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Apesar da evolugdo clinica no tratamento do cancro, os métodos convencionais nao
sao suficientes para superar as barreiras impostas pela doenca. A elevada taxa de incidéncia
e mortalidade é um indicador evidente da urgéncia clinica para o desenvolvimento de novas
estratégias eficientes. Uma potencial solucdo incide nas nanoparticulas magnéticas
multifuncionais com revestimentos biocompativeis e maior capacidade de encapsular

farmacos e os libertar no microambiente tumoral acido, sem danificar os tecidos saudaveis.

Neste trabalho foram usadas nanoparticulas magnéticas a base de grafeno revestidas
com um polimero (GbMNP@PF127) devido a sua excelente combinacdo de nanoparticulas de
oxido de ferro de elevado desempenho magnético (magnetite) e as propriedades Unicas de
nanocamadas a base de grafeno, como alta estabilidade quimica e térmica, transporte de
elevada carga, biocompatibilidade e elevada area de superficie. Este nanotransportador
magnético pode ser usado em aplica¢Oes terandsticas, combinando func¢des de diagndstico e
terapia, como o aumento do contraste de imagem por ressonancia magnética (MRI),
hipertermia magnética (MH) e entrega controlada de farmaco induzida por pH. Para a
validacdo pré-clinica, o trabalho desenvolvido envolveu: (1) caracterizacdo fisico-quimica das
GbMNPs (tamanho, forma, composicdo quimica, carga superficial); (2) carga e libertacdo de
farmaco com aplicacdo de um campo magnético alternado - MH; (3) validacdo funcional das
propriedades terandsticas em linhas celulares tumorais (HepG2): efeito quimioterapéutico
combinado com MH e aumento de contraste de MRI; (4) desenvolvimento de organoides

hepaticos 3D; e (5) validacdo funcional do desempenho terandstico no organoide hepatico.

Em suma, os resultados mostram o efeito termoquimioterapéutico das
GbMNP@PF127 carregados com doxorrubicina sob MH e a capacidade em aumentar o
contraste T,-MRI in vitro, confirmando essas nanoparticulas como nanosistemas promissores
para terandsticos de cancro hepdtico. Além disso, um modelo organoide 3D de cancro
hepatico capaz de imitar melhor a complexidade de um tumor sélido foi desenvolvido para

validacdo terandstica e integracao adicional em plataformas de organ-on-a-chip.

Palavras-chave: Grafeno, Hipertermia magnética, Imagem por ressonancia magnética,

Nanoparticulas magnéticas, Terandstico.
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Despite clinical developments in cancer treatments, conventional methods are not
enough to overcome the barriers imposed by the disease. The high rate of incidence and
mortality is an evident indicator of a clinical urgency to develop new and efficient strategies.
A potential solution lies in multifunctional magnetic nanoparticles with biocompatible surface
coatings and enhanced drug loading capacity for drug release triggered by the acidic tumor

microenvironment, without damaging the healthy tissues.

In this work, previously developed graphene-based magnetic nanoparticles coated
with a polymeric shell (GbOMNP@PF127) were used due to their excellent combination of high-
magnetic performance, due to the iron oxide (magnetite) cores, and the unique properties of
graphene-based nanolayers, such as high chemical and thermal stability, high charge carrier
mobility, enhanced biocompatibility and large surface area. This multifunctional magnetic
nanocarrier has the ability to be applied in theranostic applications, combining diagnosis and
therapy functionalities, such as magnetic resonance imaging (MRI) contrast enhancement,
magnetic hyperthermia (MH) and pH induced-controlled drug delivery. In order to preclinically
validate its theranostic functionality in vitro, the developed involved: (1) physicochemical
characterization of GOMNPs (size, shape, chemical composition, surface charge); (2) loading
and delivery of a chemotherapeutic drug under the application of an alternating magnetic field
- magnetic hyperthermia; (3) functional validation of their theranostic properties in standard
tumor cell lines (HepG2), namely combined chemotherapeutic effect through magnetic
hyperthermia and MRI contrast enhancement; (4) development of a 3D liver organoid; and (5)

functional validation of the theranostic properties in the developed liver-tumor organoid.

Overall, results showed the thermochemotherapeutic effect of doxorubicin-loaded
GbMNPs@PF127 under MH in combination with T,-MRI contrast enhancement capability in
vitro, confirming these nanoparticles as promising nanosystems for liver cancer theranostics.
Furthermore, a functional liver organoid able to better mimic the complexity of a solid tumor

was developed for theranostic validation and further integration in organ-on-a-chip platforms.

Keywords: Graphene, Magnetic hyperthermia, Magnetic nanoparticles, Magnetic

resonance imaging, Theranostic.

vii



ACKNOWLEDGIMENTS ...ttt e ettt e s e e s s e e e e s st e e e s e nnne e e e e e s eannneneeesennnnenees iv

STATEMENT OF INTEGRITY ....tttetetetttttteee et e et e e e e e e e e e ettt et ee et e e e eeaaaaaaeaeesasssaaaannnnnnnnsnssenraenees v
RESUIMO ...ttt sttt ettt st sttt st e sttt sa e s bt e st e esabe e s b e e st e e sabeeeabeesabeeeabeesaneeenreeennes vi
ABSTRACT ...ttt ettt ettt ettt e s e st e st e s et e st e st e e bt e s bt e s bt e s b et s b et e b et e b et e be e e be e e na e e ane e e nneeenee vii
LISTOF FIGURES. ...ttt ettt e e e e ettt ettt e e s e e e e e e e et eenes s e e e e eeeesetenessanaseeeeeaeesennnnnnan Xi
LIST OF TABLES......cceieeiiiiiiiie ettt ettt et e e eeeaeeeeeaeesa e s e e bbebe e e et eeeeeeeeeaaaaaeeaeseesensaaanaannns Xiv
LIST OF ABREVIATIONS AND ACRONYMS ......uutieiiteittteniteenite ettt et e st et sieeesneeesaneesmeeesmeeesneeenneeennee XV

INTRODUCGTION ..ottt ettt st e sttt st e set e st e st e st esabeesab e st e e sabeesabeesabeeeabeesbeesabeeeanees 1
1.1 IMOTIVATION ...ttt ettt et ettt e sb ettt esae e e sme e e smne e sbeeesme e e saneesmneesmneesaneesanes 1
1.2 (10 7Y B TP UPUUPPPPPPPPINN 4
13 ORGANIZATION OF THE DISSERTATION STRUCTURE ....ccceiiiiiieeeiiieeeeeeeceete et e e 5

FUNDAMENTALS ...ttt ettt et sttt st ettt e bt e sbe e e b bt e sat e e smteesmbeesaneenanie 7
2.1, LIVER CANGCER....oii ottt ettt ettt sttt st e b et ebe e e b e me e e ebee e sbeeesmeeenneeenneeenne 7
2.2 DOXORUBICIN ...ttt ettt s e s e e e e e e e eeeee e e e e e eeeeseeeee s s e seeeeeseeenenrannnanseenns 10
2.3. NANOTECHNOLOGY AND NANOPARTICLES.....ccceiiiieeeeeee ettt tre e e e e e e e e e e e 14
2.3.1. Organic and inOrganic NANOPAItICIES .........uuveeeeieiiiiiee e 17
2.3.2. Carbon NANOSTIUCTUIES ......ciiiieiiiiiiee et s sne e s 18
2.4. IMAGNETISIM et e e e e ettt s e e e e e e e e e e et ee s b seeeeeeeeenensanaaeens 20
2.5. MAGNETIC NANOPARTICLES (MINPS)..c.uutiieeiiieeeeieeeecteee ettt eestee e esteeeesnsenessneeeessnnneessnneeeenns 26
2.5.1. 1070 01T 1] ) £ (o o 1R 27
2.5.2. Synthesis MEethOdOIOGIES .........eviiiiiciiiie e e e e e e e 29
2.5.3. Surface Modification STrateZIies .....ccuuviiiii i e 32
2.6. GRAPHENE-BASED MAGNETIC NANOPARTICLES (GOMNPS).......ovveeciiieeiiieeecieeeecreeesviee s 32
2.6.1. Biomedical applications of GBIMINPS ...........cooiiiiiiie e et 33
2.6.1.1. Magnetic Resonance Imaging (MRI) contrast agents.......ccccveeeeieiciieeeeeeesciieee e, 34
2.6.1.2. LU T [ AT o USSR 35
2.6.1.3. Magnetic HYyperthermia.... ... e e e e s ebeeeas 36
2.7. 3D IN VITRO MODELS ...t s e e e e e e et e et e e e e e e e e e ee et nenrn e e e as 38
2.7.1. Y o] a1 o] Lo PSR 39
2.7.2. (0] == s To] o L3P 42

MATERIALS AND METHODS.....cotttiittieiitenite ettt ettt ettt ettt sse e smee e sine e sbe e smeeesnne e nmeeennne 44
3.0, CHEMICALS ...ttt e e e e e e e et ettt e e e e e e e e e e e ete e s b e e e eeeeseeenensanaaneeens 44
3.2, SYNTHESIS OF GBIMINPS ...ttt ettt e e s s st e e e e s s saaaa e e e e s snnsbraeaeeesn 44



3.2.1. Hydrophilization of GBIMINPS .........cooiiiiiiie e e et e e e e e eees 45

3.2.2. PUFIfiCAtioN PrOCEAUIE ... .uiiii it e e s et ree e e e s s sabraeeeeesanns 46
3.3. PHYSICOCHEMICAL CHARACTERIZATION OF GBMNPS .....coviiiiiiiiieeiiiiiieeec e 46
3.3.1. Inductively coupled plasma-optical emission SPECtroSCOPY ....cccvvvreeeeeeciiiieeeeeeeiiiieeeee e 46
3.3.2. DIV eF: T a1 Tl [Fd o Y oF: | =) T o =P UPPt 48
3.3.2.1. Hydrodynamic diameter.......cuii it sree e s e e e sbree e e e e e sanaeeas 49
3.3.2.2. P4 - I o o1 (=] o1 = TP 50
3.3.3. Magnetic NYPErthErMIa .. ..o e e e et e e e e e eabrae e e e e e eanes 51
3.3.4. IVIRT ettt et e s bt et e s et e s a bt e st esa bt e sab e e e bt e sabe e s be e s be e sneeebeeebeeea 53
3.3.5. High performance liquid chromatography ......cccueeviiiiiciiiiii e 55
3.3.6. Drug [0ading / capacity STUAIES.....cccuiiiieeiieecie ettt eete e ste e s reeebee e ereeestaeesaeeens 56
3.3.7. DOX release and Kinetics @analySiS......ccccvuuiiiiiiiiiiiiiiiieeee e eee e 57
3.4. PREPARATION OF 3D LIVER-TUMOR ORGANOIDS........iiiieereeeeeeere et e e 61
34.1. CeII CUITUIES ..ttt ettt e b e e s be e s b e s neeseneeebeeeaneeens 61
3.4.2. Preparation of HepG2-derived organoids........cccuvieieeiieciiiiiiei e esireee e e 62
3.5. BIOLOGICAL CHARACTERIZATION ... ettt ettt e ettt e e e e e e e e nen e 64
3.5.1. (0eT0) {oTor=1 W a ] (ol fo XY olo] o V20U 65
3.5.2. Cellular function of liver-tumor 0rganoids ..........cccueeeeiiiiiiiiiee e 66
3.5.3. Cytotoxicity and anticancer effect assesSSMEeNt......uueveeiiiiiiieiiiiiiieeeeeccccccrrrreeree e 69
3.5.3.1. FAYe T ] 2 LU= USRS 70
3.5.3.2. [V 2= A0 == o RO PRRRRRR 71
3.5.3.3. Lactate dehydrogenase (LDH) ........uuiieiiiiiiiiiee ettt e e e e e e e 71
3.5.4. In vitro functional validation ..........coocueeiiiiiiiie e 73
3.5.4.1. Ll L=l g aaTeTel a1t o] d o T=T T o 1Y TP 74
3.5.4.2. VIR ettt e e e e e e e e ettt e e e e e e e e e e e e et e e r b e e e e e e e e e e eeera e s 75
4. RESULTS AND DISCUSSION ...cttttiiiiieiteiiiieieee ettt ettt e e e e e e e e e e e e e e s s s s s se e sreeeeeeeeeeeeeeas 77
4.1.  PHYSICOCHEMICAL CHARACTERIZATION OF GBMNPS .....cocuiiiiiiiiieiieieiee e 77
4.1.1. L olo] Lol o] 1 =Y o] o TP PP PP PPPPRPP 77
4.1.2. Hydrodynamic Particle SIiZ€.........uiiiiiiiiiiiiiee e e e e e araee s 78
4.1.3. P4 =] = Y o T X =T o 4 - [T 78
4.1.4. DOX loading efficienCy / CAPaCity: c.uvieicriee ettt ettt ettt e et e e e ebbe e eetaeeenes 79
4.1.5. D10 ) Q=1 [T [ PP USSP PP PPPROPRPPRO 80
4.2.  IN VITRO PRECLINICAL VALIDATION ...uuieieieeeeeettetiiee e e e ee ettt s e s e e e e e eeeeesenns s e s e aaaeeeenns 82
4.2.1. P o g oo [ R o =T o1 G o= | £ PP PPPP 82
4.2.1.1. Biocompatibility STUAIES ...ccceeee s 82
4.2.1.2. Cytotoxicity and anticancer effeCt ... 83



4.2.1.3. IMIRT STUIES ...ttt ettt sttt s e s e st e e sabeesbeesneesneesneeeas 85
4.2.2. 3D models: liver-tumor Organ0idS.......ccuuiiieeiiiiiiieee ettt e e e e e e e e sree e e e e e e nanaeees 88
4.2.2.1. Preparation of HepG2-derived organoids.........ueeeeeeeeieiiiiieiic e 88
4.2.2.2. L0 V=1 o 11 [ Y P 88
4.2.2.3. CellUlar FUNCHION ..ottt et re e e enee e 90
4.2.2.4, Cytotoxicity and anticancer effeCt ... 91
5. CONCLUSION AND FUTURE WORK ......ceiiuiiiiiieeriteeiie ettt et ettt sateeste e sate e sabeesbeesiteesabeesabeesaneas 94
6. BIBLIOGRAPHY ...ttt ettt ettt h e e sa e s ab e s at e e sae e e sabe e sat e e sabeesabeesateesnbeesabeesaneas 97

ANNEX 1 - PHYSICOCHEMICAL CHARACTERIZATION OF GBIMINPS .....ccoviiiiiinieenieeniee e 109



Figure 1: Incidence of the most common cancers and incidence of cancers that cause the highest
number of deaths WOrldwide in 2018 [2]. ....uuuuuiriiiiieiiiiiiiiiieeeeeeeeeee e e e eeeeeeeeeeeeeeens 1
Figure 2: Illustration of hepatic tumor microenvironment and primary tumor to be metastasized to
other sites in the body (secondary cancer). Adapted and edited from [6]........cccccoiirieiiiiiiiieeeeeecineeen. 8
Figure 3: Chemical structure of doxorubicin [31]. ....ceeiiiiiiiiiiii e 11
Figure 4: DOX intercalation into DNA. A) TOP2 relaxes DNA supercoil to facilitate replication and DNA
synthesis; B) DOX forms a complex by DNA through G bases in both of DNA strands and prevents TOP2
activity and DNA synthesis. TOP2: Topoisomerase Il, G: guanine, C: cytosine [34]......ccccccvvveeeeecnnneen. 13
Figure 5: Length scale that compares the size of various biological components and some more familiar
MAtErials AN ODJECES [55]. ..iiiiiiiiiiiiiiiiictrrr et e e e e e e e e et e e e e s s e e s s e s assarsarassaeraesaerereeaeeaeaesaeeeenanns 14
Figure 6: Different nanocarriers for liver cancer targeted drug delivery applications [61]. ................. 16
Figure 7: Schematic chemical structures of graphene-based nanostructures: (A) graphene; (B) GO and;
(C) FGO [74]. ettt ettt ettt e e e e et eeeeeeteseseeseeee e eeesee et et seeseeeeeseeeeneeneenaeaeeeeneeseeanaenes 19
Figure 8: Schematic representation of magnetic moments. (A) Spin magnetic moment; (B) Orbital
magnetic moment. Drawn in BiOr@NAEN. ......ccciiiciiiiiie ittt e e e e e ebrre e e e e e sabra e e e e e e sanaeeas 21
Figure 9: Types of magnetism under an externally applied magnetic field. (a) Paramagnetism; (b)
Ferromagnetism; (c) Diamagnetism; (d) Antiferromagnetism; (e) Ferrimagnetism [77].......cccccvveeen... 22
Figure 10: Schematic illustration of typical hysteresis loops of: (a) ferromagnetic; (b)
superparamagnetic materials. Drawn in Biorender inspired by refs. [77,83,86]......ccccccevcviveeeeecnnnnen. 24
Figure 11: Heat generation mechanisms in superparamagnetic nanoparticles in response to an AMF.
The short straight arrows represent the magnetic moment direction, the curved arrows represent the
movement or change in direction. Based in [88]. ...uuuiiiiiiiiiiiiiei e 25

Figure 12: Crystal structure of (A) hematite (a-Fe;0s); (B) magnetite (Fes0a); (C) maghemite (y-Fe;0s)

Figure 13: Schematic overview of the physiological similarities between in in vivo solid tumors and in

VItro tUMOT SPErOids [142]. wuuuiiieiiiiiiiiii et e e e e e e e e e eeeaeaeeeee e e e s e ss e s aassssrssrssrsesaaseeeees 42
Figure 14: Comparation between organoids and standard 2D and 3D in vitro models [146]. ............. 43
Figure 15: Schematic representation of the GbMNPs synthesis route.........ccccceeeciiveeeeeeicciieeeeeecceen, 45

Figure 16: (A) Diagram of a typical ICP-OES instrument with radial configuration of the detection system
[150] and (B) picture of the ICPE-9000 Multitype ICP Emission Spectrometer used in this work......... 47
Figure 17: Optical configuration of a typical experimental setup for dynamic light scattering

MEASUIEIMENT [L154]..ciiiiiiiiiiiiiiiie et e et e e e e e eeeeeeeeeeeeeseess s asssssarassassesrassaerareaaeaeeeeeeeeesnnnns 48

Xi



Figure 18: Picture of the Nano Particle Analyzer Z-100 equipment used to measure the hydrodynamic
diameter and zeta potential of the SAMPIES...........uviiiii i 49
Figure 19: Scheme of the electrical double layer that surrounds a particle in an aqueous medium. The
zeta potential is the electrical potential at the slipping plane [164]. ........cccooeeeiiciciiciieereeee e, 51
Figure 20: Schematic representation of a MH setup. (A) Inside the coil a magnetic nanoparticle is
represented drawn in SolidWorks software; (B) commercial alternating current field applicator from
nanoTherics, NAN201003 Magnetherm; and (C) NAN201007 Live Cell Exposure accessory from
T ol I o 1= 4 ol J T TP PP ST UPRPOTRPINt 53
Figure 21: (A) Schematic representation of a MRI scanner (Adapted from [168]) and (B) a 3T-MRI
Solutions Benchtop Scanner (Guildford, UK) used in this Work. ........ccccoveiiiiiiiinciiieie e, 54
Figure 22: (A) HPLC system configuration [173]; (B) Picture of the UHPLC Agilent 1290 Infinity Il LC

A (=] U =T BT TR o g LTIV o T SO 56
Figure 23: Picture of the drug release multi-point SEt UP. ...ceviiviiiiiiiiiii e, 58
Figure 24: Optical microscope image of the HepG2 cells in culture. ......ccccvveeeieeciiieeiececceeee e, 62

Figure 25: (A) Image of a polydimethylsiloxane (PDMS) multi-microwells mold (1,156 wells); (B) a
magnification of the same mold where the well size is better appreciated (300 pm). .....ccccceeeeennneen. 63
Figure 26: Optical image of growth spheroids in @a PDMS mMOld. .......cccooviiiiiiiiiniiiieeeee e 63
Figure 27: Image of the photo-polymerized GelMA containing the developed HepG2 spheroids in a
YU RN | o = o PSR 64

Figure 28: (A) Simplified scheme of a confocal microscope and (B) image of the confocal microscope

LSM780 USed iN this WOTK. ...eeeeeeiiieiiiiiiiieeeeeeeee e e e e e e e e e e e e e e e e e e s e e s e s e nnnnnnennes 66
Figure 29: (A) dilution series for albumin assay; (B) dilution series for transferrin assay..................... 69
Figure 30: Schema of the CyQuant LDH cytotoxicity assay mechanism. Adapted from [192].............. 72

Figure 31: Schematic procedure of the in vitro experiment with HepG2 cells using petri dishes divided
INTO FOUN dIffErENT BrOUPS. i i e e e e e e e e e e e et et e e aaeseeeeeeeaaeaaaaeaaeeeeaans 74
Figure 32: Picture of a petri dish containing one organoid in each compartment. ..........cccccceeeeennnneen. 75
Figure 33: DOX release at different pHs (5, 6.5, 7.4) with and without magnetic hyperthermia. An AMF
of 20 mT and 285.4 KHz was applied for 4 h. Values represent mean £SEM...........ccccceeevvcrriveeeeeecnnnnen. 80
Figure 34: Metabolic viability of HepG2 cells when incubated with GOMNP@PF127 at different time
points (24, 48 and 72h) and different iron concentrations (0, 1, 5, 10, 20, 30, 50 and 100 pg Fe mL™).
Values represent mean +SEM. Statistically significant differences were determined using Two-way
ANOVA with Bonferroni test. Significant difference is relation to NT. ****P <0.0001. ........c..cceeennes 83
Figure 35: Percentage of viable HepG2 cells at 48h for different groups (NT- no treatment, NPs —
GbMNP@PF127 nanoparticles, NPs@DOX — GbMNP@PF127 nanoparticles with encapsulated DOX

and DOX- free doxorubicin) with and without hyperthermia induction. NT represents 100% of cell

xii



viability under no magnetic hyperthermia treatment. Values represent mean +SEM. Statistically
significant differences were determined using Two-way ANOVA with Bonferroni test. Significant
difference is relation to NT without hyperthermia. *P < 0.05; ***P < 0.001; ****P <0.0001............. 84
Figure 36: (A) Linear fitting of the relaxation rates at 3T for GOMNP@PF127. The slope indicates the
transverse relaxivity r, and (B) T,-MRI map for GbMNP@PF127 dispersions at different Fe
concentrations at a magnetic field Of 3T. ... e 86
Figure 37: (A) Relaxation rates at 3T as a function of the Fe concentration of the GOMNP@PF127
dispersions used in the incubation with cells and (B) T,-MRI map of GbMNP@PF127-labeled HepG2
cells. [FeJin = [FE) INCUDALION...c.ccii i e e e e e e e e e e e e e e e e e e e e b b s e raarreeaaeeseees 87
Figure 38: (A) image of the organoid-like gel structure removed from the wells; (B),(C) Light-
microscopic images of HepG2 organoids embedded in the GelMA hydrogel. .........cccceevcviiveeeencnnnen. 88
Figure 39: Confocal microscopy images of an HepG2 Organoid after a) 24h and b) 72h of his formation.

The live cells were stained with green fluorescent dye (live cells) and red fluorescent dye (dead cells).

Figure 40: Cell viability in HepG2 organoids after 1, 2, 3, 7, 10, and 14 days by LDH assay. Values
represent mean *SEM. Statistically significant differences were determined using One-way ANOVA

with Bonferroni test. Significant difference is relation to 1 day of culture. *P < 0.05; ****P < 0.0001.

Figure 41: Quantification of secreted transferrin (A) and albumin (B) for 2D culture and organoids by
ELISA at 24, 48 and 72h of incubation. Values represent mean +SEM. Statistically significant differences
were determined using Two-way ANOVA with Bonferroni test. ****P < 0.0001.............cceecevvveeeeeenns 91
Figure 42: Percentage of viable HepG2 organoids at 48h for different groups (NT- no treatment, NPs —
GbMNP@PF127 nanoparticles, NPs@DOX — GbMNP@PF127 nanoparticles with encapsulated DOX
and DOX- free doxorubicin) with and without hyperthermia induction. NT represents 100% of cell
viability under no magnetic hyperthermia treatment. Values represent mean *SEM. Statistically
significant differences were determined using Two-way ANOVA with Bonferroni test. Significant

difference is relation to NT without hyperthermia.; ns: not significant; ****P < 0.0001. .................... 92

xiii



Table 1: Major classes of chemotherapeutic agents for liver cancer treatment [20].........ccceeeecnnnnnns 10

Table 2: Physicochemical properties of DOX........coiiiiiciiiiiie it e e e e e e e e s saaraeee s 11
Table 3: Physical and chemical properties of magnetite, maghemite, and hematite [77,87]. ............. 28
Table 4: Summary comparison of the synthetic methods [77,96].........uuiiiiieiiiiiiiieiei e, 31

Table 5: Comparison of 2D monolayer and 3D spheroid cultures regarding its performance to mimic

TN TIMIE. ettt sttt st s bt e s b e sttt s bt e bt e b et e bt e bt e b et e ne e e nn e e nneeenee 39
Table 6: Interpretation of release mechanisms from cylinder polymeric matrices [120,175,178]....... 60
Table 7: Summary of mathematical models used to describe drug release profiles. .......ccccceeunnnneee.n. 61
Table 8: Materials supplied from human albumin ELISA Kit........cooviiiiiiiiiiieieec e 67
Table 9: Materials supplied from human transferrin ELISA Kit. .......cccovvveriieiiiiiiiiieeeeeeeecccciinnns 68
Table 10: Contents and storage from LDH cytotoxicity assay Kit........ccoovveeeiiiiiiiiieeiiiiieeee e, 72
Table 11: Parameter of acquisition Of T2 MaPS. ..eeeiiiicciiiiiie e e e e e e e e aaaeee e 76
Table 12: Fe concentration in GOMNP@PF127 dispersions determine by ICP-OES. .........cccceeuvvveeennn. 77

Table 13: Colloidal and dimensional properties of GOMNP@PF127: hydrodynamic diameter,
polydispersion and zeta POLENTIAl. .....ciicceiiieii e e 78
Table 14: Drug release kinetic analysis of GOMNP@PF127@DOX at different pHs. The * symbol refers

to the samples that were subjected to an AMF. ........eeiiiiieeeeee e 81

Xiv



T Absolute temperature

AIC Akaike information criterion

Q; Amount of drug dissolved

Wepmnps Amount of nanoparticles in solution
Ka Anisotropy constant

AMF Alternating magnetic field

ks Boltzmann constant

BSA Bovine serum albumin

TB Brownian relaxation time

CO; Carbon dioxide

Hc Coercivity

Kyc Constant of the surface-volume relation
CA Contrast agents

Te Curie temperature

DNA Deoxyribonucleic acid

£ Dielectric permittivity

D Diffusion coefficient

DOX Doxorubicin

Winitial DOX initial

Wioadea DOX loaded into the nanoparticles
DLC Drug loading capacity

DLE Drug loading efficiency

DLS Dynamic light scattering

H Dynamic viscosity

Te Echo time

U, Electrophoretic mobility

ELISA Enzyme-linked immunosorbent assay
Ky First-order rate constant

Weree dox free DOX

f Frequency

C Heat capacity

f(ka) Henry's function

HPLC High performance liquid chromatography
Ky Higuchi dissolution constant

HepG2 Human liver hepatocellular carcinoma cell line
o ¥ Hydrodynamic diameter

VH Hydrodynamic volume

ECM Extracellular matrix

XV



FSE Fast spin echo

FBS Fetal bovine serum

FOV Field of view

FDA Food and drug administration

Gd3* Gadolinium

GbMNPs Graphene-based magnetic nanoparticles
GbMNP@PF127 GbMNPs functionalized with PF127
GO Graphene oxide

Qo Initial amount of drug in the solution
INL International Iberian nanotechnology laboratory
ICC Intrahepatic cholangiocarcinoma
o-Fe;03 Hematite

HBV Hepatitis B virus

HCV Hepatitis C virus

HTME Hepatic tumor microenvironment
ICP-OES Inductively coupled plasma optical emission spectrometry
LDH Lactate dehydrogenase

T1 Longitudinal relaxation

ra Longitudinal relaxivity

v-Fe203 Maghemite

H Magnetic field strength

MH Magnetic hyperthermia

B Magnetic induction

MIONs Magnetic Iron Oxide Nanoparticles

M Magnetic moment per volume

MNPs Magnetic Nanoparticles

MRI Magnetic resonance imaging

Fes04 Magnetite

Muinp Mass of magnetic material

MSCs Mesenchymal stem cells

mRNA Messenger RNA

MEMS Multi-echo-multi-slice

NPs Nanoparticles

NPs@DOX Nanoparticles with encapsulated DOX
N Néel relaxation time

NT No treatment

Ns Not significant

NMR Nuclear magnetic resonance

NA Number of averages

Number of experimental data points
P Number of parameters

XVi



Mo Permeability in vacuum

PBS Phosphate Buffer Solution
PF127 Pluronic F127

PDMS polydimethylsiloxane

PEO Poly (ethylene oxide)

PPO Poly (propylene oxide)

Pl Propidium iodide

rGO Reduced Graphene oxide

n Release exponent

K, release rate constant

Mr Remanence magnetization
Tr Repetition time

RNA Ribonucleic acid

RT Room temperature

RPMI Roswell Park Memorial Institute
Ms Saturation magnetization
SEM Scanning electron microscopy
SSR Sum of the square residuals
SAR Specific absorption rate
SPIONs Superparamagnetic Iron Oxide Nanoparticles
INT Tetrazolium salt

T Time

To Time constant

TOP2 Topoisomerase Il

AT Total acquisition time

r2 Transversal relaxivity

T Transverse relaxation

TME Tumor Microenvironment
2D Two dimensional

3D Three dimensional

\ Volume

K, Zero-order release constant
Z Zeta-potential

XVii



Cancer is currently one of the most approached and studied diseases since it is one of
the main threats to human health globally. Cancer is the second leading cause of death
worldwide and in 2018 it was estimated that 9.6 million deaths were caused by cancer. In
particular, liver cancer showed an incidence of 841.080 cases with a mortality of 781.631

deaths in 2018 (Figure 1) [1,2].
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Figure 1: Incidence of the most common cancers and incidence of cancers that cause the highest
number of deaths worldwide in 2018 [2].

Conventional approaches currently established to cancer treatment include
chemotherapy, radiotherapy and resection surgery, where chemotherapy is the most used
method. These clinical approaches allow some progress in the fight against the disease.
However, in some cases, these therapies may be ineffective and not enough to fight the
versatility of different tumors, since the percentage of deaths from this disease has been

increasing every year [3,4].

Despite clinical developments in cancer treatments, conventional methods are not

sufficient to overcome the obstacles imposed by the disease. This high rate of incidence and



mortality is an evident indicator of the clinical urgency to develop new and efficient methods
of diagnosis, screening, treatment, and palliative care. In addition, the improvement of the
existing treatments is also required to achieve great effectiveness in the healing of this

disease, reducing the side effects and mortality rate [1,3,5].

Recently, the role of the tumor microenvironment has been the focus of attention to
combat this deadly disease, as it has become evident that it acts as a fertile soil to grow the
cancerous seeds [6]. The cellular environment influences multiple stages of cancer such as
development, growth, metastatic spread, anti-tumor immunity and cancer therapeutic

responses [7].

The hepatic tumor microenvironment presents some of the most common
particularities of solid tumors in general, including the low oxygen concentrations (hypoxia),
drastic changes in cellular metabolism (which lead to the production and accumulation of
suppressive metabolites, such as adenosine and lactate), low pH (acidosis), poor nutrient

loads, collection of immunosuppressive cytokines and growth factors [8][9].

Despite all efforts to overcome the challenges imposed by cancer, there are many risks
associated with the current conventional therapies. Thus, many barriers need to be overcome

to ensure the effective treatment without harmful damage, such as:

(i) High doses of the chemotherapeutic drug are generally required to ensure that it
reaches the tumor tissue [10].

(ii) Lack of cell specificity in the delivery of the drug, which leads to toxicity in healthy
tissues, resulting in several side effects [10].

(iii) Poor tolerance to chemotherapeutic drugs by liver cancer patients due to liver
dysfunction, resulting in an urgent need for liver targeting drugs [11].

(iv) Presence of drug resistance mechanisms what may limit its clinical outcome [12].

In order to achieve the desired results with great efficiency and safety, new
methodologies for cancer treatment have been developed, mainly in the nanotechnology
field. These novel methodologies have shown great promise in biomedicine, offering unique
properties and many opportunities for innovation, namely in the improvement of treatment

and diagnosis against cancer and other diseases [13]. As an example, this improvement can



be achieved with magnetic nanoparticles, specifically superparamagnetic nanoparticles. They
have small size (<20 nm), high magnetic susceptibility, high saturation magnetization and low
toxicity, showing the ability to reduce the relaxation time of water protons’ nuclei and also
heat up under an alternating magnetic field. Considering this unique characteristics, these
multifunctional superparamagnetic nanoparticles have been widely explored for theranostics,
where both therapy (i.e. magnetic hyperthermia, drug delivery) and diagnosis (imaging)

modalities are integrated in single material platforms [13-15].

Hyperthermia is continuously evolving as an adjuvant in cancer treatment because of
its capability to further increase the vulnerability of cancer cells when subjected to the
conventional therapies (i.e. radiotherapy and chemotherapy), thus improving the
effectiveness of the treatments applied. However, the resulting toxicity between cancer cells
and healthy cells remains similar, which makes hyperthermia a cancer treatment that still
presents several obstacles to overcome. Consequently, magnetic hyperthermia has emerged
as a promising therapy when combined with superparamagnetic nanoparticles. When
subjected to an alternating magnetic field (AMF) of suitable amplitude and frequency,
superparamagnetic nanoparticles are able to transform the electromagnetic energy into heat
which allows to increase the temperature in the localized regions where the nanoparticles are
accumulated in the tumor cells. Moreover, superparamagnetic nanoparticles with suitable
biocompatible coatings can be used as components in the design of nanocarrier systems to
encapsulate and deliver chemotherapeutic drugs to the tumor site. Providing them with
suitable functionalities to target specific locations inside the body and offer a controllable drug
release, they are able to reduce the amount of administered drug needed to attain a particular
concentration on the tumor sites, while protecting healthy tissues and minimizing severe side
effects [14,16—18]. Regarding diagnostic applications, magnetic nanoparticles have been
extensively studied to be applied as magnetic resonance imaging contrast agents for the non-
invasive detection/progression of tumors. Overall, nanotechnology has the potential to
greatly impact cancer medicine through the development of nanosystems able to offer a
series of diagnosis and therapy functions which, altogether, contribute to minimize the main

drawbacks of conventional therapies and allow for a better management of disease [14,19].

This work constitutes a follow up of a previous study where the creation of a new

graphene-based magnetic nanocarrier, followed by its physicochemical and functional



characterization were performed. Thus, this study focuses on the functional performance and
in vitro preclinical validation of previously developed theranostic graphene-based magnetic
nanocarriers as magnetic resonance imaging contrast agents, magnetic hyperthermia
effectors and controlled drug delivery systems. These new generation of advanced theranostic

nanocarriers can be a crucial tool in nanomedicine to improve cancer diagnosis and treatment.

This work is incorporated in a larger project funded by Fundacdo para a Ciéncia e
Tecnologia (FCT), RTChip4Theranostics, in which the objective is to fabricate a microfluidic-
based liver-tumor-organ-on-a-chip for the in vitro testing of pH-responsive and theranostic
drug-loaded graphene-based magnetic formulations. This advanced in vitro model of disease
intends to better recapitulate the complex functions of a human liver tumor at the microscale

that allows for a faster, cost-efficient and meaningful formulation testing and development.

Previous research to this work has been carried out on the synthesis, characterization
and functional validation of graphene-based magnetic nanoparticles. The balance between
the different functionalities integrated in these nanoparticulated structure has been also
optimized for them to offer multifunctional theranostic properties (pH-induced controlled
release, magnetic hyperthermia and MRI contrast enhancement). The next step in the
characterization workflow towards future clinical studies involves the in vitro preclinical
functional validation of the developed multifunctional carriers in both 2D and 3D biological
models of disease. Therefore, the main focus of this work was the static in vitro preclinical
validation of the developed graphene-based magnetic nanocarriers as theranostic agents for
liver cancer management, which can be split in three different goals depending of the

complexity of the biological models used in the study:

- Functional performance validation in 2D cultured tumor cells;
- Development of an advanced 3D organoid model of liver cancer;

- Functional performance validation in the developed liver-tumor organoid.



Further studies following this work will involve the integration of the liver-tumor
organoid developed in this work in a microfluidic platform for the animal-free and dynamic in

vitro validation of the developed pharmaceutical formulations.

The structure of this dissertation is divided into five chapters: Introduction,

Fundamentals, Materials and Methods, Results and Discussion, Conclusion and Future work.

In the first chapter, Introduction, an overview presenting the health problem is
presented, highlighting the need of developing new methodologies to address it. Therefore, a
brief contextualization of the topic is presented, followed by the description of our proposed

approach and the main goals that this thesis pursues.

In the second chapter, Fundamentals, theoretical concepts and existing background
closely related to the topic of this thesis are provided in more detail to support the
experimental work and help the reader understand the developed methodology and the
interpretation of the results obtained. Initially, information about liver cancer and the
relevance of the tumor microenvironment, as well as current clinical treatments are given.
Then, the chemotherapeutic drug doxorubicin, which is the drug of choice of this experimental
work, and its mechanism of action are described. After, the importance of nanotechnology
and nanocarriers in cancer management is referred. Magnetism and the different types of
magnetism are also presented, as it is a key element in the approach proposed in this work.
Next, magnetic nanoparticles are introduced, describing the main principles regarding their
composition, synthesis and surface modification strategies. Then, information about
graphene-based magnetic nanoparticles and their biomedical applications is particularly
provided. Finally, the relevance of advanced biological models such as spheroids and
organoids is highlighted as more suitable models for preclinical validation as they better

recapitulate the complexity of the human scenario.



In the third chapter, Materials and Methods, all the reagents, precursors, materials,
equipment and methodologies used during the development of the experimental work are

properly described.

The fourth chapter, Results and Discussion, presents and discusses all the results

derived from the experimental work under the perspective of the envisioned application.

Finally, the last chapter, Conclusion and Future work, offers a summary of the main
conclusions supported by the results obtained and proposes a series of guidelines and

suggestions to move this work a step forward.



The liver has multiple functions in the body, among them it synthesizes albumin that
is responsible for the transport of fatty acids, various metabolites and metabolization of drugs.
The energy storage is another important function of the liver as it stores glucose in the form
of glycogen, sent to the blood flow when necessary. The liver is essentially known for carrying

out the body's metabolism or detoxification [8,14,20].

Liver cancer is one of the most common cancer worldwide and it can be classified as
primary or secondary. Hepatocellular carcinoma is the most common primary liver tumor and
the intrahepatic cholangiocarcinoma (ICC) is the second most common [21]. Secondary liver
cancer appears when the cancer spreads from somewhere else in the body. The number of
cases detected with this disease is similar to the number of deaths that it causes, being the
mortality rate approximately 93%, in 2018 [2,22,23]. Liver cancer is strongly associated with
chronic viral hepatitis (hepatitis B virus (HBV) and hepatitis C virus (HCV)), HBV and HCV co-
infection, alcoholic cirrhosis, metabolic disorders, tobacco and metastases from cancers

elsewhere in the body [11,22-26].

When a normal cell turns into a carcinogenic cell it begins to invade and change the
surrounding matrix to support the cancer development. This modified environment around
malignant cells is termed tumor microenvironment (TME) [6]. The TME has been the focus of
attention since it has become evident that its cellular environment influences multiple stages
of cancer such as development, growth, metastatic spread, anti-tumor immunity and cancer
therapeutic responses [7]. The TME is an important subject since it has the ability to induce
differentiation of regulatory immune cells, inhibit immune cell activation and provoke death
or halt the proliferation of immune cells [8]. The hepatic tumor microenvironment (HTME) is
mainly composed of immune cells (like lymphocytes and myeloid cells), stromal cells (such as
endothelial cells, pericytes, and fibroblasts) and the extracellular matrix (ECM), as seen in

Figure 2 [8,11].
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Figure 2: lllustration of hepatic tumor microenvironment and primary tumor to be metastasized to

other sites in the body (secondary cancer). Adapted and edited from [6].

Some of the most common features of HTME includes [8,9]:

(i) Low oxygen concentrations (hypoxia);

(ii) Drastic changes in cellular metabolism which lead to the production of
suppressive metabolites, such as adenosine and lactate;

(iii) Low pH (acidosis);

(iv) Poor nutrient loads;

(v) Collection of immunosuppressive cytokines and growth factors;

(vi) Accumulated metabolic by-products, such as lactate.

Due to metabolic changes, tumor cells consume and break down large amounts of
glucose through aerobic and anaerobic processes. Carbon dioxide (CO2) and lactate are
obtained from the decomposition of glucose, where CO; is subsequently converted into
bicarbonate and protons, causing an acidification of the microenvironment. Posteriorly,
lactate further acidifies the microenvironment when hydrogens are removed by ion

transporters. The increase of these metabolites can induce a decrease in the extracellular pH



to 6.6 making more difficult the infiltration of immune cells [8]. Healthy cells have more
difficulty adapting to environmental changes than tumor cells, reason why it is possible to
sustain growth, invasion and metastasis of cancer cells. The interactions between tumor cells
and the associated stroma represent a dangerous relationship that reciprocally influences the

disease initiation and progression [27].

In order to combat this disease, there are already a variety of treatments available,

such as:

(i) Surgically extract part of the organ that contains the tumor is an effective method
to heal patients with liver cancer. However, when cancer is diagnosed, a large
proportion of patients are already in advanced stages of the disease, therefore
surgical resection is not possible [21,23]. Furthermore, only 10-20% of liver tumors
can be removed surgically [11].

(ii) Liver transplantation is the only truly effective treatment for end-stage liver
diseases like advanced liver cancer. Nonetheless, it exhibits severe limitations such
as the scarce of donors, surgical complications, high costs and needs
immunosuppression throughout life [24,28,29].

(iii)  Hepatocyte transplantation and Mesenchymal stem cells (MSCs) transplantation
are less effective solution for the treatment of these diseases. Although hepatocyte
transplantation treatment is less invasive and less expensive, there are many
negative points, such as the scarcity of primary hepatocyte donors, rejection, weak
in vitro hepatic functions and only a very small percentage of primary hepatocytes
migrate to the host liver tissue. MSCs can be isolated from several tissues, restore
liver function after hepatogenic differentiation and have immunomodulatory, anti-
inflammatory, antifibrotic, antioxidative stress and antiapoptotic effects on liver
cells. Some restrictions are faced in this transplant, such as malignant
transformation, cross-contamination, poor engraftment, limited in vivo
differentiation, the possibility of these cells promoting tumor initiation and growth
by performing immunosuppressive and angiogenic effects in hepatocellular

carcinoma [24,28].



In addition to these methodologies, conventional therapies such as chemotherapy, are
also used. Since the liver is the main organ responsible for drug clearance and for the synthetic
function of many biochemical pathways, it is worth noting that many chemotherapy drugs
demand suitable liver function to be metabolized, and some drugs can induce significant liver
damage. There are several chemotherapeutic agents, as seen in the Table 1, that act and affect

the liver in different ways! [20].

Table 1: Major classes of chemotherapeutic agents for liver cancer treatment [20].

Class Mechanism Examples
Platinums (cisplatin, carboplatin, oxaliplatin),
. DNA damage, not phase nitrogen mustard derivatives (cytoxan,
Alkylating agents » . .
specific chlorambucil), alkyl sulfonates, nitrosourea

(carmustine, lomustine), triazines

L Pyrimidine analogues (gemcitabine, 5-fluorouracil,
. . DNA/RNA replication in S o o
Anti-metabolites o capecitabine), methotrexate, gemcitabine-gemzar,
phase of cell division . .
6 mercaptopurine, cytarabine

. L Interfere with enzymes Doxorubicin-adriamycin, danorubicin, mytomycin
Anti-tumor antibiotics L .
needed for DNA replication C, bleomycin

L Interfere with enzymes .
Isomerase inhibitors L Topotecan, irinotecan
needed for DNA replication

L Plant alkaloids that inhibit Taxanes-TAXOL, taxotere, vinca alkaloids
Mitotic inhibitors . N . . .
mitosis in tumor cells (vincristine, vinblastine), etramustine — emcyt

Doxorubicin (DOX) is an example of common anti-tumor antibiotics that injure the cell

by interfering with DNA or RNA synthesis [20], as it will be explained in more detail below.

Anthracyclines represent an essential class of anti-tumor chemotherapy drugs with
great pharmacological interest such as strong antibiotics [30,31]. DOX, also known as

Adriamycin, is one of the most used anthracyclines for the treatment of several malignancies

1 For further information on this subject can be check in Sharma‘s work [20].
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[31-33]. This drug is isolated from cultures of Streptomyces peucetius var. caesius. [34,35].
DOX consists of a daunomycinone linked through a glycosidic bond to an amino sugar,
Daunosamine, as seen in Figure 3, and their main physicochemical properties are represented

in Table 2 [36,37].

Table 2: Physicochemical properties of DOX.

Properties of Doxorubicin

Molecular

formula C27H29NO11 [38]
Molar mass 543.52 gmol? [38]
Metabolism Liver [39]
Water, methanol,
Soluble aqueous alcohol [38]
OH solution
NH Not soluble Non-polar organic [38]
2 solvents

Figure 3: Chemical structure of doxorubicin [31].

DOX was the drug of choice for this work due to its intrinsic fluorescence, which offers
added value for research and imaging purposes, allowing the tracking of the drug in vitro cells.
Moreover, DOX was the drug chosen to study the drug delivery capabilities of the
nanoparticles used in this work, which has shown a potential to carry high payload cationic
drugs due toits physical and chemical properties such as high negative surface charge, optimal

size range, large surface area, mesoporous nature and hollow cavity [33,36].

The experiments with DOX started in 1969 and due to the excellent trials results, the
drug was approved for clinical usage, despite the amount of detected side effects [31,33,36].
Currently, DOX is employed to treat a wide range of human tumors, like breast, ovarian,
thyroid, esophageal, gastric and liver carcinomas. Acute leukemia, osteosarcoma and Wilms
tumor are also known diseases where the DOX is used as a treatment [30-33,36,40]. On the
other hand, the drug success in cancer treatment is limited due to the side effects observable
on the human body, including myelosuppression, dry heaving, diarrhea, risk of developing
secondary leukemias, spillage of blood vessels, which can induce tissue ulceration, necrosis

and, cardiotoxicity. Cardiotoxicity is the main side effect, leading to heart failure in the most
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severe cases [31,40-42]. DOX-induced cardiotoxicity is cumulative and dose dependent,
however, it may appear even at lower doses due to variations between individuals [34,43—
45]. Cardiotoxicity includes both short- and long-term toxic effects in the heart, these can
appear at any treatment stage and can be classified as acute or chronic. Additionally,
cardiotoxicity can also lead to alterations in myocardial structure and function, severe
cardiomyopathy as well as heart failure, that may result in the need for a transplantation or,
in the worst-case scenario, it can lead to the patient’s death [34,44,45]. Long-term anticancer
treatment is another serious limitation. Continuous and prolonged administration of
doxorubicin causes drug resistance in tumor cells, while increasing the cytotoxicity in healthy
cells [46,47]. Due to the continued use of the drug, the cells start to express the P-
glycoprotein, which transports the drug to the exterior of the cells, decreasing the amount of
drug inside the cells and consequently making the drug not enough to inhibit cell growth

[38,47].

There are some mechanisms proposed to explain how DOX causes cell death, including
inhibition of topoisomerase Il (DOX acts as a DNA intercalator), oxidative stress, DNA adduct
formation and overproduction of ceramide. However, these mechanisms are not fully known
[48,49]. The primary anti-tumor mechanism of DOX appears to be the intercalation in DNA
that prevents DNA and RNA synthesis [36]. Structural explanations of DOX as a DNA
intercalator have been proposed based on several techniques such as NMR analyses, high-

resolution X-ray, molecular dynamic simulation, among others [49-51].

Several studies have been performed to understand this mechanism and it has been
concluded that the amine group of doxorubicin is interleaved between base pairs of DNA
double helix and they have a binding preference for G-C (Guanine-Cytosine) base pair. This
intercalation will inhibit topoisomerase Il (TOP2) , which is an enzyme involved in the
relaxation of coiled-coil DNA structures [34,47,49,50,52]. Inhibiting TOP2 functions will change
the DNA topology, preventing the recombination of the DNA double strand, which leads to
the production of double-strand DNA breaks, resulting in inhibition of DNA replication and
transcription to mRNA, leading to the death of cells, as illustrated in Figure 4 [34,46,47,49,50].
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(A) Normal DNA
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Figure 4: DOX intercalation into DNA. A) TOP2 relaxes DNA supercoil to facilitate replication and DNA
synthesis; B) DOX forms a complex by DNA through G bases in both of DNA strands and prevents
TOP2 activity and DNA synthesis. TOP2: Topoisomerase Il, G: guanine, C: cytosine [34].

Due to the low absorption by the digestive system, DOX is not administered orally. In
contrast, intravenous administration allows a better and quickly distribution to the human
body. However, this route of administration does not make the treatment sufficiently effective
and, beyond this point, the problem of toxicity still exists. Therefore, there is an urgent need
to reduce its toxicity without compromising the therapeutic effectiveness. In order to
overcome these side effects, researchers have investigated and developed new

administration strategies for targeted drug delivery [40,41].

A new strategy, currently under development, is the use of nanosystems capable of
transporting the drug to the tumor site, facilitating cell uptake and intracellular drug delivery.
Thus far, there are several drug delivery nanosystems designed for this purpose and some of
them, specific for DOX, were approved by Food and Drug Administration (FDA), including

Doxil® (Johnson & Johnson, USA), Caelyx® (Janssen-Cilag, Belgium), Evacet® (Liposome
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Company Inc., Princeton, NJ) and Lipodox® (Sun Pharma, Mumbai, India), Myocet® (Sopherion
Therapeutics, USA) and ThermoDox® (Celsion Corporation, USA) [14,53]. In order to creating
an ideal nanocarrier for drug delivery, it is necessary to adjust its different characteristics
according to the path it must take, namely the composition, size, surface chemistry, shape and

mechanical flexibility [14].

In order for nanosystems to be successfully used as drug carriers, such as DOX-loaded
nanocarrier, some essential properties must be met: (i) they must have the ability to prevent
drug leakage during transport; (ii) consequently must have the ability to do the controlled and
targeted drug delivery, reducing systemic levels of the drug; (iii) ensure non-toxicity; and (iv)
it must be stable in the complex biological environment with a prolonged lifetime in the
bloodstream. When these basic conditions are met, it is possible to effectively improve the

therapeutic effect while reducing the overall toxicity [14,36,41].

Nanotechnology plays an important role in many fields due to the possibility of
developing new products with potential properties and functions. Nanoscience explores the
phenomena, properties, and responses of materials at atomic, molecular, and
macromolecular scales and involves nanostructured materials with dimensions between 1 and

100nm, as illustrated in Figure 5 [14,54].
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Figure 5: Length scale that compares the size of various biological components and some more
familiar materials and objects [55].
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Due to the unique properties achieved with nanotechnology, there are already many
commercial products available including metals, ceramics, polymers, smart textiles,
cosmetics, sunscreens, electronics, paints, and varnishes [54]. In addition to these products,
there are many applications currently under development in the most diverse fields including

biomedicine, tissue engineering, catalysis, sensors, energy storage, among others [56].

Nanotechnology has shown promise in the field of biomedicine, specially by improving
dual diagnosis and individualized treatment against cancer and other diseases [13,41].
Nanocarriers systems used for drug delivery have received attention in recent years due to
the advantages they provide over conventional drug delivery systems. Some advantages are
increased stability and efficacy, improved bioavailability by enhancing the aqueous solubility
of medicines, prolong the circulation time of chemotherapeutic drugs and protect them from
degradation. Other key advantages include high surface area to load multiple drugs, enhanced
interaction with cell membranes and proteins as nanosystems are similar in size, drug
targeting, high concentration of drug delivering, decrease in the frequency of administration,

reduced side effects and lower therapy costs [14,18,57].

Reducing toxicity and consequently, the side effects of drugs during treatments, is an
important obstacle of nanomedicine that can be overcome with nanocarriers able to prevent
drug leakage and deliver the drug to the specific site preventing the release in healthy tissues

[18,41].

Besides the advantages of using nanotechnology to treat diseases, this field is also
strongly valuable for diagnosis, helping to detect cancer in early stages. Furthermore, the
online monitoring is also beneficial to assist treatment since it allows monitoring of drug

release, in order to optimize the drug dosage to achieve an effective treatment [58].

The physicochemical properties of nanocarriers can be manipulated considering the
knowledge of the different physiological conditions between healthy and diseased tissues and
the route of administration. Thus, stimuli-sensitive nanocarriers can enhance the efficacy of
therapeutic drugs through different physicochemical changes or stimuli such as temperature,
redox potential, ionic strength, electrical field, and the biological fluid pH [18]. The pH-
sensitive nanoparticles are the most used responsive drug delivery systems. The purpose of

using this type of nanoparticles is to enhance in vivo stability, inhibit premature drug release,
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prolong drug circulation time, and improve drug accumulation inside target tumors [18]. This
is possible because while blood and most tissues have a neutral pH of 7.4 in healthy conditions,
TME and intracellular endosome/lysosome microenvironments have a slightly acidic value of
approximately 6.6 and 5-5.5, respectively, due to the atypical metabolic activity and

subsequent high amounts of lactate and CO; as explained in section 2.1 [8,59,60].

Different types of nanocarriers have been employed for liver cancer therapeutics and
diagnostic agents including carbon nanotubes, micelles, dendrimers, lipid nanocarriers,
nanofibers, polymeric nanoparticles, graphene oxide, nano-shells, liposomes and
superparamagnetic iron oxide nanoparticles (SPIONs), as seen in Figure 6. The nanostructured
nanocarrier proposed in this work will be composed of several of them: a superparamagnetic
iron oxide core will be coated with a graphene-based nano-shell which will be loaded with a

chemotherapeutic drug (DOX).
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Figure 6: Different nanocarriers for liver cancer targeted drug delivery applications [61].
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In order to contextualize the topic of this thesis and support the discussion of the
results achieved some of these nanocarriers will be further described, in particular magnetic
nanoparticles and carbon nanomaterials and their derivatives, which will be covered in the

following sections.

Nanoparticles can be divided into organic or inorganic. Within these sections there is

a wide variety of sizes, shapes, and materials with vast chemical and surface properties

[14,18].

Organic nanoparticles are prepared with organic molecules, for this reason they can
be biodegradable, which makes them attractive for the administration of medicines and other
diverse biomedical applications. They provide relatively simple routes for the encapsulation
of materials and their association with biological entities, such as DNA and antibodies, allow
the study of the behavior of some molecules, molecular recognition, signal transduction and
protein-mediated membrane fusion processes [14,18]. Organic nanoparticles have emerged
mainly for the performance of immunoassays and as a more effective alternative for the
administration of drugs in order to reduce the chronic toxicity caused by non-degradable
polymers. This type of nanoparticles allows easier manufacturing from biodegradable
polymers, they have a high stability in biological fluids and during storage. There is a wide
range of organic nanoparticles such as micelles, vesicles, and liposomes, polymersomes,

polymer conjugates, dendrimers, nano shells and polymeric nanoparticles [14,18,61].

On the other hand, inorganic nanoparticles have gained attention in recent years due
to their physicochemical properties dependent on material composition and size, such as
optical, magnetic properties, among others, which are not possible with traditional organic
nanoparticles based on lipids or polymers. In addition to these characteristics that make these
nanoparticles attractive for a variety of applications, they have other advantages like being
more stable and providing ease of functionalization [14,18,61]. The most commonly used
inorganic nanoparticles are magnetic nanoparticles (MNPs), gold nanoparticles, quantum

dots and carbon nanotubes [14,62]. MNPs have been widely used in biomedical applications
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such as biosensing, drug delivery, hyperthermia, magnetic resonance imaging and cellular
capture. Magnetic nanoparticles are a key element for many biomedical applications and will

constitute the cornerstone of the proposed work.

These two types of nanoparticles differ in terms of manufacturing principles. The
inorganic ones are usually produced via precipitation of inorganic salts, which are linked in a
matrix. Diversely, the organic nanoparticles are formed by several organic molecules that

associate due to self-organization or chemical bonding [14,18,63].

Carbon is one of the primary elements for the formation of all organic matter. A carbon
atom has ability to bind with itself and other atoms in different ways to form a varied
combination of chains and rings, and consequently, giving rise to many distinct structural
forms [64,65]. Examples of carbon-based nanostructures includes graphite, fullerenes, carbon
nanotubes, diamond, graphene, among others [66,67]. A carbon atom has six electrons
occupying 1s?, 2s2, and 2p? atomic orbitals [65,68]. As 2p atomic orbital has the capacity to six
electrons, where there are only 2 electrons occupied, carbon is able to form up to four bonds
[68]. The energy difference between the upper 2p orbital and the lower 2s orbital is small
when compared to chemical bonds. Thus, when bonding with other atoms, the electronic
structure of the carbon atom can be hybridized? to adjust to different structural arrangements
[65]. Particularly, graphene and its derivatives have attracted much attention in nanomedicine
and biomedical applications due to their unique properties, such as high chemical and thermal
stability, high charge carrier mobility, enhanced biocompatibility and large surface area, which
are ideal for biofunctionalizations [69—-71]. Graphene is a two-dimensional form of carbon,
consisting of a planar sheet with carbon atoms arranged in a hexagonal lattice, in which atoms
are linked by sp? hybridization, as seen in Figure 7A [65,72]. Graphene-based family is
classified according to its number of layers and chemical modification. The most widely used

graphene-based nanomaterials include monolayer graphene, bilayer graphene, multilayer

2 Hybridization is a process that happens when the electrons of the upper 2p orbital and the lower 2s orbital can mix easily with each other
to enhance the binding energy of the carbon atom with neighboring atoms [14].
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graphene, graphene oxide (GO) and reduced graphene oxide (rGO). The different types of
graphene-based nanomaterials differ from each other in terms of layers, surface chemistry,

purity, lateral dimensions, defect density and composition [71].

Since graphene nanostructures have difficulty obtaining well-dispersed liquid
suspensions without chemical additions, other graphene-based materials have emerged as an

alternative for use in medical applications [70].

Graphene oxide, a common derived from graphene, is a highly oxidized version of
chemically modified graphene consisting in a single monolayer with the attachment of
different functional groups such as epoxy, carbonyl, hydroxyl, and carboxyl, as seen in Figure
7B [1,71,73]. These oxygen functionalities provide a hydrophilic nature and enable the
nanostructure to disperse in water and other organic solvents without any additive [69,70].
Moreover, the peripheral carboxylate group provides pH-dependent negative surface charge
and colloidal stability, while epoxide and hydroxyl groups allow weak interactions, hydrogen

bonding and other surface reactions [71].

The reduction in the oxygen content either by thermal, chemical, or any other
methods, produces rGO. This reduction of oxygen content forms defects in the carbon lattice,
as show in Figure 7C, increasing the hydrophobicity and consequently the tendency to create

aggregates [69].

"® Carbon ® Epoxy ® Carbonyl ® Hydroxyl e Carboxyl

Figure 7: Schematic chemical structures of graphene-based nanostructures: (A) graphene; (B) GO
and; (C) rGO [74].
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GO and rGO can be improved through an additional functionalization. Since the
presence of oxygen groups is bigger in GO, its reactivity is higher compared with rGO. In this
way, GO can be chemically functionalized through covalent interactions easier than rGO
[64,70]. This make this material an ideal candidate to improve specific properties of magnetic
nanostructures (e.g. MNPs), namely increasing colloidal stability and reducing toxicity. Also,
because of their large surface area, GO nanosheets have attracted considerable interest for

imaging diagnostic applications and drug delivery [64,70].

Despite all its applications, MNPs also have some limitations, in particular, they tend
to aggregate and precipitate into biological vessels, reducing their colloidal stability and
biocompatibility. In this regard, the combination of graphene-based nanostructures with
MNPs, resulting in graphene-based magnetic nanoparticles (GbMNPs), has attracted huge
interest in biomedicine because the resulting blend allows to overcome the limitations of

MNPs and exploit the properties of both materials [75].

Magnetism is a basic property of any material, arising from the presence of atoms with
nucleus (protons and neutrons) and the orbiting electrons in motion. Since all materials have
electrons, they all have the ability to interact with a magnetic field, which is dependent on the
ordered or disordered movement of the electrons, as explained below [76,77].

The concept of magnetism in solids is closely related to the orbital movement of
electrons around the nucleus and to the rotation movement of electrons.

Thus, the movement of the unpaired valence electrons is responsible for the
production of a spin magnetic moment and an orbital magnetic moment, as shown in Figure
8A and 8B, respectively [77-79].

Following this concept, when an external magnetic field is applied to a solid, the
magnetic dipoles inside the material are aligned with the direction of the applied magnetic

field and consequently, the magnetic dipoles are magnetized.
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Direction
of spin

Figure 8: Schematic representation of magnetic moments. (A) Spin magnetic moment; (B) Orbital
magnetic moment. Drawn in Biorender.

The response of a material when an external magnetic field with force H is applied to
it is called magnetic induction or magnetic flux density, represented by B (in Tesla or T), that
describes the number of field lines per unit area. Magnetic induction can be expressed by

Equation 1 [79,80]:

B= pu(H+M) Equation (1)

Where g is the permeability in vacuum, H is the magnetic field strength and M is the
magnetic moment per volume.

Materials can be classified according to their magnetic behavior and can be mainly
differentiated by paramagnetic, ferromagnetic, and diamagnetic, which correspond to the
different types of magnetism: paramagnetism, ferromagnetism, and diamagnetism,
respectively.

- Oxygen, platinum, aluminum, and manganese are examples of paramagnetic
materials, in this case, their magnetic moments when subjected to an external magnetic field
will have a weak alignment parallel to the direction of the field, because the spins are
randomly oriented (Figure 9a). In other words, only a few electrons of the material align with
the electrons in the external magnetic field. Hence, the magnetic susceptibility of these
materials is moderately strong and positive [76,77,81].

- Examples of ferromagnetic materials are iron, cobalt, and nickel. These materials

have a strong attraction for magnetic fields due to the parallel alignment of their magnetic
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moments (Figure 9b). The forces will be added, and the resulting magnetic field value will be
strongly positive. Thus, its magnetic susceptibility is very strong and positive [76,80,82].

- Copper, gold, water, and silver are examples of diamagnetic materials. These
materials behave in the opposite way to the previous ones. When subjected to external
magnetic fields, the magnetic moments will have a weak alignment in the opposite direction
(Figure 9c), and consequently, will be slightly repelled from the magnetic field. The magnetic
susceptibility of these materials is weak and negative [76,77].

In addition to these three types of materials, the antiferromagnetic and ferrimagnetic
materials are considered subclasses of ferromagnetic materials.

Nickel oxide and manganese (Il) oxide are examples of antiferromagnetic materials.
When an external magnetic field is applied to these materials, the spins are aligned
antiparallel, i.e., the unpaired electrons line up opposite to one another (Figure 9d), resulting
in a small magnetization [77].

Magnetite (Fes0s) and maghemite (Fe;Os) are the most common examples of
ferrimagnetic materials, commonly used for biomedical applications, such as magnetic
hyperthermia. These materials are generally referred as magnetic iron oxide nanoparticles
(MIONSs). The behavior of these materials is similar to antiferromagnetic materials because
the magnetic moments are aligned antiparallel, but with an unequal (unbalanced) and greater

magnitude value (Figure 9e) [17,76,77].
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Figure 9: Types of magnetism under an externally applied magnetic field. (a) Paramagnetism; (b)
Ferromagnetism; (c) Diamagnetism; (d) Antiferromagnetism; (e) Ferrimagnetism [77].
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The magnetization of paramagnetic and diamagnetic materials quickly disappears
when the magnetic field is removed. However, the ferri- and ferromagnetic materials have an
outstanding feature: the magnetic moment is maintained towards the inductive field even
after it is removed [5]. This behavior is called remanence or hysteresis, that results from the
blockage of the magnetic domains, remaining a memory of the removed field [76]. This theme

will be addressed later to explain the importance of these behaviors.

Hysteresis can be evaluated through the hysteresis loop, a magnetization curve that
represents the variation of magnetization (M) versus the magnetic field strength (H), as shown

in Figure 10. There are three parameters that can be found in the hysteresis loop [77]:

(i) Saturation magnetization (Ms): when a ferri- or ferromagnetic material is
subjected to an external magnetic field, all magnetic domains tend to align in the
direction of the applied field, reaching its Ms, which corresponds to the maximum
magnetization value that can be achieved by material [77].

(ii) Remanence magnetization (Mr): after the external magnetic field is removed, the
magnetization does not return to zero. This behavior occurs in materials that have
magnetic memory and that have the ability to maintain magnetization even after
removing the applied external field, resulting in a state of magnetic remnant [77].

(iii) Coercivity (Hc): represents the intensity that needs to be applied to reduce the
magnetization back to zero. This parameter is related to the minimum energy

required to reverse the magnetization [77].

These parameters can be measured from the hysteresis loops (M-H) of the material.
On the other hand, the hysteresis losses can be measured by integrating the area of the
hysteresis loop (shaded area in Figure 10a). when the applied magnetic field is alternating,
this area directly represents the power loss during one cycle of the loop, this means that the
heat generation rate is proportional to the frequency of the alternating magnetic field (AMF)

[19].

In addition to the types of magnetism mentioned above, there is another case, the
superparamagnetism, that occurs in small size ferromagnetic or ferrimagnetic nanoparticles,
usually less than 20 nm. They are not able to retain the magnetic memory when the external

magnetic field is removed. Thus, when the magnetic field is removed, the magnetic moment
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of the material is quickly reoriented, leading to a loss of energy that heats the surrounding

environment (when an AFM is applied) [63,77,80,83].

The smaller the size of the nanoparticles, the lower the number of magnetic domains
(small regions of the material that are spontaneously magnetized). In more extreme cases,
they have a single domain, since below a critical size, the formation of multiple domains is not
favorable in terms of energy. When the size of the nanoparticle is very small, thermal energy
is enough to overcome the energy barrier and force the magnetic moments to reorient. In this
case, the M-H curve does not show hysteresis, and the magnetization curves overlap,

exhibiting zero magnetic remanence, as can be seen in Figure 10b). [79,83-85].
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Figure 10: Schematic illustration of typical hysteresis loops of: (a) ferromagnetic; (b)
superparamagnetic materials. Drawn in Biorender inspired by refs. [77,83,86].

Magnetic nanoparticles with magnetic remanence are not popular for biomedical
applications because they tend to interact magnetically after removal of the magnetic field,
forming clusters and aggregates of nanoparticles. Thus, if these nanoparticles are injected
intravenously, there is a high risk of aggregation, which can result in the formation of clots
and embolisms. On the other hand, superparamagnetic iron oxide nanoparticles are highly
desirable for biomedical applications, because it minimizes the agglomeration of the particles

is minimized after removal of an applied magnetic field [87]. Thus, single-domain
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superparamagnetic nanoparticles with their special peculiarities (zero remanence
magnetization), find application in several areas of nanomedicine, such as enhancement
magnetic resonance imaging (MRI) contrast enhancement, drug delivery, cell and tissue

targeting, and magnetic hyperthermia [77,79].

The magnetic nanomaterials when exposed to an AMF, can produce heat by two main
mechanisms: i) hysteresis loses coming from their ferromagnetic-like behavior, as mentioned
above; and ii) when using superparamagnetic nanoparticles, the heat is generated from
relaxation processes. In this case, the heat is produced due to the delay in the relaxation of
the magnetic moment through either the Néel relaxation and Brownian relaxation, as depicts

in Figure 11 [17,19,88].

Without AMF AMF direction AMF direction

Brownian
relaxation

—_— —
Néel
relaxation
Figure 11: Heat generation mechanisms in superparamagnetic nanoparticles in response to an AMF.

The short straight arrows represent the magnetic moment direction, the curved arrows represent the
movement or change in direction. Based in [88].

Néel relaxation refers to the heating due to the energy loss generated by the rotation
within the particle, while Brownian relaxation refers to the heating by rotation of the particle
itself and the friction with the solvent, due to the alignment of magnetic moments with the

external AMF [88,89].

The Néel relaxation time (7n) and the Brownian relaxation time (zg) are given by the

following equations [88,89]:

Kav
Ty = TgeksT Equation (2)
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Equation (3)

Where T, is the time constant (t, = 107 %s), K, is the anisotropy constant V is the
volume of the MNP, Ky is the Boltzmann constant, T is the absolute temperature, n is the
dynamic viscosity of the liquid carrier and Vy is the hydrodynamic volume of the particle
[88,89]. Since heat dissipation by Brownian relaxation is strongly dependent on the local
environment such as the viscosity of the medium, the use of MNPs that dissipates heat by
Néel relaxation (which is not viscosity-dependent) is preferred for magnetic hyperthermia
applications, because the MNPs can reduce their rotation at high viscosities and consequently

the heat dissipated by these particles will decrease [88,89].

The quantification of the power dissipation of MNPs can be formulated in term of

specific absorption rate (SAR), expressed as W g, which is given by Equation 4 [17,90]:

(o AT

SAR = Equation (4)

mynp At

Where C is the heat capacity of the medium, myyp is the mass of magnetic material,
and AT is the temperature rise during the time interval (At) [90]. The SAR is a parameter used
to quantify the heat produced via magnetic induction of MNPs that must be maximized under

an AMF [17,91].

Magnetic nanoparticles have been an important nanomaterial for science and
technology in recent years. They can have different unique properties such as
superparamagnetic behavior, high coercivity, low Curie temperatures® (T¢), high magnetic

susceptibility, large surface-to-volume ratio, and high saturation magnetizations when

3 Curie temperature is a transition temperature from an ordered magnetic state to a disordered magnetic state. As magnetic hyperthermia
and the application of an AMF is concerned, the MNPs lose their magnetic properties (which causes the current flow) and the heat production
is suppressed above Tc. [16]
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compared to their bulk materials. Superparamagnetic behavior rises from the large magnetic
moment they achieve in the presence of an external magnetic field, which is blocked when

the field is removed [92].

Currently, magnetic nanoparticles are a promising tool in many fields. Due to their
features, magnetic nanoparticles have a large impact on medical applications, commonly
known as nanomedicine, including drug delivery systems, magnetic resonance imaging (MRI)
contrast enhancement, magnetic hyperthermia, computed tomography, tissue engineering,
and other applications. The use of magnetic materials in medical health area enables several
medical technologies and allows for the diagnosis and treatment of many diseases, especially
cancer [14,16,93]. Thus, MNPs can be used as heat effectors through magnetic hyperthermia
under an AMF and consequently, the heat can be applied for the direct ablation of tumors.
Furthermore, MNPs contribute significantly to the real-time visualization of other biological
behaviors such as trafficking, cancer metastasis, cellular signaling, and interactions at the

molecular and cellular levels [14].

Typically, MNPs are composed of a magnetic core, usually pure metals (Fe, Co, and Ni),
alloys (FeCo, alnico, and permalloy), and iron oxides (magnetite (Fe304) or maghemite (y-
Fe;03)). Although pure metals can produce higher saturation magnetization, they are not
suitable for clinical use due to their high toxicity or low biocompatibility and they tend to be
susceptible to oxidation. The use of magnetic iron oxide nanoparticles (MIONs) has the
additional advantages of the body processing the excess of iron, since iron is an essential
component of the human body, which is explained in more detail in Palmer et al. [14]. Their
high chemical and colloidal stability, high biocompatibility, existence of natural routes for its

biodegradation, and low cost are also advantages of using MIONs [14,92,94].

Among iron oxides, magnetite (Fe304), maghemite (y-Fe,0s) are the most popular
materials employed for biomedical applications due to their biocompatibility and low toxicity

in the human body, and notable magnetic properties. Another common form of iron oxide is
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hematite (a-Fe,03) which is less used for these areas due to its weak magnetic properties at

room temperature (RT), as shown in Table 3 [87,94].

Table 3: Physical and chemical properties of magnetite, maghemite, and hematite [77,87].

Properties Magnetite Maghemite Hematite
Molecular formula Fes04 v-Fe20; o-Fe;0s

Crystal structure Cubic cubic or tetrahedral rhombohedral
Density (g cm?) 5.18 4.87 5.26

Melting point (°C) 1583-1597 - 1350

Color Black reddish-brown red

Hardness 5.5 5 6.5

Magnetism ferrimagnetism  ferrimagnetism ferrimagnetism
Curie temperature (K) 850 820-986 956

Ms, at 300 K (Am?kg™?) 92-100 60-80 0.3

Magnetite (Fes0a) has the most interesting properties because of the presence of iron
cations in two valence states, Fe?* and Fe®*, with trivalent ions occupying both tetrahedral and
octahedral sites in the inverse spinel oxide structure, as seen in Figure 12b) [77]. Magnetite
has an oxygen cubic close-packed structure, where Fe?* ions occupy half of the octahedral
sites and Fe3* are split evenly across the remaining octahedral sites and tetrahedral sites.
Fe304 has acquired great importance because of its characteristic magnetic properties such as
high Ms [63,77,95,96]. In the presence of oxygen, Fe (ll) cations are oxidized to Fe (lIl) at the
surface generating maghemite (y -Fe;03). This exhibits a highly crystallinity with variable sizes
and has a cubic or tetrahedral spinel structure with some cation deficiency (Figure 12c))
[63,77,97]. Conversely, hematite (a-Fe;0s3) crystallizes in the rhombohedral structure and is
thermodynamically the most stable crystallographic phase of Fe,Os (Figure 12a)). It can be
used as a starting material for the synthesis of magnetite and maghemite, which have been

strongly studied for technological applications in the last few decades [63,77,96,98,99].

Therefore, for biomedical applications, magnetite and maghemite are the most
promising materials due to their biocompatibility and great magnetic properties when
properly synthesized with high crystallinity at the nanoscale, since they are easily oxidized in

air (especially magnetite), generally resulting in loss of magnetism and dispersibility [62]. Thus,

28


https://www.powerthesaurus.org/acquired/synonyms
https://www.powerthesaurus.org/great_importance/synonyms

in an attempt to keep the stability of MIONSs it is essential to provide proper surface coating

and develop some effective protection strategies [100].

A (I-F6203

Figure 12: Crystal structure of (A) hematite (a-Fe,0s); (B) magnetite (Fes04); (C) maghemite (y-Fe,0s)
[96].

2.5.2. Synthesis methodologies

Some properties of MNPs are dependent on the particle size, as previously mentioned.
On the other hand, coercivity depends on the size and shape of particle due to anisotropy
effects. Therefore, the manipulation of particle structures is essential for the control of
intrinsic magnetic properties. Thus, a big variety of magnetic nanoparticle structures can
found that were designed to maximize some aspects of their magnetic performance, for
example, spherical core-shell nanoparticles, hexagonal core-shell nanoparticles, multiple

small cores coated by a single-shell material, among others [77].

In the recent past, advances in the synthesis of MNPs were focused on improving their
biomedical applications, taking into consideration requirements in terms of size, surface
chemistry and colloidal stability under physiological conditions which are intrinsic to the
targeted application in vivo [62,77]. In this section, an overview of the main MNPs synthesis
procedures is presented. MNPs can be synthesized via physical, chemical or biological
methods, each one with their own advantages and disadvantages. We will focus on colloidal

chemical synthesis methods that allow for efficient and precise control of particle size,
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composition, and surface chemistry. Typical wet-chemistry methods to synthesize iron oxide

MNPs include coprecipitation, thermal decomposition, and hydrothermal synthesis [62,77].

Coprecipitation of iron salts in aqueous alkaline conditions is the simplest and
most efficient method to synthesize iron oxide nanoparticles (Fes0s/ y-Fe20s). This
procedure consists of mixing Fe* e Fe3* in a 1:2 molar ratio in strong base solutions at
room or elevated temperature, which leads to instant magnetite precipitation according

to the following reaction [62,77,81,87,96]:

2Fe3t + Fe?* + 80H™ 2 Fe(OH), + Fe(OH)3; — Fe;0, + 4H,0  Equation (5)

The size, shape and crystal structure of the resulting nanoparticle can be strongly
influenced by pH, type of base, ionic strength, reaction temperature and Fe?*/Fe3* ratio

[62,87].

The coprecipitation has been the most used procedure for the synthesis of iron
oxide nanoparticles, since it is simple, fast, cost-effective, and its main advantage is that
a large number of nanoparticles can be synthesized. However, it provides poorly
crystalline particles and poor control on size distribution, resulting in polydisperse

nanoparticles [81,100].

Polymers such as dextran or polyacrylic acid can be added in the reaction media,
or the particles can be coated in a subsequent step, in order to act as protecting agent

for controlling particle size and stabilizing the colloidal dispersions [62,100].

The thermal decomposition procedure requires a high temperature and long
reaction duration under an inert atmosphere (to avoid the possible oxidation in the air).
By adding suitable surfactants, it is possible to improve the crystallinity of the iron oxide
nanoparticles and obtain precise size and shape-controlled nanoparticles [62,81,96].
Magnetic nanocrystals with small size, high monodispersity, and good crystallinity can
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be synthesized through the thermal decomposition of organometallic compounds in
high-boiling organic solvents containing stabilizing surfactants. The synthesized
nanoparticles have a hydrophobic surface and are dispersible in an organic solvent
[62,81,101]. These types of solvent are energy-intensive, employ toxic chemicals, and
yield nanoparticles in nonpolar solutions. Besides, to be applied in the medical area,
extra steps are needed after synthesis by thermal decomposition, to colloidally stabilize

the nanoparticles in an aqueous solvent [62,81,101].

Hydrothermal synthesis allows to obtain hydrophilic nanoparticles in an aqueous
solution in one-step synthesis by hydrothermal reduction of Fe (lll) salts in an autoclave
at high temperature and pressure. Selecting an appropriate mixture of solvents and
varying different parameters such as temperature, pressure, and reaction time, it is
possible to reach a narrow size distribution [62,87].

The main advantages of using this method include a high degree of product purity,
high crystallinity, and uniform morphology. Also, the use of non-specialized equipment

and a simple general process make it a commonly used method [62,102].

This highlights the importance of selecting the proper synthesis methodology
considering the final application. Thus, it is also necessary to know the advantages and
disadvantages of each method. Table 4 shows the differences between the main methods

used for the synthesis of iron oxide nanoparticles [77,96].

Table 4: Summary comparison of the synthetic methods [77,96].

Synthetic . Reaction Reaction Size Shape
Synthesis . Solvent .

method temperature period distribution control
Very simple, water Polydisperse Not good

Coprecipitation 20-90 °C minutes

environment

Complicated, Organic Very narrow Very good

Thermal . P o Hours- g Y ve
. inert 100-320 °C compound

decomposition days

atmosphere
Hydrothermal Simple, Water- Relativel Very good
yerom mp 220°C hours Y ve
synthesis High pressure ethanol narrow
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Over long periods of time the particles can lose their colloidal stability and tend to
agglomerate in order to reduce the energy associated with the high surface area-to-volume
ratio, limiting their applications. Therefore, surface functionalization is able to increase
biocompatibility and decrease the surface area to volume ratio, consequently reducing

aggregation [81].

MNPs are composed of a magnetic core and depending on the applications, it can be
modified with a biocompatible material resulting in a core-shell architecture [94]. Besides, it
is possible to perform various surface functionalizations according to the desired applications
[94]. In biomedical applications, the shell plays an important role, as it acts as a hydrophilic
layer to improve colloidal stability and prevent aggregation of nanoparticles under
physiological conditions. Additionally, providing better stability, the shell can prevent the
oxidation of the core material. Biocompatibility or low toxicity of materials when exposed to

cells is the key property to achieve good translational results [14,92].

In order to achieve high biocompatibility and guarantee a safer application of MNPs in
nanomedicine, keeping their properties, such as colloidal stability, an organic or inorganic
biocompatible coating is highly recommended [14,62]. Moreover, surface functionalization of
MNPs, in addition to enhance stabilization and dispersion, can also improve heat generating
efficiency [62]. There is a wide amount of substances that can be used as coating materials,
among these, the most common are silica [16], carbon [66,67], gold [40,62], polyethylene
glycol (PEG) [15,41,57], chitosan [103,104] and dextran [17,105].

Graphene-based nanostructures are widely researched because of its physicochemical
properties, including high surface area (2630 m? g!) compared to any other nanomaterial

since all of its atoms are on the surface, excellent electrical conductivity (1738 s m™), strong
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mechanical strength (about 1100 GPa), unparalleled thermal conductivity (5000 Wm™ K1),
high charge carrier mobility and facility for a wide variety of functionalities [71,106,107].

These nanostructures contain a large negative surface area with free surface m
electrons from unmodified areas of graphene, making them hydrophobic materials with the
ability to adsorb a diversity of aromatic biomolecules and single-stranded DNA through a t-it
stacking interactions and/or electrostatic interaction, which make them excellent materials
for the design of biosensors, loading drugs and non-covalent functionalization [71,107].

The utilization of graphene-based nanomaterials combined with magnetic
nanoparticles offers key benefits in the modern biomedicine. When exposed to air, magnetic
nanoparticles rapidly agglomerate, reducing the surface area. Therefore, combining Fe30a4
with graphene-based materials, with their unique properties mentioned above, it is possible
to increase the dispersion of nanoparticles, resulting in a desired nanosystem [108]. Besides,
the large surface are of graphene makes the magnetic nanoparticles efficiency drug
nanocarriers, while the magnetic properties provides ideal characteristics to act as
nanoheaters with magnetic hyperthermia and as contrast agents for MRI [75]. Due to these
outstanding combined properties, GbMNPs have shown high potential in biomedical

applications [69,70].

MNPs, in particular graphene-based magnetic nanoparticles, have been widely
employed in many biomedical applications due to their excellent biocompatibility, such as
tissue engineering, biosensors, gene delivery, cell separation, with special emphasis on
theranostic applications. For diagnostic applications, their use as contrast agents for magnetic
resonance imaging (MRI) to identify pathologies at early stage has been strongly studied.
Simultaneously, their therapeutic applications have been focused on drug delivery and
magnetic hyperthermia (MH). These main applications have been used for the treatment and
diagnostic of cancers in the brain, breast, lung, liver, and prostate [16,62,71,109]. In this work,
GbMNPs will be evaluated as multifunctional responsive drug delivery systems, able to act as
heat effectors in magnetic hyperthermia and as contrast agents in MRI in the context of

hepatic cancer.
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Tracking and monitoring are essential tools for diagnosis and treatment assistance of
different diseases, including tumors. Several imaging techniques have been employed for this
purpose, including positron emission tomography, single photon emission computed
tomography, bioluminescence imaging, fluorescence imaging, X-ray based computed

tomography, and magnetic resonance imaging [110].

MRI is currently one of the most powerful imaging tools, it is the most efficient
available and non-invasive technique to obtain real-time images of soft tissues. For this
reason, this method has been extensively applied for clinical diagnosis of many diseases in
human soft tissues [4,6]. MRI possesses various advantages over other imaging methods,
including high spatial resolution (~100 um), long effective image window, rapid in vivo
acquisition of images, and absence of exposure to ionizing radiation [110,111]. However, it
has low sensitivity, which makes it difficult to visualize slight changes in biological tissues, and
consequently prevent detection of tumors in early stage or small anatomical alterations. To
overcome this limitation and increase its sensibility, the use of contrast agents (CA) is very
attractive, improving the contrast of the acquired MR images. They are introduced into an
organism to enhance imaging quality, being able to give anatomical and functional

information [111,112].

MRI is based on the nuclear magnetic resonance (NMR) principle, where the nuclear
magnetic moment of water protons in biological tissues aligns with an external magnetic field
and consequently excited with a radiofrequency wave, producing an electric signal. Human
body is composed of ~60% of water, what makes MRI a powerful technology to visualize
internal tissues or organs [111,113]. In this regard, the role of contrast agents is to decrease
the relaxation time* of water protons and consequently, increase the image quality through
enhancing the contrast between healthy and disease tissue [103,114]. The CA can be
distinguished into two groups, T1 agents that reduce the proton longitudinal relaxation time,

resulting in a positive contrast (bright signal) and T, agents that can shorten the proton

4 Relaxation is the term used to describe the movement of nuclear spins to their initial low-energy state when the radiofrequency wave is
removed [111].
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transverse relaxation time, leading to a negative contrast (dark signal) [114,115]. To
characterize the ability of T1 and T, CA to decrease relaxation times of water protons, relaxivity
r1 and ry, respectively, are the most used parameters [112,116]. The most commonly applied
CA are paramagnetic gadolinium (Gd>*) chelates, which act as a positive CA, however, they
still have some limitations such as (i) relatively low sensitivity, (ii) can present toxic side effects,
and (iii) they show a short circulation time, which prevents high-resolution and/or targeted
MRI. These limitations are indicative that better contrast agents, with high efficiency and
sensitivity, need to be developed [111,115,116]. Nanostructures have shown promise with
advantages over conventional agents. These nanometer-scale materials provide extraordinary
magnetic properties and the ability to work at the cellular level [103]. Particularly, SPIONs
have become attractive to be used as T, MRI CA because of their superior properties such as
large magnetic moment and biocompatibility, which are essential for biomedical and clinical
applications [115,117]. SPIONs of several formulations have been approved by the FDA and
they are commercially available as MRI CA, including, Feridex® for liver and spleen imaging,
Resovist® for liver imaging, Lumiren® for bowel imaging and Combidex® for lymph node
metastases imaging [118,119]. The assembly of SPIONs with graphene oxide has become
attractive for efficient magnetic images, with better results compared with single SPIONs.
Chen et al. synthesized iron oxide nanoparticles conjugated to graphene oxide, loaded with

DOX that showed good physiological stability, low cytotoxicity and enhanced r; relaxivity.

As previously mentioned (section 2.2), DOX has been used as a chemotherapeutic
agent for cancer treatment because of its powerful cell-killing ability [75]. However, the use
of this drug is limited due to its toxic effects. Researchers have focused on developing targeted
nanoparticles that will effectively deliver the drug to the tumor site without damaging the
healthy tissues, while increasing the efficacy and reducing its toxicity [75,109]. Combining
superparamagnetic iron oxide nanoparticles with graphene-based nanomaterials can be

useful in drug delivery applications [71].
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Moreover, GbMNPs possess a high surface area and large sp2 hybridized carbon area
with m-mt stacking and negative surface charge, allowing the adsorption of a diversity of
aromatic biomolecules, such as chemotherapeutic drugs [71,107]. After achieving a high drug
loading into the nanocarriers, the drug can be released and accumulated specifically in the
tumor i) via active targeting, where the nanoparticles are functionalized with antibodies and
peptides with high affinity to the specific tumor cells receptors or i) via enhanced permeability
and retention effect (passive targeting), where positively charged nanoparticles are
accumulated in the tumors due to the leaky vasculature and low functioning immune system
of the area [75,109,120]. In addition, this non-covalent interaction mechanism allows a drug
release triggered by changes in physiological conditions, i.e. specific stimuli, such as pH,
osmolality or temperature [75,109]. Thus, GOMNPs have the ability to behave as pH stimuli-
responsive controlled drug release systems, triggered by the acid pH values (around 5-5.5)
characteristic of tumor microenvironments. This remarkable capability is attributed to m-m
stacking interactions that allow the adsorption of a diversity of aromatic biomolecules, and to
the presence of oxygen and hydrogen-containing surface groups, promoting hydrogen bond
interactions [60,121]. Therefore, these properties of GbMNPs make them promise
multifunctional nanocarriers for therapeutic applications such as efficient drug delivery and,

consequently, represent a huge impact on cancer management.

In the recent years, hyperthermia has been playing an important role in biomedical

applications and has been widely employed for cancer treatment.

It has been shown that hyperthermia combined with other conventional methods for
cancer treatment, such as radiotherapy and chemotherapy, improves the effectiveness of
treatment [17,19]. Hyperthermia is the term used when body tissue is exposed to small
temperature changes of 5 to 7° above body temperature, resulting in cancer cell apoptosis
whilst healthy cells remain relatively intact [122,123]. Tumor cells are more vulnerable to
temperature increases than healthy cells, since the tumor has a hypoxic environment and

disorganized and compact vascular structure which results in difficulty of heat dissipation
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[124]. Several techniques have been used to successfully apply hyperthermia and induce cell
death, including microwaves, laser and ionizing radiation [125]. However, in these techniques
most of the energy is dissipated in healthy cells that are in the path of external radiation, which
can cause serious side effects [123,126]. Despite all these strategies to achieve a small
temperature increase in the human body, the resulting toxicity between cancer cells and
healthy cells remains similar. Which makes hyperthermia a cancer treatment that still presents
several obstacles to overcome. With these barriers, there is a need for more precise,

controlled and localized heating in order to improve efficiency [16,19].

The use of magnetic hyperthermia therapy is a new strategy designed to achieve
success in clinical applications, such as cancer treatments [16,17]. Nanotechnological
developments have allowed the introduction of magnetic nanoparticles in this ambit, in
particular the SPIONSs, that are desired since they allow better dispersion of nanoparticles and
avoid the formation of particle aggregations [88]. They can accumulate at the tumor site and
act as heat-inducing agents by applying an AMF [14,16]. With targeted heating in the tumor,
hyperthermia is advantageous for the treatment of small tumors that are spread over a large
area, and complicated tumors to perform surgical operations, for example, tumors in liver
cancer [19]. Magnetic hyperthermia using MNP is a therapy in clinical phase for the treatment
of glioblastoma multiforme, pancreatic, prostate, breast and esophageal cancer, where the
MNPs are introduced either directly into the tumor or into the resection cavity wall, and
subsequently, the patient is subjected to an AMF and the particles heat up, destroying the

cancer cells [127].

Magnetic nanoparticles present another advantage since it is possible to incorporate
drugs in these nanosystems to enable targeted delivery, key aspect that makes this technique
a good ally of chemotherapy considering that drug targeting with MNPs should significantly
improve drug delivery and consequently, it should cause less damage to normal cells. Taking
advantage of this feature, MNPs have been combined with a variety of drugs used in
chemotherapy, such as DOX [128], 5-Fluorouracil [129], Bleomycin [130] and Cisplatin [131].
To reach the desired result this technique depends on various parameters, including the drug
encapsulation and loading efficiency, magnetic field strength, tumor location, blood flow rate,

and vascular supply [14,19].
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As the liver is a main targeted organ for substances reaching systemic circulation and
plays a central role in metabolism during the detoxification of substances it is important to
use suitable liver models for the assessment of drug-induced hepatotoxicity. To perform these
studies, human liver hepatocellular carcinoma cell line (HepG2) is currently used for in vitro
assays since they can be cultured in conventional monolayers or three-dimensional cell

cultures [19].

Two-dimensional (2D) cell cultures or monolayer cultures are an important method for
studying cellular responses, helping in drug discovery, drug development, pre-clinical in vitro
assays, and cancer research [1, 5, 6]. It consists in the culture of cells into an adherent flat
surface, usually, a petri dish or culture flasks (T flasks), made of polystyrene, in order to

provide the necessary mechanical support for the cells [132,133].

Due to the firm advantages associated with these conventional 2D models, which are
listed in Table 5, this platform is attractive for in vitro studies and, therefore, it is the most
used method for cell culture. However, it can result in large discrepancies regarding in vivo
animal models due to their simplicity and because they are unable to reproduce the real

complex microenvironment, structure, and drug resistance present in tumors [132—-135].

To address this challenge, efforts are focused on developing 3D models that can better
reproduce the particularities of in vivo tumors. Taking this into consideration, the
development of these new platforms comes to fill the gap between in vitro and in vivo

systems, improving the development of new treatments at the pre-clinical stage [132,133].

The three-dimensional (3D) cell cultures have emerged as a suitable biomodel in the
field of cancer research. Advanced 3D models constitute a more representative model of
human tumors and offer many advantages over 2D cultures, however, each model has its own
advantages and limitations, as seen in Table 5 [132,136]. 3D culture methods can be divided
into two main classes: (i) scaffold-based 3D cell cultures, which includes the hydrogels and
inserts (reviewed in more detail by Elisabete C. Costa [132]) and (ii) non-scaffold based or
scaffold-free 3D cell cultures, where the spheroids and organoids are included [137]. In the
first one, the 3D cell cultures are obtained by promoting cell growth, adhesion, and migration
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on the artificial 3D platforms that mimic the ECM. Recent research shows how cells have been
encapsulated in hydrogels such as gelatin, poly (ethylene glycol) diacrylate (PEGDA), and
agarose, which mimic the physicochemical characteristics of native ECM. On the other hand,
the ECM of non-scaffold based 3D cell cultures or spheroids are formed by proteins produced

by cells during the formation of culture [132,134,138].

3D spheroids are micro-sized cellular aggregates that have emerged as a tool for cancer
research to assemble models of different cancer types in vitro, such as breast, colon, lung,
pancreas, liver, among others [29,132]. Due to the ability of these platforms to more
accurately reproduce the cellular microenvironment of solid tumors, when compared to the

traditional 2D cell culture, they are a more fitting model for drug testing in oncology [132,133].

Table 5: Comparison of 2D monolayer and 3D spheroid cultures regarding its performance to mimic

the TME.
Cell culture types Advantages Limitations ref

e Low cost; e Fails to mimic the 3D [132,1
e High reproducibility; structure of tumors; 34—
o Different cell types can be e Unable to reproduce

2D cell culture cultured; the real complexity of in  136]
e Well-stablished; vivo tumors;
e Simplicity. e Undetectable

e Monolayers

expression of ECM
proteins;

e Poor ECM-cell
interactions;

o Different gene
expression from found
in tumors;

e Absence of drug
penetration barriers
and drug resistant.

39



Table 5: Comparison of 2D monolayer and 3D spheroid cultures regarding its

performance to mimic the TME (continuation).

3D cell culture

e Spheroids

e Low cost for most of the

techniques used;

Production of many spheroids
under reproducible
conditions;

Different cell types can be
cultured;

Internal structure with
different cell layers like
tumors;

Closely mimics the cellular
microenvironment:
proliferation, heterogeneity,
gene expression, growth
kinetics, and differentiation;
Deposition of ECM similar
with tumor;

Better mimics cell interactions
and drug penetration;
Tumor-like conditions such as:
hypoxia, nutrition, pH, O, and
CO..

There are only a few
standardized protocols
and assays;

Handling care is
required to avoid
destroying the
spheroids during their
analysis and
manipulation;
Improvements may be
needed to create
uniform spheroids.
Some techniques to
produce spheroids are
complex, offer small
control over the
spheroid diameter, do
not yield high number
of spheroids and
require expensive
equipment.

[132-
136,1
39,14
0]

Spheroids can be maintained without vascularization since the tissue architecture permits the

penetration of oxygen and nutrients even inside of the spheroid [139]. In particular, spheroids

are able to mimic the following particularities (also listed on Table 5):

(i) Cellular heterogeneity and cell-cell signaling since spheroids can be

constituted only with cancer cells or with cancer cells cultured with other types

of cells, they can better simulate the cellular heterogeneity of real tumors.

Besides, as the cells are agglomerated, they can reproduce the physical

communication and signaling pathways, promoting an environment resistance

against chemotherapy as found in tumors [132].

(ii) Internal structure: as can be seen in Figure 13, both tumors and spheroids have

different cell layers. The external layer consists of cells with high rates of

proliferation because of its easier access to oxygen and nutrients. The more
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(iif)

(iv)

(v)

internal the cells are located, the more difficult they will be to capture nutrients
and oxygen, resulting in hypoxic environments. Under these conditions, cancer
cells can convert pyruvate to lactate to get energy. The accumulation of this
substance turns the interior of spheroid more acidic (pH 5 -5.5), which also
occurs in solid tumor in vivo [60,132].

ECM deposition, ECM-cell and cell-cell physical interactions in spheroids:
inside spheroids, cells deposit ECM constituents, such as collagen, laminin,
fibronectin, proteoglycans, tenascin, among other components. In addition,
the agglomeration of cells in the spheroids provides physical contact between
ECM-cell and cell-cell and consequently, form a barrier that makes it difficult
for drugs to penetrate and distribute in the tumor mass. On the other hand,
the deposition of proteins by cells and their physical interactions increase the
density of the spheroid, leading to an increase in the pressure of the interstitial
fluid that limits the penetration of drugs by convection [132]. Their spherical
shape is also beneficial since it can help in diffusion studies for drugs or toxic
chemical penetration [139].

Growth kinetics: spheroids, as well as solid tumors, have the two main stages
of growth. Initially, the volume of the tumor increases exponentially and
subsequently, the rate of cell growth begins to decrease until it reaches a
constant volume. This growth profile is essential for the layered organization
of the spheroids [132].

Gene expression profile: considering that the gene expression is dependent on
the 3D cellular organization of the microtissues and that organization is similar
to the tumor in vivo, the gene expression is also reproducible in the spheroids

[132].

There are numerous researches that use HepG2 cell line in different platforms. Elje et

al. investigated and compared growth, metabolism, cytotoxicity and genotoxicity between 2D
and 3D HepG2 cultures. Elisabeth and co-workers concluded that time and cost-efficient 2D
models are usually enough for pre-screening in the field of pharmaceutical drug development
and generally have better performance in growth and metabolism. However, in studies that

require more complex systems, such as considering drug penetration or cell
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interactions/responses, spheroids are more realistic models that significantly better

reproduce the in vivo microenvironment [141].

CO,, waste

Nutrients,
02, pH

> P8P A~ & O

Tumor vessels Cancer cells Culture medium

Figure 13: Schematic overview of the physiological similarities between in in vivo solid tumors and in
vitro tumor spheroids [142].

2.7.2. Organoids

The overall objective of this work is the in vitro preclinical assessment of developed
graphene-based magnetic nanoparticles (GbMNPs) as a multifunctional responsive drug
delivery system with theranostic performance. With this aim, the use of advanced 3D
biological models able to reproduce the complexity of the tumor microenvironment in vivo is
highly desired in order to obtain relevant information that can be representative of in vivo

scenarios.

The development of 3D systems enables the creation and growth, in vitro, of structures
resembling whole organs, termed organoids, able to perform specific organ functions.
Organoids have already been developed from mouse and human stem cells to mimic various
organs. To date, human pluripotent stem cells have been applied to create intestinal, kidney,

pancreas, endometrium, stomach, prostate, ovary, bladder, bone, esophagus, breast, brain,
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lung, and retinal organoids, as well as liver [137,143,144]. The term organoid has been applied
for a diversity of structures, both in vitro and in vivo, and simply defined as resembling an
organ. However, there are more detailed definitions and an organoid can be defined as a
structure derived from pluripotent stem cells or isolated organ progenitors that differentiate
to form an organ like tissue exhibiting multiple cell types that are able of self-organize through
cell sorting and spatially restricted lineage commitment, similar to the process in vivo
[143,144]. This technology presents some advantages over the traditional 2D and 3D in vitro
models, as seen in Figure 14, and provides an effective opportunity to model human organ
development in a system similar to development in vivo. Organoids present the advantage of
better mimicking tumor behavior, which is strongly dependent on environment signals, cell-
cell interactions and the extracellular matrix. Regarding this, organoids are embedded in an
extracellular matrix gel, such as Matrigel, or different types of collagen, that promotes cell-
cell interactions and resemble avascular tumor nodules, or micrometastases, and mimic 3D
cell growth kinetics, gradients of nutrient distribution, differentiation, oxygen concentration,
and cell proliferation. Furthermore, these advanced 3D models retain the global architecture,
morphology, stromal composition, genetic mutations, and heterogeneity of the original tumor

[137,144,145].

Traditional 2D/3D in vitro tools Organoids

« Exhaustible - Self-renewing

« Short-term culture - Robust & stable in long-term culture
« Mostly monoculture * « Multiple differentiated cell types
~ & Prediction & translation into \ ’ - Greatly predictive & translatable

humans uncertain into humans

Figure 14: Comparation between organoids and standard 2D and 3D in vitro models [146].

Moreover, organoids can be used as an alternative drug testing system with great
benefits such as the ability to better recapitulate the effects in human patients and reduce the
animal studies. Among the different types of organoids, liver organoids represent a model
with high potential, mainly for drug testing because of the unique metabolic profile of the

human liver [1,3].
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Gelatin  methacryloyl (GelMA), dimethyl sulfoxide (99.9%) 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (P1)(98%), phosphate buffered saline (PBS) pH 7.4,
and absolute ethanol were purchased from Sigma-Aldrich. CyQUANT LDH Cytotoxicity Assay
Kit was purchased from ThermoFisher Scientific. Dialysis Membrane Standard RC Tubing
(molecular weight cut-off 3.5 kDa, nominal flat width 45 mm) was purchased from
Spectra/Por®. Human Transferrin ELISA Kit (ab187391) and Human Serum Albumin ELISA kit
(ab179887) were purchased from Abcam. AquaBluer Solution (MultiTarget Pharmaceuticals,
LLC), Doxorubicin (Adooq Bioscience). RPMI 1640 medium, hank’s balanced salt solution
(HBSS), fetal bovine serum (FBS), L-glutamine, trypsin-EDTA and penicillin/streptomycin
solution were purchased from Gibco Invitrogen Life Technologies (Carlsbad, CA, USA). All
aqueous solutions were prepared using ultrapure water (18.2 MQ.cm at 25 °C), produced in a

Milli-Q system (Millipore).

Graphene-based yolk-shell magnetic nanoparticles were synthesized and resuspended
in ultrapure water (2 mg mL?) by the Polytechnic Institute of Braganca and sent to the
International Iberian Nanotechnology Laboratory (INL, Braga). The yolk -shell graphene-based
MNPs were synthesized through the procedure described by Rodrigues et al. [147]. The main
steps of the synthesis of GbMNPs are illustrate in Figure 15.

Briefly, the superparamagnetic magnetite (Fe304) core was synthesized using a wet
chemistry protocol based on the co-precipitation of Fe?* and Fe3* (1:2) under magnetic stirring
at 55 °Cin a basic solution of ammonium hydroxide. Subsequently, the graphene-based shell
was accomplished via a one-pot strategy of hydrolysis and polymerisation of the precursor’s

resorcinol, formaldehyde and TEOS. Followed by thermal annealing and silica etching, the
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colloidal stabilization of the GbMNPs was ensured by chemical functionalization by an acid

treatment at mild conditions with the copolymer Pluronic F-127 [147].
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Figure 15: Schematic representation of the GbMNPs synthesis route.

3.2.1. Hydrophilization of GbIVINPs

Chemical functionalization of the graphene-based shell was performed in order to
assure the colloidal stabilization in aqueous solutions. The nanoparticles were functionalized
with the copolymer Pluronic F127 (40 mg mL?) for 5h in magnetic stirring, at room

temperature.

The copolymer Pluronic F-127 (PF127) was used in order to improve colloidal
stabilization and biocompatibility of GOMNPs. The resulting solution (GbMNP@PF127) was
then washed by centrifugation (13,000 rpm, 20 min) with mili-Q water to remove unbounded

copolymer, and the final pellet was resuspended in ultrapure water.

One of the amphiphilic block copolymers extensively studied in drug delivery is PF127.
PF127 is water soluble, biocompatible, and consists of an amphiphilic triblock copolymer with
hydrophilic poly (ethylene oxide) (PEQ) blocks and hydrophobic poly (propylene oxide) (PPO)
blocks arranged as PEO-PPO-PEOQ, and it is approved by the FDA for clinical use [148].
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The synthesized and functionalized nanoparticles are subsequently centrifuged at
4000 rpm for 45 min. After centrifugation the sediment, that contained the largest
nanoparticles, was discarded, and the supernatant was stored as ready-to-use purified

nanoparticles.

The main physicochemical and functional properties of GbMNP@PF127 were
previously optimized in order them to act as multifunctional theranostic nanosystems, namely
as drug carrier, heat nanosource in magnetic hyperthermia and MRI contrast agent. Their main
characterization results, including TEM and SEM pictures, magnetic heating curves, and room
temperature hysteresis loop, are presented in Annex I. Nevertheless, a basic physicochemical
workflow was followed in order to confirm the batch-to-batch reproducibility of the samples
used in this work. The next step was the in vitro preclinical functional validation and the use
of both 2D and 3D biological models. In this section, relevant equipment and characterization
methodologies used in this work are described in detail, which refer to the physicochemical
properties and the in vitro preclinical functional (theranostic) validation of the developed

agents using both 2D (tumor cell lines) and 3D (liver-tumor organoid) biological models.

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a powerful
analytical technology for the quantification of trace elements in a diversity of different sample
matrices (down to 10 ng L for some selected elements) in liquid solutions [149,150]. ICP-OES
has a higher atomization temperature in comparison with other ionization/excitation sources,
a more inert environment, improved detection limits, high precision, less background signal,

and it can provide simultaneous determinations for up to 70 elements [149-151]. This
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technique is an atomic emission spectroscopy with an atomization and excitation source that
consists of an inductively coupled plasma torch. The plasma has enough energy to promote
the excitation of most of the chemical elements, allowing the quantification of a wide range
of analytes [149,150].

The fundamental principle of atomic emission spectrometry is the property of atoms
to emit electromagnetic radiation when subjected to specific conditions. Liquid samples are
injected into a radiofrequency-induced argon plasma, and the sample solution is converted to
an aerosol and directed into the central channel of the plasma, which maintain a high
atomization temperature of approximately 10 000K, so the aerosol is quickly vaporized [149].
Free atoms from the analyte elements are released in the gaseous state and enough energy is
able to convert the atoms to ions, promoting them to excited states. Both the atomic and ionic
excited state species may return to their ground state by the emission of photons. These
photons have characteristic energies that are determined by the energy level for each type of
atom or ion. Consequently, the specific wavelength of the photons can be used to identify
different elements and the total number of photons is directly proportional to the

concentration of the element in the sample [149,150].
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Figure 16: (A) Diagram of a typical ICP-OES instrument with radial configuration of the detection
system [150] and (B) picture of the ICPE-9000 Multitype ICP Emission Spectrometer used in this work.

The Fe concentration was used as the concentration indicator of the GbMNP@PF127

nanoparticles in solution. Thus, Fe quantification was performed by ICP-OES in a ICPE-9000
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Multitype ICP Emission Spectrometer, Shimadzu (Figure 16). The samples were prepared by
digesting 100 pL of the GbMNP@PF127 solution in 1 mL of HCI (37%) overnight in order to
remove all organic mass and dissolve all the Fe atoms from the sample. Thereafter, the
samples were diluted with mili-Q water up to 10 mL. The Fe wavelength selected for detection
was 235.5 nm. The measurements were repeated three times and the results were
represented as the mean value with relative standard deviation. The calibration solutions
(standard solutions purchased from Sigma-Aldrich) were adjusted to ensure that they covered

the whole range of concentrations measured in this study.

3.3.2. Dynamic light scattering

Dynamic light scattering (DLS) is one of the most versatile, simple and useful technique
to analyze the hydrodynamic diameter and zeta potential of nanoparticles in aqueous
solution. The sample is exposed to a monochromatic wave of light where part of the light will
be scattered, and a detector, which is located at a particular angle with respect to the
outcoming light beam (usually 90° or 173°), collects the signal for further analysis in terms of

its intensity, as illustrated in Figure 17 [152—-154].
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Figure 17: Optical configuration of a typical experimental setup for dynamic light scattering
measurement [154].

All DLS measurements including average particle size and zeta potential were
performed in a SZ-100 equipment from Horiba Scientific (Figure 18) with nanometric

resolution (from 0.3 nm to 8 um) and operated at a scattering angle of 173°. For all
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measurements an electrode cell was used with 1 mL of sample. The concentration of the
GbMNP@PF127 was set at 0.1 mg mL™ in Milli-Q water at room temperature. For each sample

at least 3 measurements were performed.

Figure 18: Picture of the Nano Particle Analyzer Z-100 equipment used to measure the hydrodynamic
diameter and zeta potential of the samples.

3.3.2.1. Hydrodynamic diameter

Since MNPs are in constant random motion, known as Brownian motion, due to their
kinetic energy, the detected scattered light has fluctuations. These variations of the intensity
represent the time it takes a particle to move a significant fraction of the wavelength of light,
where the speed of a particle depends on its size. The fluctuations contain information on that
random motion (Brownian motion) and can be used to measure the diffusion coefficient of
the particles from the correlation of the scattering intensity [153,155-157]. Therefore, the
hydrodynamic diameter of the nanoparticle can be calculated from its diffusion coefficient D

by the Stokes-Einstein equation [3,4]:

_ KpT

= Smran Equation (6)
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Where, Kg is the universal Boltzmann constant, T is the absolute temperature, n is the
dynamic viscosity of the surrounding media, and dy is the hydrodynamic diameter of the
nanoparticles [155,156]. Hydrodynamic diameter is the size of a sphere that has the same
diffusion coefficient within the same viscous environment, and it is directly related to the

diffusive motion of the particles [155,156].

Zeta potential is an indirect method that provides valuable information regarding the
dispersion and aggregation of nanoparticles, affecting the stability of their colloidal
suspensions, through the measurement of their surface charge [157-160]. This behavior is
attributed to the electrostatic repulsion between particles with the same electric charge
[160,161]. The measurement of the zeta potential is taken by applying an electric charge
through the sample in a cell that contains two gold electrodes. When a voltage is applied to
the electrode, the particles will be attracted to the electrode with the opposite charge. The
velocity will be proportional to the degree of Zeta potential and is measured by Doppler
technique, which analyzes both speed and direction of particles as a function of voltage
[162,163]. The electrostatic stabilization is achieved as a result of the formation of an electrical
double layer arising from the charged ions absorbed on the surface of the particles. The
electrical double layer can be divided into two regions: an inner region, where the surface of
a charged particle attracts a layer of opposite charge and bonds strongly to it, resulting in a
thin liquid layer termed Stern layer and an outer region, termed diffuse layer, where the ions
are less strongly associated [159,163,164]. In the diffuse layer, there is a hypothetical limit,
named slipping plane, within which ions and particles form a stable entity. Therefore, the
value of the electrostatic potential on the imaginary slipping plane is the zeta potential (Figure

19) [165].

When an electrical field is applied across the samples the movement of the

nanoparticles (electrophoretic mobility) is measured according to Henry’s equation [165]:

U, = 2elf(ka)

e 3 Equation (7)
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Where, U, is the electrophoretic mobility (m? s7 V1), T is the zeta-potential (V), € is
the solvent dielectric permittivity (or constant) (kg m V-2 s =2), n is the viscosity (kg m™ s 1),
and f'(ka) is Henry's function (dimensionless), and ka is a measurement according to the ratio
of the particle size to the Debye length [165].

Zeta potential values 7> | 30 | are usually considered colloidally stable due to charge
stabilization, that is, the electrostatic repulsive forces are high enough to prevent aggregation.
Thus, particles of similar charge will have a lower propensity to agglomerate as their absolute

zeta potential increases [164,165].

Surface charge (negative)

.. : Stern layer
()

Slipping plane

Surface potential

¢ mv \,\;,, fe. Stern potential
. ‘\,;.;:;.;. ............. ;potential
@ Distance from particle surface

Figure 19: Scheme of the electrical double layer that surrounds a particle in an agueous medium. The
zeta potential is the electrical potential at the slipping plane [164].

The basic concepts of heat induction in MNPs magnetic nanoparticles under an AMF

were discussed in chapter 2. In this section an overview of this technique will be addressed.

In the last years, the use of MNPs for MH and thermoablation has attracted growing

attention for application in cancer therapy [19]. In this technique the heating is supplied by
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the oscillations of the MNPs (nanoheaters) induced by an external AMF, with specific
amplitude and frequency [16]. Besides these parameters, the effectiveness of this method
depends on several other factors, rate of blood flow and vascular supply, and depends on
magnetic, colloidal and structural properties of the nanoheaters. Combining with other
therapeutic approaches, such as chemotherapy or radiotherapy, can improve the therapeutic

index of MH [14].

Frequency and the amplitude of the external AMF can be directly selected in the MH
equipment within available ranges. However, it is important to take into careful consideration
for this selection the Berkovitz criterion, which specifies the upper limit for the product of the
magnetic field strength and frequency that can be applied to the human body in order to avoid

undesirable heating. This criterion can be represented by the following equation [17,166]:

HXf <485%x108Am™ts7! Equation (8)

Where H is the magnetic field amplitude and f is the frequency of the AMF. This
criterion presumes that the product of amplitude of field and frequency used in the clinical

setting should not exceed that value (4.85 x 108 Am~1 s71) [17,88,166].

In most cases, the samples are placed in the mid-point inside a helical water-cooled
induction coil, where the maximum amplitude of the AMF is achieved (Figure 20A). Then an
alternating current flow through the induction coil and a function generator generates a
square wave function at a selected frequency. Due to large currents running through the coils,
they should be equipped with efficient water-cooling systems in order to prevent overheating
the copper coils. Besides, the geometry of the coil strongly affects the distribution and the
intensity of the magnetic field generated. This equipment is also composed of a temperature
sensor (normally an optical fiber) that is connected to a computer and it is used to record the

temperature increase as a function of time [19,167].

In this work, two different magnetic hyperthermia equipment were used to create an
alternating magnetic field around the GbMNPs in order to prove heating. A commercial
alternating current field applicator from nanoTherics, NAN201003 Magnetherm (Figure 20B)

was used to evaluate the release profile of the encapsulated drug. Therefore, treatment
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comparisons were performed with and without hyperthermia by using a series of samples and
controls, as it will be explained later. The second equipment used was the NAN201007 Live
Cell Exposure accessory from nanoTherics (Figure 20C), dedicated for in vitro studies thanks
to a radiofrequency extensible accessory that allows to fit the cell culture plates inside the

equipment, maintaining the appropriate culture conditions of the cells.

Figure 20: Schematic representation of a MH setup. (A) Inside the coil a magnetic nanoparticle is
represented drawn in SolidWorks software; (B) commercial alternating current field applicator from
nanoTherics, NAN201003 Magnetherm; and (C) NAN201007 Live Cell Exposure accessory from
nanoTherics.

3.3.4. MRI

The basic principles of MRI were generally discussed in chapter 2. In this section a more

detailed description of the equipment will be provided.

Hydrogen is the molecular mediator used for MRI clinical applications due to its
abundance and distribution in the human body. Each hydrogen is composed of a proton that
acts like small magnets with a magnetic spin. When an external magnetic field is not applied,
all the hydrogen nuclei point in different directions, so there is no general orientation of total
magnetization from the sum of all directions. In this case, there would be no signal to detect.
On the other hand, when a strong magnetic field is applied, the magnetic moments of the
nuclei tend to align themselves in the same direction (along the direction of the applied
magnetic field). MRI experiments are performed in a MRl scanner such as that represented in
Figure 21.
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Gradient Coils
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Figure 21: (A) Schematic representation of a MRI scanner (Adapted from [168]) and (B) a 3T-MRl
Solutions Benchtop Scanner (Guildford, UK) used in this work.

Briefly, the sample is placed inside the scanner bore, where a superconducting magnet
creates a stable, strong and high temporal stability uniform external magnetic field that causes
the hydrogen molecules to align in the same direction as Bo. Then, an electromagnetic field is
switched on and off by a set of gradient coils, at an appropriate resonance frequency, causing
each hydrogen atom to alter their alignment and quickly switch back to their original relaxed
state every time the magnetic field is switched off. The set of gradient coils that change the
field along the x, y and z directions allows the localization of image slices, as well as the
encoding of the position information to create and MR image. A radiofrequency magnetic field
is generated by a radio frequency coil mounted inside the gradient coil. The gradient coils
disturb the main field, causing the resonance frequency of protons to vary in function of their
position. The radio frequency coils excite the sample and detect the resulting signal coming
from the excited atoms. This detected signal is then transformed by Fourier Transform,
amplified and presented in a computer. In this equipment the images can be acquired with
different sets of pulse sequences and gradients that will result in a different image

appearance.

In particular in this work, MR images were acquired in a preclinical MR Solutions

Benchtop Scanner (Guildford, UK) working at clinical field strength of 3T at room temperature
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(Figure 21B). This equipment was used to evaluate the capability of GO MNP@PF17 to act as
T,-contrast agents in MRI and study their cell internalization by HepG2 cells through MRI. For
the measurements of the samples, 200 pL of GBMNP@PF127 at different concentrations in
Milli-Q water were placed into a custom printed MRI holder. Then the holder was positioned
in the center of the MRI scanner bore (sample table as shown in Figure 21A). Afterwards, T
weighted images and a ratiometric T,-map were acquired using a multi-echo-multi-slice
(MEMS) sequence. Subsequently, the transverse relaxivity (r2), a parameter that measures the
efficiency of a certain compound to act as contrast agent and which represents the inverse of
the amount of contrast agent needed to reduce water protons relaxation time by 1 s, was
calculated. Image) software was used to reconstruct the maps using the “MRI analysis

calculator” plugin, and to determinate the relaxation time for each sample concentration.

High performance liquid chromatography (HPLC) is an advanced technique of column
liguid chromatography widely used in analytical chemistry, to separate and analyze
compounds in a mixture. In the HPLC, an injector is used to introduce the sample, then the
sample mixture or analyte in a solvent (mobile phase) is pumped at high pressure (50 - 350
bar) through a column at various speeds with a controlled flux (Figure 22) [169]. The velocity
of each component depends on the mobile phase composition, whereas that high pressure is
essential for pushing the mobile phase through the column. This allows a faster and more
efficient analysis [170,171]. The column is filled with very small particles (stationary phase)
that gives a very large surface area for the sample molecules to interact. The analytes have
different interactions with the mobile and stationary phase, resulting in a different retention
time. The analytes that have stronger interactions with the stationary phase will move slower
than the analytes that have weaker or no interactions. The analytes are detected using a
specific detector that monitories the eluent as it comes off the column. After, a data recording

system provides a chromatogram based on the analog data [169,172].
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Figure 22: (A) HPLC system configuration [173]; (B) Picture of the UHPLC Agilent 1290 Infinity Il LC
System used in this work.

The HPLC equipment was used to analyze the DOX content of supernatants and
collected samples during drug release experiments in order to study drug loading, drug

capacity and the drug delivery profile, as described below.

3.3.6. Drug loading / capacity studies

In this study, DOX was encapsulated into the GbMNP@PF127 nanoparticles. Drug
loading experiments were carried out by mixing DOX (dissolved in Mili-Q water) with
GbMNP@PF127 at a ratio of 1:1 (100 pg mL1) in a phosphate buffer solution (PBS) with pH
7.4. The suspensions were kept in a thermomixer at 37 °C during 48 h in darkness. Afterwards
the suspension was centrifuged at 1400 rpm for 30 m and the pellet, containing
GbMNP@PF127 loaded with DOX (GbMNP@PF127@DOX), was subsequently used for the
drugrelease and other experiments described below, and the supernatant, containing the free
DOX, was used to determine the amount of drug that was encapsulated.

The drug loading efficiency (DLE) was calculated using the following equation:

DLE (%) = Ztoaded 10 Equation (9)

initial
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Where Wiyqdea represents the amount (in weight) of DOX loaded into the
nanoparticles and Wiyitiq; is the amount of DOX initially mixed with the nanoparticles for

loading. Wi,qadeq €an be calculated using the Equation 10:

Wioadea = Winitiat — Wfree dox Equation (10)

Where Wrpee qox represents the free DOX obtained from the supernatant after
centrifugation. The amount of free DOX in the supernatant was determined
chromatographically using high performance liquid chromatography (HPLC - 1260 Infinity Il LC
System, Agilent).

The dug loading capacity (DLC) was calculated using the following equation:

DLC (ngmg™1) = % Equation (11)

Where W;punps represents the amount of nanoparticles mixed in solution with DOX.

The pH dependent drug release of DOX was evaluated on DOX-loaded GbMNP@PF127.
For this purpose, 33 pg of GOMNP@PF127@DOX were resuspended in phosphate buffer
solution (200 uL) at physiological (pH 7.4) and acidic (pH 5 and 6.5) pHs and placed in a
customized setup composed by a cylinder with a dialysis membrane (MWCO: 3.5 kDa) at the
base of the cylinder at room temperature, as shown in Figure 23. The cylinder was then placed
under 10 mL of Mili-Q water and at selected time intervals, 500 pL of the dialysate were
collected, whereas another 500 uL of fresh ultrapure water were added to maintain the total
volume constant. In order to evaluate the effect of magnetic hyperthermia on the drug
delivery profile, the same experiments were performed under an AMF. In these experiments,
an external AMF of 20 mT and 285.4 kHz was performed for 4h in the NAN201003
Magnetherm equipment from Nanotherics. In all the cases, the DOX concentration in the

collected samples was determined by HPLC and plotted against the time.
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Figure 23: Picture of the drug release multi-point set up.

For the DOX release kinetics analysis, the obtained release profiles (cumulative DOX
amount vs time) were analyzed with zero-order, first-order, Higuchi, Hixon-Crowell and
Korsmeyer-Peppas models. Experimental data were analyzed by a linear regression based on
the least-squares regression method, using the DDSolver Excel extension. Thereby, the kinetic
model that best fitted the drug release data was selected by calculating and comparing the
respective regression coefficients (R?) of the different models and the respective Akaike

Information Criterion (AIC) represented in Equation 12 [120,174]:

AIC = N (InSSR) + 2p Equation (12)

Where, N is the number of experimental data points, SSR is the square residuals sum
and the p is the number of parameters in the model [174].

Zero-order model consists in drug dissolution from dosage forms that do not
disaggregate and release the drug at a constant rate for a certain period of time, and are
desirable in order to minimize drug concentration variations, resulting in a very slow drug
release with no changes in the equilibrium conditions. The dissolution of the drug can be

described as [175,176]:
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Q: = Qo + Kot Equation (13)

Where Q; is the amount of drug dissolved in time t, Q is the initial amount of drug in
the solution, K, is the zero-order release constant expressed in units of concentration/time
[176,177].

First order model has been used to describe absorption and/or elimination of a
diversity of drugs. This model describes that a change in concentration during a period of time
is dependent only on drug concentration and can be represented by the follow equation

[175,176]:

2.303

log Q¢ = log Qo + Equation (14)

Where, K; is the first-order rate constant expressed in time units [175].

Higuchi model describes the release of water soluble and low soluble drugs
incorporated in semisolid or solid matrices. This model states that the release of a drug from
a drug delivery system involves both dissolution and diffusion. Simplified Higuchi model
describes the drug release as a square root of time dependent process based on release by

diffusion. The model expression is given by the equation [177,178]:

Q; = Kyt Equation (15)

Where, Ky is the Higuchi dissolution constant [177,178].

Another mathematical model, created by Hixon and Crowell, represents dissolution
rate that is normalized for the decrease in solid surface area as a function of time. The model
describes the release from systems where there is a change in the surface area and diameter

of particles according to the equation [176,178]:

i/Q—O - 3\/@ = Kyct Equation (16)

Where, Ky is the constant incorporating the surface-volume relation. This equation

applies to pharmaceutical dosage form such as tablets, where the dissolution occurs in planes
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that are parallel to the surface of the dosage form if the tablet dimensions decrease
proportionally, in such a manner that the initial geometrical form keeps constant
[175,176,178].

The last model, Korsmeyer-Peppas, is used to describe drug release over time from a
polymeric system by using the n (release exponent) value. The equation can be represented

as [178,179]:

Q: = L - K, t" Equation (17)
Qoo
Where, g—t is the fraction of drug released at time t; K, is the release rate constant
(o]

incorporating structural and geometric characteristics of the delivery system and n is the
release exponent that indicates the mechanism of transport of drug [176—178]. In this model,
the n value characterizes the different mechanisms of drug release from their matrix, as

described in Table 6.

Table 6: Interpretation of release mechanisms from cylinder polymeric matrices
[120,175,178].

Drug transport mechanism Release exponent (n)
Quasi-Fickian diffusion n>0.45
Fickian diffusion 0.45
Anomalous diffusion 0.45<n<0.89
Non-Fickian case Il transport 0.89
Non-Fickian super case Il transport n>0.89

In the Fickian diffusion the release occurs by the usual diffusion of the drug due to a
chemical potential gradient. In the anomalous or non-Fickian diffusion the mechanism of drug
release is regulated by diffusion and swelling. Regarding the non-Fickian case and super case
Il transport the drug release rate corresponds to zero-order release kinetics and the
mechanism that promotes the release involves the swelling or relaxation of polymeric chains,
where the non-Fickian super case Il transport represents an extreme case of transport

[175,178].
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Table 7 presents a summary of mathematical models used to describe drug release

kinetics.
Table 7: Summary of mathematical models used to describe drug release profiles.
Mathematical Models Equations Parameters References
Zero-order Q: = Qo + Kpt Ky 2,5
Kt
First-order lo = lo + K 1,3
g Q¢ gQo 2303 1

Higuchi Q; = Kyt Ky 3,2
Hixon-Crowell Qo — 30 = Kyct % 1,2
Korsmeyer-Peppas Q; = g—t = Knt" K,,n 4,5

The adherent Human liver hepatocellular carcinoma HepG2 cell line (ATCC HB-8065 —
American type culture collection, Virginia, USA) was selected for cell viability studies because
of its well-established physiology, easy maintenance, and practical use for drug screening
[139]. The HepG2 cell line was acquired from Centro de Investigacdo de Montanha (CIMO)
(Figure 24) and maintained in T75 culture flasks at an initial density of 10° cells per cm? in
Roswell Park Memorial Institute (RPMI) 1640 Medium with GlutaMAX™ supplemented with
10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin and 1% of HyClone™ Non-Essential
Amino Acids in a humidified incubator at 37 °C with 5% of CO; environment. Sub-culturing was
done by trypsinization after every 80% confluence. To determine the number of viable cells,
Trypan blue exclusion method and a Neubauer chamber were used. The cell suspension was

diluted in Trypan blue in a 1:1 ratio.
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Figure 24: Optical microscope image of the HepG2 cells in culture.

3.4.2.Preparation of HepG2-derived organoids

Although 2D monolayer cell cultures have many advantages, they are unable to
reproduce the real complex microenvironment and as a result, these cultures commonly do
not reproduce the mechanisms of nanoparticle - cell/host interactions. To overcome this
challenge 3D in vitro models have recently emerged, which can better reproduce the

particularities of in vivo tumors and are highly similar to human organs and tissues [132-135].

The 3D models used in this work were HepG2-derived organoids. In order to produce
the organoids, it was necessary to proceed with the formation of spheroids. HepG2-derived
spheroids were obtained from HepG2 cells in culture. Once the culture flask reached 60-70%
confluence, medium from the flask was aspirated, the cells washed twice with 1xPBS and
dissociated using 2-3 mL of trypsin. After being incubated for five minutes, the trypsin was
neutralized with 4 mL of RPMI-1640, and live cells were counted using Trypan Blue Solution.
Cells were seeded under non-adherent conditions, using custom-made polydimethylsiloxane
(PDMS) multi-microwells molds synthetized by the University of Minho at a concentration of

4 x 10° cells mL™ per PDMS mold (Figure 25).
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Figure 25: (A) Image of a polydimethylsiloxane (PDMS) multi-microwells mold (1,156 wells); (B) a
maghnification of the same mold where the well size is better appreciated (300 pum).

The mold was centrifuged at 1500 rpm for 5 min, in order to allow cells to settle by
gravity into the microwells and then being incubated at 37 °C under 5% CO; environment.
After 1 h, the medium was carefully aspirated to remove the cells outside the microwells and
fresh medium was added to the mold. The medium was changed every two days and after 5

days of incubation the spheroids were formed, as seen in Figure 26.

Figure 26: Optical image of growth spheroids in a PDMS mold.

In order to better recapitulate the complexity of a human liver cancer scenario, a

second 3D advanced model was generated from the developed spheroids, a liver-tumor
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organoid. In an organoid, cell—cell interactions predominate over cell-substrate interactions
and their microenvironment is able to better mimic growth kinetics, gradients of nutrient

distribution, oxygen concentration, and cell proliferation.

The previously formed spheroids were collected from PDMS mold and suspended in
RPMI1640 medium mixed with 14% of gelatin methacryloyl (GeIMA) and 2% of 2-Hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone. GelMA was used to support the architecture of
the developed spheroids microstructure. Afterwards, the spheroids suspension was seeded in
a 96 wells plate (150 pL per well) and the plate was subsequently exposed to UV-light (365
nm) for two minutes, promoting the photo-polymerization of GeIMA and thus forming the

liver-tumor organoid (Figure 27).

Figure 27: Image of the photo-polymerized GelMA containing the developed HepG2 spheroids in a
multi-well plate.

3.5. BIOLOGICAL CHARACTERIZATION

Beyond the physicochemical characterization of the nanomaterials, it is essential to
carry out biocompatibility and toxicological tests in in vitro cell models. In this subchapter, a
description of the main biological assays, methodologies performed to preclinically assess the
biocompatibility and theranostic performance of GbMNPs@PF127 and the relevant
equipment used for biological characterization are presented. In this work, all the cell culture
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work was carried out in a laminar flow chamber in the INL cell culture laboratory under

appropriate aseptic conditions.

The conventional optical microscopy, also named light microscopy, uses a beam of
visible light that is directed uniformly to the sample over a relatively large area and light is
collected with a lens system that forms a magnified image [180,181]. Although the highest
light intensity is focused on one point, there is illumination in other parts of the sample,
resulting in background “noise,” which affects the quality of the image [182]. In confocal
microscopy, a beam of light (the excitation beam) is focused through the microscope objective
on a small point inside the sample. This objective captures the reflected or fluorescent light
coming back from the sample, and the light is projected and not seen directly. Confocal
microscopy uses a small pinhole aperture to block out-of-focus light, allowing just the light
emitting from the desired focal point [180,182]. Two-dimensional images are acquired plane
to plane, at different depths, which allows fluorescence detection in thick samples. Three-
dimensional structures can be reconstructed by scanning several planes, acquiring several
two-dimensional images and stacking them, using a microscopy deconvolution software (z-
stack). This equipment allows the visualization of different sections of a sample using dyes
that fluoresce when stimulated by light (fluorophores) [183]. Fluorophores improve sensitivity
and specificity, increasing the signal-to-noise ratio and a better and sharper detection of the
sample. The excitation light is provided by a laser at a wavelength that will also excite a specific
fluorophore. Thus, when the sample is illuminated through the excitation laser, high

fluorescence intensities at a well-defined focal point are produced [182,183].

Figure 28 represents a simplified scheme of a confocal microscope. Firstly, when a laser
light is used, the light is focused into a dichroic mirror, then the light is reflected into an
objective that directs the light into a single point in the focal plane of the sample. The emitted
fluorescent light from this point is focused at the spatial filter with pinhole and reaches the
detector. The emitted light outside the focal point is eliminated by the pinhole and the final

image is the light collected from a highly focused point.
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Figure 28: (A) Simplified scheme of a confocal microscope and (B) image of the confocal microscope
LSM780 used in this work.

The confocal microscope LSM780 was used to study the viability of the developed
HepG2 organoids, using a Live/Dead assay (Dojindo, Kumamoto, Japan) 24h and 72h after

their formation in order to differentiate between live and dead cells.

3.5.2. Cellular function of liver-tumor organoids

The enzyme-linked immunosorbent assay (ELISA) is a method used for the quantitative
or qualitative detection of analytes based on the specific link between an antigen and an
antibody, being highly specific. In an ELISA assay, an antigen must be immobilized on a solid
surface (usually a 96-well cell culture plate, with a high protein-binding surface) and then
complexed with an antibody that is bound to a marker (usually an enzyme). Detection is
performed by evaluating the activity of the conjugated enzyme, which is measurable using a

substrate that changes color when modified by the enzyme.

Immobilization of the desired antigen can be achieved via two different methods:
direct adsorption on the assay plate or indirectly by pre-coating the plate with a capture
antibody. The antigen is then detected directly (labeled primary antibody) or indirectly

(labeled secondary antibody). There is a third method of the ELISA assay known as the
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sandwich ELISA assay, which is used because of its sensitivity and robustness. This type of
assay is called a sandwich assay because the analyte to be measured is bound between two
primary antibodies - the capture antibody and the detection antibody. Compared to the direct
ELISA method, sandwich ELISA has greater specificity and is effective in cases where high

precision is required [184,185].

To evaluate the cellular function of the HepG2 organoids, the sandwich ELISA assay
was performed. The human albumin ELISA kit and human transferrin ELISA kit were used to
recognizes native human albumin and transferrin proteins in cell culture supernatant samples
[186,187]. Albumin is the main protein of plasmas and has a good binding capacity for water,
Ca?*, Na*, K*, fatty acids, hormones, bilirubin and drugs. The main function of albumin is the
regulation of the colloidal osmotic pressure of blood [186]. Transferrin is an iron binding
transport protein that can bind two Fe3* ions in association with the binding of an anion,
usually bicarbonate. The main function of transferrin is the transport of iron from absorption
and degradation sites to the storage and use sites. Serum transferrin may also have a further

role in stimulating cell proliferation [187].

The used human albumin ELISA kit (ab179887) and human transferrin ELISA kit
(ab187391) from Abcam provide all the necessary reagents (listed in Table 8 and 9
respectively) for quantitative measurement of albumin and transferrin in cell culture
supernatants. All reagents from both albumin and transferrin kits were stored at temperature

of 4 °C.

Table 8: Materials supplied from human albumin ELISA kit.

Item Amount Storage
Human albumin capture antibody 10X 600 uL

Human albumin detector antibody 10X 600 pL

Human albumin lyophilized native protein 2 vials

Antibody diluent 6 mL

Wash Buffer 10X 20 mL Store at
Development Solution 12 mL 4°C
Stop Solution 12 mL

Sample Diluent 2 x50 mL

Anti-tag coated microplate (12 x 8 well strips) 96 wells

Plate Seal 1
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Table 9: Materials supplied from human transferrin ELISA kit.

Item Amount Storage
Human transferrin capture antibody 10X 600 uL

Human transferrin detector antibody 10X 600 uL

Human transferrin lyophilized recombinant protein 2 vials

Antibody diluent 6 mL

Wash Buffer 10X 20 mL Store at
Development Solution 12 mL 4°C
Stop Solution 12 mL

Sample Diluent 2 x50 mL

SimpleStep Pre-coated 96-well microplate 96 wells

Plate Seal 1

To obtain the samples from 2D cell platform, HepG2 cells were seeded in three wells
in a 96-well plate at a concentration of 2 x 10° cells mL* and maintained in culture for 3 days,
and in each time-point (24, 48 and 72 h) the medium was collected and frozen at -80 °C until
testing. On the other hand, to obtain the samples from 3D cell platform, three organoids (at a
concentration of 3 x 10° cells mL!) were transferred to a 96-well plate and filled with 200 pL
of medium. After 24, 48 and 72 h of incubation the medium from each well was collected and
store at -80 °C until further use. During the incubation time, the medium was replaced every
24, 48 and 72 h. To carry out this test, the samples were all previously thawed and the
solutions were prepared following the manufacturer's instructions. First, 1x wash buffer was
prepared by diluting wash buffer 10x with Mili-Q water. Then, the antibody cocktail was

prepared by diluting the capture and detector antibodies in antibody diluent.

According to the provider’s instructions, different serial diluted standards were
prepared for each kit, where the stock standard solution is a mix of albumin/transferrin
standard with 1000 pL of sample diluent. The two stock solutions were kept at room
temperature for 10 minutes. Next, 220 uL of Sample Diluent was added to eppendorf number
1 and 150 pL of Sample Diluent was added to eppendorf number 2-8 for albumin assay. In the
case of transferrin assay, 390 uL of Sample Diluent was added to eppendorf number 1 and 150
uL of Sample Diluent was added to eppendorf number 2-8. Then, the stock standard was used
to prepare the dilution series according to Figure 29. The Eppendorf number 8 is the blank
control (contains no protein). Then, 50 uL of each sample (collected medium from organoids

and HepG2 cells for 24, 48 and 72 h) were added into the wells of the plate. And 50 pL of the
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antibody cocktail solution previously prepared was added to each well. The plate was
incubated for 1 hour at room temperature on a plate shaker at 400 rpm. After incubation,
each well was washed 3 x 350 pL 1x wash buffer. 100 uL of development solution was added
to each well and incubated for 10 minutes in the dark on a late shaker set to 400 rpom. Then,

100 pL of stop solution was added to each well and the plate was ready to read the absorbance

at 450 nm.
180 pL
A 150 uL  150puL  150pL 150puL 150 pL 150 pL 150 pL
1 2 3
100 45 225 11.25 5.63 2.81 141 0.70 0
ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL
150yl 150 L 150 pL 150 pL  150puL 150 pL

300 40 20 10 5 25 1.3 0.6 0
ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL

Figure 29: (A) dilution series for albumin assay; (B) dilution series for transferrin assay.

3.5.3. Cytotoxicity and anticancer effect assessment

To study cytotoxicity at different concentrations of GOMNP@PF127 in 2D cultured
tumor cells and to evaluate their performance to act as anticancer therapeutic effect
Aquabluer assay was used. On the other hand, the cytotoxicity of the developed HepG2
organoids was analyzed using two different methods, one based on the confocal microscope

assessment using a Live/Dead assay 24 h and 72 h after the formation of the organoids, and
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other using LDH cytotoxicity assay 14 days after their formation. The performance in 3D liver-

tumor organoid to act as anticancer therapeutic effect was also tested with LDH assay.

As mentioned above, the Aquabluer assay was used for two studies on 2D models:
study cytotoxicity at different concentrations of GOMNP@PF127 in 2D models and to evaluate
their performance to act as anticancer therapeutic effect.

AqguaBlueris a redox indicator for cell viability assays, where viable cells turn AquaBluer
from its oxidized form (nonfluorescent and blue) to the reduced form (fluorescent and red).
The fluorescence intensity is proportional to the number of viable cells in the sample
[188,189]. The assay was carried out according to the manufacturer’s recommendations
(MoBiTec, USA).

To determine the cytotoxic effect at different concentrations of GOMNP@PF127
against HepG2 cells using the redox AquaBluer fluorometric assay HepG2 cells were plated at
a density of 5 x 10% cells mL?! in a 96-well plate at 100 uL per well and incubated with
supplemented RPMI-1640 medium overnight at 37 °C under 5% CO; environment. Next day,
cell medium was removed and the cells were treated with new medium containing the
GbMNP@PF127 at the following concentrations: 1, 5, 10, 20, 30, 50 and 100 Fe pg mL™. Two
control groups were used, a negative control where the cells were not treated with
nanoparticles (no treatment, NT) and a positive control where cells were treated with Triton-
X. After 24, 48 and 72h of incubation, the AquaBluer assay was performed.

The other study performed with Aquabluer assay that evaluates the performance of
GbMNP@PF127 to act as anticancer therapeutic effect consisted of using the petri dishes with
4 compartments seeded with HepG2 cells and filled with different treatment conditions (as
explained in the section 3.5.4.1.). After 48 h of incubation in those treatments (for control and
petri dishes treated with an applied AMF — magnetic hyperthermia), the AquaBluer assay was
performed.

AquaBluer assay performed to the well plate and petri dishes (both tests) consisted of
adding 100 pL of AquaBluer solution (1:100 in supplemented RPMI-1640 medium) in each

well/compartment of petri dish and incubated for 2 h at 37 °C in the CO; incubator. The
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solution from each compartment was also transferred to a 96-well plate. Both 96-well plates
were analyzed in a microplate reader (Biotek Synergy H1) at 540ex/590em wavelengths. Each

test was repeated three times and standard deviation was calculated.

The Confocal microscope LSM780 from Zeiss was used to analyze the viability of HepG2
organoids, using a Live/Dead assay (Dojindo, Kumamoto, Japan) 24 h and 72 h after organoid
formation. To allow differentiation between live and dead cells, a cell-permeant dye solution
was prepared by adding 3 pL of calcein acetoxymethyl ester (calcein AM) and 3 pulL of
Propidium lodide (PI) solution to 1 mL of PBS. The nonfluorescent calcein AM in live cells is
converted to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular
esterases. On the other hand, Pl binds to double stranded DNA and it is excluded from cells
with intact plasma membranes, being present only in DNA of cells where the plasma
membrane has been compromised/ permeabilized and it is visible with red color [190,191].
The organoids were collected from the wells with a spatula and the embedded spheroids were
stained by adding 100 pL of the dye solution on top of the organoid. Subsequently, the
organoids were incubated at 37 °C under 5% CO; environment. The stained cells were

analyzed using a confocal laser scanning microscope (LSM780, Zeiss).

The cell viability of HepG2 organoids at different time intervals was quantified using
the colorimetric LDH assay. The Invitrogen CyQUANT LDH Cytotoxicity Assay Kit provides the
required reagents that are needed in order to quantify cellular cytotoxicity, through a

colorimetric method, as show in Table 10.

71



Table 10: Contents and storage from LDH cytotoxicity assay kit.

Item Amount Storage

Substrate Mix 1 vial
Store at
Assay Buffer 1x 600 pL 20 °C
Lysis Buffer 1x2.5puL ’
. Protect from

Stop Solution 1x12 pL light
LDH Positive control 1x6uL

The cytosolic enzyme, LDH, is present in many cell types. When damage to the plasma
membrane occurs, LDH is released into the cell culture medium. The extracellular LDH
released into the medium can be quantified by a coupled enzymatic reaction in which LDH
catalyzes the conversion of lactate to pyruvate by NAD+ reduction to NADH. Oxidation of
NADH by diaphorase causes the reduction of a tetrazolium salt (INT) to a red formazan dye
that can be detected by UV-vis spectrophotometry at 490 nm wavelength (Figure 30). The
amount of Formazan present is directly proportional to the amount of LDH released into the

cell culture medium, which is indicative certain degree of cytotoxicity.

# % Pyruvate NADH
/ Dama ed
\\ celli — | DH Diaphorase
__,./ Lactate NAD+ Formazan

Figure 30: Schema of the CyQuant LDH cytotoxicity assay mechanism. Adapted from [192].

LDH assay was performed for two different studies. One of them was used to study the
organoids viability: after the formation of organoids, four of them were transferred to a 96-
well plate and filled with 200 pL of medium. Then the 96-well plate was incubated and at each
time-point (1, 2, 3, 7, 10, 14 days) the medium from each well with organoids was collected
and frozen at -80 °C until testing. The wells with organoids were always replaced with 200 pL

of medium. After 1, 2, 3, 7, 10, 14 days of incubation the medium from each well was collected
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and store at -80 °C until their further use. During the incubation time, the medium was

replaced every time-point.

The other experiment using LDH assay was to evaluate the performance of
GbMNP@PF127 against HepG2 cells in 3D liver-tumor organoids after 48 h of being subjected

to an alternating magnetic field — magnetic hyperthermia.

When all the mediums were collected (for both assays), the cellular cytoxicity was
guantified using the reagents listed in Table 10 and following the instructions in the Invitrogen
CyQUANT LDH Cytotoxicity Assay Kit: first, substrate stock solution was prepared mixing 11.4
mL of Mili-Q water with the entire content of the substrate mix. Then, the reaction mixture
was prepared combining 600 pL of assay buffer stock solution with the substrate stock
solution, then the resulting solution was mixed gently and protected from light. After, 1X LDH
Positive Control was prepared diluting 1.5 pL of LDH Positive Control with 1 mL of 1% BSA in
PBS. 10 uL of sterile water to the spontaneous LDH release containing cells was added. After,
10X lysis buffer to the maximum LDH release was added. Then the plate was incubated at 37
°C for 45 minutes. Then, 50 pL of each sample medium (spontaneous LDH activity Controls
and maximum LDH activity controls) was transferred to a 96-well plate in duplicate wells. An
LDH positive control was also performed, aliquoting 50 pL of 1x LDH Positive Control into
duplicate wells. 50 pL of reaction mixture were transferred to each sample well and mixed by
gentle tapping. The plate was incubated at room temperature and protected from light for 30
minutes. After, 50 uL of stop solution were added to each sample well and mixed. Then, the
absorbance was measured at 490 and 680 nm. LDH activity was determined subtracting the
680 nm absorbance value (background signal from instrument) from the 490 nm absorbance

value.

To evaluate the theranostic performance of GOMNP@PF127 in vitro, HepG2 cells were
incubated with the nanoparticles to afterwards test the theranostic functionality of the
GbBMNP@PF127, namely their induced thermochemotherapeutic effect mediated by

magnetic hyperthermia and their ability to act as MRI contrast agents.
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To evaluate the induced thermochemotherapeutic effect of GOMNP@PF127 against HepG2
cells in 2D and 3D models, petri dishes for the control and petri dishes for the hyperthermia
were used. For 2D model 10 x 103 cells mL? (100 pL per well) were seeded in each
compartment of a dedicated petri dish (divided into 4 compartments) and incubated for 24h
with supplemented RPMI-1640 medium overnight at 37 °C under 5% CO2 environment. After
this period the medium was removed and 100 plL of different solutions (mentioned below)
were added in each compartment. For 3D model one organoid was placed in each
compartment. Thereafter, each compartment of the petri dish hosted different treatment
conditions in order to unravel the different contributions to the total cytotoxicity induced by
GbMNP@PF127@DOX to the HepG2 cells (Figure 31) and HepG2-derived organoids (Figure
32). Therefore, the treatment conditions in each well were the same ones used for 2D and 3D
models:

— Organoids/cells only with RPMI-1640 medium (no treatment);

— Organoids/cells treated with medium containing GbMNP@PF127 (50 pg Fe mL?)

— Organoids/cells treated with medium containing GbOMNP@PF127@DOX (135 pg DOX

mL?);

— Organoids/cells treated with DOX (135 pg mL?).

100 pL of GbMNP@PF127
Medium 50 Fe pg mL?

Incubation \
—

Overnight
\ I
A / : \//
GbMNP@PF127@DOX
10 000 cells + 160 uL of RPMI DOX @ 50 Feﬁ)g miL
-1640 medium in each well 135 pg mL™

Figure 31: Schematic procedure of the in vitro experiment with HepG2 cells using petri dishes divided
into four different groups.
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Figure 32: Picture of a petri dish containing one organoid in each compartment.

After adding the medium to each well with the cells and organoids, the plates were
incubated 24 h. then, the petri dishes planned for magnetic hyperthermia treatment were
subjected to an AMF for 1 h at a field and frequency of 20 mT and 285.4 kHz, respectively, in
a NAN201007 Live Cell Exposure acessory from nanoTherics. After magnetic hyperthermia
treatment, the petri dishes were incubated for 48 h. Afterwards, cell’s viability of HepG2 cells
was measured by the AquaBluer assay and the medium from HepG2 organoids was collect for

analysis using LDH assay.

In order to validate the in vitro contrast enhancement capability of GOMNP@PF127 for
MRI applications, it is important to measure changes in the relaxation time of the water
protons in vitro when the nanoparticles interact with the cells. This assay allows to observe if
the internalization of GOMNP@PF127 in HepG2 cells is able to induce a dark contrast effect
(reduction of transversal relaxation time) in MRI, so confirming GOMNP@PF127 as suitable T»-

MRI CA for theranostic applications.

To perform this assay, T-75 flasks cultured with HepG2 cells were used. In each T-75
flask, 3,000,000 HepG2 cells were seeded and incubated until they reach 80% confluence.
Then HepG2 cells were incubated with GOMNP@PF127 at different concentrations overnight.
Next day, the medium from the flasks was aspirated, the cells washed twice with 1xPBS and
detached using 2-3 mL of trypsin. After being incubated for five minutes, the trypsin was
neutralized with 4 mL of RPMI-1640 and the cell suspension was centrifugated at 1200 rpm
for 5 minutes. The supernatant was discarded, and the pellet was resuspended with 4 mL of

medium and then live cells were counted using Trypan Blue Solution (dilution of 1:4). The
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maximum cell value common to all culture flasks (4 x 10° cells) was transferred to a 15 mL
falcon and each falcon was centrifuged at 2000 rpm for 10 minutes. Then, the cells were fixed
with 2.5% glutaraldehyde and 2% of paraformaldehyde in 0.01M PBS. The cells were then
washed with PBS and centrifugated again and the obtained pellet was subjected to MRI in a

MR Solutions Benchtop scanner.

MR imaging was performed in a MR Solutions Benchtop scanner (Guildford, UK), under
a magnetic field of 3.0 T horizontal bore, at room temperature. To image the samples, a 56
mm diameter quadrature birdcage coil was used in transmit/ receive mode. For the phantom
measurements, 200 uL of GOMNP®@PF127 samples were placed on a custom-printed PLA
sample holder. The spaces with no sample were filled with water. The holder was positioned
in the center of the MRI scanner bore, and SCOUT acquisition was made to verify the correct
position of the sample. For r, in water, a T, map was acquired with a multi-echo-multi-slice
(MEMS) sequence with the parameters mentioned in Table 11. Post-processing was

performed using Imagel software (1.46r, NIH, USA) for the reconstruction of T, maps

_Ten
according to the standard equation S, = Sy, (1 —e T2), where T is echo time, So is signal

intensity at 0 ms, and Sn is signal intensity at Ten. r, was calculated from the slope of the curve
obtained by fitting the T>! values versus the total Fe concentration in mM [193]. MR imaging
was performed in the same MRI system equipped with 48 G cm-1 actively shielded gradients.
For T,-weighted imaging, a fast spin echo (FSE) sequence with the following parameters was
used: Te (echo time) = 17 ms, Tr (repetition time) = 2150 ms, NA (number of averages) = 6 and
AT (total acquisition time) = 49m 49s. All MR images of the phantoms were acquired with an
image matrix 256 x 252, field of view (FOV) 60 x 60 mm, 6 slices with a slice thickness of 1 mm

and 0 mm slice gap.

Table 11: Parameter of acquisition of T, maps.

Matrix 256 x 252
Field of view (FOV) 60 x 60 mm
Slices 6
Slice thickeness 1 mm
Slice gap 0 mm

Te 17 ms
Tr 2150
Echoes 15
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First, a dispersion of GbMNP@PF127 functionalized with Pluronic F127 was prepared
in Mili-Q water from naked GbMNP, which were provided by our partners from the
Polytechnic Institute of Braganca. Before and after a purification process at 4000 rpm for 45
minutes to remove the bigger and unstable nanoparticles, the Fe content in nanoparticles

dispersion was quantified by ICP-OES (ICPE-9000 Multitype ICP Emission Spectrometer,
Shimadzu) (Table 12).

Table 12: Fe concentration in GOMNP@PF127 dispersions determine by ICP-OES.

GbMNP@PF127 Fe (ug mL?)
Before purification 2000
After purification 144,7

According to the data of Table 12, a significant decrease in the Fe content around 93%
was observed, meaning that most of the nanoparticles precipitate under the purification
(centrifugation) conditions. Thus, the larger and more unstable nanoparticles deposited at the
bottom of the Falcon after centrifugation forming a pellet that was later discarded. The
GbMNP@PF127 dispersed in the supernatant at the concentration of 144,7 ug Fe mL! were

kept for further development.
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The average hydrodynamic diameter and surface charge of GbOMNP@PF127 were
determined by dynamic light scattering (DLS) and zeta potential measurements (Nano Particle
Analyzer Z-100) at a concentration of 0.1 mg mL?! dispersed in Milli-Q water at room

temperature (n = 3). The obtained results are showed in Figure 13.

Table 13: Colloidal and dimensional properties of GbOMNP@PF127: hydrodynamic diameter,
polydispersion and zeta potential.

Samples Hydrodynamic diameter Polydispersion Zeta Potential
Before purification 322,6 £ 45,1 nm 1,343+ 0,52 -59,4+ 0,3 mV
After purification 171,6 £ 10,9 nm 0,36 £0,03 -56,3+1,2 mV

Nanoparticle size, shape and surface charge dictate biodistribution among the
different organs, including liver, when systemically administered in the organism. Large
particles with diameters bigger than 2000 nm accumulate readily within the liver.
Nanoparticles with size range of 100-200 nm have been shown to extravasate through
vascular fenestrations of tumors (due to the enhanced permeability and retention effect),
escape filtration by liver and be preferably accumulated into tumor rather than in healthy
tissues [194]. Before centrifugation, the dimensions of the hydrodynamic diameters had very
high values, around 320 nm, consequently they would be very likely retained within the liver.
A final purification process was able to significantly reduce the hydrodynamic diameter of
GbMNP@PF127 and separate a nanoparticles population of suitable particle size (around 170

nm), for intravenous administration with expected prolonged blood circulation.

Nanoparticle surface charge can be tailored to prolong circulation lifetimes and
selectively enhance accumulation at specific desired sites. Highly cationic nanoparticles are
rapidly eliminated from circulation, to a greater extent than highly anionic nanoparticles.

Thus, neutral and negatively charged nanoparticles present significantly prolonged circulating
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lifetimes by avoiding opsonization phenomenona and their elimination from blood by
macrophage cells [194]. As observed in Table 13, GbOMNP@PF127 have a negative surface
charge, before and after purification, confirming the efficiency of the functionalization with

PF127 and the incorporation of carboxylic acid groups on the GOMNP@PF127 surface.

The incubation of GbMNP@PF127 with DOX in the weight ratio 1:1 for 48 h,
demonstrated an exceptional drug loading efficiency of 96 + 2 % and a drug loading capacity
of 0.96 £ 0.02 mg (DOX per GbMNP). This high loading efficiency can be attributed to the
interactions between DOX and the graphene layers of GbOMNP. DOX binds to graphene mainly
through n-mt stacking interaction between the conjugated domains of graphene sheets and the
aromatic quinone portion of DOX [195].

This chemical interaction between DOX and graphene sheets is pH dependent, thus
affecting the drug loading capacity. The pH-dependent loading capacity is based on different
hydrogen-bonding interaction between graphene and DOX under different pH conditions.
Under neutral conditions, four types of hydrogen bonding can occur between different
chemical groups, -COOH of graphene and the -OH of DOX, -COOH of graphene and the -NH2
of DOX, -OH of graphene and the -OH of DOX, and -OH of graphene and the -NH2 of DOX.
Under acidic conditions, only two types of hydrogen bonding can occur between -COOH of
graphene and the -OH of DOX, and -OH of graphene and the -OH of DOX. This could explain
the stronger hydrogen-bonding interaction between graphene and DOX under neutral
conditions, leading to a higher DOX loading. These characteristics allow not only a pH
controlled drug loading, but also a pH tunable drug release [196,197].

In addition to DOX loading due to strong interactions between DOX and graphene
surfaces, due to the unique structure of the GbMNP, we cannot discard that DOXis also loaded
into the hollow cavity created by the yolk-shell architecture of these nanoparticles,

contributing to a higher drug loading capacity.
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The release of DOX from GbMNP@PF127@DOX was monitored up to ca. 154 hours at
different pH values (5, 6.5 and 7.4) at room temperature, with and without application of an
AMF (magnetic hyperthermia). These pH values were chosen since blood and most tissues
have a neutral pH of 7.4 in heathy conditions, while pH =5 and 6.5 were chosen in an attempt
to mimic the pH conditions of the TME and the intracellular endosome/lysosome

microenvironments, respectively. The DOX release profiles are represented in Figure 33.
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Figure 33: DOX release at different pHs (5, 6.5, 7.4) with and without magnetic hyperthermia. An
AMF of 20 mT and 285.4 KHz was applied for 4 h. Values represent mean +SEM.

Focusing only on DOX release behaviors without the application of hyperthermia, it is
perceptible that in the first 8 hours there are no significant differences in drug release
between the 3 different pH conditions tested. Over time, differences among the release
profiles at different pHs become noticeable and a higher release rate is clearly observed when
pH decreases. A DOX release of 27, 29 and 32 % of the total amount of DOX loaded were
observed after 154 hours for pHs 7.4, 6.5 and 5, respectively; the lower the pH, the higher the

drug release.
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The release profile of DOX under magnetic hyperthermia (application of an AMF) were
also studied at two selected pH, 5 and 6.5, at which the release of DOX was higher under
passive release conditions. Interestingly, the application of an AMF of 20 mT and 285.4 KHz at
time t = 4 h for 4h induced a remarkable increase of the DOX amount released. The AMF
application window was selected to allow a first passive burst of DOX that could be adsorbed
on the nanoparticles surface, where it would be difficult to observe the effect of magnetic
hyperthermia in the drug delivery profile. Thus, a clear increase of the amount of DOX released
was observed precisely at t= 4 h for both pH =5 and pH = 7.4 compared to the DOX release
under passive conditions at the same pHs, coinciding with the application of the AMF and
which extended over the whole time range of the experiment, up to 154 h. However, the
effect of magnetic hyperthermia was independent of the pH and only significant differences
in the release profiles at pH = 5 and pH = 7.4 were found after 72h. The total amount of DOX
released at both pH =5 and pH = 6.5 at the end of the experiments (t =154 h) was 39% and
36%, respectively, regarding the total amount of DOX loaded, meaning 8% higher compared
with the release under passive conditions at the same time point. As discussed above, the
hydrogen-bonding interaction between DOX and graphene is stronger at neutral pH condition,
resulting in a more efficient release at lower pHs [197]. Contrarily, under acidic conditions, the
total amount of DOX release is much higher. Such results may be due to the partial dissociation
of hydrogen-bonding interaction under acid conditions.

The results of the kinetic studies, listed in the Table 14, were obtained using the drug

release data obtained at different pHs.

Table 14: Drug release kinetic analysis of GOMNP@PF127@DOX at different pHs. The * symbol refers
to the samples that were subjected to an AMF.

Zero Order First Order Higuchi Hixon-Crowell Korsmeyer-Peppas
pH K, AIC  R? K; AIC R? | Ky AIC R? | Ky AlIC R? | K, n AIC R?
5 0.26 102.2 048 | 0.003 9838 0.60 | 293 71.67 093 | 0.001 99.70 0.56 | 439 041 6575 0.96
6.5 0.24 96.87 0.54 | 0.003 9337 0.63 | 264 5784 097 | 0.001 9456 0.60 | 3.84 0.41 4276 0.99
7.4 0.20 90.76 0.57 | 0.002 8790 0.64 | 2.24 5215 097 | 0.001 88.86 0.62 | 3.18 0.42 4093 0.99
5% 0.32 109.0 0.44 | 0.005 105.1 0.60 | 3.67 79.13 0.93 | 0.001 106.76 0.55 | 5.79 0.39 69.82 0.96
6.5* | 0.30 107.7 0.40 | 0.004 1035 055|337 76,51 093] 0.001 1050 0.50| 558 0.38 6250 0.97
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In this study, five kinetic models, namely zero-order, first-order, Higuchi, Hixon-Crowell
and Korsmeyer-Peppas, were fitted to the drug release data obtained for each pH tested
condition. The model with the higher R? values (for each condition) and the lower AIC was
considered as the best model.

Thus, the zero-order, first-order and Hixon-Crowell models have very low R? values.
These results suggest that the drug release, under the tested conditions, is not mainly caused
by systems that release the drug at a constant rate over a period of time, concentration-
dependent and dissolution by decreasing the solid surface area as a function of time. The
kinetic models that better fit (higher R?) are the Higuchi and Korsmeyer-Peppas models.
Between them, the Korsmeyer-Peppas model was considered the best one to describe the
system since it has a higher R? value and a lower AIC value. The n values calculated from the
Korsmeyer-Peppas model equation were found to be lower than 0.45, suggesting that the

drug release is controlled by simple quasi-Fickian diffusion mechanism.

An ideal nanocarrier should ensure low or negligible toxicity, therefore its
biocompatibility is crucial for the final application in biological tissues. In order to analyze the
cytotoxicity of the graphene-based nanoparticles in vitro, the metabolic activity was studied
as indicator of the cell viability. Metabolic viability was studied after incubation of
GbMNP@PF127 with HepG2 cells at different time points (24, 48 and 72h) and different Fe
concentrations (0, 1, 5, 10, 20, 30, 50 and 100 pg Fe mL?) by using the AquaBluer reagent. The
results obtained are presented in Figure 34, which shows the percentage of viable cells

regarding the cell viability of the non-treated control (NT).
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The AquaBluer fluorometric assay demonstrated that the GbOMNP@PF127 presented
a good biocompatibility bellow 100 ug Fe mL?. Results show high biocompatibility within the
whole range of Fe concentration tested. Only a limited cytotoxic effect observed was at the
highest Fe concentration tested, 100 pg Fe mL?, where it is possible to observe a meaningful
reduction in cell viability after 48h and 72h of incubation. According to the literature, these
results are consistent with the other reported results, revealing only cytotoxicity effects at
high Fe concentrations [1,198,199]. Due to the observed reduction in cell viability above 50

ug Fe mL%, this was the highest Fe concentration used in further in vitro experiments.
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Figure 34: Metabolic viability of HepG2 cells when incubated with GOMNP@PF127 at different time
points (24, 48 and 72h) and different iron concentrations (0, 1, 5, 10, 20, 30, 50 and 100 pg Fe mL?).
Values represent mean +SEM. Statistically significant differences were determined using Two-way

ANOVA with Bonferroni test. Significant difference is relation to NT. ****P < (0.0001.

4.2.1.2. Cytotoxicity and anticancer effect

The effect of magnetic hyperthermia on cell viability was assessed by using different

controls and samples. Figure 35 shows the cell viability after incubation of different
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nanoparticles samples with HepG2 cells, with and without application of an AMF. The

cytotoxicity assay performed was the AquaBluer fluorometric assay.
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Figure 35: Percentage of viable HepG2 cells at 48h for different groups (NT- no treatment, NPs —
GbMNP@PF127 nanoparticles, NPs@DOX — GbOMNP@PF127 nanoparticles with encapsulated DOX
and DOX- free doxorubicin) with and without hyperthermia induction. NT represents 100% of cell
viability under no magnetic hyperthermia treatment. Values represent mean +SEM. Statistically
significant differences were determined using Two-way ANOVA with Bonferroni test. Significant
difference is relation to NT without hyperthermia. *P <0.05; ***P < 0.001; ****P < 0.0001.

Cells which have not been subjected to any treatment (only in RPMI-1640 culture
medium) are represented by NT and constitute the control group. The NPs group involves cells
that were incubated with GOMNP@PF127 (50 pg Fe mL?), whereas NPs@DOX represents cells
incubated with DOX-loaded GbOMNP@PF127 at the same Fe concentration (50 ug Fe mL™).
DOX group consists of cells incubated with equivalent amount of DOX as that contained in the
total amount of NPs@DOX used in the previous sample group (135 pg mL™).

As observed in Figure 35, magnetic hyperthermia does not exert toxicity to cells
treated with nanoparticles in the absence of DOX, since there are no significant differences in
cell viability with and without magnetic hyperthermia. However, interesting results are
obtained when HepG2 cells are treated with DOX-loading nanoparticles. The presence of DOX
induces a significant reduction of 35% in the cell viability, which reaches a value as high as 64%

when an AMF is externally supplied. This evidences the additional cytotoxic effect of magnetic
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hyperthermia when in combination with the chemotherapeutic effect coming from the DOX.
A potential explanation to these results relies in a dual role of magnetic hyperthermia in
combination with DOX. One the one hand, the heat induced to the HepG2 cancer cells by
magnetic stimulation, even if it is not enough to induce direct thermoablation, as seen with
the treatment to the NT group, can sufficiently sensitize them and increase the therapeutic
index of the DOX. On the other hand, in parallel the temperature increase induced in the
magnetic cores of GbMNP@PF127@DOX increases the drug release of DOX and the available
DOX concentration to the cells, leading to an enhanced therapeutic effect. Comparing the
effect of the encapsulated and free drug on cell viability, a higher cytotoxicity effect is
observed for the free DOX regarding that of the encapsulated one (NPs@DOX), inducing a 67%
of cell death. Although based only in the therapeutic effect the use of GOMNP@PF127@DOX
would not be justified, the potential harmful secondary effects of free DOX in an in vivo
scenario are presumably much higher than in the case of using drug delivery systems that are
able to release the drug in a more controllable and targeted manner. In addition, giving the
pharmacokinetics and biodistribution of DOX, free DOX administration would involve a higher
amount of drug, whereas targeted treatments using drug delivery systems would need less
amount of drug to create the same drug concentration availability to the cells. Unexpectedly,
the effect of magnetic hyperthermia on the viability of cells treated with free DOX also induced
an extra cytotoxic effect. Further experiments will be needed to properly evaluate and confirm

these results.

The efficiency of GOMNP@PF127 was evaluated in terms of MRI performance as T»
contrast agent. Using relaxivity, which represents the inverse of the amount of CA needed to
reduce water protons relaxation time by 1s, is possible to study the efficacy of a CA in MRI
applications. In general, superparamagnetic iron oxide nanoparticles are composed of
nanosized particles of magnetite with predominantly T, relaxation effects, which generates
negative dark contrast. A T, behavior involves a long-range magnetic interaction with water
molecules that it is caused by the magnetic field that a superparamagnetic core is able to
induce under an applied magnetic field. [117,193,200]. As the magnetic cores of the GbMNPs
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are composed of superparamagnetic magnetite nanoparticles around 17 nm size (annex
1(A1)) (typically T,-MRI effectors), a dominant T>-MRI behavior is expected. Accordingly, the
proton relaxivity was calculated to study the feasibility of GOMNP@PF127 as T,-MRI contrast
agents by measuring the transverse relaxation time of water protons at different
concentrations of CA. Figure 36A represents the relaxation rates for GbMNP@PF127 and
shows the T, relaxation rate (1/T) as a function of Fe concentration, which was found to be
linearly dependent. The transverse relaxivity r, was then calculated as the slope of the linear
fitting as shown in Figure 36A. The r, obtained for GOMNP@PF127 was as high as 208.6 mM-~

1, which is higher than that of commercial iron oxide contrast agents at the same field
strength, such as Feridex® (r =93 mMs, at 3T, 37 °C) [201,202] and Resovist® (r, =143 mM"

1, at 3T, 37 °C) [201,202], both consisting of superparamagnetic iron oxide NPs approved

by FDA as negative CAs.
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Figure 36: (A) Linear fitting of the relaxation rates at 3T for GOMNP@PF127. The slope indicates the
transverse relaxivity r> and (B) T.-MRI map for GbOMNP@PF127 dispersions at different Fe
concentrations at a magnetic field of 3T.

A T>-map of phantom containing nanoparticles in solution at different concentrations
(between 0to 50 uM Fe) was acquired at 37 °Cin a 3T-MRI scanner. Results of GOMNP@PF127
aqueous dispersions are shown in Figures 36B, where water was included as a control. The
evolution from yellow to blue represents a concentration-dependent T,-MRI contrast
enhancement, as denoted by the decrease in relaxation time as Fe concentration increases.
The relaxation time decreases significantly with the increase of Fe concentration, which

render GOMNP@PF127 suitable T, CAs to induce a darker contrast effect under the T;-imaging
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acquisition sequences. Moreover, the high values of r, observed for GOMNP@PF127 aqueous
dispersions justify the small Fe concentration (uM) required to produce a T, (negative)
contrast enhancement effect.

In order to validate the MRI performance of GOMNP@PF127 in vitro, HepG2 cells were
incubated overnight with different concentrations of GbOMNP@PF127 (between 0 to 25 uM
Fe). Figure 37A represents the relaxation rates for GOMNP@PF127 with cells, where the Fe
concentration measured corresponds to the nanoparticles concentration used in the
incubation with the cells (expressed in Fe concentration). This plot provides information
regarding the MRI contrast enhancement capability. The results indicate that the
nanoparticles internalization by cells is proportional to the amount of nanoparticles (Fe
concentration) used in the incubation, since after incubation the cells were properly washed
to remove all the non-internalized particles. A T,-map for GOMNP@PF127-labeled HepG2 cells
were also acquired at 37 °C in a 3T-MRI scanner (Figure 37B), where water was included as a
control. When tested in vitro, the GbMNP@PF127 nanoparticles uptake by cells increasingly
shortened the relaxation time of water protons with the increase of the Fe concentration of
the magnetic dispersions used for incubation, which indicates a linear correlation with the
amount of Fe uptake by the cells. Cells incubated with a higher Fe concentration showed lower
T, values and enhanced dark signal intensity, indicating GOMNP@PF127 as suitable T,-MRI

(negative) contrast enhancers.
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Figure 37: (A) Relaxation rates at 3T as a function of the Fe concentration of the GbMNP@PF127
dispersions used in the incubation with cells and (B) T,-MRI map of GbMNP@PF127-labeled

HepG2 cells. [Fe]in = [Fe] incubation.
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4.2.2. 3D models: liver-tumor organoids

4.2.2.1. Preparation of HepG2-derived organoids

Figure 38 shows an optical image of the HepG2 organoids developed from HepG2
spheroids after 5 days of culture, which were posteriorly, embedded in GelMA matrix and
exposed to UV-light (365 nm) for two minutes, leading to the HepG2 organoids, as seen in
Figure 38A. As noted, the organoid presents a cylindrical shape and a gelatinous texture. The
visible white points represent the spheroids incorporated in the HepG2 organoid and each
organoid was composed of approximately 50 spheroids. As observed in optical images (Figure
38B and 38C), the HepG2 spheroids present a well-defined round shape and a size close to
400 pm.

Figure 38: (A) image of the organoid-like gel structure removed from the wells; (B),(C) Light-
microscopic images of HepG2 organoids embedded in the GelMA hydrogel.

4.2.2.2. Cell viability

Once the organoids were formed by incorporating previously prepared HepG2
spheroids into GelMA (see section 3.4.2.), their cell viability was evaluated. Two different
methods were used, one based on the confocal microscopy assessment using a live/dead

viability kit, and other using the LDH cytotoxicity assay.
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Figure 39 shows images obtained via confocal laser scanning microscopy of embedded
HepG2 spheroids in GelMA matrix, where live cells are stained in green and dead cells in red.
In order to verify the longitudinal viability of the cells in the 3D culture, viability studies were
performed after 24h and 72h. at both time points, there is no evidence of cell death. As
denoted by the absence of red in the image. Therefore, we can conclude that HepG2 organoids
are viable at least until 72h after formation. Considering that organoids are formed 5 days
after spheroid formation, this means that spheroids are viable for at least 8 days after their

formation.

Figure 39: Confocal microscopy images of an HepG2 Organoid after a) 24h and b) 72h of his
formation. The live cells were stained with green fluorescent dye (live cells) and red fluorescent dye
(dead cells).

A second cytotoxicity assay was used to confirm these results. LDH was the selected
method of choice to study the organoids viability up to 14 days after their formation, as shown
in Figure 40.

Interestingly, organoids still show a viability of 84% after 14 days since their formation.
This indicates a prolonged durability and functionality compared to conventional 2D HepG2
cell cultures and allows long-term studies with repeated dosing to assess chronic hepatotoxic

effects [203].
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Figure 40: Cell viability in HepG2 organoids after 1, 2, 3, 7, 10, and 14 days by LDH assay.
Values represent mean +SEM. Statistically significant differences were determined using One-way
ANOVA with Bonferroni test. Significant difference is relation to 1 day of culture. *P < 0.05; ****P <
0.0001.

Transferrin production and albumin secretion were investigated to determine
differences in hepatic function between 2D and 3D cultures. Overall, transferrin and albumin
production increased in both cultures (HepG2 cells and organoids) over the culture period
(Figure 41).

The production of both transferrin and albumin increased throughout the 3 days for
both 2D and 3D models. However, there is a large difference regarding the production of these
proteins between the 2D and 3D models: the secretion of transferrin was two-fold higher in
HepG2 organoids than in HepG2 cells, and the production of albumin was five-fold higher in
HepG2 organoids. In absolute numbers, HepG2 cells produced 0.87 + 0.05 pg/cell of
transferrin and 0.16 + 0.01 pg/cell of albumin, whereas at the same time point the HepG2
organoids secreted 1.62 + 0.02 pg/cell of transferrin and 0.74 + 0.02 pg/cell of albumin. The
fact that HepG2 organoids induce a remarkable increase of transferrin and albumin

production compared to the cultured HepG2 cells suggest that the ECM can influence

90



hepatocyte function. Besides, it is possible to conclude that functionality of liver organoids is

preserved over 72h, as indicated by persistent aloumin and transferrin secretion.
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Figure 41: Quantification of secreted transferrin (A) and albumin (B) for 2D culture and organoids by
ELISA at 24, 48 and 72h of incubation. Values represent mean +SEM. Statistically significant
differences were determined using Two-way ANOVA with Bonferroni test. ****p < (0.0001.

According to the results presented in section 4.2.1.2. it was possible to conclude that
the combination of DOX and magnetic hyperthermia through the drug loaded
GbMNP@PF127@DOX nanoparticles induced a combined cytotoxic effect on HepG2 cells, as
the cell viability is significantly reduced under the application of an AMF. A similar experiment
was now designed to evaluate the effect of the therapy combination on the cell viability of
HepG2 organoids. Thus, two different conditions, with and without hyperthermia were also
performed, as shown in Figure 42.

HepG2 organoids which have not been subjected to any treatment (only in RPMI-1640
culture medium) are represented by NT and constitute the control group. The NPs group
involves HepG2 organoids that were incubated with GO MNP@PF127 (50 ug Fe mL?), whereas
NPs@DOX represents HepG2 organoids incubated with DOX-loaded GbMNP@PF127 at the

same Fe concentration (50 pg Fe mL?). DOX group consists of HepG2 cells incubated with
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equivalent amount of DOX as that contained in the total amount of NPs@DOX used in the

previous sample group (135 pg mL?2).
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Figure 42: Percentage of viable HepG2 organoids at 48h for different groups (NT- no treatment, NPs
— GbMNP@PF127 nanoparticles, NPs@DOX — GbMNP@PF127 nanoparticles with encapsulated DOX
and DOX- free doxorubicin) with and without hyperthermia induction. NT represents 100% of cell
viability under no magnetic hyperthermia treatment. Values represent mean +SEM. Statistically
significant differences were determined using Two-way ANOVA with Bonferroni test. Significant
difference is relation to NT without hyperthermia.; ns: not significant; ****P < 0.0001.

Similarly to the results observed with HepG2 cultured cells, the application of an AMF
was critical to induce in HepG2-derived organoids a remarkable cell death when using the
DOX-loading GbMNP@PF127@DOX nanoparticles. Thus, magnetic hyperthermia in
combination with DOX induces a significant reduction of 98% in the cell viability, a 34% higher
than that observed in HepG2 cells. Unlike in the experiment with HepG2 cells, GbMNP@PF127
(without DOX) acted as suitable magnetic effectors to induce cell death per se in HepG2
organoids, as only the effect of magnetic hyperthermia was able to reduce the cell viability to
69%, whereas no effect was observed in the case of HepG2 cells when applied alone. This is

ascribed to the effect of magnetic heating and the temperature increase induced locally,
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which is enough to provoke relevant cell death in the more temperature-sensitive tumor cells
contained in the organoid. The better recapitulated TME may enable this cytotoxicity
mechanism more efficiently than in the case of cultured HepG2 cells. In the same way, the
cytotoxic effect of the AMF was more pronounced in HepG2 organoids than in HepG2 cells
when both were incubated with free DOX, reaching cell viability values as low as 2%. This
highlights the relevance of using advanced 3D models able to recapitulate the complexity of
the human disease when testing therapeutic effects of developed drugs and formulations,
since both DOX and AMF showed a higher cytotoxicity effect in HepG2 organoids than in
HepG2 cells. This allows a more accurate assessment of the real therapeutic index of the drugs
and therapies tested. Similarly to the experiment with HepG2 cells, the effect of magnetic
hyperthermia in the free DOX group is not well understood and further research would be
needed.

These results confirm GbMNP@PF127 as suitable magnetic carriers to deliver a dual
therapy (thermochemotherapy) against liver cancer, in addition to behave as T,-MRI contrast

enhancers and enable MRI monitoring.
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In this work, graphene-based magnetic nanoparticles functionalized with copolymer
PF127 (GbMNP@PF127) were preclinically studied in vitro to verify their potential as
multifunctional nanocarriers for liver tumor theranostics. ICP-OES analysis showed a decrease
around 93% in the iron concentration in the GOMNP@PF127 dispersions after purification by
centrifugation at 4000 rpm for 45 minutes. In this separation step, the larger nanoparticles
and nanoparticles aggregates were removed from the dispersion, resulting in a final dispersion
with smaller and more uniform nanoparticles. Furthermore, the hydrodynamic diameter of
nanoparticles in aqueous solution after purification was around 170nm, which is an ideal size
to escape liver filtration and for prolonged blood circulation. The surface charge of
GbMNP@PF127 analyzed by zeta potential shown values around — 55 mV. This
electronegative value favors repulsive electrostatic interaction between nanoparticles,
preventing the formation of nanoparticles clusters and aggregates and increasing their

colloidal stability and biocompatibility.

Drug loading and drug release studies were performed to evaluate the potential of the
developed nanoparticles as a pH-responsive drug delivery system. Due to the hollow cavity of
the yolk-shell architecture of the GbMNP@PF127 nanoparticles, DOX (the drug of choice
based on chemical structural and affinity for graphene layers) was successfully loaded in the
GbMNP@PF127 with a drug loading efficiency of 96 % and a drug loading capacity of 0.96 mg
(DOX per GbMNP). GbMNP@PF127@DOX were able to deliver the loaded drug as a function
of pH in the range 5-7. Results showed that the lower the pH, the higher the amount of drug
released. Moreover, an externally supplied AMF (magnetic hyperthermia) was found to
modify the DOX delivery profile and enhance the drug release, which achieved a maximum
value of 40% under the most acidic release conditions tested, pH = 5. These results point to
GbMNP@PF127 as suitable carriers for an acidic pH-triggered drug delivery since in neutral
conditions the drug release is inefficient, therefore protecting healthy tissues from side
effects. This open the possibility of a targeted drug delivery in tumor regions, enabled by the

acidic pH found both in the ECM and intracellular vesicles. Overall, these results suggest that
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GbMNP@PF127@DOX combined with magnetic hyperthermia have the potential to achieve
outstanding results in cancer treatments.

Cell viability studies in HepG2 cultured cells were performed to study the
biocompatibility of GbMNP@PF127. Results showed that the highest Fe concentration
without cytotoxic effects in HepG2 cells was 50 pg Fe mL™. Accordingly, 50 ug Fe mL? was the
Fe concentration of the GOMNP@PF127 dispersions used in further experiments, ensuring
negligible toxicity. In order to evaluate the therapeutic efficacy of drug release in combination
with magnetic hyperthermia in vitro, cell viability was studied after incubation of HepG2 cells
with different controls and samples, with and without magnetic hyperthermia. Results
showed cell viability values around ~65% when HepG2 cells were incubated with
GbMNP@PF127@DOX for 48h. This indicates that the GOMNP@PF127 nanocarrier is playing
its role effectively, transporting the drug, releasing it and inducing cell death. Interestingly,
cell viability was further reduced to values as low as ~36% with the application of magnetic
hyperthermia. This evidences a combined thermal and chemotherapeutic effect induced by
magnetic hyperthermia and the DOX release, respectively, in cultured HepG2 cells.

In order to study the effectiveness of GOMNP@PF127 as T,-MRI contrast agents, the
transverse relaxivity r» was calculated, obtaining a value of ~208.6 mM1s, which outweighs
the commercial iron oxide contrast agents Feridex® (r, =93 mM1s?, at 3T, 37°C) [201,202]
and Resovist® (r, =143 mMs?, at 3T, 37 °C) [201,202]. T, parametric maps of GbMNP@PF127
in solution and in GbMNP@PF127-loaded HepG2 cells showed a remarkable reduction of the
relaxation time and confirmed GbMNP@PF127 as suitable T,-MRI contrast agents able to
provide a dark contrast enhancement.

The hepatic function of the developed liver-tumor organoid was assessed by
guantification of the transferrin and albumin protein production and compared to that in 2D
cultured cells. Results indicated a big difference in protein secretion between 2D and 3D
cellular models, where organoids showed increase in transferrin and albumin production of
46% and 86%, respectively, compared to 2D cultures. These results suggest that the presence
of the ECM in the liver-tumor organoids can influence hepatocyte function and is the reason
of the higher level of protein expression observed. Moreover, as the secretion of albumin and
transferrin was observed during a time window of 72h, it is possible to conclude that the cell

functionality of liver-tumor organoids is preserved during this period.

95



A 3D organoid model of liver tumor consisting of HepG2 spheroids embedded in a
GelMA matrix was fabricated in order to preclinically evaluate the combined effect of
magnetic hyperthermia and chemotherapy provided by GbMNP@PF127 in an advanced and
more representative model of disease. Confocal microscopy and LDH cytotoxicity assays
revealed that the developed organoids were viable beyond the 2 weeks mark. After different
treatment conditions, a dual role of magnetic hyperthermia was found, on the one hand
affecting the drug delivery profile of the DOX release and, on the other, providing cellular
thermoablation. Altogether resulted in a combined thermochemotherapeutic effect and a
subsequent increase of the therapeutic index that reached the 98% of dead cells when an AMF
was applied, compared to a 35% in its absence.

Overall, the physicochemical and biological properties, as well as the in vitro preclinical
functional validation of the developed GbMNP@PF127 in both HepG2 cells and organoids
provide this multifunctional drug nanocarrier with great potential for theranostic applications,
since in addition to the combined pH-responsive thermochemotherapeutic effect induced by
the DOX release and magnetic hyperthermia, it has the potential to act as a T,-MRI CA and
offer a dark contrast enhancement in the MR images.

Future work in the context of this study involves the fabrication of a microfluidic device
where the developed liver-tumor organoid will be incorporated to form a dynamic organ-on-
a-chip preclinical model. This platform is able to mimic complex human organ functions at the
microscale level with the ability to reduce the discrepancies between the preclinical and
clinical trials. This platform also presents advantages over the in vivo animal models, such as
lower costs and less time-consuming, end of animal ethical concerns, and higher accuracy to
predict human responses [121]. In the next steps of this project this liver-tumor-on-a-chip will
be used to preclinically validate the responsive drug delivery and therapeutic functionality of
the developed GbMNP@PF127@DOX nanosystem under dynamic conditions. In addition to
the 3D tumor cell model developed, 3D tumor-organoids consisting of embedded co-cultures
of both tumoral and healthy cells-derived spheroids are needed to better recapitulate the
physiology of a human solid tumor and its surroundings. Their integration in microfluidic
systems would lead to an even more representative model of the disease. It is also important
to highlight that the preclinical results obtained using organ-on-a-chip in vitro models must be

still benchmarked in vivo in animal models.
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ANNEX 1 - PHYSICOCHEMICAL CHARACTERIZATION OF GbMINPs
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Al: TEM image of (a) FesO4 and associated particle size histogram with the normal distribution curve,
(b) GbMNP, (c) GbMNP@PF127before purification and (d) after purification.
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A2: SEM image of (a) GbMNP, (b) GbMNP@PF127before purification and (c) after purification.
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A3: Hysteresis loops with an inset of the low magnetic field area. Inset shows a magnification of the
low field region.
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GbMNP@PF127 GbMNP@PF127

FeO ~ GbMNP
before purification after purification
Saturation magnetization (emu/g) 61.5 238 217 21.3
Coercivity (Oe) 12.6 132 12.97 12.8
Remanence (emu/gl 18 14 13 13

A4: Magnetic properties of Fe304, GOMNP, GbMNP@PF127 before and after centrifugation;
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A5: Magnetic heating (T vs. t) for water colloidal dispersions of GbMNP@PF127 before and after
purification: (a) under alternating magnetic field of =869 kHz and increasing values of field intensity;
(b) under an alternating magnetic field of 15.95 kAm™! intensity and increasing values of field
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A6: SAR values obtained for the GOMNP@PF127 before and after purification as a function of (a) the
frequency (at fixed H = 15,95 kAm™) and (b) H2 (at fixed f = 866 kHz).
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