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ABSTRACT

Glioblastoma (GB) remains a highly aggressive brain tumor with a median
survival of only 15 months under the current standard of care. Its lethality stems
from multiple factors, including its ability to manipulate the surrounding
extracellular matrix (ECM). A key mechanism underlying this manipulation is the
overexpression of matrix metalloproteinases (MMPs), particularly MMP-2, MMP-
9 and MMP-14, which play a crucial role in ECM remodeling. This dysregulation
of MMPs facilitates tumor invasion, angiogenesis, and metastasis, contributing
significantly to GB's aggressive behavior and making it one of the most
challenging cancers to treat effectively.

This thesis presents an innovative nanotechnology-based approach to address
the challenges in GB treatment, focusing on overcoming the blood-brain barrier
(BBB) and modulating the ECM of the GB tumor microenvironment (TME). The
study developed a multifunctional nanostructured lipid carrier (NLC) designed to
locally deliver batimastat, a potent MMP inhibitor, and functionalized with a dual-
targeting strategy aiming to: i) facilitate nanoparticle (NP) BBB-crossing, owing to
a custom-made construct with a transferrin-mimicking peptide (TfP) terminus, ii)
promote the construct’s removal at the GB TME, through the construct's MMP-14
cleavable peptide (MMP14cp) terminus, thus exposing the NP’s epidermal
growth factor (EGF) moieties and iii) entrap the NP within the GB TME due to its
EGF receptor overexpression. Our research started with the successful synthesis
and characterization of the targeting molecular construct MMP14cp-PEG-TfP,
confirmed using proton nuclear magnetic resonance and gel-permeation
chromatography, followed by the optimization of two NLC formulations (fMbat and
fNbat), shown to display adequate physicochemical properties for brain delivery.
Both functionalized NLCs were shown to be stable in different media, maintaining
their average sizes of 300 nm, and highly negative zeta potentials (< —25 mV).
Batimastat was efficiently encapsulated within these NLCs, with drug loadings of
0.42 pg/mg, and their surface was functionalized, with the designed construct and
EGF, with approximately 90% efficiency. In vitro studies demonstrated enhanced
BBB permeation of functionalized fMbat compared to its non-functionalized
counterpart, while batimastat-loaded NLCs significantly inhibited MMP-2 activity
in GB cell lines in comparison with unloaded formulations, indicating their
potential to modulate the tumor ECM.

Overall, our "Swiss-knife" approach for GB treatment, combining targeted drug
delivery, BBB penetration, and ECM modulation, offers a versatile platform for
delivering therapeutic agents to brain tumors, potentially improving treatment
efficacy and patient outcomes. Future research directions include in vivo studies
to validate the system's safety and efficacy, as well as exploration of additional
therapeutic payloads. This study's comprehensive approach, which addresses
multiple challenges in GB treatment simultaneously, represents a significant
advancement in the field of nanomedicine for brain cancer therapy and paves the
way for more effective therapies in the future.
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RESUMO

O glioblastoma (GB) é o tipo mais comum de tumor cerebral maligno,
caracterizado pela sua elevada agressividade, tendo atualmente uma média de
sobrevivéncia de apenas 15 meses sob terapéutica padrdo. A elevada
mortalidade no GB esta relacionada com multiplos fatores, um dos quais a sua
capacidade de remodelar a matriz extracelular (ECM) do microambiente tumoral
(TME). Esta capacidade de remodelagdo advém, maioritariamente, da sobre
expressado de metaloproteinases de matriz (MMPs), particularmente das MMP-
2, MMP-9 e MMP-14, pelas células tumorais. Esta sobre expressao promove a
invasao tumoral, a angiogénese e o processo metastatico, contribuindo para o
comportamento altamente agressivo do GB e tornando-o num dos cancros mais
dificeis de tratar de forma eficaz.

Assim, esta tese teve como objetivo, o desenvolvimento de um sistema de
libertacdo baseado em nanotecnologia que pretende, de forma inovadora,
combater os desafios atuais no tratamento do GB, nomeadamente a passagem
pela barreira hematoencefalica (BBB) e a remodelagdo da ECM do tumor. Assim,
neste projeto, desenvolvemos uma particula lipidica nanoestruturada (NLC)
carregada com batimastat, um potente inibidor de MMPs, e modificada com uma
estratégia de dupla funcionalizagao, contendo o fator de crescimento epidérmico
(EGF) e um conjugado molecular bi-funcional clivavel. Este ultimo, é formado a
partir de uma molécula de polietileno glicol (PEG) e delimitado nas suas
extremidades por um péptido clivavel pela MMP-14 (MMP14cp) e outro que imita
funcionalmente a transferrina (TfP). Esta estratégia de dupla funcionalizagao tem
como objetivo facilitar a passagem das nanoparticulas (NPs) pela BBB, através
do recetor da TfP, e remover o conjugado molecular, através da clivagem pela
MMP14cp, quando as NPs se aproximam do tumor, expondo assim as moléculas
de EGF a superficie da particula, tirando partido da anormal expressao de EGF
no tumor para manter as NPs no TME e permitir a libertagao local do batimastat.
Inicialmente, este trabalho focou-se na sintese do conjugado molecular
(MMP14cp-PEG-TfP) através de duas reagdes quimicas sequenciais. A
eficiéncia de ambas as conjugag¢des foram quantificadas e validadas por
ressonancia magnética nuclear e cromatografia de permeacao em gel. De
seguida, duas formulagdes de NLCs (fMbat e fNbat) foram otimizadas e
caracterizadas, demonstrando propriedades fisico-quimicas adequadas para
terapias direcionadas ao cérebro. Ambas as formulacbes de NLC
funcionalizadas demonstraram ser estaveis em diferentes meios fisiolégicos,
apresentando tamanhos médios de aproximadamente 300 nm e uma carga
superficial negativa (< =25 mV). As NLCs foram eficazmente carregadas com
batimastat (0.42 yg/mg) e a sua superficie foi modificada com o conjugado e
moléculas de EGF, com uma eficiéncia de funcionalizagao de aproximadamente
90%.

Os ensaios in vitro demonstraram que as NPs fMbat funcionalizadas eram
capazes de atravessar a BBB de forma significativamente mais eficaz do que as
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suas homologas nao funcionalizada. Para além disso, em linhas celulares de GB,
as NLCs que continham batimastat inibiram a atividade de MMP-2 de forma mais
eficiente quando comparadas com as formulagdes vazias, evidenciando o seu
potencial para remodelar a ECM do tumor.

Em resumo, a nossa estratégia polivalente de “canivete suigo” para terapia do
GB, que combina a entrega direcionada de farmacos com um transporte mais
eficiente através da BBB e com a remodelacdo da ECM, oferece uma plataforma
versatil para a entrega controlada e direcionada de farmacos em tumores
cerebrais, tendo potencial para aumentar a eficacia dos tratamentos e melhorar
o prognéstico dos pacientes com GB. A abordagem abrangente deste trabalho,
que encara simultaneamente varios desafios no tratamento do GB, representa
um avango significativo na aplicagcdo da nanomedicina como terapia para
tumores cerebrais, potencialmente abrindo caminho para tratamentos mais
eficazes no futuro.
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Glioblastoma (GB); Matriz Extracelular (ECM); Particula Lipidica
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This chapter was based on the review article “Emerging Approaches
in Glioblastoma Treatment: Modulating the Extracellular Matrix
through Nanotechnology” (Annex ) published in Pharmaceutics
(2025).






CHAPTER | - INTRODUCTION

1.1. Glioblastoma

1.1.1. Epidemiology and classification

Glioblastoma (GB) is the most aggressive and highly malignant brain tumor in
adults presenting a poor prognosis. Its incidence varies depending on the
population studied, mostly ranging from 3 to 4.5 per 100,000 people annually [1-
3], accounting for approximately 50% of all malignant central nervous system
(CNS) tumors [4]. GB shows a slight male predominance, with a male to female
ratio of about 1.6:1 [5]. Although the incidence increases with age, it can occur
across all adult age groups [1]. While CNS tumors are common in children,
according to the most recent World Health Organization (WHO) guidelines, GB is
no longer a possible diagnosis in this age group; instead, it is considered a diffuse
pediatric glioma [6].

As our knowledge of GB improves, so do our methods for diagnosing, classifying,
and treating the disease [7]. Recent changes in tumor classification, driven by
new insights from molecular profiling, have significantly influenced how to
diagnose and treat GB, highlighting the clinical importance of these
advancements (Figure 1) [8]. Under the most recent 2021 WHO classification of
tumors of the CNS, which has significantly redefined GB, GB is strictly defined as
an isocitrate dehydrogenase (/DH)-wildtype, WHO grade 4, tumor. This
reclassification emphasizes the distinct biological behavior and more favorable
prognosis of IDH-mutant tumors compared to their IDH-wildtype counterparts [1,
6, 9, 10]. Furthermore, for the diagnosis of GB (/IDH-wildtype WHO grade 4) it is
now required at least one of the following criteria: i) microvascular proliferation or
necrosis on histological examination; ii) telomerase reverse transcriptase (TERT)
gene promoter mutations; iii) epithelial growth factor (EGF) receptor (EGFR) gene
amplification; iv) combined gain of chromosome 7 and loss of chromosome 10
(+7/-10) [11]. This integrated approach, combining histological and molecular
features, provides a more accurate and clinically relevant diagnosis. Notably, this
new classification no longer allows for the use of "not otherwise specified" (NOS)
in GB diagnosis, further underscoring the importance of molecular testing in
modern neuro-oncology [12]. Moreover, the “not elsewhere classified” (NEC)
designation is now used when a tumor does not meet the specific GB criteria but
still appears to be a diffuse astrocytic glioma without /DH mutation [13].



Adult & at least 1 criteria _ Glioblastoma,
CNS WHO grade 4

Molecular criteria:

« Microvascular proliferation
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EGFR amplification Child _ Diffuse pediatric glioma,
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Microvascular proliferation Astrocytoma,

andfor CNS WHO grade 4
Diffuse Glioma ATRX mutation CENOSIS 3
TP53 mutation Homozygous
CDKNZ2A/B deletion
|
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1p/19q codeletion ——» CNS WHO grade 2/3

Figure 1. Glioma classification according to the WHO 2021 classification. CNS WHO grades: 1) Generally
indolent tumors with favorable prognosis, 2) Low-grade tumors with potential for recurrence, 3) Malignant
tumors with increased mitotic activity, 4) Highly malignant tumors with rapid progression.

The prognosis for GB remains poor, with median survival varying based on
molecular subtypes, which are defined by different transcription profiles [14]. The
mesenchymal subtype is characterized by extensive necrosis and inflammation,
exhibiting transcription profiles similar to mesenchymal tissues. The proneural
subtype, considered milder, is characterized by the expression of genes involved
in neurogenesis and oligodendrocyte development. The classical subtype, in
between, shows features similar to astrocytes, hence the "classical" name
reflecting typical GB characteristics [15]. The mesenchymal subtype has the
worst prognosis, with a median survival of about 11.5 months, followed by the
classical subtype at 14.7 months, and the proneural subtype at 17.0 months [16].
These survival differences highlight the clinical relevance of molecular subtyping
in GB, which will be discussed in more detail later. Although there are several risk
factors for GB, exposure to high-dose ionizing radiation and certain rare genetic
conditions (e.g., Lynch syndrome, Neurofibromatosis type 1, Li-Fraumeni
syndrome) have been associated with increased incidence [17, 18]. However, the
majority of GB cases occur sporadically without any known risk factors [19].
Anatomically, GBs are typically supratentorial, with rare cases in the cerebellum
or spine [20, 21]. They most commonly affect the frontal and temporal lobes,
followed by the parietal and occipital lobes, with a slight preference for the right
hemisphere [22]. Tumor location can significantly impact surgical resection and,
consequently, patient outcomes [23, 24].



1.1.2. Current treatment options
1.1.2.1. First-line — Stupp protocol

The “Stupp protocol”, introduced in 2005, is the standard of care for treating newly
diagnosed GB cases [25]. Named after the Swiss oncologist Roger Stupp, this
treatment regimen improved survival outcomes for GB patients compared to
previous approaches. The protocol consists of maximal safe surgical resection
followed by two main phases, concurrent chemoradiotherapy followed by
adjuvant chemotherapy. During the first phase, patients receive radiotherapy (RT)
with a total dose of 60 Gy, delivered in 30 fractions of 2 Gy each over 6 weeks (5
days per week). Simultaneously, patients take oral temozolomide (TMZ), an
alkylating chemotherapy agent, at a dose of 75 mg/m2 of body surface area, daily,
seven days a week throughout the RT period. During the second phase, after a
4-week break once completing RT, patients undergo six cycles of TMZ
monotherapy. Each cycle lasts 28 days, with TMZ taken for the first 5 days at a
dose of 150-200 mg/m2 [26].

The Stupp protocol demonstrated an improvement in survival compared to RT
alone. In the original study, the median overall survival increased from 12.1
months with RT alone to 14.6 months with the combined approach. More
importantly, the 2-year survival rate improved from 10.4% to 26.5% [27]. Despite
these improvements, the prognosis for GB remains poor. Nevertheless, this
protocol is most effective in patients under 70 years of age, with good
performance status, and whose tumors exhibit O®methylguanine-DNA
methyltransferase (MGMT) promoter methylation, a biomarker associated with
better TMZ treatment response [28]. Moreover, side effects of the Stupp protocol
can be significant, with the most common being fatigue, nausea and
myelosuppression and the most severe complications including neutropenia,
thrombocytopenia, lymphopenia, and increased risk of opportunistic infections.
To reduce infection risks, patients with these complications often receive
antibiotic prophylaxis during treatment [29]. While the Stupp protocol remains the
backbone standard of care for GB, ongoing research seeks to further improve
patient outcomes.

1.1.2.2. Second-line treatments

Following Stupp protocol failure, with frequent tumor relapse, there is no
universally accepted standard for second-line treatment. The management of
recurrent GB remains a therapeutic challenge, with several strategies being
explored.

Tumor reoperation: Surgical resection may be considered for some patients with
recurrent GB, particularly those with large, symptomatic tumors or those causing
significant mass effect. However, the benefit of reoperation remains controversial
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and is highly dependent on patient selection. Factors such as tumor location,
timing of reoperation, extent of resection, and the patient's overall health
condition play crucial roles in determining the suitability for the procedure [30-32].

Reirradiation: For certain patients, reirradiation may be an option. It can be
delivered through various techniques, including stereotactic radiosurgery,
hypofractionated stereotactic RT, conventionally fractioned external RT or
brachytherapy. Similarly to reoperation, the decision to reirradiate depends on
factors such as the time since initial radiation, tumor volume, and location. When
radiation techniques are carefully selected based on the above factors,
treatments generally carry a low toxicity risk, while adhering to recommended
cumulative dose limits for brain tissue (100-110 Gy). Nevertheless, patient
outcomes remain limited, with median overall survivals rarely exceeds 12 months
[33-35].

TMZ rechallenge: For patients who initially responded well to TMZ treatment and
have a prolonged treatment-free interval, TMZ rechallenge may be considered.
Different dosing schedules have been explored, such as dose-intense (3 weeks
on/1 week off, 1 week on/1 week off, among others) or metronomic regimens.
However, among the various studies conducted, overall patient survival rarely
surpasses 12 months. Notably, a study conducted by Weller and colleagues, the
DIRECTOR trial, demonstrated that only MGMT promoter-methylated recurrent
GBs responded to TMZ rechallenge [36-40].

Nitrosoureas: Carmustine, lomustine, nimustine and fotemustine are highly
lipophilic [thus blood-brain barrier (BBB) permeable], DNA alkylating agents that
were commonly used as first-line GB treatment before the establishment of the
Stupp protocol. Various studies have demonstrated the limited efficacy of these
nitrosoureas in recurrent GB, with median overall survival very rarely surpassing
12 months. Additionally, the toxicity profile of these agents, especially their
hematological effects, restricts their combination with other therapies and hinders
their broader use in clinical practice [41-44].

Bevacizumab: Being a Food and Drug Administration (FDA)-approved anti-
angiogenic antibody, bevacizumab has often been employed as a strategy
combined with other agents, such as irinotecan or lomustine. While it has been
shown to improve progression-free survival, impact on overall survival is still
debated [45-48]. Nevertheless, recent research has indicated that high vascular
endothelial growth factor (VEGF)-A expression is associated with improved
progression-free survival in recurrent GB patients treated with bevacizumab,
suggesting potential for a therapeutic improvement through biomarker-guided
treatment selection [49].

Regorafenib: This multi-kinase inhibitor has shown potential benefits, particularly
in the REGOMA trial, conducted by Lombardi and colleagues, where an improved
overall patient survival compared to lomustine treatment in recurrent GB was
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observed. However, due to its relatively recent introduction in clinical practice
(2020), data on its efficacy in GB is still sparse. More comprehensive
characterization and identification of key molecular markers of regorafenib
responsiveness on GB is needed for a definitive assessment [50-52].

Other tyrosine kinase inhibitors (TKI): Drugs such as cabozantinib, dasatinib, and
entrectinib have been or are being evaluated in clinical trials for recurrent GB,
particularly in molecularly selected patient populations. These small-molecule
inhibitors target specific tyrosine kinase receptors that are often overexpressed
or mutated in GB. While several TKls have shown potential in preclinical studies
and early-phase clinical trials, their efficacy as monotherapies has been limited,
mainly due to a lack of tumor specificity and poor BBB permeability. Current
research focuses on improving drug delivery, developing combination strategies
and identifying biomarkers to predict treatment response [53-55].

Immunotherapy: Over the last decade, immunotherapy, particularly checkpoint
inhibitors, has emerged as a potential therapy for GB. While its efficacy has been
limited in unselected GB populations, research continues to address its potential
in patient specific subgroups [56-59].

Tumor Treating Fields (TTFields): This device-based therapy has emerged as a
promising second-line treatment option in clinical practice. It delivers alternating
electric fields to tumor sites, promoting cancer cell death by disrupting
microtubule alignment during cell division [60-62]. TTFields have demonstrated
safety and efficacy in clinical trials, leading to FDA approval for GB and malignant
pleural mesothelioma. As TTFields continue to show promise, ongoing clinical
trials are exploring its use in lung, ovarian, pancreatic, and other cancers,
signaling a growing integration of this innovative approach into standard cancer
care protocols [63].

GB treatment goals in the recurrent setting are often palliative, aiming to improve
or maintain quality of life while potentially extending survival. The choice of
second-line treatments for recurrent GB is highly individualized, depending on
various factors, including the patient's age, performance status, tumor molecular
profile, response to initial therapy, and time to recurrence [64]. Despite the
availability of the referred options, the prognosis for recurrent GB remains poor,
with median overall survival typically ranging from 6 to 12 months in a clinical
setting, with a very modest increase to approximately 15 months for clinical trial
participants [65-68]. This underscores the urgent need for more effective
therapies and highlights the importance of ongoing research in this challenging
cancer type.



1.1.3. GB and its microenvironment — cellular and molecular
features

Adding to its own cellular and molecular features, GB is characterized by a
complex and dynamic tumor microenvironment (TME) that plays a crucial role in
tumor progression, invasion, and therapy resistance [69]. The TME is composed
of various cellular and molecular components (Figure 2) that intricately interact
to support tumor growth and promote immune evasion [70]. These interactions
are key to understanding the mechanisms of GB progression and therapy
resistance. As such, gaining a deeper understanding of the TME is essential for
developing effective therapeutic strategies.
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Figure 2. Cellular and non-cellular components of GB and its microenvironment.



1.1.3.1. Glioma cells

The primary cellular component of GB tumors consists of malignant glial cells,
which exhibit significant inter- and intra-tumoral heterogeneity [71]. This
heterogeneity was classified into the previously referred three molecular
subtypes: classical, mesenchymal and proneural, based on transcriptomic
analyses from The Cancer Genome Atlas (TCGA) [72]. A fourth one was initially
proposed, the neural subtype, but later excluded as it was based on a
misidentification caused by cellular cross contamination [16].

The classical subtype is the least common of GB tumors, accounting for
approximately 20% of all GBs [73]. It is characterized by EGFR amplification in
nearly all tumors (97%), and some harboring EGFR mutations [74, 75].
Consistent genetic alterations included chromosome 7 amplification paired with
chromosome 10 loss and focal 9p21.3 homozygous deletion targeting cyclin-
dependent kinase inhibitor 2A (CDKNZ2A), which mostly co-occur with EGFR
amplification [15]. Notably, tumor protein p53 (TP53) mutations are rare in the
classical subtype despite being the most frequently mutated gene in GB overall
[76]. Furthermore, the transcriptomic analyses showed an overexpression of
Sonic-hedgehog [smoothened (SMO), growth arrest-specific protein 1 (GAS1)
and GLI family zinc finger 2 (GLI2)] and Notch pathway [neurogenic locus notch
homolog protein 3 (NOTCH3), jagged 1 (JAG1) and beta-1,3-N-
acetylglucosaminyltransferase lunatic fringe (LFNG)] agents, along with high
expression of the neural precursor marker nestin [77, 78]. Patients with the
classical subtype benefit from aggressive RT and chemotherapy [78].

The prevalence of the mesenchymal subtype ranges from 30% to 50% of all GB
tumors, depending on the population studied and the molecular classification
methods used [73, 79]. It frequently exhibits neurofibromin (NF1) mutations, and
deletions at 17g11.2, often co-occurring with phosphatase and tensin homolog
(PTEN) mutations phosphatidylinositol 3-kinase (PI13K)/AKT pathway enrichment
[15, 80]. Mesenchymal markers such as chitinase-3-like protein 1 (CHI3L1) and
proto-oncogene tyrosine kinase MET are highly expressed, along with astrocytic
markers like cluster of differentiation (CD) 44 and proto-oncogene tyrosine kinase
MER, indicating potential epithelial-to-mesenchymal transition (EMT) [15]. Gene
expression analysis revealed activation of tumor necrosis factor (TNF) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathways,
correlating with extensive necrosis and inflammatory infiltrates characteristic of
this subtype [74, 78]. Clinically, while responsive to aggressive RT and
chemotherapy, patients with mesenchymal GB have the worst prognosis among
all GB subtypes [14].

The proneural subtype, slightly less common than the mesenchymal subtype,
accounts for approximately a third of GB tumors [73]. It is characterized by distinct
genetic alterations, primarily involving the platelet-derived growth factor receptor



A (PDGFRA) gene [78]. This subtype was associated with a gene expression
profile linked to oligodendrocyte development and neurogenesis, reflecting its
unique biological characteristics. The proneural subtype was also characterized
by frequent TP53 mutations and loss of heterozygosity [15]. Clinically, patients
with this subtype generally have a better prognosis compared to those with other
subtypes, particularly in younger populations [14, 76, 77, 80].

A more recent perspective on GB heterogeneity suggests that genetic factors
alone do not fully account for the diverse glioma cell composition observed within
these tumors. An international team of researchers proposed that somatic
mutations play a crucial role in shaping tumor's cellular landscape by selectively
promoting certain cellular states over others [81]. This process results in a
dynamic equilibrium of different cell populations within the tumor, contributing to
its heterogeneous nature. Neftel et al. conducted a computational analysis that
identified gene signatures converging into four recurring cellular states across
multiple GB tumors [81]. These states were present in varying combinations of
two to four in each patient, again denoting the heterogeneity of GB, being
classified as: astrocyte-like (AC-like), mesenchymal-like (MES-like),
oligodendrocyte progenitor-like (OPC-like), and neural progenitor-like (NPC-like).
OPC-like states were enriched in tumors with PDGFRA alterations, NPC-like
states in those with cyclin-dependent kinase 4 (CDK4) alterations, and AC-like
states in tumors with EGFR alterations. MES-like states were characterized by
NF1 alterations, extensive immune cell infiltration, and hypoxic conditions [81].
These cellular states aligned with the TCGA subtypes and corroborated findings
from other studies suggesting that genomic aberrations alone do not fully explain
GB heterogeneity [77, 82]. Regardless, the heterogeneity of GB cell subtypes has
significant clinical implications, with recent studies demonstrating that specific
cellular compositions of tumors directly impact patient survival outcomes [83].

1.1.3.2. Glioma stem cells

A particularly concerning aspect of GB tumors is the presence of glioma stem
cells (GSCs) in its TME, a subpopulation with self-renewal capacity that is thought
to drive tumor initiation, recurrence, and therapy resistance [84]. Importantly,
GSCs are now understood to represent a functional state rather than a distinct
cell lineage [85]. This concept has been further supported by evidence showing
that GB cells can dynamically acquire or lose stem-like characteristics in
response to TME signals [86]. GSCs share features with normal neural stem
cells, including stem cell marker expression such as nestin, sex determining
region Y box 2 (SOX2), and CD133, as well as multi-lineage differentiation
potential [85]. However, opposite to their normal counterpart, GSCs exhibit
aberrant signaling pathway activation, enhancing survival, proliferation, and
apoptosis resistance. These alterations confer GSCs a distinct advantage,

10



enabling them to survive conventional therapies and contribute to tumor relapse,
making them critical targets for developing more effective GB treatments [87]. In
fact, evidence suggests that GSCs are more resistant to chemotherapy and RT
than the bulk of tumor cells [85]. They possess enhanced deoxyribonucleic acid
(DNA) repair mechanisms, activated survival pathways, and overexpress drug
efflux transporters such as ATP-binding cassette (ABC) proteins [88].
Furthermore, GSCs often reside in specialized niches within the TME, which are
characterized by hypoxia and supportive stromal cells. The niches provide
protective signals that promote GSC survival and maintenance, further shielding
them from therapeutic interventions [89]. GSC metabolism is regulated by several
key signaling pathways, including Notch, Hedgehog and Wnt. These pathways,
essential for normal stem cell maintenance, are often dysregulated in cancer.
Furthermore, transcription factors, such as, SOX2, octamer-binding transcription
factor 4 (OCT4) and c-Myc, are essential for maintaining GSC pluripotency and
proliferative capacity [90]. While GSCs are certainly influenced by TME cues,
studies have also emphasized the reciprocal relationship between GSCs and
their microenvironment, supporting and promoting glioma progression [91]. On
the one hand, TME-derived cytokines such as interleukin (IL)-6 and transforming
growth factor beta (TGF-) enhance GSC self-renewal and survival [92]. On the
other hand, GSCs have been shown to secrete factors that modulate the
surrounding immune landscape, creating an immunosuppressive environment
conducive to tumor growth. For example, GSCs can induce tumor-associated
macrophages (TAMs) to adopt an M2-like phenotype, which suppresses immune
responses and promotes tumor development [93]. This intricate interaction
between GSCs and their microenvironment underscores the complexity of GB
biology and highlights potential targets for therapeutic intervention.

1.1.3.3. Immune cells

The immune component of GB represents approximately 50% of the tumor’s
cellularity [94]. As previously mentioned, TAMs, which are differentiated from the
resident microglia and peripheral monocytes, account for 30% of the tumor mass.
These TAMs tend to adopt an M2 anti-inflammatory phenotype and have been
shown to suppress CD8* T cell activity, thereby promoting immune evasion [95].
TAMs are recruited by glioma-cell-derived factors, such as colony stimulating
factor 1 (CSF-1), glial cell line-derived neurotrophic factor (GDNF), chemokine
(CC motif) ligand 2 (CCL2), stromal cell-derived factor 1 (SFD-1), chemokine
(CXC motif) ligand 1 (CXCL1), EGF and granulocyte-macrophage colony-
stimulating factor (GM-CSF) [96]. Once in the TME, TAMs secrete a range of
molecules, including anti-inflammatory cytokines (IL4, IL10, TGF-B),
angiogenesis factors (VEGF, IL8), and pro-tumorigenic growth factors [insulin-like
growth factor 1 (IGF-1), EGF and platelet-derived growth factor (PDGF)]. These
molecules significantly influence the GB TME and contribute to tumor progression
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and therapy resistance, ultimately leading to poorer prognosis for GB patients
[94].

Another cell type within the GB TME is myeloid-derived suppressor cells
(MDSCs), a diverse population of myeloid progenitor and precursor cells,
including macrophages, granulocytes, and dendritic cells at various stages of
differentiation [97]. Similar to TAMs, MDSCs impair the function of various T cell
subsets, including natural killer T (NK) cells and cytotoxic T lymphocytes [98].
MDSCs also deplete essential amino acids from the TME, such as L-Arginine,
and enhance the production of reactive oxygen species (ROS), in order to
suppress T-cell activation and function, thereby contributing to the immune
evasion of tumors. These changes in the TME create an unfavorable environment
for T cells, leading to reduced immune responses against the tumor [99, 100].

Lastly, NK cells, which are important to innate antitumor immunity through
antigen-independent immune surveillance, were found to be the least abundant
immune cell type in GB. Furthermore, their immune cytolytic activity is
suppressed by major histocompatibility complex class | molecules expressed on
GB cells [101].

1.1.3.4. Fibroblasts

Recent research has shed new light on the presence and significance of cancer-
associated fibroblasts (CAFs) in GB, revealing their role in shaping the TME
[102]. Being the primary ECM producers, CAFs contribute significantly to the
remodeling of the ECM in GB, promoting tumor growth and invasion. Their
abundance correlates with higher tumor grades and activation of ECM
remodeling pathways [102]. CAFs also secrete pro-tumorigenic factors, including
fibronectin, which plays a critical role in promoting GB cell migration and invasion,
thereby enhancing the tumor's aggressive nature [102]. Furthermore, CAFs have
been shown to promote resistance to TMZ, through the secretion of CCL2, which
activates the extracellular signal-regulated kinases (ERK) 1/2 signaling pathway
in GB cells [103]. Interestingly, CAFs exhibit subtype-specific effects in GB [104].
They are more abundant in the mesenchymal subtype compared to other
subtypes, while proneural GB cells appear to be more responsive to CAF
signaling in terms of migratory and invasive behaviors. This heterogeneity in CAF
distribution and influence across GB subtypes adds another layer of complexity
to the TME [102]. CAFs have been shown to suppress anti-cancer immune
responses in various cancers, highlighting their role in contributing to the
immunosuppressive environment characteristic of GB [105].
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1.1.3.5. Endothelial cells

While not a part of the GB per se, endothelial cells, that encompass the
perivascular niche, have been shown to be key components in the tumor’s
aggressiveness, since angiogenesis is one of the hallmarks of GB recurrence,
proliferation, and invasion [106]. In the GB TME, newly formed blood vessels are
structurally fragile and prone to rupture, leading to a compromised BBB. This
disruption causes an increased vascular permeability and edema, altering
immune responses and the boundary between tumor and normal brain tissue,
thus facilitating tumor invasiveness and presents challenges for effective
treatment delivery [107].

The recruitment of endothelial cells to the GB site occurs through several
mechanisms. Neoangiogenesis is the primary process, where GB cells secrete
high levels of pro-angiogenic factors, particularly VEGF, stimulating the formation
of new blood vessels from the sprouting of pre-existing ones. This process
involves endothelial cell proliferation and migration towards the tumor [108].
Additionally, GBs recruit bone marrow-derived endothelial progenitor cells
through vasculogenesis, which then differentiate into endothelial cells within the
TME [109]. Lastly, GSCs also have the potential to transdifferentiate into
endothelial cells, or to simply assemble into tubular-like structures mimicking
blood vessels, further contributing to tumor vasculature [110].

Endothelial cells’ contribution to tumor progression is multifaceted. By forming
new blood vessels, they ensure a steady supply of nutrients and oxygen to the
rapidly growing tumor, while enabling invasion through the vasculature [109].
Endothelial cells also create a specialized niche that promotes the self-renewal
of GSCs by expressing NOTCH ligands that activate Notch signaling in adjacent
GSCs, supporting their maintenance and proliferation [111]. Furthermore,
endothelial cells facilitate bidirectional communication within the TME,
exchanging extracellular vesicles with tumor cells, which can, in turn, promote
angiogenesis, suppress the immune system, and confer drug resistance [108].

1.1.3.6. Extracellular Matrix

The non-cellular component of the GB TME is the extracellular matrix (ECM). The
brain has an unique ECM composition, which accounts for approximately 20% of
its volume [112]. It is comprised of various components, including, but not limited
to: collagen 1V; glycoproteins, such as fibronectin, laminins and tenascins;
glycosaminoglycans, such as hyaluronic acid (HA); proteoglycans, such as the
lectican family, phosphacan and neuron-glial antigen 2 [113]. While sharing many
components with the normal brain, the ECM of GB exhibits distinct characteristics
that influence tumor behavior. Besides the fact that GB cells overexpress various
ECM components, including HA, brevican, tenascin-C (TN-C), fibronectin, they
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also show increased expression of specific integrins and receptors, which
promote cell adhesion, migration, and invasion [114].

Notably, HA levels correlate with tumor malignancy, both increasing in parallel.
HA, along with fibronectin, has been shown to promote the invasiveness of GB
cells [115, 116]. GB ECM is more condensed and less flexible compared to
normal brain tissue due to overexpression of these ECM components, potentially
hindering the diffusion of therapeutic agents and neuroactive molecules [117].
The tumor also induces altered protein synthesis in surrounding normal tissues,
promoting ECM degradation at the invasive front while increasing ECM
component production in nearby areas [118, 119]. GB cells can actively migrate
along blood vessels or axons through ECM interactions [120].

Research has revealed ECM-driven signals that shape tumor phenotypes and
influence metabolic activity [121]. Moreover, the GB ECM is deficient in aggrecan,
contains oncofetal proteins, and shows elevated levels of matrix
metalloproteinases (MMPs), which increases ECM modulation, invasion, and
angiogenesis [119, 122]. The ECM's significant role in cell survival, proliferation,
and differentiation processes makes it an attractive target for novel therapeutic
approaches, which could be particularly valuable given GB's poor response to
conventional treatments.

1.2. Emerging therapeutic alternatives for GB - the
advantages of nanotechnology

As previously stated, the current standard of care for GB, which includes both the
Stupp protocol and second-line options, has shown limited efficacy in significantly
extending long-term survival for patients. This has led researchers to explore
alternative therapeutic and diagnostic approaches to overcome the challenges
posed by GB's aggressive nature and its strong ability to develop resistance to
conventional treatments [123].

One area of intense investigation has been immunotherapy, which aims to direct
the patient's own immune system to target and eliminate tumor cells [124].
Currently, various immunotherapeutic strategies are being explored, including
checkpoint inhibitors, cancer vaccines, and adoptive cell therapies like chimeric
antigen receptor (CAR) T-cells. Despite the success of some of these approaches
in other cancer types, their efficacy in GB so far has been limited, mostly due to
the immunosuppressive nature of the brain TME and the BBB's restrictive
properties, which will be discussed later [125]. Another approach involves
targeting specific molecular pathways that are dysregulated in GB. For this,
researchers have been developing inhibitors for key signaling molecules involved
in GB tumor growth and survival, such as EGFR, VEGF and PI3K/AKT pathway
components [126]. Additionally, the potential of oncolytic virotherapy, using
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genetically modified viruses to selectively target and destroy cancer cells while
sparing healthy tissue, is currently being explored [127]. Novel physical treatment
modalities are also being investigated, such as focused ultrasound techniques
for targeted drug delivery or tumor ablation [128].

Nanotechnology has emerged as a particularly promising field to address the
challenges of GB, offering innovative solutions across multiple fronts. Advanced
nanosystems have shown potential for enhancing diagnosis, drug delivery, and
even theranostic applications, potentially overcoming many obstacles associated
with brain tumor management. These nanoparticle (NP)-based approaches can
offer improved penetration across the BBB, targeted delivery to tumor cells, and
enhanced imaging capabilities, while minimizing toxicity to healthy tissue,
presenting versatile tools for revolutionizing GB detection, treatment, and
monitoring (Figure 3) [129].

Figure 3. Nanotechnology benefits and examples of approaches in GB diagnostics and therapy. The brain
images included in this figure were adapted from Gue, R. et al [8], Marginean, L. et al. [130] and
Manzarbeitia-Arroba, B. et al. [131], and available under the Creative Commons Attribution (CC BY)
license.
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Nanocarriers can be engineered to encapsulate various therapeutic agents,
including chemotherapy drugs, small molecule inhibitors, nucleic acids for gene
therapy, and even combinations of multiple agents for synergistic effects [132].
Their sizes typically range from 10 to 200 nm, with smaller sizes (10-50 nm)
facilitating enhanced tumor penetration, cellular uptake and TME diffusion, while
larger sizes (100-200 nm) promote prolonged circulation, better retention at the
tumor site, and reduced clearance through renal filtration [133]. Furthermore, the
surface of NPs can be modified with targeting ligands to facilitate transport across
the BBB and to increase their specificity for GB cells [134]. As research in this
area continues to evolve, nanotechnology-based approaches may offer new
hope for improving the treatment outcomes for GB patients.

Despite all advances in this field, only a limited number of liposomal strategies
have reached clinical trials in GB or other high grade gliomas, following a path
similar to what was achieved in other cancers [135]. Among the main candidates
studied, Caelyx™, a pegylated liposomal formulation of doxorubicin (DOX),
underwent several phase /Il clinical trials, either alone or in a combination
therapy (with TMZ, tamoxifen, RT or a combination of these) [136-140]. However,
these trials’ main conclusion was that the liposomal formulation did not show
clinical benefits. More recently, a liposomal formulation of irinotecan (nal-IRI) was
tested in two clinical trials, one as single agent and the other combined with TMZ;
however both trials ended due to lack of activity [141, 142]. A new phase | clinical
trial at the Johns Hopkins University (NCT05768919) is currently recruiting
patients to assess the efficacy of liposomal curcumin in combination with RT and
TMZ; no study results have been released yet.

While nanotechnology offers promising advantages for GB treatment, its potential
non-specific toxicity, both systemically and in brain tissue, remains a critical
consideration. Ongoing research focuses on optimizing NP biocompatibility and
biodegradability while minimizing inflammatory responses, aiming to optimize the
balance between therapeutic efficacy and safety [143, 144]. The limited efficacy
observed thus far with these clinical trials suggests that, while NP-based systems
can improve drug delivery, further optimization in formulation and the
development of new targeting strategies are necessary to enhance their clinical
effectiveness in GB treatment.

1.2.1. Overcoming BBB challenges with nanotechnology

The BBB is a crucial physiological interface that plays a vital role in maintaining
the balance between the circulatory system and the CNS, while simultaneously
posing a significant challenge for the delivery of therapeutic agents to the brain
[134, 145].
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The complex architecture of the BBB is formed, primarily, by specialized
endothelial cells that line the cerebral capillaries, which are distinctively
characterized by the presence of tight junctions, specialized protein structures
that completely seal the spaces between adjacent cells, creating a highly
selective barrier [146]. These tight junctions are composed of transmembrane
proteins such as occludin, claudins (particularly claudin-5), and junctional
adhesion molecules, such as junctional adhesion molecule A (JAM-A) [147-149].
These proteins are anchored to the endothelial cell membrane by scaffolding
proteins, such as tight junction protein 1 (ZO-1) [150].

Surrounding the endothelial cells are several other cellular components that
contribute to the BBB's integrity and function, together forming a structure known
as the neurovascular unit (NVU) [151]. Astrocytes extend their end-feet to
ensheathe the capillaries, providing biochemical support to the endothelial cells,
while microglia perform localized immune surveillance, having a significant role
in neuroinflammation and innate immunity [152, 153]. Pericytes, contractile cells
embedded within the capillary basement membrane, play a crucial role in
maintaining BBB integrity, aiding its angiogenesis and microvascular stability
[154]. Furthermore, neurons present a very close and important relation with the
brain vasculature. Beyond oxygen and glucose delivery, neurovascular coupling
plays a role in proteostasis, neuroimmune trafficking, waste clearance, brain
temperature regulation, and hippocampal neurogenesis [151].

The BBB serves as a highly sophisticated gatekeeper, carefully controlling the
passage of substances between the blood and the brain, achieving this regulation
through multiple mechanisms. Passive diffusion permits very small molecules to
pass through the BBB comparatively easily, whether they are lipophilic
(pinocytosis) or hydrophilic (paracellular pathway) [155, 156]. Some require
active transportation, and the BBB contains numerous specialized transport
proteins, such as the solute carrier family, that facilitate the movement of essential
nutrients, ions, and other small molecules across the barrier [157, 158]. Charged
molecules may utilize the unspecific adsorptive transcytosis mechanism, wherein
vesicles are formed due to the electrostatic interaction of the cationic molecule
and the negative endothelial cell membrane [159]. Larger molecules, such as
proteins and molecular complexes, need to be transported through receptor-
mediated transcytosis. With this mechanism, specific ligands bind to receptors on
endothelial cells, such as transferrin and insulin receptors, triggering the transport
of molecules across the BBB [160]. Furthermore, the BBB is also capable of
removing potentially harmful substances from the CNS back into the bloodstream
through energy-dependent efflux pumps, such as P-glycoprotein (P-gp) and
breast cancer resistance protein [161].

The integrity and proper functioning of the BBB is essential for normal brain
function. Disruption or dysfunction of the BBB has been implicated in various
neurological disorders and neurodegenerative diseases [162]. For example,

17



changes in BBB permeability can contribute to the progression of conditions such
as Alzheimer's disease, multiple sclerosis, and certain brain tumors [163, 164].

The BBB presents a significant challenge in drug delivery to the brain, as many
therapeutic compounds cannot easily cross this barrier. This has led to extensive
research into nanotechnological methods for bypassing or modulating the BBB
to improve drug delivery to the CNS [129]. These methods, some of which will be
more thoroughly explored in the following sections, mainly exploit the receptor-
mediated BBB transcytosis mechanism through several receptors, such as the
transferrin receptor [144, 165], insulin receptor [166], low density lipoprotein
receptor [167], leptin receptor [168], nicotine acetylcholine receptor [169],
diphtheria toxin receptor [168], scavenger receptor [170, 171], glucose
transporter [172], and glutathione transporter [170], among others.

1.2.1.1. BBB in vitro models

The need to evaluate the complex interaction between developed strategies and
the BBB and has led to the development of various in vitro models to study its
properties and interaction with different nanosystems under normal and
pathological conditions [173].

Two-dimensional (2D) models are popular for their simplicity, reliability, and
affordability [174], being particularly useful in the initial screening and
developmental phases of drug research. Their simplest form are monolayer
models, which typically involve growing endothelial cells, such as hCMEC/D3, in
a transwell chamber, which separates the luminal and abluminal sides, allowing
for the study of solute exchange [175]. While cost-effective and scalable,
monolayer models lack the complexity of the in vivo BBB, often resulting in lower
transendothelial electrical resistance (TEER), a measure of membrane integrity,
and higher paracellular permeability than observed in vivo [176]. To better mimic
the BBB's multicellular environment, co-culture models incorporate additional cell
types such as astrocytes and pericytes. These models have shown improved
barrier functions and tightness compared to monoculture models [177]. Three-
dimensional (3D) models, such as organoids, aim to more closely replicate the
complexity of the BBB by self-organizing into the proper structural architecture of
the barrier similar to what can be observed in vivo [174]. Microfluidic BBB models
utilize miniaturized devices with microchannels to culture cells under flow
conditions, incorporating shear stress to mimic blood flow, which can regulate the
expression of tight junction proteins and transporters [178]. These models offer
several advantages, such as requiring smaller volumes of reagents and cells,
making them more cost-effective for high-throughput screening, and allowing for
precise control of flow rates and shear stress [179]. Chip-based models, often
referred to as "organ-on-a-chip" or more specifically "BBB-on-a-chip," are
advanced microfluidic systems that aim to recreate the structure and function of
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the BBB on a smaller scale [180]. These models typically consist of multiple
chambers connected by microchannels, allowing for the co-culture of different cell
types under flow conditions, offering the ability to integrate sensors for real-time
monitoring of barrier function and cellular responses [181]. Despite their clear
advantages over 2D models, their increased complexity in setup and
maintenance leads to higher costs due to specialized equipment and material,
lower throughput for drug screening, and lower reproducibility between
laboratories [182, 183]. To overcome limitations in cell sourcing, human induced
pluripotent stem cell (hiPSC)-based models have been developed, which aim to
more accurately represent the human BBB in vivo [184]. However, differentiating
and characterizing these cells to ensure they accurately represent mature BBB
endothelial cells remains a significant challenge [185].

1.2.2. Exploring the ECM as therapeutic target in GB

Once the challenge of crossing the BBB is no longer an issue and GB becomes
the target, initial nanotechnological approaches predominantly focused on
directly targeting glioma cells with cytotoxic agents. However, there is growing
recognition of the ECM as a critical factor in tumor progression and malignancy
[114], as previously discussed. Consequently, researchers are developing novel
therapeutic strategies that specifically target the ECM in GB. These exploit the
ubiquitous presence of ECM components within the TME, and thus offer
significant advantages compared to targeting the glioma cells themselves. These
ECM-focused strategies, often investigated in preclinical settings, include the
inhibition of matrix-degrading metalloproteinases and integrins, ECM stiffening
and degradation [186, 187]. Additionally, targeting structural ECM molecules can
enhance other treatment modalities, such as immunotherapy, by increasing the
infiltration of immune cells [188, 189]. Nanotechnology approaches interacting
with the GB ECM can be categorized into the following classes, as exemplified in
Figure 4: i) Targeting ECM components: NPs designed to directly interact with or
modify the ECM structural elements; ii) ECM-responsive NPs: NPs designed to
respond to specific ECM characteristics or changes; iii)) Enhancing ECM
degradation: NPs that facilitate the breakdown of ECM components to enhance
drug penetration or disrupt tumor structure; iv) Preventing ECM degradation: NPs
that inhibit matrix-degrading enzymes like metalloproteinases to maintain ECM
integrity and limit tumor invasion.
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Figure 4. Nanotechnology strategies interacting with the ECM. Top: NPs targeting the ECM; Left: NPs
responding to ECM cues (e.g., increased MMP concentration in the TME); Right: NPs degrading the ECM;
Bottom: NPs preventing ECM degradation.

Table 1 summarizes the various nanotechnology strategies discussed in this
section, highlighting their approach, key features and potential applications in GB
treatment. This overview provides a comprehensive snapshot of the diverse
nanotechnology approaches being explored to reprogram the GB ECM.
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Table 1. Overview of nanotechnology approaches for modulating the ECM in GB.

Strategy Approach Key Features Outcome Reference
Fibronectin-targeted liposomal  Functionalized with EDB-specific  Improved cellular uptake and CypA silencing in GB cells; reduced tumor [190]
Nanoplatform aptide to deliver CypA siRNA growth and increased survival rates in vivo
CREKA-micelle NPs Targets fibrin deposits in GB Enhanced tumor homing; potential for targeted drug delivery [191]
Ft-PLA-PTX dual-targeting Targets TN-C and NRP-1 Enhanced inter.nalizatic.)n in glioma cells anc.j penetration in 3D spheroids; [192]
peptide system Increased median survival compared to saline
PL3-functionalized iron oxide
Targeting ECM nan?worms and Targets TN-C and NRP-1 Increased GB targeting; increased survival rates in glioma-bearing mice [193]
components silver NPs
PL1-functionalized silver Targets fibronectin EDB and
unet 'z v g ! I Strong binding to targets and facilitated cellular uptake [194]
NPs TN-C
MMP-14 targeting . e . . . .
o - Combines NIRF dye and PET Enhanced tumor specificity and imaging contrast for GB detection; potential
dual-modality imaging . ; ) . A . . [195]
agent radionuclide for preoperative planning and real-time surgical guidance
Coated with cross-linked BSA and
VEGF-targeting iron oxide I isualizati ing MRI; i for 24 h
g |.g i Xi functionalized with anti-VEGFE mpr9v§d t.umor visualization using ; sustained contrast for ours [196]
magnetic NPs o post-injection
antibodies
MMP-14-activated prodrug §elective targetir?g of GB cells and GSCs; di§rupted tumpr blood vessels;
CLIO-ICT NPs induced apoptosis and reduced GSC populations; real-time tumor response  [197]
release system o .
monitoring via MRI
Enh d int lizati d t ted PTX deli ithin GB
ECM-responsive Activatable cell-penetrating MMP-2 and MMP-9 responsive n ance. interna |z.a 'on anc farge e. ) elivery wi |n. ,
. . , microenvironment; improved penetration in 3D GB spheroids; increased [186]
NPs peptide-modified NPs design ) . .
survival rates compared to conventional PTX formulations
. ) Angiopep-2 and cell penetrating . N . ) .
Activatabl tide dual- I d gl localizat d th tic effi ; Prol d |
ctivatable peptide dua peptide functionalization activatable mproved glioma localization and therapeutic efficacy; Prolonged surviva [198]

functionalized NPs

by MMP-2

compared to conventional drug delivery systems
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Table 1. Overview of nanotechnology approaches for modulating the ECM in GB (cont.).

Targeted B7-H3 and CD3; crossed BBB; accumulated in GB tissue;

MMP-2-activated NPs with Combines immunothera
. . o i . ) Py released cargo upon MMP-2 cleavage; activated T-cells and induced [199]
bispecific antibodies with ferroptosis induction )
cytokine release
pH-responsive DOX-loaded Incorporates pH-sensitive pH-triggered drug release; specific targeting of GB cells under acidic [200]
liposomes peptide trigger conditions; anti-tumor activity and anti-angiogenic effects
Chitosan-based pH- Functionalized with Enhanced drug release in acidic environments; dual-drug delivery (5-FU [201]
responsive gold NPs anti-nucleolin aptamer (AS1411) and DOX); induced greater cell death than single-drug formulations
Acid-cleavable angiopep-2 Dual-surface tailored PLGA and PEG Brain-targeting in circulation; transformed into GB-accumulating after BBB [202]
functionalized NPs based NPs crossing; enhanced cell uptake and cytotoxicity; improved BBB permeability
GB-t ted In sit | fi tion by dual-NP
arge © n st na.noge ormation by dua ... In situ nanogel formation; Prolonged drug retention; Enhanced tumor
dextran/dendrimer dual-NP system with pH- and MMP-9-sensitive . . [203]
, penetration; Delayed GB growth; Improved survival
nanogel system linker
Hypoxia-responsive liposomal Stepwise targeting and drug release Crosse.d FBE'»B;.ta.\r'geted GB cells; released carg.o in hypoxic conditions; [204]
system synergistic inhibition of GB cell growth and pluripotency
Hollow manganese dioxide Alleviated t h ia; bled t ted d deli ,i ing, and TME
W g ioxi oH-responsive design evia ej umor hypoxia; enable :arge e rug' elivery, imaging, an [205]
nanosystem modulation; enhanced photodynamic therapy efficacy
Redox-sensitive HA-curcumin Rapid drug release in high GSH environments; enhanced curcumin
) ) GSH-responsive disulfide bonds P . 9 . 9 . . . [206]
conjugate nanocarriers solubility and stability; superior cytotoxicity and cellular uptake in GB cells
Targets HA-rich ECM; increases L . L . .
Hyaluronidase-expressing 9 o Prolonged survival in GB models; potential combination with anti-PD-1
i . tumor-infiltrating CD8* T cells and ) . [207]
. oncolytic adenovirus therapies for enhanced efficacy
Enhancing ECM macrophages
degradation (0] limitati f itabine's short half-life; enh dd
9 Collagenase-modified human Loaded with gemcitabine; improved vzlarcame .|m| @ |ons.o gemmla n€ s short hatl=iiie, enhance .rug
. . . delivery efficacy and induced higher levels of nuclear fragmentation and [208]
serum albumin NPs tumor spheroid penetration .
ROS generation
T ts MMP-2 and chloride ch I
PLGA NPs functionalized with argets aTn chionde ¢ énne SEffectively crossed BBB; induced apoptosis and ROS generation in GB cells
) overexpressed in GB cells; delivers . . [209]
. chlorotoxin , with low toxicity to normal cells
Preventing ECM morusin
degradation Conjugated with MMP-9 inhibiti
9 o . O”Juga © W! ) |n. 'olting Efficiently inhibited MMP-9 activity; demonstrated low toxicity while crossing
Amphiphilic peptide NPs peptide; brain-targeting ligand [210]

included the BBB

22



1.2.2.1. Targeting ECM components

As previously mentioned, ECM components are ubiquitously distributed
throughout the tumor parenchyma, making them a more consistent and
accessible target compared to heterogeneous tumor cell populations (Figure 5)
[188].
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Figure 5. ECM targeting nanotechnology strategy. a) Schematic overview illustrating NPs interacting with
ECM components to locally exert their effect. b) Detailed depiction of NPs avoiding cell receptors and
specifically targeting ECM proteins such as collagen and fibronectin.

Among these components, the extra domain B (EDB) of fibronectin has emerged
as a highly promising target for cancer therapy, particularly in aggressive solid
tumors such as GB [211]. This specific domain is prominently present in the
perivascular space of many aggressive tumors, making it an excellent marker for
tumor-associated blood vessels [212]. Its unique overexpression pattern in the
TME, coupled with its absence in normal adult tissues, makes EDB a selective
target for nanotechnological strategies [213]. Saw et al. developed a GB therapy
using a fibronectin-targeted liposomal nanoplatform functionalized with an EDB-
specific aptide to deliver cyclophilin A (CypA) small interfering ribonucleic acid
(siRNA). In vitro studies showed improved cellular uptake and CypA silencing in
GB cells compared to non-targeted liposomes while in non-orthotopic GB-
xenografted mice this targeted system reduced tumor growth and increased
survival rates [190].

Previous studies have demonstrated that GB is characterized by a leaky and
hemorrhagic vasculature, which promotes thrombosis and fibrin accumulation
[191]. This feature, absent in normal tissues, is hypothesized to result from the
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increased permeability in GB, allowing plasma proteins to infiltrate the tumor
tissue, where fibrinogen is transformed into fibrin through the action of pro-
coagulant factors [214]. Therefore, fibrin deposition in the ECM, a feature of both
primary and metastatic brain tumors, could be a promising target for therapeutic
intervention.

Taking this into consideration, Chung and colleagues developed peptide-
functionalized CREKA-micelle NPs to target fibrin deposits in GB [215]. In an
orthotopic mouse model of GB, both targeted and non-targeted micelles
accumulated at the tumor site due to the enhanced permeability and retention
(EPR) effect. However, CREKA-micelles showed enhanced tumor homing within
one hour, indicating active fibrin targeting. Biodistribution studies revealed micelle
accumulation in the liver and kidneys, suggesting clearance through renal
filtration and the reticuloendothelial system. Importantly, no cytotoxicity or tissue
damage was observed, supporting the NP system's safety [191].

Another promising ECM target in GB for tumor-specific therapy is TN-C, a
glycoprotein with certain splice isoforms uniquely expressed in tumors. Clinical
trials have evaluated radiolabeled antibodies targeting TN-C domains A1 and D
for glioma and lymphoma therapy [216].

Instead of antibodies, Kang et al. developed a dual-targeting peptide system, Ft-
PLA-PTX, which combines paclitaxel (PTX) with polylactic acid (PLA) NPs. The
peptide Ft targets TN-C and neuropilin-1 (NRP-1), enhancing internalization in U-
87 glioma and HUVEC cells, as well as penetration in 3D glioma spheroids. In
vivo studies in U-87 glioma-bearing mice showed significant accumulation of Ft-
PLA-PTX at tumor sites, leading to higher cytotoxicity and apoptosis rates than
single-targeted NPs. Treatment resulted in a 269% increase in median survival
compared to saline, outperforming Taxol® and other formulations, indicating the
effectiveness of this dual-targeting approach [192].

Lingasamy et al. studied the targeting of the same ECM molecules TN-C and
NRP-1 using an 8-amino acid homing peptide, PL3, to enhance NP delivery to
GB and prostate carcinoma. They found that PL3 effectively binds to both targets
and functionalizing iron oxide nanoworms (NWs) and silver NPs (AgNPs) with
PL3 significantly improved their targeting ability in nude mice models, achieving
an eight-fold increase in GB targeting compared to untargeted NPs. Notably, PL3-
guided NWs increased survival rates in glioma-bearing mice, while untargeted
particles had no therapeutic effect. Furthermore, advanced imaging confirmed
the accumulation of PL3-coated NPs in TN-C and NRP-1 positive areas in clinical
tumor samples, suggesting potential for future clinical applications [193].
Following their work with PL3, the authors investigated PL1, which targets the
ECM components fibronectin EDB and TN-C. The PL1-functionalized AgNPs
exhibited strong binding to these targets and facilitated cellular uptake in U-87
cells via a macropinocytosis-like process. The binding affinity of PL1 was
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quantified, supporting its potential for delivering therapeutic agents intracellularly
[194].

MMPs are key players in the ECM remodeling process that contributes to GB
progression [217]. These zinc-dependent enzymes, essential for normal
physiological processes, can contribute for malignancy when their regulation is
disrupted [218]. In GB, several MMPs are overexpressed, with MMP-2 and MMP-
9 being the most extensively studied [219-221]. These secreted gelatinases
break down key ECM components like collagens, elastin, and fibronectin,
creating space for tumor cell migration and invasion [222]. Additionally, they
promote the release of pro-angiogenic factors such as VEGF, enhancing tumor
resource availability and facilitating GB infiltration through newly formed blood
vessels [223].

Another MMP found overexpressed in GB is the membrane-anchored MMP-14
(also known as MT1-MMP) [224]. It shares similar proteolytic, angiogenic, and
immunomodulatory capabilities with the secreted gelatinases and can activate
pro-MMP-2, further contributing to GB invasiveness [195, 197]. MMP-14's
influence extends beyond ECM degradation, regulating numerous plasma
membrane-anchored and extracellular proteins, thereby impacting both
intercellular and cell-matrix communication [225]. In the GB TME, both cancer
and stromal cells engage with the ECM through various adhesive structures
[225]. This interaction often results in aggressive infiltration of adjacent brain
tissue, including areas crucial for survival. To facilitate invasion, glioma cells
secrete proteolytic enzymes that degrade the ECM and mediate the invasion
process and research has revealed that specific MMPs not only promote glioma
cell invasion but also alter tumor cell behavior and stimulate cancer progression
[118, 226]. As the invasive nature of GB significantly contributes to its high
mortality rate and poor prognosis, making it a critical area of study, understanding
the complex interplay of various MMPs, in particular MMP-14, in GB is essential
[224]. This deeper comprehension could lead to the development of new
prognostic and predictive markers, improving patient outcomes. Moreover,
exploring MMP interactions may pave the way for novel targeted therapies
designed to counteract the invasive nature of GB.

Taking into consideration that MMP-14 is differentially expressed in GB,
compared to normal tissues, Kasten et al. developed a dual-modality imaging
agent targeting the membrane protease. Their peptide probe combines a near-
infrared fluorescence (NIRF) dye linked to a quencher that is activated upon
cleavage by MMP-14, and an MMP-14-binding peptide attached to a radionuclide
chelate for positron emission tomography (PET). This approach enhanced tumor
specificity and imaging contrast, as the NIRF signal activates only in the presence
of MMP-14. In vitro and in vivo studies demonstrated the probe's efficacy in
detecting GB in cultured cell lines and patient-derived xenograft models, showing
favorable tumor-to-background ratios. PET imaging confirmed significant
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localization of the probe in orthotopic GB models, and blocking experiments
verified its specific targeting of MMP-14-expressing cells. Their strategy seemed
to be effective for imaging GBs, providing valuable insights for both preoperative
planning and real-time surgical guidance [195].

Finally, in terms of vascularization, GB stands out as one of the most highly
angiogenic tumors, with VEGF playing a central role in this process [227]. The
formation of new blood vessels in GB is driven by both hypoxia-dependent and
independent mechanisms, leading to the development of unique vessels [109].
This angiogenic potential of GB is further enhanced by GSCs, which secrete
significantly higher levels of VEGF compared to non-stem glioma cells [228].
Conditioned media from these stem cells have been shown to strongly enhance
endothelial cell functions crucial for angiogenesis, including migration,
proliferation, and tube formation. This heightened angiogenic activity, primarily
driven by VEGF and exacerbated by GSCs, is a major contributor to the
aggressive nature of GB, presenting both challenges and opportunities for
therapeutic interventions targeting the tumor vasculature [229]. Taking advantage
of the enhanced accumulation of VEGF in the ECM of GB tumors, Abakumov et
al. developed iron oxide magnetic NPs (MNPs) targeting VEGF for enhanced GB
imaging [196]. The MNPs were coated with cross-linked bovine serum albumin
(BSA) to improve biocompatibility and stability, then functionalized with
monoclonal antibodies against VEGF, allowing specific binding to VEGF-positive
GB cells. This targeted approach im-proved tumor visualization using magnetic
resonance imaging (MRI), addressing limitations of existing contrast agents in
specificity and retention [230]. In vitro studies confirmed the NPs’ stability and
cytocompatibility, while in vivo experiments in orthotopic C6-xenografted rat
models demonstrated superior imaging of tumors and vasculature compared to
non-targeted controls, with sustained contrast for 24 hours post-injection [196].

1.2.2.2. ECM-responsive NPs

The ECM provides essential mechanical and biochemical cues through its
interactions with cell receptors, allowing it to function as both a structural scaffold
and a regulator of cellular behaviors such as adhesion, proliferation, and
differentiation [231]. The composition and architecture vary between tissue types,
influenced by various factors including the cell type present, mechanical forces,
and the availability of nutrients and oxygen in the local microenvironment. This
dynamic nature of the ECM reflects changes in tissue status and disease
conditions, with GB being no exception [232]. Nanosystems can be designed to
modulate their effect once in contact with TME conditional changes, such as the
increased presence of secreted and membrane MMPs, the acidic environment
and the lack of oxygenation (Figure 6).
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Figure 6. Utilizing ECM physicochemical cues as a nanotechnological strategy. a) NPs in circulation. b)
NPs upon sensing TME conditional alterations. From top to bottom, an increase in secreted and
membrane matrix metalloproteases, an increase in acidity, an increase in hypoxia accompanied by an
increase in ROS.

As previously mentioned, MMP-14 is a proteolytic enzyme highly overexpressed
in GBs and has been already applied as a microenvironment cue in GB therapy
by Mohanty et al. Their work focused on creating a theranostic approach using
cross-linked iron oxide NPs, named CLIO-ICT, which combined therapeutic and
diagnostic functions to target GB and GSCs. These NPs consisted of cross-linked
iron oxide particles conjugated to an azademethylcolchicine (ICT2552)-peptide
prodrug that released the active drug upon cleavage by MMP-14. The study
demonstrated that CLIO-ICT selectively targets GB cells and GSCs, disrupting
tumor blood vessels and significantly inducing apoptosis while reducing GSC
populations. In vivo experiments in orthotopic xenografted mice revealed that
CLIO-ICT, especially when combined with TMZ, improved survival rates and
reduced tumor growth compared to TMZ alone. Additionally, the dual functionality
of CLIO-ICT allowed for real-time tumor response monitoring via MRI. [197].
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In a similar direction, Gu and colleagues developed NPs that utilize the
upregulated expression of MMP-2 and MMP-9 in GB [217, 233]. These NPs were
modified with an activatable cell-penetrating peptide, which is specifically cleaved
by MMP-2 and MMP-9, enhancing internalization and enabling targeted PTX
delivery within the GB microenvironment. After confirming successful conjugation
of the peptide to polyethylene glycol-polycaprolactone (PEG-PCL) NPs, in vitro
studies showed significantly increased cellular uptake in GB cells and enhanced
penetration in 3D GB spheroids. In vivo studies in intracranial GB xenograft
models indicated that the peptide-modified NPs accumulated in tumor tissues,
leading to improved survival rates compared to conventional PTX formulations
[186].

A similar strategy in the utilization of activatable cell penetrating peptides, Gao et
al. developed a molecular construct comprised by 2 oligopeptides, EEEEEEEE
(E8) and RRRRRRRR (R8), linked by an MMP-2-cleavable amino acid sequence
[198]. Once in circulation, the E8 covers the cationic R8 through electrostatic
forces, shielding R8’s penetration capability. In this study, the authors developed
dual-modified PEG-PCL NPs loaded with the chemotherapeutic docetaxel (DTX),
incorporating angiopep-2, a known low density lipoprotein receptor-related
protein 1 (LRP1) ligand and BBB penetration enhancer, and the E8R8 peptidic
conjugate, an activatable cell penetrating peptide (ACP). In vitro studies
demonstrated that ACP-modified NPs showed enhanced cellular uptake in GB
cells, which could be inhibited by an MMP-2 inhibitor, confirming the MMP-2-
dependent activation mechanism. The DTX-loaded dual-modified nanosystem
exhibited superior anti-GB effects both in vitro and in vivo when compared to
single-modified NPs or free DTX. Overall, the dual-modified nanosystem showed
improved GB targeting and penetration, leading to enhanced therapeutic efficacy,
evidencing the success of promising ECM-cue responsiveness strategy [198].

More recently, Fan and colleagues engineered MMP-2-activated NPs that
combine immunotherapy with ferroptosis induction for GB treatment [199]. These
complex NPs consist of bispecific antibodies targeting B7-H3 (associated with
poor prognosis in GB) and CD3, along with a dimer of epigallocatechin-3-gallate
(dEGCQG) linked to hyaluronic acid via an MMP-2-cleavable sequence. dEGCG,
on its own, has been shown to provide a myriad of antitumor effects, mainly
associated to its production of intracellular ROS, and subsequent induction of
oxidative damage [234]. This design allowed the NPs to cross the BBB,
accumulate in GB tissue, and release their cargo upon MMP-2 cleavage. In vitro
studies showed effective targeting of GB cells, T-cell activation, and cytokine
release, leading to enhanced anti-tumor effects. In a mouse orthotopic U-87 GB
xenograft model, the NPs demonstrated significantly higher intracranial
accumulation compared to free antibodies or non-targeted formulations. Notably,
the treatments resulted in 50% of mice surviving longer than 56 days, indicating

28



a promising strategy for GB therapy that leverages both immune activation and
ferroptosis [199].

In addition to MMP-responsiveness, tumor acidosis is a well-studied
characteristic of most TMEs [235]. Rapidly proliferating tumor cells often deplete
their own oxygen supply, leading to hypoxia. where cells are unable to generate
adenosine triphosphate (ATP) through oxidative phosphorylation. In response,
the hypoxia-inducible factor (HIF) pathway shifts cellular metabolism towards
anaerobic glycolysis, commonly referred to as the Warburg effect, allowing the
tumor cells to continue ATP production despite the lack of oxygen. This metabolic
adaptation results in the accumulation of lactate and protons as byproducts of
fermentation, which alter not only the intracellular pH, but, once expelled,
contribute to the characteristic acidification of the TME [94].

To take advantage of the acidic TME in GB, Zhao et al. developed a DOX-loaded
liposome that responds to the surrounding pH by incorporating a conjugated
peptide, which consists of a cell-penetrating sequence and a pH-sensitive trigger.
The liposomes were produced through the common thin-film hydration method
followed by the less common remote loading technique of DOX. In vitro
experiments showed pH-triggered drug release and specific targeting of C6 and
U-87 GB cells under acidic conditions caused by the peptide modification. /In vivo
experiments in C6 subcutaneous and U-87 orthotopic tumor-bearing mice
demonstrated significant anti-tumor activity and antiangiogenic effects, indicating
the liposomes' potential for targeted drug delivery and vascular modulation [200].

In a simpler approach, Sathiyaseelan et al. utilized chitosan as the pH-responsive
component in anti-nucleolin aptamer (AS1411)-functionalized gold NPs,
biosynthesized from Gynura procumbens, and loaded with both 5-fluorouracil (5-
FU) and DOX. Chitosan, a cationic polysaccharide, becomes soluble at acidic
pH, enhancing the release of its cargo in such environments. The study
demonstrated higher drug release rates under acidic conditions that mimic the
GB TME. In vitro experiments on LN229 GB cells showed that the dual-drug-
loaded NPs induced greater cell death than single-drug formulations, primarily
through GO0/G1 phase cell cycle arrest, with transmission electron microscopy
(TEM) confirming their internalization in cell organelles [201].

More recently, our group has described an elegant functionalization design that
utilizes an acid-cleavable angiopep-2 to functionally create two different
nanosystems, a brain-targeting NP while in circulation, that transforms into a GB-
accumulating NP after BBB crossing [202]. In that sense, poly(lactic-co-glycolic
acid) (PLGA) and PEG based NPs were designed to deliver DTX to GB tumors.
The polymeric NPs were dual-surface tailored with two key features: i) a brain-
targeted acid-responsive angiopep-2 moiety that triggers a structural
rearrangement within BBB endosomal vesicles, and ii) an L-histidine moiety that
provides preferential accumulation into GB cells after BBB crossing. The
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angiopep-2 peptide targets the low-density lipoprotein receptor (LDLR)
overexpressed on the BBB, while L-histidine targets the L-type amino acid
transporter 1 (LAT1) overexpressed in GB cells. It is important to note that PEG
molecules with different molecular weight (MW) were used to create two levels of
NP surface decoration, avoiding inter-steric hindrance. In vitro studies using
tumor invasive margin patient cells showed that the stimuli-responsive
multifunctional nanosystem effectively targeted GB cells, enhancing cell uptake
by twelve-fold and inducing three times higher cytotoxicity in both 2D and 3D cell
models compared to non-targeting formulations. In vitro BBB permeability was
assessed with a hCMEC/D3 transwell model, with the nanosystem demonstrating
a three-fold increased BBB permeability. An in vivo biodistribution trial confirmed
a three-fold improvement of NP accumulation in the brain. The antitumor efficacy
was validated in GB orthotopic models following both intratumoral and
intravenous administration, with the median survival and number of long-term
survivors increasing by 50% compared to control groups. The acid-cleavable
properties of the NPs ensure that the long-length PEG-angiopep-2 separates
from the main structure after encountering the acidic pH of endosomes during
BBB trafficking. This facilitates endosomal escape and NP expulsion towards the
brain. Subsequently, the shorter PEG-L-histidine becomes exposed on the NP
surface due to steric deprotection, allowing for GB cell targeting. This study
represented the first time that a multi-ligand functionalized NP system was
proposed to sequentially target the BBB and GB through the exploitation of a
BBB-responsive transport mechanism [202].

Another pH-responsive strategy, proposed by Dosta et al., was the simultaneous
use of MMP-responsiveness to create a dual-sensitive nanosystem [203]. These
authors produced the nanosystem Dual-NP, composed of an oxidized dextran NP
surrounded by smaller DOX-loaded dendrimer NPs. Both are initially linked by a
dual-responsive linker (MMP and pH) engineered to quickly disassemble within
the TME so that, upon disassembly, the system triggers the in situ formation of
nanogels through a Schiff base reaction, which in turn enhances the retention of
Dual-NP, allowing for the gradual release of small DOX-conjugated dendrimer
NPs over time. The authors demonstrated the efficacy of this system in both 3D
spheroid models and an orthotopic GB mouse model (GL261). The Dual-NPs
showed a deep penetration into the spheroids, being detectable at the tumor site
for up to 6 days after a single intratumoral injection in the mouse model. This
prolonged presence resulted in a significant tumor growth delay and an increased
overall survival compared to untreated controls or DOX-conjugated dendritic NPs
alone [203].

Furthermore, as previously noted, hypoxia is a prevalent feature in cancer. The
tumor TME often stimulates neoangiogenesis, resulting in the development of
aberrant and inefficient blood vessels. This process, paradoxically, intensifies the
hypoxic conditions within the tumor. These irregular vessels restrict the delivery
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of oxygen, drugs, and immune cells, making tumors more resistant to treatment.
Hypoxia also induces significant changes in tumor cells, activating pathways such
as the previously mentioned HIF pathway, which enables cell adaptation,
promoting invasion, therapy resistance, and immune evasion [236]. This is
particularly relevant in GB, one of the most hypoxic tumors [237]. Very recently,
Qi and colleagues developed a hypoxia-responsive liposomal system
(AMVY@NPs) for GB treatment, designed for stepwise targeting and drug
release. This system includes a polymetronidazole core that encapsulates the
Yes-associated protein (YAP) inhibitor verteporfin (VP), a cationic lipid layer that
adsorbs siRNA targeting YAP (siYAP), and an outer coating with the targeting
peptide angiopep-2. The NPs are engineered to cross the BBB, specifically target
GB cells, and release their cargo in response to the hypoxic TME. In vitro and in
vivo studies demonstrated that AMVY@NPs effectively released siYAP and VP
under hypoxic conditions, leading to synergistic inhibition of GB cell growth and
pluripotency. In an orthotopic U-87 xenograft mouse model, these NPs
significantly inhibited tumor growth and improved survival without noticeable
adverse effects [204].

TME hypoxia and acidosis are linked to ROS creation by the oxidative stress
[238]. In GB, elevated ROS levels are a hallmark of the TME, promoting tumor
progression, therapy resistance, genomic instability, and invasion [239]. While
therapies such as radiation aim to exploit ROS-induced cell death, GB cells often
resist by enhancing antioxidant defenses [240]. Considering this, Yang et al.
developed a hollow manganese dioxide (h-MnO2) nanosystem aimed at
alleviating tumor hypoxia by degrading endogenous hydrogen peroxide (H202)
into oxygen and water. The pH-responsive MnO2 breaks down in the acidic TME.
This nanosystem, produced via a silica template method and functionalized with
PEG for stability, enables targeted drug delivery, imaging, and TME modulation.
It efficiently loaded chlorine €6 (Ce6), a photodynamic agent, and DOX, releasing
them in the TME while generating Mn2+ ions to enhance MRI contrast. By
producing oxygen, the system improves photodynamic therapy efficacy, which
relies on oxygen to generate ROS. In vivo studies confirmed effective
accumulation of Ce6/DOX-loaded NPs in tumors and kidneys, demonstrating
synergistic effects of chemotherapy and photodynamic therapy in reducing tumor
mass [205].

Finally, regarding ECM-responsiveness, the interaction between glutathione
(GSH) and disulfide bonds (SS) has been exploited [241]. This interaction relies
on two characteristics: i) there is a steep GSH gradient between the extracellular
environment (micromolar) and the intracellular tumor environment (millimolar),
and ii) SS bonds can be cleaved by GSH. Therefore, drug delivery systems that
incorporate SS bonds can rapidly release their therapeutic agents inside target
cells, significantly improving drug efficacy [206, 242].
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This was explored by Tian et al., who developed a redox-sensitive nanocarrier
system for targeted curcumin delivery to GB cells by conjugating HA with
curcumin via disulfide bonds. This system takes advantage of the high glutathione
levels in TMEs, where GSH can cleave disulfide bonds, leading to rapid drug
release inside target cells. Their work explored how the MW of HA affects the
properties and performance of nanocarriers. The HA-curcumin conjugates
formed nanoscale micelles, enhancing curcumin's solubility and stability. Low (50
kDa) and medium (200-500 kDa) MW HA-based micelles showed GSH sensitivity
and superior cytotoxicity and cellular uptake in G422 mouse GB cells compared
to high MW micelles or free curcumin, indicating their effectiveness for
intracellular drug delivery [206].

1.2.2.3. Enhancing ECM degradation

The GB ECM, as previously discussed, is notably dense and complex, being
comprised of overexpressed components, including HA, specific collagens,
laminin, TN-C, fibronectin, among others (Figure 2). These excessive ECM
components make the TME more compact and less flexible, hindering the
diffusion of therapeutic agents [243]. Additionally, this dense physical barrier,
impedes both T cell infiltration and drug or nanosystem penetration, contributing
to immunosuppression and drug resistance [244]. Recent studies suggest that
breaking down the tumor ECM or inhibiting its formation can enhance the
penetration and accumulation of nanotherapeutics, thereby improving the
efficacy of nanomedicines [187]. One approach to address this issue involves
degrading key ECM components, which loosens the ECM structure and
increases tumor tissue permeability, allowing immune cells to better migrate and
infiltrate the tumor [245].

To optimize ECM degradation strategy by targeting the most abundant
components of GB ECM, Kiyokawa and colleagues investigated the role of HA
degradation in enhancing the effect of oncolytic adenovirus immunotherapy for
GB [207]. They used ICOVIR17, a hyaluronidase-expressing oncolytic
adenovirus, to target the HA-rich ECM. In murine orthotopic GB models,
ICOVIR17 increased tumor-infiltrating CD8* T cells and macrophages, leading to
prolonged animal survival compared to the control virus ICOVIR15 (no
hyaluronidase). ICOVIR17 also upregulated programmed cell death protein (PD)-
ligand 1 (PD-L1) expression on GB cells and macrophages. In vitro experiments
showed that high MW HA inhibited adenovirus-induced NF-kB signaling in
macrophages, linking HA degradation to macrophage activation. Combining
ICOVIR17 with anti-PD-1 antibody therapy further extended survival in GB mice
models, with some animals achieving long-term remission. Mechanistic studies
revealed that CD4* T cells, CD8* T cells, and macrophages all contributed to the
efficacy of the combination therapy. This treatment induced pro-inflammatory
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tumor-associated macrophages and enhanced tumor-specific T cell cytotoxicity
both locally and systemically [207].

Similarly, Shukla et al. addressed ECM as barrier to NP penetration through the
functionalization of human serum albumin NPs (HSANPs) with collagenase.
These collagenase-modified NPs were loaded with gemcitabine (CG-HSANPs)
to overcome the limitations of its short half-life and dose-dependent side effects.
In vitro, CG-HSANPs demonstrated comparable cytotoxicity with uncoated NPs
or free drug but exhibited improved tumor spheroid penetration. Also, CG-
HSANPSs induced higher levels of nuclear fragmentation, ROS generation, and
mitochondrial membrane potential disruption compared to the native drug
emphasizing the importance of ECM degradation in enhancing drug delivery
efficacy [208].

1.2.2.4. Preventing ECM degradation

The invasive nature of GB is closely associated to its ECM, which facilitates tumor
cell migration and invasion [225]. Given the important role of MMPs in GB, various
therapies targeting their inhibition have been attempted [246-248]. Several
synthetic MMP inhibitors were shown to decrease MMP activity, such as the
hydroxamate-based batimastat and marimastat, which bind the MMPs’ zinc atom
and effectively suppress their functionality [220, 249-252]. However, clinical
studies have failed to demonstrate significant impact of these molecules on
patient progression-free and overall survival. This was attributed to the molecules’
low aqueous solubility and potential side effects [222, 253-255]. As a result,
research focusing on MMPs and ECM remodeling as actively targeted
therapeutic strategies has been relatively limited [256]. Despite these past
challenges, recent strategies have sought innovative ways to target MMPs. While
traditional hydroxamate-based MMP inhibitors faced clinical setbacks,
nanotechnology offers a promising alternative. By improving solubility and
minimizing side effects, fields where NPs excel, nanosystems have the potential
to reinvigorate these inhibitors and enable more effective ECM-targeted
therapies.

The scorpion venom-derived chlorotoxin (CTX) is a more modern and less
synthetic alternative for the old hydroxamate-based MMP inhibitors [257] and has
demonstrated active targeting of GB cells [258]. Agarwal et al. functionalized
PLGA NPs with CTX (with high affinity for MMP-2 and chloride channels
overexpressed in GB cells) to deliver morusin, a chemotherapeutic agent with
poor bioavailability. These CTX-functionalized NPs (PLGA-MOR-CTX) effectively
crossed the BBB and presented anti-cancer effects in U-87 and GI-1 human GB
cell lines through apoptosis induction, ROS generation, and MMP inhibition, with
low toxicity to normal neuronal cells [209].
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Islam and colleagues synthesized amphiphilic peptides containing a brain-
targeting ligand (HAIYPRH or CKAPETALC) conjugated with an MMP-9 inhibiting
peptide (CTTHWGFTLC), linked by glycine spacers and conjugated to
cholesterol at the N-terminus [210]. The amphiphilic peptide-cholesterol (c-
GGGCTTHWGFTLCHAIYPRH) formed NPs able to cross an in vitro BBB
hCMEC/D3 transwell model while showing low toxicity in HeLa cells. The authors
also demonstrated an efficient inhibition of MMP-9 activity in an acellular in vitro
setting [210].
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CHAPTER Il - AIM

GB remains one of the deadliest cancers, with a notably low survival rate relative
to its prevalence. Despite being extensively studied, therapeutic options for GB
have stagnated over the past two decades. More recently, potential therapeutical
strategies have emerged, many relying on nanotechnology, bringing new hope to
GB patients. However, their impact on overall survival remains limited.

GBs overexpress MMPs, particularly the secreted gelatinases MMP-2 and MMP-
9, as well as the transmembrane MMP-14. This overexpression enhances the
tumor's ability to remodel the surrounding ECM, facilitating its invasion and
spread. Moreover, despite its inter- and intra-tumor heterogeneity, most GB
tumors overexpress the EGF receptor, contributing to their survival, proliferation
and aggressive behavior.

Based on the above, the MAIN AIM of this work was to develop a multifunctional
“Swiss-knife” therapeutical approach for GB through the design of a novel
nanotechnological tool that enables:

i) to enhance BBB crossing;

ii) to entrap and accumulate NPs at the tumor site;

i) to locally inhibit MMP activity, thus suppressing tumor invasiveness.
To achieve this aim, the following tasks were pursued:

1) Creation of a cleavable molecular construct, through sequential Michael
addition and carbodiimide chemical reactions, followed by its purification and
characterization. This construct, designed to specifically target the BBB and
GB microenvironment, was comprised of a transferrin-mimicking peptide
(TfP), PEG and an MMP-14-cleavable peptide (MMP14cp);

2) Production and characterization of nanostructured lipid carriers (NLCs)
loaded with batimastat, a potent MMP inhibitor, by the ultrasonicator-assisted
hot homogenization technique;

3) Dual functionalization and characterization of batimastat-loaded NLCs with
EGF and the construct (TfP-PEG-MMP14cp) through carbodiimide chemistry;

4) In vitro cytotoxicity assessment of the developed nanosystem on
physiologically relevant cell lines: NHA (normal human astrocytes); U-87, U-
251 and T98G (GB cell lines); hCMEC/D3 (human cerebral microvascular
endothelial cell line); and HEPG2 (hepatocellular carcinoma cell line);

5) In vitro BBB permeability assessment of the developed nanosystem with an
hCMEC/D3 transwell model;

6) In vitro MMP inhibitory capacity assessment of the developed nanosystem
through zymographies of the secretomes of astrocytic and GB cell lines (NHA,
U-87, U-251, T98G).
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CHAPTER I
MATERIALS AND METHODS

This chapter was based on the methods of the original article
“Nanostructured lipid carriers for enhanced batimastat delivery across
the blood—brain barrier: an in vitro study for glioblastoma treatment’
(Annex 1) published in Drug Delivery and Translational Research
(2025).
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CHAPTER Ill - MATERIALS AND METHODS
3.1. Materials

Gelucire® 44/14 and Compritol® 888 ATO were bought from Gattefossé (Lyon,
France). Miglyol® 810N was acquired from CREMER OLEO (Hamburg,
Germany), 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine (DSPE) from
Tokyo Chemical Industry (Zwijndrecht, Belgium), and Tween® 80 from Avantor
(Easton, Pennsylvania). TfP (THRPPMWSPVWPC) and MMP14cp
(SGRIGFLRTA) were synthesized by Genscript Biotech (Rijswijk, Netherlands).
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride (EDC), N-
Hydroxysuccinimide (NHS),  Tris(2-carboxyethyl)phosphine  hydrochloride
(TCEP), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
batimastat were bought from Sigma-Aldrich (Strasbourg, France). Maleimide-
PEG-COOH with 10 kDa was received from RuixiBiotech (Shaanxi, China). The
micro-BCA™ protein assay kits and the Spectrum™ Spectra/Por™ 3 RC Dialysis
Membrane Tubing 3.5 kDa were bought from ThermoFisher Scientific (Porto
Salvo, Portugal). DC™ protein assay kits were acquired from Bio-Rad (California,
USA) and cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail from Roche
(Basel, Switzerland). The primary antibodies anti-EGFR [EGF Receptor (D38B1)
XP® Rabbit mAb #4267] and anti-TfR [Transferrin Receptor/CD71 (D7G9X) XP®
Rabbit mAb #13113] were purchased from Cell Signaling Technology
(Massachusetts, USA). The secondary antibody anti-rabbit [Amersham ECL
Mouse 1gG, HRP-linked whole Ab (sheep)] was acquired from Cytiva
(Massachusetts, USA). The NHA and T98G cell lines were purchased from
ATCC® (Virginia, USA) and the U-87 cell line from Biochrom (Berlin, Germany).
The U-251 cell line was kindly provided by the Cell Bank of IPATIMUP (Porto,
Portugal) and the hCMEC/D3 cells were purchased from Cedarlane (Burlington,
Canada).

3.2. Functionalization construct synthesis

The molecular construct synthesis here optimized was adapted from
carbodiimide and maleimide-cysteine reactions previously published by our
group [202]. We first started by the PEG-TfP conjugation, where TfP and
Maleimide-PEG-COOH conjugation was conducted through a thioether bond
between TfP’s cysteine and the PEG’s maleimide moiety with a Michael addition
reaction [259]. First, TfP and TCEP (1:10 molar ratio) were left to react at room
temperature for 1 h. Then, a freshly prepared PEG solution was added (1:1 molar
ratio of PEG:TfP), and the resulting mixture was left overnight at 4 °C. The TfP-
PEG-COOH solution was then diluted 1:50 (v/v) to 5 mL in distilled water and
purified through dialysis in a 3.5 kDa membrane for 24 h, with a sink volume of 5
L of distilled water and water changes at 2, 4 and 8 h. The purified TfP-PEG-
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COOH was thereafter subjected to carbodiimide chemistry with EDC and NHS
[260, 261]. Briefly, the polymer-peptide molecule, EDC and NHS were mixed at a
1:10:10 molar ratio, respectively, and left to react for 1 h. Then, MMP14cp was
added (1:1 molar ratio to TfP-PEG) and left to react overnight at 4 °C. The final
molecular construct is again purified by dialyzing against 5 L of distilled water in
a 3.5 kDa membrane for 24 h with water changes at 2, 4 and 8 h. All reactions
occurred with HEPES buffer at pH 7.00.

3.3. Construct conjugation efficiency

PEG-TfP, PEG-MMP14cp and MMP14cp-PEG-TfP conjugation efficiencies were
assessed through a micro-BCA™ assay on purified samples following the
manufacturer’s protocol [262]. Briefly, a 25:24:1 (v/v) ratio of micro-BCA™
reagents A:B:C were combined to create a BCA™ working solution, which was
then added to the samples at a 1:1 (v/v) ratio. The resulting mixture was incubated
for 2 h at 37 °C and analyzed at 562 nm in a Synergy MX microplate reader
(BioTek Instruments Inc., USA).

3.3.1. Proton nuclear magnetic resonance

Proton nuclear magnetic resonance ("H-NMR) measurements were conducted
for all samples to validate the different conjugations. The previously prepared
samples were frozen overnight at -80 °C and lyophilized over 2 days. Samples
were then resuspended in the same volume of deuterium oxide and 700 L the
solutions were transferred to NMR tubes. The samples were then measured in a
Bruker Ascend 111 400 Hz 9.4 T spectrometer (Bruker Corporation, USA) at room
temperature. Chemical shifts are reported in ppm (& units) and were referenced
to the solvent signal.

3.3.2. Gel-permeation chromatography

For qualitative validation of the conjugation success, the MW of the conjugates
and pure PEG solutions were calculated by gel permeation chromatography/size
exclusion chromatography (GPC/SEC). The analysis was performed using a tri-
module system: OMNISEC Reveal, OMNISEC Resolve and OMNISEC Software.
Separations were performed at 30 °C in PL aqua gel-OH mixed columns (with
porous hydroxy methacrylate polymer). The mobile phase consisted of 0.05 M
NaSO4 at a flow rate of 1 mL/min. Samples were filtered through 0.45 pm
cellulose acetate filters, and 100 uL of the sample were automatically injected by
the autosampler at room temperature. All modules were controlled by the
OMNISEC software, which also analyzed sample data.
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3.4. NLC synthesis

The lipidic NPs were prepared through an ultrasonicator-assisted hot
homogenization technique [263]. Briefly, a lipid phase comprised by Gelucire®
44/14, Compritol® 888 ATO, Miglyol® 810N, DSPE and Tween® 80, and an
aqueous phase of double-distilled water were separately heated to 85 °C in a
water bath. The latter was then vigorously poured into the former, and the
resulting microemulsion was homogenized using a probe-sonicator (VC50 50 W
model from Vibra-Cell with a 3 mm probe) at 100% for 15 minutes to obtain a
nanodispersion. To synthesize batimastat-encapsulating NLCs, a varied amount
of batimastat (dissolved in absolute ethanol at 1 mM) was added to the organic
phase during the melting step. All formulations were left to cool down at room
temperature and stored at 4 °C. Fluorescent DiO-labeled NLCs were prepared
using the same methodology with the addition of 25 pug/mL of DiO (0.5 mg/mL in
absolute ethanol) in the organic phase.

For the optimization process, different formulations were tested, regarding the
ratio of solid to liquid lipids, amount of surfactant, amount of DSPE, sonicator tip
and sonicated volume, as specified in Table 2. The best formulations, based on
average diameter and polydispersity index (PDI), were selected to proceed with
functionalization.

Table 2. Summary of the iterative optimization process for blank NLCs.

NLCIp | Gelucire %%':%’Tig" Miglyol ~ Tween80  DSPE  Solid:Liquid
44/14 (mg) (mg) 810N (mg) (mg) (mg) lipid ratio
A 70 6 10 12 2 0.13
B 70 6 10 12 5 0.12
C 70 6 10 12 10 0.12
D 70 6 10 12 15 0.1
F 70 0 10 12 5 0.13
G 70 0 10 12 10 0.13
H 70 0 10 12 15 0.12
J 0 70 10 12 10 0.13
K 70 6 20.25 10 5 0.25
L 70 6 20.25 5 5 0.25
M 70 6 405 10 5 05
N 70 6 405 5 5 05
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3.5. NP functionalization

NP functionalization with the construct and EGF was achieved with a
carbodiimide reaction in a similar manner as described for the construct synthesis
[202]. Briefly, the carboxylic acids of both MMP14cp-PEG-TfP and EGF (1:1
molar ratio) were activated with EDC and NHS at a 1:10:10 molar ratio for 1 h,
after which the aminated NLCs were added, reacting overnight at 4 °C. The
functionalized suspensions were washed with double-distilled water by
centrifugation in an Amicon® Ultra 15 mL centrifugal filter at 3600 rpm for 30
minutes. All reactions occurred with HEPES buffer at pH 7.00.

3.6. NLC physicochemical characterization

3.6.1. Average size, PDI and zeta-potential

NLC formulations’ average diameter, PDI and zeta-potential were analyzed using
dynamic and electrophoretic light scattering (DLS/ELS) (Zetasizer Nano-ZS
ZEN3600 with a DTS1060C cuvette and Zetasizer v7.13 software (Malvern
Panalytical). All samples were diluted 1:50 (v/v) with distilled water to obtain an
appropriate count rate (200,000-400,000 counts per second) and were measured
at room temperature. The samples were allowed to rest for 15 seconds between
ELS measurements to remove any inter-measurement motility influence. Every
formulation was measured three times in sequence.

3.6.2. Surface amine quantification

The quantity of available reactive primary amines at the NP surface was
qualitatively evaluated through a fluorescamine assay [264]. Briefly, 100 uL of
double-distilled water is inserted into a well of a 96-well plate. Afterwards, 100 pyL
of the sample and 50 pL of fluorescamine [0.3 mg/mL in dimethyl sulfoxide
(DMSO)] is added. After 15 minutes of incubation in the dark, the emitted
fluorescence (400/460 nm, excitation/emission) is measured in a Synergy MX
microplate reader (BioTek Instruments Inc., USA).

3.6.3. NP morphology

Size and morphology were further analyzed by TEM at the i3S Histology and
Electron Microscopy platform, with a JEM-1400 microscope (JEOL, Japan) at an
accelerating voltage of 120 kV. Briefly, samples were prepared by pipetting 10 yL
of an NLC formulation onto a 300-mesh nickel grid, using uranyl acetate to
increase contrast.
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3.6.4. Batimastat encapsulation efficiency

Batimastat was quantified by high performance liquid chromatography (HPLC) to
assess the encapsulation efficiency (EE%) and drug loading (DL) of the NLCs
through a direct method [265]. The NLC formulations were centrifuged in an
Amicon® Ultra 15 mL centrifugal filter at 3600 rpm for 30 minutes. The resulting
supernatant was discarded, and the pellet was resuspended in DMSO,
destroying the NPs and solubilizing batimastat. The chromatography was
performed by reverse-phase HPLC in a Hitachi 7000 (Merck, Germany) at a flow
rate of 1 mL/min, with a Nova-Pak C18 4 um column (Waters, USA) as the
stationary phase and 50% water 50% acetonitrile as the mobile phase. The
analyte was measured at a wavelength of 256 nm and was injected at a volume
of 50 pL per sample. The %EE and DL were calculated using Equation 3.1 and
Equation 3.2, respectively.

Recovered batimastat (mg)
Total batimastat (mg)

Equation 3.1: %EE = * 100

Recovered batimastat (ug)

Equation 3.2: DL (ng/mg) = * 100

Total lipid amount (mg)

3.6.5. Surface functionalization efficiency

The functionalization efficiency was quantified by both micro-BCA™, with
samples in a 2% sodium dodecyl sulfate (SDS) solution [266], and 'H-NMR, as
previously explained for MMP14cp-PEG-TfP conjugation efficiency (Section 3.3).
Functionalized NLCs were physicochemically characterized in the exact same
manner as their non-functionalized counterparts.

3.6.6. NLC stability

The NLC stability over time was analyzed by DLS/ELS, for up to 2 months, in 5
different physiologically relevant fluids: ddH20, 0.09% NaCl, phosphate buffered
saline (PBS), Dulbecco's modified Eagle's medium (DMEM) and DMEM
supplemented with 10% (v/v) fetal bovine serum (FBS). After producing the NLCs,
all formulations were washed by centrifugation in an Amicon® Ultra 15 mL
centrifugal filter at 3600 rpm for 30 minutes. Then, the pellets were resuspended
in each of the previously referred fluids at the same NP concentration as the
original formulations. All samples were stored at 4 °C, and a 20 pL aliquot was
removed at 0, 3, 7, 14, 21, 28, 35 and 45 days. The aliquots were diluted 1:50
(v/v) with distilled water to obtain an appropriate count rate (200,000-400,000
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counts per second) and were measured in the Zetasizer at room temperature.
The samples were allowed to rest for 15 seconds between ELS measurements
to remove any inter-measurement motility influence. Every formulation was
measured three times in sequence.

3.7. Cell culturing

The GB cell lines, U-87, U-251 and T98G and the non-tumor astrocytic cell line
NHA were routinely maintained in DMEM high-glucose (4.5 g/L) with stable
glutamine and sodium pyruvate, supplemented with Gibco™ heat-inactivated
FBS 10% (v/v), penicillin—streptomycin (1% v/v) and amphotericin B (0.5% v/v).
hCMEC/D3 cells were cultured in endothelial basal medium-2 (EBM-2)
supplemented with FBS (5% v/v), penicillin—streptomycin (1% v/v),
hydrocortisone (1.4 pM), ascorbic acid (5 pg/mL), chemically defined lipid
concentrate (1% v/v), 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (10
mM) and basic fibroblast growth factor (1 ng/mL). This last supplement was
added extemporaneously in the culture medium. Cells were maintained in a
humidified incubator at 37 °C with 5% CO2 and 95% relative humidity. Cell culture
medium was changed every 2 to 3 days, depending on cell confluence.

3.8. Cell viability assays

Cells (5 x 103/well) were plated on a 96-well transparent plate and allowed to
adhere for 24 h at 37 °C. Cells were then treated for 24, 48 or 72 h with
supplemented media (untreated control), free batimastat in concentrations
ranging from 0 to 100 nM, or NLC formulations at concentrations equivalent to
batimastat at 0 to 100 nM. To evaluate cell response to the treatments,
PrestoBlue™ cell viability assay was conducted as previously described by our
group [267]. Briefly, cells were washed three times with the non-supplemented
media and then incubated with PrestoBlue™ reagent diluted in supplemented
medium (10% v/v) for 45 minutes at 37 °C in the dark. Fluorescence was then
measured at 560 nm and 590 nm excitation and emission wavelengths in a
SpectraMax iD3 multi-detection microplate reader (Molecular Devices, USA) in
five technical replicates, excluding the background.

3.9. BBB permeability assay

The methodology for establishing an in vitro BBB model was adapted from a
previously published protocol [175]. Prior to cell seeding, 24-well Transwell
inserts were treated with 50 L of rat tail collagen type | solution (50 ug/mL in 20
mM acetic acid) for 1 h at 37 °C, followed by two PBS washes. hCMEC/D3 cells
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were plated onto the apical chamber of the inserts at a density of 7.5 x 103 cells
per well in 400 uL of EBM-2 medium and the basolateral chamber was filled with
1 mL of medium. The model was incubated at 37 °C for 8 days, with media
replacement every 48 h. By day 8, the hCMEC/D3 cells formed a confluent
monolayer, at which point the permeability study was initiated. The integrity of the
cellular barrier was assessed every 48 h by measuring the TEER using a Millicell
ERS-2 endothelial Volt-Ohm meter (Merck Millipore, USA). The resistance of a
cell-free insert in the same conditions was subtracted from each measurement to
obtain the true TEER value. The permeability assay was conducted in the apical-
to-basolateral direction, as DiO-labeled NPs, either functionalized or
unfunctionalized, suspended in Hanks' balanced salt solution (HBSS, 400 uL at
600 pg/mL) were introduced to the apical compartment. The experiment was
performed at 37 °C in an orbital shaker incubator set to 100 rpm. At specific time
points (1, 4, 12 and 24 h), 200 pL aliquots were collected from the basolateral
chamber and replaced with 200 yL of pre-heated HBSS. The fluorescence
intensity of these samples was quantified using a SpectraMax iD3 multi-detection
microplate reader (Molecular Devices, USA) at excitation and emission
wavelengths of 471 nm and 511 nm, respectively. All experiments were
conducted in triplicate.

3.10.Collection of conditioned media

Cells (3 x 10%/well) were plated on a 6-well transparent plate, with 3 mL of
supplemented medium, and allowed to adhere for 48 h at 37 °C. Cells were then
treated for 24, 48 or 72 h with 1.5 mL of non-supplemented media (untreated
control), NLC formulations at a concentration equivalent to 50 nM of batimastat,
or free batimastat (50 nM), after which the media was collected. Following a
centrifugation at 13,000 rpm for 10 minutes, the pellet was discarded, and the
supernatant concentrated ten-fold by centrifugation at 3500 rpm for 10 minutes,
at 4 °C, in an Amicon® Ultra 4 mL centrifugal filter (30 kDa MW cutoff). The
conditioned media (secretomes) were then stored at —-80 °C.

3.11.Gelatin zymography

Total protein content of each secretome was quantified with a DC™ protein assay
kit. 15 pg of protein was mixed with sample loading buffer [10% SDS, 4% sucrose
and 0.03% bromophenol blue in 0.5 M Tris-HCI pH 6.8] at a 2:1 (v/v) ratio.
Separation was achieved through electrophoresis with a 10% polyacrylamide gel,
containing 0.1% gelatin as substrate, at 80 V for 2 h, as previously described
[268, 269]. The gels were then washed twice with 2% Triton X-100 for 30 minutes
to remove the SDS, washed with ddH20, and further incubated for 16 h at 37 °C
with MMP substrate buffer (10 mM CaClz, 0.5% NaNz in 50 mM Tris-HCL pH 7.5).

47



Lastly, the gels were stained with Coomassie Blue for 30 minutes and destained
until the bands were clear. Gel images and band density calculations were
obtained with a GS-900 Calibrated Densitometer and the Image Lab 6.1 software
(Bio-Rad, USA).

3.12.Preparation of protein cell lysates

Cells (3 x 10°/well) were plated on a 6-well transparent plate with 3 mL of
supplemented medium and allowed to adhere for 48 h at 37 °C. Before lysate
collection, radioimmunoprecipitation assay (RIPA) lysis buffer was prepared by
supplementation with cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail
(1:6, v/v). Once cells were confluent, the plate was placed on ice, the culture
medium removed, and cells washed twice with cold PBS. 100 pL of cold
supplemented RIPA lysis buffer was added to the cells, which were then kept on
ice for 10 minutes, swirling the plate occasionally. The cell monolayer was then
scraped with a cell scraper, and the lysate was collected. Samples were
centrifuged at 14000 g for 15 minutes to remove debris, and the supernatant was
collected. The lysates were then either utilized or stored at -20 °C until further
analysis.

3.13.Western Blot

Total protein content of cell lysates was determined using the DC™ protein assay
kit. 10 pg of protein was mixed with 4x Laemmli Sample Buffer at a 3:1 (v/v) ratio
and 10% (v/v) of 1 M dithiothreitol. Protein separation was achieved through
electrophoresis with a 7.5% polyacrylamide gel at 30 mA for 2.5 h and gels were
transferred to nitrocellulose membranes overnight with 30 V at 4 °C [270]. The
membranes were then blocked in 4% Milk with 0.1% TBS-Tween at room
temperature for 1 hour, followed by incubation with the primary antibody, anti-
EGFR or anti-TfR, diluted 1:1000 in 4% milk with 0.1% TBS-Tween overnight at
4 °C. The membranes were then washed in TBS-Tween 0.1% 5 times for 5
minutes each. Subsequently, they were incubated with anti-rabbit secondary
HRP-linked antibody diluted 1:5000 in 4% Milk with 0.1% TBS-Tween for 1 hour
at room temperature, followed by another set of washes in TBS-Tween 0.1%. For
signal detection, membranes were incubated in the dark with H202:luminol 1:1
(v/v) for 2 minutes. Chemiluminescence was detected and captured on a
ChemiDoc.
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3.14.Statistical analysis

The results are presented as the mean + standard deviation from at least three
independent experiments. Statistical analyses were conducted using a one-way
analysis of variance (ANOVA) followed by Holm-Sidak’s multiple comparison test
or Kruskal-Wallis test followed by Dunn’s post hoc test to compare the
experimental groups. Differences were deemed statistically significant at
*p<0.05, *p<0.01, *™*p<0.005 or ****p<0.001. All statistical analyses were
carried out using GraphPad Prism 8.0.1 software (GraphPad Software, USA).
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter was based on the results and discussion of the original
article “Nanostructured lipid carriers for enhanced batimastat delivery
across the blood-brain barrier: an in vitro study for glioblastoma
treatment” (Annex Il) published in Drug Delivery and Translational
Research (2025).
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CHAPTER IV — RESULTS AND DISCUSSION

4.1. Chemical synthesis of the targeting molecular
construct

The molecular construct, MMP14cp-PEG-TfP, was designed to provide a
cleavable moiety in its link to the NP, MMP14cp, and to permeate the BBB,
through its TfP moiety. Binding both peptides, the COOH-PEG-maleimide
molecule was designed to have a MW of 13 kDa, in order to conceal the
functionalization of EGF, which has a lower MW (6.4 kDa). First, the PEG-
maleimide was chemically conjugated with the cysteine-terminated TfP (Figure
7a) following a common thiol-maleimide click chemistry. The addition of TCEP, a
reducing agent, ensured that no disulfide bridge cross-linking was present
between the peptides. The conjugation’s efficiency, assayed through micro-
BCA™ was 66 + 20%, presenting a high variability between replicates. As the
room temperature under which the reactions occurred was not controlled, its
variability could have led to different rates of maleimide hydrolysis, which
degrades the maleimide and prevents its reaction with thiols [271]. Nonetheless,
this efficiency was considered to be acceptable since its upper limit was very
close to other optimized thiol-maleimide reactions described in the literature,
between 70% to 90% [202, 271]. Additionally, GPC analysis showed a
reproducible increase in MWs after the conjugation reaction, consistent with the
expected peptide MW of 1.6 kDa (Figure 7b). To further confirm the conjugation,
an 'H-NMR analysis was conducted on both the reagents and the dialyzed
conjugate (Figure 7c). The NMR chemical shifts between & = 2.9 ppm and 3.1
ppm, which are attributed to a carbon linked to another carbon and to an aromatic
ring [272, 273], exhibited low intensity in the pure PEG sample and high intensity
in the dialyzed conjugate. This indicates the presence of the peptide’s amino acid
side chains in the final product (conjugate). Before proceeding with the full
construct conjugation, the PEG-MMP14cp bound was also characterized,
following a typical NHS-assisted carbodiimide reaction strategy. The conjugation
efficiency could not be assessed with micro-BCA™ due to the unexpected
interference of undialyzed NHS, which reacted colorimetrically with the assay’s
copper-based agents. Nevertheless, similarly to PEG-TfP, GPC analysis of the
conjugate showed a MW increase compared to the pure polymer, consistent with
the MMP14cp’s MW of 1.1 kDa (Figure 7b). Additionally, '"H-NMR analysis of the
dialyzed conjugate showed an increase in chemical shift at an identical 6 = 2.9-
3.1 ppm, suggesting the presence of the aromatic rings of MMP14cp in the final
product (Figure 7¢). The final construct was prepared following the same reaction
procedure using PEG-TfP instead of PEG. The conjugation efficiency, assessed
using micro-BCA™, was 81 + 4%, which is at the reported upper limits of
carbodiimide chemistry [202, 274, 275]. GPC analysis showed an increase in MW
consistent with the presence of both peptides, totaling a MW of 2.7 kDa (Figure
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7b). The analysis of the "TH-NMR spectra of the dialyzed conjugate indicated the
previously stated presence of histidine, tryptophan and phenylalanine residues in
the molecular construct, evidenced by the increased chemical shift at & = 2.9-3.1

ppm (Figure 7c).
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Figure 7. Conjugation and characterization of the molecular construct for NP functionalization. a) Chemical
structure of PEG, TfP and MMP14cp. b) MW of MMP14cp-PEG-TfP reaction steps, determined by GPC
analysis. Results are expressed as mean + SD of 3 independent experiments. **p < 0.005, ****p < 0.0001.
¢) "TH-NMR spectra of PEG, peptide(s) and purified PEG-peptide(s) for the molecular construct
conjugations, PEG-TfP, PEG-MMP14cp and MMP14cp-PEG-TfP. Experiments were conducted in
triplicate. D20 — deuterium oxide, (i) C—C-O at 4.7 ppm, (ij) C—C-C-aromatic ring at 2.9—-3.1 ppm.
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4.2. Nanostructured Lipid Carrier (NLC) production and
characterization

All NLC formulations were synthesized following an ultrasound-assisted hot
homogenization technique [263]. The hydrophilic and hydrophobic NLC
components were first separately heated up to 85 °C (Figure 8i). After
approximately 5 minutes, both the aqueous and organic phases were vigorously
mixed, creating a microemulsion, and posteriorly sonicated, resulting in the tested
nanosuspensions (Figure 8ii). Blank NLC formulations were functionalized,
through carbodiimide chemistry, with EGF and MMP14cp-PEG-TfP ata 1:1 molar
ratio (Figure 8iii). All versions of the developed formulations were finished with a
centrifugal wash, where the removed liquid, containing all unincorporated
moieties, was replaced with fresh ddH20 (Figure 8iv).

a ¢

Agueous phase: Organic phase:
* ddH;0 + Gelucire

* Tween 80 « Compritol
+ Miglyol
« DSPE
* Batimastat

85°C

Nanostructured Lipid Carrier . Epidermal Growth Factor

@ Batimastat MMP14-PEG-TfP \/

Figure 8. Batimastat-loaded EGF/MMP14cp-PEG-TfP-functionalized NLC production methodology. (i)
Melting; (i) Sonication; (iii); Functionalization; (iv) Centrifugation wash.
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Table 3. Physicochemical characterization of the iterative optimization process for blank NLCs.

FormIlIJDIation ‘Sﬁlrt(:;e %c;rgpAr_'ll_téﬂ Mi;%)&ol i;l;)ween DSPE Slqli%:Liq_uid ;‘;?;:?; Pon:ii(s’persity pof:rt:ial 2;?:::
g) (mg) (mg) (mg) (mg) ipid ratio (nm) ndex (mV) (RFU)
A 70 6 10 12 2 0.13 179+ 59 0.260+0.018 -19.7+1.3 2412330
B 70 6 10 12 5 0.12 31177 0.277+0.033 -19.6+2.2 1606452
C 70 6 10 12 10 0.12 209+ 35 0.286+0.030 -189+19 2059+189
D 70 6 10 12 15 0.11 218+123 0.280%x0.095 -20.6+0.9 2514+357
F 70 0 10 12 5 0.13 313+240 0.300+0.179 -20.1+2.0 32931770
G 70 0 10 12 10 0.13 376£277 0440+0.195 -18.8+6.2 4504 +531
H 70 0 10 12 15 0.12 144 + 45 0.313+0.189 -25.6+3.8 4468+ 1602
J 0 70 10 12 10 0.13 223 +27 0.321+0.047 -18.3x0.9 1144+ 8
K 70 6 20.25 10 5 0.25 217 +57 0.284+0.052 -21.0+2.0 2282+234
L 70 6 20.25 5 5 0.25 324+130 0.312+0.134 -22.9+4.2 520+ 13
M 70 6 40.5 10 5 0.5 160 + 46 0.147+0.040 -20.6*1.8 6078+1203
N 70 6 40.5 5 5 0.5 19139 0.125+0.039 -20.3*2.4 6769*543

NPs were characterized regarding their average diameter, PDI and zeta-potential, assessed with a Zetasizer, and relative surface amines, evaluated by fluorescamine assay.

Results are represented as the mean + SD of at least 3 independent characterizations. Formulations in bold were selected for functionalization.
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4.2.1. Blank NLC optimization

During initial optimization, different combinations and quantities of solid and liquid
lipids, surfactant, and the phospholipid DSPE (required for further
functionalization) were tested, as depicted in Table 3. Ideal benchmarks for
average diameter and PDI were chosen as 200 nm, considered to be the
standard for blood-to-brain delivery, and <0.2, respectively, to maximize efficient
load delivery potential [276, 277]. Zeta potential was optimized to be distant from
neutral, as neutral dispersions tend to aggregate due to Wan-der-Walls
hydrophobic interactions [278]. Surface amine concentration was intended to be
as high as possible, in order to achieve comprehensive functionalization.
Considering this, the NLC formulations chosen to continue this work were
formulation M and formulation N.

4.2.2. Batimastat encapsulation

To encapsulate batimastat, 100 uL of this inhibitor (1 mM) dissolved in absolute
ethanol were added to the melted lipidic phase prior to sonication (Figure 8i).
This quantity was chosen to balance batimastat’s high inhibitory potential (IC50
described as being between 4-10 nM for most MMPs), and the need to minimize
the amount of ethanol introduced to the production process [279, 280]. Evaluation
of the encapsulation efficiency and drug loading followed a direct method and
were carried out by HPLC. Results showed that both formulations presented an
equal capacity for batimastat encapsulation, of 30.5% for Mbat and 30.4% for
Nbat. We were also able to observe that an additional 20% of batimastat was lost
during the functionalization process, as the formulations fMbat and fNbat
presented efficiencies of 10.1% and 10.2%, respectively. These values
correspond to a drug loading of 0.42 ug/mg, which is equivalent to 1000 times
the reported IC50 of batimastat (Figure 9a) [279]. Nasoudi et al. reported 4-5000
greater drug loading percentages in polymeric NPs than our lipidic ones but did
not provide encapsulation efficiency data [281], while Zhang et al. managed to
encapsulate 56.72%, without specifying the method used, of the similar
compound marimastat in liposomes [282]. In our work, despite the relatively low
encapsulation efficiency, the amount of encapsulated drug is enough to provide
a biological effect, accordingly to previously reported data [279]. Moreover,
regarding physicochemical characteristics, the batimastat-encapsulating
formulations showed no significant difference compared to empty NLCs,
maintaining the behavior between all formulations (Figure 9b).
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Figure 9. Encapsulation of batimastat and its effect on the physicochemical characteristics of the NPs. a)
Encapsulation efficiency and drug loading of formulations M, N and their functionalized variants, fM and fN,
as assessed through the direct method using HPLC. Results are represented as the mean + SD of 3
independent experiments. b) Physicochemical characteristics of empty formulations (M and N) and NLCs
loaded with batimastat (Mbat and Nbat), determined with a Zetasizer. Results are shown as the mean + SD
of at least 5 independent characterizations. Dotted lines represent ideal characteristic benchmarks for NP
brain delivery, average size below 200 nm and PDI below 0.2.

4.2.3. Nanosystem functionalization

NLC functionalization was obtained through the previously described
carbodiimide strategy, conjugating the DSPE amines on the NLC surface to the
carboxylic terminus of both the molecular construct and EGF (Figure 8iii) [283].
As shown in Figure 10a and Figure 10b, physicochemical characteristics were
assayed in a Zetasizer for all possible functionalizations, carried out on both
formulations with (Mbat and Nbat) and without batimastat (M and N). Results
showed that the average sizes varied significantly between different
functionalizations (Figure 10a), albeit there were no significant alterations to the
non-functionalized suspensions. The PDIs mostly remained slightly above 0.2,
indicating almost monodisperse formulations [276]. Most importantly, however, all
zeta-potentials were altered, becoming more negative, evidencing that the
functionalization had an impact on NP surface charge (Figure 10b) [165, 284].
As the zeta-potential is a characterization of the interface between the NP and
the surrounding fluid, a change in this interface is expected to induce an alteration
in electrical potential [285]. In a previous study, Han et al. demonstrated a similar
decrease in zeta-potential upon functionalizing their NLCs with transferrin [284].
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Figure 10. Functionalization of EGF and MMP14cp-PEG-TfP and its effect on the physicochemical
properties of the NPs. All dotted lines represent ideal property benchmarks for NP brain delivery, average
size below 200 nm and PDI below 0.2. a) Physicochemical characteristics of empty NLC formulations at
different functionalization stages, as measured in a Zetasizer. Results are represented as the mean + SD
of at least 3 independent experiments. *p < 0.05, **p <0.01. M-construct and N-construct — formulations M
and N functionalized with the molecular construct; M-EGF and N-EGF — formulations M and N
functionalized with EGF; fM and fN — formulations M and N functionalized with both the construct and
EGF; Mbat, Nbat, fMbat and fNbat — formulations M and N encapsulating batimastat and their
functionalized variants. b) Physicochemical characteristics of batimastat-encapsulating NLCs before and
after functionalization. Results are shown as the mean + SD of at least 3 independent experiments.
*p <0.05.

More specifically, our group has previously reported that functionalization of lipidic
NPs with the same transferrin peptide here utilized provoked a small decrease in
zeta-potential [165]. The efficiency of the functionalization procedure was
assessed through a modification of the previously described micro-BCA™
technique, where the addition of a 2% SDS solution was used to mask the lipids’
colorimetric influence [266]. The efficiency of fMbat, 85 + 15%, was expectedly
lower than that of fNbat, 92 + 6%, as the first contained a higher amount of
surfactant, resulting in less accessible surface compared to the second. A direct
comparison with data reported in the literature is complex owing to the multiple
parameters involved, such as the lipids and surfactants utilized, their ratios, the
conjugation reaction itself, the molecules being attached, among others. Kebebe
et al. successfully conjugated cyclic-RGD tumor-targeting peptides to the surface
of a gamboic acid-loaded NLC, with the help of EDC/NHS, at a near 100%
efficiency [260]. In another study, Du and Li utilized carbodiimide chemistry in an
optimization process to functionalize an NLC containing DNA and doxorubicin
with bombesin, achieving between 85% to 95% conjugation efficiencies [286].
More recently, a similar conjugation to the one used in this study was conducted
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by Teixeira et al., achieving 95% functionalization efficiency in a carbodiimide
bond between lactoferrin and stearic acid present in NLCs [287]. Overall, our
degree of functionalization is mostly in the range of those described in the
aforementioned studies.

4.2.4. Morphological features of the NLCs

Previously synthesized and characterized NLC formulations were further
analyzed for morphology using TEM at all stages of encapsulation and
functionalization (Figure 11). The TEM images revealed that the NPs were
generally spherical but displayed slight distortions. This was probably due to the
accumulation of smaller NPs around them, which pressed against the inherently
labile nature of the lipidic matrices. The formulations tended to aggregate under
vacuum but seemed homogenous. Interestingly, two different populations were
observed, a larger one with sizes of approximately 300 nm and a smaller one with
diameters below 100 nm. The possibility of such a bimodal size distribution
occurring has been stated in a comprehensive review by the NLC’s inventor
Professor R. H. Muller [288]. The presence of these smaller NPs can explain the
lower-than-expected encapsulation efficiencies previously detected, as their
small diameter may result in their removal during the centrifugation washing
procedure.

a b c d e
Blank/empty NLC  EGF-NLC Construct-NLC fNLC fNLCbat
e % e % %
., > o, > o, >

Figure 11. TEM images of NLC formulations M and N on the different production steps. a) Initial NLCs. b)
Construct-functionalized empty NLCs. c) EGF-functionalized empty NLCs. d) Empty NLCs functionalized
with both EGF and MMP14cp-PEG-TfP. e) Batimastat-encapsulating construct/EGF-functionalized NLCs.
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4.2.5. NLC stability

The NLC formulations exhibited a good storage stability in terms of particle size,
PDI, and zeta-potential over a 30-day storage period at 4 °C (Figure 12). The
initial average particle size ranged from 200 nm to 350 nm, which is close to the
optimal range for BBB-crossing NLCs [276, 277]. Excluding the Nbat formulation,
particle size showed minimal variation, with a relative deviation consistently
below 15%, reflecting good batch uniformity and stability during storage. Although
the percentual PDI values appeared highly variable, due to their small absolute
values, they remained consistently low, starting between 0.1 and 0.2, and staying
below 0.3 throughout the storage period. This suggests that the NLC formulations
maintained their homogeneous nature with no significant particle aggregation or
size alterations. Similarly, zeta-potential measurements exhibited robust stability
characteristics, maintaining a negative charge of -25 to -30 mV with negligible
variation. This magnitude of zeta-potential is considered optimal for maintaining
electrostatic repulsion between particles, thereby preventing aggregation and
ensuring physical stability [289].
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Figure 12. Physicochemical stability of NLC suspensions M, N, Mbat, Nbat, fMbat and fNbat when stored
at 4 °C. All NLC properties were measured periodically with a Zetasizer, for up to 45 days. Results are
represented as the mean + SD of 3 independent experiments.
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The complete formulations, fMbat and fNbat, were also further assessed for
stability in different physiologically relevant fluids, including 0.09% NaCl, PBS,
DMEM and DMEM supplemented with 10% FBS. Both formulations were found
to be stable over 28 days. As shown in Figure 13, the formulations presented no
variation in zeta-potential, regardless of the fluid. While diameter measurements
remained largely consistent, a slight increase in size (although not statistically
significant) was observed starting in the third week. Lastly, the PDI values were,
again, varying by less than 0.05 units between each assessed timepoint. Overall,
the developed NLC formulations exhibited suitable physicochemical
characteristics for potential pharmaceutical applications, with promising stability
under normal storage conditions. The maintenance of critical quality attributes
over the studied period indicates successful formulation development and
appropriate selection of lipid matrices, stabilizers and surface chemistry.
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Figure 13. Physicochemical stability of NLC suspensions fMbat and fNbat in H20, 0.09% NaCl, PBS,
DMEM and DMEM supplemented with 10% FBS, stored at 4 °C. All NLC physicochemical properties were
measured with a Zetasizer, for up to 4 weeks. Results represent the ratio, in percentage, between each
measurement and its starting timepoint and are presented as the mean + SD of 3 independent
experiments.

4.3. In vitro permeability across the BBB of DiO-labeled
NPs

To assess the ability of the NLCs to permeate through the BBB, a highly
hampering therapeutical barrier, we employed a widely recognized in vitro model,
previously established by our team [165, 175, 202]. This model, which utilizes a
monolayer of the hCMEC/D3 cell line, offers several benefits compared to
alternative in vitro BBB models, including: i) the consistent preservation of BBB-
specific characteristics across multiple passages; ii) ease of maintenance and
cost-effective reproduction; and iii) the capability to form functional barriers
featuring essential tight junction proteins [290]. Moreover, these endothelial cells
overexpress the transferrin receptor, the mediator of our NPs’ BBB crossing
(Figure 14a). This model allows for the in vitro evaluation of NP permeability
across a simulated BBB environment under controlled laboratory conditions
[174].
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Figure 14. Expression of EGFR and TfR in astrocytic, GB and endothelial cell lines evaluated by Western
blot. a) TfR expression in hCMEC/D3, NHA and U-87 cell lysates (10 ug of total protein). b) EGFR
expression in NHA, U-87, U-251 and T98G cell lysate (25 ug of total protein).

Prior to the permeability assays, the NLCs were labeled with DiO, a highly
lipophilic fluorescent dye, to allow their measurement [291]. The previously
assessed physicochemical characteristics of average size, PDI and zeta-
potential were again measured for the fluorescent NLCs, in order to guarantee
that the addition of DiO would not alter the final NP properties. As shown in Figure
15a, no statistically significant alterations were observed.

As expected, due to the surface functionalization with the transferrin-mimicking
peptide-terminated molecular constructs, we observed a significant increase in
permeability of the fMbat formulation. Indeed, in the following 24 hours, the
permeated mass nearly tripled (Figure 15b). In contrast, the functionalization
presented no effect on fNbat, which was unexpected. Given its higher
functionalization efficiency, resulting from lower surfactant surface coverage, the
fNbat was expected to be more permeable [292]. One limitation of using peptide
quantification to assess the functionalization efficiency of a dual-functionalized
NP is that this technique can not differentiate between the two molecules being
measured. Therefore, despite its higher efficiency, formulation fNbat might
actually have a lower amount of the molecular construct on its surface compared
to fMbat. Another possibility is that a higher surface coverage of such long
molecules might have a deleterious effect due to steric hindrance, contrary to the
expected beneficial impact [293]. Interestingly, the unfunctionalized Mbat
formulation demonstrated superior permeability compared to the fNbat
formulation. This unexpected result is likely attributed to the higher surfactant
content in Mbat, which may enhance the NP’s interaction with the cellular
membranes of the BBB endothelium.

Overall, our results align with existing reports on NPs coopting the transferrin
pathway for brain delivery [292, 294]. Moura et al., utilizing the same transferrin-
mimicking peptide on a lipid nanocapsule, described a similar increase in
permeability from 0% to 3% [165]. In a similar study, Gomes and colleagues,
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using the same peptide, showed a three-fold increase in interaction between solid
lipid NPs and hCMEC/D3 cells [295].
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Figure 15. BBB permeability of DiO-labeled functionalized NLC formulations compared to unfunctionalized
DiO-NLCs and their physicochemical characterization. a) Physicochemical characteristics of functionalized
formulations fMbat and fNbat produced with and without DiO, measured with a Zetasizer. Results are
shown as the mean = SD of 3 independent characterizations and the dotted lines represent ideal
characteristic benchmarks for BBB crossing, average size below 200 nm and PDI below 0.2. b)
Assessment of DiO-labeled NP transport across an in vitro BBB Transwell model over 24 h. Results are
expressed as the percentage of NP mass that traversed a hCMEC/D3 endothelial cell monolayer to the
basolateral compartment, relative to the initial NP mass in the apical chamber. Values represent the
mean + SD of 3 independent experiments. Statistical comparisons were made between each experimental
group and the non-functionalized NP control counterpart. *p < 0.05.

4.4. NLC cytotoxicity assessment

To evaluate the cytotoxicity of the developed NLCs, the heterogeneous nature of
GB was considered, and various cell lines were used to represent distinct
molecular and genetic profiles [296-300]. As such, the widely utilized cell lines U-
87, U-251, and T98G were selected to screen the efficacy of our nano-based
approach to GB. In addition to the above, normal human astrocytes (NHA) were
used to mimic a healthy glia and serve as a critical control to evaluate the NP’s
selectivity and potential off-target effects [301].
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As shown in Figure 14b, all the

aforementioned cell lines exhibit elevated

expression levels of the EGF receptor, which serves as the target for our NPs to
accumulate within the TME. To further assess the cytotoxicity of the accumulation

of NPs in non-brain tissue, which

frequently occurs in an in vivo setting, we

conducted viability assays on the endothelial hCMEC/D3 cell line, as a model for
the BBB, and HEPG2 cells, as a model of hepatotoxicity [290, 302].

Cell viability was evaluated after treatment of all the cells lines with fMbat, fNbat

or free batimastat at concentration
hours (Figure 16).
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Figure 16. Evaluation of the cell viability of NHA, U-87, U-251 and T98G cell lines following treatment with
free batimastat, batimastat-loaded functionalized NLC M (fMbat) or batimastat-loaded functionalized NLC
N (fNbat). Concentrations of 0 nM represent treatments with the empty NLCs fM and fN. Viability was
analyzed with PrestoBlue™ assay at 24, 48 or 72 h and is represented as a percentage relative to cells
treated with culture medium (untreated control). Results represent the mean + SD of at least 3 independent
experiments. The dotted line represents 70% of cell viability, the cytotoxicity benchmark referenced by the
ISO 10993-5 (in vitro cytotoxicity test standardization for medical devices). Statistical comparisons were
conducted between each experimental group and the untreated control. *p <0.05, **p <0.01, ***p < 0.005,

****p <0.001.
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Free batimastat showed no significant effect on cell viability at increasing
concentration across all cell lines and treatment durations, suggesting that any
cytotoxicity present is likely due to the vehicle and not batimastat itself. This is
consistent with previous studies reporting similar findings in various cell types
and viability assays [303-306]. Regarding the NP formulations, fNbat induced a
significant decrease in cell viability across all timepoints and concentrations in all
cell lines, except in U-87. With the fMbat formulation, the NHA cell line showed a
decrease in viability only at the highest concentrations, particularly at the 72-hour
timepoint. In contrast, the U-87 cell line, which appeared more resistant than the
others (as observed with fNbat), presented a slight decrease in viability initially,
which became less noticeable over time. Moreover, fMbat appeared to have a
more pronounced cytotoxic effect on the U-251 cell line than on the others cell
lines, with a significant decrease in viability at concentrations above 5 nM. For
the T98G cell line, fMbat induced a progressive, albeit small, increase in toxicity
as concentrations increased.

Lastly, the cytotoxicity profiles of fMbat and fNbat were evaluated in non-brain
tissues, using liver HEPG2 cells and endothelial hCMEC/D3 cells. In HEPG2
cells, both formulations demonstrated a generally safe profile, with fNbat
exhibiting a minor increase in cytotoxicity at 72 hours (Figure 17a). The
endothelial hCMEC/D3 cells, however, showed different responses to the two
formulations. fNbat displayed cytotoxicity starting at 48 hours, which became
more pronounced at 72 hours, particularly at the 100 nM concentration. In
contrast, fMbat maintained a safe profile up to 72 hours, at which point some
cytotoxic effects were observed (Figure 17b). These results suggest that fMbat
has a more favorable safety profile in non-brain tissues compared to fNbat.

The observed difference in cytotoxicity between the two formulations may be
attributed to their surfactant content. fMbat contains twice the amount of
surfactant compared to fNbat, which likely contributes to its increased stability.
The lower surfactant content in fNbat may have led to faster degradation and
potential destabilization of cell membranes. Despite the formulations differing
only in surfactant amount and having a small disparity in functionalization
efficiency, the substantial difference in cytotoxicity between the two formulations
was unexpected. Based on these results, fMbat appears to be the better
candidate for our therapeutic approach, as it demonstrated lower cytotoxicity,
particularly in NHA cells, suggesting a potentially reduced risk of side effects.
Nevertheless, while both formulations were designed to target GB cells, their
effect on astrocytes became significant at higher concentrations and this cannot
be ignored. As such, to combine both a low cytotoxicity and a high MMP inhibitory
potential, the 50 nM concentration of batimastat, which is ten-fold higher than its
reported IC50 [279], was chosen to continue the in vitro assays.
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Figure 17. Evaluation of cell viability of a) HEPG2 and b) hCMEC/D3 cell lines following treatment with
free batimastat, batimastat-loaded functionalized NLC M (fMbat) or batimastat-loaded functionalized NLC
N (fNbat). Viability was analyzed with PrestoBlue™ assay at 24, 48 or 72 hours and is represented as a
percentage relative to cells treated with culture medium (untreated control). Results represent the mean *
SD of 3 independent experiments. Dotted lines represent 70% of cell viability, the cytotoxicity benchmark
referenced by the ISO 10993-5 (in vitro cytotoxicity test standardization for medical devices). Statistical
comparisons were conducted between each experimental group and the untreated control. *p<0.05,
**p<0.01, ***p<0.005, ****p<0.001.

4.5. NLC MMP inhibitory potential evaluation

The potential of the batimastat-loaded NPs to inhibit MMP activity was examined
via gel zymography using the secretome of all cell lines tested. Initially, the basal
levels of active MMPs, MMP-2 and MMP-9, were assessed in all 4 cell lines.
Although several studies have shown MMP expression on each of these cell lines
[297], to the best of our knowledge, none of them presented a simultaneous
comparative zymography between all the different cell types and GB cell lines.
Nevertheless, some comparisons have determined the relative gelatinase
secretion profile between some of them. Bao and colleagues reported that, as
expected, U-87 cells secrete both MMP-2 and MMP-9 in much higher amounts
than NHA cells [307]. In a different study, Liu et al. compared the U-251 and T98G
cell lines, demonstrating that T98G cells produce MMP-2 at a higher
concentration when compared to U-251. Despite that, the U-251 cells secrete
MMP-9 at much higher amounts, with analysis of T98G secretome staying below
their zymography sensitivity limit [308]. More recently, Ferreira et al. compared
the effects of cyclooxygenase inhibitors on U-251, U-87 and T98G cell lines, albeit
only performing zymographies of the last two. They demonstrated that, despite
having similar pro-MMP-2 activities, U-87 cells have much larger MMP-2
concentrations than T98G cells. Again, the authors were unable to detect any
MMP-9 activity [309]. Lastly, Souza et al. were able to compare the U-87 and U-
251 cell lines, finding that U-87 secretes much more active MMP-2 than U-251.
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Interestingly, they were also unable to observe any MMP-9 activity [310].
Therefore, from the available data in the literature, the order of active MMP-2
secretors is U-87 > T98G > U-251 > NHA, and U-251 is, seemingly, the only cell
line capable of secreting active MMP-9 in measurable quantities. Our results
further support these findings (Figure 18a). As expected, the NHA cell line
presented an MMP-2 activity (62 kDa [311]) four-fold lower than the U-87 cell line,
while the U-251 cell line was only 20% lower than U-87. Unexpectedly, T98G cells
presented similar MMP activity to U-87 cells. Additionally, and also contrary to the
literature, this cell line was the one with the most noticeable activity of MMP-9 (82
kDa [311]), as opposed to U-251. These discrepancies could be attributed to
inherent variability in cell line behavior [312], potentially influenced by factors
such as differences in experimental conditions, culture protocols, or intrinsic
cellular heterogeneity.
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Figure 18. Assessment of MMP-2 and MMP-9 activity and their inhibition by the NPs on NHA, U-87, U-251
and T98G cell lines, evaluated by gelatin zymography. a) Relative gelatinase activity between the
concentrated secretomes. b) MMP-2 activity on concentrated secretomes collected from all the cell lines
following treatment with complete media (positive control), empty functionalized NLCs, fM and fN, and
batimastat-loaded functionalized NLCs, fMbat and fNbat. c) Densitometry analysis of the gel bands in (b).
Density is shown as a percentage relative to the untreated control. The results represent the mean + SD of
3 independent experiments. Statistical comparisons were made between each experimental group and the
empty NP counterpart. *p <0.05, ***p < 0.005.
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Regarding the effect of the developed NLC formulations on these cell lines
(Figure 18b and Figure 18c), we observed that the unloaded fN formulation led
to an overall MMP-2 inhibition in all cell lines: 25% for NHA, 14% for U-87, 19%
for U-251 and 41% for T98G. This inhibition could be due to the previously
observed cytotoxicity, which may lead to increased cell death and a higher
presence of non-proteolytic proteins in the secretomes. As all samples were
normalized for total protein content, the secretomes contained a relatively lower
percentage of MMPs. In contrast, the batimastat-loaded fMbat formulations
achieved a higher MMP-2 inhibition of: 32% in NHA, 11% in U-87, 27% in U-251
and 62% in T98G. Although, this increased efficacy could be associated with
higher drug loadings, the fact that the encapsulation efficiency of fMbat and fNbat
formulations was nearly identical might indicate that the enhanced effect of the
fMbat formulation is more likely due to its improved stability and controlled
release. [313]. We could also observe that the NHA and U-87 cell lines showed
the least effect of the NLC formulations. For U-87, the higher overall MMP activity
may dilute the effect that this concentration of batimastat can provide. To
overcome this limitation, the NPs would need to be loaded with a higher amount
of the inhibitor, as the 50 nM utilized was evidently not enough to overcome the
MMP activity and an increase in NLC concentration is impractical due to the
consequent increase in cytotoxicity. Regarding NHA, while literature on
batimastat’s effect is scarce, Ulasov and colleagues showed that marimastat, a
similar compound, presented an MMP inhibitory and growth inhibiting effect on
U-87 and U-251 but did not affect NHA cells [314]. Similarly, Alves et al. found
that batimastat had the same inhibiting effect on models of hematological tumors,
which could indicate that it may also possess the same lower efficiency on the
NHA cell line [315].

Interestingly, T98G appears to have a particularly high sensitivity to batimastat.
Since, to the best of our knowledge, there are no previous studies on batimastat’s
effect on T98G cells, this is a promising avenue for further mechanistic research.
It is, however, important to note that the MMP activity profile of T98G cells
observed in this work was slightly different from the previously reported behaviors
[308, 309].
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CHAPTER V — GENERAL DISCUSSION

The current state of GB therapy remains a significant challenge in oncology.
Despite considerable research, progress in treatment has been disappointingly
slow, with no palpable evolution since the establishment, back in 2005, of the
standard of care — the Stupp protocol [27]. This protocol, which combines
radiation therapy with concurrent daily TMZ chemotherapy after maximal safe
surgical resection, followed by six cycles of adjuvant TMZ, has resulted in poor
outcomes with an average overall survival of approximately 15 months [1],
highlighting the complexity of this particular form of brain cancer.

As outlined in Chapter |, there is growing interest in exploring alternative
therapeutic strategies that focus on modulating the TME rather than solely relying
on traditional cytotoxic approaches [144]. One such strategy involves preventing
the degradation of the ECM to hinder tumor growth, which may present several
advantages when compared with conventional chemotherapy. First, it targets the
tumor's physical environment directly, reducing the risk of drug resistance, a
common problem in GB treatment [316]. Second, by focusing on the ECM, this
strategy often presents fewer systemic side effects compared to cytotoxic
chemotherapies [317]. In GB, in particular, the ECM plays an important role in
promoting tumor cell invasion and survival through its degradation and
modulation by the overexpression of MMPs [297]. The pivotal role of MMPs in
GB makes them attractive therapeutic targets to potentially prevent tumor
invasion and progression. The use of MMP inhibitors in cancer therapy is not new,
with studies dating back to the end of the previous century. Initially, hydroxamate-
based MMP inhibitors, such as batimastat and marimastat, showed promising
results. For example, in patients with malignant ascites, batimastat was well
absorbed via the intraperitoneal route with approximately half of the patients
showing a reduction in weight and abdominal girth, indicating less aggressive
ascites [248]. In another clinical trial, interpleural administration of batimastat in
patients with malignant pleural effusions resulted in 16 out of 18 patients requiring
significantly fewer aspirations in the 3 months after treatment compared to the 3
months before, with 7 requiring no further aspiration due to a considerably lower
fluid buildup in the pleural cavity [318]. In contrast, marimastat, did not show
improvement in median survival in GB patients as a single agent [246], but
increased progression free survival to 29% when combined with TMZ [247].
Nevertheless, numerous issues, including cell death, fibrosis, bleeding, weight
loss, poor aqueous solubility, limited bioavailability and severe musculoskeletal
toxicity, have decreased the therapeutic impact of these drugs and interest on
their development [319, 320]. This underscored the need for more targeted,
innovative approaches to MMP inhibition in GB therapy.

Nanotechnology offers an innovative solution for the delivery of drugs with severe
systemic toxicity and solubility issues. By encapsulating hydrophobic drugs within
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lipidic matrixes it is possible to improve solubility, protect drugs from degradation
and enable targeted delivery to tumor tissues, while reducing systemic exposure
and associated side effects [321]. NP-based systems also promote controlled
release mechanism, maintaining therapeutic levels over time, minimizing
administration frequency and toxicity risks [322].

Motivated by nanotechnology's potential to revive abandoned and overlooked
drugs, and recognizing the limitations of conventional chemotherapeutic
approaches, we took inspiration from a Swiss-knife’s versatile capabilities and
developed a multifunctional tunable nanosystem that is able to overcome the
physical limitations posed by BBB crossing to specifically deliver batimastat into
the GB TME. This multifunctionality emerged from the functionalization with a
novel molecular construct of our own design, developed to address 3 GB critical
challenges: i) BBB crossing; ii) NP entrapment and accumulation specifically
within the GB TME, and iii) Inhibition of MMP activity to suppress tumor
invasiveness.

Functionalization of NPs is crucial for enhancing their effectiveness in biomedical
applications, especially in cancer treatment, offering targeted drug delivery,
reducing side effects and improving treatment efficacy [323]. Functionalizing
moieties can be tailored to carry various molecules, including drugs [324-320]
and imaging agents [327, 328], making them versatile tools for both diagnosis
and treatment [329]. Functionalization also allows for better tumor targeting,
enhanced permeation through biological barriers, and improved cellular uptake,
among others [330-332]. In the context of GB, effective nanosystem
functionalization must serve at least two purposes: bypassing the BBB and
targeting tumor cells. Research has focused on these dual actions mainly through
surface co-modification of NPs, with a common strategy being functionalization
with transferrin, for BBB transcytosis, and cell-penetrating peptides, for entry into
GB cells [333, 334]. Alternative strategies have also explored dual
functionalization with several other molecules, including cRGD, p-
hydroxybenzoic acid, multiple cell-penetrating peptides, antibodies, EGF-
targeting peptides, folic acid, aptamers, and angiopep-2 [335-342]. While this
dual-functionalization approach has been shown to enhance the bioavailability of
nanosystems in the brain, it also doubles the potential for non-specific binding
and associated side effects due to the presence of multiple targeting moieties
[343]. Furthermore, once the NPs cross the BBB, the BBB-targeting
functionalization becomes ineffective and may hinder the NP’s therapeutic
efficacy [202]. To address these challenges, it is advantageous for a NP to
present a single active targeting moiety, which can be achieved through TME-
mediated structural rearrangement. As such, the functionalization strategy
employed in this work, particularly the customized construct that incorporates GB
TME-sensitive cues (high local concentration of transmembrane MMP-14),

74



represents a significant innovation in GB targeting approaches. Previously,
nanosystems incorporating MMP-14-sensitivity, such as the one described by
Mohanty et al. [197], limited themselves to targeting GB cells, overlooking the
importance, and hindrance, of the BBB. This strategy, however, proposes a
multifunctional NP system that sequentially targets both the BBB and GB by
exploiting TME-mediated structural rearrangement (specifically, the unshielding
of a sterically hindered molecule). The closest attempted strategy to this
nanosystem was described by Martins et al. [202], who utilized a pH-dependent
uncovering of histidine to achieve a similar goal. However, their pH-mediated
structural rearrangement occurs during BBB transcytosis rather than within the
GB TME, potentially leading to non-specific binding in healthy brain parenchyma.

Although the designed construct represents the most pioneering part of this work,
the nanosystem’s core itself, namely the choice of NLC, its composition, and
production methodology, were also carefully tailored to positively impact GB
therapy. Indeed, NLCs offer unique practical benefits when compared to other
particle types. These nanocarriers offer superior drug loading capacity compared
to other lipidic NPs [288]. Their imperfect crystal structure, resulting from the
blend of solid and liquid lipids, creates more space for drug molecules, making
them particularly suitable for the highly lipophilic drugs often used in GB treatment
[344]. While polymeric NPs can also be functionalized for targeted delivery and
provide controlled release, NLCs typically exhibit better biocompatibility since
their composition includes “generally recognized as safe” lipids and surfactants,
reducing the risk of toxicity associated with some synthetic polymers [345]. Also,
inorganic NPs, such as iron, gold or silica-based, excel in specific applications,
particularly imaging [346]. However, they lack the versatility that NLCs can
accommodate, with very limited drug delivery capabilities. Moreover, the fact that
many inorganic NPs contain heavy metals, raises significant concerns regarding
tissue bioaccumulation through NP degradation [346, 347]. In this work, the
NLCs, produced by ultrasonicator-assisted hot homogenization, were composed
of: Gelucire® 44/14, a solid lipid to form the NP matrix; Compritol® 888 ATO, a
high melting point lipid to destabilize the matrix and increase drug loading;
Miglyol® 810N, a liquid lipid to create liquid pockets within the matrix and increase
the destabilization; DSPE, for the presence of amines on the NP surface needed
for functionalization; and Tween® 80, a surfactant to stabilize the NP. Different
NLCs can be produced through various techniques, including high-pressure
homogenization [348], microemulsion [349], emulsification-solvent evaporation
[350] or diffusion [351]. The ultrasonicator-assisted hot homogenization [263],
used in this study, stands out as a superior method for NLC production, combining
the benefits of high-temperature processing (avoidance of organic solvents) and
the efficiency of ultrasonic energy (more efficient size reduction, resulting in
smaller and more uniform NPs) [352]. Another factor taken into consideration for
the choice of production methodology was its scalability. Heating techniques are
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amenable to large-scale production, making them suitable for industrial
applications, as they avoid the incorporation of organic solvents, removing the
need for difficult and costly washing processes [353]. Still, this methodology
requires the use of high heat, of up to 85 °C, which may be cost intensive. For
large-scale production of NLCs, cold high-pressure homogenization would be the
optimal methodology, as it avoids the use of organic solvents and high
temperatures [344]. However, this approach requires very specific specialized
equipment [354].

After the complete production, functionalization and purification process, the two
optimized nanoparticle formulations — fMbat and fNbat — presented quasi-
monodisperse suspensions of highly negative NPs with sizes of approximately
300 nm and a drug loading 1000-fold higher than batimastat’s IC50, challenging
the conventional belief that NP sizes above 200 nm limits BBB crossing ability.
BBB permeability is crucial for nanosystems targeting GB because it severely
limits drug delivery to the brain tumor, naturally preventing over 98% of the
described small-molecule drugs and all macromolecular agents from accessing
the brain parenchyma [129]. Our data has shown that size did not limit BBB
crossing in vitro, consistent with other studies reporting that NPs up to 500 nm in
size can effectively traverse the BBB, provided they utilize receptor-mediated
transport mechanisms [355-357]. In light of these studies, the average size
around 300 nm of the NPs developed in this study was not considered a limitation
since, by targeting the transferrin receptor, these NPs are expected to facilitate
efficient BBB transport despite their relatively larger size. Through our BBB
transwell in vitro model, we confirmed fMbat as the more promising candidate.
This NLC formulation demonstrated the effectiveness of the TfP by tripling the
amount of drug that permeated through the membrane over a 24-hour period.
Using specifically the same transferrin peptide as used in our study, Gomes et al.
increased the interaction of brain endothelial cells with lipidic and polymeric NPs
by 3- and 4-fold, respectively [295]. Later, the same authors showed a 2-fold
increase in P-gp siRNA BBB transport with TfP-functionalized polymeric NPs
[175]. More recently, Moura et al. functionalized lipid nanocapsules with the TfP
peptide, observing a 3-fold BBB permeability increase [165]. With the use of the
complete transferrin molecule for the functionalization of curcumin-loaded NLCs,
Neves et al. showed a small 1.5-fold increase in BBB permeation of curcumin
[358], while Pinheiro et al. failed to observe any increase in permeability of lipidic
NPs due to transferrin [359]. Sharma et al. functionalized liposomes with
transferrin, observing an increase in BBB transport from 5.4% to approximately
15% [360], afterwards observing a 4-fold increased brain accumulation in vivo
[361]. Using transferrin-containing gold NPs, Wiley et al. demonstrated in mice
an increase in particles per brain mm3 ranging from 1.5- to 2-fold, while curiously
observing that the highest transferrin content had significantly less brain
accumulation than the less concentrated formulations [362]. Overall, NP
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functionalization with complete transferrin demonstrates higher variability and
inconsistency regarding the permeability results across different studies
conferring greater importance to the stability and predictability to the TfP used in
this study.

Notably, the encapsulation of batimastat into NLCs has not been previously
explored, highlighting the critical relevance and therapeutical potential of this
work. Previous encapsulations of batimastat have been Ilimited to two
nanosystems: an elastin antibody-conjugated PLA NP for the prevention of
abdominal aortic aneurysm progression [281], and a self-assembling formulation,
also made of PLA NPs, for the in situ creation of extracellular drug depots [265].
Likewise, marimastat, the chemical analog of batimastat, has not received much
attention, with: five encapsulations, three thermosensitive liposomes for anti-
cancer treatment [282, 363, 364], a pH-sensitive liposome for atherosclerosis
[365], and a polymersome for metastatic recurrences [366]; an association with
PTX nanocrystals [367]; and a complex with B-casein and HA-PTX prodrug [368].
Other hydroxamate-based compounds, such as ilomastat and prinomastat, have
yet to be implemented into nanosystems. In a broader sense, MMP inhibitor
nanoencapsulation is, currently, mainly limited to CTX [209, 369-371]. However,
as CTX binds to chloride channels, which are ubiquitously expressed on most
cell types [372, 373], its treatment may potentially lead to unintended interactions
with non-cancerous cells, a problem that does not occur with hydroxamate-based
inhibitors.

To prove the feasibility of our proposed nanotechnological strategy, we first
demonstrated the biocompatibility of the nanosystem in multiple cell lines, both
tumor and non-tumor. This is of particular importance, as our strategy relies on
the inhibition of extracellular MMPs without significant cellular interaction.
Therefore, no cytotoxicity was expected. Biocompatibility of delivery systems is
crucial as it directly impacts the safety and effectiveness of nanomaterial-based
treatments [374]. For GB treatment, biocompatibility becomes particularly
important due to the challenging nature of targeting brain tumors, as NPs must
be designed to safely penetrate the BBB and then interact with tumor cells without
causing significant cellular damage while in circulation [375]. The cytotoxicity
evaluation carried out in this study, which considered not only the heterogeneity
of GB through the use of multiple cell lines as well as the potential non-specific
effects in healthy cells, provided a thorough assessment of both the efficacy and
safety. fMbat emerged as the more promising candidate for further development,
demonstrating lower cytotoxicity, especially in non-tumor cells. These results
underscore the importance of careful formulation design in NP-based drug
delivery systems for GB treatment. Other studies have already shown, in different
cell types, that at the nanomolar concentrations tested in this work, batimastat is
not cytotoxic [303, 315, 376]. Also, the lipids and surfactants used in the
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preparation of NLCs demonstrated cellular tolerance across various cell lines
[377-380]. Research indicates that most cell lines can tolerate lipid-based NPs at
high concentrations [381]. For example, Akanda et al. showed retinoic acid-
loaded NPs, containing stearic acid and poloxamer 188, to be well-tolerated by
human prostate adenocarcinoma cells at a 3 mg/ml dose [382]. Similarly, Ghalaei
et al. created hyaluronic acid-coated NPs with cetyl alcohol, stabilized by
polysorbate 80 and containing stearylamine, which showed excellent tolerance
by SK-OV-3 cells [383]. Likewise, Parveen et al. demonstrated that cetyl alcohol-
based NPs stabilized by polyvinyl alcohol and polysorbate 80 were compatible
with MCF-7 cells at concentrations up to 2 mg/ml [384]. In the present study. NLC
concentrations never exceeded 1.22 mg/mL, which is well within the safety range
of biocompatibility studies (< 3 mg/mL) [381].

The final phase of our characterization focused on evaluating the efficacy of our
system in vitro, through the NLCs' ability to inhibit MMPs. As previously discussed
in Chapter |, MMPs facilitate cancer progression through several mechanisms,
such as enabling tumor cells to degrade the ECM and breaking down biological
barriers, ultimately promoting the spread of tumor cells [254]. In particular, the
secreted gelatinases MMP-2 and MMP-9 are instrumental for GB aggressiveness
[297, 298]. Through gelatin zymography assays, we were able to confirm the
batimastat-loaded NLCs as effective inhibitors of MMP-2 activity. Using this
specific inhibitor, Falk et al. demonstrated an MMP-2 activity reduction in cardiac
transplants from 2271 + 571 ug/mL in untreated to 259+140 ug/mL in batimastat-
treated allografts [385]. Batimastat’'s effectiveness has been consistently
demonstrated across a few experimental models, including vascular smooth
muscle cells (completely blocking the activation of MMP-2) [386], hematological
cell lines (small reduction in MMP-2 and MMP-9 activity) [315], breast cancer
xenografts (completely blocking collagenase activity) [387], and skeletal muscle
(reducing MMP enzymatic activity for approximately 40%) [388]. Notably, to the
best of our knowledge, our work demonstrated for the first time batimastat
inhibition on GB MMP activity, demonstrating its potential as alternative or
combined therapeutic strategy in this type of tumor, and others that rely on MMP
activity for their progression and metastatic process.
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CHAPTER VI — CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

This thesis presents a novel approach to GB treatment through nanotechnology
and ECM modulation. We have successfully developed and characterized a dual-
functionalized nanosystem specifically designed for GB-targeted therapy. This
system has yielded promising results in vitro, demonstrating the ability to
effectively cross a BBB model while maintaining limited non-specific cytotoxicity.
Importantly, our nanosystem exhibited significant inhibition of MMPs
overexpressed in various GB cell lines, a key factor in tumor progression and
invasion. These findings not only validate our approach, but also the versatility of
the strategy employed combining nanotechnology, ECM modulation, cancer
biology, and targeted delivery. This highlights the importance of multidisciplinary
efforts in addressing complex medical challenges.

In the broader context of GB research, this work underscores the potential of
nanotechnology in overcoming current treatment limitations and paves the way
for more targeted and effective therapies.

However, the translation of our nanotechnology-based approach to clinical
applications will require further studies. While our findings are encouraging, it is
important to acknowledge the limitations of in vitro studies and the need for further
in vivo validation, particularly pertaining to NLC biodistribution and tissue-specific
toxicity. The translation of these nanotechnology-based approaches to clinical
applications will require extensive preclinical testing and careful consideration of
safety and efficacy profiles. Using GB animal models, ideally mice with orthotopic
xenografts of human GB cells, would provide valuable insights into the
biodistribution, tumor-specific accumulation, and therapeutic potential of these
nanocarriers in a complex biological environment.

Further optimization of the NLC formulations may allow to improve stability and
enhance drug loading capacity and targeting efficiency. This could involve
exploring different lipid compositions, surfactants, or functionalization strategies
to improve the nanocarriers' ability to cross the BBB and selectively target GB
cells. Most importantly, increasing drug loading would result in administration of
smaller dosages and consequently reducing potential side effects. Additionally, a
higher batimastat content would facilitate most of the analytical work, as working
near the sensitivity limits of equipment, such as HPLC, is extremely challenging
and a consistent difficulty during this project.

Taking advantage of the “Swiss-knife-like” versatility of our nanoformulations,
investigation of combination therapies presents other promising possibilities.
These batimastat-loaded NLCs could be combined with other therapeutic agents,
such as chemotherapeutics or immunomodulators, to potentially achieve
synergistic effects and overcome drug resistance mechanisms in GB treatment.
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Additionally, expanding the range of MMP inhibitors tested within the NLC system
could provide valuable comparative data and potentially identify more effective
candidates for GB treatment. Batimastat was chosen for this work since the
downsides, presented in clinical trials, seemed tailored for nanotechnology
improvement, but other inhibitors should prove similarly fruitful.

Furthermore, exploring the effects of these nanocarriers on other components of
the TME, such as immune cells and stromal elements, would offer a more
comprehensive understanding of their therapeutic potential. Further research
should include long-term studies to evaluate the potential development of
resistance to MMP inhibition and its impact on tumor progression. Also, given that
our approach may lead to tumor encapsulation, it's crucial to investigate whether
this could inadvertently promote adaptive responses or alternative invasion
mechanisms. Such studies would be instrumental in developing strategies to
counteract potential resistance, ultimately enhancing the durability and efficacy
of the treatment.

Ultimately, to fully realize the clinical potential of these NPs, future research must
focus on scaling up production processes and addressing regulatory
requirements, steps that will pave the way for translating our promising in vitro
results into viable therapeutic options for GB patients. This would include longer
stability studies in different physical states (e.g., frozen, lyophilized and
suspension), toxicology assessments, and the development of standardized
manufacturing processes to ensure consistent and reproducible quality and
efficacy of the nanoformulations.

By pursuing these future directions, we can build upon the promising results of
this work towards developing more effective, targeted therapies for GB, ultimately
improving outcomes for patients facing this challenging disease.
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Abstract: Glioblastoma’s (GB) complex tumor microenvironment (TME) promotes its
progression and resistance to therapy. A critical component of TME is the extracellular
matrix (ECM), which plays a pivotal role in promoting the tumor’s invasive behavior
and aggressiveness. Nanotechnology holds significant promise for GB treatment, with
the potential to address challenges posed by both the blood-brain barrier and the GB
ECM. By enabling targeted delivery of therapeutic and diagnostic agents, nanotechnology
offers the prospect of improving treatment efficacy and diagnostic accuracy at the tumor
site. This review provides a comprehensive exploration of GB, including its epidemiology,
classification, and current treatment strategies, alongside the intricacies of its TME. It
highlights nanotechnology-based strategies, focusing on nanoparticle formulations such as
liposomes, polymeric nanoparticles, and gold nanoparticles, which have shown promise in
GB therapy. Furthermore, it explores how different emerging nanotechnology strategies
modulate the ECM to overcome the challenges posed by its high density, which restricts
drug distribution within GB tumors. By emphasizing the intersection of nanotechnology
and GB ECM, this review underscores an innovative approach to advancing GB treatment.
It addresses the limitations of current therapies, identifies new research avenues, and
emphasizes the potential of nanotechnology to improve patient outcomes.

Keywords: nanotechnology; nanoparticles; glioblastoma (GB); tumor microenvironment
(TME); extracellular matrix (ECM)

1. Glioblastoma: Epidemiology and Classification

Glioblastoma (GB) is the most aggressive and highly malignant brain tumor in adults,
presenting a poor prognosis. Its incidence varies depending on the population studied,
mostly ranging from 3 to 4.5 per 100,000 people annually [1-3], accounting for approxi-
mately 50% of all malignant central nervous system (CNS) tumors [4]. GB shows a slight
male predominance, with a male to female ratio of about 1.6:1 [5]. Although the incidence
increases with age, it can occur across all adult age groups [1]. While CNS tumors are
common in children, according to the most recent World Health Organization (WHO)
guidelines, GB is no longer a possible diagnosis in this age group; instead, it is considered
a diffuse pediatric glioma [6].
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As our knowledge of GB improves, so do our methods for diagnosing, classifying, and
treating the disease [7]. Recent changes in tumor classification, driven by new insights from
molecular profiling, have significantly influenced how to diagnose and treat GB, highlight-
ing the clinical importance of these advancements (Figure 1) [8]. Under the most recent
2021 WHO classification of tumors of the CNS, which has significantly redefined GB, GB is
strictly defined as an isocitrate dehydrogenase (IDH)-wildtype, WHO grade 4, tumor. This
reclassification emphasizes the distinct biological behavior and more favorable prognosis of
IDH-mutant tumors compared to their IDH-wildtype counterparts [1,6,9,10]. Furthermore,
for the diagnosis of GB (IDH-wildtype WHO grade 4) at least one of the following criteria
is now required: (i) microvascular proliferation or necrosis on histological examination;
(ii) telomerase reverse transcriptase (TERT) gene promoter mutations; (iii) epithelial growth
factor (EGF) receptor (EGFR) gene amplification; (iv) combined gain of chromosome 7 and
loss of chromosome 10 (+7/—10) [11]. This integrated approach, combining histological
and molecular features, provides a more accurate and clinically relevant diagnosis. Notably,
this new classification no longer allows for the use of “not otherwise specified” (NOS)
in GB diagnosis, further underscoring the importance of molecular testing in modern
neuro-oncology [12]. Moreover, the “not elsewhere classified” (NEC) designation is now
used when a tumor does not meet the specific GB criteria but still appears to be a diffuse
astrocytic glioma without IDH mutation [13].

Adult & at least 1 criteria _ Glioblastoma,

Molecular criteria: ” CNS WHO grade 4

» NEC (not elsewhere classified)

e TERTp mutation
* EGFRamplification Child _ Diffuse pediatric glioma,
s +7/-10 * CNS WHO grade 4

Microvascular proliferation Astrocytoma,

and/or
. CNS WHO grade 4
ATRX mutation Necrosis 3

TP53 mutation Homozygous

CDKNZ2A/B deletion
|

IDH-mutant , Astrocytoma,
(commonly R132H) CNS WHO grade 2/3

Oligodendroglioma,

1p/19q codeletion —» CNS WHO grade 2/3

Figure 1. Glioma classification according to the WHO 2021 classification. CNS WHO grades:
(1) Generally indolent tumors with favorable prognosis, (2) Low-grade tumors with potential for
recurrence, (3) Malignant tumors with increased mitotic activity, (4) Highly malignant tumors with
rapid progression.

The prognosis for GB remains poor, with median survival varying based on molecular
subtypes, which are defined by different transcription profiles [14]. The mesenchymal
subtype is characterized by extensive necrosis and inflammation, exhibiting transcription
profiles similar to mesenchymal tissues. The proneural subtype, considered milder, is
characterized by the expression of genes involved in neurogenesis and oligodendrocyte
development. The classical subtype, in between, shows features similar to astrocytes,
hence the “classical” name reflecting typical GB characteristics [15]. The mesenchymal
subtype has the worst prognosis, with a median survival of about 11.5 months, followed
by the classical subtype at 14.7 months, and the proneural subtype at 17.0 months [16].
These survival differences highlight the clinical relevance of molecular subtyping in GB,
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which will be discussed in more detail later. Although there are several risk factors for
GB, exposure to high-dose ionizing radiation and certain rare genetic conditions (e.g.,
Lynch syndrome, Neurofibromatosis type 1, Li-Fraumeni syndrome) have been associated
with increased incidence [17,18]. However, the majority of GB cases occur sporadically
without any known risk factors [19]. Anatomically, GBs are typically supratentorial, with
rare cases in the cerebellum or spine [20,21]. They most commonly affect the frontal and
temporal lobes, followed by the parietal and occipital lobes, with a slight preference for
the right hemisphere [22]. Tumor location can significantly impact surgical resection and,
consequently, patient outcomes [23,24].

2. Current Treatment Options
2.1. First-Line—Stupp Protocol

The “Stupp protocol”, introduced in 2005, is the standard of care for treating newly
diagnosed GB cases [25]. Named after the Swiss oncologist Roger Stupp, this treatment
regimen improved survival outcomes for GB patients compared to previous approaches.
The protocol consists of maximal safe surgical resection followed by two main phases,
concurrent chemoradiotherapy followed by adjuvant chemotherapy. During the first phase,
patients receive radiotherapy (RT) with a total dose of 60 Gy, delivered in 30 fractions of
2 Gy each over 6 weeks (5 days per week). Simultaneously, patients take oral temozolomide
(TMZ), an alkylating chemotherapy agent, at a dose of 75 mg/m? of body surface area,
daily, seven days a week throughout the RT period. During the second phase, after a
4-week break once completing RT, patients undergo six cycles of TMZ monotherapy. Each
cycle lasts 28 days, with TMZ taken for the first 5 days at a dose of 150-200 mg/m? [26].

The Stupp protocol demonstrated an improvement in survival compared to RT alone.
In the original study, the median overall survival increased from 12.1 months with RT alone
to 14.6 months with the combined approach. More importantly, the 2-year survival rate
improved from 10.4% to 26.5% [27]. Despite these improvements, the prognosis for GB
remains poor. Nevertheless, this protocol is most effective in patients under 70 years of
age, with good performance status, and whose tumors exhibit methylguanine methyltrans-
ferase (MGMT) promoter methylation, a biomarker associated with better TMZ treatment
response [28]. Moreover, side effects of the Stupp protocol can be significant, with the
most common being fatigue, nausea, and myelosuppression, and the most severe com-
plications including neutropenia, thrombocytopenia, lymphopenia, and increased risk
of opportunistic infections. To reduce infection risks, patients with these complications
often receive antibiotic prophylaxis during treatment [29]. While the Stupp protocol re-
mains the backbone standard of care for GB, ongoing research seeks to further improve
patient outcomes.

2.2. Second-Line Treatments

Following Stupp protocol failure, with frequent tumor relapse, there is no universally
accepted standard for second-line treatment. The management of recurrent GB remains a
therapeutic challenge, with several strategies being explored. Tumor reoperation is con-
sidered for patients with large, symptomatic tumors, but its benefits remain controversial
and depend on patient selection [30-32]. Another strategy, reirradiation, presents options
including stereotactic radiosurgery, hypofractionated stereotactic RT, conventionally frac-
tioned external RT, or brachytherapy. Decision depends on factors such as time since initial
radiation and tumor characteristics [33-35]. A third option is a TMZ rechallenge, which is
considered for initial responders with prolonged treatment-free intervals. Various dosing
schedules have been explored, but overall survival rarely exceeds 12 months [36—40]. Treat-
ment with nitrosoureas, such as carmustine, lomustine, nimustine, and fotemustine, have
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also shown limited efficacy in recurrent GB, with median overall survival rarely exceeding
12 months [41-44]. Bevacizumab, a Food and Drug Administration (FDA)-approved anti-
angiogenic antibody, has often been employed as a strategy combined with other agents,
such as irinotecan or lomustine. While it has been shown to improve progression-free sur-
vival, impact on overall survival is still debated [45-48]. Nevertheless, recent research has
indicated that high vascular endothelial growth factor (VEGF)-A expression is associated
with improved progression-free survival in recurrent GB patients treated with bevacizumab,
suggesting potential for a therapeutic improvement through biomarker-guided treatment
selection [49]. The multi-kinase inhibitor Regorafenib has shown potential benefits in
the REGOMA trial, but more comprehensive data are still needed due to its relatively
recent introduction in clinical practice in 2020 [50-52]. Other tyrosine kinase inhibitors,
such as cabozantinib, dasatinib, and entrectinib, are currently being evaluated, particu-
larly in molecularly selected populations. However, their efficacy as monotherapies has
been limited, mainly due to lack of tumor specificity and poor blood-brain barrier (BBB)
permeability [53-55]. Over the last decade, immunotherapy, particularly checkpoint in-
hibitors, has emerged as a potential therapy for GB. While its efficacy has been limited in
unselected GB populations, research continues to address its potential in patient specific
subgroups [56-59]. Also, Tumor Treating Fields (TTFields) have emerged as a promising
second-line treatment option in clinical practice. This device-based therapy delivers alter-
nating electric fields to tumor sites, promoting cancer cell death by disrupting microtubule
alignment during cell division [60-62]. TTFields have demonstrated safety and efficacy in
clinical trials, leading to FDA approval for GB and malignant pleural mesothelioma. As
TTFields continue to show promise, ongoing clinical trials are exploring its use in lung,
ovarian, pancreatic, and other cancers, signaling a growing integration of this innovative
approach into standard cancer care protocols [63].

GB treatment goals in the recurrent setting are often palliative, aiming to improve
or maintain quality of life while potentially extending survival. The choice of second-
line treatments for recurrent GB is highly individualized and depends on various factors,
including the patient’s age, performance status, tumor molecular profile, response to initial
therapy, and time to recurrence [64]. Despite the availability of the referred options, the
prognosis for recurrent GB remains poor, with median overall survival typically ranging
from 6 to 12 months in a clinical setting, with a very modest increase to approximately
15 months for clinical trial participants [65-68]. This underscores the urgent need for more
effective therapies and highlights the importance of ongoing research in this challenging
cancer type.

3. Glioblastoma and Its Microenvironment—Cellular and
Molecular Features

Adding to its own cellular and molecular features, GB is characterized by a complex
and dynamic tumor microenvironment (TME) that plays a crucial role in tumor progression,
invasion, and therapy resistance [69]. The TME is composed of various cellular and
molecular components (Figure 2) that intricately interact to support tumor growth and
promote immune evasion [70]. These interactions are key to understanding the mechanisms
of GB progression and therapy resistance. As such, gaining a deeper understanding of the
TME is essential for developing effective therapeutic strategies.
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Figure 2. Cellular and non-cellular components of GB and its microenvironment.

3.1. Glioma Cells

The primary cellular component of GB tumors consists of malignant glial cells, which
exhibit significant inter- and intra-tumoral heterogeneity [71]. This heterogeneity was
classified into the previously referred three molecular subtypes, classical, mesenchymal, and
proneural, based on transcriptomic analyses from The Cancer Genome Atlas (TCGA) [72].
A fourth one was initially proposed, the neural subtype, but later excluded as it was based
on a misidentification caused by cellular cross contamination [16].

The classical subtype is the least common among GB tumors, accounting for approxi-
mately 20% of all GBs [73]. It is characterized by EGFR amplification in nearly all tumors
(97%), and some harboring EGFR mutations [74,75]. Consistent genetic alterations included
chromosome 7 amplification paired with chromosome 10 loss and focal 9p21.3 homozygous
deletion targeting cyclin-dependent kinase inhibitor 2A (CDKN2A), which mostly co-occur
with EGFR amplification [15]. Notably, tumor protein p53 (TP53) mutations are rare in
the classical subtype despite being the most frequently mutated gene in GB overall [76].
Furthermore, the transcriptomic analyses showed an overexpression of Sonic-hedgehog
(smoothened (SMO), growth arrest-specific protein 1 (GAS1), and GLI family zinc finger 2
(GLI2)) and Notch pathway (neurogenic locus notch homolog protein 3 (NOTCH3), jagged
1 JAG1), and beta-1,3-N-acetylglucosaminyltransferase lunatic fringe (LFNG)) agents,
along with high expression of the neural precursor marker nestin [77,78]. Patients with the
classical subtype benefit from aggressive RT and chemotherapy [78].

The prevalence of the mesenchymal subtype ranges from 30% to 50% of all GB tumors
depending on the population studied and the molecular classification methods used [73,79].
It frequently exhibits neurofibromin (NF1) mutations and deletions at 17q11.2 (further
affecting NF1 expression), often co-occurring with phosphatase and tensin homolog (PTEN)
mutations and phosphatidylinositol 3-kinase (PI3K)/AKT pathway enrichment [15,80].
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Mesenchymal markers such as chitinase-3-like protein 1 (CHI3L1) and proto-oncogene
tyrosine kinase MET are highly expressed, along with astrocytic markers like cluster of
differentiation (CD) 44 and proto-oncogene tyrosine kinase MER, indicating potential
epithelial-to-mesenchymal transition [15]. Gene expression analysis revealed activation
of tumor necrosis factor and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-«B) pathways, correlating with extensive necrosis and inflammatory infiltrates
characteristic of this subtype [74,78]. Clinically, while responsive to aggressive RT and
chemotherapy, patients with mesenchymal GB have the worst prognosis among all GB
subtypes [14].

The proneural subtype, slightly less common than the mesenchymal subtype, ac-
counts for approximately a third of GB tumors [73]. It is characterized by distinct genetic
alterations, primarily involving the platelet-derived growth factor receptor A (PDGFRA)
gene [78]. This subtype was associated with a gene expression profile linked to oligo-
dendrocyte development and neurogenesis, reflecting its unique biological characteristics.
The proneural subtype was also characterized by frequent TP53 mutations and loss of
heterozygosity [15]. Clinically, patients with this subtype generally have a better prognosis
compared to those with other subtypes, particularly in younger populations [14,76,77,80].

A more recent perspective on GB heterogeneity suggests that genetic factors alone do
not fully account for the diverse glioma cell composition observed within these tumors.
An international team of researchers proposed that somatic mutations play a crucial role
in shaping the tumor’s cellular landscape by selectively promoting certain cellular states
over others [81]. This process results in a dynamic equilibrium of different cell populations
within the tumor, contributing to its heterogeneous nature. Neftel et al. conducted a com-
putational analysis that identified gene signatures converging into four recurring cellular
states across multiple GB tumors [81]. These states were present in varying combinations
of two to four in each patient, again denoting the heterogeneity of GB, being classified as
astrocyte-like (AC-like), mesenchymal-like (MES-like), oligodendrocyte progenitor-like
(OPC-like), and neural progenitor-like (NPC-like). OPC-like states were enriched in tu-
mors with PDGFRA alterations, NPC-like states in those with cyclin-dependent kinase 4
(CDK4) alterations, and AC-like states in tumors with EGFR alterations. MES-like states
were characterized by NF1 alterations, extensive immune cell infiltration, and hypoxic
conditions [81]. These cellular states aligned with the TCGA subtypes and corroborated
findings from other studies suggesting that genomic aberrations alone do not fully explain
GB heterogeneity [77,82]. Regardless, the heterogeneity of GB cell subtypes has significant
clinical implications, with recent studies demonstrating that specific cellular compositions
of tumors directly impact patient survival outcomes [83].

3.2. Glioma Stem Cells

A particularly concerning aspect of GB tumors is the presence of glioma stem cells
(GSCs) in its TME, a subpopulation with self-renewal capacity that is thought to drive
tumor initiation, recurrence, and therapy resistance [84]. Importantly, GSCs are now under-
stood to represent a functional state rather than a distinct cell lineage [85]. This concept has
been further supported by evidence showing that GB cells can dynamically acquire or lose
stem-like characteristics in response to TME signals [86]. GSCs share features with normal
neural stem cells, including stem cell marker expression such as nestin, sex determining
region Y box 2 (SOX2), and CD133, as well as multi-lineage differentiation potential [85].
However, opposite to their normal counterpart, GSCs exhibit aberrant signaling pathway
activation, enhancing survival, proliferation, and apoptosis resistance. These alterations
confer GSCs a distinct advantage, enabling them to survive conventional therapies and
contribute to tumor relapse, making them critical targets for developing more effective GB
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treatments [87]. In fact, evidence suggests that GSCs are more resistant to chemotherapy
and RT than the bulk of tumor cells [85]. They possess enhanced deoxyribonucleic acid
(DNA) repair mechanisms, activated survival pathways, and overexpress drug efflux trans-
porters such as ATP-binding cassette (ABC) proteins [88]. Furthermore, GSCs often reside
in specialized niches within the TME, which are characterized by hypoxia and support-
ive stromal cells. The niches provide protective signals that promote GSCs survival and
maintenance, further shielding them from therapeutic interventions [89]. GSCs metabolism
is regulated by several key signaling pathways, including Notch, Hedgehog, and Wnt.
These pathways, essential for normal stem cell maintenance, are often dysregulated in
cancer. Furthermore, transcription factors, such as SOX2, octamer-binding transcription
factor 4 (OCT4), and c-Myc, are essential for maintaining GSCs pluripotency and pro-
liferative capacity [90]. While GSCs are certainly influenced by TME cues, studies have
also emphasized the reciprocal relationship between GSCs and their microenvironment,
supporting and promoting glioma progression [91]. On one hand, TME-derived cytokines
such as interleukin (IL)-6 and transforming growth factor beta (TGF-f3) enhance GSCs
self-renewal and survival [92]. On the other hand, GSCs have been shown to secrete factors
that modulate the surrounding immune landscape, creating an immunosuppressive en-
vironment conducive to tumor growth. For example, GSCs can induce tumor-associated
macrophages (TAMs) to adopt an M2-like phenotype, which suppresses immune responses
and promotes tumor development [93]. This intricate interaction between GSCs and their
microenvironment underscores the complexity of GB biology and highlights potential
targets for therapeutic intervention.

3.3. Immune Cells

The immune component of GB represents approximately 50% of the tumor’s cellu-
larity [94]. As previously mentioned, TAMs, which are differentiated from the resident
microglia and peripheral monocytes, account for 30% of the tumor mass. These TAMs tend
to adopt an M2 anti-inflammatory phenotype and have been shown to suppress CD8* T
cell activity, thereby promoting immune evasion [95]. TAMs are recruited by glioma-cell-
derived factors, such as colony stimulating factor 1 (CSF-1), glial cell line-derived neu-
rotrophic factor (GDNF), chemokine (CC motif) ligand 2 (CCL2), stromal cell-derived factor
1 (SFD-1), chemokine (CXC motif) ligand 1 (CXCL1), EGF, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [96]. Once in the TME, TAMs secrete a range of
molecules, including anti-inflammatory cytokines (IL4, IL10, TGFf3), angiogenesis factors
(VEGE, IL8), and pro-tumorigenic growth factors (insulin-like growth factor 1 (IGF-1), EGE,
and platelet-derived growth factor (PDGF)). These molecules significantly influence the
GB TME and contribute to tumor progression and therapy resistance, ultimately leading to
poorer prognosis for GB patients [94].

Another cell type within the GB TME is myeloid-derived suppressor cells (MDSCs),
a diverse population of myeloid progenitor and precursor cells, including macrophages,
granulocytes, and dendritic cells at various stages of differentiation [97]. Similar to TAMs,
MDSCs impair the function of various T cell subsets, including natural killer T (NK) cells
and cytotoxic T lymphocytes [98]. MDSCs also deplete essential amino acids from the
TME, such as L-Arginine, and enhance the production of reactive oxygen species (ROS)
to suppress T-cell activation and function, thereby contributing to the immune evasion of
tumors. These changes in the TME create an unfavorable environment for T cells, leading
to reduced immune responses against the tumor [99,100].

Lastly, NK cells, which are important to innate antitumor immunity through antigen-
independent immune surveillance, were found to be the least abundant immune cell type in
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GB. Furthermore, their immune cytolytic activity is suppressed by major histocompatibility
complex class I molecules expressed on GB cells [101].

3.4. Fibroblasts

Recent research has shed new light on the presence and significance of cancer-
associated fibroblasts (CAFs) in GB, revealing their role in shaping the TME [102]. Being
the primary extracellular matrix (ECM) producers, CAFs contribute significantly to the
remodeling of the ECM in GB, promoting tumor growth and invasion. Their abundance
correlates with higher tumor grades and activation of ECM remodeling pathways [102].
CAFs also secrete pro-tumorigenic factors, including fibronectin, which plays a critical role
in promoting GB cell migration and invasion, thereby enhancing the tumor’s aggressive
nature [102]. Furthermore, CAFs have been shown to promote resistance to TMZ through
the secretion of CCL2, which activates the extracellular signal-regulated kinases (ERK) 1/2
signaling pathway in GB cells [103]. Interestingly, CAFs exhibit subtype-specific effects
in GB [104]. They are more abundant in the mesenchymal subtype compared to other
subtypes, while proneural GB cells appear to be more responsive to CAF signaling in terms
of migratory and invasive behaviors. This heterogeneity in CAF distribution and influence
across GB subtypes adds another layer of complexity to the TME [102]. CAFs have been
shown to suppress anti-cancer immune responses in various cancers, highlighting their
role in contributing to the immunosuppressive environment characteristic of GB [105].

3.5. Endothelial Cells

While not a part of the GB per se, endothelial cells, which encompass the perivascular
niche, have been shown to be key components in the tumor’s aggressiveness, since angio-
genesis is one of the hallmarks of GB recurrence, proliferation, and invasion [106]. In the
GB TME, newly formed blood vessels are structurally fragile and prone to rupture, leading
to a compromised BBB. This disruption causes an increased vascular permeability and
edema, altering immune responses and the boundary between tumor and normal brain
tissue, thus facilitating tumor invasiveness and presents challenges for effective treatment
delivery [107].

The recruitment of endothelial cells to the GB site occurs through several mecha-
nisms. Neoangiogenesis is the primary process, where GB cells secrete high levels of
pro-angiogenic factors, particularly VEGF, stimulating the formation of new blood vessels
from the sprouting of pre-existing ones. This process involves endothelial cell proliferation
and migration towards the tumor [108]. Additionally, GBs recruit bone marrow-derived
endothelial progenitor cells through vasculogenesis, which then differentiate into endothe-
lial cells within the TME [109]. Lastly, GSCs also have the potential to transdifferentiate
into endothelial cells, or to simply assemble into tubular-like structures mimicking blood
vessels, further contributing to tumor vasculature [110].

Endothelial cells’ contribution to tumor progression is multifaceted. By forming
new blood vessels, they ensure a steady supply of nutrients and oxygen to the rapidly
growing tumor while enabling invasion through the vasculature [109]. Endothelial cells also
create a specialized niche that promotes the self-renewal of GSCs by expressing NOTCH
ligands that activate Notch signaling in adjacent GSCs, supporting their maintenance and
proliferation [111]. Furthermore, endothelial cells facilitate bidirectional communication
within the TME, exchanging extracellular vesicles with tumor cells, which can, in turn,
promote angiogenesis, suppress the immune system, and confer drug resistance [108].

3.6. Extracellular Matrix

The non-cellular component of the GB TME is the ECM. The brain has an unique ECM
composition, which accounts for approximately 20% of its volume [112]. It is comprised
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of various components, including, but not limited to: collagen IV; glycoproteins, such as
fibronectin, laminins, and tenascins; glycosaminoglycans, such as hyaluronic acid (HA);
and proteoglycans, such as the lectican family, phosphacan, and neuron-glial antigen 2 [113].
While sharing many components with the normal brain, the ECM of GB exhibits distinct
characteristics that influence tumor behavior. Besides the fact that GB cells overexpress
various ECM components, including HA, brevican, tenascin-C (TN-C), and fibronectin,
they also show increased expression of specific integrins and receptors, which promote cell
adhesion, migration, and invasion [114].

Notably, HA levels correlate with tumor malignancy, both increasing in parallel. HA,
along with fibronectin, has been shown to promote the invasiveness of GB cells [115,116].
GB ECM is more condensed and less flexible compared to normal brain tissue due to
overexpression of these ECM components, potentially hindering the diffusion of therapeutic
agents and neuroactive molecules [117]. The tumor also induces altered protein synthesis
in surrounding normal tissues, promoting ECM degradation at the invasive front while
increasing ECM component production in nearby areas [118,119]. GB cells can actively
migrate along blood vessels or axons through ECM interactions [120].

Research has revealed ECM-driven signals that shape tumor phenotypes and influence
metabolic activity [121]. Moreover, the GB ECM is deficient in aggrecan, contains oncofetal
proteins, and shows elevated levels of matrix metalloproteinases (MMPs), which increases
ECM modulation, invasion, and angiogenesis [119,122]. The ECM’s significant role in cell
survival, proliferation, and differentiation processes makes it an attractive target for novel
therapeutic approaches, which could be particularly valuable given GB’s poor response to
conventional treatments.

4. Nanotechnology in Glioblastoma

Among multiple alternative approaches to treat GB, nanotechnology has emerged as a
particularly promising field to address the challenges posed by this tumor. Nanoparticle
(NP)-based drug delivery systems offer the potential to overcome many of the challenges
associated with treating brain tumors, including poor drug penetration across the BBB and
the need for targeted delivery to tumor cells while minimizing toxicity to healthy tissue
(Figure 3) [123].
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Figure 3. Nanotechnology benefits and examples of approaches in GB diagnostics and therapy. The
brain images included in this figure were adapted from Gue, R. et al. [8], Marginean, L. et al. [124],
and Manzarbeitia-Arroba, B. et al. [125], and available under the Creative Commons Attribution (CC
BY) license.
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Nanocarriers can be engineered to encapsulate various therapeutic agents, including
chemotherapy drugs, small molecule inhibitors, nucleic acids for gene therapy, and even
combinations of multiple agents for synergistic effects [126]. Their sizes typically range from
10 to 200 nm, with smaller sizes (10-50 nm) facilitating enhanced tumor penetration, cellular
uptake, and TME diffusion, while larger sizes (100-200 nm) promote prolonged circulation,
better retention at the tumor site, and reduced clearance through renal filtration [127].

Furthermore, the surface of nanoparticles can be modified with targeting ligands to
facilitate transport across the BBB and to increase their specificity for GB cells [128]. As
research in this area continues to evolve, nanotechnology-based approaches may offer new
hope for improving the treatment outcomes for GB patients.

Despite all advances in this field, only a limited number of liposomal strategies have
reached clinical trials in GB or other high grade gliomas, following a path similar to what
was achieved in other cancers [129]. Among the main candidates studied, Caelyx™, a
pegylated liposomal formulation of doxorubicin (DOX), underwent several phase 1/1I
clinical trials, either alone or in a combination therapy (with TMZ, tamoxifen, RT, or a
combination of these) [130-134]. However, these trials’ main conclusion was that the lipo-
somal formulation did not show clinical benefits. More recently, a liposomal formulation
of irinotecan (nal-IRI) was tested in two clinical trials, one as single agent and the other
combined with TMZ; however, both trials ended due to lack of activity [135,136]. A new
phase I clinical trial at Johns Hopkins University (NCT05768919) is currently recruiting
patients to assess the efficacy of liposomal curcumin in combination with radiotherapy and
TMZ; no study results have been released yet.

The limited efficacy observed thus far with these clinical trials suggests that while
nanoparticle-based systems can improve drug delivery, further optimization in formulation
and the development of new targeting strategies are necessary to enhance their clinical
effectiveness in GB treatment. While nanotechnology offers promising advantages for
GB treatment, its potential non-specific toxicity, both systemically and in brain tissue,
remains a critical consideration. Ongoing research focuses on optimizing nanoparticle
biocompatibility and biodegradability while minimizing inflammatory responses, aiming
to optimize the balance between therapeutic efficacy and safety [137,138].

5. Nanotechnology and the ECM

While initial nanotechnological approaches focused primarily on targeting glioma
cells, there is growing recognition of the ECM as a critical factor to tumor progression
and malignancy [114], as previously discussed. Consequently, researchers are developing
novel therapeutic strategies that specifically target the ECM in GB. These exploit the ubig-
uitous presence of ECM components within the TME, and thus offer significant advantages
compared to targeting the glioma cells themselves. These ECM-focused strategies, often
investigated in preclinical settings, include the inhibition of matrix-degrading metallopro-
teinases and integrins, ECM stiffening, and degradation [139,140]. Additionally, targeting
structural ECM molecules can enhance other treatment modalities, such as immunother-
apy, by increasing the infiltration of immune cells [141,142]. Nanotechnology approaches
interacting with the GB ECM can be categorized into the following classes, as exemplified
in Figure 4: (i) ECM as the target: nanoparticles designed to directly interact with or modify
the ECM structural components; (ii) ECM-responsive nanoparticles: nanoparticles designed
to respond to specific ECM characteristics or changes; (iii) Enhancing ECM degradation:
nanoparticles that facilitate the breakdown of ECM components to enhance drug pene-
tration or disrupt tumor structure; (iv) Preventing ECM degradation: nanoparticles that
inhibit matrix-degrading enzymes like metalloproteinases to maintain ECM integrity and
limit tumor invasion.
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Figure 4. Nanotechnology strategies interacting with the ECM. Top: Nanoparticles targeting the
ECM; Left: Nanoparticles responding to ECM cues (e.g., increased MMP concentration in the TME);
Right: Nanoparticles degrading the ECM; Bottom: Nanoparticles preventing ECM degradation.

Table 1 summarizes the various nanotechnology strategies discussed in this section,
highlighting their approach, key features, and potential applications in GB treatment. This
overview provides a comprehensive snapshot of the diverse nanotechnology approaches
being explored to reprogram the GB ECM.

Table 1. Overview of nanotechnology approaches for modulating the ECM in GB.

Strategy Approach Key Features Outcome Ref.

Improved cellular uptake and CypA

Functionalized with silencing in GB cells; reduced tumor

Fibronectin-targeted

. EDB-specific aptide to - . [143]
liposomal nanoplatform deliver CypA siRNA growth and m?rea.sed survival rates
in vivo
CREKA-micelle Targets fibrin depositsin ~ Enhanced tumor homing; potential [144]
nanoparticles GB for targeted drug delivery
Enhanced internalization in glioma
Ft—PLA-PT?( dual-targeting Targets TN-C and NRP-1 cells apd penetration in 3.D [145]
peptide system spheroids; Increased median
survival compared to saline
ECM as the target PL3-functionalized iron Increased GB targeting; increased
oxide nanoworms and Targets TN-C and NRP-1 survival rates in glioma-bearing [146]
silver nanoparticles mice
PL1-functionalized silver Targets fibronectin EDB Strong binding to targets and [147]
nanoparticles and TN-C facilitated cellular uptake
. Enhanced tumor specificity and
MMP-14 targeting . . . .
dual-modality imaging Combines NIRF dye and imaging contrast for GB detection; [148]

PET radionuclide potential for preoperative planning

t . . .
agen and real-time surgical guidance

Coated with cross-linked Improved tumor visualization using
BSA and functionalized MRI; sustained contrast for 24 h [149]
with anti-VEGF antibodies post-injection

VEGF-targeting iron oxide
magnetic nanoparticles
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Table 1. Cont.

Strategy Approach

Key Features

Outcome

Ref.

CLIO-ICT nanoparticles

MMP-14-activated prodrug
release system

Selective targeting of GB cells and
GSCs; disrupted tumor blood
vessels; induced apoptosis and
reduced GSCs populations; real-time
tumor response monitoring via MRI

[150]

Activatable
cell-penetrating
peptide-modified
nanoparticles

MMP-2 and MMP-9
responsive design

Enhanced internalization and
targeted PTX delivery within GB
microenvironment; improved
penetration in 3D GB spheroids;
increased survival rates compared to
conventional PTX formulations

[139]

MMP-2-activated
nanoparticles with
bispecific antibodies

Combines immunotherapy
with ferroptosis induction

Targeted B7-H3 and CD3; crossed
BBB; accumulated in GB tissue;
released cargo upon MMP-2
cleavage; activated T-cells and
induced cytokine release

[151]

pH-responsive
DOX-loaded liposomes

Incorporates pH-sensitive
peptide trigger

pH-triggered drug release; specific
targeting of GB cells under acidic
conditions; anti-tumor activity and
anti-angiogenic effects

[152]

Chitosan-based
pH-responsive gold
nanoparticles

ECM-responsive
nanoparticles

Functionalized with
anti-nucleolin aptamer
(AS1411)

Enhanced drug release in acidic
environments; dual-drug delivery
(5-FU and DOX); induced greater

cell death than single-drug
formulations

[153]

Acid-cleavable angiopep-2
functionalized
nanoparticles

Dual-surface tailored
PLGA and PEG based NPs

Brain-targeting in circulation;
transformed into GB-accumulating
after BBB crossing; enhanced cell
uptake and cytotoxicity; improved
BBB permeability

[154]

Hypoxia-responsive
liposomal system
(AMVY@NPs)

Stepwise targeting and
drug release

Crossed BBB; targeted GB cells;
released cargo in hypoxic conditions;
synergistic inhibition of GB cell
growth and pluripotency

[155]

Hollow manganese dioxide
(h-MnO;) nanosystem

pH-responsive design

Alleviated tumor hypoxia; enabled
targeted drug delivery, imaging, and
TME modulation; enhanced
photodynamic therapy efficacy

[156]

Redox-sensitive
HA-curcumin conjugate
nanocarriers

GSH-responsive disulfide
bonds

Rapid drug release in high GSH
environments; enhanced curcumin
solubility and stability; superior
cytotoxicity and cellular uptake in
GB cells

[157]

Hyaluronidase-expressing
oncolytic adenovirus
(ICOVIR17)
Enhancing ECM

Targets HA-rich ECM;
increases tumor-infiltrating
CD8* T cells and
macrophages

Prolonged survival in GB models;
potential combination with
anti-PD-1 therapies for enhanced
efficacy

[158]

degradation Collagenase-modified

human serum albumin
nanoparticles
(CG-HSANPs)

Loaded with gemcitabine;
improved tumor spheroid
penetration

Overcame limitations of
gemcitabine’s short half-life;
enhanced drug delivery efficacy and
induced higher levels of nuclear
fragmentation and ROS generation

[159]
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Table 1. Cont.
Strategy Approach Key Features Outcome Ref.
PLGA nanoparticles Target§ MMP-2 and Effectlyely crossed BBB; 1.ndu.ced
. . . chloride channels apoptosis and ROS generation in GB
functionalized with . ) . o [160]
chlorotoxin (CTX) overexpressed in GB cells; cells with low toxicity to normal
Preventing ECM delivers morusin cells
degradation . -
o Conjugated with MMP-9 ¢ 5oy inhibited MMP-9 activity;
Amphiphilic peptide inhibiting peptide; .. .
; . . . demonstrated low toxicity while [161]
nanoparticles brain-targeting ligand

included crossing the BBB

5.1. ECM as the Target

As previously mentioned, ECM components are ubiquitously distributed throughout
the tumor parenchyma, making them a more consistent and accessible target compared to
heterogeneous tumor cell populations (Figure 5) [141].
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Figure 5. ECM targeting nanotechnology strategy. (a) Schematic overview illustrating nanoparticles
interacting with ECM components to locally exert their effect; (b) Detailed depiction of nanoparticles
avoiding cell receptors and specifically targeting ECM proteins such as collagen and fibronectin.

Among these components, the extra domain B (EDB) of fibronectin has emerged as a
highly promising target for cancer therapy, particularly in aggressive solid tumors such as
GB [162]. This specific domain is prominently present in the perivascular space of many
aggressive tumors, making it an excellent marker for tumor-associated blood vessels [163].
Its unique overexpression pattern in the TME, coupled with its absence in normal adult
tissues, makes EDB a selective target for nanotechnological strategies [164]. Saw et al. de-
veloped a GB therapy using a fibronectin-targeted liposomal nanoplatform functionalized
with an EDB-specific aptide to deliver cyclophilin A (CypA), small interfering ribonucleic
acid (siRNA). In vitro studies showed improved cellular uptake and CypA silencing in GB
cells compared to non-targeted liposomes, while in non-orthotopic GB-xenografted mice,
this targeted system reduced tumor growth and increased survival rates [143].

Previous studies have demonstrated that GB is characterized by a leaky and hemor-
rhagic vasculature, which promotes thrombosis and fibrin accumulation [144]. This feature,
absent in normal tissues, is hypothesized to result from the increased permeability in GB,
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allowing plasma proteins to infiltrate the tumor tissue, where fibrinogen is transformed
into fibrin through the action of pro-coagulant factors [165]. Therefore, fibrin deposition
in the ECM, a feature of both primary and metastatic brain tumors, could be a promising
target for therapeutic intervention.

Taking this into consideration, Chung et al. [144] developed peptide-functionalized
CREKA-micelle nanoparticles to target fibrin deposits in GB [166]. In an orthotopic mouse
model of GB, both targeted and non-targeted micelles accumulated at the tumor site due to
the enhanced permeability and retention (EPR) effect. However, CREKA-micelles showed
enhanced tumor homing within one hour, indicating active fibrin targeting. Biodistribution
studies revealed micelle accumulation in the liver and kidneys, suggesting clearance
through renal filtration and the reticuloendothelial system. Importantly, no cytotoxicity or
tissue damage was observed, supporting the nanoparticle system'’s safety [144].

Another promising ECM target in GB for tumor-specific therapy is TN-C, a glyco-
protein with certain splice isoforms uniquely expressed in tumors. Clinical trials have
evaluated radiolabeled antibodies targeting TN-C domains Al and D for glioma and
lymphoma therapy [167].

Instead of antibodies, Kang et al. developed a dual-targeting peptide system, Ft-PLA-
PTX, which combines paclitaxel (PTX) with polylactic acid (PLA) nanoparticles. The peptide
Ft targets TN-C and neuropilin-1 (NRP-1), enhancing internalization in U87 glioma and
HUVEC cells, as well as penetration in 3D glioma spheroids. In vivo studies in U87 glioma-
bearing mice showed significant accumulation of Ft-PLA-PTX at tumor sites, leading to
higher cytotoxicity and apoptosis rates than single-targeted nanoparticles. Treatment
resulted in a 269% increase in median survival compared to saline, outperforming Taxol®
and other formulations, indicating the effectiveness of this dual-targeting approach [145].

Lingasamy et al. studied the targeting of the same ECM molecules TN-C and NRP-1
using an 8-amino acid homing peptide, PL3, to enhance nanoparticle delivery to GB and
prostate carcinoma. They found that PL3 effectively binds to both targets and functionaliz-
ing iron oxide nanoworms (NWs) and silver nanoparticles (AgNPs) with PL3 significantly
improved their targeting ability in nude mice models, achieving an eight-fold increase in
GB targeting compared to untargeted nanoparticles. Notably, PL3-guided NWs increased
survival rates in glioma-bearing mice, while untargeted particles had no therapeutic effect.
Furthermore, advanced imaging confirmed the accumulation of PL3-coated nanoparticles
in TN-C and NRP-1 positive areas in clinical tumor samples, suggesting potential for future
clinical applications [146]. Following their work with PL3, the authors investigated PL1,
which targets the ECM components fibronectin EDB and TN-C. The PL1-functionalized
AgNPs exhibited strong binding to these targets and facilitated cellular uptake in U87 cells
via a macropinocytosis-like process. The binding affinity of PL1 was quantified, supporting
its potential for delivering therapeutic agents intracellularly [147].

MMPs are key players in the ECM remodeling process that contributes to GB progres-
sion [168]. These zinc-dependent enzymes, essential for normal physiological processes,
can contribute to malignancy when their regulation is disrupted [169]. In GB, several MMPs
are overexpressed, with MMP-2 and MMP-9 being the most extensively studied [170-172].
These secreted gelatinases break down key ECM components like collagens, elastin, and
fibronectin, creating space for tumor cell migration and invasion [173]. Additionally, they
promote the release of pro-angiogenic factors such as VEGE, enhancing tumor resource
availability and facilitating GB infiltration through newly formed blood vessels [174].

Another MMP found to be overexpressed in GB is the membrane-anchored MMP-
14 (also known as MT1-MMP) [175]. It shares similar proteolytic, angiogenic, and im-
munomodulatory capabilities with the secreted gelatinases and can activate pro-MMP-2,
further contributing to GB invasiveness [148,150]. MMP-14’s influence extends beyond
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ECM degradation, regulating numerous plasma membrane-anchored and extracellular
proteins, thereby impacting both intercellular and cell-matrix communication [176]. In the
GB TME, both cancer and stromal cells engage with the ECM through various adhesive
structures [176]. This interaction often results in aggressive infiltration of adjacent brain
tissue, including areas crucial for survival. To facilitate invasion, glioma cells secrete prote-
olytic enzymes that degrade the ECM and mediate the invasion process, and research has
revealed that specific MMPs not only promote glioma cell invasion but also alter tumor
cell behavior and stimulate cancer progression [118,177]. As the invasive nature of GB
significantly contributes to its high mortality rate and poor prognosis, making it a critical
area of study, understanding the complex interplay of various MMPs, in particular MMP-14,
in GB is essential [175]. This deeper comprehension could lead to the development of new
prognostic and predictive markers, improving patient outcomes. Moreover, exploring
MMP interactions may pave the way for novel targeted therapies designed to counteract
the invasive nature of GB.

Taking into consideration that MMP-14 is differentially expressed in GB, compared
to normal tissues, Kasten et al. developed a dual-modality imaging agent targeting the
membrane protease. Their peptide probe combines a near-infrared fluorescence (NIRF)
dye linked to a quencher that is activated upon cleavage by MMP-14, and an MMP-14-
binding peptide attached to a radionuclide chelate for positron emission tomography
(PET). This approach enhanced tumor specificity and imaging contrast, as the NIRF signal
activates only in the presence of MMP-14. In vitro and in vivo studies demonstrated
the probe’s efficacy in detecting GB in cultured cell lines and patient-derived xenograft
models, showing favorable tumor-to-background ratios. PET imaging confirmed significant
localization of the probe in orthotopic GB models, and blocking experiments verified its
specific targeting of MMP-14-expressing cells. Their strategy seemed to be effective for
imaging GBs, providing valuable insights for both preoperative planning and real-time
surgical guidance [148].

Finally, in terms of vascularization, GB stands out as one of the most highly angiogenic
tumors, with VEGF playing a central role in this process [178]. The formation of new
blood vessels in GB is driven by both hypoxia-dependent and independent mechanisms,
leading to the development of unique vessels [109]. This angiogenic potential of GB is
further enhanced by GSCs, which secrete significantly higher levels of VEGF compared to
non-stem glioma cells [179]. Conditioned media from these stem cells have been shown to
strongly enhance endothelial cell functions crucial for angiogenesis, including migration,
proliferation, and tube formation. This heightened angiogenic activity, primarily driven
by VEGF and exacerbated by GSCs, is a major contributor to the aggressive nature of GB,
presenting both challenges and opportunities for therapeutic interventions targeting the
tumor vasculature [180]. Taking advantage of the enhanced accumulation of VEGF in
the ECM of GB tumors, Abakumov et al. developed iron oxide magnetic nanoparticles
(MNPs) targeting VEGF for enhanced GB imaging [149]. The MNPs were coated with
cross-linked bovine serum albumin (BSA) to improve biocompatibility and stability, then
functionalized with monoclonal antibodies against VEGEF, allowing specific binding to
VEGE-positive GB cells. This targeted approach improved tumor visualization using
magnetic resonance imaging (MRI), addressing limitations of existing contrast agents
in specificity and retention [181]. In vitro studies confirmed the nanoparticles’ stability
and cytocompatibility, while in vivo experiments in orthotopic C6-xenografted rat models
demonstrated superior imaging of tumors and vasculature compared to non-targeted
controls, with sustained contrast for 24 h post-injection [149].
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5.2. ECM-Responsive Nanoparticles

The ECM provides essential mechanical and biochemical cues through its interactions
with cell receptors, allowing it to function as both a structural scaffold and a regulator of
cellular behaviors such as adhesion, proliferation, and differentiation [182]. The composi-
tion and architecture vary between tissue types, influenced by various factors including
the cell type present, mechanical forces, and the availability of nutrients and oxygen in
the local microenvironment. This dynamic nature of the ECM reflects changes in tissue
status and disease conditions, with GB being no exception [183]. Nanosystems can be
designed to modulate their effect once in contact with TME conditional changes, such as
the increased presence of secreted and membrane MMPs, the acidic environment, and the
lack of oxygenation (Figure 6).
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Figure 6. Utilizing ECM physicochemical cues as a nanotechnological strategy. (a) Nanoparticles
in circulation; (b) Nanoparticles upon sensing TME conditional alterations. From top to bottom, an
increase in secreted and membrane matrix metalloproteases, an increase in acidity, an increase in
hypoxia accompanied by an increase in ROS.

As previously mentioned, MMP-14 is a proteolytic enzyme highly overexpressed in
GBs and has been already applied as a microenvironment cue in GB therapy by Mohanty
et al. Their work focused on creating a theranostic approach using cross-linked iron oxide
nanoparticles, named CLIO-ICT, which combined therapeutic and diagnostic functions
to target GB and GSCs. These nanoparticles consisted of cross-linked iron oxide particles
conjugated to an azademethylcolchicine (ICT)-peptide prodrug that released the active
drug upon cleavage by MMP-14. The study demonstrated that CLIO-ICT selectively targets
GB cells and GSCs, disrupting tumor blood vessels and significantly inducing apoptosis
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while reducing GSCs populations. In vivo experiments in orthotopic xenografted mice
revealed that CLIO-ICT, especially when combined with TMZ, improved survival rates
and reduced tumor growth compared to TMZ alone. Additionally, the dual functionality of
CLIO-ICT allowed for real-time tumor response monitoring via MRI. [150].

In a similar direction, Gu et al. [139] developed nanoparticles that utilize the up-
regulated expression of MMP-2 and MMP-9 in GB [168,184]. These nanoparticles were
modified with an activatable cell-penetrating peptide, which is specifically cleaved by
MMP-2 and MMP-9, enhancing internalization and enabling targeted PTX delivery within
the GB microenvironment. After confirming successful conjugation of the peptide to
polyethylene glycol-polycaprolactone (PEG-PCL) nanoparticles, in vitro studies showed
significantly increased cellular uptake in GB cells and enhanced penetration in 3D GB
spheroids. In vivo studies in intracranial GB xenograft models indicated that the peptide-
modified nanoparticles accumulated in tumor tissues, leading to improved survival rates
compared to conventional PTX formulations [139].

More recently, Fan et al. engineered MMP-2-activated nanoparticles that combine
immunotherapy with ferroptosis induction for GB treatment [151]. These complex nanopar-
ticles consist of bispecific antibodies targeting B7-H3 (associated with poor prognosis in
GB) and CD3, along with a dimer of epigallocatechin-3-gallate (dEGCG) linked to HA via
an MMP-2-cleavable sequence. dEGCG, on its own, has been shown to provide a myriad
of antitumor effects, mainly associated with its production of intracellular ROS and subse-
quent induction of oxidative damage [185]. This design allowed the nanoparticles to cross
the BBB, accumulate in GB tissue, and release their cargo upon MMP-2 cleavage. In vitro
studies showed effective targeting of GB cells, T-cell activation, and cytokine release, lead-
ing to enhanced anti-tumor effects. In a mouse orthotopic U87 GB xenograft model, the
nanoparticles demonstrated significantly higher intracranial accumulation compared to
free antibodies or non-targeted formulations. Notably, the treatments resulted in 50% of
mice surviving longer than 56 days, indicating a promising strategy for GB therapy that
leverages both immune activation and ferroptosis [151].

In addition to MMP-responsiveness, tumor acidosis is a well-studied characteristic of
most TMEs [186]. Rapidly proliferating tumor cells often deplete their own oxygen supply,
thereby leading to hypoxia, where cells are unable to generate adenosine triphosphate
(ATP) through oxidative phosphorylation. In response, the hypoxia-inducible factor (HIF)
pathway shifts cellular metabolism towards anaerobic glycolysis, commonly referred to as
the Warburg effect, allowing the tumor cells to continue ATP production despite the lack of
oxygen. This metabolic adaptation results in the accumulation of lactate and protons as
byproducts of fermentation, which alter not only the intracellular pH, but, once expelled,
contribute to the characteristic acidification of the TME [94].

To take advantage of the acidic TME in GB, Zhao et al. developed a DOX-loaded lipo-
some that responds to the surrounding pH by incorporating a conjugated peptide, which
consists of a cell-penetrating sequence and a pH-sensitive trigger. The liposomes were
produced through the common thin-film hydration method followed by the less common
remote loading technique of DOX. In vitro experiments showed pH-triggered drug release
and specific targeting of C6 and U87 GB cells under acidic conditions caused by the peptide
modification. In vivo experiments in C6 subcutaneous and U87 orthotopic tumor-bearing
mice demonstrated significant anti-tumor activity and antiangiogenic effects, indicating
the liposomes’ potential for targeted drug delivery and vascular modulation [152].

In a simpler approach, Sathiyaseelan et al. utilized chitosan as the pH-responsive
component in anti-nucleolin aptamer (AS1411)-functionalized gold nanoparticles, biosyn-
thesized from Gynura procumbens, and loaded with both 5-fluorouracil (5-FU) and DOX.
Chitosan, a cationic polysaccharide, becomes soluble at acidic pH, enhancing the release of
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its cargo in such environments. The study demonstrated higher drug release rates under
acidic conditions that mimic the GB TME. In vitro experiments on LN229 GB cells showed
that the dual-drug-loaded nanoparticles induced greater cell death than single-drug for-
mulations, primarily through G0/G1 phase cell cycle arrest, with transmission electron
microscopy (TEM) confirming their internalization in cell organelles [153].

More recently, our group has described an elegant functionalization design that uti-
lizes an acid-cleavable angiopep-2 to functionally create two different nanosystems, a
brain-targeting nanoparticle while in circulation that transforms into a GB-accumulating
nanoparticle after BBB crossing [154]. In that sense, poly(lactic-co-glycolic acid) (PLGA) and
PEG based NPs were designed to deliver docetaxel to GB tumors. The polymeric nanopar-
ticles were dual-surface tailored with two key features: (i) a brain-targeted acid-responsive
angiopep-2 moiety that triggers a structural rearrangement within BBB endosomal vesicles,
and (ii) an L-histidine moiety that provides preferential accumulation into GB cells after
BBB crossing. The angiopep-2 peptide targets the low-density lipoprotein receptor (LDLR)
overexpressed on the BBB, while L-histidine targets the L-type amino acid transporter 1
(LAT1) overexpressed in GB cells. It is important to note that PEG with different molecular
weights were used to create two levels of nanoparticle surface decoration, avoiding inter-
steric hindrance. In vitro studies using tumor invasive margin patient cells showed that
the stimuli-responsive multifunctional nanosystem effectively targeted GB cells, enhancing
cell uptake 12-fold and inducing 3 times higher cytotoxicity in both 2D and 3D cell models
compared to non-targeting formulations. In vitro BBB permeability was assessed with a
hCMEC/D3 transwell model, with the nanosystem demonstrating a threefold increased
BBB permeability. An in vivo biodistribution trial confirmed a threefold improvement
of nanoparticle accumulation in the brain. The antitumor efficacy was validated in GB
orthotopic models following both intratumoral and intravenous administration, with the
median survival and number of long-term survivors increasing by 50% compared to control
groups. The acid-cleavable properties of the nanoparticles ensure that the long-length
PEG-angiopep-2 separates from the main structure after encountering the acidic pH of
endosomes during BBB trafficking. This facilitates endosomal escape and nanoparticle
expulsion towards the brain. Subsequently, the shorter PEG-L-histidine becomes exposed
on the NP surface due to steric deprotection, allowing for GB cell targeting. This study
represented the first time that a multi-ligand functionalized NP system was proposed to
sequentially target the BBB and GB through the exploitation of a BBB-responsive transport
mechanism [154].

Furthermore, as previously noted, hypoxia is a prevalent feature in cancer. The TME
often stimulates neoangiogenesis, resulting in the development of aberrant and inefficient
blood vessels. This process, paradoxically, intensifies the hypoxic conditions within the
tumor. These irregular vessels restrict the delivery of oxygen, drugs, and immune cells,
making tumors more resistant to treatment. Hypoxia also induces significant changes in
tumor cells, activating pathways such as the previously mentioned HIF pathway, which
enables cell adaptation, promoting invasion, therapy resistance, and immune evasion [187].
This is particularly relevant in GB, one of the most hypoxic tumors [188]. Very recently, Qi
et al. developed a hypoxia-responsive liposomal system (AMVY@NPs) for GB treatment,
designed for stepwise targeting and drug release. This system includes a polymetronidazole
core that encapsulates the Yes-associated protein (YAP) inhibitor verteporfin (VP), a cationic
lipid layer that adsorbs siRNA targeting YAP (siYAP), and an outer coating with the
targeting peptide angiopep-2. The nanoparticles are engineered to cross the BBB, specifically
target GB cells, and release their cargo in response to the hypoxic TME. In vitro and in vivo
studies demonstrated that AMVY@NPs effectively released siYAP and VP under hypoxic
conditions, leading to synergistic inhibition of GB cell growth and pluripotency. In an
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orthotopic U87 xenograft mouse model, these nanoparticles significantly inhibited tumor
growth and improved survival without noticeable adverse effects [155].

TME hypoxia and acidosis are linked to ROS creation by oxidative stress [189]. In
GB, elevated ROS levels are a hallmark of the TME, promoting tumor progression, ther-
apy resistance, genomic instability, and invasion [190]. While therapies such as radiation
aim to exploit ROS-induced cell death, GB cells often resist by enhancing antioxidant de-
fenses [191]. Considering this, Yang et al. developed a hollow manganese dioxide (h-MnO,)
nanosystem aimed at alleviating tumor hypoxia by degrading endogenous hydrogen per-
oxide (HO,) into oxygen and water. The pH-responsive MnO; breaks down in the acidic
TME. This nanosystem, produced via a silica template method and functionalized with PEG
for stability, enables targeted drug delivery, imaging, and TME modulation. It efficiently
loaded chlorine e6 (Ce6), a photodynamic agent, and DOX, releasing them in the TME
while generating Mn?* ions to enhance MRI contrast. By producing oxygen, the system
improves photodynamic therapy efficacy, which relies on oxygen to generate ROS. In vivo
studies confirmed effective accumulation of Ce6/DOX-loaded nanoparticles in tumors and
kidneys, demonstrating synergistic effects of chemotherapy and photodynamic therapy in
reducing tumor mass [156].

Finally, regarding ECM-responsiveness, the interaction between glutathione (GSH)
and disulfide (SS) bonds has been exploited [192]. This interaction relies on two character-
istics: (i) there is a steep GSH gradient between the extracellular environment (micromolar)
and the intracellular tumor environment (millimolar), and (ii) SS bonds can be cleaved by
GSH. Therefore, drug delivery systems that incorporate SS bonds can rapidly release their
therapeutic agents inside target cells, significantly improving drug efficacy [157,193].

This was explored by Tian et al., who developed a redox-sensitive nanocarrier system
for targeted curcumin delivery to GB cells by conjugating HA with curcumin via disulfide
bonds. This system takes advantage of the high glutathione levels in TMEs, where GSH
can cleave disulfide bonds, leading to rapid drug release inside target cells. Their work
explored how the molecular weight (MW) of HA affects the properties and performance
of nanocarriers. The HA-curcumin conjugates formed nanoscale micelles, enhancing
curcumin’s solubility and stability. Low (50 kDa) and medium (200-500 kDa) MW HA-
based micelles showed GSH sensitivity and superior cytotoxicity and cellular uptake in
G422 mouse GB cells compared to high MW micelles or free curcumin, indicating their
effectiveness for intracellular drug delivery [157].

5.3. Enhancing ECM Degradation

The GB ECM, as previously discussed, is notably dense and complex, being comprised
of overexpressed components, including HA, specific collagens, laminin, TN-C, and fi-
bronectin, among others (Figure 2). These excessive ECM components make the TME more
compact and less flexible, hindering the diffusion of therapeutic agents [194]. Addition-
ally, this dense physical barrier impedes both T cell infiltration and drug or nanosystem
penetration, contributing to immunosuppression and drug resistance [195]. Recent stud-
ies suggest that breaking down the tumor ECM or inhibiting its formation can enhance
the penetration and accumulation of nanotherapeutics, thereby improving the efficacy of
nanomedicines [140]. One approach to address this issue involves degrading key ECM
components, which loosens the ECM structure and increases tumor tissue permeability,
allowing immune cells to better migrate and infiltrate the tumor [196].

To optimize the ECM degradation strategy by targeting the most abundant com-
ponents of GB ECM, Kiyokawa et al. investigated the role of HA degradation in en-
hancing the effect of oncolytic adenovirus immunotherapy for GB [158]. They used
ICOVIR17, a hyaluronidase-expressing oncolytic adenovirus, to target the HA-rich ECM.
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In murine orthotopic GB models, ICOVIR17 increased tumor-infiltrating CD8* T cells
and macrophages, leading to prolonged animal survival compared to the control virus
ICOVIR15 (no hyaluronidase). ICOVIR17 also upregulated programmed cell death pro-
tein (PD)-ligand 1 (PD-L1) expression on GB cells and macrophages. In vitro experiments
showed that high MW HA inhibited adenovirus-induced NF-kB signaling in macrophages,
linking HA degradation to macrophage activation. Combining ICOVIR17 with anti-PD-1
antibody therapy further extended survival in GB mice models, with some animals achiev-
ing long-term remission. Mechanistic studies revealed that CD4* T cells, CD8* T cells, and
macrophages all contributed to the efficacy of the combination therapy. This treatment
induced pro-inflammatory TAMs and enhanced tumor-specific T cell cytotoxicity both
locally and systemically [158].

Similarly, Shukla et al. addressed ECM as barrier to nanoparticle penetration through
the functionalization of human serum albumin nanoparticles (HSANPs) with collagenase.
These collagenase-modified nanoparticles were loaded with gemcitabine (CG-HSANPs)
to overcome the limitations of its short half-life and dose-dependent side effects. In vitro,
CG-HSANPs demonstrated comparable cytotoxicity with uncoated NPs or free drug but
exhibited improved tumor spheroid penetration. Also, CG-HSANPs induced higher levels
of nuclear fragmentation, ROS generation, and mitochondrial membrane potential disrup-
tion compared to the native drug, emphasizing the importance of ECM degradation in
enhancing drug delivery efficacy [159].

5.4. Preventing ECM Degradation

The invasive nature of GB is closely associated with its ECM, which facilitates tumor
cell migration and invasion [176]. As previously elucidated, given the role of MMPs in GB
progression, various approaches targeting their inhibition have been explored [197,198].
Synthetic MMP inhibitors such as Batimastat and Marimastat, which bind to the MMPs’
zinc atom, have shown promise in reducing MMP activity [199]. However, clinical stud-
ies have failed to demonstrate significant improvements in patient progression-free and
overall survival, primarily due to the molecules’ low aqueous solubility and potential
side effects [200]. As a result, research focusing on MMPs and ECM remodeling as ac-
tively targeted therapeutic strategies has been relatively limited [201]. Despite these past
challenges, recent strategies have sought innovative ways to target MMPs. While tradi-
tional hydroxamate-based MMP inhibitors faced clinical setbacks, nanotechnology offers a
promising alternative. By improving solubility and minimizing side effects, fields where
nanoparticles excel, nanosystems have the potential to reinvigorate these inhibitors and
enable more effective ECM-targeted therapies.

The scorpion venom-derived chlorotoxin (CTX) is a more modern and less synthetic
alternative for the old hydroxamate-based MMP inhibitors [202] and has demonstrated
active targeting of GB cells [203]. Agarwal et al. functionalized PLGA nanoparticles
with CTX (with high affinity for MMP-2 and chloride channels overexpressed in GB
cells) to deliver morusin, a chemotherapeutic agent with poor bioavailability. These CTX-
functionalized nanoparticles (PLGA-MOR-CTX) effectively crossed the BBB and presented
anti-cancer effects in U87 and GI-1 human GB cell lines through apoptosis induction, ROS
generation, and MMP inhibition, with low toxicity to normal neuronal cells [160].

Islam et al. synthesized amphiphilic peptides containing a brain-targeting ligand
(HAIYPRH or CKAPETALC) conjugated with an MMP-9 inhibiting peptide (CTTH-
WGFTLC), linked by glycine spacers and conjugated to cholesterol at the N-terminus [161].
The amphiphilic peptide-cholesterol (c-GGGCTTHWGFTLCHAIYPRH) formed nanoparti-
cles able to cross an in vitro BBB hCMEC /D3 transwell model while showing low toxicity
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in HeLa cells. The authors also demonstrated an efficient inhibition of MMP-9 activity in
an acellular in vitro setting [161].

6. Challenges and Future Perspectives

Nanotechnology offers significant promise to address the challenges of GB therapy,
particularly in targeting its ECM. However, several hurdles remain to be addressed to
achieve its full clinical potential.

The GB ECM is highly complex and heterogeneous, varying between patients and even
within the same tumor. This makes it difficult to develop a one-size-fits-all nanoparticle
approach. Additionally, the dense and rigid structure of the GB ECM poses a significant
barrier to nanoparticle penetration and drug delivery. Current ECM degradation strategies
need further enhancement. Additionally, the BBB presents a major obstacle. While some
promising nanoparticle targeting strategies have shown promise in preclinical models,
translating these results to humans remains challenging due to differences in BBB structure
and function.

Current research is exploring innovative alternatives to address these issues. Multi-
functional nanoparticles are being designed to simultaneously target GB cells and modulate
ECM. For example, particles incorporating MMP inhibitors alongside chemotherapeutic
agents aim to remodel the ECM and expose tumor cells to treatment. Stimuli-responsive
systems, which activate in response to specific TME cues (e.g., pH, enzyme activity), are
another promising avenue. This approach could improve target specificity by guarantee-
ing that the effect only occurs within the TME and reduce off-target effects. Biomimetic
strategies, such as nanoparticles coated with cell membranes or engineered to mimic
extracellular vesicles, offer potential to improve BBB crossing and tumor targeting. Combi-
nation therapies, like using nanoparticles in conjunction with other treatment modalities,
such as focused ultrasound to temporarily disrupt the BBB, could enhance delivery to the
tumor site.

Looking forward, several key areas of research are essential for advancing this field.
Personalized approaches, such as tailoring NPs based on the ECM of each individual
patient, could greatly improve therapeutic outcome by tailoring nanoparticle formulations
accordingly. Advanced imaging techniques could enable real-time visualization of nanopar-
ticle distribution and ECM interactions in vivo, optimizing delivery strategies. Robust
predictive in vitro and in silico models of the GB ECM and BBB are needed to accelerate
nanoparticle design and testing. High-throughput screening of NP formulations generated
by these predictive models could identify the most feasible designs. Additionally, long-term
safety studies are crucial to evaluate the potential long-term impact of ECM-modulating
nanoparticles on healthy brain tissue and tumor recurrence. Ultimately, scalable manufac-
turing, by developing cost-effective and reproducible methods for large-scale production
of complex nanoparticle formulations, will invariably have to be implemented.

In conclusion, nanotechnology offers promising avenues for advancing GB treatment
by addressing key challenges such as BBB penetration, targeted drug delivery, and over-
coming drug resistance. The ability to modulate the ECM through nanotechnological
approaches presents a particularly exciting avenue for therapeutic strategies. While sig-
nificant hurdles remain, including scale-up optimization and reproducibility, the rapid
progress in this field provides cautious optimism for developing more effective GB ther-
apies in the coming decade. As we continue to unravel the complexities of GB biology
and refine nanotechnological tools, the potential for significant improvements in patient
outcomes becomes ever more tangible.
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The following abbreviations are used in this manuscript:

GB Glioblastoma

CNS Central Nervous System

WHO World Health Organization

IDH Isocitrate Dehydrogenase

TERT Telomerase Reverse Transcriptase
EGF Epithelial Growth Factor

EGFR Epithelial Growth Factor Receptor
NOS Not Otherwise Specified

NEC Not Elsewhere Classified

RT Radiotherapy

™Z Temozolomide

MGMT Methylguanine Methyltransferase
FDA Food and Drug Administration
VEGF Vascular Endothelial Growth Factor
BBB Blood-Brain Barrier

TTFields Tumor Treating Fields

TME Tumor Microenvironment

TCGA The Cancer Genome Atlas
CDKN2A Cyclin-Dependent Kinase Inhibitor 2A
TP53 Tumor Protein P53

SMO Smoothened

GAS1 Growth Arrest-Specific Protein 1
GLI2 GLI family zinc finger 2

NOTCH3 Neurogenic Locus Notch Homolog Protein 3
JAG1 Jagged 1

LFNG Beta-1,3-N-acetylglucosaminyltransferase Lunatic Fringe
NF1 Neurofibromin

PTEN Phosphatase and Tensin Homolog
PI3K phosphatidylinositol 3-kinase
CHI3L1 Chitinase-3-Like Protein 1

CD Cluster of Differentiation

NF-«B Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
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PDGFRA
AC-like
MES-like
OPC-like
NPC-like
CDK4
GSCs
SOX2
DNA
ABC
OCT4
IL
TGEF-3
TAM
CSF-1
GDNF
CCL2
SFD-1
CXCL1
GM-CSF
IGF-1
PDGF
MDSC
NK
ROS
CAF
ERK
ECM
HA
TN-C
MMP
NP
DOX
EDB
CypA
siRNA
EPR
PTX
PLA
NRP-1
NwW
AgNP
NIRF
PET
MNP
BSA
MRI
CLIO
ICT
PEG
PCL
dEGCG
ATP
HIF

Platelet-Derived Growth Factor Receptor A
Astrocyte-like

Mesenchymal-like

Oligodendrocyte Progenitor-like
Neural Progenitor-like
Cyclin-Dependent Kinase 4

Glioma Stem Cells

Sex Determining Region Y Box 2
Deoxyribonucleic Acid

ATP-Binding Cassette
Octamer-Binding Transcription Factor 4
Interleukin

Transforming Growth Factor Beta
Tumor-Associated Macrophage
Colony Stimulating Factor 1

Glial Cell Line-Derived Neurotrophic Factor
Chemokine (CC Motif) Ligand 2
Stromal Cell-Derived Factor 1
Chemokine (CXC Motif) Ligand 1
Granulocyte-Macrophage Colony-Stimulating Factor
Insulin-like Growth Factor 1
Platelet-Derived Growth Factor
Myeloid-Derived Suppressor Cells
Natural Killer

Reactive Oxygen Species
Cancer-Associated Fibroblast
Extracellular Signal-Regulated Kinase
Extracellular Matrix

Hyaluronic Acid

Tenascin-C

Matrix Metalloproteinase
Nanoparticle

Doxorubicin

Extra Domain B

Cyclophilin A

Small Interfering Ribonucleic Acid
Enhanced Permeability and Retention
Paclitaxel

Polylactic Acid

Neuropilin-1

Nanoworm

Silver Nanoparticle

Near-Infrared Fluorescence

Positron Emission Tomography
Magnetic Nanoparticle

Bovine Serum Albumin

Magnetic Resonance Imaging
Cross-Linked Iron Oxide
Azademethylcolchicine

Polyethylene Glycol
Polycaprolactone
Epigallocatechin-3-Gallate Dimer
Adenosine Triphosphate
Hypoxia-Inducible Factor
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AS1411 Anti-Nucleolin Aptamer

5-FU 5-Fluorouracil

TEM Transmission Electron Microscopy
PLGA Poly(Lactic-Co-Glycolic Acid)
LDLR Low-Density Lipoprotein Receptor
LAT1 L-type Amino Acid Transporter 1
YAP Yes-Associated Protein

VP Verteporfin

h-MnO, Hollow Manganese Dioxide

H,0, Hydrogen Peroxide

Ceb Chlorine e6

GSH Glutathione

SS Disulfide Bonds

MW Molecular Weight

PD Programmed Cell Death Protein
PD-L1 Programmed Death-Ligand 1
CG-HSANP  Collagenase-Modified Human Serum Albumin Nanoparticle
CTX Chlorotoxin
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Abstract

Glioblastoma presents a significant treatment challenge due to the blood—brain barrier (BBB) hindering drug delivery, and
the overexpression of matrix metalloproteinases (MMPs), which promotes tumor invasiveness. This study introduces a novel
nanostructured lipid carrier (NLC) system designed for the delivery of batimastat, an MMP inhibitor, across the BBB and into
the glioblastoma microenvironment. The NLCs were functionalized with epidermal growth factor (EGF) and a transferrin
receptor-targeting construct to enhance BBB penetration and entrapment within the tumor microenvironment. NLCs were
prepared by ultrasonicator-assisted hot homogenization, followed by surface functionalization with EGF and the construct
though carbodiimide chemistry. The construct was successfully conjugated with an efficiency of 81%. Two functionalized
NLC formulations, fMbat and fNbat, differing in the surfactant amount, were characterized. fMbat had a size of 302 nm, a
polydispersity index (PDI) of 0.298, a {-potential (ZP) of -27.1 mV and an 85% functionalization efficiency (%FE), whereas
fNbat measured 285 nm, with a PDI of 0.249, a ZP of -28.6 mV and a %FE of 92%. Both formulations achieved a drug
loading of 0.42 pg/mg. In vitro assays showed that fNbat was cytotoxic and failed to cross the BBB, while fMbat showed
cytocompatibility at concentrations 10 times higher than the drug’s IC50. Additionally, fMbat inhibited MMP-2 activity
between 11 and 62% across different cell lines and achieved a three-fold increase in BBB penetration upon functionaliza-
tion. Our results suggest that the fMbat formulation has potential for enhancing GB treatment by overcoming current drug
delivery limitations and may be combined with other therapeutic strategies for improved outcomes.
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Introduction

Glioblastoma (GB) is the most common and lethal gli-
oma subtype, representing circa 50% of all central nerv-
ous system (CNS) malignant tumors [1, 2]. The current
standard of care involves the tumor’s maximal safe surgi-
cal resection, followed by adjuvant chemotherapy (with
temozolomide, an alkylating agent) and radiotherapy [3,
4]. Despite this aggressive approach, GB patient progno-
sis remains poor, with a median survival rate of approxi-
mately 15 months and a 5-year survival rate of less than
6% [2,5].

One of the reasons for the lack of new treatments
effectiveness is the poor drug bioavailability in the brain
parenchyma limited by the blood—brain barrier (BBB) [6].
The BBB is a specialized barrier formed by a continuous
unfenestrated endothelial cell layer that constitutes the
blood vessels in the brain, tightly regulating the exchange
of molecules between the bloodstream and the CNS [7].
It accomplishes this through a lining of tight junctions
between endothelial cells, restricting paracellular flow, and
a low rate of transcytosis, restricting transcellular flow
[8]. While extremely important to maintain the physi-
ological homeostasis in the brain, it is a difficult hurdle
that brain targeting agents must overcome. For this, strate-
gies exploiting the BBB’s receptors and transporters have
been employed, such as the transferrin receptor [9], insu-
lin receptor [10], low density lipoprotein receptor [11],
leptin receptor [12], nicotine acetylcholine receptor [13],
diphtheria toxin receptor [12], scavenger receptor [14, 15],
glucose transporter [16], and glutathione transporter [14],
among others. In the past, our group was able to show a
two-fold increase in permeability of siRNA-loaded poly-
meric nanoparticles when functionalized with a modified
transferrin-like peptide (T{P), effectively demonstrating a
transferrin receptor-mediated capacity to transcytose the
BBB [17].

Nanotechnology offers a unique approach to improve
GB prognosis and drug delivery limitations [18]. Through
drug encapsulation and surface chemistry modification,
nanoparticles (NP) may improve drug bioavailability at
the tumor site through improved BBB crossing, controlled
drug release, prolonged half-life by avoiding the reticu-
loendothelial system (RES) uptake, and increased specific-
ity by molecular targeting [19].

Several nanoformulations have been developed for
GB, encompassing chemo- [20, 21], photodynamic- [22],
sonodynamic- [23], radiotherapy- [21, 24], immune- [25]
and hyperthermia-based treatments [26, 27] and magnetic
resonance imaging [27, 28]. Some of these formulations,
mostly liposomal, have even progressed into clinical tri-
als [29, 30]. Notably, a superparamagnetic iron oxide
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nanoparticle marketed as NanoTherm™, is the only nano-
based therapeutic, indicated for GB treatment, approved
by the European Medicines Agency [31, 32]. Despite these
advances, there has not been an effective improvement in
clinical outcomes.

Among the plethora of NP types available, nanostruc-
tured lipid carriers (NLCs) are of special interest as a GB
therapeutic vehicle [33, 34]. Synthesized with “generally
recognized as safe” (GRAS) lipids and surfactants, NLCs
represent an evolution of solid lipid nanoparticles through
the inclusion of a liquid lipid in its core [35]. The absence
of organic solvents during synthesis provides a greater bio-
compatibility, while the addition of the liquid lipid bestows
a more disorganized matrix, increasing the drug loading
capacity [36, 37]. In GB, NLCs have been shown to increase
drug bioavailability due to: i) efficient BBB crossing, ii)
diminished drug side effects, iii) targeting functionalizations
and iv) biocompatibility [37—40].

In addition to the poor drug bioavailability in the brain,
another major cause for treatment failure in GB is its
extremely aggressive invasion into the surrounding tissue.
This invasive capacity is closely associated to the over-
expression of various molecules, including the epidermal
growth factor receptor (EGFR) and matrix metalloprotein-
ases (MMPs), two hallmarks of GB [41, 42].

Regarding the first, EGFR mutations and alterations
(usually amplifications) lead to the receptor’s overexpres-
sion and/or constitutive activation [43, 44]. Abnormal EGFR
signaling promotes uncontrolled cell growth, survival, inva-
sion, and angiogenesis, all of which contribute to the aggres-
sive nature of GB [45-49]. Targeting the EGFR pathway
has therefore been a major focus of research and therapeutic
development for this type of tumor [50, 51].

The second, MMPs, are a family of zinc-dependent
enzymes involved in extracellular matrix (ECM) remod-
eling, which play a vital role in normal physiological pro-
cesses. However, when physiological equilibrium is dis-
rupted, MMPs contribute to malignancy through increased
ECM degradation [52]. Albeit several MMPs have been
found overexpressed in GB microenvironment [53], MMP-2
and MMP-9 are the two most extensively studied in glio-
mas [39, 54-56]. These gelatinases play a crucial role in the
degradation of main ECM components, such as collagens,
elastin, and fibronectin [57]. By cleaving these components,
MMP-2 and -9 facilitate the creation of new pathways that
enable tumor cells to migrate and invade surrounding tis-
sues more effectively [58]. In addition to their role in ECM
degradation, these MMPs promote the release of sequestered
pro-angiogenic factors, such as vascular endothelial growth
factor (VEGF). This increases the tumor’s resource avail-
ability and facilitates GB infiltration to surrounding brain
tissue through the chaotic neovasculature [59]. MMP-14, a
membrane-anchored member of the MMP family, was also
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found to be overexpressed in GB cells [60-62]. Besides hav-
ing similar proteolytic, angiogenic and immunomodulatory
abilities as the above secreted gelatinases, MMP-14 is capa-
ble of activating pro-MMP-2 into its active form, further
contributing to GB invasiveness [57].

Given the importance of MMPs in GB, various thera-
pies targeting their inhibition have been attempted [63—65].
Several synthetic MMP inhibitors were shown to decrease
MMP activity, such as the hydroxamate-based batimastat
and marimastat, which bind the MMPSs’ zinc atom and effec-
tively suppress their functionality [55, 66—69]. Still, clini-
cal studies have failed to demonstrate significant impact of
both these molecules on patient progression-free and overall
survival. This was attributed to the molecules’ low aque-
ous solubility and potential side effects [57, 70-72]. Conse-
quently, there has been relatively little research focusing on
MMPs and ECM remodeling as actively targeted therapeutic
strategies [73].

In the present project, we propose the development of a
NLC formulation encapsulating batimastat, a highly potent
MMP inhibitor, and further functionalized with both EGF
and a custom molecular construct, targeting the transferrin
receptor at the BBB. This construct is comprised of a 10 kDa
polyethyleneglycol (PEG) linker, to sterically impede EGF
interactions, and is terminated by TfP, to promote the BBB
crossing, and an MMP-14 cleavable peptide (MMP14cp)
to cause the construct’s removal once it reaches the GB
microenvironment, leading to the display of EGF and con-
sequential nanoparticle entrapment. This approach aims to
locally inhibit MMPs within the GB microenvironment and
consequently hamper tumor proliferation and invasiveness.

Materials and methods
Reagents

Gelucire® 44/14 and Compritol® 888 ATO were bought from
Gattefossé (Lyon, France). Miglyol® 810N was acquired
from CREMER OLEO (Hamburg, Germany), 1,2-Dis-
tearoyl-sn-glycero-3-phosphorylethanolamine (DSPE)
from Tokyo Chemical Industry (Zwijndrecht, Belgium),
and Tween® 80 from Avantor (Easton, Pennsylvania). TfP
(THRPPMWSPVWPC) and MMP14cp (SGRIGFLRTA)
were synthesized by Genscript Biotech (Rijswijk, Nether-
lands). N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysuccinimide (NHS),
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid
(HEPES) and batimastat (BB-94) were bought from Sigma-
Aldrich (Strasbourg, France). Maleimide-PEG-COOH with
10 kDa was received from RuixiBiotech (Shaanxi, China).
The micro-BCA™ protein assay kits and the Spectrum™

Spectra/Por™ 3 RC Dialysis Membrane Tubing 3.5 kDa
were bought from ThermoFisher Scientific (Porto Salvo,
Portugal). The NHA and T98G cell lines were purchased
from ATCC® (Virginia, USA) and the U-87 cell line from
Biochrom (Berlin, Germany). The U-251 cell line was kindly
provided by the Cell Bank of IPATIMUP (Porto, Portugal)
and the hCMEC/D3 cells were purchased from Cedarlane
(Burlington, Canada).

Functionalization construct synthesis

The molecular construct synthesis here optimized was
adapted from carbodiimide and maleimide-cysteine reac-
tions previously published by our group [74]. TfP and
Maleimide-PEG-COOH conjugation was conducted through
a thioether bond between TfP’s cysteine and the PEG’s
maleimide moiety with a Michael addition reaction [75].
First, TfP and TCEP (1:10 molar ratio) were left to react
at room temperature for 1 h. Then, a freshly prepared PEG
solution was added (1:1 molar ratio of PEG:TfP), and the
resulting mixture was left overnight at 4 °C. The TfP-PEG-
COOH solution was then diluted 1:50 (v/v) to 5 mL in dis-
tilled water and purified through dialysis in a 3.5 kDa mem-
brane for 24 h, with a sink volume of 5 L of distilled water
and water changes at 2, 4 and 8 h. Purified TfP-PEG-COOH
was thereafter subjected to carbodiimide chemistry with
EDC and NHS [76, 77]. Briefly, the polymer-peptide mol-
ecule, EDC and NHS were mixed at a 1:10:10 molar ratio,
respectively, and left to react for 1 h. Then, MMP14cp was
added (1:1 molar ratio to TfP-PEG) and left to react over-
night at 4 °C. The final molecular construct is again puri-
fied by dialyzing against 5 L of distilled water in a 3.5 kDa
membrane for 24 h with water changes at 2, 4 and 8 h. All
reactions occurred with HEPES buffer at pH 7.00.

Construct conjugation efficiency

PEG-TfP, PEG-MMP14cp and MMP14cp-PEG-TfP conju-
gation efficiencies were assessed through a micro-BCA™
assay on purified samples following the manufacturer’s pro-
tocol [78]. Briefly, a 25:24:1 (v/v) ratio of micro-BCA™
reagents A:B:C were combined to create a BCA™ working
solution, which was then added to the samples ata 1:1 (v/v)
ratio. The resulting mixture was incubated for 2 h at 37 °C
and analyzed at 562 nm in a Synergy MX microplate reader
(BioTek). To further confirm the conjugation efficiencies,
"H-NMR was conducted for all samples in an Ascend III
400 9.4 T (Bruker). For qualitative validation of the con-
jugation success, the molecular weight of the conjugates
and pure PEG solutions were calculated by gel permeation
chromatography/size exclusion chromatography (GPC/
SEC). The analysis was performed using a tri-module sys-
tem: OMNISEC Reveal, OMNISEC Resolve and OMNISEC
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300-mesh nickel grid, using uranyl acetate to increase con-
trast. Batimastat was quantified by high performance liquid
chromatography (HPLC) to assess the encapsulation effi-
ciency (EE%) and loading degree (LD) [81]. The chromatog-
raphy was performed by reverse-phase HPLC (Hitachi 7000
from Merck), with a Nova-Pak C18 4 pm column (Waters) as
the stationary phase and 50% water 50% acetonitrile as the
mobile phase, at a flow rate of 1 mL/min. The analyte was
measured at a wavelength of 256 nm and was injected at a
volume of 50 uL per sample. The NLC stability over time
was analyzed by DLS/ELS up to 2 months.

NP functionalization

Nanoparticle functionalization with the construct and
EGF was achieved with a carbodiimide reaction in a simi-
lar manner as described for the construct synthesis [74].
Briefly, the carboxylic acids of both MMP14cp-PEG-T{P
and EGF (1:1 molar ratio) were activated with EDC and
NHS at a 1:10:10 molar ratio for 1 h, after which the ami-
nated NLCs were added, reacting overnight at 4 °C. The
functionalized suspensions were washed with double-
distilled water in an Amicon® Ultra 15 mL centrifugal
filter. The reactions occurred with HEPES buffer at pH
7.00. The functionalization efficiency was quantified by
both micro-BCA™, with samples in a 2% sodium dodecyl
sulfate (SDS) solution [82], and 'H-NMR, as previously
explained for MMP14cp-PEG-TfP conjugation efficiency
(Construct conjugation efficiency). Functionalized NLCs
were physicochemically characterized in the exact same
manner as their non-functionalized counterparts.

Cell culturing

The glioblastoma cell lines, U-87, U-251 and T98G and the
non-tumor astrocytic cell line NHA were routinely main-
tained in Dulbecco's modified Eagle's medium (DMEM)
high-glucose (4.5 g/L) with stable glutamine and sodium
pyruvate, supplemented with Gibco™ heat-inactivated
fetal bovine serum (FBS, 10% v/v), penicillin—streptomy-
cin (1% v/v) and amphotericin B (0.5% v/v). h\CMEC/D3
cells were cultured in endothelial basal medium-2 (EBM-
2) supplemented with FBS (5% v/v), penicillin—strepto-
mycin (1% v/v), hydrocortisone (1.4 uM), ascorbic acid
(5 pg/mL), chemically defined lipid concentrate (1% v/v),
4-(2-hydroxyethyl)—1-piperazineethanesulphonic acid
(10 mM) and basic fibroblast growth factor (1 ng/mL). This
last supplement was added extemporaneously in the culture
medium. Cells were maintained in a humidified incubator at
37 °C with 5% CO, and 95% relative humidity. Cell culture
medium was changed every 2 to 3 days, depending on cell
confluence.

Cell viability assays

Cells (5 x 10° /well) were plated on a 96-well transparent
plate and allowed to adhere for 24 h at 37 °C. Cells were
then treated for 24, 48 or 72 h with supplemented media
(untreated control), free batimastat in concentrations ranging
from O to 100 nM, or NLC formulations at concentrations
equivalent to batimastat at 0 to 100 nM. To evaluate cell
response to the treatments, PrestoBlue™ cell viability assay
was conducted as previously described by our group [83].
Briefly, cells were washed three times with the non-supple-
mented media and then incubated with PrestoBlue™ rea-
gent diluted in supplemented medium (10% v/v) for 45 min
at 37 °C in the dark. Fluorescence was then measured at
560 nm and 590 nm excitation and emission wavelengths in
a SpectraMax iD3 multi-detection microplate reader (Molec-
ular Devices, USA) in five technical replicates, excluding
the background.

BBB permeability assay

The methodology for establishing an in vitro BBB model
was adapted from a previously published protocol [17].
Prior to cell seeding, 24-well Transwell inserts were treated
with 50 pL of rat tail collagen type I solution (50 pg/mL in
20 mM acetic acid) for 60 min at 37 °C, followed by two
Phosphate Buffered Saline washes. h\CMEC/D3 cells were
plated onto the apical chamber of the inserts at a density of
7.5 % 10° cells per well in 400 uL of EBM-2 medium and
the basolateral chamber was filled with 1 mL of medium.
The model was incubated at 37 °C for 8§ days, with media
replacement every 48 h. By day 8, the hCMEC/D3 cells
formed a confluent monolayer, at which point the perme-
ability study was initiated. The integrity of the cellular bar-
rier was assessed every 48 h by measuring the transepithe-
lial electrical resistance (TEER) using a Millicell ERS-2
endothelial Volt-Ohm meter (Merck Millipore, USA). The
resistance of a cell-free insert in the same conditions was
subtracted from each measurement to obtain the true TEER
value. The permeability assay was conducted in the apical-
to-basolateral direction, as DiO-labeled NPs, either function-
alized or unfunctionalized, suspended in Hanks' balanced
salt solution (HBSS, 400 pL at 600 ug/mL) were introduced
to the apical compartment. The experiment was performed
at 37 °C in an orbital shaker incubator set to 100 rpm. At
specific time points (1, 4, 12 and 24 h), 200 pL aliquots were
collected from the basolateral chamber and replaced with
200 uL of pre-heated HBSS. The fluorescence intensity of
these samples was quantified using a SpectraMax iD3 multi-
detection microplate reader (Molecular Devices, USA) at
excitation and emission wavelengths of 471 nm and 511 nm,
respectively. All experiments were conducted in triplicate.
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Collection of conditioned media

Cells (3% 10° /well) were plated on a 6-well transparent plate,
with 3 mL of supplemented medium, and allowed to adhere for
48 h at 37 °C. Cells were then treated for 24, 48 or 72 h with
1.5 mL of non-supplemented media (untreated control), NLC
formulations at a concentration equivalent to 50 nM of batimas-
tat, or free batimastat (50 nM), after which the media was col-
lected. Following a centrifugation at 13,000 rpm for 10 min, the
pellet was discarded, and the supernatant concentrated tenfold by
centrifugation at 3500 rpm for 10 min, at 4 °C, in an Amicon®
Ultra 4 mL centrifugal filter (30 kDa molecular weight cutoff).
The conditioned media (secretomes) were then stored at —80 °C.

Gelatin zymography

Total protein content of each secretome was quantified with a
DC™ protein assay kit (Bio-Rad, USA). 15 ug of protein was
mixed with sample loading buffer (10% Sodium dodecyl sulfate
(SDS), 4% sucrose and 0.03% bromophenol blue in 0.5 M Tris-
HCl pH 6.8) at a 2:1 (v/v) ratio. Separation was achieved through
electrophoresis with a 10% polyacrylamide gel, containing 0.1%
gelatin as substrate, at 80 V for 2 h, as previously described [84,
85]. The gels were then washed twice with 2% Triton X-100 for
30 min to remove the SDS, washed with ddH2O, and further
incubated for 16 h at 37 °C with MMP substrate buffer (10 mM
CaCl,, 0.5% NaN, in 50 mM Tris-HCL pH 7.5). Lastly, the gels
were stained with Coomassie Blue for 30 min and destained until
the bands were clear. Gel images and band density calculations
were obtained with a GS-900 Calibrated Densitometer and the
Image Lab 6.1 software (Bio-Rad, USA).

Statistical analysis

The results are presented as the mean + standard deviation
from at least three independent experiments. Statistical anal-
yses were conducted using a one-way analysis of variance
(ANOVA) followed by Holm-Sidak’s multiple comparison
test or Kruskal-Wallis test followed by Dunn’s post hoc test
to compare the experimental groups. Differences were deemed
statistically significant at *p <0.05, **p <0.01, ***p <0.005 or
*##%%p <0.001. All statistical analyses were carried out using
GraphPad Prism 8.0.1 software (GraphPad Software, USA).

Results and discussion

Chemical synthesis of the targeting molecular
construct

The molecular construct, MMP14cp-PEG-T{P, was designed

to provide a cleavable moiety in its link to the nanoparti-
cle (MMP14cp) and to permeate the BBB, through its
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transferrin-mimicking moiety (TfP). Binding both peptides,
the COOH-PEG-maleimide molecule was designed to have
a molecular weight (MW) of 13 kDa, in order to conceal the
functionalization of EGF, which has a lower MW (6.4 kDa).
First, the PEG-maleimide was chemically conjugated with the
cysteine-terminated TfP (Fig. 1a) following a common thiol-
maleimide click chemistry. The addition of TCEP, a reduc-
ing agent, ensured that no disulfide bridge cross-linking was
present between the peptides. The conjugation’s efficiency,
assayed through micro-BCA™, was 66 +20%, presenting a
high variability between replicates. As the room tempera-
ture under which the reactions occurred was not controlled,
its variability could have led to different rates of maleimide
hydrolysis, which degrades the maleimide and prevents its
reaction with thiols [86]. Nonetheless, this efficiency was
considered to be acceptable since its upper limit was very
close to other optimized thiol-maleimide reactions described
in the literature, between 70 to 90% [74, 86]. Additionally,
GPC analysis showed a reproducible increase in molecular
weights after the conjugation reaction, consistent with the
expected peptide MW of 1.6 kDa (Fig. 1b). To further con-
firm the conjugation, an 'H-NMR analysis was conducted
on both the reagents and the dialyzed conjugate (Fig. 1c).
The NMR chemical shifts between 8 =2.9 ppm and 3.1 ppm,
which are attributed to a carbon linked to another carbon and
to an aromatic ring [87, 88], exhibited low intensity in the
pure PEG sample and high intensity in the dialyzed conju-
gate. This indicates the presence of the peptide’s aminoacid
side chains in the final product (conjugate). Before proceed-
ing with the full construct conjugation, the PEG-MMP14cp
bound was also characterized, following a typical NHS-
assisted carbodiimide reaction strategy. The conjugation effi-
ciency could not be assessed with micro-BCA™ due to the
unexpected interference of undialyzed NHS, which reacted
colorimetrically with the assay’s copper-based agents. Never-
theless, similarly to PEG-TfP, GPC analysis of the conjugate
showed a molecular weight increase compared to the pure
polymer, consistent with the MMP14cp’s molecular weight
of 1.1 kDa (Fig. 1b). Additionally, '"H-NMR analysis of the
dialyzed conjugate showed an increase in chemical shift at
an identical 5=2.9-3.1 ppm, suggesting the presence of the
aromatic rings of MMP14cp in the final product (Fig. 1c).
The final construct was prepared following the same reaction
procedure using PEG-TfP instead of PEG. The conjugation
efficiency, assessed using micro-BCA™, was 81 +4%, which
is at the reported upper limits of carbodiimide chemistry
[74, 89, 90]. GPC analysis showed an increase in molecular
weight consistent with the presence of both peptides, total-
ing a MW of 2.7 kDa (Fig. 1b). The analysis of the 'H-NMR
spectra of the dialyzed conjugate indicated the previously
stated presence of histidine, tryptophan and phenylala-
nine residues in the molecular construct, evidenced by the
increased chemical shift at =2.9-3.1 ppm (Fig. 1c).
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Fig.1 Conjugation and characterization of the molecular con-
struct for NP functionalization. a Chemical structure of PEG, TfP
and MMPl4cp. b Molecular weight of MMP14cp-PEG-TfP reac-
tion steps, determined by GPC analysis. Results are expressed
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Nanostructured lipid carrier production
and characterization

All NLC formulations were synthesized following an
ultrasound-assisted hot homogenization technique (Fig. 2)
[79]. During initial optimization, different combinations
and quantities of solid and liquid lipids, surfactant, and the
phospholipid DSPE (required for further functionalization)

H chemical shift (ppm)

2 0 6 4 -2 0
H chemical shift (ppm)

##i%p <0,0001. ¢ 'H-NMR spectra of PEG, peptide(s) and purified
PEG-peptide(s) for the molecular construct conjugations, PEG-TfP,
PEG-MMPl4cp and MMP14cp-PEG-TfP. Experiments were con-
ducted in triplicate. D,O — deuterium oxide, (i) C-C-O at 4.7 ppm,
(ii)) C—C-C-aromatic ring at 2.9-3.1 ppm

were tested, as depicted in Table 1. Ideal benchmarks for
average diameter and polydispersity index were chosen as
200 nm, considered to be the standard for blood-to-brain
delivery, and < 0.2, respectively, to maximize efficient load
delivery potential [91, 92]. Zeta potential was optimized
to be distant from neutral, as neutral dispersions tend to
aggregate due to Wan-der-Walls hydrophobic interactions
[93]. Surface amine concentration was intended to be as

@ Springer



Drug Delivery and Translational Research

A
J
3

Aqueous phase: Organic phase:

e ddH0 e Gelucire
e Tween 80 e Compritol
* Miglyol
e DSPE
e Batimastat

r
.
Vs

Nanostructured Lipid Carrier

@ Batimastat

. Epidermal Growth Factor

MMP14-PEG-TfP

Fig. 2 Batimastat-loaded EGF/MMP14cp-PEG-TfP-functionalized Nanostructured Lipid Carrier production methodology. (i) Melting; (ii) Soni-

cation; (iii); Functionalization; (iv) Centrifugation wash

high as possible, in order to achieve a comprehensive
functionalization.

To encapsulate batimastat, 100 uL of the inhibitor (1 mM)
dissolved in absolute ethanol were added to the melted lipidic
phase prior to sonication (Fig. 2i). This quantity was cho-
sen to balance batimastat’s high inhibitory potential (IC50
described as being between 4-10 nM for most MMPs), and
the need to minimize the amount of ethanol introduced to
the production process [94, 95]. Evaluation of the encapsu-
lation efficiency and drug loading followed a direct method
and were carried out by HPLC. Results showed that both
formulations presented an equal capacity for batimastat
encapsulation, of 30.5% for Mbat and 30.4% for Nbat. We
were also able to observe that an additional 20% of batimas-
tat was lost during the functionalization process, as the for-
mulations fMbat and fNbat presented efficiencies of 10.1%
and 10.2%, respectively. These values correspond to a drug
loading of 0.42 pg/mg, which is equivalent to 1000 times
the reported IC50 of batimastat (Fig. 3a). Nasoudi et al.
reported 4-5000 greater drug loading percentages in poly-
meric NPs than our lipidic ones but did not provide encap-
sulation efficiency data [96], while Zhang et al. managed to
encapsulate 56.72%, without specifying the method used,
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of the similar compound marimastat in liposomes [97]. In
our work, despite the relatively low encapsulation efficiency,
the amount of encapsulated drug is enough to provide a bio-
logical effect, according to previously reported data [94].
Moreover, regarding physicochemical characteristics, the
batimastat-encapsulating formulations showed no signifi-
cant difference compared to empty NLCs, maintaining the
behavior between M and N formulations (Fig. 3b).

NLC functionalization was obtained through the pre-
viously described carbodiimide strategy, conjugating the
DSPE amines on the NLC surface to the carboxylic ter-
minus of both the molecular construct and EGF (Fig. 2c)
[98]. Physicochemical characteristics were assayed in a
Zetasizer for all the functionalizations carried out on both
formulations M and N, with and without batimastat (Fig. 4a
and Fig. 4b). Results showed that the average sizes varied
significantly between different functionalizations (Fig. 4a),
albeit there were no significant alterations to the non-func-
tionalized suspensions. The polydispersity indexes mostly
remained slightly above 0.2, indicating almost monodisperse
formulations [91]. Most importantly, however, all zeta-
potentials were altered, becoming more negative, evidenc-
ing that the functionalization had an impact on nanoparticle
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Fig. 3 Encapsulation of batimastat and its effect on the physicochem-
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and fN, as assessed through the direct method using HPLC. Results
are represented as the mean=+SD of 3 independent experiments. b
Physicochemical characteristics of empty formulations (M and N)

surface charge (Fig. 4b) [99, 100]. As the zeta-potential is
a characterization of the interface between the NP and the
surrounding fluid, a change in this interface is expected to
induce an alteration in electrical potential [101]. In a previ-
ous study, Han et al. demonstrated a similar decrease in zeta
potential upon functionalizing their NLCs with transferrin
[99]. More specifically, our group has previously reported
that functionalization of lipidic NPs with the same trans-
ferrin peptide here utilized provoked a small decrease in
zeta potential [100]. The efficiency of the functionalization
procedure was assessed through a modification of the previ-
ously described micro-BCA™ technique, where the addition
of a 2% SDS solution was used to mask the lipids’ colori-
metric influence [82]. The efficiency of fMbat, 85+ 15%,
was expectedly lower than that of fNbat, 92 + 6%, as the
first contained a higher amount of surfactant, resulting in
less accessible surface compared to the second. A direct
comparison with data reported in the literature is complex
owing to the multiple parameters involved, such as the lipids
and surfactants utilized, their ratios, the conjugation reaction
itself, the molecules being attached, among others. Kebebe
et al. successfully conjugated cyclic-RGD tumor-targeting
peptides to the surface of a gamboic acid-loaded NLC, with

and NLCs loaded with batimastat (Mbat and Nbat), determined with
a Zetasizer. Results are shown as the mean+SD of at least 5 inde-
pendent characterizations. Dotted lines represent ideal characteristic
benchmarks for NP brain delivery, average size below 200 nm and
PDI below 0.2

the help of EDC/NHS, at a near 100% efficiency [76]. In
another study, Du and Li utilized carbodiimide chemistry in
an optimization process to functionalize an NLC containing
DNA and doxorubicin with bombesin, achieving between
85 to 95% conjugation efficiencies [102]. More recently, a
similar conjugation to the one used in this study was con-
ducted by Teixeira et al., achieving 95% functionalization
efficiency in a carbodiimide bond between lactoferrin and
stearic acid present in NLCs [103]. Overall, our degree of
functionalization is mostly in the range of those described
in the aforementioned studies.

Previously synthesized and characterized NLC for-
mulations were further analyzed for morphology using
transmission electron microscopy (TEM) at all stages of
encapsulation and functionalization (Fig. 5). The TEM
images revealed that the NPs were generally spherical but
displayed slight distortions. This was probably due to the
accumulation of smaller NPs around them, which pressed
against the inherently labile nature of the lipidic matrices.
The formulations tended to aggregate under vacuum but
seemed homogenous. Interestingly, two different popula-
tions were observed, a larger one with sizes of approximately
300 nm and a smaller one with diameters below 100 nm.
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Fig.4 Functionalization of EGF and MMP14cp-PEG-TfP and its
effect on the physicochemical properties of the NPs. All dotted
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cal characteristics of empty NLC formulations at different function-
alization stages, as measured in a Zetasizer. Results are represented
as the mean+SD of at least 3 independent experiments. *p <0.05,
**p<0.01. M-construct and N-construct — formulations M and N

The possibility of such a bimodal size distribution to occur
has been stated in a comprehensive review by the NLC’s
inventor Professor R. H. Miiller [104]. The presence of these
smaller NPs can explain the lower than expected encapsula-
tion efficiencies previously detected, as their small diameter
may result in their removal during the centrifugation wash-
ing procedure.

The NLC formulations exhibited a good shelf stability in
terms of particle size, PDI, and zeta potential over a 30-day
storage period at 4 °C (Fig. 6). The initial average parti-
cle size ranged from 200 to 350 nm, which is close to the
optimal range for BBB-crossing nanostructured lipid carri-
ers [91, 92]. Excluding the Nbat formulation, particle size
showed minimal variation, with a relative deviation con-
sistently below 15%, reflecting good batch uniformity and
stability during storage. Although the percentual PDI values
appeared highly variable, due to their small absolute values,
they remained consistently low, starting between 0.1 and
0.2, and staying below 0.3 throughout the storage period.
This suggests that the NLC formulations maintained their
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functionalized with the molecular construct; M-EGF and N-EGF
— formulations M and N functionalized with EGF; fM and fN — for-
mulations M and N functionalized with both the construct and EGF;
Mbat, Nbat, fMbat and fNbat — formulations M and N encapsulating
batimastat and their functionalized variants. b Physicochemical char-
acteristics of batimastat-encapsulating NLCs before and after func-
tionalization. Results are shown as the mean+SD of at least 3 inde-
pendent experiments. *p <0.05

homogeneous nature with no significant particle aggrega-
tion or size alterations. Similarly, zeta potential measure-
ments exhibited robust stability characteristics, maintaining
a negative charge of —25 to —30 mV with negligible varia-
tion. This magnitude of zeta potential is considered optimal
for maintaining electrostatic repulsion between particles,
thereby preventing aggregation and ensuring physical sta-
bility [105]. The complete formulations, fMbat and fNbat,
were also further assessed for stability in different physi-
ologically relevant fluids, including 0.09% NaCl, phosphate
buffered saline (PBS), DMEM and DMEM supplemented
with 10% FBS. Both formulations were found to be stable
over 28 days. As shown in Fig. S1, the formulations pre-
sented no variation in zeta potential, regardless of the fluid.
While diameter measurements remained largely consistent,
a slight increase in size (although not statistically signifi-
cant) was observed starting in the third week. Lastly, the PDI
values were, again, varying by less than 0.05 units between
each assessed timepoint. Overall, the developed NLC for-
mulations exhibited suitable physicochemical characteristics
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for potential pharmaceutical applications, with promising
stability under normal storage conditions. The maintenance
of critical quality attributes over the studied period indicates
successful formulation development and appropriate selec-
tion of lipid matrices, stabilizers and surface chemistry.

In vitro permeability across the BBB of DiO-labeled
NPs

To assess the ability of the NLC nanoparticles to permeate
through the BBB, a highly hampering therapeutical barrier,
we employed a widely recognized in vitro model, previously
established by our team [17, 74, 100]. This model, which
utilizes a monolayer of the hCMEC/D3 cell line, offers sev-
eral benefits compared to alternative in vitro BBB models,
including: i) the consistent preservation of BBB-specific
characteristics across multiple passages; ii) ease of mainte-
nance and cost-effective reproduction; and iii) the capability
to form functional barriers featuring essential tight junction
proteins [106]. Moreover, these endothelial cells overexpress
the transferrin receptor, the mediator of our NPs” BBB cross-
ing (Fig. S2a). This model allows for the in vitro evalua-
tion of nanoparticle permeability across a simulated BBB
environment under controlled laboratory conditions [107].

Prior to the permeability assays, the NLCs were labeled
with DiO, a highly lipophilic fluorescent dye, to allow their
measurement [108]. The previously assessed physicochem-
ical characteristics of average size, polydispersity index
and zeta-potential were again measured for the fluorescent
NLCs, in order to guarantee that the addition of DiO would
not alter the final NP properties. As shown in Fig. 7a, no
statistically significant alterations were observed.

As expected, due to the surface functionalization with
the transferrin-mimicking peptide-terminated molecular
constructs, we observed a significant increase in perme-
ability of the fMbat formulation. Indeed, following 24 h,
the permeated mass nearly tripled (Fig. 7b). In contrast, the
functionalization presented no effect on fNbat, which was
unexpected. Given its higher functionalization efficiency,
resulting from lower surfactant surface coverage, the fNbat
was expected to be more permeable [109]. One limitation
of using peptide quantification to assess the functionali-
zation efficiency of a dual-functionalized NP is that this
technique can not differentiate between the two molecules
being measured. Therefore, despite its higher efficiency,
formulation fNbat might actually have a lower amount of
the molecular construct on its surface compared to fMbat.
Another possibility is that a higher surface coverage of
such long molecules might have a deleterious effect due to
steric hindrance, contrary to the expected beneficial impact
[110]. Interestingly, the unfunctionalized Mbat formulation
demonstrated superior permeability compared to the fNbat
formulation. This unexpected result is likely attributed to
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the higher surfactant content in Mbat, which may enhance
the nanoparticle's interaction with the cellular membranes
of the BBB endothelium.

Overall, our results align with existing reports on nano-
particles coopting the transferrin pathway for brain delivery
[109, 111]. Moura et al., utilizing the same transferrin-mim-
icking peptide on a lipid nanocapsule, described a similar
increase in permeability from 0 to 3% [100]. In a similar
study, Gomes and colleagues, using the same peptide,
showed a three-fold increase in interaction between solid
lipid nanoparticles and hCMEC/D3 cells [112].

NLC cytotoxicity assessment

To evaluate the cytotoxicity of the developed NLCs, the het-
erogeneous nature of GB was considered, and various cell lines
were used to represent distinct molecular and genetic profiles
[53, 113-116]. As such, the widely utilized cell lines U-87,
U-251, and T98G were selected to screen the efficacy of our
nano based approach to GB. In addition to the above, normal
human astrocytes (NHA) were used to mimic a healthy glia
and serve as a critical control to evaluate the nanoparticle’s
selectivity and potential off-target effects [117].

As shown in Fig. S2b, all the aforementioned cell lines
exhibit elevated expression levels of the EGF receptor, which
serves as the target for our NPs to accumulate within the tumor
microenvironment. To further assess the cytotoxicity of the
accumulation of NPs in non-brain tissue, which frequently
occurs in an in vivo setting, we conducted viability assays on
the endothelial A(CMEC/D?3 cell line, as a model for the BBB,
and HEPG?2 cells, as a model of hepatotoxicity [106, 118].

Cell viability was evaluated after treatment of all the cells
lines with fMbat, fNbat or free batimastat at concentrations
ranging from O to 100 nM for 24, 48 or 72 h (Fig. 8). Free
batimastat showed no significant effect on cell viability at
increasing concentration across all cell lines and treatment
durations, suggesting that any cytotoxicity present is likely
due to the vehicle and not batimastat itself. This is consistent
with previous studies reporting similar findings in various cell
types and viability assays [119-122]. Regarding the nanopar-
ticle formulations, fNbat induced a significant decrease in cell
viability across all timepoints and concentrations in all cell
lines, except in U-87. With the fMbat formulation, the NHA
cell line showed a decrease in viability only at the highest
concentrations, particularly at the 72 h timepoint. In contrast,
the U-87 cell line, which appeared more resistant than the
others (as observed with fNbat), presented a slight decrease
in viability initially, which became less noticeable over time.
Moreover, fMbat appeared to have a more pronounced cyto-
toxic effect on the U-251 cell line than on the others cell lines,
with a significant decrease in viability at concentrations above
5 nM. For the T98G cell line, fMbat induced a progressive,
albeit small, increase in toxicity as concentrations increased.
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Fig.7 BBB permeability of DiO-labeled functionalized NLC formu-
lations compared to unfunctionalized DiO-NLCs and their physico-
chemical characterization. a Physicochemical characteristics of func-
tionalized formulations fMbat and fNbat produced with and without
DiO, measured with a Zetasizer. Results are shown as the mean+SD
of 3 independent characterizations and the dotted lines represent
ideal characteristic benchmarks for BBB crossing, average size below
200 nm and PDI below 0.2. b Assessment of DiO-labeled NP trans-

Lastly, the cytotoxicity profiles of fMbat and fNbat were
evaluated in non-brain tissues, using liver HEPG2 cells and
endothelial \CMEC/D3 cells. In HEPG?2 cells, both formula-
tions demonstrated a generally safe profile, with fNbat exhibiting
aminor increase in cytotoxicity at 72 h (Fig. S3a). The endothe-
lial \CMEC/D3 cells, however, showed different responses to
the two formulations. fNbat displayed cytotoxicity starting at
48 h, which became more pronounced at 72 h, particularly at
the 100 nM concentration. In contrast, fMbat maintained a safe
profile up to 72 h, at which point some cytotoxic effects were
observed (Fig. S3b). These results suggest that fMbat has a more
favorable safety profile in non-brain tissues compared to fNbat.

The observed difference in cytotoxicity between the two
formulations may be attributed to their surfactant content.

Time (h)

port across an in vitro BBB Transwell model over 24 h. Results are
expressed as the percentage of NP mass that traversed a hCMEC/
D3 endothelial cell monolayer to the basolateral compartment, rela-
tive to the initial NP mass in the apical chamber. Values represent the
mean+SD of 3 independent experiments. Statistical comparisons
were made between each experimental group and the non-functional-
ized NP control counterpart. *p <0.05

fMbat contains twice the amount of surfactant compared
to fNbat, which likely contributes to its increased stabil-
ity. The lower surfactant content in fNbat may have led
to faster degradation and potential destabilization of cell
membranes. Despite the formulations differing only in sur-
factant amount and having a small disparity in functionali-
zation efficiency, the substantial difference in cytotoxicity
between the two formulations was unexpected. Based on
these results, fMbat appears to be the better candidate for
our therapeutic approach, as it demonstrated lower cyto-
toxicity, particularly in NHA cells, suggesting a potentially
reduced risk of side effects. Nevertheless, while both for-
mulations were designed to target GB cells, their effect
on astrocytes became significant at higher concentrations
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Fig.8 Evaluation of the cell viability of NHA, U-87, U-251 and
T98G cell lines following treatment with free batimastat, batimastat-
loaded functionalized NLC M (fMbat) or batimastat-loaded function-
alized NLC N (fNbat). Concentrations of 0 nM represent treatments
with the empty NLCs fM and fN. Viability was analyzed with Presto-
Blue™ assay at 24, 48 or 72 h and is represented as a percentage rela-
tive to cells treated with culture medium (untreated control). Results

and this cannot be ignored. As such, to combine both a
low cytotoxicity and a high MMP inhibitory potential,
the 50 nM concentration of batimastat, which is ten-fold
higher than its reported IC50 [94], was chosen to continue
the in vitro assays.

NLC MMP inhibitory potential evaluation
The potential of the batimastat-loaded NPs to inhibit
MMPs’ activity was examined via gel zymography using

the secretome of all cell lines tested. Initially, the basal
levels of active MMPs, MMP-2 and MMP-9, was assessed
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represent the mean+SD of at least 3 independent experiments. Dot-
ted line represents 70% of cell viability, the cytotoxicity benchmark
referenced by the ISO 10993-5 (in vitro cytotoxicity test stand-
ardization for medical devices). Statistical comparisons were con-
ducted between each experimental group and the untreated control.
*p<0.05, #p <0.01, ¥***p < 0.005, ****p <0.001

in all 4 cell lines. Although several studies have shown
MMPs expression on each of these cell lines [53], to the
best of our knowledge, none of them presented a simultane-
ous comparative zymography between all the different cell
types and GB cell lines. Nevertheless, some comparisons
have determined the relative gelatinase secretion profile
between some of them. Bao and colleagues reported that,
as expected, U-87 cells secrete both MMP-2 and MMP-9 in
much higher amounts than NHA cells [123]. In a different
study, Liu et al. compared the U-251 and T98G cell lines,
demonstrating that T98G cells produce MMP-2 at a higher
concentration when compared to U-251. Nevertheless, the
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U-251 cells secrete MMP-9 at much higher amounts, with
analysis of T98G secretome staying below their zymography
sensitivity limit [124]. More recently, Ferreira et al. com-
pared the effects of cyclooxygenase inhibitors on U-251,
U-87 and T98G cell lines, albeit only performing zymogra-
phies of the last two. They demonstrated that, despite having
similar pro-MMP-2 activities, U-87 cells have much larger
MMP-2 concentrations than T98G cells. Again, the authors
were unable to detect any MMP-9 activity [125]. Lastly,
Souza et al. were able to compare the U-87 and U-251 cell
lines, finding that U-87 secretes much more active MMP-2
than U-251. Interestingly, they were also unable to observe
any MMP-9 activity [126]. Therefore, from the available
data in the literature, the order of active MMP-2 secretors
is U-87>T98G > U-251 > NHA, and T98G is, seemingly,
the only cell line capable of secreting active MMP-9 in

Fig.9 Assessment of MMP-2 a
and MMP-9 activity and

their inhibition by the NPs

on NHA, U-87, U-251 and

T98G cell lines, evaluated by 15
gelatin zymography. a Relative 10
gelatinase activity between 7
the concentrated secretomes.

b MMP-2 activity on concen- 5
trated secretomes collected

from all the cell lines following

treatment with complete media

(positive control), empty func- b
tionalized NLCs, fM and N,

and batimastat-loaded function- ‘\0
alized NLCs, fMbat and fNbat.
¢ Densitometry analysis of the
gel bands in (b). Density is
shown as a percentage relative
to the untreated control. The
results represent the mean+SD
of 3 independent experiments.
Statistical comparisons were
made between each experi-
mental group and the empty
NP counterpart. *p<0.05,
*#%p < 0.005
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measurable quantities. Our results further support these
findings (Fig. 9a). As expected, the NHA cell line presented
an MMP-2 activity (62 kDa [127]) four-fold lower than the
U-87 cell line, while the U-251 cell line was only 20% lower
than U-87. Unexpectedly, T98G cells presented similar
MMP activity to U-87 cells. Additionally, and also contrary
to the literature, this cell line was the one with the most
noticeable activity of MMP-9 (82 kDa [127]), as opposed to
U-251. These discrepancies could be attributed to inherent
variability in cell line behavior [128], potentially influenced
by factors such as differences in experimental conditions,
culture protocols, or intrinsic cellular heterogeneity.
Regarding the effect of the developed NLC formula-
tions on these cell lines (Fig. 9b and Fig. 9c), we observed
that the unloaded N formulation led to an overall MMP-2
inhibition in all cell lines: 25% for NHA, 14% for U-87,
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19% for U-251 and 41% for T98G. This inhibition could
be due to the previously observed cytotoxicity, which may
lead to increased cell death and a higher presence of non-
proteolytic proteins in the secretomes. As all samples were
normalized for total protein content, the secretomes con-
tained a relatively lower percentage of MMPs. In contrast,
the batimastat-loaded M formulations achieved a higher
MMP-2 inhibition of: 32% in NHA, 11% in U-87, 27% in
U-251 and 62% in T98G. Although, this increased efficacy
could be associated with higher drug loadings, the fact that
the encapsulation efficiency of M and N formulations was
nearly identical might indicate that the enhanced effect of
the M formulation is more likely due to its improved stability
and controlled release. [129]. We could also observe that the
NHA and U-87 cell lines showed the least effect of the NLC
formulations. For U-87, the higher overall MMP activity
may dilute the effect that this concentration of batimastat
can provide. To overcome this limitation, the NPs would
need to be loaded with a higher amount of the inhibitor, as
the 50 nM utilized was evidently not enough to overcome
the MMP activity and an increase in NLC concentration is
impractical due to the consequent increase in cytotoxicity.
Regarding NHA, while literature on batimastat’s effect is
scarce, Ulasov and colleagues showed that marimastat, a
similar compound, presented an MMP inhibitory and growth
inhibiting effect on U-87 and U-251 but did not affect NHA
cells [130]. Similarly, Alves et al. found that batimastat
had the same inhibiting effect on models of hematological
tumors, which could indicate that it may also possesses the
same lower efficiency on the NHA cell line [131].

Interestingly, T98G appears to have a particularly high
sensitivity to batimastat. Since, to the best of our knowl-
edge, there are no previous studies on batimastat’s effect on
T98G cells, this is a promising avenue for further mecha-
nistic research. It is, however, important to note that the
MMP activity profile of T98G cells observed in this work
was slightly different from the previously reported behaviors
[124, 125].

Conclusions

In this study, dual-functionalized NLCs for the delivery of
the MMP inhibitor batimastat to GB were developed. The
molecular construct, a pegylated MMP-14-cleavable trans-
ferrin mimicking molecule, was successfully synthesized
and purified with high efficiency. Two NLC formulations,
fMbat and fNbat, were produced with physicochemical
parameters suitable for a GB therapy, namely a very nega-
tive and slightly polydisperse suspension averaging 300 nm,
loaded with batimastat at concentrations 1000-fold higher
than its reported IC50 and covered with a mixture of EGF
and the developed molecular construct. In vitro assays to

@ Springer

evaluate the effect of both formulations in different GB cell
lines and a non-tumoral astrocytic cell line demonstrated a
schism between the two nanodispersions. On the one hand,
formulation fNbat was shown to be cytotoxic on all tested
cell lines and, disappointingly, presented no BBB perme-
ability. On the other hand, formulation fMbat showed great
potential owning to: i) the demonstrated cytocompatibility
at concentrations 10 times higher than their load’s IC50, ii)
MMP-2 inhibition ranging from 11 to 62%, and iii) three-
fold improved BBB crossing comparing to its unfunctional-
ized counterpart. Overall, the nanosystem here developed
targeting the GB tumor microenvironment holds great prom-
ise in GB therapy. Moreover, it may offer the potential to be
further combined with other strategies to improve treatment
outcomes. Theranostifying fMbat through the co-encapsu-
lation of superparamagnetic iron oxide nanoparticles (SPI-
ONs) would further provide both imaging and hyperther-
mia capabilities, while combination with other molecules,
cytotoxic or cytostatic, will potentially create more effective
ways to attack GB and its microenvironment. Future work
will explore this nanosystem’s potential in vivo, using ani-
mal models, regarding its BBB penetration effectiveness,
biodistribution and tumor invasiveness inhibition.

Finally, it is important to highlight the versatility of the
functionalization strategy herein described — while it is
proving promisingly effective for GB invasiveness ham-
pering, they can also be useful as carriers for other com-
pounds, such as chemo-, photo- or immunotherapeutics,
targeting the GB microenvironment.
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