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Chapter 1

Abstract

Background. Hepatocellular carcinoma (HCC) and glioblastoma (GBM) are

highly aggressive tumors frequently diagnosed at late stages and associated with

poor prognosis. Novel diagnostic biomarkers and strategies to enhance therapeutic

delivery are urgently needed. Ultrasounds (US) and focused ultrasounds (FUS)

emerged as promising tools to modulate cell membranes permeability, potentially

enabling biomarker release (miRNAs and proteins) and improving drug uptake.

Methods and Materials. HCC cell lines (HepG2 and SNU-387) were treated

with US to assess the release of microRNAs and proteins, into the culture supernatant.

A normal liver cell line (THLE-2) was used as negative control for the analyses.

After fine-tuning US parameters, miRNAs’ profiling was performed by qRT-PCR

using TaqMan-based microfluidic cards. Public datasets (GSE113740, GSE106817,

GSE112264, GSE113486) were used for validation and Receiving Operating Curve

(ROC) and Area Under Curve (AUC) were considered for analyses. Protein analysis

was evaluated in cell supernatants by Antibody Array C-Series "Human Apoptosis

Array C1".

To evaluate the ability of US to enhance small-molecule uptake, FAM-labeled

AS1411 aptamer and sorafenib, both in combination with US, were tested on HCC

cell lines. Uptake enhancement was assessed by measuring the FAM fluorescence

signal, while treatment efficacy was evaluated through cell viability analysis . Cell

viability was assessed after 24h of incubation with PrestoBlue viability assay.

In vivo pharmacokinetic analyses were performed in an orthotopic human GBM
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xenograft mouse model. In this context, given the novel application of this tech-

nology in animal models, a pilot study was conducted to determine the optimal

FUS parameters for assessing FUS-mediated effects . FUS treatment was applied

to transiently open the blood–brain barrier (BBB) and facilitate delivery of the

radiolabeled antibody xiRA63, targeting Endothelin A (ETA) receptor, considered

as biomarker for GBM. Biodistribution was quantified by PET imaging at different

timepoints post-injection (1 h, 4 h, 24 h, 48 h, 72 h and 168 h).

Results. US stimulation induced the significant release of four miRNAs, com-

pared to untreated samples: miR-145-5p (SNU-387) and miR-29a-3p, miR-532-5p,

miR-106b-3p (HepG2). Strikingly, same miRNAs were also proven to be significantly

upregulated in HCC patient sera across public GEO datasets, with miR-532-5p

showing the highest diagnostic performance. The control cell line, THLE-2, showed

no significant miRNA release after US treatment. Moreover, US promoted the release

of 9 protein factors resulted increased after US treatment on HCC cell lines. Among

these proteins, FasL and Livin resulted significantly increased .

In addition, US enhanced sorafenib uptake and drug efficacy only in HepG2 cells,

significantly reducing cell viability.

In vivo GBM mouse model, showed a mild not significant increase in xiRA63

distribution volume within glioma tissue after FUS, while irreversible uptake param-

eters and plasma AUC remained unchanged between FUS treated and non-treated

group.

Conclusion. These in vitro and in vivo findings demonstrate that US and

FUS can be considered innovative and promising tools for both identifying novel

putative biomarkers and possibly enhancing the efficacy of therapeutic compounds,

also targeting GBM biomarkers, for early diagnosis and therapy. US application

enabled the selective release of miRNAs and proteins, leading to the identification of

promising biomarker candidates—miR-532-5p, miR-29a-3p, miR-145-5p, miR-106b-

3p, FasL and Livin—that warrant further clinical validation for diagnostic purposes.

Moreover, US improved the in vitro response to sorafenib, suggesting its potential to

enhance drug uptake and reduce required therapeutic doses. In the pilot experiments

on the in vivo GBM model, FUS, applied based on the parameters and conditions
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here tested, seem to induce a transient BBB opening, given that there is a trend

towards to the increase of distribution volume of the xiRA63 in the brain, without

reaching statistical significance. Then, also irreversible uptake of xiRA63 did not

show any difference between FUS treated and untreated groups. Overall, this study

highlights US are extremely useful in promoting the release of molecules to be used

as putative biomarkers and boosting drug uptake in in vitro models. On the other

hand, further research is still necessary to optimize FUS treatment to promote BBB

opening, increasing the distribution volume of xiRA63 in the tumor site.
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Chapter 2

Introduction

Cancer is the most common public health problem of the 21st century, in fact

cancer is the second most common related-death disease [1]. The landscape is

generally complicated by the lack of early prevention, early diagnosis and advanced

treatment. In addition, non-resectable tumors represent a difficult challenge for

clinical oncology. In this context, hepatocellular carcinoma (HCC) and glioblas-

toma multiforme (GBM) were chosen as candidate disease due to their complex

pathogenesis, to develop better therapeutic approaches and to better care and man-

agement of patients. Regarding HCC, imaging-based diagnostic approaches, liver

biopsy and other conventional strategies rarely provide early diagnosis to have full

recovery. Moreover, several serological markers are not precisely diagnostic, due to

their low sensitivity and specificity [2]. Similarly, GMB is often diagnosed when

the lesion is already well-established and surgical resection is usually required. On

the other hand, cancer therapy for HCC and GBM is deeply studied, especially in

GBM, because, although biotechnological approaches, as recombinant antibodies,

anti-cancer vaccines and combined strategies with chemotherapy and radiotherapy

seem to be quite promising, there is still an urgent need of developing innovative

strategies to enhance therapeutic efficacy and increasing overall survival and life

expectancy to the greatest extent possible [3, 4]. Thus, this research aimed to set

up ultrasound-based protocols to promote the release of molecules to be used as

putative biomarkers (miRNAs and proteins), from HCC cell lines, and to enhance

the delivery of an experimental antibody, targeting ETA receptor, a GBM biomarker,
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in the brain of an in vivo GBM mouse model.

2.1 Biomarkers

Biomarkers are measurable biological indicators that reflect physiological or patho-

logical processes or responses to therapeutic interventions. In oncology, biomarkers

play a central role in early detection, diagnosis, prognosis, patient stratification,

treatment selection, and monitoring of disease progression or therapeutic response [5].

They encompass a broad range of biological entities, including proteins, DNA and

RNA species—such as circulating tumor DNA and microRNAs—metabolites, and cel-

lular or imaging-based features, which can be detected in tumor tissues or accessible

biofluids [6].

Several biomarkers are currently integrated into clinical oncology practice, includ-

ing prostate-specific antigen (PSA) for prostate cancer, Human Epidermal Growth

Factor Receptor 2 (HER2) amplification in breast cancer, and Epidermal Growth

Factor Receptor (EGFR) or Kirsten rat sarcoma virus (KRAS) mutations to guide

targeted therapies [7]. In recent years, increasing attention has been directed toward

circulating biomarkers measurable through liquid biopsy approaches, owing to their

minimally invasive nature and their potential to reflect tumor heterogeneity and

dynamic disease changes over time [5].

In the context of HCC and liver diseases, alpha-fetoprotein (AFP) represents

one of the most widely used circulating biomarkers and is routinely assessed in

clinical practice. Although AFP levels may also be influenced by non-malignant liver

conditions, its measurement remains a relevant component of HCC surveillance and

patient evaluation, highlighting the need for complementary biomarkers to further

improve diagnostic performance [2].

In the context of GBM, key molecular biomarkers include mutations in isoc-

itrate dehydrogenase 1 and 2 (IDH1/2), which are associated with distinct tu-

mor biology and significantly improved patient prognosis. Methylation of the

O6-methylguanine-DNA methyltransferase (MGMT) promoter is another clinically

relevant biomarker, as it predicts responsiveness to alkylating agents such as temo-

zolomide and is routinely assessed in clinical practice [8, 9]. EGFR amplification
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and the EGFRvIII mutant variant contribute to tumor proliferation and therapeutic

resistance. Emerging circulating biomarkers, such as circulating tumor DNA and

extracellular vesicle-associated RNAs detectable in cerebrospinal fluid or plasma,

are being actively investigated as minimally invasive tools for disease monitoring

and treatment response assessment. Although their clinical application remains

limited, novel biomarkers are being investigated to assure a better management for

the evolution of GBM in patients [10,11].

2.2 MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs, 22–30 nucleotides in length,

that can regulate gene expression at the post-transcriptional level. As shown in Figure

1, miRNAs are transcribed from DNA gene sequences into primary miRNAs (pri-

miRNAs) by RNA polymerase II/III. Most of pri-miRNAs are processed according

to a canonical pathway by the RNA binding protein DiGeorge Syndrome Critical

Region 8 (DGCR8) and Drosha ribonuclease [13]. Drosha cleaves the pri-miRNAs

duplex at the hairpin structure of the pri-miRNAs, while DGCR8 recognizes a

specific methylated sequence of GGAC to stabilize pri-miRNAs [14, 15]. Then,

exportin transporters bring the pre-miRNAs from the nucleus to the citosol, where

they are partially digested by the RNAse III endonuclease Dicer complex to produce

the single-stranded mature miRNAs, which can regulate gene expression, by different

mechanisms [12]. Few miRNAs can be also synthetized by non-canonical pathways,

avoiding the molecular cleavage of DGCR8/Drosha pathways or the Dicer cleavage.

Such pre-miRNAs avoid DGCR8/Drosha pathways beceause they derive from the

cleavage of introns during the splicing. Other pre-miRNAs are directly transported

into the citosol, thanks to a methylation of the CAP sequence at 5’ end, that allows

the protection from the first molecular cleavage. Dicer-independent miRNAs are

processed in the DGCR8/Drosha pathway and in Argonaut 2 (Ago2) enzymatic

cleavage in the citosol [16–18] (Figure 1). Once in the citosol, miRNAs negatively

regulate target genes by forming a protein complex with Argonaut, called miRNA-

RNA induced silencing complex (mi-RISC). Then, miRISC will bind at mRNA 3’

untranslated region (UTR) only in the complementary sequence (seed sequence)
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Figure 1. Panel showing canonical and non-canonical biogenesis of miRNA [12]

to promote inhibition of translation by enzymatic cleavage or RNA decay [12,19].

Moreover, if the 3’UTR are too short, miRNAs can inhibit translation by binding

mRNA coding sequences [20]. MiRNAs match target mRNAs only in the seed

sequence, thus leading more than 15000 genes to be modulated by more than 2600

miRNAs in humans. As expected, a single miRNA can modulate tens of mRNAs,

and single mRNA can be also modulated by multiple miRNAs [21–23].

MiRNA expression, regulation and dysregulation have been extensively described

in several important physio-pathological conditions (e.g., cell proliferation, apoptosis,

inflammation, metastasis, cardiovascular and neurodegenerative diseases, diabetes,

cancer) [24–26]. In cancer disease, depending on the function of related target

genes, miRNAs can be considered as oncomiR or tumor suppressor miRNAs, thus
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promoting or suppressing oncogenesis processes [27, 28]. OncomiRs are generally

overexpressed in cancers and promote cell proliferation, migration, inflammation,

metastasis, multidrug resistance, and escaping apoptosis, by regulating several

target proteins involved in tumor suppression, such as the Kruppel-like family of

transcription factors (KLF), the phosphate and tensin homolog (PTEN), suppressor

factors for NF-kB signaling pathway, programmed cell death 4 (PDCD4), pro-

apoptotic and epitelial-mesenchimal transition (EMT) factors. In contrast, tumor

suppressor microRNAs (ts-miRs) are frequently downregulated or inactivated in

cancer and function as key negative regulators of oncogenic signaling. Under normal

conditions, ts-miRs maintain cellular homeostasis by repressing oncogenes, growth

factor receptors, cell-cycle regulators, and anti-apoptotic factors; their loss results

in activation of proliferative and survival pathways, including PI3K/AKT/mTOR

and RAS/MAPK, thereby promoting uncontrolled tumor growth [29–38]. MiRNAs

can be found in tissue as well as in body fluids, such as plasma/serum, where they

are extraordinarily stable and resistant to endogenous RNase, because they exist

in association with RNA-binding proteins and/or exosomes, offering a potential

source of non-invasive diagnostic, prognostic, and predictive biomarkers [12,39,40].

Therefore, circulating miRNAs can be detected and profiled in liquid biospy, thanks

to the sensitive methods, such as quantitative PCR (qPCR), microarray analysis,

next-generation sequencing (NGS) [41–43].

2.3 Hepatocellular carcinoma

2.3.1 Epidemiology and risk factors

HCC is a major global burden and the third death-related cancer disease, ac-

counting for over 800.000 deaths per year worldwide [44–46]. In addition, HCC

related mortality and incidence is expected to increase by more than 50% within 20

years [47].

The incidence of HCC is related to different risk factors, such as hepatitis B

(HBV), hepatitis C (HCV) infection and metabolic-associated liver disease [48].

The burden of HCC is currently decreasing in Europe and America, because the
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incidence of HBV and HCV infection was dramatically reduced by early prevention.

However, viral liver infections remain an important liver disease-related factor in

Asia and Africa [49]. Among the metabolic alterations, type 2 diatebes, dyslipidemia,

hypertension and fat-rich diet contribute to increase HCC incidence, because they

promote metabolic-associated liver disease development, such as alcoholic liver

disease (ALD) and non-alcoholic fatty liver disease (NAFLD) [50]. Host factor and

genetic susceptibility are also important risk factors related to HCC development:

median age of HCC diagnosis is 62 years, with the highest incidence over the 50

years old. However, in 2024 more of 14.7% of cases were reported in young adult

in the 15-49 years old range [44, 51]. Then, women are less susceptible than men,

because the estrogen axis can suppress tumor-prone microenvironment and protect

against HCC [52,53].

2.3.2 Hepatocellular carcinoma: pathogenesis

HCC pathogenesis is a complex multistep process that consists of the progressive

accumulation of genetic or developed molecular alterations in specific key target

genes. Risk factor diseases contribute in a different way to the development of

HCC by inducing several molecular and biochemical pathways, which mostly include

inflammation, necrosis, apoptosis, and proliferation. Such molecular alteration can

be easily detected with NGS to define the main features of HCC pathogenesis [54].

As mentioned above, HCC initiation and progression are promoted by different

etiological risk factors: alcohol abuse, smoke, fat-rich diet, HBV and HCV infections,

and aflatoxin exposure induce liver chronic inflammation [48,49,55]. Fat-rich diet

and alcohol abuse contribute to HCC pathogenesis, by inducing the metabolic disease

ALD and NAFLD. Both diseases induce hepatic steatosis, a pathological condition

characterized by the excessive accumulation of triglycerides within hepatocytes, that

can cause inflammation [55, 56]. HBV and HCV infections are the most common

viral causes of hepatitis, which can manifest as either acute or chronic disease. Acute

hepatitis typically resolves following viral clearance by cytotoxic T cells, provided

that the liver damage is reversible [55, 57]. Common features of chronic liver disease

are inflammation and production of reactive oxigen species (ROS). These events
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lead to liver cirrhosis, through liver fibrosis, a specific process that occurs when the

injured tissue is replaced by fibrotic scars, due to the accumulation of proteins from

extracellular matrix. The combination of necrotic injured areas, fibrotic scars and

regenerating nodules of hepatic stem cells (HSCs), leads to liver cirrhosis [58, 59].

Notably, if liver cirrhosis is irreversible, several molecular alteration can drive to

HCC development [55]. The most commonly mutated genes in HCC are TP53

and beta-catenin (CTNNB1), associated with ALD-related HCC and HBV-related

HCC respectively. Mutations of telomerase reverse transcriptase (TERT) promoter

were found in 90% of HCC cases and are recurrently mutated in the last step of

malignant transformation. Other less frequent somatic mutations are known to

play a role in HCC development, such as mutation in PTEN, mitogen-associated

protein kinase (MAPK) pathway, EGFR signaling pathway [54, 55, 60–65]. Main

molecular alterations typical of HCC pathogenesis are shown in Figure 2. Recent

studies demonstrated that epigenetic alterations (e.g. methylation, histone modifi-

cation, post-transcriptional regulation) play pivotal role in HCC pathogenesis. In

this context, several authors suggest that post-trascriptional regulation by miRNAs

represents a crucial mechanism contributing to HCC development and progression.

In addition, miRNAs’ deregulation could be responsible for the alteration of path-

way involved in HCC pathogenesis. All the features of miRNAs related to HCC

pathogenesis will be described in details in the following subsection.

2.3.3 miRNAs in liver disease progression and HCC

As described in the previous subsections, miRNAs’ aberrant expression is a

crucial mechanism of liver disease progression and HCC. In HCC, miRNAs can act

as oncomiRs and tumor suppressor miRs. As reviewed by Braconi et al., miRNAs

contribute to tumor progression by modulating genes involved in regulation of

proliferation, epitelial mesenchimal transition and metastasis [66]. According to the

literature, the most studied miRNA related to liver disease development is miR-122,

because it accounts for 70% of the miRNome of hepatic tissue. Downregulation of

miR-122 in tissue induces the hyperexpression of multiple targets, as Krüppel-like

Factors (KLF,) bone morphogenetic protein receptor type 1A (Bmpr1a), solute
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Figure 2. Panel showing the main stages of liver disease progression, main risk factors,

such as fat-rich diet, alcohol abuse, aflatoxin exposure, smoke and viral infections, and

main molecular alterations [55]

carrier family 7A2 (SLC7A2), insulin-like Growth Factor Receptor 1 (IGFR1),

Cyclin G1 (CCNG1), Cell Division Cycle 6 protein (CDC6) and Minichromosome

Maintenance Complex Component 4 (MCM4), leading to proliferation [67–69]. Also

other miRNAs were described as modulators of cell proliferation, such as miR-223,

miR-29 and miR-34, because their downregulation in HCC promote cell growth and

apoptosis escaping [70–73]. In addition, miR-199 family downregulation is related

to advanced stage of HCC and associated with poor prognosis, since these miRNAs

regulate the expression of matrix metalloproteinase 9 (MMP-9) and hypoxia-inducible

factor-1a (HIF1a) [74–76]. Similarly, miR-125a was found downregulated in HCC

tissue and cell lines, inducing the expression of MAP3K11 and Protein tyrosine

phosphatase N1 and promoting cell surival and proliferation [77]. On the other hand,

several oncomiRs were found upregulated in tissue during HCC development. MiR-21

upregulation in liver promote HCC, via targeting PTEN, PDCD4 and tissue inhibitor

of metalloproteinase 3 (TIMP3) [29, 69, 78, 79]. The pattern of miRNA deregulation

depends on the etiology of HCC, including viral hepatitis and steatohepatitis, both

alcoholic and non-alcoholic, and metabolic alterations [80, 81]. In this context,
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miR-182-5p was found to be upregulated in diet-related HCC, modulated the tumor

suppressor lysine 63 deubiquitinase (CYLD) and the transcription factor forkhead

box protein O1 (FOXO1), whose downregulation is related to HCC development [82].

MiRNAs can be also involved in HBV and HCV-related HCC. As reviewed by

Colaianni et al., miR-122 is known to interact with internal-ribosome entry site

(IRES) of HCV virus to promote viral genome translation. In addition, several

miRNAs were found to be involved in viral-related HCC, such as miR-141, miR-143,

miR-145 and miR-199 [68, 83]. However, miRNAs expression pattern in HCC is

mainly employed to define novel prognostic, diagnostic and therapeutic strategies.

The identification of a miRNA or a panel of miRNAs in liver tissue or released into

the bloodstream could improve diagnostic and therapeutic outcomes.

2.3.4 Hepatocellular carcinoma: current diagnosis

Currently, the main guidelines for the early diagnosis of HCC are based on the

use of different approaches, that rely on the possibility to discriminate high risk

patients (e.g. liver viral infection, liver cirrhosis, NAFLD/ALD, HCC background

in relatives) from low risk patients. Recently, European Association for the Study

of the Liver (EASL) recommended a specific diagnostic process, according to the

classification of the patients. Magnetic resonance imaging (MRI) and computed

tomography (CT) are mandatory as the first step of HCC diagnosis, because they

are non-invasive and provide clear representations of liver. However, these imaging

techniques cannot provide high resolution evaluation for the smallest nodules (<2cm),

then it is challenging to develop novel diagnostic strategies. In details, a novel

contrast enhanced ultrasound sonography (CEUS) technique was introduced as

possible complementary strategy to MRI/CT. Although the novel diagnostic imaging

strategies, nodules can be still uncertain, independent of the classification of the

patients. Regarding the latter, the gold standard is the liver biopsy. However, it is a

delicate procedure, that requires qualified pathologist producing a suitable specimen

and avoiding tumor dissemination. Even if, the combination between MRI/CT,

CEUS, liver biopsy and standardization processes can be considered gold standard

procedures, each requires expertise for diagnostic evaluation of specific parameters
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and liver biopsy is the most invasive (Table 1). In this context, there is an urgent

need to evaluate novel diagnostic strategies, particularly those based on liquid biopsy

for the analysis of circulating miRNAs and proteins, as plasma and serum represent

readily accessible biofluids that allow for rapid and minimally invasive analysis [3].

Diagnostic method Scenario Criteria / Intent

High quality MRI/TC

contrast

High and low-risk

patients

APHE, delayed portal

washout

MRI/TC + CEUS Atypical imaging

pattern

APHE, delayed portal

washout

Liver biopsy Negative imaging result,

atypical imaging

pattern, low and

non-risk patients

Identification of tumor

structures, differential

diagnosis, translational

medicine

Emerging strategies (liquid

biopsy, radiomics, machine

learning)

Absence of specific

diagnostic criteria for

early diagnosis

Pre-clinical research for novel

putative biomarkers and

criteria, bio-informatic

analyses

Table 1. Table showing the main diagnostic methods for HCC recommended by EASL in

2025. Even if liver biopsy represents the gold standard method, it is only recommended

for differential diagnosis to exclude risk of other diseases (cholangiocarcinoma, metastasis).

Emerging strategies consist of the development of novel diagnostic methods, mainly

based on the analysis of molecular serological markers, combined also with machine

learning, to ease the diagnostic processes [3]
.

Regarding the latter, several authors showed that HCC diagnosis could be possible

by analyzing AFP, because HCC development could correlate with increasing serum

levels of AFP [84–86]. However, AFP levels are only suggestive of HCC, because it

was demonstrated that AFP can be found in serum from HCC patients as well as well

in others (e.g. viral and non-viral hepatitis, liver cirrhosis, cholangiocarcinoma) and

also in healthy donors. This is possible, because AFP is the embrional homologue of

human albumin and its expression can be modulated according to several factors,
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that include pregnancy and genetic disorders. Thus, serum AFP resulted unreliable

as diagnostic biomarker [2]. MiRNAs’ involvement in HCC development made

miRNAs putative biomarkers for HCC diagnosis. In this context, many studies

highlighted the correlation of miRNAs’ expression in sera with HCC development.

Notably, a panel of miRNAs and AFP could improve diagnostic performance in

large case-studies. As described above, although miR-122 is the most represented

miRNA in liver, it should be combined in a panel of different miRNA to achieve

good diagnostic sensitivity and specificity for HCC [68, 87–89]. Several miRNAs

panels were provided to better the diagnostic accuracy, compared to AFP serum

levels and they showed great outcomes in large case studies. Since these studies are

related only to specific populations, novel strategies are still necessary to determine

determine novel miRNAs actually predictive of HCC. To address this issue, several

studies have investigated miRNAs as potential biomarkers of disease/condition, as

summarized in Table 2, identifying a subset of miRNAs as particularly promising due

to their specificity, stability in biofluids, and association with disease progression.
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miRNAs Regulation References

miR-101-3p Down [90,91]

miR-106b Up [90,92]

miR-122 Up [87–89,93,94]

miR-125a Up [95]

miR-125b Down [96–98]

miR-1246 Up [90]

miR-15b Up [99,100]

miR-150 Down [101,102]

miR-16 Down [87]

miR-192 Up [103]

miR-199a Down [89,94,104]

miR-130b Up [98]

miR-21 Up [91,103,105]

miR-221 Up [88,106]

miR-222 Up [93]

miR-224 Up [106]

miR-26a Down [91,104,107]

miR-34a Up [108,109]

miR-92a Up [110,111]

Table 2. Table showing the most studied miRNAs as putative available biomarkers for

HCC diagnosis. As asuggested by several authors, most of miRNAs should be used in

panel to increase the diagnostic performance. Most of miRNAs represented in table were

studied as circulating biomarkers for HCC diagnosis
.

2.3.5 Hepatocellular carcinoma: current therapies

Current guidelines for HCC treatment and management consist of different

approaches, according to the stage and the main features of the disease. Main

curative approaches rely on surgical resection of the tumor, combined with liver

transplant, if necessary. In addition, there are invasive loco-regional treatments
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that allow a stepwise reduction of the tumor. Trans-artherial chemoembolization

and radioembolization (TACE and TARE) consist of the radio-guided injection of

chemotherapic or radiotherapic drugs into hepatic arterial circulation, in presence of

temporary arterial occlusion. These approaches should sensitively reduce small tumor

mass also. Besides, it is possible the application of several combinations of systemic

immunotherapy (e.g. atezolizumab, bevacizumab, durvalumab, tremelimumab),

because classical chemotherapy, as platin-derived drugs and doxorubicin, can be

associated to systemic toxicity and poor outcomes of survival. On the other hand,

systemic target-therapy by tyrosin kinase inhibitors (e.g. sorafenib, levantinib,

regorafenib, cabozantinib) can be still employed as possible treatment, when any

therapy is not available. In particular, administration of atezolizumab, bevacizumab,

durvalumab, tremelimumab and levantinib, regorafenib, cabozantinib showed less

systemic toxicity and better outcomes of survival than sorafenib [3]. Indeed, sorafenib

was the first tyrosin kinase inhibitor approved for the treatment of non-resectable

HCC, but it showed systemic toxicity, as reactivation of HBV and HCV viruses,

suppression of immune response, and resistance mechanism throughout time, as

mutation in ATP binding cassette, SLC family transporters, RAF/MEK/ERK

pathway, and autophagy activation [112–114]. Therefore, there is an urgent need to

develop novel therapeutic approaches that could improve the delivery of the drug

into the tumor, without affecting normal cells, reducing the dose administration and

toxic effects.

2.4 Challenges and Opportunities in 3D modeling of

Hepatocellular Carcinoma

The development of three-dimensional (3D) models of HCC represents a pivotal

advancement toward overcoming the limitations of two-dimensional (2D) culture

systems, which inadequately recapitulate the architectural, biochemical, and func-

tional complexity of liver tumors. As demonstrated by multiple studies, 3D culture

platforms, including spheroids, organoids, scaffold-based constructs, and hydrogels,

improved physiological relevance by preserving cell–cell and cell–extracellular matrix
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interactions, oxygen and nutrient gradients, and the spatial heterogeneity character-

istic of in vivo tumor microenvironments [115–117]. These features are particularly

essential for modeling HCC, that is characterized by extensive intratumoral hetero-

geneity, frequent resistance to systemic therapies, and co-presence of previous liver

disease, as cirrhosis and hepatitis.

Spheroid-based tumor models remain among the most widely established 3D

systems, offering controlled multicellular architectures that mimic avascular tumor

regions, early metastatic niches, and hypoxic cores [116, 118]. Such models allow

investigation of proliferation rate, metabolic rewiring, and drug penetration barri-

ers: these processes are poorly represented in 2D cultures. Organoid technology

further expands these fields by enabling long-term propagation of patient-derived

tumors while retaining their genetic, phenotypic, and functional complexity [119].

In HCC, organoid models have emerged as powerful tools for studying tumor evo-

lution, identifying actionable molecular drivers, and supporting precision medicine

approaches.

Beyond self-organizing systems, engineered scaffolds and hydrogel-based bio-

printing allow to reproduce specific hallmarks of hepatic tissue. Scaffold-based models

can recapitulate liver-specific matrix composition, stiffness gradients associated with

fibrosis, and tumor–stroma interactions with high fidelity [115]. Likewise, hydrogels

provide modular platforms that preserve liver-relevant extracellular matrix cues

and mechano-transduction pathways, enabling refined studies of tumor invasion and

microenvironmental regulation [117].

Research conducted in different cancer types, including bladder, lung and breast

cancer, has demonstrated the translational value of 3D cultures for modeling

drug response, tumor–immune interactions, and mechanisms of therapeutic re-

sistance [120,121]. Concurrently, emerging technologies such as surface-enhanced

Raman scattering (SERS) have been successfully applied to 3D systems, enabling

real-time, high-resolution monitoring of cellular metabolism, drug uptake, and mi-

croenvironmental dynamics within complex tumor constructs [122]. These findings

significantly demonstrated the current potential of studying HCC, by developing 3D

HCC models.
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In pharmacology and toxicology, 3D models of HCC could offer substantial

advantages by enabling more realistic evaluation of drug behavior within tissue-like

structures. Their ability to reproduce physiologically relevant gradients and me-

chanical cues supports more accurate assessments of drug penetration, metabolic

activation, and chemotherapeutic efficacy. Given the liver’s central role in xenobiotic

metabolism, 3D culture systems better preserve key functional features—such as

cytochrome P450 activity, drug transporter expression, and detoxification path-

ways—compared with conventional 2D cultures, particularly over prolonged culture

periods, thereby improving the prediction of therapeutic response and off-target

toxicity [123,124]. Patient-derived spheroids and organoids are particularly valuable

for profiling inter-patient variability and modeling mechanisms of acquired resis-

tance [124]. Furthermore, insights from other 3D cancer systems have demonstrated

that integration with high-content imaging, omics approaches, and sensitive analyti-

cal platforms yields improved characterization of dose–response relationships and

adverse reactions [120, 121], underscoring the translational relevance of 3D HCC

models for preclinical drug development.

Collectively, these advancements reinforce a growing consensus that 3D culture

systems provide superior physiological fidelity, predictive accuracy, and mechanistic

insight compared to traditional models. The continued refinement and implementa-

tion of 3D HCC models will be essential for bridging the gap between preclinical

studies and clinical outcomes, ultimately supporting the development of more effec-

tive and personalized therapeutic strategies.

2.5 Glioblastoma

2.5.1 Epidemiology and risk factors

GBM is the third most common primary tumor of central nervous system (CNS).

On a global scale, the mean incidence rate is estimated to be between 2 and 4

cases per 100.000 of population. GBM usually occurs at median age of 64 years,

with slightly higher incidence in men than women and in caucasians than other

ethnicities. Recurrence of GBM is typical, also after surgical resection and therapy.
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Life expectancy after diagnosis is 4 months, but resection and therapy can increase it

to 15 months [125,126] . Very few risk factors were found to be associated to GBM.

Notably, environmental risk factors were firstly associated to GBM development,

but the relation to the disease was irrelevant. Actually, direct ionizing radiation

exposure relates to GBM development, while other risk factors, as vinyl chloride,

pesticides, smoking, synthetic rubber and petroleum refining, are poorly associated

with GBM development. Strikingly smoke and alcohol consumption are not related

to an increased risk of developing GBM [125,127]. Also, genetic susceptibility is an

important factor, because GBM can easily occur in presence of genetic diseases, as

neurofibromatosis, retinoblastoma, Turcot and Li-Fraumeni syndrome [125, 127,128].

2.5.2 Glioblastoma: pathogenesis

GBM development is a complex multi-step process, that consists of the alteration

of CNS cells. Generally, in the adult human brain, most of neurons are post-mitotic

and are mostly quiescent in the adult brain, but several glial cells maintain their

proliferative activity. GBM develops as an astrocytic tumor, but its progenitor

cells are more glial/neural subtype rather than fully differentiated astrocytes. 61%

of GBMs usually develop in the four lobes of the brain, while it is less frequent

in brainstem and spinal cord. According to World Health Organization (WHO)

guidelines, in 2007 GBMs were described as astrocytomas and classified as primary or

de novo and secundary tumors. WHO updated the classification in 2021, introducing

the WHO grade, that defined GBM as IV grade astrocytoma, IDH-1 wildtype [126].

Morphologically, GBMs are characterized by irregularly shaped mass that exerts

strong pressure nearby brain lobes, and necrotic core. Also, surrounding edema,

ventricular distortions and hemorrhage are typical feature of GBMs. Despite of the

classification, origin of GBM is still a debated question. Evidences suggest that GBM

may derive from both astrocytes and neural-stem like cells (NSCs). This hypothesis

is supported by phenotypic and molecular affinities between GBM cells and CNS cell

populations, including surface, cell morphology and trascriptomic signatures [130,131].

In addition, genetic GBM mouse model demonstrated that differentiated glial

cells, -and, in specific contexts, even neurons- can undergo oncogene-driven de-
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Figure 3. Picture showing the main features of GBM pathogenesis, including IDH al-

terations, loss of heterozygosity for 10q chromosome, MDM-2 and PTEN mutations.

Morphologically GBM is characterized by vessel alterations, that induce BBB breakdown

and inflammatory infiltrate [129].

differentiation into NSCs, that can initiate and sustain the gliomagenesis [132,133].

Interestingly, accumulating evidences showed that cellular origin determines the

molecular subtypes of the GBM [131, 134]. An extensive study for the Human

Genome Atlas demostrated that more than 600 genes involved in pathways related

to GBM development [135]. GBM shows the most frequent alteration in PTEN and

TERT promoter mutations, overexpression of EGFR, loss of chromosome 10q. Also

less frequent mutations can be found in TP53, PI3K and retinoblastoma (pRB).

These alterations promote uncontrolled cell proliferation, cell survival, escape from

apoptosis and senescence [126,127,136]. GBM pathogenesis is a complex cross-talk of

different pathways: growth factors, as platelet derived growth factor (PDGF), VEGF,

EGF and hepatocyte growth factor (HGF), activate Ras-Raf-Mek-ERK and PI3K

signaling to induce cell proliferation. Thus, these pathways result in activation and

phosphorylation of NF-kB, sustaining cell proliferation and survival [137]. Emerging

evidences demonstrate that NF-kB activation is a peculiar feature of the mesenchimal

subtype cells of GBM, indicating a more aggressive phenotype. In this context, GBM

shows elevated expression of NF-kB target genes and upstream activators such as

TNF-α, RELB, and TNF receptor type associated death domain protein (TRADD),
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compared to other subtypes [138, 139]. Also Wnt/bCatenin and Notch pathways

contribute to tumor invasion by inducing stemness, survival and neo-angiogenesis.

The complex interaction between mutated oncosuppressor and oncogene activation

contribute to the aggressiveness of GBM [4]. However, since 2016 studying GBM

development has become easier, thanks to the set up of GlioVis data portal, in

which 50 expression datasets of more than 6500 brain tumors, mostly GBMs, are

recorded [140]. Although CNS was historically considered as immune-privileged site,

it is now well known that it is tightly regulated by immune surveillance. glia and

microglia cells act as the immune system, affecting GBM microenvironment, cell

growth and angiogenesis. Microglia, the resident immune cells of CNS, together with

macrophages and other glial cells, plays a pivotal role in regulating tissue homeostasis

and orchestrating immune responses within the brain. In this context, microglia

and tumor-associated macrophages (TAMs) are the major cellular elements of the

tumor microenvironment, that actively regulate inflammation, tumor proliferation

and angiogenesis. On the same level, GBM affects microenvironment, via inducing

microglia activation towards distinct functional subtype, usually classified as M1

or M2 subtypes. M2-polarized microglia is usually activated in GBM, and reduces

T-lymphocytes activity, by expressing Programmed death ligand 1 (PD-L1) and

cluster differentiation 39 (CD39). In addition, M2-activated macrophages can

produce anti-inflammatory cytokines, tumor-promoting factors and angiogenic factors

[141,142]. Within the glioblastoma microenvironment, several cytokines produced by

tumor cells and immune populations—particularly TAM and microglia—cooperate

to sustain tumor progression. IL-6, secreted by GBM cells, glioma stem cells

(GSCs), TAMs and endothelial cells, activates the JAK/STAT3 pathway in tumor

cells, thereby promoting survival, invasion, and maintenance of stem-like traits

[143, 144]. IL-1β, generated mainly by activated microglia and TAMs, signals

through NF-kB in GBM cells, enhancing local inflammation, matrix remodeling and

invasiveness, while also stimulating secondary cytokine production such as IL-6, thus

reinforcing a feed-forward pro-tumorigenic loop [144,145]. TGF-β, produced by tumor

cells, T regulatory cells and TAMs, further shapes the tumor microenvironment

through canonical SMAD-dependent and non-canonical pathways, driving cellular



2.5 Glioblastoma 22

plasticity, mesenchymal transition and GSC maintenance, while exerting strong

immunosuppressive effects by inhibiting cytotoxic T cells, NK cells and dendritic

cell maturation [146, 147]. In contrast, M1-polarized microglia play a minimal

role in glioblastoma, as the immunosuppressive tumor microenvironment—shaped

by TAMs, stromal elements, GBM cells, and immunoregulatory cytokines and

chemokines such as IL-10, CCL2, CCL5, and CXCL12—prevents their induction

and persistence, rendering their anti-tumor activity largely ineffective [148, 149].

Angiogenesis is very important in GBM, because hypoxia induces stem cells to

differentiate into endothelium, producing additional blood vessels. Angiogenic factors

in GBM are regulated by oncogene activation, tumor suppressor loss, and hypoxia.

Several pro-angiogenic factors, as VEGF, basic fibroblast growth factor (bFGF),

and MMPs are released by microglia and tumor to sustain tumor invasion. The

overexpression of VEGF and VEGFR-1 is correlated with poor prognosis, because

this pathway cooperates with PDGF and FGF to induce vessels formation. MMPs

degrade the endothelial basement membrane, facilitating angiogenic differentiation

of cancer cells. Aberrant activation of these pathways is usually related to genetic

mutations or alterantions, as aforementioned [4, 150]. Moreover, recent studies

demonstrated that chemokine receptor type 4 (CXCR-4), endothelin A (ETA)

receptor are expressed as hallmark in GBM associated vessels [151–154]. ETA

receptor represents a key regulator of both tumor-intrinsic and microenvironmental

processes that drive disease aggressiveness. Through activation by endothelin-1,

ETA contributes to the development of the aberrant tumor vasculature by promoting

endothelial cell proliferation. Then, ETA receptor signaling sustains GBM cell

proliferation, survival and resistance to apoptosis via activation of PI3K/AKT and

MAPK pathways. In addition, ETA contributes to the maintenance of the stem-like

phenotype, reinforcing tumor growth and therapeutic resistance. Overall, these

features highlights the ETA receptor as a crucial marker for the tumor progression

and disease aggressiveness [151,153].
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Figure 4. Picture showing complex crosstalk that induce and promote GBM development

and aggressiveness. [4]

2.5.3 Glioblastoma: current therapies

Current guidelines for the treatment of GBM consist of conventional and innova-

tive approaches. Conventional therapeutic strategies include surgical intervention

to remove the tumor, combined with chemotherapy and radiotherapy (RT). These

approaches are not resolutive, either individually or in combination; therefore, the

primary goal of GBM treatment is to prolong overall survival after diagnosis.

Conventional care involves maximal safe surgical resection, followed by external

radiation therapy and chemotherapy, administered concomitantly or sequentially with

radiotherapy. Complete elimination of the tumor mass by surgery is not currently

possible due to the complexity and highly infiltrative behavior of gliomas [4]. As

a result, radiotherapy and chemotherapy—primarily temozolomide—are routinely

employed as post-surgical treatments, although their impact on long-term survival

remains limited and is often accompanied by debilitating side effects. Despite the

use of multimodal standard-of-care treatments, the 5-year overall survival rate for

patients with GBM remains approximately 5% [4,155].

Advances in brain mapping and imaging techniques, such as CT and MRI, have

improved surgical planning and tumor resection. In particular, intra-operative MRI

and fluorescence-guided imaging have proven useful in identifying tumor margins

and optimizing the extent of resection [156, 157]. Nevertheless, surgical interven-
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tion remains highly challenging due to intraoperative brain shift, which can cause

mismatches between preoperative imaging and the actual tumor location. MRI

remains the gold standard for GBM imaging because of its high spatial resolution

and contrast, and imaging-guided resection is also valuable for identifying residual

tumor tissue amenable to further surgical or adjuvant treatment.

Given the impossibility of achieving complete tumor eradication through surgery

alone, external radiotherapy and chemotherapy—mostly temozolomide (TMZ)—represent

the standard post-surgical treatment modalities. In addition, carmustine, lomustine,

and other nitrosourea-based drugs have been evaluated for GBM therapy because of

their ability to cross the blood–brain barrier (BBB), owing to their small molecular

size and lipophilicity [155,158].

Radiotherapy aims to directly damage the DNA of residual GBM cells while min-

imizing toxicity to surrounding healthy tissue. External RT is delivered using x-ray

photons, gamma rays, or protons, whereas brachytherapy relies on the implantation

of radioactive isotopes such as iodine-125 or iridium-192. More advanced radiother-

apy techniques, including stereotactic radiosurgery, hypofractionated regimens, and

adaptive radiotherapy, have been explored to enhance local tumor control while

limiting radiation exposure to healthy brain regions [159]. Although combination

therapies are generally more effective than single-modality approaches for reducing

tumor burden, combined chemotherapy and radiotherapy still confer only modest ben-

efits in overall survival and are associated with significant adverse effects, including

nausea, headache, loss of appetite, skin inflammation, and leukopenia [155,158, 159].

Tumor recurrence is largely attributed to intrinsic and acquired resistance mech-

anisms, such as p53 inactivation, enhanced DNA repair capacity, and impaired cell

cycle checkpoint control. Furthermore, resistance and recurrence are strongly linked

to the presence of glioma stem-like cells, which contribute to tumor heterogeneity

and therapeutic failure [131,134].

In this context, the molecular heterogeneity of GBM plays a critical role

in determining treatment response and prognosis. Genetic and epigenetic alter-

ations—including IDH mutation status, MGMT promoter methylation, and EGFR

amplification—are now recognized as major determinants of therapeutic sensitiv-
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ity and resistance, underscoring the importance of molecular stratification for the

development of personalized treatment strategies [155,160].

Immunotherapeutic approaches have been extensively investigated in glioblastoma

but have not yet demonstrated substantial improvements in overall survival. Similarly,

emerging strategies based on precision oncology and targeted therapies—such as

vaccines, tyrosine kinase inhibitors, and monoclonal antibodies—remain under

active investigation and require further optimization to achieve meaningful clinical

efficacy [161]. Tumor Treating Fields (TTF), a non-invasive modality that delivers

alternating electric fields, have been introduced as an adjunct to standard therapy,

showing modest survival benefits while raising concerns related to patient compliance

and quality of life [162].

Recent advances in nuclear medicine, particularly in the field of internal radiother-

apy, offer promising new opportunities for GBM treatment. If therapeutic radiation

doses can be delivered selectively to tumor cells, as shown in oligometastatic prostate

cancer with 3-year OS of 95.7%, tumor control can be improved while sparing

healthy tissue [163]. Accordingly, radiopeptides targeting somatostatin receptors,

such as 90Y-DOTATOC and 177Lu-DOTATE, have shown improvements in patient

quality of life and, in some cases, partial or complete tumor remission in advanced

glioblastoma [4,161]. However, a major limitation of radiopeptide-based therapies

remains their ability to effectively cross the BBB and target only tumor cells in the

brain. In GBM, BBB integrity is disrupted in a stage-dependent manner, and while

increased permeability may facilitate biomarker detection, it is also associated with

more aggressive disease phenotypes [164].

Therefore, early diagnosis and timely initiation of therapy are essential to ensure

optimal management of GBM patients. Early-stage intervention may provide a

therapeutic window for strategies aimed at enhancing drug delivery across the BBB.

Accurate dose localization could also help preserve healthy functional tissue, which

is as critical as eliminating cancer cells in such a sensitive organ as the brain. In this

context, radioactive cargoes, in the form of radionuclides emitting therapeutic levels

of particulate radiation, can deliver cytotoxic doses directly to the tumor mass.
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2.5.4 Antibody targeted therapy

Considering the limited efficacy of standard-of-care treatments—including surgi-

cal resection, chemotherapy, and radiotherapy—in achieving durable disease control

in glioblastoma, increasing attention has been directed toward molecularly targeted

therapies. In this context, the altered integrity of the BBB observed in GBM provides

a potential therapeutic window for the application of antibody-based strategies,

including antibody–drug conjugates (ADCs), aimed at improving selective drug

delivery to tumor cells [165]. Moreover, given the poor prognosis and limited overall

survival associated with GBM, the appropriate selection and management of targeted

therapies represent a critical aspect of patient care [164].

Currently, none of the available targeted therapies are approved as first-line treat-

ments for GBM, as the standard therapeutic approach still relies on a multimodal

regimen combining maximal safe surgical resection, radiotherapy, and chemother-

apy. Nevertheless, several monoclonal antibodies targeting key molecular pathways

involved in glioblastoma progression have been investigated, particularly in the

recurrent setting.

Most clinically evaluated monoclonal antibodies for targeted therapy in GBM

have been developed to interfere with pro-angiogenic signaling pathways or growth

factor receptors. Among these, bevacizumab, nimotuzumab, cetuximab, and panitu-

mumab are naked monoclonal antibodies that target VEGF or EGFR, rather than

antibody–drug conjugates.

Bevacizumab is a humanized monoclonal antibody directed against VEGF and is

approved for second-line therapy and for recurrent GBM. In a phase II experimental

study, treatment with bevacizumab in combination with irinotecan demonstrated

good tolerability and a reduction in neuroinflammation and cerebral edema; however,

no significant improvement in overall survival was observed [166].

Cetuximab is a chimeric monoclonal antibody targeting EGFR, thereby inhibiting

tumor growth and angiogenesis. Similar to bevacizumab, cetuximab has shown an

acceptable safety profile in GBM patients, although its efficacy in reducing edema

and inflammation has been limited. Nonetheless, phase II studies in recurrent

GBM have reported an improvement in overall survival in subsets of patients with
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EGFR overexpression [167]. Likewise, nimotuzumab and panitumumab—both

EGFR-targeting monoclonal antibodies—have demonstrated favorable toxicity and

safety profiles, with modest but promising clinical benefits. In particular, phase II

clinical studies have reported that approximately 21% of patients experienced an

increase in overall survival of 4.5 months and up to 2 years following treatment with

panitumumab and nimotuzumab, respectively [168,169].

Overall, antibody-based therapies represent a promising therapeutic rationale

for the management of recurrent GBM; however, multiple factors continue to limit

their clinical efficacy. These include insufficient and non-uniform BBB permeability,

heterogeneity of EGFR expression and mutations, and the lack of reliable predictive

biomarkers of therapeutic response. Although nimotuzumab has demonstrated good

tolerability, its impact on overall survival remains limited, while cetuximab and

panitumumab are currently considered less effective in GBM compared with other

solid tumors.

In this context, there is an urgent need to develop novel strategies capable of

overcoming the limitations imposed by BBB permeability. Recent studies have

demonstrated that focused ultrasound (FUS) can transiently disrupt the BBB,

thereby enhancing the uptake of antibody-based therapeutics. Notably, Chevaleyre

et al. reported that FUS-mediated BBB disruption enabled the delivery and quanti-

tative imaging of anti–PD-L1 antibodies in murine models of GBM, highlighting

the potential of this approach to improve the efficacy of antibody-based targeted

therapies [170].

2.6 Ultrasounds in biology

Ultrasounds (US) are sound waves with frequency higher than 20 kHz, char-

acterized by sinusoidal propagation and repeated impulses. Ultrasound waves are

generated by piezo-electric crystal when is driven by a high-frequency electrical

signal. Then, the crystal vibrates at the same frequency and these vibrations produce

sound waves in air or liquid, which become ultrasound if the frequency is above 20

kHz. The International Transcranial Ultrasonic Stimulation Safety and Standards

Consortium (ITRUSST) recommends reporting ultrasound parameters as follows.
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Frequency represents the number of wave cycles per unit of time, typically expressed

in Hertz (Hz). Wavelength is the distance between two consecutive maxima in the

wave. Duty cycle (DC) indicates the percentage of time during which ultrasound

waves are transmitted. Acoustic pressure, measured in Pascals (Pa), corresponds to

the positive or negative peak of compression along the ultrasound wave. Spatial-peak

temporal-average intensity (Ispta) and spatial-peak pulse-average intensity (Isppa),

expressed in W/cm2, represent the average intensity of the ultrasound waves over

time and during each pulse, respectively [171].

Regarding the use of US in biology, several authors demonstrated that US at

specific parameters produce the bio-mechanic effect of sonoporation, which consists

in the formation of transient pores on cell membrane to allow bi-directional passage

of molecules. In the context of sonoporation, US should be applied to promote

transient permeability of cell membrane, avoiding cell disruption. Thus, frequency,

AP and DC should be defined according to conservative approach. A particular

application of ultrasounds consist of FUS. These are high-frequency sound waves

that are physically analogous to conventional ultrasound, but with the capability

to be concentrated at a precise location within biological tissues. Like standard

ultrasound, FUS propagates through materials as mechanical vibrations. However, its

main distinguishing feature is the spatial focusing of energy, which enables localized

biological effects such as ablation or membrane opening without affecting surrounding

areas. This ability sets FUS apart from conventional ultrasound, which typically acts

over larger volumes with lower spatial precision [172]. Then, US and FUS are widely

employed in biology and medicine for diagnostic and therapeutic approaches, owing

to their interaction with tissues through bio-mechanical, thermal and cavitation-

related effects. US are routinely employed for real-time US-based imaging of soft

tissues, vascular structures, organ dynamics, blood flown and perfusion, that are

critical features in oncology, cardiology and obstetrics [3, 173]. From a therapeutic

perspective, FUS are used to induce controlled thermal effects, that are useful in

clinical application, such as coagulation, hyperthermia and tumor ablation. High-

intensity focused ultrasounds (HIFU), a specific implementation of FUS, allow

precise thermal destruction of pathological tissues while sparing surrounding healthy
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structures, and has been clinically applied in the treatment of solid tumors and

neurological disorders. At lower intensities, ultrasound-mediated hyperthermia can

sensitize tissues to radiotherapy or chemotherapy, enhancing treatment efficacy.

Moreover, ultrasound can sensitize tissue to promote a mild production of ROS,

performing sonodynamic therapy and healing injured tissues [172,174,175].

Figure 5. A summary of mechanism and application of ultrasound in biomedicine [175]

As reviewed by Przystupski et al., US can promote the alteration of permeability,

facilitating targeted delivery across biological barriers, including the blood–brain

barrier, allowing bi-directional flux of molecules, avoiding significant cellular alter-

ations [176]. As reported by Zelli et al. and Cornice et al., US-mediated sonoporation

can promote and amplify the release of small molecules, as miRNAs and proteins,

from pancreatic cancer cell lines and prostate cancer cell lines respectively. [177,178].

In addition, FUS-related BBB opening facilitates the uptake of C4 radio-labeled

ligand, allowing the quantitative imaging of PD-L1 within the brain of GBM mouse

model [170].
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Features Ultrasounds (US) Focused ultrasounds (FUS)

Frequency 0.5-20MHz 0.5-5MHz

Precision Low High

Area Wide Focalized

Biological effects Imaging Target therapy, ablation

Intensity Moderate/Low Very high in the focal point

Applications Ecography Ablation

Table 3. Table shows the main features of US and FUS and their most known applications

in clinical context. It is possible to highlight that US and FUS are the same physical

principle and their differences consist of the experimental method of application.

2.7 Aim of the thesis

The aim of this thesis was to explore the potential of US and FUS as versatile,

non-invasive technologies to improve both diagnostic and therapeutic strategies in

HCC and GBM, that require early diagnosis and therapy. Given the poor prognosis

associated with late diagnosis and limited drug delivery efficiency in these tumors,

this work focused on exploiting the ability of US/FUS to transiently modulate

biological barriers and cellular membrane permeability in a controlled and localized

manner.

In in vitro HCC models, the study aimed to assess whether US stimulation

could selectively induce the release of tumor-associated microRNAs and proteins

into supernatant, supporting their use as candidate circulating biomarkers for liquid

biopsy applications in HCC patients. In addition, the effect of US on enhancing the

uptake and efficacy of therapeutic compounds was investigated, using sorafenib as a

model drug in HCC cell lines. These experiments were designed to evaluate US as a

strategy to increase intracellular drug accumulation while potentially reducing the

required therapeutic dose and associated toxicity.

Regarding the GBM in vivo model, a pilot study was set up to define exper-

imental conditions, with the aim to evaluate the effects of FUS in orthotopically

xenografted mice. To this purpose, the ability of FUS to transiently open the BBB
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and modulate the biodistribution of a radiolabeled antibody, recognizing the ETA

receptor, overexpressed in the vascular endothelium of GBM and known to be a

biomarker for GBM, was considered.

This work was carried out through a multidisciplinary and translational approach,

supported by the industrial partner Inno-Sol srl (Rome, Italy), which provided the

Sonowell instrument, and by an international collaboration with BioMaps, laboratory

of medical imaging (Paris Saclay, CEA-SHFJ, Orsay, France) that carried out the

in vivo experimentation. Overall, the thesis contributed to the development of

US/FUS-based strategies as enabling technologies for precision oncology, bridging

diagnostic biomarker discovery and biomarker-based targeted therapeutic delivery.
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Chapter 3

Methods and materials

3.1 Sonowell: a prototype for ultrasound treatment in

in vitro models

The use of focused ultrasound requires dedicated instrumentation, which must be

selected according to the biological system under investigation. In recent years, an

integrated ultrasound platform—Sonowell®, developed by Inno-Sol srl (Rome), the

industrial partner of this study— has been introduced for conducting sonoporation

experiments on in vitro cancer models [177,178].

Figure 6. The Sonowell® system and its modular components.
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The system allows multi-well plates ranging from 6 to 96 wells and enables the

execution of fully customizable treatment protocols. These protocols are managed

through proprietary software installed on a computer-based control terminal, allow-

ing independent adjustment of the ultrasound parameters for each individual well.

As shown in Figure 6, the device is composed of several functional modules: an ultra-

sound generator, a thermostatically controlled water bath, a hydraulic recirculation

system, a three-axis positioning unit, a holder containing four transducers, and the

control terminal. The presence of a controlled-temperature bath, which maintains

the medium at approximately 37 °C, ensures that experiments can be carried out

without inducing thermal stress in the cultured cells. The generator includes four

fully independent parallel channels, each capable of delivering up to 20 W of power

over a frequency range of 0.5–5 MHz. It produces a sinusoidal output waveform

with a pulse repetition frequency of up to 90 Hz and a duty cycle adjustable up to

100%. The holder comprises four flat transducers with an active surface diameter of

12 mm. The transducers operate at distinct frequencies, 0.65, 1, 2.4, and 4.5 MHz,

and can deliver a maximum acoustic intensity of 6 W/cm2 in continuous-wave mode

(60 s). Their spatial arrangement is optimized according to frequency to ensure

maximal uniformity of the acoustic field across the targeted wells. The hydraulic

unit includes a 10 L water reservoir, pumps for continuous circulation between the

reservoir and the holder, and a set of filters designed to degas the water and remove

particulate contaminants. The positioning system enables automated motion and

precise placement of the multi-well plate without manual intervention. It consists of

three motors operating along the X, Y, and Z axes, with a minimum step resolution

of 10 µm.Once the treatment protocol is defined, the corresponding parameters are

entered into the control software, which communicates directly with the generator.

The main experimental applications of the Sonowell® system include:

• controlled sonoporation of the cell membrane

• enabling the bi-directional flux of molecule (e.g. drugs, nanoparticles, nucleic

acids, proteins)

• disruption and weakening of microbial biofilms
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• stimulation of cellular proliferation and in vitro regeneration

3.2 FUS instrumentation for BBB opening in in vivo

models

For transcranial BBB opening in preclinical mouse models, a single-element

focused ultrasound platform developed by Imasonic (Voray-sur-l’Ognon, France) was

employed in this study.

The system allows precise delivery of ultrasound energy to targeted regions of the

mouse brain and enables fully customizable treatment protocols. These protocols are

managed through a single-channel programmable generator (Image Guided Therapy,

Pessac, France), which allows independent adjustment of all ultrasound parameters,

including frequency, pulse duration, and repetition rate.

The device is composed of several functional modules: a focused ultrasound

transducer, a calibrated hydrophone for beam profiling, a motorized XYZ positioning

stage, a coupling interface consisting of a water-filled latex balloon and coupling gel,

and the control terminal connected to the generator. The presence of the coupling

balloon, filled with deionized and degassed water, ensures efficient transmission of

the ultrasound waves through the skull, while maintaining the center of the brain at

the focal depth of 20 mm.

The transducer has an active diameter of 25 mm and operates at a central

frequency of 1.5 MHz. It exhibits an axial resolution of 5 mm and a lateral resolution

of 1 mm, as measured by the hydrophone at -6 dB. The generator delivers a sinusoidal

output waveform with programmable parameters, allowing precise control of the

acoustic exposure.

The motorized positioning system enables automated motion and precise align-

ment of the mouse head relative to the focal zone. It consists of three motors

operating along the X, Y, and Z axes, which allow fine adjustments of the focal

distance and lateral placement, ensuring accurate targeting of the brain region of

interest.

Once the treatment protocol is defined, the corresponding parameters are entered
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into the control software, which communicates directly with the generator to execute

the ultrasound exposures. This configuration allows reproducible and controlled

BBB permeabilization without inducing thermal damage to the tissue.

3.3 Cell cultures

3.3.1 Liver cell lines

Human hepatocellular carcinoma (HCC) cell lines (HepG2 and SNU-387) were

purchased from ATCC (Manassas, VA, USA) and a human normal hepatocyte

derived cell line (THLE-2) was purchased from AddexBio (T0015001, San Diego,

CA, USA). In details, HepG2 cell line, isolated from HCC of a 15-year-old white

caucasian male, is characterized by epithelial-like morphology and by the expression

of several liver marker genes, proteins and enzymes, such as AFP, albumin, alpha2

macroglobulin (alpha-2-macroglobulin), insulin-like-growth factor II (IGF II), 3-

hydroxy-3-methylglutaryl-CoA reductase and hepatic triglyceride lipase. SNU-387

cell line derives from primary pleiomorphic HCC isolated from a 41-year-old Korean

female patient, who had been treated by TACE with lipoidol plus a combination of

doxorubicin and mitomycin-C. Hepatitis B virus (HBV) genome was detected by

Southern Blot hybridization in SNU-387, but it is not expressed as genomic RNA. In

addition, SNU-387 cells show few differentiation features, such as low expression of

E-cadherin and expression of Vimentin and does not express AFP [179,180]. HCC

cell lines were cultured in RPMI-1640 (EuroClone, Milan, Italy) supplemented with

10% fetal bovine serum, 2 µM L-glutamine, 0.05 U/mL penicillin-streptomycin and

were maintained at 37°C with 5% CO2. As a control, THLE-2, an immortalized

epithelial cell line derived from the liver of a healthy donor by infection with Simian

Virus 40 (SV40) large T antigen, was used. The cell line expresses all the phenotypic

characteristics of normal adult hepatocytes. Cells are non-cancerous and express

epoxide hydrolase, NADPH cytochrome P450 reductase, superoxide dismutase,

catalase, glutathione S-transferase, and glutathione peroxidase [181]. THLE-2 cell

line was maintained under the same conditions and cultured using BEGM Bulletkit

(CC3170, Lonza, Basilea, Switzerland), supplemented as the manufacturer protocol,
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from which gentamycin/ Amphotericin (GA) and Epinephrine were discarded and

additional 5 ng/mL of EGF, 70 ng/mL of phosphoethanolamine, 10% FBS and 0.05

U/mL penicillin-streptomycin were added. Each culture support for THLE-2 was

coated with mixture of 0.01 mg/mL fibronectin, 0.03 mg/mL bovine collagen type I

and 0.01 mg/mL, as indicated by manufacturer protocol.

Cell number / well

Cell line Molecule release Drug delivery

HepG2 200.000 100.000

SNU-387 80.000 50.000

THLE-2 200.000

Table 4. Table resumes the cell number seeded per each cell line, according to the

experimental procedure. Cell number was chosen according to the doubling time of cell

lines and the type of each treatment.

At 80% confluency, the cells were treated with trypsin, counted with an automatic

cell counter (Cyto Smart, Corning Life Sciences, Durham, USA), transferred into

a Falcon 24-well plate (cod 353047, Corning Incorporated, Corning, NY, USA)

with a different number depending on each cell line (per well: 100.000 and 200.000

HepG2, 50.000 and 75.000 SNU-387 and 200.000 THLE-2 cells, in 500 µL of medium,

Table 4) and cultured at 37°C with 5% CO2 for 24h. Cell seeding number was

chosen per each cell line according to their growth rate and after observation at light

microscopy [180–182] .

3.3.2 Glioblastoma cell line

Human GBM primary Gli7 cells were kindly provided by BioMaps Laboratory

(Paris Saclay, CEA-SHFJ, Orsay, France). At 80% of confluence, Gli7 were recovered

and prepared for GBM xenograft in nude NMRI mouse models. Gli7 cells were cul-

tured in DMEM-F12 (Gibco) supplemented with 1% glutamine, 1% N-2 supplement

(Gibco), 1% B-27 (Gibco), 0.6 µg/mL glucose (Sigma), 20 µg/mL insulin (Sigma),

0.2 µg/mL bFGF (Preprotech), 0.2 µg/mL EGF (Prepotech), 2 µg/mL ciprofloxacin

(Euromedex) and 2 µg/mL heparin (Sigma). Cells were incubated at 37°C in a 5%
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CO2 atmosphere.

3.4 US and FUS treatment

3.4.1 Measurements of US/FUS parameters

Measurements of the parameters were performed based on the suggestions of the

ITRUSST consensus, where applicable, to the in vitro measurements and suggested

nomenclature was adopted for the acoustic parameters [171]. For the in vitro

experiments, one well at time was treated with US, taking advantage of the SonoWell®

instrument (Inno-Sol srl, Rome, Italy) at 1MHz frequency for the in vitro experiments.

For the in vivo experiments, the FUS single-channel transducer (Imasonic, Voray-

sur-l’Ognon, France; Image Guided Therapy, Pessac, France) was used. AP, Ispta

and Isppa and DC were adjusted according to each experimental condition.

3.4.2 US treatment for molecule release in liver cell lines

After 24h, culture medium was discarded, cells were washed in sterile PBS, and

400 uL of serum-free culture medium was added in each well. One well at a time was

treated with US. All sonication parameters were defined to prevent any alteration

in cell morphology and to maintain over 85% cell viability. To promote the flux of

molecules through cell membrane, both HCC cell lines were treated at 394kPa of

AP. HepG2 were treated for 80 minutes of SD, with 10 minutes of interval without

US after 40 minutes of treatment, with 2 ms TBD, 10%DC, ISPPA = 5.0401 W/cm2

and ISPTA = 0.5040 W/cm2. SNU-387 were treated for 30 minutes of SD, with 2 ms

TBD, 10%DC, ISPPA = 5.0401 W/cm2 and ISPTA = 0.5040 W/cm2. While, THLE-2

were treated at 460 kPa of AP, for 30 minutes of SD, with 2 ms TBD, 10% DC,

ISPPA = 6.871 W/cm2 and ISPTA = 0.687 W/cm2. Untreated control samples were

subjected to same washing, temperature, and timing conditions, cultured in parallel

within an incubator. After US treatment, cells were incubated at 37 °C and 5% CO2

for 10 min. Morphological alterations were evaluated by optical microscopy analysis.

Cell viability and and cell number were assessed by Trypan Blue staining with an

automatic cell counter (Cyto Smart, Corning Life Sciences) and then analyzed to
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compare the number of US treated and non-treated cells. Then cells and supernatants

were collected and centrifuged for 20 minutes at 4 °C and 1500× g to remove cellular

debris. Samples were stored at -80 °C and used for downstream applications, as

described below.

3.4.3 US treatment for small drugs delivery in liver cell lines

After 24h, HCC cell lines were treated at 5 µM concentration of the FAM-labelled

mutated aptamer AS1411 to determine whether US treatment could enhance drug

delivery within specific incubation time. To promote US-mediated drug delivery,

HCC cell lines were treated at 1MHz frequency, for 3 seconds and 30 seconds of SD,

526kPa of negative peak AP, with 6 ms of TBD, 50%DC, ISPPA = 8.976 W/cm2 and

ISPTA = 4.488 W/cm2. These acoustic parameters were selected as they provided the

most efficient aptamer uptake among the different experimental conditions tested.

After US treatment, internalization of the FAM-labelled AS1411 was compared in US

treated and non-treated samples with FLoid® Cell Imaging Station (Life Technologies,

Carlsbad, CA, USA, Catalog Number 4471136) and analyzed with the plate reader

Infinite 200 PRO (TECAN, Mannendorf, Switzerland) at 490nm excitation and

520nm emission wavelenghts. Then, to assess whether US could promote the uptake

of small therapeutic molecules, cell lines were treated at different concentration of

kinase-inhibitor sorafenib, that is the first line therapy for unresectable HCC [112].

Both HCC cell lines were treated for 24 hours with 10 µM sorafenib and exposed

to US treatment at 1MHz frequency, for 3 seconds of SD, at 526kPa of negative

peak AP, with 10 ms of TBD, 50%DC, ISPPA = 8.976 W/cm2 and ISPTA = 4.488

W/cm2. Then, cell viability was analyzed with PrestoBlue Cell Viability Reagent

(Life Technologies, Carlsbad, CA, USA) following manifacturer’s protocol.

3.5 RNA extraction and miRNA expression analysis in

liver cells

Total RNA, including fractions smaller than 200 nucleotides, was extracted from

US treated and non-treated samples, with the Plasma/Serum RNA Purification Mini
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kit (Norgen Biotek, Thorold, ON, Canada) using 200 µL of supernatants per each

sample. Before the extraction, spike-in ath-miR-159a was added as exogenous control

at 100 pM of final concentration in each sample. Total RNA was also extracted from

cells with mirVana™ miRNA Isolation Kit (ThermoFisher San Diego, CA, USA,

AM1560, AM1561) following the manufacturers’ instructions. RNA quantification

and purity were evaluated by NanoDrop 2000 (ThermoFisher, San Diego, CA, USA).

Total RNA was retrotranscribed using TaqMan® Advanced miRNA cDNA Synthesis

Kit (A25576, ThermoFisher, San Diego, CA, USA) and then analyzed by quantita-

tive Realtime PCR (7500 Fast Real Time PCR System, Applied Biosystems), using

the 2-∆∆Ct method. To set up the most appropriate conditions for the following

experiments, the expression of hsa-miR-125a-5p and hsa-miR-182-5p, known to be ex-

pressed in the liver, was evaluated in the cell lines here used. hsa-miR-16-5p was used

as endogenous control, according to manifacturer’s instructions (Applied Biosystems,

Foster City, CA, USA) To assess miRNAs’ release in supernatants after US treatment,

ath-miR-159a was used as exogenous control (478411 mir Applied Biosystems, Foster

City, CA, USA). The 2-∆∆Ct method was applied to compare miRNAs’ expression in

US treated samples and controls. Each experiment was repeated at least three times.

Once miRNA’s release after US treatment was assessed, RNA from supernatants

was retrotranscribed again and 188 target miRNAs were analyzed using TaqMan®

Advanced miRNA Human/Serum Plasma cards (A34717, Applied Biosystems) using

a ViiA7 instrument (4453545, Applied Biosystems). Table of the 188 target miRNAs

can be found at https://documents.thermofisher.com/TFS-Assets/GSD/Reference-

Materials/TAC-Advanced-miRNA-Human-SerumPlasma-CardLayout.xls. Each ex-

periment was repeated at least three times. MiRNAs expression levels were analyzed

with 2-∆∆Ct method and normalized by exogenous calibration with ath-miR-159a

expression. Manual analyses of qRT-PCR data were performed to refine analysis

and retain only miRNAs showing good amplification plots. Differentially expressed

miRNAs with relative quantification (RQ)≥ 2 in the US-treated samples compared

to controls were considered for the downstream analyses. P-values (p) and RT-qPCR

data analyses were performed using respectively the Student’s t-test alghorithm

automatically provided by Expression Suite v1.3 software and Quant Studio software
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(Thermo Fisher). Data with p-value less than p≤0.05 was considered as statistically

significant.

3.6 Protein quantification and analyses

Proteins levels in the supernatants after US treatment were analyzed using the

Antibody Array C-Series "Human Apoptosis Array C1" (RayBiotech), that allows

quantification of 43 apoptosis-related proteins and factors. Table of the 43 target

apoptosis-related proteins can be found at https://www.raybiotech.com/human-

apoptosis-array-c1-aah-apo-1. Samples were processed and analyzed according to

the manufacturer’s instructions. Densitometric analyses were performed following

the same protocol.

3.7 Publicly Available Datasets for Results Validation

Four publicly available datasets, EXP00529 (GSE106817) [183], EXP00620

(GSE112264) [184], EXP00609 (GSE113740) [185], and EXP00538 (GSE113486) [186],

from the Database of Differentially Expressed miRNAs in Human Cancers (dbDEMC,

https://www.biosino.org/dbDEMC/index, accessed on 3 September 2025), were an-

alyzed to compare the expression levels of miRNAs released in the sera from HCC

patients and healthy controls. EXP00529 (GSE106817) and EXP00620 (GSE112264)

were considered as a single study, since the patients included came from two different

parts of the same study. Notably, in these studies miRNA profiling was performed

on serum samples both from cancer patients and healthy controls. Data were filtered

based on a log2 fold change (FC) ≥ 0.58 and an adjusted p-value (padj) ≤ 0.05.

All the studies were used to perform receiver operating characteristic (ROC) curve

analyses to estimate diagnostic specificity and sensitivity per each single miRNA or

in combination in discriminating HCC cases from non-cancer samples, as well as

from other cancer types, using R software v 4.3.1 (www.r-project.org).

https://www.biosino.org/dbDEMC/index
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3.8 Establishment of 3D bio-printed HCC models

The composition of the 3D matrix used in this study was selected based on

previous evidence demonstrating its effectiveness in supporting the growth and

differentiation of Müller glial cells [187]. The biochemical and mechanical properties

of these components are consistent with the microenvironment requirements of

various cell types, suggesting potential applicability to hepatocellular carcinoma

(HCC) cell lines as well. Hydrogel for the bio-ink is composed by 2% sodium alginate,

8% gelatin and 100µg/mL type I collagen in sterile PBS. At 80% confluency, HepG2

and SNU-387 were treated with trypsin and counted with an automatic cell counter

(Cyto Smart, Corning Life Sciences, Durham, USA). Then cells were mixed at

different concentrations (Table 5), and then each solution of cells and hydrogel was

loaded into a cartridge for the bio-printing.

Cell Count / mL hydrogel

HepG2 SNU-387

2 milions 1.5 milions

3 milions 3 milions

6 milions 6 milions

Table 5. Table provides the cell density applied for the preparation of the bio-ink for the

3D printing.

BIO-X-3D printer was used to print the 3D models as it follows. Each structure

was printed maintaining the temperature at 29°C for the cartridge and 26°C for the

plate, then the pressure advance for the printing was 55kPa and print speed 5mm/s.

3D structures were defined by PrusaSlicer 3D and were designed as it is reported in

Figure 7 (b-C). Each structure was round-shaped, 1.2mm height and 10mm φ.

After the print, each structure was stabilized by crosslinking with 100 mM

calcium cloride for 10’ and 60 mM barium cloride for 2’. Then 3D HCC models

were incubated in RPMI-1640 (EuroClone, Milan, Italy) supplemented with 10%

fetal bovine serum, 2 µM L-glutamine, 0.05 U/mL penicillin-streptomycin and were

maintained at 37°C with 5% CO2. Then, 3D HCC models were analyzed at different
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Figure 7. Figure shows the Bio-X-3D printer (a) and the 3D structure model provided by

PrusaSlicer 3D (b) and in 24 multiwell plate after the print (c).

timepoints with PrestoBlue Cell Viability Reagent (Life Technologies, Carlsbad, CA,

USA) to assess cell viability.

3.9 Glioblastoma xenograft model

4-week-old NMRI nude mice (n=15) (Janvier Labs) were orthotopically implanted

with 5×105 Gli7 cells into the striatum (2.5mm depth from the dura and 2mm right

of bregma) under 3% isoflurane anesthesia. Orthotopic intracranial xenografts are

widely used in glioblastoma research because they place tumor cells within the native

brain microenvironment, allowing more physiologically relevant interactions with

neural tissue, vasculature, and the blood–brain barrier compared to ectopic sites [188].

Immunodeficient nude mice lack functional T cells, enabling engraftment of human

tumor cells without rejection, which supports reproducible tumor establishment and

growth for preclinical assessment of tumor biology and therapeutic efficacy [188,189].

However, this model has limitations: the absence of an intact adaptive immune

system restricts evaluation of immunotherapy and tumor–immune interactions, and

established cell line-derived xenografts may not fully recapitulate the heterogeneity,
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infiltrative behavior, and molecular features of patient tumors [188,190]. Despite

these constraints, orthotopic xenograft models in nude mice remain a standard and

informative preclinical platform for in vivo glioblastoma studies prior to investigations

in more complex or immunocompetent systems.

Animal experiments were performed according to the European Directive 2010/63/EU

and its transposition into French law (Decree No. 2013-118). The research project

was conducted at the BioMaps laboratory (Orsay, France) in collaboration with

Atomic Energy and Alternative Energies Commission (CEA)-Service Hospitalier

Frédéric Joliot (SHFJ) imaging platform and was approved by a local ethics com-

mittee (n°D91-471-105/ethic committee n°44)

3.10 Antibody for endothelin A receptor target therapy

The ETA receptor has been proposed as a biomarker for GBM patients stratifica-

tion according to disease severity, as it is overexpressed in the vascular endothelium

of GBM [140,152]. Based on this, a chimeric experimental antibody, named xiRA63,

was produced to target ETA receptor. XiRA63 was produced according to the

protocol provided by Hautiere et Al [152]. Both light and heavy chains encoding

IgG-XiRA63 were cloned into pTT5 expression plasmid and transfcted in ExpiCHO-

cells, with ExpiCHO expression kit system, according to manufacturer instructions

(MAN0014337 ThermoFisher Scientific). After 12 days, xiRA63 was purified from

cell supernatant on a HiTrap Protein A HP column (GE HealthCare) and ThioFab-

xiRA63 on the HiTrap KappaSelect (GE HealthCare). Following elution, antibody

solutions were dialyzed with Slide-A-Lyzer™G2 Dialysis Cassette (ThermoFisher

Scientific) into 1L of PBS.

3.11 Antibody radiolabeling with 89Zr

XiRA63 antibodies were radiolabeled with Zirconium-89 (Zr) (PerkinElmer) by

using deferoxamine (DFO) and dodecane tetracetic acid (DOTA) respectively, as

explained by Hautiere et al [154]. Briefly, one day before the injection, 0.75 mg

of xiRA63-DFO and 0.65 mg of ThioFab-xiRA63-DFO, pH adjusted to 7.2, were
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incubated in a solution containing [[89Zr]-((C2O4)2-)4]4- for 1 hour at 37°C, 300

rpm. The oxalic acid of the 89Zr solution (200 µL, 413 MBq) was neutralized with

90 µL of 2 M Na2CO3 before addition to the antibody solution. [89Zr]Zr-xiRA63-

DFO and [89Zr]Zr-ThioFab-xiRA63-DFO were purified on a PD-10 column with a

gentisic acid solution (pH 5.4-5.6) as a mobile phase and concentrated by Vivaspin®

ultrafiltration tubes (Sartorius) with a 10 kDa cutoff for the ThioFab and a 50 kDa

cutoff for the mAb. Radiochemical purity of [89Zr]-xiRA63-DFO and [89Zr]-ThioFab-

xiRA63-DFO was assessed by size-exclusion high-performance liquid chromatography

(HPLC) coupled to a UV (UVD 170U UV/VIS) and scintillation gamma detector

(Packard). Measurements were performed using a bioZen 1.8 µm SEC-2 LC column

(Phenomenex) and a DIONEX System (Thermo-Fisher). A linear-gradient elution

was carried out with a solution of KH2PO4 (50 mM) and KCl (250 mM) (pH 6.8),

at a flow rate of 0.2 mL/min.

3.12 GBM animal model’s treatment

45 days after Gli7 implantation, tumor growth was assessed and confirmed by

MRI. As described by Hautiere et al., at this timepoint BBB was still intact [152,154].

Then, the 11 mice were randomized into 2 different groups as it follows:

• Group 1, n=6 mice received 89Zr-xiRA63

• Group 2, n=5 mice received 89Zr-xiRa63 and FUS treatment

40ug of radiolabeled xiRA63 were injected through caudal vein in each mouse,

as described by Hautiere and colleagues [154].

To achieve the BBB opening and increase the uptake of xiRA63 antibody, before

the FUS treatment, each animal was injected in the caudal vein, with 50uL of

microbubbles SonoVue. Then, BBB opening was achieved using the FUS transducer

(Imasonic, Voray-sur-l’Ognon, France) with active diameter 25 mm, focal depth 20

mm, operating at 1.5 MHz and driven by a single-channel programmable generator

(Image Guided Therapy, Pessac, France). FUS parameters and microbubble admin-

istration were chosen according to the protocol provided by Tran and colleagues,



3.13 PET-CT image acquisition 45

because they demonstrated that FUS selectively opened BBB in mouse model to

promote release and delivery of molecules, without significantly altering animal

health [191]. To achieve a wide BBB opening (6 × 6 mm), a mechanical zig-zag

scanning pattern was performed along the X and Y axes. The motion consisted of

repeated linear sweeps along the X axis with direction reversals at each end, while

the Y axis advanced stepwise to cover the entire square area. The stage velocity

was set to 10 mm/s, and a complete trajectory lasted 5.1 s. Ultrasound emission at

1.5 MHz remained continuously active throughout the entire motion (duty cycle =

100%). The sequence was repeated 25 times for a total exposure time of 127 s of SD.

Mice were treated with probe focused on the brain, with FUS at 400 kPa negative

peak of AP, ISPPA and ISPTA= 5.1944 W/cm2.

3.13 PET-CT image acquisition

PET acquisitions were performed using the Inveon micro PET-CT system

(Siemens Medical Solutions) providing a spatial resolution of 1.5 mm. After the

PET acquisition, a 6 minute 80 kV/500 µA CT scan was performed for attenuation

correction. PET images were reconstructed using a 3D OSEM algorithm with

parameters set to 4 iterations, 16 subsets, and a voxel size of 0.4 mm × 0.4 mm ×

0.8 mm. The reconstruction process included normalization, dead time correction,

random subtraction, CT-based attenuation correction, and scatter correction. PET

acquisition was performed at 1 h, 4 h, 24 h, 48 h, 72 h and 168 h post injection of

radiolabeled xiRA63.

3.14 In vivo biodistribution analysis

XiRA63 biodistribution was analyzed by the use of the software 3d slicer, to

examine different volumes of interest and specific sites for drug accumulation: brain,

liver, left ventricle of the heart, lungs, muscles, kidneys and spleen. Data analyzed

with 3d slicer were used to calculate and compare the ratio of percentual injected

dose (%ID) over volume in cubic centimeters (cc) in each specific site for drug

accumulation. All the data were analyzed by Patlak linearization algorithm, to
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evaluate the uptake of the xiRA63 between tissues and tumor. In detail, the Patlak

linearization algorithm was applied to calculate within tumor site the apparent

distribution volume (V0), the tissue volume accessible to the tracer immediately

after its delivery, irreversible uptake (Ki), the rate of the fraction of labeled-xiRA63

undergoing non-reversible binding, and Area Under the Curve (AUC) of plasmatic

concentration [192].

3.15 Statistical Analysis

Statistical analysis was perfomed with Student’s T-test, one-way Anova test

followed by Tukey test, and Mann-Whitney statistical test on the software GraphPad

Prism 10.0 and Microsoft Excel.
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Chapter 4

Results

4.1 Effects of US on cell viability and cell number

Application of US according to different parameters of time exposure and DC

was necessary to choose the best conditions to maintain cell viability above 85%

and cells mostly in their adherent phenotype (Fig.8a). To sum up, cell viability and

morphology were not altered by applying well defined parameters as reported in

Methods and Materials (Fig.8b). Afterwards, the same parameters were applied to

promote molecule release for the identification of putative biomarkers.
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Figure 8. Figure shows cell morphology and cell viability based on US treatment. Mi-

croscopy pictures show that cell morphology is not significantly altered (a). Barplot

shows the mean cell count per each cell line with and without US treatment. Data shown

in the barplot represent mean cell count/ ml and standard error. Statistical analysis

was performed with Student T-test (*p<0.05, n=3).

4.2 Assessment of US-mediated molecules’ release

HCC cell lines, SNU-387 and HepG2, and normal cell line THLE-2 were analyzed

for the expression of miR-125a-5p and miR-182-5p by RT-qPCR to determine if each

cell line could express at least one liver-specific miRNA. Expression levels of miRNAs

in SNU-387 and THLE-2 cells are shown relative to HepG2 cells, which were used

as the calibrator for the analysis. It was found that each cell line expressed similar

levels of miR-125a-5p, while only HepG2 cell line expressed detectable levels of miR-
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182-5p (Fig.9 a). Then, after US treatment miR-125a-5p expression was analyzed in

supernatants collected from HepG2, SNU-387 and THLE-2. As mentioned above,

US parameters were fine-tuned to avoid cell detachment, morphology alteration

and cell death. In this context, each experiment was repeated in triplicate at

least three times. No significant difference in cell number was observed between

ultrasound-treated and untreated cells. RT-qPCR performed on RNA extracted

from cell supernatants with and without US revealed that US could promote and

increase the release of miR-125a-5p, as shown in Fig.9 (b-d). Expression levels of

miRNAs in cell supernatants are calculated using CTRL1 samples as calibrator for

the analysis.
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Figure 9. Panel shows the expression of miRNAs in liver cell lines and in supernatants

after US treatment. Barplot represents the analyses of miR-125a-5p and miR-182-5p

expression in liver cell lines, both normal and cancerous. miRNA expression levels in cell

lines is compared to HepG2 cells, which were used as calibrator for the analysis (a). Bar

plots show the expression of miR-125a-5p in US-treated samples. Data represent three

independent biological replicates. Data are shown as Relative Quantification (RQ) and

standard error (b-d). Statistical analysis was performed with Student’s T-test (*p<0.05,

n=9)

4.3 US-released miRNA profiling in supernatants

Supernatants were subjected to miRNA profiling of 188 target miRNAs and only

US-treated samples with Relative Quantification of miR-125a-5p higher than 2 were

selected for further analysis. This threshold was applied to focus the analysis on

miRNAs significantly modulated by the US treatment and to minimize background

variability associated with marginal expression changes. In addition, all real-time
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PCR reactions were manually inspected and verified in terms of wells showing no

amplification or software-generated error flags, as well as those exhibiting excessive

technical variability or failing to meet predefined quality control criteria.

The analysis of the profiling showed that US indeed promoted the release of

more than 85 miRNAs, among 188 target miRNAs provided by the TaqMan-based

microfluidic card, as reported in the section Methods and Materials.

Figure 10. Volcano plot showing hyper-expressed miRNAs in supernatants from HepG2 and

SNU-387 cells after US treatment. Levels of more than 85 miRNAs resulted increased:

among them, miR-106b-3p, miR-532-5p, miR-29a-3p and miR-145-5p were statistically

significant. Data were shown as Log2Fold Change and -log10p-value. Statistical analyses

were performed with Student’s T-test. P-value threshold is set at p<0.05 and calculated

on 3 different replicates.

As shown in Fig.10, more than 85 miRNAs resulted up-regulated in supernatants

after US treatment: among them, miR-106b-3p, miR-532-5p and miR-29a-3p re-

sulted significantly up-regulated in HepG2 supernatants, and miR-145-5p resulted

significantly up-regulated in SNU-387 supernatants. These differences in miRNAs’

release in supernatants could suggest the ability to discriminate two different types

of HCC cell lines.

Then miRNAs profiling after US treatment was performed also in supernatants

from THLE-2 as control normal cells. In this context, miRNAs profiling in THLE-2

supernatants was used to exclude all the common miRNAs between the HCC cell lines
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and THLE-2. As shown in Fig.11, no miRNAs resulted significantly up-regulated

after US treatment in THLE-2 supernatants. Notably, although some miRNAs were

detected as non-significantly up-regulated in THLE-2 supernatants, these were not

shared with the miRNAs found to be non-significantly up-regulated in the HCC cell

lines, further supporting the specificity of the tumor-associated miRNA release.

The selective release of certain miRNAs after US treatment may reflect differences

in their intracellular abundance, spatial localization, or interactions with proteins

that affect their mobility. Likely, this selective release could enhance their potential

as biomarkers. In addition, some miRNAs were detected as down-regulated in the

supernatants following US treatment. This observation may be explained by a

bidirectional flux of molecules across the plasma membrane induced by ultrasound

exposure, allowing not only the release of intracellular miRNAs but also the re-entry

of extracellular miRNAs, resulting in an apparent decrease in their extracellular

levels.

Figure 11. Volcano plot showing profiled miRNAs in supernatants from THLE-2 cell line,

after US treatment. The plot highlights that US don’t promote significantly up-regulation

of miRNAs in supernatant. Data were shown as Log2Fold Change and -log10p-value.

Statistical analyses were performed with Student’s T-test. Significative p-value threshold

is set at p<0.05 and calculated on 3 different replicates.
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4.3.1 In silico validation of significantly released miRNAs as biomark-

ers

To validate miRNAs as putative biomarkers of HCC, the four publicly available

datasets GSE113740, GSE112264, GSE106817 and GSE113486 were interrogated.

In silico analyses revealed that the four miRNAs, miR-532-5p, miR-106b-3p, miR-

29a-3p and miR-145-5p are significantly up-regulated in the sera of HCC patients

compared to healthy donors (Fig.12).
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Figure 12. Boxplots show analyses of US-released miRNAs in publicly available GEO dataset

of human patients of HCC. GSE113486, GSE106817, GSE112264 and GSE113740 were

analyzed: miR-29a-3p, miR-145-5p, miR-532-5p and miR-106b-3p resulted significantly

upregulated in HCC patients when compared to healthy donors in each dataset. Data

are presented as box-and-whisker plots showing the median and interquartile range

(IQR), with whiskers indicating minimum and maximum values, and statistical analysis

was performed with the Mann-Whitney statistical test (****p < 0.00001)

Following the assessment of miRNA expression in the datasets, feasibility analyses
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were performed to validate the previously identified miRNAs as putative biomarkers.

ROC analysis was conducted for each miRNA in each dataset, and the Area Under the

Curve (AUC), sensitivity (SE), and specificity (SP) were calculated. In addition, a

combined ROC analysis was performed to evaluate the diagnostic accuracy of the four

miRNAs. ROC analysis assesses the ability of a biomarker to discriminate between

conditions by plotting sensitivity against 1-specificity across different thresholds,

with overall performance summarized by the AUC.

In the GSE113486 dataset, the AUC values showed variability among the dif-

ferent miRNAs. miR-29a-3p displayed an AUC of 0.669, with a SE=0.87 and a

SP=0.45, indicating good sensitivity but limited specificity and therefore a moderate

overall discriminative performance. miR-145-5p showed an AUC of 0.739, with

both sensitivity and specificity equal to 0.70, suggesting a balanced and moderately

reliable diagnostic accuracy. miR-532-5p provided an AUC of 0.872, with SE=0.92

and SP=0.75, reflecting a high discriminative ability with both strong sensitivity

and specificity. miR-106b-3p showed an AUC of 0.693, with SE=0.60 and SP=0.73,

indicating a moderate performance with better specificity than sensitivity. The

combined analysis of the four miRNAs yielded an AUC of 0.886, with SE=0.76 and

SP=0.82, showing an overall improvement in diagnostic accuracy compared to most

single miRNAs (Fig.13 a).

In the combined GSE106817+GSE112264 dataset, the results showed similar

patterns. miR-29a-3p exhibited an AUC of 0.64, with a SE=0.89 and SP=0.42, again

indicating high sensitivity but poor specificity. miR-145-5p provided an AUC of 0.74,

with a SE=0.65 and SP=0.75, suggesting a balanced and reliable discriminative

performance. miR-532-5p presented an AUC of 0.85, with a SE=0.90 and a SP=0.71,

confirming a strong diagnostic accuracy across datasets. miR-106b-3p showed an

AUC of 0.61, with SE=0.50 and a SP=0.80, indicating limited sensitivity despite

good specificity. The combined model of the four miRNAs provided an AUC of 0.86,

with a SE=0.82 and SP=0.75, supporting the robustness of the multi-miRNA panel

(Fig.13 c).

In the GSE113740 dataset, miR-29a-3p showed an AUC of 0.60, with a SE=0.42

and SP=0.74, suggesting a low discriminative ability mainly driven by reduced
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sensitivity. miR-145-5p exhibited an AUC of 0.69, with a SE=0.65 and SP=0.65,

indicating a moderate and balanced diagnostic performance. miR-532-5p provided

an AUC of 0.78, with SE=0.79 and SP=0.59, confirming a good sensitivity with

moderate specificity. miR-106b-3p reported an AUC of 0.56, with a SE=0.52 and

SP=0.68, reflecting a limited diagnostic value. The combined analysis of the four

miRNAs resulted in an AUC of 0.78, with SE=0.72 and SP=0.66, indicating an

overall improvement compared to individual miRNAs (Fig.13 b).

Overall, miR-532-5p consistently provided the highest AUC values across all

datasets, reaching AUC=0.78 (SE=0.79; SP=0.59), AUC=0.85 (SE=0.90; SP=0.71),

and AUC=0.872 (SE=0.92; SP=0.75) in GSE113740, GSE106817+GSE112264, and

GSE113486, respectively, supporting its robustness and reliability as a potential

biomarker.
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Figure 13. ROC curves showing in silico analysis of US-released miRNAs in publicly

available GEO dataset (GSE113486 (a), GSE113740 (b), GSE106817+GSE112264 (c))

of sera from human patients of HCC. miR-532-5p showed the best AUC value compared

to other miRNAs in each dataset analyzed to discriminate HCC from healthy donors.

ROC curves of each putative biomarker were analyzed by DeLong statistical test

4.4 US-mediated release of proteins

Among the 43 proteins analyzed, US treatment consistently increased the release

of several proteins compared with untreated controls. In HepG2 supernatants, Bad,

Bax, Bcl-w, CD40, FasL, HSP27, IGF-1sR, and Livin showed a clear upward trend in

fold change following US treatment. Among these, FasL and Livin were significantly

increased, indicating that US treatment enhances protein release from the HepG2

cell line. In the SNU-387 cell line, US treatment increased the release of two proteins,

CD40 and IGFBP-4, compared with untreated controls. Notably, the normal liver

cell line THLE-2 did not show detectable release of any proteins in the supernatant

following US treatment, reinforcing that the release of proteins from HepG2 cells
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appears to be closely associated with the tumor phenotype of the cells.

Taken together, these results suggest that US stimulation actively promotes the

release of multiple proteins from both HCC cell lines. Notably, although several of

the released proteins are classically associated with apoptotic pathways, the highly

conservative US treatment parameters used in this study are not expected to induce

or modulate apoptosis, supporting the interpretation that their increased detection

reflects enhanced release rather than activation of cell death processes. In this

context, these proteins may be further investigated in the literature as putative

circulating biomarkers released from HCC tissue.

Figure 14. Barplots show relative expression of proteins in supernatants of HCC cell lines

after US treatment. Overall, among 43 proteins, 9 different proteins resulted significantly

increased in cell supernatants after US treatment. Data are shown as mean of fold

increase and coefficient variation of fold increase. Statistical analyses were performed

with Student’s T-test (* p<0.05, n=2)

4.5 US could promote small molecule uptake and boost

drug efficacy in HCC cell lines

4.5.1 US effect on the delivery of FAM-labeled AS1411 in HCC

cell lines

HCC cell lines were treated with 5 µM of FAM-labeled AS1411 at different

timepoints in combination with US to establish suitable parameters for enhanced
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molecule uptake. In the SNU-387 cell line, preliminary observations suggested that

short exposures to US promoted higher uptake of FAM-AS1411 compared to passive

incubation at 1 h and 2 h. In details, 30 s of US exposure promoted higher uptake

of AS1411 than 2 h uptake without US (Fig.15).

Figure 15. US treatment increased the uptake of the FAM-labelled AS1411 aptamer in

SNU-387 cell line, producing fluorescence signal within 30 seconds US exposure slightly

higher than 2 hours of passive uptake. Fluorimetric data are shown as relative mean

fluorescence and standard error (a). Statistical analysis was performed with Student’s

T-test (*p<0.05, n=3). Fluorescence pictures (20x magnification), obtained with EVOS

m7000, show FAM fluorescence intensity of internalized AS1411 (b).

In the HepG2 cell line, preliminary observations indicated that short exposures

of 3 s and 30 s to US promoted the FAM-AS1411 uptake, similar to FAM-AS1411

uptake observed over 1 h and 2 h without US treatment. (Fig.16).
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Figure 16. US treatment increased the uptake of the FAM-labelled AS1411 aptamer in

HepG2 cell line, producing similar fluorescence signal within 30 seconds of US exposure

and 2 hours of passive uptake. Fluorimetric data are shown as relative mean fluorescence

and standard error (a). Statistical analysis was performed with Student’s T-test (*p<0.05,

n=3). Fluorescence pictures (20x magnification), obtained with EVOS m7000, show

FAM fluorescence intensity of internalized AS1411 (b).

Based on the observation by Reyes-Reyes et al., AS1411 is rapidly internalized by

cancer cells through an active, macropinocytosis-driven process, with the maximum

fluorescent signal at 2 h of incubation. In this context, the US-enhanced uptake

suggests that US accelerates this early internalization phase, enabling levels of

AS1411 uptake comparable to those achieved after 1–2 h of passive incubation [193].

4.5.2 US effect on the viability of Sorafenib treatment in HCC cell

lines

After determining US parameters to set up an US treatment useful in enhancing

drug delivery, HCC cell lines were treated for 24 h at different concentrations of

tyrosine kinase inhibitor sorafenib, to determine the best concentration for following

treatments. Cell viability assay revealed that 24 h of 100 µM sorafenib treatment
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caused significant cell death in both HCC cell lines (Fig.17). Moreover, 1 µM

sorafenib did not alter cell viability within 24 h of treatment in both HCC cell lines.

Figure 17. Panel shows cell viability after 24 hours of sorafenib treatment in SNU-387 (a)

and HepG2 (b) cell lines. Data are shown as mean and standard error of relative cell

viability, calculated by using non treated control as a reference. Statistical analysis was

performed using One Way Anova, followed by Tukey test (* p<0.05, ** p<0.01, ***

p<0.001), n=3.

However, 10 µM sorafenib treatment in SNU-387 cell line altered cell viability,

showing a trend of statistical significance (p = 0.06), while the same treatment did

not produce any statistical significance in HepG2 cells. Then, 10 µM sorafenib was

selected as the optimal concentration for subsequent experiments, as it was non-

saturating and it induced only minimal, albeit not statistically significant, changes

in cell viability in both HCC cell lines. Therefore, 10 µM sorafenib was selected as

a borderline effective concentration to evaluate whether 3 s of US exposure could

enhance drug uptake and/or therapeutic efficacy in HCC cell lines. As shown in the

following plots (Fig.18), the application of US parameters was expected to increase

drug toxicity in HCC cell lines. In SNU-387 cells, US application did not significantly

enhance cell death in the presence of 10 µM sorafenib compared to treatment with

sorafenib alone: 10 µM sorafenib with and without US significantly promoted cell

death, both compared to untreated control, reinforcing that trend of statistical

significance of the previous experiment is related to experimental variability (Fig.17

a). In contrast, in HepG2 cells, US application significantly increased cell death, as

the combination of US treatment and 10 µM sorafenib resulted in higher cytotoxicity
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than sorafenib alone. In addition, 10 µM sorafenib with US promoted significant cell

death compared to untreated control (Fig.18 b). These observations might suggest

that for SNU-387 cell line a longer US treatment could be tested to better reveal

the potential in enhancing the uptake of sorafenib. Given that US did not enhance

uptake or drug efficacy in the SNU-387 cell line, higher sorafenib concentrations in

the range of 10–100 µM should be evaluated to assess a potential ultrasound-mediated

increase of uptake/efficacy. These interesting results could be further explored for

in vivo application of FUS to increase drug efficacy within the tumor site.

Figure 18. Panel shows cell viability analysis in each HCC cell line, after 24 hours

of sorafenib treatment and US exposure, as parameters are shown in Methods and

Materials. a) SNU-387 showed similar viability with 10 µM sorafenib treatment and 10

µM sorafenib and US treatment. b) HepG2 showed significant differences in viability

with 10 µM sorafenib treatment and 10 µM sorafenib and US treatment. Data are shown

as mean and standard error of cell viability, that is expressed in arbitrary unit of optical

density. Statistical analysis was performed with Student’s T-test (* p<0.05, **p<0.01,

***p<0.001 n=3).

4.6 Establishment of 3D HCC cell cultures: assessment

of Cell Viability

After the bio-printing, hydrogel-based 3D cultures of HepG2 and SNU-387 were

monitored at different timepoints. The 3D HepG2 cell model showed distinct

viability patterns depending on the initial seeding density. Cultures seeded at 6

million cells/mL exhibited the highest viability at 24, 48, and 72 hours, although

a marked decline was observed after one week. At 3 million cells/mL, viability
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was lower than in the 6 million cells/mL condition but remained relatively stable

across all time points. In contrast, cultures seeded at 2 million cells/mL consistently

displayed the lowest viability throughout the experiment. Overall, higher initial

cell density supported greater short-term viability but appeared to compromise

long-term survival (Fig.19 a). The 3D SNU-387 cell model demonstrated generally

low viability, regardless of the initial seeding density. At 1.5 million cells/mL,

viability was already very low at 24 h and became undetectable at 72 h. Cultures

seeded at 3 million cells/mL showed slightly better performance, maintaining a

stable viability between 24 and 72 h. At 6 million cells/mL, viability was modestly

reduced compared with the 3 million cells/mL condition at both time points. After

one week, no detectable viability signal was observed in any of the SNU-387 cultures

(Fig.19b). These differences, observed in the HCC cell lines, might suggest that

different cell lines strongly influence performance in 3D culture, and that optimal

seeding density must be tailored to each cell type to balance short-term viability

with long-term survival. However, the HepG2 3D model is now available for further

studies aimed at evaluating US in vitro responses also at three-dimensional level.

Figure 19. Barplots show PrestoBlue cell viability assay performed at different timepoint

for the HCC 3D models. 3D HepG2 model was analyzed at 24h, 48h, 72h and 1 week

(a), 3D SNU-387 model was analyzed at 24h and 72h. Data are shown as mean and

standard error of optical density of the viability assay. Statistical analysis was performed

with Student’s T-test (*p<0.05, **p<0.01, ***p<0.001).
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4.7 Focused ultrasounds could promote the uptake of

radio-labeled xiRA63 in glioblastoma mouse model

Considering the overexpression of ETA receptor in vascular endothelium of

GBM [140, 151, 152], FUS were applied to promote the uptake of xiRA63 in the

GBM site. As mentioned above, FUS treatment, applied according to the protocol

provided by Tran et al., should provide a non-invasive opening of the BBB for

controlled molecule’s uptake [191].

The data obtained by the analysis of different Volume Of Interest (VOI) related

to differend deposit organs suggest that FUS could modulate the distribution of

xiRA63 within the tumor, without significantly alteration of the xiRA63 distribution

in different organs. As shown in Figure 20 (a-f), FUS treatment did not significantly

alter the distribution of the xiRA63 in lungs, blood pool of left ventricle of the heart,

liver, masseter muscle, spleen and kidney, suggesting that FUS treatment directed

on mouse brain should only produce localized effects on the tumor and preserve

organ functions and integrity. Considering that no statistically significant differences

were observed in tracer activity within the left ventricular blood pool between FUS

and non-FUS groups, plasma concentrations were deemed comparable across both

conditions (Fig.20 b)
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Figure 20. Panel shows barplots representing the biodistribution analysis at 1 h, 4 h, 24

h, 48 h, 72 h and 168 h of xiRA63 antibody with and without FUS treatment in lungs

(a), left ventricle (b), liver (c), spleen (d), masseter muscle (e), kidney (f). Data of

bio-distribution are shown as mean of %ID/cc and standard error. Statistical analysis

was performed with one-way Anova statistical test, followed by Tukey test (n=6, xiRA;

n=5 xiRA+FUS).

Moreover, as shown in Figure 21, FUS tended to increase the distribution of

the xiRA63 antibody within the tumor VOI, although this difference did not reach

statistical significance.



4.7 Focused ultrasounds could promote the uptake of radio-labeled xiRA63 in
glioblastoma mouse model 66

Figure 21. Picture shows the distribution of xiRA63 with and without FUS in the region

of interest of the tumor analyzed by PET imaging. Data are shown as mean of %ID/cc

and standard error. Statistical analysis was performed with one-way Anova statistical

test, followed by Tukey test (n=6, xiRA; n=5 xiRA+FUS).

PET imaging analysis provided additional insight into how FUS might influence

intratumoral pharmacokinetics, revealing slight differences at 4 h and 24 h in the

distribution of the xiRA63 within the tumor VOI and near to the site of the xenograft

injection, as shown by the red arrows in Figure 22a. Accordingly, FUS efficacy in

enhancing tumor distribution was further evaluated by analyzing the ratio between

antibody concentration in the tumor VOI and plasma concentration (Fig.22b). This

analysis confirmed slight differences only at 4 h and 24 h post treatment in the

distribution of xiRA63 between the FUS-treated group and the group without FUS,

although these differences did not reach statistical significance.
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Figure 22. Panel shows the analyses regarding the plasmatic concentration and the

tumor/plasma ratio concentrations of xiRA63 in the study. PET imaging at 4 h and 24 h

post injection evidences differences of xiRA63 concentration in tumor microenvironment,

highlighted by red arrows, with and without FUS treatment (a). Plots show the ratio of

tumor and plasma concentration, to determine the actual variation over time. Data are

shown in the plot as mean value ratio of tracer concentration in tumor over its plasmatic

concentration and standard error (b). Statistical analysis was performed with one-way

Anova, followed by Tukey test (n=6, xiRA; n=5 xiRA+FUS).

Applying Patlak linearization algorithm, as mentioned in Methods and Mate-

rials [192], deepen pharmacokinetic analyses were performed, to determine wether

apparent distribution volume (V0) and irreversible uptake (Ki) could be altered in

FUS-treated animals compared with group without FUS. Overall, animals receiv-
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ing combined xiRA63 and FUS treatment exhibited higher V0 in the GBM ROI

after 168 h (Fig.23a), although without reaching statistical significance. Therefore,

considering the observed effect on distribution volume towards to the increase, this

approach could be definitely an important tool to improve the delivery of drugs into

the brain, by reducing administration dose and delivering tracer through the BBB.

Moreover, as expected, Ki did not differ between FUS-treated and untreated groups,

considering that the observed difference in V0 did not reach statistical significance

(Fig. 23b). In addition, pharmacokinetic analysis was performed by calculating

the AUC of plasmatic concentration of the labeled xiRA63 at multiple time-points.

AUC analysis demonstrated comparable systemic exposure to xiRA63 between the

two experimental groups (Fig. 23c). The lack of differences in plasma indicates that

FUS does not alter the circulating levels of xiRA63, reinforcing the fact that its

potential effects could be localized rather than systemic.
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Figure 23. Panel shows biodistribution features of xiRA63 in glioblastoma bearing mice.

Barplots show that distribution volume (V0) of xiRA63 is slightly increased in GBM

microenvironment after FUS treatment at 168 h. Data are shown as mean and standard

error of V0 (a). Barplot shows the rate of the fraction of labeled-xiRA63 undergoing

non-reversible binding (Ki). Data are shown as mean and standard error of Ki (1/h) (b).

Scatterplot shows the Area Under the Curve of plasmatic distribution integrated over

time. Data are shown as mean and standard error of AUC (c). Statistical analysis was

performed with one-way Anova, followed by Tukey test (n=6, xiRA; n=5 xiRA+FUS)
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Chapter 5

Discussion

HCC and GBM are among the most aggressive type of cancer, often associated

with late diagnosis and poor prognosis, due to the lack of specific and sensitive

biomarkers and adeguate therapy [4, 54]. Therefore, there is an urgent need to iden-

tify novel putative biomarkers and develop novel therapeutic strategies, to upgrade

clinical management of HCC and GBM patients. In this research, novel putative

biomarkers were identified and innovative therapeutic approaches were assessed

using US and FUS. The use of US/FUS to transiently permeabilize cell membranes

enables bi-directional transport of molecules, including miRNAs, proteins, small

drugs, and antibodies. Different cellular responses induced by US treatment, such

as sonoporation, are deeply related to parameters applied for US treatment [176].

Indeed, despite the widespread use of US and FUS in oncology, it is crucial to under-

line that these technologies can induce very different biological effects depending on

the acoustic parameters applied. High-intensity or prolonged sonication can trigger

inertial cavitation and thermal effects, leading to irreversible membrane damage,

apoptosis, or tissue ablation, and is therefore exploited for tumor destruction [174].

Conversely, when low-intensity and carefully controlled US parameters are used,

stable cavitation and mechanical effects can transiently increase cell membrane

permeability without compromising cell viability [194]. In this project, US were

applied under highly conservative conditions to avoid cell death and preserve cell via-

bility, while selectively promoting the release of intracellular molecules. Consistently,

no significant alterations in cell viability or cell number were observed following
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US treatment, as shown in Fig.8. These findings indicate that the applied US

parameters induced reversible biophysical effects—such as transient pore formation

and enhanced membrane permeability—rather than irreversible cellular damage. In

this context, US represents a suitable and non-destructive strategy to stimulate the

release of putative biomarkers from cancer cells, while preserving cell integrity and

viability, thereby minimizing confounding effects related to cell death. Thus, US are

innovative tools to target cancer cells, promoting the release of putative biomarkers

and delivering specific drugs. In this research, the application of US was proposed as

innovative strategy to identify novel biomarkers from HCC cell lines to support HCC

diagnosis, and FUS as innovative approach to deliver drugs through BBB, taking

advantage of ETA receptor, described as putative GBM biomarker [140,151,152].

Within the panel of four miRNAs, including miR-532-5p, miR-29a-3p, miR-145-5p,

miR-106b-3p, miR-532-5p appears to be the most promising candidate biomarker,

based on the results obtained from external validation in the GEO datasets. Al-

though miR-532-5p has not been widely studied as a circulating diagnostic biomarker

for HCC, several reports indicate that it may function as a tumor suppressor in

other cancer types by inhibiting proliferation, migration, and invasion. Then, Song

and colleagues described miR-532-5p as a tumor suppressor in HCC by targeting

CXCL2 and pro-survival associated pathways [195]. Although its tumor suppressive

role, miR-532-5p feasibility as a diagnostic biomarker in patient serum remains to

be fully established. Similarly, miR-29a-3p has been shown to be downregulated in

HCC tissues and cell lines, where its overexpression suppresses cell proliferation and

migration by directly targeting IGF1R, a known oncogenic receptor tyrosine kinase

in HCC, suggesting its release could reflect underlying tumor suppressive activity

in tumors with active IGF signaling [196]. Then, also miR-145-5p acts as tumor

suppressor in HCC by inhibiting IGF1R-mediated proliferation and EMT. In par-

ticular, miR-145-5p has been implicated in regulating proliferation, invasion, EMT

processes and metastasis, suggesting that its release into circulation may correlate

with these key pathological features [196,197]. In addition, other tumor-suppressor

miRNAs, such as miR-15a-5p and miR-10b, have been reported to be increased in

the serum/plasma of cancer patients compared with healthy donors. This apparently
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paradoxical behavior may be explained by enhanced active (e.g., exosome- or vesicle-

mediated) and/or passive (e.g., necrosis-, apoptosis-, or turnover-related) release

of tumor-suppressor miRNAs from tumor cells, suggesting that this mechanism

may contribute to the maintenance of tumorigenic features [198–200]. In contrast,

miR-106b-3p is generally described as an oncomiR that promotes cell survival and

metastasis, and circulating miR-106b-3p has demonstrated diagnostic potential in

plasma of HCC patients when evaluated alongside other miRNAs, implying that

its elevated levels may reflect oncogenic signaling and tumor burden [90]. The

increase of miR-106b-3p, miR-145-5p, miR-29a-3p and miR-532-5p in HCC cell line

supernatants after US treatment served as a starting point for evaluating these

miRNAs as potential biomarkers for HCC diagnosis. Their upregulation in the sera

of HCC patients was confirmed by external validation across the four GEO datasets

described in the previous sections. Moreover, a panel combining the four miRNAs

achieved an AUC > 0.78, which can be considered a reasonably good diagnostic

accuracy (Fig.13). Nevertheless, these results require stronger validation, such as

miRNAs profiling from additional HCC patients and/or new available dataset in the

future.

Furthermore, analysis of protein levels in cell culture supernatants revealed

that 9 different proteins were increased following US treatment; among them, only

FasL and Livin showed statistically significant increase. At first glance, this result

might suggest a possible involvement of apoptotic pathways upon US exposure.

However, this interpretation must be carefully contextualized, considering that the

US parameters applied in this study were highly conservative and not expected to

induce apoptosis. Therefore, the increased detection of these proteins is more likely

attributable to enhanced release mechanisms rather than to activation of cell death

processes. In particular, the death-receptor axis mediated by Fas/FasL has long been

studied in HCC tissues. As reviewed by Muraki and colleagues, decreased expression

of the Fas receptor is a common feature of carcinoma cells, especially in poorly

differentiated or larger tumors. Moreover, elevated serum levels of soluble FasL

have been detected in HCC patients compared with healthy controls or cirrhotic

patients, suggesting a potential association with disease severity. However, despite
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these observations, no data are currently available regarding the possible use of FasL

as a putative diagnostic biomarker [201]. In this context, the significant increase

of FasL in supernatants following US treatment may reflect its active release from

HCC cells, mirroring pathological mechanisms occurring in vivo rather than direct

apoptotic activation. Livin is an anti-apoptotic protein frequently overexpressed in

HCC, where it has been associated with apoptosis resistance and tumor progression.

Notably, Livin has also been reported to be increased in the serum of HCC patients

compared with healthy donors [202], even if it is not clear which cell type could

release it. Although its diagnostic value remains poorly defined, the significant

release of Livin after US exposure supports the hypothesis that US stimulation

can promote the extracellular detection of tumor-associated proteins with known

relevance in HCC biology. Despite the established roles of FasL and Livin in HCC

carcinogenesis and progression, their diagnostic significance is still far from being

conclusively established. Besides FasL and Livin, other proteins detected in the

supernatant after US exposure showed a heterogeneous degree of biological and

translational relevance in HCC. Canonical apoptosis regulators such as BAD, BAX

and BCL-W are typically intracellular proteins and have not been consistently

reported as circulating biomarkers in HCC. Their extracellular detection is therefore

more likely to reflect cellular perturbation, membrane permeability changes, or the

release of apoptotic bodies, rather than regulated secretion. This interpretation

is consistent with the conservative US parameters applied, which are expected to

favor transient membrane permeabilization rather than irreversible cellular damage.

In contrast, other molecules such as CD40 and HSP27 display stronger evidence

of translational relevance. Soluble CD40 (sCD40) has been detected in sera from

subjects at risk of HCC and has been associated with HCC incidence and disease

progression [203–205]. Similarly, circulating HSP27 (sHSP27) has been reported to

be significantly elevated in the sera of HCC patients compared with healthy controls

or individuals with chronic liver disease [206]. The increased release of CD40 and

HSP27 after US exposure therefore strengthens their potential relevance as candidate

circulating biomarkers. Finally, while insulin-like growth factor-1 (IGF-1) remains

one of the most extensively studied serum proteins for HCC risk stratification,
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evidence supporting a diagnostic role for soluble IGF-1 receptor (IGF-1R) or for

IGF binding protein-4 (IGFBP-4) in HCC serum is weak or currently lacking. Their

detection in supernatants following US treatment likely reflects cellular perturbation

rather than clinically meaningful secretion.

Taken together, these observations indicate that while some of the proteins re-

leased after US treatment may primarily reflect cellular alteration, others—particularly

FasL, Livin, CD40 and HSP27—exhibit stronger links to HCC biology and circulat-

ing detection. Overall, these results highlight the potential of US treatment as a

valuable strategy to promote the release of tumor-associated molecules from cells,

thereby facilitating the identification and prioritization of novel putative circulating

biomarkers for HCC diagnosis.

Since the urgent need of defining novel therapeutic strategies based on the

delivery of a small drug to the tumor site, preliminary results showed the ability US

in promoting the uptake of FAM-AS1411 aptamer in HCC cell lines. Strikingly, this

study showed that a short ultrasound exposure of 30 s tended to promote higher

FAM-AS1411 uptake than 2 h of passive incubation in SNU-387 cells, although this

difference did not reach statistical significance. At the same time, the same US

treatment resulted in uptake levels comparable to those observed after 2 h of passive

incubation in HepG2 cells. These findings are consistent with previous evidence

reported by Reyes-Reyes et al. [193], demonstrating that fluorescently labeled AS1411

is rapidly internalized by cancer cells through an active process, reaching maximal

intracellular fluorescence within approximately 2 h. In this context, the enhanced

uptake observed following US treatment suggests that US may accelerate the early

phase of AS1411 internalization, resulting in uptake levels comparable to those

achieved after 2 h of passive incubation, which corresponds to the maximal signal.

Then, same US treatment applied for 3 s also proved to be useful in significantly

decreasing cell viability in the HepG2 cell line treated with 10 µM sorafenib. Although

SNU-387 cell line did not show any significative difference, the same trend in the

decrease of cell viability was observed with and without US . Interestingly, these

differences can be both related to increased uptake of sorafenib in the HCC cell

lines and to a combined effect of US treatment and sorafenib together. However, it
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is still necessary to consider the time exposure to US, in fact sorafenib treatment

was combined to 3 s of US exposure only. Moreover, intermediate concentrations of

sorafenib , between 10 µM and 100 µM, should be tested in SNU-387 cell line, to

better appreciate the US effect in enhancing drug efficacy/uptake. Despite these

interesting results, the main limitations of the study highlight the need for deeper

molecular analyses based on dose–response curves combined with US at different

exposure times, to establish the impact of sorafenib on cell viability as well as on

the phosphorylation of MAPK/RAF, VEGFR, PDGFR, c-Kit, and RET.

Developing an hydrogel-based 3D cultures for HCC cell lines provided more

physiologically relevant insights into HCC biology than traditional 2D models. The

differences in terms of cell viability between HepG2 and SNU-387 underscore the

importance of tailoring seeding density and culture conditions to each cell line to

optimize short-term viability and long-term survival. However, PrestoBlue Assay,

used for the analysis, may underestimate cell viability in 3D cultures due to limited

reagent penetration in cytoplasm, gradients in nutrient and oxygen availability,

or interactions with the hydrogel matrix. Alternative approaches, including ATP-

based or live/dead imaging assays, could provide complementary or more reliable

assessments of cell survival in these three-dimensional systems. By allowing cells to

interact in three dimensions, establish complex networks, and experience gradients

of nutrients and oxygen, 3D systems better mimic the tumor microenvironment.

This approach could allow the reduction of animal models use, offering an ethical,

scalable, and potentially more translational platform for studying HCC biomarkers

and evaluating therapeutic strategies. Overall, these results support the adoption of

3D cultures as a customizable and robust alternative to conventional in vitro and

in vivo models in HCC research, providing an additional feasible model to further

investigate the effects of US.

FUS represents a highly innovative and promising technology to improve cancer

therapy by enhancing the delivery of specific drugs to the tumor site. This approach

is particularly attractive for aggressive cancers affecting well-defined anatomical

districts. To achieve this goal, given the pioneering nature of the methodology, it is

essential to establish and optimize the most appropriate experimental conditions in
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preclinical models.

In GBM-bearing mice, FUS treatment showed a trend towards to the increase of

the xiRA63, which targets the ETA receptor, in the brain. As reported by Hautière

et al., the ETA receptor has been proposed as a biomarker to stratify GBM patients

according to disease severity, as it is overexpressed in the vascular endothelium of

GBM [140,154]. As reported in Figure 23(a-b), FUS promoted a trend towards to

the increase of the distribution volume in the brain, without reaching statistical

significance, while irreversible uptake was not altered. This observation is supported

by the ratio of VOI tumor and plasma, that highlights a slight difference at 4h and

24h post treatment (Fig.22a), suggesting that FUS technology promoted a trend in

increasing the uptake of the tracer.

Despite a trend towards to increased distribution volume (V0) in the FUS-treated

group, the irreversible uptake (Ki) of xiRA63 in the brain did not change significantly

in the FUS-treated group.

Several factors could contribute to the limited effect on the distribution volume

and the lack of effect on the irreversible uptake, highlighting that this study is a

pilot research to determine the appropriate experimental conditions to apply FUS

treatment. One possible explanation may be related to the FUS application settings.

Although, in this study, FUS parameters were applied as reported by Tran et al. [191],

the analyses of V0 and Ki did not reach statistical significance, highlighting that

FUS settings may be revised. Notably, to evaluate BBB integrity in mice, healthy

animals are required as controls to ensure that GBM-bearing mice have an intact

BBB at 45 days.

Moreover, it may be necessary to evaluate earlier time points for the treatment

of the GBM mouse model, because, according to the literature, GBM growth

can progressively disrupt the BBB, thereby altering its permeability [164]. At

later stages of tumor development, this disruption may lead to passive leakage of

circulating molecules into the tumor tissue. Such passive diffusion represents a critical

confounding factor, as it may introduce an analytical bias in the evaluation of the

specific contribution of FUS to BBB opening and enhanced molecular uptake. Indeed,

if molecule passage occurs independently as a consequence of tumor-induced BBB
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breakdown, it becomes difficult to discriminate between passive tumor-associated

leakage and FUS-mediated BBB opening. In this context, assessing BBB integrity

and potential leakage at the selected time point for FUS treatment by MRI and

PET imaging would be essential to accurately interpret the effects of FUS on BBB

permeability and drug delivery.

Another possible explanation for the Ki results may be related to the adminis-

tered dose of 40 µg of xiRA63. In this context, xiRA63 may have approached or

reached saturation of ETA receptors in the tumor microenvironment, limiting further

increases in irreversible retention despite a trend towards an improved distribution

volume. Receptor saturation is a well-recognized phenomenon in pharmacokinetics

when high doses of a ligand are administered relative to receptor density, resulting

in a plateau of irreversible binding even when local drug concentration increases.

However, at this point, if the BBB is not leaking and the FUS settings are already

optimal, it may be necessary to reduce the antibody dose to fully evaluate the

potential of FUS. This, however, would require an increase in radiochemical activity,

given that we are already at the minimum concentration required for the detection

of the xiRA63 antibody. Thus, enhancing the radiochemical activity of xiRA63,

by increasing the number of 89Zr radionuclides per molecule, may improve the

sensitivity of PET imaging to better observe antibody distribution within the GBM

microenvironment and could allow a reduction in the injected dose. Thus, it may be

possible to address the ability of FUS to reduce the dose by evaluating irreversible

uptake at lower antibody doses.

Moreover, the tumor model itself may present important sources of variability

that reduce the translation of increased regional delivery into higher irreversible

uptake. In this study an orthotopic xenograft was established in NMRI nude mice

using Gli7 cells, a human GBM stem-like line for which only limited published

characterization is available [154]. Limited prior information on Gli7 implies that

receptor density, cellular phenotype and intratumoral architecture may differ from

better-characterized GBM models, producing heterogeneity in ETA expression or in

target accessibility even whether BBB permeability is transiently increased [140,154].

Taken together, these findings suggest that a combination of (i) revising FUS
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parameters to promote BBB opening, (ii) including internal healthy control animals,

(iii) assessing the BBB integrity after the xenograft injection, and (iv) increasing

the radiochemical activity per molecule of xiRA63 antibody could allow to better

address the ability of FUS to significantly enhance the distribution volume and the

irreversible uptake within GBM microenvironment.

Then future studies should systematically analyze the BBB integrity within 45

days after xenograft implantation, enhance radio-chemical activity and optimize FUS

treatment. Moreover, integrating PET-based biodistribution data with quantitative

assessments of ETA receptor expression in the Gli-7 xenograft model could provide

interesting insights into the relationship between antibody delivery within tumor

microenvironment and irreversible uptake. Such an approach would help clarify

whether the most appropriate experimental conditions to appreciate FUS efficacy in

opening the BBB and enhancing drug delivery within GBM microenvironment.
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Chapter 6

Conclusions

In this research project the use of US and FUS as novel diagnostic and therapeutic

approach was extensively described. In details, US showed interesting results in

increasing the release of molecules to be used as putative biomarkers from HCC cell

lines. Analyses identified the four miRNAs miR-106b-3p, miR-145-5p, miR-29a-3p

and miR-532-5p as novel putative circulating biomarkers for HCC diagnosis. In

addition, US and FUS treatment demonstrated that it is possible to transiently

create pores on cell membrane to facilitate the delivery of drugs in cancer cells. In

this context, it remains necessary to evaluate the combined effects of US at different

exposures with different sorafenib concentrations, by dose response curve and deepen

molecular analyses in HCC cell lines. At the same time, FUS-based approach is a

promising tool to be further explored and assessed, considering the pharmacokinetic

analysis of the xiRA63 antibody in GBM-bearing mice. Given that the observed

effects of FUS did not reach statistical significance in altering the biodistribution

and the uptake of the xiRA63 in the tumore site of in vivo GBM model, FUS

showed a potential role as enabling technologies that warrant further optimization

and validation.

Indeed, the results of this research may represent a starting point for multiple

future research directions. In particular, further studies could aim to validate

the identified miRNAs and proteins as circulating biomarkers by analyzing serum

samples from large cohorts of HCC patients and healthy donors. In parallel, future

investigations may focus on demonstrating the feasibility of FUS, to transiently open
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the BBB, enhancing the delivery of xiRA63 to tumor site in GBM-bearing mice.

Such studies could subsequently be extended to evaluate application of the same

antibody conjugated with a therapeutic radionuclide, such as 177Lu, to assess its

potential utility for targeted radiotherapy in GBM.

To sum up, this research project yield that US treatment are extremely proficient

in promoting the release of molecules to be used as putative biomarkers and boosting

drug uptake in in vitro HCC models. Further research is still necessary to understand

diagnostic feasibility of miRNAs and proteins and to refine US/FUS combined

approach to upgrade cancer diagnosis and therapy for HCC and GBM.
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