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INTRODUCERE

Cancerul continua sa reprezinte o problema majora de sanatate publica la nivel
global, iar glioblastomul (GBM) constituie o amenintare oncologica deosebita, fiind cea
mai frecventd, agresivi si letalid tumora cerebrald maligni primara [1,2]. In ciuda
protocolului standard de tratament si a progreselor tehnologice recente, prognosticul
pacientilor cu GBM ramane nefavorabil din cauza rezistentei la tratament si a recidivelor
tumorale, determinate de infiltrarea extinsa a GBM, de heterogenitatea tumorald, de
abilitatea celulelor tumorale de a evada de sub supravegherea sistemului imunitar si de
impedimentul reprezentat de bariera hematoencefalici (BBB) [2-5]. In acest context, au
fost dezvoltate si tratamente alternative, iar administrarea locald a agentilor
chimioterapici reprezintd o directie importanta 1n gestionarea recidivelor
postchirugicale, avand ca scop eliminarea eficienta a celulelor canceroase reziduale si
minimizarea efectelor secundare sistemice [6,7]. Utilizarea polimerilor imprimati
molecular (MIP) poate aduce beneficii substantiale pentru chimioterapia locala, acestia
oferind o eliberare sustinuta a substantelor active datorita interactiunilor de afinitate,
asigurand astfel niveluri terapeutice constante pe o perioada mai lunga de timp [8-10].
Aceasta teza exploreaza utilizarea MIP-urilor ca sisteme rezervor implantabile pentru
eliberarea sustinuta a ruxolitinibului (RUX) in cavitatea post-rezectie, vizand abordarea
complexitatii GBM prin inhibarea caii de semnalizare Janus kinase/Signal Transducer
and Activator of Transcription-3 (JAK/STAT3). Studiul 1 a avut ca scop dezvoltarea de
MIP-uri conventionale pe baza de acrilati si stiren, Studiul 2 a explorat imprimarea
moleculara a unor hidrogeluri biodegradabile, iar Studiul 3 a evaluat singerismul unor
asocieri intre RUX si medicamente anticonvulsivante.
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STADIUL ACTUAL AL CUNOASTERII

GBM reprezintd una din cele mai mari provocari din domeniul neuro-oncologiei, fiind
recunoscut drept cea mai letala si prevalentd tumora malignd primara a sistemului
nervos central [2,11]. Progresele recente pe baza studiilor genetice au permis
redefinirea GBM ca gliom astrocitar difuz de grad 4, de tip IDH (isocitrate
dehydrogenase) salbatic, avand caracteristici histopatologice specifice si modificari
genetice complexe [12,13]. Incepand cu anul 2005, tratamentul standard pentru GBM
implicd rezectia chirurgicald, urmata de radioterapie adjuvanta si chimioterapie
sistemica cu temozolomid3, cu scopul de a amana recurentele determinate de celulele
tumorale reziduale [3,14]. Cu toate acestea, prognosticul ramane nefavorabil in ciuda
abordarii agresive, cu o supravietuire medie limitata la 12-18 luni si o rata de
supravietuire la 5 ani sub 5% [3].

GBM se distinge prin complexitatea sa, manifestandu-se printr-o infiltrare difuza in
parenchimul cerebral, o variabilitate semnificativa la nivel microscopic si molecular, si
abilitatea de a evada raspunsul sistemului imunitar [2,4,5,15]. Impreuni cu
mecanismele de rezistenta la tratament, atat innascute, cit si dobandite, si cu obstacolul
BBB care limiteaza penetrarea medicamentelor in creier, acestea contribuie in mod
colectiv la dificultatea obtinerii unor rezultate terapeutice optime [11,16]. Calea de
semnalizare JAK/STAT are un rol important in procesele oncogenice de la nivelul
celulelor de GBM [17]. Activarea anormald a JAK/STAT3 promoveaza proliferarea
celulara, invazia, angiogeneza indusa de hipoxie, reprogramarea metabolica,
imunosupresia si mentinerea pluripotentei celulelor stem GBM rezistente la tratament
[17-19]. In acest context, inhibarea ciii JAK/STAT3 a devenit o abordare cu potential
benefic in suprimarea cresterii tumorale, modularea micromediului tumoral si in
reducerea rezistentei la terapie [17-19], RUX fiind o solutie de a reduce tumorigenitatea
si invazia GBM prin inhibarea JAK/STAT3 [20,21]. Cu toate acestea, utilizarea sa
sistemica in GBM este limitata de o biodisponibilitate redusa, necesitand astfel metode
alternative de livrare [22].

Pentru a depasi limitdrile chimioterapiei sistemice, au fost dezvoltate strategii
terapeutice alternative si inovatoare, cu accent pe dezvoltarea de tratamente locale
implantabile pe bazd de materiale avansate pentru a asigura eliberarea sustinuta a
substantelor active, mentinerea unor niveluri terapeutice pe termen mai lung si
reducerea toxicitatii sistemice [6,7]. Hidrogelurile sunt frecvent utilizate si studiate
pentru tratamentul local al GBM, datorita structurii lor flexibile si a biodegradabilitatii
ajustabile, oferind astfel o biocompatibilitate excelenta [23-25].

Desi sunt cunoscute uzual pentru abilitatea in recunoasterea moleculara, MIP-urile
au devenit platforme populare pentru livrarea de medicamente [26]. Design-ul MIP-
urilor presupune crearea de situri de legare specifice prin polimerizarea unor monomeri
functionali si agenti de reticulare In jurul unei molecule sablon [26]. Cavitatile de legare
cu afinitate ridicata pentru sablon permit o incarcare superioara cu substanta activa si
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asigura un profil de cedare sustinuta, ceea ce le diferentiaza de sistemele conventionale
de livrare (DDSs) [8-10]. in plus, MIP-urile sunt superioare sistemelor clasice prin
imunogenicitate scazutd, sinteza cu costuri reduse, stabilitate ridicata si protectie
eficientd a medicamentului transportat. Desi MIP-urile conventionale nu sunt
biodegradabile In mod uzual, compozitia lor poate fi adaptata pentru a depasi aceasta
limitare si a asigura biocompatibilitatea [8,27].

CONTRIBUTII PERSONALE

Studiul 1: Dezvoltarea si caracterizarea de rezervoare de medicamente pe baza de
MIP-uri conventionale

Obiective: Acest studiu a avut ca scop dezvoltarea si caracterizarea unor MIP-uri
conventionale ca rezervoare de medicamente pentru eliberarea sustinuta a RUX la nivel
local [28].

Material si metode: Patru MIP-uri diferite au fost sintetizate utilizand tehnica
polimerizarii prin precipitare, indusa de UV, si utilizdnd o strategie de imprimare
necovalenta, folosind acrilamid3, acid trifluorometacrilic (TFMAA), acid metacrilic si
stiren (STY) ca monomeri functionali. Dupa evaluarea afinitatii monomerilor fata de
RUX prin titrare calorimetrica izoterma (ITC), MIP-urile au fost evaluate si comparate
cu omologii lor neimprimati (NIP) in ceea ce priveste dimensiunea, morfologia si sarcina
de suprafatad a particulelor, precum si legarea specifica si nespecifica a RUX si eliberarea
substantei active in vitro utilizand celule de difuzie Franz si metoda agitarii flaconului.
Efectele citotoxice ale MIP-urilor incorporate intr-un hidrogel de fibrind au fost evaluate
in vitro pe celule C6 de GBM utilizand testul Alamr Blue, in timp ce efectele toxice ale
monomerilor au fost investigate utilizdnd testul CCK-8. MIP-ul cu cea mai buna
performanta in vitro a fost ulterior testat in vivo utilizand un model de GBM la sobolani
Wistar cu scopul de a evalua impactul asupra supravietuirii animalelor.

Rezultate: Analizele ITC au demonstrat afinitatea superioara a TFMAA fatda de RUX.
MIP2 (cu TFMAA) a demontrat o capacitate de Incarcare de 69,9 ug/mg si cedare
cumulativa la pH 7,4 de 42%, depdsind performantele celorlalti polimeri datorita
interactiunii puternice cu sablonul. In plus, MIP2 a indus efecte citotoxice puternice
asupra celulelor C6, cu o diferenta statistic semnificativa fata de NIP2, care nu a afectat
semnificativ viabilitatea celulara. In vivo, tratamentul cu MIP2 a dus la o crestere
semnificativa a supravietuirii animalelor, comparativ cu RUX liber. Totusi, continutul
rezidual de monomeri ar trebui controlat cu atentie, avand in vedere citotoxicitatea
dependenta de doza, observata exclusiv pentru TFMAA dintre monomerii acrilici.

Concluzii: Rezultatele demonstreaza performanta superioard a MIP2 (TFMAA). In plus,
rezultatele in vivo demonstreaza eficacitatea sa ca rezervor imprimat cu RUX in
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cresterea supravietuirii animalelor cu GBM, evidentiind potentialul sau ca implant
terapeutic local pentru gestionarea recidivelor postchirugicale.

Studiu 2. Explorarea potentialului hidrogelurilor biodegradabile imprimate
molecular

Obiective: Acest studiu a explorat imprimarea moleculara a unui hidrogel biodegradabil
termosensibil si potentialul sdu ca sistem rezervor implantabil la nivel local pentru
eliberarea sustinuta a RUX [29].

Material si metode: Polimerul termosensibil poli(N-izopropilacrilamidd) (PNIPAm) a
fost grefat pe un schelet de alginat (ALG) biodegradabil pentru a obtine copolimerul
utilizat ulterior ca matrice functionald pentru imprimarea RUX prin reticularea ALG cu
calciu si obtinerea hidrogelului. Successul reactiei de grefare si prezenta interactiunilor
moleculare implicate In procesul de imprimare au fost evaluate prin spectroscopie in
infrarosu cu transformanta Fourier (FT-IR). Dupa stabilirea compozitiei optime a
hidrogelului prin analiza potentiometricd a excesului de calciu, comportamentul sau
reologic a fost examinat la diferite temperaturi. Impactul imprimarii moleculare a fost
evaluat prin compararea MIP fata de NIP in ceea ce priveste eficienta de Incorporare
(EE) si profilul de cedare in vitro in conditii fiziologice. in cele din urma, efectele MIP
asupra a doud linii celulare de GBM uman au fost investigate prin evaluarea
citotoxicitatii, apoptozei, ciclului celular, formarii de colonii si a migrarii celulare.

Rezultate: Analizele FT-IR au demonstrat atit succesul reactiei de grefare cat si
interactiuni moleculare care stau la baza imprimarii RUX in hidrogelul de ALG-PNIPAm,
care a demonstrat ulterior un comportament termosensibil cu cresterea vascozitatii in
apropierea temperaturilor fiziologice datoritd compozitiei in PNIPAm. Efectul de
imprimare moleculara s-a reflectat ulterior Intr-o EE superioara (84,59 + 0,73 %) si
eliberare mai sustinuta a MIP fata de NIP, MIP oferind eliberarea prelungita a RUX timp
de > 14 zile si o cedare cumulativa totald de 81,62 * 2,47 %. Tratamentul cu hidrogelul
MIP pe culturi celulare de A172 si U251 a demonstrat citotoxicitate semnificativa,
blocarea ciclului celular, apoptoza crescutd, precum si o capacitate mai redusa de
formare de colonii si de migrare celulara in comparatie cu RUX liber. Celulele U251 au
prezentat o sensibilitate mai redusa la tratament.

Concluzii: Hidrogelul de ALG-PNIPAm MIP imprimat cu RUX si reticulat cu ioni de calciu
prezinta potential ca sistem de tip rezervor implantabil si bioadeziv pentru terapia
locald a GBM. Comparativ DDS traditionale, acest hidrogel asigurd o eliberare mai
sustinuta pe baza interactiunilor de afinitate, in timp ce natura sa biodegradabila
permite o cedare cumulativd superioara fata de MIP conventionale. Imprimarea
molecularda a RUX si eliberarea sa prin intermediului hidrogelului biodegradabil au
imbunatatit eficacitatea terapeutica a acestuia in vitro.
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Studiul 3. Evaluarea combinatiilor sinergice de medicamente pentru tratamentul
local al GBM

Obiective: Al treilea studiu a explorat combinatii noi de medicamente care implica RUX
si antiepileptice (AED) pentru tratamentul local al GBM, cu scopul de a Imbunatati
rezultatele terapeutice prin implicarea mai multor mecanisme biologice.

Material si metode: Trei AEDs (acid valproic (VPA), oxcarbazepina (OXC) si
gabapentina (GBP)), au fost initial evaluate pentru efectele lor citotoxice asupra
celulelor de GBM A172 si U251, si ulterior evaluate individual si in combinatie cu RUX
pe sfere tumorale multicelulare (MCTS) 3D prin evaluarea inhibarii cresterii la
concentratiile care reduc viabilitatea la 50% (IC50). A fost utilizat un design
experimental factorial pentru a evalua interactiunile potential sinergice si sensibilitatea
la diferite proportii, utilizand rezultatele testului de viabilitate MTT pentru analiza cu
ajutorul modelului de sinergism Bliss. Apoptoza a fost evaluata ulterior pentru cele mai
sinergice concentratii utilizand testul Caspazei 3/7. Abordarea factoriala a fost utilizata
pentru un screening al celor mai eficace combinatii pe 3D MCTS, utilizdnd un test de
viabilitate bazat pe colorarea cu Calcein AM, ioduri de propidiu si Hoechst. In plus, 0XC
a fost imprimata In hidrogelul biodegradabil dezvoltat anterior si s-a determinat EE.

Rezultate: VPA si OXC au demonstrat efecte citotoxice semnificative pe celulele A172 si
U251, in timp ce GBP nu a reusit sa produca o inhibitie de 50%. Testul de inhibare a
cresterii MCTS 3D a evidentiat efecte suboptimale pentru combinatii comparativ cu
agentii individuali. Evaluarea interactiunilor sinergice pe culturi 2D a evidentiat efecte
aditive pentru RUX + OXC pe ambele linii celulare si pentru RUX + VPA pe U251. Desi
RUX + VPA a aratat un grad semnificativ de sinergism pe celulele A172, sensibilitatea
celulelor de GBM la acesta combinatie a fost in general mai redusa. Evaluarea apoptozei
a indicat o crestere semnificativa in celulele U251, RUX + OXC prezentand o apoptoza
mai mare ca monoterapia, iar RUX + VPA fata de RUX. Testul de viabilitate pe 3D MCTS
aaratat ca RUX + OXC a avut o eficacitate globala semnificativ mai mare decat combinatia
RUX + VPA, OXC avand o contributie substantial mai mare comparativ cu RUX. EE
superioara a MIP fatd de NIP indica un anumit grad imprimare moleculara a OXC.
Aparitia unui produs de degradare al 0XC dupa expunerea la copolimer ridica probleme
de stabilitate.

Concluzii: Desi RUX+VPA prezinta sinergism in anumite conditii, sensibilitatea mai
redusi a celulelor GBM la acesti combinatie limiteazi potentialul siu terapeutic. In
schimb, celulele de GBM au demonstrat o sensibilitate mai ridicata la RUX+0XC, desi
interactiunea lor este de tip aditiv. In timp ce marcarea fluorescenti poate ajuta la
identificarea dozelor eficace, evaluarea sinergismului pe modele tumorale 3D necesita
metode mai avansate pentru a evalua cu exactitate gradul de interactiune. Sensibilitatea
generald mai redusa a celulelor U251 necesita investigatii suplimentare.
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CONCLUZII GENERALE

Lucrarea a avut ca scop dezvoltarea unor diferite rezervoare medicamentoase
imprimate molecular pentru eliberarea sustinuta a RUX. Aceste platforme inovatoare au
fost destinate implantdrii in cavitatea post-rezectie, cu scopul de a raspunde
provocarilor in tratarea GBM prin inhibarea caii de semnalizare JAK/STATS3.

Patru MIP-uri distincte au fost sintetizate si caracterizate in cadrul primului
studiu, utilizdnd monomeri functionali conventionali pe baza de acrilat si STY. MIP2,
sintetizat folosind TFMAA, a generat cele mai bune rezultate in ceea ce priveste
dimensiunea redusd a particulelor, capacitatea de incarcare si cedare cumulativa
superioare a RUX. Polimerul MIP2 incorporat intr-un hidrogel de fibrina a demonstrat
un efect citotoxic superior asupra celulelor C6 GBM, in timp ce NIP-ul corespunzator a
prezentat o biocompatibilitate acceptabild. Evaluarea MIP2 in vivo utilizind un model
de GBM la sobolan a aratat o crestere semnificativa a ratei de supravietuire, subliniind
potentialul sdu ca tratament local.

Datorita lipsei de biodegradabilitate a MIP-urile conventionale, cel de-al doilea
studiu a avut ca scop explorarea imprimarii moleculare a unui hidrogel biodegradabil
pentru eliberarea sustinutd a RUX cu o biocompatibilitate superioara. Un copolimer de
ALG-PNIPAm a fost selectat pentru imprimarea directa a RUX prin reticulare cu gluconat
de calciu, oferind un hidrogel biodegradabil si termosensibil. Interactiunile moleculare
implicate In imprimarea matricei de ALG au fost evaluate prin ATR-FT-IR, acestea fiind
corelate ulterior cu EE crescutd si un profil imbunatatit de eliberare a substantei In
comparatie cu NIP, oferind o eliberare sustinuta timp de 14 zile si o cedare cumulativa
totald crescutd datoritd biodegradabilititii sale. In plus, hidrogelul imprimat a
demonstrat efecte inhibitorii puternice impotriva celulelor GBM A172 si U251,
evidentiate prin apoptoza crescutd si blocarea ciclului celular datorita inhibarii
JAK/STAT3 de catre RUX. Hidrogelul imprimat molecular compus din ALG-PNIPAm a
determinat o reducere a capacitatii de formare a coloniilor si de migrare a celulelor de
GBM, in comparatie cu tratamentul cu RUX liber.

Avand in vedere efectele remarcabile ale RUX asupra celulelor umane de GBM la
administrarea lui utilizdnd un sistem de tip rezervor polimeric imprimat molecular,
aceste constatari au pus bazele unei abordari a tratamentului local utilizand o
combinatie duala de medicamente, explorata in cadrul celui de-al treilea studiu. Trei
medicamente antiepileptice (AED) au fost testate pe linii celulare de GBM, dintre care
VPA si OXC au demonstrat o eficacitate notabila. Interactiunile sinergice dintre compusi
au fost evaluate pe culturi celulare 2D, demonstrand sensibilitatea ridicata a celulelor la
tratamentul cu RUX + OXC printr-un efect aditiv. in contrast, RUX + VPA a aritat
sinergism in anumite contexte, dar celulele au o sensibilitate generala mai scazuta la
aceastd asociere, subliniind importanta unei selectii a combinatiilor de substante active
in functie atat de sinergism, cat si de sensibilitate. In timp ce tratamentele eficace au fost
identificate pe culturi celulare 3D utilizand un test de viabilitate, sunt necesare metode
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mai avansate pentru a evalua sinergismul in cadrul modelelor tumorale 3D complexe.
Provocdrile asociate cu stabilitatea OXC la contact cu ALG-PNIPAm evidentiaza
necesitatea unei optimizari suplimentare a formularii. Totodata, diferentele de raspuns
la tratament dintre liniile A172 si U251 consolideaza necesitatea integrarii analizei
prolifurilor genomice si proteomice in studiile viitoare.

In ansamblu, concluziile acestei teze sustin continuarea cercetarilor privind
sistemele de tip rezervor biodegradabil imprimat molecular, utilizind una sau mai
multe substante active, pentru tratamentul local al GBM, cu scopul imbunatatirii
rezultatelor terapeutice. In acelasi timp, se constati necesitatea unor abordari
terapeutice personalizate, a validarii pe modele tumorale avansate si a cercetdrii
translationale extinse pentru aplicatii clinice potentiale.

ORIGINALITATEA SI CONTRIBUTIILE INOVATIVE ALE
CERCETARII DOCTORALE

Originalitatea acestei teze constd In abordarea locala a tratamentului GBM
utilizadnd sisteme de tip rezervor imprimate molecular pentru eliberarea sustinutd a
RUX 1n cavitatea de rezectie. Aceastd strategie urmareste combaterea progresiei
tumorale, a evaddrii imune, a rezistentei terapeutice si, in cele din urma, intarzierea
recidivelor GBM prin mentinerea nivelurilor terapeutice de RUX, capabil sa inhibe calea
de semnalizare JAK/STAT3 activata in celulele reziduale de GBM. Spre deosebire de DDS
conventionale, platformele imprimate molecular utilizeaza un mecanism de eliberare
bazat pe interactiuni de afinitate, mai putin explorat, care permite o eliberare mai
sustinuta si usor ajustabila a medicamentului.

Dupa cunostiintele autorului, studiul raporteaza prima utilizare a sistemelor
rezervor pe baza de MIP pentru tratamentul GBM. Deoarece obiectivul final consta in
implementarea in contexte clinice, studiul reprezinta un prim pas citre disponibilitatea
MIP pentru pacienti in viitor. Rezultatele primului studiu au fost incluse intr-o aplicatie
de brevet in calitate de co-autor (no. A/00444/25.07.2022).

Potentiala aplicatie clinicd a MIP-urilor a implicat, de asemenea, un rationament
diferit legat de sinteza acestora. Deoarece contextul terapeutic necesitd o
biocompatibilitate ridicata a MIP-urilor, etapa de Indepartare sablonului a fost omisa in
mod deliberat din procesul de sinteza pentru a evita introducerea de reziduuri potential
toxice de solvent. In primul studiu, omiterea spalirii MIP a fost compensati prin
evaluarea citotoxicitatii monomerilor, pentru a permite prioritizarea acestora in functie
de biocompatibilitate, a anticipa riscurile de siguranta ale acestora si, In cele din urmg,
pentru a sprijni potentialul translational al MIP. Aceasta abatere metodologica
contribuie la pastrarea integritatii situsurilor de legare, la minimizarea costurilor si la
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simplificarea sintezei, oferind astfel o metoda alternativa in sinteza sistemelor MIP-DDS
pentru a evita etapa contraproductiva de eliminare a sablonului, avand in vedere ca
aceasta reprezinta substanta activa.

Contributia inovatoare a celui de-al doilea studiu se bazeaza pe imprimarea
moleculara directd in matricea de ALG, o strategie mai putin explorata pentru livrarea
de substante active. Pe langa avantajul cedarii pe baza de interactiuni de afinitate,
imprimarea RUX in matricea ALG ofera o alternativa biodegradabila la MIP-uri
conventionale, care contribuie la o cedare cumulativa superioara si elimina necesitatea
unei interventii chirurgicale secundare cu scopul de a indeparta implantul, ca etapd in
tratamentul GBM.

Abordarea chemometrica folosind modele de predictie utilizata in cel de-al treilea
studiu se bazeaza pe un tratament local care utilizeaza asocieri intre RUX si AED, avand
ca scop folosirea mecanismelor suplimentare si explorarea unor efecte potential
sinergice in tratamentul GBM. Se raporteaza pentru prima data un efect aditiv al
asocierii RUX + OXC pe liniile celulare A172 si U251 si al asocierii RUX + VPA pe U251,
dar si un efect sinergic pentru RUX + VPA pe linia celulara A172.
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INTRODUCTION

Cancer continues to pose a significant global health burden, with glioblastoma (GBM)
representing a particularly pressing oncological threat as the most prevalent,
aggressive, and lethal primary malignant brain tumor [1,2]. Despite the comprehensive
standard treatment protocol and recent technological advances, the prognosis remains
very bleak due to treatment resistance and tumor recurrence, driven by GBM’s extensive
infiltration, heterogeneity, immune evasion, and the blood-brain barrier (BBB)
impediment [2-5]. Consequently, alternative treatments have been developed, with
local delivery of chemotherapy agents leading recent efforts in managing post-surgical
recurrences by focusing on efficiently eliminating residual cancer cells with minimized
systemic side effects [6,7]. The use of molecularly imprinted polymers (MIPs) can bring
substantial benefits for local chemotherapy by enabling sustained, affinity-driven drug
release and ensuring prolonged therapeutic levels [8-10]. This thesis explores the use
of MIPs as implantable drug reservoirs for the sustained release of ruxolitinib (RUX) at
the postsurgical site, aiming to address the intricacy of GBM through the inhibition of
the Janus kinase/Signal Transducer and Activator of Transcription-3 (JAK/STAT3)
signaling pathway. The 15t Study focused on the development of conventional acrylic and
styrene-based MIPs, the 2m explored the molecular imprinting of biodegradable
hydrogels, while the 3 assessed synergistic drug combinations of RUX and
anticonvulsants.
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STATE OF THE ART

GBM stands at the forefront of neuro-oncology research, recognized as both the
deadliest and most frequently occurring primary malignant tumor of the central
nervous system [2,11]. Recent advances in genetic profiling led to GBM being redefined
as the isocitrate dehydrogenase-wildtype grade 4 diffuse astrocytic glioma, bearing
unique histopathological features and complex genetic alterations [12,13]. Since 2005,
the standard treatment of GBM involves the maximal safe surgical resection, followed
by adjuvant radiotherapy and systemic chemotherapy with temozolomide to delay
recurrences driven by residual tumor cells [3,14]. However, the prognosis remains
unfavorable regardless of the aggressive approach, with average survival limited to 12-
18 months and a 5-year survival rate < 5% [3].

GBM is distinguished by its complexity, displaying diffuse infiltration into the
cerebral parenchyma, significant variability on both microscopic and molecular levels,
and the ability to evade immune surveillance [2,4,5,15]. Along with innate and acquired
treatment resistance mechanisms, as well as the BBB obstacle that limits drug
penetration, these hallmarks collectively contribute to the difficulty in achieving optimal
treatment outcomes [11,16]. The JAK/STAT signaling pathway is a key driver of
oncogenic processes in GBM cells [17]. When abnormally activated, JAK/STAT3
promotes cell proliferation, invasion, hypoxia-induced angiogenesis, metabolic
reprogramming, immune evasion, and pluripotency maintenance of the resilient GBM
stem cells [17-19]. Consequently, its inhibition has become a promising strategy to
suppress tumor growth, modulate the microenvironment, and overcome therapeutic
resistance [17-19], with RUX proving a valuable candidate to reduce tumorigenicity and
invasion as a JAK/STAT3 inhibitor [20,21]. However, its systemic use in GBM is limited
by a reduced bioavailability and would require alternative delivery methods [22].

Innovative treatment strategies have emerged to overcome the systemic limitations
of chemotherapy, with an increasing focus on locally implantable tumor cavity
treatments employing advanced materials for sustained drug release, prolonged
therapeutic levels, and reduced systemic toxicity [6,7]. Hydrogels, for instance, are
particularly popular for local GBM treatment due to their smooth, flexible structure and
tailored biodegradability, which offer excellent biocompatibility [23-25].

While traditionally known for their role in molecular recognition, MIPs have
garnered increasing interest in the field of drug delivery [26]. MIP design entails custom-
made binding sites created by polymerization of functional monomers and crosslinkers
around a target molecule (template) [26]. The high-affinity binding cavities enable
enhanced drug loading and an affinity-based gradual drug release profile, setting them
apart from conventional drug delivery systems (DDSs) [8-10]. Moreover, MIPs surpass
conventional systems by low immunogenicity, low-cost synthesis, enhanced stability,
and improved protection of the carried drug. Although conventional MIPs typically lack
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biodegradability, their composition can be tailored to overcome this issue and ensure
biocompatibility [8,27].

PERSONAL CONTRIBUTIONS

1st Study: Development and characterization of conventional MIP-based drug
reservoirs

Objectives: This study aimed to develop and characterize conventional MIPs as drug
reservoirs for the localized sustained release of RUX [28].

Materials and methods: Four different MIPs were synthesized by UV-induced
precipitation polymerization and employing a non-covalent imprinting strategy, using
acrylamide, trifluoromethacrylic acid (TFMAA), methacrylic acid, and styrene (STY) as
functional monomers. After investigating the affinity of functional monomers towards
RUX using isothermal titration calorimetry (ITC), MIPs were evaluated and compared
with their non-imprinted (NIP) counterparts for their particle size, surface charge, and
morphology, as well as specific and non-specific binding of RUX, and in vitro drug release
using Franz diffusion cells and the shake-flask method. The cytotoxic effects of MIPs
loaded into a fibrin hydrogel were assessed in vitro on C6 GBM cells using the Alamar
Blue, while the toxic effects of monomers were investigated using the CCK-8 assay. The
best-performing MIP in vitro was subsequently investigated in vivo on a Wistar rat GBM
model to evaluate its impact on survival.

Results: 1TC revealed that TFMAA exhibits the highest affinity towards RUX among the
functional monomers. MIP2 (with TFMAA) displayed the highest loading capacity (69.9
pg/mg) and cumulative drug release at pH 7.4 (42 %), outperforming the other
polymers, likely due to its strong interaction with the template. Furthermore, MIP2
showed the most enhanced cytotoxic effects on C6 cells, with a statistically significant
difference compared to NIP2, which did not significantly affect viability. In vivo, MIP2
treatment resulted in a significant increase in survival compared to free RUX.
Nonetheless, residual monomer content should be carefully controlled, given the dose-
dependent cytotoxicity observed exclusively for TFMAA among acrylic monomers.

Conclusions: Collectively, these findings revealed that MIP2, prepared using TFMAA,
exhibits the best overall performance. Most importantly, in vivo results demonstrate its
efficacy as a RUX-imprinted reservoir in improving GBM survival, highlighting its
potential for therapeutic application as a local implant for managing post-surgical
recurrences.
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2nd Study. Exploring the potential of molecularly imprinted biodegradable
hydrogels

Objectives: This study explored the molecular imprinting of a thermo-sensitive
biodegradable hydrogel and its potential as a locally implantable drug reservoir for the
sustained release of RUX [29].

Materials and methods: The thermo-sensitive poly(N-isopropylacrylamide) (PNIPAm)
was grafted onto a biodegradable alginate (ALG) backbone to synthesize the copolymer,
which was subsequently used as the functional matrix for RUX imprinting via calcium-
crosslinking of ALG to obtain the desired hydrogel. The successful grafting and presence
of molecular interactions involved in the imprinting process were evaluated by Fourier
Transform Infrared Spectroscopy (FT-IR). After the optimal hydrogel composition was
established potentiometrically via excess calcium levels, its rheological behavior was
analyzed at different temperatures. The impact of molecular imprinting was evaluated
by comparing MIPs and NIPs through entrapment efficiency (EE) and in vitro drug
release profiles under physiological conditions. Finally, the effects of MIP against two
human GBM cell lines were investigated by examining cytotoxicity, apoptosis, cell cycle
analysis, colony formation, and migration.

Results: FT-IR analysis demonstrated the successful grafting reaction and indicated
molecular interactions consistent with RUX imprinting into the ALG-PNIPAm hydrogel,
which subsequently revealed thermo-thickening behavior near physiological
temperatures due to PNIPAm composition. The molecular imprinting effect further
reflected into a higher EE (84.59 # 0.73 %) and more sustained release for MIP vs NIP,
with MIP offering a sustained release of RUX for >14 days and a total cumulative release
of 81.62 £ 2.47 %. Treatment with MIP hydrogel on A172 and U251 cell cultures
demonstrated significant cytotoxicity, cell cycle arrest, enhanced apoptosis, as well as a
more reduced colony formation and migration ability in comparison to free RUX. U251
cells showed an overall lower treatment sensitivity.

Conclusions: The calcium-crosslinked RUX-imprinted ALG-PNIPAm MIP hydrogel
shows a strong potential as an implantable and bioadhesive drug reservoir for local GBM
therapy. Compared to traditional DDSs, this hydrogel enables a more sustained release
through affinity-based interactions, while its biodegradable nature allows for greater
cumulative release than conventional MIPs. Most importantly, the molecular imprinting
of RUX and its delivery via the biodegradable hydrogel scaffold enhanced its therapeutic
efficacy in vitro.

3rd Study: Surveying synergistic drug combinations for GBM local treatment

Objectives: The 3 Study explored innovative drug combinations involving RUX and
antiepileptic drugs (AEDs) for the local treatment of GBM, aiming to improve
therapeutic outcomes by engaging multiple biological mechanisms.
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Materials and methods: Three AEDs (valproic acid (VPA), oxcarbazepine (0XC), and
gabapentin (GBP)), were initially screened for their cytotoxic effects on A172 and U251
GBM cells and subsequently evaluated individually and in combination with RUX on 3D
multicellular tumorspheres (MCTS) by assessing growth inhibition at their half-maximal
inhibitory concentrations (IC50). A factorial experimental design was employed to
investigate potential synergistic interactions and the sensitivity across various drug
ratios, with MTT viability assay data analyzed via the Bliss synergy model. Apoptosis
was further assessed for the most synergistic drug ratios using the Caspase 3/7 assay.
The factorial approach was employed for a combinatorial screening of the most effective
combinations on 3D MCTS, using a live/dead cell assay based on Calcein AM, propidium
iodide, and Hoechst staining. Additionally, OXC was imprinted within the previously
developed biodegradable hydrogel, and the EE was determined.

Results: VPA and OXC demonstrated significant cytotoxic effects against A172 and U251
cells, whereas GBP failed to achieve 50% inhibition. The 3D MCTS growth inhibition
assay revealed suboptimal effects for the combinations compared to single agents. The
evaluation of synergistic interactions on 2D cultures revealed additive effects for RUX +
OXC on both cell lines, and for RUX + VPA on U251 cells. Although RUX + VPA showed a
significant degree of synergism on A172 cells, the sensitivity of GBM cells to this
combination was generally lower. Apoptosis assessment indicated a significant increase
in apoptosis in U251 cells, with RUX + OXC showing greater apoptosis than either single
agent and RUX + VPA than RUX alone. The live /dead cell assay on 3D MCTS revealed that
RUX + OXC had a significantly greater overall efficacy than RUX + VPA, with OXC alone
contributing more substantially than RUX. The slightly higher EE of MIP vs NIP indicates
a certain degree of molecular imprinting. However, the emergence of an OXC
degradation product after copolymer exposure raises stability concerns.

Conclusions: Although RUX + VPA shows synergism under certain conditions, the lower
sensitivity of GBM cells to this combination limits its therapeutic potential. In contrast,
GBM cells demonstrate higher sensitivity to RUX + OXC, although their interaction is
additive. While fluorescent staining can aid in identifying effective ratios, synergism
evaluation on 3D tumor models requires more advanced methods to accurately assess
the degree of interaction. The lower overall sensitivity of U251 cells calls for further
investigations.

GENERAL CONCLUSIONS

This thesis aimed at and successfully developed different molecularly imprinted
drug reservoirs for the sustained release of RUX. These innovative platforms were
intended for implantation into the post-surgical cavity to address the challenges in
treating GBM by inhibiting the JAK/STATS3 signaling pathway.
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Four distinct MIPs were fabricated and evaluated within the 15t Study, using
conventional acrylic and STY-based functional monomers. MIP2, synthesized using
TFMAA, generated the best results in terms of the smallest particle size, highest drug
loading, and highest cumulative release of RUX. Furthermore, MIP2 loaded into the
fibrin hydrogel displayed the strongest cytotoxic effect on C6 GBM cells, while its
corresponding NIP showed acceptable biocompatibility. Moreover, MIP2 in vivo
evaluation using a rat GBM model revealed a significant increase in survival, highlighting
its potential as a local treatment.

As conventional MIPs lack biodegradability, the 2" Study focused on exploring a
biodegradable molecularly imprinted scaffold for the sustained RUX release with
improved biocompatibility. An ALG-PNIPAm copolymer was selected for direct
imprinting of RUX by crosslinking with calcium gluconate, providing a biodegradable
and thermo-responsive hydrogel. Molecular interactions involved in the imprinting of
the ALG matrix were assessed by ATR-FT-IR, which were subsequently correlated with
the enhanced EE and improved drug release profile in comparison to the NIP, offering a
sustained release over 14 days and enhanced cumulative release due to its
biodegradability. Moreover, the imprinted hydrogel demonstrated strong inhibitory
effects against A172 and U251 GBM cells, evidenced by enhanced apoptosis and cell
cycle arrest, likely due to RUX inhibition of JAK/STAT3. Most importantly, the imprinted
ALG-PNIPAm hydrogel caused a reduced colony formation and migration ability of GBM
cells, compared to free RUX treatment.

Given the remarkable effects of RUX against human GBM cells, particularly when
delivered via a molecularly imprinted polymeric drug reservoir, these findings laid the
groundwork for a dual-drug combination local treatment approach explored within the
3rd Study. Several AEDs were tested against GBM cells, among which VPA and 0XC
demonstrated notable efficacy. The synergistic interactions were assessed on 2D GBM
cell cultures, revealing the strong sensitivity of GBM cells to RUX + OXC, despite lacking
synergism. Conversely, RUX + VPA showed synergism in certain contexts, but cells
showed a lower overall sensitivity to this association, underscoring the importance of
selecting drug combinations based on both synergism and sensitivity. While effective
treatments were identified on 3D cell cultures using a fluorescent live/dead assay, more
refined methods are required to assess combinatorial synergism within complex 3D
tumor models. The challenges associated with OXC stability when in contact with ALG-
PNIPAm emphasize the need for further formulation refinement. Nonetheless, the
overall disparity between A172 and U251 cells’ treatment response reinforces the
necessity of integrating genomic and proteomic profiling into future studies.

Collectively, the findings within this thesis support continued research into single
or dual imprinted biodegradable molecularly imprinted drug reservoirs for local GBM
treatment to improve therapeutic outcomes, while reinforcing the need for personalized
therapeutic approaches, advanced tumor models validation, and extensive translational
research towards potential clinical applications.
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ORIGINALITY AND INNOVATIVE CONTRIBUTIONS OF THE
DOCTORAL RESEARCH

The originality of this thesis lies in the local GBM treatment approach using
implantable molecularly imprinted drug reservoirs for the sustained release of RUX
directly into the post-resection cavity. This strategy aims to overcome tumor
progression, immune evasion, therapeutic resistance, and ultimately delay GBM
recurrence by maintaining therapeutic levels of RUX, which is able to inhibit the
overactivated JAK/STAT3 signaling pathway in residual GBM cells. Unlike conventional
DDSs, the molecularly imprinted platforms employ a less explored affinity-based
mechanism of drug release, which allows for a more prolonged and easily tunable drug
release.

To the best of the author’s knowledge, this represents the first reported
application of MIPs for the treatment of GBM. As the ultimate goal is for MIP-based drug
reservoirs to be implemented in clinical settings, this work represents an initial step
toward MIPs becoming available to patients in the future. Findings from the 15t Study
were included in a patent application as a co-author (no. A/00444/25.07.2022).

The potential clinical application of MIPs also involved a different rationale
related to their synthesis. Since the therapeutic context entails high biocompatibility for
MIPs, the template removal step was deliberately omitted from the synthesis process to
avoid the introduction of potentially toxic solvent residues. In the 15t Study, skipping the
MIP washing was compensated by assessing the cytotoxicity of monomers to aid in
prioritizing monomers based on their biocompatibility, anticipate their safety risks if
present, and eventually support the translational potential of MIPs. This methodological
deviation aids in preserving binding sites, minimizing costs, and simplifying synthesis,
thereby encouraging a paradigm shift in the development of MIP-DDSs to avoid the
unnecessary and counterproductive template removal step, given that the template
molecule serves as the active drug.

The innovative contribution of the 2" Study relies on the direct molecular
imprinting into the ALG matrix, a strategy scarcely explored for drug delivery. In
addition to the advantage of affinity-based drug release, RUX imprinting into the ALG
matrix offers a biodegradable alternative to conventional MIPs, which not only
contributes to an enhanced cumulative drug release but also eliminates the need for a
secondary surgical intervention to remove the device as part of GBM treatment.

The original chemometric approach employing predictive models used in the 31
Study was based on a combinatorial local treatment using RUX and AEDs, aiming to
address the complexity of GBM via additional mechanisms that could potentially
contribute to a synergistic effect. We report for the first time an additive effect for RUX
+ 0XC on A172 and U251 cell lines and RUX + VPA on U251, but also a synergistic effect
for RUX + VPA on A172.
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