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SANTRUMPOS

AFM — atomo jégos mikroskopas (angl. atomic force microscope)

APC — alofikocianinas (angl. allophycocyanin)

Ce6 — chlorinas e6 (angl. chlorin e6)

CXCR4 — C-X-C motyva turintis receptorius 4

DLS - dinaminé §viesos sklaida (angl. dynamic light scattering)

DMEM - Dulbecco‘s modifikuota Eagle terpé (angl. Dulbecco's Modified
Eagle Medium)

DPBS — Dulbecco‘s fosfatinis buferinis tirpalas (angl. Dulbecco phosphate
buffer saline)

EPR - padidintas pralaidumas ir uzsilaikymas (angl. enhanced permeability
and retention)

EthD-1 — etidzio homodimeras-1

FBS — fetalinis verSiuko serumas (angl. fetal bovine serum)

FITC — fluoresceino izotiocianatas (angl. fluorescein isothiocyanate)

FLIM - fluorescencijos gyvavimy trukmiy mikroskopija (angl. fluorescence
lifetime imaging microscopy)

FRET — Fiorsterio rezonansiné energijos pernasa (angl. Férster resonance
energy transfer)

GFP — zaliai fluorescuojantis baltymas (angl. green fluorescent protein)

KT — kvantiniai taskai (angl. quantum dots)

KT-Ceb — kvantiniy tasky ir fotosensibilizatoriaus chlorino e6 kompleksas
LDH - laktatodehidrogenazé (angl. lactate dehydrogenase)

LLC — Luiso plau¢iy karcinomos lasteliy linija (angl. Lewis lung carcinoma)
MKL — mezenchiminés kamieninés Igstelés (angl. mesenchymal stem cells)
P/S — antibiotiky penicilino ir streptomicino miSinys

PBS — fosfatinis buferinis tirpalas (angl. phosphate buffered saline)

PDT - fotodinaminé terapija (angl. photodynamic therapy)

PE — fikoeritrinas (angl. phycoerythrin)

PEG - polietilenglikolis (angl. polyethylene glycol)

PFA — paraformaldehidas

PL — fotoliuminescencija (angl. photoluminescence)

PS — fotosensibilizatorius (angl. photosensitizer)

SOSG - zaliasis singuletinio deguonies jutiklis (angl. singlet oxygen sensor
green)



Dragsios idéjos yra tarsi judancios Sachmaty figiros. Jos gali buiti numustos,

bet gali ir pradéti pergalingq Zaidimg. !

Johanas Volfgangas fon Gété
IVADAS

Vézys islieka viena mirtingiausiy ligy pasaulyje, kai kuriose Salyse iSstumianti
Sirdies ir kraujagysliy ligas i§ pirmosios vietos. Skai¢iuojama, kad 2020
metais onkologiné liga buvo diagnozuota beveik 19,3 mln. Zmoniy pasaulyje
ir nusine$¢ 10 min. gyvybiy (Sung ir kt., 2021). Onkologiniy susirgimy
daugiaveidiskumas, imuninés sistemos nesugebé¢jimas sukontroliuoti ligos bei
greitai jgyjamas atsparumas gydymui neleidzia medikams visuomet
sékmingai kovoti su véziu. Ankstyvosios diagnostikos trikumas ir prastas
chemoterapiniy vaisty selektyvumas yra vieni pagrindiniy onkologijos

Fotosensibilizatoriy (PS) ir nanodaleliy kompleksai gali tapti terapiniu
metodu, sprendzianciu dabartines vézio gydymo problemas (Chilakamarthi ir
Giribabu, 2017). PS yra terapinés molekulés, kurios yra inertiskos tamsoje,
bet Igsteléms toksiSkomis tampa UV-Vis spektriniame diapazone — dél
molekuliniy virsmy kaskady susidaro aktyviosios deguonies formos. Kadangi
terapinis poveikis pasiekiamas tik ap$vietus Sviesa ir fotodinaminé terapija
(PDT) veikia lokaliai, sisteminiai $alutiniai poveikiai, jprasti standartinei
chemoterapijai, sumazéja, o gydymo efektyvumas padidéja (Dougherty et al.,
1998). PDT ne tik tiesiogiai sunaikina vézines lasteles, bet ir pazeidzia naviko
kraujagysles bei sukelia imuninés sistemos aktyvacija, todél sustabdomas
tolimesnis naviko augimas ir tuo paciu suzadinamas prie§vézinis imunitetas
(Agostinis ir kt., 2011). PDT yra minimaliai invaziné ir nereikalauja
kompleksiniy chirurginiy intervencijy, gali biiti kartojama kelis kartus be
kaupiamojo toksiskumo, veiksmingai naikina ar bent jau sumazina naviko
ribas (Triesscheijn ir kt., 2006). Per pastaruosius keturis deSimtmecius PDT
veiksmingumas buvo jrodytas Slapimo pislés, plauciy, stemplés, smegeny,
galvos ir kaklo, gimdos kaklelio ir odos vézio atvejais (Huang, 2005). Vienas
i§ perspektyvesniy PDT taikomy PS yra chlorinas €6 (Ce6) — i§ chlorofilo
gaunamas antros kartos fotosensibilizatorius, turintis stipria sugertj
raudonojoje spektro dalyje ir didelj singuletinio deguonies generavimo

Y“Gewagte Ideen sind wie das Ziehen von Schachfiguren. Sie kénnen geschlagen
werden, aber sie konnen eine Siegespartie erdffnen. “ Johann Wolfgang von Goethe
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naSumg (Cunderlikova ir kt., 1999). Vis délto, jo panaudojima klinikinéje
praktikoje riboja nedidelis susikaupimas navike.

Tobuléjant nanotechnologijoms, PDT nebuvo pamirSta. Nanodalelés,
pagamintos tiek i$ natiiraliy, tiek i§ sintetiniy junginiy, gali i$spresti daugelj
kylan¢iy terapiniy problemy. Pirma, dél didelio pavirSiaus ploto prie
nanodaleliy galima prijungti daugyb¢ PS molekuliy bei jvairius kitus
prieSvézinius vaistus, kurie veikia sinergiskai. Antra, nanodalelés gali
apsaugoti j navikus gabenamas terapines molekules nuo biologinés aplinkos
poveikio, taip pat iSspresti agregacijos ir hidrofobiskumo problemas, budingas
hidrofobiniams arba amfifiliniams fotosensibilizatoriams (Lucky ir kt., 2015).
Nanomedziagos taip pat igyja unikaliy savybiy, pavyzdziui, nuo dydzio
priklausoma didelio kvantinio nasSumo fotoliuminescencijg (PL). Optiné
biopsija, paremta fluorescencinés spektroskopijos ir vaizdinimo metodikomis,
galéty biti tinkama priemoné vizualizuojant navikus ar metastazes bei jy ribas
(Wang ir Van Dam, 2004), o dabartiniy neefektyviy optiniy zymeny
problemas gali i§spresti nanodalelés. Puslaidininkinés fotoliuminescuojancios
nanodalelés kvantiniai taskai (KT) pasizymi geresnémis optinémis savybémis
nei bet kokie organiniai dazikliai, jos yra stabilesnés, rySkesnés, turi platy
sugerties ir siaurg PL spektrus, didelj daugiafotonio suzadinimo skerspjivj
(Yao ir kt., 2018). KT taip pat gali veikti kaip energijos donorai — esant KT
fotoliuminescencijos ir PS sugerties spektry sanklotai bei nanodalelei ir PS
esant keliy nanometry atstumu, tarp jy gali vykti Fiorsterio rezonansiné
energijos pernasa (FRET) (Valanciunaite ir kt., 2014). Taip susiformavus KT
ir PS kompleksui ar biokonjugatui gaunama teranostiné platforma — ryski
nanodaleliy PL atlieka diagNOSTINE funkcija, o PS — TERApine.

Vis délto, pacios nanodalelés ir jy kompleksai neuZztikrina pakankamo
selektyvumo navikams ir yra linkusios nespecifiSskai kauptis tam tikruose
organuose, pavyzdziui, kepenyse, limfmazgiuose, bluznyje. Nesvarbu, kokia
nanodaleliy pristatymo strategija pasirenkama — pasyvus (pasitelkiant EPR
efekta) ar aktyvus (funkcionalizuojant navikg atpazjstanc¢iomis molekulémis),
daugiau nei 99 % suleisty nanodaleliy atsiduria mononuklearinéje fagocity
sistemoje (Polo ir kt., 2017). Neseniai atliktas tyrimas parodé, kad tik 0,7 %
i§ intraveniS$kai suleisty nanodaleliy pasiekia navikus, o kadangi navikai
sudaryti 1§ skirtingy lasteliy tipy, jskaitant nevézines lasteles, su
nanodalelémis kontaktuoja tik 2 i§ 100 piktybiniy lasteliy. Tai reiskia, kad vos
0,0014 % 18 sistemiskai pateikty nanodaleliy sgveikauja su vézinémis
lastelémis (Dai ir kt., 2018).



Terapiniy medziagy transportavimas lastelémis prie§ pora deSimtmediy
buvo pasiilytas kaip alternatyvus nanodaleliy pristatymo biaidas. Eritrocitai,
makrofagai ir limfocitai jau buvo panaudoti tokiai uzduociai atlikti, taciau jy
selektyvumas navikams ribotas (Singh ir Mitragotri, 2020). Prie$navikiniy
vaisty pristatymas naudojant lasteles, natliraliai migruojancias j navikus, yra
biologiskai suderinamas, kliniskai saugus ir ikiklinikiniy tyrimy metu parodé
didelg sékme (McMillan ir kt., 2011). Mezenchiminés kamieninés lastelés
(MKL) yra laikomos vienu i§ perspektyviausiy pasirinkimy. MKL yra
multipotentinés lastelés, turin¢ios imunomoduliaciniy, regeneraciniy ir
onkotropiniy savybiy. MKL | navikus migruoja chemokiny koncentracijos
gradiento kryptimi ir gali patekti j pagrindinj navika bei j tolimesnes mikro- ir
makrometastazes (Momin ir kt., 2010). Remiantis tyrimais, toks nanodaleliy
transportavimo budas padidina nanodaleliy kiekj navike keturiais kartais
(Durymanov ir kt., 2015).

Norint pasiiilyti naviky ankstyvosios diagnostikos ir terapijos problemy
sprendimo buidg, Siame darbe tirtas mezenchiminiy kamieniniy ir véZiniy
lasteliy atsakas j nanodaleles, bei KT ir fotosensibilizatoriaus Ce6 komplekso,
gabenamo mezenchiminémis kamieninémis lastelémis, potencialios
teranostinés galimybés.

Darbo tikslas: istirti odos mezenchiminiy kamieniniy lgsteliy gebéjima
selektyviai nugabenti j navikus teranostines nanodaleles, uztikrinant terapinj
poveikj ir diagnostinj potenciala.

Darbo uzdaviniai:

1. Istirti KT susikaupima ir pasiskirstyma 2D, 3D véziniy lasteliy
monokulttrose ir in Vivo naviky modeliuose.

2. Suformuoti KT ir Ce6 kompleksa, istirti jo fizikochemines savybes,
singuletinio deguonies generacijos efektyvuma, stabilumg skirtingose
terpése ir baltymy jtakg KT-Ce6 kompleksui.

3. [I8skirti odos MKL eksplanty kultiros metodu ir charakterizuoti jas pagal
MKL poZymius.

4. Nustatyti KT ir KT-Ce6 komplekso kaupimasi odos MKL bei lasteliy
gebéjima transportuoti nanodaleles in vitro ir in vivo sistemose.

5. Ivertinti KT-Ce6 komplekso, gabenamo odos MKL, diagnostinj ir
fotodinaminj efektyvuma in vitro ir in vivo sistemose.
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Mokslinis naujumas
Iprastai tokio tipo tyrimai atlieckami su kauly Ciulpy ar riebalinio audinio
kamieninémis Igstelémis, o su dermos MKL atlickamy tyrimy skaicius
nedidelis. Miasy Ziniomis, migraciniai ir teranostiniy medZiagy
transportavimo tyrimai su tokiomis lagstelémis atlikti pirmag kartg. D¢l didelio
regeneracijos poreikio, odos audiniuose yra gausu MKL, o pats audinys gali
biiti paimamas minimaliai invazinémis procediromis, greitai regeneruoja, turi
didelj pavirSiaus plota. Oda, likusi po jvairiy operacijy kaip medicininés
atliekos, galéty buti lengvai panaudojama ekonomiskam ir donorui
draugiskam prieSvéziniam gydymui.

Disertacinis darbas atliktas su zmogaus odos MKL, kuriy i$skyrimui
naudotas eksplanty kultiiros metodas. Tai yra santykinai retai naudojamas
kamieniniy lasteliy iSskyrimo metodas. Kituose moksliniuose tyrimuose
kamieninés Igstelés gaunamos naudojant fermentinés disociacijos biida,
kuomet jvairiis fermentai atpalaiduoja MKL i§ donorinio audinio. Ta¢iau tokia
procedira gali neigiamai paveikti lasteliy pavirsiaus baltymus, MKL savybes,
tokias kaip proliferacija, heterogeniSkumas ir iSeiga. Naudojant eksplanty
kultlirg yra islaikoma MKL mikroaplinka — tarplastelinis uzpildas, stromos
lastelés, signalinés molekulés, citokinai, augimo faktoriai, 3D aplinka, todél
peréjimas j 2D lasteliy kultiirg yra $velnesnis, tokios MKL pasizymi didesniu
proliferacijos pajégumu, galima gauti didelius MKL kiekius i§ mazo kiekio
donorinés medziagos.

Darbe buvo naudotos zmogaus MKL, o0 migracijos efektas gautas
nepaisant risiniy barjery — MKL migravo ir imunodeficitinése pelése su
zmogaus naviku (signalas Zmogus—>Zmogus), ir pelése su pelés naviku
(signalas zmogus—>pelé), todél buvo parodytas terapijos universalumas bei
maza alogeniniy reakcijy tikimybé ateityje taikant panasy gydymo biida su
donoro Igstelémis.

Darbe analizuota serumo baltymy jtaka KT ir Ce6 komplekso stabilumui
bei singuletinio deguonies generacijai. Kitos studijos, analizuojan¢ios KT-
Ce6 komplekso savybes, tiria kompleksa tik buferiniuose tirpaluose be
baltymy, pavyzdziui, DPBS. Misy tyrimuose buvo parodyta, kad serumo
baltymai ,,iStraukia® Ce6 i§ KT amfifilinio polimero, todél suprastéja
singuletinio deguonies generacija ir PDT efektyvumas. Darbe pirma karta
parodyta, kad MKL padeda apsaugoti KT-Ce6 kompleksg nuo
destabilizacijos. Miisy ziniomis, esame pirmieji, i$tyre fotosensibilizatoriaus
kompleksacijg su amfifiliniu polimeru dengtais skirtingo kravio KT ir tokiy
kompleksy fotodinaminius efektus.
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Literatiroje galima rasti tyrimy su KT-Ce6 kompleksu, taciau pirma karta
jo efektyvumas buvo parodytas ne vien in vitro modelingje sistemoje, bet ir
gyvame organizme.

Praktiné reik§mé

MKL, kaip teranostiniy nanodaleliy neSikliy, potencialas ateityje turi buti
patikrintas didesnés apimties laboratoriniy gyviiny eksperimentuose, kad
tyrimus biity galima saugiai perkelti j I-II fazés klinikines studijas. Su MKL,
transportuojanéiomis vaistus, atlikty klinikiniy tyrimy skaiéius vis dar yra
menkas. Klinikiniy tyrimy registre clinicaltrials.gov registruoti vos keturi
tyrimai su MKL, kurios transportuoja interferong 3 arba onkolitinius virusus.
Norint §ig sistema pilnai taikyti onkologinémis ligomis serganciy pacienty
gydymui, reikia iSsamesnio efekto patikrinimo bei palyginimo tarp MKL,
gauty i§ skirtingy Saltiniy. Taip pat, siekiant personalizuoti gydyma, svarbu
jvertinti terapijos tinkamuma skirtingos lokalizacijos navikams.

I§ sunkiyjy metaly pagaminti kvantiniai taSkai dél létinio toksinio poveikio
rizikos gali biiti netinkami Sios gydymo strategijos perkélimui j klinika.
Taciau Siame etape Sios nanodalelés puikiai tinka kaip modeliné sistema,
vertinant MKL specifinio transportavimo potencialg in vitro bei in vivo naviky
modeliuose. Dar didesne praktine reikSme tyrimai jgis ateityje sukdrus
kvantiniy tasky fizikocheminéms savybéms prilygstancias
biodegraduojancias ar lengvai i§ organizmo pasalinamas nanodaleles. KT-Ce6
kompleksas, suzadinamas UV-Vis spektriniame diapazone, taip pat gali biiti
sunkiau pritaikomas standartingje klinikingje diagnostikoje, ypa¢ gilesniuose
audiniuose esanciy naviky vaizdinimui bei gydymui. Tadiau misy tyrimuose
gautas diagnostinis efektas biity tinkamas norint nustatyti naviko ribas ar
iSplitima chirurginiy operacijy metu, taip pat pastebéti galima véZziniy lasteliy
infiltracija | sarginius limfmazgius ar aplinkinius organus. Taip pat,
Siuolaikinés Sviesolaidinés sistemos ir endoskopinés technologijos leidzia
PDT naudoti su endoskopinémis, laparoskopinémis ar intraoperacinémis
Sviesos sistemomis. Norint pagerinti skvarba pro audinius ir terapijos
efektyvumg, KT-Ce6 kompleksui suzadinti galima naudoti daugiafotonj
suzadinimg. Pagrindinis jo pranasumas yra infraraudonosios spinduliuotés,
kurig audiniai sugeria maziau, naudojimas, todél zadinanti spinduliuoté gali
prasiskverbti j gilesnius audiniy sluoksnius. Daugiafotonis suzadinimas ar
nanodaleliy, suzadinamy artimajg infraraudongja spinduliuote, naudojimas
yra biisimos tokiy tyrimy ir Klinikinio pritaikymo kryptys.
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1. METODAI

1.1. Kvantiniy tasky ir jy kompleksy fizikocheminiy savybiy
charakterizavimas

1.1.1. Kvantiniai taskai

Visuose tyrimuose naudoti CdSe/ZnS KT, bet skyrési jy PL smailiy vertés ir
dangalai. Pirminiuose tyrimuose, kuriuose atrinkti teranostiniam kompleksui
formuoti tinkamiausi KT, buvo naudoti keturiy tipy CdSe/ZnS KT — dengti
fosfolipidais su PEG molekulémis ir turintys amino arba karboksilo funkcines
grupes (i$ eBioscience Inc.) arba padengti amfifiliniu polimeru ir turintys
PEG-amino arba karboksilo funkcines grupes (i$ Invitrogen Corp.) (visy PL
Amax = 605 nm).

Tolimesniuose tyrimuose naudoti dviejy tipy KT, kurie atrinkti kaip
tinkamiausi kompleksacijai su Ce6, t.y. amfifiliniu polimeru dengti ir
karboksilo grupémis funkcionalizuoti KT, kuriy Amax = 655 nm (Qdot® 655
ITK™) ir Amax = 625 nm (Qdot® 625 ITK™) (abu i§ Invitrogen Corp.). PL
bangos ilgis buvo vienintelis skirtumas tarp naudoty KT, nes jy dydis
nesiskyré — Qdot® 655 ITK™ hidrodinaminis diametras yra 14,55 nm (Xu ir
kt., 2016), 0 Qdot® 625 ITK™ atomo jégos mikroskopu (AFM) ir dinaminés
Sviesos sklaidos (DLS) metodu gautas nanodaleliy dydis ~14,5 nm (Pav. 1.1)
(Dapkute ir kt., 2017).

1.0 9

I AFM duomenys
—a— DLS duomenys

0.8+

0.6 4

Daznis

0.2+

0.0 T
0 5 10 15 20 25

Kvantiniy tasky diametras, nm
Pav. 1.1. Kvantiniy tasky dydzio nustatymas AFM ir DLS metodais.
Nuotraukoje — nanodaleliy zéruéio pavirSiuje AFM mikrografija. Pagal
Dapkute ir kt., 2017.
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1.1.2. Kvantiniy tasky ir chlorino e6 komplekso formavimas

KT-Ce6 kompleksas suformuotas kaip aprasyta Skripka ir kt., 2018 ir Dapkute
ir kt., 2021. Ce6 buvo jsigytas i§ Frontier Scientific Inc. Pradinis tirpalas
paruoStas iStirpinant nedidelj kiekj Ce6 milteliy 0,2 M NaOH tirpale ir
praskiedziant fosfatiniame buferyje (PB) (pH 7). Tiksli tirpalo koncentracija
apskai¢iuota pagal Lamberto-Bugerio-Bero désnj:

A=excxl 1)

kur A yra sugertis ties 405 nm, ¢ — Ce6 molinés ekstinkcijos koeficientas ties
405 nm (175 000 M*cm™), ¢ — Ce6 koncentracija, | — optinio kelio ilgis
(kiuvetés storis) (1 cm).

KT-Ce6 kompleksas gaunamas jpilant 0,005 pM KT | Ce6 tirpala
(koncentracijos nuo 0,0005 uM iki 4 uM) ir laikant kambario temperatiroje.

Lasteliniams tyrimams naudotas spektriniais matavimais atrinktas 1:100
KT ir Ceb6 santykis ir 4 valandy kompleksacijos trukmé, bet koncentracijos
padidintos 3,2 karto, nes atlikti tyrimai parodé, kad didZiausia netoksiSka KT
koncentracija yra 16 nM (Dapkute ir kt., 2017; Saulite ir kt., 2017). Atitinkami
KT (0,016 uM) ir Ce6 (1,6 uM) tirpalai naudoti kaip kontrolés.

1.1.3. Fizikocheminiy savybiy nustatymas

Spektroskopiniai matavimai buvo atlikti su KT-Ce6 tirpalais, kuriy molinis
santykis buvo nuo 1:0,1 iki 1:800, jvairiais laiko momentais. KT-Ce6
komplekso stabilumas jvertintas skirtinguose tirpaluose (PBS, DMEM ir
DMEM su FBS). Tirpaly sugerties, PL ir fluorescencijos gesimo kinetikos
matavimai detaliai aprasyti Skripka ir kt., 2018 ir Dapkute ir kt., 2021.

KT ir KT-Ce6 komplekso hidrodinaminis skersmuo iSmatuotas DLS
metodu. Daleliy hidrodinaminis dydis ir zeta potencialas { nustatyti
Brookhaven ZetaPALS matuokliu (Brookhaven Instruments).

1.1.4. Singuletinio deguonies generacijos jvertinimas

Po Svitinimo 470 nm bangos ilgiu susidargs singuletinis deguonis
nustatytas naudojant SOSG (Thermo Fisher Scientific). Ce6, KT ar KT-Ce6
kompleksas PBS, DMEM ar DMEM su FBS tirpaluose buvo sumaisyti su
SOSG vandeniniu tirpalu. Svitinimas atlickamas su 470 = 5 nm bangos ilgio
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Sviesa naudojant MAX-302 ksenono lempg (Asahi Spectra Co., Ltd)
surenkant vienkarting 17,7 J/cm? doze. Svitinimo laikas dozei buvo
apskaiciuojamas pagal formulg:
t=DxS/P 2
kur t yra laikas (s), D — doze (17,7 J/cm?), S — plotas (cm?), P — §viesos
galia (W), kuri matuojama kaskart pries Svitinimg galios matuokliu.
Rezultatai pateikti kaip fluorescencijos intensyvumo skirtumas ties SOSG
emisijos smaile (525 nm) pries ir po $vitinimo (Dapkute ir kt., 2021).

1.2. Lasteliy tyrimai
1.2.1. Odos MKL i§skyrimas, kultivavimas

Tyrimuose naudotos pirminés zmogaus odos MKL. Lastelés buvo iSskiriamos
1§ perteklinés voky odos, likusios atlickant blefaroplastikg Vilniaus miesto
klinikinéje ligoningje. Tyrimg patvirtino ir leidimg atlikti biomedicininj
tyrimg suteiké Vilniaus regioninis biomedicininiy tyrimy etikos komitetas
(leidimo Nr. 158200-18 / 6-1036-548), pacientai pasirasé informuoto asmens
sutikimo forma. Lastelés buvo iSskirtos remiantis eksplanty kultiiros metodu,
kaip apraSyta Dapkute ir kt, 2021. Pirmosios lgstelés, iSaugancios i$
eksplanty, vizualiai matomos po 3-5 dieny. MKL kultivuojamos DMEM,
papildytu F12 maistiniy medziagy misiniu (DMEM/F12, 3:1 v/v), 10% FBS
ir 1% P/S (visi i§ Gibco) plastikiniuose lasteliy kultivavimo induose be
papildomo pavirSiaus padengimo. Tyrimuose naudota beseruminé terpé buvo
sudaryta i§ DMEM/F12 (3:1 v/v) ir 1% P/S. Norint panaikinti nuo donoro
priklausomus nuokrypius, eksperimentai buvo pakartoti su maziausiai trimis
skirtingais donorais.

1.2.2. MKL identifikavimas

Isskirtos MKL buvo jvertintos pagal morfologija, imunofenotipa ir
diferenciacijos potencialag. Imunofenotipas buvo nustatytas kaip apraSyta
Dapkute ir kt., 2017 ir Dapkute ir kt., 2021. Naudoti $ie monokloniniai pelés
antiklinai prie§ zmogaus antigenus: CD90, konjuguotas su FITC, CD184
(CXCR4), konjuguotas su PE (abu i§ BD Biosciences), CD44-FITC (Thermo
Fisher Scientific), CD73-FITC, CD105-PE, CD45-FITC, CD34, konjuguotas
su APC, CD14-PE (visi penki i§ eBioscience). Nudazytos lgstelés buvo
analizuojamos tékmés citometru Accuri C6 (Accuri Cytometers, Inc.)
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surenkant bent 1x10* gyvybingy lasteliy. Duomenys apdoroti FlowJo (Tree
Star, Inc.) ir Accuri C6 programomis (Accuri Cytometers, Inc.).

Diferenciacijos potencialui nustatyti monosluoksniu auganéios MKL buvo
paveiktos StemPro™ (Gibco) adipogeninés ar osteogeninés diferenciacijos
terpe, keiciant terpe kas 3-4 dienas, o chondrogeniné diferenciacija atlikta
15 ml konusiniuose mégintuvéliuose MKL nucentrifuguojant 200 xg 7 min ir
paveikiant StemPro™ chondrogenine terpe. Lastelés buvo auginamos
diferenciacijos terpése iki 21 dienos. Diferencijuotos Iastelés buvo
fiksuojamos 10% neutraliu buferiniu formalinu. Adipogeniniai méginiai buvo
jvertinti pagal Oil Red O (zymi lipidus), osteogeniné diferenciacija patvirtinta
Alizarin Red dazu (zymi kalcio sankaupas), 0 chondrogeniné diferenciacija
parodyta lasteliy darinj supjaus¢ius Kriomikrotomu ir pjavius nudazius
toluidino méliu (Zymi proteoglikanus) (dazai jsigyti i§ Sigma Aldrich)
(Dapkute ir kt., 2021).

1.2.3. Lasteliy linijy kultivavimas

Tyrimuose naudotos lasteliy linijos: zmogaus krities vézio MDA-MB-231
(ATCC HTB-26 ™), 7zmogaus krities epitelio MCF-10A (ATCC CRL-10317
™) pelés plauciy karcinomos LLC1 (ATCC CRL-1642 ™) (visos jsigytos i$
Amerikos kultiiry tipo kolekcijos (ATCC)), zmogaus kraties vézio MCF-7
(ECACC 86012803) (i§ Europos autentisky lgsteliy kultiry kolekcijos
(ECACQ)).

MDA-MB-231, MCF-7 ir LLC linijos buvo kultivuojamos DMEM,
papildytame 10% FBS ir 1% P/S. MCF-10A buvo kultivuojamos Zmogaus
kruties epitelio lagsteliy (angl. human mammary epithelial cells, HUMEC)
bazinéje beseruminéje terpéje, papildytoje 1% HuMEC papildu, 0,4% jaucio
hipofizés ekstraktu (visi i§ Thermo Fisher Scientific) ir 1% P/S. Lastelés buvo
kultivuojamos inkubatoriuje 37 °C temperatiroje su 5% CO; iki 90 %
konfluencijos.

1.2.4. Nanodaleliy kaupimosi ir pasiskirstymo lastelése tyrimai

Didziausia netoksiska KT koncentracija buvo nustatyta standartiniu LDH
citotoksiskumo testu (CytoTox 96®, Promega) ir detaliai aprasyta Dapkute ir
kt., 2017.

Nanodaleliy detekcijai konfokalinés mikroskopijos budu vézinés Iastelés
arba MKL uzséjamos vaizdinimui tinkamose plokstelése ir inkubuojant su KT
arba KT-Ce6 kompleksu seruminéje/beseruminéje terpéje atitinkamg laika.
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Lastelés buvo papildomai dazomos branduoliy dazu Hoechst 33342 (Sigma
Aldrich), o PFA fiksuotose lastelése buvo papildomai dazomas citoskeletas
(f-aktinas) su Alexa Fluor® 488 Phalloidin (Thermo Fisher Scientific). Norint
detaliai nustatyti nanodaleliy vidulasteling lokalizacija buvo pazymétos
ankstyvosios ir vélyvosios endosomos bei lizosomos atliekant laikinagja
lasteliy transfekcija su Cell Light® Reagent-GFP, BacMam 2.0 reagentais
(Thermo Fisher Scientific). Ankstyvosioms endosomoms pazyméti haudota
BacMam 2.0 sistema Rab5a baltymui, vélyvosioms endosomoms — Rab7a
baltymui, o lizosomoms — Lamp1 baltymui (Saulite ir kt., 2017). KT ir KT-
Ce6 komplekso vaizdinimo tyrimai yra vienas i§ pagrindiniy metody, todél
apraSytas detaliai $iuose Saltiniuose: Dapkute ir kt., 2017; Jarockyte ir kt.,
2018; Saulite ir kt., 2018; Saulite ir kt., 2017; Skripka ir kt., 2018; Dapkute ir
kt., 2021.

Nanodaleliy kiekybinis susikaupimas 2D lgsteliy monosluoksniuose ir 3D
lasteliniuose sferoiduose iSmatuotas BD Accuri C6 tékmés citometru
(Dapkute ir kt., 2017; Jarockyte ir kt., 2018; Dapkute ir kt., 2021). Surenkama
bent 1x10* gyvybingy lasteliy i§ 2D lasteliy kultiros ir bent 5x10° i§ 3D
lasteliy kulttros. Duomenys apdoroti FlowJo ir Accuri C6 programomis. 3D
sferoidai formuojami kaban¢io laSo metodu ir matuojami kaip apraSyta
Jarockyte ir kt., 2018.

1.2.,5. MKL migracijos tyrimai

MKL tropizmas jvertintas Transwell® jdéklais (insertais) su polikarbonatine
membrana ir 8 um poromis (Corning Inc). Apatingje plokstelés dalyje buvo:
véziniy MDA-MB-231 arba nevéziniy MCF-10A Iasteliy monosluoksniai
beseruminéje terpéje, taip pat pro 0,22 um filtrg filtruota beseruminé augimo
terpé, nusiurbta nuo MDA-MB-231 lasteliy, MKL augimo terpé su 20% FBS
(teigiama kontrol¢) ir beseruminé terpé (neigiama kontrol¢). | jdéklus
(insertus) patalpinamos MKL su/be KT. Po 24 valandy numigravusios lastelés
buvo uzfiksuotos 4% PFA ir nudazytos Hoechst dazu (Pav. 1.2). Lastelés
vaizdintos konfokaliniu mikroskopu ir skaiiuotos ne maziau nei 5
skirtinguose laukuose. Duomenys sunormuoti j teigiama kontrole ir pateikti
kaip vidurkis = SD (Dapkute ir kt., 2017).
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Pav. 1.2. In vitro migracijos schematinis atvaizdavimas. Pagal Ladewig ir kt.,
2015.

1.2.6. Fotodinaminés terapijos (PDT) tyrimai

Lasteles (MDA-MB-231, MKL arba jy kokulttros santykiu 1:2), augancios
vaizdinimui pritaikytose plokstelése, buvo paveikiamos KT-Ce6 kompleksu 6
valandas ir §vitinamos mélyna $viesa (Azq = 470 + 5 nm) surenkant vienkarting
17,7 Jlcm? doze kiekviename 3ulinélyje. Sviesa fokusuojama tik j viena
Sulinélj vienu metu. Tamsinio poveikio plokstelé laikoma tokiomis paciomis
salygomis Salia, tik apsaugota nuo Sviesos poveikio. Po Svitinimo lastelés
grazinamos | inkubatoriy. Lasteliy kokultiiros Svitinamos du kartus kas 24
valandas.

Praéjus >16 wvalandy po paskutinio Svitinimo lgstelés dazomos
LIVE/DEAD gyvybingumo dazais (Thermo Fisher Scientific) — gyvos lastelés
nudazomos kalceinu (zaliai), o Zuvusios — etidzio homodimeru (EthD-1)
(raudonai). Lastelés vaizdinamos lazeriniu skenuojanéiu konfokaliniu
mikroskopu Nikon Eclipse TE2000-S, C1 Plus (Nikon). PDT tyrimai detaliai
aprasyti Skripka ir kt., 2018 ir Dapkute ir kt., 2021.

KT-Ce6 komplekso tamsinio toksiSkumo ir fotodinaminio efekto
kiekybinis jvertinimas atliktas naudojant XTT lasteliy gyvybingumo, isreiksto
per metabolinj aktyvuma, testg (Biological Industries), kuris placiau apraSytas
Dapkute ir kt., 2021.

1.2.7. Konfokaliné mikroskopija ir FLIM

KT ir KT-Ce6 komplekso vidulasteliné lokalizacija ir PDT efektas nustatyti
lazeriniu skenuojanciu konfokaliniu mikroskopu Nikon Eclipse TE2000-S,
C1 Plus (Nikon, Japan), naudojant 60x NA1.4 imersinj objektyva arba 20x
NA 0.5 sausa objektyva ir EZ-C1 v3.90 programg. Diodinis lazeris (404 nm)
naudotas suzadinti Hoechst 33342, argono jony lazeris (488 nm) — GFP, Alexa
Fluor 488® Phalloidin, kalceinui, EthD-1, o helio-neono lazeris (543 nm) —
KT ir KT-Ce6 kompleksui.
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Konfokalinio mikroskopo sistema papildomai turi integruota spektrometra
(Ocean Optics), todél galima atlikti detalius fluorescencinés spektroskopijos
matavimus in vitro. Fluorescencijos gyvavimo trukmés mikroskopija (FLIM)
atlikta naudojant Lifetime ir FCS papildyma Nikon Clsi mikroskopui
(PicoQuant GmbH). Vaizdinimo sistema sudaryta i§ impulsinio diodinio
lazerio (405 nm) ir laike koreliuoty pavieniy fotony skai¢iavimo detektoriy
(TCSPC) (PicoHarp 300, PicoQuant GmbH). Konfokalinés mikrokospijos ir
FLIM metodikos placiau aprasytos Dapkute ir kt., 2021.

Nuotraukos apdorotos EZ-C1 Bronze v3.80 (Nikon) and ImageJ 1.48
(National Institute of Health) programomis. FLIM histogramos gautos su
SymPhoTime 64 v.2.4.4874 (PicoQuant GmbH) programa.

1.3. Tyrimai su laboratoriniais gyviinais

Visy tyrimy su gyvinais protokolai buvo patvirtinti Valstybinés maisto ir
veterinarijos tarnybos (leidimo Nr. G2-29), eksperimentai atliekami laikantis
Europos sajungos 2010/63/EU Direktyvos reguliacijy. Tyrimai atlikti su
CB17 SCID imunodeficitinémis pelémis (Taconic Biosciences) ir C57BL/6
linijos pelémis (Valstybinis moksliniy tyrimy institutas Inovatyvios medicinos
centras), kaip aprasyta Dapkute ir kt., 2017; Jarockyte ir kt., 2018; Dapkute ir
kt., 2021. Pelés laikomos pastovioje 22 °C + 1 °C temperatiroje ir 55 % + 10
% drégméje su 12 val. Sviesos/tamsos fotoperiodu, maitinami standartizuotu
pasaru ir vandeniu ad libitum. Prie§ kiekviena eksperimenta gyvunai
aklimatizuojami 7 dienas.

Naviky sukélimui CB17 imunodeficitinéms peléms | riebalinj audinj
aplink spenelj suleistos zmogaus vézinés lasteles MDA-MB-231 arba MCF-
7, 0 C57BL/6 linijos peléms — po oda suleidziant i§ C57BL/6 linijos kilusias
LLC vézines lasteles.

Navikams susiformavus, CB17 imunodeficitinéms peléms injekcija i
naviko centrg suleidziami kvantiniai taskai intranavikiniam pasiskirstymui
istirti. In vivo vaizdinimas atliktas su neinvazine smulkiy gyviiny vaizdinimo
sistema UVP iBox Scientia-800 (Ultra-Violet Products). Prie§ vaizdinimg ir
vaizdinimo metu pelés yra anestezuojamos sevoflurano dujomis, Sildantis
kilimélis naudotas vengiant hipotermijos. Pelés eutanazuojamos cervikaline
dislokacija po 24 valandy. Navikas iS$pjaunamas ir analizuojamas po UV
lempa ex vivo. Véliau navikas supjaustomas kriomikrotomu ir analizuojamas
konfokaliniu mikroskopu. Navikai taip pat mechaniskai ir fermenty pagalba
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homogenizuojami, suspensija matuojama tékmés citometru Accuri C6
(Jarockyte ir kt., 2018).

In vivo migracijos tyrimuose CB17 imunodeficitinéms peléms ir C57BL/6
peléms ~10 mm Zemiau naviko po oda suleidziama atitinkamai 5x10° MKL
Iasteliy su KT arba 1x10° KT-Ce6 kompleksu viduje (nanodaleliy inkubacija
atlieckama beseruminéje terpéje). Norint istirti in vivo MKL migracija, pelés
laikomos 1 arba 7 dienas. Po atitinkamo laiko pelés eutanazuojamos, navikas
ir pagrindiniai organai iSimami ir stebimi po UV lempa ex vivo, véliau
supjaustomi kriomikrotomu ir analizuojami konfokaliniu mikroskopu arba
tékmes citometru, papildomai dazant su anti-CD44-FITC antiktnu (Dapkute
ir kt., 2017, Dapkute ir kt., 2021).

Norint istirti PDT efekta in vivo, pragjus 24 val. po 1x10° MKL (tuicios,
beserumingje terpéje inkubuotos su KT, su Ce6 arba su KT-Ce6) suleidimo
~10 mm Zemiau naviko po oda, pelés du kartus kas 24 valandas $vitinamos
470 nm bangos ilgio §viesa su kasdiene 60 J/cm? doze, surenkant suming 120
Jlem? doze. Naviky dydis sekamas kas 2-4 dienas matuojant slankmaciu. Dalis
peliy eutanazuojamos ir tiriamos po 10 dieny vertinant jy naviky dydzius ir
metastazés plaudiuose, kitos pelés palickamos naviko augimo kinetikai ir
iSgyvenamumui sekti (Dapkute ir kt., 2021).

1.4. Statistiné analizé

Visi eksperimentai buvo pakartoti maziausiai 3 kartus, jei neapibrézta kitaip.
Duomenys pateikti kaip vidurkiai su standartiniu nuokrypiu. Statistin¢ analizé
atlikta naudojant Stjudento t-testa. StatistiSkai reikSmingais rezultatai buvo
laikyti, kai p < 0,05.
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2. REZULTATAIIR JU APTARIMAS

Sioje dalyje aptariami svarbiausi rezultatai, pateikti su disertacijos tema
susijusiose publikacijose, démesj kreipiant j teranostinio nanokomplekso
veikimg, MKL savybes ir potencialy lasteliy terapijos ir nanotechnologijy
kombinavimg véZiniy susirgimy gydymui.

2.1.  Nespecifinis nanodaleliy kaupimasis 3D sferoiduose ir navikuose

Nepaisant to, kad nanodalelés turi daugybe galimy vézio diagnostikos ir
gydymo pritaikymy, jy panaudojimag riboja tam tikri isstkiai. Prie$
patekdamos j vézines Igsteles, nanodalelés sgveikauja su sudétinga Zzmogaus
kraujo aplinka, i$ kurios yra greitai pasalinamos mononuklearinés fagocity
sistemos. Be to, nepaisant EPR efekto, nanodaleléms triiksta specifiskumo,
ypa¢ mazesniy naviky, kuriy kraujagyslés dar néra issivyséiusios, atveju. Siuo
metu net diskutuojama, kad EPR efektas, paremtas tarpais tarp naviko
kraujagysliy endotelio lasteliy ir prasto limfos nutekéjimo, neatlieka tokios
svarbios funkcijos nanodaleliy patekime j navikus kaip spekuliuota anksciau
— neseniai Sindhwani su bendraautoriais istyré, kad 97 % nanodaleliy |
navikus patenka dél aktyvios transcitozés, vykstancios endotelio lgstelése, 0
ne dél EPR efekto (Sindhwani ir kt., 2020).

Jarockyte ir kt. buvo parodyta, kad ne visuomet rezultatai, gaunami in vitro
modelinéje sistemoje, atitinka realig situacijg navike (Jarockyte ir kt., 2018).
Naudodami in vitro véziniy lasteliy 2D monosluoksniy ir 3D sferoidy
modelius bei in vivo ksenograftinius navikus nustatéme, kad nors 2D
monosluoksnyje beveik visos lastelés sukaupia KT, 3D sferoiduose
nanodaleles sukaupusiy lasteliy yra tik 60-70 %, priklausomai nuo lagsteliy
tipo. Nanodaleliy susikaupimas navikuose po intranavikinés injekcijos yra dar
mazesnis ir gali siekti vos <10 % (Pav. 2.1A). Detaliau panagrinéjus
susikaupimo tendencijas matyti, kad ir 3D modelinéje sistemoje, ir navike
nanodaleliy susikaupimas yra heterogeniSskas — KT kaupiasi 3D sferoido ar
naviko periferijoje keliy lasteliy storio sluoksnyje, bet j centring dalj beveik
neprasiskverbia (Pav. 2.1B-C) (Jarockyte ir kt., 2018).
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Pav. 2.1. Kvantiniy tasky kaupimosi 2D monosluoksniuose, 3D sferoiduose
ir navikuose in vivo palyginimas. A — kiekybinis susikaupimas, matuotas
tekmeés citometrijos biidu; * rodo statistiskai reik§mingus skirtumus tarp
grupiy. B — susikaupimas 3D sferoiduose, suformuotuose i§ MCF-7 ir MDA.-
MB-231 véziniy lasteliy. C — susikaupimas navike (gyviino optinis
vaizdinimas UVP Ibox Scientia-800 kamera; makroskopinis i$preparuoto
naviko vaizdas po UV lempa; konfokaliniai kriomikrotomu pjaustyto naviko
vaizdai). Pagal Jarockyte ir kt., 2018.

Apibendrinant, nanodaleliy pasyvus susikaupimas ir pasiskirstymas navike
yra minimalus. Verta atsizvelgti j tai, kad tyrimai atlikti taikant tiesiogine
intranaviking injekcija. Toks injekcijos budas klinikingje praktikoje taikomas
reiau nei intraveninis ar peroralinis pateikimas dél metastaziy iSséjimo
pavojaus (Shyamala ir kt., 2014). Remiantis Dai ir kt. skai¢iavimais, kad vos
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0,0014 % sistemiskai pateikty nanodaleliy sgveikauja su vézinémis lastelémis
(Dai ir kt., 2018), galime prognozuoti, jog intraveninés injekcijos metu
nanodaleliy susikaupimas biity dar mazesnis nei gautas miisy tyrimy metu.
Aktyvus nanodaleliy pristatymas naudojant taikinines molekules, tokias kaip
aptamerai, antik@inai ar jvairtis ligandai, neuZztikrina selektyvumo dél navikui
unikaliy Zymeny trilkumo, o tikslg atpaZjstanCios biomolekulés ant
nanodalelés pavirSiaus yra greitai paslepiamos po serumo baltymais,
blokuojancéiais atpazinima (Xiao ir Gao, 2018).

Ferreira su bendraautoriais parodé, kad MKL prasiskverbia j i§ jvairiy
lasteliy tipy suformuotg 3D sferoidy centrg vos per 24 valandas (Ferreira ir
kt., 2018). Tai pateikia svarius argumentus tolesniems tyrimams ir naujy
terapiniy metody, kuriy pagrindas yra teranostiniy nanodaleliy pristatymas j
navikus mezenchiminémis kamieninémis lgstelémis, kairimui.

2.2.  Kwvantinio tagko ir chlorino e6 komplekso formavimas,
charakterizavimas ir nanodalelés dangalo svarba

Norédami nustatyti, kuris KT dangalo tipas yra tinkamiausias
kompleksacijai su chlorinu €6, iStyréme keturiy skirtingy tipy nanodaleles —
fosfolipidais ar amfifiliniu polimeru dengtus kvantinius taskus su amino arba
karboksilo funkcinémis grupémis.

Visi tyrimai su KT-Ce6 kompleksu atlieckami Zadinant arba $vitinant
470 nm bangos ilgiu. Toks bangos ilgis pasirinktas neatsitiktinai — jj gerai
sugeria visi naudoti KT, bet Ce6 sugertis Sioje spektro dalyje yra minimali
(Skripka ir kt., 2018, Dapkute ir kt., 2021). Tokiu bidu komplekse yra
suzadinami tik KT, o Ce6 fluorescencija, singuletinio deguonies generacija ir
PDT efektas yra nulemti FRET tarp KT ir Ce®6.

Nepriklausomai nuo dangalo ir jo kriivio, komplekso formavimasis
prasideda i$ karto po Ce6 pridéjimo j KT tirpalg ir tesiasi apie 4 valandas, kol
pasiekiama pusiausvyra (Dapkute ir kt., 2021). Hidrofobiné sgveika tarp PS ir
nanodalelés jveikia galima elektrostatinio atstimimo barjera, nes kompleksas
s¢kmingai formuojasi net ir esant neigiamam KT kriviui ir neigiamam Ce6
(Skripka ir kt., 2018). Nors KT hidrodinaminis skersmuo po Ce6 pridéjimo
keiciasi nedaug (Dn (KT) = 14 nm, Dn (KT-Ce6 kompleksas) = 14,2 nm
(Dapkute ir kt., 2021), KT-Ce6 komplekso susiformavimas matomas pagal
kelis pozymius. Pirma, KT fotoliuminescencijos intensyvumas sumaz¢ja, nes
dalis suzadinimo energijos perduodama prisijungusiam Ce6. Antra, nors
fotosensibilizatorius 470 nm Sviesg sugeria prastai, zenkliai iSauga Ce6
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fluorescencija, o fluorescencijos maksimumas pasislenka nuo 660 nm iki 672-
674 nm (Pav. 2.2A) dél pasikeitusios PS aplinkos ir sgveikos su KT
fosfolipidinémis ar amfifilinémis molekulémis. Galiausiai kompleksas
charakterizuojamas pagal FRET — komplekse esan¢io KT fluorescencijos
gyvavimo trukmé sutrumpg¢ja dél atsiradusiy energijos nuostoliy (KT <t> yra
35,7 ns, 0 KT-Ce6 komplekso — 14,5 ns) (Pav. 2.2B) (Skripka ir kt., 2018;
Dapkute ir kt., 2021).

—_— 1 o
e KT
g 500 - A 625 nm g‘e:e % o
g ———KT-Ce6 kompleksas|| E ‘I"‘ KT-Ce6 kompleksas
S 400 e — \
) % 014 | |
8 300 2 \ <t>=35.7ns
£ £ \
g 8
s 200 5 0.014 <t>=14.5ns
g g
E 100- £ .
zO = <t>=4.3ns
0 T —— 7 7 T T
550 575 600 625 650 675 700 725 750 77 0 40 80 120 160 200
Bangos ilgis, nm Laikas, ns

Pav. 2.2. KT-Ce6 komplekso fizikinés charakteristikos. A — Normuoti KT,
Ce6 ir KT-Ce6 komplekso fotoliuminescencijos spektrai (Azq. = 470 nm). B —
Normuotos KT, Ce6 ir KT-Ce6 komplekso fluorescencijos gesimo kinetikos,
matuotos ties jy atitinkamais fluorescencijos maksimumais (Azd. = 405 nm).
Pagal Dapkute ir kt., 2021.

Tolimesni skirtingy dangaly KT-Ce6 kompleksy in vitro tyrimai parodé,
kad MDA-MB-231 kriities vézio linijos lastelése geriausiai kaupiasi ir
didziausia PDT efektyvuma turi butent amfifiliniu polimeru dengti ir
karboksilo grupémis funkcionalizuoti KT ir jy atitinkamas kompleksas (Pav.
2.3), todél jie buvo pasirinkti tolimesnéms studijoms su MKL (Skripka ir kt.,
2018). Papildomai buvo istirta, kad prie tokio tipo vieno KT galima prijungti
iki 100 molekuliy Ce6, taip maksimaliai padidinant PDT efektyvuma
(Dapkute ir kt., 2021). KT-Ce6 kompleksas buvo inkubuotas terpéje be
baltymy ir aplink nanodalele nesusiformavo baltymy korona, todél galime
spresti, kad KT-Ce6 komplekso pavirSiaus chemija padaré didele jtaka
lasteliniam susikaupimui. Kiti autoriai taip pat yra pastebéje, kad neigiami
jkrautos nanodalelés geriau patenka j lgsteles (Ryman-Rasmussen ir Kkt.,
2007).
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Amfifilinis polimeras Amfifilinis polimeras Fosfolipidai Fosfolipidai
karboksilo grupés amino grupés karboksilo grupés amino grupes

Vidulastelinis susikaupimas
KT

KT-Ce6 kompleksas

KT-Ceb komplekso
PDT efektas

Pav. 2.3. Skirtingo tipo KT ir KT-Ce6 kompleksy vidulastelinis susikaupimas
MDA-MB-231 Iastelése ir PDT efektas po Svitinimo 470 nm bangos ilgiu
surenkant 17,7 J/cm? doze. Vidulastelinio susikaupimo atveju raudona — KT
arba KT-Ce6 kompleksas, zalia — aktino filamentai, mélyna — branduoliali.
PDT efekto atveju zalia — gyvos lastelés (kalceinas), raudona — negyvos
lgstelés (EthD-1). Pagal Skripka ir kt., 2018.

Taigi, saveika tarp KT ir Ce6 jvyksta greitai ir turi charakteringus
pozymius, o efektyviausiai veikia KT-Ce6 kompleksas, sudarytas i§ KT,
padengty amfifiliniu polimeru ir funkcionalizuoty neigiamo krtivio karboksilo
grupémis. Toks kompleksas geriausiai kaupiasi lgstelése ir turi didZiausig
PDT efekta.

Nemazai diskusijy kyla dél galimo i§ sunkiyjy metaly sudaryty KT
toksiSkumo. Vis délto, tyrimai su smulkiais gyviinais ir net primatais parodé,
kad jei kadmio ar §vino turintis branduolys yra padengiamas stabilizuojanéiu
ir nuo degradacijos apsauganciu apvalkalu bei biosuderinamuma ir tirpumg
vandenyje didinanc¢iu dangalu, néra sukeliami rimti fiziologiniai nukrypimai
nuo normos (Ye ir kt., 2019; Yong ir kt., 2013). Siuo metu KT su sunkiyjy
metaly branduoliu vis dar yra geriausias pasirinkimas i§ visy nanodaleliy
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pagal fotoliuminescencines savybes. Misy darbai su KT ir KT-Ce6
kompleksu néra apriboti nanodaleliy tipu, tai reiskia, kad KT gali biiti pakeisti
kita, mazesne toksiSkumo rizika kelianc¢ia nanodalele, kuri yra panasaus
dydzio, spektriniy savybiy ir padengta amfifiliniu polimeru.

2.3. KT-Ce6 komplekso stabilumo ir singuletinio deguonies generacijos
tyrimai

Susiformaves kompleksas iSlaiko savo zeta potencialg (Ckr=-24,3+1 mV, (k-
ces = -25,3+£0,6 mV), todél islieka koloidiskai stabilus ir neagreguoja visa 96
valandy matavimo laikg (Dapkute ir kt., 2021). Vis délto, KT-Ce6 kompleksas
yra lengvai destabilizuojamas serumo baltymais. Nors Igsteliy mitybinéje
terpéje, i kuria néra papildomai pridéta baltymy, komplekso intensyvumas
Siek tiek sumazéja, spektrinés tendencijos bei charakteringos spektry virstinés
lieka tos pacios (Pav. 2.4C). Taciau | mitybing terpe¢ pridéjus jaucio serumo
baltymy (FBS), intensyvumas ties KT Amax iSauga, virStinés ties 674 nm
intensyvumas stipriai sumazéja, 0 tai rodo, kad serumo baltymai ,,iStraukia“
Ce6 18 komplekso sudéties (Pav. 2.4D) (Dapkute ir kt., 2021).

Serumo baltymy jtaka akivaizdi ir singuletinio deguonies susidaryme.
Singuletinis deguonis susidaro fotosensibilizatoriui esant suzadintoje
busenoje. Dél heterociklinés ziedinés struktiiros ir pasikartojanciy «t orbitaliy
PS i§ suzadintos singuletinés biisenos gali pereiti | tripleting biisena.
Tripletinés buisenos PS suzadinimo energija gali perduoti greta esanciai
deguonies molekulei (Pav. 2.4A). Pagrindiné molekulinio deguonies biisena
taip pat yra tripletiné dél dviejy deguonies atomy vienoje molekuléje su
nesuporuotais to paties sukinio elektronais. Suzadintas deguonis tampa
singuletiniu deguonimi (DeRosa ir Crutchley, 2002). Tokia deguonies forma
yra trumpai gyvuojanti (~4 ps), todél gali nukeliauti tik trumpus atstumus
(<0,02 pm). Singuletinis deguonis oksiduoja jvairias biomolekules ir
galiausiai paZeidZia esmines lgstelés strukttras (Redmond ir Kochevar, 2006).

SOSG buvo panaudotas jvertinti susidaran¢iam singuletinio deguonies
Kiekiui. Jis yra sudarytas i§ fluoresceino molekulés, sujungtos su singuletinj
deguon] sulaikancia molekule (antracenu). SOSG turi didelj selektyvuma
singuletiniam deguoniui — nereaguoja su laisvaisiais radikalais, tokiais kaip
hidroksilo radikalas ar superoksidas. Dél antraceno dalies SOSG pasizymi
silpna meélyna fluorescencija, kuri po oksidacijos singuletiniu deguonimi
pasikeiCia | stiprig Zalig fluorescencijg dél fluoresceino dalies (Kim ir kt.,
2013). KT, Ceb6 ir KT-Ce6 tirpalai buvo $vitinti 470 nm bangos ilgio Sviesa
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surenkant 17,7 Jicm? doze. Nei Ce6, nei KT negeneruoja singuletinio
deguonies, nes laisvas Ce6 néra suzadinamas 470 nm bangos ilgio §viesa, o
dar 2003 metais Samia su bendraautoriais pastebéjo, kad KT patys aktyviyjy
deguonies formy negeneruoja (Samia ir kt., 2003). Tokius rezultatus gavome
ir mes (Dapkute ir kt., 2021). Tuo tarpu KT-Ce6 kompleksas sugeneruoja iki
19 karty daugiau singuletinio deguonies. Generacijos naSumas kiek mazesnis
beseruminéje lasteliy augimo terpéje dél sudétyje esanéiy singuletinj deguon;j
neutralizuojan¢iy komponenty, bet terp¢ papildzius serumu singuletinis
deguonies i8vis nesusidaro (Pav. 2.4B) (Dapkute ir kt., 2021). Tai yra dar
vienas jrodymas, kad KT-Ce6 kompleksas yra nestabilus ir neveiksmingas
kraujo serumo baltymy turtingoje aplinkoje.
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Pav. 2.4. KT-Ce6 komplekso stabilumo ir singuletinio deguonies generavimo

tyrimai. A — schematinis suzadinimo energijos perdavimas i§ KT (raudona) j

Ceb (zalias ovalas) FRET budu ir singuletinio deguonies generacijos mélynos
Sviesos poveikyje atvaizdavimas. B — SOSG fluorescencijos intensyvumo
pokytis po §vitinimo (Azma = 470 nm, dozé 17,7 Jicm?); * rodo statistiskai
patikimus skirtumus tarp grupiy. C — Normuotas KT-Ce6 komplekso
fluorescencijos spektras beseruminéje terpéje. D — Normuotas KT-Ce6
komplekso fluorescencijos spektras serumingje terpéje. Rodyklé rodo poky¢io
kryptj. Pagal Dapkute ir kt., 2021.
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Apibendrinant, KT-Ce6 kompleksas ilieka stabilus ilgg laikg ir generuoja
didelius Kiekius singuletinio deguonies, todél gali biti naudojamas
teranostikoje. Vis délto, serumo baltymai destabilizuoja, palyginus, silpna
hidrobofing sgveika tarp KT dengian¢io amfifilinio polimero ir Ce6. Tokie
rezultatai limituoja teranostinio KT-Ce6 komplekso panaudojima intraveninés
injekcijos metu. Kity autoriy tyrimai, kuriuose stebima KT-Ce6 komplekso
saveika su lgstelémis, daZniausiai yra atliekami lasteles inkubuojant su
kompleksu buferiniuose drusky tirpaluose, tokiuose kaip DPBS (Steponkiene
ir kt., 2014), HBSS (Hank’o subalansuotas druskos tirpalas, angl. Hanks
Balanced Salt Solution) (Martynenko ir kt., 2015), arba beseruminéje terpéje
(Valanciunaite ir kt., 2014). Miisy ziniomis, esame pirmieji parod¢ neigiama
serumo baltymy jtaka nekovalentinio KT-Ce6 komplekso stabilumui.

I§ tyrimy tampa aiSku, kad pasyvus ir aktyvus nanodaleliy pristatymas }
navikus néra selektyvus, vézinj audinj pasiekusios nanodalelés
neprasiskverbia ] gilesnius sluoksnius, o kraujo baltymai greitai neutralizuoty
terapinj KT-Ce6 komplekso poveikj. Sie rezultatai padéjo pagrindg
teranostiniy nanodaleliy pristatymo mezenchiminémis kamieninémis
lastelémis tyrimams.

2.4, Odos MKL charakterizavimas

Tyrimuose naudotos zmogaus 0dos (dermos) mezenchiminés kamieninés
lastelés i$skirtos naudojant ekplanty kultiiros metoda ir charakterizuotos pagal
morfologija, pavirSiaus zymeny raiska ir diferenciacijos potencialg, kaip
apibrézta Tarptautinés lgsteliy terapijos draugijos (angl. International Society
for Cellular Therapy) (Dominici ir kt., 2006). Isskirtos MKL yra verpstés
formos, prikimba prie plastiko. MKL pasizymi 100 % MKL budingy Zymeny
(CD90, CD73, CD105, CD44) raiska, bet neturi hematopoetiniy lasteliy
antigeny CD45, CD34, CD14. Paveikus diferenciacija indukuojanciomis
mitybinémis terpémis MKL diferencijuojasi adipogenine, osteogenine ir
chondrogenine kryptimis (Dapkute ir kt., 2017; Dapkute ir kt., 2021).

Misy rezultatai jrodo, kad oda yra tinkamas MKL Saltinis, o eksplanty
kultiiros metodas yra efektyvus, paprastas ir greitas biidas iSskirti MKL
iSlaikant visas joms budingas savybes.

2.5.  Nanodaleliy kaupimasis MKL

Toksiskumo tyrimai parode, kad KT yra netoksiski MKL koncentracijomis iki
16 nM, todél i koncentracija buvo pasirinkta tolimesniems tyrimams kaip
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maksimali netoksiska nanodaleliy koncentracija (Dapkute ir kt., 2017). Sios
koncentracijos KT-Ce6 kompleksas tamsoje taip pat neturi neigiamo toksisko
poveikio MKL (Dapkute ir kt., 2021). Saulite ir bendraautoriai istyré, kad KT
susikaupimas nedaro jtakos ir kitoms MKL savybéms, tokioms kaip
proliferacija, imunofenotipas, kryptinga diferenciacija, néra indukuojama
spontaniné diferenciacija (Saulite ir kt., 2017).

KT prie MKL plazminés membranos prisitvirtina jau po 15 min
inkubacijos ir j lasteliy vidy patenka aktyvios endocitozés biidu. Endocitozé,
prasidéjusi pirmaja inkubacijos valanda, pasiekia sotj po 6 valandy (Dapkute
ir kt., 2017; Saulite ir kt., 2017). Saulite ir bendraautoriai parodé, kad KT i
lasteles patenka priklausomai nuo baltymy koronos, susiformuojancios ant
nanodalelés pavirSiaus — jei baltymy terpéje yra, KT patenka klatrino
priklausomos endocitozés biidu, o beserumingje terpéje — nuo klatrino ir
kaveolino/lipidy plausty priklausanciais endocitozés keliais (Saulite ir kt.,
2017). Endocituotos nanodalelés lokalizuojasi pislelése lgsteliy viduje.
Parodyta, kad inkubuojant nanodaleles beseruminéje terpéje jy susikaupimas
MKL yra 40 karty didesnis nei seruminéje terpéje (Dapkute ir kt., 2021). Tai
i§ dalies galima paaiskinti didesniu skai¢iumi aktyviy endocitozes
mechanizmy, vykstan¢iy vienu metu nanodaleléms esant beseruminéje
terpéje. Detali kolokalizacijos analizé atskleidé KT vidulasteling dinamikg —
pirmas 6 valandas nanodalelés lokalizuojasi ankstyvosiose endosomose
lasteliy periferijoje ir aplink branduolj, 0 véliau persiskirsto j vélyvasias
endosomas ir lizosomas (Saulite ir kt., 2017). Vélesniuose inkubacijos
laikuose pusleliy su KT dydis auga, jos susilieja j multivezikulinius kiinus
(Dapkute ir kt.,, 2017). Idomu tai, kad nanodalelés mezenchiminése
kamieninése lastelése yra ne tik endocituojamos, bet ir gali prisitvirtinti prie
MKL sintetinamo tarplastelinio uZpildo (Dapkute ir kt., 2021). Panasi saveika
buvo pastebéta ir kituose darbuose — Kundrotas su bendraautoriais parodé
sasajas tarp MKL uzséjimo tankio ir vidulgstelinés bei uzlastelinés KT
lokalizacijos (Kundrotas ir kt., 2019).

Tiriant KT-Ce6 komplekso stabiluma tirpaluose nustatyta, kad serumo
baltymai destabilizuoja kompleksg, todél seruminé terpé ir intraveniné
injekcija néra tinkami KT-Ce6 komplekso pristatymo budai. Savo tyrimais
parodéme, kad beserumingje terpéje esantis kompleksas ne tik geriau
susikaupia lgstelése (Pav. 2.5A1) nei inkubuotas terpéje su serumu (Pav.
2.5A2), bet ir iSlicka stabilus ir efektyvus MKL (Dapkute ir kt., 2021).
Naudojant konfokaling mikroskopija su fluorescencine laikinés skyros
spektroskopija ir FLIM issiaiSkinta, kad MKL viduje esantis kompleksas,
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inkubuotas beseruminéje terpéje, iSlaiko savo charakteringas spektry vir§iines
ties 624 nm ir 674 nm (Pav. 2.5C;), o fluorescencijos gyvavimo trukmé yra
artima iSmatuotai tirpale (Pav. 2.2B) ir siekia <t> = 14 ns (Pav. 2.5D;). Tuo
tarpu KT-Ce6 komplekso, inkubuoto terpéje su serumu, fluorescencijos
gyvavimo trukmiy pasiskirstymas MKL yra platus ir artimas laisvy KT <t>
(Pav. 2.5Dy), 0 674 nm vir§ané iSnyksta (Pav. 2.5C;) (Dapkute ir kt., 2021).
Apibendrinant, KT ir KT-Ce6 kompleksas yra biosuderinami ir efektyviai
kaupiasi lastelese. MKL apsaugo KT-Ce6 kompleksa nuo destabilizacijos
serumo baltymais, todél lgstelés gali atlikti komplekso nesiklio funkcija.
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Pav. 2.5. KT-Ce6 vidulasteliné lokalizacija ir stabilumas MKL. A — KT-Ce6
susikaupimas MKL inkubuojant beseruminéje (A1) ir seruminéje (Az) terpéje.
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Raudona — KT-Ce6 kompleksas, zalia — aktino filamentai, mélyna —
branduoliai. Skalé 20 pm. B — konfokalinés mikroskopijos atitinkami FLIM
vaizdai. Skalé 20 pum. Spalvos atitinka fluorescencijos gyvavimo trukmiy
vaivorykstés skalg. C — normuoti fluorescencijos spektrai. D — vidutinis
fluorescencijos gyvavimo trukmiy pasiskirstymas ir vaivorykstés skalé. Pagal
Dapkute ir kt., 2021.

2.6. MKL sgveika su vézinémis lgstelémis

MKL saveikauja su jvairiais lgsteliy tipais, pavyzdziui, imuninémis
lastelémis. MKL pasizymi imunomoduliuojan¢iomis ir uzdegimines reakcijas
slopinanciomis savybémis, kurios §iuo metu placiai tyrinéjamos klinikinése
studijose ir yra panaudojamos jau patvirtintuose perianaliniy fistuliy,
osteoartrito, transplantatas prie§ Seimininkg ligos gydymo btiduose (Levy ir
kt., 2020). MKL ir véziniy lgsteliy tarplasteliné sgveika yra tarsi dviaSmenis
kardas, kartu su gydymo galimybémis kelianti ir riziky (Lee ir Hong, 2017).
Keletas studijy parodé vézio vystymasi skatinan¢ias MKL savybes (Liu ir kt.,
2018; Rodini ir kt., 2018) arba spontaning MKL transformacija i piktybines
lasteles (Resland ir kt., 2009), vis délto, kai kurie tyréjai atsiémé tokias iSvadas
paaiskéjus, kad MKL kultiros buvo uzkréstos vézinémis lastelémis, kurios ir
sukeélé vézio progresavimg (Torsvik ir kt., 2010). Priesingi tyrimai atskleide,
kad MKL pasizymi angiogeneze ir véZiniy lasteliy proliferacija mazinanciu,
citotoksiniu ir imunomoduliaciniu poveikiu, todél paciy MKL priesvézinés
savybés sinergiSkai veikty su gabenamy nanodaleliy sukeliamomis
pazaidomis (Hmadcha ir kt., 2020).

Esminis MKL paremtos terapijos parametras yra lgsteliy migracija link
véziniy lasteliy. Jgimtos onkotropinés MKL savybés kontroliuojamos jvairiy
chemotaktiniy signaly — CXCR4 ir kity chemokiny receptoriy, interleukiny,
kraujagysliy endotelio augimo faktoriaus (VEGF), trombocity kilmés augimo
faktoriaus (PDGF) (Hmadcha ir kt., 2020).

Savo tyrimuose parodéme, kaip odos MKL migruoja link kriities vézio
MDA-MB-231 ir nepiktybiniy kriities epiteliniy MCF-10A lasteliy naudojant
Transwell® jdéklus. Lastelés buvo inkubuojamos beseruminéje terpéje taip
eliminuojant galima MKL migracija link chemoatraktanto FBS. MKL
migracija link teigiamo chemoatraktanto (augimo terpés su FBS) rodo, kad po
ex vivo kultivacijos MKL islaiko savo migracines savybes, todél gali buti
padauginamos in vitro iki terapijai reikalingo kiekio, nesumazinant lasteliy
migracinio potencialo. MKL migracija link véZiniy lIgsteliy yra 30 karty
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didesné nei atsitiktiné nekryptinga lgsteliy transmigracija pro jdéklo poras link
beseruminés terpés. MCF-10A Iastelés buvo pasirinktos kaip sveiko audinio
modelis. Gavome, kad migracija link $iy nevéziniy Igsteliy yra tokia pati, kaip
atsitiktiné MKL migracija (<2 %). Vézinés lastelés | aplinkg sekretuoja
jvairius citokinus ir chemokinus, todél MKL taip pat migruoja ir link terpés
nuo véziniy lgsteliy. Palyginamieji migracijos tyrimai atskleid¢, kad KT
lasteliy migracija sumazina nezenkliai — néra statistiSkai reikSmingo skirtumo
tarp nanodalelémis zyméty ir nezyméty MKL transmigracijos (Pav. 2.6A)
(Dapkute ir kt., 2017). Norint nustatyti, ar MKL migracija priklauso nuo
donoro, buvo palyginta i§ trijy skirtingy donory odos audiniy i§gauty MKL
migracija. Rezultatai neparod¢ jokiy migracijos skirtumy link teigiamos ir
neigiamos kontrolés tarp skirtingy donory Iasteliy, taiau vieno i$ trijy donory
MKL migravo geriau tiek su KT, tiek be jy (Dapkute ir kt., 2017).

MKL onkotropiné migracija buvo jrodyta ir in vivo modeliuose. Dapkute
ir kt. buvo istirta MKL migracija pelése, kurioms buvo suformuoti navikai is
zmogaus kriities véziniy lasteliy (MDA-MB-231). Peléms MKL su KT viduje
buvo suleistos po oda ~10 mm nuo susidariusio naviko. IStyrus KT turinCias
lasteles jvairiuose organuose, iskaitant navikus ir metastazes, matyti, kad
daugiausiai MKL numigruoja j vézinj audinj. ISkart po suleidimo stebimas
signalas bluznyje ir inkstuose, bet po savaités sumazeja visuose audiniuose, o
navike KT Zymeéty lasteliy kiekis sumazéja dvigubai. ReikSmingai iSauges KT
kiekis kepenyse po 7 dieny nuo suleidimo gali rodyti MKL su nanodalelémis
persiskirstymg | mononuklearing fagocity sistemg ir KT iSvalymg i$
organizmo (Pav. 2.6B) (Dapkute ir kt., 2017).
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Pav. 2.6. MKL migracija link véZiniy lasteliy. A — MKL in vitro migracija pro
Transwell® inserto poras link skirtingy chemoatraktanty; * rodo statistiskai
reikSminga skirtumg tarp tiriamy bandiniy ir neigiamos kontrolés
(beseruminés terpés). B — MKL in vivo migracija; naviko homogenato tékmés
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citometrijos rezultatai. Pateikta, kiek i§ antikiinu prie§ Zmogaus CD44
antigeng zyméty lagsteliy yra teigiamos pagal KT signala; * rodo statistiskai
reikSmingg skirtumg tarp 1 ir 7 dieny grupiy. Pagal (Dapkute ir kt., 2017).

MKL migracija ir KT-Ce6 komplekso diagnostinis potencialas buvo
patvirtinti ir kito tyrimo metu, kuomet navikai buvo sudaryti i$ peliy véziniy
lasteliy linijjos LLC, o MKL, kaip ir visuose tyrimuose, buvo zmogaus kilmés.
Peliy, kurioms ~10 mm zemiau naviko buvo suleistos MKL kartu su
teranostiniu kompleksu viduje, iSpreparuoti ir po UV lempa padéti navikai
pasizymi ryskia raudona fluorescencija, matoma plika akimi (Pav. 2.7A).
Detalesné analizé atskleidé, kad toje pacioje vietoje suleisti KT ar KT-Ce6
kompleksas nepasiekia naviko ir néra tinkami teranostikai. Tuo tarpu
kompleksa ijterpus i MKL, naviko pjuviy konfokalinés mikroskopijos
mikrografijose matomas ryskus, placiai pasiskirstgs KT fotoliuminescencijos
signalas (Pav. 2.7B), kurio spektras pasizymi dideliu fluorescencijos
intensyvumu bei kompleksui charakteringomis vir§inémis ties 625 nm ir 674
nm (Dapkute ir kt., 2021).
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Pav. 2.7. KT-Ce6 komplekso in vivo diagnostinis potencialas. A — peliy,
kurioms suleisti KT, KT-Ce6 kompleksas ir MKL+KT-Ce6 kompleksas
navikai po UV lempa. B — Histologiniai ir konfokaliniai atitinkamy naviky
mikropjiiviy vaizdai. Skalé 100 um. Pagal Dapkute ir kt., 2021.
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Apibendrinant, ie in vitro ir in vivo rezultatai uztikrina egzogeniniy MKL
panaudojimg teranostiniy nanodaleliy transportavimui. Verta uzakcentuoti,
kad MKL buvo isskirtos i§ Zzmogaus odos audiniy, taciau buvo patvirtinta jy
migracija tiek link Zmogaus, tiek link pelés lasteliy kilmés naviky. Kity
autoriy jau buvo parodyta, kad MKL migracijai j navikus néra budingi rGsiniai
barjerai. MKL i$vengia alogeniniy reakcijy, todél klinikoje naudojami
donoriniy (alogeniniy) MKL pazangios terapijos vaistiniai preparatai (Yu ir
kt., 2018). Li su bendraautoriais, iSanalizave 94 publikacijas su tarprasiniu
MKL panaudojimu, pateiké iSvadas, kad net 93,6 % atvejy MKL gali
jsitvirtinti ir veikti nepaisant rasinio barjero (Li ir kt., 2012). Nakamizo
tyrimai buvo vieni pirmyjy tokios MKL specifinés migracijos srityje — in vivo
modeliuose parodyta, kad MKL migruoja tik link véziniy lasteliy, bet ne
panasaus fenotipo nevéziniy lasteliy, migracijai néra svarbu skirtumai tarp
donuojanéios ir gaunancios rasies, 0 MKL migracija nepriklauso nuo
suleidimo biido — j audinius suleistos MKL link véZziniy lasteliy migruoja taip
pat gerai, kaip ir suleistos intraveniskai (Nakamizo ir kt., 2005).

2.7. PDT efektas in vitro ir in vivo modelinése sistemose

Anksc¢iau parodyta, kad kompleksas Sviesos poveikyje generuoja
singuletinj deguonj (Pav 2.4B). Siekiant jvertinti, kokj fotosensibilizacinj
poveikj gali turéti KT-Ce6 kompleksas MKL ir vézinéms lasteléms,
mezenchiminés kamieninés ir MDA-MB-231 linijos lastelés buvo inkubuotos
su kompleksu ir pasvitintos 470 nm bangos ilgio Sviesa surenkant suming 17,7
taikant chlorinu e6 pagrjsta fotodinamine terapija, pasirinkta atlikus dozés
titravimo tyrimus ir remiantis ankstesnémis studijomis (Skripka ir kt., 2018;
Steponkiene ir kt., 2014). Taip pat, miisy rezultatai rodo, kad veikiant tokia
doze grei¢iausiai indukuojama lasteliy apoptoze, o ne nekrozé (Dapkute ir kt.,
2021). Nekrozé yra nekontroliuojamas procesas, sukeliantis netiesioging Zalg
per uzdegiminiy procesy kaskady iniciacija, kai tuo tarpu apoptozé¢ yra
reguliuojama ir sumazina pazaidas gretimoms lasteléms (D’Arcy, 2019).
Gauti rezultatai rodo, kad 100 % MKL zZista po KT-Ce6 komplekso
beserumingje terpéje ir Sviesos poveikio. MDA-MB-231 yra trigubai
neigiamos, prastai diferencijuotos ir blogiausig prognoze lemiancios krities
vézinés lastelés, atsparios skirtingo tipo gydymui (Chavez ir kt., 2010; Huang
ir kt., 2020; Nedeljkovi¢ ir Damjanovi¢, 2019), todél misy tyrimuose
pasirinktos neatsitiktinai. D¢l didesnio atsparumo jvairiems gydymo
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metodams, dalis MDA-MB-231 Igsteliy islieka gyvos po taikytos PDT, nors
ir su apoptozés pozymiais (Dapkute ir kt., 2021). PDT lemia citochromo c,
atsakingo uz apoptozés indukcija, paleidimg i§ mitochondrijy — citoplazmoje
susiformuoja apoptosomos, aktyvuojamos kaspazé-3 ir kaspazé-9, kurios
atlieka esming rol¢ apoptozéje (Redmond ir Kochevar, 2006).

Kiekybiskai XTT lasteliy proliferacijos rinkiniu jvertinus KT-Ce6
komplekso jtaka lasteliy gyvybingumui ir metaboliniam aktyvumui matyti,
kad kompleksas netoksiskas tamsoje ir be Svitinimo yra inertiSkas, taciau
Sviesos poveikyje nei MKL ir vézinés lastelés, nei jy kokultiira (santykiu 2:1)
PDT galiausiai neiSgyvena (Pav. 2.8). Verta paminéti, kad fotopazaidos yra
sukeliamos tik inkubuojant KT-Ce6 kompleksa beseruminéje terpéje — terpé,
papildyta serumo baltymais, lgsteliy gyvybingumo nesumazina, nes, kaip
minéta ankstesniuose skyriuose, destabilizuojama saveika tarp KT ir Ce6
(Dapkute ir kt., 2021).
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Pav. 2.8. MDA-MB-231, MKL ir MDA-MB-231+MKL kokultiiros (santykiu
1:2) gyvybingumas po inkubacijos KT-Ce6 kompleksu ir $vitinimo 470 nm
bangos ilgio §viesa. * rodo statistiskai reik§mingus skirtumus. Pagal Dapkute
ir kt., 2021.

Priesvéziné mezenchiminémis kamieninémis lastelémis ir
fotosensibilizaciniais procesais paremta terapija buvo jrodyta kokultiirose,
sudarytose i§ véziniy lasteliy ir MKL, kuriy viduje yra KT-Ce6 kompleksas
(santykiu 1:2). Terapijos efektyvumui uztikrinti yra du galimi teranostiniy
nanodaleliy perdavimo i§ MKL j vézines lasteles budai.
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Pirma, galimas nanodaleliy apsikeitimas tarp MKL ir véziniy lgsteliy
tiesioginio kontakto ar netiesioginés sgveikos buadu. Saulite su
bendraautoriais, naudodami trima¢ius MKL ir véziniy lgsteliy kokultGros
modelius, nustaté, kad tre¢dalis KT i§ MKL yra perduodama greta esan¢ioms
vézinéms lgsteléms (Saulite ir kt., 2018). MKL ir vézinés lastelés netiesioginiu
bidu gali sgveikauti iSmesdamos medziagas | tarplastelinj uzpildg ar
suformuodami charakteringas struktiiras, tokias kaip egzosomos ir
mikroptslelés, o0 tiesioginio kontaktavimo metu tarp lasteliy gali susidaryti
plySinés jungtys, nanovamzdeliai, ar membrany ir/ar citoplazmy susiliejimas
(Melzer ir kt., 2016). Pietild su bendraautoriais detaliai aprasé bent tris KT
apsikeitimo tarp MKL ir MDA-MB-231 biidus 2D ir 3D kokultiirose — |
filopodijas panasiomis struktiiromis, tiesioginiu membrany ir lastelés turinio
susiliejimu bei egzosomomis (Pietild ir kt., 2013). Saulite ir bendraautoriy
darbe KT i§ MKL yra pasalinami greiciausiai P-glikoproteiny efliukso biidu
(Saulite ir kt., 2018).

Norédami padidinti terapijos s€ékminguma pritaikéme antrajj nanodaleliy
perdavimo i§ MKL vézinéms lastelés biida — dvigubo $vitinimo procediira,
kurios metu po pirmojo Svitinimo MKL yra pazeidziamos ir KT-Ce6
kompleksas paleidziamas | uZlgsteling erdve, i§ kurios yra greitai
endocituojamas aplinkiniy véziniy lgsteliy, o antrasis $vitinimas pazeidZia
veézines lasteles. Misy eksperimentiniai rezultatai parodé, kad po pirmojo
kokultiiros $vitinimo paZeidziama apie pusé lgsteliy, o po antrojo $vitinimo
(pragjus 24 val. po pirmojo) didzioji dalis lgsteliy yra zuvusios arba
suapvaléjusios morfologijos ir pazeisto lasteliy vientisumo (Pav. 2.9).
(Dapkute ir kt., 2021). Tyrimai patvirtina, kad KT-Ce6 kompleksas iSlicka
stabilus po pirmojo Svitinimo ir dar yra pajégus toliau kovoti su vézinémis

lastelémis antrojo Svitinimo metu.
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Pav. 2.9. MKL ir MDA-MB-231 lgsteliy kokultaros PDT, atlickant dvigubo
$vitinimo procedira. Zalia — gyvos lastelés (kalceinas), Raudona — negyvos
lastelés (EthD-1). Skalé 100 um. Pagal Dapkute ir kt., 2021.
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Terapinis efektyvumas buvo jrodytas ir pelése su navikais. Peléms ~10 mm
Zemiau naviko buvo suleista viena i§ penkiy medziagy — fiziologinis tirpalas,
MKL, MKL su KT, MKL su Ce6 arba MKL su KT-Ce6 kompleksu.
Komplekso ar jo sudedamyjy daliy terapinis efektyvumas atskirai be MKL
netirtas, nes ankstesni tyrimai jrodé, kad tik MKL transportuojamos
teranostinés molekulés selektyviai susikaupia navike (Dapkute ir kt., 2017;
Dapkute ir kt., 2021). Pelés buvo $vitinamos anks¢iau patikrinta dvigubo
$vitinimo procediira surenkant sumine 120 J/cm? terapine doze, nes
rekomenduojama PDT metu nevirsyti 125 J/cm? dozés (Dhillon ir kt., 2016).
Po gydymo MKL su KT-Ce6 kompleksu viduje, navikai yra 4 kartus mazesni
ir peliy iSgyvenamumas yra statistiskai reikSmingai didesnis nei kitos grupése
(Pav. 2.10A-C). Verta paminéti, kad peliy, gydyty teranostiniu
nanokompleksu, plauc¢iuose néra stebima metastatiniy mazgeliy, kurie yra
ypa¢ dazni kitose grupése dél greito LLC linijos lasteliy metastazavimo |
plau¢ius (Pav. 2.10D). Apie 2/3 miréiy nuo solidiniy naviky sukelia
metastazés (Dillekas ir kt., 2019). Todél toks metastazavimg mazinantis
terapijos efektas Zenkliai sustiprina pasirinktos gydymo strategijos
pritaikomuma ir aktualumg. Histopatologiné analizé parodé, kad MKL su KT-
Ce6 kompleksu gydyty peliy navikuose reik§mingai daugiau nekrozés ploty,
mazesnis mitoziy skaifius bei trigubai didesnis apoptoziy skaiius nei
negydytose pelése. Negydyty peliy plauciuose taip pat buvo rastos dauginés
iki 5 mm skersmens metastazés, o tuo tarpu gydytose pelése buvo nustatytos
pavienés 0.5-1 mm skermens mikrometastazés. Pagrindiniy peliy organy
mikroskopinis palyginamasis vertinimas ir hematologiné analizé neparodé
jokiy specifiniy pakitimy, kurie galéty Kkelti susirfipinimg dél terapijos
saugumo (Dapkute ir kt., 2021).
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Pav. 2.10. KT-Ce6 komplekso in vivo terapinis potencialas. A — naviko
augimo kreivé; * rodo statistiskai reikSmingus skirtumus tarp ,, MKL+KT-Ce6
kompleksas” grupés ir kity tirty grupiy, NS — néra skirtumo. MKL suleidimas
atliktas 10 dieng po naviko iniciacijos, Svitinimai atlikti 11 ir 12 tyrimo
dienomis. B — reprezentatyvios peliy i§ kiekvienos grupés fotografijos (19
diena). Geltonu punktyru pazymétos naviko ribos. C — Kaplano ir Mejerio
iSgyvenamumo kreivés. »MKL+KT-Ce6 kompleksas” grupés
iSgyvenamumas yra statistiS8kai reik§mingai didesnis (log-rank testas
p =0,003). D — peliy, gydyty MKL+KT-Ce6 kompleksu, ir peliy, gydyty
fiziologiniu tirpalu, plauéiai. Geltonu punktyru pazymétos metastazés. Pagal
Dapkute ir kt., 2021.
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ISVADOS

Pasyvus KT susikaupimas ir pasiskirstymas navike po intranavikinés
injekcijos yra minimalus bei heterogeniskas. 3D lasteliniuose sferoiduose
ir navikuose KT kaupiasi tik periferinése vézinése lastelése ir
neprasiskverbia j 3D sferoido/naviko centrine dalj.

Kompleksas tarp KT ir Ce6 susiformuoja per 4 valandas ir pasizymi
charakteringomis savybémis — KT fotoliuminescencijos intensyvumo
sumazéjimu, iSaugusia ir pasislinkusia j ilgabange spektro puse Ce6
fluorescencija bei sutrumpéjusia KT fluorescencijos gyvavimo trukme.
Tinkamiausi komplekso formavimui yra amfifiliniu polimeru ir
karboksilo grupémis funkcionalizuoti KT. KT-Ce6 kompleksas islicka
stabilus vandeniniuose tirpaluose ir generuoja singuletinj deguonj po
suzadinimo kompleksui specifiSska 470 nm bangos ilgio spinduliuote,
taCiau yra destabilizuojamas kraujo serumo baltymais.

Lastelés, iSskirtos i§ odos audinio eksplanty kultiiros metodu, pasizymi
didele CD90, CD73, CD105 ir CD44 zymeny raiska, bet neekspresuoja
CD45, CD34 ir CDI14 pavirSiaus bioZymeny bei diferencijuojasi
adipogenine, osteogenine ir chondrogenine kryptimis, todél yra
charakterizuotos kaip MKL.

KT ir KT-Ce6 kompleksas yra greitai endocituojami mezenchiminiy
kamieniniy lasteliy, lokalizuojasi endosomose ir lizosomose, bet
nesumazina lasteliy gyvybingumo, kol néra indukuojami fotocheminiai
procesai. KT-Ce6 kompleksas MKL viduje yra apsaugomas nuo
neigiamo kraujo serumo baltymy poveikio ir iSlicka stabilus bei
veiksmingas visos fototerapinés procediros metu. MKL selektyviai
migruoja link véziniy lasteliy in vitro modelinéje sistemoje ir in vivo link
naviky, suformuoty tiek i§ Zmogaus, tiek i§ pelés véziniy lgsteliy, o tirtos
nanodalelés nesumazina MKL migracinio potencialo.

MKL padidina KT-Ce6 komplekso susikaupima navike, o akimi stebima
KT fotoliuminescencija yra tinkama siekiant jvertinti navika ir jo
i$plitimo ribas. MKL perduoda KT-Ce6 kompleksg vézinéms lgsteléms
ir dvigubo S$vitinimo procediiros metu sukelia véziniy lasteliy zatj.
Kombinuota MKL, KT-Ce6 ir netoksiskos $viesos terapija reikSmingai
didina iSgyvenamumg, létina naviky augimg, mazina metastaziy
atsiradima ir vézio progresavima. Misy rezultatai patvirtina, kad MKL,
zymétos KT-Ce6 kompleksu, gali bti pritaikomi vézio teranostikoje.
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SUMMARY
Introduction

The lack of early cancer diagnosis and poor selectivity of current treatment
methods are among the main challenges of oncology. Photosensitizer (PS) and
nanoparticle complexes can be used as a novel therapeutic modality. PS are
inert in the dark and become toxic to cells only in visible light, as they generate
reactive oxygen species due to molecular transformation cascades. Since
therapeutic effect is achieved only by light illumination, photodynamic
therapy (PDT) works locally and systemic side effects, usually associated with
standard chemotherapy, are reduced and the treatment effectiveness is
increased. PDT is minimally invasive and does not require complex surgical
interventions, can be repeated several times without cumulative toxicity,
effectively destroys or at least reduces the tumor.

With the development of nanotechnologies, PDT has not been forgotten.
Due to their large surface area, nanoparticles can bind numerous PS molecules
to its surface, protect therapeutic molecules during transport to tumors as well
as solve aggregation and hydrophobicity issues. Nanosized materials also
demonstrate  unique properties, such as superparamagnetism or
photoluminescence (PL). Quantum dots (QDs) are characterized by high
guantum yield, photostability, bright PL, wide absorption and narrow
emission spectrum, high two photon absorption, all of which are suitable for
improved cancer diagnostics. QDs can also serve as energy donors — due to
the overlap of QD photoluminescence and PS absorption spectra, excited QDs
transfer energy to attached PS via Forster resonance energy transfer (FRET).
The formation of QD-PS complex provides a theranostic platform — the bright
PL of the nanoparticles performs a diagNOSTIC function, while the PS offers
a THERApeutic one.

However, nanoparticles and their complexes do not have enough
selectivity for tumors and tend to accumulate non-specifically in the liver,
lymph nodes, spleen. Regardless of whether active or passive targeting was
used, more than 99 % of injected nanoparticles do not reach the tumors (Dai
etal., 2018).

Cellular hitchhiking of therapeutic agents has been proposed as an
alternative way of delivering nanoparticles. Erythrocytes, macrophages and
lymphocytes have already been used to perform this task, but their selectivity
for tumors is limited (Singh and Mitragotri, 2020). The delivery of anticancer
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drugs using cells with innate tumor-tropic properties is biocompatible,
clinically safe and has shown great success in preclinical studies (McMillan,
Batrakova, and Gendelman, 2011). Mesenchymal stem cells (MSCs) are
considered one of the most promising choices. MSCs are multipotent cells
with immunomodulating, regenerative and migratory properties, improving
nanoparticle delivery by four times (Durymanov, Rosenkranz, and Sobolev,
2015).

This work investigates MSC response to QDs and QD and photosensitizer
chlorin e6 (Ce6) complexes and their potential for theranostic.

The aim: to study the ability of skin mesenchymal stem cells to selectively
transport theranostic nanoparticles to tumors, ensuring therapeutic effect and
diagnostic potential.

The main tasks:
1. To investigate the accumulation and distribution of QDs in 2D, 3D cancer
cell monocultures and in vivo tumor models.
2. To form QD and Ce6 complex and to analyze its physicochemical
properties, single oxygen generation efficacy, stability in different media and
the influence of proteins.
3. Toisolate MSCs from donor skin tissues using explant culture method and
to identify them by MSC characteristics.
4. To determine the accumulation of QDs and QD-Ce6 complex in skin
MSCs and MSC ability to transport nanoparticles to tumors in in vitro and in
vivo model systems.
5. To evaluate the diagnostic and photodynamic effect of the QD-Ceb6
complex transported by the skin MSCs in in vitro and in vivo model systems.

Scientific novelty

Usually, similar researches are carried out with bone marrow or adipose tissue
derived stem cells, while the number of studies performed on the dermal
MSCs is minimal, and to our knowledge, the research on migratory
transportation of theranostic nanomaterials using such cells was carried out
for the first time. Due to the high demand for regeneration, skin is rich in MSC
niches, and the tissue itself can be taken with minimally invasive procedures,
quickly regenerates, and has a large surface area. The skin left over from
various surgeries as medical waste could be easily used for economical and
donor-friendly anticancer treatment.
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The work was carried out with human skin MSCs that were isolated by
explant culture method, which is a relatively rarely used method of obtaining
stem cells. In other studies, stem cells are isolated by enzymatic dissociation,
where various enzymes release MSCs from the donor tissue, but at the same
time may adversely affect cell surface proteins, MSC properties such as
proliferation, heterogeneity, and yield. The extracellular matrix, stromal cells,
signaling molecules, cytokines, growth factors, 3D environment of MSCs is
maintained in explant culture, therefore the transition to 2D in vitro culture is
gentler, MSCs have a higher proliferation capacity and yield.

Human MSCs were used in the work, and the migratory effect was
obtained despite the species barrier —- MSCs migrated in both immunodeficient
mice with human tumor xenografts (axis human-> human) and in mouse
tumor-bearing models (axis human->mouse), thus showing the versatility of
this a therapy and the low probability of allogeneic reactions.

In this work, we explored the influence of serum proteins on the stability
of QD-Ce6 complex and its ability to generate singlet oxygen. Other studies
analyzing the properties of QD-Ce6 complex investigate the complex only in
protein-free solutions. Our studies have shown that serum proteins pull Ce6
out from the coating of QDs, thus minimizing singlet oxygen generation and
PDT efficacy. It was shown for the first time that MSCs protect QD-Ce6
complex from destabilization. To our knowledge we are the first ones to study
the complex formation and subsequent PDT effect between photosensitizer
and QDs with amphiphilic polymer and different surface charge.

Studies with QD-Ce6 complex can be found in the literature, but for the
first time its effectiveness was demonstrated not only in the in vitro system,
but also in a living organism. In this study, theranostic effect was shown in
both in vitro and in vivo systems and optical fluorescent diagnostics was
combined with PDT.

Practical value
The potential of MSCs as carriers of theranostic nanoparticles needs to be
tested in larger-scale in vivo experiments in order to safely transfer the studies
to Phase I/11 clinical trials. The number of clinical trials conducted with MSCs
delivering drugs is still negligible. Only four studies with MSCs transporting
interferon 3 or oncolytic viruses are registered in the Clinical Trials Registry
clinicaltrials.gov. The full application of the proposed strategy for the
treatment of cancer patients requires a more detailed verification of the effect
and comparison between MSCs from different sources. Also, in order to
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personalize the treatment, it is important to evaluate the suitability of therapy
for tumors of different localization.

QDs made of heavy metals may not be applicable for translating this
treatment strategy into the clinic due to the risk of chronic toxicity. However,
at current stage, these nanoparticles are well suited as a model system.
Research will become even more practical in the future with the development
of biodegradable or easily excreted nanoparticles possessing similar
physicochemical properties as QDs. Next generation heavy metal-free QDs
are being investigated, yet their spectral properties do not equal the
characteristics of those, composed of Cd or Pb, therefore they could not fully
provide diagnostic function.

QD-Ce6 complex excited in the UV-Vis spectral range may also be more
difficult to apply in standard clinical diagnostics, especially for imaging and
treatment of tumors in deeper tissues. However, modern fiber optics and
endoscopic technologies enable PDT to be used with endoscopic,
laparoscopic, or intraoperative light delivery systems. To increase tissue
penetration and therapy efficacy, QD-Ce6 complex could be excited using
two-photon absorption as QDs have large two-photon cross-section. Its main
advantage is the use of near-infrared light, which is less absorbed by the tissue
compared to visible light and allows excitation to a deeper layer. Two-photon
excitation and use of nanoparticles with an intrinsic near-infrared absorption
is the future direction of such research and application.

Results

First, we compared the accumulation of QDs in in vitro cancer cell 2D
monolayers, 3D spheroids and in vivo tumor xenografts and showed that
almost all cells accumulate nanoparticles in the 2D monolayer, yet only 60-70
% and 10-30 % of the cells accumulate QDs in 3D spheroids and tumors,
respectively. A more detailed analysis indicated that the uptake in both 3D
spheroids and tumors is heterogeneous and QDs localize only in the cells on
the periphery with almost no penetration into the central part (Jarockyte et al.,
2018). As our results demonstrate minimal intratumoral accumulation and
distribution of passively targeted nanoparticles, further research and the
development of new therapeutic approach based on the delivery of theranostic
nanoparticles to tumours via MSCs was conducted.
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To determine which type of QD coating is the most suitable for formation
of the complex with Ce6, we have examined four different types of
nanoparticles — coated with either phospholipids or amphiphilic polymer and
functionalized with amino or carboxyl functional groups. All studies with QD-
Ce6 complex were carried out with excitation or irradiation by complex-
specific 470 nm light. This wavelength is absorbed by QDs, yet the absorption
of Ce6 in this part of the spectrum is minimal (Skripka et al. 2018; Dapkute et
al., 2021). In this way, only QDs are excited in the complex, and Ce6
fluorescence, singlet oxygen generation, and PDT effect are determined by
FRET between QDs and Ce6. Our results showed, that no matter the coating
and charge, the formation of the complex begins immediately after the mixing
Ce6 and QD solutions and lasts about 4 hours until equilibrium is reached
(Dapkute et al., 2021). QD-Ce6 complex forms due to non-covalent
hydrophobic interaction between non-polar moieties of Ce6 and amphiphilic
or lipid-based QD coating. QD-Ce6 complex can be identified by a few
parameters (Skripka et al., 2018; Dapkute et al., 2021):

— QD photoluminescence intensity decreases;

— Ce6 fluorescence intensity increases significantly and the
fluorescence maximum has a bathochromic shift (660 nm - 672-674
nm);

— Fluorescence lifetime of QDs in QD-Ce6 complex becomes shorter
(<T>Q|35= 35.7 ns, <Tt>QD-Ce6 complex — 145 ns).

In vitro studies of QD-Ce6 complexes with different coatings demonstrated
that the highest intracellular accumulation and PDT effect can be achieved
when carboxyl group functionalized amphiphilic polymer coated QDs are
used to form QD-Ce6 complex (Skripka et al., 2018). We have also
determined that up to 100 Ce6 molecules can be attached to a single
amphiphilic polymer coated QD, thus maximizing the efficiency of PDT
(Dapkute et al., 2021). To sum up, the interaction between QDs and Ce6
occurs rapidly and has characteristic features, and QD-Ce6 complex,
consisting of QDs, coated with negatively charged carboxyl groups
functionalized amphiphilic polymer, accumulates the best in cells and has the
greatest PDT effect.

At the next stage of the study, we evaluated stability of QD-Ce6 complex
in serum-free and serum-supplemented media. In serum-free medium QD-Ce6
complex maintains its characteristic spectral properties, yet serum-
supplemented medium lead to a sharp decline of 674 nm peak. Our results
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suggest that serum proteins destabilize QD-Ce6 complex and pull Ce6 out
from the coating of QDs (Dapkute et al., 2021). Singlet oxygen generation
was also affected by protein-rich medium. When irradiated with 470 nm light
to collect 17.7 J/cm? dose, QD-Ce6 complex generates up to 19 times more
singlet oxygen than its free counterparts Ce6 and QDs, therefore the complex
is suitable for PDT. Although singlet oxygen generation yield is slightly lower
in serum-free cell growth medium, no singlet oxygen forms when the medium
is supplemented with serum (Dapkute et al., 2021).

We have successfully isolated human skin (dermal) MSCs from donor skin
tissues using explant culture method. Isolated cells were defined as MSCs by
morphology, immunophenotyping, and adipogenic, osteogenic, and
chondrogenic differentiation. Our results confirm that skin is a suitable source
of MSCs, and the explant culture method is an effective, simple, and fast way
to isolate MSCs (Dapkute et at., 2017; Dapkute et al., 2021).

Next, we examined the toxicity of nanomaterials to MSCs and showed that
maximum non-toxic concentration of QDs is 16 nM (Dapkute et al., 2017).
QD-Ce6 complex used at this concentration also does not induce dark toxicity
(Dapkute et al., 2021). QDs attach to the plasma membrane of MSCs after 15
min incubation and enter the cells via active endocytosis and reaches the
saturation after 6 hours (Dapkute et al., 2017; Saulite et al., 2017).
Nanoparticles localize in the endocytic vesicles inside the cells as well as
attach onto the extracellular matrix. Our studies demonstrated that QD-Ce6
complex in serum-free medium not only accumulates better in cells than when
incubated in serum-supplemented medium, but also maintains characteristic
spectral peaks at 624 nm and 674 nm while in MSCs. QD-Ce6 complex
stability was additionally proven by time-resolved fluorescence spectroscopy
and fluorescence lifetime imaging microscopy (Dapkute et al., 2021). In
conclusion, QDs and QD-Ce6 complexes are biocompatible and have efficient
accumulation in cells. What is more, MSCs protect QD-Ce6 complex from
destabilization by serum proteins, allowing cells to act as carriers of the
complex.

We then examined MSC tumor-tropic migration. In vitro migration of
MSCs toward breast cancer cells was up to 30 times higher than random
undirected cell migration, while MSC migration toward non-cancerous breast
epithelial cells was negligible. Comparative migration studies showed no
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statistically significant differences between migration of QD-labeled and
unlabeled MSCs (Dapkute et al., 2017). We also studied MSC in vivo
migration toward human tumor xenografts. The results showed, that upon
subcutaneous QD-labeled MSC injection ~10 mm below the tumor, MSCs
with nanoparticles inside were detected mainly in the tumor and metastases,
almost bypassing healthy tissues (Dapkute et al., 2017). Our research has also
confirmed QD-Ce6 complex-loaded MSC migration toward mouse tumor
models. Excised tumors had pronounced red fluorescence under UV light,
visible to the naked eye. Histological analysis showed that free QDs and free
QD-Ce6 complex do not migrate toward tumors and do not label cancerous
tissue. Yet, when MSCs+QD-Ce6 complex was injected, mice tumors had
widely distributed QD photoluminescence signal (Dapkute et al., 2021).
Overall, our in vitro and in vivo results ensure the use of exogenous MSCs for
the delivery of theranostic nanoparticles.

In order to assess the potential PDT effects of QD-Ce6 complex on MSCs
and cancer cells, QD-Ce6 complex-loaded cells were irradiated with complex-
specific 470 nm wavelength to collect 17.7 J/cm? therapeutic dose. Results
showed that QD-Ce6 complex incubation in serum-free medium and
subsequent light irradiation is lethal to MSCs, while cancer cells are more
resistant to treatment, however, remaining cancer cells show signs of
apoptosis. Both cell types were almost unaffected upon QD-Ce6 complex
incubation in serum-supplemented medium (Dapkute et al., 2021). Next, we
explored anticancer effect of QD-Ce6 complex-loaded MSCs co-culturing
them with cancer cells. To maximize the efficacy of the therapy, two-step
irradiation treatment was performed with two irradiations by 470 nm light
achieving 17.7 J/cm? dose every 24 hours. Our research demonstrated that
after the first irradiation about 50 % of cells remain viable. However, after a
second irradiation most of the cells are dead and the remaining ones have
rounded morphology and show signs of damaged cellular integrity. Our
findings indicate QD-Ce6 complex stability after first irradiation and ability
to fight cancer cells during the second one (Dapkute et al., 2021).

Finally, therapeutic efficacy was demonstrated in vivo. Tumor-bearing
mice were injected with MSCs+QD-Ce6 complex and irradiated twice every
24 hours to collect cumulative therapeutic dose of 120 J/cm?2 Our results
demonstrate that tumors treated with QD-Ce6 complex-loaded MSCs were 4
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times smaller and mice survival is statistically significantly higher than that of
untreated mice. Treatment also prevented macrometastases formation in the
lungs, as no metastatic nodules were visible to the naked eye.
Histopathological analysis showed that mice treated with MSCs and QD-Ce6
complex have significantly larger necrotic areas, lower mitotic count, and 3-
fold higher number of apoptotic cells. When microscopically comparing
metastases, their number and size in the lungs is higher in the lungs of
untreated mice. Histological assessment of the main organs did not indicate
any specific changes that could raise safety concerns (Dapkute et al., 2021).

Conclusions:

1. Passive accumulation and distribution of QDs in the tumor after
intratumoral injection is minimal and heterogeneous. In 3D cellular
spheroids and tumors, nanoparticles accumulate only in the periphery and
do not penetrate into the central part of the 3D spheroid/tumor.

2. The complex between QDs and Ce6 is formed within 4 hours and has
characteristic features — a decrease of QD photoluminescence intensity,
increased and red-shifted peak of Ce6 fluorescence, and shortened QD
fluorescence lifetime. Amphiphilic polymer coated and carboxyl groups
functionalized QDs are the most suitable for the complex formation.
Moreover, QD-Ce6 complex remains stable in protein-free aqueous
solutions and generates high amounts of singlet oxygen after irradiation,
but is rapidly destabilized by serum proteins.

3. MSCs were successfully isolated from donor skin tissues and were
characterized by morphology, mesenchymal immunophenotype, and
differentiation potential.

4. QDs and QD-Ce6 complexes are rapidly taken up by MSCs and are
located in endocytic vesicles inside the cells. Furthermore, neither QDs,
nor QD-Ce6 complex are not cytotoxic before initiation of photochemical
processes. When loaded into MSCs, QD-Ce6 complex is protected from
adverse effects of serum proteins and remains effective throughout the
PDT procedure. Most importantly, MSCs migrate selectively in vitro to
cancer cells and in vivo to tumors over species barrier. In addition, QDs
do not reduce migratory potential of MSCs.

5. MSCs increase stability and intratumoral accumulation of QD-Ce6
complex with QD fluorescence visible to the naked eye. QD-Ce6
complex-loaded MSCs cause cancer cell death during two-step
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irradiation treatment. The combination of MSCs, QD-Ce6 complex, and
non-toxic light significantly increases survival, reduces tumor growth,
metastatic potential and overall cancer progression. Our results confirm
that MSCs with QD-Ce6 complex can be applied in cancer theranostics.
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Abstract

Nanotechnology-based drug design offers new possibilities for the use of nanoparticles in imaging and targeted therapy of tumours.
Due to their tumour-homing ability, nano-engineered mesenchymal stem cells (MSCs) could be utilized as vectors to deliver diag-
nostic and therapeutic nanoparticles into a tumour. In the present study, uptake and functional effects of carboxyl-coated quantum
dots QD655 were studied in human skin MSCs. The effect of QD on MSCs was examined using a cell viability assay, Ki67 expres-
sion analysis, and tri-lineage differentiation assay. The optimal conditions for QD uptake in MSCs were determined using flow
cytometry. The QD uptake route in MSCs was examined via fluorescence imaging using endocytosis inhibitors for the
micropinocytosis, phagocytosis, lipid-raft, clathrin- and caveolin-dependent endocytosis pathways. These data showed that QDs
were efficiently accumulated in the cytoplasm of MSCs after incubation for 6 h. The main uptake route of QDs in skin MSCs was
clathrin-mediated endocytosis. QDs were mainly localized in early endosomes after 6 h as well as in late endosomes and lysosomes
after 24 h. QDs in concentrations ranging from 0.5 to 64 nM had no effect on cell viability and proliferation. The expression of
MSC markers, CD73 and CD90, and hematopoietic markers, CD34 and CD45, as well as the ability to differentiate into adipocytes,
chondrocytes, and osteocytes, were not altered in the presence of QDs. We observed a decrease in the QD signal from labelled
MSCs over time that could partly reflect QD excretion. Altogether, these data suggest that QD-labelled MSCs could be used for
targeted drug delivery studies.
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Introduction

Despite remarkable advances in targeted therapies of various
human malignancies, cancer is one of the leading causes of
death worldwide [1]. Nanoparticles (NPs) could be linked to
various drugs, thereby making them suitable for tumour
imaging and targeted therapy [2]. However, the fact that NPs
are quickly recognised by immune cells and cleared from the
blood stream by reticuloendothelial system limits their utility as
drug carriers [3]. Recent studies have shown that nano-engi-
neered mesenchymal stem cells (MSCs) could be used as
tumour-targeted therapeutic carriers, reflecting their tumour-
homing capabilities [4-6].

MSCs are present in many tissues of the human body, includ-
ing bone marrow, adipose tissues, skin and dental pulp. Accord-
ing to current understanding, MSCs are defined as adherent
cells with a spindle-like morphology, expressing CD105 (SH2
or endoglin), CD73 (SH3 and SH4), CD106 (VCAM-1), CD44
(hyaluronic acid receptor), CD90 (Thy 1.1), CD29, CD146 and
CD166 surface markers [7,8]. MSCs can be induced to differen-
tiate in vitro into adipogenic, osteogenic, chondrogenic and
myogenic cells. Moreover, other cell types, such as neurons,
glial cells and smooth muscle cells, could be obtained from
MSCs under the appropriate cell culture conditions [9,10].

Among the broad variety of investigated NPs, quantum dots
(QDs) have demonstrated extensive application capabilities.
High photostability and brightness, broad excitation and narrow
fluorescence-emission spectra are some of the main properties
required for the generation of new fluorescent nano-agents. The
unique optical and electronic properties of QDs indicate their
great potential in cancer diagnostics. The photoluminescence
spectrum of carboxyl QD655 makes them ideal candidates for
cancer theranostics as it overlaps with the optical transparency
window of biological tissue [11]. Additionally, large and easily
altered surfaces facilitate modifications of various NPs. These
modifications increase the solubility of QDs to make QDs
unnoticeable by the immune system, increase the QD half-life
in the blood stream and target QDs to specific ligands or anti-
gens [12]. Different therapeutic and recognition molecules can
be attached to the surfaces of NPs and act synergistically
[13,14]. QDs were also chosen for their applicability as reso-
nant energy donors in photodynamic therapy. For example,
the second-generation photosensitizer chlorin €6 has the absorp-
tion band at 654 nm and carboxyl QD655 would be excellent
energy donors in such complexes. There were successful
attempts to use a similar quantum dot—chlorin 6 complex in
photodynamic cancer therapy [15]. Another study has shown
that QDs, conjugated with antibodies against CD44, a marker of
cancer stem-like cells, can be selectively engulfed by breast
cancer cells [16]. Such surface modifications increase the
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potential of QDs for the use in targeted cancer diagnostics and
therapies.

There is still doubt regarding the potential harmful effects of
NPs or QDs on the differentiation capacity and self-renewal
ability of adult stem cells. CdSe/ZnS QD labelling has been re-
ported to adversely affect the osteogenesis and chondrogenesis
capacities of bone marrow MSCs [17]. The impact of QD
labelling on the biological properties of targeted stem cells,
such as proliferation, cell cycle, and apoptosis, remains elusive.
Therefore, further research on MSCs with regard to the delivery
of QDs for monitoring and treating tumours is required.

Skin is the largest organ of the human body. It ensures the
protection and insulation of the inner tissues [18] and also acts
as a barrier against the penetration of QDs [19]. Nano-engi-
neered skin MSCs could be used in cell-based skin cancer (SC)
therapies [20,21]. MSCs loaded with anti-cancer drugs can
reduce melanoma tumour growth in vivo, suggesting that these
molecules are suitable vectors for therapeutic applications [22].

The aim of the present study was to analyse the accumulation,
release, toxicity and functional effects of carboxyl QD655 on
skin-derived MSCs to assess their potential use as vectors for
the targeting of SC or other tumours.

Results

Optimal QD labelling conditions for MSCs

The concentration-dependent cytotoxicity of QDs was analysed
in MSC cultures after 24 and 48 h using a colorimetric CCK-8
assay, which measures intracellular dehydrogenase activity
(Figure 1). QDs did not significantly affect MSC viability after
24 or 48 h at any of the tested QD concentrations.
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Figure 1: The concentration-dependent effect of QDs on the viability of
MSCs. Viability was measured by a colorimetric assay (CCK-8) after
incubation with QDs at 0.5-64 nM for 24 and 48 h.

In order to select the optimal incubation time for QD uptake in
skin MSCs, cells were incubated with 16 nM QDs for time
periods ranging from 15 min to 48 h (Figure 2a). The QD
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Figure 2: Evaluation of the optimal QD uptake conditions in skin
MSCs. Time-dependent (a) and concentration-dependent (b) uptake
dynamics in MSCs using flow cytometry analysis. The percentage of
QD655-positive cells was obtained from the analysis of flow-cytometry
histogram data.

uptake kinetics was calculated based on changes in fluores-
cence intensity. The plateau phase was reached after 24 h of
incubation, consistent with observations in other cell lines [23].
The optimal incubation time for QD uptake was 6 h, after which
up to 95% of the cells had incorporated QDs. Thus, a 6 h incu-
bation time was used in all experiments, unless otherwise
stated.
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The optimal QD concentration for the uptake experiments was
determined using serial dilutions of QDs from 2 up to 32 nM
(Figure 2, b). The QD-positive cell number exponentially in-
creased, and saturation was obtained at 16 nM, when cells were
99% QD-positive. Therefore, a 16 nM QD concentration was
selected for further experiments, unless otherwise stated.

To determine whether MSCs release QDs in the environment
after uptake, the supernatant was removed from cells after pri-
mary QD labelling. After rigorous rinsing, fresh complete or
serum-free medium was applied to the QD-labelled cells. Next,
the QD fluorescence intensity was determined in cells at 24 and
48 h after primary labelling. We observed a 30% decrease of the
QD signal in cells propagated in complete medium and a 40%
decrease of the QD signal under serum-free conditions after
24 h of incubation (Figure 3a). After 48 h, the number of
QD-positive cells decreased even further in serum-free culti-
vated cells (Figure 3a). Supernatant from primarily QD-labelled
MSCs was transferred to fresh MSCs for secondary labelling
experiments. After 24 h, 3% of the cells in complete medium
had taken up QDs, whereas under serum-free conditions, 7% of
MSCs had taken up QDs in the secondary labelling experi-
ments (Figure 3b). After 48 h QD uptake was detectable in
approximately 1.5% of cells cultivated either in complete or

serum-free medium (Figure 3b).

To determine the effect of cell division on the decrease of the
QD signal, QD-labelled MSCs were propagated in complete
and serum-free medium. Ki67 expression was clearly inhibited
in cells cultivated in serum-free medium, which did not prolif-
erate after 24 and 48 h, thereby excluding the probability of QD
transfer to daughter cells (Figure 3c). Inhibition of proliferation
was additionally confirmed by analysing the cell number in the
respective medium (data not shown). The addition of QDs did
not change the expression of Ki67 (data not shown).
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Figure 3: The release of QDs from MSCs. (a) QD loss in complete medium (FBS +) and serum-free medium (FBS -) after primary QD labelling (0 h)
and 24 and 48 h after labelling. The statistical significance is shown in comparison to 0 h. (b) Secondary QD labelling of MSCs by supernatants from
primarily labelled MSCs. (c) The comparison of Ki67 expression in complete and serum-free medium after labelling (0 h) and after 24 h and 48 h of

cultivation; *p-value < 0.05, ***p-value < 0.001.
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QD effect on immunophenotype, proliferation
and differentiation of MSCs

The skin MSC population used in the present study was over
95% positive for MSC markers CD73 and CD90, whereas
hematopoietic markers CD45 and CD34 were not expressed
(Figure 4a). To estimate the effect of QDs on the MSC
immunophenotype, expression of CD73 and CD90 was
analysed after incubation with QDs for 48 h. Although CD105
is often used as a MSC marker together with CD73 and CD90,
this marker was excluded from the analysis because of the fluo-
rescence channel overlap with QDs (APC label, FL4). The data
showed that QDs did not change the expression of CD73,
CD90, CD34 and CD45 in MSCs (Figure 4a).

(V)

250 o
200
200 4
150 4
150 o

100 o

Count

150 =

100 o

Count

(on

Count

10 10 10 0 0 10 10 10° 10 10

Ki67 FITC Ki67 FITC

Figure 4: Representative data on the impact of QDs on immunophe-
notype and proliferation of MSCs. (a) Characterization of MSC markers
CD90, CD73 and hematopoietic markers CD34 and CD45 in MSCs.
Open histogram: unlabelled cells, dotted-line histogram: MSCs without
QDs, grey histogram: QD-labelled MSCs. (b) Ki67 expression in MSCs
after 24 h and 48 h of incubation with 16 nM QDs. Open histogram:
unlabelled cells, dotted-line histogram: isotype control, grey histogram:
QD-labelled cells.

The effect of QDs on proliferation was analysed based on Ki67
expression (Figure 4b). After incubation for 24 h, 67% of unla-
belled and QD-labelled MSCs expressed the Ki67 marker. After
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48 h, the Ki67-positive population increased to 78% in both cell
populations. QDs did not show any effect on the proliferation of
MSCs.

The differentiation of MSCs into adipocytes, chondrocytes and
osteocytes was not affected by the presence of QDs (Figure 5).
Quantification assays for Alcian Blue staining and Alizarin Red
S staining confirmed that QDs did not influence chondrogen-
esis and osteogenesis of skin MSCs (Figure 6).

Analysis of the uptake pathway of QDs

MSCs were pre-treated with endocytosis inhibitors and subse-
quently labelled with QDs. The effect of serum proteins on the
efficiency of QD uptake was analysed based on the comparison
of QD uptake in complete and serum-free media (Figure 7). The
effect of endocytosis inhibitors differed between complete and
serum-free medium. In complete medium, a tendency of de-
creased QD uptake was observed using chlorpromazine (CPZ),
an inhibitor of clathrin-mediated endocytosis (Figure 7a, ¢). In
serum-free medium, QD uptake was significantly inhibited by
CPZ and nystatin, an inhibitor of caveolin/lipid raft-mediated
endocytosis (Figure 7b,d). In serum-free medium, the cells
internalized more QDs according to the fluorescence intensity
analysis (Figure 7c,d).

The intracellular localization of QDs after uptake was observed
in BacMam 2.0-transfected MSCs. Excessive QD accumulation
was initiated between 1 and 6 h. After 6 h, most of the QDs
were localized in early endosomes (Figure 8) in both the cell
periphery and perinuclear area. After 6 h, almost no QDs were
localized in mature endosomes (data not shown). After 24 and
48 h, QD-containing early endosomes matured into late endo-
somes and lysosomes.

Discussion

Human MSCs have been widely investigated for their potential
use in various therapeutic applications, due to their plasticity
and migration ability. It has been proposed that MSC migration
towards injury and inflammation sites could be used to deliver
diagnostic and therapeutic nano-agents [24]. Studies on
melanoma [25], prostate cancer [26], breast cancer [6] and lung
cancer [27] have shown the ability of MSCs to home to cancer
sites in vivo. In the tumour microenvironment, MSCs play a
role in the formation of the tumour stroma and support cancer
metastasis [28]. Lourenco et al. showed that MSC migration
towards cancer cells is induced by MIF-CXCR4 chemotaxis
[29]. Moreover, in close proximity of the tumour, cancer-asso-
ciated fibroblast formation is induced by the release of vesicles
containing miRNA from cancer cells. This leads to melanoma
growth and invasion [30]. Therefore, skin-derived MSCs could
serve as an appropriate model to study the stem cell (SC)
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Figure 5: Differentiation of MSCs into adipocytes, chondrocytes and osteocytes. Oil Red O staining of cells in complete medium without (a) or with
QD labelling (b); cells in adipogenesis medium without (c) or with QD labelling (d). Alizarin Red S staining on cells in complete medium in the absence
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Figure 6: Quantification of osteogenesis and chondrogenesis in
MSCs. Absorbance of Alizarin Red S (a) and Alcian Blue (b) extrac-
tion from MSC differentiation. Diff. MSC: differentiated MSCs, diff.
MSC QD: differentiated MSCs labelled with QDs. Significance com-
pared between differentiated and undifferentiated samples;
***p-value < 0.001.

tumour microenvironment and design SC-targeted therapeutics.
In the present study, we addressed whether QD-loaded skin
MSCs could serve as vectors to deliver NPs to cancer sites. To
answer this question, the biological response of skin MSCs to
QDs was investigated.

The results showed that QDs do not induce changes in
immunophenotype, proliferation and viability of skin MSCs, in-
dicating that QDs are biocompatible with MSCs. These results
are consistent with those of studies on bone marrow mesenchy-
mal stem cells and mouse embryonic stem cells, which show
similar effects after QD labelling [31,32]. We observed varia-
tions in Ki67 expression in skin MSCs, regardless of QD addi-
tion, which might reflect the differences in donor age and
passage number [33]. In the present study, we observed that QD
labelling did not interfere with skin MSC differentiation into
osteocytes, chondrocytes and adipocytes, and moreover, QDs
did not induce spontaneous differentiation. Similarly, Shah et
al. reported that carboxyl QDs do not alter the differentiation
potential of human bone marrow stem cells [31]. Thus,
QD-labelled MSCs are potentially safe to use in long-term
tumour imaging and cell tracking experiments. Although there
is a great deal of concern about the potential hazards of QDs
containing heavy metals, the toxicity of QDs is a topic of
controversy. The toxicity and ecotoxicity of QDs is studied at
various levels of biological organization, from cell monolayers
to primates and even ecosystems [34,35]. The potential toxico-
logical effects of QDs are usually based on the release of free
cadmium (Cd) [36]. However, QD shell and surface coatings
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Figure 7: QD endocytic pathway in MSCs. QD uptake pathway in MSCs labelled with QDs in complete medium (a) or in serum-free medium (b).
Uptake pathways were blocked using the endocytosis inhibitors CPZ, CytD, EIPA, nystatin and dynasore. Three overlaid channels represent Hoechst
(blue), Phalloidin Alexa Fluor488 (green), carboxyl QD655 (yellow). Representative data are shown. QD fluorescence signal was quantified in com-
plete (c) and in serum-free medium (d) cultivated MSCs. Statistical significance shown for the respective sample in comparison to control (Ctrl) sam-

ple; **p-value < 0.01.

protect the core, which contains toxic inorganic semiconductor
materials. Unless coatings are damaged, QDs are mainly non-
toxic [37]. Recently, Yaghini et al., by using non-photolytic
visible wavelength excitation, have shown the formation of
superoxide anion radicals by photoexcited CdSe/ZnS QDs [38].
Thus, the QDs may induce phototoxic reactions in labelled

cells, which could be a desirable event in targeted tumour
therapy.

The optimal uptake conditions for NPs could depend on the par-

ticle size, surface modifications, protein corona, and recipient
cell line. Previous studies have suggested the incubation of
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Figure 8: QD co-localization with endosomal compartments. Three overlaid channels represent the nucleus (blue), carboxyl QD655 (red) and Rab5a-
GFP (early endosomes), Lamp1-GFP (lysosomes) or Rab7a-GFP (late endosomes) (green). Yellow colour demonstrates co-localization. Representa-

tive data are shown.

NIH3T3 mouse fibroblasts with 16 nM QDs for 6 h as the
optimal conditions for cellular uptake experiments [39]. Given
the lack of standardized NP uptake conditions in MSCs, we
adjusted the protocol for QD uptake in human skin MSCs. The
results showed that a 6 h incubation with 8 or 16 nM QDs is
optimal for QD accumulation in more than 95% of the MSC
population (Figure 2). Notably, a 1 h incubation with 5 nM and
20 nM QDs has previously been reported as sufficient for the
labelling of rat bone marrow MSCs [40]. However, optimiza-
tion of the NP incubation time and concentration is necessary in

each individual experimental setting.

The uptake pathway of NPs varies depending on the cell and
particle type. One of the factors affecting uptake is the protein
corona that forms around NPs in serum-containing medium.
Protein aggregates decrease gold NP uptake depending on size
and cell type [41]. In the present study, we analysed the QD
uptake pathways under both serum-containing and serum-free
conditions. Selected inhibitors for the major uptake pathways
were applied to cells prior to QD incubation. In serum-contain-
ing medium, decreased QD uptake in MSCs was observed after
treatment with CPZ (Figure 7a,c). CPZ is an inhibitor of
clathrin-mediated endocytosis through the anchoring of the
clathrin and adaptor protein 2 (AP2) complex to endosomes,
thereby preventing the assembly of coated pits at the inner
plasma membrane [42]. In serum-free medium, QD uptake was
decreased by CPZ and nystatin (Figure 7b,d). nystatin is an in-

hibitor of caveolin/lipid raft-mediated endocytosis, which disas-
sembles caveloae and cholesterol in the membrane, but does not
interfere with clathrin-mediated endocytosis [43]. Zhang et al.
and Xiao et al. showed that dendritic cells and breast epithelial
cells uptake carboxyl QDs via the clathrin-mediated pathway
[44,45]. By contrast, experiments in HEK cells showed the
uptake of carboxyl QDs through caveolin/lipid raft-mediated
endocytosis; although it has been reported that caveolin-medi-
ated endocytosis is the dominating uptake route in endothelial
cells, smooth muscle cells and adipocytes [44,46]. Damalakiene
et al. demonstrated that QDs possessing a protein corona are
differently recognized by NIH3T3 cells and internalized by dif-
ferent pathways [23], consistent with the data from the present
study. Interestingly, MSCs showed more effective internaliza-
tion of QDs under serum-free conditions, as the protein corona
interferes with QD uptake in skin MSCs. The composition of
the protein corona could either enhance or decrease the cellular
uptake of polystyrene-based NPs, depending on nanoparticle
functionalization [47]. We have showed that NP uptake in skin
MSCs is an active process and does not occur passively. For the
development of cell-based tumour-targeted therapies, elucida-
tion of the endocytic pathway is very important, because it may
have an effect on the fate of QDs and/or QD-linked drugs
within the cell. For example, after QD uptake by clathrin-medi-
ated endocytosis, the QDs subsequently could be transferred to
lysosomes for degradation or, depending on their surface
coating, recycled to the cell surface [48]. On the contrary, QDs
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taken up by caveolae-dependent endocytosis could bypass lyso-
somes and avoid lysosomal degradation [48]. Taken together,
the accumulated experimental evidence suggests that the QD
uptake pathway depends on the cell type, the formation of a
protein corona and added functional groups on the NPs.

Intracellular localization of QDs in endosomes and lysosomes
has been reported to be a common pathway following NP
uptake through which particles are brought for lysosomal degra-
dation [46,49]. We observed internalization of QDs in early
endosomes after 6 h of incubation, followed by re-localization
to late endosomes/lysosomes after 24 and 48 h of incubation
(Figure 8). Cell division, excretion and degradation are the main
mechanisms reported for QD signal elimination over time
[50,51]. It has been implicated that the elimination rate depends
on the particle size. Smaller NPs lead to faster elimination [50-
52]. In the present study, we observed that the transfer of QDs
to daughter cells during cell division is not the main mecha-
nism involved in QD signal reduction in skin MSCs. Similar
observations have been reported in the study of mouse embry-
onic stem cells, where QD loss was still detected after the inhi-
bition of cell proliferation, suggesting that QDs might be
excreted from cells [50]. Indeed, we demonstrated that MSCs
could be repetitively labelled by the removal of supernatants
from QD-loaded MSCs, confirming the presence of released
QDs in the supernatant. After secondary labelling, the number
of QD-positive MSCs was two times higher in serum-free medi-
um compared to complete medium, likely indicating that the
protein corona interferes with the QD uptake. Many types of
stem cells have membrane transporters for the elimination of
toxic reagents [53]. The induction of ABC transporter P-glyco-
protein increases the elimination of QDs from HEK and HepG2
cells, while its inhibition demonstrated an opposite effect. The
elimination rate was higher in HEK cells, because of the stem
cell phenotype [54]. Expression of P-glycoprotein has also been
reported in MSCs [4]. However, other data in mouse embry-
onic and kidney stem cells indicate that QD depletion likely
occurs during cell division and that no excretion mechanisms
could be observed [32]. Taken together, these data indicate that
QD elimination mechanisms may be cell-type dependent. The
results from skin MSCs demonstrated that the depletion of the
QD signal over time could be explained by QD degradation and
excretion. The fact that NPs are released from MSCs is impor-
tant because of the intended use of MSCs as NP delivery
vectors. We propose that cancer cell and MSC co-culture model
could be used to demonstrate the applicability of QD-labelled
MSCs for cancer theranostics. For example, Pietila et al. have
demonstrated that direct cell-cell contact is required for
QD-mortalin antibody transfer from nano-engineered MSCs to
the breast cancer cell line MDA-MB-231 in vitro [55]. Alterna-
tively, QDs or MSCs loaded with QD—drug conjugates could be
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used in melanoma xenograft models in vivo as was shown in a
study by Studeny et al. where IFN-B-MSCs co-injected with a
human melanoma cell line suppressed tumour growth in nude
mice [25].

Altogether, we propose several reasons why QD-labelled skin
MSCs could serve as a promising NP delivery vector. First, QD
labelling would enable MSC tracking and visualization of the
tumour microenvironment. Next, the cells in the tumour would
take up the released QDs and then the formation of ROS could
be induced through photoactivation, leading to cancer cell apo-
ptosis. Last but not least, the secretion of STNFR1 by skin
MSCs could downregulate the pro-tumourigenic inflammatory
responses [56-58].

Conclusion

Herein, we showed that carboxyl-coated QDs are biocompat-
ible with skin MSCs. The proliferation, immunophenotype and
differentiation potential of MSCs was not affected by QD accu-
mulation in the cells. In the presence of serum, QDs were inter-
nalized in MSCs through clathrin-mediated endocytosis, where-
as in the absence of serum, QD uptake occurs through the
clathrin and caveolin/lipid raft-mediated endocytosis pathways.
The loss of QD signal over time may possibly be explained by
the excretion of QDs from MSCs, which could favour the use of
MSCs as drug delivery vectors. These data validate the poten-
tial use of skin MSCs as NP delivery vectors for tumour-
targeted therapies.

Experimental

Mesenchymal stem cell culture

Human skin samples were obtained from post-surgery materi-
als with authorized approval from Research Ethics Committee,
Institute of Experimental and Clinical Medicine, University of
Latvia (issued 04.06.2014). Dermal MSC cultures were ob-
tained as described elsewhere [59]. In brief, skin specimens
were washed with cold phosphate-buffered saline (PBS), cut
into 4-6 mm? picces and incubated in 0.6 U/mL dispase
(Roche, Switzerland) for 1-3 h at 37 °C to remove the
epidermis. Dermis was minced manually before enzymatic
digestion with 0.62 Wunsch U/mL Liberase Blendzyme 1
(Roche, Switzerland) for 30 min at 37 °C, then dissociated by
vigorous pipetting and passed through a 70 pum cell strainer, fol-
lowed by centrifugation at 400g for 5 min. The pellets were
suspended in cultivation medium containing DMEM/F12 (3:1
v/v) supplemented with 10% of FBS and antibiotics (100 U/mL
penicillin, 100 pg/mL streptomycin) (all from Sigma-Aldrich,
USA). Cell suspensions were transferred into 25 cm? tissue cul-
ture flasks and grown until reaching 80% confluence in a
humidified chamber at 37 °C with 5% CO,. Cells were trypsin-
ized with 0.25% trypsin—-EDTA solution (Sigma-Aldrich,
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USA). Cells at passages 2 to 5 were then frozen at —80 °C for
long-term storage in a cell bank. All experiments were per-
formed in compliance with the relevant laws and institutional
guidelines. In this study five independent donor skin MSC
cultures from passage 4 to passage 8 were used.

MSC surface marker analysis

Phenotyping of cell surface markers was performed by flow
cytometry. The cells were stained with CD34-PE and CD45-
FITC (all from BD Biosciences, USA), CD90-FITC (Dako,
USA), CD73 PE (Abcam, USA) and isotype controls IgG1-
FITC (Dako, USA), IgG1-PE (BD Biosciences, USA), and
1gG2A-APC (BD Biosciences, USA). Flow cytometry data
were acquired using a Guava EasyCyte 8HT flow cytometer
and analysed using ExpressPro software (Merck Millipore,
USA) comparing unlabelled, marker-labelled and isotype
control populations in FL-1, FL-2 and FL-4 channels.

Quantum dots

Qdot® 655 ITK™ non-targeted carboxyl-coated quantum dots
were purchased from Thermo Fisher Scientific, USA. QDs are
composed of a CdSe core with a ZnS shell that are coated
with amphiphilic polymers and functionalized with carboxylate.
The QDs have an emission maximum at 655 nm. Xu et al.
measured the hydrodynamic diameter of the nanoparticles to be
14.55 £ 4.157 nm and a zeta potential of —35.1 mV [60]. The
stock solution is 8 uM in 50 mM borate, pH 9.0. Further prepa-
rations of the QD solution are described in each methodolog-
ical part separately.

QD uptake dynamics using flow cytometry

To estimate the optimal QD concentration for uptake experi-
ments, MSCs were seeded at a density of 5 x 10* cells per well
in a 12-well tissue culture polystyrene plate and labelled with
QDs at various concentrations in the range of 0.5 to 64 nM for
6 h in complete or serum-free medium. To determine the accu-
mulation dynamics, 8 nM or 16 nM QDs were applied to MSCs
and incubated for 0.5, 1, 3, 6, 24 and 48 h in complete medium.
The cells were subsequently harvested by trypsinization,
centrifuged at 250g for 5 min and resuspended in 200 pL of
PBS. The samples were acquired on a Guava EasyCyte 8HT
flow cytometer and analysed using ExpressPro software (Merck
Millipore, USA) in channel FL4, comparing unlabelled and
labelled cell populations.

Cell-viability assay

The impact of carboxyl-coated QD655 on the viability of MSCs
was analysed using the Cell Counting Kit 8 (CCK-8) (Sigma-
Aldrich, USA). A total of 5 x 103 cells per well were seeded
onto 96-well plates in 100 uL of complete medium. The next
day, QDs were added in serial dilutions at a twofold dilution in
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complete medium. The range of the tested QD concentrations
ranged from 0.5-64 nM with twofold dilution. The cells were
incubated with QDs for 24 and 48 h. QD untreated cells were
used as a control, and the viability was defined as 100%. After
incubation, 10 pL of CCK-8 reagent was added to each well
and incubated for 2 h at 37 °C in 5% CO; at 90% humidity. The
change in the medium colour corresponds to the amount of dye
produced in the sample and is directly proportional to the num-
ber of viable cells. The optical density was measured using a
spectrophotometer Bio-Tek ELx808 (BioTek Instruments, USA)
at a wavelength of 450 nm. The background signal of QDs from
all of the tested concentrations was subtracted from the respec-
tive samples. Data were analysed in Microsoft Excel and
GraphPad Prism software.

QD release assay

A total of 1 x 10% MSCs were first labelled with 16 nM QDs for
6 h in complete medium. After the primary labelling, the cell-
culture supernatant was aspirated, the cells were rigorously
rinsed and fresh complete or serum-free medium was added.
The number of QD-positive cells was assessed using flow
cytometry after 24 and 48 h. The supernatant of the primarily
QD-labelled cells was collected at 24 and 48 h and subse-
quently applied to unlabelled cells for secondary labelling.
After 24 h of incubation, the secondarily labelled cells were
analysed using flow cytometry to evaluate the uptake of QD. To
analyse the effect of proliferation on QD loss from the cells, QD
labelled MSCs were propagated either in complete or serum-
free medium and assessed for Ki67 expression (as described in
method “MSC proliferation assay”) and QD signal using flow
cytometry.

MSC proliferation assay

The effect of QD accumulation on the proliferation of MSCs
was evaluated after 24 and 48 h of incubation using the FITC
Mouse Anti-Ki67 Set according to the manufacturer’s instruc-
tions (BD Bioscience, USA). MSCs were seeded at a density of
5 x 10* cells per well onto 12-well plates in complete medium
and allowed to adhere overnight. The medium was subse-
quently aspirated, and the wells were rinsed once with serum-
free medium. The cells were serum-starved for 24 h to synchro-
nize the cell cycle. Next, 16 nM of QDs in complete medium
were added, and the cells were incubated for 24 or 48 h. Control
wells contained cells in complete medium only. Subsequently,
the cells were harvested by trypsinization, washed in PBS and
centrifuged for 5 min at 250g. The cell pellet was fixed by
suspending in 1 mL of 70% ice-cold ethanol. The samples were
incubated at —20 °C for at least 2 h. The cells were subse-
quently washed twice with 9 mL of 1% FBS in PBS at 250g for
7 min. Cell pellets were resuspended in 100 pL of PBS, and
10 pL of FITC mouse anti-Ki-67 antibody and isotype control
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IgG1-FITC were added to the cell suspension, mixed gently and
incubated at room temperature for 30 min in the dark. After
incubation, the cells were washed with 1 mL of PBS and
centrifuged for 5 min at 300g. The pellet was suspended in
200 pL of PBS. Nonlabelled cells were used as a control to set
the base line of Ki67 expression in MSCs. The isotype control
was used to set the Ki67 negative population. The samples were
analysed in channel FL-1 using flow cytometry.

Mesenchymal stem cell tri-lineage
differentiation

MSCs were cultivated in complete medium up to 80% conflu-
ence. Differentiation into osteogenic, adipogenic and chondro-
genic lineages was performed using StemPro Adipogenesis,
Chondrogenesis, and Osteogenesis kits according to the manu-
facturer’s instructions (all from ThermoFisher Scientific, USA).
Briefly, for osteogenic differentiation, cells were seeded at a
density of 1 x 104/cm? onto 24-well plates. Osteogenic differen-
tiation medium was added; the medium was changed every
three days over a period of 21 days. Spontaneous osteodifferen-
tiation control samples were propagated in complete medium
for 21 days. Adipogenic differentiation was performed after
cultivating 1.82 x 10% cells in 24-well plates using adipogenic
differentiation medium. The medium was changed every three
days for 21 days. Spontaneous adipodifferentiation control sam-
ples were propagated in complete medium for 21 days. For the
chondrogenic differentiation assay, 5 uL of a cell suspension
with a density of 1.6 x 107 cells/mL in complete medium was
seeded onto 96-well plates and incubated for 2 h under high-
humidity conditions at 37 °C and 5% CO,. Chondrogenic dif-
ferentiation medium was added, and the medium was changed
every three days for 14 days. Spontaneous chondrodifferentia-
tion control samples were propagated in complete medium for
14 days.

Samples were incubated with 8 nM QDs in complete medium
for 3 h before starting the differentiation assay. The QD concen-
tration and incubation time were adjusted for the differentiation
assay. After incubation with QDs, the medium was discarded,
cells were washed with PBS and the relevant differentiation me-
dium was added.

Evaluation of mesenchymal differentiation

Osteogenic differentiation was evaluated using Alizarin Red S
staining. The cells were washed with 1 mL of PBS and fixed
with 4% paraformaldehyde (PFA) at room temperature for
30 min. After fixation, the cells were washed two times with
distilled water and stained with a 2% Alizarin Red S solution in
water (pH adjusted to 4.2 with a 0.1% solution of NH4OH) for
45 min at room temperature in the dark. Then, the stained cells
were washed four times with 1 mL of distilled water and
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imaged using EVOS XL microscope (Invitrogen, USA). Sam-
ples stained with Alizarin Red S were extracted for quantitative
measurements of osteogenic differentiation using 300 pL of 5%
perchloric acid and gentle agitation for 10 min at room tempera-
ture. Subsequently 100 pL was transferred to a 96-well plate,
and the absorbance was measured at 425 nm using an Infinite
200 PRO plate reader and i-control software (Tecan Trading
AG, Switzerland).

Adipogenic differentiation was evaluated using Oil Red O
staining. Cells were washed with PBS and fixed with 4% form-
aldehyde for 30 min at room temperature. After fixation, cells
were washed with distilled water. Prior to staining, cells were
incubated for 5 min at room temperature with 60% isopropanol
and subsequently stained with 180 mg/L Oil Red O solution in
isopropanol/water (3:2, v/v) for 15 min at room temperature.
After staining, the cells were washed four to five times with
distilled water and imaged.

Chondrogenic differentiation was evaluated using Alcian Blue
staining. Cells were washed once with PBS and fixed with 4%
PFA for 30 min at room temperature. After fixation, cells were
washed with PBS and stained with a 1% Alcian Blue staining
solution in 0.1 M HCI overnight at room temperature. Stained
cells were washed three times with 0.1 M HCI and imaged in
water.

Quantification of the Alcian Blue stain was achieved by solubi-
lizing the stain in 50 pL of 6 M guanidine hydrochloride
(Sigma-Aldrich, USA) overnight at room temperature. Absor-
bance was measured at 620 nm directly in a 96-well plate using
an Infinite 200 PRO plate reader and i-control software.

Confocal microscopy

For confocal microscopy analysis, 1 x 10% cells per well were
seeded on 8-well chamber slides (Nunc, Sigma-Aldrich, USA)
in complete medium and left to adhere overnight at 37 °C, 5%
CO2 and more than 90% humidity. 16 nM QDs diluted in com-
plete medium were added, and samples were incubated from
15 min to 24 h. Control wells contained nonlabelled cells. After
incubation, the medium was aspirated and each well was rinsed
with 2 mL of PBS. Then, fixation with 4% PFA in PBS (w/v)
for 20 min at room temperature was performed. Wells were
washed three times with 0.5 mL of washing buffer containing
1% BSA (Sigma-Aldrich, USA) in PBS for 5 min each. Perme-
abilization and blocking was performed with 0.3% Triton
X-100 (Sigma-Aldrich, USA) and 1% BSA in PBS for 45 min
at room temperature. The cytoskeleton of cells was subse-
quently stained with methanolic Alexa Fluor488 Phalloidin
(Thermo Fisher Scientific, USA) diluted 1:100 in washing
buffer and incubated for 30 min at room temperature in the
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dark. The samples were subsequently washed three times and
counterstained with a Hoechst 33342 trihydrochloride, trihy-
drate (10 mg/mL) solution (Thermo Fisher Scientific, USA)
diluted 1:1000 in washing buffer for 5 min at room temperature
in the dark. Samples were rinsed once with PBS, mounted with
ProLong Gold anti-fade mounting medium (Thermo Fisher
Scientific, USA) and incubated overnight at room temperature
in the dark. Samples were analysed using a Nikon eclipse Ti
microscope equipped with a Nikon C2 confocal system. A
Nikon S Plan Fluor ELWD 40x%/0.60 objective was used. For
Alexa Fluor488 Phalloidin, 488 nm was used for excitation, but
for Hoechst and QD655, 405 nm lasers were used for excitation.
To detect fluorescence for Hoechst - 447/60 nm, Alexa
Fluor488 Phalloidin - 525/50 nm and QD655 - 561 LP band
pass filters were used (Nikon, Japan). Each channel was re-
corded separately to avoid spectral overlap. The images were
analysed using Nis-Elements C 4.13 software (Nikon, Japan).

Endocytosis inhibitor assay

To analyse the pathway of QD uptake in MSCs, five endo-
cytosis inhibitors were selected: the clathrin pathway inhibitor
chlorpromazine (CPZ), phagocytosis inhibitor cytohalasin D
(CytD), macropinocytosis inhibitor ethylisopropyl amiloride
(EIPA) (Cayman Chemical, USA), caveolin/lipid raft-mediated
endocytosis inhibitor nystatin and caveolin-dependent endo-
cytosis inhibitor dynasore (all from Sigma-Aldrich, USA,
unless otherwise stated). The optimal inhibitor concentration
was selected using the CCK-8 viability assay. Briefly,
5 x 103 cells per well were seeded on a 96-well plate in 100 uL
of complete medium. The next day, endocytosis inhibitors were
added in serial dilutions with a twofold dilution factor. The
range of the tested inhibitor concentrations was from
1.25-160 pM. The cells were incubated with inhibitors for 24 h.
After incubation, 10 uL of CCK-8 reagent was added to each
well and incubated for 2 h at 37 °C in 5% CO;, at 90%
humidity. The optical density was recorded on a Bio-Tek
ELx808 instrument at 450 nm (BioTek Instruments, USA).

MSCs were seeded onto 8-well chamber slides with
2 x 10* cells per well in 0.5 mL of complete medium and incu-
bated for 1 h with the respective inhibitors at the following con-
centrations: 40 pM CPZ, 2 uM CytD, 5 uM EIPA, 80 uM
nystatin and 80 uM dynasore, at 37 °C, 5% CO, and 95%
humidity. The medium was aspirated from the wells, and 16 nM
QDs were added to samples in complete or serum-free medium
and incubated for 6 h. The medium was aspirated and samples
were rinsed with 2 mL of PBS. Control wells contained nonla-
belled cells. The samples were subsequently stained with
methanolic Phalloidin Alexa Fluor488 (Thermo Fisher Scien-
tific, USA) as previously described and analysed using confocal
microscopy.
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Quantification of the QD fluorescent signal was achieved using
Nis-Elements C 4.13 software. Single cell borders were defined
according to the Phalloidin Alexa488 staining. The mean fluo-
rescence was measured in the middle z-section of the cell in the
red channel only. As a control, the background mean fluores-
cence from different parts of the image was measured. The QD
fluorescence intensity of single cells was calculated by
subtracting the background mean intensity from the single-cell
mean intensity average.

Transfection assay

Analogous to the description in [61], transient transfection of
MSCs was performed using Cell Light® Reagent-GFP,
BacMam 2.0 (Thermo Fisher Scientific, USA) according to the
manufacturer’s recommendations. Briefly, MSCs were seeded
at a density of 1.5 x 10% cells per well onto 12-well plates in
complete growth medium. After the cells attached, BacMam 2.0
reagent was added at a concentration of 80 particles per cell
(PPC). Cell Light® Early endosomes-GFP, BacMam 2.0 was
used to label early endosomes (Rab5a-GFP expression), Cell
Light® Late endosomes-GFP, BacMam 2.0 was used to label
late endosomes (Rab7a-GFP expression), and Cell Light® Lyso-
somes-GFP, and BacMam 2.0 was used to label lysosomes
(Lamp1-GFP expression). The cells were transfected for 72 h.

QD localization study

Transfected MSCs were trypsinized and seeded onto 8-well
chambered coverslips (Nunc, Thermo Fisher Scientific, USA) at
a density of 3 x 10 cells per well in medium to adhere
overnight, and 16 nM of QDs diluted in complete growth medi-
um were added, followed by incubation for 30 min and 1, 6, 24
and 48 h. After incubation, the medium was aspirated and each
well was rinsed with PBS. To label nuclei, Hoechst 33342
(Sigma-Aldrich) was diluted in a complete growth medium to a
concentration of 25 pg/mL and added to the wells, and the cells
were immediately imaged with a laser scanning confocal micro-
scope (Nikon Eclipse TE2000-S, C1 Plus (Nikon, Japan)) using
an oil-immersion 60x NA1.4 objective (Plan Apo VC (Nikon,
Japan)). A diode laser (404 nm) was used for Hoechst, an argon
ion laser (488 nm) for GFP, and a helium-neon laser (543 nm)
for QDs. The images were captured with the EZ-C1 v3.90
image analysis software (Nikon, Japan) and further processed
using EZ-C1 Bronze v3.80 (Nikon, Japan) and ImagelJ 1.48
(National Institute of Health, USA) software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Soft-
ware (Graph Pad Inc., USA). The data are expressed as the rep-
resentative results or the means of at least three independent ex-
periments +/- standard error of the mean. Statistical signifi-
cance was analysed using one-way ANOVA. Significance
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was represented as *p-value < 0.05, **p-value < 0.01,
***p-value < 0.001.
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Purpose: Cell-mediated delivery of nanoparticles is emerging as a new method of cancer
diagnostics and treatment. Due to their inherent regenerative properties, adult mesenchymal
stem cells (MSCs) are naturally attracted to wounds and sites of inflammation, as well as
tumors. Such characteristics enable MSCs to be used in cellular hitchhiking of nanoparticles.
In this study, MSCs extracted from the skin connective tissue were investigated as transporters
of semiconductor nanocrystals quantum dots (QDs).

Materials and methods: Cytotoxicity of carboxylated CdSe/ZnS QDs was assessed by lactate
dehydrogenase cell viability assay. Quantitative uptake of QDs was determined by flow cytom-
etry; their intracellular localization was evaluated by confocal microscopy. In vitro tumor-tropic
migration of skin-derived MSCs was verified by Transwell migration assay. For in vivo migration
studies of QD-loaded MSCs, human breast tumor-bearing immunodeficient mice were used.
Results: QDs were found to be nontoxic to MSCs in concentrations no more than 16 nM.
The uptake studies showed a rapid QD endocytosis followed by saturating effects after 6 h of
incubation and intracellular localization in the perinuclear region. In vitro migration of MSCs
toward MDA-MB-231 breast cancer cells and their conditioned medium was up to nine times
greater than the migration toward noncancerous breast epithelial cells MCF-10A. In vivo,
systemically administered QD-labeled MSCs were mainly located in the tumor and metastatic
tissues, evading most healthy organs with the exception being blood clearance organs (spleen,
kidneys, liver).

Conclusion: Skin-derived MSCs demonstrate applicability in cell-mediated delivery of nano-
particles. The findings presented in this study promise further development of a cell therapy
and nanotechnology-based tool for early cancer diagnostics and therapy.

Keywords: mesenchymal stem cells, tumor tropism, quantum dots, nanoparticles, tumor-specific
delivery, immunodeficient mice

Introduction

Despite advances made in cancer therapy, it is generally accepted that conventional
treatment methods are not sufficient to permanently eliminate cancer and cancer
stem-like cells." Nanotechnology emerged as one of the most promising solutions;
however, nanoparticles themselves lack specificity to tumors, and thus, cell-based
therapies were proposed. Out of all potential human cell sources, human mesen-
chymal stem cells (MSCs) were introduced as the most promising. MSCs do not
evoke ethical controversy, have no tissue compatibility issues, and possess low
tumorigenicity risk.>* MSCs are non-hematopoietic spindle-shaped fibroblast-like
cells derived from the mesoderm.* MSCs possess self-renewal and immunomodulatory
properties, are capable of transdifferentiation, and participate in wound healing, bone
regeneration, angiogenesis, and homeostasis.” Due to these characteristics, MSCs
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hold great promise in the treatment of wounds, degenerative
diseases, and other pathologies.® Cancer cells secrete various
chemokines similar to the ones produced in the lesion sites;’
therefore, tumors are sometimes called wounds that do not
heal.!” MSCs have chemokine receptors!! and a tendency to
migrate through the chemokine gradient toward the tumor.'>!3
Owing to these tumor-tropic properties, MSCs could be used
to transport therapeutic molecules directly to cancerous
tissues. MSC-mediated transportation of different signal-
ing molecules (interleukins, interferons, chemokines),'*!*
genetically modified viruses,'® gene therapy components,!”
chemotherapeutic drugs and prodrugs'®!® are already topics
of research. There are also successful studies investigating
the use of MSCs in transportation of nanoparticles — one of
the main achievements was the delivery of optically active
nanoparticles via MSCs across the blood-brain barrier and
homing to glioblastomas.?**! Knowledge about MSC tumor-
tropic properties and their potential to perform tumor-directed
delivery of nanoparticles opens the way to novel therapy.

Of'the wide variety of nanoparticles investigated, quantum
dots (QDs) have perhaps the most extensive applications.
QDs exhibit unique photophysical properties. Some of the
most desired characteristics of QDs are broad excitation
and a narrow photoluminescence (PL) emission spectra.?
Together with the quantum confinement effect, which imple-
ments the size-dependent PL emission of QDs, such spectral
characteristics enable the use of several QDs with different
wavelengths in a single experiment and the construction of
nanocrystals that fluoresce in a tissue optical window.”?* QDs
are also characterized by their brightness and high photosta-
bility.> These optical properties permit QDs to be used in
long-term tissue imaging and in vivo cell tracking. QDs have
already been employed to track MSCs in regenerative or cancer
therapies due to their superior in vitro cell tracking capability
compared to commercial cell trackers.> The large surface area
of nanoparticles allows the attachment of multiple biologically
active molecules, such as proteins, drugs, photosensitizers,
and/or antibodies.?* Thus, QDs could combine a cell-imaging
probe and a tumor-targeting agent in one platform.

Most researchers use bone marrow!>?2¢ or adipose
tissue-derived'$?*3* MSCs. In this study, we used human der-
mal MSCs. The successful application of dermal MSCs for
the delivery of nanoparticles would be highly advantageous
because of the high tissue accessibility and tractability.*!
MSCs are abundant in skin tissues and can be obtained
with minimally invasive procedures. In addition, after
some surgeries, the skin tissue is considered a surgical waste
and, therefore, could be used for a cost-effective appliance

in cancer treatment. Post-surgery material gathered after
liposuction,® amputations,* or surgical debridement** has
already been suggested as a source of MSCs.

We used Invitrogen Qdot® 625 ITK™ Carboxyl QDs to
investigate the effect of nanoparticles on MSC migration
in vitro and in vivo. Here, we identified the optimal nontoxic
concentration of QDs, internalization dynamics of QDs into
MSCs, nanoparticle intracellular localization, and most
importantly, the QD-loaded MSC ability to migrate toward
cancer cells in vitro and in vivo. Altogether, the results pre-
sented in this article show the promising potential of MSCs
to be used as nanoparticle carriers to the tumors.

Materials and methods

Materials

Qdot 625 ITK nontargeted carboxyl-coated QDs used in
the study were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). QDs consisted of CdSe/ZnS core/
shell and were coated by carboxylic acid—functionalized
polyethylene glycol (PEG) lipids, and had a strong emission
in the red region with the emission peak at 625 nm. Atomic
force microscopy and dynamic light scattering data showed
mean nanoparticle size to be ~14.5 nm (Figure 1).

Mouse anti-human monoclonal antibodies were the fol-
lowing: CD44 conjugated with Alexa Fluor® 488 (BioLegend,
San Diego, CA, USA), CD90 conjugated with fluorescein iso-
thiocyanate (FITC) (Dako Denmark A/S, Glostrup, Denmark),
CD73 conjugated with phycoerythrin (PE; BD Biosciences,
San Jose, CA, USA), CD105 conjugated with allophycocya-
nin (APC) (R&D Systems, Minneapolis, MN, USA), CD45

22.5nm

I AFM data
—=— DLS data

Frequency

N
N

0.0+
0 5 10 15 20 25

QD diameter (nm)

Figure | Analysis of QD size measured using AFM and DLS, and representative
AFM micrograph of QDs dispersed on freshly cleaved mica surface.

Notes: The hydrodynamic diameter was measured using a DLS device Zeta Plus
PALS (Brookhaven Inc., Holtsville, NY, USA). AFM Innova (Veeco Inc,, Plainview, NY,
USA) was used for QD imaging in the tapping mode using silicon nitride probes.
Abbreviations: AFM, atomic force microscopy; DLS, dynamic light scattering;
QDs, quantum dots.
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conjugated with FITC, CD34 conjugated with PE, CD14
conjugated with APC, CD184 (CXCR4) conjugated with PE
(all four from BD Biosciences). The lactate dehydrogenase
(LDH) cytotoxicity detection kit CytoTox 96® was purchased
from Promega (Madison, WI, USA).

Primary cell cultures and cell lines

Primary human skin MSCs used for this study were sup-
plied by a frozen primary cell bank established from
cultivated dermis-derived adherent cells, isolated from post-
surgery materials as described earlier.>> MSCs were used
in accordance with authorized approval from the Institute
of Experimental and Clinical Medicine Ethics committee,
University of Latvia (issued on 04.06.2014). Skin MSCs were
grown in DMEM with F12 Nutrient mixture (DMEM/F12,
3:1 v/v; Thermo Fisher Scientific) supplemented with 10%
of fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO,
USA) and 1% antibiotics (100 U/mL penicillin, 100 pg/mL
streptomycin; Biochrom, Berlin, Germany). MSCs used in
the experiments were between passages 4 and 8. To ensure
the consistency of the results and prevent donor-dependent
variations, MSCs from a single donor were used in all the
experiments, if not stated otherwise.

Human breast cancer cell line MDA-MB-231 (ATCC
HTB-26™) and human mammary epithelial cell line MCF-
10A (ATCC CRL-10317™) were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA). MDA-MB-231 cells were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS and
1% antibiotics. MCF-10A cells were cultured in HuMEC
Basal Serum-Free Medium supplemented with 1% HuMEC
supplement, 0.4% bovine pituitary extract (all from Thermo
Fisher Scientific), and 1% antibiotics.

Cells were cultured and passaged in 25-75 cm? cell
culture flasks with up to 90% confluence with complete cell
culture medium. Cells were grown in a humidified chamber
at 37°C with 5% CO,.

Immunostaining of MSCs

MSCs were characterized by the criteria set by the Interna-
tional Society of Cellular Therapy.** Immunophenotype of
MSCs was detected by staining 1x10° cells using antibodies
against mesenchymal markers CD90, CD73, CD105, and
hematopoiesis markers CD45, CD34, CD14, according to
the manufacturer’s instructions. Additionally, cells were
stained with CD184 to detect the amount of CXCR4 on the
membrane of MSCs. Stained and washed cells were analyzed
with a flow cytometer.

Optimization and quantification of QD
internalization

Maximum nontoxic QD concentration was determined using
standard LDH cytotoxicity assay. MSCs were seeded into
96-well plates at a density of 5x10° cells per well in 100 uL
of complete medium. After 24 h, the growth medium was
supplemented with increasing concentrations of QDs varying
from 0.8 to 80 nM. Cells were incubated with QDs for 24 and
48 h. A few wells were chosen as a positive control. Positive
control cells were lysed with lysis buffer. After incubation,
CytoTox 96 reagent was added to the wells. After 30 min,
the stop solution terminated the reaction and the absorbance
at 490 nm was measured using Infinite 200 PRO (Tecan,
Minnedorf, Switzerland). Toxicity was determined by the
following formula:

OD,,, of the cells with QDs

Toxicity, % =100 x
OD,, of lysed cells

where OD is optical density.

Quantitative accumulation of QDs was performed seeding
MSCs into six-well plates at a density of 1x10° cells per well
in 2 mL of complete medium. After 24 h, QDs were added
to the culture medium to a final concentration of 16 nM.
The incubation was carried out from 1 min to 48 h. After the
appropriate incubation time, the monolayer of the cells was
washed three times with PBS (Biochrom), trypsinized, and
centrifuged (200x g for 5 min). The cells were resuspended
in 100 uL PBS and analyzed with a flow cytometer.

Intracellular localization

MSCs were seeded in eight-well chamber slides (Nunc
Lab-Tek II; Thermo Fisher Scientific) at a density of 3x10°
cells per well in 400 puL of complete medium. After 24 h,
the QDs were diluted in the complete growth medium to a
concentration of 16 nM and poured over the cells. The cells
were incubated for various time points ranging from 15 min
to 48 h. After incubation, the cells were washed a few times
with Dulbecco’s PBS (Thermo Fisher Scientific) to prevent
cell detachment. Cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 15 min, permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich) for 4 min, and blocked with 1%
bovine serum albumin (Sigma-Aldrich) for 20 min. Cells
were incubated with 15 U/mL Alexa Fluor 488 Phalloidin
(Thermo Fisher Scientific) for 30 min to label actin
filaments. Nuclei were stained with 25 ug/mL Hoechst 33258
(Sigma-Aldrich) for 30 min. Slides were mounted with Qdot
Mounting media (Thermo Fisher Scientific).
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In vitro migration

The tropism of MSCs to tumor cells was determined using
Transwell® Permeable Support inserts (Corning Inc., Corning,
NY, USA). MDA-MB-231 and MCF-10A (1x10° cells/well)
cells were seeded onto lower wells of 24-well plates in 600 pL
of a serum-free medium. The remaining wells contained
MDA-MB-231—conditioned medium (filtered [0.22 um filter]
serum-free medium in which MDA-MB-231 cancer cells had
been cultured for 24 h), MSC growth medium supplemented
with 20% FBS (positive control), or serum-free medium
(negative control). After 24 h, QD-loaded and unlabeled
MSCs were resuspended in 100 pL of serum-free medium and
placed onto polycarbonate membrane inserts with 8 jim pores
(3x10* cells/insert). MSC-containing inserts were positioned
in the lower wells. MSCs were allowed to migrate through
the pores for 24 h under standard cultivation conditions (37°C
with 5% CO,). Nonmigratory cells were wiped away from the
inside of the insert using a wet cotton bud. Migratory cells
were fixed with 4% paraformaldehyde for 15 min and stained
with 25 pg/mL Hoechst overnight. The migrated MSCs were
examined under the confocal microscope. Results were evalu-
ated by directly counting the number of migrated cells in at
least five fields. The data were normalized according to the
MSC migration toward positive control, which represented
100% migration. Results are presented as a mean + SD. To
determine whether in vitro cell migration depends on the
donor, MSC migration toward MDA-MB-231 cells, FBS-
supplemented and FBS-free medium was tested with, overall,
three different donors.

Animals and tumor model

Experiments were performed on 6-week-old female CB17
SCID mice (Taconic Biosciences, Lille Skensved, Denmark).
Mice were maintained at a constant temperature (22°C+1°C),
relative humidity 55%+10%, and a photoperiod (12 h light/
dark cycle). Animals were acclimatized for 7 days before
each experiment. The animals were provided with auto-
claved rodent chow (Diet 4RF25; Mucedola, Milan, Italy)
and purified water ad libitum. Animal experiments were
approved by the Animal Care and Use Committee of the
State Food and Veterinary Service (approval No G2-29),
and all procedures were in accordance with the guidelines
for animal research set out in the European Union Directive
2010/63/EU and national regulations. Mice were inoculated
with 2x10° MDA-MB-231 cells in a volume of 200 puL
growth medium into adipose tissue around the nipple using
23G needles. The tumor volume was estimated by mea-
suring three orthogonal diameters (L [length], W [width],
H [height]) with calipers; the volume (V) was calculated as

follows: V = (L x W x H) x0.523. The migration studies were
performed when the tumor size reached 300 mm?, generally
50-60 days after inoculation. At least five mice were used
in the experimental groups.

In vivo migration

After the tumors were formed, 5x10° QD-loaded MSCs were
injected subcutaneously (in 200 uL growth medium) ~5 mm
below the tumor with 23G needles. Control mice were
injected with a sterile saline solution. The mice were left for
24 h or 7 days in standard conditions. After the appropriate
time, mice were sacrificed and tumor, peritoneum from MSC
injection site, lungs, kidneys, brain, heart, spleen, liver, and
metastases (if found) were taken. The organs were either cut
into slices with cryomicrotome (10 um slice thickness) or
homogenized and analyzed with flow cytometer. Slices were
analyzed with confocal microscope to get fluorescent images
and later stained with hematoxylin and eosin to get respec-
tive histologic images. For the flow cytometric analysis, the
organs were minced and digested with 0.25% trypsin/EDTA
(Biochrom) for 30 min with continuous shaking at 37°C.
After enzymatic dissociation, the suspension was rigorously
pipetted with a cut pipette tip. The digested tissues were
passed through 70 um filters to obtain a single cell suspension,
mixed with 10% FBS/PBS solution, and centrifuged at 400x g
for 5 min. The cells were resuspended in PBS and counted.
Then, 1x10° cells were stained with anti-CD44 antibody for
30 min, washed, and analyzed with a flow cytometer.

Flow cytometry

Flow cytometric analyses were performed using Accuri
C6 (Accuri Cytometers, Inc., Ann Arbor, MI, USA) or
Guava EasyCyte (Merck Millipore, Billerica, MA, USA)
flow cytometers. A minimum of 10,000 viable cells were
acquired. The data were analyzed with FlowJo (Tree Star,
Inc., Ashland, OR, USA) and Accuri C6 software (Accuri
Cytometers, Inc.).

Laser scanning confocal microscopy

Samples were examined under the Nikon Eclipse TE2000-U
microscope (Nikon, Yokohama, Japan) with the confocal laser
scanning system Clsi (capable of 32-bit spectral imaging).
Imaging was performed by scanning with the beam of diode
laser (404 nm) for Hoechst, argon ion laser (488 nm) for
Alexa Fluor 488, and helium-neon laser (543 nm) for QDs
using oil immersion 60x NA 1.4 objective (Plan Apo VC;
Nikon). Three different band pass filters were used —450/35
for Hoechst, 515/30 for Alexa Fluor 488, and 605/75 for
QDs. Image processing was performed using EZ-C1 Bronze
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version 3.80 (Nikon) and ImageJ 1.48 (National Institute of ~ concentrations of nanoparticles and different incubation

Health, Bethesda, MD, USA) software. time points, we detected that 16 nM was the maximum QD
concentration that did not cause any cytotoxicity to MSCs
Statistical analysis even after 48 h of treatment (Figure 3A). Higher concentra-

Data are shown as the representative result or as the mean  tions of QDs caused only minor toxicity (1.7%—-5%). Hence,
of at least three independent experiments + SD. Statistical 16 nM concentration was used in the following experiments.
analyses were performed using the two-tailed Student’s  The negative value seen in Figure 3A is due to the increased
t-test; differences were considered significant at p=0.05, metabolic activity of MSCs after incubation with nanopar-
and p-values are shown in figures where needed. ticles, because the assay measures LDH activity in the cells.

This shows the stimulating effect of nanoparticles on growth

Results and proliferation of MSCs. Such an effect was also noticed
Characterization of MSCs by other authors.®**2
The cells isolated from donor skin tissue were plastic adher- To optimize the uptake of nanoparticles, the effect of the

ent and had fibroblast-like spindle-shaped morphology  incubation time was assessed and a quantitative accumulation
(Figure 2A). The ability of the cells to differentiate into  curve was acquired (Figure 3B). The curve corresponded
adipocytes, osteocytes, and chondrocytes was evaluated  to the standard S-shaped sigmoid QD accumulation curve
earlier.’”*® The cultured cells were >95% positive for the  (lag, growth, and saturation stages).* For the first hour, the
expression of mesenchymal markers CD90, CD73, and QD PL signal was low; after an hour, the PL signal sharply
CD105, and displayed no expression (=0.5%) of hematopoi-  increased until 6 h at which time the transitional phase was
etic markers CD45, CD34, and CD14 (Figure 2B). Accord-  reached. Since the results showed that incubation for 6 h is
ing to the criteria defined by the International Society for  sufficient to obtain the early saturation phase of accumula-
Cellular Therapy,* cells used in this study were considered  tion, 6 h incubation time point was chosen as the optimal QD

to be MSCs. incubation time (Figure 3B).

Optimization and quantiﬁcation of QD Intracellular localization

internalization Using laser scanning confocal microscope, the uptake and
For MSCs to be used as nanoparticle vehicles, the optimal  intracellular localization of QDs was detected (Figure 4).
conditions for maximum QD loading must be established. The attachment of QDs to the cell membrane was rapid and

To evaluate the possible cytotoxic effect of nanoparticles  occurred as early as 15 min incubation (Figure 4, insert a),
and determine the maximum tolerated QD concentration, — and was followed by the endocytosis of nanoparticles. The
standard LDH cytotoxicity assay was used. Using various  uptake was first detected after 1 h and increased gradually
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Figure 2 (A) Morphology of isolated dermal MSCs. Magnification 10x, scale bar 400 um. (B) Immunophenotype of MSCs.

Notes: Black curve, control; green, t | markers; red, h poiesis markers. Percentage shows positive events.
Abbreviation: MSCs, mesenchymal stem cells.
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Abbreviations: MSCs, mesenchymal stem cells; PL, photoluminescence; QDs, quantum dots.

with the incubation time. QDs were localized inside the
vesicles, demonstrating that endocytosis was their entry
pathway (Figure 4, insert b) — our previous study on QD
microinjection, mimicking passive diffusion of nanoparticles,

15-30 min

Figure 4 Confocal micrographs showing intracellular localization of QDs in MSCs.

demonstrated that after microinjection or membrane dam-
age, the QDs were uniformly dispersed in the cytoplasm
of the cells and did not form any vesicular structures,
proving endocytosis is responsible for vesicle formation.*’

Notes: Blue, nuclei (Hoechst); green, actin (Alexa Fluor 488° Phalloidin); red, QDs. Magnification 60x, scale bar 15 um. White squares (a-d) mark the zoomed parts shown

in the inserts. Inserts scale bar 10 um.
Abbreviations: MSCs, mesenchymal stem cells; QDs, quantum dots.
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After 6 h, all MSCs had incorporated QDs and the endocytic
vesicles with nanoparticles inside were spread all over the
cytoplasm. After 24 h, the vesicles with QDs merged into
multivesicular body-like structures that localized mostly in
the perinuclear region (Figure 4, insert d). Along with the
intracellular localization, the size of the vesicles containing
QDs also changed over time (Figure 4, inserts). QDs were
not detected in the nuclei.

In vitro migration

Several studies** demonstrate the tendency of MSCs to
migrate to the sites of the tumor. Therefore, to investigate
whether skin MSCs possess the same properties, we simulated
the migration of MSCs toward cancer cells (MDA-MB-231)
and noncancerous breast epithelial cells (MCF-10A) using
Transwell migration assay. During the assay, all the cells
were incubated in serum-free medium to prevent nonspecific
chemotactic movement toward the serum.

The excessive migration toward positive control (growth
medium supplemented with 20% serum) showed that even
after the prolonged ex vivo cultivation, MSCs retained their
migratory capabilities (Figure SA, B). The migration toward
MDA-MB-231 cancer cells was thirty times greater than
the random undirected cell migration toward serum-free
medium (negative control), as shown in Figure 5C. In order
to verify that MSCs do not migrate toward all types of cells
including healthy tissue, cell migration toward nonmalignant

breast tissue epithelial cells MCF-10A was tested. The results
demonstrate that the migration toward healthy breast tissue
cells was the same as an undirected MSC migration (<2%).
The migration toward MDA-MB-231—conditioned medium
(~33%) proved that cancer cells secrete soluble molecules
stimulating MSC migration (Figure 5C). Furthermore, the
impact of nanoparticles on the migration of MSCs was
evaluated when comparing the migration of QD-loaded and
unlabeled MSCs. QDs did not reduce the MSCs’ ability
to migrate, as there were no statistically significant differ-
ences between nanoparticle-labeled and unlabeled MSCs
(Figure SA-C).

To detect whether in vitro migration of MSCs depends
on the donor, we tested the migration of MSCs extracted
from three different donor skin tissues (Figure 6). The results
showed no differences in migration toward positive and
negative controls between different donor cells. Yet, some
differences arose in migration toward cancer cells — one out
of three donor MSCs displayed higher in vitro migration both
with and without QDs.

In vivo migration

In vitro migration experiment showed that MSCs have a
predisposition to migrate specifically to cancer cells while
avoiding healthy cells (Figure 5); thus, the in vivo experi-
ment with human breast tumor-bearing immunodeficient

mice was performed. Confocal micrographs of tumor and
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Figure 5 In vitro migration of MSCs.

Notes: MSCs (A) with QDs and (B) without QDs migrated through 8 im pores toward a growth medium supplemented with 20% FBS. White arrows in (A) show some
of the QDs. Cells were stained with Hoechst (nucleus stain); red, QDs. Magnification 10X, scale bar 200 um. (C) MSC in vitro migration toward various chemoattractants.
Error bars represent the SDs. Data were normalized according to the migration toward 20% FBS (positive control). p-values show significant differences compared to the
negative control (FBS-free medium).

Abbreviations: FBS, fetal bovine serum; MSCs, mesenchymal stem cells; QDs, quantum dots.
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metastasis cryosections showed red QD PL (Figure 7A and D).
Interestingly, QD-labeled MSCs were distributed throughout
the entire tumor (Figure 7A—C), while in the metastatic tis-
sue, most QDs were detected in cells of different morphology
(Figure 7D-F).

In parallel, tissue homogenates were analyzed with a
flow cytometer. To accurately evaluate QD-positive cells,
homogenized samples were stained with anti-human CD44

antibody that binds only to cancer cells and MSCs. It was
discovered that up to 19% of tumor cells were QD-positive
cells (Figure 8A). During the tumor formation period, several
mice developed spontaneous metastases due to rapid tumor
growth. It was a good chance to investigate the accumulation
of MSCs at the metastasis site. Up to almost 7% of the cells
constituting the metastases were identified as QD positive
(Figure 8B). A comprehensive flow cytometric analysis was

Figure 7 Micrographs showing QD-loaded MSCs in (A-C) tumor and (D-F) metastatic tissues. (A, D) PL, (B, E) PL and autofluorescence, (C, F) respective morphologic

images (H&E staining).
Note: Scale bar 50 um.

Abbreviations: H&E, hematoxylin and eosin; MSCs, mesenchymal stem cells; PL, photoluminescence; QDs, quantum dots.
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carried out with healthy mice organs as well. Set side by side,
it became obvious that the largest number of QD-positive
cells was detected in the tumor. However, after a week,
the amount of tumor-residing QD-labeled cells decreased
approximately two times (Figure 8C). Twenty-four hours
after the injection of MSCs, a statistically significant amount
of QD-loaded MSCs was detected in the spleen and kidneys.
After 7 days, the amount of QD-positive cells decreased and
of all healthy mice organs, they were detected mainly in the
liver. The highest accumulation of MSCs in mice organs was
in the body parts responsible for filtration and clearance of
blood and lymph (liver, spleen, kidneys), which indicates
that after 7 days MSCs redistributed into the liver or were
cleared from the mice (Figure 8C). The amount of MSCs
found in the MSC injection site remained similar throughout
the experiment.

Discussion

Nanoparticles might become a preferential choice in the future
instead of conventional cancer treatment. Due to exceptional
physical, chemical, and optical characteristics, nanoparticles
are ideal candidates for early cancer diagnostics and great
benefits are anticipated for cancer therapy. Although it is
claimed that nanoparticles should accumulate specifically

inside the tumor due to the enhanced permeability and
retention effect,’” passive accumulation lacks specificity to
tumors.** As a result, functionalization of nanoparticles using
various targeting molecules — ligands, peptides, antibodies,
and so on — became a natural choice. There were attempts
to use antibody-conjugated QDs for cancer cell imaging and
tracking.*** We previously showed that the antibody—QD
complex not only recognizes its specific antigen, but also is
engulfed inside the cells, while antibodies conjugated with
commonly used organic fluorophore FITC remained on the
cell membrane.” Although these results show promising
potential of antibody—nanoparticle complexes to be used in
both diagnostics and therapy, the success of such therapy
is limited due to lack of tumor-specific antigens.”' Ergo,
nanoparticle transportation using cells that are naturally
attracted to tumors emerged as a potential treatment method.
MSCs have natural stealth properties and are able to cross
biologic barriers.’>** Thus, MSCs hold a tremendous potential
for being employed in anticancer therapy as drug delivery
vehicles. In addition, nanoparticle-labeled MSC homing to
cancerous tissue would add great benefit to visualization of
tumors and/or metastases and their response to treatment.
In this study, we analyzed the toxicity, accumulation pat-
terns, and both in vitro and in vivo migration of QD-loaded
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dermal MSCs. We have shown that commercially available
QDs are nontoxic to MSCs (Figure 3A), are efficiently and
rapidly taken up by the cells (Figure 3B), and are localized
in endocytic vesicles in the perinuclear region (Figure 4).
Despite studies showing nanoparticle anchoring to the outer
cell membrane,’*> QD internalization by MSCs is more
common.**>* Nanoparticle uptake and localization inside
the cytoplasm is more advantageous as it leaves the cell
membrane unaltered since the nanoparticles do not block
cellular receptors. Internalization can also protect QDs from
interacting with healthy tissue in vivo and from the unpre-
dictable detachment during cargo transportation.® QDs did
not penetrate into the nucleus of MSCs (Figure 4), hence
minimizing the potential genotoxicity caused by the binding
of nanoparticles to DNA.®

Most importantly, our results showed that MSCs,
extracted from the skin connective tissue, were able to
migrate toward cancer cells in vitro and in vivo (Figures 5-8).
The migration capability toward cancerous tissue is a pre-
requisite for MSCs to be used in targeting tumor cells. We
successfully simulated directional migration of MSCs toward
human breast cancer cells and their conditioned medium
in vitro. Our results complement the evidence that MSCs tend
to migrate toward cancer cells,'!® cancer cell-conditioned
medium,®" and growth medium, supplemented with recom-
binant proteins found in cancer cell-conditioned medium,*
verifying that cancer cells secrete molecules promoting MSC
migration. The key molecules inducing MSC migration
toward tumors supposedly are vascular endothelial growth
factor,” fibroblast growth factor 2,* stromal cell derived
factor 1 (SDF-1), chemokine (C-C motif) ligand 2, also
known as monocyte chemotactic protein-1,° and macrophage
migration inhibitory factor.’> MSC migration is suppressed
by antibodies against chemokine (C-X-C motif) receptor 4
(CXCR4)%7 or by receptor antagonists,'> proving SDF-1/
CXCR4 to be the main axis mediating MSC migration to
cancerous tissue.’! Our research shows that in comparison to
the chemotaxis toward highly potent chemoattractant (growth
medium supplemented with 20% serum), the migration
induced by cancer cells was mediocre (Figures 5C and 6).
However, this may be related to the fact that the conditions
under which MSCs are cultured in vitro are different from
the ones found in their natural in vivo niches.®® Therefore,
longer ex vivo cultivation leads to the reduced expression
of receptors responsible for cell migration toward malignant
cells (eg, CXCR4).% The receptor for SDF-1 — CXCR4 — is
found on both the cancer cell membrane as well as MSCs;
thus, it participates in tumor metastasis if overexpressed in

cancer cells” or partakes in MSC migration toward the tumor
if found on MSCs.” To detect the level of CXCR4 in skin
MSCs, we performed additional flow cytometric analysis
on MSCs using anti-CXCR4 monoclonal antibody. The
study revealed that our cultured MSCs have only 4%%2.1%
CXCR4-positive cells (Figure S1). Shen et al also found 4.1%
CXCR4 expression in umbilical cord MSCs,’ while Shi et
al found an almost negative CXCR4 cell surface expres-
sion in fetal bone marrow MSCs; whereas, upon cytokine
stimulation, the amount of CXCR4 increased to 55.7%." The
poor expression of CXCR4 might be the reason for weak
MSC migration to cancer cells both in vitro and in vivo and
should be increased before in vivo manipulation. Hypoxia,”
cellular modifications,” and preincubation with cytokines,
for example, interleukin-6 or hepatocyte growth factor,’ are
several strategies enhancing the migration of MSCs. Addi-
tionally, MSC migration potential might be donor dependent.
Figure 6 shows that MSC migration depends slightly on
the donor — one donor’s MSCs possessed higher than usual
migration toward cancer cells and such an effect must be
taken into account before choosing a donor as it would lead
to better outcome of the potential therapy.

Another important factor for low MSC engraftment is the
retaining properties of QDs. QD excretion from MSCs is a
topic of controversy. Although it has been noted that QDs
might leak from intact stem cells,’**77 it was also reported
that QD-labeled cells retain bright QD PL for a few weeks
and do not transfer nanoparticles to adjacent cells and host
tissues.>’®” Such disagreements might be explained by
different QD surface charges, as positively charged nano-
particles were used in most studies that showed QD leakage
from cells,’®”” while negatively charged nanoparticles were
retained inside the cells better.”®” Our previous in vitro
studies showed that QD PL decreases by 30% after the first
24 h most probably due to some degradation in lysosomes
and does not change after additional 24 hours.*

Our in vitro migration study showed that incubation with
QDs did not diminish cell migration, showing the biocom-
patibility of the nanoparticles used (Figures 5 and 6). These
results are in agreement with previous studies using MSCs
and nanoparticles.®8!

In vivo migration results with SCID mice revealed that
most MSCs were located in tumor tissue in comparison to
healthy organs and MSC injection site. The highest number
of MSCs was detected in the tumor 24 h postinjection, sug-
gesting that short periods are sufficient and most suitable for
MSCs to reach the tumor. We observed minor engraftment
of subcutaneously administered MSCs in organs comprising
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the mononuclear phagocyte system — liver, spleen, kidneys
(Figure 8C). Previous studies also have shown localization
of exogenously administered MSCs in the aforementioned
tissues.®” No distribution of MSCs was detected in other
healthy organs, including heart, brain, lungs. Although MSC
entrapment in the lungs is quite common due to the large
size of the cells (20-24 um) and the small lung capillaries of
diameter 10—15 um,® we detected only a slight engraftment
of MSCs in the lungs. Our findings concerning poor distribu-
tion of exogenously administered MSCs in healthy tissues
are in agreement with earlier reports.**¢ This property adds
to the benefits of MSC application in tumor-tropic therapy,
while avoiding multiorgan toxicity.

The role of MSCs in cancer development is a topic of
controversy. Although we did find encouraging data that QD-
loaded MSCs migrate toward breast tumor in vivo, it must be
taken into account that MSCs could act as pro-tumorigenic
due to paracrine stimulation that promotes metastases, angio-
genesis, immune system suppression, expansion of cancer
stem cells,¥”* as well as tumor suppressor agents through the
inhibition of migration, suppression of cell cycle, and apop-
tosis induction.”? Thus, to prevent therapy-induced tumor
progression, QDs ought to act as theranostic agents, combin-
ing diagnostics due to PL and therapeutics due to the attach-
ment of anticancer agents, for example, photosensitizers.
Such complexes have been already designed and tested as
effective tools for pancreatic cancer.”

Although we chose breast cancer as a tumor model, recent
studies show the applicability of MSC-based therapy for
the treatment of tumors of various locations, for example,
ovarian, liver,* lung,” and so on. A considerable amount of
research has been done on glioma models, as MSCs are able
to cross the blood-brain barrier and localize in intracranial
neoplasms.?3362

Adipose tissue- or bone marrow-derived MSCs are most
commonly used in tumor-tropic cell therapy researches.
To our knowledge, we are the first ones to use skin connective
tissue MSCs for tumor-tropic nanoparticle delivery. Using
skin MSCs for the delivery of anticancer agents would be
advantageous, since the skin tissue composes the widest area
and has the easiest accessibility in the human body.

Conclusion

In this study, we tested the ability of skin-derived MSCs to
be used as cellular nanoparticle vehicles and evaluated their
tumor-tropic migration toward breast cancer cells in vitro and
in vivo. We demonstrated that skin connective tissue MSCs
are able to selectively deliver QDs to human tumor xenograft

models. To our knowledge, this is the first time that skin MSCs
have been used in tumor-tropic in vitro and in vivo studies. We
suggest that QD-loaded skin MSCs could be a useful tool to
target cancer cells. However, further studies are necessary.
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Figure S| Flow cytometry histogram showing the amount of CXCR4 on the
surface of skin-derived MSCs.

Notes: Dotted line, negative control; solid line, CXCR4-PE labeled MSCs.
Percentage shows positive events.

Abbreviations: CXCR4, chemokine (C-X-C motif) receptor 4; MSCs, mesenchymal
stem cells; PE, phycoerythrin.
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We created a 3D cell co-culture model by combining nanoengineered mesenchymal stem cells (MSCs) with the metastatic breast
cancer cell line MDA-MD-231 and primary breast cancer cell line MCF7 to explore the transfer of quantum dots (QDs) to cancer
cells. First, the optimal conditions for high-content QD loading in MSCs were established. Then, QD uptake in breast cancer cells
was assessed after 24 h in a 3D co-culture with nanoengineered MSCs. We found that incubation of MSCs with QDs in a serum-

free medium provided the best accumulation results. It was found that 24 h post-labelling QDs were eliminated from MSCs. Our

results demonstrate that breast cancer cells efficiently uptake QDs that are released from nanoengineered MSCs in a 3D co-culture.
Moreover, the uptake is considerably enhanced in metastatic MDA-MB-231 cells compared with MCF7 primary breast cancer cells.

Our findings suggest that nanoengineered MSCs could serve as a vehicle for targeted drug delivery to metastatic cancer.

Introduction

The recent progress in the development of nanoscale agents
opens up new perspectives for targeted drug delivery in cancer
diagnostics, imaging and therapy. However, once administered
into the body, nanoparticles (NPs) are rapidly phagocytosed by
the macrophages and sequestered in the liver, spleen, and lymph
nodes [1,2]. To overcome this hurdle, targeted drug delivery

using nanoengineered cells with cancer homing capability has
emerged as an alternative approach. Based on the characteristic
tumour tropism, integration in tumour stroma and their immune
privileged nature, mesenchymal stem cells (MSCs) can be used
as a delivery vehicle for therapeutic and imaging agents, such as
drug-conjugated NPs [3,4]. MSCs are adult stem cells that can
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be isolated from various organs, including brain, liver, kidney,
lung, bone marrow, muscle, thymus, skin, adipose tissue, umbil-
ical cord and placenta [5]. MSCs express CD105 (SH2 or
endoglin), CD73 (SH3 and SH4), CD106 (VCAM-1), CD44
(hyaluronic acid receptor), CD90 (Thy 1.1), CD29, CD146 and
CD166 surface markers and can be induced to differentiate in
vitro into diverse lineages of mesodermal origin, such as
adipogenic, osteogenic and chondrogenic cells [6].

MSC-based therapies are being increasingly investigated for
their promising potential in cancer diagnostics and treatment
[5,7,8]. In vivo studies have demonstrated that MSCs can effec-
tively deliver nanorattle-encapsulated doxorubicin to U251
glioma cells and induce cancer cell apoptosis [9]. Moreover,
MSCs carrying poly(lactic-co-glycolic acid) (PLGA) NPs
linked with paclitaxel selectively accumulate in an orthotopic
A549 lung tumour model [2]. It has been reported that IFN-beta
secreting MSCs could integrate into A375SM melanoma
tumours to inhibit the growth of cancer cells [10]. Biolumines-
cent imaging has demonstrated the MSC tumour homing
ability in an in vivo xenogeneic breast carcinoma and
ovarian tumour model [11]. Lourenco et al. demonstrated that
the tumour homing capability in MSCs is induced by
MIF-CXCR4 chemotaxis and downstream activation of the
MAPK pathway [12]. QD-loaded MSCs have shown to migrate
towards tumours and metastases in human breast tumour bear-

ing mice [13].

It is generally accepted that 3D cell cultures are more similar to
the composition of tumour microenvironment in vivo compared
with 2D cell cultures [14-16]. Moreover, in vitro 3D cultures
could fill the gap between 2D in vitro testing and in vivo animal
models [17,18]. Spheroid-based 3D models are widely used to
test cancer cell growth/proliferation, invasion, angiogenesis,
and immune interactions and have been employed in drug
screening and the development of new therapies [15,16]. Gener-
ally, a nonadherent surface coating (i.e., polyHEMA), hanging-
drop assay or microfluidic devices are used to induce spheroid
formation [16,19-21].

In the current study, we established a 3D co-culture model
using QD-labelled MSCs to verify nanoparticle transfer be-
tween stromal and cancer cells in close spatial proximity. QDs
are semiconductor nanocrystals with improved light emission,
signal brightness, and resistance to photobleaching, thus making
them a suitable imaging agent for the modelling of nanoparticle
transfer [22].

The aim of the study was to demonstrate that nanoengineered
MSCs can serve as a delivery vehicle to target breast cancer
cells in a 3D co-culture model.

Beilstein J. Nanotechnol. 2018, 9, 321-332.

Results
Optimal quantum dot labelling conditions in

mesenchymal stem cells

The flow cytometry data revealed that MSCs incubated in
serum-free conditions accumulated more QDs compared with
cells incubated in complete medium. At a QD concentration of
2 nM, 100% of the cells were labelled with QDs in serum-free
medium, whereas a 100% positive cell population was achieved
after incubation with 16 nM QDs in complete medium
(Figure 1A). Fluorescence intensity analysis revealed that the
QDs accumulated in the cells in a concentration-dependent
manner. MSCs incubated with QDs diluted in the serum-free
medium accumulated 100-fold more QDs compared with
the complete medium (Figure 1B). Under serum-free
conditions, QD uptake saturation was achieved at 16 nM,
whereas no saturation was achieved in cells incubated with
QDs in complete medium even at a concentration of 32 nM
(Figure 1B).

Next, we analysed the MSC viability in response to intracel-
lular QD accumulation. Incubation time points were selected at
24 h and 48 h to identify the QD-induced cytotoxic effects. We
did not observe any cytotoxic effect on MSC viability when the
QDs were applied in complete medium (Figure 1C). On the
contrary, due to the 100-fold increase in the QD accumulation
ratio under serum-free conditions, the QD toxicity was ob-
served after 24 h of incubation with 32 nM and 64 nM QD by
30% and 50%, respectively (Figure 1D). Interestingly, the cyto-
toxic effect was not observed after 48 h of incubation with QDs,
which could be explained by the reduction of intracellular QD
concentration due to cell division. Thus, we chose a QD con-
centration of 16 nM as the optimal concentration for the
labelling of cells in complete medium, whereas 8 nM was

optimal for cell labelling in serum-free medium.

Mesenchymal stem cell 3D culture model

MSC aggregation could be observed 3—6 h after seeding on
poly(2-hydroxethyl methacrylate) (polyHEMA)-coated plates.
24 h later, the cells formed compact and dense floating spher-
oids of 100 um in diameter (Figure 2A,B). The diameter of the
spheroids further increased after 48 and 72 h (Figure 2A,B).
Z-scan measurements revealed that live cells were present
throughout the spheroid structure after 24 h of incubation (Sup-
porting Information File 1, Figure S2).

CD90 was used as a selective marker for MSCs because it is not
expressed in MCF7 and MDA-MB-231 cells [23]. To ensure the
stability of the selective marker, the expression of CD90 in 3D
MSC culture was monitored over time. After 24 h in spheroid
culture, 97% of MSCs remained CD90 positive, which was sim-
ilar to 2D culture [24]. However, after 48 h, 72 h and 96 h prop-
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Figure 1: Characterisation of the optimal quantum dot (QD) incubation conditions in mesenchymal stem cells (MSCs). QD uptake after 6 h of incuba-
tion in MSCs cultivated in complete or serum-free medium expressed as the percentage of QD-positive cells (A) and the QD accumulation intensity
(B). The impact of QDs on MSC viability after labelling in complete (C) and serum-free (D) medium following incubation for 24 h and 48 h.

**p-value < 0.01, ***p-value < 0.001.

agation on polyHEMA coatings, CD90 expression was reduced
to 92%, 81% and 88%, respectively (Figure 2C). Therefore, we
chose 24 h as the optimal incubation time for 3D cell co-culture
experiments to ensure the selectivity of the CD90 marker
towards MSCs.

Quantum dot signal stability in mesenchymal
stem cell spheroids

Next, we sought to determine the stability of the QD label in
MSC spheroids. QD release was estimated in MSCs that were
labelled with QDs in complete or serum-free medium in 2D cul-
ture and seeded on polyHEMA coatings to form spheroids.
After 24 h, only 56% of MSCs that were labelled with QDs in
complete medium and formed 3D structures had retained the
QD signal. Following 48 h and 72 h of incubation, the number
of QD-labelled MSCs in 3D culture decreased further to 33%
and 35%, respectively (Figure 3A). The rapid reduction in the
QD signal after 24 h was confirmed by fluorescence intensity
analysis (Figure 3B). On the contrary, 100% of MSCs that were
labelled in serum-free conditions remained QD positive until
72 h of incubation (Figure 3C). Despite the fact that 100% of

the MSC population was QD positive in serum-free medium
until 72 h, we observed a 5.5-fold/5-fold decrease in the fluores-
cence intensity, respectively, indicating that QD elimination
occurs (Figure 3D). As mentioned previously, a significantly in-
creased intracellular accumulation of QDs was observed in
serum-free medium (Figure 1A,B), and the QD elimination
effect was subsequently more pronounced (Figure 3D). Thus,
we chose to label MSCs with QDs in serum-free medium to
ensure the highest load of intracellular QDs for further 3D
co-culture experiments.

Quantum dot uptake in breast cancer cell 2D
and 3D monocultures

MCF7 and MDA-MB-231 cells formed loose, floating aggre-
gates in 3D culture conditions (Figure 4A). MCF7 and MDA-
MB-231 cells were labelled with 8 nM QDs in 2D and 3D cul-
ture to evaluate the differences in uptake efficiency under both
conditions. We observed that MCF7 cells exhibited increased
QD internalisation efficiency in standard culture conditions
(2D) compared with 3D culture (Figure 4B). To the contrary,
MDA-MB-231 internalised 6-fold more QDs in 3D culture
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compared with 2D (Figure 4B). Such discrepancy in uptake
efficacy might be associated with different endocytosis path-
ways. MCF7 cells internalised QDs through phagocytosis and
clathrin/caveolae-dependent endocytosis, whereas the clathrin/
caveolae-dependent pathway dominated in MDA-MB-231 cells
in monocultures (Supporting Information File 1, Figure S2).

Cell viability in 3D culture

Cells in a 3D culture formed floating and dense spheroids.
Therefore, we sought to analyse the effect of the 3D culture
conditions on cell viability (Figure 5). MSC and breast cancer
cell populations were distinguished by CD90 expression, thus
allowing viability estimations in each cell type separately. Cell
viability in 2D culture was greater than 95% (data not shown).
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MSCs cultivated in 3D monocultures were fully viable after
24 h; nevertheless, a distinct decrease in viability of 26% was
observed after 48 h (Figure 5A). MCF7 and MDA-MB-231 cell
viability was not changed after 24 h. However, after 48 h, the
viability of MCF7 cells was reduced by 31% (Figure 5A). The
viability of MDA-MB-231 cells remained unchanged after 24 h
and 48 h in 3D culture (Figure 5A). In 3D co-culture, MSC/
MCF?7 viability after 24 h decreased by 9%, of which 2%
accounted for MSCs and 7% for MCF7. In MSC/MDA-MB-
231 co-culture, 11% of cells were dead, of which 6% were
MSCs and 5% were MDA-MB-231 after 24 h of cultivation.
The cell survival rate in co-culture decreased after 48 h of prop-
agation. The viability of cells in MSC/MCF7 co-culture de-
creased by 23% (10% MSCs and 13% MCF7), whereas the
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Figure 5: The viability of mesenchymal stem cells (MSCs), MCF7 and MDA-MB-231 cells in spheroids. The viability of cells was analysed in 3D
monocultures (A) and 3D co-cultures (B) after 24 h and 48 h of cultivation on polyHEMA coatings. *p-value < 0.05.
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number of dead cells was 13% (6% MSCs and 7% MDA-MB-
231) in MSC/MDA-MB-231 co-culture after 48 h. Viability
was considered as another reason to select the 24 h incubation
in 3D co-culture as the optimal time point for the study.

Quantum dot transfer from mesenchymal

stem cells to cancer cells in 3D co-culture
The foremost aim of our study was to obtain experimental proof
that nanoengineered MSCs could convey the QDs to the cancer

Beilstein J. Nanotechnol. 2018, 9, 321-332.

cells in 3D co-culture conditions (Figure 6). Indeed, our data
clearly demonstrate that after 24 h in 3D co-culture, 18% of
MCF7 cells (Figure 6F) and 31% of MDA-MB-231 cells
(Figure 6G) had internalised QDs as noted by the appearance of
single QD label-positive cells in the lower right quadrant of the
dot plot. Importantly, 96% of the QD-loaded MSC population
was CD90 positive in 3D monoculture (Figure 6C). As ex-
pected, MCF7 (Figure 6D) and MDA-MB-231 cells (Figure 6E)
were CD90 negative in 3D monocultures. The QD transfer from
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Figure 6: Quantum dot (QD) uptake in MCF7 and MDA-MB-231 cells in 3D co-culture. (A) Morphology of MSC/MCF7 and (B) MSC/MDA-MB-231
spheroids after 24 h of co-culture. Scale bar — 400 um. (C) QD-loaded mesenchymal stem cells (MSCs), (D) MCF7 and (E) MDA-MB-231 cells were
stained with CD90 to distinguish MSCs and cancer cell populations. Lower right quadrant in the dot plot shows the single QD positive population (QD-
labelled cancer cells) in MSC/MCF7 (F) and MSC/MDA-MB-231 (G) 3D co-cultures. Representative data shown. (H) QD transfer efficiency from
MSCs to cancer cells illustrated by the percentage of QD-positive/CD90-negative cells (n = 3). ***p-value < 0.001.
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MSCs to cancer cells was also visualised by fluorescence
imaging where CD90-negative/QD-positive cells represented
cancer cells that have taken up the QDs released from MSCs
during 3D co-culture (Figure 7). The proof of principle was ad-
ditionally confirmed using cancer-cell-associated marker epithe-
lial cell adhesion molecule (EpCAM) in nanoengineered MSC
and MCF7 co-culture. Similarly to the previous data obtained
with CD90 as a selective marker in the co-culture model, the
QD transfer efficiency from nanoengineered MSCs to MCF7
cells was on average 18% (see Supporting Information File 1,
Figure S3).

Discussion

MSCs and the cancer cell 3D co-culture model described in this
study simulate tumour microenvironment conditions in vivo and
allow the evaluation of nanoparticle transfer between different
cell types. The most important finding in the current 3D co-cul-
ture model is that intercellular QD delivery occurs between
nanoengineered MSCs and breast cancer cells. The transcel-
lular crosstalk between stromal cells and breast cancer cells has
been studied previously in MSC/MDA-MB-231 co-cultures
using the hanging drop method [25]. Pietila et al. demonstrated
that cell—cell interaction is required for mortalin-conjugated
QD655 transfer from MSCs to cancer cells, whereas no QD

A
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transfer occurred in a trans-well 2D system lacking cell contact
[25]. The direct intercellular transfer of mortalin-QD655 be-
tween MSCs and breast cancer cells occurred through the
formation of nanotubes or cell-cell fusion [26-28]. Similarly,
it has been previously reported that QDs are actively trans-
ported between cardiac myocytes using membrane nanotubes
[29]. In our study, we demonstrate that MSCs efficiently
uptake QDs in serum-free conditions and then excrete the
QDs, which then accumulate in MDA-MB-231 and MCF7
breast cancer cell lines in the 3D co-culture (Figure 3C,D).
Noteworthy is that the permeability glycoprotein (P-glyco-
protein)-mediated excretion of QDs from stem cells has been
reported in other studies [30-32]. In our co-culture model, QDs
are likely lost from MSCs via P-glycoprotein excretion. In 3D
co-culture, MSCs and cancer cells are in close spatial prox-
imity (Figure 6A,B), thus facilitating the uptake of MSC-
excreted QDs by cancer cells. Our data demonstrate that phago-
cytosis and clathrin/caveolae-dependent endocytosis are the
major QD uptake pathways in MCF7 cells, whereas the clathrin/
caveolae-dependent pathway dominated in MDA-MB-231 cells
in monocultures (see Supporting Information File 1, Figure S1).
These findings are consistent with previous studies that demon-
strated clathrin-dependent endocytosis, micropinocytosis and
caveolae-mediated endocytosis as the main routes for NP

C

Figure 7: Fluorescence imaging of quantum dot (QD) intracellular accumulation in MCF7 and MDA-MB-231 cells during 3D co-culture. Nanoengi-
neered MSCs (A), MCF7 (B) and MDA-MB-231 (C) cells were stained with CD90 FITC to distinguish cell populations. Single QD-positive/CD90-nega-
tive cells observed in MSC/MCF7 (D) and MSC/MDA-MB-231 (E) co-cultures. White arrows indicate cancer cells with internalised QDs. Blue —

Hoechst, green — CD90 FITC, red — QDs. Scale bar — 20 pm.
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uptake in MCF7 and MDA-MB-231 cells [33-35]. Neverthe-
less, we were not able to analyse the uptake pathway in 3D
conditions likely due to poor inhibitor penetrance into the
spheroids.

In general, 3D cultures are extensively studied given their
potential to mimic cellular interactions and signal transduction
occurring in in vivo conditions [14]. Briefly, 3D cell culture for-
mation occurs on natural compounds, such as chitosan and
hyaluronic acid, or synthetic agents, such as polyHEMA and
poly(vinyl alcohol) (PVA) [14,36]. PolyHEMA has been widely
used to induce spheroid formation in cancer cells and cells from
healthy tissue [37,38]. Notably, the cell morphology and even
phenotype changes in 3D culture comparing to the conven-
tional 2D culture. We observed a decrease in the expression of
CD90 following 48 h propagation in 3D conditions, which
could be explained by a cell reaction to the change of the
microenvironment or cell differentiation [39,40]. Similar effects
were observed in bone marrow MSCs where CD29, CD44,
CD73, CD90, and CD105 expression decreased after 7 days in
3D culture. To the contrary, haematopoietic marker CD34 and
CD45 expression was increased [41]. CD90 is one of the key
markers used for MSC characterisation [24]. In our hands
Hoechst, 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO),
calcein, PKH67 and baculovirus gene transfer into mammalian
cells (BacMam) transfection lacked cell type- selective speci-
ficity (data not shown). Thus, we used CD90 as a selective
marker for MSCs because it is not expressed on MCF7 and
MDA-MB-231 cells [23]. Additionally, we used EpCAM as a
selective marker for breast cancer cells. It has been reported that
the MSC marker expression profile can be changed in a co-cul-
ture with cancer cells and vice versa [28,42]. Slight CD90
expression can be induced in cancer cells after 48—72 h [28].
Similarly, cancer cell markers such as EpCAM can be induced
in MSCs after 72 h of co-culture with breast cancer cells [42].
However, such marker induction has not been reported after
24 h of co-culture. Therefore, 24 h serve as a suitable co-cul-
ture time to analyse the QD transfer from MSCs to cancer cells.
EpCAM expression was detected only in MCF7 cells and not in
MDA-MB-231 cells, therefore the proof of principle of QD
transfer from nanoengineered MSCs to breast cancer cells was
demonstrated using MCF7 cells only (Supporting Information
File 1, Figures S3 and S4).

Cell viability in spheroids is another critical issue that could
affect the outcome of the co-culture experiment. In our study,
we did not observe the formation of necrotic cells after 24 h
(Supporting Information File 1, Figure S2), and cell viability
was not affected (Figure 5). The size of the spheroids increased
each day; therefore, a slight decrease in viability began after
48 h (Figure 5). The ability of the cells to survive in a 3D envi-
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ronment might be cell source dependent. For example, umbil-
ical cord MSCs did not form necrotic zones up to 11 days in the
3D culture [43].

Metastatic cancer cells are resistant to extracellular matrix
detachment-induced apoptosis (anoikis) [44]. Anoikis resis-
tance therefore determines the cell survival and behaviour in a
3D culture. It was previously shown that MDA-MB-231 cells in
3D culture remains viable up to 48 h; however, remarkable
MCFT7 cell death occurs after 24 h in a 3D culture [45]. Despite
the general assumption that the uptake processes of nutrients
and NPs are reduced in 3D culture, our data indicate that QD
accumulation is increased in MDA-MB-231 cells in 3D culture
conditions compared with 2D (Figure 4B). The same tendency
was also confirmed in our 3D co-culture study in which MDA-
MB-231 cells internalised almost twice as much QDs com-
pared with MCF7 cells (Figure 6F—H). Thus, we demonstrated
that nanoengineered MSCs could be a tool for targeting meta-
static breast cancer cells. It has been reported that metastatic
breast cancer cells demonstrate higher nanocarrier uptake effi-
ciency than MCF7 due to the overexpression of integrin recep-
tors which mediate the uptake of NPs through integrin receptor
mediated endocytosis [46].

Ex vivo injected MSCs have a relatively short lifespan within
the body. On average, 24 h after the injection, these MSCs are
relocated to the liver and spleen [47,48]. MSCs overexpress the
drug efflux transporter P-glycoprotein, which ensures rapid
excretion of toxic substances from MSCs. Thus, MSCs are an
excellent vector for low cytotoxicity anticancer drugs [4].
Sadhukha et al. demonstrated that nanoengineered MSCs home
to A549 lung cancer in vivo and remain there for at least 3 h,
which could be sufficient time to release drugs into the tumour.
The encapsulation of NP-linked anticancer drugs could ensure
metered drug release in tumours [2]. QD linkage to photosensi-
tisers, such as chlorin eg, causes damage to MiaPaCa2 cancer
cells via light-induced cytotoxicity, demonstrating a promising
approach for NP-based cancer therapies [49]. These approaches
indicate that MSCs could be used as potential drug delivery
vectors in tumour therapies.

Conclusion

In summary, we demonstrated the feasibility of a 3D co-culture
model to study targeted drug delivery by nanoengineered
MSCs. For NP delivery purposes, MSC labelling with QDs in
serum-free medium ensures increased loading efficiency. The
QD transfer from MSCs is more efficient in co-culture with the
metastatic breast cancer cell line MDA-MB-231 compared with
non-metastatic MCF7 cells. Thus, nanoengineered MSCs could
be considered as nanoparticle delivery vehicles to specifically
target metastatic breast cancer cells.
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Experimental

Cell culture

Primary human skin mesenchymal stem cells (MSCs) from
frozen primary cell stock were used in accordance with autho-
rised approval from the Institute of Experimental and Clinical
Medicine Ethics Committee, University of Latvia (issued
04.06.2014) as described previously [24]. The cells were propa-
gated in the medium Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (DMEM/F12) (3:1 v/v) supplemented
with 10% of fetal bovine serum (FBS) and antibiotics
(100 U/mL penicillin, 100 pg/mL streptomycin) (complete
MSC medium). Cell suspensions were propagated in tissue cul-
ture flasks until 80% confluence in a humidified chamber at
37 °C with 5% CO;. MSCs from passages 3 to 6 were used in
experiments. The cells cultivated in complete or serum-free me-
dium (DMEM/F12 3:1) were used for the experiments.

Human breast cancer cell lines MDA-MB-231 (ATCC HTB-
26™) and MCF7 (ATCC HTB-22™) were propagated in
DMEM supplemented with 10% FBS and penicillin/strepto-
mycin (100 U/mL and 100 pg/mL, respectively) (complete
cancer cell medium). The cells were cultured in 25 cm? poly-
styrene tissue culture flasks up to 90% confluence in complete
cell culture medium in a humidified chamber at 37 °C with
5% CO,.

For passaging, the cells were trypsinised using 0.25%
trypsin—EDTA solution. All cell reagents were purchased from
Sigma-Aldrich, St. Louis, MO, USA.

Establishment of 3D cell culture model

A poly(2-hydroxethyl methacrylate) (polyHEMA) coating was
prepared as described elsewhere [50]. In brief, the PolyHEMA
solution was poured into the wells of a 24-well tissue culture
polystyrene plate to cover the surface. The plate was then air
dried in a laminar airflow chamber overnight. The MSCs,
MDA-MB-231 and MCF7 cells were seeded at a density
5 % 10% cells per well on polyHEMA-coated plates in the com-
plete cell culture media. Then, the 3D spheroid formation was
analysed using an EVOS XL light transmission microscope at
24, 48 and 72 h (AMG, Washington, USA).

To distinguish between cell populations in the co-culture, CD90
was chosen as a selective marker for MSCs and EpCAM was
chosen as a marker for MCF7 cells. CD90 expression dynamics
were analysed in MSCs after 24, 48, 72 and 96 h of propaga-
tion in 3D culture. The spheroids were pelleted by centrifuga-
tion at 250 g for 5 min, trypsinised for 5 min at 37 °C to obtain
a single cell suspension, and finally centrifuged and suspended
in 100 pL of PBS. The samples were stained with FITC mouse
anti-human CD90 (clone SE10, BD Bioscience, Carlsbad, CA,
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USA) or FITC mouse anti-human EpCAM (clone EBA-1, BD
Bioscience, Carlsbad, CA, USA) for 30 min at room tempera-
ture. Flow cytometry data were acquired on a Guava EasyCyte
8HT flow cytometer and analysed by ExpressPro software
(Millipore, MA, USA).

Quantum dots

Qdot® 655 ITK™ non-targeted carboxyl-coated quantum dots
were purchased from Thermo Fisher Scientific, USA. The QDs
are composed of a CdSe core and ZnS shell coated with an
amphiphilic polymer and functionalised with carboxylate. The
QDs have an emission maxima of 655 nm. Xu et al. reported
that the hydrodynamic diameter of the nanoparticles is
14.55 + 4.157 nm and the zeta potential is —35.1 mV [51]. The
stock solution was prepared at a concentration of 8 uM in
50 mM borate with pH 9.0. Further preparations of the QD
solution are described at each methodological part separately.

Preparation of nanoengineered cells

Carboxyl QD655 (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) was used in the study. To estimate the optimal
QD concentration for uptake experiments, 5 x 104 MSCs were
allowed to adhere to 6-well tissue culture polystyrene (TCPS)
plates and cultured in the presence of QDs of 2 nM to 32 nM
concentration for 6 h in complete or serum-free medium. The
cells were then harvested by trypsinisation and resuspended in
200 pL PBS for further studies.

Cell viability assay

The effect of QDs on MSC viability was analysed using the cell
counting kit 8 (CCK8) (Sigma-Aldrich, St. Louis, MO, USA).
Briefly, 5 x 103 cells per well were seeded on a 96-well plate in
100 pL of complete medium. On the next day, QDs at concen-
trations ranging from 0.5 to 64 nM were added in serial dilu-
tions using a 2-fold dilution factor either in complete or serum-
free medium. The cells in complete medium were incubated
with QDs for 24 and 48 h. The cells in serum-free medium were
incubated with QDs for 6 h followed by replenishment with
fresh complete medium. The cells were subsequently incubated
for 24 and 48 h. After incubation, 10 uL of CCK8 reagent was
added to each well, and the cells were incubated for 2 h at
37 °C in 5% CO; and 90% humidity. The background signal
controls containing QDs at all tested concentrations in the
cell culture medium were introduced. The optical density
was measured using a BioTek ELx808 spectrophotometer
(BioTek Instruments, Winooski, VT, USA) at a wavelength of
450 nm.

Quantum dot release assay

To analyse the release of the QDs from the MSCs in the 3D cul-
ture, the cells were labelled with 8 nM QDs in serum-free medi-
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um or 16 nM QDs in complete medium for 6 h on TCPS plates.
The cells were then trypsinised and seeded in polyHEMA-
coated plates in complete medium. MSC spheroids were har-
vested at 24, 48 and 72 h and trypsinised for 5 min at 37 °C to
obtain a single cell suspension. The QD signal was analysed by
flow cytometry as described in the section “Establishment of
3D cell culture model”.

3D co-culture model for quantum dot transfer
analysis

Prior to 3D co-culture seeding, 1 x 105 MSCs were labelled
with 8 nM QDs for 6 h in serum-free medium. The cells were
then trypsinised, and 5 x 10* MSCs were seeded in polyHEMA-
coated plates for co-culture with 2.5 x 104 MCF7 or MDA-MB-
231 cells (2:1) in complete medium [52,53]. After 24 h, super-
natants containing floating spheroids were aspirated and
centrifuged at 250 g for 5 min. The pellet was suspended in
0.25% trypsin—-EDTA for 5 min at 37 °C to ensure the dissocia-
tion of the spheroids into a single cell suspension. The cells
were washed, stained with CD90 FITC or EpCAM FITC and
analysed by flow cytometry.

For fluorescence imaging of QD transfer, the cancer cell and
MSC mono- or co-culture spheroids were harvested after 24 h
of propagation on the polyHEMA coating, trypsinised to obtain
single cell suspension and then allowed to adhere to microsco-
py chamber slides overnight in complete medium. Next, the
cells were stained with human CD90 FITC (clone DG3,
Miltenyi Biotec, Bergisch Gladbach, Germany) diluted 1:11 in
complete medium for 1 h at room temperature. The samples
were then counterstained with Hoechst 33342 trihydrochloride
(10 mg/mL) solution (Thermo Fisher Scientific, USA), fixed
with 4% PFA and mounted with ProLong gold anti-fade

mounting medium.

Fluorescence imaging

For the z-scan measurements, MSC spheroids were stained with
5 uM 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) in
complete medium for 45 min at 37 °C and counterstained with
Hoechst dye. The cells were then trypsinised and seeded in 3D
culture for 24 h. The spheroids were then transferred to 4-well
chamber slides. All reagents were obtained from Thermo Fisher
Scientific, Waltham, Massachusetts, USA.

Fluorescence imaging was performed as described previously
[54]. A Nikon eclipse Ti microscope equipped with a Nikon C2
confocal system was used. A Nikon S Plan Fluor ELWD
40%/0.60 objective was used. A 488 nm laser was used to excite
CD90 FITC and DiO. In addition, a 405 nm laser was used to
excite Hoechst and QD655. To detect the fluorescence, the
following filters were used: 447/60 nm with Hoechst 525/50 nm
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for CD90 FITC and DiO, and a 561 long pass filter for QD655
(all from Nikon, Tokyo, Japan). Each channel was recorded
separately to avoid spectral overlap. The images were analysed
using Nis-Elements C 4.13 software (Nikon, Tokyo, Japan).
Quantification of the QD fluorescence signal was performed
using Nis-Elements C 4.13 software.

Cell viability in 3D culture

Cell viability in the 3D culture was analysed by propidium
iodide (PI, Sigma-Aldrich, St. Louis, MO, USA). MSCs, MCF7
and MDA-MB-231 mono- or co-culture spheroids were harvest-
ed from 3D culture after 24 and 48 h, trypsinised and stained
with FITC mouse anti-human CD90 (clone 5E10). The samples
were then treated with 10 pg/mL PI at a 1:40 dilution in PBS for
S min at room temperature and analysed by flow cytometry.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Soft-
ware (GraphPad Inc., California, USA). Data were expressed as
the mean =+ standard error of mean. The differences between the
studied groups (n = 3) were statistically assessed by one-way
ANOVA followed by Tukey’s post hoc test. The significance
was represented as follows: *p-value < 0.05, **p-value < 0.01,
**%p-value < 0.001.
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Abstract: Nanomaterials have permeated various fields of scientific research, including that
of biomedicine, as alternatives for disease diagnosis and therapy. Among different structures,
quantum dots (QDs) have distinctive physico-chemical properties sought after in cancer research and
eradication. Within the context of cancer therapy, QDs serve the role of transporters and energy donors
to photodynamic therapy (PDT) drugs, extending the applicability and efficiency of classic PDT.
In contrast to conventional PDT agents, QDs’ surface can be designed to promote cellular targeting
and internalization, while their spectral properties enable better light harvesting and deep-tissue
use. Here, we investigate the possibility of complex formation between different amphiphilic coating
bearing QDs and photosensitizer chlorin eg (Ceg). We show that complex formation dynamics are
dependent on the type of coating—phospholipids or amphiphilic polymers—as well as on the surface
charge of QDs. Forster’s resonant energy transfer occurred in every complex studied, confirming
the possibility of indirect Ceq excitation. Nonetheless, in vitro PDT activity was restricted only to
negative charge bearing QD-Ce; complexes, correlating with better accumulation in cancer cells.
Overall, these findings help to better design such and similar complexes, as gained insights can be
straightforwardly translated to other types of nanostructures—expanding the palette of possible
therapeutic agents for cancer therapy.

Keywords: photodynamic therapy; quantum dots; chlorin es; energy transfer

1. Introduction

Semiconductor quantum dots (QDs) have unique size-dependent optical properties and are used
in biological and medical research [1], including the advancement of photodynamic therapy (PDT) of
cancer [2]. PDT is a treatment method that combines light and light sensitive drugs—photosensitizers
(PS)—to produce reactive oxygen species, which are deleterious to biological objects. Being
non-invasive and highly selective, PDT is considered as an effective method to battle various types of
malignancies with minimal damage to healthy tissues. The idea of using QDs for PDT is based
on their ability to serve as Forster resonance energy transfer (FRET) donors to classical PS [2].
As energy donors, QDs possess all the necessary properties, such as broad absorption spectrum,
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tunable photoluminescence (PL) band position, high PL quantum yield (QY), long lifetime, and, most
importantly, a far superior extinction coefficient as compared to classical PDT agents [3]. Combining
these properties in a single donor, QD potentiates PS excitation and subsequently enhances the singlet
oxygen generation efficiency [4-8]. Moreover, excitation of PS is restricted to use of visible light
(typically in the red spectral side), hence to superficial applicability of PDT in tissues. Switching
to near-infrared excitation, which coincides with optical transparency of tissues as in the case of
two-photon excitation, enables PDT at greater tissue depths. In this regard, QDs could be used
for two-photon PDT [9-11], as they have a large two-photon absorption cross section and remain
photostable even at high laser excitation powers [12,13], in turn overcoming the two-photon excitation
limits imposed on a variety of common PS.

Different QD-PS systems reported to date were designed by either covalent or non-covalent
binding of PS [4,7,14,15]. In the latter case, the stability and subsequently FRET efficiency of the system
highly depend on the interaction nature between QDs and PS.

We have previously shown that the second-generation PS, chlorin eg (Ceg), and QDs bearing
phospholipid coating self-assemble into a stable complex with high FRET efficiency [16,17]. The major
driving force of QD-Ceg complex formation is the hydrophobic interaction between the non-polar
moieties of amphiphilic Ces and phospholipids. Such a non-covalent QD-Ceg complex retained
high FRET efficiency in living cells and produced a significant phototoxic effect [18]. Additionally,
we showed that the type of phospholipids in QD coating plays a crucial role in the formation and
long-term stability of QD-Ceg complex [19].

The importance of such and similar complexes lies in the simplicity of its formation and nature
of the interaction, which results in exceptionally efficient energy transfer between the QDs and the
bound PS. Moreover, it is valuable to understand if the self-assembly of such nanoparticle (NP)-PS
complexes [20,21] could be directly translated in terms of varying the amphiphilic coating of NPs,
how it would influence the indirect excitation of the PS, colloidal stability, accumulation in cells, and
eventually the PDT effect.

In this work, we explore the QD-Ceg complex by using QDs with two types of amphiphilic
coating, namely lipids and polymers with differently charged terminal groups, to compare formation,
stability, and FRET efficiency of QD-Ces complex in each case. To the best of our knowledge this
is the first report that investigates QD-Ces complex formation with amphiphilic polymer coated
QDs. Furthermore, we show the surface coating dependent accumulation of these complexes within
breast cancer cells and its influence on PDT efficiency; this enables the current paper to go beyond
photophysical studies and by direct comparison select an optimal QD-Ceg formulation for the future
of PDT.

2. Materials and Methods

2.1. Materials

CdSe/ZnS QDs encapsulated with polyethylene glycol (PEG) grafted phospholipids (L-QDs),
bearing amine or carboxyl functional groups, were purchased from eBioscience Inc. (Waltham, MA,
USA). Amphiphilic polymer coated CdSe/ZnS QDs (P-QDs) with either PEG-amine or carboxyl group
were purchased from Invitrogen Corp. (Carlsbad, CA, USA). All QDs had a photoluminescence (PL)
band at around 605 nm. Chlorin e4 (Ceg) tetrasulfonic acid was obtained from Frontier Scientific Inc.
(Logan, UT, USA). All materials were used without further purification. Stock solution of Ces was
prepared by dissolving the powder in a small amount of 0.2 M NaOH solution and further diluting
with phosphate buffer (PB) (pH 7). Working concentration of L- and P-QDs PB sols was 0.05 uM.
QD:Ceg molar concentration ratio was varied from 1:0.05 to 1:10, adding a small amount (5 pL) of Ceg
solution into 2000 pL of working QDs sol.
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2.2. Spectral Studies

Steady-state absorption spectra were recorded with a Cary 50 UV-VIS spectrophotometer
(Varian Inc., Palo Alto, CA, USA). PL measurements were carried out with a Cary Eclipse
spectrophotometer (Varian Inc., Palo Alto, CA, USA). Fluorescence decay measurements were
performed with a F920 spectrophotometer (Edinburgh Instruments, Livingston, UK), equipped with
a single photon photomultiplier detector (5900-R) (Hamamatsu, Shizuoka, Japan) and a picosecond
pulsed diode laser (EPL-405) (excitation wavelength 405 nm, pulse width 66.9 ps, repetition rate 2 MHz)
(Edinburgh Instruments, Livingston, UK). Quartz cuvettes with the optical path length of 1 cm were
used for all measurements.

2.3. Cell Culturing and Labeling

For intracellular localization of QDs, QD-Ceg complexes and Ces, MDA-MB-231 breast cancer cells
(ATCC, USA) were seeded on a Nunc LabTek II chamber slide (Thermo Fisher Scientific, Waltham, MA,
USA) at a density of 25,000 cells per well using standard cell culture medium (Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 1% penicillin/streptomycin antibiotic mix (all
from Gibco, Waltham, MA, USA). Upon cell attachment, cells were treated with serum-free cell medium
containing 10 nM of either different P-QDs or L-QDs or their QD-Ces complexes for 24 hours. In
addition, 1 pM Ceg solution was used as a control. Samples for confocal microscopy were prepared as
previously described [22]. Briefly, cells were fixed with 4% paraformaldehyde solution (Sigma Aldrich,
USA) and permeabilized with 0.2% Triton-X 100 (Sigma Aldrich, St. Louis, MO, USA). Actin filaments
were stained with 15 U/mL Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific, Waltham, MA, USA)
and 25 pug/mL Hoechst 33342 (Sigma Aldrich, St. Louis, MO, USA) was used to label nuclei.

2.4. PDT Studies

To test the PDT effect, 10X concentrated QD-Ces complexes maintaining QD:Ces molar
concentration ratio at 1:10 were prepared in a small amount of phosphate buffered saline (PBS)
(pH 7.4) and kept at room temperature for 3 hours for complexes to equilibrate. Different QD-Ceg
sols in PBS were then diluted 10 times in a serum-free cell growth medium and poured over the
cells grown on Nunc Lab-Tek chambered coverglass (Thermo Fisher Scientific, USA) at a density of
25,000 cells per well. After 24 hours the cells were irradiated with 470 nm light (MAX-302 xenon light
source (Asahi Spectra, Japan)) providing a 17.7 ] / cm? irradiation dose in each well. After irradiation,
cells were returned to the incubator. Twenty-four hours post treatment, 2 uM calcein AM and 4
uM ethidium homodimer-1 (LIVE/DEAD viability / cytotoxicity test kit by Thermo Fisher Scientific,
Waltham, MA, USA) were added to each well and kept for 20 min before confocal microscopy analysis.
Statistical analysis of PDT-affected cells was performed by direct counting of green (alive) and red
(dead) cells in at least 5 different fields. Statistical significance was assessed using unpaired two-tailed
Student’s ¢ test.

2.5. Cellular Microscopy

Cell samples were imaged with a laser scanning confocal microscope (Nikon Eclipse TE2000-S,
C1 Plus; Nikon, Japan) using either oil-immersion 60 x NA 1.4 objective (Plan Apo VC; Nikon, Japan)
for intracellular localization studies or dry 20x NA 0.5 objective (Plan Fluor; Nikon, Japan) for
visualizing live/dead cells after the PDT. Diode laser (404 nm) excitation was used for Hoechst 33342,
argon ion laser (488 nm) for Alexa Fluor 488 Phalloidin, calcein AM, and ethidium homodimer-1, and
helium-neon laser (543 nm) for QDs. Images were captured with the EZ-C1 v3.90 image analysis
software (Nikon, Japan) and processed using EZ-C1 Bronze v3.80 (Nikon, Japan) and Image] 1.48
(National Institute of Health, Bethesda, MD, USA) software.
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3. Results and Discussion

3.1. QD-Ces Complex Formation

In order to determine the effect of the QD coating on the complex formation with photosensitizer
Ceg, we examined four different types of QDs. Namely, QDs with phospholipid (L-QDs) or amphiphilic
polymer (P-QDs) coatings, bearing either amine or carboxyl terminal groups. It should be noted that
all QDs except P-QD(carboxyl) were also grafted with PEG.

The absorbance of QDs covered the major part of the visible spectrum starting from UV and
terminating with the first excitonic band at 594 or 600 nm for L-QDs and P-QDs, respectively
(Figure 1A). The PL band was centered at 605 nm for every QD studied. The PL band’s full width at
half maximum was around 26 and 21 nm for L-QDs and P-QDs, respectively (Figure 1A). Absorption
and PL properties of L-QDs or P-QDs were independent of the surface charge (Figure S1). Absorption
spectrum of Ceg solution showed the Soret band at around 404 nm and several less pronounced
Q-bands, with the most intense Q(I) at 654 nm (Figure 1B). Emission of Ceg in PB was centered at
660 nm.

A X T T T T B T T T T
Emission et Ce, (pH = 7 PB)
L-QD D Absorption
e ——FPQD D i —— Emission
& £ 3 i
$ < 8 <
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o . (@)
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Figure 1. (A) Normalized absorption and emission spectra of quantum dots (QDs) functionalized
with either phospholipids (L-QD) or amphiphilic polymer (P-QD) and bearing amine surface charge.
(B) Normalized absorption and emission spectra of pure chlorin eq (Ceg) in phosphate buffer (PB) (pH
7); note, the absorption region of Q(I) band is magnified for clarity; labels indicate absorption maxima
position in nanometers. Emission spectra were measured with 400 nm excitation light. Arrow indicates
excitation wavelength of 465 nm, used for Forster resonance energy transfer (FRET) studies.

As shown previously [16,17], mixed together, QDs and Ceg form a complex, resulting in spectral
changes of both constituents. Most significantly, the fluorescence band of Ceg shifts towards the red
spectral side from 660 to 672 nm (Figure 2). Such a bathochromic shift is typically observed for Ceg
in non-polar milieu [23-25]. QDs’ coating—phospholipids or amphiphilic polymers—provide such
non-polar microenvironment for bound Ceg molecules. Furthermore, in the QD-Ceg complex, the
close proximity of Ceg to the QD’s surface permits an efficient FRET [16]. The FRET from QDs to Ceg
in QD-Ceg complex was confirmed by the fluorescence spectroscopy and fluorescence decay studies.
When QD-Ces complex was excited at the wavelength (465 nm) solely absorbed by QDs (see Figure S2
for fluorescence excitation spectrum of Ceg), the emission bands of both, the QDs at 605 nm and the
Ceg at 672 nm, were observed—indicating FRET.

In both cases of L-QDs, irrespective of the surface charge, the formation of QD-Ces proceeded
almost instantaneously after the addition of Ceg (1 nM) to the QD sol (0.02 uM)—resulting in a
quenching of QD PL band and appearance of Ceq fluorescence at 672 nm (Figure 2A,B). Upon increasing
the Ceg concentration in the sol up to a QD:Ces molar concentration ratio of 1:10, the intensity of QD
PL kept decreasing, and that of Ceg reached a maximum at QD:Ceg of 1:5 (Figure 2A,B; Figure 3A).
Further increasing the amount of Ceg in the sol resulted in the decrease of Ceg fluorescence, probably

120



Nanomaterials 2019, 9, 9 50f12

due to the concentration quenching effect. Importantly, although carboxyl groups of Ces molecules
are negatively charged, the QD-Ces complex formation happened in a similar fashion for both the
positively charged L-QD(amine) and negatively charged L-QD(carboxyl). Hence, indicating that the
hydrophobic interaction between the Ceg and non-polar part of QD coating can overcome the potential
barrier of the electrostatic repulsion.

A L-QD (amine) —— QD (0.02uM), B L-QD (carboxyl) —— QD (0.02uM)
c(QD):c(Ceg) c(QD):c(Ceg)
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2900 F ! 30
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il 600 + ,,‘\\ L 20
300 - L 10
550 605 650 672 750 550 605 650 672
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Figure 2. Emission spectra of pure QDs and respective QD-Ces complexes varying the
molar concentration ratio between QDs and Ces from 1:0.05 to 1:10. Spectra were recorded
under 465 nm excitation. (A) L-QD(amine)-Ceg; (B) L-QD(carboxyl)-Ceg; (C) P-QD(amine)-Ceg;
(D) P-QD(carboxyl)-Ceg.
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Figure 3. Normalized emission intensity of pure QDs and in the presence of increasing amount of
Ceg together with absolute fluorescence intensity of Ceg after the binding to QDs. (A) L-QD-Ceg;
(B) P-QD-Ceg. Line plots are introduced to guide the eye.

Similarly, as in the case of L-QDs, the complex formation between Ces and QDs with the
amphiphilic polymer coating (P-QDs) was observed by the bathochromic shift of the Ces emission
band to 672 nm and simultaneous quenching of the QD emission at 605 nm (Figure 2C,D). However,
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several differences in the P-QD-Ces complex formation were observed. In contrast to L-QD-Ceg, the
quenching of QD PL (and subsequent increase of Cesz PL) was considerably less pronounced when
increasing the molar concentration of Ceg in the sol, and the saturation effect of QD-Ces complex
formation was not observed even at QD:Ceg of 1:10. Differences of P-QD-Ceg complex formation might
stem from the possible crosslinking of the polymer coating [26,27], which would sterically hinder the
intercalation of Ceg within. Particularly in the case of P-QD(carboxyl), the interaction between the
Ceg and QDs was further impeded by the electrostatic repulsion, as the PL of carboxyl bearing QDs
was significantly less quenched than that of their amine counterparts. Additionally, absence of PEG
might have caused the slower complex formation dynamics with P-QD(carboxyl), however the exact
influence of PEG in QD-Ceg complex formation remains unknown and requires further investigation.

It is worth noting that for the same crosslinking reasons, the amphiphilic polymer coating usually
ensures better colloidal stability of NPs [26]. Thus, determined by the surface coating of QDs, a tradeoff
exists between the dynamics of QD-Ceg complex formation and its subsequent colloidal stability. We
have additionally checked for the PL intensity changes during the first 16 min after the addition of the
highest amount of Ceg (QD:Ceg = 1:10), which suggested that the QD-Ceg complex is not obstructed
from being formed in the case of P-QDs, rather it requires longer equilibration time (Figure S2, Figure 3).
Notably, within the same time interval, PL intensity of L-QDs in QD-Ces complex decreased, alluding
to a decreased colloidal stability of lipid coated QDs (Figure S2).

3.2. FRET from QDs to Cegs

After establishing the QD-Ces complex formation dynamics for differently coated QDs, we
proceeded with estimation of FRET parameters for each QD:Ces molar ratio studied, at a time point
when Ceg is added to the sols. FRET efficiency was estimated from the QDs’ PL decay (Equation 1),
accounting only for the dynamic quenching—non-radiative energy transfer.

(Tpa)
< Tp >

E=1- 1)

Here, <Tp> and <Tp> denote average photoluminescence decay time of donor (QDs) alone and
in the presence of acceptor (Ceg), respectively. The average PL decay time for L-QDs decreased from
17.2 to 3 ns and 17.8 to 2.9 ns in the case L-QD(amine) and L-QD(carboxyl), respectively, at the highest
concentration of Ceg (Figure 4A,B). FRET efficiencies were around 82.8 and 83.7% for L-QD(amine)-Ceg
and L-QD(carboxyl)-Ceg, respectively (Table 1). High FRET values support the notion of Ceg present
in the phospholipid coating—in close proximity to the surface of QDs. In the case of P-QDs, addition
of Ceq to the P-QD(amine) sol, reduced the PL decay time from 14.6 to 4.8 ns, yielding 66.9% FRET
efficiency, while for P-QD(carboxyl) it changed from 13.2 to 7.9 ns, hence 40.1% FRET efficiency
(Figure 4C,D). Overall, FRET efficiencies obtained by exploiting hydrophobic interaction between
Ceg and amphiphilic coatings of QDs are highest reported thus far, when compared to other QD-Ceg
systems comprised of electrostatically or covalently interacting moieties [7,28].

Table 1. FRET parameters for different types of QD:Ceg complexes at various Ceg amounts (11).

Quantity L-QD(amine) L-QD(carboxyl) P-QD(amine) P-QD(carboxyl)
QY 0.14 0.18 0.34 0.37
J,10713 1.16 1.19 1.26 1.22
M~ lem?
Ry, A 38.0 39.8 447 45.0
m E, % r, A E, % r, A E, % r, A E, % r, A
0.5 23.9 41.1 20.8 443 109 56.5 54 64.7
5 74.9 415 70.6 45.0 47.3 59.5 24.4 71.1
10 82.8 43.0 83.7 445 66.9 58.3 40.1 70.7
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Figure 4. PL decay time (Aex = 405 nm; Aem = 605 nm) of pure QDs and in the QD-Ces complex at
QD:Ceq molar concentration ratio of 1:0.5, 1:5 and 1:10. (A) L-QD(amine)-Ceg; (B) L-QD(carboxyl)-Ces;
(C) P-QD(amine)-Ceg; (D) P-QD(carboxyl)-Cegs. Amplitude-weighted lifetimes were obtained from
tri-exponential fits of the PL decay curves. Instrument response function (IRF) is shown for each case.

In order to validate the presence of Ceq close to the surface of QDs, we have determined the
relative center-to-center distance r between different types of QDs and Ceg. PL QY for each type of
QD was estimated via the comparative method, Rhodamine B served as a reference [29]; and obtained
values (Table 1) were in line with those reported for QDs of similar structure [30,31]. The spectral
overlap integral | and Forster distance Ry between different QDs and Ceg was calculated according to
Equations 2 and 3, respectively [32].

_ LE(Mea(A)A*Ar

/ T Fp(A)A

(@]
Fp is the emission spectrum of QDs, ¢4 is the molar extinction coefficient of Ceg, and A is the

wavelength in nanometers.
1

Ro = 0.211 <;<2r1*4<1>,3](A))g G)

@p is the quantum yield of the QDs’ photoluminescence,  is the refractive index of the medium
(here, 1.33), and xZisa dipole orientation factor (here, 2/3—assuming random orientation of the QDs
and Ceg upon binding). The presence of multiple acceptors (Ceg) m with respect to a single donor (QD)
was taken into account for r assessment (Equation 4).

ng
E= "0
mR + r

4)

All of the obtained values are presented in Table 1. Relative QY was found to be similar between
the same coating bearing QDs irrespective of the surface charge. Notably, QY of P-QDs was more
than twice greater than that of L-QDs. While fairly similar PL band widths and peak positions of the
investigated QDs yielded comparable spectral overlap values.
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Forster distance Ry (representing the donor-acceptor separation at 50% FRET efficiency) on average
was approximately 45 A for P-QDs, as compared to 38 and 40 A for L-QD(amine) and L-QD(carboxyl).
Differences for higher Ry values in the case of P-QDs can be directly attributed to higher QY of these
QDs. Finally, the average donor-acceptor center-to-center separation r in QD-Ces complexes was around
42 and 45 A for L-QD(amine)-Ceg and L-QD(carboxyl)-Ceg, respectively. In the case of P-QDs, Ceg was
separated by 58 and 69 A from P-QD(amine) and P-QD(carboxyl), respectively. It is worth noting that
higher r values in the latter case represent a situation for which exact number m of bound Ceg molecules is
unknown due to slower binding kinetics, and thus are indicative only of the delayed complex formation
(Figure S2). As a result, we have confirmed that complex formation is instantaneous between Ceg and
L-QDs, while it requires more time for Ce to intercalate into the amphiphilic polymer of P-QDs.

When further deliberating about the presence of Ceg in the coating of QDs, and subsequent FRET,
it is worth noting that the refractive index specific to that microenvironment and not water has to
be taken into account. The refractive index n, for phospholipids and amphiphilic polymers, might
take values in the range of 1.4-1.6 [33,34]. We have checked for the effect of the refractive index on
the Ry and r, varying the value of n in Equation 3 from 1.33 to 1.6 (Figure S3A). With increasing
n, Ry decreased by 0.5 nm for the different QD-Ces complexes. Similarly, the r values decreased
by 0.5 nm for both types of L-QD-Ces and 0.8 nm for P-QD-Ceq. Although these differences might
appear small, it is important to recognize that Ceg molecules can approach the surface of QD closer
than thought initially. In fact, assuming the radius of L-QDs and Ce4 to be approximately 3.6 and
0.5 nm, respectively [35], the shortest possible distance between the two is within the calculated
range of r = 3.8 <+ 4.2 nm for L-QD-Ceg (Figure S3C). On the other hand, although it is supposed
that electric dipoles of QDs and bound Ceg molecules have random orientation when energy transfer
takes place, hence x? is 2/3, we cannot completely rule out the possibility of preferential orientation
of Ceg when intercalated in the amphiphilic coating of QDs. Introducing this prospect (by varying
«2 values in 2/3-4 range), we observe an increase in the Ry and r values (Figure S3B), eluding to the
possible greater separation between QDs and Ceg to achieve the same energy transfer efficiencies, if
specific—non-random—orientation could be assumed.

3.3. Cellular Accumulation of QD-Ceg in Serum-Free Environment and PDT

To assess cellular internalization of QD-Ceg complex and its PDT activity, we have performed
in vitro testing of all four variants in the triple-negative basal-like breast cancer cell line MDA-MB-231,
notorious for its aggressiveness and cancer stem-like properties—showing resistance to conventional
cancer treatment methods [36,37].

Notably, in the biological medium, surface charged QDs are rapidly coated with various proteins
forming the so-called protein corona. Surface charge of QDs has an effect on the composition of the
resulting protein corona, and their cellular uptake is often ascribed to the proteins assembled on the
QDs’ surface [38,39]. To avoid serum-determined accumulation, QDs and QD-Ces complexes were
incubated in the serum-free medium. QD-Ces complexes accumulated inside the cells (Figure 5) in
the manner of pure QDs, rather than of Ceg. QDs are known to enter cells via endocytosis, localizing
inside endocytic vesicles [40-42]. Meanwhile, Ceq diffuses through the membrane and labels cells
in a relatively uniform pattern with a slight selectivity to lipid membranes due to its amphiphilicity
(Figure 5). We have observed that negatively charged QDs and their QD-Ceg complexes were taken up
by the cells noticeably better than their amine terminated counterparts. Additionally, cellular entry of
QD-Ces complexes was influenced by the coating type, as P-QDs were internalized by cancer cells
better than L-QDs. NPs’ surface chemistry greatly affects the efficiency of cellular accumulation and
previous studies have showed that negatively charged NPs are internalized more rapidly than those of
neutral or positive charge [43,44]. It is believed that carboxyl terminated QDs cluster at cationic sites of
otherwise negative cell membrane, promoting NPs’ uptake. Additionally, suppressed accumulation of
carboxyl terminated L-QDs might be explained by the presence of PEG. Due to its “stealth” properties,
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PEG reduces interaction with cellular membrane proteins, thus internalization of PEG coated NPs is
restrained compared with non-PEGylated NPs [45].

Figure 5. Accumulation of Ceg, QDs with various surface coatings, and their respective complexes
in MDA-MB-231 breast cancer cells. Red—Ce (in the Ceg image) or QDs (in all the QD and QD-Ceg
images); green—actin filaments; blue—nuclei. Scale bars in all images are 20 um.

We further tested the PDT effect of the QD-Ceg complexes, induced solely via FRET—impinging
light that is absorbed only by QDs and not Ces. MDA-MB-231 cells, treated with various QD-Ceg
complexes, were irradiated under 470 nm light, and their viability was checked based on the number
of alive (green) and dead (red) cells (Figure 6A). In correlation with cellular accumulation dynamics,
PDT efficiency depended strongly on the type of the QDs’ coating. First, the PDT effect was evident
only in cells treated with carboxyl-functionalized QD-Ces complexes. As cellular internalization of
amine-functionalized QD-Ceg complexes was restricted, these variants showed negligible phototoxicity
towards cells. Second, L-QD(carboxyl)-Ces induced a 42% decrease in cancer cell viability and
apoptotic-like morphology, while P-QD(carboxyl)-Ces demonstrated 100% phototoxicity (Figure 6B).
As the formation of QD-Ceg complexes was given enough time to equilibrate before being applied to
cells, any differences in FRET activity could not account for the observed more efficient PDT, and thus
were attributed solely to the better uptake of amphiphilic P-QD(carboxyl)-Ceg inside the cells. It is also
worth pointing out that despite the absence of covalent linking, Ces was retained within the coating
of internalized QDs, since control cells treated only with P-QD(carboxyl) or Ceg, and irradiated with
470 nm light, remained unaffected and viable (Figure 6A).

L-QD eamine «carboxyl
P-QD eamine ©carboxyl

100 ( 1
75 .

sof [° 1

Dead cells, %

Figure 6. (A) Live (green)/Dead (red) images of cancer cells treated with different QD-Ceg complexes
for 24 h and subjected to 470 nm irradiation at 17.7 ] /cm? dosage. Images of the control experiments
done with Ceg or P-QD(carboxyl) alone are also presented. Scale bars in all images are 100 um. (B)
Respective percentages of dead cells in each studied case. Significant differences p < 0.0001 are indicated
with asterisks.
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4. Conclusions

We have explored the possibility of QD-Ces complex as a potential candidate for PDT,
investigating the influence on the complex formation and activity of the QDs’ coating. Namely,
negatively and positively charged QDs with phospholipid or amphiphilic polymer coatings were
investigated. We have observed rapid QD-Ces complex formation for phospholipids bearing QDs,
irrespective of their surface charge. While, QD-Ces complex with amphiphilic polymer coated QDs
formed at a much slower rate. For each complex, effective energy transfer from QDs to Ceg was
observed. Following Forster’s formalism, we have determined that hydrophobic interaction brings
Ceg particularly close to the surface of QDs resulting in one of the most efficient FRET systems with an
efficiency of up to 83.7%. In vitro experiments showed that only QD-Ceg complexes made of carboxyl
terminated QDs have significant PDT activity, in direct correlation with their enhanced cellular uptake.

Overall, we have decisively shown the versatility of non-covalent QD-Ces complexes, possible
through a hydrophobic interaction of Ceg with various amphiphilic coatings of QDs. These systems
proved to be robust and possess high FRET efficiency, which can be exploited for indirect mediation of
PDT and cancer eradication.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/1/9/s1.
Figure S1: Absorption and emission spectra of L- and P-QDs, Figure S2: Fluorescence excitation spectrum of Ceg,
Figure S3: Change of L- and P-QD-Ceg PL signals with time, Figure S4: Ry, r values vs n and 2, and schematic
representation of QD-Ceq complex.
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