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Executive summary

In this study, two novel surface modified liposomes possessing targeted therapeutic effect against
cervical cancer were purposed. First, mucoadhesive nanocarrier, possessing cancer therapeutic effect against
cervical cancer was developed. An amphiphilic chitosan derivative, quaternized N,O-oleoyl chitosan (QCS)
was designed and synthesized. QCS was incorporated into liposome vesicles, generating QCS liposome (Lip-
QCS). Lip-QCS liposomes were spherical in shape (average size diameter 171.5 + 0.8 nm), with a narrow size
distribution (PDI 0.1 + 0.0) and zeta potential of 11.7 + 0.7 mV. In vitro mucoadhesive tests indicated that
Lip-QCS is a mucoadhesive liposome. Moreover, the presence of QCS was able to induce the cationic charge
on the surface of liposome. Cellular internalization of Lip-QCS was monitored over time, with the results
revealing that the cell entry level of Lip-QCS was elevated 17 % at 2 h. Following this, Lip-QCS were then
employed to load cisplatin, a common platinum-containing anti-cancer drug, with encapsulation efficiency
of 27.45 + 0.78 % being obtained. The therapeutic potency of the loaded Lip-QCS was investigated using
a 3D spheroid cervical cancer model (SiHa) which highlighted their cytotoxicity and apoptosis effect, and
suitability as a controllable system for sustained drug release. This approach has the potential to assist in

development of an effective drug delivery system against cervical cancer.

The second study is related with immuno liposome development. Anti-VEGF (a commercial
available namely, avastin®) was conjugated on liposome surface. Since anti-VEGF specifically bind to VEGF
protein secreted around cervix transformed cell. Thus, the developed delivery system would accumulated
at the tumor target site. We firstly prepared particle using PLGA as a core for loading cisplatin. PLGA-cis
particle size diameters were 233.5 + 7.3 nm in average, and it possessed 30.1 % encapsulation efficiency.
Liposome was then formulated to coat on PLGA-cis particle in order to facilitate cellular uptake. Finally,
anti-VEGF was decorated on liposome surface to enhance specificity and promote therapeutic effect. We
found that 50 % of anti-VEGF was successfully conjugated. The obtained nanoparticle, PLGA-lip-anti VEGF,
exhibited spherical shape detected under TEM. Targeting ability and therapeutic effect of PLGA-lip-anti VEGF
were examined in vivo in cervical cancer xenograft in mouse model. The result revealed that PLGA-lip-anti
VEGF was significantly accumulated at the tumor xenograft with signal intensity higher than that of non-
targeted one. The tumor volume was also reduced which indicated therapeutic efficacy of PLGA-lip-anti-
VEGF. The study demonstrated the potential to develop an effective drug delivery system for active target

therapy cervical cancer.
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Abstract

Project Code : RSA5680041

Project Title : Development of ligand-targeted and surface-modified liposome for specific drug
delivery to cervical cancer cell

Investigator : Dr. Nattika Saengkrit, National Nanotechnology Center, National Science and
Technology Development Agency (NSTDA)

E-mail Address : nattika@nanotec.or.th

Project Period : 17 Jun 2513-16 Dec 17

This study focuses on development of chemotherapeutic drug delivery system of cervical
cancer therapy. Liposome is employed for drug encapsulation, aiming to enhance drug efficacy with
low toxicity and high specificity to the cell target. Surface functionalization of liposome was the
approach used to generate the drug delivery vehicle. Accordingly, we purposed two novel
modification system for targeting approach. The system are including 1) a cationic/mucoadhesive
liposome which generate though the incorporation of quaternized N,O-oleoyl chitosan (QCS) in
liposome, resulting in a hybrid system named Lip-QCS and 2) a PLGA coated liposome in which anti-
VEGF, a therapeutic and targeted antibody drug was conjugated resulting, PLGA-lip+anti-VEGF.
These two delivery systems were employed to load with cisplatin which is a chemotherapeutic drug
in the cervical cancer treatment. We determined the physical morphology, physicochemistry,
surface functional property by design, cytotoxicity, cellular uptake and the efficiency in inhibition of
cancer target cell.

Keywords: Active targeted drug delivery system, liposome, cisplatin, cervical cancer
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nuITeiifenudasialaey tneSuainnisimses N,0-oleoyl chitosan wdvih quantization Tidu
UszquanamisuasiinAmnisazaten lnenisiiumy glycidyltrimethyl ammonium chloride leidu

quaternized N,0-oleoyl chitosan (QCS) gl degree of quaternization (DQ) VAU 27%
n1s3eY lip uaz lip-QCS wazn1InTIvdauAMHANUANIATNIEAW

avane lecithin 10 faaluans PE-PEG 1% lasunin lngunin luaisazany diethyl ether

10 fadans Tu flask Aunau Tiidwileden sewemyinasaiedunideannieinied rotary evaporator
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25 esrwaldua unseiiaian gldduidulatiung Beu uadla inefifnvemiadunas vh
wHuRS W aseim3es freeze dryer WnanUssanas 18-24 $9lu9 azaneuruilduseansazans PBS
pH 7.4 10 Ta33n5 fewa3asuanug (incubator shaker) aunseisiduasateviun Ussungs 1 F3lu
flgnmniivios seiislifigungiiviesie 4 ssrmwadua oghatien 3 daluadielViansaraglalulouns
& anvunavedlalulen fewa3es extruder U poly carbonate membrane AWIA 200 WITULLAS
sollalulaunsfadonisieislifgnmnivesde 4 ssmiwadea agnslion 3 dalus owhluldvh

Asnaandnly

nMaesey lip-QCS asrUsznaunaisnsiuduwieaiu lp Tagagld QCS ludunauniow
Waxi? 2.0 % Inevwidn 1Al lip-2.09%QCS

nsnAgaaUAMULUUREUaY lip-QCS

wispuwad SiHa Tu 96 well plate Ingldiwadusunn 8,000 wadsenau vuduan 24 lag
uadLiNTIuUTEIN 80% confluence WiiBamageuamdufivveseynalalulay (Lip) uaz
Lip-QCS Wensdheamsidssadlildmududuiigonis laasiimseuldluiums 10 lulnsans
fo 1 wiau Ysiawduian 24 Flus andudrawadane sodium phosphate buffer 71 pH 7.4 9101
Ano8aN W nRne s asuTaaTiiingy  3-[4,5-dimethylthiazol-2-yl-.  2,5-diphenyltetrazolium
bromide (MTT) ayandiudiu 5 fladnsusefiadans Usuns 25 lulasansse 1 vau Uuls 4 $2lus go
ansara1ueanudIfl dimethyl sulfoxide U3ums 100 lulasdnssia 1 viau InA1n1sganaunase
A384 Microplate reader (Molecular Devices SpectraMax M2, CA, USA) fiauenanau 550 uily

LIRS LWaYAN % cell survival A9aunns

Absorbance.,, of sample x100
Absorbance.., of control

%cell survival =

nsnagaun1sineAngaiianlaenisldaynia mucin

AMUAILNTTUNINZAALEOILINAMNTANAFOULUY in vitro 9sen15nIan153uAUTeY
Lip-QCS fiuaynia mucin tagld mucin type Il Fwadnannszinznyniendueyniadieriinig
NAEBUALISNS (Takeuchi et. al., 2005) fsll avate mucin 1 % Tu Tris buffer pH 6.8 1utan
Yy A A a o & a vy . . oy
PuAugamil 37 °C MNUNaATUINYBIANTHYINaRETIlARIY ultrasonication AuNTENIldounIA
YR 200-300 nm Juivayniail 4,000 seusiewdl Wwan 20 WAl kaueyn1A mucin 1 % fiu
Lip ua Lip-QCS tnafmuau3uames mucin aafikiu 1 diu wazkauiuayniafimaaeuleglu
0.025-0.2 dw  aAnenunsiisuwlavaanunuasusequeteyniaiilanie  dynamic  light

scattering (DLS)



N15M52EUAMUEINNTAIUNSIUAaTaY lip-QCS

s asansansEeulmTsUsuiunie flow cytometry Inamsuawas SiHa Tu 6 well
plate THiwaduinas 10,000 wadsevay Unidunan 24 §2las synin Lip uay Lip-QCS fifndde
asideasdEung (dil dye) lushsndau 1:1000 Tnsdminvesiealnadasufueed SiHa lueimsii
1318 serum uinan 24 Falus vidheday 5 61 gremsiifidulszneuvateymaiie Augadse
PBS pH 7.4 Mntufuadumusssluiansidneaduateuniadeinies Flow cytometry Wi
Heeganguauesduad Sira Tlilldiusgoynia Wedusuuisuisulumsnmmatieadves

aUNIA
nswsenlaluleaussy cisplatin

azay cisplatin 60 mg (0.02 mmol) luansazaiy siver nitrate solution (66.2 mg/1 mL,
0.39 mmol) thansazaneldvuil 60 ° C Wunan 3 Hlus musiefigumpiveadunm 12 Hlus
Mnufdanznau siver nitrate frenstiunn 16,000 seusownd Wunan 15 wift nsesdefinses
U 0.2 um Iéfasazany cisplatin taussgiu liposome Mnieuseisfaussetsdredi lngayld
ANYPAINTTLATEL thin film L7 rehydrated Aen151AN phosphate buffer saline (PBS) pH 7.4 uag
ansazane cisplatin (100 g of cisplatin/1 mg of lipid) wenielmAnnsazaewaznisasialaluley
aumﬂmﬁgﬂammmﬁw discontinuous extruder Liposo-Fast™-10 (Avestin Inc, Ottawa, Canada)
il polypropylene membrane u1a 200 nm Lusnsesinuuin Tnevins extrude S1uau 15-
20 seu ladu Lip-QCS Jupnde ultracentrifugation (Optima L-100 XP Ultracentrifugation
Beckman Coulter; California, USA) ﬁﬂamﬁa 80,000 SaUMBUIN 25 °C Wuen 15 %’ﬂm LYIUADY

menoudisne PBS 1¢ Lip-QCS U739 cisplatin (lip-QCS-cisplatin)

U3Uuve9 cisplatin ﬁU‘iiﬂiu liposome ialgisae Atomic Absorption Spectrometer (AAS;
Perkin Elmer model PinAAcle 900F, MA, USA) FanT90 0N UTU VR4 platinum Fadu

asrUsenaululuana cisplatin
n15InUsuna cisplatin

w3susheths csplatin Tnsavane cisplatin srethusaanlessufinnududu 50.0, 25.0,
12.5, 6.3, 3.1 uay 1.6 pg/mL iileldlunsindsunsimannsgiuues cisplatin (standard curve) uag
wiaeufegne liposome AResnsTnU3nas cisplatin Tnemsidesrsiethdsiaanloseuii 1:10
MnuhfegeiildTausuna cisplatin fewdes atomic absorption spectroscopy Ineidlesagna
ansazanggnasiuingiadll hliAnnssuiunsuandiveduana lnglossuvadlangazunnda

aglusUveteanlend FaazyiidLanaseureesninn1sasuLUadseiunaanuaInan sy
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(Ground stage) lUgan1iznsesu (Excited stage) lnuandun1snanauwas (Absorption) NiAIN3EN7
AIUNIANIZINERY FeUBgiUBIAT0IE9 LiBUIAIANUIULTUSHAUYBILEAUIUNAT UATIAIY
Y v 4 (% A L T A ) = ! A

Wudugavienaaingnaanfuuasagle “A1n1sganau (Absorbance, A)” FIAMNIANTULEIIIN

Wsetloglusgiunnudutuvessgegluasaraiefiogns

diaihAn1sgandukantaunasnsesulaeiisuiuAmanntuYesansavane
n31uANdLdy (Standard solution) azldaunisilaainnsinaesaIsazaleuInsgIu Nazaunse

BesgimUsinalangluasazanedegdldlaaifisuainainisaaniuuaninla
A15M384 3D cancer model lNBASIAFDUDATINITIOATINUAZNI5UNUN apoptosis

donasoulsyAninmesszuulunsfnvazSalinuegn  Smadeunmstidugadussdly
3D cancer model wi3Baiwad SiHa 2 x 107 wadseviqu dedluauewnsfifauaud® ultra-low
attachment funan 4 fu aunseiild tumor spheroid YuAUsEENas 203 + 6 um Aeuwaduzise
ﬁléfﬁ]zgﬂﬂmﬁ’ué’aaéwﬁaﬁﬁa free cisplatin, Lip, Lip-QCS, Lip-QCS-cisplatin Ine@nuiienududu
294 cisplatin WAy 0, 6.25, 12.5, 25, 50, kag 100 pg/ml ATINABUIUIALALANHUTVDINDULLAR
sledewislufunm 3 fu asatamnuduiiviewadusibuas ianisiin apoptosis @28 CellTiter-

Glo Luminescent Cell Viability assay (Promega, WI, USA) &93a1198ms1n155onuassad
13999 2 szuvthdseuusjat PLGA-liposome U33381 cisplatin ian133nuzissuinuagn
15384 PLGA uaz PLGA-Liposome U393 cisplatin

mstiniven cisplatin lueynia PLGA (50:50) wiseslnaimnaiia double emulsion solvent
evaporation (W1/0/W2) lagnsinssuaisazans cisplatin Sudud 1 mg/ml Tuasazane PVA e
Huduves Aqueous phase (W1) 91ntuth Wi flazanedhduudmvenadluasazats PLGA lu
dichloromethane (O) finmudiadu 5% Inenimidn aeldussduasitoud 40% Wuszovia 3 wiil
2wy W1/0 emulsion 9nifuti cisplatin flag Tu W1/0 emulsion suesiluatsazans 2%PVA
(W2) ¢hewp3es Ultrasonic probe nneldussduaeiiioudi 40% Wuszezian 3 wiil wisliianis
form favateun1A PLGA lag cisplatin azgnussgeglusunia PLGA Tusuves W1/0/W2 i
emulsion AlFEfduAdATuna 3 Fluadiessve solvent senlvinua nduihoyneildltu
m””ismLﬁamﬂmﬂauLLazé’Naymﬂﬁaaﬁgﬂﬂé'“u shenmstusiesitanne 25°C armidiseu 10,000 rpm

Wussezian 30 wiil nevinmsdndueyniadudiuiu 3 seu agldilueynia PLGAcisplatin
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Sudulaenshin linker fukeufiued lasres 9 way 2-mminrothiolane fimnududu 1
wWasiduilnginaseUsuinsaddukauivanianududy 0.5 Jaansunsureladansluansazaty PBS
pH 7.4 muansuauiinuds 80 seudewnd Wunategneos 1 4alus dew o Winansnauadlulaly
Touiiw3ouls Tushsrdu 1:1 Tned3uns Tnuniuasmasnnavaiufinudiuszann 80 souse
uit flgauvindl 4 vide 25 ssmwaleaidunan 18-24 Hilus usnueuduedliifniulaluley fe
w3esduissfinnnudiseu 80,000 seuseund Wuan 1 F3lus $1u 2 s0U avatsaznausiy
ansazans PBS manslif 4 ssrnwaldea unan 12-24 $alus Aeuluiinsgsimysunailsi uas

a al
WAURUDA
- mMadsuuaalnatanazni1suseliunansin Anti-VEGF vuiqvaslalulay

ymusinalealadafiomuauiinaisuduvedlaluleudmiunisin Anti-VEGF ludunou
molU Tnen1smazgld Phospholipids C test (Wako Pure Chemical Industries, Osaka, Japan) \iem
Usunaumlealnaleandenswsendulalulon Suainnisazate color reagent $ae PBS $msnaau 1:1
WIA WTHUNITINLINTFIUIINATALAILUINTTIUVDIYANTIVADY yntuldensavanenagey 3

Taddnsreansaratafiegnd 20 llAsans wen Uu9 37 aerwalded N9kl 5 wil Inananuenay

1 700 wiluuns a519nTMLIAsEIULaEAIgUIINNTIN

Useilluwanisin  Anti-VEGE  vuialalulan vivhenisiausunadusaulagld Micro BCA
Protein Assay Kit (Thermo Scientific Pierce, Rockford, USA) 19383 reagent tnana reagent A 1
duse reagent B 50 du W38UNTIMLIATFIUIINATALANLUINTIIUVDIYARNTIVADU WiNaTaZaY
reagent 200 lulasansluansazatediogns 25 lulasans Tu 96 well plate weh 30 Jundl Yudi 37
pemgailea w1 30 undl Tedfianueniaau 562 uilums afensRIHIULAEALTEUN
nsu ihﬂ'wmﬁg]mﬂﬁuLmsuaqmiazmalaiﬂﬁzmﬁaﬂLLauauaﬁﬁﬂaaﬂﬂﬂﬂﬂ'ﬂ@ﬂﬂﬁuuawaq

asavanglalUlounlufiLoufved emeauSunalusiu
nsnagauNsnYaiat 19T WIzUBIaYNIARIY confocal laser scanning microscopy

wssNuNAlAudouaNSITaaELAY dill dye N9nsId 1:500 TagiwinvesnealndUn

Y v v o & vya a a & Y A & ¢ . a
wadlidniy danslineamall 4 ssmwadealunadiuAuneunagey Hewwad SiHa Usum 2 x
10* wadsieviqu 500 Tulasdnsasuu cover slide Wuan 24-48 4313 aaadmeansazvaly PBS 1
59U WavayMAndeNdLay arargluomsdsusadnlill FBS wavldadluvauiiiwad Unigaumadl

37 asAaLed, 5% CO, Lunan 0.5, 1, 2 wag 4 T1lud Waanaiffinue ARDIMNSIALATAREDN



INUUAAdAIE PBS 2 50U m3umaasie 70% wviuealfu 2 daddns 10 wiiigamgiives 1d

Y

a a ¥ %

pwnsABasad 1 faddnsunuil 70% wvuea iFoavdden Hoechst 33258 Tarudutugare
Hu 0.1 fiadndudediadang winhafiFenns 40 lilasdrsivadugad nuitemadsneadsn
1 fadans nanlyidniusenmsmumanduanay vuilgumndl 37 sseisailes 30 wifl uddsie
PBS 3-4 59U 11 cover slide lUUsznuiv slide LUl 4 ssmwaidoa asaseunsidisadmelniad

1Y

confocal laser scanning microscopy (CLSM) (OLYMPUS FV1000) fif&smens 60 wh

nsnagauaUlufyYes PLGA-lip-cisplatin

Aeawad SiHa 31uu 8,000 waaraiiaaans Wunal 24 Hlusliwadiiiudiuiudmsunis
NAABUAIBID MTT lasun PLGA-lip-cisplatin iAnutduduYes cisplatin A9l 0.10, 1.95, 3.90, 7.81,
15.62, 31.25, 62.50, 125 waz 250 Uuiduiian 24 $7lus ianisnaasunisiiuiusomwaduzisaaaiu

NALNINTEUVUNEIET AI8NNSNARUAULEI8T MTT
N1IMAFaUUsEANSAIN PLGA-lip-cisplatin Tununaaas

Tunsfnunillénaaesiu sy Nude (BALB/cMlac-nu) ieldle 18 8 &Unsi aneugann
Central Institute of Experimental Animal; CIEA Japan m;:ﬁﬂmié’ﬁwmiél’qe?gjjamﬂquéé’m’imaaq
WA uvninendeuiing uazynnsnaaesiivihiudeiveaedldriiunisionsanasseusumide
Tudnianuvinendusssumans(013/2557) TaeufiRnungnzsnan sudeu dsmanuidmus

Ty W.5. U@ NRIUNIINGIA1ENT W.A.2558 DE1ULATIATA

fo ¢

AAnwlanaasiuaziiemunaaedluieslasniden Auddninnaes WdusIIUAmERT W

Y

Ly 1% [y

Ugnanewaduasadinungn (SiHa) §1wau 5,000,000 wwad/fa asuusiuraiveviynaaedlaenisan
Y = ] L g Y | vy <

subcutaneous MidINTUREMUNARBaluaN NUAAwaIlluIaY 2 dUav LielinauNwlSee

Uszanad 2-5 cm (009 2) wdangunismeaesesnidu 3 ngunguaz 6 duilegnisundsenludasnn

o ‘&J
Wnrunesad

ﬂﬁjmﬁ 1 @nde PLGA-lip-cisplatin + anti-VEGF (targeted) 114 tail vein U311 200 pl 4

AUVNTU 2.4 mg/ml

nauil 2 @ase PLGA-liposome filalananaidisanenis tail vein (non-targeted) Y3303

200 pl fiennududu 2.4 me/ml

Uy 3 8anae 11nau (control) N14 tail vein U3Has 200 pl



ynnguinnisanardnadiluiufiaunasnddnnnafusnidatu Tivyneaesauing
asveulneenled  Wavesies  wanfiudiegiseiiazdne 9 iersiansavauvesiitde
WisuileuiuieuuziSewell USunumsavanvessinidsenlueToizengg amnsainszlaenisly
ANULTLYRIUATIgRRLTALTY feedad in vivo bioluminescence imaging system ¥n153uAS 9

Toyan19anAIeugUTENINgUAI8T8 One-Way ANOVA fiszRuaiaiiesiu 95 %

NN 2 ﬁ’aumL%mé’wwﬂmsﬂqﬂmauwﬁmwmamLi‘;lunmamé’ﬂmﬁ LazaNNARIUaAB NG

nNsiagaunaaeILazyiiNsaaesluauddn Inaaes I INeNdusTINAEARS
HANINARDY

139991 1 s¥UULnEe chitosan-conjugated liposome U338 cisplatin WBN1s3nEINZIEUIN

Nﬂgﬂ
ASEUATIZH quaternized N,O-oleoyl chitosan (QCS)

nsdaasIzel QCS vildlaewnden chitosan 1y N,O-oleoyl chitosan (OCS) fau anntiu
J9 quaternization wedlesTwIuuldudiuined  ATFT-R spectra wWisuifleuseming
chitosan (CS) , N,O-oleoyl chitosan (OCS) wag quaternized N,O-oleoyl chitosan (QCS) (il 3)
wamswmaaawuﬁﬂﬁLLamqmé’ﬂwma‘thwmm CS, OCS waz QCS lawdmsu CS wuﬁﬂﬁmms@mﬂﬁu
wasiignandy 1149, 1057 and 1022 cm™ Jafiu C-O-C way C-O stretching luvaisdl ATR-FTIR
pattern 989 N,0-oleoyl chitosan wummiaﬂﬂﬁmmﬁ 2924, 2854, 1464 and 1182 cm* iy
FUMIVBY —CH2- group wawft 777 cm? 1eanain =C-H bending v84 oleoyl group Wae
quaternized N,0-oleoyl chitosan wufiafl 1477 cm? 970 C-H stretching U89 methyl substituent

of quaternary ammonium group



Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

= Chitosan

Oleoyl chitosan Q-Oleoyl chitosan

mwﬁ 3 ATR-FTIR pattern 984 Chitosan, Oleoyl chitosan (OCS) uag Q-Qleoyl chitosan (QCS)

anwaenedugIuIngvedlalulay

Qs Aduaneildinnldlumsiaulsinveslalulsuiniolidussquindonisidiu QCs
Tutugesmawsouiiadveslalulen Wy Lip-QCs amaspudnuvaemeduguineuasaunaniels
ndes TEM Tnenfleulaluley (Lip) uwaglaluleufinay QCS (Lip-QCS) aMmann TEM (0wl 4) wandly
diuilaluleuiaeswiaiinioulsfidnuaznay  wasiinsnszarevesundiieme  wenanilds
wuinnmuadlaluleudisl QCs fmmadadntes Fanasduainniswiousesadedodinisriuis

way QCS WunadwesiuAnnsuadd sgelsAniunaniIsneasstnanslmiuinlalulauwaulas

sULUURAgUIAmINEaNd S UM Ieaesusialy

Lip Lip-QCS

Mo Ksermry st e e gt
b i e

Al & nwene TEM veslalules (Lip) uay lalulenuszquan Lip-QCS

anwaznIanIgneadiveslalulyy
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anwaeVLAlinIenInves liposome AsgdilalagnisiiAvakazUsEIUeIeunIAcaY
DLS wansins1zilagindaegne Lip, Lip-QCS uag Lip-QCS-cisplatin wuiteynaiilsivunslugag
140-165 nm msld QCS uag cisplatin laifinasensiasuntawowuin uazeynannwiadianiy
aliaueuardAnsnszneftuavAosymadulvgivuinlifu 0.2 nm Auszqiinaves Lip &
AfnauTl 7.3 + 0.5 mV uariisgduuannatiuainnadu QCS 11.7 + 0.7 mV Ssagtheifislonia
lunmsdudatuveseynauasinaduniufeusimesyy  eglsfimuilaliu Lip-QCS-cisplatin
Usggnduiiandu 0.6 = 0.0 mV ilesa7n cisplatin finaneAszquesoyna sgslsfinumaiia QCS

A IV | v I3 a Y v Yo vy X 4 A
ﬂ'f]LﬂUﬂqiﬂﬁUﬂqﬂizﬂsﬂuLwasﬁﬂEJI‘V‘L"?jaaLLaz@TéﬂqﬂllLL‘U'JI‘UNLGUWIﬂaﬂUIWNWﬂGUULW@L‘Wilﬂ')']lla']ll']iﬂ

lumsidivadivessynin

13299 1 wamasizivuauazUszguadtalulan ¢ie hydrodynamic light scattering

f0E4 U PDI Zeta potential (mV)
(nm)
Lip 1417+ 1.7 0.1+ 0.0 -1.3+£0.5
Lip-QCS 1715+ 0.8 0.1+ 0.0 11.7 + 0.7
Lip-QCS-cisplatin 164.6 £ 1.0 0.2+0.0 0.6 +0.0

nsAneIAMUTuREVaY lip wag lip-2%QCS

Weniaaeuimaiiu QCs Lifnasdeanuiwvadlaluley MTT assay WiialUSouifiousening
Lip-QCS uwag Lip T,mfl,é'fmu@miﬁﬂ%mmﬂ@ﬁivﬁﬂmmmﬂlaiﬂiezmﬁgq 2 FUadANIIANLTLTY
Wiy ¥ serial dilution TAmansdududy 0, 0.0024, 0.0049, 0.0097, 0.02, 0.04, 0.08, 0.16,
0.31, 0.62, 1.25, 2.50 wag 5.00 mg/ml Wevufuwadifiunan 24 $3lus man1snaaesnuIINIsIAY
acs Lilgtnamidonilhwadidufivainniy Tnesesumssudamaduesia Lip uay Lip-QCS fanu
TnalAeenu IG]E’JIJ%@J’]NWEJE#IWE%@ﬁﬁ’ﬂﬁwaé@gji@@lu%ﬁu 80 % o 0.08 mg/ml warmnifiauda

f v a

5.00 mg/ml Lwaagy ”miwmisamqaﬂ’jﬂ 50 % (mwﬁ 5)
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120

100

80

60

% Viability

40

20

0 0.0024 0.0049 0.0097  0.02 0.04 0.08 0.16 0.31 0.62 1.25 2.5 5

lipid content

=0=liposome  ==e=lip/QCS (2.0%)

A7 5 Sasinssentinveagaduzisalinuagn Weuumie lip waz lip-QCs

NSNAFIUNISINIZAALEALLDN

uenNMIiN QCS Sinartli Lip-Qcs fussaduviniuudadiiinalvioyniafinnaud
mehade mucous IunnTuidlesnanamautiives chitosan feuisldmasouanautfidna
#1835 sub-micron mucin test FEN1SKANFIDE1Y Lip-QCS AiFasnsnadeufinnudiudusing o fu
oun1A mudn denniAansiureseynALas mucin agld complex fiflvslnguazaA1Uszques
complex agtasuluidleiisuiu  mucin ImawudmmﬁmﬁumaﬂﬁmmmLLﬁsUixﬁg%LLUiﬁumﬂﬁ’u
mnuitdures QCS MFsilonaaey (nmil 6) Fsaguléin Lip-QCS fnuantBinzdndedion uns
noaesildld Lip ifusegemunuieifoudisunuii Lip lifimswasuulameniunauazlseq
Jouanein Lip Bhmedadedlen dufumady ocs SadmavtufiuAuszquazanuausalunis

inedntboienvasaynialalulay
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1500 6

-4

) ’>_"‘
—~ 1000 | . 3
g E
) 2 &
© 9]
£ 4 8
& 500 @
T 5 @
o N
N
%2 - -8

0 - 410
Mucin 0.025:1 0.05:1 0.075:1 0.1:1 0.15:1 02:1
Particle:Mucin (wiw) 1 i
- Lip-QCS

AN 6 YUIALATUILYVDY mucin, mucin-Lip wag mucin-Lip-QCS complex
A15MIEOUAMUEINNTAIUNSITaavas lip-QCS

ienTiaaeuAUanIalunsidiguadueslalulay Lip way Lip-QCS Fugndaumednges
sarus haunsuiuwadussauinuegn SiHa neasuauliusunadlaludluleus 2 sdaminiu

#1 2.5 mg/ml wazunaynaTiuadidunan 24 Galus 393A5129698 flow cytometry

~ a ¢ v &
M1599 2 HaNITRATIEINSIaRveteunalaluley

A0ENS % internalization
SiHa cell control 2.1
SiHa+Lip 76.6
SiHa+Lip-QCS 89.6

HANIINABDY (M5 2) WU Lip dennuaiunsalunisidieadla 76.58% walllonnuuas
Usgglmduuan Lip-QCS inwadlageau faidild 89.6% o tia1uud 2 93lus wansliiuinlalulay

Uszquaniianuanunsalunisdiwadlas Jeemadunauiainnisan ionic repulsion 5513190UN1AT
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Duuinuazrilaaddefivszqluay Budulwadszyfinaveseyniafinanonisidiead lnenisiiiy

Uszquatoynabiluuinagdieuiiy attractive force szninvauMALasntiugad

nswseulalulanussy  cisplatin - wazmaagaulssAnsamlunisiniawasuzisely

LARNIZLALS

ilenpaounthiives Lip-QCS Tumailiufamn displatin ﬁ’m%’umﬁﬂflﬁ’mmﬁqmﬂmqﬂfu
msnageuasiufivdewadiedndu lnglunismeasslénmaaoutianu dsplatin fussqlu Lip-
QCS fhemsiaviina displatin lu AAS wuinanUTun lipid Busu 104 pg/mg @13NIOUTIY
cisplatin ¢ 29 pg/mg Anidu 28 % loading efficiency Fafloidadulunnidslios lneduiugiu
§infiasann cisplatin Frusiu hydrophobicity ge vilishendnluajgnudnaanain hydrophilic
core vaslalulau LLaszaﬂagﬂu hydrophobic surface Fadudruves lipid bilayer mamwmaaaf’?
aonAdesfu Huo T et al, 2012 FslsinTenlalulanussy cisplatin wagnuindl Pt-loading efficiency

W 25% upilusesanSannatiealunissne
NsVARBUNANTSEUEINSIa3 Y vasaauzi3ly 3D tumor model

lunmsnsaaeudseansamlumssnuives Lip-QCS vssy cisplatin Samzdsagadly
sUuu 3D ileliiwadiasydufeuiisussadeounzids lasmsimziead 2,000 cell Tuaueims
fiflnnuant ultra-low attachment luiaSayidunan 3 Su uislildfouwaduziSevuin 2.1£0.2 x 107
mm® wihdauufusesna 1dud Lip, Lip-QCS, Lip-QCS-cisplatin wa free cisplatin wafilduanass
Andl 7Ta Sasnssendinveseadldiunisuseiudalinnaiienisia MTT ndm@innisuudiegns
fuwadilunan 72 $lu mansveaestliiiiuidnsnisentinveneadiilevudie  Lip-QCs-
cisplatin way free cisplatin anasfudadiuunusiunsatuanududuvesendanmi b Tuaaed Lip
control uag Lip-QCS s?falajmiagmiajﬁwaﬁiaﬂﬁé'uéj«,%aa‘ pe19lsAnIL WU Lip-QCS-cisplatin Tviua
nstudalgmng free cisplatin NasanaiietasiumnuuAnsnewes bio-distribution s¥wing
free cisplatin w8z Lip-QCS-cisplatin  (Newman C et al,, 1999, Junior M et al., 2007) Tnewail
aenndosfiuntmaaesiountihifildsenuiheiivssgeglusamazgnauaumslanddosluned
free drug anunsneangvslalasnss (Wang X et al,, 2013; Ding D, et al, 2013) agnalsfinu nsin
Aulilusuuuvounadunalnyhldedovsidenuuty - mavesesiliuansdiifulssavsamaes

Lip-QCS Tun1sdudansiasguesiouwaduziis

a)
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Cisplatin concentration 0 6.25 125 25 50 100 ug/mL

Lip-control ' ‘ . . X . .
-~ ® 9 0O0ed
Lip-QCS-cisplatin . ' ' . ‘ .
Free cisplatin ‘ . . . . '

b)

mLip
mLip-QCS
OLip-QCS-cisplatin

OFree cisplatin

160
Z 120
0
W]
S 80
-.DQ
40
0
6.25 12.5 25 100

Cisplatin (ug/mL)

N A . 1Y 1% & av vo
AN 7 ATVNAFBUNAVRNENUAD 3D spheroid LARISNWEUEYBINDUNLL SRS UNAIIN 1A

WHTUANN 9 (a) NTUsELUAIRIIN1TTeRTInTeUYad (b)

a1s¥ninl¥ie apoptosis Tu 3D tumor model

(%
13 U v =

Weown cisplatin - dwason1stnililAn  apoptosis  Aulwas  Atulslavadounauss
cisplatin - NiAolwaaNLISIMIBNITIN caspase-3 level TIUAAIBONIINWAATILAN apoptosis T
Aounzss lnedsaaaiduna 4 W auldwuinaede 3.6+0.2 x 107 mm® udAudeg19904 free

cisplatin uag Lip-QCS-cisplatin lnafnualianuiintuves cisplatin agjﬁ 25 pg/mlL wazn313n
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FIDENNAIINNITRLINNEGT 12, 24 ay 72 TAlus NNTIAUINI caspase-3 HANISNAABINUIN
N15\Ain apoptosis kUsHUATIAURAMULAIRENAULER (AT 7a) Fansatuiunisedsenvedas
UULAATIT0ATINLAAAAINUNIATNIUNAIDEN (NNTb) wasnul free cisplatin dninliliAn
apoptosis 14fn1 Lip-QCS-cisplatin sdanmlaanusune caspase-3 indntusziugesudunasin
MsdurialnenI et IuaZIEad N15INSNTINITOLTONVBUIAGULLTINUIINA free drug wag Lip-QCS-

i i s = < & o QA . . Yo W ~
cisplatin Fan1glunandneyy 72 Tilusilaziiunavesnuduieain free cisplatin lalauda(nIwi
7a and ¢) Fudunasnnsd csplatin lldgniniuedinaneu uwaza1aii Lip-QCS-cisplatin vzdina

nan1sdudalusunuu slowed wae sustained release

Apoptosis in SiHa spheroid Cell viability

a) b)
*—-Lip o—Lip
1600 Lip-QCS 200 Lip-QCS
|
2 Lip-QCS-cisplatin 160 Lip-QCS-cisplatin
S 1200 Free cisplatin > Free cisplatin
3 =120
® 800 s
f >o 80 g
2‘1 400 40
8
0 0
12 24 72 12 24 72
Time (hour) Time (hour)

c) At 72 h post incubation

Control untreated Free cisplatin L-QCS-cisplatin

A9 7 nstndiliiiAn apoptosis 1WIBULEUTENIN free cisplatin wag lip-QCS-cisplatin a) taz

) W3BUAUNITNIIINIUNTTONTINVIA] (D)

13999 2 szuuthdsenuugat PLGA-liposome U533 cisplatin iian1ssneuzissuinuagn
N13A383 PLGA waz PLGA-Liposome U539 cisplatin
ANBUENIINIENI8YDY PLGA Mwseulainsnziaig TEM wuineunia PLGA Mw3eulad

NTINAL YUIAFINTT 200 nm (A7 8a) UazlilalAdausie liposome ALATIZRAY TEM WUNT
\AFUVBITY lipid SOUHIVBIEUATA PLGA ladaiau (nwi 8b) Liledasig AAS wud1 PLGA a1i1sa

A cisplatin 16 30.1%
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AN 8 ANwY

VNMEAINYBIBUNIA PLGA (a) Uag PLGA adaumenaalnaln (PLGA-Lip)
n15An Ligand wlin Anti-VEGF vuwladlnlaln

Tunsneaesiiidwanefiasld anti-VEGF 0y tarceted moieties iiiontsthdslalulaalss
Jungsaaiuzisnuagn Fahitefnmenudululdlunsdoureuivenginaniulaluley
uazvaaesansalunsdeadvesoumadiodeuneuived  SeldfauUasiuirveslalulenlneta
Usinamlealnalnduduilldioufnuasndidn  wuiainlaluloussduiinionladafianududuyos
WoalwaTnwiniu 6-7 TadnSusiefiadans wse 9-10 Tadluandiu wWiefn anti-VEGF u& Saudadu
vosealndndnldanacde 3-3.5 fadnsusefiadans Anduuszanas 50 % Fwmneauiilaiinig

gaudeUSinaeunalaluledluamil lussninanssuiunisiaueusived

nsUseliunansin anti-VEGF Litemupuaunmvastalllsuiildlunimeasstunaunsly
31518 Micro BCA Protein Assay Kit titednelusiulasaiunulviusunamealnaUavesinegns
ADULAETAINTAA anti-VEGF Jawviniu nuindisldwaudusianuaudu 50 lulasnsusaiiaansy la
Wlwundaueudved  denisaanfuuasinnilaluleuilidueuiived WARASLALTILINENNTORA
woudvueAvulallauls  Tesaudutuvesldsiuninlaanaslseuansaniaanusunamanui by

) & ~ | ) a a v o o 2 v a

aila nsgandusasadlaluleuiinasdon sinUsunalusiu Auilunisindsieaiernasazaslaly
lgyliinssuniutdesanuwsdanunsainUsunalusiula

nsnagaunsansdeasusisUnangnlaenstidsuuugatigae lip-anti-VEGF

Nan1sMAaesan CLSM  wuindomunuliniunduduvesiealslalaves PLGAlp uaz
PLGA-lip-anti-VEGF fimnududuviiiu udrunduwadidunal 2, 4 uay 24 Falue Taednsen
dyauuae PLGA-lip wag PLGA-lip-anti-VEGF W‘ud']mémﬂLﬂﬁlauﬁm’hLéuaél,ﬁm%ul,miﬁumqﬁ’uL:]m
fiUn waz PLGA-lip-anti-VEGF ansnsauduaadléinin PLGA-lp Fsanansafudunalésng CLSM (nm
7l 9) mudutuveseymafindeuiitivadusziiuldfansns 3 sansmaassuandiifiuinnisie
targeting moiety ﬁma&iamwﬁ’ﬂLsaaéﬂummgmﬂ%al,ﬁmmﬂmsl,ﬁmiama‘[,umsﬁ’]aiqaqmﬂLsﬁ’maému

NSANNITNEAAYEIDUNIAVLRILEA
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PLGA-lip PLGA-lip-anti VEGF

2h

4h

24h

Al 9 Wisuiflsumadieadserinasadeuny SiHa wad#ildsu PLGA-Up wag PLGA-lip-anti-
VEGF flvian 2 Falus nneldindos CLSM idswene 60 win feuwadene Hoechst 33258 (@) waw

aun1Adawd Dill dye (Fwnd)

M39 3 USinaeunalidisasuseiiuniim 4 Falu

Samples at 4 h Mean fluorescence intensity
(MFI)
PLGA-lip 23351 +7.31
PLGA-lip-anti-VEGF 560.60 + 10.63

nsnagaunanisideuugadidae PLGA-lip-anti VEGF siaisasuzisauinungnlunynaass

Jesswinsdaszuuihddunyneaendunar 30 wifl wawntuiings  Cervical
dislocation wagiiiusifiegnseieviiauinsIvst nsIadaume in vivo bioluminescence imaging
system lanan13nsztevaseunAlukfazdInreteitIzanm 10 WeIsuisusenitemuain 3

treatment lalA control (@afetnde), PLGA-lip (non-targeted liposome) way PLGA-lip-anti-
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VEGF (targeted liposome) #uineigazainyy control liiUsing Tanandosaniienindegiaiidn
Liflounialalulay LﬁaL*U%EJ‘ULﬁwswdwmﬁﬁmﬁaaﬁ’aadm non-targeted liposome lay targeted
liposome Wudwﬁé@ﬁgmmﬂaumﬂiuﬁauﬁuaqﬁaumﬁamﬂwﬁﬁm’ha targeted liposome 4031
ﬁgﬁlaméf’m non-targeted liposome 1usum$17'llmﬁaﬂﬁwﬂfju non-targeted liposome #U318YN"A
fimsan@nafisy nansveaesiEuiiuiniinnsin targeted moiety Siwaifial retention time v
oynalufesusivilfnaraldfuniy  ogdlsinunudyanureseynadutuanyiidars
non-targeted liposome wag targeted liposome azaufivenfadunaiiosninnisivesiiduden
HognaynInausandud il waznmeneiifuannadeveaiinmavadudieiliiang
Sygadun mavesesiuandiiuuuiliilunisihdseyaeegisjath dduduremaionis

Shwdesmanunsdudinisasyvesiounsisulioideyniaiiussgentudussly

Fsoo 00 6.56+004
s
Heart lung liver  spleen kidney tumor Heart lung liver  spleen kidney tumor
600.00 4.4e+004
- ‘f, r
Non-target § @M ll “ . 4
6 WIS 400.00 2.2e+004

200.00 . h

288.48

PV AR

@
2 .*’l ” * Control
T

Control H
N

a v | (% U v 2/ ¥/ < ¥, .
AR 10 fegeivizvemynaass (e Yaa du dw o uar deuunise)  laeld in vivo
bioluminescence imaging system AMMNNATUGIBABNN fluorescence MILANINITAZAUVDITEUY
ddluededz  wagmamurnAenmyIALansgUseiegymaaes (Wa3UY  Liposome-non

target, LOINA Liposome-target, La2a13 Control)
dgunan1Inaag

1. ssuuihdweUszguanuasinigingallan  chitosan-conjugated liposome  &3U3598M

. . o o/ <
cisplatin LW'e]ﬂ"IiiﬂH’]SJZL'NU’]ﬂ&IﬂQﬂ

nsnaesilddinulasivedalulsulvidulszquindas quatemized N,O-oleoyl chitosan
(QCS) Fsdanneilifiduounarliveuinoglulinana uadlinmaufunealwadafiawioudula
Wlwuuszauan Lip-QCS wanslasizianuasmaaiinian nnudn Lip-QCS fauszqduuinuys
funnud3anas QCs 4 Faudenifin QCs 2% Tasthmiin dusFeulaluleulfouin 171.5 « 0.8 nm e

Uszguduuan 11.7 + 0.7 dwsuldidussuuihadsensield nsida QCS lafinalilalUlouimnuduiiv
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fuwadiiuty wonanddaldwuin LipQcs fmnuannsalumamededionldmiennaoumsiu
fuauniA mucin-particle iledianzinmatieaduasoymanuitnmaiiy QCS fnavilrounaitn
wadled  9nAuaNtRtiy  Lip-QCs  Rwgnldussgenaiivhtndmiunissinwinssalinungn
cisplatin iw3eaniu Lip-QCS-cis wuineyaaaansainiiu cisplatin ¢ 28 % Geaneii cisplatin o
gnAnfulilustiaues liposome il phospholipid bilayer UszdnBammues lip-QCS-cis li3uns
naaouBuduluszuy 30 cell culture Tnsnsrameuisiuauaninsolumstiudusaduziuasnis

il apoptosis Fadunaain cisplatin
2. szuuihadsguuugad PLGA-liposome U338 cisplatin tivanssnunazisaunungn

syuuthderiniiildu PLGA imdeuRnnienealnaln w3 PLGA-liposome te3eallnaly PLGA
& 8/ . . a4 A v . S dAa
Juununans (core) THussqen cisplatin wasiafauiivetaynianie liposome anntuiinavaslaly
Toulaou targeting moiety Mu anti-angiogenesis antibody W39938NI1 anti-VEGF ol
neutralize 1UsAu VEGF (vascular endothelial growth factor) fwavinlam angiogenesis,

. . < a ao I v A (Y . [ [y
progression Wag metastasis UBIULLIY TnguauRudfIinanlataumRaiy PLGA-liposome A38NUsY
Maall nuanunsafnuauRuedla 50% vosUsunansuaunly ey PLGA-lp uenaniidslamaaey
M3ANansavasTEULTwsBNlalumMsinfivemuInisussy dsplatin asty PLGA 1§ 30.1%

szuuthdsenvilatlasunisnageuuseansnmlusyuu 3D cell culture wazlunynaaes

unITel

1. szuuﬁwdqmﬂizqmnuazLmzamﬁmﬁan chitosan-conjugated liposome %wﬁqm

cisplatin tNanssnuassaUnungn
Uagtuszuuihdseuuy vagina admiration  losuaruaulasgisunnitosainduunasiidl
annzfudodeniliiduetoisidmanglunisihdwenls  msdidsewin  vagina route 114
Usyansnmeisiduuuu systemic wag topical drug delivery @slunnsmaassilaasneszuutinaasn
luguuuu liposome-chitosan hybrid system (Ch-QCS) vihlvilalalulsuiiianaudfinizinageion
waziivszauintnglunisiwaduaziiuTiusinnesngmsveten lnslaveaeuiveaiundndmsy
< . . = & v < o a a =5 N =
nzissUnuegn  cisplatin FUUBINIUNELIIUINNAGANNUTEENSANEY  LANIAUITUNBULAZ

1 a o Y [y <@ . . . £ a o o <
Had1afgaiugUheas nsinuiu cisplatin Tu Lip-QCS Faidnenmlunisshuueise nglunismaaes
dwudn Lip-QCS vy cisplatin leisne 28 % loading efficiency L#ie391n cisplatin A1y
hydrophobicity gedauwnsnagiiivedlaluloy  maiuauaudilunmsinsingeidloniasiiiulsey
vIn¥ifading Lip-QCS Wwaalanvudadunainainnisiy QCS wanissnwmageulu 3D tumor
model wudnsiniu cisplatin Llugduuveunmadunalnvilielignslienunudu mveaead
TowansliiulsednSnmaes  Lip-QCS  Tunisdudinisiadguesiouwaausids  wenanddauin
Anuansatun1stninliin  apoptosis  Feguuuunstniliminanuluiiviuwaduaznisiia
. < . = . PP <

apoptosis L‘LJugULLUU slowed Wag sustained release @9 Lip-QCS @130UTIUMNAMNTU
hydrophobic gald szuutihdsiianunsailunaunietugudmsuasiwinsueluguuuy 1wa wa vie
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Wayl ieiuTiUsunueengnsvetansiaiienIsTunIziiadion dusuindsennaluy topical was

systemic delivery ¢

2. szuuthaseuuugad PLGA-liposome U3598 cisplatin tilannsinenuzi3alanungn

PLGA fiwSeuldidunsanay vuiasnd 200 nm wazdlawrdaudie liposome Jinsziidae
TEM wunaindouvesiu lipid soufiweseynia PLGA lédaiau ile¥adae AAS wudh PLGA a1nsa
fnuftu cisplatin 16 30.1 % synafilstinndn anti-VEGF 1¢ 50 % lemsiaaeunsihdatnguwad
WIBUBUIEIN PLGA-Lip tag PLGA-lip-anti-VEGF WUl n15@n targeting moiety dnanavigln
madwaduesouneity  warldmnaeulssAvinmmamathasounelfouusseiivgnanglumy
lnalUSeuiiouseninemyann 3 treatment oA control @agnetinde), PLGA-lip (non-targeted
liposome) tag PLGA-lip-anti-VEGF (targeted liposome) n523@8uUm28 in vivo bioluminescence
imaging Wuinildya i neynAluduresieuNzISsnuyidndie targeted liposome geninny
fidnde non-tarceted liposome mamsvaaesiEusuIiinisin targeted moiety Slnadiu
retention time vateaunalutezsuilfenavanlduniu mmeaesiuanddiifuunliuluns
thdseyniaegsath  dluduvemadenssnwdesmmanunisdudinisaiyvesteunsiaile
thdseymafiussgeludfusield

namsideilduandidudauuliuimlunmsldszunideuuuadiiensdnulsaunss
Unnuagn  FeisAdeannsaiildesdanuiildunldlumsimunszuuhdavusatuiions  simun
sy precision medicine dniulsaiindusely ogslsfnu dmiunsiamunelaeamenguen
Tnitudnsdoddinszuiumsdninninefiofigaiusyaviuazanulanafovesuauninagis
Sunounslilgase wildunszurumsiinensanuluszdiu pre-clinic Fafloindiauddyunn
nsaeugvisuazaniuivressmuiunouasgludainaaendaig 4 s Tutlagdu
nsfnwseiu preclinic  ludssmdlnetudefirnunaueanlugiu  animal  facilities  waz
HosufiRnssedu GLP/GMP saufafi@savglududindneguin Snvisnsvadenlssseuing
yanansiuanAfudsindulunsndnsunisidesu nanomedicine TianuAmihanse
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This study emphasizes the development of a novel surface modified liposome as an anticancer drug
nanocarrier. Quaternized N,0-oleoyl chitosan (QCS) was synthesized and incorporated into liposome
vesicles, generating QCS-liposomes (Lip-QCS). The Lip-QCS liposomes were spherical in shape (average
size diameter 171.5 + 0.8 nm), with a narrow size distribution (PDI 0.1 +0.0) and zeta potential of
11.7 £ 0.7 mV. In vitro mucoadhesive tests indicated that Lip-QCS possesses a mucoadhesive property.
Moreover, the presence of QCS was able to induce the cationic charge on the surface of liposome.
Cellular internalization of Lip-QCS was monitored over time, with the results revealing that the cell entry
level of Lip-QCS was elevated at 24 h. Following this, Lip-QCS were then employed to load cisplatin, a
common platinum-containing anti-cancer drug, with a loading efficiency of 27.45 + 0.78% being obtained.
The therapeutic potency of the loaded Lip-QCS was investigated using a 3D spheroid cervical cancer
model (SiHa) which highlighted their cytotoxicity and apoptosis effect, and suitability as a controllable
system for sustained drug release. This approach has the potential to assist in development of an effective
drug delivery system against cervical cancer.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Development of effective nanocarriers for drug delivery has
become an important factor dictating advances in the field. Several
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types of nanocarriers having novel features aiding drug delivery to
specific target sites, and to overcome biological barriers, have been
designed [1,2]. The advanced nanocarriers devised especially for
tumor treatment include those that are stimuli-responsive, are
active targeting, and have site-specific triggers for localized drug
delivery [3,4]. Many lipid and polymer-based nanoparticles have
been studied as the basis for nanocarriers, and liposomes, neo-
somes, chitosan, poly (lactic-co-glycolic acid), poly-L-lysine and
hybrid classes of these have been investigated to this end. Among
lipid-based nanocarriers, liposomes are considered as the most
conventional for use as drug carriers due to their practicality and
biocompatibility, and the ability to regulate drug release. Addition-
ally, both hydrophilic and hydrophobic drug cargo systems can be
encapsulated within liposomes. However, liposomes have some
limitations being that they are rapidly cleared and suffer from
non-specific targeting, therefore, surface modification of these
remains a key strategy for tailoring these for therapeutic use. In
the polymeric nanocarrier class, chitosan is widely used in drug
delivery as it is naturally occurring and biocompatible, allowing
non-parenteral routes of delivery (nasal, ophthalmic, buccal, vagi-
nal, transdermal and pulmonary) [5,6]. The outstanding advantage
of chitosan over others is its excellent mucoadhesive properties,
which occur via the opening of epithelial tight junctions resulting
in transient permeability of mucosal barriers [7,8]. Therefore, chi-
tosan is considered as a mucosal penetration enhancer for drug
delivery applications [9,10].

Mucus membranes lining cavities and canals in the respiratory,
digestive and urogenital tracts act as barriers to noninvasive drug
administration routes. Drugs need to pass though mucosal surfaces
to avoid hepatic first pass metabolism before reaching their target
sites. Therefore, fabricating novel drug delivery systems to over-
come these issues is a major theme of research in medical science.
Mucus membranes have been recently highlighted as a focal point
for targeted delivery in mucus-associated diseases [11,12]. A
mucoadhesive nanocarrier designed for tumor therapy showed
potential, with the drug-carrier system being able to pass through
mucosal membranes such as pollen-mimetic porous microspheres
[13] and PVA-coated PLGA [14]. The advantages of this type of
cancer treatment are most obvious in cervical cancer, as the endo-
cervix and exocervix have extensive amounts of mucosal lining
[15]. Most invasive cervical cancers are induced by Human
Papilloma Virus (HPV) type 16 or 18, which are the high-risk types
[16]. HPV infection in keratinocytes at the basal layer of the muco-
sal cervix epithelium causes abnormal cells to cover the opening of
the cervix muscular canal where the mucous membranes of the
vagina and cervix meet. Therefore, mucous membranes are a
potential target site for drug delivery against cervical cancer since
the location of the cervix allows ease of access and the vagina is a
favorable site for both local and systemic delivery [17,18].
Recently, Yang et al. (2014) demonstrated that incorporating PVA
into polystyrene particle resulted in enhanced mucoadhesion
[14]. This experiment demonstrated the use of a surfactant to
formulate the drug carrier, and investigated the transport of
nanoparticles in human cervicovaginal mucus. Berginc et al.
(2014) developed mucoadhesive liposomes for vaginal delivery of
curcumin. An in vitro model of vaginal mucus was developed
allowing monitoring of curcumin permeability under conditions
mimicking the vaginal environment [19]. This study showed that
coating the liposomes with bioadhesive polymers chitosan and
carbopol significantly increased the level of curcumin permeabil-
ity, resulting in a superior drug delivery formulation over conven-
tional vaginal delivery systems.

Cisplatin is a platinum-based anti-cancer drug which induces
cytotoxicity by interfering with transcription and/or DNA replica-
tion. The interaction of cisplatin and DNA forms platinum-DNA
adducts, resulting in the activation of several signal transduction

pathways involved in apoptosis [20]. Although cisplatin has been
selected as a primary drug for treating cervical cancer, it has some
significant drawbacks. Firstly, cisplatin has been proved to be
extremely toxic [21] such that treatment often induces severe side
effects including nephrotoxicity, neurotoxicity, ototoxicity, nausea
and vomiting [22]. Additionally, as cisplatin is a low molecular-
weight drug the retention time in tumor tissue is very short and
it can be easily circulated causing damage to normal cells [23].
Resistance to cisplatin can also develop [20,24]. Several approaches
have been developed to reduce the side effects of cisplatin such as
using it in mixed drug formulations, and chemical modification of
the cisplatin structure to produce less toxic analogs [25,26].
Efficient targeting of cisplatin to the required tissue would greatly
enhance treatment effectiveness; directly targeting the tumor
tissue using specific nano-drug delivery systems would prevent
some of the aforementioned problems.

This research aimed to prepare and investigate the therapeutic
effects of mucoadhesive liposomes containing cisplatin for cervical
cancer treatment. The modification of phospholipids through
chemical conjugation with chitosan generates quaternized
N,0-oleoyl chitosan (QCS) for incorporation in liposome. The
QCS-incorporated liposome (Lip-QCS) is a hybrid of polymer and
lipid-based drug delivery system. The core of Lip-QCS is considered
as a lipid-based delivery system which has fast and high endocyto-
sis capacity. Therefore, our system is designed to be an active and
biocompatible nanocarrier which possesses a mucoadhesive
property as well. Encapsulation of cisplatin within Lip-QCS results
in high therapeutic efficiencies. This approach is applicable for the
development of an effective drug delivery system for local or
topical administration against cervical cancer which is a mucus-
associated disease. The purposed system is able to be further
incorporated into cervix and vaginal delivery formulations such
as gels [27], fibers [12], tablets [28] or creams [29] to increase
the drug retention of cisplatin and promote active drug internaliza-
tion into the target tissue.

2. Materials and methods
2.1. Materials

Phosphatidylcholine of soybean origin (Epikuron 200) was
purchased from Cargill (Hamburg, Germany) which contains
phosphatidylcholine about 92%. Chitosan (Mw of 600 kDa) was
purchased from Seafresh Chitosan Lab, Thailand. Triton X-100 was
supplied by Merck (Darmstadt, Germany). Phosphate buffer saline
pH 7.4 (PBS) used in this study contained the following concentra-
tions: 137 mM Nacl, 2.7 mM KCl, 10 mM Na,HPOg4; 2 mM KH,PO,.
Minimum Essential Medium-Alpha (MEM-a) was supplied by
GIBCO Invitrogen (NY, USA). cis-Diamineplatinum(Il) dichloride
(cisplatin) was purchased from Sigma-Aldrich (MO, USA). Fetal
bovine serum (FBS) was obtained from Biochrom AG (Berlin,
Germany). Trypsin—-EDTA, L-glutamine, penicillin G sodium, strepto-
mycin sulfate, and amphotericin B were obtained from Invitrogen
Corp. (NY, USA). Mucin type Il extracted from porcine stomach
was obtained from Sigma-Aldrich (MO, USA). CellTiter-Glo Lumines-
cent Cell Viability kits were purchased from Promega (WI, USA).
SiHa (HPV type 16 positive cells) were purchased from American
Type Culture Collection (ATCC number HTB-35). ApoLive-Glo™
Multiplex kits were obtained from Promega (WI, USA).

2.2. Synthesis of quaternized N,0-oleoyl chitosan (QCS)

To synthesize QCS, two chemical modification steps were
performed. N,0-oleoyl chitosan was first synthesized, and then
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quaternized to enhance its water solubility. The following proce-
dures outline these steps.

2.2.1. Synthesis of N,0-oleoyl chitosan

0.5 grams of chitosan (600 kDa) was dissolved in 80 mL of
methanesulfonic acid. Oleoyl chloride (0.4 mL) was then added
into the chitosan solution with vigorous stirring. The reaction mix-
ture was stirred at room temperature for 5 h and then crushed ice
(150 g) was added to stop the reaction. The acidic mixture was
dialyzed against DI-water for 1 day to remove most of the acid,
followed by neutralizing the remaining acid with NaHCOs. The
mixture was then continuously dialyzed against DI-water for
another 3 days. Lyophilization of the mixture afforded the
N,0-oleoyl chitosan as a powder.

2.2.2. Synthesis of QCS

Five grams of powdered N,0-Oleoyl chitosan was dissolved in
40 mL of 1% (v/v) acetic acid. Glycidyltrimethyl ammonium
chloride (GTMAC) (3 ml) was then added. The mixture was
refluxed at 52 °C for 6 h. After cooling to room temperature the
clear solution was dialyzed against DI-water for 3 days, and then
lyophilized to give powdered QCS. The structure of the obtained
QCS was confirmed by ATR-FTIR and "H-NMR spectoscopy.

2.3. Preparation of liposomes and cisplatin-loaded liposomes

Since the cisplatin is poor solubility drug, in this study, we
prepare the aqueous cisplatin by dissolving in silver nitrate. An
aqueous solution of cisplatin was prepared in accordance with
the procedure from a previous study [30]. The cisplatin solution
was prepared by adding 60 mg (0.02 mmol) of cisplatin to 1 mL
of silver nitrate solution (66.2 mg/1 mL, 0.39 mmol). The suspen-
sion was heated at 60 °C for 3 h, and then stirred at room temper-
ature overnight. The mixture was centrifuged at 16,000 rpm for
15 min to remove insoluble AgCl. The supernatant was collected
and filtered through a 0.2 pm filter, yielding a clear solution of
aqueous cisplatin (cis-[Pt(NHs3),(H,0),](NOs),) for use in loading
experiments. Cisplatin loaded-liposome-2% QCS were fabricated
using a thin film method as follows: lecithin, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (ammonium salt) (PE-PEG) and QCS modified-phospholipid
(9:1:1.5 mg) were dissolved in a 10 mL mixture of chloroform-
diethyl ether (3:1 v/v). The solvent was removed by rotary evapo-
ration at 25 °C under 50-100 kg/cm? nitrogen flow to obtain a thin
lipid film. The film was rehydrated with 5mL of phosphate
buffered saline (PBS, pH 7.4) and aqueous cisplatin (100 pg of
cisplatin/1 mg of lipid) with shaking. The particle size of liposome
samples was reduced using a Liposo-Fast™-10 discontinuous extru-
der (Avestin Inc, Ottawa, Canada) operating at 200 bar, 15-20
cycles with a 200 nm pore size polypropylene membrane (Milli-
pore GmbH, Eschborn, Germany). Cisplatin-loaded liposomes were
concentrated by ultracentrifugation (Optima L-100 XP Ultracen-
trifugation Beckman Coulter; California, USA) at 80,000 rpm,
25 °C for 1.5 h. The pellets were collected and then re-dispersed
in PBS. Loading of cisplatin was quantified through measurement
of platinum concentrations using atomic absorption spectroscopy
(Perkin Elmer PinAAcle 900F, MA, USA). Liposome controls (bare
liposomes, Lip) were obtained by undertaking the preparation
method without cisplatin loading.

2.4. Physicochemical characterization of liposomes

Morphologies of Lip and Lip-QCS particles were investigated
using Atomic Force Microscopy (AFM). Five microliters of liposome
sample was placed on a mica slide and allowed to dry for up for
15 min under vacuum, followed by further drying in a desiccator

overnight. All images were recorded at room temperature with a
scanning speed of 1.0 Hz using AFM (Seiko SPA400, Chiba, Japan).
Measurements were carried out using silicon rectangular
cantilevers with a spring constant of 20 N/m?2. The topology images
were used to determine the morphologies of the obtained
liposomes.

The hydrodynamic diameter, polydispersity index (PDI) and
zeta potential of liposomes were determined using dynamic light
scattering (DLS) (NanoZS4700 nanoseries, Malvern Instruments,
Malvern, UK). Liposome samples were diluted with 1 mL of filtered
distilled water. PDI and zeta potential values were obtained as the
average of three measurements at 25 °C. The refractive indices of
liposomes and water were set at 1.42 and 1.33, respectively.

2.5. In vitro mucoadhesive testing of Lip-QCS by the mucin-particle
method

The adsorption of mucin on the surface of Lip and Lip-QCS was
measured using the protocol of Takeuchi et al., 2005 to evaluate
the in vitro mucoadhesive properties of each [31]. Colloidal mucin
was firstly prepared in particulate form as follows; 1% w/v mucin
type IIl was added to pH 6.8 Tris buffer and the mixture stirred
continuously for 10 h. The suspension was incubated at 37 °C over-
night, then the mucin particle size was reduced by ultrasonication
(VCX750, Sonics & Materials, Inc., CT USA) to a range of
200-300 nm. Particles were then purified by centrifugation at
4000 rpm for 20 min to separate colloidal mucin out of large pre-
cipitants. One milliliter aliquots of 1% (w/v) mucin suspension
were mixed with different concentrations (0.025-0.2% w/w) of
liposome solution under mild magnetic stirring. The particle size
and zeta potential values of these suspensions were then measured
using dynamic light scattering (DLS) (NanoZS4700 nanoseries,
Malvern Instruments, Malvern, UK).

2.6. Cellular internalization of Lip and Lip-QCS

Internalization of liposomes was monitored using flow cytome-
try in SiHa. For visualization of liposome uptake into cells, conven-
tional Lip and Lip-QCS were labeled with Dil dye tracer (Invitrogen,
Paisley, UK) at a ratio of 1:1000 v/v. Dil-labeled Lip and Dil-labeled
Lip-QCS were obtained after labeling. Cells were cultivated in 6-
well plates until they reached 90% confluence, after which they
were washed with PBS and then incubated with 2.5 mg/mL of
Dil-Lip for 24 h. After incubation, the cells were washed 3 times
with PBS to remove unbound liposomes. Internalization signals
were analyzed using a flow cytometer (BD FACSCalibur™, BD
biosciences, CA, USA) at excitation and emission wavelengths of
488 and 600 nm, respectively.

2.7. In vitro drug release study

The experiment was performed to evaluate the amount of
cisplatin released from liposome vesicles compared with free
liposome. Five milliliter of liposome suspension was loaded in dial-
ysis bag with a molecular weight cutoff at 500 Dalton, Cellulose
Ester Irradiated Membrane (Spectra/Por CE, Spectrum Laboratories,
Inc., Rancho Dominguez, CA, USA) and immersed in 100 ml of PBS,
which was accurately controlled under shaking condition of
150 rpm at 37 °C in shaking incubator. At fixed time intervals,
1 ml of the samples was withdrawn from the receptor phase and
replaced with equal volumes of medium of PBS buffer. The amount
of cisplatin was determined by ICP-OES compared with the plat-
inum standard. The measurements were performed in triplicate.
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Fig. 1. Structure of quaternized N,0-oleoyl chitosan (a) and ATR-FTIR spectra of chitosan, N,0-oleoyl chitosan and quaternized N,0-oleoyl chitosan (b).

2.8. Apoptosis assays

Cellular apoptosis was examined by determination of caspase-3
activity. The cisplatin-loaded Lip-QCS, and free cisplatin were
treated with 4-day old spheroids at a level of 25 pg/mL of cisplatin
concentration. The treated spheroids were incubated for different
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Fig. 2. 'H NMR spectra of chitosan, N,0-oleoyl chitosan and quaternized N,0-oleoyl
chitosan.

time periods (12, 24, and 72 h) followed by determination of the
caspase-3 activity using the ApoLive-Glo Multiplex assay
(Promega, WI, USA).

2.9. Spheroid toxicity of Lip-QCS

In order to evaluate the cytotoxicity of cisplatin-loaded
liposomes, a 3D model was used to mimic tumor mass. A 3D
culture of SiHa cells was prepared. An initial seeding of 2 x 10°
SiHa cells/well was added to each well of a 96 ultra-low attach-
ment well plate (Corning Incorporated, MA, USA). Cells were grown
for 4days until the spheroid diameter was approximately
203 £ 6 um. The spherical cells were treated with free cisplatin,
cisplatin-loaded Lip-QCS or liposomes (Lip, or Lip-QCS) in the
absence of cisplatin as controls. After 3 days of incubation, cells
were harvested and the viability was determined by CellTiter-Glo
Luminescent Cell Viability assay (Promega, WI, USA). Data from
the test samples were normalized with those of the untreated con-
trol for each condition, and expressed as a percentage (% viability).

3. Results and discussion

3.1. Characterization of N,0-oleoyl chitosan and its quaternized
derivative

The preparation of N,0-acyl chitosan in methanesulfonic acid as
solvent was performed according to the protocol reported by
Sashiwa et al. [32]. In this study, chitosan was dissolved in
methanesulfonic acid, and the oleoyl chloride was added dropwise.
The homogenous mixture was neutralized with sodium hydrogen
carbonate, and then dialyzed and lyophilized to obtain the N,O-
oleoyl chitosan having O-substitution as the major product
(Fig. 1a). A noteworthy point is that obtaining both a moderate
degree of N,0-acyl substitution, and moderate molecular weight
is necessary to ensure that the material shows high biological
activity. Although selective O-acylation of chitosan in methanesul-
fonic acid (believed due to protonation of the primary amino
group) has been reported [33], the chemical structure of the
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material has not been fully characterized. To address the chemical
structures of chitosan and its derivatives were characterized by
ATR-FTIR. Fig. 1b displays the ATR-FTIR spectra of chitosan,
N,0-oleoyl chitosan and quaternized N,0-oleoyl chitosan. The
characteristic absorption at 4000-3000 cm™! is due to OH and
NH, group stretching frequencies. The absorption bands at 1647
and 1375 cm™! correspond to the C=0 and C—O stretching of the
amide groups, whereas the absorption band at 1585 cm ™! is attrib-
uted to N—H amino group deformation. Moreover, the chitosan
spectrum shows absorption bands at 1149, 1057 and 1022 cm™!
which correspond to C—0—C and C—O stretching. The ATR-FTIR
spectrum of N,0-oleoyl chitosan exhibits clear absorption bands
at 2924, 2854, 1464 and 1182 cm™! due to the presence of methy-
lene —CH,- groups, and the absorption at 777 cm™! relates to the
=C—H bending of the oleoyl group. The spectrum of quaternized
N,0-oleoyl chitosan exhibits a diagnostic absorption at
1477 cm™!, arising from C—H stretching of the methyl substituent
of the quaternary ammonium groups.

In comparison with the "H NMR spectra of chitosan which con-
tains no aliphatic protons, that of N,0-oleoyl chitosan exhibits a
singlet at 5 0.77 ppm, a broad multiplet at § 1.08-1.94 ppm, and
a doublet of doublet at 6 5.56 ppm due to the presence of the
methyl, methylene, and methine protons of the oleoyl group,
respectively, while the spectrum of quaternized N,O-oleoyl
chitosan was similar to that of N,0-oleoyl chitosan except for addi-
tional proton signals at 6 2.88, 3.11, 3.34 and 4.32 ppm due to the
glycidyltrimethyl ammonium moieties (Fig. 2) [34]. From the 'H
NMR spectra, the degree of N,O-substitution (DS) was calculated
using the following equation:

DS = (IMt/2)/(IH2),

where IMt represents the total area (integration) of the oleoyl group
methine protons, and IH2 represents the peak area of C2 protons
from the chitosan backbone. Based on '"H-NMR spectra, the degree
of N,0-substitution (DS) value was calculated using the equation.
The DS value was found to be 0.025 which was in good agreement
with that obtained from elemental analysis. The degree of quater-
nization (DQ) for the prepared quaternized N,0-oleoyl chitosan
was determined by potentiometric titration with silver nitrate
(AgNO3) solution, and found to be 70 + 3% [35].

3.2. Morphological and physicochemical characterization of liposomes
The hydrodynamic size and surface charges for Lip, Lip-QCS, and

cisplatin-loaded liposomes (Lip-QCS-cis) were determined and are
shown in Table 1. Lip has a mean diameter of 141.7 + 1.8 nm and a

133,939 [deg]

117.986

Table 1
Physicochemical characteristics of liposomes.

Sample Size® (nm) PDI* Zeta potential® Drug loading”
(mV) (%)
Lip 141.7+17 0100 -73%05 -
Lip-QCS 1715+0.8 0.1+00 11.7+07 -
Lip-QCS- 1646+1.0 02+00 0.6+0.0 27.6+0.8
cisplatin

PDI = polydispersity index.

2 The standard deviations were obtained from triplicates during size
measurements.

b The standard deviations were obtained from three independent experiments.

polydispersity index (PDI) of 0.1+0.0, and exhibits a slightly
negative zeta potential (—7.3 £ 0.5 mV). The incorporation of 2%
QCS into liposomes resulted in an increase in diameter, and change
in zeta potential from negative to positive. This result confirmed
the insertion of a hydrophobic component, the oleoyl group, into
the phospholipid bilayer, and decoration of positive charges from
QCS onto the liposome surface as reflected by the positive zeta
potential value. Lip-QCS proved suitable for loading of cisplatin,
although it is known that cisplatin is strong hydrophobic drug.
The cisplatin in this study was transferred to aqueous form by
dissolving in AgNOs. Therefore, the aqueous cisplatin would be
encapsulated in the inside liposome core. However, the charge of
size and zeta potential probably influenced the non-encapsulated
cisplatin remained in the suspension.

AFM was employed to investigate the morphologies of Lip and
Lip-QCS particles although under these conditions the liposome
samples were dehydrated. The images identified that liposome
nanoparticles have discrete and spherical shapes (Fig. 3) and no
significant differences between the size and shape of Lip and
Lip-QCS particles are noticeable.

3.3. Mucoadhesive test

Incorporation of quaternized N,0-oleoyl chitosan into lipo-
somes resulted in the Lip-QCS particles having a positively charged
surface, as described above. The presence of surface chitosan
results in the liposomes having mucoadhesive properties. To con-
firm this, the interactions between Lip-QCS and mucin particles
were investigated using the sub-micron mucin method. For control
mucin, particle sizes and zeta potentials were in the range of 260-
280 nm and —5 mV, respectively. Changes in zeta potential and
particle diameter were monitored as mucin particles were mixed
with various concentrations of Lip-QCS. The binding of mucin

Lip-QCS

0.00 [nm] 51EhL

Fig. 3. AFM images of liposome (lip) and chitosan incorporated liposome (lip-QCS).
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Fig. 4. Mucoadhesive assay of liposomes. Size and zeta potential of liposome:mucin
complexes in various amounts of liposome.

particles and Lip-QCS resulted in complex formation, as reflected
by changes in surface charge and particle size. Considering particle
size, the diameter was observed to increase with Lip-QCS quantity,
until micron-sized particles of the complex were obtained (Fig. 4).
This change is dependent on the amount of supplemented Lip-QCS,
indicating that Lip-QCS has a binding affinity for mucin. Remark-
ably, control Lip showed no significant changes in size on testing

(@

Cisplatin concentration 0 6.25

Lip-control

Lip-QCS

12.5 25 50 100

teo o oH
AR ENKY

with mucin. Monitoring of the surface charge also confirmed that
Lip-QCS particles are mucoadhesive. Increases in zeta potential
value were observed on treatment of Lip-QCS with mucin. Addi-
tionally, complexation resulted in observable turbidity, with the
level of turbidity being significantly higher for complexation
between mucin and Lip-QCS over that of the Lip control.

3.4. Intracellular uptake of Lip and Lip-QCS

To investigate the intracellular uptake of Lip-QCS, the amount of
liposome entry into SiHa cells was evaluated using flow cytometry.
The experiment was conducted at 24 h post-transfection, with the
percentage internalization being 76.6% and 89.6% in Lip and
Lip-QCS, respectively. These results indicated that intracellular
uptake of Lip-QCS was considerably higher than that of Lip, an obser-
vation related to the cationic Lip-QCS surface charge inducing
electrostatic interactions with the SiHa cellular membrane, and subse-
quent endocytosis. In contrast the negatively charged Lip surface pro-
motes electrostatic repulsion with the cellular membrane, retarding
endocytosis [36]. In summary, the surface charge is an important fac-
tor for liposome-mediated cellular internalization, and these results
correlate well with those previously reported [37,38].

3.5. Encapsulation efficiency and loading capacity of cisplatin in
Lip-QCS

To examine the role of Lip-QCS as a therapeutic drug carrier, we
selected cisplatin as a model drug due to its importance in cancer

ug/mL

Lip-QCS-cisplatin . ' ' . . .

Free cisplatin

® 50 0 W

(b) mlLip mLip-QCS woLip-QCS-cisplatin OFree cisplatin

160

% Viability

120

80

40

0
6.25 12,5 25 50 100

Cisplatin (pg/mL)

Fig. 5. Cytotoxicity test of liposomes and cisplatin on SiHa spheroid at 72 h-post treatment. Morphological charge of 3D tumor spheroid occurred, resulting in destabilization
forms after treated with cisplatin (a). Percentage of cell viability measuring from 3D tumor (b).
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therapy. With an initial loading of cisplatin per lipid 104 ng/mg the
recovered yield (as analyzed by AAS) indicated a Pt-loading yield of
29 pg/mg, which is a 28% loading efficiency (Table 1). This result is
consistent with those of Huo et al. [39], who developed a liposome
formulation showing Pt-loading efficiency of 25% as the basis for a
potent brain tumor treatment.

3.6. Therapeutic effect on 3D tumor model spheroids

To assess the therapeutic effect of Lip-QCS-cisplatin, in vitro
assays on 3D spheroid cervical cancer models were undertaken.
A 3D cervical cancer model was obtained by seeding 2000 SiHa
cervical cancer cells into each well of an ultra-low attachment
96 well-plate. Cells were allowed to aggregate and form 3D
spheroids for 3days, to reach a tumor volume of
2.1+0.2 x 107 um®. The spheroid cultures were exposed to the
drug and liposome samples, with subsequent incubation (72 h).
Cell viability was determined and compared among spheroids
treated with Lip, Lip-QCS, Lip-QCS-cisplatin and free cisplatin.
Fig. 5a shows the effect of various cisplatin concentrations on
spheroids, compared to the untreated control. Morphological
charge of 3D tumor spheroid occurred, resulting in destabiliza-
tion forms which could be observed after treatments with cis-
platin and Lip-QCS-cisplatin. The percent viability of each
individual spheroid sample was determined, as shown in
Fig. 5b. After 72 h-post treatment the viability of cells treated
with Lip-QCS-cisplatin and free cisplatin showed a dose depen-
dent decrease while no cytotoxic effect was evident in those
treated with Lip, or Lip-QCS alone. Lip-QCS-cisplatin has lower
toxicity and is less effective on spheroids compared to free cis-
platin, believed attributable to the difference in bio-distribution
between free cisplatin and liposome containing cisplatin
[40,41]. Furthermore, some previously reported studies have
shown that encapsulated drugs are released through controlled
mechanisms prolonging drug efficacy, whereas free drug mole-
cules show rapid release profiles. Our results are consistent with
previous studies in this area [42,43], however, these results
highlight the development and use of an effective non-
cytotoxic modified liposome that is suitable for drug loading. A
key advance is to further modify the liposome to specifically
target cellular uptake by tumor cells.

(a) Apoptosis in SiHa spheroid
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Fig. 6. In vitro drug release profile from free cisplatin and Lip-QCS-cisplatin. Data
show mean = SD (n = 3).

3.7. In vitro release study of Lip-QCS-cisplatin

To examine the cisplatin release profile, in vitro release study
was performed with the free cisplatin and Lip-QCS-cisplatin at
the initial concentration of cisplatin approximately 40 pg/mL. Both
free cisplatin and encapsulated cisplatin released from liposomes
reached to the maximumy% cumulative release profile at 48 h as
follows; 79% and 91%, respectively (Fig. 6). The result indicated
that encapsulation of cisplatin in liposome can slow and sustain
the release of cisplatin. This could be due to retardation of drug
release from liposome barrier.

3.8. Apoptosis assay on cervical cancer spheroids

The therapeutic effects of cisplatin through cell apoptosis were
observed by evaluation of caspase-3 levels expressed in cervical can-
cer. The study was done together with the observation of cell viabil-
ity. Cells were grown for 4 days until the spheroid volumes were
3.6+ 0.2 x 107 um?>. Caspase-3 activity was determined from spher-
oids treated with free cisplatin, and Lip-QCS-cisplatin at a concen-
tration of 25 pg/mL. The results indicated that apoptosis was
induced as a time-dependent manner, within 72h post-
incubation. This correlates with the cell viability result, which also
decreases in a time-dependent manner (Fig. 7a). For the non-
correlated result of apoptosis and cell viability of free drug at 24 h

Cell viability
Lip
200 Lip-QCS
a
2 160 Free cisplatin T
3 120 T } 1
> g0 : 3
® # L
40 =
0
12 24 72
Time (hour)

Control untreated

Free cisplatin

L-QCS-cisplatin

Fig. 7. The study on therapeutic effect on 3D tumor model spheroids. Apoptosis and tumor cell survival exhibit the retention of the effect of cisplatin-loaded in Lip-QCS (a).
Imaging 3D tumor cell after live-dead staining indicated live (green) and dead (red) cells, study was done at 72 h post incubation (b). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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post treatment, It is possible that the level of activated caspase-3
was not ready yet to induce cell dead, so that we could detect the
higher cell viability. Normally, caspase-3 plays the role to regulate
other signaling molecules until the cell died. Therefore, in our result,
we detected the high level of caspase-3 activity at 24 h after treat-
ment which consequently decreased the cell viability at 72 h-post
treatment. Moreover, we found that free cisplatin induced apoptosis
in spheroids at a higher level compared to Lip-QCS-cisplatin, as a
consequence of the slower release of cisplatin from the Lip-QCS
(Fig. 7b). This result related to the in vitro release study of free cis-
platin and Lip-QCS-cisplatin which exhibited an encapsulated form
showing slower release of drug (Fig. 6), so that the therapeutic effect
was delayed but more sustained therapeutic effects. Cisplatin needs
to be initially released from the carrier to reach the tumor whereas
free cisplatin is available for direct diffusion to the cancer cells.
These results correspond well with those of drug cytotoxicity testing
and are consistent with previous studies demonstrating that
cisplatin-loaded nanoparticles are capable to induce apoptosis in
cervical cancer cells via caspase-3 induction [44-46].

4. Conclusion

Several mucoadhesive nanocarriers have been reported, how-
ever, most of them are mainly focused on non-cancerous mucus-
associated diseases [47-49]. In this study, we purposed the novel
mucoadhesive nanocarrier, possessing cancer therapeutic effect
against cervical cancer. An amphiphilic chitosan derivative, quater-
nized N,0-oleoyl chitosan (QCS) was designed and synthesized.
QCS was incorporated into liposome vesicles, generating QCS-
liposome (Lip-QCS). Cisplatin, a model drug, was loaded inside
Lip-QCS. The multiple characteristics of Lip-QCS were studied
including physicochemical, mucoadhesive and therapeutic effects.
The presence of QCS-chitosan on the liposome surface enhances its
mucoadhesive properties and may allow for more efficient target-
ing. Lip-QCS has the potential for use against cervical cancer as a
component in vaginal formulations. Encapsulation of a hydropho-
bic chemotherapy drug such as cisplatin was achieved, and its
therapeutic effects demonstrated in 3D cervical cancer models.
This system is beneficial for the incorporation of the particle into
other formulations such as gels, tablets or films for therapeutic
applications, and to further increase the drug retention time.

Other advantages of in this delivery system are, first, it is very
effective in intracellular internalization because the mechanism
of cell entry of Lip-QCS occurs via endocytosis. Even Lip-QCS is a
hybrid of chitosan and lipid-based nanocarrier, but the major com-
ponent of the carrier is lipid-based. Thus, this system is considered
as an effective carrier in cell trafficking. Contrastingly, chitosan-
based nanocarrier is recognized as a polymeric-based which is
not aggressive for cell entry [50]. Second, the presence of an
amphiphilic chitosan on the carrier surface causes the carrier to
become a site for conjugation with the targeting ligand to promote
specific interaction of cell and nanoparticles. With this approach,
Lip-QCS are feasible to be an active targeting nanoparticle which
is useful for cancer therapy [51].

In conclusion, this drug delivery system is in the potential to
specifically target the nanoparticles to mucus-associated cancer-
ous cells. We have proposed the novel choice of mucoadhesive
nanocarrier having the potency for cancer therapy. The system
can be implemented in the development of drug for treating cervix
or vagina-associated disease via local administration.
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Despite advances in neuroscience cancer research during the past decades, the survival of cancer patients
has only marginally improved and the cure remains unlikely. The blood-brain barrier (BBB) is a major
obstacle protecting the entry of therapeutic agents to central nervous system, especially for primary cen-
tral nervous system lymphoma (PCNSL). Thus, the use of small nanoparticle as a drug carrier may be new
strategies to overcome this problem. In this study, we fabricated liposome consisting of superparamag-
netic iron oxide nanoparticles (SPIONs) functionalized with anti-CD20 (Rituximab; RTX). The designed
nanoparticles have a theranostic property which is not only to improve drug delivery, but also to offer
diagnostic and monitoring capabilities. TEM images revealed the spherical shape of liposome with the
approximately average diameters about 140-190 nm with slightly negatively charge surfaces. Super-
paramagnetic property of SPIONs-loaded liposomes was confirmed by VSM. Liposome colloidal could be
prolonged at 4°C and 25 °C storages. RTX conjugated liposome induced cell internalization and apoptosis
effect in B-lymphoma cells. Drug targeting and therapeutic effect was investigated in BBB model. The
result confirmed that liposome nanocarrier is required as a drug carrier for effectively RTX across the

BBB.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

diagnostic and therapeutic strategies which are applicable to these
patients, including the wider population [3].

Despite advances in the understanding of genetic and molec-
ular abnormalities relating to cancer, and in development of new
therapies, the prognosis of patients with primary central nervous
system lymphoma (PCNSL) remains poor when compared to other
lymphoma types (median survival 3-5 years) [ 1]. Forimmunocom-
promised patients, such as those with AIDS or in cases of organ
transplantation, median survival times are often markedly reduced
(typically less than 1 year) [2]. Due to this, and the rising incidence
of PCNSL over the past decades there is a need to develop new

* Corresponding author.
E-mail address: nattika@nanotec.or.th (N. Saengkrit).

https://doi.org/10.1016/j.colsurfb.2017.11.003
0927-7765/© 2017 Elsevier B.V. All rights reserved.

PCNSL accounts for 3-5% of primary brain tumors in adults,
and occurs with an incidence of 5 per 1,000.000 people in devel-
oped countries [1]. Most (>95%) PCNSL cases are of the diffuse
large B-cell type. Genetic abnormalities in PCNSL cells are dis-
tinct from those occurring in other lymphomas; this factor may
relate to observed differences in prognosis and treatment response
[4]. Non-invasive imaging studies such as magnetic resonance
imaging (MRI) and positron-emission tomography (PET) scans
can support an initial diagnosis of PCNSL, however confirmation
usually requires a stereotactic biopsy. Alternatively, cytology of
cerebrospinal fluid, or ocular vitreous, may confirm diagnosis in
20-30% of patients. Diagnosis of AIDS-associated PCNSL represents
an important challenge in clinical practice. Radiographic findings
of PCNSL in immunocompromised patients are often indistinguish-
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able from infections, particularly toxoplasmosis. In these cases,
biopsies are often deferred until the empiric treatment for toxo-
plasmosis fails, causing delays in diagnosis. Therefore, non-invasive
diagnostic approaches, such as neuroimaging probes, for PCNSL in
AIDS patients may hasten diagnosis allowing early treatment. High-
dose methotrexate (HD-MTX)-based chemotherapy regimens are
the standard treatment for PCNSL [5], and these combined with
other chemotherapies (cytarabine, procarbazine, vincristine, or
ifosfamide) have been shown to provide superior results in some
cases, although the higher toxicity is a serious issue. Rituximab
(RTX), a monoclonal antibody against CD20, has demonstrated
promising activity as a single agent in PCNSL [6], despite the inher-
ent limitation of such alarge molecule in traversing the blood-brain
barrier [7,8]. Employing nanoparticles as a carrier for RTX may help
overcome this challenge, and result in increased efficacy in PCNSL
treatment.

The blood-brain barrier represents a major obstacle for drug
delivery to the CNS [9,10]. The use of a small lipophilic carrier,
such as a nanoparticle system, may overcome this problem, with
nanoparticles allowing for improved drug delivery metrics as well
as diagnostic and monitoring capabilities. This emerging molec-
ular platform, “theranostics” [11], employs nanoparticle systems
based on liposomes [12], micelles [13], and dendrimers [14] to
protect drugs and deliver them to targets in a controlled man-
ner. In addition, they can be decorated with “molecular antennae”
such as antibodies or aptamers on their surface to allow target
specificity. Imaging probes are an important group of theranostic
particles: these can be detected in vivo through various imag-
ing modalities [15]. Superparamagnetic iron oxide nanoparticles
(SPIONs) and radioisotopically labeled nanoparticles are com-
mon imaging probes detectable by magnetic resonance imaging
and positron emission tomography, respectively. Among the var-
ious nanoparticle classes available, liposomes have shown real
promise in the treatment of brain disorders [16-18], having been
shown to enhance the delivery of neuroprotective agents to the
peri-infarct area in experimental ischemic stroke models [17,18].
Surface-modified liposomes have been developed to increase drug
delivery into the brain. So far, surface conjugation of liposome
with transferrin is a common BBB delivery system by exploiting
transferrin receptors at the blood-brain barrier to mediate tran-
scytosis of liposomes. [19]. Liposome conjugated with transferrin
antibody containing P53 plasmid (SGT-53, SynerGene Therapeu-
tics, USA) has been advanced into phase II clinical trial evaluation
in patients with recurrent glioblastoma. In addition, transferrin-
neuroprotective agents [20-22] have been tested in preclinical
models of Alzheimer’s disease.

Other surface modification platforms to improve BBB pene-
tration of liposomes include lactoferrin [23], glucose [24] and
glutathione [25]. At present, diagnosis and treatment of CNS lym-
phoma remains a significant challenge and represents an unmet
clinical need. Diagnosis relies on brain biopsy. Non-invasive imag-
ing technique that can aid diagnosis is urgently needed particularly
for immunocompromised patients e.g. AIDS, whom clinical and
conventional radiographic findings of CNS lymphoma are indistin-
guishable from other mimics such as toxoplasmosis. In addition,
novel treatment strategies to improve survival outcome with less
toxicity are critically required for patients with advanced age or
poor functional status. In this study, we have successfully designed
and fabricated a novel theranostic nanoparticle system consisting
of liposome containing SPION (for tracking and treatment monitor-
ing) functionalized with RTX (for specific targeting and treatment)
and coated with a surfactant, tween 80 (to improve BBB penetra-
tion). In addition, our nanoparticle system has potential to exhibit
anti-cancer immune response [26] and serve as a substrate (SPI-
ONs) for thermal ablation.

2. Materials and methods
2.1. Materials

Soybean lecithin (Soya Phosphatidylcholin; PC) was
purchased from Degussa (Hamburg, Germany). 1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polythylene
glycol 2000)] (DSPEG-PE), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide]
(MPB-PE, linker) were purchased from Avanti Polar Lipids, Inc
(Alabama, USA). Lipid molecular structures used in this study
were showed in Supplementary materials. Cholesterol was also
obtained from Avanti Polar Lipids, Inc (Alabama, USA). Polysorbate
80 (Tween 80) was obtained from Sigma-Aldrich (Saint Louis, MO,
USA). Phosphate buffered saline (pH 7.4) (PBS; containing 137 mM
NaCl, 2.7 mM KCl, 10mM Na;HPO4; 2mM KH,PO4), and Triton
X-100 were obtained from Merck (Merck Millipore, Darmstadt,
Germany). Anti-CD20 (RTX) was purchased from Roche (Basel,
Switzerland). Roswell Park Memorial Institute media (RPMI 1640)
was from GIBCO Invitrogen (New York, USA). Fetal bovine serum
(FBS) was obtained from Biochrom AG (Berlin, Germany). Trypsin-
EDTA, L-glutamine, penicillin G sodium, streptomicin sulfate, and
amphotericin B were obtained from Invitrogen Corp. (New York,
USA). MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] was purchased from GIBCO Invitrogen (NY, USA).
Dimethylsulfoxide (DMSO) was procured from Sigma-Aldrich, Inc,
(Dorset, UK). The Annexin V-FITC Apoptosis Detection Kit was
obtained from NeXins Research BV (Rotterdam, the Netherlands).
Distilled water was generated using an ELGA system (PureLab Ultra,
[llinois, USA). Z138C and Granta519 lymphoma cell lines were gra-
ciously provided by Dr. Siwanon Jirawatnotai (Bangkok, Thailand).
SPIONs-PVA nanoparticles were synthesized from maghemite
(y-Fe,03), affording SPIONs having a diameter less than 20 nm.
All SPIONs were coated with PVA (Polyvinyl alcohol)-OH for
stabilization [27-29] and called SPION-PVA.

2.2. Lymphoma cell cultivation

Granta and Z138C cell lines were cultured in RPMI 1640
medium. The medium was supplemented with 10% FBS contain-
ing 0.1 mM non-essential amino acids (100 wg/ml L-glutamine,
100 pg/ml streptomycin and 100 U/ml penicillin). Cells were grown
and propagated in 75 ml T-flasks, and incubated at 37 °Cin a humid-
ified atmosphere containing 5% CO,. The medium was changed
every other day.

2.3. Preparation of liposomes and conjugation of RTX

A series of liposome nanoparticles were prepared by con-
ventional thin film hydration, which involved the mixing of PC,
DSPEG-PE, Tween 80 and MPB-PE (linker) in various propor-
tions, as indicated in Table 1. Each mixture was then dissolved
in chloroform-diethyl ether (3:1v/v, 10ml), and upon solvent
removal by rotary evaporation at 25 °C under 50-100 kg/cm? nitro-
gen flow thin lipid films were obtained. After drying, lipid films
were rehydrated with 0.2 mgg./ml of SPION-PVA dissolved in PBS
(pH 7.4), and re-suspended with shaking at room temperature.
Particle sizes of all liposome samples were reduced using a discon-
tinuous extruder (Liposo-Fast™-10, Avestin Inc, Ottawa, Canada)
operating at 200 bar pressure over 15-20 cycles, through a 200 nm
pore size polypropylene membrane (Millipore GmbH, Eschborn,
Germany). The SPIONs-PVA loaded liposomes were purified by
centrifugation (TomyMX-301, Tokyo, Japan) at 9840 g for 30 min,
prior to collection. The obtained pellets were re-suspended in
PBS (pH 7.4) for measuring of SPION entrapment. Additionally,
in order to obtain an optimized formulation for BBB delivery, the
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Table 1

Physicochemical characterization of liposomes and SPIONs encapsulation efficiencies (mean+SD, n=3).

499

Formulation %W/[w Size (nm) PDI Zeta potential (mV) % EE of SPIONs-PVA
w/o w/t w/o w/t w/o w/t
SPIONs- SPIONs- SPIONs- SPIONs- SPIONs- SPIONs-
PVA PVA PVA PVA PVA PVA
Lip (liposome) 100 141.9+1.0 129.9+5.6 0.1+0.1 0.3+0.0 -0.1+£0.0 -23+0.1 30.0+4.1
Lip/PEG 90:10 169.7+11.3 140.5+16.2 0.1+0.0 0.3+0.0 -23+03 -5.1+0.7 27.3+33
Lip/Tween80 90:10 161.0+12.6 123.8+19.5 0.2+0.1 0.3+0.1 -03+0.0 -2.7+04 41.4+0.0
Lip/PEG/ 80:10:10 157.24+9.1 136.4+4.1 0.2+0.0 0.2+0.0 -2.2+0.2 -5.6+0.7 45.6+8.2
Tween80
Lip/PEG/ 79:10:10:1 182.0+6.3 158.2+13.3 0.2+0.0 0.3+0.0 -724+04 -9.0+0.1 446+34

Tween80/Rituximab

following liposome series were initially prepared: liposome (Lip),
Lip/PEG, Lip/Tween80, Lip/PEG/Tween80, Lip/PEG/Tween80 and
Lip/PEG/Tween80/RTX.

Immobilization of RTX was performed via chemical conjuga-
tion. Thiolated RTX was firstly prepared by mixing RTX with
2-iminothiolane at 25°C for 30 min. The conjugation of RTX and
liposomes was achieved via the coupling of thiolated RTX and MPB-
PE onto the liposome surface. This required gradual addition of
MPB-PE-liposomes into the freshly prepared thiolated RTX, fol-
lowed by incubation of the solution at4 °C overnight under nitrogen
atmosphere, with continuous stirring. The resultant RTX conju-
gated liposomes were purified by ultracentrifugal sedimentation at
288,691 g for 90 min, and the obtained pellets were re-suspended
and washed twice with PBS (pH 7.4). The amount of RTX bound on
liposome can be identified by subtracting the calculated amount of
unbound RTX from the initial amount that was added to the lipo-
some solution. Based on this approach, we found that the value of
RTX/lipid was approximately 180 j.g/mg.

2.4. Morphology and physicochemical characterization of
liposomes

The morphology of liposomes was investigated using transmis-
sion electron microscopy (TEM). Samples were prepared by placing
5 pl of liposome solution onto a 200-mesh carbon copper grid (EMS
Equipment, Berks, UK). After 10 min, the droplet was removed from
the edge of the grid using filter paper. Samples were dried by stand-
ing at room temperature prior to imaging: TEM (model JEM 2010;
JEOL, Peabody, MA) accelerating voltage 120KV, 50 K magnifica-
tion.

Hydrodynamic diameter, polydispersity index (PDI) and zeta
potential of liposomes were determined by dynamic light scatter-
ing (DLS) (NanoZS4700 nanoseries, Malvern Instruments, Malvern,
UK). Twenty microliters of the samples were diluted with 1 ml of
filtered distilled water prior to measurements being taken to elim-
inate viscosity effects caused by the ingredients. Hydrodynamic
diameter (based on volume measurement), PDI and zeta potential
were obtained from the average of three measurements at 25°C.
The refractive indices of liposomes and water were set at 1.42 and
1.33, respectively.

2.5. Determination of SPIONs-PVA encapsulation

The encapsulation of SPIONs-PVA within liposomes was quan-
tified using the Prussian Blue assay, where samples were diluted
for preparation of a calibration curve (at least 3 serial dilutions
required). Particle iron concentrations ([Fe] in mg Fe mL~!) were
measured through a colorimetric assay. SPIONs-PVA were first
digested by incubation overnight with an equal volume of 6 M HCI.
Then, 25 pl of digested particles was mixed with 50 ul of 5% w/v
K4Fe(CN)H, 0 in water (freshly prepared and covered with alu-
minium foil). The sample was then shaken continuously for 15 min,

followed by measurement of the iron content, which measured
from the reaction between K4[Fe(CN)g] and Fe3* to give an intense
blue product (Prussian blue, Fe4[Fe(CN)g]3) whose optical density
was measured at 690 nm using a microplate spectrophotometer
(SpectraMAX2, Molecular Devices GmbH, CA, USA). The encapsula-
tion efficiency was calculated using the equation below.

Total amount of determined SPION

%EE = Initial amount of SPION loading

100

2.6. MTT assay

To evaluate the toxicity of SPIONs-PVA loaded liposomes, cells
were plated in 96-well plates, each containing 90 wl of RPMI with
10% fetal bovine serum at a density of 8000 cells/well. When the
cultures had reached confluency (typically 24 h after plating) they
were exposed to SPIONs-PVA loaded liposomes at SPIONs-PVA con-
centrations of 0.0005, 0.001, 0.0025, 0.005, 0.01 or 0.02 mgge/ml.
The treated cells were then incubated for 24h at 37°C in a CO,
atmosphere. After washing twice with PBS (pH 7.4), 25 .l of MTT
solution was added into each well, followed by further incubation
(4h). The medium was then removed and replaced with 100 wl
of dimethylsulfoxide, followed by further incubation for 30 min at
37°C. Following this, the absorbance of the colored solution was
measured at 550 nm using a microplate reader (SpectroMAX, Cal-
ifornia, US), and the percentage cell viability was calculated and
compared with that of the control.

2.7. Stability of liposomes

Liposome samples were stored in PBS (pH 7.4) at 4°C, and 25°C
for prolonged periods to gauge their stability. Samples were taken
periodically at intervals of 1, 3 and 4 months and liposome stability
monitored using particle diameter, polydispersity index (PDI) and
zeta potential measurements. Each measurement was performed
in triplicate, and expressed as an average value.

2.8. Magnetization analysis by VSM

The magnetic properties of SPIONs-PVA and SPIONs-PVA loaded
into Lip, Lip/PEG, Lip/Tween80 and Lip/PEG/Tween80/linker lipo-
somes were assessed using vibrating sample magnetometry (VSM,
LakeShore Model 7404, USA). For this, all samples were freeze-dried
inliquid nitrogen and lyophilized under vacuum. The magnetic field
was applied at 10 kOe in all measurements.

2.9. Cellular uptake of liposomes

Internalization of liposomes was monitored by confocal laser
scanning microscopy (CLSM), and flow cytometry. To monitor lipo-
some uptake, Lip/PEG-PE and Lip/PEG-PE/RTX were labeled with Dil
dye tracer (Invitrogen, Paisley, UK) at a ratio of 1:1000 v/v. Granta



500 S. Saesoo et al. / Colloids and Surfaces B: Biointerfaces 161 (2018) 497-507

and Z138C cells (1 x 106 cells) were seeded onto sterilized glass
coverslips and allowed to adhere overnight in a 6-well plate. At
transfection, Dil labeled liposomes were added to the cells at a
concentration of 0.4 mg/ml, which corresponds to the ICgy value
indicating 80% cell viability. For CLSM, cell and liposome particles
were incubated together for 2 h at 37 °C under an atmosphere of
5% CO,. Cells were then washed twice with PBS (pH 7.4), fixed
with 4% w/v paraformaldehyde for 10 min, and then twice washed
again with PBS (pH 7.4). For cellular DNA staining, Hoechst dye
(Molecular Probes, OR, USA) was diluted in PBS (pH 7.4) at a ratio
of 1:1500v/v, then incubated with the cells for 10 min. Cells were
washed twice with PBS pH 7.4 after staining then observed under
confocal microscope. Images were acquired using a laser scanning
confocal microscope (Nikon, ECLIPSE Ti-Clsi4 Laser Unit, Japan),
using the 60 objective lane. SPIONs-PVA detection was achieved
by reflecting laser scanning, with laser excitation at 488 nm.

Flow cytometry was employed to quantify cell internalization of
liposomes. Cells were cultivated in 6-well plates until growth levels
reached 80% confluence. After washing with PBS, cells were incu-
bated with Dil-labeled SPION-PVA loaded liposomes (phosphatidyl
choline: Dil 1:500w/w) at a concentration corresponding to the
[Cg value. Cellular internalization of liposomes was quantified with
time: after incubation for 30 min, 1, 2 and 4 h unbound liposomes
were removed by washing three times with PBS. At each time point,
internalization signals were analyzed using a flow cytometer (BD
FACS Calibur™  BD biosciences, CA, USA) at excitation and emission
wavelengths of 488 and 600 nm, respectively.

2.10. Apoptosis assay

Cells treated with liposomes were double stained with
AnnexinV-FITC (AV-FITC) and propidium iodide (PI) to detect
apoptotic, and necrotic cells. AV-FITC/PI co-labeling was per-
formed according to the standard protocol as recommended
by the manufacturer (BD Pharmingen™, BD Biosciences, San
Jose, CA, USA). Cells were seeded in a 6-well plate at a den-

Microscope Accelerating Vottage Magndication Camera Lengtn S
JEM2100 120KV 50000 x 2 2000m

JEM2100 120KV 10000 x

SPIONs-PVA

Microscope Accelerating Voltage Magnifcation Camera Lengin

bare liposome
(12,000X)

sity of 1x 106 cells/well, and were allowed to attach for 24h.
After medium refreshment, cells were exposed to either RTX,
Lip, Lip/PEG-PE/SPIONs-PVA, Lip/PEG-PE/Tween80/SPIONs-PVA or
Lip/PEG-PE/Tween80/SPIONs-PVA/RTX at a concentration corre-
sponding to the ICyg for 24 h at 37°C. Cells were then detached
using trypsin—-EDTA solution, re-suspended in fresh medium, and
centrifuged at 1000rpm for 5min. The obtained pellets were
re-suspended in PBS (pH 7.4), centrifuged for a further 5min
(1000rpm), and then collected and re-suspended in AnnexinV
binding buffer. All samples were stained with 5 .l of AV-FITC and
10wl of PI, and then incubated for 15min in the dark at 25°C.
After addition of 250 w1 of AnnexinV binding buffer to each, cells
were analyzed using flow cytometry (BDFACS Calibur™, BD bio-
sciences, San Jose CA, USA). The flow cytometer was equipped with
filters capable of detecting PI at excitation/emission wavelengths
of 520/570 nm, while FITC was detectable at excitation/emission
wavelengths of 485/535 nm. Results are presented in a dot plot of
AV-FITC versus PI with quadrant gating. The percentage apoptosis
in cells was determined using the FACSDiva software package.

2.11. Invitro model BBB of PCNSL for permeability and
therapeutic testing

Permeability of the BBB can be gauged by measuring the
transendothelial electrical resistance (TEER), which affords a direct
relation to its structural integrity. An in vitro co-culture model
of BBB was set up according to protocol of Imamura et al. [30].
For this, bEnd3 cells were seeded onto 0.4 um pore size polyester
membrane inserts (density of 20,000 cells/insert) contained in a
12-well plate transwell tray (Corning, NY, USA). The cells were
allowed to grow on the membrane for 8 days, with the DMEM
medium being changed every 2 days. With this system, the drug
targeting, and therapeutic effect, of RTX and liposomes on B cell
lymphoma cells was evaluated: for this, Granta cells were seeded at
the bottom of the culture dish and were allowed to grow for 4 days.
After this time the TEER values were monitored until they reached
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Fig. 1. SPIONs-PVA, liposome morphologies magnified by TEM at 12,000 and 40,000 magnification as indicated.
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Fig. 2. Superparamagnetic properties of SPIONs-PVA, liposome and SPIONs-PVA-loaded liposome.

140-150 2 cm? (approximately 7-10 days), after which the model
was ready for use in testing. Testing involved loading either free
RTX, Lip/PEG/Tween80/SPIONs-PVA or Lip/PEG/Tween80/SPIONs-
PVA/RTX into separate apical compartments of the co-culture
model, with final concentrations of RTX (17.5 wg/ml) coinciding
with that of the ICsq of free RTX against Granta cells.

Determination of RTX concentrations in the membrane model
was undertaken at set time points (1, 2, 3,5, 7 and 24 h) using the PK
ELISA Kit (MyBioSource, CA, USA), with harvesting of Granta cells
at these times allowing evaluation of therapeutic effects. During
the 24 h period, the TEER value was also monitored using a Milli-
cell ERS-2 Voltohmmeter (Millipore, MA, USA) for analysis of the
permeability efficiency.

2.12. MRI of mice bearing intracranial lymphoma xenografts

Approximately 1,000.000 cells in a volume of 10 uL were inoc-
ulated intracranially into five athymic nude mice (4-6 weeks
old) to establish PCNSL model for preclinical experiments as
previously described. Any mouse showing distress or neurolog-
ical signs (lethargy, hemiparesis, ataxia or seizures) underwent
MRI study approximately 48h following tail vein injection of
Lip/PEG/Tween20/SPIONs/RTX (100ul; SPION concentration of
0.3 mg/kg). Assessment was performed using an Ingenia 3 T human
MRI (Philips, The Netherlands) with a wrist coil. T1 and T2 axial and
coronal sequences were obtained. Mice were euthanized after MRI
and brains were harvested for further analysis.

2.13. Statistical analysis

Data are presented as mean values+standard deviation
(SD).Differences among group means were determined by t-test
followed by SPSS and p-values (p <0.05) were taken as the level of
significance.

3. Results and discussion

3.1. Morphology, physicochemical characterization and
encapsulation efficiency

TEM was employed to observe sizes and morphologies of
SPIONs-PVA, bare liposomes and SPIONs-PVA loaded liposomes.
While all samples were dehydrated for imaging, the nanopar-
ticles could be observed as having discrete spherical shapes
(Fig. 1). Size averages estimated under TEM indicated that SPIONs-
PVA nanoparticle was 7-10nm with a narrow size distribution
(<20 nm). Liposomes fabricated in the absence of added nanopar-
ticles are spherical in shape but show slight, while SPIONs-PVA
loaded liposomes exhibit a more pristine spherical profile as aresult
of tight cargo packing, and enhanced stability, under TEM voltage
exposure.

Average hydrodynamic diameters, PDI and zeta potentials
for bare, and SPIONs-PVA loaded liposomes were obtained
using DLS, with data summarized in Table 1. In the absence
of cargo, the diameters of Lip (control), Lip/PEG, Lip/Tween80,
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Fig. 3. Confocal imaging indicated liposome internalization in Z138c and Granta. Cell nuclei locations were indicated by Hoechst labeling (Blue), SPION nanoparticles were
detected in green. Liposomes were labeled with Dil dye (Red). Signal intensities were detected after incubation of liposomes with cell for 2 h (a). Signal intensities of liposome
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Lip/PEG/Tween80 and Lip/PEG/Tween80/RTX liposomes were
141.94+1.0nm, 169.9+11.3nm, 161.0+12.6 nm, 157.24+9.1nm
and 182.0 + 6.3 nm, respectively. Consistent with TEM results, load-
ing of SPIONs-PVA induces liposome contraction, an effect perhaps
related to strong hydrophilic interactions between liposome phos-
pholipids and the PVA coating of SPIONs, which would underpin
their stability under TEM conditions [31]. The PDI index of all
liposomes, being in the range of 0.1-0.3, is indicative of homogene-
ity and narrow size distribution, which is again consistent with
findings from TEM. Loading of SPIONs-PVA results in no signifi-
cant changes in liposome surface charges. Surface modification of
liposomes via RTX conjugation also did not affected their physico-
chemical properties: the zeta potential of bare liposome (Lip) was
—0.1 mV, whereas that of Lip/PEG/Tween80/RTX became slightly
negative (—7.2 mv) (Table 1).

SPIONs-PVA liposome loadings were quantified using the Prus-
sian Blue assay as described in section 2.5. From this data
encapsulation efficiencies (%EE) for each liposome formula were
obtained (Table 1). A notable effect resulted from inclusion of
Tween 80 into the liposome structure: this resulted in remarkably
higher entrapment (higher%EE) of SPIONs-PVA relative to other
liposome formulations. It is assumed that Tween80 incorporation
into the film helps to promote liposome stability, and prevents
egress of SPIONs-PVA during preparation [32].

3.2. Cytotoxicity of liposomes

In order to evaluate their safety, the toxicity of SPIONs-loaded
liposome formulas was analyzed by MTT assay using Z138c as
a lymphoma cell model. All liposomes showed concentration-
dependent cytotoxicity, although no significant effects to cells
were evident on exposure to bare SPIONs-PVA. Liposome solutions

having SPIONs-PVA concentrations less than 0.0025 mg/ml were
considered safe, as exposure to these resulted in greater than 80%
cell survival rates (Fig. S2). Higher cytotoxicities were found for
Tween80 fabricated liposomes; addition of Tween 80 may enhance
cellular uptake via ApoE ligand-mediated endocytosis [33]. How-
ever, for these systems cell viabilities are still in the acceptable
range (over 70% viability) although optimization of liposome con-
centrations needs to be addressed to further their use in theranostic
applications.

3.3. Stability of liposomes

In this study, we determined the stability of liposomes on stor-
age at4°Cand 25 °C. Particle diameter, PDI and zeta potential of Lip,
Lip/PEG/Tween20/SPIONs and Lip/PEG/Tween20/SPIONs/RTX were
measured periodically (1, 3 and 4 months) after storage (Table 1S).
In regards to diameter and zeta potential of colloidal liposomes, for
both temperatures all formulations were stable for up to 3 months.
Liposome stability could be prolonged for a further month at 4°C,
in contrast to results at 25°C which show dramatic changes in
zeta potential during the 4th month of storage. This would indi-
cate aggregation of liposome particles over time, as reflected by
an increase in particle diameter. However, diameter increases, and
zeta potential changes are less marked in Tween80 supplemented
liposomes, the enhanced stability of these being consistent with
previous work highlighting the use of Tween80 as a non-ionic sur-
factant to improve liposome stability [32]. However, the use of
Tween80 needed to be optimized regarding to the toxicity of Tween
80 against B cell lymphoma as shown in Fig. S2. The optimiza-
tion of the drug efficacy, cytotoxicity and drug stability need the
be evaluated in the future for implementation.
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Fig. 5. Verification of therapeutic effect by apoptosis assay using flow cytometry in Z138c (a) and Granta (b).

3.4. Magnetic property analysis by vibrating scanning
magnetometry (VSM)

Vibrating scanning magnetometry (VSM) was performed to
confirm the superparamagnetic properties of SPIONs-loaded lipo-
somes. Fig. 2 highlights magnetization curves, and saturation
magnetization of SPIONs-PVA (inset in Fig. 2), and the series of

liposomes: Lip, Lip/PEG/SPION-PVA, Lip/PEG/Tween80/SPION-PVA,
and Lip/PEG/Tween80/SPION-PVA/RTX. The hysteresis curves of
SPIONs-loaded liposomes showed an absence of remanence, and
this, in conjunction with the magnetization on average being zero,
indicates that the SPIONs exhibit superparamagnetic behavior.
Although the saturated magnetization value of SPIONs-PVA was
found to be 52.6 emu/g, loading SPIONs-PVA into liposomes results



S. Saesoo et al. / Colloids and Surfaces B: Biointerfaces 161 (2018) 497-507 505

——RTX

. - RTX-Lip

Time (h)

Therapeutic effect

Ag o
%]
g 0.8
e
x g 07
x O
« E 06
(o]
o
82 o5
~— 0 N
-
g P
£ 04
g >
% c 03
(0]
S c 02
S =]
o
() 0.1 5
-'E ..... )
0 g
1 2 - ¢
B 140
120
2 100
S 80
>
= 60
(@)
X 40
20

%
0 || | ‘ ‘
1 2 3 5 7 24 h

%

Cell control M Cell+Rituximab M Cell+Lip/PEG/Tween80/SPIONs-PVA/Rituximab

Fig. 6. Transportation ratio of RTX across BBB model observed at 1, 2, 3, 5, 7 and 24 h after application. (mean =+ SD, n=3) (a). Therapeutic effect of RTX delivered across
BBB model on Granta cell indicated that RTX conjugated on liposome carrier effectively induced cytotoxic on cancer cells (asterisk indicated the statistic difference (P-value

<0.05) (b)).

in a drastic magnetization decrease (0.2-0.5emu/g). This effect
has been noted previously, for example in PVA coated magnetite
magnetic [34], and silica coated magnetic nanoparticles [35]. The
differences in saturation magnetization between colloidal mag-
netic nanocrystals and micelle- or polymer-encapsulated magnetic
nanoparticles might depend on the amount of magnetic nanopar-
ticles encapsulated inside the vesicles [36]. [36] In addition, the
magnetization measurement is based on the mass of whole vesi-
cles i. e. SPIONs-PVA loaded liposome which is at least 90% of the
mass is not magnetic. Together with the increase of the vesicles size
(from 8 nm of SPIONs-PVA to 120-160 nm of SPIONs-PVA loaded
into Liposome), the magnetic response of the vesicles decrease
resulting in dramatic decrease in the saturation magnetization of
the vesicles. This magnetization range corresponds to those of SPI-
ONs obtained from maghemite (y-Fe;03), the values of which are
thought to be lower than those from magnetite (Fe304) [37]. These
findings are a preliminary step in the characterization of these sys-
tems, however for actual implementation as theranostics further
optimization of the magnetization value is necessary.

3.5. Liposome cellular internalization and uptake

Cellular uptake, and distribution of liposomes and SPIONs-PVA
was monitored by confocal microscopy. Cells were treated with
Lip/PEG/Tween80/SPIONs-PVA and Lip/PEG/Tween80/SPIONs-
PVA/RTX, according to the protocol described in section 2.9. At

2 h post incubation, SPIONs-PVA were detectable within cells (as
shown in green) by reflecting laser scanning (excitation at 488 nm)
[38] while liposome nanoparticles appear red due to the presence
of Dil (Fig. 3).Confocal imaging indicated that signal intensities
of Lip/PEG/Tween80/SPIONs-PVA/RTX were significantly higher
than those of Lip/PEG/Tween80/SPIONs-PVA, both in Z138c and
Granta cell lines (Fig. 3a). The signal intensity data was quantified
and confirm the statically differences (Supplementary material)
(Fig. 3b). These results imply that conjugation of RTX promotes
liposome internalization and provides evidence supporting that
binding of RTX occurs selectively on CD-20 presenting lymphoma
cells. Z-stack imaging analysis confirmed internalization of lipo-
some. Cells was magnified to confirm the particle internalization
under 60X (Fig. 3a and b).

To confirm targeting of RTX conjugates with CD-20 lymphoma
cells, we then monitored the cellular uptake of liposomes quan-
titatively by flow cytometry. Lip/PEG/Tween80/SPIONs-PVA and
Lip/PEG/Tween80/SPIONs-PVA/RTX were incubated with cultured
cells, and uptake was monitored at times of 30 min, 1,2,and 4 h. The
signal intensity was quantitated by flow cytometry analysis indi-
cate that cellular internalization of liposomes is time-dependent
(Fig. 4).In both Granta and Z138c cell lines the signal intensity from
Lip/PEG/Tween80/SPIONs-PVA/RTX proved higher than that result-
ing from Lip/PEG/Tween80/SPIONs-PVA, which confirmed that RTX
functions as a specific antibody for selective binding to anti-CD20
receptors in lymphoma cells.
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Fig. 7. SPIONs accumulation detected by T1 and T2-weight MRI in mice bearing
intracranial lymphoma xenografts. (arrows indicated accumulated area).

3.6. Apoptosis induction by RTX conjugated liposomes

RTX is a mainstay in therapies for a broad variety of B-cell
malignancies [39,40]. It induces direct apoptosis through bind-
ing to CD20 on the surface of lymphoma cells. In order to verify
targeting, and therapeutic effects of Lip/PEG/Tween80/SPIONs-
PVA/RTX, annexinV-FITC/PI staining was employed to monitor
RTX-induced cell death. For this, Granta and Z138c cell lines
were incubated with free RTX (7.9 ug/ml), bare liposomes
(Lip), Lip/PEG/SPIONs-PVA, Lip/PEG/Tween80/SPIONs-PVA and
Lip/PEG/Tween80/SPIONs-PVA/RTX (at the ICgy concentration) for
24h at 37°C. Cells were then removed to determine the degree of
apoptosis using flow cytometry. In Fig. 5a and b, the lower right
quadrant shows annexin positive cells (early apoptotic stage) and
the upper right quadrant shows annexin and PI positive cells (late
stage apoptosis). Lip/PEG/Tween80/SPIONs-PVA/RTX induced apo-
ptosis by a significantly high degree in both Granta and Z138c cells
(by 65.4% and 43.1%, respectively), while free RTX resulted in lower
levels of apoptosis induction (18.3% and 16.7% in Granta and Z138c
cells, respectively). These results not only suggest that RTX exerts
therapeutic effects, but also illustrates the effect of liposome conju-
gation on the efficacy of apoptosis induction. The presence of RTX
on the surface of liposomes allows for advantageous binding with
the target cells in addition to facilitating its cellular uptake, in line

with its role as a therapeutic agent. Notably, treatment of cells with
RTX-free liposomes results in less than 10% apoptosis, suggesting
that the carrier itself is relatively benign.

3.7. Transport of RTX across the BBB model

In order to demonstrate transportation of our formulated lipo-
some across the BBB, an in vitro BBB model was established
according to a previous protocol [30]. During the investigation (over
24 h), TEER values of the cell control were constantly maintained at
140-150 2 cm?. After model development, it was loaded with free
RTX and Lip/PEG/Tween80/SPIONs-PVA/RTX, and these samples
were allowed to pass the cell monolayer for a set time period. The
extent of transported RTX was quantified by ELISA measurements
at set time points, up to 24 h post-loading. The results revealed
that free RTX is not readily transported through the BBB mem-
brane, although liposomes act as a facile delivery system promoting
cross-barrier transport (Fig. 6a). Tween 80 may play a crucial role in
fabrication of this delivery system: previous work has highlighted
its binding with ApoE on bEnd3endothelial cells [33]. Concentra-
tions of RTX detected across the membrane were time-dependent
and were consistent with TEER values, except for the period at 5h
post incubation where the level of permeable RTX may have been
affected by the charge on the bEnd3endothelial membrane.

3.8. Evaluation of drug targeting therapeutic effect

As the ability of RTX to be transported across the BBB is a major
factor dictating its therapeutic effects, the capacity of RTX to target
Granta cells was evaluated in the BBB model by analysis of cellu-
lar viability. Free RTX and Lip/PEG/Tween80/SPIONs-PVA/RTX were
loaded onto the BBB model, at an RTX concentration correspond-
ing to the IC5¢ (17.5 wg/ml). At 24 h post incubation, Granta cells
located at the basal layer were collected to evaluate cell viability,
in comparison with the control. The results shown in Fig. 6b indicate
that, during the incubation period, no therapeutic effects relating
to free RTX were observed. In contrast, exposure to RTX-conjugated
liposomes resulted in toxic effects after 5 h explosion with the tar-
geting cell, with the level of toxicity being time-dependent. This
result confirmed that effective delivery of RTX across the BBB
requires a delivery system, and accordingly modified liposomes
may be considered as an appropriate vehicle for promoting thera-
peutic effects.

3.9. MRI of intracranial lymphoma by
Lip/PEG/Tween20/SPIONs/RTX

To investigate the potential for clinical wuse of
Lip/PEG/Tween20/SPIONs/RTX to detect CNS lymphoma, we
exploited the MRI to detect SPIONs in mice bearing intracranial
lymphoma xenografts. Robust hypointense signal was observed
on both T1- and T2-weighted sequences in the lymphoma
xenografts approximately 48 h following intravenous injection
of anti-CD20-liposome-SPIONs (Fig. 7). This signal abnormality
was consistent with iron accumulation in the tumor and lent a
support that our liposome-SPIONs with RTX conjugation may
represent a new diagnostic approach for central nervous system
lymphoma. Of note, there were no side effects such as behavioral
changes observed in mice that received intravenous injection of
Lip/PEG/Tween20/SPIONs/RTX.

4. Conclusion
This is the first theranostic nanoparticle specifically developed

for CNS lymphoma. This nanoparticle system consists of lipo-
some containing SPION (for tracking and treatment monitoring)
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functionalized with RTX (for specific targeting and treatment)
and coated with a surfactant, tween 80 (to improve BBB pen-
etration). We have successfully demonstrated that it can cross
the blood-brain barrier and exert anti-lymphoma activities in an
in vitro model. Preliminary imaging studies have confirmed that
our nanoparticles can localize at human lymphoma xenografts in
the brain of immunocompromised mice following systemic admin-
istration. Taken together, this new nanoparticle system has high
potential for clinical translation to use in patients in primary CNS
lymphoma and CNS metastasis from systemic lymphoma that still
represent unmet clinical needs.
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ARTICLE INFO ABSTRACT

Nanoparticle targeting of cancer cell surface markers to allow the specific delivery of chemotherapeutic agents is
an attractive concept in cancer treatment. Prior to in vivo studies, newly developed nanomedicines must be tested
in preclinical in vitro models fully representative of physiological conditions. The aim of this study was to de-
velop an in vitro method for characterizing the cell binding properties of active targeting nanoparticles, using an
integrated flow chamber. Anti-vascular endothelial growth factor (VEGF) antibody conjugated liposome/PLGA
hybrid nanoparticles were generated, characterized, and utilized in binding studies with three different VEGF-
positive cancer cell lines, in addition to VEGF-negative fibroblasts. Binding, and subsequent VEGF expression
was examined through immunostaining, confocal microscopy and Western blot analysis. Our results indicated
that targeted and non-targeted nanoparticles cannot be distinguished under static in vitro cell binding conditions,
but that selective binding of targeted nanoparticles to VEGF-positive cells was more prominent under conditions
of laminar flow. The flow chamber described herein thus provides a platform for cell-based assays, allowing
effective evaluation of cell adhesion using active targeted nanoparticles.

Keywords:

Drug delivery systems
Cancer chemotherapy
Drug targeting

Image analysis

Flow chamber

1. Introduction consequence, numerous active targeted nanoparticle platforms are

being developed [8], although these require preclinical in vitro

Over the last few decades development of cancer treatments based
on nanoparticle systems for drug delivery has generated intense interest
[1]. Such nanoparticle platforms can be categorized as organic-based
(e.g., liposomes, nanoemulsions, and biodegradable polymeric nano-
particles), inorganic-based (e.g., metallic nanostructures, silica nano-
particles, quantum dots), or organic-inorganic hybrid systems [2]. Of
these, liposomes are the most extensively used in nanomedicine, as a
therapeutic model, drug carrier, or diagnostic tool [3].

Recent efforts have focused on developing active targeted nano-
particles, formulated by modifying nanoparticle surfaces with anti-
bodies, peptides, oligonucleotides or aptamers [4]. Of these targeting
molecules, immunoglobulins G (IgG) and their derivatives are the most
widely used targeting ligands for liposomes, being able to be covalently
attached without affecting liposome integrity, or antibody function [5].
These active targeted nanoparticles are promising delivery vehicles for
chemotherapeutics in cancer treatment, being able to increase drug
efficacy, reduce the required drug dosage, and minimize cytotoxic drug
side effects by ensuring specific delivery of payload [6,7]. As a
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screening under physiological conditions to ensure their safety prior to
use.

The main purpose of this study was to evaluate the cell adhesion of
active targeted nanoparticle. Poly(lactic-co-glycolic acid) (PLGA)/li-
posome hybrid nanoparticles were used as the nanocarrier, along with
humanized anti-vascular endothelial growth factor (anti-VEGF) anti-
body as a targeting moiety. The VEGF-conjugated PLGA/liposome hy-
brid system was generated. Cell adhesion and uptake were observed
under static and laminar flow conditions in cancer cell compared to
fibroblast. For the flow condition, the experiment was done using an
integrated flow chamber which is an effective device to determine cell
adhesion characteristics under shear stress imitated blood circulation
condition.
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2. Material and methods
2.1. Synthesis of nanoparticles

PLGA nanoparticles were prepared using a double emulsion solvent
evaporation method (W/O/W) whereby PLGA in dichloromethane (1%
w/w) was added to 1% aqueous PVA solution, followed by stirring for
2h. The obtained PLGA nanoparticles were purified by centrifugation
at 5313 g for 10 min, followed by 17,712 g for 10 min. The pelletized
nanoparticles were collected and washed twice with PBS (pH 7.4) prior
to freeze drying and storage at — 20 °C. Passive loading of PLGA na-
noparticles into liposomes was carried out using a thin film hydration
method (70 mg of lecithin and 0.1 mg of MPB-PE in 30 ml of diethyl
ether), as previously described [9]. Conjugation of PLGA/liposome
hybrids with anti-VEGF antibodies was performed using Traut's re-
agent; antibodies were first thiolated with 2-iminothiolane and then
reacted with maleimide-activated liposomes following the manu-
facturer protocol (ThermoScientific, IL, USA) [10,11]. Control PLGA/
liposome hybrids were prepared in the same manner, although without
conjugation with anti-VEGF antibodies. For analysis under fluorescence
microscope, the lipid compartment of liposome was labeled with Dil
dye tracer (Invitrogen, Paisley, UK). Throughout this paper, the term
“VEGF-targeted nanoparticle” is used to refer to anti-VEGF conjugated
PLGA/liposomes. The term “control nanoparticle” refers to non-con-
jugated PLGA/liposomes.

2.2. Physical characterization of nanoparticles

After dilution with distilled water, the hydrodynamic size of pre-
pared nanoparticles was measured using dynamic light scattering
(NanoZS4700 nanoseries, Malvern Instruments, Malvern, UK) and re-
ported as Z-average (d.nm) =+ standard deviation, for three replicate
samples. Zeta potentials were also determined and are reported as the
mean value * standard deviation, for three replicate samples. Sizes
and morphologies of neat nanoparticles were also investigated using
transmission electron microscopy (TEM).

2.3. Cell cultures

All cancer and fibroblast cell lines were maintained in complete D-
MEM medium (GIBCO Invitrogen, NY, USA). supplemented with 10%
FBS (Biochrom AG, Berlin, Germany), Penicillin (100 units/ml),
Streptomycin (100 g/ml) and 1-glutamine (2 mM). All these antibiotics
was from Invitrogen Corp. (NY, USA).

2.4. Determination of level of anti-VEGF immobilization

Flow cytometry (BD FACSAria II, BD Bioscience, San Jose, CA, USA)
was utilized for quantification of targeting ligand surface densities. For
this, nanoparticles were stained using anti-human IgG-FITC (Sigma, St.
Louis, MO, USA) at a 1:128 dilution factor following the recommended
protocol. This involved mixing the samples with IgG-FITC solution and
subsequent incubation at room temperature for 1 h. After centrifugation
at 12,000 rpm (room temperature) for 15 mins and twice washing with
PBS, all samples were subjected to flow cytometry. The measured
fluorescence signal intensity correlates directly with the level of bev-
acizumab conjugated sites on the nanoparticles, as calibrated using a
bead fluorescence standard (Sphero Rainbow Calibration Particles, BD
Bioscience, San Jose, CA, USA).

2.5. Western blot analysis

Whole-cell extracts, as required for electrophoresis [12], were ob-
tained by lysis of cells in RIPA buffer (Invitrogen, CA, USA). Anti-VEGF
antibody (ab46154) was purchased from Abcam (MA, USA). Anti-p-
Actin (C4: sc-47778) antibody was purchased from Santa Cruz
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Biotechnology (TX, USA). Primary antibodies were detected using
horseradish peroxidase-linked anti-mouse, or anti-rabbit conjugates, as
appropriate (Dako, Glostrup, Denmark), and visualized using the ECL
detection system (Amersham Biosciences, Pollards Wood, UK). D-MEM
medium was obtained from GIBCO Invitrogen (NY, USA), with fetal
bovine serum (FBS) manufactured by Biochrom AG (Berlin, Germany).
Penicillin, streptomycin and 1-glutamine were purchased from In-
vitrogen Corp. (NY, USA).

2.6. Immunofluorescence staining and confocal microscopy

Cells from each cancer cell line were seeded, on separate rounded-
glass slides (10,000 cells/slide), and left to culture for 2 days. Cells were
then fixed with 4% paraformaldehyde (Thermo Scientific, IL, USA) for
15 min prior to washing three times with cold PBS. All cells were then
permeabilized with 0.2% Triton X-100 in PBS for 10 min, and then
blocked with 5% BSA for 30 min at room temperature. After incubation
with a 1:250 dilution of primary antibody anti-VEGF in 1 mg/ml BSA/
PBS overnight at 4 °C, the slides were washed twice with PBS and then
stained with a 1:500 dilution of Goat Anti-Rabbit IgG H&IL (Alexa Fluor”
488) in 1 mg/ml BSA/PBS (ab150077, Thermo Scientific, USA) for 1 h
in the dark at room temperature. Cells were then washed twice with 1%
BSA, then 10%FBS/PSB, prior to nuclear staining (1 h) with Hoechst
33258 (1:2500 in 1%BSA, 10% FBS in PBS) in the dark at room tem-
perature. All slides were then washed twice with PBS and stored in the
dark prior to analysis by fluorescent or confocal microscopy.

2.7. Parallel plate flow chamber fabrication

All cancer cell lines were seeded and cultured in 6-well plates until
90% confluency was reached, prior to experiments. The in vitro flow
adhesion assay employed a parallel plate flow chamber (PPFC),
equipped with silicone rubber gaskets forming the flow channel
(GlycoTech, MD, USA). Nanoparticles in PBS buffer were added and
allowed to flow through the chamber, as in previous studies [13,14]. In
brief, the flow chamber utilized a single straight flow channel (125 pm
height) which was placed over the cultured cancer cells and vacuum-
sealed to the flow deck. The wall shear rate ( %,;WSR ) in the system
may be calculated from the volumetric flow rate (Q) according to the
equation:

6Q

—1 —
%) wh?

where h is the channel height (125 pm), and w represents the channel
width (1000 pm). The assays were conducted under laminar flow con-
ditions through the channel at a WSR of 100 s~ [15].

2.8. Nanoparticle binding measurements

Nanoparticles suspended in flow buffer (1% BSA in PBS, fixed
concentration of 6.5 x 10° particles/mL), were introduced into the
flow channel from an inlet reservoir (WSR 100 s 1) via a syringe pump
(ProSence NE-1000, Oosterhout, Netherlands). After 10 min, the system
was washed with excess flow buffer, and nanoparticle adhesion was
observed using an Olympus IX71 inverted microscope fitted with a
digital camera (Olympus DP71). Digital data recording was achieved
using the DP manager/controller software. Static assays were under-
taken for comparative purposes. Cell lines as well as fibroblasts were
incubated with nanoparticles (identical concentration to flow assays),
after which unbound particles were removed by washing (three times)
with flow buffer prior to observation by fluorescence microscopy. A
schematic diagram of the flow chamber setup and fluorescence micro-
scope system is shown in Fig. 1.

Particle binding densities (#/mm?) were obtained by manual
counting of bound particles on cells after 10 min of flow. The obtained
number was then divided by the area of the field of view (20x
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Fig. 1. Schematic diagram showing the arrangement of the flow chamber perfusion system. The instrument utilizes VEGF expressing cells cultured on a tissue culture plate. A flow
chamber is then assembled over the cultured cells and VEGF-targeted nanoparticles are passed in flow over the cultured cells.

magnification, A = 0.125 mm?) [13]. In all experiments data was col-
lected at a constant position, along the entire length of the chamber.
Each data point thus represents an average binding density from at least
three independent experiments, and includes at least 10 fields of view
per experiment. Standard error bars were plotted unless otherwise
stated. Differences in adhesion levels were analyzed using a student t-
test, and one-way ANOVA with Tukey post-test. A value of p < 0.05
was considered statistically significant.

3. Results
3.1. Nanoparticle characterization

Hydrodynamic size-distributions of active targeted and control na-
noparticles were analyzed by dynamic light scattering (Table 1). No
significant differences in the hydrodynamic mean size were observed
between VEGF-targeted and control nanoparticles, indicating that
conjugation does not result in significant size increases. However, the
zeta-potential of VEGF-targeted nanoparticles decreased in comparison
with control nanoparticles, reflecting surface conjugation of the nega-
tively charged anti-VEGF antibodies [16].

The surface density of conjugated anti-VEGF antibodies on nano-
particles was quantitatively determined by flow cytometry. As shown in
Table 1, anti-VEGF antibodies were immobilized with high density on
the surface of VEGF-targeted nanoparticles, but these were absent in the
control, thus confirming successful surface modification.

TEM images of control, and anti-VEGF antibody conjugated nano-
particles are shown in Fig. 2. The average size of prepared nanoparticles
was approximately 350 nm, although no morphological differences

Table 1

Hydrodynamic size, polydispersity index, and zeta-potential of prepared nano-
particles, and surface density of anti-VEGF antibodies. Nanoparticles were either
unmodified (non-targeted) or conjugated (targeted) with anti-VEGF antibodies. Results
are stated as averages =+ standard deviations (SD).

Sample Z-average PDI” zeta-potential anti-VEGF
(d.nm) (mV) Density”
(sites/pmz)
Targeted 340.63 = 0.59 0.30 = 0.01 —1.24 = 0.01 1700
Non-targeted 356.83 + 391 0.35 + 0.04 -0.39 * 0.05 -

@ PDI-Polydispersity Index.
® Density of surface ligands (anti-VEGF) as determined by flow cytometry.
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Fig. 2. TEM images of a) control (non-targeted), and b) VEGF-targeted nanoparticles.

were evident between the control (Fig. 2a) and VEGF-targeted nano-
particles (Fig. 2b), which both appear roughly spherical in appearance.

3.2. Analysis of VEGF protein expression in fibroblast and cancer cell lines

Western blotting was exploited to assess VEGF protein expression,
specifically to allow comparisons between normal fibroblast cell lines
and cancer cells. As shown in Fig. 3a, VEGF expression in fibroblast
cells was significantly lower than in cancer cell lines. Therefore, we
used fibroblasts as a representative of VEGF-negative cells in further
experiments. VEGF expression was also confirmed by confocal micro-
scopy (Fig. 3b), and in accordance with Western blot results, images
revealed much higher expression in cancer cells over that in fibroblasts.
Moreover, Z-stack images (as determined using ImageJ software) con-
firmed high VEGF expression levels in all cancer cell lines, in contrast to
very low or barely detectable levels in normal fibroblast cells. To fur-
ther verify these findings, immunofluorescence staining of cells was
performed, which, on imaging, revealed significantly higher intensity
fluorescent signaling profiles in cancer cells than in primary fibroblasts.
Profiles of VEGF expression were calculated as an area average of
fluorescence intensity, from 3 different fields. From this, VEGF ex-
pression profiles in HT29, Hela, A549 cancer cell lines were approxi-
mately 250, 200, 150 and 149, respectively, whereas fibroblasts ex-
hibited far lower signaling levels (around 25) (Fig. 3c).

3.3. Effect of applied flow environment on kinetics of nanoparticle adhesion
to VEGF-expressing cancer cells

To study the binding of nanoparticles to cancer cells, anti-VEGF
conjugated nanoparticles in flow buffer were exposed to cultured cells
under laminar flow through PPFC, and in comparitive fashion under
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Fig. 3. Analysis of VEGF protein expression in three different cancer cell lines and
fibroblasts. (a) Western blot analysis, (b) Representative images from confocal micro-
scopy highlighting VEGF expression (first three columns). Nuclei are stained blue, and cells
testing immunopositive for VEGF are red. Quantification of the VEGF expression level
from Z-stack images using ImageJ software (the last column) (c) Quantification of fluor-
escence intensity for different cancer cell lines in comparison with fibroblasts.
(A549 = lung carcinoma, HT29 = colorectal adenocarcinoma, and HeLa = cervical
adenocarcinoma). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

static conditions. Overall, adhesion levels of targeted nanoparticles
were significantly higher than those of non-targeted particles, for all
cancer cell lines (Fig. 4a). HeLa cells exhibited highest binding levels
(110 #/mm?), while A549 and HT29 cell lines showed lower affinity for
targeted particles (44 #/mm?). The variations in degree of VEGF ex-
pression shown by different cancer cell lines are suggestive of dis-
parities in the mode of interaction of these cell types with anti-VEGF
conjugated nanoparticles under conditions of laminar flow.

In contrast (Fig. 4b), no differences in cellular adhesion were evi-
dent between active targeted and control nanoparticles under static
conditions. However, overall binding densities under these conditions
proved higher than those found in flow assays, due to the longer ex-
posure time in the static environment, and absence of shear forces oc-
curring in flow which could lead to particle detachment.

To further examine the targeting efficiency of anti-VEGF nano-
particles, the results discussed above were expressed as a ratio of tar-
geted particle binding to that of non-targeted nanoparticles, shown in
Fig. 5. Primary fibroblasts were employed as a control due to their low
level of VEGF expression. From these results, the adhesion of targeted
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nanoparticles was 3.8-4.9 times higher relative to non-targeted nano-
particles. Interestingly, no statistical significance of these ratios was
observed among cancer cell lines, implying that nanoparticles show
consistancy in targeting efficency for these cancer cell line, irrespective
of differences in binding profiles. The targeting efficiency is dependent
on anti-VEGF antibody surface site density as well as molecular inter-
actions between antibodies and VEGF proteins on the cell surface.

4. Discussion

Advances in nanotechnology and cancer biology have led to the
development of various nanocarrier-mediated anticancer agents. [17] A
preclinical model that can accurately mimic physiological conditions is
of utmost importance for evaluating interactions between these na-
noengineered particles and their targeted cells [18-20].

It is well established that shear stress generated by blood flow in our
circulatory system can lower the binding capacity of nanoparticle sys-
tems, reducing their therapeutic efficacy [21]. Enabling strong and
selective binding of these nanoparticles is thus of great importance to
their use in intravenously administered nanomedicines.

Cell-based assays to assess binding efficacies and selectivity have
been developed for nanoparticle screening, in order to avoid large-scale
and cost-intensive animal testing [22]. However, the static nature of
these standard methods captures only certain aspects relevant to the
in vivo environment. Accordingly, recent emphasis has been placed on
utilizing microfluidic devices as a versatile tool to complement con-
ventional assays [23-25].

One extensively used approach for targeted anti-cancer drug de-
livery takes advantage of elevated levels of VEGF expression in tumors.
VEGF has been found in several tumor types, as well as tumor-asso-
ciated endothelial cells during formation of new capillary blood vessels
(angiogenesis) [26]. Therefore, the significance of VEGF in affecting
tumor progression has made this process an appealing target for
therapies related to these tumor types [27]. Several VEGF-targeted
agents have been shown to benefit patients with advance-stage malig-
nancies [28], with nanocarrier-mediated delivery of chemotherapeutics
targeting VEGF, and applications of VEGF related molecular imaging
being of interest [29]. A number of previous studies have demonstrated
the use of VEGF-targeted nanoparticles as contrast agents for cancer
detection and diagnosis [30], and as vehicles for the delivery of ther-
apeutic agents for cancer treatment [31,32]: in both cases nanoparticle
accumulation occurs in tumours expressing VEGF.

Herein, we present a simple and self-contained flow chamber to-
gether with standard cell culture plates for assessment of VEGF-tar-
geting drug delivery systems under dynamic flow conditions. The de-
vice utilizes VEGF-expressing cells cultured in a culture dish, over
which a suspension of VEGF-targeted nanoparticles is passed in a flow
chamber. This allows for association or dissociation kinetics to be stu-
died, providing estimates of the targeting efficacy of the nanoparticles
for VEGF protein.

We engineered two PLGA/liposome nanoparticle systems (control,
and antibody conjugated VEGF-targeted nanoparticles), evaluated their
interactions with several cancer cell lines under laminar flow, and
compared the results with those from conventional static culture assays.
A significant difference was apparent in how nanoparticles interact
with cells under both conditions.

Under static conditions, we observed non-specific adhesion of con-
trol nanoparticles to a layer of confluent VEGF-expressing cells. A
possible explanation for this observation is the sedimentation effect
[33,34], where particles in close proximity to cells may sediment, re-
sulting in non-specific adherence.

The main advantage of flow chamber cell culture over static con-
ditions relates to its greater similarity to the cellular physiological mi-
croenvironment [35]. Many previous studies have demonstrated the
utility of flow chambers to complement standard cell-based assays.
Such culture systems can be employed for characterization of drug
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Fig. 4. Adhesion of nanoparticles to cancer cells under static or flow conditions.
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VEGF-expressing cancer cells (A549, HT29, HeLa) were exposed to VEGF-targeted, or control, nanoparticles under flow conditions (a), or static conditions (b). Normal fibroblast cells
were employed as negative control. Fluorescent labelling of nanoparticles allowed binding to cells to be visualized and analyzed by fluorescence microscopy. Particle concentra-
tion = 6.5 X 10° particles/mL. * = p < 0.05 relative to other groups via one-way ANOVA. n = 3.

absorption and evaluation of cytotoxicity [36], cell migration and in-
vasion assays [37], and assessing cell-cell [38] and cell-particle inter-
actions [39]. Specifically, the current study highlights how standard
static cell assays can be complemented by an in-flow technique, which
enables a more comprehensive assessment of the targeting ability of
VEGF-targeted nanoparticles. Interestingly, our observations that
VEGF-targeted nanoparticles were able to discriminate between tar-
geted and non-targeted cells within the flow chamber suggests that
laminar flow conditions may prevent non-specific binding via particle
sedimentation, promoting desired specific interactions between anti-
VEGF and VEGF proteins. The flow chamber device discussed here thus
represents an appropriate cell-based method for evaluating the efficacy
of VEGF-targeted drug delivery systems.
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5. Conclusions

Nanoparticles which selectively bind to the VEGF protein can be
used in diagnostic imaging and as vehicles for efficient anticancer drug
delivery. We have developed anti-VEGF antibody conjugated nano-
particles which specifically bind to associated cancer cells. Liposomes,
the most extensively used, and the most successful nanocarrier system
for drug delivery known to date, were employed as carriers, in con-
junction with the targeting anti-VEGF antibody. Anti-VEGF-conjugated
liposomes were prepared, and their in vitro binding efficacy towards
VEGF-expressing cancer cells was assessed under static, and flow,
conditions. Results indicated that the prepared nanoparticles showed
different levels of association with cells under each of these conditions.
Additionally, nanoparticle-cell interactions under flow (shear stress)
can be studied more efficiently than is possible under static conditions.
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Fig. 5. Ratio of nanoparticle binding to cancer cell lines (targeted/non-targeted)
under static or flow conditions.

Depiction of the ratio of particle binding (VEGF-targeted relative to control) in different
cell lines with exposure condition. Primary fibroblasts were used as control. Particle
concentration = 6.5 x 10° particles/mL. * = p < 0.05 relative to other groups via one-
way ANOVA. n = 3.

Therefore, the flow model reported herein allows for more accurate
information to be obtained from targeting assays, leading to potential
improvements and optimization of cancer drug delivery systems prior
to in vivo studies.
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A hybrid System of Modified Chitosan and Liposome

for Drug Delivery Against Cervical Cancer
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In this study, we purposed the novel biomaterial nanocarrier, possessing
cancer therapeutic effect against cervical cancer. An amphiphilic chitosan
derivative, quaternized N,O-oleoyl chitosan (QCS) was designed and
synthesized. QCS was incorporated into liposome vesicles, generating QCS-
liposome (Lip-QCS). Cisplatin, a model drug, was loaded inside Lip-QCS. The
multiple characteristics of Lip-QCS were studied including physicochemical
property, mucoadhesive property and therapeutic effects. Encapsulation of a
hydrophobic chemotherapy drug such as cisplatin was achieved, and its
therapeutic effects demonstrated in 3D cervical cancer models. The result
confirmed that the presence of QCS-chitosan on the liposome is able to promote
the mucoadhesive properties, and allow for more efficient targeting at mucus
membrane. Lip-QCS has the potential for use against cervical cancer as a
component in vaginal formulations. In conclusion, the modified surface liposome
has the potential to specifically target the nanoparticles to mucus-associated
cancerous cells. This approach is applicable for the development of an effective
drug delivery system for local or topical administration against cervical cancer
which is a mucus-associated disease.
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Fabrication concept of a hybrid modified chitosan and liposome generating Lip-QCS, a
nanocarrier possesses mucoadhesive property. A Lip-QCS containing cisplatin showed the
advantage in therapeutic of cervical cancer.



Liposome Surface Modifications for Selective Targeting
in Cervical Cancer Drug Delivery

Nattika Saengkrit, Ph.D.
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Development of effective nanocarriers for drug delivery has become an important factor
dictating advances in the field. Several types of nanocarriers having novel features aiding drug
delivery to specific target sites, and to overcome biological barriers, have been designed. The
advanced nanocarriers devised especially for tumor treatment include those that are stimuli-
responsive, are active targeting, and have site-specific triggers for localized drug delivery.
Many lipid and polymer-based nanoparticles have been studied as the basis for nanocarriers.
Among lipid-based nanocarriers, liposomes are considered as the most conventional for use as
drug carriers due to their practicality and biocompatibility, and the ability to regulate drug
release. Additionally, both hydrophilic and hydrophobic drug cargo systems can be
encapsulated within liposomes. However, liposomes have some limitations being that they are
rapidly cleared and suffer from non-specific targeting, therefore, surface modification of these
remains a key strategy for tailoring these for therapeutic use. Here, we purposed the novel
liposomes for selective targeting against cervical cancer. Three different types of surface
modified liposomes composed of a cationic, mucoadhesive and active targeting liposomes were
generated. The efficiency of the delivery systems were evaluated by loading curcumin and
cisplatin to investigate therapeutic effect.
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