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A Q= YwrEE ) AFM&ARFE 7 atomic force microscopy ) ©]-83t A5 (low-invasive) T
FAIE 227E 1as FA B1ES Alstaat vk Al AFM B3-S AT ER s e
I} AFMS o] 83130S A9, B2 MEAle] AdFol-E force-distance curve 73] FHEAM S 52 et
o g ok A RS ARESHE OiFaEe] MlaEelA] 80~90%2] MAE A|EA}]e] Thsste] mio] 220 A
AL mA#E o] gete AR Ay asoe] w3uth ek vegze] 270] 400 nm o8t A-f-ol= Al
3 el BAIe] AARE g o) Al AEgA e & o] gtk RS o] 8ste] DNA
E SIS AolE 7129 DNA =9 vlwete] w2 SYEEY) 44 $HEE DNAE 9% &
= 7hsdS ERlsklt

Abstract — The principle and application of a scanning probe microscopy(SPM) are reviewed briefly, and a low-inva-
sive single cell manipulation and a gene delivery technique using an etched atomic force microscopy(AFM) probe tip,
which we call a nanoneedle, are explained in detail. The nanoneedle insertion into a cell can be judged by a sudden drop
of force in a force-distance curve. The probabilities of nanoneedle insertion into cells were 80~90%, which were higher
than those of typical microinjection capillaries. When the diameter of the nanoneedle was smaller than 400 nm, the
nanoneedle insertion into a cell over 1 hour had almost no influence on the cell viability. A highly efficient gene deliv-
ery and a high ratio of expressed gene per delivered DNA compared the conventional major nonviral gene delivery
methods could be achieved using the gene modified nanoneedle.
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Fale] s A Hr|eRe Fekdn| gy dakdn| o)
e}, Feten] 2 3] )G skA wiitel st 4 whge 1/
2 e AgtE o)A, Axkdn] A vherlE FRe] Halles &
= T AR A 5] A AEE FEolA FRsFEA Al
Aole A2 3] Tesith FHT FARIZE B du| 7 (Scanning
Probe Microscopy: SPM)¢ |2}l E2]i= A E @& v]7d (Scanning
Tunnelling Microscopy: STM)¥ 12}3+e & 1] 7 (Atomic Force
Microscopy: AFM)°| 7= o] £43] 58511 QI STMI} AFM
9] 7|@-dul= o] WSk TlE AlsHellx dAsk ARE
AshAx] ARl T AF 02 HE H )] Uist YRE A
Zolt}. olw AzjAlofell= Al © Alole] 2Hgsh= HEHH
9} W =8A3S o] 83tal Qith o] STM#F AFM= o]t
A AAF e Beles 5] Folvk & Folld & o A H
St} ol FARIZE B Eu| S FEo ieA] B2HAS o]
of, f71EAke] F273H, LBH, 47, DNA, ©hid, Alszet, 214
ol Al T AAT EZo] Azl LS S8o] HuHT
%T;l'[l,2].

2 IR T BRI AFME AR5 (low-invasive)
A 227 188 A7 el S8kt sk A
T7F S 3 AL Qlek. A2 vlo] @ H A EE Aol
A @3t 53] Aol RSV e Mg 54 JEE
ATBR= Al EEREoRERE ohg), Yak= AIEE EkAtell A AL
Sl nlEe] AR SRiore] VNP eR HAE vHsds
7HA 3L Q7] wiszell B T o] 7)ot} IPS(induced pulifluent
stem celly= AAZA Oct3/4, Sox2, Kif4, c-Myc®] U] 7FA] 4k
£ E95to] AR APt A AgE Bz o 2
SHTZF 213 AEE vREEHE R EeE AEE ER3].
IPSQ] B3I B3t in-vitroolA] A58 07 o]Fo] o 24 $x}
A8 Z7MES o] &35 Z40)2]2] 7F % okl Qi o]
A3 IPS= 7o 7tel] o)gt AREgo] glor s Yoy oud
ofellx] 1 747} rhaL & = QIvh4].

IPSe] A Qlafo] Alazel] FAeq)7 s B3k 11 7R =
obzl Zlolg}t ot FHAE 1% A AESH] W
shebARl W, Te]ar S AR] e Al TR E g o ok A
EEHA 0 1= P E 2802 (retrovirus)2} © FE| =B ]2~ (adenovirus)
£ olgsk= o] itk dlEZulo] e AE o] 83t by
& B e M) o] 88 = glor f&o] =i FARE 4
Zpde] o] 4= QITH5,6]. et o] ¥ EHskE Al o]
28k 4= 9131, in vivoollH= &&o] Wor 5-34}; Al (genome)
o] 2lell eJ%k EAwole] Al WaEskaL Qv 7,8]. ofdlnt
OlHAE o] &S FHAAEYS afo] T1 $HA Y= Ml
T ARSSE = QIR A ] EAI ) AR fARpEEoe] =
7RsaRcH9-11].

5, v 55 o] 8% serAQ AR wke- b
A 34 24 & 5 lom BE FHC] Aleel o] gst 4=
QAL AAYTE 7HAA] et T o] WO RE 5 A

Ao g SRS mYshs o] E7bssh, i) &

o] 540] P ue] fifo] whe B ohlel AuA o
SRR A7) o] SRS e v ek Bo] 9]

22 8l aEE A ks 539

TH12-16].

EARI AR © 2= Y E = s |o] A (electroporation)
3} wlo] A Z 1AM (microinjection)©] SItH YHEZ F#o]dL ¢
P40 g ke BlnA B35 X5 Q= S, Al
AAE dE 7FsAdo) o g s Holrh nlo|a = 1AM
< At lo|n] o] EQME o] RS B9 e
oPFARl A=Y olgkaL & = St ey el ARSE=
He] Z717F 1 pm Y= wjFAES} vl male] Aduld o s At
& Qluk 53] 2= M2 A9 1 A717F 2~15 pm PEE
a2, FHEeE 3R] 79 11 350)7F 2~5 pm Hhell HA] @] wiiel
Al gJato] A7 WA E AV Bl d 7Fs/do] Qi) webA
A AFIFANE AIES] WA U= 448 HAsksb] st
o] A7 100~300 nme] PIAITHS o]-gato] AlEZAE AlESISITh
[17,18].

Al AFM B3-S AT2E 7 e B3-S ARESto] Al
AE sk A, WA A7) oF 100200 nm©] 3L, o)1= vh
o|AZRNAMef| ARGE= m|AlT A7) 1/5~1/10 Hrell E]#] %o
2 ARl osk Alaxutat A3l <54 (invasivenessyS & 43}
s = Qlth AFM A5 o] &8k vhegh o] FEst 3xkAle) 7t
71 &8kaL, force-distance curveE E510] LB Q] Mol Aklo]
5 et 5 Qlvks 58S ket A9 7Fsst g Bt )
= FABHES AlES] B8 FAIsHEA DNAE =98
= Alxza7)eo] AEThE ex-vivod] AR 7]t
Yl AEAQ1 AlaEe] "Iz, oE 9 AlEEsREE Alog
g A E AolrH19-26].
2WE FARZE B @] A o] 71E-de] el thiste] 1t
A} AR A S o]g-gk vty Y

71e3 1gd A =VES
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= du)Es AR E YR o gk
o} F o] BAs] wEd S AlEHel Hste] 7k
FAHE, 7w ldavlel sl Almxwe] Q3] uE AF
7} dojuAl "k o714 B3E FARHAA o] BlEdRE A
Z3h, 33 BAS IS 5 olth o] §RE Ate] <4
AU GEFHA] e Alojab AxpMEe] 2570l
7Fssltt. 53] o] Whake] wallglo] p5rah, AES v S
A v 2 S48 wlie] daEn| g gl Y =
e ol gl Folx 2] S TFsslths 534S Zh=th STM
e BRAEEE A5 Fssiths SIS 7 AL olSe.
U, AZe W AFMS g st 2Hg-ahs eAgiEE o)
g3lo] g3 wiite] sST™M 2] AAER ] RuddE A5
gk 5= A =it

STMZ} AFMe] 7k o]all, SPMoletar sR= A& AlZ-g AA1]
Hu| o] F&3] 241t} o= Feo] Arlhy AR T
& o]gate] Tsh= Aol nlsto] SPMellA= AAatolell EAlst
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Fig. 1. Principle of SPM detector (a)general mode, (b)with optical
mode.

= HYy o aye gyl 1l &8sk ofe 7 &9
ARl A5 Aa-5 o] &3] AL 3= FU14Q1 WS E
7] wlzoltt. o]9} o] MEE W (cantilever)s}st B3I} A5
H 7ol 2Zhgsl= ofe] 7 B84 JEAe-S HAEske] xuyn

1
£ 275K WAl BelHe) HEAEE SYshs Az A

Ael= AFM, Al SS9 3 g HH
Apolell 7KsliA)s Wi Wigks A o] Ao I JEE
o=

u =
2718k e ALAHE A= AC A=l <3 27
28 &3 A8 dv)7d (Magnetic Force Microscope), 212 2]
HE 33171 AC &l 23l A 1E)s HEste] &
WSS Sk vl35 A4 dr1% (Noncontact-AFM), 8-
FolA AFAT} LEA] QABES ARESIo] §-o] Zol|A] 37]3)sh

INTNTY

Fig. 2. Schematic diagram of SPM with a functionality mapping.
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3l5kast Ml47H HI5S 20094 10

W& doA7FAA T3] FxHsE AFMO R Ik
713}k $ v 7 (Electrochemical-AFM) 5©] SIth. 0152
71EAR1 SNAEE Fig. 20 dutslate] E28H0ct 2=, Q1
g, 219, J719, vpEe, F29 5 A5S 7slel 7hEA B33

= gvel FARE o AR 2] WskE A5l ARl Vs
4 E FYTEE ks Aolv12].
3. LECEIEC| M=o A1 Hertz Model

Fig. 32 W53 ¢ SEM(Scanning Electron Microscopy) ©]7] ]
o} & A7t RALE R Aot} 02 Nme| WEg e
AFM ©-3 (ATEC-CONT, Nanosensors, Neuchatel, Switzerland)=
F 40 2H(FIB, focused ion beam, SMI9200, Seiko Instruments
Inc., Chiba, Japan)& ©]&-3lo] LhegHle] |z 7Haigich ©
A FIBE ol-g-ato] deh|=gele] &3 s olldste] Az
e = A&l 71 F §S 90° SHAA 2 R0 ® FES
ofFgste] FATEE ARSIt |HRS AdHH Frle) gzt
of] BHA| 10~13° 712%1 Fel = A=l AFM 3l= FUES |
vl o)A o)l A8t AW = FUE o]8sto] ATt Wl
o] = AEE el AR REHH 9} A3E= CCD
RS o]83le] Tasiar WS ML el YIXIA|
Z1t}. MFP-1D™, MFP-3D™.Bio System(Asylum Research, Santa
Barbara, USA), “12] 37 NanoWizardll BioAFM(JPK instruments, Berlin,
Germany)yg AlEZ2 2 force S0 o] &313Ith e E3E o]
£k &3 8] AEARIARNE 25 Tol2E OF 4 pmssec?] 2
2 Blel A 2 FEsilnt. AFMS o]8-5to] A2kt uf) A
EE W] Qlste] EHAR)E T Top View 28] o] 85l
Alazo|m A& 4% CCD ZH|#HDP30/1X71, Olympus, Tokyo,
Japan)g AMESIO] SA3191 0, Wi o] AR EHE} DNA
AR RS AR H oI #AT7 (CLSM, confocal laser scanning
microscopy, FV-300/IX71, Olympus, Tokyo, Japan)2 ©]-&3}3it}.
5|81} CO, HE OBl E o] &ato] AXESAE FAleHalow W
FEol RIAEo]X| & o] g3to] o FENE| Q] X5-& Apdsigict,

Fig. 4% W8S o]838to] Mlae] Adzztelsls wel 337
o] A& "7 (CLSM) ©]7] 4] 9} force-distance curves HHERA 1]t}
Fig. 4(A-C)= DsRED2 NES7} '2& ¥ hMSC(human meschencymal
stem cell)E FITC(fluorescein isothiocyanate) <=L -85 © 2 4
Q) &3+ Avlo|w, Fig, 4(D-F)y= DsRED2 NES7} '2& ¥l HEK293
(human embryonic kidney 293)°f] Lh=83S Al 2218t 49=
YeRd Zlolt}, Fig. 4(A,D)= 21242 @S Fig. 4(BE)= A%

nanoneedle

Evacuation
Insertion I / ‘
'DNA adsorbed iy
Poly-L-lysine nanoneedle Gene

Nanoneedle

Fig. 3. A SEM image of a nanoneedle (scale bar: 5 pm), schematics of
single cell manipulation and gene delivery using a nanonee-
dle and an AFM.



Fig. 4. Observation of nanoneedle insertion into a cell and force dis-
tance curve. A hMSC and HEK293 were labeled using
DsRed2-NES and the nanoneedles were labeled using FITC.
A, A CLSM slice image of nanoneedle inserted hMSC. B, A
cross-section image of nanoneedle inserted hMSC. C, A typi-
cal force-distance curve of a nanoneedle insertion into a
hMSC. D, A CLSM slice image of nanoneedle inserted
HEK293. E, A cross-section image of nanoneedle inserted
HEK293. F, A typical force-distance curve of a nanoneedle
insertion into a HEK293. Scale bar: S pm.

2 Ao wA]E, Fig, 4(CF)= force-distance curveS LFERH Zlo]th A]
IE= ARM B3& o] §3ke] AxE &S WY force-
distance curveol| A= M3EEre] Bl o] &35 $HE] 2go] &
7¥alal A& zAto) Sl XY ALH 07 FTrsh= FHl force-
distance curves YFERATH24,25]. 13} g o] Aol U
\__E]—i] Et‘ﬂio] Aﬂgi_g}oﬂ x%&zs]. 151 zJE'_:j] ] _0_7}0}14_@4 H) oj
&zl o3 Aol §A43] AAEE AR IS ¢ = Sl o]
AL relo] Alxeks FakstiA] el A EE A
o] 343 71A43PAA] A7) Ao tH21,24,25].

Al FE =g o] A Azt 2Jal] AEFET sk
HEE T FE:’;‘:E Ho | Aazel] A=) QA o5 &717F vl
4], g o) 9ol Fig. 4(BE)9F 2ol Aol W
ol flo ] Q’i‘%@o] Aol AEo] SlE Zle & 4 Atk
TS force-distance curve 2] 2 EAAlo] HAE QS Wit v
g3lo] Ao AdEle] Qlvhs ZE ERIgtomxn HYAH /57
7} A oIS ddehs HER AR F Qlvks AS )18t
At wEbAd Al 9 gle] FFEA2] glol: force-distance
curveREO & Aol LB ] AtgjoldE yEE = Qlvh= AR
= gk

A3ze] 7&1" =2 AR E AT
o ALItsAE EOV] Hato] 22 A7) AuH ATH
7HA e vhegRdE Aol shelstel 1 AE sfiAlsted H]
St bk FEEe] 43 Y B9 shslshe TxEe] 9

L H

é

]%ﬂl—_ Hertz & 1:41

L

}_Z]— o 7ES

A =31 541

=

Z3J0] A9 3] Fo} ekl AT 1 Ao)¢] #A|Alo] Hertz R dlol|A] Z+
i (1)4 Q= 14 5 vk
QIelehs Tage] 4539 49
Fo_2E | 1)
(1-v)

Qs Bl 95 A9

F= 2E~tan2(x12 @)
n(1-v")

VA F: 8, 1 A% Fel SIS, o 959 ), v ok
@ 0, o eR el W, B 4R e,
g regrale] 9ol Az tisjel Hejo] 27Ieol
- zz}“i F7khL, ol A 13402 F7ksked) 2
AAelA] 13H 02 Mg A o] Lheg A et A5Gl
AT Wafsh= 297 PRSP gk e A5 e
B39 Aol Heo] 21 1 0R S & 5 ek
o] A¥= Hertz B9] oJekgia} & dA|star, 2719 2214 2
e e duie] AEEES gstarl vk ARS
UERdItE. Hertz 5ol oJaf] Alakel A|528] €3 A15%(2~10 kPa)=
7|&e)] el BAIGeL F X8I 27,28]. Melanocytes At
SIS A5, 4% R “‘?JE%Q 90%°13 1 AEH
LR o] A S-S 70%E 453 el o] Al ado] 45
@ U AEE R wrhe s & 5 Al 24
Alszel] vhegd o] ARizAtel QlotA Aol M5 HEs]
fJsto] AlaEzzol7h A7 v AlaEe] disto] vhegidS A 24
3lo] 1 A3= v w3Ieh Fig. 49] CLSM OJu|A|ZHE & Al
9] =ol& 43 A}, hMSCY| =01+ 4.9£0.8 um, HEK2932]
#0]= 15.122.1 pmO] 1 BH(n=20). Force-distance curvecllA] *]= %
#o] vehhs A% (Fig. 409k Pl 4 Dol Lheo] 7]te
HEslo] Hgo] A ZIsh= A3 Alol9] Al Axk(Fig. 4C2t
Folli 2 1) Afelelli= 2~3 pum 58] 2fol7h ZAghS: oF 4= 313l
o} ol ARl vheglo] Alaute] A5 AHES 233 force-
distance curve JollA A5 HEdF o Rt A3k 2lel7t
AUh= A= ejvlehe, A9 o] FAd ke 57} g ZobA 1t
e Sksdell ofell deirt wiskehe ofmghtt. Ao e
st sl AEAA] o] F7FsHA ¥aL 23 pm $SlE ol
of el g ow vrpdtiar sjAuolzint. ofe] FFe] Al
oA g o] ARl A8 573 AT, melanocytedll A= 92%,
HEK293°4+ 93%, MCE-7(breast cancer cell)|4i= 91%, hMSC
NAE= 90%E AlFEE tF-Eo] AlRollA] 80~90% oSl TE&
Al3E3¥s10] 7Fs3kiTH20].
Alszel] vl o] ARl SlofA Al S5 AlEAE
= 7129 ol Am 1A 2% A gt Al EAEET} H]JL
3lo] B2k}, Injectman II(Eppendorf, Hamburg, Germany)E ©]-&
B ALA| E A AN A(DAPI, 4 6-diamidino-2-phenylindole dihydrochloride,
ex 360 nm/em 460 nm; Dojindo Laboratories, Kumamoto, Japan) Hl|
=233} acridin orange(3,6-bis(dimethylamino)acridine hydrochloride;
DNA and RNA by intercalation, ex 500 nm/em 520 nm, electrostatic
attractions; ex 420-460 nm/em 630-650 nm, Dojindo Laboratories) 21
AAAE aisict. 1A ARS8 FAFH S Sl «F

[ INeR=1
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A RQIAASE M ESR AT, 2208 A= thA 1 pg/
mL2] DAPIZ 2|5}l 1527F QIFFslolE] oA wljerst the, AL
AELL A FFRIAAT M R RE] ARSI U}Ol
ZRIAAEISE ) A A} AEAY EE2 oF 30%0]90

U%, DAPIZ o]}lﬁ} AAGA] Ve o] o8k =8-S oF 70%0 ]
Lt o] ARZRE wlo]TZJAAHE nHTS 0]83l0] hMSC
of| AFdzzsbd wlAlFto] AlEE Uiel] A== oo 14kl &)
slAR = A97F 70% HEYS Snsitt. nlo] ZZ 1A d4- n)A|
o] 3¢ AAo) UrLELZbﬂ Hjal] & ¥ ol FEr) Y]
ug HP“?JOH Q3 0“?:171&7} o)A A H o2 hMSC}
2o] o7t &2 AlEislelle EElsithes 2s & 4 Qi

4. AMUICER] FAIZE A0 W2 MEEY &3

Aol TEE DNA :m A% £ S5l Lheg e A
Eoll BN YRS ul, Aol thet B APYFS B
AHalgie. Vgt 470l W 245 eyl AlEDAe] Y

ojxl o =M AR DNA £8] 7Fs @ S7FpANE vhe g3 2] Al
3Eof| th$k 25 (invasiveness)T S| 57 1S} 200, 400, 600, 800 nm
2737 6 um Zol o vl E AFEte] AHE A= Fig S0l
YERNSITE Fig. SA~DE 78 B39 FelE Uehd Zo= Ao
gk A EEES =o)7] Hste] vegide ds3 o R AsIgic
Alzze) vhieglo] ARlE AdejellA] DAPI MlEA RS sto] AlEg
e HAFIT}

Melanocyte®l] 217 800 nm Wg3S 1AIXE At Aelelx
DAPI M|E43S g o]w|X|(Fig. SE)=H-E] Aol vhrglo] 4%
AR o=M AEZA o] A3lslal DAPI WiEsHo] AteEl= 2

golst o= QIAtt. Melanocyted]] Z42+e] U g33} 217 400 nm
o} 1 ume] mlo]Z21AAE wlAl TS AR]st AdElollA DAPI vl
140
5 F
JE; 120 4| —o— 800 nm
a —0— 600 nm
B 100 { —O— 400nm
e
E %1 _e— Glass needie (1 um) /
® —o— Glass needie(400 nm) =
g 60
@
g so !
s i
=]
w o
o 20 40 60 80 100
60
G
s =0 800 nm /
—O— 600 nm
40 ~O— 400 nm
~—o— Control
30
» /. I X
10
0

o 20 40 60 80 100 120 140 160
Time (min)

Fig. 5. The cell viability evaluated using nanoneedles of various
diameters. The diameters of nanoneedles were controlled:
200 nm, 400 nm, 600 nm, 800 nm A-D, and were 6 pm in
length. E, A fluorescent image of a melanocyte stained with
DAPI by insertion of 800 nm nanoneedle for 1 hour. F, Time
course of the fluorescence intensity of a cell stained with DAPI
and the nanoneedle kept in the cell. Melanocyte (n=5). G,
HEK293 (n=3). Scale bar: A-D, S5 pm.
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>,
%

85 3 A3(Fig. SHEFE] 274 6007} 800 nm LB, 71
pme] PRl ZIAI G- ulA| el AE& o] A8k

& I3 4= QUltt. Wk Aol 217 400 nm ©]8ke] Hhe
A3} wlo] &AL ulAlo] AQ1E “dElellA] DAPI E30]
ook, Aazukpgo] ThlshA| o] FAA| AL QS-S & =
Sith. HEK2935 AREsle] T3t 23S st AykFig 5G)=F
E], HEK293°14= 27 600 nm ©]3}2] YirgHdellA DAPI &%
Bt VA s & Uitk MCF-79F C3H10T1/2(mouse
embryonic cell)*l|X %= HEK2932} H]5=3 A3lE ASItH22]. o] A
FAAETE AT ES A GARE A o AlEEd
Az ekl st GERe g Almel AIgle] 24l 2
TR A 4 1%13 Azl Z e BARE A S
u) AlaEERdel nX)= e MRS Firel wht 2fol= AT
2173 400 nm ©]3} FdrEEelebE AIRES] Fipell TAIgle] 14
ZF ol AIBt . AT AEukdel oish Pk wn]st
th= s & 5 Uitk

Fig. 62 2174 200 nm2} 800 nm Y235 melanocyteol] A

R
5
o,

) LR
eri it

i
>

ZEARIEISE wof] Al7tel] whE Ml EH S st Ayjolt),
273 200 nm V0] 9, 80k A AR ARRlEto . Al
FefH sl AR AR THFig. 6A~D), 6841710 sl 4t
4 2 Alrt 2dshs & 4 Slth(Fig. 6H). melanocyte®] Al
EEAF7IE oF 722171908 Fekethd 217 200 nm WS
AAIZE ARRJsI s AL} el & FFo] w|RA] s &
= Qlt}. WhA 27 800 nm W= gHe] A, Aol A &= P}
o 70%0] XA MEFEE Fo1E7] Al&FEte] (Fig. 6K,L) &

%0 WelsIgle). o) A= DAPLHHEA B3} P »h
B3] 47go] AEYe] v GPol Arks AHE Svldic,
FANE AN O AekA AT, AT thet L
B A A0 2] F1gio] LpoRd el

— LA G Pt AP

A 'znmin ‘B 'wmh c '70mln D 'Somin

Aﬁohr li_& " eshr

lE \W 3 \124br G |
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Fig. 6. The time course images of cell division after inserting a 200
nm nanoneedle for 80 minutes in a melanocyte. A, The cell
image after insertion for 20 min. B, 40 min. C, 70 min. D, 80
min. E, After 2 hours. F, 24 hours. G 60 hours. H, 68 hours.
Images of the shape changes after inserting an 800 nm
nanoneedle in a melanocyte. I, The cell image after inser-
tion times for 20 min. J, 40 min. K, 70 min. L, 80 min. Scale
bar: 100 m.
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U8 EW-S 3-mercaptopropyltrimethoxysilane(Sigma-Aldrich,
St. Louis, U.S.A.)C. % Agtslsla Zal2}o) 4l (poly-L-lysine, 10~30
mer, Sigma-Aldrich, St. Louis, U.S.A)°. 2 RFSAIZ] TS, Z2|2}
o213} DNAS] 1714 15 o]&3to] DNAS el &
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USA, pH 74)°14 30i3F Whg-shaA] a5 ello] A &@m|7d (CLSM)
< o]g3l Al U] DNA ks #3181
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Sk gk e SHYAEE oF I AE AQEoH, FPHE}
DNAS] %2 CLSM ©|v|A| & #4]5to] AF&E3FSITE. Tmage Pro
(Media Cybernetics, Bethesda, Maryland)S ©]-&3}] Y83 =
SIHRE] 117]9] ©Ho|w|R|S Gray AAYE W37 & 3lo|E
Ao 22kE Skl B diolEE 7MIRko 24 DNA Ak
S ARSI} To-Pro-3 iodide”} 4] ¥ phrGFP DNAZ
CLSMO & SAato] AdS aharL o] HFdowie] gad
©] DNA & ARLaIgict.
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Fig. 7. Real time observation of the diffusion of DNA in a cell using
CLSM. A-C, CLSM images of To-Pro-3 iodide intercalated DNA
adsorbed nanoneedle before (A, B) and after (C) inserting
into an HEK293 cell. The time interval is about 1 min. D, The
real time graph of fluorescence intensity change.

Fig. 8. GFP expression in an hMSC using a DNA adsorbed nanonee-
dle. A, A hMSC after incubation for 24 hours. B, The fluo-
rescence image of the hMSC. C, The hMSC after incubation for
48 hours. D, The fluorescence image of the hMSC after incuba-
tion for 48 hours. Scale bars: 100 pm.

74010 A U] pHE <F 720122 pH WH3lel 9Js DNA B
zko] 71&53te] o)st Ao E AZMETH27T).

th5o® A4 DNA 2R hcERlS ol8ato] Aol DNA =
& ASISATE DNA SRS AlaEel] 419 $- DNA ks
S8t 387 AR1S FAISIITE Fig. 82 DNA S&heihsls
©]§3t hMSC M XZe| GFPE =43t A2 vephd Zoltt. GFP
DNAZ E]5}aL 24471 Hijekslo] DNA R4S 3t A EofA
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Table 1. Comparison of gene expression efficiency, amount of GFP DNA molecules in a single cell, and expression rate of single GFP DNA

molecule in three gene delivery methods

Lipofection (Lipofectamine 2000) Microinjection (Injectman) Nanoneedle
Efficiency of gene expression 42% 8% 74%
Amount of GFP DNA molecules in a single cell 2.1x10% (n=22) 9.1x10*(n=15) 8.0x10% (n=16)
Fluorescence intensity in a single cell 4.9x10° 1.2x10* 3.7x103
Expression rate of single GFP DNA molecule 0.23 0.13 0.46
733 GFP = 2RI 5= QISIth(Fig. 8B). GFP DNAS =415}l FBhaL YA, B ko] o) DNAZE =gl AlEelA ket A
48713F WjFeE Foli= GFP Hafo] TAR AT Bl Q= ¥ 7157 AT ulg] Holula el W) Aws) ojsit

[e 6] g
ZE 1o 24 Axd/do] fA1H I S 21T 4= QST
T8 a1 o] A%l DNA Z& 382 74%0]ATH20].

6. 7|Z DNATR7[=1) H|w

71&2] 2l xg) e} mlo]aZA A aHel 25 DNA =¥ e
3o 2]3F DNA =l DNA Q&4 T Aol =9
H DNAY ¢, 78]3 £ $hExte] DNAC tish dH&-S
% Hw3le] Table 19 VFERASQITH

232X Lipofectamine 2000™(Invitrogen, Carlsbad, U.S.A. )&

ol g3l A, gl EFA A8 24417t Ao hMSCE ZetA
FE 35mm tl$Ie]l 2x10* viekslo] 1 pg phrGFPS} 3 ul Lipofectamine
2000 EFHAIE Tkl 2087t vkt v TR R wEtsho]
CO, QUFFHIoJE oA 24A13F wjeFsloict. Bl § F el
A gAajel olul o} Fagalok olulx]E HxA GFP LA} 1]
WE AL 2212 ERl1EISIal GFP W EE-S “GFP WA ¥/
Lipofectamine DNA 530 A2 AZp= AL, vlo] 2221

Aol A= 1 pg/pl phrGFP 1plE 22} hMSColl Q1AASE 5 244]
7& Qo] A3ISILt. rlo| Azl A 0] Wl &2 “GFP AN
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GFP Z&-2 DNA T8 24743 & “GFP WA 24 hegz] A
JAF AT E ANtEIIth. GFP WA= DP30/IX71 CCDS}
GFP ZE](ex 470-490 nm/em 505 nm)Z ©]&-3}0] =743}SiT}.
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NARISHIGE Co., Ltd, Toyo, Japan)2} %7 100 pm "]A| -2 o]
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o] oS Sl
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AL 0.13, VB2 04601000 . B0 A9 dA B
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