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Introduction

1 ia ii se list dc cade lhe enicrging clevclopmcnt oU ntnomc dii me
lias eia otii-aged its rapici apphcaiion ia d’e develnpmeni of
fura cr05’ 5 si ra icgies Lo treat impairing diseases, tiei 1 are vislI
Sri esse ible [IJ G turca th, Use tremendo os teci inolugii ii dvi ne es
ii v nmplivlscd ri ilw dcsign and prndticiinn ai’ nannp:sriitiiaitd

svsl ci ns for e sou er 1 lierapy lias original cri 1 lie Dulce me oU
cv cri nu rc proVe ienl useI ii irgc t—specilic na nor,, rncrs, ti ias rcdu t e
ibc vide e(k Is avnt ialcd ss-ítli t iassical anti—caiacer ilserapies and
alsa iac’rease jxsticnl sun’n’aI mie 2!. Oficia compruccl lis’
li iocotnp.stil de il;orgataic o r urgitrni materiaL a anui aniers are
aba capable ofenhancing Use hindissdhuiinn and binavadaiaility aí
dnigs. tlsai otltenvise vouid be poorh’ avaiiable as tlieir largei sirva
[3]. (fie ilexible niturc of nisnop:iriiules is intim:ttclv correlateci
o itb the valiosa asaterials tssed for thcir svaihesis. soeis as meials
;Cold and silver,. r eramir s . sydroxvapa:itc:. lipids r linles:crnl and
nau—taxis piiospliolipidsi; inrt polymers alginate, e luto sim, PLO,
[-1 1. - \i nong 1 tese, ci nlos;sn 1 ‘as 1 seca one aí Use movi extensas cl -

mcd for lia’ svntltesis nf a varietv nf nanopardculaied dlritC deliven’
svsteilas. risse te its taniqtic propcrtics likc bioeompatíbdttv, si,shulits’,
case ‘o (se e lacaia si:; modificd md los inarnunogenis liv [5].
Tiicçe iiiaiqsae caiarartenssjcc can he funher iailnred liv funcuin
a alizin ii e parI irle snrha cc seleI, eell—spceife na alcei rcs s tal i as
anlibodies. falir aeid, hiosü,. ar apiamers 16,71, laa: slnifiranilv

increase nannsarricr spcrii’ic liv tosvards largei ccliv, prnllcling
nonn;il edIs against dnig-derivcd toxie sirle elTeces Li

Nt,verilieless, hefore lhe pleiliora of nanndevic es etirrenllv
under irtvestigation bei orne sniisble for tlinii aI use, Iliev liave tu
si si-pa sv rigorotss te sts sei cri h bv regulai nas a gtn ccv suei as Fnnd
and Drng Administration EDA1 a ni Eu rnpea a s 1 edar lues Age i te;

L?’ 1 L;V. mi Iurled ia die v;idotis cv, lii; i 5100 si Iges i lias n’nos-ar—
riers la ave lo nvcrenme, binlogical sa clv ind a rIu iv ;isv;ts 5 1 ssi ‘mc

e ril ira) releva ace iii naliopa ri ii e pipelis te d neiopm e ai 9. 11)].

Parur islarlv, for ihcse Iesnag pnriaoses. reli a tilinres arise as an
cxc e p5 ioti alIs’ nosvcdiil and e conorn:c soai. ia c Os lipilrisoIl to o: zero
na ndt’k Ia lar 1, ii cv oiTb r a tua quis, ic t plai 1 orna te i aves 1 a; liv’ thv
e (Teci s af difere ai dnig lormeilai ia is aad ia liaopartteie desigu
utader isiglily c onsro[led and reproducable c oaslhioas ii.
N Ia reaver. reli rui s tires preside au cas; o a’ te mau ip tdat
numernus experimental vasiahles lia order o rcproduce snn,e of
the ia tia’ eoncbnons. o bibe as uirtin e e eis a and legal lsssles
a vsnr ia ted ‘‘-ii li animal 1 iandlling [1 2]. fioorve r, tsp nU a ia’’ liii’

spatial organizai ia n aí tissue v a ad eeli—reli n’era’ lia ns ocre
ommonlv disreg;irrted in Use majoni; vii il ie is ali laicmzr/n,

mnciels [121. Te ovcrcnme sur li Iirniia:ians a aae” c;tiegan nU ccli
euiuures. termed ca—cultures. is eurrettilv heina devdoned [13].
Ti” ae a ioneept si is dc sin cd a, tia tia e pnq)cisc to c tis’i r ilW Isie k
oU eanelaiieia heisecen classie’ai reli r sili tires and na rir,’ svs:ems

l”ig;ire 1; [12]. 13v t,sing tu—e uliures is is possibe te ccc iene some
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Co-culture Cencer Modeis

of ti ,e ia viro tisstte nir lies 114 5 Ifl e ceil—ceil interar [1005 are
csi ;,buislicd in dose contar t. ‘lii is r ri tir ti p:iranle ter is esse ntial for

iiic establisismeni of ccli morpiinlnqv. pIsenotpc, metabolism and

isroiiferauon, features usai are iii uro (l5_16,17,I8]. lo
,,ddinnn. ri,—rulturcs are tisi a pei lei r,t,i o ,,nalvsc tiie targcuin)
sp,ciíitit nldnig delitn5 svsirms os t,,mot’ri edis [IYj.

I’rescndy. breasi c ancer is onc’ of the u,ost invesngaied
tu., iirn,, [cv [1 3’ . Tu is ilincs s e ci ir most e otnmon cirse of
e ;Lne er—rel ai e d deati is in wo meu woridni de 20.2 i]. 11 rca.,r cance r
mirroe,ivironmeni is comprised nor onlv liv caae er e dfls hui alio
liv Cd ,rcil,I,ists, ,dzvocvtes, blood .piiaucs. endo tlteial cdli,
ii,mu liii’ SVS( Cm dli ind extra chulo uso ‘ix EC N 1 piou dos [1 3],
l,ke e oU gen and chistiti. Despite being arrepie d ti ,at caneer loa
ge ncr:iIIv arise from genetie IIltita(iuns j22J, growdi, invtsion, ind
metasursis are n°1 ode dcpendent nn uliese mu(agenic eveitis,

ti na liv. ii is re ogiüzed Ii aI ali crUs preseni in the tumor

mu roto’ rnnmd o 1 ar’ svn t’rp $11 í i: prnmol e (‘‘mor proli ir—

,uirn, md sjsreadmg (21,2-li. l”,zrtherrnorc, ii 11,15 heen rcecndv

rcported liv 5 t raussi nin et ii., 1012, ti, a siromal edis are

rn ruiued liv cancer edis o prompu tumor drug-resistance and
prolifcrttion (251.

Rei. voU>’, several cancer tiicrtpivs tliat tu-get also fibrohiases

lave siitsvn lo Isinder ul,is iiincss piiigi ession [26]. ihcsc pirtie-tilir
eis are describeci as 1 iaving a crm-i,d role iii fie tutrio r nk 1 ,c [2 7j

‘viii’ [[e terogeneous popul u ions and diífc ren 1 reia tive coniposition

existing iii nttmerOtis usimors (261. Tisese edis are involved in tlte
meiabohsm of use ECM, bv promoilng integrin sigaalling (28.29].
Fibreblasi 5 aiso sue-rei e and mi era e 1 th severai growth iactors
(25.29(, like liepoorvue grotruis tae (1W ti 101). Cbrnhiasu growth

-‘cl or E l”( Ft, ins uiin—iike growthi E ir ter (Ei.; E) ind epiii ,cltii growti
1: ir ter ELO E,, dia t are responsibi e o r uh e li (iv; tion of meu Itanisms
diii e ontrthuie lo apopiosts resistinue (30.3i(. and promore

prohler:, tio,’ of maiicna,, t e cii s (32).. \1i is ese rielci criou
tatar 1 crisi ii. s. 1 ‘ave :111 riu cd rc,e;tr( ii ers au te otior’ te devei op

o—e tuit tires t cii ioclude ti ese ccl tvpc s ii au au empt (o mimic th e

ai tu:ti turno, rnicroeo’ir000,cnt [i ‘1,3 3].
[n’oh ti ,iss tatsd puio t, the prese II s t ode ci lar; eterize tbe ccli

,1iiake ol’ ii,ncuionaiizcd nanor:trriers io e o-cuiture niodeis. iu

order tu addrcss tinir sclt’ctivity and binlogiral artivitv lo cancer
CL’ll%.

Materiais and Methods

Materiais
Oestrogen-riepeodent ht,rnsn breasi ,,denoeorciuorna (t1CI”-7 E

“as obuaioed from :\i’CC Middie,ex. UK and priman normal
iltiman dermai flhrohiasts hEI l) from i’romocciI i-leidc!bcr.
CC ruia as,. ‘lhe ccii rui ture ‘l—íiasks sw ie ub tatoed [rum Uringe
Scicr, 1 fie 8 rainc—1 Alie t,d, ii dci tinO. Ccii iosagiag pi aI es tvcrc
ieqtureri [rum ibidi Cnibfl :lbkii, \lt,nte h. Gcnssin’ ,, Rijoria—

mmc 11 isothiocianaue RilCi, ‘inpsm, ccli cuiture Dulbee os
Niodifieel Eagie’s Meditito F-l2 :DME\f-F12. Coliarren pe 1. L
1,istidine. L’argioine. .‘V- livdroxv-sta e tiiiniirle Ni-IS. X—3-Di-
mnbUaminupropvi-N-cthvlcarbodiimdc h>drorhioridcEIJC.
“-e re pure 1 iascd fro m 5 igTsl:s ,\idra Ii Sint ia. Voo jigai. 1-1 ocsch t

333-i2 mci CrhiLight 2.0’ Bae_’tl,rn teere pi ov,deel b lm hrugcr
iCirl,tj,d, CA, USA). Lltraptirc e liitosm h droei,lorieie Ci lt
EProutsao LEP CL 113) suas obtained froti, Novansatri (Saudvika.
No nvty). letal bovine sentiu ([lis) si-is ix re iiased frotas Bioci [[001

AO (Herhto. O e rmauv). ‘[—E 2 —l ivdrn ‘e ti vi;— l —pipcrazi 1W cii iancsttl—
fonie tu id) seas pttrchiaseel from ‘VoLvo Cliemical indusin’ (‘CCI E

ETokyo, Jipant. -Ui utiser reagents svere usei1 wltiiout hirihier
p tiri ficai co.

Co-cuiture Modeis
fj eslabuisls ddlcrent ru-etilture tuodeis MCF—7 and 1,1111 edis

a ere gruwn in 75 trn reli ‘l’—li;,sks nu), D?s 11i?s 1-Fi 2 meditim
st’ppiemcnt cci with 10% Ev/v) 1115 suei 1% streplotnyciu and
gcnu a m vem Ali relEs sucre mc uba tet a 37 O, in a litimidificri
si mospi i ere sei th 5% CoO. Upon ai tai ni o coo ti ucnce. boi li ccli
erre i,tnxstcd tisiuz 0.18% psin and 5 mM Ei) IA o ohtaio
(a o siugie e cli suspeo sons. Cci:s sucre tained i th t opto lii ‘‘e Ii

ind e-o tunted bv ttsing ao h ir nlocviomc ler, 5 silos qi ,s-n lv, co—
ctlitures ‘vere seededae 1:1, 1:3. i:5 anel 3:i N1CI”—7 to hHB r,stios.
auto 6—seell pio es, vitii a tu tal number ei 2 x 1 O’ of e dls per suei -

(;ourol itomotvpie e uiuut’es of liVEl and ICF—7 reis «ore seeded

Nanoparticle Evaluation Assays

Figure 1. Co-culture systems are a powerful tool to test candidate drugs and delivery systems. The ceM cutures are able to mimtc lo vivo

cissees without the ethical and cosi issues associated with animal experimentation.
doi:10.137i/journal.sone.0070072.gOOl
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Co-culture Cancer Modeis

nsing tiw same mml numher of edis per seIi in separam weils. Co—
cuitures- and liomotypic culuires were mainiained in DN 1 F?i i—F 1%
complete medium throughout ali expcrimen[s. ‘Che evolution of

i’o—cuitures in tcnns of cd disinbutiun and moiIoiogv w:is
inaiysed llsing sin Oiympus GX4 1 optical microseope eqtaipped
vidi ‘ri Oivnapus .SP—500 UZ cligititi ramera.

Synthesis and Characterization of Chito5an-Histidine-
Arginine

For the sf1 hesis of fite muli ifune tional polyme r, C 1-1 was
eh emita iIy modificd with arginine (R) anti histidine (1—1) through
EDC/N[IS eouphng [31.351. For tltis purpose. chilosan ‘vas
dissoived (10 m?s 1 TEMED/l CL buifer. pi-i 6.0) Lo a roncemra—
tiun f 1% (sv/v). Subscquentiv, Ni IS, EDC 0.6 moi: 1.5 moi) anti
1 —i-i si idim 0.7 moi: 1,0 moi gi 1W osamine were subsequentiv
,dderi w lhe i hitos,n soiutiou. ‘Fim real tion was perftwmed during
24 ii, ai room temperature. ‘Fie functionahzed poiymer Iças then
diaiyzed against deionized valer M\VCO 12 000 II 000 Da).
lhe purifled cliiiosan-H poiymer was tlicn recovered hy freeze
drving. ‘Fhe Gil-li poivmer hackbnne Iças afienvards modiVied
“11h L-argioine asaloremenlioned. o vieid CH-H—R.

Tia’ incitision of amioo acids io lhe ehiiosan baekbone was
,naivzerl through pastou ntteiear magnetie resonan( e (1H NMR
spectroseopy bv sising ii Brüker Avance fli ‘100 MHz specteometer
llrüker Scienlific me., N.Y., USA. Ali the sampies were dissoived

in 1 mL DMSO-dr, through extensive sonication and lhe ‘li
spe eIra ‘vere coiiec cd wh h a gradieni —hased pulse program
vge.sgp. Briikcr), aI 2911 K tising a sprelr:d ‘‘iodo’’ oí 9 kiix,

‘1 ‘lie Ni\ IR spec ir:’ ‘vere prot essed anti :,naivzed with lhe
‘IOPSPIN 3.1 software (flrüker Scientifie me,, N.V., USA). In
aficlition, Lhe amino and couphng mas aiso verifleri by Atienuateri
‘Folai Rdllei’tanee-Fourier ‘l’ransform lnfrared Spectroseopy

Vl’R—VFiR) Prolocol Si lu File Si and Figure Si). Fite otrali
degree oí sul ulil ti [luis of ti ie o ri6nnai Cii poiyme r harkhone mas
deierm,ned hv A’FR-ITFiR, as previousiv descrihed eisewere [361
mean ± s.ci.: 43.8-1±6.67%; o = 3). in :,ddition, Lhe degree of

stih stitti tion mas alio deu nnine cl hy N?i IR an:dysis ti irough the
integralion of d,e histidine (6 = 8.1 ppm). arginine (6 = 7.4 i ppm)
II id ci titosan 6 = 1 .3 ppm) ei ‘arar teristin peaks 1H istidine ra—
tio = 1. ii: Arginine ratio = 0.39).

Nanoparticle Formulation and Physicochemical
Cha racterization

‘lo ensure lhe exislence of genelie niateriai for encapsuiation
luto nanoearriers the pVstX i —LacZ piasmid ‘vas initiaiiv ampli—
liefi in ter orni,in tini hai te ria ao d recove red as lo mie riy repurted

[37]. Bricíiv, for Lhe fonuniation of ehilosan-histidine-arginine/

pUNA (CH—1 1—R/pDNAI nanuparticies, [1w puivmer mas dis
soiveri in are iam buife r çp H 1-. 5) ai lhe desired concentra tino. Ali

aruino Ci-1—H—R nanoparueles “etc Forinolawd ai a previously

optimizefi amine lo pisospisate ratio N:P astlo = 60). 1 he
nartoparucies mere svntliesized by fie ‘,tddiiion pDN1\ to Lhe
poivmer solulion ai II 1v/e). ‘fite mixture mas tino I’igorousiv

rnhed Ilir i miii , .fkerwarcLs, fie compiexes were stabilized aL
room temperature ind reeovercd by centrifug:itiou ai IS 000 g,
Rir 30 mm.

Nanopartinle size and zeLa poteniiai ivere determined by tising a
/eI :tsizer Na no Zs ins [rume iii ?s i aivern insi rume nts, Vorces ler—
shire. LK as our groop previouslv descrihed [371 Ali experimenis
nere perlormed ai 25C, silh disposabie foided capiilaiw eeHs, in

automatie mude. ‘lhe data mas proeessed Ri fite Zelauizer softw:tre

(e 6.2). In adchion, nannparticie zeta pntentiai mas aiso sereeneri

in a range of diflèrenl pH’s 5,0 [o 7.-!), in order tu further address

fie pH responsive heliavior of fiuis system under vanous
conditions. Vise pi-l sereening “as performed hy restispeuchttg
i ite nanopartici es in huffers ‘viii a sitil sMe hufle ring capaci 1 y
Acetate buikr, 10 mM, pli 5.0; titrate hulkr lO mlsl, pli 6.0
ind pFl 6.5; HEPES btiíl& lo mM. pli 7.11 ind pi-l 7.1). Mi liii’

bttffers acre previousiy filtereri througis a 0.22 pm fliter.

‘Fite ni:,ntifac uired nanoparticies acre uso anaiyzeri hv
seanning cicelrun mii roscopy SE\ i. Prior Lo SE?’ 1 tinalvsis. tise
nanoparticie samples mere stained alUi 0.1 % piiospitoitingst e iteid
and sonieated. Afienvards lhe uanopartiele stispension vas
disperscd in aluminum stubs, and spuuer eoaied vhh goid alter
diying ai room lemperature. Nanopartiele samples acre then
‘‘is uahzed ou a Hitachi S—2700 (‘l’ukvu, J :ipau ‘ der troo ruir rum upe
configured sdtlt uplimal settingu for imaging mtno-stzerl materiais.

In vítra Nanoparticle Celi Uptake
use is vi/ias nanopat’tieie uplake in Lhe i’aootis co—t’iilttti’e

svstems (1; 1, 1:3, 1:5, 3: 1) mas lua lvzerl hy co nfocai iase r sca nning
mirroseupv (CLS)I1). ‘lii disonguish iil’IB celis from ?1ICF’—7, the
latter acre ialselled ‘titiu fie CellLigltt 2.0® Bac?iam Actiu—Green
fiuoresceni proutin 0EV) probe hy foiloa’iug lhe manufac ltirer’s
protocoi. Prior to reli sceding, he im:iging piaics svere surthec
coate ri svith coliage ii i, for 30 mio, as i’ecommel tdecl liv fie
martuflur turers Alter tise onset ol’ (II’? expression, variuus _\ 1(1”—
7/GFP Lo lsFiB rttuos ‘vere suli—ruitureri on 8 mcli 1s-Slide ibidi
piates at a densitv of 2 xi & teus per Içei1, ‘lhe edis acre etfitured
iu D?’IE?sl-i”i 2 rnediuin suppleusented s’ith 10% ivA j l”BS. at
37C: in iuttmiíied umospilere s’iiis 5% CQ. Alier lhe firsl ti:t’ oU
co—e t,hure. ii te edis acre iucuhued a’hh C li—li — R ua nopari lei es
io:uded viih RFFC-iaheliccl pDNA (1 pg/crnl for 4 Ii I3i ‘Fise
ntunoparticle s “e re Uso inctti sated 115 mcm oi-tti [tires ol li Ei 8, ?s iCi”—
7 and Aeimn—Gl”P MCI”—7 edis. Iii :,dditiou, ?‘ICF—7 ceHs st:uucd
1’itii Ci 1V mcl me ttba teci eith uakeci RI’ 1 Ci —p UNA acre useri is
eonl rois (Figure SL). Alter is ‘1- ii use uba tio u mie riod, e clii acre fixe cl

a-ilIi 4% paraformaideisvde (PFA) for IS maiiit, exieush’eiv c:isi teci
a iih P85 and siain cd ‘s-it h i’lot’e hs i 333! 2® n uu’le:,r prohe ai room

lemperalitre. Ccii imagiug “as perl’ormeii ou a Zeiss i.5s 1 71(1
huser se:lnnitig ctinf ii ii micruscupe Guri Zeiss S?’I’l’ mc,, 1. ‘SAI ha
usiug a Plan-Apoclsrom:u ‘10 x/ II OU DTC objective. ‘lhe intages

of the sampies acre anqtureci in z-staek inode vith a siiee thickness

of 0.23 pm. Orihogonal sectioning ind Si) reconslrticlion ol’ thi’
viriotis z—siacks mas pes’fhrme cl iu ti te 7 e iss LS?’ i ia:it soh ‘‘‘are

2010).

FIow Cytometry Analysis of Nanoparticle Uptake
TIue effeet of difl’ereut co-nuliure t-afios ou lhe exteut and

spe cificitv oU nanopan is-li’ tipi ake a as ,‘tnaivsed lisrotigh fios
cl omein- bv usivtg a BU FAC 5 Cahhtir fina cyiome ler i Iec ou
Dickinsun mc., USA). Brieliv. for upiake experiinents, eu—cuilures
acre seerleci in ti mcii euiture piates duIi ti lolai ul’ 2 xl O cclii per
mcii. Cciii acre grown for 2-1 h in DML\i-Fl 2-10% 1115 prior lo
di experiments. In :tdrhtion, co-cuititres and monocultures ol hI’ iii
and ?s iCF—7 lucre ttsed as rontrois (o nstabhsh fite correct gil itg
and anquisilion parameters in fite EL— 1 530/30 um 0 Ei’) aud
F’L—2 (585/’i2 nua RFlC; elitunnels (Figure 53;. For fie :tn:tivsis of
nttnop:trticie upittke in th e es, dotts tu—e cmi ture s Gil—mi —R na nupar—
deles ‘vere prep:trecl s’itIt freshiy hibeleci RflC-pDNA l llg/cml
ind iuetlbaLe cl dili cclii for 4 h. Afie mal rcls, Use cciii acre

extensh’eiy rinsed with ice coid PUS and han’esied vitIt 0.1 85i

tn’psin/S m?uI LUTA EU sylenediamiite lelraacetic acid). For fina’
eylometry anaiysis, the edis is-etc restispcndt’nd in 600 lii. til Iicsh
PUS. Data aeqtiisition ‘s’:ts performeci iii the CeilQiesi i M Pro
sofucare vIiere 8 xl 01 events acre reeorded in lhe galeci regiuns oU
interest assigsaed lo isFifl and XICF-7 cciii, floa eytomefl’ haIa
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vas analvzcd in lhe iria! version of FCS express vi researri,

edition software (De Novo Sofiware, Ontario, Canada(. For rito
caictilation ol ccli pcrccnlagc a gaied region ranging from 101 to

O uas uicd. Flui region is delimired 6v a marker in Lhe
Itisiugratos ind corrcspunds Lo Lhe R2 qu:idr:mi in lhe dou pluts.
Ali fite ltisiugnims aí non—ire:tted rontrois wcrc stihtnirird Lo fite
lusi ograins obuunr cl lbr rhe dilFe reni r:itios.

Results

Co-culturas of MCF-7 and HFIB
Iiiitiaiiv, dilibreni hrcast cancer co-cuiture modeis wcre

estahiisiued using various ccli r:trius fino wcre previuusly clesrribed
in ii le Ii, cear ore is being descrip tive ol az rui—rnirnirkmg condi—
Lions, immelv, 1:1; 1:3: 1:5; 3:1, ?sICF—7 Lo ItFIB edis
[19,3940,41 ,42j . ‘lhe evolution of Lhe csrabiisltcd co-cifiture
mndeis is presou icd in Figure 2.

li trougi the :,n;,1 sis til Figure 2, ii is cieariv visible di:i t edis are
adiiercnr and rapabie oí remaining in co-rulture for severai (IayS
isitiioti É de É: cl ‘meu r ar abnonnai ccii dciii i. hitcrcsringiy, in co—
etrh tires Lisa’ ‘core esiablisi teci viii i more í,brohiasis ii tais breasi
rancor edis (Figure 2 111—11.5 and Ci -CS. ?s1CF—7 ecOs cicveioped a
sligi ti ‘crI rir rir’ LO 1 csrrn 1 ggi(lniC rales sllrrutin dcd Iw lii uroi ,i:i.s Ls.
‘I’his :sgginmeraiion is pariir rilari cvidcnt alice 8 days aí ca
rtÉl [tire (l’ignre 3) ind ii is associ:ited witlt Lhe phcn o Lypic

t:irac Le risi ics o! bre:is 1 r:Inr cr relis ii,:, t are org:inizcd iii trinar
si ri, ri tires [13]

Synthesis and Characterization of CH-H-R Muitifunctional
Polymers

fite idrhtio ti aí an tino and residues to LI te ri titosan haekbo ne
“as coníinnerl liv ‘H N?s IR spentroscopv. ‘l’iw resuits in Figure
A and li clcmnnstraie ihe presenre aí tddiiinnai proton peaks ar
5I.5 ppm 1—CiI—. Irarginine and L—instidine. nomber 1) and
62.8 3.0 ppm (—C[I2NH—. L•:irgininc, numiser 2) in nompar—
imon o th iii’ spí’c 1 ia aí chit ns:In alone. liso sigsials iii aI
correspondi Lo C .1 c:,, eu rhuus uf r isitusan are ntaskerl by solveni
pcaks. lhe riniosan :,nonserie narbon sigwds are ubt:iincd
beisceen 1.6 [.9 (numher 7 ind 7( [11]. The proion signal
:11 1.9 pprn (nomber 6) norresponds ro Lhe GIl1 groups linkcd
la fite :tcetamida maieries ai’ nltilas:in [‘Iii. TIie existence ei tic
cl,ai’acieristic praIaii pcak 57.[I ppm (—N1IC1l = NIINII2,
nuniber 3) :tssigned Lo lhe guanirline íurtetion:d groop [1 5j presenl
in L—: Lrginine srzgges Is Lhe sue r essftui usei usiuri of tisis anuiu a id.

ti a cldit ion, liso :ippearanec oí e htaraeicrisiic prol on peaks of ri te

L—isistidine irniduzoic ring 8.0 8.5 ppm (—N = CH—NH—, num
her 3) alsa iii dicai es i rs inchisio n iii i 1w cl lilosan pnlymcr. II ist clii e

LIso presents proron pe:iks ar 67. 1 7.2 ppm tIna conesputid Lo

ilie 112 iu rirogon (I-IN-CIi-G, nuniber 4) in fite imid:izuie ring.
Ileso rcstilts are in agreement ;mirii r]tose ohL:uined by Al’R—FlIR
anaivsis (Figure S2).

Nanoparticle Formulation and Physicochemical
Characterization

11w svnrltesis ai Cl h—H—R/pDNA rt:inoparticics ‘vas promoted
ti e es t:dslisi uni cri L o! ti [rue tive der [costa rir lo rees he rocei Lhe

pasitivr]y nit:irged poiytner backbone and rhc ncgativeiy elt:irged
pDNA biainoiccuies. Nanop:trtirie sue chararterizarion fitrougis
dvnamic hglit scariering (DLS) revealed tilal ihe nanodevic es
na riu! 1w rured ii tratigi i 1 his p mc eis have stih—re]luiar size in Lhe

na nos ali range (Figure ‘1 C (, a v;duiabie charar 1 erisric ii iherapeti —

fie tpplications are em’isioned, SE 1 ln:livsis :ilso rlemonstraied
[11:11 parliries presem a sphterirah-like moqihuiogv Figure ID).
Additinnali. rito anaivsis aí lhe zeLa parenrial revealed diii fite

ssirlhec ci targe ai’ fite n:inap:trricir s is 1 ugiliv positivo and in Lhe

range oU parriele srabilirv, ir., no partieie aggregarlon was obsened
(Figure 4 C ind D(. ‘Fito tnochu,c:llian ai liso zela putenual aI
n:Inop :irtic les sdth em’ironme nt;il pH w:is :tiso investiga i cd iii
arder Lo íurtiscr suppnrt Lhe arquisilion aí a pil responsive

beitavior sviuen ilie amino and moicries ocre graíiecl mio nativo
riu i rasan (Figure 5). fite obrained residi s demonsual e iiia 1 ri e
nanoparticies passess a lugli positive charge in the range aí
lysosurnal pil (pil 5.0 tu 6.01. lnierestingiy, ii lugher pli, lhe
surflice charge aí Lhe nanoparticies decreases, iilti.strating Lhe

deprotonalion of Lhe pdman’ :imines o!’ nintos:in and o!’ tiw
positiveiv chargeri imidazole grossp oí Ifistidine (Figmn’e 5(.

Effect of Ceil Ratio on the Efflciency of Nanoparticle
Ceilular Uptake

ll cc ronlirnting ii ie sorressfttl svn 1 itesis ai’ fite tt:inctp:trtietibi [cd
svsiems and fitai Lhe )sICF-7-htFIB ecOs rernaineci siabie ir, co

tiirurc, dilfcrent reli ratios ‘core ilten esi;iblisheci in ro-ruiit,re
ciiIi fite piirpase io prnvide a piatíoi-m ra cvaiuaie reli tiptake
e-vents oU a mitltiflinroanal narsoparurie sysrein c ompriseci oí Cli
ii— R and p DNA. Ccii nI te upiakc aí ihe mm apart mies was iii ii iahlv
it:tr:tr terizeri hy eunïoral mie roseopy Lo ev:tiu:iie fite ir reli

irtt ern:fiiza rion e:ipari ty . flte art:iivsis o’ ti te 3 D reeonstrne tion aí
eo-ctilrure modeis dernonsrraie rhar tlte isanoe:trriers are exren—
siveiy present in ilte rytopiasm (Figure 6 A(. ‘lhe pDNA—iu:ided
nartop sri ir les are :iiso loralizeci in Lhe reli nucleus as si tosv in
oahaganai shces (Figure 6 8, III, 82, srhiie arruws( and nuclear
scniinns (Figure 6 C. svlnie arrases), s Inreaver, a roinrahzatinn
au :dysis ais dso perïormrd lo Rirfiter rorrolsoraie ti tese limtdtrsgs.
As sitamen in Figure 6 ii (rol nn:duz‘a riais c’hannel gre v calor) ii loro
is a ‘is ible eoioe:diz:i Lion be [‘cccii Lhe RI’ F( —htbeheci n;Lnoe:irriers
and ihe iti trar eliular e amparo no ‘ii (purpie arrase), 1 ti addirio ii. liso

nunicar roiorahz;irion also ilhissrr:ites rite exisrence aí nanoearriers
iu riso ntiri ear rumparlmen É.

Nanodevic e ia rgc Ling napa city ‘vis liso evaiuz, teci iii ti te

diflèrent ro-nulrure modeis bv roníarai mierosropv and Aba

eyroinerry bv labellitsg rito p DNA preseu tL iit n:urtoii:irrinies o’itit

RI] C and aiso nancer ecOs seiti, a G FP—anrin prabe. ‘Fhi’auglt ihzis

approanit ao ocre abio ia disringuish natioparuiele up 1 ake it t boi it
reli ipes (Figure 7), Anaivsing Lhe varians CLSàI im:iges. ‘se
obsen’e i lia t Uor he differen t ti te no—e tdtitre ri tios, Lhe muztop:irtieic
intcrnt:iliz:trion is rnarkerUy ItigItcr in àlCl”—7 ecOs in ecsinpai’ison
wiLl, hl”lB (l’igure 7(. In íani. fiou’ cyromcin’ analysis ionfirins Lhe
ubsen’ations oí CLSM images Figure O sItuas tina tlte CH-R-H/
pDNA nannpariinies enier prel’erentially in ?m 1CF-7 ranrer colhi, in
rio rrimcnL ol’ i t FI 8, lo r LII eu—e uiitii’e ra tios, ‘ fisis lin rhng
emphasizesa passible seienrivit aí luis syslem tase:irds ni:diguant
cclhs in heierogeneous mnieroenvironmcnts, Mcsrcover, n:lnoparti
ele tipi tke experime nu in mi mi mrrzh tui’e ri \ 1 CI’— 7 ecOs uscl ii El 8
indinate tisat Lhe nanonarrie rs are more inre rnahized iii iti: uIi6m: uni

edis fisan in nnrmal edis (Figuro S 1). íui’fiter emsiiasising file

rostdrs obtainerl for fite ca-culture experiments.

Discussion

Crtrrcnriv, Lhe ncrcssiiy la impravt’ lhe c’lreienev aí :inti—c:tnner

riscrapoutics lias enr auraged rito des’eiapmeni aí prafiricnt
nanuse:de drliven svsienss duaL are c apablc oí t’cnicic ing lar dizerl
and sysiemin siclo effeeis oí eonvennonai nisernoilterapeutins 181.
flsese rtinonlevir es possess a sei aí uniqti e properties tI tal improve
rito pliarmarakinecic and plsarmacadynaniir pruísie aí biaanrive

mnoiecuies, innreasing riucir hioavaiiabfliry ar iarger iiies E 6J.
Artsialiv, dito ia fluir versanhtv, nananarriers cm he engineereci

lo seiertis’eiy reragnize targei rumar edis and evade lirsi pais
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Figure 2. Optical images o! MCF-7 and hFIB co-cultures in different ratios during 10 days o! cultura Co-culturas aí MCF7 to hFiB of
ratio: 1:1 (Ai-AS), 1:3 (Rl-B5), 1:5 lCl-C5), and 3:1 (D1-DS). Monocultures of MCF-7 (El-ES) and hFIA (F1-F5) were used as contros. Origina!
magnification 100 x.
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metabolism. plsanr vinsis rir rapid hlood ccara,,ce. decrt-asinC lhe
probabllitv of off-t:irget evunis [3]. In addidon. Gare lor;ilied
‘‘itl,in die te:lt,1:ir conp:u:nient. n.lnointineri prole 1 tinir cargo

frnm taitiral clnlg-resistan( e mecliaiiisms ,n tumoral cells. ssiclt as
tliosc riependens ou ABC transporters, and slso gnude the
the rape sitie rnolct ule s Lo tijeir intr: celular Largou [16] Ali ti tese
kcy rliaracteristics are ltigltlv dcpenclent ou lhe difíereur stages nf

5

nanocarrier des igr. and assemhiv. There fere, a propor evaluaüon

dtning the nanop:irtit lo clc t-:oplncm prores i e riicial ibr

stit 5 sFi] appi t ition lo

lis fac t. ti te evdu trion of novel de hvery sys rei ‘is 1 istu t he
tiioruughly perloeneci in order Lo provem putenuil iw:i[tik i’ish

and identil- optimai ciiaracterisiic s [9). Gencrallv, lhe prc’—c huical

evaloation aí die biologicai perforrnance of a nanodevice is rarried
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Figure 3. Optical images aí MCF-7 and KFIB ca-cultures after 9 and 10 days. Co-culturas aí MCF-7 and hFIB 11 (A, B) and 1:5 (C, Di. Original
magnificalion lOOx.
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LILII huiilt ri, -rir,,, iising ccli t ttltt’rcs, ind ii, rico, iii itn,n;d

mndcls. l Insi e’er. lhe i turrelil demand Lo redur e animal
expe ,insct:L: nau dttc LO Li le i,sOc ia ter! e LI neal and econolnic is, tie

luiS pi rimpLcd de de’ clopnit nL o! tiLe rn;ttivc ippro:tcI iC5 Ut Ii is

ccli til (tire, - li ms cccl-- in arder LO LII tIne k ili e Eul pote utial af ccli
ulture usodel, tnd oh La in lOGre Efelike resulis. che dIIrercIs e

be Lw cc n sicnplc reli r tIlLctI-e s and ii, rito Lissues lIas tu be rcdut e ri.

- II’ erilhre, LI ‘e dcccl ai ‘mc tu 01 nosel models hased ou c o—c iti (lues

has ljruugitt IorLlt die posstailiLv lo rnimic tumor Lis sues in sw Ii a

t Lhe pl i s lolugli tI en’ iruntncnt fbttnd ia rito can be

repl ii aLecI o :11w. - Fes Li ni, nanor arrier andidai is in LI esc co—

ctdt ‘Ires fl I CIII 5. provides more acc uno e result s, since diese
rcprndtt cc tumor prorcssínis. drug resistanr e and alto ceil-reil

1 onImttnir miou [17] 1 tI lese eventI idtim:i [clv :tffcc L LII

‘liii OIL tI peri unli 1 ni e ul a givcn na nor :irfler no Lcm ind i
ln:mdecl hinac tice moicculei.

II clii e. I Ler ome s :tl lIlhi e lo ciii mcl cdxc nanno:krI ir e ccl ul Ir

19) L:lkC OS (O —(tIlitIre t ttode Is O cetI, I 1 [e ii cir L:trge ting spcc iflc i L.

Nonct ilelcss, SInt e tlte 1 cOou o! o tnup:Irticics 10111(1 cl utnge

acrnrding to tlte cliaracteristics aí the tumor microcnvironmeilts,

evalu ai ing tarjou, c o udin ioos is a e rucial requireme II L ili
—

clinit ii dc’ c loprlteol. - 1l ruttgli this tnah-sis t IIc Iction o!

íitnct ion:di zed uru topst-t ir es :tgainst malign mi ecOs can Lhe n Li
Lune ri rlepeuchng ou t 1w t umo r niche and its surroundtng normal

edis. For L1I:LL, it Ler ornes csscnLial Lo dcvclup canoas cu—r tIlLtIrc

models ii tal rei srodt ice dvnamir emiroumen Ls. rIs tio, iterein

cililIssIn lttni Iit,ntli.’crl nanopinLicles ‘sele tested O 1(1—1 tilttircs
si itlt diffcrent rnalignant-io-nnrmai reli canos. la perfnrm titese
assavs. dilfcrcnt naLios oU isHB ind brc:ist (ind cc c dlls : 2m [(.1-
smcrc used. 1Itc se moricis ts e rc cSLIbisl cci h LLkir.g lo Lo as tu mil

prcsiotts reporto seltere thesc particular reli raLios ‘vete ttsed íor
mimic king c:ttlccr emironrnenb [19,39,40,4142]. FI,ziII e 2 sliosvs

LI te 1 nu i prolile ra Lion cate oU butll ccli Lvpcs, is iLI nu t bnonnal teU
deat h. c omparcd siit Ii Liteir m nnncuit Itre coitnt erpani s - laicos-e r.
cl te rcsuiLs sitotsn in Figure 2 confinrn t 1w good iuicrai : ioits

be (“-eco MGF— 7 brctsL tIni cr t clii and 1 1F1B, and Lhc neO., te LI ‘e

ciii r ciuliti es:ah!isltmeni oU Lhe se co—c clititre modcls -

Regirrlíng ccii rnuqhiluiocscs, the op Lii ai imae’c, -1 g tire 2;
dcnsonstralc that both cd :VpCS prestes-e cheir phcnn:cvic t raii,.
C ancer edis m ain 1 ained titeir cpitite i iai morpininz. smit it a
poh uun.tI ui;ipc [-18.49]. Vhercas ísbroblasb sltow titcir i pical
sptodie-sliipcd rnorpllolocv [4850].

1 nt eresi 1 IgIv. a cluamir charge oU reli st nu tirai o rta luzi lo ti

Is LI L LI ‘e IemporI tini o [loa ulc u—c ali LI cc mvts alsu tiL es cd. lo eu—
cttiittrcs ss itlt a Itigltcr numher aí ihrohiasrs tlian hrcast etilcer

ecOs. !s iC [-7 forzned ccii agglorneraces sitrrounded Lv fibroblasts
1 tgtirc 3), ‘pproxim:tLciy 8 d:tys aftcr cO-eLIlLtIrc estabiisltrnenL. IL

is imporut IS lo empitasize Liii L Lhesc aggrega Les pre sent a sim lar
OrganizaLiois Lo tit:tn oU breasi caneer ecOs obiaincd tltrottgit
biupsics [51J. AeLIIills, MCF—7 ecOs reurg:tnize LIlcInseis co ‘o
strttc 1 tttr 5 sinular Lo acinar archi Ice Ltlnes dt ning co—ctth LI re L 21.
iltese conformations are normallv fourid ia isum:LIs marnman
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tissue [I• lo icrordince viili tlwsc results, previous reporls uso
lilgiuligisi ihe exislence ní distinci Isisiologiral features in 11w rourse
of rancer n’olution (31(. ‘lhe obsenation of ilus siruciural
tirginhzalion of hreast cuncer edis iii our rnodcis flirihier supports
11w reprochirlion oU iumor-likc pruperlies is, cUro. Eu 2007, Bissell,
foiind dsat lo arlclitiou ‘o Use presence of a reilular microenvirou
mcnt, lhe stn,ctureil organitutiou o!’ edis cm influence ilteir
hmc’iion [5-li. ‘fhc growth and malignanu hehaviuur oU cells
appears ‘o be rcguiated ar use leveI oU ihe overall tissue
orgInhzution. Despite dw fileI uhiat some co—cultures rlid flui
lhnncd reli rltisten Figure 2 AI -AS and El—ES), [bis làrt does 001

illustrate thal these ratios oU ro—culiure are 001 suitable lo
reproduce die tumor microenviroumen 1. Wlsen breas i danr er is
lo lis invusive 5[HgC, edIs luse dicir glomerular anuiomy, like ilsose
presented in Figure 2 AI —AS. Indeed ihe majority oU invasive
tunlours tIo not displty r lutou leristie fea turca oU breast cHore r
edIs. ‘l’lscrclurc, tIl dese cu-cuhures svslcms, shuwn lo Figure 2,
represeni viable co-culture systems tiiat mimic diíTereni stages oU
breast cancer development.

Subscqucnilv, Lhe successiul cstabhsiirneni oU various cu—culiurcs
svstc ms ahlowcd uhc evalua doo o uhc he rape sit ir rapar i iv ei’ lhe
nanucarrier system tcsteri herdo, ‘h’lw poImcric nunoparlir les
uscd lo this study are rumprised hy rlshtusan, a bioronipatible
polyme r wit Ii posis “e r liarge tI sal Ias u Iw ablui lo ei r apsulaue
thc rapeul e nurleir acids [531 [lis ti ‘arar 1 cristir reuclr ia ii a o
ideal biutn:uteriul for gene dcliverv [SSj .) lureuver, lo mc reine Lhe
biologiral irtnity and selertivity oU the svsteni, the pulymerir
bickbone oU cl utositn was culto ronj ugated seu li isco lime nunil ind
bioinspired hgands, nameiv, srginine and lustidine. ‘lhe conjuga
doo oU eh tosan sntli iliese Iigands lo vield th e multifu n rio o aI (1 1—
l-l—R polvmcr “as dcmenstraued by ps’ouen [1’ RMN spcriroscopy
ihiroughs Lhe exislene e oU tie cluir,cierislc pruton peaks ssi5med Lo
the funrtional groups oU bodi cunino srids.

Following polvmer syutliesis, tlw plsvsicorlerniral cliarirteriza

doo oU lhe pDNA-Iuaded uanoparticIes rcvealed tia titese
deliverv svsuems base sues suitable for tumor att umulauon and
cdl upuake. Morcover, [he ovcnIl pusilive zela polential
•ddhtionaliy runtributes to die cap;riiy oU n;snopartieles [o luteruri
“iiii [argel edIs - ‘lIsese suhiable plsvsicoc hemica 1 r Ijirar te ris’ lis
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Figure 4. Chitosan-Arglnine-HistIdine and nanoparticies physicochemicai characterization. ‘H NMR spectra oí unmodified 04 (A) and
CH-H-R (8 and Dl. Zela potential (Cl and SEM analysis (Dl aí CH-H-B/pDNA nanoparticles, respectively.
doiel 0.1 371/journal.pone0070072.g004
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Lysosamal Range

Figure 5. Zeta potential of CH-H-RÍpDNA nanopanicles at
different pH. Schematic representation ofzeta potential decrease as a
function of pli. Data is presented as mean s.d.
doi:1 D.1371/journal.pone.0070072.g005

anti a drli 1 usou 1 a uttir es ure uttrib u sed tu si te oc.j uga 1 mc. ul
iiitns;ui suiiii iiisiiciiiie mcl arginine.

:rginisi e iau,, hi eu recen ii’ dest ribed este tu ii bie ]iL’:und. sint
ti ir cru -:usc-s o: nnp: -tu le tipu a ke li rotigh che es i hiis h meu, ai

eia Iroslalie lulerat tinos seuli 1w ncgaiivelv iiiatged cancer Ccli
t itetnbrui tes [561 iii :sdçiit ou, ti te e liitos:in—b:useei delisen sxs tem
te sted is uso tu o’ pi’ sed ol lis tidine rnoieties ti a ilispros e ti ie

e isdoscei 1:u 1 re case eap:ieilv uf bis muna arder. liorioscui it:ul releuse
ii:u, breu described si coe nE Lhe nsost rale hmiiing stages ia the

tieiien ef isin;uc,ive molerules encapsuiaied in nanepartities.
sitie e the tan herome trappcd inside titese vesicles, :i iuct tiI:it

sigo ti ii tu th tieereases Lhe ir tiser:upe ti tit e lFcaey 5 7] II ‘e
preselire nU histidine residues preseuts addhinnai advantages in
the ueirhc mil reenvironi ‘se tlt ti na sttrrounds ttimors since tisis

tu fino a iti leis a pi 1—respons ive hei iaviottr lseeuming posiiveiv
cisarged ai miidiv acidie eniudiiinns. inereasiug tlterefore lhe
e:itionie stirfaç e charge of the nanodevices, in faet titis valo: ibie

1w Ii:uv tu ti r is corrobora teci bv tlie zela pu teotial experime nts
perinrmeei ai duiiërcnt pi is, svinch demonsirate iliat iii lite
ivsosnt tal pi-i r:i 1 Ige fite nanocarriers are 1 igi ‘lv posi t ivelv ri targe ti
11 gt ire Si 57] H ist tdiue uso prumutes :utt :,dditiunai p14 —sensi tive

si ti li tu ii te ccli e’ 1 opi esta, becom iii g neutral at pi ‘vsi ni ngt ai pi 1

‘los fisei t 1 t O’ Ijuga iio o tvitit ti te de p lonation oU iii e ei tit osan
print:i rv o n nes ilsu ii pi ivsiuiogic ii p 1—1 liii eun tributes tu a
loa er /rla poirnuai, as demonstialeri in Figure 5. Tisis intt-rtsting

responsis e prniiie is oh iuiaieiv responsibie for lhe pnssi sie coteI nU

b je li lo iei ttie rele: se ia ti te in 1 n,ç ellular r unipa atue o e
—I tese imporiam Fealtires improve fite eehuiar it1siake nU tltis
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Co-culture Cancer Models

A

Figure 6. CLSM co-cultures at 1:1 ratio for nanoparticles ceiluiar localization analysis. Confocal microscopy images ai MCF-7 breast cancer
celis after 4 h of incubation with nanocarriers (A, B), orthogonal sectioning in xy axis (Bi, B2), 3D reconstruction of the ccli nuc!eus (C). Colocalization
cl the Red and Creen channels (DI. Colocalizatian ci the Red and BIue channels. Red channel — RITC labelled pDNA/CH-H-R; Creen channel — Actin
GFP staining cl MCF-7 BIue Channel — Hoechst 33342’ nuclear staining. Crey channeis: colacalization anaiysis.
doi:101371/jcurnal.pone0070072.g006
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Figure 7. Confocal laser scanning microscopy images of nanoparticle ceilular uptake co-cultures at different ratios. Co-cultures of
MCF-7 to hFifl in ratios of 1:1 A—C), 1:3 (D—F), 1:5 (G—I) and 3:7 (J—L) after4 h of incubation with nanoparticles. Red channei — RITC-iabeiied pDNA/CH
H-R nanoparticies; Green channel — Actin-GFP staining of MCF-7; UIue Channel — Hoechst 3334$ nuclear staining; Grey Channel: DIC; Merged —

Superimposition of ali channels.
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Co-culture Cancer Modeis

Figure 8. FIow cytametry analysis of nanaparticles celiular uptake in MCF-7:hFIB ca-cultures. Representativo doo picos of nanopanicie
uptake in the different co-culture ratio5 (A—O). The R2 quadrano was used as a gato for histogram analysis. Representative histograms of nanoparticle
uptake in MCF-7 celis (E—H) and hFIB (I—L) populations with different co-cultura ratios after 4 h of incubation with RITC-Iabelled pDNAJCH-H-R
nanoparticles.
doi;10.1371/journal.pone.0070072.g008

a ilcar íkonore, in encapsulate pUNA cncnding genes For caneer
tlierapv. 2’! ore uivei, in Iüttorc vorks, til the se co—culture moelels
nt’v liso be estabiished in turve diniensiunal mairices, in .irder lo
obtain organotypie strtouturcs.

Supporting information

Figure Si ATR-flIR spectra of CH and CH-H-R
polymers. Bboe opecora: CII polymer. Red spcctra: CI-i-I-I-R
mndiíicd pnIvmer. Fite moeliiivaiion o! tlie naiive poiymer li- ilie
ind usion of ilmino au ids tlsrougli a seleu tive imidanon prou es s is
cnniirmed bv 01w inurea.sed pede inlensity in the amide 1 band
(1630 1663 uni

— ) of Lhe CIH—H—R speetra.

(11V

Figure 52 CLSM images of MCF-7 and hflB monacal
tures incubated sith CH-H-R/pDNA nanoparúcies and

free pDNA. Culourvs oí IiFIE A C), 2’ICF—7 D Fj anel \ICF—7
non—stoined (G L afier ineubation svioh nanopartieles. Red
channcl Risodamine 13 lahcicd DNA/C:l i-Il-R nanoparticles.
C reen dtannel Aeiin—C VI’ MCF—7 edis; Elite Clsannel Cd
Nuuleus (1 ioeultst 333-i2’); Grey Cliaronei Diflerential interfer
ente ronirasi (D1C); 2’ierged Stopcrimpnsiton o! aU cbannels.
Boih àICF-7 (Audn-G1-P anel non-staincd) ind hFlB mono
euiturvd edis iniernalize nanopartieles. RlLC-0DNA alone is
tinable lo iranspose lhe cstraceHular barriers 3 L.

1 F)

Figure 53 Controis of 1kw cytometry anaiysis of mano
and co-cultures non incubated with nanoparticles.
Represenoanve lsi.stograms of non-staincd anel non-inciobateel
2’ICI--7 and liME monoenitiores: FL-l G1P diítnnel L, 13), ond
FL2—Rlsodamine dsannel C ind 1)), respet tivelv; Rupresentative
bis ograms of non—so ained and ii on— in e nhao cd 2’ 1 C F— 7 a se! lo III!
co-eulturesat varinos ratins: FL- 1 G FP E, 1’, G anel H) and M2
Risodarnine (1, J, K and L).

111)

Figure 54 Nanoparticle uptake in monacultures by flow
cytometry. N lonoroiloure of 2’ IC [—7 edIs A). 2’ Ionnctditores of
IsFIE E;. 2’larker une rcpresents tise gated region used for data
andvsis.

File Si
DOC)

Acknowledgments

fIou ;oooolsors wuiold like (o tlsarsk ‘o De. Ana Nhoroinlio for tIl lour ieip ind
Professor 2’lioiosul 2’ioarato for providing lhe pUNA simples.

00

lo

00

‘O

1MCF-7: IhFIB 1MCF-7: 3hFlB 1MCF-7 : 5hFIB 3MCF-7: IhFIB

‘O

A

, -z<
orp (EL-O)

E
Soou,; 8.29

-

02

o
02

150

‘O

— lo

40

20

B

Ri RI

R4

OrE (EL-O)

F
Soou,: 4.70

LÁjt,

o

oFP (PL-l(

—
o
-4
0.
o.— 5oo

lo

000

‘O

20

200

110

o- Iioo

50

c
lo0

o 0
. lo O 05

L
R2

ti! R4

7.•
000 00’ 10° 05° 00’

OEP (EL-li

104 ‘00

lo G

._ 00
Soou,: 4.01

° 40 40

20 20

*

H

000 101 102 002 * 000 1
io uo o? 000 1

°2 i?

Rhodamloe iEL-2( RSod.m(ne (EL-li Obodanio, (EL-li

Soeilo: 00.90

Seoul,: 0.21

L o

200

110

100

0*

000 ‘az ‘,

Rho d.mOne (EL-li

%oeOI.: 0.89

200

150

100

00

150

100 ,? io os’

Rhodamloe EL-li

4
lo 000 150 552 Jo’

OSodaslo. (EL-li

44

_100

8
00

L
Soei,: 0.19

jL

l0 lo 00 lo lO

Rhod.mine (EL-li

000 001 100 a? 00’

ROodamine (EL-li

PLOS ONE www.piosone.org 11 July 2013 1 Volume 8 1 issue 7 1 e70072



Co-culture Cancer Modeis

Author Contributions

Uni i-ivrd ind disignid theexpcriiti,’ni: ECU V1\IU UU. Pcrfiirnicd ibe
cxpriinienis.EU( \MG JOM. :\nalvv.ed lhe dais: ECU \‘?.IG Ir. Ur..

References

• a iiir r V. I)tillaart A. iiork Ak. Zori k A ‘.100í,i TI ir umu rgíng nanornrdirine
iand’r.ipr Na:u:r h:oieclinoup li lii na.
.tlrr. 1 31 21)32. i azand flc,CL-icd ti icnpeu ir, o m:icancc r iirnpv. Na ore
Bruro, Cii; ir 2: 7]J 7Ii4

3 ‘mcm 6. 3Ikr;i R. Salto,: SK2OI1iNaniip.inicics. ah,wmtodrdciitn
:.i-m;prti:iii.diz,g,oi,LK;rndm;;ia:nt.N;mniimi-d.t]ncil: 1-17—idO.

1 Nih i.Aj—Ia;idi 31 -20(, h4oi:-tird naniipari:cie,aip:ctisccrau’dcin-rn’
i,Irm, io,mrnai i,f i Iiil;ir iii,,, 9,-mitmn- 97: 1190—1190

3. N;igp,IK.SinjhSK.31i,hr.:DN lEio (:bimoi.,sn;inip.riiiirr aprnrntsow

,,,ii’minnin,icbiiaei;-i,in- (.hrmii.ii.,ndpinirr.i,i-oiic.,iHi/LriinSH.iil.i
11:10.

6. Siitii,; TE Rim il Nie 6, oiii,i DIU :lWo N,:m;oi,’tisica.z’
ii,’ r.i1m.-u:;i,: i,i,;c’::1u.ar,_ci -‘ti, ,1i.ini,ir 1 ir Ir:. 6’’ mim. Nia:,-,ni
ihto.ipiii:ii.3: lI_O

7 SEm u:rui,., .\ 11, l-.;nAI:z.ii i 01. _:,:.7t 1< 2010- N. nutro .imoiu’;iniir’.a
delitrry ind nour co gmnecring: from d;tco, ei-y o applic.mlions - N ano miii’ r, lo.

:1-22:1 32 III

9. 3Iow, liA, lirum II, langer i{ i2003’ .\d;anciog diu fcid o[ dnig driivrrv:

i:;kmng uni a ic;li,rmr. U.;iiii’r Ccli 1: 337 III.

9 St:mmm;iii AP, SUam, V, Zurro F (1011h 1 ,,x;ot,Iumgy inn,dganon, wilh iii

culiurcsoiimmi. 1 ;ai;-;mli,gy 20:91- (33

lO. Uiinn P. Ri_uni9 EU. Lanche 19. 3lu,iid9il Li, Pa,,Im;hn J, mlii, (l006i Reirtin 9

imr;ilrgics fOr s:,fë mv cicio:; um,; 1 nan,,iim:,mrruals, p:irl \ riiie iii disi,,I ciiinnin

iaui;iiigic.ii 6dm ,i’.;d cOmum tU naxinicale m,irmmtics. - i,uxio,,lngic.il Scimiic-ms 90: 23

Ii - II iigcni’srii Ii, Nik’,iin AN 2011] (i;ailri;gu-, iii are—o liii;rai muii;ng ii na

driigoinoi-ll ,-,dlmmn- ind iii mimai mudei Juiiirn:mI 4 (SincriUlu’d R,Ir;icm’ 06-1:

193 181;.
II D,;4l EL, Ciipps AU. Si hu’mimri MA. L’I,-i, CC (IDI h Ephhviial ccli mmii

dili Etc siiid mii; g ohm humo diio-.,ni’i: 1 ii,ii-iii, md lii,iii,i iiumi
. J uiun;

lii unu-rli liii’ anil limei hnoh,gv 2011 1—9.
13 Niik,V. OnoR, iI;imcmS.SutiiL,i. R,;rn;imi,i,,ii_roai. 12012)I’I;c;;;ivani-agvs

OU Lo-o];1 uru um-eu muno cri1 c til ‘iii- in i,mnii Lii mim o ino um irunmeni - liii

Ju;mrr.;ii oU Smeroid Bioohcv-iniuin and Silo’ cuidar Biulugi i31 60 75.

1 immm.mrk,n 1’.. itadu E., C’.im,a Seu li. /hax ii ei ai .1

brio 0ie’a lorTo’;io.,;ucui icEi ;.—;uiure ,,,im: mc;r’,li:ii:i,,,. Iii:riir—atnt Hauliigv

3 a’’i ohl.
lEi i’u9uo,r.il’cA.1ircm;i-Ia.,I.Ui.il.umm,-;,nm:um;R_- IiicDrvi;oilE/.in:btntP\3

201 1 Sim: rmal’.c en.4nevdng sf31) phiripu mi ,:e m cri imichmu ia guide blocd

dr’enp:cieni iiioma:crialm 3.1: 1171 29
Irr Sirtiili Cli. ii;;ilcv I. UnirEI 3IJ [19110 Cnnirni aí mamman’ epiihirliai

ir n;ucmoi: :n- ‘tom mo-nm mvmi;ranr md;; c, :0 tue-opi-edi gei: e rxprrssmnin

ihr a’ mm rofor ‘J eU h.irraimi’’n ind rniurphiluosi; ii p ;Ji.irny E hr Jiinm.;l oU

Cri Iiic:o-. 5 1393 i 795
i7 Riam,’ E. NI;dTm.3i\.Si,uA,\I. S,unn,-nohi-inc 00 ihcrna:nwnmüan

muni dm:rrmin:s lhe is i,i canecr cri t’ pi irnotvpc idrganizamifln ,mr 311.1:7 ccl.

,n.fil,-aiuor, IIMU,;m,vr 10: 2ü3.
iii Hcm;.mm, , 1:F. IOii;,r 31. Oro-A .5 -2616. N,.,,1 mii uiii,n,.mdmorc;mwmbi:dii3u.,’i

o invc,iigaim hum;’uc,;;1iu, ;ril—ui’hl iniu-r:,umh,,i,. E;miuup;-an Cmli, and 3l;iri’u.ds ti

613 79,
9 0’ Ir,;” miguem E. Nkiiia, J, Hrami,ill.; 9 Sintas, 31;ihimnvnk;i A, ri ai. 2011)

li-o,,, mie ali d Fhlidi-mim l.ugviic;g Umumig a Simigli’ N’inuiparmini lime

\pil miii,,;; iii Cai_ir ind Sul nico-ri i_)[naiu - SUS n,inii 6: 3066 39711.

20.Ni.iimez,; li, Iiermuu;c;ui 1’, iria E, 1., Ve;ti;ia (t, NegO E í20i1) Europe.;n

;;mior morialimy podo n’unI ou 0w e.;r 7012. Annals oU iinriiiiugv 13: 1011
IOSL

li. Siugd R, Nailcadican; -.1 emai A (1013] Cancer uiaiisiics. 2013. CA. a cancur

uuuonal 1 ir diniei_inu 6:1: ii 30,

22. Eeinbrrg AI’, Olds,on II, iicnikoli 5 (2000’ ‘IIw rpigcnelic prugcniior origin OU

Ii;;m;u;cazircr.Na;ure rei-ir;’, ge,ieio-; 7: li 33.
23. Hei; ii.,rm,c li A 1001] 1 miii micr,,cnvir;in muni in breasm c.unccr deveiopmeni:

lnIi;immn:iimmryocII,. rrtiikinrm and i Ei-mAine, in hreasm mmccc proge;’,siuin

ciproral lolinor mirroL nvirunmrn i inicrar 1 som. lirrasi Canrer R r,earch; 5:

31 3h,
14 um,,, 1_, Ri um EU (2001] ‘(‘Cc mirnirnvmv’’nmrnl aí lhe mEntiu, uni

mutilou N’lar,, 4ii.373-379

li. Smracmmumii,oi R.Ni,,r;Uwa 1 ,Siw;’ Ri hfarrili t’’L;i, SI, Qciim /R, mal. (1012]
ti menir mi., ti-mOi ,:nnrn: e10:, but.,:e rçoiut ame o R3 i7jOiii ia mhmu,wh

1101 ,ccmcmini;. N.nmmrc 487 500 301.
IÇo Ceru 0. (Ecmr,ue o 20:1 C,inicu-a, ,ixi:imrd-iibruhLi.n and mano’:;’ cmi,: a

di,mit I;,imio;; cfrnanm’ c,iiiomr ari,gw,, o,,. O 115cr and Iriaai.ok Rrvimo-i 3 i

27. Smrri C’. Ruiu0 a Li Omun;nl A 202 ,moil.u,:,.. i kcv hino o cl! i9ie ii; temor

úuiii:iiiiin. pnigueiiion. and m,’m.i,ma,i,. Lpcil., numa1 ofmedio;d sdince,
87 95.

Uonmribuied reagcnia/maicriaia/anoivsim boi: EU IJU. \l’roic d’e papur:

El :1: \‘MG flU.

18. lai E’, SVra;rr 531, SVerb ‘1. 101h ‘bi;r mnrarrliui,ir m.ilri% Ad’ namir niclmc in

varrer puurndun. ii;rJo,irní ofC.ci! Ifirio 96 335 iOÇ

19. 1 r;, mml NA. NcCcn £6 .Nin’c-: III .2Çai’, Sirumai blbrobIa,msinranecr
vi tini iroerndu;i. N.,:iir.- :11:1:12 337

30. la,eh!icr SI. KrogerJ. Niciiiaiiimm;cr .56, R enidd limA ‘1006 ‘1 irgetise anuir
;noo,ooilrd Fi!ir,;iii.,s:, ;mpri;vcs.cncer rhrmtc:hrnipv iiy oor’:au;ng inir.,i,imn.,nd
dnnc tmpi;Ae. Jnurn;ui oU Cimn;ca lmrsncaim,ir 16: 055 961

31. Slanincz’Oom,ciimiri; UE, Ii,; ‘1., Ri. ïil. C’’ldlicrg A, il,,znciilmcrg 3. em
2011’ tmmdeni.uida;g lcr nici.,hiilw Ciii. iii dmim ic,isl,u;Lr ibe;.,xnii;c

;nd,mimiu,n oIihr’arii:irgrhld’.kili,iani;’eim%,.0eiCvrir 10,2511 2523
31 Osim.mn A 20:1 ‘lhe i,,m,,r miomownefr,,nmeni i mm rm%s dr,mc c-n,ii$ ia 3.

Slrdi,mn,’ IS: :331-1334.
33 Slimr;i 5. Sremke-l-l.;ie Ri MC. 69. CSrrhumm 5 .1011 inmerao:m-jr., bvioemn

unier ir Ca,cd ;nxr;,,’:;;a’,,:c;ma iii tu 1 rei,; c-.ImKrr: -5 icmerovnri:m:;u:m ‘ir
l.irgcird ,hm n’py (:,ma,L’;- i; 1cm r :03 100497.

3L liu 1., 8,1V. Som;g U, 71,; 9, Saci9 1., ciii. lioliji TEr im1um ml

mud;íird ch;i’o,an UNA n:inopariic ci an mEu íunciiuo oU m;iciopl;agus. Journal

‘ii Nanopariicle Researri; 12: 1h17 11,11.

33. Caipar 531, Shrqi,rm JO. Soma E, la uro limO. Qiiriroz JA. ri ai. ‘‘2013)

8;u,lui,ilonm;,lize,i ii_;iiu,1martic lei iviihi iii —res1i,,m;,i,e;mii, bel1 cor mram;i;g mi,, Is

for gcnr drhvery Nanoieelinoiogv 11 Ari;ele ia pimis doi: iO,l088/01157

11111/ i 01-111017/175101.
36. Moreira C, Oliveira II, i’irrs 1., Simões 5, lhailiusa 31, cl aI, 2009. Impruving

th;imo,a,i—rnmohalmoi gene ira;iofrr liy LEio i,luri,, iii, tini; oh i nir:iee lidar i,;ihIi.’ri,i

moic ir, inmo lhe clmiiuman tsackiione — Aula iliomair rialia 5: 2993 3006.

37. tiaspar 531, Correia U- Suom A, Silva 1’, P;iqaele CM. co ii. (1011]

Nanop.iriirir mcdiacrd dehs’en nípore i’53 mii prrro ilrd pI.usmid 03.5 for oco e

mlirr.uimy.Iu;min;.ui iii Uui;ir,iiir;l Rrica,e 13u: III 212
311 Sinonji., P;indiia D, Roidrigurs.I. Plgi; SE. tir,inj.i PI.,ri ii. (1010] Retcptcir

n,rdi.,ird gene dm’hi;ery using p.in;ini rhendnmrr, n’njug.-iicd mel;1; pepi;dru
iro aia d Cv mrsmnehivmal ilemn cclii. \ioirrular lEia, marrumir s 7: 763 77-1

39 II rnrwr rr SI. Sluumsc SI, Dingemani SI íieJ “ng II’. Via uva Iirrg Si. cl ai,

2905] (3; colina nU primaq h;iiman mamman bil,r,iiml.cns and SI Ci’ 7 relI; ai

an in viiro i,ro’;i,m,,,ncmr m,,deb. ‘1 imxieiil’’g;i ai SOu-ai e. 113 237 1im1.

lo Slanmnca’Ci-,,om houmt CI:. Ris 30;i 5, \S’hcialr,..’ei rn,/ea ii. [imune, 1(51.
SI llmmon J N ri ai, - 200 i uncor ruEs nndumc ii; rcanccr a,ui ‘cai cd hhr,,imbsc
piar.’ ‘mm po via ram-enbn- i de0’roda: i,tn. lapl] r;,l;,,,n Fac Soai: canecr mi 1)615
i)ui-r.i1ivu;’.ih.iu;isphas;’inhmili;mreCi-hi Cvi CO 2123 1433

10 RiiVll.UnZ,Hu,mr’n!x’rgN.E’,’sm,ibl&h Ii,,nu-OA,riat.20i1.6!ic.imnine
ciclo a ‘irimini ccc: aí :;,iuphuaev mn ice um,ur mirona and ,,,;d.m: iv:

mii iv hnndri;ii mrm:ii,i;iism in mpimlicliai mancrr uniu O -anrcr Iiiimi,igv & il;cr;ipv

II: i01[3 lii%7.

42 Whii;ikrm-,Slene te, E, SiLininca- Oiiinio;orr. 1 E. LinZ. Li-leiS. Euvm:rm:I;,’;g 11,
um ii. 20V; Esodenoe furan:ruim;il-epi:hei.iI 1;, ci,,’ ii;:ci:e La hmon;,i: iilmn,,n

:11 o a mark:r aí ooamim’c hlrufl 1 nrar,rrr-’.,nwi,,mrd fihn,bauin, EcO caule
iO: 1772—1

13 18]oe7S{J.R.miisLm Dl. RIA7A,\0-im’.-e\Nl Pi:rrsenoW.liiiiI i!w
i’r<anielmg jLe;ni mpi’ nu; mon,ie,unmeni.;i ;nhi,;en,m. um iCe r,,;nn.d ind
i,i.mhigii.mnin Ciciou liii! mciii., miii; 70: 537 54,6

ii. 1. mici,mzak; El, dr Brilho 1, Si l;,iciil CC, (-uni pam;.i 1-li;,’ SI’, Nrunu;,im,zi Si),.

200 li h’rrlj.ur;iünii cii s;il iumitute d iuiiiie ,arh,im hivdr,,mç’ puiivmnm’ru ind mio-ir

mirra; n’uni svjih liunie mirfao-canii. Cimhloid ind Pu,l;mrr S;-imn;e 1113: 33—-lO.

45. Cio’ R, Li 6:, Li L, 5Cm’ 5V, \Vang O, ci ai. (2012] Amgmmr fimoiionalizcd peptide

drndrimm;rrs ai poimioiai gene driieer3’ ;‘ci;icivs. Hi,,,ic,iieri,il, 33: -lO

-16 GIm Ri \Vang X, Mc 5. 51cm 151 (1008] Ii iem-apeuii rn;inoparci’rirs for drmg

mlel;vcry iii c;iuiccr Ciiiiaai U;izirrr Ri_tear; 9 ii: 1310 1316.
47. l’iuiy_ik R, ii;ivmv 1, C.implcmil lO (1009) Co—em uhciion ;ií iomi;r cru; _i,md climir

mhc-rm,rl;;-ironmtnL ‘ircmids ii luis iii-, 13: 30 311.
IR Sooir ii. Vazqocz j, Iaing A. AlOr ri 5, Hrenn,in SI (073(5 hunan ruO Une

mm a pi caiei cli momo n d rme d rum a Saiu rarr noma, Joornal oh’ lIme 3;, usou
U-.,mier r 1 ziuhililte 51: 1-109 1-li 6.

40. En ge 1 i .55’, Vi,ong N.\ [1978] 1 luman burai c,imc;nimma cclii in rc,ni
ol cdcmrarmvimw. (:a no cc rr,eamo-h 38’ -1317—4339

50 B.mlin L,S[;io;ir,iIE,Di,ikritj,Snvdei ii, lImis,;ird P[1995(C,llimuTnl miCra!
01,r,,lil,ism,: orE mimrpl;oluigv. p, uhilmnoiuin and rxmr,u;rilui_;; m;iia synihe,is.
J’mm,mal ‘1 Uri,logy 150: 1 lutO 1 2u0.

Si .,Ulird 1)1’. SV;m 5’, Mau, 6, Nagirg.ial II. lae 5, ei ai. 2008: Domal rardii,i,ica
saci ,cnd div e’n—rc’a;’c oh dirrone do;i’’ Fumou raixvr rnin:i:,n. (‘.:nie_d

RcKar;h II: 370-373.

51 Rr;iai- k 063. Lippntrn ME, Chapa 1W I77 1-morna dni OU ,uhd Su nem

mmc,iir.mmm.in caro aluna un m2mrii.J.:::r::.ii mil mii,- N,,:i, mii (Ei:: ,;‘r 1 ,mei::;mc’ 33: i19

53. \Seig::ii 8. Hineil 51)2003 C;ura;dms’die mkrocr;;wonmrmnd i;Wueuoes uni

lhe nu anal m.imm:irv giand ind h rea,m oan,mr - Smminar, o o an, eu I;iiihig’ IS’

311 :121.

PLOS ONE 1 www.plosone.org 12 JuIy 2013 1 Volume 8 Issue 7 e70072



Co-culture Cancer Models

51. 11kw]] Ml 2UU7 Mcidr!loig molecular mcrllanhsmn ol lircasi cancro and 57. Wu II. filo 1. I’rcliilin VI 1011) pli -coiiint pnly histidxnc-I’EG/I)SI’IÇ
cssoiLs hino dc nnno:il glanil, Bics Iii-mii ii Sociccv Iflitls;irliiilis 35: I’EU o.—pols-mi r mli i-Ili-, lkriiíoiols drugtlc lk-crv. iltcjmaic riaIs 31: 1113

18 22
55. Ilorcliai-d O ilOOli Ciniosans for gene delivcry Advanced drug delivery re’icsvs 53, Suzuki 1. Vntaki 5, ]\issa ai .inak,i 5. 1- cd.i K, ci il. 2002- Pois ihlc ride.

51’ ‘15 50. oi’çcixiiriiuri diii r’idi,.t 11011 1111’1 Ii. Ilhilhi li ioItlg aIgmnc —Fiel pcpiides.J una1
36. S;k:se 1. Koiiislu V, l’cclaSI,Saji ii, i’ntakik(20121A eco muiaiii,icif argiIiiIlc

— iO]gü.d (:hcms,r5 277- 21:17 21 IS
‘II -pcncir:iing peplidi:, in iumors ind Lhe pi ]rniai for anlk-ani--n drng

dclh’cryins’ivn. J itirnal if (:nn,n,llcd kelcasc 159: li lIS.

PLOS ONE www.plosoneorg 13 JuIy 2013 1 Volume 8 1 Issue 7 e70072




