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2d siRNA B4 Chi-TPP-siRNA W= dgAl= 273} vhitert 24b2F 223.5 nm, 0.229%) 7822 I+
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AR S TS FAAF 2|5 o829
Abstract: This study is to prepare chitosan-based siRNA nano-carriers (Chi-TPP-siRNA) using ionic gelation between
cationic chitosan and anionic tripolyphosphate (TPP) for delivery of siRNA to cytoplasm. We studied the effect of the
molecular weight of chitosan and the mole ratio of chitosan/TPP on the physicochemical properties of Chi-TPP nanopar-
ticles by using dynamic light scattering and electron microscopy. The siRNA encapsulation was evaluated by using elec-
trophoresis. The biological properties of Chi-TPP-siRNA on MDA-MB-231 cells were evaluated by using confocal laser
microscopy. The resulting Chi-TPP-siRNAs, using control siRNA, were formed in sphere shape. The diameter and the
PdI value of Chi-TPP-siRNA were 223.5 nm and 0.229, respectively. The cell viability of Chi-TPP-siRNA at the con-
centration of 500 ng/mL was above 88%. Green fluorescent protein (GFP) silencing effect of Chi-TPP-siGFP was eval-
uated to be 48.1%. In conclusion, the biocompatible nano-carrier, Chi-TPP-siRNA, could be used in various gene therapy.
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small interfering RNA(sIRNA)E ©]-83}o] messenger RNA
(mRNAYE F3llstar, AHe dov|e il il JA=E
w3 AHS A Eshe 7leelth o]H g RNAI #oFe ©]
BAHORE BE F3710] IS GAAZE 5 7] wiiEe] 7]
L9 of= X|F7} ofEld Aol disf thE X8 7]sETh
24 Y 2 FAEE A’ RNAL AR 7S g 2
ol Aol g2l A&o] 7hedol®= 751, siRNA
o A Wi B8, A vaEA T EAFSRE <
3] X JA|ZA] ] Ffto] Agh vl Qe AFsfolrtt

olglgh A sAsk] flate] FolAd AAHo A
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A AEAE 01838l siRNAS AE U2 Agshe A7t
Thep o] Fo X AL JYTESY 2 FlM & ol 4 LRI
polyethylenimine(PEI), poly-L-lysine(PLL) & 7]EA+ 5] A
QAL kB0 o] gt Yol EA= Fol2 siRNA
o} o]2Ag o] 7Fsslal, @5 EA|Sh= RNase=T-E] siRNA
= H3sls gehg b2 ek Al x et AR AT
2H8-5 3l BAARL AE W o]}io] ThsaithAel

3] Fol/d AL oM 71’le] oM el 7]
EARS | N-acetyl-D-glucosamine?} D-glucosamine®] 3~31A|
ojth ! F|EARS A, A AR, B, A T
S A AA A BRI A 2N e 541 @4
Tk oFabA Z A M= D-glucosamine group®] YHAEHE =
WA Gl ETh P webr] 7| EANY siRNASKe] 83714 4
&S o] &3t HeA7F BAEAARE?Y 7| E4YSIRNA E-9F
A= AesHd pH Z270M 9] e el 2 AY 885
Zk7] W&o, o5 s datr] flste] T EAE FEAP 2
PEGylation® 52 ©]&3t A7} @7k HaE ik
SEAIRE o] gk 7| EAE Al o] a0t Al &4 Abole] &
A7 B gsiths dAlRo] 7] wiEel,} 7| EANE siRNA
Atole] AH{ AR A7 A Hedgs 24T F Ade
tripolyphosphate(TPP) F=+= disulfide 53 72 o]24 71al
AL olgste] ME APES 7= siRNA LA = &8
sEE A7 U Basa Q' Katas 52 CHO K1
AEe] AEEC] oF 60-70%%] 84 7IEA-TPP WheiA}
£ HABI3IAL* Rafa 5 7hAl EFoll wet DLD-1 Al
o] AEEO] oF 75-85%= tha /NAES BALSIA, Al
2% siRNA FA] 71 EAF Weqizte] 471 0.3 o e
27 o}F] sidsfof & A7} Holioh

ol

FAAS Boldk U, siRNAZF =9% 7184 7]9ke] siRNA
A o] E2slshy 5AS AT T3 8 AR
AtellA de ol &E = A 548 U A2 MDA-
MB-2313%7S t)idoz Mrxxshyd 2 44 A4 a8 5
o2 vhddgA o] AESHA 548 ke

Al
=

%

Alef W XHZ. 7] EAF (Chi; ==80 cps. BotA D3 =
=98%)2 Ara-bio(Korea)ollA 51532, Tripolyphosphate
(TPP):= Merck(Germany)oll Al ol &3 th Ao o]-&3k
siRNAE Bioneer(Korea)ol| A +ujsll e, & 35Fo|th
siRNA 7] o3 glo]l o] &3 siRNAE Bioneerol|A] 2
%= control siRNA®] ™, green fluorescent protein(GFP)
A GA| Aol o] 83t siGFP] AlF A= o3 )
Sense: 5°-AAG CUG ACC CUG AAG UUC AUC-3’, ¥
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antisense: 5’-GAU GAA CUU CAG GGU CAG CUU-3".
Al W o] ERISH ] 918k siRNAE 59 dhe] &3
Z o] A H siRNAgc (fluorescein-labeled 5° sense strand)
£ o] 83t} Agdell ©]8¢ MDA-MB-231 |3 American
Type Culture Collection (ATCC, USA)IA Fulat o, Al
X A3of| o]&-%:= Roswell Park Memorial Institute Medium
1640(RPMI 1640), fetal bovine serum(FBS), 2! antibiotic
antimycotic solution(penicillin/streptomycin, P/S)~= Welgene
(USA)IIA Fufsie] o]-&st3ATh.

Chi-TPP-siRNA LIS M=, 71EAR 1% oHEA
o 1 mg/mL F== 83)I$+ 3, Ultra cell(Sonics, USA)S ©]
&3 25HAEE ol AeE 2dalon, 4% 7E
Akl HE= AR 2000ex(TA instruments, USA)S ©]-83}¢]
Ik Th 259 A2 & ice bath 3tellA] ZaY3lom,
pulsei= on/off=1/1 secS- 2 Z18¥ &} T}

Axrt 24% 7|84 1% oHIEA] | mgmL 52
g3lste] R8sk, TPPES S/l 045, 0.90, 1.35, 1.80,
2 225 mg/mLe] FEE &3l SIUTt. FHg TPP T8 4
mLg 2ol4 10 mLe] 71EAF golfol] 2zs] HojEH
700 rpmOE 1A]7F 59 magnetic stirrerS ©]-8-3l wRISH
Chi-TPP Y =A== A Z35H T A|ZH Chi-TPP Y= A}k
£ 4°ColA 20000 g2 15%7F 94 Elste] S-S A
Al FHF5 10 mg/mL FEZ BAAA 531990

Chi-TPP-siRNA W=2d2A| 9] -5, TPP 584 4 mLo|
siRNAZ 50, 75, 2 100 nmol 73l om 9je} 7-2- vy
o= A zstTh

Chi-TPP-siRNA LI=MEr|o| S8kEA A MAfs0|E
&I, A= Chi-TPP-siRNA W=AGAE 5751 0.1 mg/
mL FEE 3j4sto] ko] =7], FAte B BHdskE &
HgAakk 2417191 zetasizer(Nano ZS, Malvern, UK)E ©]&
3o} Zgsielt.

Chi-TPP-siRNA ‘=224 o] FEE glstr] 915t 1
mg/mLE FF0) A e EA— S carbon coating grid
(TED PELLA, USA)°l| 20 L B EZ 3 2087 A2
A AZAA A RE FHEITh FHI MBS FIEAA
u)7(TEM)! JEM1010(JEOL, USA)S o]&-at] #z-ae
, AAFAR W (SEM)®] 7 -ol= SPT20(COXEM,
Korea) gold coating H] & ©]-&3ste] FH| g A 59| gold
coatingS F18Y 3 & Chi-TPP-siRNA W= g o] e &
CX-200TM(COXEM, Korea)o- & #2313t}

Chi-TPP-siRNA L= EA2| siRNA HX| &8 &l
Chi-TPP-siRNA W= (10 mg/mL) 10 pLoll 6X loading
dye(Thermo scientific, USA) 2 pLE &gstt}. o] EgtalS
1% o712 22 A (Bio-Rad, USA)S ©]&3}o] 0.5X TAE H
¥ slollA] 100 VE 20i27F 171955 %13 St(Invitrogen,
USA). A719%S € F, A& TopRed nucleic acid
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(Biopure, Korea)E AF&3le] 94313, UV-illumination
system(Thermo scientific, USA)S ©]-8-3}o] Aol EA)35t=
siRNAS 74315t

M=E dfk. 39 Al X320 MDA-MB-231E5 10%(V/v)
FBSS} 1%(v/v) P/S7} 718 RPMI 16402 8| %F5t] 37 °C,
5% CO, 735 FAIehH A3l o]&-akirt.

M=Z MZEE &9l MDA-MB-231 AlXZE 6.4 mm 96 well
plates(Corning, USA)°ll 2x10* cells/well E =2 353},
37°C, 5% CO, ¥l71001A 24A17F v sttt 2 5, wiA]
off #£4Heh Chi-TPP-siRNA Y= & 50-500 pg/mL &
T2 AE]ate] wjdrlolx 24217k mgsiict. v A €
M E AEE H7IE 18 |2+ 22 E Lipofectamine2000
(Lipo2000; ThermoFisher, USA)S ©]-&-3}3 T} ©]F 10 uL
2] CCK-8 reagent(Dogen, Korea)E *2|3}2L 4A]7F F71 Hl
%F5kal, Chi-TPP-siRNA W= 2o 54 55 UV-vis
spectroscopy(SpectraMax M2e, USA)E ©|-&3lo] ERIsIT

M= LY o|®] &fel. MDA-MB-231 A|ZE 25 mm 6 well
plates(Corning, USA)°ll 1x10° cells/well T =2 533},
37°C, 5% CO, Hl71o01A 24717 vl gslodet. 2 5, wij#]
o] £4F8E Chi-TPP-siRNAgc WA 50, 100 ug/mL
T2 A ste] v oA 4x7F v Fstal, LysoTracker
(Thermofisher, USA)YE 50 nM -§== *|2]8}aL vl 7]l A
3087k F7} wjoketith. o] % 4% p-formaldehydeS ©]&-3}
o] 774 3}32, DAPI(Vectashield, VECTOR Lab., USA)ZE ©|
&3lo] g FHBINT. oI5 F2AATIE (LSMSS0, ZEISS,
Germany)S ©]-8-31%] Chi-TPP-siRNA W=AgA|Q] AL U
oly} 9 HE sk

FEX AN 58 &l GFP7F H3dS f=38k= pEGFP-
N1(Takara, Japan)< 5 2F @A Ql Lipofectamine 3000
(ThermoFisher, USAy} A381ed MDA-MB-231 M350 #|
2313t pEGFP-N12] A|2E U] o]gjo] dojuir] ek A
£ AAs7] S5k, A L] FQ1 G418(ThermoFisher,
USAYS 200 pg/mL F=2 F7Fek vjA| S o] &3fo] 1447t
vjeFalint. A5 o2 GFP/L el ®(MDA-MB-231/GFP)
M|3ZSE FACSAria 1T Cell Shorter(BD bioscience, USA)S
ol§3te] Aslel S5lgr.

MDA-MB-231/GFP A|2Z25E 25 mm 6 well plates(Corning,
USAPI 1x10° cells/well F=2 HE313L, 37 °C, 5% CO, Hl
F71001A] 24A17F v FBISATE. L 5, viK]ef] #4keE Chi-TPP-
siGFP U =AEA|E 100, 200 pg/mL F=2 *2|515.2H,
2T C 2 Lipo20002 Akt vx=dex =
Lipo2000°] 2] MEE ujg7]elA] 24117F v FstaL, 4%
p-formaldehydeE ©]8-3t>] A3 & DAPIE ©]8-3t] &l
S A5 ©]F Chi-TPP-siGFP Y= 94| GFP &
A A Z&5 FxF AnAE ol&st F<lsilon,
Image JE ©]83t GFPe| W H=& A &slslditt.
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2 d EE

||

Chi-TPP LIz ®EZH%| % Chi-TPP-SIRNA Lz HEtHo|
271 % e sol. A=A Fuke] Lhmgia) Azl glol
FEjere JAs BEAEE RN FRA 44, 5F

2 AR QUup 8P B Aol J)EARe] M 2 TPP
o] o] W Chi-TPP Y=9JAte] 548 WA e
Th(Figure 1, Table 1). 71E2H] H=e 253 28] A7k

£ AAE HslE RIS 221 AH2eH] %2 71E
2ol AmE oF 230 mPasZ SHEUSH, 221k A2 Al
Zhol| whe} 7| B4ke] A Faske 2SRl 718
2he] A= 30 220k X2 E ol wioll oF 104 mPa's
2 Zasidon, 147 o) 2523 A E S wele
10 mPa-s °]3t2 A A 253 2] 1A17F o] o=
Azo] 2pol7t A &7] wlEo] 1M7-S A 229 A
AlZko B MAEATE o] Aol met 2 AFoA= 1A17F
2239 A2 F HA=E Felsta, =7t 10 mPass o]k
7|ELHS o]&ate] e gAE AlxsI3T

Q9] 253 H2)gt 7|8xk 7] tE L] TPPE o]
£3}o] Chi-TPP Y=Y AE AZ3IeH 1 B2 718
oM ZE(NH; )2 TPP] FAkst15(0)2] Hl&of| uje}
AA 5 THTable 1). TPP 57t ZoldE Ax8oz
Q4R A7)7F AolAl= RS HolARtE 7| B4 TPPY
H-&o] [NH;": O7=1:0.59] A-¢oll= W=zke] S5o] dof
v JRke] 2717 AR = A ERIE et xHdst
9l zeta-potential®] 74-$-l%= [NH;": O]=1:0.504 #A3] v+

=
_I a
e

o
S
40/

o

Figure 1. Viscosity of chitosan according to sonicated time.

Table 1. Particles Size, Pdl, Zeta-potential, and Yield of Chi-
TPP Nanoparticles Prepared at Different TPP Concentrations,
(n=4)

[NH;:O] size (nm) Pdl ZP (mV)  Yield (%)
1:0.1 235.3+69.1 0.358+0.131 28.0+2.8 -
1:0.2 193.3£51.1  0.177+£0.029  29.7+1.0 5.1
1:0.3 167.6£19.6 0.210+0.087  31.9+2.5 6.3
1:0.4 201.1£74.1  0.176+0.060  31.6+2.8 16.1

1:0.5 267.4+83.8  0.224+0.053 23.5£1.2 325
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Figure 2. Physical properties of Chi-TPP-siRNA carriers: (a) the
size distribution; (b) SEM and TEM (inset) of Chi-TPP-siRNA car-
riers (SEM scale bar=1 um; TEM scale bar=200 nm).

oA AL I 4= Ut whE Ve te] dHEAleE
UehllE A%< Pdl - [NH;: O7]=1:0.2 ©]/3¢] B]&ollA]

= 03 oJst A YA F5EE SR,
[NH;: O]=1:04 o3 A% 16%2] $E55S B3t ol9h

0.4
e EAE vl Sk B B2 FEES e A%
27191 [NH;": O=1:049] 2718 #4 27107 473Gt
7] 2718 7INke 2 siRNAZF BA1El Chi-TPP-siRNA 1}

AGAE Azt ViegA o] AL RIS TH(Figure
2). Chi-TPP-siRNA W=dgAle] Z7])= <F 2235 nm A=
=2 N

PR o, BAEE 02297 THEAAIS gelslgith
3 Vel A 9] zeta-potentialS 31.2 mVE 2= 3}
213} T 3 Chi-TPP-siRNA WA EH| 2] FejS TEM
7 SEMS o]&ste] #dg o] FHE Zh= AE g<lst
A

Chi-TPP-siRNA LI:=MEA 2] siRNA BX| S2&el.
Chi-TPP W=%J#}9} siRNA Afo]o] A5 28-S 8915
3te] 71E4] amine F-#3 siRNAQ] phosphate 7]9] H]&
¢l N:P ratio® 300:1, 450:1, 600:1°] EE= siRNAS HA|
stAoH, §HA ARE 7|9 E5S ol&st ERlsiiit
Figure 32| #71%9% A= ¥, Chi-TPP-siRNA W=dg

o

O,
O

un
X
2

Figure 3. The encapsulation of siRNA with Chi-TPP-siRNA car-
riers using 1% agarose gel: lane (a) Chi-TPP-siRNA carriers
(N:P=300:1); lane (b) Chi-TPP-siRNA carriers (N:P=450:1); lane
(c) Chi-TPP-siRNA carriers (siRNA N:P=600:1); lane (d) Chi-TPP
carriers 20 pL.

Z2H, Al454 A5, 2021

colE - MR - 488 - AR

A} bz o Ae] 9] ol BRI, o SRNA
7} QFH o2 Chi-TPP LhRegiAlel] BAIElo] 9l ol
o, siRNAS| Qo] Sold4% walsE wee] Zwrt 74
AL RS B3l SRNAZE SFAH0 2 eggale] 94 5

S & ¢ A Wi A EF S Z o] 835 Chi-TPP
=AM = band7t YERA] 8= A 22 HOL siRNA

7} BolH o g UehdS RIS AFA o A7k 1
=GR E o] &3te] thEFel siRNA AEst7] 95
N:P=300:19] H]&°] HHAL ERIsIFeH o]= £ A7
A AZ3F Chi-TPP WE=Ate] siRNA AEA 2R 9] o]& 7}
T4 HAAFUTH

Chi-TPP-siRNA Lt=HMEH| 2] M= YEE &9l. Chi-
TPP-siRNA W= EA] #|Zof o] &H 7]EAH siRNAE &
ol gl ERE oln] dEA= ALY TPPL] A¢- @52
2 ol&3e 4, 039 mg/mL oFe] FiolA A2 54
o] Yehdth M &x|uk B =Fo A A %3 Chi-TPP-siRNA
=il = 500 pgell FHrElo] = TPPE] el 0.06 mg
Feolt}. o]# g &#e] TPP7F $H3+-8 Chi-TPP-siRNA
wAgA| ] M bAA ER1E #18ke] Chi-TPP-siRNA Y
=AYA S MDA-MB-231 A0l A3 3 A% nEZ=
Zlole] B8 CCK-8 assay= 3l Elsl3itt. Figure 4 2
#}5 HH, Chi-TPP-siRNA Y= 2A & 50, 100, 200 Z
500 pg/mL FE=2 A2|59S w, ME AEE0] ZH2) 925,
91.2, 88.7 & 88.1%= LEIEOH, o] HwFO = o] &3t
Lipo20002] Al MEES 64.2%%] 23 ¥wEgS v =
T 149 o) = Aot} o2t Ay B AellA] Al
23t Chi-TPP-siRNA Y=g o] A4 23S JepH
ol= 318H4] ot gl o] F2HE Thaet 87
A =

Chi-TPP-siRNA LI-MEH[2| M=Z L] o|® &I, Chi-
TPP-siRNA W=rdgA| o] Al W o] gRls] 918t
sIRNAS] Zetol] FITC F33o] 2= o] & siRNAycS ©]

Figure 4. MDA-MB-231 cell viability after treatment with Chi-
TPP-siRNA carriers or lipofectamine 2000 (positive control) for
24 h.
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DAPI FITC

Lysotracker Merge

50ug/ml untreated

Chi-TPP/siRNA

Chi-TPP/siRNA
100pg/ml

Figure 5. Cellular uptake of Chi-TPP-siRNA carriers into MDA-
MB-231 cells. Laser confocal microscopy was used to translocation
of Chi-TPP-siRNAgrc (50 or 100 pg/mL) and Lysotracker (50 nM)
(scale bar=10 um).

23+ Chi-TPP-siRNApc WA EA S Azt Az
W=HdGA & AE S Aol 71918k 90% ©]/de] A
E£&S Hol= 50 pgmL3} 100 pg/mL & =Z MDA-MB-
231 MEFol] A &, A W olyS F2AAREE o]
£3lo] Folst At} Figure 59 A4S R, Chi-TPP-
SiIRNAge e dGAl = 548302 Yehm Mxe] gto]
2E-L AAYsEo 2 Yeidth, YedGAE A5 22

DAPI GFP

Untreated

Chi/TPP/siGFP

Chi/TPP/siGFP

200||,.fm 100||{m

Lipo2000

---197%

w2 =S4 Ysgo] YERA] ko, A 3sgo] Al xd HA
o 2] Exsh= AS0R Hol glo]AFe] HAllo] A=
HASS & 5 Yk B3 Chi-TPP-siRNApc e 2H4 S
A2 sk wellM = =4 gt Aaggo] 72 )Xol e}
e A0 Hop W dGA7E Al Yo &840 2 oY)
< & or, ol YA e w527t 50 pg/mL
A W2l 100 pg/mL & o ¥& B2 FEoA Yehue
Ao 7 Hol edeA 2] Ficol Hlgsle] AE W o]9lo]
sofv= 28 € & Aok olEe Aaks 2 Aol Alx
Sk Chi-TPP-siRNA U= EA= ME Ul o]Ydago] =3
O|YEEL A o] Fxo vFH ST
Chi-TPP-siRNA LI=MER Q| /AL oM S8 &l &
ek Al EZ591 MDA-MB-23191] that 34 oA a8
GFP 2}A] siRNA%! siGFP7} =¥ Chi-TPP-siGFP W=
HHE Axsl] w0l mE FFS 78] Figure 60 W
el 9Ltk Figure 6(a)*l 4] FACSAria Il Cell Shorter(BD
bioscience, USA)E ©]&3t 53 MDA-MB-231/GFP Al
ZFoA GFPe] el ERIsk3itt. Figure 6(b), (c) L&Al
(d)ollX Z+2F Chi-TPP-siGFP W= 241 (100 pg/mLS} 200
ug/mL) 2 200 pg/mLe] Chi-TPP-siGFP W= Fol &
frEo] Y siGFPS Y siRNA 552 7IAE Lipo2000
£ A2t o]59] GFPY Ed A=E M w4
Image JE ©|-&3to] FX2 02 g1g A4, 100 pg/mLe]
YDA E MEstas Z-toll= GFPe] o] mixg|d
tH] 26.5% AAEJE =dGAE 200 pg/mLe] FE=

o

Overlay Intensity

26.5%

|48.1%

Figure 6. GFP knockdown of Chi-TPP-siGFP carriers (100 or 200 pg/mL) into GFP transgenic MDA-MB-231 using laser confocal micros-

copy (scale bar=100 pm).
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A218S ul 48.1%2] GFP 477} oAl &8 U334
o H Yo 2 FY siRNA T2 312 & Lipo2000
9] 739 19.7% Rto]l AAIES SRIF 5 AAUTE wEhA, &
A4S £ A Chi-TPP-siGFP V=g A|= 28] 5%
7t 71l Wl GFP 34 A &&o] 71+, 48
sl AR AEAl Lipo2000e] Hl&le] 2.48) o)’ GFP
A A 28-S IRISHATE wfetA, 2 A5 B8 Al
Z% Chi-TPP-siRNA W= GAE G824 22 siRNAS
golo] At oAl 282 w4 5 = 71EAL 7]k siRNA
U=dgAde 18 4 ATk

4 =
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gz

Ao A7 7| BA Ly Ake] B4 A
! A2 TS AWAEE] Y8l Chi-TPP-siRNA U=
o] Az 21 A glslal E2lsshy 2 AEsH

< AT 2295 o83t 10 mPas ©]ste] H
¥ 7|EAN o] 243 = TPP ¥ siRNAS] &EH|=
} 1:0.49] [NH;":07 2 300:12] N:P ratio 271014 &
U dgAE A2 5 AT AlExsHdo] 88.1% ©]
Chi-TPP-siRNA =G4 siRNAS 4o =2 o
3k THEAR 9] SiRNA YA e dS 818199 th. Chi-
TPP-siRNA W=dE4]2] MDA-MB-231 A ¥F W o] &
#= 81519037, Chi-TPP-siGFPE ©]&3F GFP 42 o
Al TELS Lipo2000 Bt} 249 olate] 272 wth 48
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