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A tutto quello che vuoi diventare."

� "Fare ninna"



4



Abstract

Chimeric antigen receptor (CAR) T-cell therapy is among the most promising strate-

gies in modern cancer immunotherapy. Although CAR-T therapies have achieved re-

markable clinical results in hematological malignancies, their application to solid tu-

mors such as "glioblastoma" remains limited by multiple biological and technological

challenges. A critical gap is the lack of non-invasive methods to monitor the fate of

therapeutic cells after infusion, including biodistribution, persistence, and capacity for

tumor in�ltration.

This thesis addresses this need aiming at developing �uorinated nanoparticles for

labeling CAR-T cells, enabling their potential tracking by "�uorine-19 magnetic reso-

nance imaging" (19F-MRI). The approach relies on encapsulating a highly �uorinated

molecular probe (PERFECTA: suPERFluorinatEd ContrasT Agent) within biodegrad-

able poly(lactic-co-glycolic acid) (PLGA) nanoparticles stabilized with surfactants, in-

cluding sodium cholate (NaC). Optimized �uorinated nanoparticles, designed to ef-

�ciently label CAR-T cells while preserving viability and cytotoxic function, were

physicochemically characterized and showed preserved structural integrity and �u-

orine content in CAR-T cell-conditioned media, despite protein corona formation.

This formulation was used to label human B7-H3-directed CAR-T cells, targeting

an antigen widely expressed across nearly all glioblastoma subtypes. Flow cytome-

try con�rmed preserved CAR-T cell viability (approximately 95%) and highly e�cient

nanoparticle uptake across the cell population (>99% NP-positive cells). Quantita-

tive 19F-NMR/MRI revealed a mean intracellular loading ranging from approximately

9, 39×1011 to 1, 90×1013 19F atoms per cell, markedly overcoming previously reported

values for CAR-T cell labeling. This optimization enabled robust detection of labeled

cells by 19F-MRI, with a signal-to-noise ratio (SNR) exceeding the detection threshold

by approximately �ve-fold.

Co-culture experiments with U-87 glioblastoma cells con�rmed that nanoparticle

labeling does not compromise CAR-T cytotoxic activity, with retained ability to elimi-

nate tumor cells and a detectable 19F signal throughout the observation period. These

�ndings indicate that �uorinated PLGA nanoparticles constitute a non-toxic, promis-

ing labeling platform for CAR-T cells and for developing quantitative cellular tracking

strategies by 19F-MRI.
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Beyond MRI tracking, the intracellular fate of nanoparticles was investigated by

Raman imaging. From a translational perspective, this approach could be extended

beyond CAR-T cells to other cell-based therapies, including stem cells and mesenchy-

mal stem cells (MSCs), providing a versatile platform for non-invasive in vivo visual-

ization of cell distribution, persistence, and fate, supplying critical information to more

e�ective personalized immunotherapies.

Keywords: suPERFluorinatEd ContrasT Agent polymeric nanoparticles; CAR-T cell

therapy; Glioblastoma; Fluorine-19 Magnetic Resonance Imaging (19F-MRI).



Sommario

La terapia basata su cellule linfocitarie T dotate di recettore chimerico per l'antigene

(CAR-T) rappresenta una delle strategie più promettenti dell'immunoterapia oncolog-

ica moderna. Sebbene le terapie CAR-T abbiano ottenuto risultati clinici straordinari

nelle neoplasie ematologiche, la loro applicazione ai tumori solidi, come il "glioblas-

toma", è ancora limitata da numerose s�de biologiche e tecnologiche. Una delle lim-

itazioni più critiche è la mancanza di metodi non invasivi in grado di monitorare il

destino delle cellule terapeutiche dopo l'infusione, inclusi la biodistribuzione, la persis-

tenza e la capacità di in�ltrazione tumorale.

Questa tesi a�ronta tale problematica sviluppando nanoparticelle �uorurate per

la marcatura delle cellule CAR-T, consentendo il loro potenziale tracciamento medi-

ante "risonanza magnetica al �uoro-19" (19F-MRI). L'approccio si basa sull' incap-

sulamento di una sonda molecolare altamente �uorurata (PERFECTA: suPERFlu-

orinatEd ContrasT Agent) all'interno di nanoparticelle biodegradabili di poli(acido

lattico-co-glicolico) (PLGA), stabilizzate con tensioattivi, tra cui sodio colato (NaC).

Le nanoparticelle �uorurate ottimizzate, progettate per marcare in modo e�ciente le

cellule CAR-T, preservandone la vitalità e la funzione citotossica, sono state carat-

terizzate �sico-chimicamente e hanno mantenuto integrità strutturale e contenuto di

�uoro in mezzi condizionati da cellule CAR-T, nonostante la formazione della corona

di proteine. Questa formulazione è stata utilizzata per marcare cellule CAR-T umane

dirette contro B7-H3, un antigene ampiamente espresso in quasi tutti i sottotipi di

glioblastoma. L'analisi tramite citometria a �usso ha confermato una vitalità preser-

vata delle cellule CAR-T (circa 95%) e un uptake altamente e�ciente delle nanoparti-

celle nell'intera popolazione cellulare (>99% di cellule NP-positive). L'analisi quanti-

tativa tramite 19F-NMR/MRI ha evidenziato un carico intracellulare medio compreso

tra circa 9, 39×1011 e 1, 90×1013 atomi di 19F per cellula, superando nettamente i val-

ori precedentemente riportati per la marcatura di cellule CAR-T. Tale ottimizzazione

ha consentito un rilevamento robusto delle cellule marcate mediante 19F-MRI, con un

rapporto segnale/rumore (SNR) 5 volte superiore alla soglia di rilevazione.

Esperimenti di co-coltura con cellule di glioblastoma (U-87) hanno confermato che

la marcatura con nanoparticelle non compromette l'attività citotossica delle cellule

CAR-T, che mantengono la capacità di eliminare e�cacemente le cellule tumorali e un
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segnale 19F-MRI persistente durante l'intero periodo di osservazione. Questi risultati

dimostrano che le nanoparticelle in PLGA �uorurate rappresentano un simil-agente

di contrasto non tossico e promettente per la marcatura delle cellule CAR-T e per lo

sviluppo di strategie di tracciamento cellulare quantitativo mediante 19F-MRI.

Oltre al tracciamento basato su MRI, è stato inoltre investigato il destino intracel-

lulare delle nanoparticelle mediante imaging Raman.

Da una prospettiva traslazionale, questo approccio potrebbe essere esteso oltre le

cellule CAR-T ad altre strategie di terapia cellulare, incluse le cellule staminali e le

cellule staminali mesenchimali (MSCs), fornendo una piattaforma versatile per la vi-

sualizzazione non invasiva in vivo della distribuzione, della persistenza e del destino

cellulare, e o�rendo informazioni cruciali per lo sviluppo di immunoterapie personaliz-

zate più e�caci.

Parole chiave: Agente di contrasto super�uorurato in nanoparticelle polimeriche;

Terapia cellulare CAR-T; Glioblastoma; Risonanza magnetica al �uoro-19 (19F-MRI).
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Chapter 1

Introduction

1.1 Nanomedicine and Theranostics

Nanomedicine is de�ned as the science and technology for diagnosing, treating, and pre-

venting diseases and traumatic injuries, relieving pain, and preserving and improving

human health through molecular tools and molecular knowledge of the human body [1].

In this framework, �ve major disciplines were identi�ed: analytical tools, nanoimag-

ing, nanomaterials and nanodevices, novel therapeutics and drug-delivery systems, and

clinical, regulatory, and toxicological issues [1].

This de�nition highlights the close relationship between nanomedicine and nan-

otechnology, generally used to design and apply materials at the atomic and molecular

scale, within a dimensional range below 1µm. Materials with characteristic dimen-

sions below 1µm can include natural nanostructures, such as protein aggregates, and

synthetic systems, such as engineered nanoparticles used in drug delivery [2]. Repre-

sentative length scales are illustrated in Figure 1.1.

Figure 1.1: Dimensional scale of representative biological and chemical structures, from atomic di-
mensions (about 0.1 nm) through macromolecules, viruses, bacteria, blood cells and larger cells up
to objects in the range of 1 mm [3]. Illustration reproduced under license from Alamy contributor:
Tetiana Zhabska; image ID 2DHY2XH;

In biomedicine, nanostructures have become key tools for both therapy and diagno-

sis. For instance, they can enable controlled delivery of chemotherapeutic agents with

1
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more selective action toward tumor cells [2]. In diagnostics, nanostructures can encap-

sulate or carry contrast agents compatible with multiple imaging modalities, including

Positron Emission Tomography (PET), Computed Tomography (CT)-scan, X-ray and

magnetic resonance imaging (MRI) [4].

The use of nanostructures is not limited to diagnostic or therapeutic functions sep-

arately. These two approaches can be integrated into single multifunctional platforms

able to both identify and treat disease. This �eld is known as "theranostics", from

the fusion of �therapy� and �diagnostics,� and represents a major step toward person-

alized medicine by combining molecular diagnosis with targeted intervention [2, 4].

Among human diseases, cancer has emerged as one of the principal �elds of application

for nanomedicine, improving the targeted delivery of chemotherapeutics or enabling

multimodal tumor imaging, and supporting integrated theranostic strategies that in-

creasingly underpin precision oncology.

1.2 Glioblastoma and Current Therapeutic Challenges

Glioblastoma (GBM) is the most frequent and most aggressive primary malignant tu-

mor of the adult central nervous system. Under the 2021 World Health Organization

(WHO) Classi�cation of Tumors of the Central Nervous System (CNS), 5th Edition

(WHO CNS5), the designation �glioblastoma� is speci�cally reserved for di�use astro-

cytic tumors that are IDH (Isocitrate Dehydrogenase) wildtype (without IDH1/IDH2

mutation) and that show either high grade histologic features (microvascular prolifer-

ation and/or necrosis) and molecular hallmarks, such as TERT (Telomerase Reverse

Transcriptase) promoter mutation or EGFR (Epidermal Growth Factor Receptor) am-

pli�cation, and combined chromosome 7 gain with chromosome 10 loss [5, 6]. In simple

terms, IDH status is now a key diagnostic separator: IDH wildtype tumors correspond

to canonical GBM and usually show a more aggressive clinical behavior, whereas IDH

mutant tumors represent a biologically distinct disease pathway and are currently clas-

si�ed as astrocytoma, even when they reach grade 4. This de�nition at the molecular

level has improved diagnostic consistency across centers and has clari�ed prognostic

strati�cation, because IDH mutant gliomas generally show a more favorable clinical

course than IDH wildtype GBM.

From an epidemiological perspective, GBM shows a relatively stable but clinically

relevant burden in industrialized countries, with incidence rates commonly reported

around 3�5 cases per 100,000 person/years, a peak in older adults, and a modest male

predominance [7, 8]. Although it remains a comparatively rare cancer in population

terms, it contributes to neurological disability related to cancer and the mortality is

disproportionately high, because of rapid progression and limited long-term survival.

Even with modern multimodal treatment, median overall survival for newly diagnosed
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patients generally remains in the 14�20 month range in trial populations, and outcomes

are often less favorable [9, 10].

The etiology of GBM is multifactorial and only partially understood. Ionizing ra-

diation is the only well established environmental risk factor consistently associated

with gliomagenesis in humans [11]. Most cases, however, occur sporadically, without a

clearly identi�able external exposure. A minority is associated with hereditary cancer

predisposition syndromes, such as Li�Fraumeni syndrome (TP53 ), neuro�bromatosis

type 1 (NF1 ), Turcot syndrome, and constitutional mismatch repair de�ciency, sup-

porting the role of genomic instability and DNA repair defects in glioma susceptibility

[11, 6]. At the tumor level, GBM is characterized by marked genomic and epigenomic

heterogeneity, dynamic evolution, and high cellular plasticity, all of which contribute

to therapeutic escape.

The glioblastoma microenvironment is a central determinant of disease behavior and

treatment resistance. Rather than a passive sca�old, it is an active tissue composed of

neoplastic cells, glioma stem cells, astrocytes, endothelial cells, pericytes, extracellular

matrix components, and abundant myeloid populations (resident microglia and in�l-

trating macrophages), which can represent a major fraction of the tumor mass [12, 13].

This compartment is shaped by regional hypoxia, aberrant angiogenesis, blood�brain

barrier (BBB) disruption, and strong immunoregulatory signaling (TGF-β, IL-10, CSF-

1), promoting T-cell dysfunction and a broadly immunosuppressive milieu [12, 13].

The crosstalk between tumor cells and the immunosuppressive microenvironment fos-

ters tumor cell in�ltration into adjacent tissues. Accordingly, tumor cells acquire stem

properties ("stemness"), enabling them to self-renew (i.e., proliferate while retaining

an undi�erentiated state), undergo di�erentiation into more mature progeny, evade

therapeutic pressure and reconstitute the tumor mass in new locations from a small

pool of migrating cells.
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Figure 1.2: Representative schematic of microglia and macrophage interactions (GAMs) in glioblas-
toma, within the tumor microenvironment. Under the action of various cytokines and chemokines
secreted by tumor cells, resident microglia, and peripheral blood-derived macrophages are recruited
into the tumor parenchyma. Activated GAMs interact with tumor cells to promote glioma growth and
invasion through various mechanisms such as angiogenesis promotion, GSCs proliferation, epithelial-
mesenchymal transformation, and tumorigenic immune regulation. Reproduced from Lin et al. (2023).
[13].

Current clinical management is based on maximal safe surgical resection followed by

radiotherapy with concomitant and adjuvant temozolomide (the Stupp regimen), with

additional bene�t, in selected patients, from tumor treating �elds (TTFields) during

maintenance therapy [9, 10, 14]. They are an external device (electrodes placed on the

scalp) that generates low intensity electric �elds to interfere with tumor cell division.

Nonetheless, recurrence is nearly universal, and options at progression (re-operation,

re-irradiation, bevacizumab in selected settings, clinical trials) provide modest and

often temporary disease control.

Within this context, immunotherapy for GBM has gained major translational in-

terest, especially adoptive cellular strategies. A relevant antigenic target is B7-H3

(CD276), an immune checkpoint family member that is frequently overexpressed in

glioblastoma cells and associated vasculature, while being comparatively limited in

normal brain tissue, making it an attractive target for selective immune redirection

[15, 16]. Functionally, B7-H3 contributes to immune evasion, tumor aggressiveness and

adverse biological behavior [17]. Preclinical studies have shown that anti-B7-H3 CAR-T

cells can mediate robust cytotoxicity against GBM cell lines and patient-derived neu-
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rospheres, supporting clinical development of these approaches in solid tumors, such as

GBM [15, 16]. Therefore, the convergence of a profoundly suppressive microenviron-

ment and a highly expressed surface antigen such as B7-H3 provides a strong rationale

for combining antigen-speci�c cell therapy with technologies that allow in vivo tracking

of therapeutic cell distribution, persistence, and tumor in�ltration.

1.3 Adoptive Cell Therapy

The Adoptive cell therapy (ACT) focuses on leveraging the patient's own natural im-

mune defenses, with the aim of modifying the immune balance established within the

tumor microenvironment.

The ACT is based on the reinfusion into patients of immune e�ector cells with

anti-tumor activity, which can be naturally occurring (for example tumor in�ltrating

lymphocytes, TILs, expanded ex vivo and then reinfused) or genetically engineered ex

vivo (for example CAR-T cells) [18]. The biological rationale is to overcome quanti-

tative and qualitative limitations of endogenous anti-tumor immunity: ACT enables

the selection, expansion, functional programming and genetic engineering of lympho-

cytes outside the immunosuppressive tumor environment and then returns to the host

a large, activated, and potentially persistent �living drug� [18, 19]. The "living drug"

de�nition re�ects a key ACT feature: transferred cells can expand in vivo and maintain

anti-tumor activity, so that the e�ective dose of the �biological living drug� can evolve

after infusion.

From a translational perspective, ACT now includes multiple platforms with di�er-

ent recognition logics and manufacturing di�erences:

� T-Cells Receptor (TCR) Engineered, in which T lymphocytes are genetically

modi�ed through in vitro gene transfer to express a synthetic T-cell receptor able to

recognize MHC complexes peptide (MHC-I-dependent) on tumor cells; a key limita-

tion is that many tumors reduce surface MHC-I presentation, which can markedly

impair TCR-mediated recognition and cytotoxicity [20];

� Chimeric Antigen Receptor (CAR) T-cells, in which T lymphocytes are ge-

netically engineered to express a synthetic Chimeric Antigen Receptor (CAR),

through viral transduction or non-viral transfection approaches, enabling direct

surface antigen recognition, in an MHC-I-independent manner;

� Tumor In�ltrating Lymphocytes (TILs), based on ex vivo expansion of autol-

ogous T cells in�ltrating the tumor area, isolated from resected tumor tissue.

The strongest clinical proof-of-concept (POC) to date remains CAR-T therapy

in hematological malignancies, where several therapeutical products, targeting CD19
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or BCMA, have produced high response rates and durable remissions in relapsed or

refractory disease [21]. However, extension to solid tumors is still limited by major

barriers: heterogeneous target expression, poor tra�cking through abnormal tumor

vasculature and BBB, physical stromal barriers, chronic antigen exposure for T-cells,

which causes their dysfunction and exhaustion, and a profoundly immunosuppressive

microenvironment [19, 22].

These limitations are particularly relevant in glioblastoma, where tumor heterogene-

ity and spatially variability of antigen expression coexist with alterations of blood�brain

barrier (BBB), myeloid immunosuppression and rapid local recurrence. In this context,

ACT remains highly attractive but must be coupled with advanced engineering strate-

gies and robust in vivo monitoring tools to understand where therapeutic cells tra�c,

how long they persist, and whether they e�ectively reach and kill tumor tissue over

time.

1.3.1 Engineering Chimeric Antigen Receptor T-Cells

(CAR-T)

CAR-T cells are autologous (or, in development, allogeneic) T lymphocytes genetically

modi�ed to express a synthetic receptor, that combines antibody-antigen recognition

with T-cell activation signaling [21].

A chimera, in molecular biology, is an engineered protein that combines functional

domains derived from di�erent biological molecules. A CAR is considered chimeric

because it merges into a single membrane protein two functions that naturally belong

to two distinct cell types:

� Antibody recognition (Extracellular domain). Normally, T lymphocytes rec-

ognize antigens only when they are presented as peptides on the MHC-I complex

(they are �MHC-restricted�). In contrast, B lymphocytes recognize antigens di-

rectly on the cell surface without requiring MHC presentation. CARs are designed

to reproduce this B-cell recognition capability in an MHC-I-independent manner.

The extracellular domain of the CAR consists of an scFv (single-chain variable

fragment), composed of the variable regions VH and VL of a monoclonal antibody

connected by a �exible linker. This scFv binds directly to a tumor-associated surface

antigen (e.g., CD19, BCMA, B7-H3) in an MHC-I-independent manner.

� T-cell activation signaling (Intracellular domain). Once the antigen is recog-

nized, the cell must become activated and kill the target. This requires an intracel-

lular signaling cascade characteristic of T lymphocytes, which is normally triggered

by the TCR. In CARs, this signaling machinery is directly incorporated into the

receptor itself through cytoplasmic signaling domains:
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� CD3ζ (zeta): the signaling chain of the TCR complex, containing ITAM mo-

tifs (Immunoreceptor Tyrosine-based Activation Motifs), which, once phospho-

rylated, initiate the activation signaling cascade (signal 1).

� Co-stimulatory domains (signal 2), typically CD28 or 4-1BB (CD137), and

sometimes OX40. These domains are essential to achieve full T-cell proliferation,

persistence, and e�ector function, as the absence of co-stimulation would lead

to anergy. [23, 24].

Figure 1.3: Blueprint of CAR design, showing (i) an extracellular single-chain variable fragment
(scFv) speci�c for tumor surface antigen recognition; (ii) a hinge/spacer domain in�uencing receptor
�exibility and immunological synapse geometry; (iii) a transmembrane domain; and (iv) intracellular
signaling modules, including CD3ζ as a primary activation domain, plus one or more co-stimulatory
domains (most commonly CD28 or 4-1BB). Reproduced from Ra�q et al. [19].

CAR architectures have evolved through di�erent generations. First generation

CARs contained only the CD3ζ signaling domain. Second generation CARs added

a single co-stimulatory domain, such as CD28 or 4-1BB, and are currently the most

widely used in approved therapies. Third generation CARs combine two co-stimulatory

domains, while fourth and �fth generation CARs include additional features, such as

cytokine secretion systems or logic gates, that function like AND/OR/NOT gates used

in electronic circuits to simultaneously switch on/o� di�erent signal, with the aim

of improving their activity within the immunosuppressive tumor microenvironment

[19, 22].

From a processing point of view, CAR-T cell production is a strictly regulated

and multistep manufacturing chain in which each operation can in�uence �nal product

potency, safety, and in vivo persistence. The work�ow is conceptually represented in

Figure 1.4 (adapted from Hartmann et al., 2017 [23]).
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1. Leukapheresis. The process begins with the collection of the patient's peripheral

blood mononuclear cells (PBMCs) by leukapheresis, an extracorporeal procedure

that separates the mononuclear fraction (mostly T and B lymphocytes, monocytes,

and NK cells) from erythrocytes and granulocytes by centrifugation. The compo-

sition of this starting material are highly variable between patients and strongly

in�uence the T-cell expansion and longer in vivo persistence [23, 19].

2. T-cell activation. Once isolated, T-cells need a signal to enter the cell cycle

and become receptive to gene transfer. This is achieved ex vivo by stimulating

CD3 together with CD28, typically using paramagnetic beads coated with anti-

CD3/anti-CD28 antibodies (for example Dynabeads) or feeder cells [23, 19].

3. Gene transfer. The activated T cells are then genetically modi�ed to stably

express the CAR transgene. The most clinically established platforms rely on inte-

grating viral vectors: γ-retroviral vectors and lentiviral vectors (HIV-1 derived and

inactivated), which can transduce slowly proliferating cells; all currently approved

CAR-T products use one of these two systems [21, 23]. Non-viral alternatives are

under investigation to reduce manufacturing cost and complexity. Integrating plat-

forms include transposon systems based on DNA plasmids and a transposase to

integrate the CAR cassette, while transient strategies employ in vitro transcribed

mRNA delivered by electroporation or, more recently, by ionizable lipid nanopar-

ticles (LNPs), which encapsulate and protect the mRNA cargo, improving cellular

uptake with reduced cytotoxicity. More recently, CRISPR/Cas9-mediated targeted

integration has been explored to obtain uniform CAR expression between cells, be-

cause Cas9 (an endonuclease, a protein that cuts double-stranded DNA) targets

a �safe� and biologically relevant locus (e.g., the TCR gene) and, through HDR

(Homology-Directed Repair), inserts the CAR cassette there instead of allowing

the vector to integrate randomly.[19, 25].

4. Ex vivo expansion. After transduction, cells are cultured for typically 7�14

days to reach a clinically relevant dose, generally on the order of 106�108 CAR-T

cells per kilogram of body weight. Culture conditions are tuned to limit terminal

di�erentiation: short expansion times and cytokine cocktails enriched in IL-7/IL-15

are strategies designed to preserve stemness, which correlate clinically with deeper

and more durable responses [23, 26, 19].

5. Quality control. Before infusion, the �nal product must pass a panel of quality

control assays covering identity, purity, viability, potency, vector copy number or

transgene expression and microbiological safety [23, 21].

6. Infusion. The CAR-T product is then administered intravenously (or, in selected

solid tumor protocols, by intracavitary, intratumoral, or intraventricular delivery),
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followed by a structured monitoring window for the early management of emergent

toxicities [21, 22].

Figure 1.4: Schematic overview of the autologous CAR-T manufacturing and clinical use chain (�vein-
to-vein�): PBMC collection by leukapheresis; ex vivo T-cell isolation and activation; genetic modi�-
cation, typically by viral-vector transduction of a CAR cassette; expansion and formulation into the
drug product; lymphodepleting preconditioning and reinfusion of engineered T cells. Figure adapted
from Hartmann et al. [23].

Major limitations of CAR-T cell therapy include:

� Manufacturing complications, because CAR-T production is patient-speci�c,

expensive, and requires several weeks, while di�erences in lymphocyte quality be-

tween patients can strongly a�ect the �nal therapeutic e�cacy [23, 25].

� Toxicity, because CAR-T therapy can induce severe side e�ects such as cytokine

release syndrome (CRS), Immune E�ector Cell-Associated Neurotoxicity Syndrome

(ICANS), and damage to healthy tissues expressing low levels of the target antigen

[21, 22].

� Limited e�cacy in solid tumors. In tumors such as glioblastoma, CAR-T cells

face major barriers including poor tra�cking to the tumor site, restricted access

through the blood�brain barrier (BBB) and a strongly immunosuppressive tumor

microenvironment that promotes T-cell exhaustion [19, 22, 12].

� Antigen heterogeneity and tumor escape. Solid tumors are highly heteroge-

neous, with antigen-negative cells, limiting the e�ectiveness of single-target CAR-T

strategies [19, 22].

1.3.2 Current status of CAR-T therapy

Chimeric antigen receptor (CAR) T-cell therapy is now a validated therapeutic class

in oncohematology, for several B-cell malignancies and multiple myeloma. The clinical

story begins with autologous T cells engineered to recognize CD19, a lineage antigen

broadly expressed on malignant and normal B cells. Early phase studies established

CAR-T cells as a pharmacologically �living� drug class in relapsed or refractory acute
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Table 1.1: Representative CAR-T programs: publication years, tumor context, antigen target, study
stage, and references.

Year Tumor type Target Study stage References

2011�2015 B-cell leukemia / lym-
phoma (ALL, NHL,
CLL)

CD19 Early clinical trials (phase 1�2) [27, 28, 29]

2017 Di�use large B-cell lym-
phoma

CD19 Phase 2 trial; approved therapy
(multiple regions)

[31]

2021 Multiple myeloma BCMA Approved therapy (pivotal tri-
als)

[21, 22]

2024 Solid tumors (murine
models)

Multiple + IL-10 Preclinical (in vivo) [32]

2024 Glioblastoma EphA3 Preclinical (in vivo) [33]

2025 Glioblastoma EGFR + IL-
13Rα2

Clinical trial (phase 1) [34]

2024 Gastrointestinal adeno-
carcinomas

Claudin 18.2 Clinical trial (phase 1) [35]

lymphoblastic leukemia (ALL), chronic lymphocytic leukemia, and aggressive B-cell

lymphomas [27, 28, 29, 30].

Within neuro-oncology, glioblastoma has become a key tumor for testing these in-

novative therapy. The �eld has moved from �rst generation feasibility studies (e.g.,

EGFRvIII, IL13Rα2, HER2) toward more adaptive designs and alternative targets

such as B7-H3, chosen for their high prevalence in the tumor tissue, the strong antigen

expression across a large proportion of tumor cells and the ability of the therapy to

selectively target malignant cells while sparing healthy CNS cells such as neurons and

glia, which must not be damaged. [15, 16, 17]. The pillar of this strategy is B7-H3

(CD276), a member of the B7 immune checkpoint family, that is frequently overex-

pressed on glioblastoma cells, perivascular tumor niches and tumor-associated vascula-

ture, while remaining comparatively low in normal brain parenchyma [15, 17]. Beyond

its value as a CAR target, B7-H3 contributes to immune evasion and adverse tumor

behavior within the immunosuppressive glioblastoma microenvironment [17]. Preclini-

cal works demonstrated that B7-H3 is overexpressed across molecular GBM subtypes,

with high protein expression in approximately 76% of patient specimens and ubiqui-

tous expression on patient-derived neurospheres (tumoral stem cells model) [16]. For

this purpose, anti-B7-H3 CAR-T cells mediated robust cytotoxicity against GBM cell

lines and neurospheres in vitro [16, 15] and are currently being explored as a potential

immunotherapeutic approach for glioblastoma treatment. Nevertheless, single-antigen

CAR-T cells can lose recognition of the tumor, when antigen expression drops or when

only a subset of cells strongly expresses the target [19, 16]. One useful design pattern is

therefore a dual CAR-T product, that recognizes two surface molecules on tumor cells.

An example of a speci�c dual-target class is B7-H3 paired with CSPG4 (also called

NG2). Sometimes this pairing is written as �B7 + CS� or �B7zCS, � where �CS� refers to

the chondroitin sulfate proteoglycan CSPG4. [36]. CSPG4, is a membrane proteogly-

can associated with glioma invasion, plasticity, angiogenesis, and stromal interactions
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[36, 37].

1.3.3 Need for non invasive in vivo monitoring of therapeutic

cells: Rationale of the thesis

Despite major progress in cellular engineering, the development of ACT in solid tumors

remains partly �blind� after infusion: common clinical endpoints used to evaluate ther-

apy, such as patient survival, tumor response, adverse toxicity and neurological clinical

status, do not directly reveal where transferred cells migrate and how they localize,

whether they expand in vivo at the tumor site, how long they persist over time in the

target compartment or to what extent they in�ltrate active tumor regions. This lack

of spatiotemporal information limits interpretation of therapeutic failure and re�ne-

ment of therapy in terms of dose optimization, route of administration and treatment

scheduling.

Clinical development of immunotherapy against glioblastoma is oriented toward

locoregional routes of administration, speci�cally intracatheter delivery after tumor

surgical resection. This administration makes it possible to reduce the occurrence

of GBM recurrences, since the presence of CAR-T cells would target residual tumor

cells that escaped surgical removal, especially given the particularly highly in�ltrative

behavior of GBM. In this way, exposure at the central nervous system level is improved

and systemic toxicity is potentially reduced. Although this thesis focuses on CAR-T

cells for glioblastoma, the same need for non-invasive longitudinal monitoring applies

broadly to other cell-based therapies, including stem cells and mesenchymal stem cells

(MSCs), whose therapeutic e�cacy also depends on their biodistribution, persistence,

survival, and interaction with the target tissue after administration.

These needs make the translational gap even more evident: without quantitative,

in vivo, non-invasive and longitudinal cell tracking, it is di�cult to distinguish true

biological resistance to treatment from inadequate cell distribution and persistence.

A treatment may fail, for example, because CAR-T cells lose functionality but also

because they do not reach su�cient numbers in relevant tumor niches. Conversely, local

in�ammatory changes due to exposure to ACT therapy may be confused with tumor

progression on conventional magnetic resonance imaging, complicating interpretation

of therapeutic response.

In this scenario, molecular imaging represent a non-invasive approach that allows

us to follow the fate of a target cell in vivo, in real time and, in some cases, it might

also be used to predict therapy response. [38]. In fact, 19F-MRI o�ers a negligible

endogenous background, with a linear relationship between signal and �uorine content,

that enables potential quantitative estimation of labeled cell in vivo, provided that the

signal derives from truly internalized nanoparticles and not from free or super�cially
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associated nanoparticles.

Integrating this approach with ACT could help answer clinically relevant questions:

� Do infused CAR-T cells persist and function correctly in the tumor compartment?

� How does distribution evolve over time after locoregional administration?

� What is poor anti-tumor e�cacy associated with?

Therefore, the rationale of this thesis is to optimize the labeling process for ACT

products and to contribute to a broader paradigm shift: from evaluation based exclu-

sively on clinical endpoints to monitoring of adoptive cellular therapies in glioblastoma

guided by a genuine understanding of biological mechanisms.

1.4 Imaging Strategies for Cell Tracking

To address the need for non-invasive monitoring of adoptive cell therapies, several

molecular imaging modalities have been developed in both preclinical and clinical set-

tings. Strategies can be broadly divided into direct labeling and indirect labeling.

Direct labeling involves the ex vivo loading of cells with an imaging agent that is re-

tained within or associated with the cells, followed by administration of the labeled

cells to the patient. However, the labeling agent is progressively diluted as cells divide

and proliferate, resulting in a loss of sensitivity. [38, 39]. Indirect labeling, on the

other hand, refers to the in vivo targeting of speci�c antigens expressed by particular

immune subtypes or to the use of reporter genes. The limitations of this approach arise

from the expression of the target antigen by other cellular subpopulations as well as

from the physiological uptake of the tracer by major organs. [38, 39]. The principles

of indirect and direct cell labeling used for cell tracking are summarized in Figure 1.5.



1.4. IMAGING STRATEGIES FOR CELL TRACKING 13

Figure 1.5: Principles of indirect and direct cell labeling used for cell tracking. (A) Indirect cell
labeling. Cells are genetically modi�ed with a reporter gene, enabling them to express a reporter
protein, which allows binding or uptake of the imaging label in vivo. The cells can then be administered
into the subject and imaged over time by repeated injections of imaging label that binds speci�cally
to cells expressing the reporter gene. In principle, the gene expression persists over the lifespan of
the cell and can be passed on to daughter cells. (B) Direct cell labeling. Cells are isolated from the
subject, donor or culture and labeled in vitro. The labeled cells are then administered into the subject
and can be imaged repeatedly for as long as the half-life of the imaging label allows (from hours to
days). Reproduced from Gawne et al. [39].

1.4.1 Radiolabeling platforms for in vivo cell tracking with

PET and SPECT

Nuclear medicine techniques based on positron emission tomography (PET) and single-

photon emission computed tomography (SPECT) are among the most sensitive and

clinically translatable options for whole body cell tracking [39, 40]. Nuclear medicine

imaging exploits the physical decay of radionuclides incorporated into radiotracers

administered to the patient. For cell-tracking applications, the radionuclide is either

carried by the therapeutic cells themselves (direct labeling) or by a separate probe that

reports on cell location (indirect labeling) [39, 38]. In both cases, emitted radiation is

detected externally and reconstructed into three-dimensional (3D) images that re�ect

tracer distribution in the body.

SPECT relies on radionuclides that decay by emission of gamma (γ) photons of

characteristic energy. Each isotope exhibits one or more characteristic energy peaks

("chemical �ngerprint") that the detector can discriminate, enabling distinction be-

tween di�erent tracers (multiplexing). [41, 40].

For cell tracking, SPECT o�ers very high detection sensitivity (concentrations of

radiotracer as low as picomolar or nanomolar can be visualized) and, with appro-

priate calibration, can quantify radionuclide activity in a given region to assess ra-

diotracer biodistribution and, indirectly, cellular distribution. Furthermore, because
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infused cells migrate over extended time scales (hours to days), SPECT is compati-

ble with radionuclides of medium to long physical half-life, matched to the biological

time scale of cell tra�cking: half-lives long enough that the signal does not decay too

rapidly, yet short enough to limit prolonged patient exposure [39, 42]. Clinically rel-

evant SPECT radionuclides include technetium-99m (99mTc; t1/2 ≈ 6.0h), indium-111

(111In; t1/2 ≈ 2.8d), and radioiodine isotopes such as 123I and 131I. Indium-111 is par-

ticularly important for direct cell labeling because its half-life supports imaging over

several days after infusion of labeled cells. [42, 39].

PET uses radionuclides that decay by β+ (positron) emission. The emitted positron

travels a short distance in tissue (positron range, typically sub-millimeter to a few mil-

limeters depending on nuclide) before annihilating with an electron. Each annihilation

event produces two collinear γ photons emitted in opposite directions [41, 40]. Only

events in which two opposing detectors register photons within a narrow timing win-

dow are retained as true coincidences. For this reason, PET has intrinsically higher

sensitivity than conventional SPECT and generally achieves somewhat better spatial

resolution in clinical systems (approximately 4�6mm for whole body PET versus 8�

15mm for clinical SPECT) [41, 39].

The most widely used clinical PET tracer is [18F]�uoro-2-deoxy-d-glucose ([18F]FDG),

re�ecting enhanced glycolysis in many tumors and in�ammatory cells; 18F has a half-

life of approximately 110 minutes [40]. For longitudinal cell tracking over hours to

days, longer lived PET radionuclides are preferred, including 64Cu (t1/2 ≈ 12.7 h) and
89Zr (t1/2 ≈ 3.3d), which are typically introduced via chelating ligands such as DOTA,

NOTA, or desferrioxamine (DFO), that stably bind the metal to enable a predictable

and diagnostically useful biodistribution. [39, 43].
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Figure 1.6: Schematic representation of (A) single photon emission computed tomography (SPECT)
and (B) positron emission tomography (PET). (A) SPECT: a γ-emitting radionuclide decays within
the body and emits γ photons isotropically; a collimator transmits only photons travelling nearly
perpendicular to the detector, so that each detector element is sensitive to radiation from a narrow
spatial cone. Rotating the γ camera around the subject yields multiple two-dimensional projections
that are reconstructed into a three-dimensional tomogram. (B) PET: a β+-emitting radionuclide
produces positrons that annihilate with electrons, generating two collinear 511 keV γ photons emitted
in opposite directions; only coincident detection by opposing detectors within a narrow timing window
is retained, de�ning a line of response without physical collimation. Adapted from Man et al. [44].
Figure reproduced via Gawne et al. [39].

PET/SPECT versus MRI in cell tracking. Both modalities provide whole

body, tomographic readouts with excellent sensitivity compared with MRI or optical

methods, but they di�er in instrumentation, radionuclide tracers and operational con-

straints [39, 38]. PET bene�ts from higher sensitivity and more accurate attenuation

correction, whereas SPECT is often more widely available, less expensive and allows

multiplexed imaging of multiple γ-emitting isotopes with distinct energies. A shared

limitation is the use of ionizing radiation, which imposes dosimetry constraints on pa-

tients and sta� and requires GMP compliant radiochemistry. Spatial resolution remains

inferior to MRI and the imaging signal, after direct labeling, can be confounded by ra-

diotracer e�ux, phagocytic clearance of dead cells and dilution of label upon cell divi-

sion [39, 38]. Nevertheless, both modalities have been applied to immune cell tracking

in clinical and translational studies. For direct labeling, autologous leukocytes loaded

ex vivo with 111In-oxine or 99mTc-hexamethylpropyleneamine oxime (99mTc-HMPAO)

and reinfused remain the reference SPECT paradigm for infection and in�ammation

imaging [42, 39]. Direct PET cell tracking has been demonstrated after metabolic or

chelator-based ex vivo labeling of cytotoxic T lymphocytes and CAR-T cells, illustrat-

ing the potential of nuclear imaging for monitoring adoptive immunotherapy in the

central nervous system [38]. Together, these examples establish nuclear medicine as a

translational reference for whole body cell tracking [38].

Magnetic resonance imaging (MRI) represents a complementary approach to nu-

clear medicine for cell tracking in the central nervous system [40, 39]. Unlike PET and

SPECT, MRI does not rely on ionizing radiation and o�ers superior soft tissue con-
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trast and spatial resolution, enabling more precise anatomical localization of labeled

cells within the brain and peritumoral parenchyma, an advantage that is particularly

relevant in glioblastoma, where therapeutic cells must be distinguished from complex

post treatment changes on conventional scans [14, 39]. Cell tracking by MRI is typically

implemented through direct labeling, in which cells are loaded ex vivo with contrast

agents before reinfusion [38, 45]. Two main classes of MRI compatible labels have been

explored: superparamagnetic iron oxide nanoparticles (SPIO), which shorten T2/T
∗
2

relaxation and generate negative (hypointense) contrast [45, 4], and �uorine-based re-

porters detected by proton decoupled 19F-MRI, which exploits the near absence of

endogenous �uorine in tissues to provide a background free and quantitative read-

out [46, 47]. The following subsections review these strategies and their relevance to

adoptive cell therapy monitoring, with particular emphasis on 19F-MRI cell labeling.

1.4.2 Magnetic Resonance Imaging (MRI) and Contrast Agents

Magnetic resonance imaging (MRI) is a tomographic modality that exploits the in-

teraction between nuclear spins of atoms and both static and variable magnetic �elds

in time. [40, 48]. The detected signal arises from radiofrequency (RF) emission by

selected nuclei, most commonly the protons of water in tissues in clinical proton 1H-

MRI, following controlled excitation and relaxation within a strong main magnetic �eld

[48, 49]. For adoptive cell therapy monitoring, MRI is particularly attractive because

it combines a detailed anatomical reference provided by 1H-MRI with direct or indirect

cellular labeling exploiting by 19F-MRI [45, 39, 38].

Physical Principle of MRI

Magnetic resonance imaging (MRI) focuses on speci�c useful nuclei, characterized by

a non-zero nuclear spin angular moment I, so that they are NMR active [48, 49].

By de�nition, the nuclear spin angular moment (I) indicates the amount of �intrinsic

rotation� of the nucleus.

Every atomic nucleus possesses, also, a magnetic moment µ, de�ned as the magnetic

behavior of the nucleus [48].

The magnetic moment of an atom is calculated as µ = γI, where γ is the gyromag-

netic ratio, which di�ers for each isotope [48, 49]. In biological tissues, the dominant

signal source is the proton (1H, I = 1/2, γ/2π ≈ 42.58MHzT−1), present in abundance

in free and bound water, lipids, and macromolecules [48]. Only nuclei with I ̸= 0 are

NMR active; this includes, among others, 19F (I = 1/2, γ/2π ≈ 40.08MHzT−1)

[46, 50].

In the absence of an external �eld, nuclear magnetic moments are randomly oriented

and the net magnetization of a voxel is zero [48]. When the sample is placed in a strong,
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homogeneous static magnetic �eld B0 (typically from 1.5 to 7T), each nuclear magnetic

moment precesses about B0 at the Larmor frequency

ω0 = γB0 or f0 =
γB0

2π
, (1.1)

with a small excess population that aligns parallel with B0. Summing all nuclear

magnetic moments within a voxel (a small 3D volume of tissue), the small excess no

longer cancels, yielding a net magnetization M0 aligned along B0, (conventionally the z

axis), proportional to spin density and �eld strength [48, 49]. At the equilibrium, M0 is

directed along B0 and cannot be detected directly; MRI therefore requires a resonance

frequency (RF) excitation to create a detectable transverse component [48].

Indeed, a brief RF pulse applied perpendicular to B0 at the Larmor frequency f0 de-

livers energy resonantly to the nuclear spin and tips M0 away from the z axis, creating

transverse magnetization Mxy, that precesses coherently and induces a voltage in the

receiver coil [48, 49]. The �ip angle α depends on pulse duration, B1 amplitude, and γ;

in spin-echo and gradient-echo sequences, α is typically chosen between 90◦ and 180◦

for excitation or refocusing [48]. After the RF pulse is switched o�, the magnetization

vectors relax back toward equilibrium: the longitudinal component (Mz) recovers to-

ward M0, while the transverse component (Mxy) decays as the spins dephase with one

another. This time-domain signal, coming from the decaying transverse magnetization

(Mxy), is often referred to as the free induction decay (FID) [48]. In most clinical

sequences, however, the data used for imaging are acquired at an echo (spin-echo or

gradient-echo) at a chosen echo time TE, when the signal is stronger and more stable

[48, 40]. During readout, magnetic �eld gradients (Gx, Gy, Gz) encode spatial infor-

mation into k-space by making the Larmor frequency and phase position-dependent,

so that each sampled signal point corresponds to a location in k-space (not yet to an

anatomical image). Inverse Fourier transformation (IFFT) of the complete k-space

dataset reconstructs the anatomical image [48, 40, 49].

Once excited, magnetization returns to equilibrium through two independent relax-

ation mechanisms [48, 49]:

� Longitudinal (spin�lattice) relaxation (T1) restores Mz toward M0. T1 mea-

sures how quickly longitudinal magnetization recovers alignment with B0: a short

T1 indicates rapid recovery and a long T1 indicates slow recovery [48, 49]. On

T1-weighted images, tissues with short T1 appear bright, whereas �uids with long

T1 remain dark [48, 49]. T1-weighted scans are widely used for anatomical and

structural assessment [40, 48].

� Transverse (spin�spin) relaxation (T2) dephases Mxy with time constant T2

[48, 49]. T2 characterizes how rapidly transverse magnetization (Mxy) dephases as
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spins lose phase coherence during return toward equilibrium; T2 is always less than

or equal to T1 [48, 49]. On T2-weighted images, �uids with long T2 appear bright,

as in vasogenic edema and many in�ammatory processes [48, 49, 40]. The apparent

decay constant T ∗
2 is closely related to T2 but additionally includes dephasing from

static main �eld inhomogeneities and local magnetic susceptibility variations, with

T ∗
2 ≤ T2 [48, 49].

The �gure 1.7 shows an overwie of the physical principles.

Figure 1.7: Overview of the MRI process: alignment in B0, RF excitation, T1/T2 relaxation, FID
detection, gradient encoding, and image reconstruction.

Once the k-space data are reconstructed, image quality is commonly described

by the signal-to-noise ratio (SNR) and by tissue contrast. The SNR quanti�es how

much larger the useful MRI signal is than the random �uctuations (noise) that limit

detectability [48, 49]. In a region of interest it is estimated as

SNR =
S

σn

, (1.2)

where S is the mean signal intensity and σn is the standard deviation of the noise, often

measured in a signal-free background region [48]. Image contrast, in turn, is de�ned as

the di�erence in signal intensity between a region of interest and its surroundings [49].

A large contrast between tissues is clinically useful only if both signals are su�ciently

above the noise level; otherwise, di�erences cannot be distinguished reliably. In MRI,

contrast is therefore not a single physical parameter: the signal in each voxel depends

on intrinsic tissue properties (proton density ρ, T1, T2, apparent di�usion coe�cient D,
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magnetic susceptibility χ) and on extrinsic acquisition choices (α, B0, coil con�gura-

tion) [40, 49, 51]. For adoptive cell tracking, limited SNR remains a frequent bottleneck

when labeled cells are sparse, even when contrast agents are used to enhance tissue

di�erences [45, 52].

When intrinsic di�erences in ρ, T1, or T2 are insu�cient to distinguish tissues,

exogenous contrast agents (CAs) are introduced to shorten relaxation times in their

microenvironment [49, 51, 53]. Most clinical CAs do not emit signal themselves; they

alter the relaxation of surrounding water protons through dipolar and susceptibility

interactions at the molecular or particulate scale [49, 40]. The e�ect is quanti�ed by

longitudinal and transverse relaxivities r1 and r2 (mM
−1 s−1), de�ned through

1

T1

=
1

T1,0

+ r1[CA],
1

T2

=
1

T2,0

+ r2[CA], (1.3)

where T1,0 and T2,0 are relaxation times in the absence of agent and [CA] is the local

e�ective concentration [49, 53].

Gadolinium-based contrast agents (GBCAs). Gadolinium(III) ions, Gd3+, are

strongly paramagnetic and, when chelated to macrocyclic or linear poly-amino-poly-

carboxylate ligands (e.g., DTPA, DOTA), form stable, water-soluble complexes ap-

proved for intravenous use [51, 53]. Chelates reduce free-ion toxicity because Gd3+ is a

strongly electropositive heavy metal that can interfere with cellular channels and bind

to endogenous proteins or phospholipids. The stable complex with Gd3+, conferring

both thermodynamic and kinetic stability. Furthermore, by selecting the appropriate

chelator, biodistribution can be controlled by tuning the physicochemical properties of

the complex, according to the intended application. GBCAs are classi�ed by distri-

bution: extracellular agents (rapid distribution in plasma and interstitium, renal elim-

ination) for CNS tumor enhancement and angiography; blood agents (e.g., albumin

binding formulations) for prolonged intravascular contrast; and hepatobiliary agents

with partial hepatic uptake for liver lesion characterization [51, 40].

Mechanistically, Gd3+ increases r1 and r2 of nearby water protons by modulating

�uctuating local magnetic �elds, shortening both T1 and T2 [53, 51]. On standard

T1-weighted sequences at clinical concentrations, the T1 e�ect dominates: tissues with

higher Gd3+ concentration appear hyperintense (positive contrast) [51, 49]. Limitations

include the enhancement which is indirect and nonspeci�c, quanti�cation which is

di�cult and usually requires subtraction imaging. High cellular loading raises safety

concerns; these constraints have motivated alternative reporters such as SPIO and 19F

probes for quantitative adoptive cell tracking [45, 4, 39]. Nevertheless, in clinical neuro-

oncological imaging, GBCAs remain essential for lesion detection and delineation, as

illustrated in Figure 1.8. [54].
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Figure 1.8: Glioblastoma (a) and metastasis (b) on coronal T1-weighted MRI before (left) and after
(right) administration of gadolinium-based contrast agent (Gd-CA). Post-contrast enhancement de-
lineates pathological regions that are poorly visible on pre-contrast images. Reproduced from [54].

1.4.3 Cell Labeling with Superparamagnetic Iron Oxide Nanopar-

ticles (SPIO, USPIO, MPIO)

Superparamagnetic iron oxide nanoparticles (SPIO) are nanometric particles with mag-

netite or maghemite cores (magnetic iron oxides) stabilised by dextran, carboxydextran

or related coatings, for colloidal stability. [55, 56, 57]. They are the classical negative

(T2/T
∗
2 ) contrast agents for MRI cell tracking, where labelled regions appear darker

(hypointense). [57, 45].

Because MRI signal depends on how rapidly water proton magnetisation relaxes,

SPIO are used chie�y to accelerate T2 and T ∗
2 relaxation in their microenvironment,

quanti�ed by elevated transverse relaxivities r2 and r∗2 [49, 55]. When the magnetic

core is smaller than the size of bulk iron, the energy barrier for reorienting the par-

ticle magnetic moment becomes comparable to thermal energy at body temperature;

the moment therefore �uctuates stochastically in direction, a regime termed super-

paramagnetism [55, 57]. This behaviour generates microscopic �eld gradients around

nearby water protons, which rapidly dephase the transverse magnetisation (Mxy) and

shorten T2 and T ∗
2 ; on T2- or T

∗
2 -weighted images, labelled tissue consequently appears

hypointense [57, 45].

Formulations are commonly grouped by hydrodynamic size and biodistribution:

SPIO (≳50 nm; strong T ∗
2 contrast, hepatic, splenic and macrophage imaging), US-

PIO (∼20�50 nm; prolonged blood half-life), and micron-scale MPIO (high iron pay-

load per particle but limited uptake by non-phagocytic cells, such as lymphocytes)

[57, 55]. In adoptive immunotherapy, cells are usually labelled ex vivo by endocytosis

[45, 4]. As reviewed by Mali et al., proton MRI detects iron indirectly through relax-

ation e�ects, so cell number is di�cult to quantify, label is diluted with proliferation,

hypointense voids can confound interpretation by mimicking haemorrhage or suscepti-

bility artefacts (Figure 1.9) [57, 45, 58], motivating direct 19F reporters treated in the

next subsection.
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Figure 1.9: MRI �ndings of BBB opening and brain hemorrhage. Pictures were drawn from a rat
sonicated with an acoustic pressure of 1.9MPa. a: T ∗

2 -weighted images before SPIO injection showing
the occurrence of brain hemorrhage (arrow). b: T ∗

2 -weighted images with SPIO enhancement showing
an extensive region of BBB disruption (arrow). Reproduced from [58].

The use of iron oxide nanoparticles has been among the earliest and most established

approaches to cellular labelling for MRI-based monitoring.

1.4.4 19F-MRI

Fluorine-19 magnetic resonance imaging (19F-MRI) is a variant of MRI, in which the

detected signal originates from the 19F nucleus, rather than from the protons of tissue

water that dominate clinical 1H-MRI [50, 46, 52]. Natural �uorine comprises a single

stable isotope, 19F (I = 1/2, 100% abundance), which is NMR active and possesses a

gyromagnetic ratio close to that of the proton (γ/2π ≈ 40.08MHzT−1 for 19F versus

≈ 42.58MHzT−1 for 1H) [46, 48]. In biomedical applications, 19F-MRI is almost always

performed after administration of an exogenous �uorinated contrast agent or after ex

vivo loading of cells with a �uorinated probe; the resulting images map the spatial

distribution of �uorine introduced into the body, typically as per�uorocarbon (PFC)

emulsions, highly �uorinated small molecules or �uorinated nanoparticles [46, 59, 57].

At the level of nuclear magnetic resonance physics, 19F-MRI does not rely on a

di�erent imaging mechanism from 1H-MRI: in both cases, spins align along the main

�eld B0, are tipped into the transverse plane by an RF pulse at the Larmor frequency

f0 = γB0/(2π) (Equation 1.1), undergo T1 and T2 relaxation and are spatially encoded

by magnetic �eld gradients before Fourier reconstruction [48, 46]. What changes is

the observed nucleus and, consequently, the origin of image contrast. Clinical 1H-

MRI exploits the enormous proton pool of water and macromolecules, with contrast

shaped by ρ, T1, T2, di�usion D and susceptibility χ; exogenous 1H contrast agents

(gadolinium chelates, SPIO) modulate the proton signal indirectly through relaxation

of neighbouring water molecules [49, 45]. In 19F-MRI, by contrast, the imaged signal
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belong to the administered �uorinated probe itself: signal intensity re�ects the local

concentration of 19F nuclei (and their relaxation behaviour), not the modulation of

tissue water [46, 59].

Operationally, several di�erences follow from this distinction [52, 46]. First, dedi-

cated RF hardware is required because the 19F resonance frequency di�ers from that

of protons at the same �eld strength (for example, at 3T, f0 ≈ 123MHz for 1H and

≈ 117MHz for 19F). Second, 1H decoupling or selective excitation is often applied

during 19F readout to simplify spectra when probes contain many chemically equiva-

lent �uorines. Third, intrinsic sensitivity per nucleus is slightly lower for 19F than for
1H because of the smaller gyromagnetic ratio, but the dominant limitation in vivo is

the extremely low concentration of endogenous �uorine in soft tissues, typically in the

micromolar range or below for free �uoride, with most signal arising from insoluble

deposits in bone and teeth. [46, 52]. Detectable 19F-MRI therefore requires high local

�uorine payload in labeled cells or concentrated nanoemulsions; Amiri et al. estimate

that, for human studies at 1 cm3 resolution, tissue concentrations on the order of a

few millimoles per litre of 19F per voxel may be needed within reasonable scan times

[52]. Fourth, unlike SPIO-based tracking, 19F-MRI does not create susceptibility voids

on 1H images: labeled cells appear as discrete positive signal on the �uorine channel,

while anatomy is read from the proton channel in a dual-nuclei examination [45, 46].

Advantages and limitations. The principal advantages of 19F-MRI for cell tracking

are summarized in Table 1.2 [46, 60, 57, 52]. (i)Negligible endogenous background

in soft tissues yields high speci�city. Indeed, signal above the detection threshold is

attributable to the �uorinated label rather than to native tissue chemistry, avoiding

false positives from haemorrhage, calci�cation or air�tissue interfaces that confound

SPIO hypointensities [46, 45]. (ii)Direct quantitative detection, because 19F signal

is linearly related to the number of �uorine atoms in a voxel after coil sensitivity

correction and calibration against a reference phantom, enabling estimation of cell

number or �uorine load in vivo, which is a capability that 1H-MRI indirect labels

only approximate semi-quantitatively [60, 52, 59]. (iii) No baseline subtraction is

required, unlike many Gd3+-based strategies. (iv) No ionizing radiation is involved,

supporting repeated longitudinal imaging in the same subject. (v) Multiplexing

(Wide chemical shift range(> 350 ppm)) is possible when probes with distinct
19F chemical shifts (e.g., di�erent PFCs) are used, allowing simultaneous tracking of

multiple cell populations in one session [46, 61]. (vi) Compatibility with clinical

MRI infrastructure is improving through dual-tuned coils and combined 1H/19F

sequences, as demonstrated for CAR-T and dendritic cell tracking in recent preclinical

and translational work [47, 52].

Important limitations must also be acknowledged. Sensitivity remains the main
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hurdle towards routine clinical use, such as achieving adequate signal-to-noise ratio

(SNR) in lymphocytes and other non-phagocytic cells, which demands e�cient ex vivo

labeling, high �uorine content per cell, developing more performing �uorinated tracer,

optimized T1/T2 properties of the probe and tailored acquisition schemes (dedicated

coils, short echo times or spectroscopic imaging approaches and recent advances in MRI

technology) [52, 57]. Moreover, label is diluted with cell division, shortening the window

for detection [45, 39]. Residual extracellular nanoparticles or free probe can generate

spurious 19F signal that mimics intracellular label, because co-acquired anatomical 1H-

MRI by itself does not distinguish intracellular from extracellular �uorine. For this

reason, in the context of ex vivo cell labeling, puri�cation from free nanoparticles is

rigorous. [52].

Table 1.2: Comparison of 19F-MRI with proton-based cell labeling for adoptive cell tracking (adapted
from [46, 45, 52, 57]).

Feature 1H-MRI with SPIO/Gd labels 19F-MRI with �uorinated probes

Signal source Indirect: modulation of tissue water 1H sig-
nal

Direct: 19F spins in the label

Endogenous background Strong proton signal from all tissues Negligible in soft tissues at liquid state con-
centrations

Image appearance Hypointense voids (SPIO) or hyperintense
enhancement (Gadolinium) on 1H images

Positive �hot spots� on 19F channel;
anatomy from co-acquired 1H

Quanti�cation Semi-quantitative, confounded by indirect
detection

Signal ∝ number of 19F atoms

Typical artefacts Susceptibility blooming, confusion with
haemorrhage or post-operative changes

Low SNR if under-loaded; extracellular la-
bel; dilution with proliferation

Radiation None None

The central motivation for 19F-MRI in adoptive cell therapy is to obtain a speci�c,

potentially quantitative readout of labeled therapeutic cells without the confounders

that limit proton-based negative or positive contrast strategies [45, 60, 52]. After

direct labeling, cells internalize a �uorinated cargo that remains intracellular for a

�nite period; only sites containing su�cient 19F atoms generate signal, producing �hot

spot� maps of cell localization that can be co-registered with anatomical 1H images

acquired in the same session [46, 47, 39]. This approach has been applied to dendritic

cells, macrophages, stem and progenitor cells, and, more recently, CAR-T and other

lymphocyte products, both in preclinical models and in early translational studies or

for clinical use (Clinical Trial ID: NCT05366179). [59, 61, 47, 57]. In the following

Figure 1.10, it is shown �uorinated probes that have been widely used for imaging

in�ammatory activity by in in vivo labeling following systemic administration. Indeed,

nanoformulations of �uorinated probes are avidly taken up by phagocytes as leukocytes

that are highly present in injured tissues or organs with an immune reaction [62, 59, 52].
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Figure 1.10: A Bioorthogonal Probe for Multiscale Imaging by 19F-MRI and Raman Microscopy
(Chirizzi et al. [63]). (a�b) Sagittal mouse overlays of 19F signal (red) on co-acquired 1H anatomy
(grey). (c) Bright-�eld image of a tissue section with the dashed box marking the Raman �eld of
view. (d�e) Raman maps localizing PERFECTA and a composite view separating probe signal from
major endogenous tissue contributions. (f) Representative Raman spectra used to assign the probe.
The purpose is to bridge in vivo MRI localization with micrometre-scale Raman readout on the same
�uorinated agent, without a separate �uorescent or radioactive label.

1.5 Fluorinated Probes and Polymeric Nanoparticles

E�ective monitoring of adoptive cell therapy by 19F-MRI requires reinfused lympho-

cytes to carry a high intracellular 19F payload that is retained by viable e�ector cells

throughout puri�cation and after infusion. The choice of probe type, �uorine content

per particle, labelling e�ciency, cytotoxicity and retention during proliferation, de�nes

how transferred cells can be localized and quanti�ed in vivo. The following subsections

review the main Per�uorocarbons (PFC)-based platforms and polymeric carriers used

for this purpose, with particular focus to PERFECTA and to PLGA-based nanofor-

mulations developed for e�cient cell labelling and 19F-MRI detection.

Linear and cyclic PFC molecular tracers. Per�uorocarbons are fully �uorinated

compounds with hydrocarbons backbone (in which all hydrogens have been substituted

by �uorine), with very low water solubility. For 19F-MRI they are almost always formu-

lated as oil-in-water nanoemulsions or encapsulated in polymer shells [64, 59]. Beyond

enabling aqueous dispersion, this class is attractive because very strong carbon��uorine

bonds confer substantial thermal, chemical and oxidative stability, while the high elec-

tronegativity of �uorine, low polarizability of C�F motifs and comparatively weak in-

termolecular interactions jointly support a chemically inert pro�le at physiological pH.



1.5. FLUORINATED PROBES AND POLYMERIC NANOPARTICLES 25

Moreover, per�uorocarbon liquids dissolve respiratory gases far more e�ciently than

aqueous media, which has motivated oximetry-oriented protocols in which oxygen-

dependent relaxation or spectroscopic signatures are read together with anatomical

localization, to de�ne tumor-area variations based on the low oxygen levels. The fol-

lowing molecular PFCs have dominated preclinical cell-tracking studies for decades:

� Per�uorooctyl bromide (PFOB) is a linear C8 per�uoroalkyl-bromide bearing

17 �uorine atoms in several distinct chemical environments. It therefore produces

a complex 19F-NMR spectrum with multiple resonances, lower e�ective sensitivity

per unit concentration and broader Raman features than symmetric probes [64, 63].

PFOB emulsions stabilized with phospholipids or Pluronic surfactants (typically

100�280 nm) have been used extensively for macrophage and stem-cell tracking

[61, 59].

� Per�uoro-15-crown-5-ether (PFCE) is a macrocyclic ether with 20 chemically

equivalent �uorine atoms, giving a single sharp 19F-NMR signal (around −92 to

−92.5ppm) and favourable spin-lattice relaxation for imaging [64, 65]. PFCE na-

noemulsions (often 150�250 nm) represent one of the best characterized platforms

for immune cell labelling and have been formulated with lecithin, Pluronic or semi-

�uorinated block copolymers at high �uorine loadings (up to ∼35% v/v in advanced

preparations) [65, 61]. Multiplexed 19F-MRI is possible when PFCE is combined

with probes resonating at a distinct chemical shift, such as PERFECTA [62, 61].

� Per�uoropolyethers (PFPE) and related linear �uorinated oils extend the chem-

ical space of PFC tracers and are often incorporated into polymer nanodroplets or

micelles for cell labelling and targeted delivery [64, 57]. Across all PFC classes, the

common formulation strategy is an oil-in-water emulsion in which the hydropho-

bic �uorocarbon core is surrounded by a surfactant corona,classically phospholipids

(e.g., lecithin), non-ionic block copolymers (Pluronic F-68 or F-127), or mixtures

with cholesterol and auxiliary lipids,to confer aqueous stability and control particle

size between roughly 100 and 300 nm [64, 59].

1.5.1 PERFECTA as a 19F-MRI molecular probe

PERFECTA (suPERFluorinatEd ContrasT Agent) is a symmetric, hyperbranched

molecular probe, reporter with a single, intense NMR resonance peak (-73.4ppm) and a

distinctive Raman signature (770 cm−1) [66, 64]. Its systematic name is tetra(per�uoro-

tert-butyl)pentaerythritol; the molecular formula is C21H8F36O4 (molecular weight

1008Da) [62, 63]. The structure consists of a pentaerythritol core bearing four equiva-

lent per�uoro-tert-butyl ether arms, yielding 36 magnetically equivalent 19F nuclei

in a highly symmetric arrangement (Figure 1.11).
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Figure 1.11: Chemical structure of PERFECTA (tetra(per�uoro-tert-butyl)pentaerythritol; suPER-
FluorinatEd ContrasT Agent).

PERFECTA was designed as �super�uorinated� contrast agent combining a high

�uorine density with molecular rigidity and symmetry, properties that maximize 19F-

MRI sensitivity and simplify spectral detection [66, 64]. Like other PFCs, PERFECTA

is hydrophobic and must be formulated as a core in nanovector for aqueous or biological

use [67, 68][95, 96, 97].

The key physicochemical properties of PERFECTA compared with PFCE and

PFOB are summarized in Table 1.3. PERFECTA exhibits a single sharp 19F-NMR

signal at −73.4ppm (referenced to tri�uoroacetic acid, TFA), whereas PFCE resonates

near −92.5ppm and PFOB shows multiple resonances [63, 62]. The integrated signal

intensity scales linearly with �uorine concentration and is substantially higher than

that of PFCE or PFOB at matched molar doses, because all 36 �uorines contribute

coherently to one resonance [63, 64].

In Pluronic F-68 nanoemulsions (∼200�250 nm) [62], PERFECTA nanoformula-

tions display colloidal stability for at least 15 days at 25 ◦C (PDI < 0.2) and remain

stable in biological �uids for at least 72 h at 37 ◦C [63]. At 7T and 20 ◦C, relaxometry

on emulsi�ed probes gave T1 ≈ 690ms and T2 ≈ 202ms for PERFECTA, compared

with T1 ≈ 1180ms and T2 ≈ 610ms for PFCE at comparable �uorine concentration

(4 × 1019 19F -atoms/mL) [62]. Shorter T1 favours faster imaging sequences and im-

proved sensitivity per unit time, an important practical advantage for cell-tracking

protocols [67, 52].

A distinctive feature of PERFECTA is its intense, narrow Raman band at∼770 cm−1,

assigned to C�F stretching and bending modes of the symmetric per�uoro-tert-butyl

groups [63]. By contrast, PFOB and PFCE show broader, weaker Raman features (724

and 820 cm−1, respectively) related to conformational �exibility [63]. Because mam-

malian tissues lack endogenous Raman signals in this region, PERFECTA enables

bioorthogonal multiscale imaging: the same formulated probe can be detected

by 19F-MRI across the whole body and localized at cellular resolution by Raman mi-

croscopy on tissue sections, without requiring a second �uorescent or radioactive label

[63], as seen in Figure 1.12. Multiplexed Raman/19F-MRI has been demonstrated by
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labelling di�erent cell populations with PERFECTA- and PFCE-based nanoemulsions

[63, 62], demonstrating the superiority of PERFECTA as a contrast agent.

Table 1.3: Representative properties of common �uorinated 19F-MRI probes (compiled from [64, 62,
63]).

Probe Formula / type Equivalent 19F δ (ppm) T1 / T2 (7T, 20 ◦C)

PERFECTA C21H8F36O4; branched 36 −73.4 ∼690 / ∼202ms†

PFCE Macrocyclic ether 20 ∼ −92.5 ∼1180 / ∼610ms†

PFOB Linear C8 per�uoroalkyl Br 17 (non-equivalent) Multiple Variable

†Measured on Pluronic F-68 emulsions at 4× 1019 19F -atoms/mL [62].

Figure 1.12: Bimodal �uorinated probes: nanoformulation, characterization and screening (Chirizzi
et al. [63]). (a) Chemical structures of PERFECTA, PFOB, and PFCE, and their formulation into
Pluronic F-68 nanoformulations with diameters of about 200�250 nm. (b) Comparison of imaging
properties: 19F-MRI spectra (left) and Raman spectra highlighting probe vibrational features versus
cellular background (right), with bar charts summarizing relative MRI and Raman signal strengths
across the three probes.

1.5.2 PLGA-based nanoformulations for 19F-MRI Imaging

Poly(lactic-co-glycolic acid) (PLGA) is the most widely used polyester because it is

biodegradable, FDA-approved in several device and drug formulations [67, 69]. Chem-
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ically, PLGA is a random copolyester obtained by ring-opening polymerization of

lactide and glycolide, with a backbone of ester repeat units derived from lactic acid

(−[O-CH(CH3)-CO]−, C3H4O2) and glycolic acid (−[O-CH2-CO]−, C2H2O2). Its hy-

drolytic degradation produces biocompatible lactate and glycolate metabolites, lim-

iting long-term retention of the carrier after labelling or administration. The lac-

tide/glycolide ratio can be tuned to modulate hydrophobicity, glass-transition temper-

ature and degradation kinetics, so that release of a hydrophobic cargo such as PER-

FECTA can be matched 19F-MRI-acquisition time and clereance request. Unlike liquid

per�uorocarbon emulsions, the polymeric core de�ned a matrix that can protect the

�uorinated cargo, modulate release and clearance and tune biodistribution, through

polymer chemistry and surface coating [57, 60]; di�erent coating types are used for

optimize control of colloidal stability, charge and cellular uptake, without chemically

modifying the �uorinated payload [67, 70, 57, 69].

For adoptive cell therapy, the ideal �uorinated carrier must deliver a high intracel-

lular 19F load without compromising viability or e�ector function of cells.

Upon contact with biological �uids, nanoparticles rapidly adsorb proteins from the

surrounding medium; this adsorbed layer is termed the protein corona (PC) because

it forms a protein shell around the particle surface. The PC confers a biological be-

haviour to the nanocarrier that promotes recognition by cells and can trigger endocytic

pathways, thereby modulating nanoparticle uptake [70] (Figure 1.13).

Figure 1.13: Schematic representation of the components used to produce 19F�PLGA NPs containing
the super�uorinated probe (PERFECTA) and coated by di�erent stabilizers. The obtained 19F�
PLGA NPs show a di�erent behaviour in the biological environment with a diverse tendency to form
the protein corona (PC). The PC modulates cell labelling e�ciency through di�erent internalization
pathways and has a signi�cant impact on 19F-MRI sensitivity (adapted from Chirizzi et al. [70]).



1.5. FLUORINATED PROBES AND POLYMERIC NANOPARTICLES 29

Three PERFECTA-PLGA NP formulations based on di�erent biocompatible stabi-

lizers were developed, optimized, and compared to investigate their e�ects on cellular

responses.(Table 1.4) [67, 70].

Table 1.4: Physicochemical properties of PERFECTA@PLGA NPs stabilized with di�erent surfac-
tants (mean± SD; adapted from [67, 70]).

Formulation DH (nm) PDI ζ (mV) Encapsulation (%)

PERFECTA@PLGA�NaC 104± 10 0.20± 0.03 −49± 5 48± 10

PERFECTA@PLGA�PVA 206± 9 0.12± 0.03 −13± 1 61± 12

PERFECTA@PLGA�CS 215± 51 0.16± 0.06 +19± 8 47± 9

Sodium cholate (NaC; formula C24H39NaO5; molecular weight 430.55 g/mol; purity

≥ 99%, typically derived from bovine/ovine bile; 0.6% w/v aqueous phase) is an an-

ionic bile salt that produces the smallest NPs (∼100 nm) with strongly negative surface
charge. NaC-stabilized particles are preferentially internalized by phagocytic cells (BV-

2 microglia, macrophages lines in [67, 70]) through pathways dominated by phagocyto-

sis and clathrin/caveolin-mediated endocytosis, showing the brightest 19F-MRI signal

per cell in vitro [67, 70]. NaC formulations also show favourable T1 relaxation (∼260�
350ms) and long T2 (∼200ms), supporting rapid and sensitive acquisition [67, 70]. This
enhanced labelling performance is plausibly linked to the ability of these nanoparticles

to promote formation of a stable, well-structured protein corona, which in turn favours

greater cellular uptake and, consequently, a stronger 19F-MRI signal. The same be-

haviour has also been validated in other non-phagocytic cell types, including murine

and human neural stem cell precursors, cells already explored as an experimental ther-

apeutic strategy in multiple sclerosis [70]. For this reason, NaC-PERFECTA@PLGA

is the formulation of choice for ex vivo labelling of CAR-T cells and other immune

e�ectors in culture, where maximal intracellular �uorine loading per incubation period

is paramount.

Poly(vinyl alcohol) (PVA, 2% w/v aqueous phase) is the classical emulsion stabi-

lizer for injectable PLGA NPs and is widely use for systemic administration [67, 57].

PVA-coated PERFECTA@PLGA NPs are larger (∼200 nm), more neutral in charge

(ζ ≈ −13mV), and achieve the highest PERFECTA encapsulation e�ciency (up to

∼61%), with low PDI [67]. Although cellular uptake is lower than for NaC NPs in

static culture, PVA-NPs form a well de�ned protein corona in serum supplemented

media that can enhance phagocytic recognition and improve labelling performance un-

der physiologically relevant conditions [70]. Accordingly, PVA-PERFECTA@PLGA

NPs are preferred for in vivo studies and for protocols in which nanoparticles are ad-

ministered systemically before or after cell infusion, whereas NaC NPs are optimized

for direct ex vivo contact with therapeutic cells.

Chitosan (CS) introduces a mildly positive surface charge and represents an inter-

mediate strategy to promote electrostatic interactions with the cell membrane; uptake
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and relaxation properties lie between NaC and PVA formulations [70].

Encapsulated PERFECTA retains its single peak 19F-NMR signature inside PLGA,

con�rming that the probe is not chemically degraded during fabrication [67]. In vitro

labelling of BV-2 cells with NaC-PERFECTA@PLGA at ∼ 1014 19F-atoms/cell for 4 h

produced clearly detectable cell pellets on 7T 19F-MRI, with viability comparable to

untreated controls [67]. Subsequent work demonstrated that protein-corona formation

on PVA- and NaC-coated NPs in cell-conditioned medium, in presence of Fetal Bovine

Serum, FBS, can further modulate uptake; emphasizing the need to characterize NPs

in the same media used for CAR-T culture. [70] (Figure 1.14).
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Figure 1.14: In vitro direct cell-labelling study comparing PERFECTA@PLGA nanoparticles sta-
bilized with sodium cholate (NaC), chitosan (CS), or poly(vinyl alcohol) (PVA) in murine BV-2
microglial cells (adapted from Chirizzi et al. [67, 70]). (A) Biocompatibility assessed by trypan
blue exclusion: viability of labelled cells after 4, 6, and 8 h incubation, normalized to unlabeled con-
trols. (B) Time-dependent intracellular 19F loading quanti�ed by 19F-MRI (19F atoms per cell).
(C�D) Labelling e�ciency in DMEM supplemented with 0% or 10% fetal bovine serum (FBS) for
PERFECTA@PLGA�NaC (C) and PERFECTA@PLGA�PVA�CS (D). (E�F) Representative 19F-
MRI phantoms of cell pellets labelled under the same FBS conditions (250 000 cells per sample;
external reference = 5× 1019 19F atoms).

The NaC-PERFECTA@PLGA platform developed in these studies to optimize ex

vivo CAR-T cell labeling provided the methodological basis for the experimental work

described in the Materials and Methods and Results chapters of this thesis.
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Chapter 2

Materials and Methods

Experimental activities were distributed between two institutions. Nanoparticle for-

mulation and physicochemical characterization were performed at Politecnico di Mi-

lano (Department of Chemistry, Materials, and Chemical Engineering �Giulio Natta�;

SupraBioNanoLab, Prof. Francesca Baldelli Bombelli). In vitro biological experi-

ments on CAR-T cells were conducted at Fondazione IRCCS Istituto Neurologico Carlo

Besta (Milan), Division of Neuro-immuno-oncology (laboratory of Prof.ssa Serena Pel-

legatta), under the supervision of Dr. Cristina Chirizzi and the scienti�c guidance of

Prof. Serena Pellegatta. 19F-MRI acquisitions at 7T were performed at the Division

of Neuro-radiology and 7T-MRI of the same institution.

2.1 Materials

2.1.1 Chemicals and reagents

Solvents

The solvents used for nanoparticle formulation and physicochemical characterization

are listed in Table 2.1.

Table 2.1: Solvents used in this research work.

Material Speci�cation Supplier
(country)

Ethyl acetate (EtOAc) Purity ≥ 99.5% Sigma-Aldrich
(Germany)

Ultrapure water (mQw) Type I; 18.2mΩ/cm Simplicity® system
(Merck, Germany)

Deuterium oxide (D2O) 99,9 atom %D for 19F-NMR standard Sigma-Aldrich
(Germany)

33
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Nanoparticle formulation

Materials for PERFECTA@PLGA nanoparticle preparation are summarized in Ta-

ble 2.2.

Table 2.2: Materials for nanoparticle formulation.

Material Speci�cation Supplier

Poly(lactide-co-
glycolide)(PLGA)

Resomer® 502H; lactide:glycolide 50:50; 7�17kDa; acid
terminated

Sigma-Aldrich
(Germany)

Sodium cholate (NaC) 0.6% w/v aqueous phase Sigma-Aldrich
(Germany)

PLGA�Rhodamine B Lactide:glycolide 50:50; 10�30 kDa; 3.12µg/mg dye Sigma-Aldrich
(Germany)

PERFECTA Synthesized by SupraBioNanoLab, Politecnico di Milano,
according to Tirotta et al. [66]

�

Sodium �uoride (NaF) Mw = 41, 98 g/mol; Reference for 19F-NMR Sigma-Aldrich
(Germany)

Tri�uoroacetic acid (TFA) CF3COOH; Mw = 114.02 g/mol; δ = −75.5ppm; Reference for
19F-MRI

Sigma-Aldrich
(Germany)

2.1.2 Cell lines and biological materials

Human B7-H3-targeting CAR-T cells were generated at the Division of Neuro-immuno-

oncology, Fondazione IRCCS Istituto Neurologico Carlo Besta, from peripheral blood

mononuclear cells (PBMCs) of healthy donors [16, 15]. For cytotoxicity assays, U87-

MG glioblastoma neurospheres were used as target cells. NIH-3T3 mouse embryonic

�broblasts were used to optimize the protocol for conditioned medium for protein

corona stability assays (Table 2.3).

Table 2.3: Cell lines and biological materials used in in vitro experiments.

Biological material Description / Culture conditions Source

Human CAR-T cells Anti-B7-H3 CAR; expanded in TCM ± IL-7/IL-15; used 7�12
days post-transfection

FINCB (Pellegatta
Group)

U-87 MG cells Adherent glioblastoma line; expanded in
DMEM/F12�GlutaMAX� + 10% FBS, 1% NEAA, 1% P/S,
0.4% fungizone;

ATCC

NIH-3T3 cells Adherent mouse embryonic �broblast line (NIH Swiss);
expanded in DMEM Gibco + 10% FBS + 1%P/S +
1%L-Glutamine; used for conditioned-medium preparation in
protein corona assays

Cytion (cat. no.
400101)

CAR-T cell culture reagents

Culture media and supplements are listed in Table 2.4. T cell medium (TCM) was

prepared as 44% Click's Medium, 44% RPMI-1640, 10% FBS-HyClone, 1% penicillin�

streptomycin v/v, and 1% L-glutamine v/v. For T-cell expansion, TCM was sup-

plemented with recombinant human interleukin IL-15 and IL-7 (1:20000 and 1:10000
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respectively); labelling and functional assays were performed in TCM without cytokine

supplementation.

Table 2.4: CAR-T cell culture reagents.

Material Speci�cation Supplier

RPMI-1640 Medium (1X) With 2.05mM L-glutamine; sterile �ltered Cytiva HyClone� (Logan, UT,
USA)

Click's Medium Eagle's MEM / Ham's amino acid BME; without
NaHCO3 and L-glutamine

Sigma-Aldrich (UK)

Fetal bovine serum (FBS) Characterized; U.S. origin Cytiva HyClone� (Logan, UT,
USA)

Fetal bovine serum (FBS),
Gibco

Endotoxin ≤ 10EU/mL; hemoglobin
≤ 25mg/dL; triple 0.1µm sterile-�ltered

Gibco, Thermo Fisher Scienti�c
(Waltham, MA, USA)

DMEM, Gibco High glucose (4500mg/L); without L-glutamine,
sodium pyruvate, and HEPES; NaHCO3 bu�er
(∼44mM);

Gibco, Thermo Fisher Scienti�c
(Waltham, MA, USA)

Penicillin�streptomycin (P/S) 10 000U/mL penicillin; 10 000µg/mL
streptomycin

Gibco, Thermo Fisher Scienti�c
(Waltham, MA, USA)

L-Glutamine 200mM Gibco, Thermo Fisher Scienti�c
(Waltham, MA, USA)

Human IL-15 and IL-7 For T-cell expansion only �

Trypan Blue solution 0.4%; viability exclusion assay Sigma-Aldrich (Germany)

Paraformaldehyde (PFA) 4% v/v in water; cell �xation before MRI analysis Sigma-Aldrich (Germany)
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Labelling, Puri�cation and Staining reagents

Reagents for CAR-T labelling, puri�cation, and �ow cytometry staining are summa-

rized in Table 2.5.

Table 2.5: Labelling, puri�cation, and staining reagents.

Material Speci�cation / use Supplier

MACS® labelling bu�er Cell staining and �ow cytometry Miltenyi Biotec (Bergisch
Gladbach, Germany)

Anti-human CD3 PE-VIO conjugate Miltenyi Biotec

Anti-human B7-H3 (276) FITC conjugate Miltenyi Biotec

Anti-human CSPG4 (NG2) APC conjugate Miltenyi Biotec

Viability� 405/452 Fixable
Dye

Viability staining Miltenyi Biotec

Triton� X-100 Laboratory grade; ≥ 99%; 2.5% in PBS for cell
lysis (19F-NMR)

Sigma-Aldrich (Germany)

Ficoll-Paque� ρ = 1.077± 0.001 g/mL at 20 ◦C; endotoxin
< 0.12EU/mL; density gradient puri�cation;

Cytiva (Uppsala, Sweden)

Percoll® Colloidal liquid; ρ = 1.135 g/mL; low endotoxin
(2EU/mL); gradient density puri�cation;

Cytiva

Phosphate-bu�ered saline
(PBS)

pH 7.4 (10X) Gibco, Thermo Fisher Scientic
(Waltham, MA, USA)

Analytical and imaging equipment

Flow cytometry and preclinical 19F-MRI were performed with the instruments listed

in Table 2.6.

Table 2.6: Analytical and imaging equipment.

Instrument Con�guration / application Location / supplier

MACSQuant® Analyzer 16 Flow cytometer; 488 nm laser, 579/34 nm �lter
for Rhodamine B detection; 405 nm laser, 450/50
nm Vio-Blue �lter for Viability 405/452
detection; FlowLogic v7.1

Miltenyi Biotec; FINCB

Bruker BioSpec 70/20 Preclinical 7T MRI; 19F/1H imaging; ParaVision
6

Bruker BioSpin; FINCB

Bruker Avance III HD 400 19F-NMR; SampleXpress; probe 305K;
MestReNova

Bruker BioSpin; Politecnico di
Milano
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2.2 Nanoparticles Formulation

2.2.1 Emulsi�cation solvent evaporation technique

The emulsi�cation solvent evaporation technique is a widely used approach to prepare

polymeric nanoparticles. [67, 69, 57]. The polymer and the hydrophobic cargo are

dissolved in a volatile organic solvent to form the dispersed (oil) phase. This phase

is emulsi�ed into an aqueous continuous phase containing a surfactant, typically with

magnetical stirring and sonication, which reduces droplet size. The stabilizer forms

a surface coating on the droplets, which renders the particles dispersible in water as

a colloidal suspension, because the outer layer is hydrophilic and charged and can

interact favourably with water (e.g. hydrogen bonding). In addition, it imparts steric

and electrostatic stabilization with surface charges, so that neighbouring nanoparticles

repel each other and aggregation is reduced. PLGA@PERFECTA nanoparticles were

fabricated following this general scheme reported below, based on the work of Chirizzi

et al. [67, 70].

2.2.2 PERFECTA@PLGA nanoparticles stabilised with sodium

cholate

PERFECTA (20 mg) is �rstly dissolved in the organic solvent (1.5 mL of EtOAc) and

heated up to 65 °C. It is then added to a solution of the same organic phase containing

PLGA (20 mg). 24 mg of Sodium Cholate (NaC) are dissolved in 4 mL of aqueous

solution. After the complete dissolution of the surfactant, the mixture of the organic

solution containing both PERFECTA and PLGA is rapidly mixed by pipetting it up

and down and dropwise added to the aqueous solution. The two solutions are then

sonicated through a tip sonication at 60W for 25 seconds. The obtained solution is

stirred magnetically for 3h at room temperature and then the excess of the organic

phase is removed by rotary evaporation setting an initial pressure of 250 mbar and

lowering by 10 mbar step until 70 mbar pressure at which it remains for 20 minutes.

The suspension is �nally washed in milliQ water (mQw) through centrifugation at

10733g for 40 minutes (4 °C), collected and re-suspended in 1 mL of mQw.

2.2.3 Fluorescent PERFECTA@PLGA-Rhodamine B nanopar-

ticles

For uptake and �ow-cytometry readouts, �uorescently labelled nanoparticles were pre-

pared following the same protocol, with the addition of 2% (w/w) rhodamine B PLGA

(lactide:glycolide 50:50; 10�30 kDa; Sigma-Aldrich, Germany) to the PLGA solution in
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the organic phase. At present, this research work focuses on the NaC�PERFECTA@PLGA-

RhodamineB formulation for in vitro experiments.

Figure 2.1: Schematic representation of the protocol for NaC�PERFECTA@PLGA nanoparticles: (1)
organic phase (PERFECTA, PLGA, and �uorescent PLGA are dissolved in EtOAc, 65 ◦C); (2)sodium
cholate is dissolved in the aqueous phase; (3) add dropwise organic phase in the aqueous phase for
emulsi�cation and tip sonication (60W, 25 s); (4) magnetic stirring for 3 h, room temperature; (5)
rotary evaporation of residual solvent (250 to 70mbar) for 40min; (6) washing step by centrifugation
at 10733g and resuspension in ultrapure water (1mL).
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2.3 Nanoparticles Formulation Scaling

To increase batch yield without modifying the established emulsi�cation work�ow,

nanoparticle production was upscaled by a factor of four relative to the standard 1mL

batch described in Figure 2.1.

As shown in Figure 2.2, two round bottom �asks were processed in parallel, each

yielding 2mL of �nal nanoparticle suspension. For the NaC�PERFECTA@PLGA�

Rhodamine-B formulations used in the in vitro experiments reported in this chapter,

each �ask was prepared as follows. For the organic phase, 40mg of PERFECTA were

dissolved in 3mL of EtOAc, 39.2mg of PLGA in 1.5mL of EtOAc, and 0.8mg of

PLGA�Rhodamine-B in 1.5mL of EtOAc (40mg total PLGA, with 2% w/w �uorescent

polymer). For the aqueous phase, 48mg of NaC were dissolved in 8mL of mQw.

Emulsi�cation, sonication, and magnetic stirring were carried out as in the standard

protocol.

Before rotary evaporation, the contents of the two �asks can also be combined into a

single batch (4mL total of �nal suspension volume), allowing the evaporation step to be

performed in one run rather than separately for each �ask, thereby reducing processing

time and instrument occupancy. Evaporation was extended to approximately two to

three times the standard duration to ensure complete removal of the organic solvent

from the larger volume. For the washing step, the suspension was divided into aliquots

of at most 8mL per centrifuge tube to facilitate pellet recovery and resuspension in

ultrapure water (mQw). The washed nanoparticles were �nally resuspended in mQw

and characterized by dynamic light scattering (DLS).

Figure 2.2: Schematic of the upscaled NaC�PERFECTA@PLGA�Rhodamine-B formulation work�ow.
(1) Two round bottom �asks are processed in parallel on a magnetic stirrer in a water bath. (2) The
contents are pooled into a single �ask. (3) Residual organic solvent is removed by rotary evaporation.
(4) The suspension is divided into 15mL centrifuge tubes prior to the washing step.
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2.4 Physicochemical Characterization

Following preparation, nanoparticles intended for in vitro studies were characterized

for hydrodynamic size and polydispersity (polydispersity index, PdI) by dynamic light

scattering (DLS) and nanoparticle tracking analysis (NTA), while PERFECTA encap-

sulation e�ciency is quanti�ed by 19F-NMR spectroscopy. Before the in vitro experi-

ments, nanoparticles were sterilized by UV-light of the biological safety cabinet for 30

minutes.

2.4.1 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), also referred to as Photon Correlation Spectroscopy

(PCS), is a non destructive technique that measures the Brownian motion of colloidal

particles in suspension and relates it to their hydrodynamic size and polydispersity

[71, 72, 73]. Prior to analysis, nanoparticle suspensions were diluted 1:100 in ultrapure

water and then loaded into a cuvette.

Physical principles. A coherent laser beam illuminates the sample and a detector

records the intensity of light scattered at a �xed angle θ (Figure 2.3). The incident

radiation is modelled as a plane electromagnetic wave,

E⃗i(r⃗, t) = E⃗0 e
i(k⃗i·r⃗−ωt), (2.1)

where E⃗0 is the electric �eld amplitude, k⃗i is the wave vector of the incident light

having magnitude ki = 2π ∗ n/λi where λi is the vacuum wavelength of incident light,

ω is the angular frequency and r⃗ is the position within the scattering volume.

Figure 2.3: Schematic of a DLS experiment: (a) laser, polarizer, scattering volume, and detector
at angle θ; (b) expanded view of the scattering volume. The scattering vector q⃗ = k⃗i − k⃗f and
its magnitude |q⃗| = (4πn/λi) sin(θ/2) will be used in the correlation function. Adapted from Prof.
Francesco Cellesi, Lecture slides, Nanomedicine and Pharmaceutical Innovation, 2024.
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When many particles scatter coherently within the illuminated volume, their partial

waves interfere at the detector. Regions of constructive interference appear bright and

regions of destructive interference appear dark, producing a granular speckle pattern

(Figure 2.4). Because the particles undergo Brownian di�usion, their relative positions

�uctuate in time and the speckle pattern evolves accordingly: smaller particles di�use

faster, so the speckle pattern changes more rapidly and the intensity autocorrelation

decays on a shorter timescale; larger particles produce slower �uctuations [71, 73].

Figure 2.4: Speckle pattern formed by interference of light scattered from many particles (left).
Constructive interference yields bright regions; destructive interference yields dark regions (right).
Adapted from Prof. Francesco Cellesi, Lecture slides, Nanomedicine and Pharmaceutical Innovation,
2024.

For a large number of monodisperse particles in Brownian motion, the correlation

function is an exponential decaying function of the correlation time delay. The nor-

malized time correlation function of the scattered intensity is de�ned by

G(2)(q⃗, τ) =
⟨IS(q⃗, 0) IS(q⃗, τ)⟩

⟨IS(q⃗)⟩2
, (2.2)

where IS(q⃗, t) is the scattered intensity at wave vector q⃗, τ is the correlation time

delay. For monodisperse nanoparticles undergoing translational Brownian di�usion,

the correlation function can be �tted to a single exponential decay,

G(2)(τ) = B + A exp(−2Γτ) , (2.3)

where A is the baseline of the correlation function, B is intercept of the correlation

function and Γ is linked to the translational di�usion coe�cient D by

Γ = D |q⃗|2. (2.4)

The hydrodynamic diameter dh is obtained from D through the Stokes�Einstein equa-



42 CHAPTER 2. MATERIALS AND METHODS

tion:

D =
kBT

3πη dh
, (2.5)

where kB is the Boltzmann constant. It is important to note that dh is not necessarily

identical to the geometric diameter measured by electron microscopy: it corresponds to

the diameter of an equivalent hard sphere of solvent including the nanoparticle. Non-

spherical nanoparticles are therefore described by an e�ective hydrodynamic diameter

rather than a true geometric size [71, 72].

Figure 2.5 illustrates how di�erent regions of the autocorrelation curve map to

physical information. [73].

Figure 2.5: Correlation function in semi-log plot. The intercept (red) re�ects signal quality; the
onset of decay (orange) is related to the mean particle size; the gradient of the decay (green) reports
polydispersity (fast decay → smaller particles; slow decay → larger particles); the baseline at long
times (blue) should approach zero unless large aggregates are present. Adapted from Prof. Francesco
Cellesi, Lecture slides, Nanomedicine and Pharmaceutical Innovation, 2024.

For a polydisperse suspension the autocorrelation function G(τ) is a sum of all

exponential decay containing in the correlation function

G(τ) = A[1 +Bg(1)(τ)2] (2.6)

In the cumulants analysis, the exponential �tting expression is expanded as a power

series in τ about the origin,

ln[C(τ)] = a+ bτ + cτ 2, (2.7)

where b is proportional to the z-average di�usion coe�cient and the polydispersity

index is de�ned as

PdI =
2c

b2
. (2.8)

In practice, PdI values are interpreted as follows [73]: PdI ≈ 0�0.05 indicates a
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highly monodisperse sample; 0.05�0.08 corresponds to a nearly monodisperse colloid;

0.08�0.7 is a moderate polydispersity; PdI > 0.7 signals a very broad or multimodal

distribution.

For heterodisperse or multimodal systems that cannot be adequately described

by cumulants, inverse Laplace transform algorithms such as CONTIN [74] or multi-

exponential nonlinear least-squares �tting can recover the full distribution of decay

rates G(Γ).

Figure 2.6: Illustrative bimodal mixture of 5 nm and 50 nm particles represented as number (left),
volume (centre), and intensity (right) distributions. Equal numbers of both populations (1 : 1)
yield equal number peaks; volume weighting emphasizes the larger population (1 : 1000); intensity
weighting (1 : 106, Rayleigh d6 scaling) is dominated by the 50 nm fraction, explaining why DLS is
highly sensitive to traces of large aggregates.Adapted from Prof. Francesco Cellesi, Lecture slides,
Nanomedicine and Pharmaceutical Innovation, 2024.

2.4.2 Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) is one of the few methods to visualize and mea-

sure nanoparticles in suspension in the range from 10-1000 nm, based on the analysis

of Brownian motion. The size is the translational di�usion coe�cient of the particles,

which is related to the hydrodynamic diameter by the Stokes-Einstein equation 2.5,

[75]. In this work, nanoparticle suspensions, after diluition 1:5000 in ultrapure water,

were analyzed with a NanoSight instrument and NS Xplorer analysis software.

Physical principles. NTA is a fast single particle analysis tool to visualize and

quantify size and concentrations of nanoparticles. NTA is based on the analysis of

Brownian motion of the particles in suspension, through the observation of a video

sequence of the particles in suspension. Particles are visualized by the illumination

with a laser beam. The scattered light of the particles is recorded with a light sensitive
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CCD or CMOS camera, which is arranged at a 90° angle to the irradiation plane. The

90° arrangement, also known as Ultra microscopy allows detection and tracking of the

Brownian motion of 10 to 1000 nm sized vesicles.[75].

Figure 2.7: Schematic setup of a nanoparticle tracking analyzer. [75].

In the NS Xplorer software, particles are observed undergoing Brownian motion

within the �eld of view; videos of typically 25�60 s duration are recorded while the soft-

ware simultaneously identi�es and tracks the centres of visible particles. For each tra-

jectory, the mean displacement along the x and y axes in the observation plane is used

to calculate the mean squared displacement (MSD), which is subsequently converted

into a hydrodynamic diameter (dh) through the Stokes�Einstein relation (Eq. 2.5)

[76, 77]. Accurate sizing requires that each particle be followed through a su�cient

number of Brownian steps to estimate reliably the mean step length. Small particles,

however, are limited both by their short time they remain in the �eld of view, which

can artefactually broaden the size distribution. To compensate for such truncated tra-

jectories, NS Xplorer apply a �nite track length adjustment (FTLA) model based on

two-dimensional Brownian-dynamics simulations [78]. FTLA corrects for broadening

due to short tracks and recovers a distribution width appropriate for monodisperse

samples or polydisperse systems with discrete, resolvable populations [77, 78].

The movement of the particles per time interval is recorded and quanti�ed as the

mean square displacement ⟨x2⟩. Depending on the number of dimensions (one, two or

all three dimensions), the di�usion coe�cient, can be calculated as follows:

D =
⟨x2⟩
2t

D =
⟨x, y⟩2
4t

D =
⟨x, y, z⟩2

6t
(2.9)

Via the Stokes-Einstein relationship the particle diameter d can be calculated as func-

tion of the di�usion coe�cient D at a temperature T and a viscosity η of the liquid

D =
4kBT

3πηd
(2.10)
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In NTA, the particle �uctuation of a single particle is registered in two dimensions.

After combining the Stokes-Einstein relationship and the two dimensional mean square

displacement, the equation can be solved for the particle diameter d with:

d =
4kBT

3πηt
· 4t

⟨x, y⟩2
=

16kBT

3πη ⟨x, y⟩2
(2.11)

By simultaneously tracking several particles their diameters can be determined in par-

allel.

Prior to analysis, nanoparticle suspensions were diluted 1:5000 in ultrapure water.

Measurements acquired determine the hydrodynamic size distribution and total par-

ticle concentration of each formulation. For each batch, at least three independent

measurements were recorded.

2.4.3 NPs-Protein Corona (PC) Stability Assays by NTA

An experiment was performed to assess the stability of the protein corona formed on

nanoparticles, by monitoring changes over time in nanoparticle hydrodynamic diameter

as a function of protein adsorption. NPs were incubated in CAR-T culture medium

(TCM) supplemented with fetal bovine serum (FBS), at di�erent time points (5 min,

1 h, 6 h and 24 h).

Conditioned medium was prepared before the assay by incubating 3.33×106 CAR-T

cells in their TCM culture medium at 1×106 cells/mL for 6 h. At the end of incubation,

the entire culture volume was collected and subjected to a cell wash (centrifugation at

1500 rpm for 5 min). The resulting supernatants constituted the conditioned medium.

The formulation tested was NaC�PLGA@PERFECTA nanoparticles, with a stock

concentration of 2.33× 1020 19F/mL.

For incubation in CAR-T-conditioned TCM, nanoparticles were diluted to a �nal

concentration of 3.13 × 1019 19F/mL (dilution factor 1.6), matching the required con-

centration used when nanoparticles are incubated directly with CAR-T cells in the

labelling protocol.

After 6 hours of incubation, each sample was further diluted 1:5000 in DMEM with-

out phenol red, to not interfere with the NTA laser and to avoid altering the stability

of the protein corona on nanoparticles. The hydrodynamic diameter of nanoparticles

was then measured by nanoparticle tracking analysis (NTA).

This assay was repeated under identical conditions to a previous experiment, in

order to con�rm the initial observations. Result are reported in the Chapter 3.

NPs-PC Stability Assays by NTA with NIH-3T3 cells . In parallel, the same

protein corona stability assay was performed on NaC�PLGA@PERFECTA nanoparti-
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cles, with identical composition, to optimize the NPs-PC Stability assay protocol.

Nanoparticles were incubated in culture medium conditioned by NIH3T3 cells, both

with and without 10% FBS. The conditioned medium was obtained by seeding 3.64×105

cells/mL for 6 hours. After conditioning, cells were washed with centrifugation step

and the supernatants constituted the conditioned culture medium.

Nanoparticles (Cstock = 2.33 × 1020 19F/mL) were diluted 1:7.5 for incubation,

yielding a required concentration of 3.33 × 1019 19F/mL. This concentration matches

the standard NPs-concentration used in �broblast uptake experiments for loading of

approximately 1× 1014 19F atoms per cell.

Prior to NTA, samples incubated in conditioned medium were diluted 1:5000 either

in mQw or in DMEM without phenol red.

2.4.4 Zeta Potential

Colloidal stability is a prerequisite for both the shelf-life of nanoparticle suspensions

and their behaviour after administration. In bu�er media, nanoparticles undergo con-

tinuous Brownian motion and collide; if attractive interactions dominate, aggregation

can occur. Collisions can give rise to two aggregation modes: coagulation, in which

particles stick together with forces strong enough to make redispersion di�cult and �oc-

culation, in which particles form loose, open structures that are typically reversible and

temporary. Aggregates not only alter the e�ective surface area and physicochemical

properties of the dispersion, but may also compromise injectability and biodistribu-

tion (e.g. vascular occlusion upon intravenous injection) [79, 80, 57]. For this reason,

nanoparticles must be rendered kinetically stable by engineering a su�ciently high en-

ergy barrier against close approach, typically through electrostatic repulsion (surface

charge) and steric stabilization (polymer coatings such as PVA or PEG) [79, 67].

The theoretical basis of colloidal stability is provided by DLVO theory (Derjaguin�

Landau and Verwey�Overbeek), which describes the interaction between two bodies

with V (tot), which is the sum of the attractive potential V (A), given by the van der

Waals forces and repulsive contributions V (R), given by the electrostatic potential.

V (tot), as a function of interparticle distance d, exhibits a secondary minimum,

where particles can �occulate: particles will stick with relatively weak binding energy

but can be redispersed applying mechanical forces. Then Vtot rises to a maximum, Vmax,

which de�nes the energy barrier that particles must not overcome, if irreversible ag-

gregation is to be avoided. If Brownian collisions supply su�cient energy to surmount

Vmax, the system can descend into the primary minimum, where van der Waals attrac-

tion dominates and irreversible coagulation occurs; in this regime, redispersion of the

nanoparticles is essentially impossible. It is therefore essential to engineer nanoparticle

formulations so as to maximize this barrier, preventing barrier crossing and preserving
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colloidal stability. (Figure 2.8).

Figure 2.8: Schematic DLVO interaction potential between two colloidal particles as a function of
distance. The repulsive branch VR (electrostatic) and attractive branch VA (van der Waals) combine
into a total curve with a primary minimum (irreversible aggregation), an energy barrier Vmax, and a
secondary minimum (reversible association). Adapted from DLVO theory [81, 82, 80, 79].

When a nanoparticle is immersed in electrolytes, dissociable surface groups (e.g.

carboxylates on polyester matrices) establish a net surface charge balanced by ions in

solution [83, 80, 84, 79]. Ions in the Stern layer are strongly adsorbed at the interface,

whereas the di�use layer contains more loosely associated ions. The zeta potential

(ζ) is de�ned as the electrostatic potential at the slipping plane (plane of zero shear):

the boundary within which the �uid moves with the same di�usion coe�cient and the

same Brownian motion of particles. It must be distinguished from the surface potential

Ψ0 at the particle interface and from the Stern-layer potential Ψd; neither Ψ0 nor Ψd

is directly accessible in routine measurements on nanoparticle suspensions, because

the determined quantity re�ects the hydrodynamic behaviour of the particle together

with its associated solvent and ions bounded. For these reasons, only ζ can therefore

be obtained experimentally and is used as a practical approximation for the e�ective

surface charge that governs interparticle electrostatic repulsion in the DLVO framework

[80, 84, 79].
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Figure 2.9: Electrical double layer around a negatively charged spherical particle: Stern layer, slipping
plane, and decay of Ψ0, Ψd, and ζ with distance. Reproduced from [80, 83, 84].

Guidelines relate |ζ| to colloidal behaviour as follows [84, 80, 79]: |ζ| < 5mV,

rapid coagulation or �occulation; |ζ| between 10 and 30mV, incipient instability; |ζ|
between 30 and 40mV, moderate stability; |ζ| between 40 and 60mV, good stability;

|ζ| > 60mV, excellent stability. The commonly adopted operational window for stable

injectable dispersions is |ζ| > 30mV, whereas values near zero favour aggregation

[84, 79, 67].

Zeta potential is commonly determined by electrophoretic light scattering (ELS):

an electric �eld is applied across the sample, which induces charged particles to move,

and the electrophoretic mobility uE of particles ( i.e. the velocity of the particles in the

electric �eld) is measured from their directed motion [80, 84, 79], under the following

Henry equation,

uE =
2ε ζ f(κa)

3η
, (2.12)

where ε is the dielectric constant of the medium, η its viscosity, κ the Debye parameter,

a the particle radius, and f(κa) Henry's function (equal to 1.5 in the Smoluchowski

limit, in aqueous solution of moderate electrolyte concentration) [80, 84, 79].

In previous work, ζ potential measurements were performed with a Zetasizer Nano

ZS (Malvern Instruments, UK), equipped with a 633 nm He�Ne laser, at a constant

temperature of 25°C. Measurements were performed using folded capillary cells, which

incorporate two gold-plated beryllium/copper electrodes to apply the electric �eld.

Prior to measurement, the cells were carefully washed with mQw, and �lled with the

sample ensuring full immersion of the electrodes and absence of air bubbles. NPs were

diluted 1:5 v/v in mQw, and each measurement was performed in triplicate to ensure

reproducibility. [85].

These measurements con�rmed adequate colloidal stability of the nanoparticle dis-

persions and enabled subsequent biological experiments on CAR-T cell labeling.
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2.4.5 Quantitative 19F-NMR

Nuclear magnetic resonance (NMR) spectroscopy exploits nuclei with non-zero nuclear

spin (I ̸= 0), such as 19F (I = 1/2), placed in a strong, homogeneous static magnetic

�eld B0 [48, 46]. Unlike
19F-MRI, which encodes spatial information through magnetic

�eld gradients, 19F-NMR is an analytical technique: nuclear spins precess at the Larmor

frequency f0 = γB0/(2π) (Eq. 1.1), are selectively excited by a radiofrequency pulse at

f0, and the resulting free induction decay (FID) is detected by a receiver coil and Fourier

transformed into a one dimensional spectrum, in which the integrated intensity of each

resonance is proportional to the number of chemically equivalent �uorine nuclei [48,

46, 50]. In this work, Quantitative 19F-NMR was used to characterize the nanoparticle

formulations by determining the encapsulation e�ciency and total PERFECTA content

before cell labeling. Following labeling, cell lysis and sample preparation, the method

was also applied to quantify the cell-associated 19F content and calculate the mean

�uorine payload per cell; measurements were performed on a Bruker Avance III HD

400 spectrometer (9.4T, 19F observe frequency ≈ 376MHz).

Quantitative 19F-NMR for Determination of PERFECTA Encapsulation Ef-

�ciency in NP Formulations

400µL aliquots of nanoparticle suspension were transferred into standard 5mm NMR

tubes together with a coaxial insert containing 100µL of the external �uorine reference

(TFA). Tri�uoroacetic acid (TFA, CF3COOH, Mw = 114.02 gmol−1, three chemically

equivalent 19F nuclei per molecule, δ ≈ −75.5 ppm) was used to prepare the external

standard solution containing 1020 19F nuclei in total, corresponding to a �nal concentra-

tion Cf = 1021 FmL−1. Neat TFA at room temperature provides a stock concentration

Ci ≈ 2.35× 1022 FmL−1. The volume of stock to be diluted in deuterium oxide (D2O,

99.9% atom %D) was calculated from Vstock = CfVf/Ci, yielding approximately 4.3µL

of TFA per 100µL �nal volume in (D2O) The �lled coaxial capillary was sealed before

insertion into the main NMR tube, that contains the NPs solution. This con�gura-

tion keeps the analytical sample separate from the reference, so that the nanoparticle

suspension can be recovered after the measurement and used in the subsequent cell

labelling step. The acquired 19F-NMR spectra were processed and quanti�ed with

MestReNova software as described below.

Quantitative 19F-NMR for NPs uptake quanti�cation after cell labeling

Quanti�cation of the intracellular 19F payload after CAR-T labelling requires cell lysis,

to obtain a homogeneous sample, thereby minimizing magnetic susceptibility variations

and facilitating accurate shimming during 19F-NMR analysis. Cells recovered after the

labelling steps and 19F-MRI were lysed in Triton� X-100, non-ionic detergent bu�er,
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to release intracellular PERFECTA without chemical degradation of the �uorinated

probe.

The working lysis bu�er was prepared to reach a �nal Triton X-100 concentration

of 2.5% (v/v) in PBS1X in the cell suspension. Depending on the volume of labelled

cells available after labeling step, a more concentrated intermediate stock of Triton

X-100 in PBS was prepared �rst (e.g. 10% or 27%, v/v), and only the volume required

to achieve 2.5% in the �nal mixture was added. The volume of intermediate solution

(V1) was calculated from the dilution relationship C1V1 = C2Vf , where C1 is the Triton

concentration in the intermediate, C2 = 2.5% (v/v) is the target concentration, and Vf

is the �nal volume of the lysis mixture (400µL). The mixture was vortexed to ensure

complete lysis, and the lysate was transferred into the outer compartment of the NMR

tube. The inner coaxial capillary was loaded with 100µL of the TFA reference solution

prepared as described above, but the TFA reference concentration in 19F per mL was

adjusted based on the �uorine quanti�cation obtained from 19F-MRI imaging.

Spectra were imported into MestReNova and processed by applying baseline cor-

rection and manual phase correction to obtain a well resolved pro�le. The integrated

areas under the PERFECTA resonance (δ ≈ −72.5ppm) and the TFA external refer-

ence (δ ≈ −75.5 ppm) were then measured. Because the integrated intensity of each

resonance is proportional to the number of chemically equivalent 19F nuclei contribut-

ing to that signal, the �uorine content in the analytical sample was determined relative

to the known TFA standard by area ratio analysis. Denoting by As and Aref the in-

tegrated areas of the sample and TFA peaks, respectively, the area ratio was de�ned

as

R =
As

Aref

, (2.13)

with the TFA reference peak taken as the unit reference (Aref ≡ 1). The total number

of 19F nuclei in the sample compartment, NF, was obtained by scaling this ratio by the

total number of �uorine atoms present in the coaxial TFA reference, NF,ref :

NF = R×NF,ref . (2.14)

For lysed CAR-T samples, the mean intracellular �uorine payload per cell was �nally

calculated by dividing NF by the number of labelled cells counted before lysis, Ncells:

19F/cell =
NF

Ncells

. (2.15)

The same MestReNova work�ow (Eqs. 2.13�2.14) was applied to nanoparticle suspen-

sions to quantify the total encapsulated PERFECTA content before cell labelling.
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2.4.6 Raman Spectroscopy

Raman spectroscopy is a label-free, non destructive vibrational technique based on the

inelastic scattering of monochromatic light by molecular bonds [86]. When a sample is

illuminated by laser radiation of frequency ν0, the majority of photons are elastically

scattered (Rayleigh scattering), with the same energy and wave length of incident

light, while approximately 1
10

of photons undergo inelastic scattering, as a result of

the interaction between the incident light and the vibrational modes of the chemical

bonds, characteristic of the analyte molecule. Because each chemical bond has its own

vibrational frequency, the scattered photons emerge at a characteristic frequency that

identi�es the speci�c bond present in the sample.

The physical principle is summarized in the Jablonski Energy Diagram of Fig-

ure 2.10. In Rayleigh scattering, the molecule returns to the same vibrational level E0

and the scattered photon has energy hν0. In Stokes Raman scattering, the molecule is

left in an excited vibrational state E0 + hνm and the Stokes photon emerges with re-

duced energy h(ν0 − νm). In the less probable anti-Stokes process, scattering starts

from an already populated vibrational level and the emitted photon gains energy,

h(ν0 + νm). The Raman shift ν̃ = (ν0 − νscattered)/c (reported in cm−1) equals the

vibrational frequency νm of the bond involved and is characteristic of the molecular

species, independent of the excitation wavelength. Each compound therefore possesses

a vibrational ��ngerprint� that enables molecules identi�cation.

Figure 2.10: Jablonski Energy Diagram of Rayleigh, Stokes, and anti-Stokes Raman scattering
(adapted from B&W Tek [86].)

In Raman microscopy, a tightly focused laser scans the sample and the Raman
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spectrum is recorded at each pixel, building a hyperspectral map of chemical compo-

sition with lateral resolution typically between 250 nm and 1µm, i.e. at micrometric

and subcellular scale [63]. This spatial resolution is fundamentally di�erent from that

of 19F-MRI, which encodes �uorine distribution over millimetre �elds of view (1�2mm

in preclinical cell-tracking protocols) through nuclear spin precession in magnetic �eld

gradients. The two modalities are bimodal and multiscale when applied to the same

�uorinated reporter: PERFECTA can be detected by its single 19F-NMR/19F-MRI res-

onance (δ ≈ −73.4ppm) and, independently, by its intense Raman band at ∼770 cm−1,

assigned to C�F stretching and bending modes of the symmetric per�uoro-tert-butyl

groups (Figure 2.11) [63, 66]. Because mammalian cells and tissues lack endogenous

Raman features in this spectral window, PERFECTA detection is bioorthogonal: the

probe can be mapped inside cells without additional �uorescent or radioactive labels.

Figure 2.11: Complementary detection of PERFECTA by 19F-MRI and Raman microscopy on the
same contrast agent (concept adapted from Chirizzi et al. [63]). Together, the techniques provide a
multiscale readout of nanoparticle uptake: 19F-MRI quanti�es the bulk �uorine payload in labelled
cell populations, whereas Raman resolves whether PERFECTA remains encapsulated within NaC�
PERFECTA@PLGA nanoparticles inside individual CAR-T cells and where the carrier is localized at
subcellular level.

Raman spectroscopy is used for: (i) map where nanoparticles are located inside cells

at micrometre scale, beyond the average �uorine content per cell; (ii) check whether

PERFECTA remains inside NaC�PERFECTA@PLGA nanoparticles in labelled CAR-

T cells, by matching the probe band at ∼770 cm−1 with PLGA Raman signals; (iii)

at di�erent time points after labelling, follow PLGA degradation and changes in PER-

FECTA signal over time. Measurements were carried out at the Department of Physics,

Politecnico di Milano.
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Figure 2.12: K-means clustering (KMC) of a hyperspectral Raman map of a living human aortic
endothelial cell (HAEC): false-colour map of subcellular compartments and corresponding average
Raman spectra in the �ngerprint (∼600�1800 cm−1) and high-wavenumber (∼2800�3100 cm−1) regions
for lipid droplets, perinuclear area, mitochondria, nucleoli, nucleus, and cytoplasm. Reproduced from
Nowakowska et al. [87] (The Raman Map of the Human Cell, Anal. Chem. 2025, 97, 30, 16374�
16382; DOI: 10.1021/acs.analchem.5c02035; KMC map and compartment-averaged spectra as in
Figure 2A and Supporting Information Figure S1). Without �uorescent labels, each pixel carries a
full vibrational spectrum; KMC groups pixels with similar biochemical signatures and returns both a
morphological map and compartment-speci�c mean spectra, whose peak pattern (e.g. lipid bands at
2853 and 3012 cm−1, nucleic-acid features near 788 cm−1, protein amide bands near 1658 cm−1) acts
as a molecular �ngerprint of the underlying organelle. The same logic applies to labelled CAR-T cells
in this thesis, where Raman is used to resolve whether PERFECTA and the PLGA carrier remain
co-localized at subcellular scale.
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Protocol Optimization for Raman Measurements

Raman microscopy requires single cells to remain adherent and optically accessible on a

substrate that does not contribute intense background bands in the �ngerprint region.

For this purpose, Petri dishes with quartz bottom have been employed. This type

of Petri dish is Waken B Tech Co Japan Petri dish (35 mm as diameter) with quartz

bottom (µ-Dish 12 mm), as shown in Figure 2.13.

Figure 2.13: Waken B Tech Co Japan Petri dish (35 mm as diameter) with quartz bottom (µ-Dish 12
mm).

Adhesion was promoted by coating the substrate with poly-D-lysine (PDL) approx-

imately two hours before cell seeding. A stock solution (concentration 100µgmL−1),

was UV-sterilized immediately before application. Under biological cabinet, a minimal

volume of PDL solution (approximately 0.5mL per dishes) was added to cover the

entire substrate, incubated for 30min at 37 ◦C, 5% CO2, and 95% relative humidity

(RH), aspirated, and followed by two to three rinses with sterile water. The slides were

then left to air-dry for 30min in the hood with caps open to complete the coating step

before cell deposition.

CAR-T cells were seeded at 1 × 105 cells per dishes in a �nal volume of 1,2mL of

complete culture medium. To improve adhesion, the Petri dish was centrifuged at 200 g

for 1min with the brake o�, rotated by 180◦, and centrifuged again under the same

conditions (Figure 2.14). Adhesion was veri�ed after 24 hours with optical microscopy.

After 24 h, the medium was aspirated from each Petri dish and adhesion was con-

�rmed by optical microscopy, retaining only samples in which cells were �rmly attached

to the quartz substrate. NaC�PERFECTA@PLGA nanoparticles were then applied at

the Standard and Double 19F/mL concentrations (as de�ned in Section 2.6.1) in a �nal

volume of 150,µL of complete culture medium, directly onto the quartz surface and

incubated for 6 h under the same culture conditions.

At the end of the incubation, samples were rinsed twice with PBS1X using gentle

aspiration to avoid detaching adherent cells. Complete removal of free nanoparticles

was veri�ed by optical microscopy before proceeding to �xation. Cells were �xed by

adding paraformaldehyde (PFA) 4% (v/v) and incubating for 20 min at room temper-



2.4. PHYSICOCHEMICAL CHARACTERIZATION 55

ature, to limit release of internalized nanoparticles before Raman acquisition. After

�xation, the entire contents were aspirated, the substrate was washed with PBS1×,
and samples were stored in PBS1× at 4,◦C until Raman measurements.

Figure 2.14: Work�ow for CAR-T cell adhesion for Raman measurements.

Measurements were performed on a Raman microspectrometer at the Department

of Physics, Politecnico di Milano. In order to do that, this home built experimental

setup is composed by several main parts, which are fundamental for the recollection of

the Raman signal. An image of the entire setup is reported in Figure 2.15.

Figure 2.15: Home-built Raman microspectrometer: the setup is composed of microscope, laser, lens,
�lters and detectors for acquiring Raman signal.
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Figure 2.16: Experimental setup Raman and Brillouin signals: the �ve main components are present
in the �gure, the laser source, the microscope, the sample to be analyzed, the two spectrometers
for recollecting the �nal signal, i.e. the VIPA for Brillouin analysis and the Princeton IsoPlane 160
spectrometer for Raman analysis. Adapted from Benedetta Gavazzoni, Master of Science Thesis.

For Raman acquisition, the optical path up to the sample includes �ve fundamental

components: laser source, band-pass �lter, telescope, dichroic mirror, and inverted mi-

croscope. After the light�sample interaction, in the Raman channel the backscattered

signal passes again through the DMBS, is cleaned from the Rayleigh contribution by

a long-pass �lter, is focused by a lens, and is �nally spectrally dispersed and detected

by the CCD-based spectrometer.
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Table 2.7: Main components of the Raman setup: speci�cations and function along the optical path-
way.

Component Main speci�cations Function in the Raman setup

Laser source (Cobolt Fla-

menco)

Visible red, diode-based, continuous-

wave laser; λ = 660nm; adjustable

power 5�300mW

Excites the sample and generates inelastic

(Raman) scattering; it must be monochro-

matic and collimated. Power is optimized

to avoid thermal damage/cellular alter-

ations.

Band-pass �lter (BPF) Spectral selection around the useful

laser line

Removes unwanted spectral components,

improving incident beam purity and qual-

ity.

Optical telescope 5× magni�cation; spot expansion from

∼0.7mm to ∼3.5mm

Adjusts beam diameter/divergence for

proper �lling of the microscope optics and

improved path alignment.

Dichroic Mirror Beam

Splitter (DMBS)

Single-edge dichroic beam splitter; cut-

o� wavelength ∼660 nm
In excitation, it re�ects radiation toward

the sample; in collection, it transmits

Raman-Stokes photons (>660 nm), sepa-

rating them from the laser line.

Inverted microscope

(Olympus) + objectives

Inverted con�guration; objectives 5×,
20×, 50×, 60× WI; bright-�eld mode

with white lamp

Focuses the laser on the sample and col-

lects backscattered light; enables pre/post-

acquisition imaging and live-cell analysis on

quartz substrates under sterile conditions.

Long-pass edge �lter (Ra-

man)

Semrock RazorEdge LP02-664RU,

664 nm; edge steepness 3.3 nm; T ≈ 0%

at 660 nm, T > 90% above 670 nm

Suppresses residual Rayleigh signal and

transmits the Raman-Stokes component to

the spectrometer.

Spectrometer input lens Collected-beam focusing optics Concentrates the signal onto the di�raction

grating, maximizing optical coupling and

spectral throughput.

Raman spectrometer + de-

tector

Princeton IsoPlane 160; 2D CCD cam-

era (1024×256)
Disperses the signal by wavelength and

records the Raman spectrum with spatial

encoding on CCD pixels.

After each measurement, the acquired Raman datasets are post-processed (e.g.,

cosmic-ray removal, baseline correction, and intensity normalization) to reconstruct

the Raman image and extract the corresponding Raman spectra.

2.4.7 19F-MRI

Cell samples labeled according to the established labeling protocol were visualized by
19F-MRI, to verify the presence of nanoparticles inside the cells and enabling multi-

modal acquisition with the complementary Raman spectroscopic datasets.

Samples Preparation for 19F-MRI Imaging

For 19F-MRI analysis, both labeled-cell samples and NaF reference solutions were pre-

pared following a standardized work�ow.

Fixed cells obtained after cell labeling step with nanoparticles were resuspended

to a �nal volume of 150µL, in 0,2µL eppendorf. The suspension was centrifuged at

1500 rpm for 7min, to obtained a compact pellet so that the cells were con�ned within
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one, or at most two, 19F-MRI slices. This maximized the �uorine signal in those slices,

allowing subsequent analysis and quanti�cation in these speci�c slices.

Reference standards were prepared by �rst estimating the expected �uorine content

in the MRI slices from the average 19F loading per cell and the total number of labeled

cells obtained at the end of the labeling protocol, using the following equation:

19Ftot =
19 Fcell ×Ncells (2.16)

This provided an estimate of the expected �uorine concentration per mL in the sam-

ple region to be analyzed. Based on this estimate, sodium �uoride (NaF, MM =

41.99 g/mol) was dissolved in water to prepare reference solutions containing, in 50µL,

the same expected �uorine amount as the cellular sample.

Each reference tube contained 150µL, corresponding to three 50µL MRI slices at

identical �uorine concentration. Therefore, each tube provided three internal slice

equivalent measurements, enabling the 19F signal from the cellular sample to be com-

pared against three reference measurements (three technical replicates). To ensure

robust quanti�cation, reference concentrations were prepared to span a range [1
5
, 5]

around the expected cellular �uorine content.

Subsequently, a 2% (w/v) agarose phantom was prepared to serve as a holder

for Eppendorf tubes containing both cell samples and NaF references during MRI

acquisition. The agarose matrix provides a homogeneous proton imaging background,

minimizes magnetic susceptibility mismatch at tube interfaces, and stabilizes tube

position throughout the scan. If the number of available samples is lower than the

number of cavities in the phantom, the remaining cavities can be �lled with Eppendorf

tubes containing the same volume of water, in order to preserve geometric symmetry

and reduce local �eld inhomogeneities and signal void artifacts.

Figure 2.17: Preparation of the agarose phantom insert used for MRI measurements. A polymeric
negative mold was �rst produced by 3D printing. After cutting and immobilizing a 50mL Falcon
tube on the bench, a 2% (w/v) agarose solution was poured while keeping the negative mold �xed in
position. The gel was allowed to set for approximately 2 h, then the mold was removed carefully to
preserve cavity geometry. The resulting phantom insert was stored at 4◦C and reused until noticeable
shrinkage occurred due to water loss.
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All experiments were performed on a 7Tesla MRI scanner (Biospec; Bruker-Biospin,

Ettlingen, Germany) using a dual-transmit receive 19F/1H volume coil (35 × 59mm)

for both proton and �uorine MRI acquisitions. 19F-MR images were acquired at PER-

FECTA speci�c resonance frequency (−73.4ppm). For all MRI acquisitions, a 3D

turbo-spin echo sequence was used with the same �eld of view (50 × 28 × 22mm) for
1H-MRI (TR/TE = 250/15msec, matrix = 128 × 64 × 8, 6 averages) and for 19F-MRI

(TR/TE = 1600/5msec, 64 × 32 × 8, 80 averages).
19F-MRI sensitivity experiments on CAR-T Labeled cells were performed and, after

that, further checked through 19F-NMR to con�rm the �uorine content analyzed.

For each sample, the signal-to-noise ratio (SNR) was measured using the image anal-

ysis tools available in ParaVision 6.0 software (Bruker BioSpin). The total amount of
19F atoms per cell was estimated from 19F-MRI by signal-to-noise ratio (SNR) calibra-

tion against NaF reference tubes.

For each ROI, the SNR was computed as:

SNR =
SROI

σnoise

(2.17)

where SROI is the mean
19F signal measured within a region of interest drawn over each

sample on the 19F image (ROI) and σnoise is the average background noise measured

in 3 noise regions outside the samples.

The ROI volume was calculated from ROI area and slice thickness:

VROI(µL) = Amm2 × h (2.18)

with h = 2.7 mm (slice thickness).

The total 19F content in each reference ROI was calculated from the known reference

concentration and ROI volume as:

19FROI,ref =
Cref × VROI,ref(µL)

1000
(2.19)

where Cref is the NaF reference concentration (19F atomsmL−1) and VROI,ref(µL) is the

ROI volume of the reference tube.

Using the two NaF references, the �uorine content in each ROI was obtained by

linear SNR scaling, using the following equations:

19FROI =
19FROI,ref ×

SNRsample

SNRref

(2.20)

Finally, �uorine loading per cell was computed as:

19F/cell =
19FROI

Ncells

(2.21)
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and the associated uncertainty was reported as the standard deviation between the two

reference estimates. (1�2× 1020 19FmL−1.)

2.5 Biological Experiments

2.6 CAR-T cell culture

CAR-T cells employed in this study were generated by Dr Manuela Zingarelli in Prof.

Serena Pellegatta's laboratory at the Fondazione IRCCS Istituto Neurologico Carlo

Besta and kindly provided for the experimental activities conducted as part of this the-

sis. CAR-T cells must be cultured in their complete culture medium (TCM), consisting

of 44% RPMI-1640 EUROCLONE, 44% Click's Medium, 1% P/S, 1% L-Glutamine v/v

and 10% FBS-HyClone. Cells should be maintained at a density of 1 × 106 cells/mL,

with a maximum of 3× 107 cells per T25 �ask.

CAR-T cells can be used either fresh (i.e., immediately after engineering) or af-

ter cryopreservation. Under standard conditions, cells are cryopreserved at day 7 of

maturation in 90% FBS-Gibco and 10% DMSO (Dymethil Sulphoxide); therefore, af-

ter thawing, culture timing is resumed from day 7. Cells are preferentially used for

labeling at day 10�13 of maturation.

In this work, it was chosen to use cryopreserved CAR-T cells.

Thawing and feeding of cryopreserved CAR-T cells: Cells were cryopreserved

in cryovials in liquid nitrogen at approximately −196 ◦C, and are thawed 5 days before

the labeling experiment. Upon thawing, the full volume of the cryovial was transferred

and slowly dripped into a conical centrifuge tube (Falcon) containing FBS-Gibco, then-

centrifuged at 1500 rpm for 5 min to remove dead cells, counted and resuspended at

the standard density in TCM medium supplemented with Interleukins (ILs) at the

following �nal concentrations in culture (Feeding Procedure):

� IL-7: 10 ng/mL (�nal dilution 1:10 000);

� IL-15: 5 ng/mL (�nal dilution 1:20 000).

Two days after thawing, a wash step is performed to remove dead cells: centrifu-

gation at 1500 rpm for 5min, removal of the supernatant containing non viable cells,

resuspension in complete medium at 1 × 106 cells/mL, and subsequent feeding. Cell

counts should be performed to monitor growth kinetics. Typically, the number of viable

cells at thawing is approximately half of the number initially cryopreserved, whereas

growth generally increases rapidly after the second feeding.
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2.6.1 CAR-T labeling protocol

Human anti-B7H3 CAR-T cells were labelled ex vivo with NaC�PERFECTA@PLGA-

Rhodamine B nanoparticles under sterile conditions at 37 ◦C, 5% CO2, and 95% rela-

tive humidity, in T25 �ask in 2�3 replicates for each conditions.

Two �uorine concentrations were used throughout this work, referred to as Standard

and Double 19F/mL:

� Standard (1x): Cf = 3.13× 1019 19FmL−1;

� Double (2x): Cf = 6.26× 1019 19FmL−1.

The standard concentration corresponds to that previously established and successfully

used in PERFECTA@PLGA nanoparticle uptake experiments involving both immune

and adherent cells.

For each batch, the volume of nanoparticle stock (Ci) to be added per �ask was calcu-

lated from the dilution factor

FD =
Ci

Cf

, (2.22)

where Ci is the stock
19FmL−1 concentration of the nanoparticle suspension (the mean

PERFECTA encapsulation e�ciency across all nanoformulations was ∼ 1, 92 × 1020

19FmL−1). The dilution factor (FD) of the nanoparticle stock suspension prepared for

the protocol typically fell within the range [6�8]. The incubation times tested were

6 h (Standard) and overnight (∼18 h), to assess whether prolonged exposure increased

nanoparticle uptake. Labelling was performed in T25 �asks at a �nal volume of 5mL,

containing CAR-T cells, nanoparticles at the target incubation concentration, and

TCM without ILs.

Labelling procedure: CAR-T cells were recovered from T25 culture �asks, cen-

trifuged at 1500 rpm for 5min, resuspended in TCM without ILs, and counted. For

each condition, 3.33 × 106 viable CAR-T cells were transferred to T25 Flask for la-

beling, together with the nanoparticle suspension (or an equivalent volume of sterile

water for negative controls) and supplemented with TCM to Vf = 5mL.

Plates were incubated for the target time. At the end of incubation, the entire well

content was collected by thorough pipetting, to separate cell clots and the �ask was

rinsed with an additional PBS1X. Each suspension was washed and resuspended in 1,6�

2 mL of MACS® Staining Bu�er and, then, counted. This cell count was performed

before density gradient centrifugation to determine how many cells were present at the

end of labeling (including any loss of viability during the labeling step) and to enable

calculation of the recovery percentage in the subsequent puri�cation step.
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2.6.2 Optimization of Puri�cation protocol of labeled cells

At the end of the ex vivo incubation with NaC�PERFECTA@PLGA nanoparticles, the

cell suspension contains not only CAR-T cells with internalized �uorinated cargo, but

also (i) nanoparticles remaining free in the medium and (ii) nanoparticles associated

with the outer cell membrane, without true cytoplasmic internalization; these two

fractions must be removed before reinfusion and 19F-MRI readout. Because co-acquired

anatomical 1H-MRI cannot distinguish intracellular from extracellular �uorine, any

residual free or surface-associated nanoparticles would contribute spurious signal in
19F-MRI and bias quantitative estimates of labeled cell number and �uorine load in

vivo. The puri�cation step addressed in this subsection aims to isolate the population

of truly labeled CAR-T cells while depleting non-internalized nanoparticles, so that

the �uorine signal detected downstream re�ects predominantly the intracellular 19F

payload of viable e�ector cells.

This separation was implemented by density gradient centrifugation, exploiting the

di�erent densities of lymphocytes and of the colloidal nanoparticle suspension. Two

commercial media were compared in the optimization: Ficoll-Paque� and Percoll®

(Table 2.5). Although both are widely used for cell isolation, they di�er markedly in

chemical composition and in the density range that can be achieved.

� Ficoll-Paque�: aqueous medium with a �xed density of 1.077± 0.001 g/mL (at

20 ◦C), formulated for the isolation of human peripheral blood mononuclear cells

(PBMCs) [88, 89]. It consists of Ficoll PM400, a highly branched, synthetic poly-

mer of sucrose and epichlorohydrin (Mr ≈ 400 000 Da), combined with sodium

diatrizoate. [89]. The polysaccharide component promotes aggregations of ery-

throcytes and facilitates depletion of granulocytes, whereas the iodinated salt

sets the gradient density at which mononuclear cells band during centrifugation

[88, 89].

� Percoll®: colloidal suspension of silica particles (∼15�30 nm) coated with a

layer of polyvinylpyrrolidone (PVP), which stabilizes the particles in aqueous

medium [90, 91]. Unlike Ficoll-Paque, Percoll is supplied at high density (ρ ≈
1.135 g/mL) and can be diluted with PBS to prepare iso-osmotic gradients, al-

lowing the separation conditions to be tuned to the buoyant density of the cell

type and of the particulate fraction to be removed [90, 91].

In the present work, both media were evaluated to identify which gradient best sepa-

rates CAR-T cells from free and non-internalized NaC�PERFECTA@PLGA nanopar-

ticles while preserving viability and recovery yield.

Density gradient centrifugation procedure with Ficoll-Paque and PBS1X:

After the post-labelling cell count, each labelled CAR-T suspension was resuspended
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in PBS1X to a �nal volume of Vsample = 4mL. For each replicate, Ficoll-Paque� was

dispensed into a 15mL conical centrifuge tube (Falcon) at a volume determined by the

sample:gradient ratio of 1:1.5 (v/v):

VFicoll =
Vsample

1.5
, (2.23)

i.e. 2.67mL of Ficoll-Paque for a 4mL cell suspension. The cell suspension was then

layered slowly onto the Ficoll cushion by inclining the tube and pipetting along the

inner wall, so as to preserve a sharp density discontinuity.

Tubes were centrifuged at 2300 rpm for 20min at room temperature, with the brake

o�. The cell ring, containing isolated CAR-T cells, was carefully recovered and trans-

ferred to a 1.5mL microcentrifuge tube (Eppendorf). This fraction was centrifuged at

1800 rpm for 5min with the brake on; the supernatant was collected and re-centrifuged

under the same conditions to recover any cells remaining in suspension. The two result-

ing pellets were combined and resuspended in PBS1X to a �nal volume of Vf = 300µL.

A post-Ficoll cell count was then performed on this suspension to quantify recovery

percentage and viability after density gradient puri�cation, relative to the pre-gradient

count described in Section 2.6.1. Cell recovery after Ficoll-Paque puri�cation was cal-

culated as

Recovery (%) =
Npost−centrifugation

Npre−centrifugation

× 100, (2.24)

where Npre−centrifugation and Npost−centrifugation denote the total number of viable CAR-T

cells determined by trypan blue exclusion immediately before and after density gradient

centrifugation, respectively.

Density gradient centrifugation procedure with Ficoll-Paque and Staining

Bu�er: The density gradient protocol described above was repeated under identical

conditions:Ficoll ratio of 1:1.5 (v/v) (Equation 2.23), Vsample = 4mL, centrifugation at

2300 rpm for 20min (brake o�) and 1800 rpm for 5min (brake on), �nal resuspension

to Vf = 300µL, and recovery calculated according to Equation 2.24, but with a single

modi�cation: PBS1X was replaced throughout by MACS® Staining Bu�er (Table 2.5).

Labelled CAR-T cells were therefore resuspended in Staining Bu�er before layering

onto Ficoll-Paque, and the combined pellets were recovered in the same medium.

This variant was introduced to improve post-gradient cell recovery and to strengthen

removal of free and peripherally associated NaC�PERFECTA@PLGA nanoparticles

prior to 19F-MRI imaging. Unlike PBS alone, Staining Bu�er provides a protein and

saline wash environment that more e�ectively isolated non-internalized nanoparticle

fractions while preserving viable lymphocytes. Bovine serum albumin (BSA) sat-

urates cell-surface binding sites and competes with opsonins and protein corona on NPs

for adsorption onto the plasma membrane, thereby favouring detachment of nanopar-
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ticles.

Ethylenediaminetetraacetic acid (EDTA), present in the Staining Bu�er for-

mulation, acts as a divalent cation chelator: by sequestering Ca2+ and Mg2+, it disrupts

short-range electrostatic bridges (e.g. calcium-mediated adhesion) between negatively

charged nanoparticles and the cell surface, reduces cell� NPs aggregation during wash-

ing, and promotes release of peripherally bound nanoparticles into the supernatant,

where they can be separated from CAR-T cells by the Ficoll density gradient. To-

gether, these e�ects aim to maximize cell recovery percentage after density gradient

centrifugation step and to minimize extracellular 19F background that would otherwise

confound quantitative MRI readout.

Density gradient centrifugation procedure with Percoll and Staining Bu�er:

Percoll® density gradients were prepared from Percoll stock. Two gradient formats

were tested in parallel: a multigradient (four discrete layers 100%/80%/40%/30%)

and a simpli�ed 70%/30% discontinuous gradient. In both cases, labelled cells were

handled in MACS® Staining Bu�er (Table 2.5) rather than PBS1X, following the

rationale described for Ficoll-Paque puri�cation.

Iso-osmotic Percoll (100%) was prepared by mixing Percoll® stock with PBS 10×
in a 9:1 ratio (v/v). Working layers at di�erent concentrations were obtained by di-

luting Percoll 100% with PBS1X. The two gradient formats tested are summarized in

Table 2.8; in both cases, layers were sequentially underlaid in a 15mL Falcon tube

without disturbing the interfaces, and Vsample = 2mL of labelled CAR-T suspension in

Staining Bu�er was layered slowly on top of the upper Percoll phase.

Table 2.8: Percoll density gradient formats tested for CAR-T/NPs separation.

Gradient type Preparation (layers underlaid bottom → top) Cell collection

Multigradient
(100/80/40/30)

(i) 1mL 100% iso-osmotic Percoll;
(ii) 2mL 80% (1.6mL 100% Percoll + 0.4mL PBS1X);
(iii) 3mL 40% (1.2mL 100% Percoll + 1.8mL PBS1X);
(iv) 2mL 30% (0.6mL 100% Percoll + 1.4mL PBS1X);
then Vsample = 2mL CAR-T in Staining Bu�er on top

Cell ring at 30/40%
interface

70/30 discontinuous (i) 5mL 70% (3.5mL 100% Percoll+ 1.5mL PBS1X);
(ii) 5mL 30% (1.5mL 100% Percoll + 3.5mL PBS1X);
then Vsample = 2mL CAR-T in Staining Bu�er on top

Cell ring at 70/30%
interface

For both gradient types, the entire labelling culture was collected from the T25

�ask into a Falcon tube, following by a washing step of the �ask, and centrifuged at

1500 rpm for 5min. The supernatant was removed and the pellet was resuspended

in Staining Bu�er to Vsample = 2mL. A pre-Percoll viable cell count was performed

(trypan blue exclusion). The cell suspension was layered onto the prepared Percoll

gradient and centrifuged at 400 g (rcf) for 10min at room temperature, with the brake

o�. The cell ring at the target interface was carefully recovered and transferred to a



2.6. CAR-T CELL CULTURE 65

new Falcon tube; a pre-wash cell count was recorded on this fraction. To reduce Percoll

viscosity before pelleting, the collected ring was diluted 10-fold with Staining Bu�er

(nine volumes of bu�er per one volume of recovered interface). The diluted suspension

was centrifuged at 1800 rpm for 8min with the brake on; the supernatant was discarded

and the pellet was resuspended in Staining Bu�er to a �nal volume of Vf = 200µL in

a 1.5mL microcentrifuge tube (Eppendorf). A post-Percoll count was performed on

a 1:5 dilution (Bürker chamber). Recovery was calculated as in Equation 2.24, with

Npre−centrifugation and Npost−centrifugation referring to the pre- and post-Percoll viable cell

counts, respectively.

Figure 2.18: Optimization of the puri�cation process of labeled CAR-T cells from free nanoparticles.

2.6.3 Flow cytometry for viability and uptake

Flow cytometry (FCM) is a technique for measuring dispersed cells carried in a liquid

stream, enabling the simultaneous, multiparametric evaluation of individual cells that

have been detached from their culture environment and, when required, labelled with

�uorescent markers. Each cell passing through the instrument is recorded as a separate

event, and up to ∼ 104 events s−1 can be analysed; the measurable particle size range

spans approximately 0.2�150µm. FCM is primarily an analytical technique: cells are

interrogated one by one to extract information, but the analysed cells are discarded and

cannot be recovered unless the instrument is equipped with a �uorescence-activated cell

sorter (FACS).
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The cell suspension is aspirated from a sample tube and delivered to a coaxial �ow

chamber consisting of two concentric streams. In the inner channel �ows the sample

containing dispersed cells; in the outer channel, a sheath �uid moves at higher ve-

locity, generating a traction force that prevents clogging and, through hydrodynamic

focusing, aligns the cells in single �le as they exit the nozzle and cross the laser beam.

When incident light strikes a cell, part of the radiation is absorbed and part is trans-

mitted or scattered. Light deviated at small forward angles (forward scatter, FSC;

co-angular deviation 0�20◦) is collected by a forward detector and is proportional to

cell size. Light di�racted at ∼90◦ (side scatter, SSC) arises from internal refractive-

index heterogeneities and reports on cytoplasmic granularity and structural complexity.

Together, FSC and SSC provide label-free information on the cellular phenotype; for

example, lymphocytes appear as a homogeneous cluster distinguishable from debris,

erythrocytes, and granulocytes on an FSC/SSC plot, and allow unwanted events to be

excluded before �uorescence-based quanti�cation.

The measurement work�ow is illustrated in Figure 2.19.

Figure 2.19: Flow cytometry work�ow: (1)hydrodynamic focusing (sheath �uid, central core, single-
�le cells); (2)laser beam; (3)FSC, SSC, and �uorescence channels FL-1�3; (4)histogram and dot plot.
Adapted from Prof. Gabriele Candiani lectures (2025).

Scatter alone cannot reveal the presence of speci�c surface markers or intracellular

cargo. FCM therefore employs �uorophores (also called �uorochromes), molecules

that absorb at one wavelength and, upon excitation, promote bound electrons from

the ground state to an excited state; before returning to the ground state, part of the

energy is dissipated as heat and the remainder is emitted radiatively as �uorescence

at a longer wavelength, on a nanosecond timescale. Most benchtop cytometers are
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equipped with a single excitation laser. Relatively few organic �uorophores absorb

e�ciently at one wavelength, which limits the number of spectrally separable probes

available for direct excitation. To expand the usable emission palette, many commercial

antibody conjugates employ FRET (�uorescence resonance energy transfer) dye pairs.

These consist of a donor �uorophore and an acceptor �uorophore linked on the same

macromolecule, typically within ∼10 nm of each other. Upon excitation of the donor at

488 nm, part of the energy is transferred non-radiatively to the acceptor, provided that

the donor emission spectrum overlaps the acceptor absorption spectrum; the acceptor

then emits at its own, longer wavelength. In this way, several probes can be resolved in

distinct channels despite sharing the same excitation line. FRET e�ciency depends on

donor�acceptor distance, energy transfer, and dipole orientation, so the emitted colour

may di�er from that of the donor alone.

Figure 2.20: (a)Fluorescence Jablonski diagram: excitation, emission, nanosecond lifetime); (b)FRET
(donor�acceptor energy transfer, distance dependence, spectral overlap). Adapted from Prof. Gabriele
Candiani lectures (2025).

In �ow cytometry, the �uorescent probe is typically conjugated to an antibody

that recognizes a speci�c cluster-of-di�erentiation (CD) antigen on the cell surface,

thereby enabling biochemical and biological measurements on individual events. Each

CD marker can be tagged with a distinct �uorophore, so that the co-expression of up

to four to six antigens can be assessed simultaneously on the same cell.

Fluorophore-conjugated antibodies can be used in two labelling strategies, classi�ed

according to how the antibody reagent is applied:

� Direct labelling. A primary antibody recognising the antigen of interest is

directly conjugated to a �uorophore. Upon binding of the paratope to the epitope
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on the target antigen, �uorescence emission from the attached �uorophore reports

antigen presence on that cell. This approach is straightforward and minimizes

the number of incubation steps.

� Indirect labelling. An unlabelled primary antibody binds the antigen of in-

terest; a �uorophore-conjugated secondary antibody (anti-antibody) then binds

the constant region of the primary immunoglobulin. Secondary antibodies are

typically polyclonal and are raised by immunizing a second species with the con-

stant domain of the primary antibody (cross-species immunization). Because

several secondary molecules can bind one primary antibody, and each secondary

can carry multiple �uorophores, the �uorescent signal is ampli�ed, lowering the

detection threshold and enabling visualization of low-abundance targets.

Figure 2.21: Antibody structure (Fab (fragment antibody binding domain), Fc (constant region),
paratope�epitope binding) and direct vs. indirect immuno�uorescence staining.Adapted from Prof.
Gabriele Candiani lectures (2025).

Two-parameter dot plots (e.g. FSC versus SSC, or �uorescence versus scatter) dis-

play each event as a dot; homogeneous subpopulations are selected by drawing a gate,

a delimiting region that excludes debris and aggregates. Within the gated population,

the fraction of marker-positive cells is quanti�ed by comparing �uorescence intensity

against an unstained control sample, which de�nes the background �uorescence thresh-

old above which events are scored as positive.
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In this thesis, FCM was used to monitor the consequences of NaC�PERFECTA@PLGA-

Rhodamine B labelling on CAR-T cell viability, cytotoxic function on glioblastoma tar-

get cells and to quantify nanoparticle uptake. Two conceptually di�erent �uorescent

reporters were employed: Viability� 405/452 Fixable Dye, a membrane probe that la-

bels cells with compromised plasma membranes (direct staining of non-viable cells) and

Rhodamine B incorporated into the PLGA matrix during nanoparticle nanoformula-

tion, which reports uptake because internalized carriers carry the �uorophore into the

cytoplasm. Measurements were performed on a MACSQuant® Analyzer 16 equipped

with a 488 nm laser and 579/34 nm �lter for Rhodamine B detection in PE channel,

and a 405 nm laser with a 450/50 nm VioBlue �lter for Viability 405/452 detection.

Figure 2.22: Emission spectra of Viability 405/452 Fixable Dye and Rhodamine B together with the
detection windows of the MACSQuant® Analyzer 16. The �uorophores were selected to enable signal
acquisition in the VioBlue (450/50 nm) and PE (579/34 nm) channels with minimal spectral overlap.

Viability Staining and Nanoparticle Uptake Detection: After density gradient

puri�cation (Section 2.6.2), 5×104 labelled CAR-T cells were transferred to 1.5mL mi-

crocentrifuge tubes (Eppendorf) and resuspended in Vf = 100µL with PBS1X. Viobil-

ity staining was then performed by adding 1µL Viability� 405/452 Fixable Dye (stored

at −20 ◦C) and incubating for 15min at room temperature, protected from light. The

reaction was ended by adding 1mL MACS® Staining Bu�er; samples were centrifuged

at 1500 rpm for 5min, the supernatant was discarded, and the pellet was resuspended

in Vf = 200µL MACS® Staining Bu�er before acquisition on the MACSQuant® Ana-

lyzer 16 (Section 2.6.3). For each sample, viability and uptake were quanti�ed by gating

lymphocyte on FSC/SSC and comparing �uorescence distributions against unstained

controls processed in parallel.
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2.6.4 Co-culture assay with glioblastoma neurospheres

To assess whether nanoparticle labelling alters CAR-T e�ector function against glioblas-

toma target cells, labelled and control CAR-T cells were co-cultured with adherent U-87

MG cells in 24-well plates. The assay was designed to compare four conditions in par-

allel: tumour cells alone (U-87 MG), U-87 MG co-cultured with non-transduced (NT)

T activated cells, U-87 MG co-cultured with anti-B7-H3 CAR-T cells, and U-87 MG

co-cultured with NaC�PERFECTA@PLGA-Rhodamine B-labelled CAR-T cells.

Figure 2.23: Layout of the 24-well plate used for the U-87 MG co-culture assay (row A, wells A1�A4).
A1: U-87 MG alone (tumour cells control). A2: U-87 MG co-cultured with non-transduced (NT) T
lymphocytes. A3: U-87 MG co-cultured with anti-B7-H3 CAR-T cells. A4: U-87 MG co-cultured
with NaC�PERFECTA@PLGA-Rhodamine B-labelled CAR-T cells (NPs).

Because U-87 MG grows as adherent, tumour cells were seeded in advance (at least

4 hours above) so that they could adhere to the substrate before CAR-T cells were

added. On the labeling experiment day morning, 1 × 105 U-87 MG cells were plated

per well in V = 1mL TCM (without IL supplementation) and put to the incubator

until the CAR-T fraction was ready.

The CAR-T cells used in this assay were those recovered immediately after the la-

belling and puri�cation work�ow described above (Section 2.6.2): labelled populations

were collected from the Falcon tubes at the end of gradient puri�cation (in MACS®

Staining Bu�er). From each labelled preparation, 5 × 104 cells were reserved for the

post-labelling viability and uptake readout by �ow cytometry (Section 2.6.3); the re-

maining cells were allocated to co-culture and to 19F-MRI/19F-NMR analyses. For

co-culture, each well was brought to a �nal volume of Vf = 2mL with a 1:1 e�ector-to-

target ratio. For NT and CAR-T conditions, the number of e�ector cells plated was

increased following the equation

Neffectorcells = Ntargetcells ·
(
1 +

100− ηCAR−T

ηCAR−T

)
, (2.25)

where ηCAR−T is the CAR-T transduction e�ciency (%). This correction compensates
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for lymphocytes that did not undergo successful CAR transduction, so that the number

of CAR-T e�ectors seeded per well remains comparable to the nominal 1× 105 target

used in the tumour control, rather than being underestimated by the non-transduced

fraction. The remaining labeled CAR-T cells (at least 1×106) were processed according

to the 19F-MRI protocol.

Plates were incubated for 3 days under standard culture conditions (37 ◦C, 5%

CO2, 90% RH). At the end of the incubation, samples were collected and centrifuged

at 1500 rpm for 5min. For wells containing labelled CAR-T cells, the supernatant was

retained to check, by �ow cytometry, for nanoparticles released into the medium. Cell

pellets were resuspended in Vf = 100µL PBS1X and counted.

For immunophenotypic analysis, cell viability was assessed �rst, following the Vi-

ability staining protocol described in Section 2.6.3. After the washing step, pellets

were resuspended in V = 50µL of an antibody master mix prepared for each sample

according to Table 2.9 (Figure 2.24).

Table 2.9: Composition of the 50µL antibody master mix used to resospended the pellet for surface
immunophenotyping of co-culture samples (one mix per sample). Reagents were combined in the order
listed; detection channels refer to the MACSQuant® Analyzer 16 con�guration (Section 2.6.3).

Reagent Target / role Volume Detection (MACSQuant® 16)

PE-Vio® anti-human CD3 NT and CAR-T

lymphocytes (CD3)

0.5µL Ex. 488 nm; Em. ∼615 nm; B3

(615/20 nm)

FITC anti-human B7-H3 (CD276) Tumour antigen B7-H3 0.5µL Ex. 488 nm; Em. ∼519 nm; B1/FITC

(525/50 nm)

APC anti-human CSPG4 (NG2) Tumour antigen CSPG4 1.0µL Ex. 640 nm; Em. ∼660 nm; R1/APC

(667/30 nm)

MACS® Staining Bu�er Diluent 48µL �

Total per sample 50 µL

Figure 2.24: Excitation and emission spectra of the �uorophores employed in the co-culture im-
munophenotyping panel (Viability� 405/452, FITC, Rhodamine B, PE-Vio® 615, and APC) to-
gether with the excitation laser lines and detection windows of the MACSQuant® Analyzer 16. Flu-
orophores were selected to enable signal acquisition in the VioBlue (450/50 nm), FITC (525/50 nm),
PE (579/34 nm), B3 (615/20 nm), and APC (667/30 nm) channels with minimal spectral overlap.



72 CHAPTER 2. MATERIALS AND METHODS

Staining was carried out for 5min at room temperature, protected from light. Each

sample was then adjusted to Vf = 200µL with MACS® Staining Bu�er and acquired on

the MACSQuant® Analyzer 16. Gating on FSC/SSC and marker expression allowed

the relative abundance of tumour and e�ector populations to be quanti�ed and, in the

labelled condition, the persistence of Rhodamine B signal during the time.



Chapter 3

Results and Discussion

3.1 Nanoparticles Formulation Scaling

As an initial step toward improving the scalability and translational potential of the

nanoparticle platform, the �rst part of this thesis focused on the upscaling of the

established formulation protocol. The aim was to increase nanoparticle batch yield

while preserving the previously optimized emulsi�cation work�ow and avoiding major

modi�cations to the preparation procedure.

Starting from the standard single-batch formulation described in Figure 2.1, which

yielded 1 mL of �nal nanoparticle suspension, the production process was scaled up to

obtain a four-fold larger �nal volume. As shown in Figure 2.2, this was achieved by pro-

cessing two round-bottom �asks in parallel, each yielding 2 mL of �nal nanoparticle sus-

pension, for a total production volume of 4 mL. For the NaC�PERFECTA@PLGA�Rhod-

B formulations used in the in vitro experiments, the detailed preparation procedure is

reported in (Section 2.3). Brie�y, for each �ask, the organic phase was prepared by dis-

solving PERFECTA, PLGA, and PLGA�Rhodamine-B in ethyl acetate, maintaining

a �nal PLGA concentration of 20 mg/mL, a �uorescent polymer content of 2% w/w,

and a PLGA/PERFECTA weight ratio of 1:1. The aqueous phase consisted of sodium

cholate dissolved in mQ water. Emulsi�cation, sonication, magnetic stirring were then

performed according to the standard formulation protocol, while rotary evaporation

was extended to ensure complete removal of the organic solvent from the larger vol-

ume. The washed nanoparticles were �nally resuspended in mQw and characterized

by dynamic light scattering (DLS).

Figure 3.1 shows the representative 90° measurement of correlation function in

semi-log plot, normalized to the maximal intenisity value, indicating a homogeneous

nanoparticle polydispersity (PDI <0.2) and the absence of aggregation (linear baseline).

Moreover, the unweighted size distribution of the hydrodynamic radius shows a narrow

peak at approximately 60 nm, con�rming the homogeneous nature of the dispersion.

73
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Figure 3.1: Representative DLS experiment's results: (a) autocorrelation functions in semi-log plot
and (b) intensity-weighted size distribution of the NaC-PERFECTA@PLGA NPs upscaled formulation
in aqueous solution measured at 90°

As shown in Figure 3.2, upscaling did not alter the hydrodynamic diameter (dh)

neither the polydispersity index (PDI) of NaC�PERFECTA@PLGA�Rhodamine-B

nanoparticles. DLS measurements were performed on three independent upscaled

batches and on the reference batch, acquiring data at four scattering angles (70°, 90°,

110°, and 130°). For each batch, dh and PDI are reported as mean±SD calculated

on the four angular measurements. Across all formulations, dh remained comparable

between the 1mL and upscaled NPs (approximately 124 nm), demonstrating the re-

producibility of the upscaled protocol. In all cases, PDI values remained below 0.2,

indicating a narrow, homogeneous size distribution and stable colloidal behaviour.

Figure 3.2: E�ect of formulation upscaling on hydrodynamic diameter (dh) and polydispersity index
(PDI) of NaC�PERFECTA@PLGA�Rhodamine-B nanoparticles measured by DLS. (a) Mean±SD
of hydrodynamic diameter and (b) Mean± SD of PDI of 1mL (reference batch CCA118) and 2mL
upscaled batches (mean of three independent formulations: CCA31, CCA32, and CCA33). Compa-
rable dh (∼124 nm) and PDI values below 0.2 across all batches indicate that upscaling did not alter
colloidal size, dispersity, or stability.
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3.2 Nanoparticles Stability in Conditioned Media

The colloidal stability of NaC-PERFECTA@PLGA nanoparticles in biological media

is a critical determinant of their behaviour during cell labelling, as rapid protein ad-

sorption upon contact with serum supplemented culture medium leads to formation

of a protein corona (PC) that can alter nanoparticle size, surface properties, and ulti-

mately cellular uptake [70]. Building on the physicochemical characterization reported

by Lobello [85], who monitored NaC-PERFECTA@PLGA nanoparticles in CAR-T-

conditioned and unconditioned culture medium by dynamic light scattering (DLS),

the present study aimed to con�rm the temporal evolution of hydrodynamic diam-

eter by nanoparticle tracking analysis (NTA). In that previous work, an increase in

nanoparticle size was observed up to 6 h of incubation, followed by a return at 24 h

to values comparable to those measured in water (CTRL sample), suggesting dynamic

formation and subsequent reorganization of the protein corona without loss of colloidal

integrity. In addition to con�rm the previously observed results, we aimed to investigate

whether the behavior described above was cell-type and/or culture-medium dependent,

or whether it could be extended to other cellular models. For this reason, NIH-3T3

murine �broblasts were introduced as an additional reference cell model, together with

their corresponding culture medium, DMEM.

This con�rmatory NPs�PC stability assay, described in Section 2.3.3, was therefore

performed under identical incubation conditions, monitoring hydrodynamic diameter at

5min, 1 h, 6 h, and 24 h after exposure of nanoparticles to CAR-T conditioned medium

supplemented with serum.

On the basis of the parallel optimisation experiments with NIH-3T3-conditioned

medium reported in the same section and shown in Figure 3.3, comparison of the two

diluents applied before NTA measurements showed that dilution in phenol red-free

DMEM better preserved protein corona stability by limiting osmotic shock, that could

destabilize proteins adsorbed on the NPs surface.
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Figure 3.3: NTA size distributions of NaC�PERFECTA@PLGA nanoparticles after incubation in
NIH-3T3-conditioned medium (conditioned for 6 h) at 5min, 6 h, and 24 h. Normalised particle con-
centration is plotted as a function of hydrodynamic diameter (nm). Prior to analysis, samples were
diluted 1:5000 in (a) DMEM without phenol red or (b) ultrapure water (H2O). The control (H2O)
corresponds to nanoparticles, not incubated in NIH-3T3-conditioned medium, diluted in water.

Following NTA measurements of NPs-PC complex, obtained in CAR-T conditioned

medium, were carried out after 1:5000 dilution exclusively in DMEM without phenol

red. As shown in Figure 3.4, the hydrodynamic diameter of nanoparticles incubated in

CAR-T-conditioned medium, increased during the �rst hour of incubation, consistent

with initial protein adsorption and corona formation. At subsequent time points, at

24 h, the measured size progressively decreased, reaching values comparable to the

reference measurement of NPs in water.
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Figure 3.4: NTA size distributions in di�erent time points of NaC�PERFECTA@PLGA�Rhodamine-
B nanoparticles after incubation in CAR-T-conditioned medium supplemented with serum at 5min,
1 h, 6 h, and 24 h. Prior to analysis, each sample was diluted 1:5000 in DMEM without phenol red.
The control (CTRL) corresponds to nanoparticles diluted in ultrapure water (mQw). Normalised
particle concentration is plotted as a function of hydrodynamic diameter.

Within the �rst 5min of incubation, the size distribution shifts toward larger di-

ameters (+27.3% dh relative to CTRL), consistent with early protein adsorption. By

24 h, the pro�le substantially overlaps with the water reference, yet a residual mean dh

increase of 11.3%.

Figure 3.5: Mean hydrodynamic diameter (dh ± SD) of NaC�PERFECTA@PLGA nanoparticles in
CAR-T-conditioned medium at 5min, 1 h, 6 h, and 24 h, compared with the water control (H2O).

This residual o�set is attributed to the formation of a stable protein corona around

the nanoparticle surface. As described by Chirizzi et al. [70], the corona comprises two

distinct components: the hard corona (HC), consisting of proteins tightly bound to the

nanoparticle surface with slow exchange kinetics, and the soft corona (SC), formed by

more weakly associated proteins in dynamic equilibrium with the surrounding medium.

The temporal evolution of dh is therefore consistent with an initial adsorption of loosely

bound proteins, followed by progressive reorganization of intermolecular interactions

within the adsorbed layer and consolidation of a compact protein corona architecture.

When considered together with the parallel NIH-3T3 data (Figure 3.3), this dynamic

temporal pro�le appears particularly evident and characteristic of nanoparticles ex-

posed to T-cell-conditioned medium. By contrast, in NIH-3T3-conditioned DMEM,
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mimicking culture medium of a model associated with greater uptake and phagocytic

capacity, protein corona formation is rapid, already evident within the earliest phase

of exposure, and remains stable over time, in agreement with the literature and with

previous research reported by Chirizzi et al. [67, 70].

As expected, the formation and stabilization of the protein corona therefore appears

to depend strongly on the culture medium, and not only on its protein composition.

Indeed, the two conditioned media di�er not only in the proteins they contain but also

in their additives (salts, amino acids, and other small molecules), whose nature and

concentration can markedly in�uence the stability of the adsorbed protein layer. [99].

Figure 3.6: Schematic representation of the protein corona on a nanoparticle. The dashed boundary
separates the Hard Corona (HC), whose proteins interact directly with the nanoparticle surface, from
the Soft Corona (SC), which comprises proteins weakly bound to the HC layer. [70]

The progressive decrease in the hydrodynamic diameter of the nanoparticle�protein

corona (NP�PC) complex over time may favour internalization by CAR-T cells. Unlike

phagocytic cells, T lymphocytes possess a relatively small cytoplasmic volume and in-

ternalize nanoparticles primarily through receptor-mediated endocytic pathways rather

than phagocytosis. Smaller NP�PC complexes are therefore more compatible with the

uptake capacity of these cells. Moreover, adsorption of culture medium proteins onto

the nanoparticle surface confers on the NP�PC complex a biological identity more

closely resembling endogenous components of the cellular microenvironment, thereby

reducing recognition as a foreign entity and promoting more e�cient internalization

during ex vivo labelling.
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3.3 CAR-T Cell Labeling E�ciency and Viability

In this section are reported the results of �ve independent ex vivo labelling experiments

on human anti-B7-H3 CAR-T cells incubated with PERFECTA@PLGA�Rhodamine B

nanoparticles. In 19F-MRI-based cell tracking, accurate removal of non-internalized

nanoparticles is essential to avoid overestimating cellular labelling e�ciency. This is

particularly critical for cells in suspension, where residual free nanoparticles or nanopar-

ticles bound to the cell surface may contribute to the measured 19F signal. For this

reason, labelled CAR-T cells require a stringent puri�cation procedure before down-

stream NMR and MRI analyses.

3.3.1 CAR-T Cell Recovery with Density Gradient Puri�cation

The puri�cation protocol by density gradient centrifugation on Ficoll-Paque and Per-

coll, as described in Section 2.6.2, aims at maximizing cell recovery while reducing

free and surface-associated nanoparticles, thereby improving the 19F-MRI signal pre-

dominantly originating from intracellular �uorine. Cell recovery after density gradient

puri�cation was quanti�ed according to Equation 2.24 as the percentage of viable

CAR-T cells recovered after centrifugation relative to the pre-gradient count. To com-

pare the puri�cation strategies outlined in Section 2.6.2, recovery rates were analysed

across three experimental groups. The work�ow was designed to progressively evalu-

ate di�erent puri�cation conditions, starting from the standard Ficoll-based procedure

previously optimized and used throughout the initial experiments, followed by the in-

troduction of an EDTA/BSA-containing Staining Bu�er to improve cell handling and

recovery, and �nally by the assessment of Percoll as an alternative density-gradient

puri�cation strategy. For each experimental group, the control consisted of unlabelled

CAR-T cells subjected to the same density gradient centrifugation procedure. Mean re-

covery and standard deviation (mean±SD) are reported with the experimental details

for each group described below.

1. For the reference protocol based on Ficoll-Paque and PBS 1X (Ficoll + PBS 1X),

data from eight independent experiments were pooled, including experiments

from Lobello's previous study [85] and from the present thesis.

2. To evaluate the e�ect of replacing PBS 1X with EDTA/BSA-containing staining

bu�er (SB), one additional labelling experiment was conducted in the present

work using the Ficoll+ SB procedure. Crucially, in this same experiment the

Ficoll+PBS 1X condition was processed in parallel on aliquots taken from the

identical post-labelling cell suspension. This paired design allowed recovery to be

compared between the two wash conditions, while keeping constant the upstream

labelling step.
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3. Finally, recovery was assessed in four independent experiments in which labelled

CAR-T cells were puri�ed using Percoll gradients and EDTA/BSA-containing

Staining Bu�er (Percoll+SB), following the gradient formats described in Sec-

tion 2.6.2. In the �rst of these experiments, both Percoll con�gurations summa-

rized in Table 2.8 were tested in parallel: the four layer multigradient (100/80/40/30%)

and the simpli�ed 70/30% discontinuous gradient. The simpli�ed 70/30% for-

mat resulted in markedly higher cell recovery, reaching 67.3% compared with 31%

obtained with the multigradient con�guration.

Figure 3.7: Comparison of CAR-T cell recovery (%) between the 70/30% discontinuous gradient
and the four-layer multigradient, tested in parallel within the same experiment. Recovery is
reported separately for unlabeled and labeled cells processed with the same gradient protocol.

This observation is attributed to the heterogeneity of the labelled CAR-T popu-

lation, because internalization of nanoparticles increases the buoyant density of

individual CAR-T cells proportionally; so cells labelled with di�erent amounts

of nanoparticles do not band at a single and well de�ned interface. Under the

multigradient con�guration, this density probably spreads and partitions the pop-

ulation across several interfaces (30/40% and 40/80%), producing thin cell rings

that are di�cult to recover and visualize. By contrast, the 70/30% gradient

provides a single collection interface at which labelled cells with only modest

di�erences in buoyant density can accumulate together, substantially improving

recovery yield (Figure 3.8).



3.3. CAR-T CELL LABELING EFFICIENCY AND VIABILITY 81

Figure 3.8: Schematic representation of CAR-T cell partitioning after Percoll + Staining Bu�er
centrifugation. (a) In the 70/30% discontinuous gradient, labelled CAR-T cells (green) band at
a single interface between the 30% and 70% layers, whereas free nanoparticles (red) sediment
to the pellet at the bottom of the tube. (b) In the four-layer multigradient, the density
heterogeneity of the labelled population partitions cells across multiple interfaces (30/40% and
40/80%), while free nanoparticles again pellet at the bottom.

On the basis of this result, the subsequent three labeling experiments were per-

formed exclusively with the 70/30% discontinuous Percoll gradient.

Figure 3.9 summarizes the recovery yields obtained across the three puri�cation strate-

gies described above. For each condition, mean recovery and standard deviation are

reported separately for unlabeled and labeled CAR-T cells processed with the same

density gradient protocol. Under Ficoll-Paque + PBS 1X, recovery was low for both

populations, with a marked reduction for labeled cells. Replacement of PBS 1X with

EDTA/BSA-containing Staining Bu�er (Ficoll+SB) substantially improved recovery

of unlabeled cells, whereas labeled cell recovery remained limited. Percoll+SB with

the 70/30% discontinuous gradient provided the most balanced performance, yielding

comparable recovery for unlabeled and labeled CAR-T cells.

Figure 3.9: CAR-T cell recovery after density gradient puri�cation (mean±SD, %). Comparison
across Ficoll-Paque + PBS 1X, Ficoll-Paque + Staining Bu�er, and Percoll + Staining Bu�er (70/30%)
for unlabeled and labeled CAR-T cells.
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Table 3.1: CAR-T cell recovery after density gradient puri�cation (mean± SD, %).

Puri�cation condition Unlabelled CAR-T (%) Labelled CAR-T (%)

Ficoll-Paque + PBS 1X 20.44± 19.79 4.42± 3.21

Ficoll-Paque + Staining Bu�er 64.00± 2.82 22.00± 13.57

Percoll + Staining Bu�er (70/30%) 45.38± 17.65 52.36± 14.21

Taken together, the recovery data in Figure 3.9 and Table 3.1 support the puri�-

cation rationale outlined in Section 2.6.2. The marked improvement observed upon

replacing PBS 1X with MACS® Staining Bu�er is therefore attributed primarily to

the combined action of bovine serum albumin (BSA) and ethylenediaminetetraacetic

acid (EDTA) in the bu�er formulation. As described in Section 2.6.2, BSA satu-

rates cell membrane binding sites and competes with opsonins and the nanoparticle

protein corona for adsorption onto the plasma membrane, favouring detachment of

non-internalized particles, whereas EDTA chelates Ca2+ and Mg2+, disrupting calcium-

mediated electrostatic bridges between negatively charged nanoparticles and the cell

surface. The further gain achieved with Percoll is instead attributed to the tunable

density architecture of Percoll®, which allows the gradient to be adapted to the buoy-

ant density of labelled CAR-T cells. On this basis, Percoll with the 70/30% gradient

+ Staining Bu�er was adopted as the optimized post-labelling puri�cation protocol for

subsequent experiments.

3.3.2 Assessment of Cell Viability with Flow Cytometry

The cytocompatibility of the labelling protocol was evaluated by monitoring CAR-

T cell viability using trypan blue exclusion assay and �ow cytometric analysis, as

described in Section 2.6.1, comparing the gating on unlabelled and labelled CAR-T

cell populations. The Standard labeling condition consisted of 3.33× 106 anti-B7-

H3 CAR-T cells labelled with NaC�PERFECTA@PLGA nanoparticles for 6 h under

the Standard �uorine labelling concentration (3.13× 1019 19F/mL, 1X).
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Figure 3.10: Flow cytometric assessment of CAR-T cell viability. (a) Representative gating of unla-
belled CAR-T cells (CTRL) for size and morphology (FSC-A vs. SSC-A) and live-cell discrimination
(VioBLUE-Viability-A vs. SSC-A). (b) Representative gating of labelled CAR-T cells under the 1×,
6 h condition. Summary bar chart comparing viability (%) of unlabelled CAR-T cells and CAR-T
cells labelled with NaC�PERFECTA@PLGA nanoparticles (CAR-T + NPs).

Control cells processed through the same protocol, but without nanoparticles and

with the addition of an equivalent volume of H2O, showed comparable viability across

all experiments. This con�rmed that the handling procedures and Percoll-based pu-

ri�cation did not inherently compromise cell health. The high viability of labelled cells

across all experiments validated the cytocompatibility of the NaC�PERFECTA@PLGA

nanoparticle formulation at the tested concentrations.

A second labelling experiment was then performed using the same number of anti-

B7-H3 CAR-T cells incubated for 6 h with NaC�PERFECTA@PLGA nanoparticles at

the Doubled �uorine labelling concentration, corresponding to 6.26× 1019 19F/mL (2x

(6 h)). In the same experiment, additional cells were labelled for 18 h using either the

Standard or the Doubled �uorine concentration, referred to as 1x (18 h) and 2x (18 h),

respectively. The four labelling conditions and their corresponding abbreviations are

summarized in Table 3.2.

Table 3.2: Summary of CAR-T labelling conditions tested by �ow cytometry.

Condition Labeling concentration (19F/mL) CAR-T cell number

1×, 6 h 3.13× 1019 3.33× 106

2×, 6 h 6.26× 1019 3.33× 106

1×, 18 h 3.13× 1019 3.33× 106

2×, 18 h 6.26× 1019 3.33× 106
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Figure 3.11: Flow cytometry size & morphology representation of a) CAR-T cells labeled in standard
�uorine concentration for 6 h; b) CAR-T cells labeled in standard �uorine concentration for 18 h; c)
CAR-T cells labeled in doubled �uorine concentration for 6 h; d) CAR-T cells labeled in doubled
�uorine concentration for 18 h; e) simple linear regression of intracellular granulosity increase SSC-A
(a.u.) over di�erent 19F/mL concentrations, f) viability percentage among all conditions calculated
by �ow cytometry, in CAR-T morphological gate.

As highlighted in Figure 3.11, the viability percentage remains comparable be-

tween the unlabelled control condition and the labelled population, despite the im-

provement in nanoparticle uptake. This con�rms the cytocompatibility of the NaC�

PERFECTA@PLGA nanoparticle formulation under alternative labelling conditions.

The increased nanoparticle uptake trend was further supported by linear regression

analysis of intracellular granulosity, quanti�ed within the CAR-T morphological gate,

as a function of labelling �uorine concentration. Flow cytometry analysis showed that

SSC, re�ecting cell granularity/internal complexity, increased with �uorine concentra-

tion, as indicated by the positive slopes of the �tted regression lines. Comparison

of 6h (circles) and 18h (triangles) incubation times showed higher granulosity after

prolonged labelling, in line with enhanced nanoparticle uptake during extended expo-

sure. Furthermore, the 1x (18h) condition exhibited slightly lower granulosity than 2x

conditions.

3.3.3 Assessment of nanoparticle uptake by �ow cytometry

A primary assessment of nanoparticle uptake was carried out by �ow cytometric analy-

sis of Rhodamine-B �uorescence within labelled cells (Section 2.6.3). Under the Stan-

dard labeling condition, labelling e�ciency reached 100% when quanti�ed within
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the live-cell population included in the CAR-T morphological gate. (Figure 3.12). To

normalize �uorescence intensity values across experiments, nanoparticle uptake was

additionally expressed as Mean Fluorescence Intensity (MFI) fold change, calculated

as the ratio between the MFI of the gated labelled population and the corresponding

unlabelled control acquired under identical settings:

Fold Change MFI =
MFIlabelled −MFIunlabelled

MFIunlabelled
, (3.1)

where MFI denotes the arithmetic mean of the �uorescence intensity values recorded

for all events within the selected gate. A fold change of unity indicates how much a

quantity changes between the analysed condition and the respectively control, whereas

values around 50 indicates that the mean �uorescence of the labelled population was

50 times that of the unlabelled control, con�rming successful nanoparticle uptake.

Figure 3.12: Flow cytometry assessment of nanoparticle uptake under the Standard labeling condi-
tion. (a) Representative histogram of Rhodamine-B �uorescence (PE channel) for unlabelled (red)
and labelled (blue) CAR-T cells, shifted to the positive decades. (b) Percentage of nanoparticle-
positive (NP+) cells and fold change in mean �uorescence intensity (Fold Change MFI) relative to the
unlabelled control.

Subsequently, Rhodamine-B �uorescence was assessed by �ow cytometry for the

Doubled labeling condition at 6 h and 18 h, and for the Standard labeling con-

dition at 18 h. The results are shown in Figure 3.13.
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Figure 3.13: Rhodamine-B �uorescence histograms (PE channel) comparing unlabelled CAR-T cells
(red) with labelled populations under Standard (1×) and Doubled (2×) �uorine concentrations at 6 h
and 18 h incubation times.

As shown in Figure 3.13, doubling the labelling concentration produced a further

rightward shift of the �uorescence signal toward higher decades, indicating increased

Rhodamine-B �uorescence and, consequently, greater nanoparticle uptake. Likewise,

extending the incubation time from 6h to 18 h resulted in an additional shift relative to

the corresponding 6 h condition, consistent with progressive nanoparticle internaliza-

tion during prolonged exposure. Importantly, labelling e�ciency reached 100% of the

population in all labeled conditions, when quanti�ed on live cells within the CAR-T

morphological gate.

3.4 19F-MRI imaging and 19F loading quanti�cation

CAR-T cells labeled under the Standard labeling condition, corresponding to the

Standard �uorine concentration and incubation time, were imaged by 19F-MRI to verify

the presence of the PERFECTA signal. Although this protocol achieved a cellular

�uorine uptake higher than values reported in the literature for CAR-T cells labelled

with other nanoparticle systems or �uorinated agents, the PERFECTA signal was not

detectable above background. This was likely due to the limited number of labelled

cells available for imaging, with cell pellets containing approximately 1−1.5×105 cells,

remaining below the MRI detection threshold.

For this reason, alternative labelling conditions were explored to increase the 19F

content per cell by extending the incubation time and/or increasing the �uorine concen-

tration. These conditions enabled the detection of a visible 19F-MRI signal, as shown

in Figure 3.14.
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Figure 3.14: 19F-MRI imaging of labelled CAR-T cell samples and NaF reference tubes. Left: 19F-
MRI images of labelled CAR-T cell pellets (red) and NaF references (magenta). Top right: number of
cells per sample. Bottom right: mean signal-to-noise ratio (SNR) for cellular samples and reference
tubes; the horizontal dashed line indicates the SNR detection threshold, below which the 19F signal
would no longer be reliably distinguishable from background noise; Reference NaF 1: Cref,1 =
1× 1020 19FmL−1; Reference NaF 2: Cref,2 = 2× 1020 19FmL−1.

The PERFECTA resonance was particularly prominent in the two samples labelled

at doubled �uorine concentration (2×), in agreement with the higher intracellular pay-

load �uorescence, whereas the signal from the standard �uorine concentration (1×)
overnight, was slightly lower. In all cases, the measured SNR values were well above

the detection threshold, enabling clear visualisation of all labelled cell pellets. Accord-

ing to the protocol described in Section 2.3.7, the �uorine content of each sample was

quanti�ed from the two MRI slices in which the cellular pellet was concentrated and

therefore the 19F signal was maximal. The results are summarized in Table 3.3.

Table 3.3: 19F/cells content quanti�ed by 19F-MRI from the two pellet containing slices under alter-
native labelling conditions.

Sample 19F/cells

CAR-T 2× (6 h) 1.6× 1013

CAR-T 1× (18 h) 2.06× 1012

CAR-T 2× (18 h) 2.08× 1013
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3.4.1 19F quanti�cation with 19F-NMR

According to the protocol described in Section 2.3.5, after completion of the imaging

analyses, the cellular samples were lysed and subjected to quantitative 19F-NMR to

obtain an independent con�rmation of the actual �uorine content extrapolated from

the 19F-MRI images. A representative result from one of the labelling experiments

conducted under the standard condition (1×, 6 h) is reported in Figure 3.15. Under

this condition, a �uorine loading of 8.48×1011 19F/cell was obtained, calculated relative

to 300× 103 cells.

Figure 3.15: Representative quantitative 19F-NMR spectrum of the CAR-T sample labelled under
the standard �uorine concentration for 6 h (1×). The resonance at δ ≈ −72.5ppm corresponds to
intracellular PERFECTA released after cell lysis; the sharp signal at δ ≈ −75.5 ppm is the TFA
external reference. Cref = 1.6× 1018 19FmL−1.

Across all experiments performed under the standard labelling condition (1×, 6 h),
the mean intracellular �uorine content was 9.39× 1011 ±5.5× 1011 19F/cell.

Quantitative 19F-NMR was also performed on the samples from the last labelling ex-

periment conducted under the alternative conditions, (Section 2.6.1). A representative
19F-NMR spectrum of the CAR-T sample labelled at doubled �uorine concentration

for 18 h is shown in Figure 3.16, where a �uorine loading of 1.73 × 1013 19F/cell was

obtained, calculated relative to 769× 103 cells.
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Figure 3.16: Representative quantitative 19F-NMR spectrum of the CAR-T sample labelled at doubled
�uorine concentration for 18 h (2×). The resonance at δ ≈ −72.5ppm corresponds to intracellular
PERFECTA released after cell lysis; the sharp signal at δ ≈ −75.5ppm is the TFA external reference.
Integrated peak areas (green) were used for �uorine quanti�cation. Cref = 2× 1020 19FmL−1.

Across all experiments performed under the alternative labelling conditions, the

mean intracellular �uorine content per cell quanti�ed by 19F-NMR is summarized in

Table 3.4.

Table 3.4: 19F/cell content quanti�ed by 19F-NMR from the samples labelled under alternative con-
ditions.

Sample 19F/cell

CAR-T 2× (6 h) 4.38× 1012

CAR-T 1× (18 h) 1.23× 1011

CAR-T 2× (18 h) 1.82× 1013

The 19F-NMR quanti�cation for the CAR-T 1× (18 h) condition is excluded from

the analysis because it represents an outlier inconsistent with the corresponding 19F-

MRI measurement (Table 3.3); for this condition, only the 19F-MRI quanti�cation is

considered reliable.
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3.4.2 Assessment of nanoparticle uptake by Raman microscopy

Flow cytometry and 19F-MRI/19F-NMR quantify nanoparticle uptake at the population

level, but neither modality alone can verify the correctly internalization of nanopar-

ticles inside CAR-T cells and localize them at the subcellular level. For this reason,

Raman imaging was employed as a complementary assay capable of resolving the spa-

tial distribution of PERFECTA within individual CAR-T cells at micrometre scale

(Section 2.3.6). Proof-of-concept Raman experiments were performed on CAR-T cells

labelled under Standard labeling condition, 6 h incubation at the standard �uorine

concentration (Section 2.6.1), to verify where the nanoparticles were located inside the

cells.

Raman mapping requires single cells to remain �rmly adherent and optically acces-

sible on a suitable substrate. For this purpose, a preliminary adhesion assay was carried

out on quartz bottom Petri dishes coated with poly-D-lysine (PDL), following the pro-

tocol described in Section 2.3.6 and illustrated in Figure 2.14. There were assessed �ve

di�erent time points (2 h, 4 h, 18 h, 24 h, 48 h) to discover which best achieved the max-

imum attachment of cells on the substrate. At each selected time point, non-adherent

cells were removed through gentle washing steps using culture medium and PBS. The

degree of cell adhesion was qualitatively assessed by bright-�eld microscopy based on

the number of cells remaining attached to the well surface after washing. The optimal

results was achieved after 24 hours of incubation, as illustrated in Figure 3.17.

Figure 3.17: Representative bright-�eld microscopy images of CAR-T cell adhesion on poly-D-lysine
(PDL)-coated quartz-bottom Petri dishes, acquired after 24 h incubation. Before: cells prior to
washing, showing a densely packed population on the substrate. After: population of cells that
remaining �rmly attached after the washing step.

Analyses performed on individual cells, according to the protocol described in Sec-

tion 2.3.6, showed hyperspectral Raman maps from which representative spectra could

be extracted, enabling quanti�cation of the PERFECTA signal across the mapped

pixels (magenta in Figure 3.18).
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Figure 3.18: Raman imaging of labelled CAR-T cells. (a�d) False-colour Raman maps of individual
CAR-T cells showing the spatial distribution of PERFECTA (magenta), DNA (blue), and proteins
(grey). (e) Representative Raman spectrum of a labelled CAR-T cell (image a) in the �ngerprint
region (600�1800 cm−1), with vertical markers at the PERFECTA band (∼770 cm−1), the DNA con-
tribution (∼790 cm−1), and the protein amide region (∼1650 cm−1). (f) Representative Raman spec-
trum of a labelled CAR-T cell (image d).

The PERFECTA signal is localized inside the cell, within the cytoplasmic region,

in the perinuclear region. As shown in panel (f), the PERFECTA peak associated

with the magenta pixels is clearly visible. In panel (e), by contrast, the peak appears

very close to the DNA region, indicating that, because the image is two-dimensional,

the signal may arise from nanoparticles positioned in correspondence with the nucleus,

while still remaining within the cytoplasmic compartment. Taken together, this com-

plementary approach con�rms that nanoparticle internalization occurred correctly and

that PERFECTA is detected within the intracellular compartment.

3.5 Functional Validation of CAR-T cells in Cytotox-

icity Assays

Following the CAR-T cell labelling experiments performed under the di�erent con-

ditions described above, each labelling condition was functionally validated to assess

whether nanoparticle labelling a�ected the targeted cytotoxic activity of CAR-T cells.

Speci�cally, the assay was designed to verify that labelled CAR-T cells retained their

ability to recognize and kill B7-H3-expressing glioblastoma tumour cells. Five co-

culture experiments were therefore performed, in which labelled CAR-T cells were co-

cultured with U-87 glioblastoma cells at a 1:1 e�ector to target ratio (cell number ratio)
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for 3 days, according to the protocol described in Section 2.5.4. For each condition,

controls were represented by Non Trasduced T-cells (NT), to evaluate whether anti-B7-

H3 CAR-T cells exert superior cytotoxic activity against glioblastoma target cells, and

CAR-T cells unlabeled (CAR-T) to evaluate the eventually in�uence of nanoparticles

on the cytotoxicity activity. Co-culture experiments were primarily performed under

the Standard labeling condition, (6 h at the standard 19F labelling concentration;

Section 2.6.1), as reported in Figure 3.19 and Table 3.5.

Figure 3.19: Flow cytometry analysis of co-culture conditions after 3 days: (a) non-transduced T
cells and U-87 target cells; (b) CAR-T cells and U-87 target cells; (c) labelled CAR-T cells and U-87
target cells. Gating strategy: FSC-A vs. SSC-A, viability, and immunophenotyping (CD3 on the y
axis, B7-H3 on the x axis). Bar chart (right): e�ector to target cell ratio for each condition (NT,
CAR-T, CAR-T + NPs).

Table 3.5: Cell counts measured in co-culture cytotoxicity assays.

Cells sample Target (cell/µL) E�ector (cell/µL)

a) NT 552,29 124,23

b) CAR-T 56,57 182,52

c) CAR-T + NPs 31,96 147,75

From the extrapolated cell density values (cells/µL) reported in Table 3.5 and from



3.5. FUNCTIONAL VALIDATIONOF CAR-T CELLS IN CYTOTOXICITY ASSAYS93

the e�ector to target ratio, the killing activity exerted by e�ector cells over the 3-day

co-culture period can be undesrtood. In the �rst condition, Non Trasduced T cells

(NT) against U-87 cells, cytotoxic activity was markedly limited; the U-87 population

density remained comparatively high and the e�ector to target ratio was below unity

(0.22). In the second condition, CAR-T cells against U-87 cells, killing was substantially

ampli�ed, yielding a ratio > 1, indicating that e�ector cells outnumbered target cells by

a factor of 3.26. In the third condition, labeled CAR-T cells against U-87 cells, cytotoxic

activity was not compromised; on the contrary, e�ector cells slightlyexceeded target

cells by a factor of 4.62, re�ecting the strongest reduction in target cell density among

the three conditions. Taken together, these results therefore con�rm that nanoparticle

labelling under the standard labelling condition did not impair the cytotoxic activity

of CAR-T cells against U-87 glioblastoma target cells.

The last co-culture experiment was carried out under the other labeling conditions

described above to verify if the killing activity was preserved, following the protocol

described in Section 2.5.4, as shown in Figure 3.21. First of all, the morphological

appearance of the cells was assessed by microscopy, as shown in Figure 3.20.

Figure 3.20: Morphological assessment of U-87 and CAR-T co-cultures after 3 days, acquired by
optical microscopy. From left to right: (1) U-87 + unlabelled CAR-T; (2) U-87 + CAR-T labelled
for 6 h under the doubled �uorine concentration (2×); (3) U-87 + CAR-T labelled overnight (18 h)
under the doubled �uorine concentration (2×); (4) U-87 + CAR-T labelled overnight (18 h) under
the standard �uorine concentration (1×).

Bright-�eld microscopy observations revealed the formation of CAR-T cell clusters

in all co-culture conditions, including both unlabelled and labelled e�ector popula-

tions. These clonal-like aggregates are consistent with CAR-T cells activation and pro-

liferative expansion following antigen recognition and engagement in the killing assay,

providing morphological evidence that labelled cells retain functional responsiveness

against U-87 glioblastoma target cells.
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Figure 3.21: Flow cytometry analysis of co-culture conditions after 3 days under alternative labelling
protocols: (a) unlabelled CAR-T control at 6 h; (b) CAR-T labelled for 6 h under the doubled �uorine
concentration (2×); (c) unlabelled CAR-T control at 18 h (overnight); (d) CAR-T labelled overnight
(18 h) under the standard �uorine concentration (1×); (e) CAR-T labelled overnight (18 h) under
the doubled �uorine concentration (2×). Gating strategy: immunophenotyping (CD3 on the y axis,
B7-H3 on the x axis). Bar chart (right): e�ector to target cell ratio for each condition.

For the 6 h labelling condition at the doubled �uorine concentration (2×), an exper-
imental issue was encountered. Indeed, even the unlabelled CAR-T control showed an

e�ector to target ratio < 1, despite unlabelled CAR-T cytotoxicity against U-87 being

well established in the 4 previous co-culture experiments and yielding strong killing un-

der standard conditions. (Figure 3.19). These results are therefore considered invalid

for this labelling protocol.

For overnight (18 h) labelling, both the unlabelled control and the standard (1×)
concentration preserved e�ector to target ratios above unity. In the control, e�ec-

tor cells outnumbered target cells by a factor of 5.18, whereas CAR-T cells labelled

overnight at the standard concentration exceeded target cells by a factor of 4.5. By

contrast, overnight labelling at the doubled (2×) concentration yielded a ratio below

unity.

Flow cytometry analysis suggested that B7-H3 signal remained associated with the

CD3-positive population, in particular under 2x conditions, consistent with ongoing

killing in which CAR-T cells retain target antigen on the membrane during active

cytotoxic engagement. It is therefore possible that cytotoxicity under these alternative

labelling conditions is not impaired but merely delayed. Extending the co-culture
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period to 5 days could be explored to verify whether killing eventually reaches the

levels observed under the standard labelling protocol.

3.5.1 Assessment of 19F Labeling Stability over Time

During the cytotoxicity experiment assessment, �ow cytometry was also used to evalu-

ate Rhodamine-B �uorescence in live CAR-T cells gated within the CAR-T morpholog-

ical region. After 3 days of co-culture, in the 1x (6h) condition, the histogram showed

a partially reduction in �uorescence intensity, with a leftward shift towards negative

control decades. To verify that this decrease was not attributable to nanoparticle

exocytosis into the culture medium, complementary quantitative 19F-NMR analyses

were performed on both the cellular pellet and the retained supernatant, following the

protocol described in Section 2.3.5 (Figure 3.22).

Figure 3.22: Assessment of Rhodamine-B �uorescence and intracellular 19F retention in labelled CAR-
T cells after 3 days of co-culture. a) �ow cytometry histogram of Rhodamine-B �uorescence (PE
channel): unlabeled cells (black) and labeled cells (red). Right: quantitative 19F-NMR spectra of
the cellular pellet (1) and supernatant (2).

As can be observed from the 19F-NMR spectrum, the PERFECTA signal remains

detectable in the cellular pellet (δ ≈ −72.8ppm, 8.41 × 1010 19F/cell in 1.76 × 105

cells), whereas no �uorine signal is observed in the supernatant, suggesting that the

�uorescence decrease is unlikely to arise from nanoparticle exocytosis. A more plau-

sible explanation is the progressive dilution of the intracellular �uorine payload and,

consequently, of the Rhodamine-B �uorescence readout, among daughter CAR-T cells

generated during co-culture. Indeed, CAR-T e�ectors must proliferate to sustain cyto-

toxic killing, and this expansion was con�rmed by a positive net increase in the CAR-T

population over the 3-day assay. The proliferative gain was quanti�ed as

∆NCAR−T = NCAR−T,end −NCAR−T,start = 61× 103 cells, (3.2)
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where NCAR−T,start is the number of labelled CAR-T cells seeded at the beginning of

co-culture and NCAR−T,end is the number of CAR-T cells recovered at the end of the

3-day incubation.

Fluorescence signal reduction was subsequently assessed under the alternative la-

belling conditions described above (Figure 3.23).

Figure 3.23: Rhodamine-B �uorescence histograms (PE channel) of live CAR-T cells after 3 days of
co-culture under alternative labelling protocols: unlabelled negative control (red); CAR-T labelled
overnight (18 h) at standard �uorine concentration (1×, blue); CAR-T labelled for 6 h at doubled
�uorine concentration (2×, purple); CAR-T labelled overnight (18 h) at doubled �uorine concentration
(2×, green).

As can be seen, �uorescence signal reduction was lower for the both doubled �uorine

concentration (2×) than for the standard �uorine concentration (1×) overnight, within
the same 3 days monitoring period. This further supports increased nanoparticle in-

ternalization under the doubled �uorine concentration (2×) conditions. Accordingly,

�uorescence signal reduction over the same 3 day monitoring period appeared less pro-

nounced; however, this likely re�ects a larger initial intracellular payload available for

dilution among proliferating daughter cells.

3.6 Critical Discussion and Methodological Limits

The progressive optimization of the ex vivo labelling protocol identi�ed the standard

�uorine concentration 3.13×1019 19F/ml with overnight incubation (18 h) for 3.33×106

anti B7-H3 CAR-T cells, as the most balanced condition among those tested. This

condition achieved a detectable 19F-MRI signal (Figure 3.14), an intracellular mean

loading of 2.06× 1012 ± 8.06× 1010 19F/cell, and preserved killing activity (e�ector to

target ratio of 4.5), while maintaining > 65% viability. This condition therefore repre-

sents the best compromise between labelling e�ciency, cellular viability, and retained

anti-tumour function.
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Figure 3.24: Mean intracellular 19F loading per cell across the four labelling conditions tested in this
work and a literature reference value (mean± SD; 19F/cell). 1× (6 h): 9.39×1011±5.5×1011 19F/cell;
2× (6 h): 1.66×1013±6.51×1011 19F/cell; 1× (18 h): 2.06×1012±8.06×1010 19F/cell; 2× (18 h):
2.08× 1013 ± 8.13× 1011 19F/cell; Literature: 2.79× 1011 ± 2.11× 1011 19F/cell.

As summarized in Figure 3.24, all four labelling protocols tested in this work ex-

ceeded the 19F loading per CAR-T cell reported in the literature, whose reference value

was calculated as the mean ± standard deviation of the loading values reported across

published studies [47, 92]. Relative to this benchmark, the standard 6 h condition (1×)
already provided approximately a 3.4 fold increase, whereas the optimized 1× (18 h)

protocol reached roughly 4.3 fold higher loading. Under the higher loading conditions

(2×, 6 h and 2×, 18 h), intracellular �uorine content increased by approximately 37 and
68 fold, respectively, reaching ∼ 1013 19F/cell. Of note, �uorine loading values in the

same order of magnitude of those obtained here with the 1Ö (18 h) protocol, have pre-

viously been reported using nanoparticle formulations incorporating cell-penetrating

peptides, reaching 1.23 ± 0.85 × 1012 19F/cell [98]. In this context, achieving com-

parable or higher labelling e�ciency without the need for a cell-penetrating peptide

represents an important advantage, as it reduces formulation complexity and may
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limit peptide-associated e�ects, including membrane perturbation, cytotoxicity, im-

munogenicity, or additional variability in cell handling. These values are comparable

in order of magnitude to those historically achieved in phagocytic cell lines, such as the

murine microglial BV-2 line, which after 4 h of incubation with PERFECTA@PLGA

nanoparticles reached approximately 5.8 × 1013 19F/cell [67]. This is the translational

relevant point of the study, because CAR-T lymphocytes are non phagocytic e�ector

cells, and are characterized by a comparatively reduced cytoplasmic compartment rel-

ative to phagocytic cells, for which e�cient ex vivo loading has long been considered

challenging [45, 57]. It is also important to note that, in this work, higher labelling levels

were achieved even after applying a puri�cation protocol that removes free nanopar-

ticles or those weakly adhered to the cell surface, which could otherwise contaminate

the measured signal. In this way, the quanti�ed signal can be directly attributed to the

intracellular �uorine load. This improvement is attributed primarily to PERFECTA,

whose 36 magnetically equivalent 19F nuclei contribute coherently to a single intense

NMR/MRI resonance, and to its encapsulation within NaC stabilized PLGA nanopar-

ticles optimized for ex vivo uptake [67, 66]. In contrast, PFPE and related PFC tracers

used in literature labelling studies typically rely on emulsions with lower e�ective �u-

orine payload per particle and more complex spectral signatures, which limits both

uptake e�ciency and quantitative readout in non phagocytic lymphocytes [92].

Taken together, the results obtained across the physicochemical, biological, and

imaging considerations form a coherent translational work�ow. Colloidal stability and

protein corona formation in CAR-T-conditioned medium (Figures 3.4) con�rmed that

NaC�PERFECTA@PLGA nanoparticles retain structural integrity during exposure to

serum supplemented culture �uids, while undergoing the spatial reorganization of the

adsorbed protein layer. This behaviour is relevant because labelling is performed in a

biological medium and because corona composition can modulate uptake by non phago-

cytic lymphocytes. Post-labelling puri�cation was then optimized systematically, com-

paring Ficoll-Paque and Percoll gradients, showing that Percoll 70/30% combined with

EDTA/BSA-containing Staining Bu�er provided the most balanced recovery of labelled

CAR-T cells while depleting free and surface associated nanoparticles (Figure 3.9; Ta-

ble 3.1), a prerequisite for attributing the downstream 19F signal predominantly to

intracellular cargo. Functional readouts demonstrated that labelled e�ectors retained

cytotoxic activity against U-87 target cells, in particular in the optimized condition, and

co-culture experiments further indicated that the apparent reduction in Rhodamine-B

�uorescence over three days was accompanied by retention of 19F atoms in the cellular

pellet rather than by nanoparticle release into the supernatant (Figure 3.22), probably

caused by the dilution of the cargo among proliferating daughter cells during active

killing. Complementary Raman imaging supported intracellular localization of PER-

FECTA within labelled CAR-T cells at subcellular resolution (Figure 3.18), reinforcing
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the multimodal rationale of combining bulk 19F-MRI quanti�cation with chemical sub-

spatial mapping of the same contrast agent.

The comparison across labelling conditions also clari�es why overnight incubation

at the standard �uorine concentration (1×, 18 h) emerged as the preferred protocol,

despite the substantially higher intracellular loads achieved under doubled concentra-

tions. Although the 2× conditions delivered up to two orders of 19F magnitude more

per cell, they were associated with delayed cytotoxic function (Figures 3.21). By con-

trast, the 1× (18 h) protocol preserved e�ector activity while crossing the 19F-MRI

detection threshold. Notably, the initial 1× (6 h) condition already exceeded published

CAR-T loading benchmarks by NMR yet remained invisible in MRI, whereas overnight

labelling at the same nanoparticle concentration produced a detectable image with only

a modest increase in mean loading. This pattern indicates that successful cell track-

ing will depend on the interplay between �uorine content per cell, labelling yield after

puri�cation, the spatial distribution of labelled cells in 1 or 2 slices at the time of

MRI acquisition, retained killing function and not only on intracellular loading, while

manteining e�cient and clinically translatable manufacturing work�ow.

Viewed against the rationale developed in the Introduction, this work addresses the

�rst link in the chain required for non-invasive monitoring of adoptive cell therapy in

glioblastoma: it establishes that human anti-B7-H3 CAR-T cells can be labelled ex

vivo with super�uorinated PLGA nanoparticles, puri�ed to enrich truly internalized

cargo, quanti�ed by complementary 19F-NMR and 19F-MRI readouts, and function-

ally validated without loss of cytotoxic activity. Bridging the historical sensitivity gap

in 19F-MRI in non-phagocytic therapeutic lymphocytes is therefore the principal con-

ceptual advance of the thesis and a necessary step toward biodistribution imaging in

solid-tumour immunotherapy.

Methodological limitations. Despite the encouraging labelling performance, sev-

eral limitations should be acknowledged. First, although killing was preserved under

1× (18 h) labelling, a slight attenuation of cytotoxic activity was observed at the 3 day

co-culture endpoint compared with the unlabelled CAR-T control (e�ector to target

ratio of 4.5 versus 5.18; Figure 3.21). Flow cytometry further suggested that cytotoxic

engagement may be delayed rather than abolished under alternative labelling condi-

tions; extending the observation window to 5 days of co-culture could clarify whether

e�ector function recovers after an initial lag phase. Second, structurally important

limitation concerns the 19F-MRI readout itself. Under the initial standard protocol

(1×, 6 h), intracellular �uorine was quanti�able by 19F-NMR yet remained below the

MRI detection threshold, whereas overnight labelling at the same �uorine concentra-

tion (1×, 18 h) yielded a clearly visible signal with only a modest increase in mean

loading. This discrepancy indicates that detectability is governed not only by the
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number of �uorine atoms per cell, but also by the number of labelled cells recovered

after puri�cation and by their spatial compaction into a dense pellet con�ned to one

or two imaging slices. In the present work, the strongest imaging performance was

therefore obtained under conditions that concentrate �uorine into a small pellet vol-

ume within an agarose phantom. Accordingly, this thesis demonstrates the feasibility

of e�cient ex vivo CAR-T labelling and of quantitative 19F detection at the cellular

level, but not yet the feasibility of clinical imaging of sparsely distributed therapeu-

tic lymphocytes within the brain tumor area. Translation to in vivo biodistribution

would introduce variables that remain untested here, including progressive signal dilu-

tion upon CAR-T proliferation and potential 19F signal arising from free PERFECTA

released after PLGA matrix degradation. Third, functional validation was likewise

restricted to a simpli�ed tumour model. Cytotoxicity was assessed in co-culture with

adherent U-87 MG cells rather than with glioblastoma neurospheres or patient derived

models discussed in the Introduction. This two-dimensional monolayer system lacks the

three-dimensional architecture and immunosuppressive microenvironment of glioblas-

toma in vivo. Preserved killing under these permissive conditions should therefore be

interpreted as proof of retained e�ector function after labelling and not speci�cally

as evidence of therapeutic e�cacy in the clinical tumour setting. Fourth, from a

manufacturing perspective, post-labelling puri�cation on Percoll 70/30% recovered ap-

proximately 52% of labelled CAR-T cells (Table 3.1), meaning that nearly half of the

cellular product is lost before reinfusion or imaging. This yield has direct implications

for GMP scalability. Fifth, Long-term cytocompatibility should be further addressed

in future studies. In particular, PLGA biodegradation could be evaluated over time,

potentially using Raman microscopy to monitor residual polymeric material within la-

belled cells. In addition, the persistence and clearance of encapsulated PERFECTA

and Rhodamine-B-containing components should be investigated to better de�ne the

intracellular fate of the labelling platform. This would help assess whether residual car-

rier material may a�ect CAR-T cell phenotype, including di�erentiation state, memory

phenotype, exhaustion markers, or potential immunogenicity.
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Conclusions and Future Perspectives

Future perspectives. Several lines of investigation could further strengthen and

extend the platform developed in this thesis. Intermediate labelling parameters, for

example a 1.5× �uorine concentration and parallel incubation times of 12 h and 18 h,

should be explored to map more �nely the trade-o� between uptake, viability, and

e�ector function, while uptake kinetics should be characterized by �ow cytometry at

multiple time points during labelling to identify the incubation window that maximizes

intracellular PERFECTA loading without exceeding the viability threshold. The la-

belling strategy should be extended beyond the anti-B7-H3 CAR-T product character-

ized here to dual-target B7zCS CAR-T cells directed against both B7-H3 and CSPG4, a

construct under active development for glioblastoma that may o�er improved coverage

of residual disease [37, 16]. Parallel application to other cellular products would further

broaden the impact of the platform across personalized adoptive therapies [93, 94]. A

complementary 19F-MRI sensitivity study could be performed by progressively reduc-

ing the number of cells labelled under the most performant protocol identi�ed in this

work, namely 1× (18 h). Such a titolational experiment would allow estimation of the

minimum number of labelled cells required for reliable detection and would help de�ne

the practical detection limit of the methodology in preparation for in vivo biodistribu-

tion studies.

At the functional level, co-culture assays should be prolonged to 5 days under the

current 1× (18 h) labelling protocol, to determine whether any initial delay in CAR-

T killing re�ects transient functional impairment, followed by recovery, as suggested

by the �ow-cytometry pro�les. The e�ector to target ratio should also be revisited

systematically, increasing the proportion of tumour cells to a 3:1 target to e�ector

con�guration, which would better approximate the burden of residual glioblastoma

cells expected after surgical resection. Complementary Raman imaging of co-cultured

samples would clarify the fate of the PLGA carrier and of PERFECTA itself, during

time windows, and answer the questions whether the probe remains within CAR-T

cells, relocalizes subcellularly, or is transferred to tumour targets during killing activity.

101
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After in vitro re�nement along these axes, the platform should be advanced to in vivo

biodistribution and persistence studies, building on the quantitative 19F-MRI readout

already established at the cellular level.

From a nanoparticle perspective, an important next step is to pre-incubate NaC�

PERFECTA@PLGA nanoparticles in patient conditioned medium prior to contact

with therapeutic cells, thereby allowing controlled pre-formation of the protein corona

before labelling and infusion to scale the process at clinical level. On the manufacturing

side, e�orts should focus on improving large scale production and cell recovery after

puri�cation, so that �uorinated labelling can be integrated into personalized, patient-

speci�c ACT manufacturing in the vein-to-vein chain [23].

Conclusions. The ultimate aim of this work is to enable non-invasive, quantitative

monitoring of adoptive cellular therapies in glioblastoma patients who have undergone

maximal safe tumour resection and are candidates for intracatheter reinfusion of en-

gineered lymphocytes into the surgical cavity. In this clinical scenario, CAR-T cells

are delivered locoregional, typically via intracatheter administration into the resection

area, to target residual in�ltrative tumor cells that cannot be removed surgically and

constitutes the principal source of local recurrence. Without molecular imaging, clin-

icians cannot determine whether therapeutic failure re�ects loss of e�ector function,

insu�cient persistence, or inadequate distribution within the tumour compartment.

The rationale of this thesis is therefore to optimize ex vivo labelling of ACT products

with super�uorinated nanoparticles so that, once reinfused, their fate can be followed

longitudinally by 19F-MRI and interpreted in biological rather than exclusively clinical

terms.

Against this background, the present study demonstrates that the �rst essential

step of that translational chain is feasible. Super�uorinated PLGA nanoparticles en-

capsulating PERFECTA were synthesized, scaled to large production and cell-culture

compatible volumes, and shown to remain colloidally stable in CAR-T conditioned

medium. Human anti-B7-H3 CAR-T cells could be labelled ex vivo, puri�ed to ob-

tained a pure intracellular �uorine signal, and analysed by complementary 19F-NMR,
19F-MRI, �ow cytometry, and Raman imaging while retaining cytotoxic activity against

glioblastoma targets. Overnight labelling at the standard �uorine concentration (1×,
18 h) emerged as the best operational compromise, combining MRI detectability, in-

tracellular loading approximately fourfold above published CAR-T benchmarks [92],

and preserved e�ector function. So, the study supplies a methodological foundation for

addressing the fate of reinfused e�ectors in the post-resection setting. More broadly,

the 19F-based labelling platform developed in this thesis could be extended to other

therapeutic cell products used in cellular therapies across diverse diseases, including

stem and progenitor cells, dendritic cells, and additional lymphocyte subsets.
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The next stage is to connect these endpoints to in vivo biodistribution in post-

resection glioblastoma animal models and, ultimately, to patient, monitoring them dur-

ing locoregional ACT. If successfully translated, NaC�PERFECTA@PLGA labelling

could provide clinicians with a non-invasive tool to visualize the distribution and per-

sistence of therapeutic immune cells in the resection cavity, supporting a more person-

alized medicine in immunotherapy in glioblastoma.
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