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RZE AR e 5100 WE LK A B e 2 b A T
IR 2% 5 PO S IO SR A B T g8 . —
PR INEIER AW (cyclic olefin polymer,
COP) [P BB AT i DR b 2% 76 A% i 21 210 B 3o 72
Rl I AP TRD R, 32 R X A %% P WA AT A
HRL T4 R E 7R B A RL L2 AR SR cop
£ 0.5—2.5 THz P B T X R 2L MBCRAR YRR
S5 B OIRE HOR W RS R, K COP H
T38E A AR %% A A5 R ATE 2 A B 45 005 e 1) il
Hh TR T RO RO i R A 3R R R P R T
fig (poly(methylmethacrylate), PMMA) , Xj 7 —.
FiR 2 —BERE (polyethylene terephthalate, PET),
RWIRMEE (polycarbonate, PC), LI A 3 — H JLkE
Akt (polydimethylsiloxane, PDMS) 2544,
PDMS HA i AT 380k A 300 20 56 )
Hh Y 22 UK ITE T H R o AR ). 5 PMMA,
PET 1 PC #Lt, PDMS HA7 H A (14 A5 2% 1)
WA B3 H R 2% 1 IR ISR AE 0.5 THz 1
B TE T 4.5 cm P BL RSO PDMS fil COP 4%
Gk, FH PDMS 784 38 & il th iy fL 35 DL K
COP X K 2% IR WOOR i Ret: , weit If il e 1
COP-PDMS it #2685 7 B8, A IO #.88
R T Kbk gzt ia bRz 4np A= 80, SEat 1
JET COP-PDMS U420 i R 5% | R 2%
IR TR O R AR A A — {41k

Photomask

2 BRI iE
2.1 KFRa& IR

KRR 2% = 4820 U R 48 (QT-TO1000)
FEF K25 B IE S COP A1 PDMS # (1)
BEHE S . W% R G DA A B
BRI AR, KRR R BCE T AR LG
RADCBEN B, RS TR TR 2%
BEHHESVENFEMINAES. 2855 h IR Rt
F R 22 B 515 % . Hob, COP #1 PDMS £ R i
JEREE A 1.6 mm.

2.2 RimESRIZTRHME

FERTIARCR A BT TAER S 1 040 f
A COP-PDMS i 4565 i v B AN S8R B
WIFEECH: 26 cm x 1.5 cm x 0.1 cm (K x 58 x
) (KAL), BERGIEFIE GBI AR QA 1 s,
B BRUNE BT B 3 i 4 VA 1 >R T i 20 2
A YE LRI A SU-8 SEZIEFIGE A M3
1 1% B 51 R L, SR 5 A LA I AL 550 A
SYLGARD 184 &/ (Dow Chemical, USA)
il % PDMS g4, A7 HLREF & fL )4 9: 1 1 He
A, BIABLE, KR E B L A E T (Bel-
Art Products, USA) i3 LAEBRIR A E A PDMS
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Sl wafer

Flow in (©)

I R

‘7’:' ———— COP —— PDMS
Cells %

[EI 1 COP-PDMS JLH & O 42 05 BIBSHIAR I B (a) 383 S 20 B AR TE L SU-8 FEE Jr 29 556 19 1B T2 R UL 422 5 A B 91 5

H; (b) VIEG 0 A BOR 2 85 A B (c) PDMS Bitk 5 COP Mokt i i 45 5 1 Ab Bl i &
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; (d) 7EIE B COP-PDMS i 45 34

HEE

Fig. 1. Schematic fabrication process of COP-PDMS co-bonded microfluidic device: (a) Using soft lithography technology to pre-
pare the round microfluidic device array mold on the SU-8 and silicon wafer; (b) the single microfluidic device module; (c) the
PDMS module and COP plate are fabricated by plasma treatment; (d) side view of cells dynamically cultured in the COP-PDMS

microfluidic channel; (e) three-dimensional view of microfluidic channels containing cells.
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ks <, FERA 80 °C AYMEAS b 6 h ALk
K. PDMS ik E L5, FFTFLERIE S 0.75 mm
(FLARAE SR St s A 0 1 i B s T
WA RS A NAE 0.25 mm, 4M% 0.75 mm.

2.3 COP-PDMS #4&

K COP Mkt i COP kL i i 5, 8
it B 2.1 5 AR SE S & N T PDMS, B
PERHIEREYS A 1.6 mm. T COP #l PDMS #1%}
FAELANE, PRI CTE 7R AL B 1E L
T TS, RILA BT COP F1 PDMS it
Trfb 3L e . RIS B FAEVENL (PLUTO-T)
REBRE| AMEE A, COP 21 A4 1k 27 4 Hh 5 /K 1k
(C—H ##) 25 M 25Kk (C-OH, C-NH, —COOH
H); 1 PDMS 8= 1—0—Si(CHs)y— AL AL,
e PE S, ik EESL A (Si—OH), i PDMS
WRBEASFEE RGO i, & A X
WL COP Fl PDMS 2% (42l , w A1k}
FE A UK B JE T A 2=, v LA R R S
FE . R C 2 IE W COP L K PDMS #4511
A Dam10] A S A B A B AR s HoS
0.024 kPa, Z i 240N 180 mL/min, K51
150 W, IHE] 60 s, COP 5 PDMS %4 )5 iyt
JEIRE R 80 °C, MBI 6 h.

2.4 HEEEEMK
TER H E B m B G 45 R iE 17 COP-PDMS
HEA R, TS R B TC I AT ST i AL
ANTRVAS B PO AR B Y1) N T BT R T I A
I, X} COP-PDMS fyA Nt ik — P R,
TE e il R S R hE S i i E Y 45 COP-PDMS
F M LSS IS [/ A9 R 5% (0, 125, 250, 750, 1000,
1250, 2500, 3750 A1 5000 Pa), JNFEAY K IE R T
X COP #i 5 PDMS A5 i 2R 11 AS -4 1711 18 1
THEEA R, BT PDMS BRE RS H A
SPE, R 5 AT E 45 COP 5 PDMS 1Y 422 fi 1t 4%
K, IITHETE T AR AN 000 A A B A AN 2 [ 1)
"] . 7E B A 50 B 8 A 4R I COP Al
PDMS B8 50 B, R oz 0 1 9 7 10 7 X o8 4
B PR AR TR B BT Y )
F
Tm = e (1)

b PR TS R, A SRR A

BT RR, R RS AR 0.2 mm /s,

2.5  EYRASE VI 53X R B R iR i E
mETE
R EAE RO O R TS A R Y —
TP B AR BT D10 7 B s R, (R AT
5 V8 3 VAR R AR ORAA, s O B,
SN Z W AT, AR UI R 1A
n = @)
Hrbr AR E TSI UIN J1; p
R AR AR S AR R A, WIRN, KR shAA R
ZE0h 8.90 x 102 dyne-s-cm 2, 4HEET I I B
DEMERBOTURAETIK, o HRIREEE; v B2
TR BRI A
Wt (2) AT 15 B A S AR
BYIN TR N

v h
v :/ dv :/ Edy = Eh, (3)
0 oM w

Hodr h e FiliE & . e CAE Y iR
B BRSO AT, AR E A RS
T FETOR AR FR G X I A I i
Q =vA; = LhA,, (4)
W

Horb @ 4z R G YT B, ACH RO AR
TRJTE P A A A A T T A

2.6 AREIESE

ALV b B 4 e Caco-2 (ATCC, USA)
Sy 15 2240 LR R O 2% 4 ROGT 448 D 7 2 800
Caco-2 MU 7E 75 cm? 40 fg 55 SRR b 15 32 52 i &2
ARG B RN (KB DMEM (HyClone, SH-
30021.01), %A 20% H4-I3E FBS (BI, 04-001-1A)
1% MEHER-5E% 2 (Solarbio, P1400). 4iffifE
37 °C 5% CO, BN S5 T E B 2 w57
T 70%, B4 BT AL 5 e R BRI . 1R
A RO IS R R, SR B T I K
AL 3L fRT B UL, SE 75 % TR T I IR A
B TE R A HEAT IR U, TEA W e rh R 5241
YT KBS, JH 50 pg/mL A2 2T 4k 40 i 47 1% &
4 (Sigma-Aldrich, 33016015) 1 100 pg/mL K i
SR BRI E H (Roche, 11179179001) 4K YK
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Xof VA 3 % T EAT ARk A P 200 SRR R B A A K
(Rainin, 30389291) % B4 5 x 10° 4> /mL B2
PRLASBGE I R AR A B VB v, e SR AR
HEFE 3 h A A ARG, BESS 3 S SR A 5l
BEEFR. FSsERD, QMRS B T B
SRS, A0 RS A A S 2R (DK Infusetek
Co., ISPLab12) Dk 5 Jiz I Bz (4 A5 348 s 1 7 55 [+
(It (0.05 pL/s U180 o) SRt s V) 3 i T fif
MG TR, ARSI IR 4 K.

2.7 HEREH

TEAE A 20 B 1) 5 — R FFt X Sl 420 v i
T RMR2EARE IR, R 2% & 58 (Terasense Sub-THz
wave source, S/N: 200382) & F COP-PDMS ith
FEHE 1.5 cm &b, SR 0.1 THz, SEIF-3 o) 52
&2 15 mW /em? 1 R 2% 0 SO 4588 i b4y
IR BRI 10 min, 2R 3 K. fEfRG —
WR RS AR 2E3E 57 6 h, FRIEA T 22 i 4 M 11 e A
RPET G,

2.8 HERALRE

F 3.7% Z 3 W 15 22 40 i 10 min )5, AR
FRYE B 4 0.1% (1 triton X100 (Solarbio, T8200)
EZEIR T BEMM 10 min. FAERMEE R 5% 194
MIFEEA (Bioforxx, 4240GR100) B 5665 A i4iH,
FHAE IR TR 30 min DIBHBrAR4S S 03 A A0 45
A, PEEA M 8 S AR 2B R IR IC /Y SRk
(Beyotime, C2207S) X 4 il &5 222 H 1 F-actin
FEAT R, WEF IR 1 h. BERAIA 1:200 ik
1 —$0 (AR % i B 1 ZO-1 (ProteinTech,
66452-1-Ig) S ME & 1 Paxillin (ProteinTech, 1002
9-1-Ig)), 7 4 C WHAEMA 1:100 FkEr) —
Pt FITC (ProteinTech, SA00003-1), 7E % i T %
H 1 h 51 DAPI X 4 i T (. Gepie st
Jeta e, LR B SR (ZEISS LSM 700)
XA AEAT R , 10 EGHR B AN M A AL, i
ImageJ XA X1~ 4 o oRH I AP 2R 288 1 R 26
JE AT RE T

2.9 HUEESW
AL E R IRECH n = 3. iR
SEIE L BEARETR 22 (SEM) 2, g 15 Ol

MR, SEEGAH 2 R 45 5 25 S5 1 k2 M A3 R FH
S = TR L B S R B S5 a3 S S R
I 7R IT AR 22800, A SCf# A T Bonferroni 42 1E
HUE R . 4811 %9 A7 18 33 Microsoft Excel £l
Matlab 5¢ 8, p fH/NF 0.05 B H 25 R BA B %
TS

3 HXRGik
3.1 COP #1 PDMS B K##z% IRk =

3 S X PR AR R P R A 2% M AT r e T e R,
PDMS X K b 4% 1) W e 3 B07E AR Be ik (VT
1 THz) Bl KR 2500 B 3G I, 1 2% Kbk 2%
WA 1 THz J5, PDMS B9 W 2 %50 B v
s 2528 20 em ! (& 2). A[E]F PDMS M I &
BB B A 25 TR AR P A 25 57 FE R R 24 45
B£0.1—2.4 THz {EE N, COP HIMI 2 K4k e 7
0.01—1 cm ' (K 2) BN, Z4 8RR T COP
X AL 038 s M i, %o b A o A R
W PMMA, PET, PC, PS Fl A7 35 7 1% 55 Bt 1 Bl 1
W38 101219 COP W23 7E AR I 25 A Wi
HIRIESE Hh B R RAEH.

25

20 e
T . PDMS
E 15}
~
N -
= 10
=
5 -
. cop
T
0 Y 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5

JiiEs / THz

2 RN B A R COP Il PDMS £ bk 2% 4 Bt
0.1—2.4 THz I P BSOS

Fig. 2. The THz absorption map of two characteristic ma-
terials: COP and PDMS, between the frequency from 0.1 to
2.4 THz.

3.2 COP%EFuiE

COP F ek ELE R R, Zad & TP,
% COP M b4 i) 25 11 B B oy oo P A 48 ek 1 19
R 2 T A A8 2 K T S BRI, A5 R )
R 2 7K VR TR A AR T R TSR ) 2 B AR S
(K A2), #2257 et 5 9 COP 2 1 22 3 35 K .
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PDMS 1Y 45 25 2l Pk 2 50 I 25 SR AE w0 i T4
2 452 i 20, COP 1 PDMS % [ 34 52 ¥ 5% /K
P, REE T ARBTG5, Bie b, Hkm
PEATRIEAK RN S 7= A 1 A 2 B vl LAl o b e X
ERA.

3.3 COP-PDMS #45RE

W HERL ST XF COP-PDMS Fl 4 4 i 5 ik
TR 2 B, 58438 COP Ml PDMS b 2
AISTEIN SN 0.1 2 0.6 MPa A% (& 3(a)). M4
HETC &L PDMS 55 HAbR e} i) B 5 i B2 a0,
PDMS 5 19 iy 85 5 B2 oK B, 2 0.33 MPal?
2 0.497 MPal23:21, COP-PDMS 445 3 45 5 .
7%, TEAMINESR 3750 F1 5000 Pa i, X i #5747
N 143504 0.51 MPa F1 0.56 MPa, #J#F PDMS
S ATREEA TR, WERA T ASMIESS, COP-PDMS
REAZ IR EI 5 PDMS-4 % [ FE£L 28 0 i 1
ORISR W, ARFEINE R AR

—~
&
Naig

COP-PDMS [P35 R IEA XK R (F 3(h)).
TE SRR (KT 750 Pa), IR 554 50 B Y
IEFHOCOC R IE BERBE, $m THEAMREAME T, Ik
Xof B B R B RO SR W 5 T 750 Pa
B, 0 R 5 B A5 5 B A IE A G R A FE AR 2%, 3X
B4 F RIS PDMS 5 COP 34 i) 42 firk i £

B L oA ek 2% T B S I P A 2 35 AT ) 5 i
B,

3.4 COP-PDMS i aEE=n

1< B 2 4

1+ PDMS-A S8 G 10 R0 10 B ()5 5
WEHER LS, A RSN IR T Rz, i
TEABE 5T H 4 B COP-PDMS i 455 65 H o
REAZ IR BN [RIRE B K, b T RiiEizots i R T DL
FiRSM SR, HE—2 17T COP-PDMS it
2508 R R o E 1 o I I R A A LA AN
[vi) 200 5 % v O A RS . AR S B rh, AR

Q‘:} 0.12 0.20 0.30 0.35
= 0.10 015 0.25 0.30 750 Pa
7 0.08 : 0.20 8-;3
£ 0.06 0.10 0.15 015
Z 004 0.05 0.10 010
£ 0.02 0.05 0.05
73} 0 @ 0 CEEDEEmED SR 0 CoESEmER IR 0
0 4 6 8 10 0 2 4 6 8 10 0 5 10 15
Time/s Time/s Time/s
[f 0.5 0.6 0.6
g o4 2500 Pa| g5 3750 Pa| (5 5000 Pa
% 0.3 0.4 0.4
B 0.2 0.3 0.3
2 : 0.2 0.2
g 0.1 0.1 0.1
@ 0 0
10 0 5 10 15 0 5 10 15
Time/s Time/s
b
®) £ o _ (@)
E 0.5 e
2 0.05 pL/s a
9 04 9] 2 weeks i
i)
;03 1
o 0.2
G
o 0.1
< 1 1
= 2000 4000 6000 - —
Pressure/Pa 1| i ]

K3 (a) AR (0% 5000 Pa) COP-PDMS UL 128005 1 B9 BE-5 5 BE MU 2R, oG o B0 AR 3R 0 2 52 4 340 8 P Rl 6 et
s B R BT YN N 7, 1% 5 YD 03 o g AR s (b) S A B B S ARSI R A X DE R s (c) IR (200 uL/s) i
TR B 2 B BB AR B0 5 () 2 K I RE S A 1 (E TR0 0.05 pL/s) J Vi T AL B o B R AL

Fig. 3. (a) Bonding strength test results of COP-PDMS microfluidic device with the vary compressions (0 to 5000 Pa) during the
bonding process. The bonding strength represents the shear stress required for completely stripping two materials, which is meas-
ured by push-tension meter. (b) The corresponding relationship between the bonding strength of microfluidic device and the com-
pressions during the bonding process. (¢) The seal and deformation change of channels and chamber at high fluid perfusion rate
(200 pL/s). (d) The seal and deformation change of channels and chamber after a 2-week time-course dynamic perfusion (0.05 pL/s).
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SEEELEHL COP-PDMS S F OBES 2 2 im
JE 5000 Pa. J&F R AE M IS5, 115
T# COP-PDMS fitim 26 i B 401 A P ik 1 4%
DB AL ARSI YN S T i (R 1),
MRPETH RSS2, SRS N (i X b e R yaE i
FEE | SRR T TR, 3% 3% 1 R g R, H
TR AR H 0.05, 0.1, 0.2, 0.4, 1, 2, 5, 10,
50, 100, 150, 200 uL/s. MKE5 R KR, 200 pl/s
K LI W 3 7 A 09 87 U1 g S48 25 % COP-
PDMS i #2568 i B8 38 7= A TR A8 HOR S P
MELRTES (B 3(c)). KRR A 45 2R WoR, FEZ:
it 2 J& i AR A BTN TR 0.05 pL/s
FIEE J , COP-PDMS it i A TE TR | % 1
YIk &AL, %S5 R, % COP-PDMS filii
P A SR RE LA A BRI R AR
SYYIN J7, IFReE AR ] VT T PR AR 2%
BPEAAE DT S5 Z2 A ) S8

1 AEYERNEDHLAGE PR ST YIRS KA
COP-PDMS f iz its 1 rrs Bl 0 g it 44 5 11 17 ) 75 22
A MR e

Table 1. Shearing stress in the in-vivo tissues and the
corresponding fluidic perfusion rate in the COP-PDMS mi-

crofluidic device to simulate the shearing stress.

K ENITRP) | Xof AR T
B 7/(dyne-cm ?) Q/(uLs™)
BME KA R/ME RKE
JFRER] 0.1 0.5 0.2 1.1
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Fig. 4. Immunofluorescence staining results of Caco-2 cells that are dynamically cultured in COP-PDMS microfluidic device, before

and after terahertz irradiation (scale bar: 20 pm). (a) The confocal result of ZO-1 and F-actin. (b) The confocal result of Paxillin

and F-actin. (¢) Quantitative analysis of immunofluorescence intensity of ZO-1, Paxillin and F-actin of the cells in panel (a) and (b):

The quantification is determined as immunofluorescence intensity corresponding to 10* nuclei (significance of ttest: p < 0.05, *;

p < 0.01, *).
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Fig. A3. Immunofluorescence staining results of Caco-2 cells that are dynamically and statically cultured in COP-PDMS microfluid-
ic device (scale bar: 20 pm). (a) The confocal result of ZO-1 and F-actin. (b) The confocal result of Paxillin and F-actin. (¢) Quant-
itative analysis of immunofluorescence intensity of ZO-1, Paxillin and F-actin of the cells in panel (a) and (b): The quantification is
determined as immunofluorescence intensity corresponding to 10* nuclei (significance of t-test: p < 0.05, *; p < 0.01, **).
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SPECIAL TOPIC—Terahertz biophysics

Fabrication of cyclic olefin polymer and polydimethylsiloxane
co-bonded microfluidic device and its appliactions in
terahertz biological effects on intestinal cells’
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Abstract

The current research on the terahertz biological effects at a cellular level is limited by the conventional
petri dishes used for cell culture, which cannot be directly used for confocal laser microscopy. In this research,
the cycloolefin polymer (COP), a material that possesses low terahertz absorption rate but excellent optical
property for microscopy, is bonded to polydimethylsiloxane (PDMS), thereby developing a novel COP-PDMS
microfluidic device by using the techniques of soft etching, photolithography, plasma cleaning, high-temperature
and high-pressure incubation. The bonding strength of resulting device is tested by using a push-tension meter.
The results indicate that the developed device shows a bonding strength as strong as the device fabricated by
quartz and PDMS, which is thought as the tightest binding in the multiple types of microfluidic device. In
addition, by perfusing the device chamber at a high flow rate (200 pL/s) and long-term time-course (2 weeks),
which simulates the dynamic shearing stress occurring in in-vivo organs and tissues, this COP-PDMS
microfluidic device can still maintain the original shape and sealing property, indicating that this device
qualifies the requirements of the following dynamic cell culture.

The biological effects of terahertz on the cells are explored by using this COP-PDMS microfluidic device
mentioned above. In this device, we develop the dynamic culture of intestinal epithelial cells Caco-2 with a
perfusion rate of 0.05 pL/s, which meets the findings of the in-vivo gastrointestinal lumen shearing stress. The
Caco-2 cells are then irradiated with 0.1 THz wave with the power of 15 mW/cm? for 3 days, and the
irradiation duration is 10 min per day. The biological effects of terahertz irradiation on the intercellular tight
junction protein ZO-1, the Paxillin relating to the cell adhesion and migration, and the cytoskeletal
microfilament protein F-actin of Caco-2 cells are detected in the device directly using the technique of
immunofluorescence staining.

The results show that the morphology of cell adhesion as well as the level and distribution of ZO-1 and
Paxillin are changed. In brief, the protein expression of ZO-1 and Paxillin are induced more by the terahertz
irradiation, while the F-actin is not influenced by the irradiation. As can be seen from the F-actin results, the
cells without terahertz irradiation show a spread and outward shape with regular smooth cell edge while a
contraction and burr shape of cell edge are shown after irradiation, suggesting that the cell adhesion is
weakened after irradiation. Even though the expression level of F-actin is consistent, the changed morphology

indicates that terahertz may regulate the interaction and aggregation among actin proteins in cells.
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Interestingly, the ZO-1 presents diffuse distribution in the cells and its location on the cell membrane is not
obvious, that is, a large amount of ZO-1 expresses not only on the cell membrane but also in the intracellular
matrix after the irradiation. The expression of Paxillin is enhanced after terahertz irradiation, and some cells
show local aggregation and distribution of Paxillin. These indicate that the terahertz irradiation might affect
the biomolecular mechanism of synthesis and distribution of protein. The COP-PDMS co-bonded microfluidic
device developed in this study provides a convenient and effective platform for exploring the biological effects of
terahertz irradiation on cells, and is expected to be further used for real-time research on the effects of terahertz

on cells and molecules in the future.

Keywords: cyclic olefin polymer, microfluidic device, terahertz biological effects

PACS: 87.50.up, 81.05.—t, 87.85.0x DOI: 10.7498/aps.70.20211807

248706-11


http://doi.org/10.7498/aps.70.20211807
http://doi.org/10.7498/aps.70.20211807
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

