REZUMATUL TEZEI DE DOCTORAT

Nanodispozitive pentru transport
la tinta s1 senzor1 pentru detectia
unor biomarkeri

Doctorand Alexandra Pusta

Conducator de doctorat Prof.dr. Cecilia Cristea




2 Pusta Alexandra

CUPRINS
INTRODUCERE.......oociimimstismssmssssmsssssssssssssssssssssssssssssssssssssssssssasssssssssssssssasssssssasssssssassssasas 4
STADIUL ACTUAL AL CUNOASTERIL......cooimisrssmsssmsismssssmsssssssssssssssssssssssssssssssasses 4
CONTRIBUTII PERSONALE .....oooiismmmsersmnsmssssmsssssssssssssssssssssssssssssssssssssssssssssssssssnssssssens 5

1. Scopul si obiectivele lucrarii 5
2. Metodologie generala 6
3. Studiul 1. Dezvoltarea unui dispozitiv pentru detectarea electrochimica a
carboplatinei din nanozomi 6
3.1 Introducere.....eenneennens 6
3.2. Obiective ....coueerrreereeereeseeens 6
3.3. Materiale ST MELOAE ......oeveeerererrerserse s s ss s s sssesas 7
3.4. REZUILALE ST AISCULIL cvvvureeserrersseeeseerseisesessssssse s ssssssssss s s ssssss s sssssssssssssssassssssesas 7
3.5. CoNCIUZIi voveerreerreseereeereeseenne w8
4. Studiul 2. Dezvoltarea unui senzor electrochimic pentru detectarea
directa a doxorubicinei din forme farmaceutice si probe biologice..................... 8
4.1. Introducere......eeneenn. 8
4.2. (010 [=Totu L7/ = O .8
4.3. Materiale ST MELOAE ......vvcereerreerrerseisecessees i sb s ss s s s sssneas 8
4.4. Rezultate si discutii
4.5. CoNCIUZIi voveerrerrereereeereeseenne w9
5.  Studiul 3. Dezvoltarea unor sisteme de transport la tinta bazate pe
nanoparticule de aur pentru tratamentul carcinomului hepatocelular ................ 9
5.1. Introducere......enneennens 9
5.2. Obiective w9
5.3. Materiale SI MELOAE ... ees 10
5.4. REZUILALE ST AISCULIL cvvuvvererrreneereessersserssssssssessssssssse s sssssssssssssssssssssssssssssssnes 10
5.5. CoNClUZIi covrerrerrerereerreeseenne .10
6. Studiul 4. Dezvoltarea unor sisteme de transport la tinta bazate pe
nanoparticule magnetice pentru transportul activ al sorafenibului..................... 10
6.1. Introducere......eennens 10
6.2. ObiectiVe ueneeseereesreenns .10
6.3. Materiale $i MELOAE ... eesseer s es s s sses s ss s sesans 11
6.4. REZUILALE ST AISCULIL cvvvuureereresreernresseerseessnsesssessssssss s ssssssss s sssssssssssssssssssssssssssssns 11
6.5. (000) 1 Tol 11 4 | (PSS A1
7.  Studiul 5. Dezvoltarea unei metode pentru detectarea electrochimica
directa a sorafenibului 12
7.1. Introducere.....enn: 12
7.2. ODbieCtiVe .oeerressnersseeseeens 12

7.3. Materiale ST METOAE .. ss s sssnsssssess 12




Nanodispozitive pentru transport la tintd si senzori pentru detectia unor biomarkeri

3
7.4. REZUILALE ST AISCULIL cvvureurrereeseesrerssersesssssssssssssesssssssssssssssssssssssssssessssssssssssssssssssssssssssssanes 12
7.5. Concluzii...ceeeereemreerreeneeens 12

8. Studiul 6. Dezvoltarea unui aptasenzor impedimetric pentru detectarea
celulelor tumorale circulante HEPG2............nceneeneeensessseesesssssssesssssssesssssssssssssessans 13
8.1. Introducere 13
8.2. ODbiectiVe ....ooeeereereernrerneeens 13
8.3. Materiale SI MELOAE. ..o ssssss s ssnsaes 13
8.4. REZUILALE ST AISCULIL cuvuveurrereeseeserserserssssssssssssessssssesssssssssssssssssssssesssssssssssssssssssssssssssssssanes 13
8.5. Concluzii...ceeeeerreereeereeneeens 13
9. Concluzii generale 14
10. Originalitatea si contributiile inovative ale tezei 14
BIBLIOGRAFIE SELECTIVA 14

CUVINTE CHEIE: sisteme de transport la tinta ; biomarkeri ; aptasenzori
electrochimici ; caracterizare electrochimica.



4 Pusta Alexandra

INTRODUCERE

Cancerul este o patologie cu incidenta si mortalitate crescutd, iar dezvoltarea de
noi metode de diagnostic si tratament pentru aceasta patologie reprezinta un interes
major al comunitatii stiintifice. La ora actuala, tratamentul cancerului se poate realiza
cu ajutorul diverselor tehnici chirurgicale, radioterapeutice sau farmacologice.
Tratementul chimioterapeutic prezintd o serie de limitari, cum ar fi toxicitatea
nespecifica crescutd, iar terapiile moleculare tintite, desi superioare ca profil de
siguranta, sunt limitate de aparitia rezistentei la terapie.

In ultimii ani, au fost dezvoltate o serie de sisteme pentru transportul la tinti al
chimioterapicelor si al substantelor utilizate pentru terapia moleculara tintit3, pentru a
reduce efectele adverse si a creste eficienta acestora. In cercetarea preclinici a acestor
formuldri, este important sa se cuantifice cu exactitate cantitatea de substanta
medicamentoasa Incdrcata si eliberata din acestea, pentru a asigura performante optime
in vivo. Pentru acest scop, existd numeroase tehnici aplicate in mod curent in analiza
farmaceutica, toate prezentdnd avantaje si dezavantaje specifice. Metodele
electrochimice au fost utilizate in ultimii ani pentru detectarea numeroaselor
chimioterapice, acestea reprezentand o potentiala metoda alternativa la metodele
clasice.

Utilizarea biomarkerilor pentru detectarea timpurie a cancerelor reprezinta de
asemenea un domeniu de interes in domeniul biomedical. Si in acest caz, utilizarea
metodelor electrochimice pentru cuantificarea acestor biomarkeri poate reprezenta o
metoda de interes.

Scopul acestei lucrari a fost dezvoltarea unor sisteme de transport la tinta pentru
taratmentul cancerelor si caracterizarea acestora cu ajutorul unor metode
electrochimice rapide, simple si performante. De asemenea, s-a avut In vedere
dezvoltarea si optimizarea unor metode electrochimice pentru detectarea unor
biomarkeri din probe biologice.

STADIUL ACTUAL AL CUNOASTERII

Cancerul reprezinta o problema majora de sanatate publica la nivel global. Doar
in anul 2022 au fost raportate aproximativ 19,9 milioane de cazuri noi la nivel mondial
si 9,7 milioane de decese !. Atat incidenta cat si mortalitatea cauzate de cancer sunt in
crestere, estimandu-se ca in anul 2045 ! se vor raporta aproximativ 32,6 milionae de
cazuri noi si 16,9 milioane de decese.

Principalele metode de tratament utilizate in afectiunile oncologice sunt:
interventiile chirurgicale, radioterapia si terapia sistemica. Terapia sistemica include
chimioterapia, terapia tintita, imunoterapia si terapia hormonald 2. Chimioterapia
prezinta o serie de reactii adverse nespecifice, cum ar fi mielosupresia, greturile,
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varsaturile, alopecia, mucozita, diareea si reactiile de hipersensibilitate. Terapia
moleculara tintita a cancerului a aparut ca alternativa la chimioterapie, in incercarea de
a reduce reactiile adverse ale acesteia. in ciuda profilului de sigurantd superior
chimioterapicelor, eficacitatea moleculelor mici utilizate in terapia cancerului este
limitata de aparitia rezistentei la tratament 3*.

In ultimii ani, au fost dezvoltate diverse strategii pentru terapia cancerului,
printre care un rol important il au sistemele de livrare tintita a medicamentelor (DDS).
Utilizarea acestora are ca scop reducerea reactiilor adverse sistemice si evitarea
aparitiei rezistentei, prin livrarea acestora direct la nivelul tumorii. Exista numeroase
tipuri de nanostructuri sau nanoparticule (NP) care se utilizeaza ca baza pentru
dezvoltarea DDS, cum ar fi structurile lipidice (lipozomii >8, micele) dendrimerii *11, NP
metalice 1213 sau structurile pe baza de carbon ', precum si diverse structuri
polimerice. DDS bazate pe nanostructurile mentionate anterior pot fi livrate la tinta
utilizand diferite strategii: (i) transportul pasiv, (ii) transportul activ sau (iii) transportul
bazat pe nanoroboti. In dezvoltarea DDS, este important si se cuantifice cu exactitate
cantitatea de substantd medicamentoasa Incarcata si eliberata din acestea. Acest lucru
se realizeaza prin calcularea parametrilor specifici Incarcarii, EE% si LC%, precum si
prin evaluarea profilurilor de cedare cumulativa.

Un alt aspect important in ceea ce priveste management-ul afectiunilor
oncologice este reprezentat de diagnosticul timpuriu. Acesta se poate stabili utilizind o
varietate de metode, printre care detectarea unor biomarkeri. Detectarea acestora din
fluide biologice se poate realiza printr-o serie de metode analitice imunologice,
cromatografice sau genetice.

Meotdele electrochimice reprezintad metode de interes atat pentru caracterizarea
DDS, cat si pentru evaluarea unor biomarkeri din probe biologice. Senzorii
electrochimici prezinta o serie de avantaje cum ar fi: posibilitatea de analiza
descentralizatd, portabilitatea, selectivitatea si sensibilitatea crescute, costurile reduse,
precum si posibilitatea ca, odatd optimizati, sa fie utilizati de personal cu o pregatire
minima.

CONTRIBUTII PERSONALE

1. Scopul si obiectivele lucrarii

Lucrarea de fatd a avut in vedere doua directii de cercetare complementare si a
avut ca scop dezvoltarea unor DDS pentru chimioterapice utilizate in tratamentul
cancerelor, precum si dezvoltarea unor senzori pentru detectarea timpurie a unor
biomarkeri pentru cancer. De asemenea, un obiectiv important a fost optimizarea unor
metode electrochimice pentru detectarea chimioterapicelor incarcate In DDS, pentru a
facilita analiza acestora prin tehnici rapide, sensibile si accesibile.
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2. Metodologie generala

in cadrul Studiilor 1 si 2 au fost utilizati electrozi imprimati serigrafic (C-SPE)
fabricati in laborator prin imprimare manuald cu ajutorul unor cerneluri electro-
conducatoare de grafit si argint.

Detectarea electrochimica a chimioterapicelor de interes a vizat studierea
comportamentului lor electrochimic cu ajutorul voltametriei ciclice (CV) sau a
voltametriei puls-diferentiale (DPV), urmate de optimizarea metodei si, in final, de
determinarea parametrilor analitici (limita de detectie, limitd de cuantificare, domeniu
de liniaritate, sensibilitate), a selectivitatii si a aplicabilitatii metodei pe probe reale.

Chimioterapicele de interes au fost incarcate si eliberate in/din DDS de tip
nanozomi sau nanoparticule metalice. Determinarea cantitatii de chimioterapic
incarcatd/eliberata s-a realizat in fiecare caz atit cu ajutorul metodelor electrochimice
dezvoltate, cat si cu ajutorul unei metode spectrofotometrice UV-Vis de control, iar
rezultatele obtinute au fost comparate si evaluate statistic.

Sistemele de transport la tinta dezvoltate in cadrul Studiilor 3 si 4 au fost
functionalizate cu aptamerul TLS11a, specific pentru celulele tumorale hepatice HepG2,
pentru a asigura selectivitate fatda de tesutul tumoral hepatic. Citotoxicitatea DDS
dezvoltate a fost evaluata in culturi de celule HepG2 si celule sanatoase.

Apatmerul TLS11a a fost utilizat de asemenea si pentru dezvoltarea unui
aptasenzor pentru detectarea celulelor tumorale circulante HepG2.

3. Studiul 1. Dezvoltarea unui dispozitiv pentru detectarea
electrochimica a carboplatinei din nanozomi

3.1. Introducere

Carboplatina (CBP) este un chimioterapic pe bazda de platind utilizat in
tratamentul cancerului ovarian avansat 15, carcinomului pulmonar cu celule mici 16 si al
cancerelor de cap si gat 17. CBP este cunoscuta pentru efectele sale secundare sistemice,
cum ar fi mielosupresia, nefrotoxicitatea, ototoxicitatea, cardiotoxicitatea si
neurotoxicitatea periferica 18. Aparitia acestor efecte secundare ar putea fi amanata sau
eliminata prin Incapsularea CBP in DDS.

3.2. Obiective

Scopul studiului a fost dezvoltarea unui dispozitiv pentru detectarea
electrochimica directa a CBP si aplicarea acestuia pentru analiza CBP incarcate si
eliberate in/din DDS de tip nanozomi. Obiectivele urmadrite in acest sens au fost
caracterizarea electrozilor obtinuti in laborator, determinarea comportamentului
electrochimic al CBP si determinarea parametrilor analitici, precum si incarcarea/
eliberarea  CBP 1in/din nanozomi si caracterizarea acestora utilizind metoda
electrochimica dezvoltata .
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3.3. Materiale si metode

Performantele C-SPE obtinuti in laborator au fost evaluate si comparate cu cele
ale unor electrozi comericali similari cu ajutorul CV si spectroscopiei de impedanta
electrochimice (EIS) intr-o solutie de [Fe(CN)s]3-/4- de concentratie 10 mM.

A fost evaluata influenta pH-ului si a vitezei de baleiaj asupra comportamentului
electrochimic al CBP cu ajutorul CV. S-a dezvoltat o metoda de detectare electrochimica
directa a CBP bazata pe DPV.

Nanozomii comerciali au fost incarcati cu CBP si ulterior s-a evaluat eliberarea
acesteia 1n solutii de tampon fosfat (PBS) cu pH 5, 6 si 7,4. Metoda DPV dezvoltata a fost
aplicata pentru caracterizarea nanozomilor, precum si pentru detectarea CBP din probe
biologice simulate.

3.4. Rezultate si discutii

Electrozii obtinuti manual in laborator au demonstrat performante superioare
fata de cei comericali, dupa aplicarea unui protocol de pre-tratement electrochimic prin
amperometrie la un potential constant de + 1,2 V intr-o solutie de Na:C0z de
concentratie 1 M. Electrozii pre-tratati astfel au fost utilizati in continuare pentru
realizarea Studiilor 1 si 2.

Oxidarea CBP la nivelul C-SPE obtinuti in laborator a fost un proces ireversibil,
influentat de pH. Semnalul maxim de oxidare a fost inregistrat la pH 4.

Rezultatele privind influenta vitezei de baleiaj au indicat ca, per ansambluy,
procesul de electro-oxidare este controlat atat de procese de difuzie, cat si de adsorbtie.
Acest fenomen poate fi datorat naturii suprafetei electrodului imprimat in laborator,
care poate prezenta rugozitati si neregularitati.

CBP a putut fi detectata cu ajutorul metodei DPV optimizate pe un domeniu liniar
cuprins Intre 5 si 500 pg/mL, cu o limitd de detectie estimata de 1,6 ug/mL si o
sensibilitate de 0,145 pA mL/pg.

Metoda a fost aplicata pentru evaluarea CBP incarcate in nanozomi si rezultatele
au fost comparate cu cele obtinute prin metoda UV-Vis. S-au obtinut valori ale
variabilitatii intre metode de *2,38% pentru EE%, respectiv +1,76% pentru LC%.
Variabilitatea redusa intre cele doua metode indica faptul ca metoda DPV poate fi
utilizata cu succes pentru studiile de incarcare. Eliberarea CBP din nanozomi a fost
evaluata la pH 5, 6 si 7,4, iar eliberarea maxima s-a obtinut in cazul solutiei cu pH 5.
Eliberarea la pH 5 a fost evaluata prin metoda DPV si UV-Vis si analizatd statistic
utilizand testul ANOVA, iar diferenta intre metodele evaluate nu a fost semnificativa din
punct de vedere statistic, demonstrand un coeficient de regresie acceptabil de 0,984 (p
<0,001) si o panta de 0,837.

Metoda DPV a fost aplicatd si pe probe reale de ser sangvin, saliva si lacrimi
artificiale, diluate cu solutie tampon in raport 1:10. S-au obtinut grade de recuperare
cuprinse intre 92% si 106%.
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3.5. Concluzii

In cadrul studiului a fost dezvoltatd o metoda electrochimici pentru detectarea
CBP, bazata pe oxidarea ireversibila a acesteia la nivelul C-SPE imprimati manual in
laborator. Metoda a fost utilizata cu succes pentru evaluarea CBP incarcate si eliberate
din DDS de tip nanozomi, demonstrand posibilitatea aplicarii metodelor electrochimice
in controlul calitatii formelor farmaceutice 1°.

4. Studiul 2. Dezvoltarea unui senzor electrochimic pentru detectarea
directa a doxorubicinei din forme farmaceutice si probe biologice

4.1. Introducere

Doxorubicina (DOX) este un agent chimioterapic din clasa antraciclinelor,
utilizata singura sau in combinatie in tratamentul unor cancere cum ar fi cele de san,
vezica urinard, ovar, precum si in diverse forme de leucemii si limfoame 2021, Tn ciuda
eficacitatii sale ridicate, utilizarea DOX este asociata cu numeroase efecte secundare,
cum ar fi greata, varsaturile, alopecia, scdderea imunitatii si cardiotoxicitatea. Aparitia
acestor efecte secundare ar putea fi amanatd sau eliminatd prin incapsularea CBP in
DDS.

4.2. Obiective

Scopul principal al studiului a fost dezvoltarea unui senzor electrochimic bazat
pe C-SPE obtinuti n laborator, functionalizati cu nanoparticule de aur (AuNP) pentru
detectarea directd a DOX si aplicarea acestuia pentru cuantificarea DOX incarcate si
eliberate din DDS de tip nanozomi si din probe biologice.

4.3. Materiale si metode

Suprafata C-SPE a fost functionalizatd prin depunerea electrochimica a AuNP
dintr-o solutie de HAuCls. Functionalizarea cu AuNP a fost confirmata imagistic si
electrochimic.

A fost studiatd influenta electrolitului suport, a pH-ului si a vitezei de baleiaj
asupra comportamentului electrochimic al DOX cu ajutorul CV si DPV. Metoda
optimizatad pentru detectarea DOX s-a bazat pe DPV.

Nanozomii comerciali au fost Incarcati cu DOX si ulterior s-a evaluat eliberarea
acesteia In solutii de PBS cu pH 5, 6 si 7,4. Metoda DPV dezvoltata a fost aplicata pentru
caracterizarea nanozomilor, precum si pentru detectarea DOX din probe biologice
simulate.

4.4. Rezultate si discutii

Metoda optimizatd pentru depunerea AuNP a constat in CV prin baleierea
potentialului intre - 0,2 si +1,4 V cu o viteza de baleiaj de 100 mV/s, timp de 25 cicluri,
dintr-o solutie de HAuCls de concentratie 5 mM. Analizele SEM si EDX au confirmat
prezenta AuNP pe suprafata electrozilor de lucru.
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Electro-oxidarea reversibild a DOX a fost dependenta de pH, iar valoarea maxima
a semnalului de oxidare a fost inregistratd la pH 7. Procesul de electro-oxidare a fost
preponderent controlat de adsorbtie.

DOX a putut fi detectata cu ajutorul metodei DPV optimizate pe un domeniu liniar
cuprins intre 1 si 500 pg/mL, cu o limitd de detectie estimata de 0,33 pg/mL si o
sensibilitate de 7,82 pA mL/pg.

Metoda a fost aplicata pentru evaluarea DOX incarcate in nanozomi si rezultatele
au fost comparate cu cele obtinute prin metoda UV-Vis. S-au obtinut valori ale reduse
variabilitatii intre metode. Eliberarea DOX din nanozomi a fost evaluatalapH 5, 6 si 7,4,
iar eliberarea maxima s-a obtinut In cazul solutiei cu pH 6. Au fost comparate profilurile
de eliberare cumulativa obtinute la pH 6 prin metodele DPV si UV-Vis si s-a determinat
o corelatie medie de 94,32%, avand 1n vedere un timp de eliberare de 72 de ore.

Metoda DPV a fost aplicata si pe probe reale de ser sanguin, diluate cu solutie
tampon in raport 1:50. S-au obtinut grade de recuperare cuprinse intre 97,52% si
113,21%.

4.5. Concluzii

A fost dezvoltatda o metoda electrochimica pentru detectarea DOX, bazata pe
oxidarea reversibila a acesteia la nivelul C-SPE imprimati manual in laborator si
modificati cu AuNP. Metoda a fost utilizata cu succes pentru evaluarea DOX incarcate si
eliberate din DDS de tip nanozomi, precum si din probe diluate de ser 22.

5. Studiul 3. Dezvoltarea unor sisteme de transport la tinta bazate pe
nanoparticule de aur pentru tratamentul carcinomului hepatocelular

5.1. Introducere

Carcinomul hepatocelular (HCC) reprezinta una dintre cele mai frecvente si letale
forme de cancer hepatic, avand o incidentd in continua crestere la nivel mondial 23.
Sorafenibul (SOR), un inhibitor multi-kinazic, este unul dintre medicamentele utilizate
ca optiune de prima linie in tratamentul sistemic al HCC avansat ?4. Desi s-a demonstrat
ca acesta creste rata de supravietuire a pacientilor, SOR prezinta dezavantaje precum
solubilitatea scdzuta in apa 25, biodisponibilitatea redus3, efectele secundare sistemice
si eficienta scazutd in cazul anumitor pacienti 24

5.2. Obiective

Scopul principal al studiului a fost dezvoltarea unor AuNP modificate cu
aptamerul TLS11a si cu SOR pentru tratamentul HCC. S-au determinat conditiile optime
de fabricare si s-a realizat caracterizarea NP modificate dupa fiecare etapa de
functionalizare, prin diverse tehnici spectroscopice. S-au evaluat parametrii
caracteristici pentru incarcarea cu SOR si eliberarea acestuia, precum si citotoxicitatea
in vitro pe doua linii celulare: celulele canceroase HepG2 si fibroblasti sanatosi.
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5.3. Materiale si metode

Au fost utilizate AuNP comerciale modificate cu polietilenglicol si grupari
carboxil. Grupdrile carboxil au fost activate cu ajutorul amestecului NHS/EDC iar
aptamerul a fost imobilizat la nivelul acestora prin formarea unei legaturi amidice.
Ulterior, a avut loc incarcarea cu SOR prin incubarea AuNP modificate intr-o solutie
concentrata de SOR timp de 72 ore. Eliberarea SOR a fost evaluata in PBS cu pH 5,5,
pentru a simula conditiile din mediul tumoral. Citotoxicitatea AuNP obtinute a fost
studiata pe celule HepG2 si fibroblasti cu ajutorul testului Alamar Blue.

5.4. Rezultate si discutii

Au fost optimizati urmatorii parametri ai procesului de fabricatie: timpul de
incubare cu aptamer, temperatura de incubare cu aptamer, concentratia aptamerului,
timpul de incircare cu SOR si solventul utilizat pentru prepararea solutiei de SOR. In
ciuda optimizarilor, valoarea obtinutd pentru EE% a fost de 16,33%, valoare care a fost
considerata insuficienta. Eliberarea SOR a fost evaluata in PBS la pH 5,5 si s-a obtinut o
eliberare a doar 26,5% din cantitatea totalda de SOR incarcata dupa 24 ore. DDS rezultate
nu au demonstrat citotoxicitate semnificativa fata de celulele HepG2, ci doar fata de
celulele sanatoase, ceea ce a fost in detrimentul scopului studiului.

5.5. Concluzii

S-a Incercat dezvoltarea unor AuNP functionalizate cu PEG si aptameri si
incircate cu SOR pentru tratamentul HCC. In ciuda optimizirilor realizate,
functionalizarea cu aptamer, incarcarea si eliberarea SOR, precum si efectele citotoxice
in vitro nu au fost corespunzatoare.

6. Studiul 4. Dezvoltarea unor sisteme de transport la tinta bazate pe
nanoparticule magnetice pentru transportul activ al sorafenibului

6.1. Introducere

Nanoparticulele magnetice (MNP) reprezintd candidati promitatori pentru
livrarea tintitd a medicamentelor datorita capacitatii lor mari de incarcare,
superparamagnetismului, costurilor reduse de productie si usurintei functionalizarii lor
cu diferite grupari functionale 2627, Aceastea permit modificarea suplimentarda cu
structuri care pot imbunatati proprietatile de tintire, cum ar fi anticorpii, peptidele sau
aptamerii 28.

6.2. Obiective

Scopul principal al acestui studiu a fost dezvoltarea unor MNP functionalizate cu
aptamerul TLS11a siincarcate cu SOR pentru tratamentul HCC. Principalele obiective au
fost realizarea si confirmarea functionalizarii cu aptamer, optimizarea incarcarii si
eliberarii SOR, precum si evaluarea citotoxicitatii si internalizarii celulare in celule
HepG?2 si in fibroblasti.
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6.3. Materiale si metode

MNP au fost obtinute prin descompunere termica, iar suprafata lor a fost
functionalizata cu acid azelaic. Ulterior, gruparile carboxil din structura acidului azelaic
au fost activate cu amestec NHS/EDC si s-a realizat imobilizarea aptamerului prin
legaturi amidice. A avut loc incarcarea cu SOR prin incubarea MNP modificate intr-o
solutie concentrata de SOR timp de 72 ore. Functionalizarea cu aptamer si cu SOR a fost
confirmatd prin tehnici imagistice, spectrale si electrochimice. Eliberarea SOR a fost
evaluata in PBS cu pH 5,5 si 7,4 pentru a simula conditiile din mediul tumoral si din
tesuturile sanatoase. Citotoxicitatea si internalizarea celulara a MNP obtinute a fost
studiata pe celule HepG2 si fibroblasti.

6.4. Rezultate si discutii

Au fost optimizati urmatorii parametri: timpul de incubare cu aptamer,
temperatura de incubare cu aptamer, concentratia solutiei de incarcare si timpul de
incarcare.

Valorile obtinute pentru parametrii EE% si LC% au fost de 44,3% si respectiv
3,48%. Valoarea EE% obtinuta este apropiata de valoarea maxima raportata in alt studiu
din literatura de specialitate 2°.

Aproape intreaga cantitate de SOR Incdrcata (97%) a fost eliberatd in 24 ore la
pH 5,5, in timp ce la pH 7,4 s-a eliberat doar 16,7% din cantitatea de SOR incarcata.
Eliberarea favorizata de un pH mai acid reprezinta un avantaj in domeniul dezvoltarii
terapiilor anticanceroase, deoarece pH-ul tumoral este mai acid decat cel al tesuturilor
sandtoase 26, A fost utilizata analiza XPS pentru a valida functionalizarea MNP cu
aptamer si incarcarea acestora cu SOR.

Testele pe culturi de celule au demonstrat ca functionalizarea cu aptamer a avut
un impact major asupra internalizarii celulare In celulele HepG2, ducand la dublarea
internalizarii la toate dozele de expunere testate. In plus, internalizarea in celulele
sdndtoase nu a fost influentatad, demonstrand selectivitatea aptamerului pentru celulele
HepG2. Nanoparticulele incarcate cu SOR au demonstrat citotoxicitate fata de celulele
HepG2 doar la concentratii mari, insa biocompatibilitatea lor crescuta fata de fibroblasti
reprezinta un rezultat promitator.

6.5. Concluzii

Au fost dezvoltate cu succes MNP functionalizate cu aptameri si SOR. MNP au fost
obtinute prin descompunere termica, iar functionalizarea cu aptamer si SOR au fost
demonstrate prin multiple tehnici analitice. Parametrii caracteristici incarcarii si
eliberarii SOR au fost comparabili cu cei identificati in literatura. Internalizarea celulara
in celulele HepG2 a fost semnificativ influentata de prezenta aptamerului, iar toixcitatea
fata de fibroblasti a fost neglijabila.
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7. Studiul 5. Dezvoltarea unei metode pentru detectarea electrochimica
directa a sorafenibului

7.1. Introducere

Datorita importantei sale terapeutice, monitorizarea precisa si sensibilda a
concentratiilor de SOR in fluide biologice si forme farmaceutice este cruciala pentru
optimizarea dozelor administrate, pentru evaluarea eficacitatii tratamentului, dar si
pentru controlul calitatii unor forme farmaceutice nou-dezvoltate.

7.2. Obiective

Scopul studiului a fost dezvoltarea unei metode de detectare directa a SOR
folosind SPE comerciali. Metoda a fost dezvoltata cu scopul aplicarii ei pentru analiza
sistemelor de transport la tinta de tip MNP, precum si pentru analiza SOR din alte forme
farmaceutice sau probe biologice.

7.3. Materiale si metode

A fost evaluata influenta materialului electrodic, a pH-ului si a vitezei de baleiaj
asupra comportamentului electrochimic al SOR cu ajutorul CV. S-a dezvoltat o metoda
de detectare electrochimica directd a SOR bazata pe acumularea acestuia pe suprafata
electrodicd, urmata de CV intr-o solutie de acid sulfuric. Metoda a fost aplicata pentru
caracterizarea MNP dezvoltate in studiul precedent, precum si pentru dozarea SOR din
probe biologice.

7.4. Rezultate si discutii

Suprafata electrodica optima a fost cea de carbon mezoporos ordonat. Electro-
oxidarea reversibila a SOR a fost dependenta de pH, iar valoarea maxima a semnalului
de oxidare a fost inregistrata la pH 6. Procesul de electro-oxidare a fost preponderent
controlat de difuzie.

SOR a putut fi detectat cu ajutorul metodei CV optimizate pe un domeniu larg de
concentratie. S-au identificat doua domenii de liniaritate, 0,1 - 50 pg/mL si, respectiv 50
si 500 ug/mlL, cu o limita de detectie estimatd de 33 ng/mL si o sensibilitate de 3,35 pA
mL/ug, respectiv de 1,06 pA mL/pg pe al doilea domeniu de liniaritate.

Metoda CV optimizata a fost aplicata pentru evaluarea procesului de Incarcare a
SOR in MNP, insa s-a obtinut o variabilitate de aproximativ 50% fatd de metoda
spectrofotometrica UV-Vis, motiv pentru care metoda electrochimicd nu a putut fi
aplicati pentru acest scop. In schimb, detectarea SOR din probe de ser diluat in raport
de 1:100 a condus la grade acceptabile de recuperare a semnalului analitic.

7.5. Concluzii

A fost dezvoltat un senzor electrochimic pentru detectarea directa a SOR pe baza
semnalului sdau de oxidare. Metoda optimizata a constat in acumularea SOR urmata de
CVintr-o solutie de acid sulfuric. Metoda optimizata a fost aplicatd pentru evaluarea SOR
din probe biologice diluate.
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8. Studiul 6. Dezvoltarea unui aptasenzor impedimetric pentru
detectarea celulelor tumorale circulante HepG2

8.1. Introducere

Celulele tumorale circulante (CTC) sunt celule canceroase care se desprind din
tumora primara si intra in fluxul sanguin, migrand catre organele secundare si generand
metastaze 30. CTC sunt prezente in sangele periferic In concentratii reduse, variind de la
1 la 3000 celule/mL 3% Celulele HepG2 sunt CTC care pot fi prezente in sangele
pacientilor care sufera de HCC. Detectarea CTC prin metode minim invazive ar putea
favoriza diagnosticarea precoce si o gestionare mai buna a HCC.

8.2. Obiective

Scopul studiului a fost dezvoltarea unei platforme electrochimice pentru
detectarea rapida si selectivda a celulelor tumorale circulante HepG2, utilizate ca
potentiali biomarkeri pentru HCC. In acest sens, suprafata unor C-SPE comericali a fost
modificatd cu un material compozit, iar ulterior s-a realizat functionalizarea cu
aptamerul TLS11a siincubarea cu celule HepG2 in vederea detectarii lor impedimetrice.

8.3. Materiale si metode

Suprafata C-SPE a fost modificata cu o suspensie formata din chitosan (Chi), oxid
de grafen (GO) si nanoparticule de polianilina (PolyNP). Gruparile carboxil din structura
GO au fost activate si ulterior s-a imobilizat aptamerul printr-o procedura asistata de
amperometria multipuls. Pentru prevenirea adsorbtiei nespecifice, situsurile
nefunctionalizate cu aptamer au fost blocate utilizand o solutie de BSA 0,5%, iar in final
aavutlocincubarea cu celule si detectarea lor prin EIS. Fiecare etapa a fost caracterizata
cu ajutorul EIS si a tehnicilor microscopice.

8.4. Rezultate si discutii

Depunerea suspensiei a condus la cresterea electro-conductivitatii suprafetei
electrodice. Imobilizarea aptamerului prin amperometrie multipuls a fost mai eficienta
fata de imobilizarea simpla si a condus la sciderea duratei etapei de imobilizare la doar
3 minute. Celulele HepG2 au putut fi detectate prin EIS pe un interval larg de
concentratie, cuprins intre 10 si 200000 celule/mL, cu o limitd de detectie de 10
celule/mL. Incubarea altor tipuri de celule pe suprafata electrozilor modificati nu a
condus la modificarea semnalelor electrochimice, demonstrand selectivitatea metodei.
Metoda a fost aplicatd pe probe de ser comerical nediluate, iar gradele de recuperare
obtinute au fost cuprinse intre 93,5% si 115%.

8.5. Concluzii

A fost dezvoltat cu succes un aptasenzor electrochimic impedimetric bazat pe
aptamerul TLS11a pentru detectarea celulelor HepG2. Platforma nanostructurata s-a
bazat pe electrozi functionalizati cu oxid de grafen, chitosan si nanoparticule de
polianilind. Aptasenzorul a demonstrat selectivitate si stabilitate crescute, fiind adecvat
pentru analiza probelor de ser uman nediluat imbogatit cu celule HepG2 32
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9. Concluzii generale

in aceastd lucrare s-au dezvoltat sisteme de transport la tintd pasiv pentru
doxorubicina si carboplatina si doua sisteme de transport activ pentru sorafenib, bazate
pe nanoparticule de aur, respectiv nanoparticule magnetice. Au fost dezvoltate de
asemenea metode electrochimice pentru detectarea celor trei substante active. De
asemenea, s-a dezvoltat un aptasenzor electrochimic pentru detectarea celulelor
tumorale circulante HepG2, utilizate ca biomarkeri pentru carcinomul hepatocelular.
Astfel, au fost atinse obiectivele propuse pentru toate directiile de cercetare vizate.

10. Originalitatea si contributiile inovative ale tezei

Originalitatea tezei constd in dezvoltarea unor noi sisteme de transport la tinta
precum si a unor metode electrochimice rapide si facile pentru cuantificarea
substantelor medicamentoase incarcate si eliberate din acestea. De asemenea, teza
propune dezvoltarea unui aptasenzor electrochimic pentru detectarea celulelor HepG2,
utilizate ca biomarkeri pentru carcinomul hepatocelular.

Aspectele inovative propuse vizeaza utilizarea unor electrozi imprimati obtinuti
manual in laborator, care prezinta performante superioare celor comerciali. De
asemenea, metodele dezvoltate pentru detectarea DOX si CBP au demonstrat rezultate
comparabile cu cele obtinute utilizand metodele spectrofotomerice, fiind in acelasi timp
usor de utilizat, rapide si economice.

Teza propune, pentru prima data, utilizarea combinatd a nanoparticulelor
magnetice si a aptamerilor pentru transportul la tinta al sorafenibului.

De asemenea, un alt aspect inovativ al acestei lucrari este utilizarea
amperometriei multipuls pentru imobilizarea aptamerilor cu grupare amino terminala
pe suprafata electrodului modificat. Procedura a permis scurtarea semnificativa a
timpului de imobilizare, de la citeva ore la citeva minute, simplificAind modul de
fabricare a aptasenzorului.
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INTRODUCTION

Cancer is a pathology with high incidence and mortality, and the development of
new diagnostic and treatment methods for this condition is a major interest of the
scientific community. Currently, cancer treatment can be carried out using various
surgical, radiotherapeutic, or pharmacological techniques. Chemotherapeutic treatment
has several limitations, such as increased nonspecific toxicity, while targeted molecular
therapies, although superior in terms of safety profiles, are limited by the emergence of
resistance to therapy.

In recent years, a series of systems have been developed for the targeted delivery
of chemotherapeutic agents and substances used in targeted molecular therapy to
reduce side effects and increase their efficiency. In the preclinical research of these
formulations, it is important to accurately quantify the amount of active substance
loaded and released from them to ensure optimal in vivo performance. For this purpose,
numerous techniques are currently applied in pharmaceutical analysis, each with
specific advantages and disadvantages. Electrochemical methods have been used in
recent years for the detection of various chemotherapeutic agents, representing a
potential alternative to classical methods.

The use of biomarkers for the early detection of cancers also represents a field of
interest in the biomedical domain. In this case as well, the use of electrochemical
methods for quantifying these biomarkers may represent a promising approach.

The aim of this study was to develop targeted drug delivery systems for cancer
treatment and to characterize them using rapid, simple, and efficient electrochemical
methods. Additionally, the study focused on the development and optimization of
electrochemical methods for detecting biomarkers in biological samples.

STATE OF THE ART

Cancer represents a major public health issue globally. In 2022 alone,
approximately 19.9 million new cases were reported worldwide, along with 9.7 million
deaths 1. Both the incidence and mortality rates caused by cancer are rising, with
estimates projecting approximately 32.6 million new cases and 16.9 million deaths by
the year 2045 1.

The main treatment methods used in cancer therapy are: surgical interventions,
radiotherapy and systemic therapy. Systemic therapy includes chemotherapy, targeted
therapy, immunotherapy, and hormonal therapy 2. Chemotherapy presents a wide range
of nonspecific adverse reactions, such as myelosuppression, nausea, vomiting, alopecia,
mucositis, diarrhea and hypersensitivity reactions. Targeted molecular therapy has
emerged as an alternative to chemotherapy, aiming to reduce adverse effects. Despite
the superior safety profiles of targeted therapies compared to chemotherapy, the
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efficiency of small molecules used in cancer therapy is limited by the development of
treatment resistance 3*.

In recent years, various strategies for cancer therapy have been developed, with
targeted drug delivery systems (DDS) playing a significant role. The aim of these systems
is to reduce systemic adverse reactions and avoid the development of resistance by
delivering drugs directly to the tumor site. There are numerous types of nanostructures
or nanoparticles (NPs) used as the basis for developing DDS, including lipid-based
structures (liposomes 58, micelles) dendrimers °-11, metallic NPs 1212, carbon-based
nano-structures 4, or polymeric structures. DDSs based on the previously mentioned
nanostructures can be targeted using various strategies: (i) passive delivery, (ii) active
delivery, or (iii) nanorobot-based delivery.

In the development of DDS, it is crucial to accurately quantify the amount of drug
loaded and released from these systems. This is achieved by calculating specific
parameters such as encapsulation efficiency (EE%) and loading capacity (LC%), as well
as by evaluating cumulative release profiles.

Another important aspect of cancer management is early diagnosis. This can be
achieved using a variety of methods, including the detection of biomarkers. Detection of
these biomarkers in biological fluids can be carried out through a range of analytical
methods, such as immunological, chromatographic, or genetic techniques.

Electrochemical methods are of interest for both the characterization of DDS and
the evaluation of biomarkers from biological samples. Electrochemical sensors offer
several advantages such as decentralized analysis, portability, increased selectivity and
sensitivity, reduced costs, and the possibility to be used by staff with minimum training.

PERSONAL CONTRIBUTIONS

1. Aims and objectives of the thesis

The present work focused on two complementary research directions, aiming to
develop DDS for chemotherapeutic agents used in cancer treatment, as well as to
develop sensors for the early detection of cancer biomarkers. Additionally, an important
objective was to optimize electrochemical methods for the detection of
chemotherapeutic agents loaded in DDSs, in order to facilitate their analysis through
rapid, sensitive, and accessible techniques.

2. General methodology

In Studies 1 and 2, in-1ab screen-printed electrodes (C-SPE) were used. The C-SPEs
were obtained through manual printing using electro-conductive gaphite and silver
inks.
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The electrochemical detection of the chemotherapeutic agents of interest focused
on studying their electrochemical behavior using cyclic voltammetry (CV) or differential
pulse voltammetry (DPV), followed by method optimization, and finally the
determination of analytical parameters (limit of detection, limit of quantification, linear
range, sensitivity), selectivity, and the applicability of the method on real samples.

The chemotherapeutic agents of interest were loaded into and released from DDS
such as nanosomes or metallic nanoparticles. The quantification of the loaded/released
chemotherapeutic agents was carried out in each case using both the developed
electrochemical methods and a UV-Vis spectrophotometric control method. The
obtained results were then compared and statistically evaluated.

The DDS developed in Studies 3 and 4 were functionalized with the TLS11a
aptamer, specific to HepG2 liver tumor cells, to ensure selectivity for hepatic tumor
tissue. The cytotoxicity of the developed DDS was evaluated in HepG2 cell cultures and
healthy cells.

The TLS11a aptamer was also used for the development of an aptasensor for the
detection of circulating HepG2 tumor cells..

3. Study 1. Development of an electrochemical device for the detection
of carboplatin from nanosomes

3.1. Introduction

Carboplatin (CBP) is a platinum-based chemotherapeutic agent used in the
treatment of advanced ovarian cancer 15, small-cell lung carcinoma 16 and head and neck
cancers 7 CBP is known for its systemic side effects, such as myelosuppression,
nephrotoxicity, ototoxicity, cardiotoxicity, and peripheral neurotoxicity 8. The onset of
these side effects could be delayed or eliminated by encapsulating CBP in DDS.

3.2. Objectives

The aim of the study was to develop a device for the direct electrochemical
detection of CBP and to apply it for the analysis of CBP loaded into and released from
nanosomes. For this aim, the in-lab printed electrodes and the electrochemical
behaviour of CBP were investigated, followed by the determination of the method’s
analytical parameters. Lastly, the loading/release of CBP into/from nanosomes were
monitored using the optimised electrochemical method.

3.3. Materials and methods

The performance of the in-lab screen-printed electrodes was evaluated and
compared with that of similar commercial electrodes using CV and electrochemical
impedance spectroscopy (EIS) in a 10 mM [Fe(CN)e]3-/4 solution.

The influence of pH and scan rate on the electrochemical behavior of CBP was
evaluated using CV. A direct electrochemical detection method for CBP based on (DPV)
was developed.
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Commercially available nanosomes were loaded with CBP, and its release was
subsequently evaluated in phosphate buffer solutions (PBS) with pH values of 5, 6, and
7.4. The developed DPV method was applied for the characterization of the nanosomes
as well as for the detection of CBP in simulated biological samples.

3.4. Results and discussions

The manually printed C-SPEs demonstrated superior performance compared to
commercial electrodes after the application of an electrochemical pre-treatment
protocol via amperometry at a constant potential of +1.2 Vin a 1 M Na2COs solution.
These pre-treated electrodes were then used for conducting Studies 1 and 2.

The oxidation of CBP at the laboratory-prepared C-SPEs was an irreversible
process, influenced by pH. The maximum oxidation signal was recorded at pH 4. The
results regarding the influence of the scan rate indicated that, overall, the electro-
oxidation process is controlled by both diffusion and adsorption processes. This
phenomenon may be attributed to the nature of the laboratory-printed electrode
surface, which may exhibit roughness and irregularities.

CBP could be detected using the optimized DPV method over a linear range from
5to 500 pg/mL, with an estimated detection limit of 1.6 pg/mL and a sensitivity of 0.145
HA mL/pg.

The method was applied to evaluate CBP loaded into nanosomes, and the results
were compared with those obtained using UV-Vis spectroscopy. The variability between
the methods was £2.38% for EE% and +1.76% for LC%. The low variability between the
two methods indicates that the DPV method can be successfully used for loading studies.
CBP release from nanosomes was assessed at pH 5, 6, and 7.4, with the maximum release
observed at pH 5. Release at pH 5 was evaluated using both DPV and UV-Vis, and the
results were statistically analyzed using ANOVA. The difference between the evaluated
methods was not statistically significant, demonstrating an acceptable regression
coefficient of 0.984 (p < 0.001) and a slope of 0.837.

The DPV method was also applied to real samples of blood serum, saliva, and
artificial tears, diluted with buffer solution in a 1:10 ratio. Recovery rates ranged from
92% to 106%.

3.5. Conclusions

In the study, an electrochemical method was developed for the detection of CBP,
based on its irreversible oxidation on manually printed C-SPEs. The method was
successfully used to evaluate CBP loaded into and released from nanosome-type DDSs,
demonstrating the feasibility of applying electrochemical methods for the quality
control of pharmaceutical formulations 1°.
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4. Study 2. Development of an electrochemical sensor for the direct
detection of doxorubicin form pharmaceutical formulations and
biological samples

4.1. Introduction

Doxorubicin (DOX) is a chemotherapeutic agent from the anthracycline class,
used alone or in combination for the treatment of cancers such as breast, bladder, ovary,
as well as various forms of leukemia and lymphoma 2021, Despite its high efficacy, the
use of DOX is associated with numerous side effects, such as nausea, vomiting, alopecia,
immune suppression, and cardiotoxicity. The onset of these side effects could be delayed
or eliminated by encapsulating CBP in DDS.

4.2. Objectives

The aim of the study was to develop an electrochemical sensor based on in-lab
printed C-SPEs functionalized with gold nanoparticles (AuNP) for the direct detection of
DOX and to apply this sensor for the quantification of DOXloaded into and released from
nanosome-type DDSs and from biological samples..

4.3. Materials and methods

The surface of the C-SPE was functionalized with AuNPs using electrochemical
deposition from a HAuCls solution. The functionalization with AuNPs was confirmed
both using both microscopic and electrochemical methods.

The influence of the supporting electrolyte, pH, and scan rate on the
electrochemical behavior of DOX was studied using CV and DPV. The optimized method
for DOX detection was based on DPV.

Commercially-available nanosomes were loaded with DOX, and its release was
subsequently evaluated in PBS solutions with pH 5, 6, and 7.4. The developed DPV
method was applied for the characterization of the nanosomes as well as for the
detection of DOX in simulated biological samples.

4.4. Results and discussions

The optimized AuNP deposition method involved CV with a potential sweep
between -0.2 and +1.4 V at a scan rate of 100 mV/s for 25 cycles from a 5 mM HAuCl4
solution. SEM and EDX analyses confirmed the presence of AuNPs on the surface of the
working electrodes.

The reversible electro-oxidation of DOX was pH-dependent, with the maximum
oxidation signal recorded at pH 7. The electro-oxidation process was controlled by
adsorption.

DOX could be detected using the optimized DPV method over a linear range from
1to 500 pg/mL, with an estimated detection limit of 0.33 pg/mL and a sensitivity of 7.82
HA mL/pg.

The method was applied to evaluate DOX loading into nanosomes, and the results
were compared with those obtained using UV-Vis spectroscopy. The variability between
the methods was found to be low. The release of DOX from nanosomes was assessed at
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pH 5, 6, and 7.4, with maximum release observed at pH 6. The cumulative release
profiles obtained at pH 6 using DPV and UV-Vis methods were compared, revealing an
average correlation of 94.32% over a release period of 72 hours. The DPV method was
also applied to spiked serum samples, diluted with buffer solution at a 1:50 ratio.
Recovery rates ranged from 97.52% to 113.21%.

4.5. Conclusions

An electrochemical method was developed for the detection of DOX, based on its
reversible oxidation on in-lab printed C-SPEs modified with AuNPs. The method was
successfully used to evaluate DOX loaded into and released from nanosomes, as well as
from diluted serum samples 22.

5. Study 3. Development of drug delivery systems based on gold
nanoparticles for the treatment of hepatocellular carcinoma

5.1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common and lethal forms of
liver cancer, with a continually increasing incidence worldwide 23. Sorafenib (SOR), a
multi-kinase inhibitor, is one of the drugs used as a first-line option in the systemic
treatment of advanced HCC 2% Although it has been shown to increase patient survival
rates, SOR has drawbacks such as low water solubility 25, low bioavailability, systemic
side effects, and reduced efficacy in certain patients 24

5.2. Objectives

The aim of the study was to develop AuNPs modified with the TLS11a aptamer
and with SOR for the treatment of HCC. The fabrication parameters were optimised and
the modified AuNPs were characterized after each functionalization step using various
spectroscopic techniques. The study evaluated SOR loading and release, as well as the in
vitro cytotoxicity of the developed DDS on two cell lines: HepG2 cancer cells and healthy
fibroblasts.

5.3. Materials and methods

Commercially available AuNPs modified with polyethylene glycol and carboxyl
groups were used for the development of the DDS. The carboxyl groups were activated
with an NHS/EDC mixture, and the aptamer was immobilized onto them by forming an
amide bond. Subsequently, SOR loading was achieved by incubating the modified AuNPs
in a concentrated SOR solution for 72 hours. SOR release was evaluated in PBS with pH
5.5 to simulate tumor microenvironment conditions. The cytotoxicity of the obtained
AuNPs was studied on HepG2 cells and fibroblasts using the Alamar Blue assay.

5.4. Results and discussions

The following parameters of the manufacturing process were optimized: aptamer
incubation time, aptamer incubation temperature, aptamer concentration, SOR loading
time, and the solvent used for preparing the SOR solution. Despite these optimizations,
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the obtained EE% value was only 16.33%, which was considered insufficient. SOR
release was evaluated in PBS at pH 5.5, resulting in only 26.5% of the total loaded SOR
being released after 24 hours. The resulting DDS did not demonstrate significant
cytotoxicity towards HepG2 cells but did affect healthy cells, which was detrimental to
the study's objective.

5.5. Conclusions

In this study, the development of AuNPs functionalized with PEG, aptamers and
SOR for the treatment of HCC was attempted. Despite the optimizations performed, the
aptamer functionalization, SOR loading and release, as well as the in vitro cytotoxic
effects were not satisfactory.

6. Study 4. Development of drug delivery systems based on magnetic
nanoparticles for the active delivery of sorafenib

6.1. Introduction

Magnetic nanoparticles (MNPs) are promising candidates for targeted drug
delivery due to their high loading capacity, superparamagnetism, low production costs,
and ease of functionalization with various functional groups 2627. These allow further
modification with structures that can enhance targeting properties, such as antibodies,
peptides, or aptamers 28.

6.2. Objectives

The aim of this study was to develop MNPs functionalized with the TLS11a
aptamer and loaded with SOR for the treatment of HCC. The primary objectives were to
achieve and confirm aptamer functionalization, optimize SOR loading and release, and
evaluate cytotoxicity and cellular internalization in HepG2 cells and fibroblasts..

6.3. Materials and methods

MNPs were obtained through thermal decomposition, and their surface was
functionalized with azelaic acid. Subsequently, the carboxyl groups in the azelaic acid
structure were activated with an NHS/EDC mixture, and aptamer immobilization was
achieved via amide bonds. SOR loading was performed by incubating the modified MNPs
in a concentrated SOR solution for 72 hours. Aptamer and SOR functionalization were
confirmed using imaging, spectral, and electrochemical techniques. SOR release was
evaluated in PBS at pH 5.5 and 7.4 to simulate tumor microenvironment and healthy
tissue conditions. The cytotoxicity and cellular internalization of the obtained MNPs
were studied in HepG2 cells and fibroblasts.

6.4. Results and discussions

The following parameters were optimized: aptamer incubation time, incubation
temperature with the aptamer, concentration of the loading solution, and loading time.

The obtained values for EE% and LC% were 44.3% and 3.48%, respectively. The
EE% value obtained is close to the maximum value reported in other studies in the
literature 2°.
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Almost the entire amount of loaded SOR (97%) was released within 24 hours at
pH 5.5, while only 16.7% of the loaded SOR was released at pH 7.4. The pH-sensitive
release, favoring a more acidic environment, represents an advantage in the
development of anticancer therapies, as tumor pH is more acidic compared to healthy
tissue pH 26. XPS analysis was used to validate the functionalization of MNPs with the
aptamer and their loading with SOR.

Cell culture tests demonstrated that aptamer functionalization significantly
impacted cellular internalization in HepG2 cells, leading to a doubling of internalization
across all tested exposure doses. Furthermore, internalization in healthy cells was not
affected, showing the aptamer's selectivity for HepG2 cells. SOR-loaded nanoparticles
exhibited cytotoxicity towards HepG2 cells only at high concentrations, but their
increased biocompatibility with fibroblasts represents a promising outcome.

6.5. Conclusions

Aptamer and SOR-functionalized MNPs were successfully developed. The MNPs
were synthesized through thermal decomposition, and functionalization with the
aptamer and SOR was confirmed through various analytical techniques. The SOR loading
and release parameters were comparable to those reported in the literature. Cellular
internalization in HepG2 cells was significantly influenced by the presence of the
aptamer, while toxicity towards fibroblasts was negligible.

7. Study 5. Development of a method for the direct electrochemical
detection of sorafenib

7.1. Introduction

Due to its therapeutic importance, precise and sensitive monitoring of SOR
concentrations in biological fluids and pharmaceutical formulations is crucial for
optimizing administered doses, evaluating treatment efficacy, and ensuring quality
control of newly developed pharmaceutical formulations.

7.2. Objectives

The aim of the study was to develop a direct detection method for SOR using
commercial SPEs. The method was developed with the intent of applying it for the
analysis of MNP-based targeted delivery systems, as well as for the analysis of SOR in
other pharmaceutical formulations or biological samples.

7.3. Materials and methods

The influence of the electrode material, pH, and scan rate on the electrochemical
behavior of SOR was evaluated using CV. A direct electrochemical detection method for
SOR was developed, based on its accumulation on the electrode surface, followed by CV
in a sulfuric acid solution. This method was applied to characterize the MNPs developed
in the previous study, as well as for the quantification of SOR in biological samples.
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7.4. Results and discussions

The optimal electrode surface was ordered mesoporous carbon. The reversible
electro-oxidation of SOR was pH-dependent, with the maximum oxidation signal
recorded at pH 6. The electro-oxidation process was predominantly diffusion-
controlled.

SOR was successfully detected using the optimized CV method over a wide
concentration range. Two linearity ranges were identified: 0.1-50 pg/mL and 50-500
pg/mL, with an estimated detection limit of 33 ng/mL and a sensitivity of 3.35 pA mL/ug
in the first range, and 1.06 pA mL/pg in the second range.

The optimized CV method was applied to evaluate the SOR loading process in
MNPs, but a variability of approximately 50% compared to the UV-Vis
spectrophotometric method was observed, making the electrochemical method
unsuitable for this purpose. However, the detection of SOR in serum samples diluted at
a 1:100 ratio yielded acceptable recovery rates for the analytical signal.

7.5. Conclusions

An electrochemical sensor was developed for the direct detection of SOR based
on its oxidation signal. The optimized method involved the accumulation of SOR
followed by CV in a sulfuric acid solution. This optimized method was successfully
applied for the evaluation of SOR in diluted spiked biological samples.

8. Study 6. Development of an impedimetric aptasensor for the
detection of HepG2 circulating tumor cells

8.1. Introduction

Circulating tumor cells (CTCs) are cancer cells that can detach from the primary
tumor and enter the bloodstream, migrating to secondary organs and generating
metastases 30. CTCs are present in peripheral blood at low concentrations, ranging from
1to 3000 cells/mL 3. HepG2 cells are CTCs that may be present in the blood of patients
with HCC. Detecting CTCs through minimally invasive methods could facilitate early
diagnosis and better management of HCC.

8.2. Objectives

The aim of the study was to develop an electrochemical platform for the rapid and
selective detection of circulating HepG2 tumor cells, which are considered potential
biomarkers for HCC. To achieve this, the surface of commercial C-SPEs was modified
with a composite material. Subsequently, the electrodes were functionalized with the
TLS11a aptamer and incubated with HepG2 cells for their impedimetric detection..

8.3. Materials and methods

The surface of the C-SPE was modified with a suspension containing chitosan
(Chi), graphene oxide (GO), and polyaniline nanoparticles (PolyNP). Carboxyl groups in
the GO structure were activated, and the aptamer was immobilized through a multi-
pulse amperometry assisted procedure. To prevent nonspecific adsorption, non-
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aptamer-functionalized sites were blocked using a 0.5% BSA solution. Finally, the
electrodes were incubated with HepG2 cells and their detection was performed using
EIS. Each stage of the process was characterized using EIS and microscopic techniques.

8.4. Results and discussions

The deposition of the suspension led to an increase in the electroconductivity of
the electrode surface. Aptamer immobilization via multi-pulse amperometry proved to
be more effective compared to simple immobilization and reduced the immobilization
time to just 3 minutes. HepG2 cells could be detected by EIS over a broad concentration
range, from 10 to 200,000 cells/mL, with a detection limit of 10 cells/mL. Incubation of
other cell types on the modified electrode surfaces did not result in changes in the
electrochemical signals, demonstrating the selectivity of the method. The method was
applied to undiluted commercial serum samples, with recovery rates ranging from
93.5% to 115%.

8.5. Conclusions

An impedimetric electrochemical aptasensor based on the TLS11a aptamer was
successfully developed for the detection of HepG2 cells. The nanostructured platform
utilized electrodes functionalized with graphene oxide, chitosan, and polyaniline
nanoparticles. The aptasensor demonstrated high selectivity and stability, making it
suitable for analyzing undiluted human serum samples enriched with HepG2 cells 32.

9. General conclusions

In this work, systems for the passive transport of doxorubicin and carboplatin
were developed, along with two active targeting systems for sorafenib based on gold
nanoparticles and magnetic nanoparticles, respectively. Electrochemical methods for
the detection of the three active substances were also developed. Additionally, an
electrochemical aptasensor for the detection of circulating HepG2 tumor cells, used as
biomarkers for hepatocellular carcinoma, was created. Thus, the objectives for all the
targeted research areas were successfully achieved.

10. Thesis originality and innovative contributions

The originality of the thesis lies in the development of novel drug delivery
systems as well as rapid and facile electrochemical methods for quantifying drugs
loaded into and released from these systems. Additionally, the thesis proposes the
development of an electrochemical aptasensor for the detection of HepG2 cells, used as
biomarkers for hepatocellular carcinoma.

The innovative aspects proposed focus on the use of manually printed electrodes,
which exhibit superior performances compared to commercial ones. Additionally, the
methods developed for detecting DOX and CBP have demonstrated results comparable
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to those obtained using spectrophotometric methods, while also being user-friendly,
rapid, and cost-effective.

The thesis proposes, for the first time, the combined use of magnetic
nanoparticles and aptamers for the targeted delivery of sorafenib.

Another innovative aspect of this work is the use of multipulse amperometry for
the immobilization of aptamers with terminal amino groups onto the surface of the
modified electrode. This procedure significantly shortened the immobilization time
from several hours to just a few minutes, simplifying the manufacturing process of the
aptasensor.
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