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Bevezetés

Vilagszerte a sziv- és agyér-betegségek jelentik a legjelentésebb népegészségiigyi
problémakat. A WHO (Egészségugyi Vilagszervezet) legfrissebb adatai szerint a
kardiovaszkularis elvaltozasokkal kapcsolatos halalozas felel6s az Gsszes halaleset 22,3 %-aért
a vilagon megelézve a fert6z6 (19,1 %) és daganatos betegségeket (12,5 %). A fejlett
orszagokban a halalozasi statisztikak kismeértéki javulast mutatnak az utobbi egy évtizedben,
ez javarészt a szivinfarktus és iszkémids stroke trombolitikus kezelésének tulajdonithatd. A
terapias eljards plazminogén aktivatorok (urokindz, streptokindz, szoveti plazminogén
aktivator (tPA) és rekombinans valtozatai) alkalmazédsan alapszik. Ezek a hatéanyagok a
trombusok felszinén vagy belsejében a vérplazma eredetii plazminogént plazminna alakitjak,
és az utébbi proteolitikus hasitassal feloldja a trombusok fibrinhalds szerkezetét. Trombdzis
utan azonban az elzéart erek tartds rekanalizacidja gyakran (az esetek 15 — 40 %-aban) elmarad,
a trombolitikumok hatasos dézisai mellett pedig jelentds vérzéses szovodményekkel kell
szamolni.

Thrombolizis a klinikai gyakorlatban

A koagulécié vagy a véralvadas fontos bioldgiai folyamat. Alapvetéen a vérrdg abban az
esetben képzodik, ha valamilyen sériilés érni a vérereket. A vérrog megallitja a vérzest, illetve
megvédhet benniinket a baktériumok és virusok bejutdsatdl a szervezetbe. Vérrogok
kialakulhatnak fellleti sérulés nélkil, amennyiben egy véredény sérilt, majd a szervezet
lebontja 6ket, ha mar nincs sziikseguk rajuk.

Egészseges felnétt esetében egyensuly van a két tevékenység kozott. Azonban bizonyos
esetekben koros vérrogképzodés 1ép fel: egyes esetekben a vérrogok nem oldddnak fel,
masrészt, ha talméretes vérrog a véredényben rendkivil veszélyes, mert teljesen blokkolhatja
a véraramlast. Az aramlés hianya miatt a Iétfontossagu szervek nem kapnak elég oxigént, amely

azonnali diagndzist es kezelést igényelnek.
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Szamitogépes tomografia és magneses rezonancia képalkotas szerepe a
trombdzisban

Az 1990-es években szamos U(j, non-invaziv diagnosztikus eljaras terjedt el a
technoldgiai fejlodésének koszonhetéen: a komputertomogréfia (CT) és a mégneses rezonancia
(MR).

A komputertomografia a klasszikus rontgeneljaras tovabbfejlesztése. Lényege, hogy a
rontgensugarral torténé szamitogépes rétegvizsgalat soran a CT-kép, a hagyomanyos réntgen
felvételektdl eltéréen, az emberi testet hossztengelyével merdlegesen, harant metszeteiben
mutatja, atfedések nélkil. A vizsgélati modszer a képalkoté diagnosztika legértékesebb
diagnosztikai eljarasai kozeé tartozik, bevezetésiik 6ta a késziilékek gyors technikai fejlédésen

mentek keresztiil, féleg, ami a képmindséget és a felvételi idot illeti.
A jédozott kontrasztanyag negativ mellékhatasa a trombolitikus terapia soran

A jédozott kontrasztanyagokat széles korben hasznaljak akar vérerek vizualizalasara
(angiografia), akar a kiilonboz6 szervek és szovetek siirliségének novelésére es ezéltal a
kontraszt ndvelésére. EIméletileg nincs kdlcsdnhatas a médiumok és a tébbi gydgyszer kozott,
azonban aggodalomra ad okot a rontgen-kontrasztanyagok és a trombolitikus terapia kozotti
lehetséges kolcsonhatds. Gyakran a thombus lokalizdlasa végett, az rt-PA beadas el6tt
kontrasztositott szamitogépes tomografias értékelést végeznek (a kontrasztos CT felvétel tébb
informéacidt szolgaltat, mint a nem-kontrasztos CT dnmagaban). Azonban kardiologiai és
radiologiai szakirodalmi adatok indikéaljak, hogy az ionos és nem ionos jodozott
kontrasztanyagok jelenlétében rt-PA indukélta trombolizis jelentésen lassul.

A jodozott kontrasztanyagok nem-ionosok vagy ionosok lehetnek, valamennyi jelenleg

hasznélt ionos kontrasztanyag a 2,4,6-tri-jédozott benzolgyiirii kémiai modositasa (1. bra).
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Fizikai és kémiai tulajdonsdgaik alapjan osztalyozzak, beleértve kémiai szerkezetilket,

ozmolaritasukat, jodtartalmukat és az oldat ionizacidjat.
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1. abra: 2,4,6-tri-jodozott benzolgytirii kémiai modositasai

Szadmos in vitro ragcsalo-litikus modellt dolgoztak az ionos és nemionos jodozott
kontrasztanyagok rt-PA-re gyakorolt hatdsanak értékelésére; a mai napig az rt-PA
veralvadasgatlo aktivitasanak legmegbizhatobb madja ellenére a vitro ragé lizis modell. Mas
kutaté csoportok pedig ultrahangos modszereket alkalmaztak a sztreptokindz trombolitikus
aktivitasanak mérésére ex vivo létrehozott vérrogokon. Szamos olyan eset is megjelent, amely
vagy Klinikai statisztikai adatokat, vagy esettanulmanyokat mutat be, ahol az ionos, jéd
tartalmd kontraszt anyag negativan befolydsolta a tPA aktivitdsat. Azonban ezek a
megkdzelitések tartalmazhatjak a betegek, pl. életkori, nemi, vagy életmodbeli kiildnbségeket.
A jelen tanulmany célja annak vizsgalata, hogy milyen hatast fejt ki a jod bemutatasara

thrombolytikus terdpiara in vitro rogok lizis modellen keresztil.
Nanomedicina — avagy nanotechnologia az orvostudoméanyban

A nanotechnoldgia mara széles korben ismert tudomanyag, azonban a gondolat régebbi,

mint azt legtdbben képzelnénk. Az elnevezés Richard P. Feynman-t6l szarmazik, 1959-b6l. Az
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6 els6 ismert felhasznalasi Otlete a szivsebészethez kotheté: a véraramba juttatott aprd
nanorobotok, amelyek a szivhez eljutva kijavitanak a hibat, igy nem lenne szilikség a veszelyes
szivmitétekre. Mig Feynman gy gondolta, hogy a 1étez6, nagyméretii eszk6zokbol kiindulva,
egyre kisebb eszkozoket célszerli gyartanunk, addig a nanotechnologia fejlédésével
egyértelmiivé valt, hogy célszeriibb az atomokbol épitkezni. Ma mar az anyagokat nanométeres
mérettartomanyban, molekularis szinten tudjuk befolyasolni. Bar szem el6tt tartjuk Feynman
almat, a nanotechnoldgia még nem az apro robotokrol szél.

Jelenleg a legjelentésebb és leghasznosabb nanotechnoldgiaval kapcsolatos kutatasok az
orvostudomanyban folynak, ahogy azt mar Feynman is megalmodta. Kutatécsoportok mar sok
fontos eredmeényt értek mar el, azonban az igazi attérések 5-10 éven belul kdvetkeznek be. A
nanotechnoldgia eredménye pontosabb, jobban iranyithat, sokoldalibb, megbizhatobb és
koltséghatékonyabb gydgyaszat, amely mind az orvosok, mind a betegek szamara fontos, mivel
ez ¢életminéseg javulasat eredményezi. A nanogyogyaszatot 79 kisebb kategoriara osztjak és

ezeken belll rengeteg kisérleti munka és fejlesztés folyik.
Magneses nanopartikulumok

Szamos tudomanyos teriilet hasznalja a magneses nanopartikulumokat kiil6nb6z6 biokémiai
és biomedikai alkalmazasokban, beleértve a bakterialis detektalast, a fehérje tisztitast, az enzim
immobilizéaciot, a sejtek szétvalasztasat, a gyodgyszeradagolast, a hipertermiat és az MRI
képalkotast. A magneses nanostrukturdk jol definialt méretiiek, kiils6 magneses mezovel
manipulalhatdk, illetve képesek a kontraszt erésitése a magneses rezonancia képalkotasban. A
szintetikus magneses nanopartikulumokat f6 komponense a kolloid allapotd magnetit vagy
hematit .

A vas és vegyiiletei széles kdrben elterjedtek és a laboratoriumban kortlmények kozott

kdnnye, gyorsan elallithatéak. A vas biogén elem, amely minden é16 szervezetben jelen van,
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de egyes vas vegyiiletek karos hatassal lehetnek az emberekre, az allatokra és a kbrnyezetre: a
vas-oxidok szerepet jatszhatnak tumor kialakulasaban.

A vas-oxid nanorészecskék monodiszpergalt szintézisének meghatarozasa dont6 fontossagu
a nanotechnologia szdmara, mivel tulajdonsagaik nagymértekben fliggenek a nanorészecskek
méretétdl és alakjatol. A vas-oxid nanorészecskék biologiai alkalmazasat lehetové tevo kolloid
jellemzoket a felUletlik, nem pedig az 6mlesztett térfogatuk hatarozza meg. A kolloidalis
stabilitds a termikus mozgasbol vagy a Brownian mozgasbdl szarmazik: a véletlenszerti
Utkdzések mas részecskékkel, a szuszpendal6 folyadékkal vagy a tartalyfallal a partikulumok
mozgasi palyajanak folyamatos valtozasat okozza. Azonban a van-der Walls és a magneses
dip6lus-dipdlus vonzé er6k miatt a magneses nanorészecskék hajlamosak koagulalédni, ami
kolloid stabilitasuk csokkenését eredményezi. A biologiai kdrnyezetben (pH, ozmolalitas)
fennlld kolloid stabilités elérése érdekében egyensulyt kell tartani a van der Waals vonzo erék
és a feluleti toltésen alapuld 3 elektrosztatikus repulzio kozott. Ezt az elektromos kettds réteg
kialakitasaval lehet elérni.

A két leggyakrabban vizsgalt vasoxid a magnetit (Fe304) és a magemit (y-Fe203). Az vas-
oxid nanorészecskék a kornyezetben is megtaldlhatokE a levegészennyezés és a
vulkankitorések soran keletkezhetnek. A magnetit és magemit kémiailag is szintetizalhatok.
Kiilonbozé modszereket alkalmazhatunk a gyartas soran, példaul a viz-az-olaj mikroemulzios
rendszerben val6 szintézis, a csapadék kicsapodasa, a korlatozott kérnyezetben lejatszdédd
reakciok, a poliol modszer, az aramlas-befecskendezési szintézis és a szonolizis. A magneses
viselkedés fontos paraméter a szuperparamagneses vasoxid nanopartikulumok tervezésében és
szintézisében, hogy maximalizaljuk képalkotd és terdpias hatékonysagukat, mivel ezek az
alkalmazasok nagy magnesezési értékeket igényelnek. A reakcidkorilmények a szintézis
folyamatok befolyésolhatok, ami lehetové teszi ezeknek a részecskéknek a magas magneses

érzékenységet.
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Célkitizések

1. Mérési modszer kidolgozasa ex vivo vérrdgok elballitasara, frissen vett egér vagy patkany
teljes vér hasznalataval. Ismert koncentréacioju t-PA-t hozzaadasaval fibrinolizis indukélasa, és
a felszabadult hemoglobin mennyiségének mérésén keresztul spektrofotometridval nyomon
koveti a vérrog lizis elérehaladasat.

2. Ot killénboz8 kontrasztanyagnak (Xenetix® (iobitridol), Ultravist® (iopromid),
Omnipaque® (iohexol), Visipaque® (iodoxanol) és lomeron® (iomeprol)) a t-PA indukalt
trombolizisre gyakorolt hatdsanak vizsgalata a kifejlesztett ex vivo veérrog lizis modell
segitségevel.

3. Nanopartikulum platform kifejlesztése és optimalizalasa, amely alkalmas a t-PA és mas
potencidlis trombolitikus gydgyszerek vas-oxid-mag alkalmazésaval valé célzott szallitasara.

4. Megfelel6 fizikai-kémiai jellemzok végrehajtdsa, mint pl. Mérete, alakja, zéta-
potencidlja, stabilitasa, kiszamitva a feltoltott hatdanyag-mennyiséget a részecskékbe

5. A nanopartikulumok trombolizis képességéének vizsgélata in vitro kérilmények kozott
aramlas jelenlétében és anélkdil.

6. A nanopartikulumok trombolizis képességéének vizsgalata alternativ magneses mezoben,
a lizis hatékonysag valtozasanak mérése hipertermia mellett.

7. Egér vas(l11)-klorid artérias sériilés modellt kidolgozasa és a partikulumok tesztelésére

in vivo korilmények kozott intravitalis mikroszkopos technikaval.
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Eredmeények

A jodozott kontrasztanyag és a szoveti plazminogén aktivator kozotti kdlcsénhatasok:
in vitro dsszehasonlit6 vizsgalat

Verrogok keszitése, vizsgalt csoportok

A vizsgalatokhoz a vért 8-10 honapos WKY Wistar Kyoto patkanyokbol (Charles River
Laboratories, Budapest, Magyarorszag) farki vénajabol vettik le 100 ul-ként kisérleti csovekbe
helyeztik, majd 50U thrombint adtunk a 100 pl vérhez és 3 6rén at 37 ° C-on tartottuk a
vérrogképz6déshez, majd 3 napig 4 ° C-on allni hagytuk.

A trombolizis vizsgalatdhoz az el6készitett rogoket egyenként 15 ml-es Falcon-csévekben
helyeztik el. A csdvekhez 5.0 ml normal fiziol6gias séoldatot adtunk, amely 100 pg rt-PA-t és
az alabbiak kozll egy kontrasztanyagot adtunk: Xenetix® (iobitridol), Ultravist® (iopromid),
Omnipaque® (iohexol), Visipaque® (iodoxanol) és lomeron® (iomeprol) 30 mg vagy 60 mg
jod koncentracioban. A dozisokat az atlagos felnétt beteg intravaszkularis beadasa esetén a

gyartd altal megadott tartomanyok alapjan szamitottuk ki (1. tablazat). Referenciaként 5.0 ml
1. tablazat: A vizsgalatban hasznalt jod tartalmi kontrasztanazgok fizikai paraméterei. * Az alabbi adagok

javaslatként szolgalnak, egy atlagos 70 kg sulyu normal felnétt esetében.

Concentration Osmolality Viscosity Active
of lodine [mg Brand Dosage* [mOsm/ kg H20] [mPas] Substance
/mL] 37°C )
- L k . .
ULTRAVIST 300 Bayer AG 3 -5 mlL per kg 607 47 iopromide
body weight

3 —5mL per kg

IOMERON 300 Bracco S.p.A. body weight 521 4.5 iomeprol

OMNIPAQUE 350 GE Healthcare > 4 mL per kg 844 10.6  iohexol
body weight

VISIPAQUE 320 GE Healthcare > > mb-per kg 290 114 iodixanol
body weight

XENETIX 300 Guerbet Corporate - _ o.Ml Per ke 915 100 iobitridol

body weight
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fiziologias séoldatot és 100 ug rt-PA oldatok (pozitiv kontroll), vagy csak 5.0 ml fizioldgias

sooldatot (kontroll) alkalmaztunk. Minden csoport esetében 5 vérrogot vizsgaltunk allatokkeént.
Eredmények

A kontrasztanyagokat 2 koncnetracioba vizsgaltuk, mertlk a lizis sebességét és a szabad
hemoglobin mennyiségeét. (2. és 3. abra).

A varakozasoknak megfeleléen, a negativ kontroll esetaben kisebb mennyiségi
hemoglobin szabadult fel az elsé percekben a negativ kontroll esetében, ami a fibrin halo
spontan lebomlasaval magyarazhatd. Osszehasonlitva a csoportokat, az elsé 30 percben nem
volt szignifikans kilonbség a kontrasztanyagos csoportok és pozitiv kontroll k6zétt, azonban
30. perc utén jelent6s kiilonbséget talaltunk mutatkozott: a lizis 56.2 £ 15.6%-0s ndvekedést
volt mutatott a pozitiv kontroll esetében, mig a kontrasztanyagos csoportok esetében ez a

novekedes szignifikansan kisebb volt. Ezek az eredmeények arra utalnak, hogy minden esetben
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2. dbra: Vérrog oldas 30 mg jodot tartalmazd kontrasztanyag jelenlétében. 100 ug rt-PA vérrdg oldasanak
hatékonysaga az 6t leggyakrabban hasznalt kontrasztanyag (Xenetix® (iobitridol), Ultravist® (iopromide),
Omnipaque® (iohexol), Visipaque® (iodixanol) és lomeron® (iomeprol)) jelenlétében illetve hianyaban. 30 perc

utan van 56.2 + 15.6% csokken a t-PA effektivitdsa 30 mg kontrasztanyag jelenlétében.
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az rt-PA 6nmagaban kepés a leghatékonabban oldani a vérrogoket. (2. abra) - rt-PA harom
nagysagrenddel effektivebben bontja le a vérrogoket nmagaban, mint jodos kontrasztanyag

jelenlétében.

Ezt kovetéen a 60 mg jodot tartalmazo kontrasztanyagot tartalmaz6 csoportokat
0sszehasonlitottuk 6ssze egymassal és a pozitiv kontrollcsoporttal. Ugyanazt a tendenciat
figyeltik meg, mint a 30 mg-os csoportban: nem talaltunk szignifikans kilénbség a
kontrasztanyagot tartalmazé csoportok kozott, azonban a pozitiv kontroll az els6é 30 perc utan
100-szor nagyobb oldddasi sebességet mutatott, mint a kontrasztanyagokkal rendelkezd

csoportoké (3. abra).
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3. abra: Vérrog oldas 60 mg jédot tartalmazo kontrasztanyag jelenlétében. 100 ug rt-PA
vérrdg oldasanak hatékonysaga az ot leggyakrabban hasznalt kontrasztanyag (Xenetix®
(iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol), Visipaque® (iodixanol) és lomeron®
(iomeprol)) jelenlétében illetve hidnyaban. 30 perc utdn van 82.3+ 23.9%. csokken a t-PA

effektivitdsa 60 mg kontrasztanyag jelenlétében.
Ebben a dézis tanulmanyban egy az in vitro patkany vérrég modellt hasznaltunk az rt-PA altal

indukalt thrombus lizis hatékonysaganak 0Osszehasonlitasa a leggyakrabban hasznalt jod

tartalmd kontrasztanyagok jelenlétében: Xenetix® (iobitridol), Ultravist® (iopromide),
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Omnipaque® (iohexol), Visipaque® (iodixanol) és lomeron® (iomeprol). A Kisérleti
eredmények bizonyitottak, hogy a kontrasztanyag jelenléte negativan befolyasolja a fibrinolizis
hatékonysagat, ami egy dozis fiiggé hatast mutatott: nagyobb dézisu jod tartalmd
kontrasztanyag potencialisan jobban csokkentheti a thrombus lizis. Tovabba, ezek az adatok
megerdsitik, hogy a jod tartalmd rontgen-kontrasztanyagok lelassitjak, illetve gatoljak a
thrombolizist. Ezen megéllapitasnak fontos klinikai relevanciaja van, ugyanis a mai klinikai
gyakorlatban a thrombolitikus gyogyszerek beadas elétt komputertomografias vizsgalatot

vegeznek a thrombus lokalizalasa végett.
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t-PA immobilizacié vas oxid alapu nanopartikulumokon és a lokalizalt magneses

hipertermia
A nanopartikulumok fizikai megjelenése, kemiai tulajdonsagok

A t-PA-NC-ek vazlatos abrazolasa a 4. abran lathatd. A nanopartikulumoknak két f6
része van: vas-oxid alapu mag, amelyet tobb 20 nm-es vas-oxid nanokockakbdl all; mig a

felulet réteget a t-PA molekulak és a marhaszérum-albumin (BSA) bevonat alkotja.
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4. abra: t-PA vas-oxid nanocubes (t-PA-NCs). a) sematikus abrazolasa a) a nanopartikulumok egy szuper-
paramagneses vas-oxid (Fe304) magbdl és egy bevonati rétegbdl allnak, amelyek olyan funkciondlis csoportokat
hoznak 1étre, melyek elésegitik a gyogyszer kotédesét a terapia sordn célzott sejtcsoporthoz, illetve gatoljak a
partikulumok aggregéciojat és novelik a kolloidstabilitast. b) a SEM és TEM felvételek, a t-PA-NCs jellemz6 mérete
=150 nm; c) t-PA kioldasa a nanopartikulumokbol kiilonb6zé hdmérsékleteken (25, 37 és 42 ° C) és idépontokban
(0, 3, 12 és 24 h); d) keresztirany( magneses rezonancia relaxacios id6 (r2) (1.41T) és a fajlagos abszorpcios rata (f

=512 kHz-et; H=10 kA m—1).

A t-PA-NC-ek elektronmikroszkopiés analizise nanomeéretii szerkezeteket és kortlbelil
100 nm atlagos vasmagatmér6t mutat (4. abra), mig vizes oldatban a nanokomponensek

atlagos =~ 150 nm-es hidrodinamikai atmérdjét mutatnak. A t-PA-NC stabilitasat normaél
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sooldatban (0,90% w / v NaCl) mérjiik hét egymast kovetd napon. Az elsé napon belil
mérsékelt méretcsokkenest figyeltik meg, majd a kovetkez6 6 napban a hidrodinamikai
atméro altalanos valtozasa az atlagérték 10% -an belll maradt. A t-PA-NCs-k fellileti bevonata
kissé negativ, kortlbelll -18 mV elektrosztatikus feltéltéssel rendelkezik, amely allandé marad
az egész megfigyelési periodusban. A hidrodinamikai meret, és a felszini toltés egy hét alatt
megfigyelt aprd, de nem szignifikans valtozasai megerésitenék a t-PA-NC-k fiziologias
korialmények kozaott fennallo stabilitasat.

Ahhoz, hogy megallapitsuk a felllleten kotott t-PA mennyiségét, zdld fluoreszcens
jeloléssel ellatott t-PA (FITC-t-PA) allitpttunk elé. Igy a t-PA-NC-kkel tarsitott fluoreszcens
jel mérésével kvantaltuk a nano-konstrukcid felszinén adszorbeélt t-PA mennyisegét. A FITC-
t-PA molekuldk szamahoz viszonyitott optikai abszorbancia kalibracios gorbéjének felvétele
utdn a kotott t-PA mennyiségét 9,6 + 1.014 nano-konstrukcidra vonatkoztatva. Hasonld
protokollt kovetve a t-PA molekuldk felszabadulasat kiilonb6z6 idépontokban és
homérsékleteken végeztiik. Ezeket a kisérleteket 10% szérum oldatban, enyhe keverés mellett
végeztik. Amint az varhato volt, megfigyelhetd, hogy a felszabadult t-PA mennyisége idével
¢és hémérsékleten novekszik. 3 oras incubalas utdn 25 ° C-on nem észleltiik felszabadulast,
mig a =~ 2% -0s felszabadulast 37 és 42 ° C-on mértiik. 12 6ras inkubacid utan 25 ° C-on = 2%
-0s felszabadulast észleliink, ami 37 és 42 ° C-on = 7%, illetve 15%. 24 6ras inkubalas utin a

felszabadult t-PA szézalékos aranya 6%, 32%, illetve 63%, 25, 37 és 42 °C-on.

Trombus oldas hatékonysaganak mérése in vitro kornyezetben

Két kiilonboz6 vizsgalati eljarasban hasonlitottuk 0ssze a tPA NCs (nanopartikulum
csoport) és a szabad tPA vérrdg feloldasanak képességét: egy statikus és egy dinamikus
vizsgalatban. Harom teszt csoportot hasonlitottunk ¢ssze: a) kontrol csoport, ahol a vérrégok
nem voltak kezelve; b) szabad tPA, amely csoportot 100 umg szabad hatéanyaggal kezeltink;

és ¢) tPA-NCs csoport, amelyhez a fent leirt tPA-NCs nanopartikulumokat adtuk. A kisérlethez
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sziikséges vérrogoket ex vivo modon képeztiik. Roviden, 100 pL friss, teljes vért vegyitettink
50 U trombinnal 2 ml-es Eppendorf centrifuga csévekben, majd a cséveket 3 napig 4°C-n
tartottuk, hogy a trombusok szerkezete megfelel6en kialakuljon, és stabilak legyenek.

A 5. abra a statikus kisérlet 0. és 90. percét mutatja be: 3 ml fizioldgias sdoldatba helyeztlink
minden vérrogot, és a csoportnak megfeleléen kezeltiik a trombusokat (a szabad tPA csoport
nem lathatd a képen). A verrdg-oldodas nyomon kovetéséhez a 0., 30., 60., és 90. percben
mintat vettiink minden {ivegesébdl, és 96 lyuku plate-re helyeztiik; majd spektrofotométer
segitségével mértik az oldott hemoglobin mennyiségét (ODa1s). A kapott eredményeket a 5.
abra abran keriilnek bemutatasra. Amint varhat6 volt, a kontroll csoport esetében id6vel
Ezzel szemben a szabad hatdéanyag és a tPA-NCs altal kezelt vérrogok nagymértékben
szétestek. Osszehasonlitva a két csoportot, jol latszik, hogy a nanopartikulumok két
nagysagrenddel hatékonyabban bontjak fel a fibrin halét, mint a hagyomanyos gyogyszer
molekulak. Fontos kiemelni azt a tényt, hogy a nanopartikulumok az els6 30 percben jelent6sen
gyorsabban képesek elbontani a vérrogot, amely sok esetben a beteg életét mentheti meg,
ugyanis ha az elzart érszakasz elébb valik szabadda, akkor a szoveti karosodas mértéke is

csokkenhet.
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5. dbra: Trombus oldas hatékonysaganak mérése statikus koriilmények kozott. a) reprezentativ
képek a kontroll és a tPA-NCs nanopartikulumokkal kezelt csoportokrél, a kisérlet 0. és 90.

percében. b) Az oldodas és az oldodas sebességének valtozasa az id6 fiiggvényében

A dinamikus Kkisérlet vazlatosan a 6. abran lathatd. A képen jol lathat6, hogy a vérrdg a
kamra kozepén helyezkedik el, az aramlasra merélegesen. A kisérlet ideje alatt egy pumpa
biztositotta az egyenletes aramlast 64.516 pl x min™ sebességgel. A kisérlet ideje alatt 1 ml
oldatot tartalmaz6 tPA-NCs vagy azzal egyenértékli térfogatu szabad tPA-t injektaltunk a
vérrog bal oldalarol, a jobb oldalon pedig elvezettik a folyadékot. A vérrogok lizisét
fénymikroszkoppal kdvettiik nyomon.

A 6.b abran reprezentativ felvételeket lathatunk egy tPA-NCs-t tartalmazd oldattal

o

elvégzett kisérletbdl. A kezd6 idépillanatban egy sird, fekete tomeg figyelheté meg, ez az ép,
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kezeletlen vérrog. A kovetkez6 képen a kisérlet 114. masodpercénél a fehér, szaggatott vonal
jeloli a vérrog hatarat. Az el6z6 képhez hasonlitva a vérrog frontvonala beljebb kerllt mintegy
1 mm-rel. Tovabba a 150. masodpercnél a trombus jol észrevehetben veszitett tomorségébol,
az intakt vorosvérsejtek is megfigyelhetéek mar. A 220. masodpercben pedig megtortént a
teljes lizis, a vérrog teljesen eltlint a 1atomezobol. A kisérletet elvégeztiik szabad hatdoanyaggal
is (az abrék nem kerllnek bemutatasra), ahol azt tapasztaltuk, hogy 300 méasodperc elteltével a

verrog szerkezete fellazult, azonban a vérrogok degradacioja nem kezd6dott meg.

to vacuum pump

ﬁ’ to the waste tube

flow chamber

from the syringe
pump

layered
collagen

glass slide
flow field |
flow field
4 . e ;2
»
blood clot

bottom view of the
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6. dbra: Trombus oldas hatékonysadganak mérése dinamikus koriilmények kozott: a) sematikus
abrazolasa a flow chambernek. A vérrdg a kamra kozepén kollagénnel van rogzitve, a folyadékaram
allandd sebességgel balrdl érkezik. A trombus oldddasat egy mikroszkop segitségével lehet nyomon
kovetni b) Reprezentativ felvételek egy tPA-NCs-t tartalmazé oldattal elvégzett kisérletb6l. A fehér

szaggatott vonal jel6li a vérrog hatérat..
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Vérrog oldas hipertermia segitségével

Régobta ismeretes, hogy bizonyos méagneses részecskék (pl. vas-oxidok) a kilonféle
szovetek hé terapias kezelésére, hipertermidra alkalmasak. A nanoméagneseket tartalmazé
méagneses folyadékot a célszdvetbe juttatnak, majd kiils6é magneses teret alkalmaznak. A tér
hatasara az eredetileg random elhelyezkedésli magneses momentumok az erdvonalaknak
megfeleléen orientalédnak. A szuper-paramagneses nanorészecskék a kiils6 magneses tér
kikapcsolasat kovetden kétféle mechanizmus szerint térhetnek vissza a nyugalmi allapotukba:
a) hdmozgassal (Brown-mozgas), méretliknél fogva egy magneses egysegként (doménként)
illetve b) Néel-rotacio Utjan, ahol csak a momentum fordul vissza az eredeti allapotiba. Ha
valtakoz6 magneses teret hasznalunk, akkor az oriental6das és a relaxécio a tér frekvenciajanak
megfeleld gyorsasaggal valtakozik.

A késleltetett magneses relaxacié eredményeként bekovetkezd, a magneses energia
héenergiava alakulasa soran tapasztalhatd hé effektus nagymértékben fligg a részecske
magneses tulajdonsagaitol, amely foként a méretiik és a mikroszerkezetiik fliggvénye. Az
enyhébb hipertermia kezelés (42-45 °C) a kemoterapiaval egyutt alkalmazva varhatéan noveli
annak hatékonysagat, mig magasabb homérsékleten (> 50 °C) a sejtek pusztulasa (nekrozis,
nem programozott sejthalal) kdvetkezik be.

Jol ismert tény, hogy a szOveti plazminogén aktivator (tPA) optimalis muiikodési
hémérséklete 42-45°C. Ennek ismeretében a szuper-paramagneses nanopartikulumokat és a
tPA-t hordozo nanopartikulumokat is valtozé magneses térnek tettiik ki, és egy ho-kamera
segitségével ho-térképet készitettiink. Mindkettd esetben 10 perc elteltével jelentOs
hémérséklet-emelkedést mértiink; a vas-oxid partikulumok esetében 46.9 + 1.7 °C maximum
hémérsékletet értiink el, mig a szabad tPA-t hordozo partikulumok eseteben 49.6 £ 1.3 °C lett

a maximum hémérséklet (7. abra).
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Ezutan vizsgaltuk, hogy a magasabb homérséklet hogyan befolyasolja a vérrog oldddast.
Harom csoportot hasonlitottunk dssze: a) kontroll csoport, amely vérrogok semmilyen kezelést
nem kaptak, b) hékezelés nélkiili csoport, ahol a vérrogokhoz tPA-NCs nanopartikulumokat
adagoltunk, de nem alkalmaztunk valtoz6 magneses teret, és végul c) ahol a vérrogokhoz tPA-
NCs nanorészecskéket adtunk, és 10 percig valtozd magneses térbe helyeztik. Mindharom
esetben a lizist 40 percen at mértik, a fent emlitett spektrofotometrias mddszer segitségevel. A
varakozéasoknak megfelelden a melegitett csoportban a degradacié sokkal jelentdsebb, mint a
melegités nélkiili csoportban. Fontos kiemelni, hogy ez a kiilonbség az elsd 10 percben a
legmarkansabb, amikor a melegités folyamatos (7. 4bra; piros szaggatott téglalapok az els6 10
perc kinagyitasa). Ez is mutatja, hogy egy kombinalt terapia mennyivel hatékonyabb trombus

oldast eredményez, a vérrogok degradacidja gyorsabba és hatékonyabba tehetd.

free NCs

18§ 7 =—tPA-NCs/heating = tPA-NCs/heating
164 == (PANCs/no heating ] B oy b = = tPA-NCs/no heating
| I - I [ S control

Dissolution
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7.4bra: Vérrog oldas hipertermia segitségével. a) szuper-paramagenes vas-oxid nanopartikulumok (NCs) és
tPA-NCs nanopartikulumok hétérképe 0. és 10. percben valtozé magneses térrel vald kezelés esetében b)
trombus Az oldodas €s az oldodas sebességének valtozasa az id6 fliggvényében, valtozo magneses térrel valo

stimulaléssal, illetve annak hidnyaban
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tPA-NCs nanorészecskék trombolitikus aktivitdsanak jellemzése in vivo kdrnyezetben

Egér vas(l11)-klorid artérias sériilés modellt dolgoztunk Ki a partikulumok tesztelésére in
segitségével kovettik nyomon. Réviden dsszefoglalva, az egereket 2,5-3% isofluran adagolas
segitségével altattuk, majd a vorosversejteket és trombocitakat fluoreszcensen megjeldltik (az
8. &bran piros szinnel latszanak a trombocitak). Ezutdn egy bemetszést ejtettiink az eger
hasfalan, és egy vas(lll)-kloriddal atitatott szlirOpapirral roncsolast hoztunk Iétre a
mesenteridlis érrendszerben. A roncsolds hatasara a hajszalerekben trombusok alakultak ki,
amit a intravital fluoreszcens mikroszkop segitségével nyomon tudtunk koévetni. Amint
kialakultak a trombusok a farki vénan at intravénasan adagoltuk a) a kontroll csoport esetében
200 L fiziologias sooldatot; b) 100 pg tPA-t, 200 L fiziologias séoldatban feloldva; ¢) 100
at monitoroztuk.

Jelentds eltéréseket tapasztaltunk a két kisérleti csoport kozott. A szabad hatéanyag
esetében (8b. abra) a 3., 4., és 5. szammal jel6lt vérrog teljesen elzarja az érszakaszt, &ramlast
egyaltalan nem tudtunk detektalni. A tPA beaddsa utdn a vérrogok nem kezdtek el oldodni, sét,
a 10 perc utdn még nagyobb méretiiek lettek (egy kisérlet eredménye keriil bemutatasra,
azonban minden csoport esetében 3 allattal végeztik el a tesztet). Ezzel szemben a tPA-NCs
csoport esetében a partikulumok szinte azonnal, a beadasuk utan képesek voltak a vérrogok
degradaciojat megkezdeni. Az 8.c abran 1. és 2. szammal jel6ltik a megfigyelt vérrogoket.
Szembetiing, hogy 150 masodperc utan az érszakaszban mar részben helyreéllt a keringés, a

10. perc végén pedig a vérrogok teljesen feloldodtak, a keringés teljesen helyreallt.
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8. &bra: tPA-NCs nanorészecskék trombolitikus aktivitasinak jellemzése in vivo kornyezetben.
Reprezentativ képek a mesenterialis érrendszerben 1étrehozott trombus oldasrdl kiilonbozé id6pillanatokban,

szabad hatéanyagot, vagy tPA-NCs oldatot adagolva.
Osszegzés

Eredményeink azt mutatjdk, hogy egy erds, klinikailag alkalmazott trombolitikus
gyogyszerhatdanyagot - szdveti plazminogén aktivator, tPA - hatékonyan lehet immobilizalni
vas-oxid alapi nanopartikulumok feliiletén, és célzott verrdg oldast végezni. Ezek a
gyogyszerszallitd partikulumok (tPA-NCs) bebizonyitottak, hogy tobb nagysagrenddel
hatékonyabban képesek a vérrogoket degradalni a szabad tPA-hoz képest; illetve képesek
rekanalizaciot megvalositani az elzarddott érszakaszokban. Az effektiv hatéanyag célbejuttatas

csokkenti a vérrog lizisének idejét, illetve csokkenti a sziikséges tPA mennyiséget, ami
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mérsékeli a mellékhatasok kialakulasanak kockazatat. A nanopartikulumok potencialisan
lehet6séget adnak a trombusok magas homérsékletii helyi kezelésére, akdr magas intenzitasu

fokuszalt ultrahang segitségével.
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Introduction

In Western world the obstruction of critical blood vessels due to thrombosis is the leading
cause of death: acute ischemic stroke, deep vein thrombosis (DVT), pulmonary embolism (PE),
and acute ischemic stroke (AIS) are the major causes of cardiovascular mortality, which results
in over 1 million deaths each year in the US. Thrombosis is responsible for most of the
pathophysiology of these diseases. Thrombolytic drug therapy can reduce mortality, and this
therapeutic approach has been widely used in thrombosis treatment. Although a number of
thrombolytic drugs are currently available, tissue plasminogen activator (t-PA) is currently the
only US Food and Drug Administration-approved therapy for lysis of fibrin clot in treating
ischemic stroke.

t-PA is a serine protease that converts the zymogen plasminogen to plasmin, which
initiates the process of lysis of the fibrin clot (fibrinolysis). As t-PA has a very short life in
plasma (half-life =5 minutes), it needs to be administered at a high dose for a prolonged period
of time in order to maintain an effective drug level during thrombolytic drug therapy, which
leads to degradation of clotting factors and hemorrhage. It will therefore be highly desirable to
deliver t-PA under guidance for targeted thrombolysis, which will allow t-PA to be localized
to the target site and reduce its hemorrhagic side effects.

The major treatment strategy for DVT, PE, heart attack, and AIS is pharmacological
reperfusion using intravenous t-PA. In some cases, multimodal computed tomography (CT) is
performed prior to t-PA administration. While this multimodal approach provides greater
information than non-contrast CT alone, radiographic contrast agents may interfere with
thrombolytic therapy. The relationship between the dosage of iodinated contrast media and the
efficiency of the fibrinolysis via rt-PAis poorly understood in patients receiving intravenous

tissue-type plasminogen activator. Thus, in this study, we compare the effect of five different
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contrast media such as Xenetix® (iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol),

Visipaque® (iodixanol) and lomeron® (iomeprol) on fibrinolysis via t-PA.
Thrombolysis in clinical practice

Coagulation or blood clotting is a very important biological process which transfers the
liquorish blood to solidify. It is fundamental to form blood clots when we have an injury that
reaches the blood vessels. Clotting can prevent us from bleeding to death and protect us from
the entry of bacteria and viruses. However, clots can also form inside our body, without surface
injury, when a blood vessel is injured. The human body can make clots and breaks them down
once there is no need for them anymore.

Mostly there is a healthy balance between these two activities. In some cases, abnormal blood
clotting occurs; some people’s body may not be able to break the clots down. On other hand,
oversized clot inside a blood vessel is extremely dangerous because it can easily block the
blood flow in the vessel. Thus, because of the lack of flow, indispensable organs will not obtain
enough oxygen. These situations can be dangerous and require an immediate diagnosis and

treatment.

Computed Tomography vs. Magnetic Resonance Imaging for Thrombosis
During the 1990s, computed tomography (CT) and magnetic resonance (MR) imaging

changed significantly due to the technological advancement and expanded clinical use in
patients with thromboembolic disease, particularly with regard of the pulmonary vasculature,
acute ischemic stroke, deep vein thrombosis, pulmonary embolism or heart attack. In countless
institutions, helical CT pulmonary angiography has become the basic imaging study choice to
evaluate patients with suspected thrombolysis. In addition, CT venography of the pelvis and
lower extremities is often incorporated into the CT angiography protocol to identify or exclude

concurrent deep venous thrombosis.
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Although MR imaging produces high tissue contrast without ionizing radiation,
currently, this technique is less popular than CT for evaluation of acute venous
thromboembolism (VTE) because of technical limitations, higher costs, limited availability,
and other logistical considerations. As technology improves, however, MR pulmonary
angiography (MRPA) and MR venography (MRV) may play a greater role in the evaluation of

patients with venous thromboembolic disease.
Negative side effect of iodinated contrast media for thrombolysis

lodinated contrast media are widely used either to either visualize blood vessels
(angiography) or to increase the density between different organs and tissues. In both cases,
they are infused intravascularly and theoretically, there is no interaction between media and
other presenting drugs. However there is a concern for a possible interaction between x-ray
contrast agents and thrombolytic therapy; since contrast enhanced computed tomography (CT)
evaluation is performed prior to rt-PA administration for localizing a thrombus [40] and this
multi-phase approach provides greater information than non-contrast CT alone. Clinical data
from the cardiology literature propose that rt-PA induced thrombolysis in the presence of both
ionic and nonionic iodinated contrast agents notably slows down. However, in current clinical
practice, the interaction between contrast agents and fibrinolysis is marginal due to the

importance of the mechanical recanalization techniques.
Radiographic iodinated contrast media

Since their introduction in the 1950s, organic radiographic iodinated contrast media
(ICM) have been among the most commonly prescribed drugs in the history of modern
medicine. The phenomenon of present-day radiologic imaging would be lacking without these
agents. ICM generally have a good safety record. Adverse effects from the intravascular

administration of ICM are generally mild and self-limited; reactions that occur from the
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extravascular use of ICM are rare. Nonetheless, severe or life-threatening reactions can occur
with either route of administration.

All currently used ICM are chemical modifications of a 2,4,6-tri-iodinated benzene ring
(Figure 1). They are classified based on their physical and chemical characteristics, including
their chemical structure, osmolality, iodine content, and ionization in solution. In clinical
practice, categorization based on osmolality is widely used. Osmotic effects of contrast media
that are specific for the kidney include transient decreases in blood flow, filtration fraction, and
glomerular filtration rate. Secondary effects include osmotically induced diuresis with a

dehydrating effect.
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Figure 1: Chemical modifications of a 2,4,6-tri-iodinated benzene ring

Numerous methods were established to develop an in-vitro clot lytic model for
understating the effect of ionic and nonionic iodinated contrast agents on rt-PA;
notwithstanding the most reliable way to investigate clot lysis activity of rt-PA is through vitro
clot lysis model. However, these approaches might contain the differences of patients such as
age, gender, medical history or lifestyle. The present paper is aimed to study the effect the

quantity of presenting iodine on thrombolytic therapy through in vitro clot lysis model.
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Nanomedicine — nanoparticles in a clinical pratice

The history of the nanotechnology started in 1959 when Richard Feynman introduced
the idea of nanotechnology in his famous talk “There’s plenty of room at the bottom” at the
annual meeting of the American Physic Society. Feynman proposed employing machine tools
to make smaller machine tools, and those machine tools would be used to make more smaller
machine tools; all the way down to the atomic level. Feynman was clearly aware of the potential
medical applications of this new technology.

He imaged a new technology which might allow the scientists to manipulate the materials
at its basic elements: the single atoms. A few years later, in 1974, Norio Taniguchi named this
filed to nanotechnology. Despite of the fact that scientists applied this design for years,
nanotechnology became an individual scientific field just in 1981. Since then, 35 years of
research and development, nanotechnology infiltrates in almost every field of science and
industry, from biology to construction science, including electronic and environment control
[49-52]; bringing new promises into each field. Nanotechnology is a revolutionary way of
understanding technology and manufacturing in different sectors of industries such as

transportation, nuclear weapons, detection systems, and telecommunications.

Introduction to Magnetic Nanoparticles

Several fields utilize the properties of magnetic nanoparticles (MNPS) in various
biochemical and biomedical applications including bacterial detection, protein purification,
enzyme immobilization, cell separation, drug delivery, hyperthermia, and MRI imaging.
Magnetic nanostructures are well-established nanomaterial with controlled size, ability to be
manipulated by an external magnetic field, and enhancement of contrast in magnetic resonance
imaging. The core component for synthetizing MNPs is colloidal magnetite or hematite

(Fez0a).
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Iron and its compounds are widespread in nature and successfully synthesized in the
laboratory. Iron compounds present in the hydrosphere, the lithosphere and (as pollutants) in
the atmosphere. Iron is a biogenic element, present in all biota, but some iron compounds can
cause harmful effects to humans, animals, and environment. In occupational exposure of
humans, iron and iron oxides are known to produce benign siderosis — but iron oxides have
been implicated also as a vehicle for transporting high concentrations of carcinogens and sulfur
dioxide deep into the lungs, thereby enhancing the activity of these pollutants. In most of these
compounds, iron is in the trivalent state, but FeO and FezOa contain Fe(ll) .

The two most commonly studied iron oxides have been magnetite (Fe304) and
maghemite (y- Fe2030. IONPs are found naturally in the environment as particulate matter in
air pollution and in volcanic eruptions. Either Fe304 (magnetite) or yFe203 (maghemite),
particles can be generated as emissions from traffic, industry and power stations but can also
be specifically synthesized chemically for a wide variety of applications. Various methods can
be employed in their fabrication such as synthesis by water-in-oil micro-emulsion system, co-
precipitation, reactions in constrained environments, polyol method, flow-injection synthesis
and sonolysis. Magnetic behavior is an important parameter in design and synthesizing of
superparamagnetic iron oxide NPs (SPIONs) to maximally facilitate their imaging and
therapeutic efficacy as these applications require high magnetization values. Although this can
be accomplished by applying a maximum magnetic field acceptable under the clinical settings,
the reaction conditions during the synthesis processes can be modulated to generate particle
size with a large surface area, which in turn allows these particles to exhibit high magnetic

susceptibility.
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Aims of the thesis

1.

Developing a reliable method to make ex vivo blot clots freshly drawn mouse or rat whole
blood. Inducing thrombolysis using t-PA in known concentration and follow the progress
of clot lysis over time via spectrometry by measuring the amount of released hemoglobin.
Testing the effect on thrombolysis therapy induced by t-PA of five different contrast media
such as Xenetix® (iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol),
Visipaque® (iodixanol) and lomeron® (iomeprol) using the developed ex vivo blood clot
lysis model.

Developing and optimizing a nanocarrier platform which is suitable for targeted delivery
of t-PA and other potential thrombolytic drugs using iron oxide core. Developing an
alternative protocol for synthetizing labeled nanoparticles to follow up the thrombus lysis
at in vitro and in vivo environment

Performing the sufficient physical-chemical characterizations such as measuring size,
shape, Zeta-potential, stability, calculating the loaded amount of drug into the particles
Testing the NPs in in vitro environment with and without flow. Developing a method for
making identical thrombus (mouse, pig, human) in ex vivo environment

Introducing the NPs into an alternative magnetic field for testing their behavior, measuring
the lysis efficiency and time with heating effect

Developing a mouse and pig ferric chloride arterial injury model and testing the NPs in in
Vivo environment using intravital microscopy technique. Performing the remote guidance

of NPs via external magnetic fields.
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Results
Interactions between iodinated contrast media and tissue plasminogen

activator: in vitro comparison study

Blood collection and clotting & in vitro thrombolysis
Forming the rat blood clots, the blood was drawn from 8-10-month-old male WKY-strain

Wistar Kyoto rats (Charles River Laboratories, Budapest, Hungary). Blood was obtained from
the tail using a 25-gauge needle and 1mL syringe. 100 pl of blood was then aliquoted into
several tubes which were containing 50U thrombin solution. The tubes were placed for 3 hours
at 37°C to form the blood clots than the clos were aged for 3 days at 4°C.

The rt-PA was obtained from the manufacturer (Activase, Genentech, San Francisco,
CA) as a lyophilized powder. The powder was mixed with sterile water to a concentration of 1
mg/mL as per the manufacturer’s instructions. Thrombolysis was performed by placing
individually the prepared clots in a 15 mL Falcon tubes. The tubes were containing 5.0 mL
saline buffer, 100 pg rt-PA and different contrast media Xenetix® (iobitridol), Ultravist®
(iopromide), Omnipaque® (iohexol), Visipaque® (iodixanol) and lomeron® (iomeprol) (see
Table 1). The quantity of each contrast media was chosen to study the effect of 30 mg or 60
mg iodine, the active substance, for the clot lysis. The dosages were calculated based on the
manufactures’ given ranges for an average adult patient for intravascular administration. As a
reference, there were vials containing 5.0 mL saline buffer and 100 pg rt-PA solutions (positive
control) or just 5 mL saline solution (control). For each group, there were 5 clots. The vials
were placed into the incubator at 37°C and continuous shaking at 100 rpm for 90 minutes. The
ODas (optical absorbance) of the supernatant was measured (plate reader) at time point 0 min,

30 min, 60 min and 90 min to estimate the amount of released hemoglobin at 415 nm.
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Table 1.: The physical parameters of the iodine containing contrast media which were used in the current study.
*The dosages given below are recommendations only and represent common doses for an average normal adult
weighing 70 kg. Doses are given for single injections or per kilogram (kg) body weight (BW) as indicated below,

based on the manufactures’ instructions for Intravascular Administration

Concentration Osmolality Viscosity Active
of lodine [mg Brand Dosage* [mOsm/ kg H:0] [mPas] Substance
VmL] 37°C )
ULTRAVIST 300 Bayr AG o, > miperke 607 47 iopromide
body weight

3 -5 mL per kg

IOMERON 300 Bracco S.p.A. body weight 521 4.5 iomeprol

OMNIPAQUE 350 GE Healtheare 2= #mLper ke 844 106 iohexol
body weight

VISIPAQUE 320 GE Healthcare > mL-per ke 290 114 iodixanol
body weight

XENETIX 300  Guerbet Corporate > ™ML Perke 915 100 iobitridol

body weight

In Vitro thrombolytic efficacy

Two different amounts of the contrast media were used for quantifying the rt-PA efficacy
in dissolving blood clots over time: 30 mg or 60 mg of iodine. Dissolution rate, which measures
the dissolution velocity, are plotted in Fig. 2 and Fig. 3, as a function of time for the different
experimental groups. For the assay, the thrombolytic efficacy was quantified by measuring the
optical density (ODa15) of the supernatant at different time points, namely 0, 30, 60, and 90
minutes while the clots were treated different contrast media such as Xenetix® (iobitridol),
Ultravist® (iopromide), Omnipaque® (iohexol), Visipaque® (iodixanol) and lomeron®

(iomeprol).

e



As expected, only a minor dissolution of the untreated clot (negative control) is observed
over time, related to a spontaneous break down of the fibrin network. We found a statistically
significant difference in each time point at each group (p < 0.05) — except for the negative
control. These results suggest that in all cases the rt-PA could dissolve the clots on some level,
and as expected, the negative control didn’t conduct a considerable thrombus lysis. Next, we
analyzed the performance of each contrast media containing group comparing to each other
and the positive control group. For the first 30 minutes, there was no significant difference

between the groups with contrast media and positive control.
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Fig. 2. Dissolution rate of blood clots over time exposed to 100 ug rt-PA in presence the five most commonly used
contrast media (Xenetix® (iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol), Visipaque® (iodixanol) and
lomeron® (iomeprol)); each in a concentration of 30 mg of active substance. After 30 minutes, there is a significant

(56.2 + 15.6%) drop in dissolution rate for the iodine containing groups comparing to the only rt-PA treated group.

In the following time period, significant difference was found between all the contrast
media groups and the positive control: a 56.2 + 15.6% increase of dissolution rate was noticed
for the positive control group compared to all the other samples (Fig. 2). With other words, rt-

PA itself provides three orders of magnitude higher dissolution rate than clots treated with
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Xenetix® (iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol), Visipaque®
(iodixanol) and lomeron® (iomeprol).

The following step was to analyze the 60-mg group. The same analyses were performed.
Fist we confirmed that in the rt-PA treaded groups the clot dissolution was successful, some
hemoglobin was released. Next, we evaluated each contrast media containing group comparing
to each other and the positive control group, and we noticed that same trend as at 30 mg group.
Namely, there were no significant differences between the contrast media containing groups,
and all the rt-PA containing groups acted similarly in the first 30 minutes. In comparison, the
positive control could provide ~100 times higher dissolution rate after the first 30 minutes

compared to groups with contrast media (Fig.3).
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Fig. 3. Dissolution rate of blood clots over time exposed to 100 ug rt-PA in presence the five most commonly
used contrast media (Xenetix® (iobitridol), Ultravist® (iopromide), Omnipaque® (iohexol), Visipaque®
(iodixanol) and lomeron® (iomeprol)); each in a concentration of 60 mg of active substance (iodine). After
30 minutes, there is a major (82.3+ 23.9%) drop in dissolution rate for iodine containing groups comparing

to the only rt-PA treated group.
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T-PA Immobilization on Iron Oxide Nanocubes and Localized Magnetic
Hyperthermia Accelerate Blood Clot

Physico-Chemical Characterizations of t-PA-NCs

A schematic representation of t-PA-NCs is shown in Figure 4a which depicts two main
compartments: a metal core, constituted by multiple 20 nm iron oxide NCs clustered together;
a surface layer, obtained by mixing t-PA molecules and bovine serum albumin (BSA). The

clustered iron oxide nanocubes are synthesized via high temperature thermal decomposition
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Figure 4: t-PA iron oxide nanocubes (t-PA-NCs). a) Schematic representation of t-PA-NCs showing two main
compartments: a cluster of iron oxide nanocubes (NCs) forming the nanoconstruct core; a surface coating of t-PA and serum
albumin, forming the external nanoconstruct layer; b) SEM and TEM (inset) images of t-PA-NCs demonstrating a
characteristic size of =150 nm; c¢) Release of t-PA from t-PA-NCs at different temperatures (25, 37, and 42 °C) and time

points (0, 3, 12, and 24 h); d) Transverse magnetic resonance relaxivity (r2) (1.41T) and specific absorption rate of t-PA—
NCs (f =512 KHz; H = 10 KA m™).

method, using iron acetylacetonate as an iron source [129]. The resulting NCs are coated by
the t-PA/BSA mixture using an emulsion technique. An electron microscopy analysis of t-PA-

NCs reveals nanoconstructs with a quasispherical shape and an average iron core diameter of
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about 100 nm (Figure 4b). The transmission electron microscopy image in the inset of Figure
4b shows multiple 20 nm iron oxide nanocubes clustered together to form the t-PA-NC core.
In aqueous solution, the nanoconstructs show an average hydrodynamic diameter of =150 nm.
The stability of t-PA-NCs is measured in normal saline solution (0.90% w/v of NaCl) for seven
consecutive days. It is observed a moderate reduction in size within the first day followed by a
slight increase toward the end of the characterization period. However, the overall variation in
hydrodynamic diameter is limited within 10% of the average value. Also, the polydispersity
index (PDI) of t-PA-NCs is quite constant over the 7 days characterization returning an average
value of 0.20. The surface coating of t-PA-NCs has a slightly negative surface electrostatic
charge of about —18 mV which stays constant for the whole observation period. The minor
variations in hydrodynamic size, PDI, and surface charge observed over a week would confirm
the high stability of t-PA-NCs under physiological conditions. Furthermore, preliminary
toxicity analysis performed on murine macrophages has shown negligible effect on cell
viability upon incubation with t-PA-NCs.

To gain insights into the loading and release of tissue plasminogen activator from t-PA-NCs,
nanoconstructs were synthesized using a green fluorescent labeled t-PA (FITC-t-PA). Thus, by
measuring the fluorescent signal associated with t-PA-NCs, the amount of t-PA adsorbed over
the nanoconstruct surface was quantified. After generating a calibration curve relating optical
absorbance to the number of FITC-t-PA molecules, the total amount of loaded t-PA was
estimated to be 0.749 + 0.08 pg per 9.6 x 1014 nanoconstructs. Following a similar protocol,
the release of t-PA molecules was derived at different times points and temperatures. These
experiments were performed in 10% serum solution, under mild agitation, and the resulting
data are presented in Figure 4c. As expected, it is observed that the amount of released t-PA
grows with time and temperature. At 3 h post incubation (p.i.), no release is observed at 25 °C,

while a =2% release is measured at 37 and 42 °C. At 12 h post incubation, a =2% release is
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detected at 25 °C, which becomes ~7% and 15% at 37 and 42 °C, respectively. After 24 h of
incubation, the percentages of released t-PA are 6%, 32%, and 63%, respectively at 25, 37, and
42 °C. Importantly, within the first few hours, most of the t-PA is still associated with the iron
oxide core confirming again the stability of the nanoconstruct surface. Moreover, the release
of t-PA at 42 °C tend to be larger than at the physiological temperature suggesting that NC
heating could efficiently trigger the local release of t-PA molecules. It is here important to note
that t-PA molecules can still activate the fibrinolytic pathway while being immobilized on the
nanoconstruct surface. In other words, t-PA does not need to be released in order to form
plasmin. The magnetic properties of t-PA-NCs were characterized by quantifying the
longitudinal r1 and transverse r2 MR relaxivities, and the specific absorbtion rate (SAR) for
magnetic hyperhtermia. The nanoconstructs showed a r2 of =450 x 10-3 m—1 s—1 and a SAR
of =60 W g—1 (Figure 4d), which are among the highest values so far reported in the literature
for iron oxide nanoconstructs.[18] The iron encapsulation efficiency, defined as the percentage

of iron in the t-PA-NCs over the initial input, was of 66% + 5.6% as measured via ICP-OES.

In Vitro Thrombolytic Efficacy of t-PA-NCs

Two different assays were used for quantifying the t-PA-NC efficacy in dissolving blood
clots over time: a static assay, where blood clots were exposed to the thrombolytic agents (free
t-PA and t-PA-NCs) in a quiescent fluid; a dynamic assay, where blood clots entrapped within

a parallel plate flow chamber were exposed to a flowing solution of thrombolytic agents.
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Figure 5: Blood clot dissolution under static conditions. a,b) Dissolution and dissolution rate of blood clots over time
exposed to t-PA-NCs, free t-PA, and saline solution (control). Data are normalized by the amounts of t-PA. c)

Representative images of blood clots at 0 and 90 min post incubation with saline solution (left) and t-PA—NCs (right).
For the static assay, Figure 5 show representative images of blood clots at 0 and 90 min,

post incubation with thrombolytic agents. Three experimental groups are considered,
specifically free t-PA; t-PA-NCs; and control whit clots in a saline solution. The thrombolytic
efficacy was quantified by measuring the optical density (OD415) of the supernatant at
different time points, namely 0, 30, 60, and 90 min post incubation. The dissolution, which is
related to the amount of lysed clot, and the dissolution rate, which measures the dissolution
velocity, are plotted in Figure 5, respectively, as a function of time and for the three different
experimental groups. As expected, only a minor dissolution of the untreated clot (control) is
observed over time, related to a spontaneous break down of the fibrin network. On the other
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hand, the free drug and t-PA-NCs dissolved the blood clots efficiently (Figure 5b). In
particular, the t-PA nanoconstructs provide two orders of magnitude higher dissolution and
dissolution rate as compared to the conventional drug. Figure 5c presents representative
images of blood clots at different time points, treated with t-PA-NCs or untreated (control).
These images clearly show the progressive lysis of the clots treated with t-PA-NCs, where t-
PA breaks down the fibrin mesh releasing the red blood cells and inducing a progressive red
coloration of the solution.

Next, the thrombolytic efficacy of the t-PA-NCs was assessed in a dynamic assay. In
this case, a blood clot was deposited over a microscope glass slide. This slide was assembled
in a parallel plate flow chamber apparatus, as schematically shown in Figure 6, eventually
mounted on the stage of a microscope. The blood clot was placed in the middle of the chamber
deck, partially occluding the flow section. Using a syringe pump, a solution of t-PA-NCs was
infused within the parallel plate flow chamber, reaching the blood clot on the left hand side.
The blood clot was continuously monitored by light microscopy over a period of 10 min and
images of the clot boundaries were taken at different time points (Figure 6). At time 0, the
region of interest appeared black for the dense clot. Then, clot lysis started to occur with the
infusion of the t-PA-NC solution. At 114 s, the left border of the clot (dashed white line)

regressed by =1 mm, and even more at 150 s when the remaining mass of the clot appeared far
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less dense. The t-PA-NCs solution induced a complete lysis of the clot within the field of view

already at 220 s (Figure 6).
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Figure 6: Blood clot dissolution under dynamic conditions. a) Schematic representation of a parallel plate flow
chamber system used for reproducing vascular flow. A partially occluding blood clot is deposited in the middle of
the chamber over a microscopy glass slide coated with collagen; b) Images of the upstream boundary of a blood
clot exposed to a continuous flow of t-PA-NCs. The white dashed line identifies the blood clot upstream boundary

while it recedes over time due to progressive dissolution.
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Mechano-Chemical Thrombolysis via t-PA-NCs

Upon stimulation with alternating magnetic fields (AMFs), NCs heat up inducing a
significantly high local increase in temperature (Figure 7). t-PA-NCs have demonstrated a
remarkable SAR of ~60 W g—1, at 512 KHz and 10 kA m—1. Also, the clot busting efficacy of
t-PA is known to depend on the temperature and shows a maximum around 45 °C. Following
this, NCs and t-PA-NCs were exposed to alternating magnetic fields and temperature maps
were captured over time using an infrared camera (Figure 7). In both cases, significant heating
is observed within 10 min of exposure to AMF with maximum temperatures of 46.9 £ 1.7 and
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Figure 7: Mechano-chemical lysis of blood clots via magnetic hyperthermia. a) Representative temperature maps of
saline solutions in which free NCs and t-PA-NCs are dispersed and exposed to alternating magnetic fields. b,c)
Dissolution and dissolution rate of blood clots in the presence of t-PA-NCs either stimulated or not stimulated with

alternating magnetic fields. In the control experiments, blood clots were exposed to a saline solution.

49.6 + 1.3 °C, respectively, for NCs and t-PA-NCs. Note that the temperature distribution is
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quite uniform for a saline solution, in the absence of any NCs, and returns a maximum value
of about 30 °C. This confirms that the heating is solely specific and is associated with the
presence of NCs in solution. Next, the blood clot dissolution and dissolution rates were
quantified upon incubation with t-PA-NCs in the presence and absence of AMFs (Figure 7).
The thrombolytic activity of t-PA-NCs is assessed for a period of 40 min, while exposure to
AMF and consequent heating is limited to the first 10 min of incubation. The clot dissolution
in the presence of heating was significantly larger than without heating with a time averaged
2-fold increase over the 40 min period (Figure 7). However, a much larger increase can be
observed within the first 10 min of incubation (dashed lines in the insets of Figure 7), during
which NCs are continuously exposed to AMF. These results emphasize the synergy between

the chemical and thermo-mechanical effects in clot lysis.

In Vivo Characterization of the Thrombolytic Activity of t-PA-NCs

For determining the in vivo efficacy of the proposed nanoconstructs, intravital
micrsocopy (IVM) was used to follow the formation and dissolution of clots over time. Mice
were anesthetized with 2.5%-3% isoflurane and injected with 30 uL of rat anti-mouse CD41
Clone MW Reg30 to fluorescently label autologous platelets for the visualization of clot
formation and blood flow dynamics. Then, an incision was made through the abdominal wall
to expose the mesentery arterioles (<100 um in diameter), a Whatman filter paper saturated
with 10% ferric chloride (FeCl3) solution was applied topically for 5 min. This caused
denudation of the endothelium and clot formation. These steps are documented in Figure 8.
After removal of the ferric chloride filter paper; 200 puL of saline solution with either NPs
loaded with t-PA (100 pg initial input of t-PA) or soluble t-PA (100 ug) were administered
through tail vein. Following the bolus injection, the vessels were monitored over time (Figure
8). Significant differences were observed between the two experimental groups: t-PA-NC

injected animals (Figure 8) and free t-PA injected animals (Figure 8). Note that 100 pg of
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initial t-PA input during the t-PA-NC synthesis corresponds to =20 pg of actual t-PA
immobilized on the NC surface.

In the first case, two clots (Clot 1 and Clot 2) were almost fully occluding a vessel at time
0. The platelets concentration (red signal) between the two clots was minimal documenting the
absence of continuous blood flow. Already at 10 s p.i., the structure of the two clots started
changing and, at 60 s p.i., the region between Clot 1 and Clot 2 appeared more populated in
platelets demonstrating that the vessel was already partially reopened. At 150 s p.i., Clot 1 was
almost completely dissolved and the vessel was fully recanalized at 600 s p.i.. Also, the graph
of Figure 8 shows the actual clot area (A), normalized by the initial value (A0), as a function
of time. For the free t-PA case, three clots are identified in the field of view whose areas tend
to moderately grow with time rather than decreasing (Figure 8). Therefore, at 400 s p.i., the
normalized areas of Clot 3, 4, and 5 are larger than the initial values (Figure 8). It should be
here recalled that free t-PA has a very short half-life in blood (<5 min in humans, and even
shorter in mice), therefore its efficacy can only be seen within the first few minutes post

injection.

20



a b tPA

Normalized Area (A/A,)

0 100 200 300 400 500 600
Time [sec]|

A, Initial Area Clot2: 4573 ym?  Clot4: 8393 pm?*

Clotl: 6620 um?  Clot3: 5463 ym?*  Clot5: 6510 um?

Figure 8. Blood clots in the murine mesentery vasculature monitored in real time via intravital microscopy. a)
The endothelium in the mesentery vasculature of a mouse is damaged by a topical treatment with a ferric chloride
(FeClI3) solution inducing extensive damage and formation of large, stable blood clots deriving from the intimate
mixing of platelets (red dots) and fibrin. b,c) Representative intravital microscopy images of the mesentery
vasculature taken at different time points during treatments with free t-PA b) and t-PA-NCs c). Blood clots are
identified preinjection and monitored over time up to 10 min post injection of thrombolytic agents. d) Variation

with time of the normalized clot area for the five clots identified in the images (b — free t-PA treated mice) and (c

— t-PA-NC treated mice). (Injected free t-PA: 5 mg of t-PA/kg of animal; injected t-PA-NCs: =1 mg of t-PA/Kg
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Conclusion

In our study, first we examined the effect of iodinated contrast media on the efficiency
of thrombolysis therapy via recombinant tissue plasminogen activator. We found, that a higher
dose of iodinated contrast media might impede fibrinolysis, since the experimental results
demonstrated that presence of these contrast media negatively affects the efficiency of the
fibrinolysis induced by rt-PA.

Secondly, we examine the preparation of magnetic nanoparticles to use them as a
magnetic nanocarrier for delivery of t-PA. MNP consisting of a superparamagnetic core and
an bovine serum albumin (BSA) shell was synthesized and characterized. After covalent
binding to the MNPs, t-PA showed high activity retention and enhanced storage and operation
stability. Effective thrombolysis with MNP-t-PA under magnetic guidance substantially
reduced blood clot lysis time compared with runs without magnetic targeting and with free t-
PA using the same drug dosage. The results demonstrate that SiO2-MNP is a useful magnetic
targeting drug carrier for t-PA delivery, and SiO2-MNP-t-PA may provide a new form of
thrombolytic drug that is potentially useful for treatment of thrombus.

In conclusion, t-PA-NCs can be a promising therapeutic agent to improve fibrinolysis,
even in those patients who have other injures, thus systematic injection of tissue plasminogen
activator could induce life-threating situations, since rt-PA could prevent clog forming at
critical locations. Our results can introduce a new concept into the treatment of thrombus, and
revolutionize the current medical procedures.

However, the side-effects of the t-PA-NCs requires further investigations, since the

reactions of the human immune-system to these nanocarriers is currently unknown.
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