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Fmally, to investigate whether the suppression of bel-2 ex-
pression decreased tumor ocll vaability, we cxammed cell vi-
ability 48 h afier transfection of bel-2 siRNA using 3 colon-
metric viability assay. We used commercially svailable lipo-
fectanune 2000 as the control of the tmnsfection reagent,
Ceil viability significantly decreased at 50 and 100 nu siRNA
im PC-] cells 48 b afier iransfection by NP-OH nunoplex of
bel-2 siiNA, compared with that of the negative control or
EGFP siRNA (Figs. 9A, C—F). The levels of cell viability by
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NP-OH nanoplex were compurable o that by lipofectamine
2000 (Fig. 98)

DISCUSSION
In this study. 1o apply NP-OH for synthetuc siRNA trans-
fechon, we optimized the charge mtio (+/-) of NP-OH

siENA md nanoplex-formung solution. mnd cvalusted the
mnsfecton cfficiency imto PC-3 cells. Pomtively charped
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NP-OH nanoplex prepared in the presence of sodium chlo-
ride exhibited cfficient siRNA trunsfer. Furthermore, NP-OH
nanoplex of bek2 siRNA significantly inhibited tumor
growth compared with that of ncgative control siRNA. and
the efficacy was comparable 1o commerasl products.

In the assoctation of NP-OH with siRNA, a charge ratio
(+/=) above 3/1 was nceded for complete complex forma-
tion of NP-OH/sIRNA. We previously reporied that the com-
plete manoplex formation of NP-OH/pIINA was observed ut
s charge atio (+/—) above 2/1."" Both pDNA and siRNA
have ]imq*ahnw back bones mlh nqlhw chng: and in-
teract elec with ti-
cles; however, pDNAnd;iRNAn:ﬁl!‘uwnfmmmh
other in molecular weight and hy.'" These find

tive charge om the surface of the plex by a suil-
able concentration of NaCl can ensure sufficient repulsion of
the nanoplea and prevent the aggregation of nanoplexes in
ionic solution (Fig. 481 The stabilized ¢fiect of nanoplex in
tonic sol mught cell and 5
tion cfficiency.

In pDNA delivery by NP-OH transfection at a charge ratio
(+/—) of 3/1, NP-OH nanopicxcs of pDNA formed in both
water and Ne(l solution could mduce luaferase expression
in the cclls, in which NP-OH nanoplex forming in Na(Cl so-
Imm‘whigmhthmuhmlnm
tmst, in syum: n‘RN.\ delivery, the nanoplex forming in
NaCl RMNAI activity, but tha
K d in water did not. The difference of transfection activ-

mggut:dthnlnnmmolm-(lllnwlmmul-
ing 10 SIRNA than pDNA; therefore, the optimized charge
ratio (+/~) for synthetic siIRNA delivery might be different
from that for pDNA delivery.

To clarify the cficat of the plex-fi condition in

ity by formung NP-OH nanoplex in water between synthete
SIRNA and pDNA might be duc to synthetic siRNA being
tightly bound 1o NP-OH compared with pDNA. We previ-
ously reported & marked dissocistion of ODN from NP-O11

water o NaCl solution on transfection cﬂ'mmq WE CRLm-
ined the celiutar association of plexes. The cellular asso.

plex at low pH when NP-OH nanoplex of ODN was
formed 1n NaCl solution, but slightly dissociation when the

ciation of NP-OH plex and the supp of Gluc ac-
tivity by NP-Ol nanoplcx were significantly increased when
NP-OH nanoplex of siRNA was formed in Na(l solunon
comparcd with in water (Figs. 2A. 3A—C). This observation
was similar with that of pDNA tmnsfection by NP-OH.'™
Usually, nanoplex is prepared i waler or glucose solubon
becuuse nanoplexes form aggregates in the presence of onic
solutions such as saline: however, the nanoplex formed in
walcr is exposcd o jonic solufion such as culture med

plex was formed in water.™! The presence of NaCl in

I plex can weaken the i with ODN by
nculnilntm of cationic charge on the surface of NP-OH.
The high transfection efficiency of the nanoplex produced
in NaQl solution may result in sIRNA relcase from the

plex and the Jocation of siRNA into the cytoplasm
This was supporicd by the distrt of sRNA being
strongly observed both in the cytoplasm and nuclous using
NP-OH nanoplex formed in the presence of NaCl. The intra-
Hular local of siRNA afler transfection is crucial for

and subscquently increased its siec. Controlling the sire of
the nanoplex afler exposure to womc solubon 15 important
for clficient gene tansfer. The presence of Nl('l during

its successful function as an inductor of the RNAI process,
however, pIINA complexed with p&rnduouultlhc bruns-
ferrod into the much for i Thus,

nanoplex fnnnmon can regulste the repulsion
B stk BEooad o ul'uwpma—

bex fi in NaCl sol rmghl ¢ the ex-
tent uf aRNA dissociabion from the nanoplex m cytoplasm



December X108

Here, we wsed mndom, EGFP and negative control siRNAs
a8 negative controls. The ncgative control and EGFP siRNAs
had no apparent effect on cell M(Fm%\l.bmhm—
dom sRNA sh d shight of K
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hgehpﬂmwmmmmmmdn
NaCl Juced  efficient fection, in
hpoplexes of less than 250 nm were meflicient™ Positively
charged lipoplex could easily iz with the negatively
charged surface of the cellular membrane.™ These findings
suggested that efficient siRNA transfer of NP-OH might de-
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stuchies have rop siRNA for
m Tumor oell-ipu:m: tarpets such as Hcf-z F.GFI?..
2, EphA2 and others have been sclected as aftractive
pe tl'p:u for therapeutic intervention. ™) In this study,
we used synthetic siRNA for bel-2 mRNA as a therapeutic
p.-u mmm{mmufhci-znlt’i&.:ellgmm“sng-
y supF 1 by trunsf of the NP-OH nanoplex
(Fig. 9A), and its activity was p o ally
available lipofectamine 2000 (Fig. 98). Thus, NP-OH is sp-
propriste for synthetic siIRNA delivery to the cells.
In this study, we applied OH-Ohol-based cationic nanopar-
tickes (NP-OH) for synthetic siRNA delivery vector and opti-

mmdlch.gcrﬁulﬂqlndmnplﬂlurﬂngmhﬂm
for efficient transfection. T lted in cfficicnt

muhmo!ﬂmﬂaﬂ The results prowided
optimal conditions fo form NP-OH nanoplex for synthetic

SRNA delivery.
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ARTICLE INTO ABSTRACT

AT Nty As we buve previously repaned the delivery of plaumid DNA (DNA) enmplexed with aligrarginine PEG
lrrmsmm-m antificial ligids (cligoantmioe/ONA complesrs) we fxued on brtra- and decaarpinine (Arpd, Arg M) @
-“"'“::'m 15 Augest 2008 mm-mnhhﬂ-mudwum mwﬁh'lﬁ
e oy ""'.:"'mm Lamine (P}, ard the addition of Ca fer DNA condensation

wa d e t i Cellular vpeake and fhic were evaluated in

: hmmmlmllrhmﬂl—;hmmﬂ i axzay. O ' coated PO

Cne aritvery cmrpl--hl.llglnmlnhmaﬂh

[ thummqﬁmmm—-d.._ aszxy, bugh ge

Cabcturn i Ary M0 ey b rer DA han Arg 10 The addition of Ca™*

Protasene mwmmmuwmmmum-mgdhmmm
abone withow an iecrease of orllular uptake, anﬂutz’ inducred the release of DNA from com-
plewes in endosomes. Only Arpd with low d pain an ad freen £ i translfiection,
loat Arg 10 with Mm&ﬂﬂtmwmﬁim‘l‘hm resuits demonstrate thae Arpdcoated
PO with C57* has great potential as an effickent non-wiral vector with low

© 2008 Flsevier RV. All rights reserved.
1. Introduction arginine ressdues of 4-16 (Futaks et al, 20012, and internakzatan

As 2 new gene therapy, cationic kipid-mediated gene transfer
is well established and widely used (Felgner et al, 1987; Song et
al. 1998; Cotten et al. 1990: Kircheis of al, 1999; Kakizawa of
al, 2001 ). Several cell-pentrating peptides [CPPs), less than 30
amino acid residues in length, such as HIV-1 Tat fragments, have
attracted much attention. CPPs contain 4 number of basic amino
acvd residues, and can deliver their sssoclated molecules into cells
(Derossi et al, 1994; Ochlke et al, 1908: Vives et al, 1997; Pooga
et al 1998: Futaki et 2l 2001h; Momis ot al, 2001} Ol
has similar characteristic to CPPs (Mitchell et al. 2000; Wender
et al, 2000; Futaki et al. 20014.b) Oliguarginine-modified vectors
with the ability to crow the membrane are anticipated for
the efficient delivery of plasmid DNA ( DNAL Accordingly, oligoarg-
nine incorporated (o nanopartickes and liposomes was reported
(Ko et al, 20040 Thang et al. 2006). Investigations delineat-
|m!deaWMMMmmcﬁm
and uptake of oligoarginine have reporied that
cight residues in length showed higher transfecton mzn

* Coresponding sethor, Tel: +81 15400 5043 Fou +§1 3 S408 5048
i -mati addves: yoshin@honisiac p (Y. Maitami}

UL B-517 43 - see ont ranter © 28 Eluevier BY. All nen reserved.
et V000 16 Lm0 [T

efficiency was observed to depend an the chain length of cligoargs-
nine peptides (Nakase et al, 2004). Octaarginine-linked stearyl
resadue (stearyl- Args) showed high transfection efficiency of DNA
(Futaki et al, 2001a; Xogure et al,, 2004), and efficient delivery of
MMW!M)WGLML

P P 4 (Arga. n=4, 6 &
10) conjugated 3.5-bisi amide (BDB) kipids with
pnly(rquwdwdlll’m?mnamuﬁmm'tmh-

{Furuhata et al, 2006b). we therefore hypothesized that the low
transfection efficiency of Arg4-B was due to an inability 1o release
DNA in cytoplasm. 1t has been reported that polycations like pro-
mmmnmmdkmuuldmdwfm:m

lipid vectors (Read et al, 2003 ) and theref; d using
mﬂnlm}.wammwmﬂ.ﬂ.,
1998) Alsocak tion efficeency to facilitate

the transfer of larpe molecules from encdk tothe
cefl cytoplasm (Palmer et al, 2003; Sandhu et al, zm Shiraishi et

102
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g 1. Chemicd aractsre of ANgR.E

Per 2jag DAL Then, the CAgin-8 aquecas solution wa sdded o
anionic D suspension 2t 2 charpe ratio (4 ) of (Argin-8 1o ONA of
1.0, Each complex was left 3t room temperature for 10- 15 min.

23 Electraphoretsc mobtiity and par ticle sizv and reta potentiol
determmarion

ik & PR T

u.*dmmﬂmw-lmmw«m
mmﬂ.nﬂwhﬂmmmm
Parucle se distrib and reea

al, 2005 ) Here we used (Argin-8 instead of { !
with PD and added calcim ion into the incubation medium after
formation of complex to release DNA from vectors. Since (Argin-B
forms macefles in water (Furahata et al_ 2008, by using the same
methad for post-PEGylation of liposomes with PEG lipid. PO could
btrmdhr(.lrlh I(tm&l‘blaa novel vector. Furthermore,
we found that at the concentration below critical micelle
concentration (CMCL Arg10-B/DNA complexes (Arg 10-8/D) exhib-
ited significantly higher gene expression thun that above OMC,
25 uM {Furuhata et 3l 2008). Hence here we decreased from 25 uM
10 5 M for [Argin-8 vectors.

i this study, we focused on (Argin-B (n= 4, 10) D improve vec-
tars (i) by decreasing the concentration (Argn-0/0, (1] by forming
mwm;utulnwmmucmemm

We d that the add of C2*" to the medium
dramatically inceased the transfection efficency of Argé-8-PD
with bower cytotoxicity.

2 materiabs and methods
2.1 Materials

(Argin-8 (Fg. 1) was sy
(Furuhata er al, 2006a) mmtuﬁrmmﬁdﬂl&
quine were purchased from Sigma-Aldrich (L Louis, MO, LISAL The
mmmﬁmwmmmmmm

beceo's modified fagle's medium (DMEM) and Lipofectamine™
2000 were purchased from invitrogen Corp. (Carisbad, CA, USAL
All other chemicals used were of resgent grade.

The DHA encoding the luciferase gene under the control of
the OMV promoter (pCMV-luc) was constructed 35 previously
desribed (igarashs ev al, 2006) The plavmid pECIP-C1 encod-
ing the enhanced green fluotescent protein (EGIP) under the
CMV promoter was purchased from Clontech (Palo Alto, CA, USAL
Protein-free prepatations of pCMVY-luc and pEGFP-C1 were purified
Malwumumummpqmtmm
Germany). m-lm:o-m & B y

of vector DNA compleses were measared 10- 15 min after forma-
tion by the dy and electroph Tight sc rthod.
respectively (ELS-22, Otsuka Electronics Co. Lid, uuh.mmln
25 -(, afver dilution to an appropriate volume with Milli-Q) water

24. Geme pangection

Humuan cervical caminoma Heta cells were kindly provided by
Toyobo Co. Ltd. (Osaka, Japan) and grown in DMEM supplemented
with JOE FBS at 7 -C in 4 bumidified 5% CD, stmosphere. Hela cell
cultures were prepared by plating cells in 2 35 mm culrure dish 2 h
prior 1o each expersment. The cells were washed three times with
1 mi of serum-free DMEM. For transfection, each vector, complexed
with 2 g of DRA or FITC-Libeled ODN per well, was diluted with
serum-free DMEM (o 1 mi, and then gently applied 10 the cells.
for gene alter vectorf DNA complexes were incu-
bated with cells for 3h at 37 °C in serum-free DMEM, 1l of
DMEM containing 10T FBS was added to the cells, which were
incubated further for 21 h. For transfection with Lipofectimine™
2000 (LA2000), 5 piL of LA2000 was wsed for 2 jig of DNA to form 2
DA complex in Opti-MEM, according to the proto-
col The incubution condition was the same 23 stated shove. Cene

for Wmin with serum-free DMEM of | mil with 100 gM chioro-
quine, gene transfection was camed out. particle vectors with
DNA were incubated with cells for 4h &t 37°C in serum-froe
was replaced with 1 mi of DMEM containing 10% FBS. and then the
cells were incubated for further 20h Twenty four hours follow-
ing the peowe transfection, luaferase expression was measured as
described above.

Yor Ca* suppl studies, vex comphexes were
immedistely added to tubes ¢ an ague lution of
1M CaCly at the desired concentration and left Jat room tem-
perature for 30min before diluting to the final volume with
serum-free DMEM. After Incuhation for 3 h in serum-free DMEM
(1 mi), the cells were further incubated for 21 h at 37°C in DMEM
(2ml) contiining 5% FBS. C2* was in medium throughout the

(FITC-ODN) was th d with 2 phosphodi b
(Sigma Genosys Japan, Holdeudo, Japan)

22 preparation of (Argin- D and (Argin-8 PD romplexes

Two kinds of vector/DNA complexes were prepared, (Argin-'0D
and (Argin-8-PD. To pupnr (Argin-8/D and (Argn-&/FITC-O0DN,
aqueous solution was added w an aqueous soluton of

LINA IMMMIMMM“M

mc
25 lucjerose cssay

hlthumthy
-atnudwwnthnum th cold phasp
(pH 7.4, PBS) as pr d (Furuhata et al. 2000.4)
mmmmmmummmw
jected fo fieezing at .80 C and thawmg at 57°C, followed by
at 15,000 1pm Jor 55 Luciease expression i the

(pCMv-uc,
at acharge ratio (4 ) of L0, with gentle shaking. Here, one
of Arg4- and Arg10-B was considered s (+1) charge, not depending
on the mumber of Jrginine residoes.

ho] mnmmmnammmdm
Wi peep gt the adds
mmmmmmtﬂmmlzum

cells was measured acconding 1o the instnctions accompanying
hm“lmmmmmmmu—
tion of the sup wa d with BCA reagent using
bovine serum albumin as 2 standard and cpy g protein was
calculued
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Fig 2. Elertropturess of Arpd-IT (A] amt Arg 10D (W) on sgarose gels & churge ratios (4 ) of 001 10,

26 Fow cytomemy

After gene transfection by incubation for 3 b at 37 -C in serum-
free DMEM with or without 2 mM Cacly, the dishes were washed
two tines with | ml of PRS, and the cells were detached with 0.05%
trypsin and 053 mM EDTA solution. The cells were centrifuged at
1500 « £, and the supernatant was discarded. The cells were resus-
pended with PBS containing 0.12 85A and | mM EDTA, and dinectly
introduced to 4 FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA ) equipped with a 483 nm argon ion laser, as previously
reported (Furuhata et al, 2006a)

27 Fuarescence microscopy

Cells were exposed for 3h to the veciorfDNA complexes in
serum-free DMEM, and then cultured for another 21 h in DMEM
contaning 10 FES. The cells were washed with PES three times and
then fixed with 4% paraformuldelyde. CFP expression was observed
by fluorescence microscopy (ECLIPSE TS100-F, Nikon, Tokyo, Japan).
and was imaged using the $65- 495 nm excitation beam of 3 met-
cury lump The contrast level and bnghiness of the images were
adyusted,

28 Cell viabiltty assay

Cell viabilities upon transfection using vector/DNA with Ca®
were evaluated with 2 WST-8 ssuy (Dojindo, Kumamoto, Japan)
Cells were seeded at 2 density of 3 = 10 cellsfml in growth medium
contaning serum per well in 96-well culture plases, and were trans-

1By

B3 A D

EA-B-r0

Whesn nmgnmy (FTTC-00N)
s

Luwcifermme sctevary (cpn pg pemtcis )

Aepd D
CATC.008 (TTC-O0N

hrndnlh(mwkzsdlmuimnﬂﬂu hdﬂmﬂw
number of viable cells was
450 nm on an ausomated plate reader.

29 Datn enalysts

Significant diffevences in the mean values were evaluated by
Student's unpaired (-test and one-way ANOVA followed by post-
boc analysis wsing Dunnett's test. A p-value of less than 0.05 was
comsadered significant.

1 Results
11 Charoctertstics of vectors

To confirm the abwlity of (Argin-8 to bind DNA, we propared
Argd- and Arg10-8/D at vanous charge ratios and evaluated them
by gel retardation assay. The results showed that Arg4-8 at charpe
ratios (4 ) of more than 0.01, and Arg10-8 at a charge ratio ( +) of 0.1
completely bound DMA (Fig. 2). This finding sugpested that Args-
B interacted with DNA stronger than Arg10-8. in this experiment,
therefore, the complexes were used at a charge ratio (4 ) of LD

Partiche sizes and zeta potential of the complexes, and Arga- or
Arg10-coated "D were about 150-230 nm and about +15-20mv,
respectively. (Argin-B is water-soluble, and hence, could coat
PD. & was confirmed thar the zeta potential of (Argn-8-FD
changed from negatively charged PD alone ot a charge ratio
(4] of 03 (about -30mV) to 4 positive charge (Fujita et al.
2008}

(18]

uE

=

s

Meun mensary | FITC-L00N)
E 3

Al D BFMD A0

N
IFITC.O0M IFTTO00N)

P 3. Lacilerase ac0iily o Hiels orls afier ransiection oy (A n-8-FD 21 3 charpe ratm | &) of PO of 0.3 208 a0 Avgin -8 1o DNA of 1.0 (AL Cetlutar sptake of | Arge-u 0
{10} anet { Angm &0 [ C) g (Angys B tn gt of FTTC-ODM 3t 3 Smge rain {4 ) of 10 After mcetanion £ 11 @ senam-free DAMEM {1 5], B lnciierae Jcowirg e ol

wrre nriher
of three rxperimessts, *p « 0% and *p < 01

fr 21R & T L m DMEM (2 mil ) containing 10R FIL and for FACS Jnalyuis, (e 0o were eated will irypsin. Each has represents ihe mean & 500
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12 tucferase expression and cefluior uptake of (Argin- 0D and
(Argn-B-rD

Previous work has shown that below CMC (25 uM L 5 uM Arg10-
B/ncomplexes exhibited significantly higher ( 1.5-fold ) ransfection

>

Lariformms acprity
<P Py prosess)

ApbET  AgloBD

1L

activity than 2% st (Puruhata et al, 2008). Hence, we used S pM
Argn-B when forming DNA complexes. Simslar © the result o
25 M (Puruhata of al, 20062), 5 wM Arg 10-8/D complexss exhib
ited higher luciferase activity than Arg4- WD complexes (Fig JAL
According 1o the result of gel retardation assay, low transfection
efficiency by Argd-8 may be doe to imrrarnon with DA and the

inability to reledse
n order to decresse the interaction of Arg4-B with DNA, we pre-
pared negatively charged 10 21 2 charge ravio (4 ) of 0.3 and then PO

was coated with (Argin-8 Since PD exhibited the highess huciferas
activity 3t 2 charge ratio (i ) of 03 among 0.1- 0.5 [Supplement Fig.
1} (Argin-8-PD was prepared at 3 charge ratio (&) of {(Argn-8 1o
DMA of 1.0, using PD at 2 charge ratio ( + ) of 0.3. Args- or Arg10-8
PO entunced transfecton efficency sgnificantly more than Ange-
of Arg10-8/0 complexes, respectively, where Arg 10-8-PD increased
transfection efficency up to commer cial gene transfection reagent
1A2000 (p>0.05) (Fg 1A) This finding abso suggested that Arg4-8
could not release DNA from complexes better than Argio-8 even
when the negative charge of DNA was partiaily decreased by pro-
Larmine

To further examine the ability of (Argin-8 vectors to camy
genes anto cedls, we assayed oell internaliz ation using FITC-ODN by
fow cytometry Unlike the larpe differences of tramsfection, sim-
flar uptake was observed by oligoarginine lengths in (Argn-8/D
or (Arngin-B-PD (Fig. 38 and C). These findings indicaved that the

(L]

tel

Diaalenaes sty

L2324
Cal7,

Ay BT

LA 20

Arg 0P

g i e of Y cncemmaton e Sclrtme atty of (AGOS-IP0 {A) e (ANOD-5-FU (] Verog DN compseses werr 1] &l moom iemperater for S0ma e

wermm vy DME M COntUning 40 ageeoes st ine of Ca(l; | incubated with el for 3 h amt fartter

R 71 B in DM 0% FES it B Teprewnts e

mam | L0 of three sperenenty SLantical warimn ™

iy
anatyen aung Dunmes s e *p - G5 a ““ps G0

Argh-t-FD * 2mM Cally

Height fiekd

ELg ey ANCVA fuflowed iy ot S
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Fig & AP expremion of Argd- B PFD with C3'
wrch in Figg, (W)

ArpIC BP0 e LA
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uptake of vector/DNA complexes ded not reflect thesr ransfection
activity

13 Hject of chioroquine and Co™ on lucferase expression

mmmmmmmm
and cellular uptake, we the endosomolytacal proper-
ties of [Arg n-80D. LucHerase activities with chioroquine treatment
prsor 1o pene transfer were evaluated in the cells (g 4) Chloro-
quine (100 M) & known © avosd intraceliuler degradation
bmdmlcmnd mmmua m W
et Al 2006). The pr
lllrlhmhmmdimnrrdmnmuﬂudmm
(peaoi)

G"ukmunhclmhnnﬁrdwmm
the o the ¢ (Palmer ot al, 2003;
s.mannd 2005; MﬂLMI To release DNA from

[ withonst Calhy
@ v Caly

Mo mtemaity (FITC-O0N )

Angi- IO Ang -8 PD
WITCO08)  ETIC-00M)

Fig 7 Criular apf e of Arpd- B-FD and Arg 10870 (Angn-B o 5 change fatio (= )
of LD veas menrd woth 3 g of FTTC-ODN, Crits were iwrstused R 18 i serem.

the ¢ we in the of
Ca¥ (g 5) For (Arge-B/D, ﬂrmﬁmﬁundluruydw
increased with Ca™ comcentration at | mM. Further increase in
€27 decreased tramsfection (Fig SA) The transfection
of Arg 10 increased with Ca™, except | mb Ca® (Fig SAL
mummmd&mdwwm
nificant Mnmmmum wn}
2mM Ca*" in the formulation (Fig. 581 Any further increase in Ca
reduced tanfection efficiency The transfection efficiency of Arg10
decreased with the increase of Ca®* . Arga-8-PD with 2 mM Ca** (2)
mmmmth)mWWMnm

similar to LA2000(c ) (p> 0.05). Ca®* fection
dm;a-l-wmmm&mm“mldmmm
To examine the d of groe wr

:umnwmduuwmmm—nmmmm
using fluorescence microscopy (R 6 A slightly lower level of GFP
protein was observed in cells treated with Argd-8-PD with 2 mM
Ca™ and Arg10-8-PD alone than with LAZ000. correspanding to the
results of luciferase sctavity, shown in Fig. 58 (a), (b] and (<)

34 ffect of Co™ on celhulor uptake of (Argin-5-PD and
YTy

To the decreased transfection efficency of Argio-
mmﬂi Mmmmwmcﬂn
d lex because it was reported that

ﬂmwmemwmtmaduhml Sur-
privengly, 2 mM Ca'* decreased the cellular uptake of both Args-
and Arg10-8-9D (Fig. 7). This was likely due t© imcrease of saze of
[Arg mn-8-1D and decrease binding sites on the surface of cells

It is well known that Ca™* can be toxic to cefls. The toxicities
of (Argin-8-#D were assayed by determuning cell viability follow-
ing 24h exposure of (Argn-8-PFD 1o 0.2 ug DNA

well As shown in Fig. 8, Arpa-8-PD in the absence and presence of
1-4mm C3* exhibited kittle toxicity, wheteas Arg10-8-PD alone
and in the presence of | mM C2*" and LAZ0DO/DNA complexes
were haghly toxic where cell viability was only ~57% with Arg10-
B-FD slone and 40T with LAZOOO DMA complex. On the other
hand, 77-100% cells were viable with Argd-8-PD in the presence
of up to 2mM Ca™ This finding suggested that Argi0-8-PD with
high toicity did ot recesve a Ca?* effect on increased transfection
efficiency.

4. iscussion

Thas study ates that we d ally 1 trans-
ktmeﬁmwwm(mmm and that

ZmM v anatyms. Sach bar
ITpITYID O mean ¢ AL of BEee supeTimenn.

of Args-8-PD by the addition of calciam son inmo Incubation
medium.
The results demonstrate that {Argin-8 could coat PO. It is well

elficiency
Intahmqmlhqlmnd,m nuul.. 1999). it was also

reported that cationsc PEG lipid can b formed lipo-
mnmman.munmm pm-mﬂ‘knsﬂl
DNA was covered with catonic lipids, a novel

veclor D type vector showed higher transfection efficency than
the complex type. Arg4- and Arg10-B-FD entunced tramsfection
efficiency 130-fold and 1.5-fold more than Arge- and Arglo-B/D

plexes than (Argn-8/D, likely due to the negative charge of DNA

mmmmmnmmmum

Improvements of m M ant arise m w
uptake into cefls. in th

Mhmmmamm:m&m

stumulating uptake o cells, due 1o the pasitive charge on

lipoplexes (Miller et 21, 1998) In study at 5 uM as well 25 at

Clt vaabality s of untreusied celis)

L4

LaZooo

s mumgmumwnumumm

by et (1M of CaCly. Each ha

wuu.u of B experimenis, p< 0.0 and =p< A1 compared
‘with the ot el
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25 Ml (Furuhats et al. 2006a) Argi0-8/0 exhibited sbout 1000-
transfection efficiency to Arg4-0 in spite of smalar
cellular uptake (Fg. 38)

Arg10 with both complex- and PD-type ver tors exhibsted higher
transfection efficency than Argd without an increase of cellular
uptake Similar uptake was observed with ATps- and Arg10-8/ 00N
uw:ﬂ.uﬁuul(m)mﬂ&:ﬂuuﬁhmﬁ
of hevadecasrginine peptide was than ortasrginine and
tetraarginine peptide. and that of tetraarginine peptide was slight
nlmn.mll. discrepancy with this report might be due to

by
ud 2004) and cargo, libeled ODN
lipsd.
Presumubly, since both Argas- and Arg -8 have the same strc-
ture except for oligoarginine length, the small difference of DNA

binding affinity may be caused by oligoarginine The poor
transfection effickency of Arga-8/0 may be due 1 the process of
releasing DNA from the endosome compartment 1o the cell cyto-

plasm and/or the penetration of DNA mto the nucleus because
cellular uptake by Arg4- and Arg10-8/D was not differ-
ent. Ca** and chioroquine in the ncrease of tr. efficiency

in Argd-8 was much higher than in Arg 10-8. Chloroguine ( 100 pM)
15 known 10 svosd intraceilular degradation by lysosomal enzymes
(Carlisle et al| 2004; Hardy et al 2006: Pelisek o al, 20061,
which is an kon ag ATPase indubitor that disrupts endo-
mwmmrmmmmuk&m

(Shiraishs et al, 2004) €2 enhanced transfec-

et al, 200%: Sandhu et al, 2005) In this study, C3*" enhanced the
Innﬂmd[mhllﬂwlhmmuamm
o™ Lated the teirase of DNA b
partments as well a5 the ly agent chi This
nanummmammmm
than Arg10 by el revardation sssay. The difference of transfection
by length may be caused from the different
interaction with DNA.

2™ could enhance Argd-B-mediated m _lﬁ
Ang10-8-PD. This finding
cﬁ:muﬂmmdmmmhmdn*
is observed at lower cationic lipid-1o-DNA charge ratios than in
the absence of 3™ (Lam and Cullis, 2000) when lower cationic
lipsd was considered Argd-8. C27* might subststute 10 some extent
for Arga-8 in the complex and interact directly with DNA in the
complex. This finding was possibly explained that Argi0-8 had
mmumw-&mmh:mw“au
mbaruﬂmwmmmcﬁ'
mn*ummmmdw-
i 3 MU iRCTRASE in AFg4-8-PD transfection potency of about
70-fold and this increase was derived from the ability of Ca™*
assist in the endosomal membrane following uptake,
nnmmmdquhlmnmmlmu
wmw zh

nmwmdwmﬂnwﬂnw
tionol [Argin-B-PD_ Purthermore. the addition of Ca* to incubation
medium increased the transfection efficency of Argd-B-7T, but not
that of Arg10-5-PD. This difference nuy be due 1 Argd-8 binding
DNA strongly and it mught be hard to release the gene in cytoplasm
compared with Argio-B. Also, since Argio-8 exhibied relatively
Sn Cytoomicity than Arg4- lnnﬂlnrnnmm-
We found that the combimation of Ca* and protamine could
enhance Args-B-mediated prne transfer. Arg4-B-PD with C2*° has
potential ax an efficient mon-veral veomor wath low ioociry.
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Non-ionic Surfactant Modified Cationic Liposomes Mediated Gene
Transfection in Vitre and in the Mouse Lung

Wuxiao D, Tomohiro lzussawa,® Yoshiyuki Harross,* Xianrong Qr," Dal Krramoro,” and

Yoshie Marran*#
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of Ph  School of Ph ol Scwwnces, Pekayg Universiey. Begyimg 100083, Chana: and * Reseurch instincte
ﬁrf-nvmuwfm" d af Adh | Indhasrial Sciemce and Techmology (AIST); AIST
T—h&-fumd Tewksa, [haaraks 1058565 Jopan
d N ber 4, 2008 d N ber 22, 2008; published ondine N ber 25, 2008
As reperted previoudy, eationk lip formmisted with diolesylphosphatidylethanolamine (DOPE) and
N N-methyl hydroxyethyl hamoyl cholestersl (MIAPC-lig hieved eflicient gene
transfection in the mowse mmmummmmmdm
mannosylerythritol lighd-A ~A) andd polvsarbate 80 (Tween 80), in alfecting gene tramsfection of MHAPC-

lipoplexes (complex with pOMV-luc DNA) in AS49 cells and in the mouse lung, MEL-A increased gene transfec-
mumﬁnummam-ﬂmh&wn-&hnmum
focal laser

in vitre and in vive. As d by

S

faciliste pene diseciation rem MHAPC
afier internalization into the cells and

hmhlh-mnlq

MEL-A might
(FITC-ODN)
time, while Tween

with fluorescein-labeled

B0 was inefllicient to deliver foreign peae into target cells and in the lung. These results demonstrated that ME] -
A bs advantageous to Tween B0 in the modification of cationic liposomes av gene dedivery vectors in the lung.

Ky wards  monions msrfactest. masrosylerythets] hpslA

Atrway gene delivery 15 one of the most nonmvastve ap-
mh(mmﬂmufmﬁhmmm
cell ung cancer.' "Emucnndlltgmd:hmm
arc neccssary to move lung gence th fn:nlh:

to the bedside. ™ Cationic lip are ¢ gmdm-
muum:n;uﬂmmmmﬂm
can be dosed 9 Many d doriva-

Tween K catiomc Tiposoene

vizr by of the | activity. ™ How-
cver, the performance of MEL-A maodificd catiome lipo-
somes has not been clanfied for (n wvo gene transfection.
Furthermore, Tween 80 is a conventional snd widely uscd
surfsctani that has boen used in many cationic emulsions and

fcs as a stabil to achicve high gene

m&rhnﬂlt)‘mhllhnqhhiﬂ -A and Tween 80

s statcd abowe, they

trves have been lated into cati Tip N we hnvm—-mdelhtmldﬂmmhp:mm
poricd p ly that . with dioleovl and a

NDOI’EIMNJUM)'!a mmﬂnmﬂm&emfmmmm
cthyl aminopropane cholesterol (MHAPC, Fig 1),

a cationic cholesterol with a hydroxyethyl group in the
calionic part, Mhmwmfmmth
the lung foll " To further in-
crease the gene msr«:nm of M}I.J\I‘('-hm in the
hung, we focused on non-lonic surfactant modification doc 1o
the reasons addressed below

Mannosylerythritol lipid-A (MEL-A) 15 @ newly developed
moswrfactant, which mnnsts of 4 6-di-O-noctyl-2 3-di-0-

promotion effect on gens transfection. In this study, we mod-
ified MHAPC-liposomes with MEL-A or Tween 80 for the

th t of pene efficiency in the mouse
lung. The in vifro and i vive gene tinsfoction and the ocliu-
lar uptake of lipoplexes were compared 1o cvalusic the roles
of surfactants in liposomes,

Py

MATERIALS AND METHODS

I I-fl-o. Py | —4)-Ocrythniol  estenified Materials MHAPC was synihesized as reporied previe
mmmmtﬂwmmul&{lﬁg 11" With the  ously."® DOPE and Teren 80 were obtained from NOF Co..
modification by MEL-A, ; hibited high Ll (Tokyo, Japan), and MEL-A was purified as reported
fusion ability with cclls. and i pene fection i po ty'" The plasmid p cy

Wy
o

$ 9- MELA
sy -1 q\ e =10
“F‘_ﬁi\

']
o T e T Y

by
Fig | Chemcal Srwctares of MITL-A sd MHARC

MEL A meylerySrmd (g A MHAPT AN oyl Bydurycigl s
rpEmE CrTETEy! e g

* To whom pomd whould be addremed  somusl yosb

hoshi 2 jp

galovirus (pCMV e
(DINA) encoding the luciferase gene under the control of the
CMV promoler was comstructed as descnbed previousty, ™
Twenty-mer randomized ynucleotide (3'-CGAGT-
GCACACGCOCTCTCAG-3", ODN) and fluorescein-labeled
ODN with the same base sequences (FITC-ODN) were syn-
hesized with u phosphodi backbone (Sigma Genosys
Japan, Hokkaido, Japan ). ddY mice (male, 25 g body weight)
were purchased from Sankyo Lab Service (Shizmoka, Japan ).

Preparation and Characterization of Liposomes and
Lipoplexes MHAPC was formulsied into liposomes with
DOPE by modificd cthanol imection method™ namety
MHAPC-liposomes (MHAPCDOPE=1/]1, mm). For MEL-

© 208 Pharmacrsticsl Socuty of lapas
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A and Tween 80 modificd MHAPC-liposomes, 20% (molar
percent in liposomes) of these surfactants were included in
tlxl!pdlp'iutopwhm"’ﬂwymnmcﬂuhlﬂa\
and Tween B0, resy The I d 4.5 mum
MHAPC concentration ﬁt nlﬂwcxpcnmmtl For flucres-
cence labeling, 0.2% (molar mbo to total lipids) of N-(lis-
samine rhodamine B sulfoayl)-1 2-dihexad
cr0-3-phosphocthmnolam Ehad
cluded in the lipids.

The MHAPC-lipoplexes (complex with pCMV-luc DNA)
for in vitro gene transfection at various charge ratios (+/—)
of cationic lipids to DNA were formed by sddition of each li-
posame 1o 2 fig of DNA (20 and 33.34 41 for the charge matio
(+/=) of 3/1 and 5/1, respectively, in which liposomes were
diluted to a cati lipid i of 0.9mm). They
were Icfi at room temperature for | 0 min before transfection.
For i vivo study, the lipopiexcs at charge ratios (+/—) of 31
and 5/1 were prepared by the addiion of 40 and 66.5 u of -
posomes, respectively 1o 20 g of DNA in 25 of MilhiQ
willer.

ﬂr;-ﬁnclcnmndmpamu!nflmw

jic light ing mcthod
ills-!_?_ounnumhmmCu lmmlwxm
particle sure and zeta potential of lipoplexcs at a charge ratio
(+/=) of 3/l were measured both in Milli Q water (Elix®
quip Millipore Corp MA, ULS.A.) and 1/10 phos-
phate-buffered saline (pH=7.4, 1/10 PBS).

Transfection Protocol and Lucifersse Activity Mea-
surement  The human lung adenocarcinoma A549 cell line
wiis obtamed from ATCC (VA. ULS.AL). The cells were main-
tmned m RPMI-1640 medium supplemented with 10%: FBS
and kanamycm (100 fg/mi) at 37 °C in a 5% CO, burmdified
incubator. Cells st a confluence level of 707 i 2 35-mm cul-
ture dsh were transfocted with cach hipoplex. For transfoc-
tion, the propared lipoplexes were diluted in | mi of culture
modium and then incubated with the cells for 24h. Lu-
ciferase cxpression in AS49 cells was measured as counts per
sccond (cps)pg protein using the luciferase assay system
(Picagene, Tokyo Ink Mfg. Co., Lid., Tokyo, Japan) and the
cps vilue was normalized to the protein concentration, as de-
termined using a bicinchoninic acid prolcin assay (Pierce,
Ru:kl'mi. IL, USA)

heal mjects )

1 1
Fan-glyc

DHPE) was in-

< trans-
Bﬂe-l!y.

ployed to study
tucmnml]rmu:lngumpuhdmuﬂy
the mice were positioned in &

whmmlmhluﬂymjuwdmth:hnglmw
trachea while anesthetized. In vive jer-PEl (Polyplus-trans-
fection, NY, LLS.A.) was widely used a polden standard for
in vive gene transfoction, its complex with DNA was pre-
parcd at a charge ratio (+/—) of 5/1 according to the manu-
facturces instructions. Luciferase in the lung was measured
24 h after intratracheal mjection. The lung was harvestod and
immedistely homogenized in 500 of cold lysis buffer
(Promepa Co., WL, LLS.A). The homogenate samples were
centnfugaed wt 15000rpm for Smin at 4°C and the lu-
ciferase in the supernatant was measured a8 described above.

Vol 32, Na. 2

centration of 0.9 mas) was mixed with 2 jig of FITC-ODN or
rhodamine-labeled liposome mixed with 2 g of ODN at a
charge mtio (+/—) of ¥1, and then diluted in Iml of
medium. Cells were bated with the lipoph at 37°C
for 2h and 24 h. Afier incubation, the cells were washed 2
times with PBS and detached with 0.25% trypsin and ccn-
tifuged st 1500 rpm for 3min. The suponatant was dis-
carded and the cell pelicts were resuspended with FBS con-
tining 0.1% BSA and | ma EDTA. The suspended cells
were directly introduced into 3 FACSCalibur flow cytometer
(Becton Dickinson, CA, US.A). Data for 10000 fluorescent
evenls were obtained by recording forward scatter (FSC),
side scatier (SSC), and green and red fluorescence. Mean in-
tensity valucs of FITC or rhodamine inside cells were calcu-
lated to compare the uptake amount of lipoplexes.
Confocal Laser Scanning Microscopy (CLSM) AS49
cells were preparcsd by plating in a 35-mm glass dish 24h
mbm:m{sﬂ%mkmhwdm
inc-labeled  lip (20p] of klposomes with a
11 Iy of (0.9 mum) was mixed with 2 jug
of FITC-ODN at a charge ratio (+/—) was 31, and then di-
luted in | ml of medium. The cells were incubated with the
lipoplex at 37°C for 2h. Afler ncubation, the dishes were
washed 2 times with PBS and mounted in Aqua Poly/mount.
Observation was | d with a Rach 2100 focul
lascr-scanning microscope (BioRad CA, USA.). FITC-
ODN and rhodamine-DHPE were excited by an argon ion
Il:l{d-BSm)ndnﬂn-NchtﬂHij.mandy

Fl i Rhod nmpcumm
Tatio W total lipids) 1 abeled MHAPC-1 and MEL-A
and Tween 80 modificd MHAPC-lip were dexed

with 20 g FITC-ODN. The I:pqﬂem were mhcllly
injected mito the mouse lung, after 2h and 24 h, the lung was
harvested and cryosectioned o 12 4m sections hefam

mounting on glass slides. The jons were then
in Aqua (Polysciences Inc., Warrington, PA,
LLS.A.), and the f levels of rh ine and FITC

were observed by fluorescence microscopy (Nikon Echipse
TS 100, Nikon, Tokyo, Jupan). The cxposure times were sct
as the same for cach image.

Statistical Analysis The statistical sipnificance of the
dats was evaluated with Student's f-test. A p value of 0.05 or
less was considered significant.

RESULTS AND DISCUSSION

In Vitre Gene Transfection of MEL-A and Tween 80
Maodified Lipoplexes As reporied mmry.mihc gene
transfection of canonic lip m the p of 1P
scrum was increased with clevatod molar ratio of MEL-A
liposomes (from 10 to 30% of MEL-A in liposomes), and
even 30% MEL-A modificd liposomes did not show signifi-
canl cytotoxicity at ation. ¥ Tt
wuﬂmmamd&tﬁb»\mmumw
study. As MHAPC-liposomes exhibited moch higher pene
transfection af @ charge mtio (+/—) of 1/1 than 12" we ex-

The cps value was hized to the total § i
tion as cps'mg profein.

Flow Cytometry AS49 cells were propared by plating in
2 35-mm culture dish 24 h prior o cach cxperiment. Each di-
Tuted Lip (20 pl of lig with a cati lipid con-

i charge matios (+/=) of 371 and higher. As shown in
Fig. 2, for all the formulations, a charge mtio (+/—) of 3/1
was much more effective than 5/1 in gene transfection. MEL-
A increased gene transfection of MHAPC-liposome at both
charge rutios (+/—) of V1 and 5/1. while Tween 80 signifi-
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mﬂym—ndﬂnnmhmmmmmln
pot shown) With a notion that DNA 4

13 ]

tulnlhpumum*yandl Tween 80 significantly de-
4 w0 11l mV as com-

WMMMulkytpbr
effectve gene i T cxcess ata
Mmlrf—:dyimﬁiwnmm

g gone s compared o 31
m increased gene lr-d‘ncnm of MHAPC-liposome by
MEL-A was in - with t‘.‘II-H.:‘-' 1 um-

Chol = cholesteryl-3 f-c ¥
mm;'*‘“mmsﬂwwuum

mbmm MII&R hh!ﬂcu:lll 110 PBS. As
seen from lipsd-polycthylene glycol (lipd-PEGL™ Tween 50
might also & #ela potential of lipopl by the meric
layer of oxyethylene groups.

Cellular Associstion of MHAPC-Lipopleves in AS49
Cells  To clarify the different genc transfection levels con-
ferred by the surfs we the ceilular associa-
lmoﬂwl::ulmgﬂT(‘-ﬂD‘N-uDNAmmmd

effective in particles and crmul for ' 7 beled with rhod DHPE. In Fig. 3A, MEL-
tion, it did not work for cationic liposomes.™ ¥ We supp A fifs hibited  the of MHAPC-
thal Tween 80 plays different roles in particics, cmui-  lipopk st 2h from both the FITC and rhodsmine in-
sions and lip in des and i Tween however, the assocatod amount of liposomes was

wunlmﬂﬁmmdumlnhmmnulhl
stability, which is for their

mhq“‘"smmwuu'ummum
the lipid bilayer, the addition of Tween §0 forms a steric bar-

mignificantly increased by MEL-A at 24h as compared o
non-modified oncs. This phenomenon suggosted that MEL-

A could gradmlly mcrease the associstion of MHAPC-
lipoplexes within 24 h.'" Tween 80 madification significanily
& ‘memuﬂwﬂmbn&u:nduhlﬁg

mndmmedw s of the ltpopl
ﬂylh:w m of Liposomes and Lipo-
The phy ies of lip and

!whmhdnniputemﬁmthnu\mmdmm
gene tmnsfoction ability, therefore, reta potential and particle
size of liposomes alone and lipoplexes ol & charge mtio
(+/=) of ¥] were measurcd in Milli Q waler and PBS
(Table 1). For particle sire, MHAPC-iposomes and its modi-
fied formulations had 3 mean particle size of about 70 nm.
Modification with MEL-A and Tween E0 significantly re-
w&dnnf&lrlm&m Mlh\PC-hptmtlmdh

dificd f y charged. Al
wmammnum‘uwuwmm

3A) S we d out ex-
MmeMﬁWI.AMTmmm
MJL\.F(. mmm gene delivery. In Fig. 3B, red
of rhodamine-tabeled
IMMMMHHTL-()DNdek n
the merged images, co-localization of red and green Auores-
cences means 3 stable lipoplexes (yellow dots), while the
scpante locahzation of green and red fluorescence meuns
FITC-ODN du ion from lipoph After 2h incuba-
hon of thodamine-labeled MHAPC-L/FITC-ODN complexes
with AS49 cells, low level of FITC-ODN was seen in the cy-
toplesma (Fig. 3B(a)); Modification by MEL-A howover
showed higher level of FITC-ODN in the cytoplasma (Fig.
I8(b)), suggesting that MEL-A may promote gene dissocia-
tion from MHAPC-liposomes during the intemalization m.p

= L pbeld mio AS49 colls. MEL-A
svem . Bpragt mwmﬂmml&wﬁdﬂuﬂmhﬁm
tional ones. '™ MEL-A promoted fusion between MEL-A-
i""‘ containing liposomes and the plasma membrane of target
. cells, the forcign DNA probably dissociated from the lipo-
i somes mapidly and delivered into the cytoplasma und
oo nucleus ™' Modification of MHAPC.L with Twoen 80
i greatly reduced the uptake of lipoplexes (Fig. 3A), and green
y - fuorcscence was barely observed in the cells (Fig. 3B(c)).
. e The decreased cellul tion of lipoplexcs by Tween 80
Tasan m was probably caused by the steric barmer of polyoxyethylene,
Fig 2 Cene Traned _.-m,.-,__- in AS49 Cella at 248 the decreased 7ot potential (Table 1) and the wetting surface
el s B¢ e P} gt st o8t e of lipopicxes, ™ which were supposed 1o be £
HD e of nm churpe e, i the cellular asociation of lipoplexes.
Table | Physicc | Properties of | and Lipoplenss at 3 Charge Ratio (474 ) of ¥
Sicee (nam ) Zeta potential (mV)
Lgrmame ] spoplex
Milli 110 PRS Milh Q ViD PRS
MHAPC-  Liposome ™9 @A
Lipopiex 918:02 W41=113 0i-11 p TES B
MELA  Lipowme ns — 189
Lipoples {13 B8 L (1 ES 5 o aMmE=sa b TESh
Teeem B0 Lipowme ] — w1 :
Lipoplex ISIK=E5" 16L1=0.1 L IL1 =21
01 et O crvpanad with tee values of pon modfed MITAPC Hpoghee W S memstnd
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Gene Tramafectons (A) and Retention (B) of MHAPC-Lipopleves i the Lung
j o A1 aconding W RAAROOACHET S INENCTOn. Each Terull srpreserts O maan T KD (A=T) 53 01000 and @ e

0.0 omparad with valuss of wow modded ipeplass o the ofegomding chatpe rAns = 0, (e remen of MEL-A of Twess 80 misdified Bpopiesss ((orphos w12 FTITO0%,
o= W e evalsated & T oanad 24 |hnml.r-mwmm--\n.il-rni’l" Beproacntary: maps are shows BY ouh amrple 40 Sagertoybon e cach e

In Vive Gene Transfection and Retention of MEL-A
and Tween 80 Modified Lipoplexes  As shown in Fig. 4A,
in contrast to in vilre gene transfoction results, a charge rabo
(+/=)of /] was almost equal tc 51 in gene transfection in
the lung. The cffect of surfactants on genc transfection in the
mouse lung had the same trend with that in vieo (Fig. 2)
MEL-A modification increased pene trunsfoction more than
2-fold higher than the positive coatrol, in vivo Jjer-PEL but
Tween 50 significantly decrcased the gene transfection level
I'he effect of MEL-A and Tween 80 on gene ransfecuon of
MHAPC-lipoplexes in the mouse lung was well reflected on
the retention ahility of hipoplexes (Fig. 4B). In Fig. 48, the
intensity of green fluorescence (FITC) and red fluorescence
(rhodamine) indicated the amount of FITC-ODN snd rho-
dumune-labeled liposomes in the lung sections. respectively
After imtmatracheal mjection, the lipoplexes firstly contacted

with the mucus layer covering the epithelial cells, and may be
taken up by the epithelial cells if they are not quickly cleared
by the mocus clearance n}\slmx' At 2 h after imjection of
hipoplexes, both MEL-A and Tween 50 modified MHAPC-L
showed similar rthodamine and FITC intensities, indicating
the same amount of lipoplexes was retuined into the mouse
lumg. At 24h, MEL-A modified lipoplexes however showed
higher FITC intensity than Tween B0 modified lipoplexes,
which rarcly showed any FITC flucrescence. Although MEL-
A and Tween 80 modified MHAPC-bposomes similarly n-
hibited strong intcraction with l'ﬂ'\‘\ tn circular dichroism

MEL-A has adhesive avlity to cel 15" and did not decrease
the zcta poictial of MHAPC-lipoplexes as compared to
Tween 80 (Table 1). These information suggested that MEL-
A has higher mucoadhesion ability than Tween #0 modified
formulation and could retain the hpoplexes on mucus Liyer
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and cells of the hng for loager penod than Tween 80, The
prolonged reiention ability of MEL-A modified MHAPC-
lipoplexes might increase the assocabon of hpoplexes with
cpithchal cells and gene transfection in the lung From these
results, MEL-A was supenior {0 Tween 80 in increasing gene
fection of I by ng the lipoplexes
mnclmgiorwulm.gedpuwd.

CONCLUSIONS

This study demonstrated that the gene transfection and
cellular association of MHAPC-lipoplees were differently
affectad by the modification of MEL-A and Tween B0 both m
vitro and in the mouse hung. MEL-A increased gene transfoc-
ton of MHAPCipoplexes significantly s vito and shghtly
in the mouse lung, while Tween 80 was not effective both o
vitro and i vivo, C1.SM exporiment demonsirated that MEL-
A might induce differcnt mechanizm in the ccllular uptaks of
lipoplexes compared with Tween 80, and facilitated forcign
gonc d from lip after I
tion into AS49 cclls. MEL-A oould retain the lipoplexes in
the mouse lung for prolonged time while Tween 20 did nol.
These results provided some uscful information of noa-ionic
surfactant modified cationic Eposomes for gene transfection
in the lung.
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The surface properties of cationic lip and Bipopleves largely ds ine the cellular association and
gene transfection effickency. In this study, we 1 the surf ties, such as zeta polentinls, surface pH
ﬂmm‘ma”—ﬂmﬂ:h&&-ﬁn&-ﬂmﬂ-ﬂh
—m of Ilil.d:h- m-lw lipid-A (MEL-A) or Tween 80 MHA?('-NMU h&ﬂr—

ethyl OH-Chol =cholesteryl-3f-cart yethy
amine). Compared to the higher cellular assaciation of MILAPC-lipoplenes
the significantly higher

of lipoplexes, and surfaciants further enlyrged their differvnce. The strung hydrstion shility of
Tween 80 may relate to the bow cellular tation of lipopl while the debyd of MEL-A-modified O}
Chol-lipopleses d to P the negs 2eda potential for the cellular association of lipopleves.

Key wards  catiomic lip lipophex; surfs surface pi, hyd

For cffective genc tmnsfection mio mammalian colls, no-
nmu:um:chpd-hvchn:u h i and f lated
Il'ﬂll i llln lme_l. e

teryl skeicton by a carbamate csier, and OH-Chol having a
& ,mm:wrﬂimmuhh-hu'[ollmhﬂlndﬂtdlf‘
ferent iom of Tipopl posed of differ-

Imm:hﬂm&rwmnlmkwudam
headgroup, which arc substantally quite vanable in differem
cationic ipids. | , in the headgroup, the basic
clement is amine, which s resp ble for DNA plexa-
tion as a protonized form. All four amine types, from pri-
mary to quatemary aminc, have been roported 1 diverse
cationic lipids and cahibitcd substantinlly different cellular
association and gene transfection capabilitics ¥
Understanding the key step in gene transfection, e cellu-
lar assoxcistion of lipoplexes, wiich is largely determined by
the physiochemical propertics of cationic liposomes and their
will pr fuable information for dcﬂpmg
mone liprds and op g the i
formulation. Particle size lni el pm:nmls of llpcplex:s

are ofien Tep d when ing their

tion® ¥ however, another physioch | property, the sur-
face hyds of lipoy is always neglected Although
the hy lm:uo(" 1 g different liposo-

mal formulations have been well el'lﬂ:ll.lllcd.' " their effect
on the cellular association of lipoplexcs is still lacking.

We reported M that cnu:lu( liposomes, composed
of ol dyleth: (DOPE) and NN-
methyl hydm:p:m!rl mdmpnm uﬂmnuyl dld-:neml
(MHAPC) or chol 1-3f-carby

droxyethylamine [DIH‘ItulJ mmmw dishnctw: dillu
onces in their and gene tion effi-
ciencies i vitro.'¥ The major differcnces between MHAPC
and OH-Chol arc the armune types and linkers shown in Fig.
1. with MHAPC having a tertiary amine linked 1o the choles-

= To whom should be s c-annil: yosbieiiki

mumhp&.he&nofmrmunﬁhltﬂ!m
the surface | eg rela | hals and hydra-
tion levels, was cxamined. Furthermore, mannosylerythritol
lipid-A ¢m-.\)uneu1ydmm¢mm“’m

fi OH-Chol-lip with MEL-A marked-
ly increased ﬂt: gene transfection efficiency of plasmid
DNA" Recent findings found that MEL-A induced mem-
branc fusion between the target cells and cationic lipo-
somes" 7, b . the physiochemical mechanism of the
fusion ability of MEL-A has not been fully understood. As a

o
Dll\,_-\._.-\.v-.\, E O MHAPC
1 N
ey

‘:"f‘-./"- e DAMAPC

* W

m‘ﬁhmﬁ'g“"w HAPC

O S ?,Du OH.Chal

"4
Tween 80

""WL% 5:

"Wh°> L(.o {m-;- o@""‘l‘,ﬂ

Chermical Structures of Cationic Ligiids and Surfactants
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Fig 1
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1%

control surfactant, Tween 80 was sclected due to its popul
ity and wide application in drug delivery. Studying the sur-
face properuics of canomc iposomes and hpoplexes, withouwt
and with MEL-A or Tween 80, might help w clanfy how
they affect the cocliular assocation of lipoplexes and gene
transfection of MHAPC- and OH-Chol-lipoplexes.

To car knowledge. no b study has been per-
mmmmmmﬁm
dificd | and 1 d of different

ﬂlml:hpdl_lnﬂle studdy, we 1 the zeta po-
t:uuh m‘fntpliwbydnmmthnrul’l-hmm

50 7 and bpoplexes, and also dis-
cussed these s relating to thesr cellular msociation.
Experimental

Materiah  MHAPC, DMAPC, HAPC and OfH-Chol werr synthesized as
reported previoudy (DMARC = NN N-dimethyl w M
chalasterol, HAPC - N bydroxywiby| e

Son gtk of MOnm (handwidth Som) = 25°C om & Shimades RF.
SMOPC The hydration level of the big i mrface was d by e
gemanyivend peisnranee (GF) value whsch wa caleulited g5 loflows
CMEME) =]y~ Ll * o)

wharsin oy, snd |y =v the ! tha of 440 nm
ﬂMMl-ﬂ“-ﬂdm-wlkﬂﬁfth)
vaur & lowes hydr om the § .
ﬁumum’maimwuam”—dﬂu
from the absclute values of Buorescence intenuty of one messarTmen,
which was ran m the same dey with enctly comolled conditiors. The re-
pestsd experTmants showed diforent vaises, bat semilsr trend

Flow Cytometry Himnen hng sdosocarsanoms A9 colls were mam.
tamed m HPML| 640 mediem wpplemenaed with 100 FHS and Lanamycn
# 37°C in 2 % 00, bumidified imcubutir. The cells were prepand by plst.
ing in 2 Ymm culure dish 24 b prier 1o sach expermment. Fach rhodamme-
labeled hposme was mined with 2 jig pOMV-Juc ol & charge rato (+/ - ) of
V1, and then dilated in | mi PAS (pH 7.4). After incubation with lipopleses
for 2, all cells weee collected with FACS buffer (PBS containing 0.1%
MAMimW&)A&W:lmwh!_wn

¥ 1) DOPE aned Twesn 80 were chtaised from NOF Co., Lid (Tokys,
Japes), and MEL - 4np-m-wm'nw:
hydru and

dizcarded and the cell pelles were reampended woh FACS
hhﬁ‘“m-—ﬂuh_ mtraduced o 3
FACSCalier Sow sytomter (Recion Dickissm, CA, LIS A ). Dsts for

Mlnﬂwhwﬂuikl The plas-
mid DNA pCytomegalovins |pC‘I|le-h encoding h l-d-'-
under the control of the OMY
oﬂ,‘nmmdmm—wﬂmt
lhhqhn“d_lwmm&

s and Lipapleses  MIARC, DMAPC, HARC
-lm-nm-!hu_mﬁmnlmmd‘
L1 by modfied efhunal m) " wilh & pomn of 4 Smee cafiomss
Mhﬁwu(m-ﬁmlﬁm DMAPC-,
HAPC- and respectively, For MEL-A and Tween BO-
modified iposomes, 307 or 10075 (malar % o DOPE, catwmic hpid/DOPE/
warfactant =~ | IO.’uI I 1) of these sarfactants was included in the
Iepuds prce 35 prey 1 gt eng s MELA (0.5}, MEL-A (1) and
Tween 30 (0.5), respectively To meassre liposomal surface pi, 0.5% (molar
% w0 ol hipeds) of HC was incorporsted mio lipids dunng preparstion. Te

wﬁuwmm molar % o botal
“)Hr. -

7 were Iabeled wish

ﬂﬁtm%wumd“ﬂﬂbmm”
wution of Bpoplenes. Lipoplesss ot a charge ratio (+/—, smine in catioms
Lipada/TNA phosplate rana) of V1 wers prepased by adding each liposcene

hndwdm&:ﬂﬁhldl_mhl-h
d of Ty pop d by

Japan), both in Mill ) water ([Thix" squiprmest,
1"]0Mﬂ“ﬂ.“nﬂwﬂ T4, l!lﬂmr .
adding IWHMIQSMMMI!”NWNW

and diluted 1o | mi with PRS (pH 7.4) Smin after Se addition af DNA, e
final concentration of DNA was %0 pgmi for each sample CD spectra wers

mensured w the of two scsms from 220 1o IMimm o 8 s e
of S0nm/min ot 23°C on 3 spectropalanmeter (1800, Jasce Ca., Tokys,
o)

Fluorescence Memmreoment  Twesty microlitens of HC-labeled lipo-
somes we diluted o0 Iml with FES i & concestraton of 0045 = of

canoms kpid Lpoplevss were mh“mﬁi’u—wlwﬂ
DRA (100 g/, and diluted 1o 2l with PHS Smin after adding DNA.
HC s n the denyth e

10000 & events wers cbtzmed by recording forward scatier (FSC),
snde scatter (S5C) and red fluorescence. Meoan mammarty values of rhodamme
inide cells were cakculated to compare the anociaton smawm of lipeplewe.

Results and Discussion

Zots Potentials of Lip and Lipopl As cffi-
cienl gene imansfection  veclors, cmcmc hpnnrrm and
lipoplexes realize their appl -

mmmcﬂmmﬁm“mtheMuuMs
positively charged particle facilitates interaction with the cell
membrane, and vice versa, the zeta potentials of liposomes
and lipoplexes were measured to clucidate their cellular asso-
clation.

As shown in Fig. 2, all the liposomes formulations of
MHAPC and OH-Chol exhibited a high positive z2cta poien-
tial ranging from 50 to 75 mV MHAPC-lipoplexcs exhibited

much higher zetn | Is than O/H-Chol-lipoy both in
Milli Q and PBS, lmcmﬂgly. MEL-A did not the
zetn potential of MHAPC-lipog while it murkedly de-
cmuodi!ulnl’ﬂﬂ-(“‘-'" Pk o a negative value of

=146 and -2LTmV in Mi!l Q and I"BS. respectively.

Tween 80 ghily i the positive zeta
potential of MHAPC-h } while it o i the zcta
ial of OH-Chol-lipoph to a negative value, but o a

lesser extent than MEL-A.

The zeta potentials of lipoplexcs can be affected by many
factors, such as lipid compositions, the size of lipoplexes, the
measurcment conditions, ¢fc. The non-modificd MHAPC-
and OH-Chol-lipoplexes were about 300 and 400 nm, respec-
tively, but those with MEL-A and Tween 80 modification be-
came smaller and stmular (200—250nm) (data pot shown ).
Simce the hipoplex sizes were similar and the measurcment
conditions were the sume, the differences in zets potential

mmﬁm-u-mm«an-m
Som) mt 25°C on a & (RF-S300PC, Shimadra Ca.,
Kyow, lspan ) mmﬁ,—dﬂt tgmmﬁm
he monitored by the ramo of sucit - and
T30mm (I0350) ™ A higher vatue of Y0130 mdicaies » igher fposcomal
wrface pil

Twenry mocrohiters of lnsndan.isheled liposomes wers dituted 0 2 mi with
PBS 1o 1 concentration of 0045 mw of cationic lipvd. Lipopleses wese pre-
pazed by adding 20 56 lipesomes o 10081 DNA (100 pg/mi), and dilied o
2ml with PHS 5 min after adding DNA. Laurdan Soorescence wan messared
by g the dength between 400 and $00mm at = eusits-

be MHAPC- and OH-Chol-lipoplexcs may be ascribed
to their structural differences (Fig. 1). MHAPC has a tertiary
amine in the headgroup, while OH-Chol possesses i second-
ary amine. The differences in acta polential may anse from
different protonation fevels of the amines. Furthenmore,
MEL-A modification also genorated totally different results
on the zeta potentials of MHAPC- and OH-Chol-lipoplexes,
suggesting that MEL-A might interact with OH-Chol and af-
fect its protonation level in lipoplexes.

CD Spectra  Since MEL-A and Tween 80 affected the
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Fig- 3. CI) Spectra of DNA m MHAPC- (A} snd OH-Chol- (B) Lipopbeses in PIES m & Charge Ratio (< /) of 371

zets potentials of MHAPC- and OH-Chol-lipopleses differ-

1 1o lip in icular, OH-Chol formulations

ently, we suppose that the interaction between DNA and
mmthmumddhmmy‘tffuwl In Fig.
1A, all MHAPC K lati gative cl-
lipticity, a flaltcning of the positive bands and an overall red
shift of the bands, that is, the typical features of the C form
of DNA.' This suggested that the MHAPC-liposomes had
strong complexation with DNA and surfactants did nol alter
the interaction. A:ﬂwu-nm Fg. 1B, non-modified OH-
Chal-lipopl also ited a complete C form of DNA,

MMMMWHE-&MW&BMM
modest negative cllipticity. These data sugpested that MEL-
A-Mmmmwmmmd-
fective in DNA i ¢ to the ta
prmmnlm;IthuuMmFm.ZR
Liposomal Surface pH as Mongitored by Dissociation
Degree of HC  4-Heptadecyl-7-hyd: in (HC) is a
weak aad fluorophore. Al a pH >pk . the maximum excita-
tion is shified to the wavelength of about 380 nm. Fluores-
cence ity af the itats length of 330 nm is the
pH-independent mmmmmm
level of HC m I fore. the di degree
ul’l!Ciuhmmb&mmﬁwmmn{m
when at 380 and 330nm
{3807330). A high valuc of 380/330 mdicates a more dissoci-
ated form of HC, ie lhglrrhpmmulﬂﬂ'hc:pﬂ"'m
different b lipids i lip
dlﬂmpuhnlnﬂulﬂtkdltlnlughpﬂnlmmlhh
posomal surface >
As shown in Fig. 4, the | and lipopl
lhemmdofdmcufllpnnulnmpﬂlﬂum-
factant modifications. All lipoph d pH

atiom
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m-mmdﬁl This suggested that
DNA complexation may further increase proton concentra-
tion on the liposomal surface and the prolonation of cationic
lipids. MHAPC-lipoplexes demonstruted much lower pH val-
ues than OH-Chol-lipoplexes (valucs of 380/330 are <1 and
=1 for MHAPC- and OH-Chol-lipoplexes, respectively), m-
dicating rich protons on the surface of MHAPC-lipoplexcs
while deficient on OH-Chol-lipoplexes. The different proton
levels on the liposomal surface would substantiaily affect the
protonation levels of cationic lipids. In the proton-rich envi-
ronment, MHAPC with the tertiary amine should have a
higher protonation level than OH-Chol. comesponding to the
higher zeta potentials of MHAPC-lipoplexes (Fig. 2A). The
relatively low prolon v of OH-Chol-lipopl
made the sccondary amine in OH-Chol a major free amine
form with lowes zcta potential (Fig. 28).

MEL-A modification of MHAPC-lipoplexes did not
greally influence their surface pH (Fig. 4A), while it cvi-
dently decrcased that of OH-Chol-lipoplexes with an in-
creased amount of MEL-A (Fig. 48). This suggested that
MEL-A did not change the protonation of the lertiary amine
of MHAPC; but significantly affected the protonation of the
sccondary amine m OH-Chol. These results corresponded
well with the striking negative zeta potential of MEL-A mod-
ificd OH-Chol-lipoplexes (Fig. 2B). The shight cffect of
Tmukﬂmlhm{lmpll of both MHAPC- and OH-Chol-

! ficcted the | diffe b MEL-
nnli'lbumlm As shown in Fig. 1, MEL-A bears hydroxyl
groups in the hydrophilic pan and Tween 80 has polyoxyeth-
ylene groups. We supposc that the hydroxyl groups in MEL-
A may have hydrogen bond inteructions with the ¥
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sminc of OH-Chol, M&:wﬂmm\ﬂmmmm
does not, thereby aff ng the | pH of OH-
Chal-lipoplexes. For MIIAI‘(‘ ch: o the propane in the
cationic pari, the amine proton may form hydrogen-bond
with the aminc in the carbamate linker (inner molecular),
thereby forming a stable hexacyclic structure. For OH-Chal,
the proton of amine may be difficult to form an unstsble pen-
tacyclic when involved with hydrogen-bond. Therefore, the

dipolar ml.lunm processes.? W‘h:n associated with lipo-
somes, |aurd, d gly on the dil-
ferent hydration levels of lipid tllaycu
As shown in Fig. 5, liposomes and lipoplexes showed the
same trend of change in hydration lovels after surfactant
dification. All | i ok ated higher GP values,

ie lower Il’niim levels, than the corresponding Hposomes

neighboring hydroxyl group in MEL-A may prefer 1o form
hydrogen-bomd with the amme of OH-Chol. The hydrogen
bond interaction between MEL-A and OH-Chol may induce
proton dissociation from protonized amine in OH-Chol,
therchy decrcasing the liposomal surface pH of MEL-A-
madified OH-Chol formulations (Fig. 4B) and dec g the

1 This suggesied that the liposomal surface was
further dehydrated afier complexation with DNA '™ By
mg the GP values of MHAPC- and OH-Chol-
poph MHAPC-lipopl howed ly higher GP
mmmmmwnummmmnr
M]I&I‘('—lwm were “dricr™ than those of OH-Chol-

protonation level of socondary amine of OH-Chol, which
causcd the negative zcta potentials of MEL-A-modified OH-
Choklipoplexcs (Fig- 2B).

The Hydration Level of Lip and Lipopleves as

1 The car hoker in MHAPC maght con-
lﬂluk!om:‘ay’mﬁoeafmlhﬂ-lmkmhm
m Fg. 6, lip and their i ¢
lipids with carbamaic hnker (DMAPC. M}!M'( and HAPC Il
h d higher GP valucs than those of OH-Chol. which has

Monitored by Laurdan GP Value humi‘l-h;mnlhd
polysthylencglycolylated hy and

tally mohhl&cum“mwﬂhlbeullmd:wedue
to the PEG watery layer™ ™ This information suggesied
that the liposomal hydration level s another important factor
affecting its association with the ccll membranc. Here we ex-
amincd ihe cffect of MEL-A and Tween 80 on hydmtion lov-
cls of liposomes and lipoplexes. Lawrdan was firstly used o
follow changes in the hydration lkvel of liposomes by
Parasassi #f al™ In solvents with high polarity, laurdan
shifts its cmission specirum to higher wavelengths duc o

an amudo linker. For MHAPC-lipoplexes. both MEL-A and
Tween 80 modifi hydrated the lig 1 surface by de-
creasing the GP values (Fig. 5A,\.mmrm 80 more cffec-
tive than MEL-A. For OH-Chol-lipoplewes, m contrast,
MEL-A dehydrated the liposomal surface, while Tween 80
maintained its effective wetting capabtlity (Fig. $B). The
structural difference between MEL-A and Tween 80 may
help to clarify the effective wetting ability of Tween 80. In
one molecule of Twoen $0, twenty oxyothylene residues were
present in the hydrophilic region, while MEL-A posscssed
only three hydroxyl groups. The water molecules bound
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