk-Rho &5 i 12, 15 5 #4518 2 T iF
) MAPK f1 Rho GTPases, fix % 5 540 i B 221
AR, VTR SR
BERMEWBUT A K& 5 J I,
AL TR AN, AL TR . AR 5414t
B 2 (R RIS A0 02 G R M R AT e 1.
K5 (), (c) & (f) Fizs 19 2458 4 3 Sk 1) 40
JE 7 1 1 L R I A1) R, RS RS Al i A
Pz (B SRR 08055, Tian i 5 (b), (d) & (e) Fiw,
R 31T Sk 1 T T 400 GRS ) A 1) 4 b R 5
H PR A R R 25 BRI, B4 2% 5 41 i A Ak 2 [8]
ISR AN Acsm. i B A 23l 1 R I, A
(a) IRAS B () A& T4, WL (b), (e) H#ik
B WIER 71, (a) IR KN (b) IRE, 1 (d) R
AR (o) WRAS, X U B I o By £ 4R 46 52
B b N E A R B W B i ks A
R TR R A WRB (), (f) & kFiw
FIER 77, (a) RN (c) IRF, (d) IREWAZ N
(F) RAS, XU B3 R A TRV BC R 75 1) LA 32 & 2K 11
Tk I EE R FAREM . BT, BE
TS5 AL R B T A A A B
{14 C A7 225 5 AT T DT ot 40 28 B O =7 400 A
WAE 15V FH 7E 40 B L A 35007 1) 77 T LA el 40 e e
HRAE 36 B A AU R S R ), SR
PERE G Z I R A Ak, AT S M A b 1.
b, 4T AR TR A K AL T A0 R TG 2
R AR RS, B R SRR R 456 T Re 2
FE, AT T Ui A5 5 38 2% = A S ), X AT e 24

A S 240 M AR P — Ay 5K

h‘ S

(@) (b) _1 (©)
\.'"F"

S T v

i
&

F:43.6 ~
J: 83~

.'-"-_., K00~
Y Foasx l

3 i %:20.0 &

‘J T 50.0 ~
i

5 R X EES R R (49]

4.3 WA EFBES AR

FELR ISR A7 A VRV 2 2 I B 1183, A
H R L AR 42 ) ) P B B OB E, A RS
- ARG SR AL A U & T, B
HBE L 5K 0 il (R U R 1k B 10l 0, T X A
Ja — Rl E T LU LS S O 55,
TP HI AR . B, HURBUR A 2 7 E
e A L IR K 0 A8 A T LSO 48 n H T
MEA IR IE TS, X S IE B B 5K 388 K e i,
LRk AR PN TR RS puet 2 St SR S
—ME T A B, AR .

FEX 5 IR O BIE T o A B, T 4 D B T 9 A7
FEFE W OR R R B 1= 8515 5, a2 4
INAR, I LS TN MR AR T 240 B B T TRPMI7 AL
A BB B SR R PO B i SRR R,
FEXE R840 M 3 B 5 1 B B AL R TR R A, 11
RS 73 17D FRD FR) 240 R R A B 56 B % R 1) 45 A AR
55, 9l SRR X 5 A, I U TN AR B
AR R A, DRIk, HLRC ) A A A L 5K
73, WG WU SRR A 2 7, 3 3508 1
N, WATRER I 245 5 R AR AR P 1 75 5K

4.4 YARERESK D SR REF

FEHT T ST WEAE S 4R AR PR i e, 3R
142 2 5 2 152 PR A 5 2 Qo] e 22 4 e PR A 1,
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B JaRERANTRE — & 2 R 7k ) 1X — Y 34 H
& WHAT LR 2 AR 2 1)

IEANAE 2 — B ER AL A ES 2 BT R B 11, ELLR
UEARLEAT A R, AN BE L Rac B3 7R 5
AR P35 50 5340, T ZURAIERE Rac B3 P PR 1)
EAM R RT3 n. A IXEE, AAS IRk %
ANHTEE S T TGV € TR, LT R e —
FA T FHAE Rac i& MRS B0 KR S0 B, 11 20 B
g T8 et AT DU X B — AN . fE— M LA
PR M LR R AL A s Y w6 s, W7
{5 20 B = A 5 PR R D R T — AN ) i T 5
W2 VW J5 B, 20 = A o TR AR 1, X
T O R WA AE R B AT ) 48 i G At 50 57 £ 2 1)
FEAE L T T AR Y)W RS TN 4 N )
RO Z A TR I, X — TR A2 P E I S5 A N
P H L 2 T AR SE S HONL B R B AT K AR | 2
G, I AR ARSI HLIE. AL /) 1
FERRIFAZRNX — LSRR S, [ 315 5 0% 5%
Loy BtRAS 2, T H SRR kB 7O 2 H IS 4B
JEE sk o BRI N, B8ROk, B AL E A A A
I E (micropipette) 3 M40 M i _F5K 77, K I
JHHIT 32 i PR Rae 35 14 5 D & 2985, 1 Hox —id
T2 AT, CL B Ui B 1, gH Rk ) i 3G
ok 2] 7K ARDHI T EH, N2 53] 1 IR¥F
S0 B A P R AR

TR

\ [ Bt
DI S0 H ] T MHEEAE

4 <& T
_ () ey

— -
- 2L B
| BALAITE

=

..."I o - d — - = I"

6 3 b A0 R e 4 A 1 9 B i P P

5 HwERE

124 N1k, I IRE— B2 H AR A SURK i

SR MW TEIT %, A TR SR TE FAZ Y B AL

PSR AUSAN DAIX 73 FE I RTT R BT, 453 1 VF
Y2 Z IR, AR, BEAE AT IE BBOInR N, AT
IR 2% BRI AEAE, PR D 3ATTHE 7C ) R
R 2%, HBRHE LA B, TR S5 O S — A

BRAF I, T A A0S SR AR 4R B BE 173X —

A UL b 2, MERAT s B A R, AR
PR S 2% SO R T BRAT O, Pl 2 — K 5)
G B IR, DR s A 1 B AR RT RE A R 2% A
SR AR, BATRG 2 UL AN B AR A MR D6 oK AR R
(OBIETE. R B S N A B R BE 7 o S AN A i
20t = ) B S R OR SR R DAY, T A2
R B B R A 4 75 305 K A BORAR R 1T
FUME AR, 2 E OB AR BT ik
WHIBIR IR SE AL ik, 8% H RENE AE AT 5 IR
MRS DU T, B Y PR BT, AT LLE S L 5
AT 2P 2P ATRE & ' P 200 PR P 2 ) 2R 8.

A IR i 988 4 I A% 2 P AR A R PR e A%
(o5 — 0, S5 AR A R G008 B X
— X AR T B K A S FAT 0T f e e 7% 3 2
fif. AN H AT ORMHE A R U R, AR YE O
A B TE, i) i 46 O o6 FLAt 20 i 3 7 A0
PRALHIBIE T, FAEAR I T h A T B A
(K175 ).

TG, FA TS = GE MR A AR R R
R B SE RS T T L 48 3R WY SE A O A AT 4 158 vy
G ) A G 1 SR H7F R ot 08 5 2 — 4 0
IR B /N R SE S AT, JE R AT PR S v
e AR 20 J AT R A, 38 & i e il R 1 E R
Je 2 ) B N 5 5 S B 2R ML B SR A, (ER
€ OB U DRI . A b = o e 40 R A AR T
DLRE i (R AUL A A 3R 85, O HL S0 ad & e =
& D2 AT, T S A A AR O SR KT
&, WATHRER PR R =4 EOR. BT
A B R EmROE T B S AR E R L, AT
PLRE AR ML ROR S BLH 5 2= B3
K P3AEREAT I G A TR, 3R D E
WK, IR e DG T B R R IR R Dl
B E P17 el — A OK R D T R i £
PR B BN ) 96 71, SR il i 0
CCOD AR 5 Sk A2 5 WUk 2 B A7 RSB 260
TP AR, T BEAR 1 R AR (e 5 5 HLAR
TR L. AN Ot A ROW I AR,
XF At LN = ) s T B A A AR R A
(AN RA). LT & ' T 8 TRl B ML F = 4 Jif 88 A %
PSRAFAE — 58 TPk k.

FLIR, BAT T B a5 S0 3 bR A B K A Ak
PRI AIERS. H ATIE SR B X
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240 B B A AR ARY i LA S e 4R M AR A Y S B8 AT
SRR B =, AT EE IR 2R G ) S0 7 bR 4
MR AL BT . AR R, IR A — KA 2
WS A FE RS A0, A AR R L
8 248 T 2 A fi R <l 4 g 0071 bR 4
SEfa T4 MR, A E HE HA A A SR
L AIRE 7T, HLNSY IR B O I RE AR . X
IR 240 B ) Bt B A R ) R AL T R e
J3, BN AR IR G R SR A B T @ A
NIRRT BT A ROt BRI R 2R T 4h i, A
AL IR TR 15 DU N R 2%, B R ST 40
YL 98 A0 D 2 A7 AR L 2 ] (B A 1952291,
S0 2% WY PP JR 288 40 L Ji R F 2 P AT #2 g
B, AT AEAE R AL IO R R DR LR FURALE
X P A A F0 i 8 440 D A S B e 1 DA SRR
77 A 22 S KRBT T B AR b R 40 e e # B
B H - MERE R BRI T R 2 G AR A 7K
TR AR AL RIENR . — 7 T R ST 4 A
A B 00 fhee Rk b — A4 1) R
PRI GK 3 e/, 57— 5 T i 4 R A PR 5K 7 A
XS AR B AT R 2T 4
IR AL XS S Fr A5 5 B 8L 2 SR, A2 S8 RIS IE B
S AERSRY b AR IX — B GO A B T BT AR e
YRR, HE— 0 R e B X iR 40 B RO AR AL A
Hh Xk 7 0 B8R R AL SRR ) BT ) R RE B S
VEURES

JEERR, N 1 ik — D K Wy B 27 N AE e ik
7o b, AT T 2 (B AN B 1K — 4
Hh TBEAE MR A AR TR AR USRI BIE
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Abstract

Investigation of tumors from a physics perspective has attracted more and more attention since the initiation,
development, and metastasis of tumors are strongly influenced by the physical interactions between the tumor cells and
their microenvironments. As tumor metastasis accounts for more than 90% of cancer-associated death, one of the focuses
is to understand its underlying mechanism, especially how tumor cells polarize during their migration. Cell polarization
directs tumor-cell migration in response to a spatial stimulus, e.g., the gradient of chemokine or oxygen molecules. It
forms the front and back edges of cells by estiblishing asymmetric distributions of cell polarity proteins such as the
Rho family GTPases and organelles such as Golgi. This paper reviews how the experimental and theoretical studies
combining physics with biology reveal the underlying mechanisms of cell migration and cell polarity. Experimental
results demonstrate that the physics clues including extracellular matrix’s mechanical properties, dimensionality, and
topography are strongly coupled with the biochemical reactions to establish and maintain the cell polarity and direct cell
migration. The cell migration mode in a more physiological three-dimensional (3D) matrix is different from that in a two-
dimensional(2D) system. Moreover, the membrane tension is suggested to maitain cell polarity by inhibiting polarization
processes outside the front edge. On the other hand, a series of reaction diffusion models have been developed to
characterize cell polarity. Representative examples inculding “Turing-type” model, local-excitation and global-inhibition
(LEGI) model, and wave-pinning model can capture certain features of cell polarization, however none of them takes
the physical factors, such as the membrane tension, into account hence fails to explain previous published experimental
results showing the regulation of cell polarity by the membrane tension. To further improve our understanding of the
mechanism of cell polarity, in the future study it is experimentally important to estiblish 3D tumor systems and study
the gene regulation network that can control cell polariztion by advanced microscope; theroetically it is of importance
to build mathematical models for the chemical reaction diffusion systems coupled with the mechanical factors such as
membarne tension. These studies will reveal the molecular mechanism of cell polarization and cell migration under a
more physiological relevant condition. They may also help us understand how the higher deformation ability of cancer
stem cells provides the higher migration capability compared with the normal cancer cells. Ultimately, they will facilitate
developing new therapeutic strategy against tumor metastasis by targeting the signaling of tumor cells in response of

physical stimuli.

Keywords: tumor metastasis, cell migration, cell polarity
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SO TR M BERE, AT LA 2 A e
PRI R. A 2 1 R AN ) R BE AL, )
HEN X 25 (P AR K. 1 55 b ) ) B K B A ) 4 4
M FRARAL S 3A RE. DR T B 1 P 8% PR T Js A W]
DA 28 L () A2 B R AR . 2B b, AT 38 %
Eb S 56 45 5 AN Monte-Carlo #5400 AT DLBE Jia i 6 46
WEIX — fd. A DRI T LLZ 2 SR [60]. [l
PATTE = BB S A 4 9 4% 1) A 25 s br AR T
RRK—FKAEY) & T MBI L. XA BG4
A5 (40 actin, microtubule) F4H AN 5T (40
fibronectin), #80] LAR 4 b 1 5 ¥k B AL FL 45 ).
IR Z W TR B, XL o+ 48 [ S5 44 vT DL
5 1 4 L A T e i (6161,

3 REEZaMEH L RENFrRE

B2 TR R 2% 1 2 RO S MR PR R E T BN
Ty R B R AR . A3 KT P 2% £ Ll

MR B (48110 pm), 5 A 45 7T LUk
AR A 23 2] S [ . 3l o R AR AN (BRI AR HOAR)
D05 i L 1 O % A e P T LR B MR R
B AR 2R P70 B AR i,
R 2% B A S B e . X — IR A E
P b AT DA BN IR S £ 24 1 R R R PR IR
2T Y PR 24 SR PR A R S K25 L (SR ol
RIS AT Yy — AN FAPERT, AT K T AR
AV (4 70 0] LA K 25 A2 T 20 K T 43 ).
FERARTEARAR /NI, 2P 4R 125 il ke 2 2 2 AR A
BB BT AR (R N, BOR I (T 4R, 3
BUIT 0 AR, TR S P S AR A 2 4 .
TX — 5 P PR T DA M T ASE PDURE B s ) 360 0 091

V22 30 0 J R 25 0“2 B 7 0 T 1 4 i A
BT )R 2 ERGEAE A I 2 3R R AN
P AR, SN KN R AR R 4
FRFLIR R AE R — B R Y. X R R o 40 T i 2
B A7 22 A5 5 A AN & 2 A BE AT RLE 1 AT
REJEAAHIAL D 7 I0AIEIX — 5, AL SR £ 4 ]
LR BRSNS pm FBE/NER, I Hisd 4 8
e ) N 63 J1 3K 43 BT e s e RUEE L i
LYW 21 )5 oA . BRATRBUEA L R L,
U2 JER T 24 I 2% (R A 0 2 R AR AE LA L T S5 R R
HI AT I E K R ZE.

1) Mm%, Wl s FoR, 2ous b
BOEWRAIAA AL E +2 7517 1.5 um AL, BRI
MBI RS A% -2 D7 10 0, A1 (Al A). 5 2, 2
IIORLSZ IR, B RINLRE 2 A2 A 32 717 1) 3 EL I
IIE.

2) WAF & R W 5 Fos, S RFE
Je3p ¥R T AN F 5 TR, SRR R A2 A% AN
FR. 2T IBHE +2 A —a J7 10 I8 7 A2 B fokE
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RL A AN T B AR .

3) AT FRE A R 3 AT AN ). 2 R A
{1 FL At 3 B ok 2 AT 1 5 (IR, R TR IR R
P ANE, I H 2B IS 2 A 2.
SRR P A 0 i il A A e T 2 BT 3 A B
o A SR I AR (B (KT 45°).

0.3
= 02
=
~
=
5 o1
g
g
<
2 0
=z
a
~ o1
—0.2

—0.3 —0.2 —0.1 0 0.1 0.2 0.3
X Displacement/pm

Bl 5 A HE DA B B R 52 8 4 BT I

R4 I 25 1OV F72%. CABRBORL 9 WTRA B B R 58, S

B4 LB TIERUS 1.5 wm 16 +&, —3, +3, —§ P47

JFELLA 1 Hz BB T SO0 CRE . IR, SEmA0RE i 4 5L

5 (1460 Hz i) ¥ T T SRS Ro s [ eh R

R 1 PR T (X 40 BT 1 77 10

T A 28 AT 1 AR BN A R R, R
T Y X 45 1) 77 2 5 1 5 2 20wl R 2 Mk M ) (i R
VAR, DR RAT ) 6 IO 1 A1 o R e 2 1T AN
JEE S R L8 S5 N T, 3R 7 T A B R A 4
s MEER I T )7 1), A RIS T LA S H iR
R 23R an SR [67].

BIA TP ORI, AR L4 1 )%
T RXAEAFE. BT RN B AT UA R K
(7 1 B R, 8 T 5 1 A O R R T 4 g A
LA T AR R AR W B, 31X 7 THI ) SRR L
AEAERTAEBY BL. H HTBCA B 5 v 2 R R
71 BB I B AN B AR YR ) R R RIS
JUBE 1 AT DA IR B ASE B A 41 2t B A 2 R AN 15
4514 (D-period) M, I HAT AL A 4E 31
PEAT Ry (6509 Wt FE B AT HEAEAN TR 261 T (1
TPE, B TIREL) 1 2R e, R JRAT T ER s 40 ff
FAB N EE I, M T LS %
R [51,70—72).

4 HRRREE

FATAEA S ep LT3 N -5 e A F 7 PR TR
B MR BRSO A A A Y. T
JB IR R M 44 1) 22 RUBE B LR, B R Bt

IR IR R R ICH). BT aK
oK KRG, BT R 2 B 274 (B 27
YE) . L AESE IR DL S LT YR 28 B AR ) 2 3R AE. 4
Nk &, EAT o s B A B A B s
(R AR T AN G DA S A R A e S
PRI T 57 B FOA B, 2 iR ) B 27 T s 3H
Gk =]

B3¢ S FRATY R 0 2 s B S 4 4 R 1 Y
TR AR KR IR, 5, FENLR T iR R 21
YR S TE AR B BUR M 4, FL I K T3]
FE LI = P A R BRI 8. sk Bs b, A SC iR 3|
AR SR LT 4 26 v 5 & 1K) 95% LA B2 K7k 7, iX
HESL S HLEIR KX . 5=, oG R
) 1B JER 1 A4 I 246 Sl /D> 21 4 22 T) R Ak 2 A2 B, 3X —
X A6 W] B 5 i 5L A A I 2% PR B2, DL K e 4
o 55 2m P A7 ) o ) AR ELAE AR il R S K A
filf MMP fE PR, 58 =, VB RS B 2Lk b 4
P ANAL BT B sy, HAB B RS, AT R R e
(fibronectin), &AM AR B — 5. 5
se b RJR B B MERRE R 20 S A AS [F 2
Wahi &, INIMTIBGE & B R ) SIS 51k, B,
2 S E 1 19X 2% T vk 5 A AU L SENLAAR AP (R R R 1
R, VRN DL B0F T H I 0 B 2ok 15
A 4 MO Bl H R . e, RIEEB T
BB SR BRI AL, XA SR AN ]
Hu 15 2% HoAth W ot DA R e A3 o) ) B R B 2 1] Y
DX T DA A b Pl M2 JER 2 245 9 245 1) S 56 S e
AT RER M E SN, X LS, AT &
B4 B A0 BT AR B W 3R Bk )2 S 4 R AR )
AR — KA. ) anid i 2 B 5T g A A IR o ik
NB IG5, AT LAAT 32 B30 AN [R) b 2 60 48 g 4t
B AR M () W integrin), 7] B I8 15 0K 4 52 B 1Y) 5%
JEE LA 1l ] A5 P 4 S5 4. 5% 11 77 T A PREE A 4
i AR SCTE ], A IR R T LS5 A R SRR,
BB SCHR [73—75].
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Collagen network and the mechanical microenvironment
of cancer cells
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Abstract
Mechanical interaction between cancer cells and their microenvironment plays a central role in the progression of
tumors. In vitro models based on biopolymer networks have been successfully employed to simulate the 3D extracellular
matrix (ECM) of tumors. In this review, we focus on type I collagen gel. We describe the hierarchical structural and
mechanical properties of type I collagen ECM. We demonstrate that corresponding to the scales of adhesion sites, single
cells and cell colonies, the mechanics of the ECM is dominated by single fibers, fiber clusters and rheology of the whole

fiber network. In the end, we discuss the limitations of reconstituted type I collagen as in vitro ECM.

Keywords: cancer cell, elastic modulus, collagen, microenvironment
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et AR AR L) Xof 4 f R, B A2 TR A AE I R L
FIRBLANGTT. T 4RI AR 2 A 2 T L g
EEIRAT R, 1R 2B R AR AR TR 0 AR %
H A5 1R BB RIBE R TR R E R, 2

* [ 5 SRR TR B TR (kiS5 2013CB837200) FHE K H AR RBHE IS (S 11474345) FEHIAIRE.

T #E/E#. BE-mail: liuQiphy.ac.cn
© 2015 FEYIEF S Chinese Physical Society
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AR ZARIE TR AN KA. Pl AR I R )
FBE T A AR R R R TP B AT O, B
FEFA BRI (258, A K 7)) T H SR8
AW ZRAEE A LI 75, BT RAR
SREAMENEZE S, R B RR L GE i A E B A
R T e P A4 1 A R LA 2R % — 5 1k
4t

FEAL GE R IE AT 7C ik 0 N B R g A
SRS, RS A Jee i FA R FRIR 1O 5 I 1L 37 A
VI A fe 7. XA BRI 2% ), B AR ) A
NEFSEER, AR RHERS B A i (R 2 i fE b &%
P s A AR . S8 iz TR SR X
a8 A L IE v R R R DL, 4 28 A7 E AN e AL A
P A A A 0 = AEPR B R R A
2 I P A 2 LA B A A1 1) Joit 2 43 RS 2T 4 4 11
B AR AL = Y23 (8] R R R, BE AT EL AR SE 4
HAE —4EA =43 8] o, R R AT 9 AN A R 2
FIEEAAEE R R LRSS LR, B
it JEE H 0 ) 12 28 AT DR B i W] DL R AE AR SR L)
FRAEAY BT R A 968 4 5 2 I B B ) TE B
oK RUEE T 240 Jf R AR 2% 1) 5 3 T 25 A s ) for B i
ATELIN, & BT IR AAT AR SR
I FL a5 G R DA S 85 2 47 S i 2k 00 A 425 ], F
FEIRBE S TR 22 p s . X I AT A LA el
= YRR ) IE R 5 A = 4R A W) BB ORE 2 AN
KL

YIS BOARIE — Bl DA T SO D At
iz FIATRG & AR = 28 23 18] R R R SR Ak 35
AR, 1 FHH O AR IE . Tk B SR N
TRrB, Ja KBl HA ) AT DA TR B il i
Jldt. T = 4EFT BDEAR (OCFR 3D 4T E) /F = 4l
AR —F, R RN &R J7
B G IAARER AR Bl = 4 SR 1 77k BT IR
S TSR, YA E I = 4
]38 52 A B 3D 3T ENEORAE AR SN I0 ST S AT DU
FUAR A TS 1) = RN K 54, BIF T 1 A R
AT 3 R LA I LA R A i [ RIS T Y
B R, AL JE X SRR B IE & T AR
SEATUER, A B NATLE ARSI S = ZE Rl R a5 AR A
PR IO, FERIOR RUEE XS G R A 1) 4R 28 07 30 1R
SRV BEAT IR IT, [RII thO9ERN 1 AR AE H A L
B T RHRAE IR T BT SRR AT T 2.

2 ZHMAMKFIERA

CATR A4 LA LY B iz F T AR W B AU
= HERA R BIEFOAR, FF2545 1 I L il ik H ) =
HEBAGNR G5 R LERIT TR S A0 B R 72 4t ]
HH LA DA B 4 - A 85 1o AR LA A AP KR, F
FE SR b o0 b A P AE A2 P 0 B 7C o 0 N A

=hH B
A 5%

2.1 PDMS &E#83E

T, R A LR AR AT AR R
TR R Bk T = e 45 4. SR, AR
S Z0 0 T I B AR AR OB R &0
(5T i, 7 54 110y = 4 465 K R T Bt 4o 1 A
R AR RGBT T, TR R G2 Fa FRE R~
7E 10 #1100 pom 2 [7) BT 42 il ¥ 4 B0 A4 IE 20 1 2%
B, ZHA TN YR SR K. &
20 Z MR SRR JE, RS v i L L Z
C& R BAEON . BUESLI6 = dw B 2
TRk 2 2R = W Bk S b (polydimethylsiloxane,
PDMS). PDMS Ji A< & — Fh & H453 BPIR A8, 72
5518 & Bt A 2 )5 (8 1) Bk R, 1X B
f#15 PDMS E AN TR A 5 B 35 S0
Bt 2 Ah eI B R R M A ) i A
U B AR 5 3D T BB R Ik e HE m] LG B B
FEATED H ok, #F— 2P W4k 7 PDMS & F i il £ T
5. 14 T German Comina %5 A (2013 4F) fi
F 7ML AL 3D T ERHLAE 20 min 2 P9 3T B A FE K
2979 50 wm FIREAR, 28 PDMS 8B s A TR 4
Fr, I CABIF 9 A [7] 25 460 (V6. 4 30 ) R Ak (TR &
RO L Z B AR B Y 3D AR T 24 AN 0.48
Fu, JFE W LAE S, I 1RO g E
W HEHE 78 7 R B R A % T4, A0, German
Comina 2 A\ [RAF 78 PR i L858 0 52 2% ¥ PDMS
O BREE Rt | — PR 4 1 S 2%

Ji4b, 1T PDMS B A R4 A, 4
AR X EA 54K (10 um E47) MR
FEAE R SF (10 pm 3 100 pm), X 5t 4 75 PDMS it
FAEEE A T AR Y o . TR T
T 2876 W 78\ AR FH PDMS 76 44 &b i) 22 HH 5 ik
1) = ¢ &5 A4 ) T e 40 0 7 X 6 &5 ) vh (132 3))
FAEKEE T T. B2 8oR Kuo 48 Af# 1 = 4
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PDMS & #F 76 N FLIR 40 (MCF-7)  fE%} 2
B TR 700 A1 R I = 4 B A R 101 A AT]
FE O B 0 Jie Ji B 1 Ak Dy s I 4 i AR K TR
¥ (epidermal growth factor, EGF, B&{iE 12F 41 i 1
B TE Gy A) R BE R R S AT, BE JE K 0 A BN
B4 A7 KN FL B MR R AR 3L b T EGR

(a)

‘A'

IREERRIE T, B8 526 R I 25 R R UIE =4 45
4 v MCF-7 7E 40 il EGF ¥ & B FE 09 7E ) F R I
b B AP RS L TR =
O AT AP Ot 2 S BB T AR J7 58 M AT 7T A [ A
it JRE A B A A [ 20 Ak DY A R T Ak
R

1 (a) HTHIVETR S8 IE AR 3D TR K (b), (o), (d) 43 BBt vt BRI A0S B 14T BN AR o2

BRI AN T B H ER AR AR A

(a)
Top

channel -

Perforated «
membrane _ "

Bottom
channel

Day 2

Cell inlet
'. Top channel
.
Membrane
{ ‘ v
3 ", “{hrmh—hoh@__ i
channel AJT Uf Bottom channel
Day 6

Low EGF
High EGF

_Tumor spheroid
e ‘% (3D)

EGF concentration

Day 3

B — =

Specific migrat
from left to right

2 (a) PDMS 7 5 M 7R B BRI PDMS O Fy s Bl GRe iy <JF =i N 0, 35 6n <5 3 sk =2k
EGF #£%; (b) AFLEYE 40 MCF-7 K40 ) H £ EGF (KB 1¥ (20 ng/(ml-mm)) {EH T E B J7 M3 1L,

€00 A 2 P92 2R P o

HEIRILBT Bt 78 N 51 ©) 48 78 BT 8 ST 1) Al 485 1
WA IR S T IR A AN R T RS
TAEAT 9, SR ESR Bt 5 rh A (9 A% e s 2285 4 o 1
FOR P HIE I = 4E T 1 2 2 i =4E 450 (R
B YRR 4egh ) HE TR, A B 2 4
WA S = Y S5/ (W E I, A SCEE# B 7E I i
FUAHAE IR AT A T 23K, 456 0 1 PR E R 1
(1) 3-D T B A il A A I, T — AN LS00
I AE A4 SN B A — A B S L = 4RI S /1
PDMS & . WF 702 & S A vh 5L = 4 4 B 5t
T (computer aided design, CAD) £ Ifl & 1&E 5

PP Sl o A I 1) =250 (L 3 (), 2
Ja 4 F 3D 4T EIHL (2 1H 3D Systems A & [ Projet
HD3500 M3 282X 3D 4T EIAL) 4 ML AR AL ST BT HI ok
(W1 3 (b)), LI Rk I 8 R A& — o R 1 0
(VisiJet M3 Hi-Cast). Kl FEAE A N PDMS
RS [E , CE T = IR A PDMS [k, B
8 IE CReE A 2 O PR IR IR BRI FE Y| i
Jo g e TR SRS B S = 4R S5 K (1 PDMS
. (WA 3 (c)).

W 72 4148 Y 10 HD3500 A 24 A {H 5 b 5% e A
JZ3DATEIHL —, HAFBETIE 16 pm. Kl 4 (b) 2
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PDMS & 5 I8 T8 P 3R T A B IR A
CL28 1] DU 3 B0 S0 R 1 1 38 1) — 4R T30, (22
T8 N BERON R RS, BEORFT EHLAIN RS BEN 16 pm,
{H2 BB 2 J5 43 21 R RS B 40 K 2928 50 pm, %+
YHM (10 pm BZL) SR ULIX MG LIRS &, 25 BT
W, BFFU H AT O 4 B8 I AE B A SR N S5
(1) PDMS &5 Fr, FSRA 7t 22K RS (1% i 8 44 i 7 1
SRy B N 7 T S WA= B == 1 =8 W ]
il O R G5 R B IR AN =T B TE N AN TR N
PDMS # 5, BOEAS BRI 2 A K40 M RBE R4 7 14
WF 275 2K, WA [ Je 4 R B 100287 P9 R 1 e 0 AN
FROUATLEE | e 38 &40 it 7 AL 38 w0 B 1L 75 ) B 2 s
o A R A 2R N AR SR R R A FRLAZ T
A5 B8 NG54 0 TR B RN 45 A4 A o S A 7 THD R
Jn At

®3.0 mm
w ®2.0 mm
Pl 7 &

®2.2 mm

: ’\ ®4.0mm

5 mm

K3 (a) THSHUGH BB E HE 2 A FCS 1 F) O
ZYERI; (b) {8 3D T EHLIT B S 9 = o it 5 i A
B5 () AEAT (b) 977 ) et 5% o 546 T I A8 11 11 e 1) B
A HL =G PDMS B A

1500 pm

K4 (a) 3D Systems A ][ Projet HD3500 %515 5
3D FTENHL; (b) H4 7 28 (SEM) 18 PDMS i
B TE AR, RS R I TAS L (16 pm) FRBAR
LA R

2.2 XMW AF=HHEESHAR

M T 45 48 (1 PDMS B2 38 7%, KR RO T =
YO EL S BORAE I TAE B T T s TR B
. CRROET =4O E S HR O = X0k
TREWF P 651 R TR (356
BFIEL AR T) 51 R RA Y i sE R A &,
SCE = AN R S R, B R U A s B
WG £ AN AR S8 I 4 R 6 1R RS Bl R B 4 il
RiR%, JEROPT RO IR R 3 1 SR UOE T (B0
TR ST AR 28 1 e S FEAE, RIRUCR IEHE Tk
SR IASF 7 ) KA T A OB 3% a5 [ Ak, BT AR = G A
) 1 SR A T B = e S 4, AT RS B 42 il A4 e )
SYENN T AR IR R IR AR 0 T RE R TR R L
W T WOCH S BRI T 3T RS B (- 4EFF1E
JUBE AL H] 100 nm, —4ERFIERE W AT LT 150
nm), Al H SRS 4 5 L7 A 1 A B A SR 4
3Rt T AT RE.

221 RARAYIHE

H A1 55 F R B0 R S ZI R, B i 32 B
SRR T 6B R A LI TR AR 1 751
B B AE A VY B 0 TP )2 A e % i
$5: SU-8, Ormocomp %5.

(a) v

substrate |
.3

n immersion oil
f—

immersion oil

photoresist

(b)

substrate y

-~

photoresist ‘

n ar __uk

5 () M HBOC S HAR B, (b) BARHOS
BEEHARFEEE; (o) MHRAR=Z4ROCESHEARMT
P T )= L () 9 (o) S MO TR 26
R BITROR B
Tiemo Biickmann %5 A\ 5t F| H 56 ZI 1% AE J& #4
Bl BN =40 E S BoARSE T w451
FA L B %% ) S ) b it 2 R oh e A D 4
5, TGS IR A ) [F) I RG BE  en  SB A AR
HIF 7T A5kl B3 A AR A 2 i 1 9% T A5 B R . i B
EFRR AR =Z4E 0L E S FRS2br EREEES
S YO E S BRI IERE E AT Sk, @ik ok %)
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B T W5 SRR 8], A R R R AR+
5IRFEAR RWDGSMGAR, M S IRAE £ BE 45 44 0
KRR R T B[R, 3 Bk S AR S5 44 B 4T B v 2
T B K. X — TS M = R R R
A FH T R A T g A A P 2 A B R A 2
%50 A= 28 S A0 R 1A) A8 ELAE IR 75 3K
YMEHPOLE SRR T E R E =45
HE X — 0, BHE AT 635 A B TAE BT
VE (R E G546 h 55 TR A0 I, Sk SEIRAR AN 20 B AT A
WS S 2 B2 5T [R) B A A BE R g ol
RIS iz 5, 4 H ARt RN FRId,
TR SR A L 0 MR L R B B R T S T )
() % Jé 12 (A Franziska Klein 25 A gk Ad FH A4

Kl 6

FERMENZIIE Ormocomp E AT EL, F ¥R XL F
WO B S AR 38 = 4 45 40 >k I & 40 i 1 4 H
3 WL pE 6 s, iS5 R R R A 15 pm,
HEEMGBEEAL 0.6 pm, XWHIGEN THOCES
FORBA AR = I TS . 2T A A 25 1
I B Y B R AT O LA D PR AE A
WIS ZE b, el s VA R AR A R B2 7= AR B A %
B, E ST e R, RO ULGE I
577, BRI, RERXOE T EOLES BRI
gt ilig, AT RS A K. 1230
FRHER, TR 2 &, (A R it 55 0 48
0 452 28 1o 5 b 4 L T A LA FH AT 2.

10 pm

(a), (b) KMIUe T =4EROLE S BRI TR B B K = e W) ORI (o) = 463028/ SEM [ Fr;

(d), (e) ICARILR A BRI P #O = 4EE A, X0 WL 7L B WA A M2 Ormocomp #IEHISCEE b, &%

BRI B9 0.6 um (MALE (d) LA (e))

(2) TEE

a) Glass wafer

d) Baking
[aesasa] R

b) SU-8 coating/baking

e) Development

i S

c) Laser exposure  f) Ni, Ti deposition

e
P = ! ‘\._ ,
1 ‘% =

K7

D%

g

(a) AT HLES NBOHI #0488 (b) AR SNSRI SEM IR, 3 B9 BAEEAN 7S (o) M

HIRE N HAMRILE AR SEM E; (d) SEM JRIHR4 1T I FTIEIoR 2R 0825 (o), () IR RMEE T A 96

Ge AR AL ER N, ANTHRRHLES A
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FHF L4 R Sangwon Kim 5 A [AFE4# H 1X
Py i T AT LRGSR h I SR ML A N D)) DA
S = 420 B 7R A s i (W T TR, 1A
FE 4 FI O 21 e SU-8 1 4Rk, 38 ik i 1k 41 4
FLBOGRE R 2 I S S S5, M = 4R B0
HE R AR T B /SRR AR 2 LS
PR ALEE N, T E BN R AT, SR
B 7 A TN 28 N S5 M R i DU | — 28 A
SCPLRERE S, DU — R AR T A W3 A i, — %6
SEPR T S R A IR B AN IR B 4 i (HEK 293) £E
HERRR R, EI T HLEE A R REAS O 41 i
W w0 HIE e SEI AN BE L W 5T
. BLIOT TR R R H S 1R A A S T s i
M 1T % 22 4N PR A LE I/ A 1) 2 4 i RN 24
Ytk i,

222 REZO.AKREMNIE

I R AN 9 A A SR T Ol 2 i ) 3k ) 4
) LM — E AW AR (e 4R B R A
& JREREE) T VERAR T = 4 S5/ R T (B e 4
PE. B IX RO VA S T 2RSS, R
YO [ R BRYE = 4 £ /3R TH, TCVEmE A iR N =
S5 R Y I R R DR A 1 DA R B R A R AS
B4 5 BT R e 2 v, H R r R s
T 200 PR B, A 9 A T A R
B L B VR A, R AR YR V2 s RO T SR Ak

100 pm

KRG T BB R = 4ET S5 1.

X LT 15 AR 8V 2 S R ] PDMS S5 il R 5
PR, PR e S R v NS R B L 2R, SRR AL
ST VERNY B T VA S R R A A S S, 3T
ok =4E45 1. K8 N Ying Zhang &5 N 15 5 &
E AR v, S8 U5 o i N 3R B A TR ) AR
PN 3 B 4 P 5 T A TR 4 P AR B A DL B R
A5 IR A AR B 9T I P AR R AL
P (10, 1 7ERERE A= I ELE 70 b SR A R IR 78
Rt 7 R AT L gk NI A I v R R M T R
HOFORG P I N RIS AR MG A 2 g
Y0 BRLAE I R 2 B BRE B  20 B — IR B A B RN
1RZEIIAT R 25000 i 40 PRI AT R 5 e 55 Ak %
77 THIBHF 7T B A 35 170 JEL %

Connell 5 N WG IR N IR . 4 138
F 45 R D 1) S e SR T AT R A R
PR CZIRE, B 9 Bras, F5 A 7 4 0 TR
BAEEZI B i £ tH BAR B A YA R, e
T HAER IS5 M, FEARSNITFE T AN [F)Fh 241 o A 7% 1]
FHEL A R (01 AT AL, AR Bl b SR 38 6 ) R A 5925
8RR R B BRI M 2%, RO PO E
5 ARNN ) = 4 v A 5 52 4% i A ) 3 AR A 2
gl RARTES MR AEVE B ETia 7 — K08, X
FHRIA R RS BBEBAR, I Hh e 37 I e e A2
VP ERAE 57 R R HE

Collagen

Lumen 5
T, ey ﬁ ;
“‘;:» £ RS

100 pm | =
— Collagen

K8 (a) (1) JLIRAE G T A A R 20 MO o A4, (i) R HE 38 A RO TR JT (A0 € 0 /B P9 5 4 MR G B 47,
WONHIAL); (b) WIS G A B ST LT RABE T (1) il (i) B0 E R

(a)

K9 (a) =4 A a5 i (EE) DL T BRI S OMERE R Z A 4500 (TH); (b) 7OtRER
TBE T A S MR ], TR e B A BRI (I (0 E07)) SEIRAT I (SREET7Y) 5e 4 FHR
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SRR R oL

HRNIES

w0 e 20 pm

10 PiMAEREH  (a) THEAUHBIBOT I R A F R SCAY; (b) SEM R SR i il WD =
YE LS R GUIN T ) oy 2 st A D 2B A ) = AE BT B AR e A BE (WF 7L 4L T AE)

H 2013 441, 24 BT ek 0 T 46 46 KR
BT = WO E S RGBT A & T H T 40 i
T = A K A M) e A vE S5 A, Bt Fe 4l
F CAD ¥t ] B OC E 'S RGN 1) =4
TN K 25 4, 5 38 A A0 322 ST b I 4 B 1) = 4 55 7%
B JERE A AN L RS AL B, &1 10 (a) J2 b8 40 i
RAEZ SR R, IR 20 i R AL
T A ) A ) R v A SR AT e R, @
CAD [ 7 15T LAR 3 R (1) = 4 g 0, b g 48
SER (BFE— AR R AL B, AL E)
FH T SCA% R[] 7 4 B A0 2 0, 1T A o ) S 0 A
T FH TR, % B G R A B e R RS A B
K10 (b) I SEM & Bon 2B WOt E'S R4t
ICH AR R, B —IRUER T E R+
SHEBOCHES KRG RSB I TREE, fets AT
TR RS A0 ) = GRS, 9 R A = SR AR A A
FERE oK. 33— AR IEAE T 4.

IR 3 W A R B R RO R A 1
RFPBOE =4 E SR AT LUK T BV B R &,
I HL AT DL 5 2 0 i 20 7 MR A ) e S YRR B
PERIN THER. EM ER Z AN A ] LUE tHAE
X Fhig AR GE M =g MR~ 2 R IREZ
KL UL, T BN 20 B RS ik 2 10 pm, @i H
T v R R S W 900 A0 PR T 7R 1) = 4k R 4k A
IR Bt 5 BRI (A1 DAOREE B, 1 Lk 2 X0
A1 O K IR AE.

2.3 RINEBRSEAKERRERAK

N T REAERAIRAT BRI 5] I 42 v 4T BRI JiE
BE2E FATH LA (ultra violet, UV) HEST[E 16 7K
R (hydrogel) 77 VERE TAT BTG 224, /KEER 2
— P B K & R KBOICE R SR, HBA
5 NAKREH LA J) 2P i BB ARG 1 AR

AN, IR 2 T HR TR, L5 K&t
B2 W] A4 77 v A ) e 1 ) F A 2 B
PRAE A2 1 A8 B 2%, IX AN I R AR AE N A iR
TR FE DRt T2 ST B ) 7K 8 A [ 4 BT T il 1 225
AT . A — P ek iR 77 % R AL B 1R 1 T
VEAE /KB 7 3% B LR (hyaluronic acid, HA) [
Iy FIEE b ol N BTG IR R [, 453 7) DLEE S 4t
TR R 7= A AT TR KR IR, B 58 A1 B S 21 )
B o A Y, TAEAT #5801 HESR 3 038 74K
IRV, TR I I 42 1 R ' AL PT LA SR A4 R Ak
PSP 0 5 K PR RS B 9

BT DL BBl i v 1R 8 A Ol B S [ A4 K ek
JR 3D AT BN & R #an & 11, UVORIRQ il
JeaE IR R A S 3 S R B B S
(digital micro mirror device, DMD)®)_t.. Hii15
BLE 1 Y DMD #2205 CAD =4k &5 1 2 V) v B4
B, e v BT U 3 A RO R R SR
UV BRSO BIOET & B R s 84t k@
B UV BG SR EAE A1 b, A £EF 1 B /K
B R E e E L BT B S ML
I T LG A i) (55171,

Horh DMD & F @181 & B 03, w1 L
o VEE S 28 RO R B R 4T P & BT ENRG E, HL
FEJFE R 2 DMD 8 f e vk E AL CAD B
BEAR A R PR KRR, B T4
5. DU MALES A 7] 1 DLP 9500 DMD it J Jy i,
‘E LRI #CE 19201080 4~ 10.8 pm x10.8 pm K /)
AR5, BB #R W] kX8 0/1 TF
S 308 T A ST s ) e 2120 FAMBTRY A, 30 X 87 )
B3 RO AR ) B0 250G K 1T T 9% AR ] ik
23 kHz, IZFEH A 1) a7 MR ) A 1S B g n]
DA OR T B A2 BT AT RS JEE (~1—10 pm).
T AN EEAS TR v K R R T 0 R G A B
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B8 v AT 5 2 T2 TA) VR N B 7K 6 R SR AR PR A4 R
PEM. — MBCRE10 s 2 At T RASE R — A= (1 g
6, SRJE TSR B & B 3h N — Bl
B, HENHTI A, TE T2 [ Ak Y S R T 4k S
Je bR XFREE 2 R Bt Al DL R Y 5
B S =Y R AR B S5, AT A ROL ¥
=HEROCE S EORIZ R B AR I 7 3, %
ARRKAGH T I = AR G5 K i hn T[], sk
LT A F100 B bs. HRAE I 7T 75 20K 41 A 2
3D T BN K BER SO R B, AT LREAT 0 B 40 L A
Y EEARSPE TT.

£ S BRAIE TR R RF 2 AT — RE S A2 3% W
JRIR 7318 ZR 5| N AU MK BT 3R S5 2B 0y 7 Bk
e DUV 37 W O IR 14 25 BRI 1 KB I A A A
ST ARG LN 200 A7 5 SRR P R e, R 4240
TE KRR 3D 34 B AR K AT Ry [018]) A4S 31 i
DAL ET 3D AT BT AL, SBIL fie KPR PE AR SULAA A

100 pm

I H 1 B

@ Image flow from
computer

<> T (D UV light
@ Projection
optics

[ =) >
ISpacer Substrate __— //. """7‘"

@ Stage Biomaterials

Layer-by-layer
polymerizaiton

11 AR B ALK BER ) 3D 4TE1T- 6 R B,
OSSO, @THFHIEHIIE Y, @B B o 1F
DMD, @t R4, @aBNTE; iHHEN Rz
BT RS, FFEESKEE, @B Ta T
¥, — R 2 BINTEN B4 3D 4t

100 pm 100 pm

12 (a) 280 = 4E s M Al i 450 8 F B I s B IR, 45 M IO A RE R 100% 3R 20 = — 179 04 TR Bk
(PEGDA); (b) VRN BB, (o) LRMERMEE F4MMILE, /R HUVEC & 15%GelMA 1)
SER FREFRVUR G A KRR (d) FRBORRE R MR, Bom it LBReGH F HUVEC M2 4id gy (e) Bk
SERIE IRV B A Y Z O [ AT, ST S TR AR AN B AR SO BRIV ZOIRIES; () IR LA
Z 75 FRERTT I, o H 70 2 BREE M [T BR AN A B 0t (K T 76

Zhang % N\ A FHIX R UV B85 18] 1 ABRRE 1
HORBEAAT B — BRI 52 1 = e e g 1),
5112 (a) J& —FpBR R 45 MR B LB IR Y, TR
F M AR N B R 46N, R T X
T Bl A I T P v i L B & F T T
R R A AR, BT PR A o T 52 2 A
R 5 . 2 S AT SUHE S i~ Bk 2 4 4 (MR 5

A 15% I H 35 T4 445 T2 W e GelMLA) = Foft AL J 45 ik
W4 (HUVEC), 5954 K J5 L R B s
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PS4 4 DA R 230 i 5 55 RS PR RS B 55 TR 2R 35 DD AR O,
HH xR 7 A T RSB R Y. |
J2 QAR ST b A AL 4 B A PN A KR B — D
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3D micro/nano fabrication and its application in cancer
biophysics™

Lu Jin-Lei Wang Xiao-Chen Rong Xiao-Hui  Liu Li-Yu'

(Laboratory of Soft matter, Institue of Physics Chinese Academy of Sciences, Beijing 100190, China)

( Received 18 November 2014; revised manuscript received 16 December 2014 )

Abstract

The major reason why cancer Kkills is its metastatic potentials. Metastasis is an extremely complex three-dimensional
(3D) process. Currently, routine in vivo cancer research still experiences bottlenecks in observation and manipulation,
while in vitro research mainly stays in petri-dish levels that limit cell environment with two-dimensional confinements.
Therefore, it is in urgent needs to construct 3D in vitro models to deepen the studies in cancer invasion and metastasis.
However “how to carry out” is a big question that harasses scientists for decades. In this report, we will systematically
discuss several popular technologies for 3D microfabrication and their applications in bio and cancer research. Besides,
we will demonstrate our efforts to construct an all-in-one 3D micro ecology simulation system (3D MESS) which highly
integrates a UV bio-compatible hydrogel printer, a light-sheet imaging system, and a nano pipette operation system.
This novel system will create a brand-new method to fabricate, observe and controls the 3D structures and the cells
inside. We believe that these advanced technology and ambitions will definitely update the current cancer research

methods and bring promising hopes for future deeper understandings and more efficient treatment of cancer.

Keywords: three-dimensional micro/nano fabrication, cancer, cancer biophysics, in vivo microenviron-

ment
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75 2 (dissipative particle dynamics) P9 f 77 1 5k
B, L SR B 40 AR, 55— 7 1, 400 )=
(1 77 2 J0) 4 T AN A 4 i frg 38 i 1400 SRR (41481,
20 - 240 L 15 5 5 1) LA R — AR 5105 2 L
FHEAE FH UL S AS 5 8 8 B BRI Z 44T . M
KL TTEAHE T 2 4 Potts B AL (multi-state
Potts model) 1401 J AR R (471 s 7 I A5 A5 7
(particle packing model) 81, i& B4 R (active
particle model) %SG g [ SR (cellular au-
tomat on, CA 8 27 DL K {53 05 F2 10 3%
2R (continuum model) 2145152 56 F X 8y
YRR R, AR e AT BA S SR [17]. kAT
ERER|, RECEAFEAD LT 7 RIS, It
HEETREEAMECM M HE IR/ M HEA H
T E 5] I 1 1 240 Al - 200 M ) 368 T B [ e
TR A 1 B 3 () B UL 7038 B EL b, 56 T
TR, K2 HOWT 78 & TR 2 R GUKF B MR
BEJE, JUH R O T R B TS A AL R BE A

1 (a) 7EBMRRE R 8 (glioblastoma multiforme, £ MR BEAHIEIR, GBM) FEA A5 E 1)
NIRE s Ak H FR) e B8 A A B R SOIRAR 2R B (R 51 A B SR [12]); (b) s (AL S8 ) ROHRE SR I, X4t
AT REFEGE— 511228474 (I F Bl Robert A. Gatenby 21, ok H SCik [13])

HTNEHM AN T AT 2 0T AE 28 MR
o [14,23,24,51,54=66] [y fr 2 f R L7 ORI T
JIev g £ i - 24 M R A ELPE O BB T e E TR
B () BT 12 2 A R AR /D [2:9,6,51,67=69]

AGER NG EE e CA B AL 7E A= 28 1 I s 2k
KoM A, CAMMES, 78 B 2440 AR i
Stanislaw Ulam Al John von Neumann #&H, J5k
7E 70 FF AN 38 1 36 8 95 [E %7 2 John.  H. Con-
way £ FH Al (1) “A= 4 Ui #% (Game of Life)” 15 2| 3
e OV A e Ak AT R B, — B <4 i, i
716 /b & TR AR LN, 20 v AR, tHRRTE RSt
PR AR LR AR AT N AR S X — B e R
Wz ig F BT LRI R R R HR T 2000 4F,
Torquato 5 H G/EEH K T HE—NMREZ RE T
S0/ K e e 400 10 AE AT T L A R 1 4 T 1
B % Lem K /N 1) 22 T4 B 53 BE4H B8 (178 GBM)
() CA B3l &b & T ¥R 22 ) CA B RUBTHE AN A1 4%
AT SE AR 20 B IS BE R A, R A T A R
TR, BT A A L SR A BT Bk
FAETAIFRIETE T, Mg 6 i p R &8 70 &
R 509 H a8 £ BRI CA 5
RUBLRL R AR AL IR TT HEWE (1 2] 2304, 45 D4 s
FTLAZ 2 SR [27) 10 55 T B A CA B 54D
FE VR AR K ZRR.

B, FAIFFR T —AAeE 2D 1219 F1 3D [72
G RGOS 28 11 8 LE R o 1 R 1 R A A B R
AR CA BR. BN ERAEES T — &
FIASOU ) b6 i FEAH B, B R 1 e 4 Lt
ECM (ECM) FIREAE, & F=Y006 B IR B I 48 ML+,
EH i T8 184 5 32 R AP 355 T AR 5 B J=) 0 R B v
A B8 vy B He i oot Jif g -1 32 5 1T A 5E 1 1 52 .
PAT CA BT e Db I 7 — R P A K
JiRg R A RRAE, A BhAS DL IRIAT . R,
FATH CABLAYIE B Dy M I 142 28 Vi gg 1y —
HEREME, LTS AR R H R SR 12 2 4 112
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FIFE SRBEPR S5 v SR PR T R O PR e 121, Bl
LI 2 (AR R A B IE RS LR, Ll i BE 7 fe /s
fIEg iR i, MFEIRLAER S, ZREE T, A
R 1m0 951 S 57 Jo P A 35 e 3 ) 4 2R R 2R
BT TT I A SIHUBIEOR. FiR12 08 1 AR E
i RS 2 GE TR B R CA R, BLR AR SR AR
YE AL

BN RASCHH LRSI 52,
12 N B Hefhid CABETY (32, S 1 2 [ml
i — B R CABRL. 2537, AR
AT T SR A ADL ) A ) B PG A, S 4
S BBATET B CARLIN. #2554 75, FRATAAK
TR TR 2R R R AR A K CA . E2R 5
TR 6 i, BT I CA BRI TE
bR fE — 45 (2D) R =4k (3D) ASIRI A5 o (i
FHAMR A, IFAESE 675, g3 — i
LGSR, AR EERE (1 AR, AES 7,
A= 1HE CA BRI JEAE 2 W, TUE AT
B, FFRERIAK TS .

2 CAEA A

CA AL —Fh A T BB, B, MR RbE
FIAE P2 1 B OB A (731 76— i i R vh, CA 2
—AN A (ST ) LRI R A%, BEAR A A ER
Z AR (B, A, ST Bk R4t
M B BET A EECR). RN RS AT DL AR A ] 4
FE, ATCVAARMT LT AR N k. B — MR S —
ANER IR (EF R EZ M), M EsPLT
J, fFRoCh. XA oM CA AL ZE K T, 5
WAL AP0 ) A0 A ] (AR DESCATRR cell). 2
TR G, B A T T A AT JE S U A
SE M.

— TR, B TCH I A IR A 2 5 52 S .
ANTEMLE TR R APIRZS U b L AR, BLRFTAT AT
J B AR, AR e B ke . B, X
FNE T8 — Ao, IF BASRER 8 22, XA
ARG NHAIEIRES, AR HUNZE D AL, X
— RHLD3E S R (¥ A T TR R B AR ELAE A, T
JOHE, AT DR ESERIAE VAN, B RS

2.1 ZEZH|F: Conway £ milFrk

N T A AR CA B TAENLEE, A%
K7 22 Conway 2 AT il k. EIXATH, FAlT

(E— AN D58 5 k& W B AT AT B 7R
EAM LS b, F—A CA JTHE AT B sl — A 2n i
G PRECAYE . B4R CA JTARTE “3E” R
A, oA R R CA JTCRALTE “3E” FPIRAS. « W&
) 44 B )R A AR A7 1) A i 3 — AR
1k, Bl

1) A DT 2AN7 35 A8 JE 1 40 Bk DR IOk T
7,

2) AT 370 AR FE ) 40 fg 2= PR Ry i T4
FrmAL %,

3) ALY HAUY A 2 8L 3 ANA0 & B i i, A fg
EAGTE I N AV

4) FEERIAHRE, ERIEFA 3440 JE I % fe
% (EAE)

5) BT BIAET- A AR R R A

2 RRE SO CA AR R B AR J TG
EREMA

B3 R SR R CA IR M TR At
MR F
ARG SCHGA ) CA R, 7T BLAE v 2 AR
AR i, B 23R 1 B L2 AN YT
PR RARORE, M —AT 34T 4h, T L
AN B2 & RO ICAE 25, A H IR 41 AR
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G N7 N o 2 ST e o S D] I ERa o
R IX s o A B WG 3 A4 . iy iX s 4
FPEMEE R, B AR T =AM, B EE
AR R = A — BT = A4, IR eI AL R,
AKAE . T 3 BT A A R, BT b R ik
HIRRJE 7 A (B H 70 XEFK), 15 205 1k
WA= — B TR R PIRES, SJERIZH LR K iz
k.

3 CAERwy A by FE AL

FEARTT T, BATHR B4R 2P CA B 3 2
AV B LR, DU LB R B B S
CA BN, Ffidid CA B SEILI. AT E 1
2 i 5 TR A L A], RTAhRE 40 B 5 ECMTR] [ AH 1
TERT RS giRR AR HE; ECM REAE; J5HR4H
U FTH T v T AR SR T AN AR E 1k DA S A - A
JE IR R R I

3.1 HRFRMAEIME

FAVEH T /N ERBEHLIB A (random se-
quential addition, RSA) 781 4 B Voronoi 43
FSRALAL e 4 L A A A BE, W 4 (b). AE

K4  — 4 Voronoi 7> BIM A KK i BEHEAT  (a)
Voronoi 43§14 — 4V 1i 43 b B AT 70 I 1 SR AL ) 7T
(b) B 8 5 DX 450 P AL 0 PO I 2 e o 3 (74

B MERBEERA LI — A S HE % 45 1) 3D 28 [R]
(BP—ANSE 5 R R T, B2 2 ) P 4N
K. B, FRERIAS SR R0 R B
BN IZER O BT TE 1 DX sk o 1) B DU 7 K1) 2 ik
LK. X FER R Voronoi £ Kk A T 3-ATT
Mooh. BATRIE R A 3 Z PG AR R
— AR (BEAZ15—20 pm), BARE B
KNG SHRAR I (78 E R ES. IX (G315 RA 1 RE
Vo P9 5 JF ) 20 ) B A 855 [ 8 EE g ok

e 8 (1 S o P i S AR 855 pR AN [ 7 2 T 4
PL K ECM M . ECM U e A 41 2332 L ALk =2 RF
(EbAn i J5 28 1) 10 055 200 i ) Kt 5% % 4 i i 3 A
K (W ZHEEAMAEEREA) MEARA
B 270l SR R R R ) AT R B S R T
ECM AWK 53 7 1% 5, ECM B 8 g 241 it 17)
B, DA ECM AR S B R i A K 3 Rl i
. B, AT 3 5 SR S 6 AR 8 ECM.
BATHe 5 A T0 AT R 1) ECM )% W AE A
pECM, FenTCHLH ECM 4 FHIZ . Mg X
BE T4 ppov = 0 G, IXR7R ol ) ECM 1]
DA B AR, Bl A A K A B R 4 1) — 3.

3.2 YHEREF ECM &R

f 28 T CABL &Y b Ji 983 248 i A Y Fh 3R
RD208) (2 A AER 2B . JE1R B
2 f ¥ B8 AE IR AR (primary tumor) #1, M5 EATHY
B IR, R DL A B B 1 Y, B R B BUR BRI
X0 LA MR (AR SO DR R, I 4l B I
7, MG AR I 8ol 230, EE
PRRK, 7750 At S Bt A 2 AR HG 0, K 328 0 2 AN
T PR A AR T G D 4 B B R, XK R B
S 2 R R B 4 PR D R B IR AR 2R 2 B
RES, BB AR (B, F7 70 MK IR) 18R 2
JE. L7 Ul, BRI FE RIS R 6, IS v gn fks 0
NIRFEHY B (47515 DL R 9). #5290 A 38 BUE & 6,
FRAEL (735 i 6 4 B 2 RV RR AR 2R JR S ), B R TR A
IR/,

Wit o 1 B 1 PR 4 B 53 2, e T T 4 A T BB
iR JE B ECM, I (5 9% ECM B 4b g o g (77790,
ECM 1% Bk (BP R ECM X 3R), HFrib oo
L 5 ) 43k e R A o 9, AT, ECML IR ot 4 3
T R B BRI ML FLAE (4 B 4 fk) 52 fik 98 1Y) AR
. SR B 4 R Rl — R P ) TR - 4
58 A iR, OV A R 4 AR, B 4 A
BT BRA.
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1228 VRN M, A D 36 R 40 1) 7% 1) - 48
50 BEIRTG R FIFEFE (I ECM BR M@ GE ) (it %
Tl 3 0 P A ), OF HE MM AR S AT R 0%
BIFRAR, RN IR RREE R B RATIAA, &
ZEPEA MY H A5 o i B ECM # 58 4 4 )5
(prem = 0) A BEERE 2 Hbr oM. 40 —X
MR, WAL T AL O ECM REfg, 7 R
R MR e R A REE B E L. BINEZES], ECM
() B Sz B b — Bl A RE, TR I EERATTH
VER—NEEROR R K L&, RUONERATH CABRIAE
I [A] _2 B ER, B P A R 10 55 T %o 2 () R GUIR S
R 24 h (WL SCHRARVIR). 7EiX 24 h R
(I ENAS I AR B4 oA E A A b 2 T R 7R AR
X i FE X 2 G A R T 1) S RUSUR A R GetR
ARATHEHIA. BAACRUL, B ECM BE &%
R & A R, TR 24 h DLJG B 258 R0 1 2 1%
fife. BRIMABAR b Q%R TSR ERIMN
o R AR 2 1 A S R A R 1 R By 2 — B2
EAMERZETIHE T RS HWEFRY. 7ok, TAl
BRI ST, REEM A =2

3.3 Eh=EEENHRE

TE R /I F DAY 10 2 ) LA K (1 e e L S 3 1)
ECM KATEAE, 3% i ok XS 8 52 515k [ 4b
FLif B3l 2L MR SO [13], 485 ECM AR B
iR A W X — B e R, FRATT B B R T AE
ECM J 45 5 U e 5ot g A= K i sz 130, e 4
(KT ECM 25 FE 3N, M5 2 X — 2 B 15 R 3 K 1 i 1E
be 131 Sk [13] ik, vy 40 At 2 282 ¥ mT R e
T4 5800 ECM % 5 34 i ysk />, B

paiv ~ [1 —w* (€ = 1)], (1)

Hdw2 ECM I ., 5 ECM )& F2 1 & Bl 1E
tb, €72 ECM 546 240, UL A kie:

M —x0 32 prem (D) v (i) V.

v ow @
Hrp, M ATV 43502 ECM M) 46 i & FAR AR n
e T IR PR A o B 1 ECM e &, peom (4)
A o) 73 5l 2 5 i A 70 M P K 23 13 FE AR .
Xo A& S GE A i % R ECM [ RE 1 2 8. e m) 1k i,
J7 R (2) B RS B ECM K45 o5 48 1) 25 ) 4
AR S, XK T IR AR, TR T
BEE RN A B X2 33 ECM % (LA A
JE) 3 n. X AR ) ECM FTAL 2 § ATl i)

KA R 1 il A 50
pecM(f) = Eptom () (3)

. BPECM HI% B 38 N 5 5 % B e b, 75 2
TREEVEA L (1), (2), 3) Wi HIESH
AH ISR [13].

3.4 MEEEXZRENREM

AR AE MR RO B LA I, R ARG Y
iR R T 2 3 BUR 9 ) T F BB, 30 R+ A
A 5T T, R A T AT DA A Y RN SRR
JBUE 3 RO NGRR3R A A K AR S, 45 MR
A ECM. 1L 2% & /NGRS ) AR i LA PR, X 4%
RN AG UL G BERRATRORE R rp . BTk, SRR T
S (14 98 5 w BB TT LRI RS, SRR IR BE T e

I = |re — 1] — |we — 7 (4)
g, Forh ae R B LA, 2 2 SR TR T
HERIALE, o

F G AL A 320 e A B - 2 (R L, SRS T P 4 i
AR R AR AN 5 €1 /w BROIE X S BT LU 4 i 5
ZR RIS H L

Pdiv ~ (1 +¢&l/w), ()
Hph R (2) A ECM % B, JATE= 2,
UAT LR IE B A7, B T AE KA il 2. 55 A
FRULHIE, (1) A1 (5) e i B 40 i 7 245 7
TSR 1 s AR IR DAL ik e RS 2 i Rk e A
A, H TS A LA LI IALE.

3.5 ZMRf - {HARIE)REIE

RAZ I 28 M 40 i 2242 N A B (1 ECM, & %
WA B O B FER 22 40 M R . dn SR
ek om, SR A K ok S A A A B B, EAT
HRAERFESR A, AR 22 M 20 i — I8 A K AR
W B S A - A AR, RATRA T 5
Anderson B ALK ik A RABGIAE A EA
ARG IR A, BIPR e HAE SR A i o7 75 22 1) 2001 240 P
(%, HaguEul, Wi %20 M AR 4R I 4E i gk =
AN /NT A;, A R Re B TR AR, W 2R AR
MG B TR AR, A8 g A 4 . V3 BIAE
SCHR [2,3) H, ARATTAS A T % — Tl 40 M A R A v
A BB, 75 B0 58 20 B B8 8 i 67 i 75 1R 400 =
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MR, VLRI - A0 (ARG IR ST, [FIREME, A,
(BB, 2 -4 AR )R, R AT 27
12 A — T 2 - 0 N RS 3 P R B AL, I
SCHR [2] PR 2RO AR, (EE e S B 1 48 i [) R
R AL, JF A HSR MR AR R 515 D
FEFRATT AR cpr 2 3 ),

4 RRVEREEKEOITTIE AN

ATV I AE ML 45 71 1D 42 21 1) e e A 2 A Y ) A
Yy EHL R 4R E AL CA B, 7E A Voronoi
SFEVER T BELTH S, BN R XA 70
1 ECM % B prom #EBEALRAE S — M T 2112
F] T BEATL 2, XA AR A Xl R AE B i ed /i %
A E], AT g Ak i R NI . BEAL
EOAE AR IL T 18 E ORI B . SRS, 1A
W — B A B BN IT M TR TE 58 B 1 i e 4 .
FAES B A B AL, — AR R, R
(R) H:

1) fedf— N ESIVT . 2281, 1
M, B RN, RIS ECM. 12 28 PE 41 i B4 7 ¢
1= N 30 A0 L E AR A IR AR B 1 EC ML 384
I % V% R 3 2R 0 e 440 L, U 1 4 i IR
s, A B E TR SR K S 7 2 1A
JEL, SRBEAH B )2 B 25 1) g 240 .

2) JITA YRBE b e 4 i X e 1t (RIEATT R 48
NSRRI AEAL).

3) B S — g B 6, AN A 2
WBE. ECM A g i 5, i 60 Bl 8 44 1) ECM
JCMIZH R, IR AR A SRS R RIE. & RR
FER I A PR 6,, HT BN A 205

571 = aLgdil)/dv (6)

SR — R ITBE ISR (L), dR
G L A 5 T, L AR 0 LT o
(e = 327 a /N, Stsh N R AL BOR ),
A1 5 108 S ML 4630 42
L .

4) WA RE FE B ERAMILBE RS o, (M )7 53
P TN, 6, LR ARG

5, — L/

Hp o RANEFRSH (WKL), dRT YR, L, 2
T JLART e e AN BRATT 5 8 PR 120 16 L £ i
TR R LM . AN, ZRa Lk

SEHT, FRATIA A 5 B pas BT R 50 11
BECM % & 12181 ECM Jiti il i & J1 [ W5 FE (1)], BL
T S - i 2 S R AT AS (W72 (5)], BI

Pdiv = Po [1 — pecm —w*(§ = 1) +&l/w].  (7)

2% (B ANREAE Op VO N A 9N TE 2 1 4H R AR I ek, 48
Ve RS UINGEISE NS

5) W EA N R, AR RE A R AR R
MR TN, R AR —FIFRIBE AR  (HIRAR
). MR R AR AN R AT ECM B RE /1 1E
Xi AR BIRETIE . IXALAT IR 22 1L A0 B B Fd 25 7R
i, BEN BRI ECM H. 5 R AR 40 i A 5% AL
W R 6), 7) /b migh . Wk AR R AR R 2%
PR, EA TR AR E 3T i1 S 2 .

6) B — N EAREBIEMRZMN ¢,
— AR A (AR D). WEAZREE KT R
A0 (K AR AR R MEAT AR IR (T iS5 1240 K e e 3k
1) FECE, B A; > Ay, IZRAZMRE S E N
RARVEANML, T3I0, 2 WdE e g vE AR (PRI
KT TEE B IR ).

F1 CABETMEHIRZENY R

R [E 4 o 1
Ly JRFSIE AT (FESH AL B AR L)
Limax  JE M8 1 55 KV
8p  IMFHINRURHAETE R
6 ARIELHIREARAETE SRR (Vg R TR R i) L g3
paiv AR A (WA M AL B AR 1)
prom ECM % B (B ECM [ R4 2 B A B A k)
€ AN ECM % 5414 ECM % B LA
w* i pay, B IRIE RTINS HL, BUER 2050
ERS =1
po  FEALANMN SRR, SAHMR AT RA 5 (0.192)
a  BERESRFCANMERE, S2E IR KM (0.58 mm!/2)
b ERMEEANZEE, 28RS (0.30 mm!/?)
I RS
w REIER TR
xo HFEAIM ECM FE#RfE S (0.15)
RESH
v RARE (WE R AR R, 68 0.05)
x1 RZEMAIM ECM FEfERE ST (0.95)
po ANEBNRE ), BeEh i (UM —STO R Bk
5 — ok EL, 2)
Ay ZHMO DRGSR (K 4 A s S B d > 4T
Mg E, 2—S8)

7) A5 2% 1t 2 R A A SR L FK) ECML(7 T AH 48
) 7C i i ECM), AT £E ECM 58 4= [ fi# i iz 41

058706-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 64, No. 5 (2015) 058706

MiRE N— e B 5 — Aol — MR BhRE
AN p, ECM B f# e JIME N X1 B 40 B 23 5% Ji 121
TCHE ) ECM & Bl m R SRR A, et m w] A
72 03 p AT BB E. BRI MERR R, R
ECM % ¥ ppom 2 BEAK 6p, Forb 6p 20 2 yq 2 [8]
MIREALE. FHBEHLECR R AE ECM F# fif B8 7 A1 40 i
B ae Il TR SRR BENLE. R AR —
AMHE ) ECM Tt ik 58 2 P& (RN prem = 0), 12
28 1 A MK W LE R 20 A AR S KA I T 1) #2 3).
EXH, TAUE E T RAMA 2. FEF ECM
TG MR 2 (8] 3 A AT DU S HA PR 1R 22 R 4.

8) Fl ECM Jo H i 5 BEARE 75 F8 (3) Sk B Hr.

KI5 s 1 CA LAY o g 184 5 R 2 1) 3 22
FOU. DL BRI EE SR AR L. RK
B M, BATRAE e R T 24
. BARTMNEX BHER LSRN AK XS, H
TR A K X AR A 5 . 3 T RE &
o FRATTKE 2 45 H CA BERYAE S i g () AR K AT T
ASEADN R B B B & Bl FF 50 4B = 4E
H DL T .

(c) (d)

K5 st ESIHUNE R (R ERRIRIEAE, T80
FEFR SN, LRSI, SORRRZME, A
1 ECM XTI, WO IEMHK ECM th) (a)
o, BRI (WAL t) D MR A S ORI AN B 2
7R AIERMAL B (b) 38 (LR B IR AN i, 73 B4k
AU (W3 () BB MORL A AGE, KAE (b) T BCAIR SRS
JE; (b)), (a) o AR 2L €0 0 48 8 240 LR 3 0 2 1 20 M
1E (b) 43 A2 it B AR FIIRSEANMD; (a) SRR
ST PR T S TN, IS (R AL ()
B E— AN RBIR BT (), (b) PR AN
HEGE A A T — MR ZRVE M (d) ARZR RN M B
THERECM, EB B Z i1 ECM S#EH o, B TFE
TRIFEM T 1 ECM

R AR IR AR K AR R S H e X, A
Lo FAb B A BT 7 B, 5T AT RO
RS HERE MRS BN P EEE. XS
W, 20N 7 EILEHIRIEL K GBM KB
Hs.

5 CAER @R — A

FEZATH, AT CA BARLREIAE — 4k (2D)
S SR SRR B v e I AR A R SEAMAOR AR 2R MR A G
S 2D KT 5 I PR SE B A 5Lz, 2D BT ST AR
RE WL 45 7 VF 2 MR AR 2R A HLEE, DA SRAIE SR 3AT]
CA Ry a] SEVEA U BE /7. £E3% T ORI 2D B
WA R ER T, TATEH LT HE O R 46
I AN M, 38 R B4R (B s A),
BARRIIEANE, ROARRIZHR. AEaRE
ECM Jtfd, M5 AR E M 1 ECM JT M, 4 K4 /%
() ECM 1] LR 7R 2 28 PR AR I I RS B A, 2K )
P83 A AT A o5 T A K DX K.

5.1 1RAVLGF

SN T B E AR R B TR R P, 2 I A TR e
FA S ke B E LR S GBM (1 2 20 i i 8
IR (GBM multicellular tumor spheroid, MTS)
AR K AR BL e dh, BRATTIA A A K A TR g AN
AKX IR RISy, WK X R4 RIF 64,
FRAT A AN A2 1 R R (B e B S AR ) B 3R 4 /4R
BB RE, LA T A TR B v AR SR L E SR
[12] H25 1, FHARHE Anderson £ N (JL3CHR [2,3]) X
FLSE IR AR FE B i 8 AR K 1) AR A AR 25
M AT 2], 25 BB E =Y /AT A0
i, Anderson 55 N & I A= 28 B 1) 23 18] 43 Aii S 0t
FRh 5B IR AR A AR L % ) . AR
BATHIBL RS | T8 = /S8 SR E 3 02 458 )kt
FRIET, BT LAV H B A 1) & ) S

G, TEA K X R 355 ECM H 5] Nl
250 AN M AE 40 B, R H R R XN T
B Dpyr = 310 um FIMTS, 5 k&b 5256 1) 15
EAFF AW TR RBRMNEAMAERKAZES
B po = 0.384, a = 0.58 mm'/2, b = 0.30 mm?/2,
v = 0.05, x = 0.55, u = 3. Hrh, po BE N R T
Y1 B 5 38 B (7] 40 h, X 5 4R IE 1S5 B AR A
B AR T 8/ ECM % ¥ ppom = 0.15,
oK S s ag A FH (1) B DMEM #5397 4.
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K6 (a) M (b) 205 B 1 BLILL T MTS AE
RBH ORI, AR BB R oR, e 5
O, RZBBGITE. e, JATA LR WA LL18
ZER A HE S RREEIR 1 (LI 1), X SEEe R
FEHFFE. ZEMRIHBL, Ry < RE4
H i ECMIE K 7 ©F B 2R B AR, Ho b4
PG ) T — AN (RO R IR S, W CIT R
MR 2% AR IT RS e ) U, 1R 28 10 40 P A 1v) T
& /N B B AR T AE. JATE BB, IR AR
CA FLIUHRE G I AKX R AT 1y, IX L 45 R AL AT
FLRF IR B H R (T 1 IR

AT 1 MASEADL v B30 ) 422 2% T AR 508 1
AL B = Ar/Ar BEI 1R 32 40 ) B 205 S 5645
FIHEE (L6 (c). MBI BATAT LRI b A 2
REANR 25 RANSEIR AT S ARG, JFH, B(t) i ¢ 1
A R AR IR A B0 2 A AR 2R B ) S i A7 £E 95
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Abstract

Emergence of invasive and metastatic behavior in malignant tumors can often lead to fatal outcomes for patients.
The collective malignant tumor behavior resulting from the complex tumor-host interactions and the interactions between
the tumor cells are currently poorly understood. Progress towards such an understanding necessarily requires an interdis-
ciplinary and collaborative effort. In this paper, we review a state-of-art simulation technique, i.e., a cellular automaton
(CA) model which has been developed by the authors over the past few years to investigate microenvironment-enhanced
invasive growth of avascular solid tumors. This CA model incorporates a variety of microscopic-scale tumor-host in-
teractions, including the degradation of the extracellular matrix by the malignant cells, nutrient-driven cell migration,
pressure build-up due to the deformation of the microenvironment by the growing tumor and its effect on the local
tumor-host interface stability. Moreover, the effects of cell-cell adhesion on tumor growth are also explicitly taken into
account. A number of bench-mark collective invasion behaviors have been successfully reproduced via the CA model,
including the emergence of elongated invasion branches characterized by homotype attraction and least resistance path,
development of rough tumor surface in a high-pressure confined environment, as well as reduced invasion due to strong
cell-cell adhesion. Such simulated bench-mark behaviors strongly indicate the validity and predictive power of the CA
model. In addition, the CA model allows one to investigate the role of various different microenvironment factors in
the progression of the neoplasm, in particular, the promotion and enhancement of tumor malignancy. As an example,
a “phase diagram” that summarizes the dependency of tumor invasive behavior on extracellular matrix (ECM) rigidity
(density) and strength of cell-cell adhesion is constructed based on comprehensive simulations. In this simple phase
diagram, a clear transition from non-invasive to invasive behaviors of the tumor can be achieved by increasing ECM
rigidity and/or decreasing the strength of cell-cell adhesion. This model, when properly combined with clinical data,
in principle enables one to broaden the conclusions drawn from existing medical data, suggest new experiments, test
hypotheses, predict behavior in experimentally unobservable situations, be employed for early detection and prognosis,

and to suggest optimized treatment strategy for individual patient.

Keywords: heterogeneous microenvironment, invasive solid tumor, cellular automaton, emergent

behavior
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