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Single-cell Electroporation and Gene Transfection using MEMS-based Microdevice with

Cantilever-type Microelectrode
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In this paper, we present details on fabrication of single-cell electroporation microdevice, practical
experiments of single-cell electroporation with our fabricated microdevice. Also, the continuous
electroporation for the continuous flow of cells is used for high-throughput electroporation. The
delivery efficiency and cell viability tests are provided and the successful GFP transfection into
cells is also evaluated with a fluorescent microscope after electroporation. This device enables to
reduce the size of samples and thus the use of small amount of reagents. Also, it makes it
possible to permit to avoid cell discrimination (transfected cells versus non-transfected cells)
encountered when traditional bulk electroporation is held.
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Fig. 1 Schematic view of device
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7}A electroporation & ©Ple]IE Tiulo] A9 sk
oty AMEEL vlo]aR Ade] 3 BFo)
FEHIL WFoiAH, & AYgav olshelA gt
ofF A& ZHA(~15um) & 713 AFd g ¥
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Fig. 2 & vlo|3 2 Yulo] 29 A2 FAHS Y
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SOI (silicon-on-insulator) ol E o]-g3ste A F3H
t}. WA, Positive Photoresist 2 ©]€3}d SOI $)o]
Hel FFH si Fo vlolaz ANdUME AEHY
¢ &, ICP-RIE(inductively coupled plasma reactive ion
etching)Z o]-&, 7128 &L /14 o]z e
Hu 2 A2 THFig. 2(a)b)). ICP-RIE ol 2]F Si o
AL FU52A Si0, Fofl 9] AFHoz HFA
Bt} LPCVD(low-pressure chemical vapor deposition)
FRE o] 43 SNy 55 200nm ©]F FE S
AZ1AAF5E D8 F, CrvAu & EZF7|(thermal
evaporator)& °©|-&3td F&, wlo]z R WdHH
Aol vlolaz FSE AHYT F 5% AT
Fig. 2(c)). A& UE F SUB & HEI3I}Y
vto] 22 Ad& ABgHFig. 2(d). SU-8 & °]&
g Ald FA4L 3 batch ] 93 HAo=
23 FZ”I UV =F(exposure) LT FAF
(development) F3-E& AXA "Hr}r SOI o]
W% el Si dAFe A vz A" &
Foy 5% AT F olg AHIEH W
9] alignment & 93] % aligner B AHE3}51 o0,
ICP-RIE ol 9]} bulk Si & oA gcHFig. 2(e),
bottom side view). ©] YA F2tE<2 Si0, Fo ¢
3 AFHoR HEA ok viA R Z S0, T
BHF & ©]&3l9 A|A3A =W Fig. 2(H9 g e
ZXEH 2 v Po] E75U} IAHET IAFA
4L 73 11-Mercaptoundecanoic acid (11-MUA)
o mlolAR Yupo]2E Wi & F 7Y
ol dlgt&3} Hol2FZ AW Au F 9o A%
Ao g 27| Z2AFFE A (SAM; Self-assembled
monolayer)©] 3-g€ o}, ‘

SU-8 ®lo]a=R  Ad 3 poly(dimethylsiloxane)
(PDMS, Dow Corning.) sealing &3] £49& g
sealing ol A== ©]-&5 0 O, plasma A E F3l
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ol Ad F S F=E dus| BA €oiFig
2(g). SU-8 wlo]Z 2 AIF ppMS F9 align &
Ad SHARA dESS AFL3IQY 2 5 &
AE vlolaz2 HL o skpa 9 ¢HoE FyEW
A1 80C9] hot-plate 9?19l 30 & HAEZ ¥FolFo F
5 Ateld] HgE s AATH o2 T F2 o
< @astA Jq3siA doh

Photoresist

%

(b) ICP-RIE for Si etching

Electrode

(c) Cr/Au deposition and lift-off

(d) SU-8 microchannel patterning

(e) 4th patterning for backside opening & 2nd ICP-RIE

(g) PDMS sealing
Fig. 2 Fabrication process of microchannels and twin

microcantilever arrays

2.2 Electroporation &%

Fig. 3 2 electroporation & & AFFA © A
Zhe vlo]aE tiutol Ao AAH AL B
ofFa Q. 2E AFe dAulg olgA olF
oFem, Nxe o %2 44 /FL FA3
71 4131 syringe pump (KDS200, KD Scientific Inc.,
USAYE AFE3ESith AFS-H pulse generator (Model
5062, Tabor Electronics Ltd., Japan)& *5V 9] =<t}
4} ns 9 duration & 7Fd 49 FEH9 pulse S
dFH o2 7tete Aol 7HEsH, Fig 4 o YEhG
FENe] pulse & AM&-3}o] electroporation 4@ S &
AT}, Pulse duration 2 100, 200, 500 ps o] 3] pulse
width & 1, 2, 10ms &, 7}sid A¢e 44 + 07
o} £1vV ojglen, & 10 WO pulse & WIEH o=
7t Ao,

E dToA A»d GLHE electroporation I}
71&2] AEZ<Q bulk electroporation ¢ FL.3F =}
ol t&d Zrh AA, AA Az AHgHE
A tel 1000V o]del metell A 1v oldte] AL
ol &3, T4, A} AFolMe AF A7)Fo)
ohd E Y3t 7] (inhomogeneous electric field)'!
g o]&3tH, AA AT AE Alole AFrt o}
T #o. 5, AlE wpela R dupol2E o] &3}
AMEE 3l FH2<I electroporation & YO
T Atk AL F 2 9EE & M A
g, ¥ HALE F3 electroporation ©] 7}
Sotm, H7b ARl TIPS T AE HAlY
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Ang AT ¢ Ao EF, B AL AN
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&3HA Eoh

Agol] AMEF AEE A549 cells (human alveolar
basal epithelial cells)®} Jurkat, Clone E6-1 (Acute T cell
leukemia, human)Z Y& Y BF-AF T4 31}
(KHARERHFEHKSA,  Dainippon . Sumitomo
Pharma Co., Ltd.)oll Al FY3}31 2w, 37C, 5% CO, 7}
FFEHE 4 o] E(incubator)ol] A ¥l &}t

Electroporation 2] Z#E AHFHo =2 13}1Y]
28 Pl(propidium iodide, Molecular Probes) & I3 &
E AMESIYTE o]+ DNA & QA3 AFEHH,

Adudoz Azotg T3 g AN dgvel

U, ke A i e Aok kA,
electroporation 3= M ¥ -2 E7HA HH AHXE
o] DNA/RNA ¢} ¥H-3-3te] z1e]d FA(UV light)
9] excitation o] 93] & M9 FP G WALEITE
PI-DNA Z3E-9] excitation ¥ emission ¥4 2+
7} 535nm 2 615nm ©] T}

Electroporation ¥ A X2} AJ&H(cell viability)=

dolr7] 9l trypan blue(Dojindo Molecular
Technology)E ©|-&3t9 AEZEE A3t
Electroporation A F 30 ¥ AXY Azte] A

3 5 M EES trypan blue EE7 & FF £H
ATt *ﬂEE} EE53A 9592 trypan blue & X
T 9E sReAME #FHA deth & Aol
= AEZe 93 ML ZHAYL electroporation
o3 MEde g7 Frgol %”’E:ﬂﬂ HA oot
ZAY F& AEAE trypan blue FF7F A A
E el EolAl Ho HFENe] FRZTh

£ A7eAe GFp 28 f34 B 4TF

Fig. 3 Experimental setup and complete device with
PDMS packaging

100 ~ 500us
—»] |-—

e TN
ININL

1~10ms

Fig. 4 Applied pulse conditions

¢l transfection & el S 93 AlL&F Ut 214"
GFPuv gene(6089-1, Clontech Co.)= ZEAIXZA
A4 AREE T, H excitation B emission IS
Z+zk 395nm % 509nm ]tk GFP gene &
electroporation & E3] A Z o] Y& F 44 A

2+ ek wjokskgieh
3. 43 ¥ 24

3.1 Electroporation & Ol0[3 2 Z|

Fig. 5 & mlelaz 2dey o] sirsloizl
ufo] A2 A9 SEM AMRlEolth mioldz 7Y
dvle] FAT 10um, Aol 65um, £ 15um ©|
o odd g mlojlaz A9 FAE o T
20nm, Au %< 100 nm ©|t}. AF Alo]9] 7HA
10~20pm 2 electroporation /g AEES] =7
2H3te - Y. Fig. 6 < vlola2 A 4
71% A Z(reference electrode)™ wlola 2 A€ 9]
#dnj7 Apzlolth vie]l3 2 AHE9 Hole ATH
B Aduo] o]Z7|7tA] 4mm, ZolE 20um,
& 10~40um o] t}.

vlo]32 Ade wlgREE CrAu Fol Ad
S uet A" @ F, Ao 424E Ad saMm
(Self  Assembled  Monolayer)$! 11-MUA(11-
Mercaptoundecanoic acid)ell o8] IZE O sHd
b Ao AdE /HAA "k ol wAA
S ZA sbo] A2 dwe A YelA AEE
o] 3t} d&sA & F YA I o] A
T BelMe Axe 558 ‘IT‘-J—O]' nlo] 22 A
25 Si folHE oA REJ2U B ATl
A o] mlo]lz® @2 SU-8 photoresist & ©]-8-3}<]
AT SUS vholZE ARG 77 Cupol
T Si vlo]laE AEE 71X tujo]xg} wnFE
g 2 7R FAHE A, vlelaz Ajde ol
245 8 dutela A &g Al of sol flo]

W o rle
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el FAE AAE Part ghe] AFFEA SuU-8 AEE ALHoz gistn dANE 0 &
2039 TRe T Ad9 HolE Z@E‘ F 4SS VR uEA, o3 Ay Jd2
dom, BHS g AF g ¥ES 98 A ARE JEHL] A2, VEY ¥HeEes AR

dol o g Hel AEHY TS 24 F A

A7k, SU8 % PDMS Atele] ZFH AL #A)

Flg 5olA EolE wheh o] VE HF
2 ASE g2 WA £ A A

sealing %

3 vlol=

- Reference

~ electrode \"

F1g 5 SEM images of electrode arrays on mxcrocantxlever
and reference electrode

Fig. 6 Microscopy images of SU-8 microchannel and
electrode array

3.2 Electroporation 23} &4

Fig. 7 < electroporation % WSt 7|39
A7) 9@ EXd g ol E s MdHy & =t
olZz HF FH9 HrIFE AlEgH|AT Ax
Solth, A& AXESO(COMSOL Multiphysics
Electromagnetic Module, COMSOL, Inc., Burlington,
MA)E ©]-83}e] FEM E 938 E3] electroporation
o Bag Aol A7IE A5t AEwHelAd
Axt, 07v 9 Aol ZhAS W, Ho AT
A9 E7lEE EFEA dEtde o 3r)e
3x10° V/im olt}y. o] A#ZREH HEH buk-
electroporation B (1000V o]4h)o] w]&] ol &
AGE o] &3l GAMES 24 electroporation
o] 7tedE & & Uk F, JhsiA 0.7v 9 A
< AEge] P& ‘é T A& nF FEI 2
A71Fe Tl d F don o ddAEe
electroporation & 7} 3Al gt ol MEHY]
A dd3y(dielectric breakdown)?} dojui= A
oF WM 9](0.25~1V) ol ik

23to] 74 dAle] digk ARE A7V ¥ 2
Eib‘r SGA M E electroporation & F3A A&EHL

fzﬂroh Rstele v AE2RE ZF 4
g i Aged EA 2 ARE dE Ao
7Vesteh. =g, MEMS 7]l 714t electroporation
& vlo]m2 tulo]lxg o] &3te] F-HAe] high-
throughput screening ¥ & @, ME At

W ass

2 oz sk kg A% ol 089 4 ok

(a) Side view

(b) Top view
Fig. 7 Simulation results of electric field around
microcantilever electrodes (@COMSOL)

Fig. 8 2 electroporation ¥ PI & @& AEXE
9] fluorescent-field A} E©|T}. Fig. 8 (a~(b)= €
du] @ vlolaz S HolA A549 AEE0
electroporation ® Z& HFM, Fig. 8 (o)~(d)e
jurkat Ml EE°] electroporation ¥ RE& HAFc}

Jurkat Al Zoll di3] 0.7V, 100ps €] pulse 7} 7}3l
e ™ Pl FEEY AEEEL 95% ©]FolA
o, cell viability 2dE& A3l trypan blue & o] &
P& oW F2A g9 AE7F AAJ. 2,
0.7V, 500g54 pulse 7} 7l A W= oF 10%2] Al
E7F trypan blue of 23] AT, ol 2
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duration & 7} pulse & ZA$ AEute] wj71E 3
?l FHE AAAIH, ol AXE A TVE T
AeE £ ol olHe & ATEHR HIx
3 AF}E BodFEh FAR} transfection A HS 9
8] electroporation 3+ F- GFP ®AI& AHXE o] F
33 & 10~100 7<) Aﬂ&.E— v F3i . Fig. 9(a),

(b

© (d)

Fig. 8 (a)~(b) Fluorescent-field images of A549 cells on
microcantilever after pulse sequence applied,
(c)~(d) Fluorescent-field images of electroporated
jurkat cells

(a) 24 hours later (b)

(c) 44 hours later (d)
Fig. 9 (a), (c) Bright-field image of electroporated jurkat
cells, (b), (d) Fluorescent-field image of
electroporated jurkat cells

(©)¢} Fig. 9(b), ()= 22} bright-field ¥ fluorescent-
field o] °|PAE B FEH.

Table 1 & T3 ZHSZ electroporation = 3}
S W} 10~100 7§ jurkat cell ofl thsl ME BEE
2 ZA Aot 07v o Aoz W A%
100 ps & B2 pulse duration & 7A-F- 99%<] Al
FAEES BolAR, F& dAg % I pulse
duration 9o ZAes 25% AEY  MEr}
electroporation & HMAE o] &= & 42
T AR THtrypan blue o] 23 &AM E).

Table 1 Viability of jurkat cells after flow-through
electroporation with various electric field
intensities. 10~100 cells were examined in each

trial
Trial Voltage | Pulse duration | Viability (%)
1 0.7V 100ps 99%
2 0.7V 500ps 90%
3 v 100ps 92%
4 v 500us 75%
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4. 48

o] =ENME GUHME electroporation & 7}o]
32 fulo]2E MEMS 7|&S o|&dte] Alzst
31, o]& o835t TUMES] electroporation &
TRt &, vlo|ZE AdE wEt dASHoRE
s2F AEEC vy A" ¥ vlelaz A
F Atelg Avtzd o d&Foz ArRE 7L
24 electroporation & TH3}UH. o] & TH ¥
39 delivery efficiency 2 cell viability & ©A] &
4 ATt PI 9} trypan blue & o] &3] HFH o
Z cell viability & ZAtetglen, Bo 2
GFP & electroporation & A Xo] =3 & 44 A7+
ol wigste ©l AESIUTE JMEE GLAE
o] 32 fupelAy oE W
(drug discovery) 2 23} X H(gene theraphy) 5ol
o] 838 & & Zeo= sigdch

electroporation &

*

o] AT UE #e =
Fujita, S. Takeuchi, T. Fujii 2g=d7 # 4]
=gu, A} FZAN =& T4 ZH
TEAE FAEEY L
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