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Abstract



Introduction

Dextrins are biodegradable, highly soluble, natural derivatives of starch, which occur in two
main forms, either as linear polymers or as cyclic oligosaccharides, commonly known as
cyclodextrins. The two structures present favorable features to be exploited in the development

of drug delivery systems.

Areas covered

This review explores dextrin- and cyclodextrin-based polymeric systems as innovative
platforms for drug delivery in the treatment of glioblastoma, one of the most aggressive and
lethal brain tumors. Despite advances in oncology, glioblastoma remains largely incurable due
to the absence of effective therapeutic protocols. Consequently, novel strategies are being
investigated, including both local and systemic administration of chemotherapeutic and targeted
agents. Cyclodextrins, in particular, show promise as drug carriers owing to their ability to
interact with the blood-brain barrier and enhance drug permeation. We summarize key
preclinical studies employing cyclodextrin-based systems to deliver diverse anticancer agents,
including cytotoxic drugs, immunotherapies, oligonucleotides, and antioxidants. Special
emphasis is placed on unmet clinical needs, the challenges of experimental models, and the

advantages offered by cyclodextrin formulations in glioblastoma therapy.

Expert Opinion
Albeit far from clinical application, cyclodextrin-based polymers hold a strong potential as

innovative treatment against glioblastoma.
Keywords
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Blood-Brain Barrier.

Article highlights



e Dextrin and Cyclodextrin-based polymers are water soluble, biocompatible and
biodegradables derivatives of starch, with wide pharmaceutical application, including
anticancer agents vehiculation to the brain.

e [n vitro and in vivo models recapitulating the clinical settings of glioblastoma are
fundamental to developing effective anticancer treatments.

e The number of studies that evaluate in dept the efficacy of cyclodextrin-based materials
for brain delivery is still limited, nevertheless lessons learnt from clinical trials in other

fields represent a promising starting point for further development.



1. Introduction

Dextrins are polysaccharides formed by repetitive D-glucose units linked by a-(1 — 4)
glycosidic bonds, sporadically alternated by a-(1—6) bonds formulations responsible for
minimal branching in the structure [1]. They are derived from the hydrolysis of starch and are
characterized by a higher solubility in water and a lower molecular weight compared to their
precursor. This class of biodegradable polymers find diverse application, from metal protection
[2], food industry [3] and as excipients for nutraceutical [4] and pharmaceutical formulations
[5]. Dextrin polymers are widely used in solid oral dosage forms due to their flowability and
compressibility and binding properties. Furthermore, they are hydrolyzed by amylases,
promoting drug release following per os administration [5]. A polydisperse polymer of dextrin,
icodextrin, is used in clinic as osmotic agent for peritoneal dialysis [6]. Dextrin-based polymers
can be chemically tuned to modulate the degradation rate by modifying the backbone by
succinoylation at various degrees (1-34 mol%), with a direct dependance on substitution degree
and stability to enzymatic degradation. Further modification of the pendant groups with low
molecular weight drugs, such as doxorubicin (DOX), increased the stability of the succinoylated
polymer towards porcine pancreatic a-amylase [1]. Similarly, succinoylated polymers can be
further conjugated to proteins, such as thEGF [7], or uricase [8], protecting the growth factor
and enzyme from degradation. Through a different synthetic strategy, dextrin was directly
conjugated to glycidyltrimethylammonium chloride to introduce cationic groups and becoming
an interesting pH sensitive delivery system for active molecules [9]. The ease of chemical
modification of dextrin can be exploited also for the conjugation of ligands for active targeting
to the brain. Linear dextrins are often exploited to decorate nanosized delivery systems, such as
proniosome [10], graphene oxide nanoparticles (NPs) [11,12] to enhance their biocompatibility.
Interestingly, maltodextrin derivatives have been exploited to promote the permeation of
liposomes across the blood-brain barrier (BBB) via receptor-mediated endocytosis, suggesting
a possible application as nanomedicine for neurodegenerative diseases [13]. Similarly, an
inactivated Escherichia coli K1 (EC-K1) bacteria decorated on the surface of maltodextrin
showed the capacity of enhancing BBB crossing, with potential application in infective disease
and cancer therapy [14].

Nevertheless, the most popular derivatives of dextrin used as pharmaceutical excipient are
their cyclical form, commonly referred as cyclodextrins (CDs). CDs are a family of natural,
biodegradable cyclic oligosaccharides , derived from the enzymatic degradation of starch, first
described in 1891 [15]. CDs are composed of a-(1—4)-linked D-glucopyranose units, with the

number of repeating glucose units ranging from six to eight. Native CDs, including a-, B-, and
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v-CDs, consist of six, seven, and eight glucopyranose units, respectively, and are classified as
"Generally Recognized as Safe" (GRAS) by the U.S. Food and Drug Administration (FDA).
Their cyclic structure adopts a characteristic toroidal shape, featuring a hydrophilic outer
surface and an internal lipophilic cavity [16]. This unique configuration makes CDs water-
soluble due to external hydrophilic interactions with water, while enabling them to form
"inclusion complexes" by encapsulating hydrophobic molecules with compatible size,
geometry, and polarity within their lipophilic cavity. Through the formation of inclusion
complexes, CDs can improve the physical, chemical, and biological properties of guest
molecules. Indeed, the increased apparent drug solubility and bioavailability derived by the
formation of inclusion complexes is the peculiar feature that makes CDs an ideal candidate for
the development of drug delivery systems, including nanomedicines aimed at brain delivery
[17].

A notable feature of these materials is their ability to undergo structural modifications by
functionalizing hydroxyl groups on the CD backbone to enhance the technological properties
of native CDs. For instance, BCDs are highly effective at forming host—guest complexes, but
they suffer from low solubility. To address this limitation, structural modifications have been
introduced, such as the addition of alkyl or methoxy groups to the C6-OH and C3-OH
positions, significantly improving their solubility [18]. Several CDs derivatives have been
synthesized, with  hydroxypropyl-B-CDs  (HPBCDs), randomly methylated-B-CDs
(RAMEBCDs), and sulfobutylether-B-CDs (SBBCDs) being the most common. These
derivatives are widely used in aqueous pharmaceutical solutions, such as parenteral drug
formulations, to enhance the solubility of poorly water-soluble drugs, to increase bioavailability
and stability, and to reduce toxicity or eliminate unpleasant taste [19]. Currently, several drug—
CD complexes have received clinical approval, and numerous clinical trials are underway for
their use in several pathologies [20].

Remarkably, CD units have been deployed as building blocks for supramolecular systems,
able to enhance the solubility and stability of drugs, but also to increase the molecular weight
of the system, exploiting the properties of nano-sized materials, such as prolonged circulation,
enhanced accumulation and reduced clearance in cancer and inflammation (Enhanced
Permeability and Retention effect - EPR) [21,22].Several bioconjugation strategies are reported
in literature to increase the size of CDs [23], including star systems [24], crosslinked to obtain
hyperbranched polymers either soluble [25] or insoluble (Nanosponges) [26,27], and grafted
polymers [28]. Interestingly, a linear polymeric system based on PEGylated CD as repeating

unit conjugated to camptothecin (CRLX101) has reached Phase 2a clinical trial for non-small



cell lung cancer (NSCLC) treatment. Nevertheless, despite positive preliminary results, the
nanomedicine failed to prove efficacy [29]. Similarly, a PEGylated linear polymer of CD,
modified to introduce cationic groups (CALAA-01), complexed with siRNA has been tested in
clinical trials for solid tumor therapy. In this case, toxicity and off-target effect were responsible
for study termination [30]. Albeit the lack of success, those clinical trials can represent a starting
point to further develop CD-based nanotechnologies [31] .

Additionally, CDs have demonstrated promising therapeutic results in targeting brain
disorders, especially neurodegenerative diseases associated with disrupted cholesterol
metabolism. Notably, the intrathecal administration of HPBCDs represents a promising strategy
currently undergoing late-stage clinical trials for the treatment of Niemann-Pick disease type
C1 (NPC1). NPC1 is a rare neurodegenerative disorder characterized by the abnormal
accumulation of cholesterol within the lysosomes of all cells, condition in which CDs have been
shown to exert a direct pharmacological effect by depleting cholesterol from cell membranes
through the formation of inclusion complexes with it [32]. Cholesterol can be encapsulated
within the cavity of CDs through a spontaneous and thermodynamically favorable process,
which improves its solubility and supports its removal from lipid membranes [33]. Cholesterol
inclusion leads to a measurable expansion of the CDs, increasing its internal cavity volume.
Kinetic studies indicate that the binding affinity follows the order MBCD > BCD > 2HPBCD.
When the inclusion complex forms, cholesterol typically orients its hydroxyl group toward the
exterior of the CD, allowing favorable interactions with surrounding water molecules. In BCD
and MBCD, cholesterol adopts a conformation that interacts with both the primary and
secondary hydroxyl sides of the molecule, whereas in 2HPBCD, it shows a preference for the
primary side alone. Furthermore, the inclusion of cholesterol notably affects the hydration shell,
modifying the number and arrangement of water molecules up to 0.9 nm from the complex

[34].

BCD-mediated cholesterol extraction from lipid membranes has been observed to occur
upon the adsorption of BCD dimers at the interface between the lipid bilayer and the
surrounding aqueous environment. This process is facilitated in the presence of unsaturated
lipids and/or elevated cholesterol levels, which enhance the ability of BCDs to directly interact
with cholesterol molecules without significant interference from lipid head groups [35]. The
observed increase in cholesterol activity is indicative of its extraction, in accordance with the
model developed by Lange and Steck [36]. Moreover, CDs can in the same way interact with

the cholesterol of the BBB, inducing brain damage, and finally enhance drug permeation.



Therefore, they represent a valuable tool for the development of novel drugs to treat brain

disorders [37,38].

In this review, we focus on recent advances in preclinical research exploring dextrin-based
delivery systems for the treatment of glioblastoma (GBM), a tumor for which effective therapies
remain limited. Among dextrins, we particularly highlight CDs, as they are the most extensively
studied. To our knowledge, no prior review has comprehensively evaluated the existing
literature on the use of CDs as drug solubilizers, delivery carriers, or therapeutic agents in GBM
(Figure 1). By critically analyzing their advantages and limitations, we aim to clarify how CD-
based systems may address key clinical challenges - such as poor drug solubility, limited brain
penetration, low cellular uptake and off-target toxicity - and to identify opportunities for further

research that could enhance the translational potential of these platforms in GBM therapy.

2. Nanomedicines for glioblastoma

GBM is an aggressive and incurable primary brain tumor. Standard treatment involves
maximal safe tumor surgical resection followed by radiotherapy and chemotherapy with
temozolomide (TMZ) [39]. However, despite this multimodal therapy, over two-thirds of
patients die within two years of diagnosis. The long-term management of GBM presents
significant challenges due to several factors: (i) the tumor’s anatomical location in the brain and
tumor cells ability to infiltrate healthy brain tissue, which limits complete surgical resection
without causing neurological damage; (ii) the restrictive nature of central nervous system (CNS)
barriers that impede the delivery of drugs at therapeutic concentrations; (iii) the high tumor
heterogeneity, which contributes to chemoresistance; (iv) the presence of cancer stem cells
capable of self-renewal and driving tumor recurrence; (v) a complex microenvironment
comprising immune, vascular, and resident brain cells supporting tumor growth and treatment
resistance [40-42]. Some nanomedicines already on the market for the treatment of oncological
pathologies have been evaluated in clinical studies for the treatment of GBM. Caelyx®, the
PEGylated liposomal DOX formulation approved for several types of cancers [43], did not
display any significant clinical benefit to currently used medications [44], suggesting that BBB
crossing properties of the liposomes should be enhanced. Paclitaxel-based nanomedicines, such
as albumin-bound paclitaxel Abraxane® and polyglutamic acid-paclitaxel Opaxio®, have been
also evaluated in clinical trials for GBM therapy. When intravenously injected, Abraxane® can
enhance the sensitivity of GBM to TMZ [45], while polyglutamic acid-paclitaxel seems to
enhance the sensitivity to radiation therapy, receiving orphan drug designation for GBM in

2012 by FDA [46]. The limited number of approved therapeutic compounds for GBM



underscores the need for innovative approaches in drug discovery and delivery and among the
strategies explored for GBM, nanomedicines have shown significant potential in preclinical
studies [47]. Indeed, nanomedicine facilitates the simultaneous delivery of various therapeutic
agents (e.g. chemotherapies, small molecule drugs, proteins, and nucleic acids) and offers
theranostic capabilities, active targeting to enhance BBB penetration and cellular uptake, as
well as stimuli-responsive drug release for improved therapeutic outcomes [48,49].

Crossing the BBB remains one of the major challenges in the development of
nanomedicines for CNS therapeutic and diagnostic purposes [50]. BBB is a mechanical barrier
formed primarily by endothelia cells connected by tight junctions and reinforced by other cells
such as astrocytes, microglia, pericytes, and perivascular mast cells [51]. This fence is able to
exclude the vast majority of small and large molecules from the CNS [52]. Nevertheless, despite
this function of hindering the passage of undesired molecules, the BBB guarantee the transport
of nutrients and active biological entities [53]. This selective permeability is allowed by a series
of specific transporters or receptor-mediated endocytosis [54]. In addition to limiting the influx
of many molecules to the brain, the BBB presents several drug efflux transporters that actively
transport xenobiotics outside of the CNS [55]. This fine control over the transport if nutrients
and chemicals is fundamental to maintain the brain homeostasis [56]. From a pharmacological
perspective, various strategies have been proposed to enhance the accumulation of the active
molecules in the CNS bypassing the BBB. These include invasive approaches — such as
intracerebral administration by convection enhanced delivery or by implantation of drug-loaded
scaffolds - and non-invasive methods. Among the latter, nanomedicine has emerged as it
enables drug delivery to the brain via passive, active, or stimulus-responsive mechanisms
(reviewed in [57-59]). These advances hold significant potential for achieving selective BBB
crossing in future systemic treatments for GBM.

Glucose polymers such as dextran, dextrin, and CDs have been widely explored as carriers
in drug delivery, owing to their biocompatibility and biodegradability. Dextran and its
derivatives are prominent members of this family and have shown promise in GBM therapy
through local depots and nanoparticle coatings, for example with acetalated dextran scaffolds
or dextran-coated iron oxide nanoparticles [60,61]. Focusing on dextrin-based delivery systems,
two main approaches stand out: CDs and linear dextrin nanogels. CDs-based drug delivery
systems (e.g. inclusion complexes, nanosponges, or CD-based polymer nanoparticles) offer
clear advantages in improving solubility of poorly soluble drugs, forming nanoparticles or
hydrogels, and can be functionalized with ligands for active targeting to pass the BBB or target
GBM cells. Additionally, they can be preferentially uptaken by tumor-associated macrophages



and microglia which are highly present in the GBM tumor microenvironment [17,62,63]. Their
disadvantages include poor intrinsic BBB penetration and dose-dependent toxicity. Linear
dextrin nanogels provide advantages of biodegradability, responsiveness to tumor-specific
conditions (pH, redox, enzymatic activity), and suitability for controlled release of sensitive
therapeutics [64,65]. However, their disadvantages are the limited evidence of their efficacy in
brain tumors and restricted systemic utility due to poor BBB permeability. Based on the existing
literature, we have decided to focus this review only on CD-based drug delivery systems for

GBM.

2.1 Experimental models to evaluate the efficacy of GBM treatments

When developing nanomedicine for CNS diseases such as GBM, two key biological
parameters must be assessed: the ability of the nanocarrier to cross the BBB following systemic
administration, and its efficacy in inhibiting tumor growth. Selecting and utilizing appropriate
preclinical models to evaluate these parameters is crucial for predicting the therapeutic potential
of novel formulations. The following section provides an overview of the experimental tools
available for assessing BBB permeability and nanoparticle translocation, as well as the main in
vitro and in vivo models used to evaluate GBM antitumor efficacy.
2.1.1 Preclinical models to evaluate BBB crossing

Several in vitro models are available to mimic the BBB and evaluate the interaction of

NPs with specific ligands, allowing the evaluation of active targeting to cross the BBB (Figure
2) [66,67]. Heymans et al. have shown that the correlation between in vitro/in vivo models is
quite strong for hydrophilic compounds and weak for lipophilic compounds. This can be
explained by the fact that in vifro models fail to consider binding to brain tissue, which is low
for hydrophilic compounds and high for lipophilic molecules [68]. However, when drugs are
incorporated into nanocarriers, their stability, solubility and physicochemical properties varies
as well as their cellular uptake. Developing representative BBB models is challenging, mainly
because brain endothelial cells rapidly dedifferentiate and change their phenotype when they
are removed from their native microenvironment and grown in culture, losing their BBB
characteristics (phenotypic drift) [69]. An efficient BBB model should (i) reproduce the BBB
solute permeability; (i7) display physiological architecture and restrictive paracellular pathway
(express e.g. tight/adherens junctions, efflux pumps, transporters); (iii) be reproducible,
versatile, cost-effective and ease to culture [70,71]. Experimental factors need to be chosen and
carefully controlled depending on the specific objective of the experiment paying attention on

the cells choice (immortalized cell lines, primary cells or human induced-pluripotent stem cells



and human embryonic stem cells; origin of the cell lines e.g. human, bovine, porcine or rodent
etc.), their expression of functional transporters and the culture conditions (material of the filters
and the coating of the membranes; number of cells; components of the culture medium etc.)
[70,72]. Another key parameter to consider is transendothelial electrical resistance (TEER),
which estimates the tightness of interendothelial junctions and should closely match in vivo
conditions (TEER for rat brain: 2000 Q-cm?) [70,73]. As the direct cell—cell interaction between
brain endothelial cells and other components of the neurovascular unit (e.g. pericytes and/or
astrocytes) is crucial for induction and maintenance of the specialized BBB properties in
culture, co-culture models are preferred to endothelial monocultures [70,74]. Cultures in petri
dishes do not allow for evaluating the single cells properties, to apply physical parameters to
the culture nor to evaluate any BBB characteristics (e.g. permeability, TEER). For this reason,
transwells are often preferred to build more physiologically relevant in vitro multi-cellular BBB
models. These models are relatively easy to use and can rapidly and nondestructively quantify
barrier integrity by placing one electrode into the apical and one into the basolateral chamber.
Moreover, permeability screening can be achieved in these systems, which can host a wide
range of co-culturing combinations of cell types depending on the needed application. However,
large medium volumes are required as these systems lack appropriate flow and shear stress, and
transwell coculture systems generally present low levels of BBB regulatory proteins as the
membrane prevents substantial contact between cells cultured in the two chambers [75]. To
overcome the transwell limitations, more complex models have been developed. Microfluidic
models are BBB models in which endothelial and glial cells are cultured on a semiporous
membrane placed at the interface of two microchannels. The channel system, generally formed
of polydimethylsiloxane, allows culture medium flow and has two electrodes for continuous
TEER measurement. The thickness of the membrane and the pore size as well as the channel
size can vary between different studies [70]. These models need a smaller medium volume
minimizing the dilution of factors which can have an impact on the BBB properties, and they
mimic better the in vivo conditions. However, specialized equipment is needed as well as
construction expertise, which leads to higher costs [75]. Another common BBB model is the
use of spheroids, self-assembled multicellular aggregates. In spheroids, cell-to-cell interaction
is obtained in a simple and cost-effective manner under low-adherence conditions. These
exhibit high expression level of key BBB modulators, such as tight/adherens junctions,
transporters and the P-glycoprotein (P-gp) efflux pump, creating a barrier that regulates
transport of molecules. However, TEER is not measurable in this model [76,77]. Although

advanced in vitro BBB models strive to replicate cellular diversity, 3D structure, and dynamic



flow to enhance physiological relevance, challenges such as limited accuracy, lack of
standardization, and difficulties in modeling active transport and metabolism highlight the for
in vivo studies to capture the full BBB complexity and its impairment in CNS pathological

conditions [78].

In vivo, magnetic resonance imaging (MRI) is often used to safely and longitudinally
study the evolution of neurological diseases, to plan/characterize/measure the BBB transient
opening or disruption as well as to monitor treatment efficacy over time [79] providing high-
resolution structural images of the brain. Gadolinium-based contrast agents (e.g. Dotarem,
Guerbet S.p.A.) do not cross intact BBB but passively leak across the compromised BBB,
leading to positive contrast on Ti-weighted MRI. Recently, several magnetic NPs - such as iron
oxide superparamagnetic (SPI10), ultrasmall SPIO (USPIO) and cross-linked iron oxide (CLIO)
NPs — have been used as theranostic agents for their inner ability to both deliver drugs and
induce profound effects on the T>* signal of surrounding water molecules (appearing as an
hypointense signal), which allows the real-time monitoring of their brain accumulation [80-82].
Pre- and post-treatment MRI images are often coupled to ex vivo histological analysis to
evaluate ultrastructural changes. Another non-invasive technique often used to measure BBB
permeability is single photon emission computed tomography (SPECT) and computed
tomography (CT) scanned acquisition after intravenous injection of *™Tc-diethylenetriamine
pentaacetate acid (**™Tc-DTPA). In this case, the amount of radiotracer uptake in the brain is
associated with the extent of BBB disruption and recovery in animals over time [83]. The
disadvantages of this technique are a lower spatial resolution compared to MRI, along with the
requirement for ionizing radiation exposure and radiolabeling, which can alter NP properties or
pharmacodynamics [84]. In any case, the two techniques are complementary, but NP/drug
quantification is still needed to confirm if the drug has reached the brain in enough quantity to

obtain a therapeutic effect.

CDs have demonstrated a neuroprotective role in CNS injuries and neurodegenerative
diseases following intrathecal but also systemic administration, likely due to their ability to
sequester lipids in the periphery, thereby preventing their accumulation in the brain and
mitigating chronic inflammation and secondary neurodegeneration [37,38,85]. However, their
high molecular weight (~1000 Da) and hydrophilicity hinder efficient crossing of the BBB.
Several authors have tried to decorate CD to increase their brain delivery for example forming
CD-based NPs [86,87] or by decorating CD for ligand-receptor mediated crossing of the BBB.

Enhancing specificity and uptake by specifically targeting an overexpressed receptor on the



luminal side of endothelial cells has been widely exploited for brain delivery of many NPs [88].
Glucose transporters are highly expressed at the BBB [89] and in GBM [90] and could be
exploited for enhanced brain drug delivery. Yokoyama et al. have used sugar-based ligands as
brain targeting moieties to optimize brain delivery of BCD-drug complexes with a size of less
than 10 nm and no surface charge [91]. They tested six sugar-appended BCDs (mannose-, N-
acetyl-glucosamine-, galactose-, glucose- and lactose-BCDs) complexed with a model drug,
demonstrating that lactose-BCDs significantly facilitated cellular uptake in human brain
microvascular endothelial cells and presented the most efficient BBB permeability in vitro via
galectin-1 mediated transcytosis. Lactose-BCDs also showed higher brain accumulation in vivo
compared to unmodified-BCDs and mannose-BCDs following intravenous administration in
healthy mice, showing the potential as nanocarrier for drugs to cross the BBB. In the brain,
lactose-BCDs were safe and tended to accumulate around vascular endothelia and neurons both
in hippocampus and cortex of the brain [91]. Puglisi et al. synthesized CD-appended
Superparamagnetic Iron Oxide Nanoparticles (SPION NPs) as cholesterol-clearing agents,
engineered to release CDs in the acidic environment of lysosomes [92]. This release facilitates
the expulsion of cholesterol from the lysosomal compartment by forming inclusion complexes
with it. These NPs were also able to cross a model BBB showing its potential as a therapeutic

approach for cholesterol-impaired CNS diseases.

2.1.2 In vitro / in vivo models to evaluate GBM antitumor efficacy

The use of GBM preclinical models is essential to test the biological characteristics and
effects of the NPs against this tumor. Several models with different degrees of complexity,
accuracy and cost are available to address different parameters, and the choice of the model
should be adapted to the question raised. /n vitro, in vivo, ex vivo models, and even more
complex models have been engineered, and some of them have been used to investigate NPs
effect in the context of GBM.

In vitro 2D monolayers [93-95] and 3D spheroids [96-98] have been commonly used to
test NPs uptake, accumulation and cytotoxicity. The latter provides important results as 3D
conformation could impact NPs penetration and accumulation. /n vivo studies provide relevant
insight on the application of NP systems as anti-cancer agents in GBM. GBM cells have been
grafted subcutaneously to test NPs efficacy and safety avoiding the issue of BBB crossing [99-
101]. Orthotopic grafts inside the brain were also commonly utilized to evaluate in addition to

efficacity and safety, EPR effect and NPs accumulation inside the brain [102,103].



The human U87 GBM model is the most used model for testing NPs in vitro and in vivo [104].
The U87 model is best suited as a proof-of-concept model, as it does not fully represent a
clinically relevant GBM model and has been subject to some debate [105]. As an alternative,
other common human GBM cell lines (e.g. U251 [94,106,107], T98G [96,97,108], A172 [108-
110] or LN229 [111-113]), murine GBM cell lines (e.g. GL261, CT2A, SB28 [114]) or rat
GBM cell lines (C6, 9L) have been used for similar purposes [115]. Few studies have utilized
human [116-118] or mouse-derived GBM stem cells for NPs testing [119]. The term “cancer
stem cells” should be used with precision. Derivation from primary tissue using relevant
markers or stem cell culture conditions is acceptable. However, isolating cells based on cancer
stem cell markers from standard GBM cell lines should be approached with caution, as these
cells do not meet the criteria for cancer stem cells [120].

To study the impact of NP on the tumoral microenvironment and tumoral immunity,
mouse and rat GBM cell line models have been utilized. /n vitro studies revealed that monocytes
could be used as shuttles to transfer NPs over an endothelial monolayer [121]. Co-cultures of
GL261 and J774 macrophages demonstrated that lipid nanoparticles of
polyinosinic/polycytidylic (plpC) increased GL261 engulfment by macrophages [122]. In vivo,
it has been described that most NPs end up in tumor associated macrophages, even when they
only represent 1% of tumor mass [123] and that high density of tumor associated macrophages
correlate with increased NP accumulation and therefore contribute to the EPR effect [124].
GBM cells isolated from genetically-engineered mouse models (GEMM) of GBM were also
used as diagnostic or therapeutic purpose. These cells were stereotactically grafted in the brain
and led to near complete penetrance of GBM. As examples, GBM cells isolated from the
RCAS-PDGF/N-tva transgenic mouse which closely mimics the human GBM pathology and
invasion pattern, were used to evaluate the tumor extent by using integrin-targeted surface-
enhanced resonance Raman spectroscopy (SERRS) nanoparticles [125]. The OL61 and NPD-
AC2 cells isolated respectively from the shp53/NRAS/EGFRVIII and the shp53/NRAS/PDGFf
GEMMs were used to test paclitaxel synthetic protein NPs. They were tested in vitro for
viability assays and in vivo by performing stereotactic implantation of tumor spheres in the
striatum [126].

The use of more advanced preclinical models such as organotypic slices, organ-on-chip
using microfluidic organoids and tumoroids is increasing in the NP field. Organotypic cultures
consist in the grafting of fluorescent tumor cells on mouse brain slice. This model allowed
analysis of tumor cells growth and migration/invasion in presence or not of the NPs [127,128].

Concerning microfluidic, El kheir ez al. set up a protocol of indirect perfusion of in vitro GBM



3D model to mimic interstitial fluid flow and evaluate F98 and U87 invasion properties upon
Alg1% hydrogel containing Alg/Chit-NPs loaded with CXCL12. The bioreactor containing
GBM cells in Alg:M hydrogel used a micro-peristaltic pump to generate a flux and a CXCL12
gradient against the flow direction or in the flow direction. This system allowed them to study
the invasive properties of the GBM cells upon CXCL12 gradient depending on the flow rate
and direction [129]. Furthermore, we used human GBM-derived tumoroids to highlight the
effect of Lauroyl-gemcitabine lipid nanocapsules alone or in combination on immune cell
composition and activation state [118]. With the advancement of these more sophisticated
preclinical models, they should be more widely utilized to facilitate the application and

translation of the developed NP technology.

3. Cyclodextrins as drug delivery systems for glioblastoma

Considering the challenges in the treatment of GBM, several researchers are trying to
identify new drugs that could efficiently kill GBM cells or repurpose drugs as adjuvant cancer
therapies. For drugs that have low aqueous solubility, high lipophilicity, are highly degradable
and show poor bioavailability, encapsulation in CDs to form inclusion complexes can be
effective to achieve formulations adapted for systemic or local administration to the brain. Once
the drugs are included in CDs cavity and characterized, it should be verified that the
encapsulation has increased the solubility of the drug. In addition, the CDs formulation ensures
favorable bioavailability, reduces toxicity following administration by the defined
administration route and sufficient anticancer efficacy both in vitro and in vivo. Table 1
summarizes the characteristics of the different CDs-based formulations and the status of in vivo
characterization for GBM therapy.
3.1 Inclusion complexes of native and commercially available derivatives of CDs

As mentioned, several native and chemically modified CDs are approved as
pharmaceutical excipients, therefore they represent an excellent starting point to confirm
feasibility and develop novel formulations of brain-target anticancer drugs. The alcoholism
medication disulfiram (DIS), with anticancer effect against melanoma and GBM, was
encapsulated in CDs to overcome its poor solubility and bioavailability, that are limiting factors
for this drug [130-132]. Benk® et al. presented a comprehensive design and characterization of
the inclusion complexes, even though only very preliminary in vitro cytotoxicity results are
reported. Among native CDs (a-, -, y-CD), only B-CD showed slight complexation capacity
of DIS, due to limited solubility and aggregation tendencies [130]. Thus, various soluble B-CD
derivatives - HPBCDs, RAMEBCDs and SBBCDs - were evaluated for further studies. Linear



phase solubility diagrams for these derivatives demonstrated increased solubility (~1000-fold),
with RAMEBCDs yielding the highest stability constant and complexation efficiency. The
authors confirmed the formation of 1:1 (molar ratio) inclusion complex for all three B-CD
derivatives using 2D- nuclear magnetic resonance (NMR) and molecular modeling to obtain
information on the structure of the host, guest and host-guest complex. The extensive solid-sate
analysis, including differential scanning calorimetry (DSC), powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR), and Raman spectroscopy confirmed amorphization of DIS and
successful inclusion into the CD cavities, with RAMEBCD producing the most pronounced
solubility and stability benefits. Conversely, permeability through an artificial membrane was
highest for HPBCDs complexes, followed by SBBCDs and RAMEPBCDs. This inverse
correlation between stability constant and permeability highlights the critical need to strike a
balance between enhancing solubility and maintaining adequate permeability to achieve
effective drug delivery. For GBM in vitro cellular studies, U251 GBM cells monolayers were
treated for 72 h with drug loaded HPBCDs, RAMEBCDs and SBBCDs to compare the ability
of the inclusion complexes to reduce tumor cells proliferation. The results indicate a dose-
dependent effect which is similar effect for the three derivatives (Alamar blue assay: ICso of
7.1, 6.6 and 7.4 uM; Sulforhodamine assay: ICso of 7.6, 5.8 and 6.1 uM for disulfiram-loaded
HPBCD, RAMEBCD and SBBCD respectively). The unloaded CDs formulations at a
concentration corresponding to the highest drug content sample did not show cytotoxic activity
on this cell line for both assays, confirming the excellent cytotoxicity profile of the carriers
based on CDs. Despite the extensive in vitro characterization of the CDs derivatives and DIS
inclusion complexes, the in vivo anticancer efficacy as a result of improved DIS solubility,
stability and bioavailability, still needs to be proven.

An inclusion complex of DIS loaded into HPBCD in combination with Cu(Il) was
developed as antitumoral and antimicrobial GBM treatment [131]. The complexes were loaded
into silk fibroin (SF) electrospun fibers mats for an application in the postsurgical resection
cavity. The authors optimized the components concentrations to obtain homogeneous
electrospun fibers without (SF 12.5%; 2.6% HPBCD; 0.5% DIS w/v) and with Cu(II) (SF 5%;
2.6% HPBCD; 0.5% DIS; 0.045% CuCl> w/v) with good electrospinnability, fibers size and
mechanical properties. While the release of DIS from the fibers was very slow (1-5%), it
accelerated in presence of HPBCD (25-51% burst release). When CuCl, and DIS were present
in the formulation, both DIS and its copper complex Cu(DDC)2 were released. The authors

then evaluated by Alamar blue assay the cytotoxicity of DIS in presence of copper on



monolayers of GL261 (ICs00.12 uM at 24h and 48h), U-87MG (ICs0 0.20 uM at 24h and 0.12
uM at 48h) and U-251MG (ICso 0.30 uM at 24h and 0.15 uM at 48h). DIS preserved or
increased its activity on GL261 cells in combination with beam radiation (16 Gy), while no
cytotoxic effect was observed on slowly dividing murine astrocytes. Short-term in vivo
tolerability studies showed the SF-fibers without Cu(Il) were safer for intracerebral
administration. Finally, an exploratory antitumor efficacy study performed on a small cohort of
rats (RG2 tumor resection model) suggests that further studies should be focused on the SF-
fibers without Cu(II) in association with radiotherapy or combined chemotherapy.

HPBCDs and RAMEBCDs have also been exploited to form inclusion complexes with
cannabidiol (CBD) and their in vitro effects in GBM cells were investigated [ 133]. RAMEBCDs
exhibited the best inclusion ability for CBD, and the supramolecular complexes showed better
cytotoxic performance compared to the free drug, with a dose-dependent and time-dependent
effect. Interestingly, the authors initially tested the effect of unloaded RAMEBCDs and
HPBCDs on A172 GBM monolayers, finding that cell viability decreased in a dose- and time-
dependent manner at concentrations of >0.036 and >0.018, respectively. Indeed, previous
studies have demonstrated that CDs exhibit anticancer activity in leukemia models by reducing
intracellular cholesterol, leading to cell growth inhibition through G2/M cell-cycle arrest and
apoptosis [134]. The effect was reported also in brain cancer cell lines, in a preliminary and not
peer reviewed communication, Leung ef al. have shown that a-CDs did not induce a decrease
in proliferation up to 50 uM in four New Zealand GBM cell monolayers (NZB9, NZB11,
NZB13 and NZB18) [135]. Despite the effect of the vehicle, CBD inclusion complexes showed
better cytotoxic performance compared to the free drug with a dose-dependent and time-
dependent effect. Pharmacokinetic and biodistribution studies are necessary to determine
whether the CBD-CDs complexes will guarantee an adequate dose of CBD in order to display
in vivo anticancer efficacy.

In another study, HPBCDs inclusion complexes were prepared with the antioxidant drug
idebenone (IDE) for intranasal administration to reach the CNS [136]. IDE-HPBCDs were
formulated and exhaustively characterized, demonstrating the inclusion of the quinone ring of
the drug into the CD ring. A proper in vitro cellular comparison between free IDE and IDE-
HPBCDs on U373 GBM monolayers was limited by the poor solubility of the free drug above
20 uM which started inducing cells death. However, no viability loss was observed for the
complex formulation at higher doses. The complexed formulation also led to a protective effect
against H2Oz-induced damage in the same cell line confirming that IDE-HPBCDs maintains the

antioxidant capacity of the free drug. Preliminary ex vivo studies to evaluate the IDE-HPBCDs



permeation on bovine nasal mucosa using Franz diffusion cells showed that IDE permeation
was increased in the IDE-HPBCDs and IDE+HPBCDs groups, by the solubilizing effect of
HPBCDs but also by its ability to interact with biomembrane components altering the
permeability of the nasal mucosa thus allowing the IDE-HPBCDs complex to act by penetration
enhancer.

Auxiliary agents can be added to improve the physicochemical properties of complexes.
For example, L-arginine (LA) was added to improve the solubility and complexation efficiency
of HPBCD for Chrysin (CR), a flavonoid with anti-inflammatory, antioxidant, and anticancer
properties [137]. The multicomponent inclusion complex CR-LA-HPBCDs was characterized
and evaluated for cellular proliferation inhibitory activity. The dissolution study showed that
CR-LA-HPBCDs exhibited significantly enhanced drug release (99.03% in 120 minutes)
compared to pure CR (35.29%), its physical mixture (70.58%) thanks to the presence of LA
which acts as a surfactant and lowers surface tension, enhancing the wettability, solubility and
dissolution. Moreover, it can increase complex stability by interacting both with CDs and CR.
Cell viability assays were conducted on U87-MG monolayers after 24 h of treatment. While the
ICso values are not reported, the inclusion complex markedly improved cytotoxicity compared
to free CR at all tested concentrations in a dose-dependent manner. Interestingly, the carrier
alone (LA + HPBCD) also reduced cells survival at the tested concentrations but not in a dose-
dependent manner. However, its effects were not further characterized, as this control was
removed from further experiments. Both the free CR and CR-LA-HPBCDs increased the
generation of ROS and induced mitochondrial dysfunction. CR-LA-HPBCDs significantly
decreased the mitochondrial membrane potential when compared to matched concentrations of
the free drug. Finally, at the higher concentration tested for the cellular studies, CR-LA-
HPBCDs significantly increased apoptosis and necrosis levels compared to both the control, the
free CR and the carrier alone.

A comprehensive characterization of the biological effects induced by SFX-01, a
synthetic  stabilized pharmaceutical product containing 1-isothiocyanato-4-methyl-
sulfinylbutane (SFN) complexed with a-CDs, was reported in several preclinical GBM models
[138]. SFX-01 reduced cell proliferation in a dose- and time-dependent manner on U118, A172,
U373, U251, U87-MG, T98G GBM cells monolayers and ICs values ranged between 9.2 and
22.33 uM after 96h of treatment. The inhibitory effect was also evaluated on three patient-
derived glioma initiating cells (GICs) neurospheres showing that the treatment induced size and
number reduction in a dose-dependent manner. The 1Cso values were 25.5, 8.12 and 12.7 uM

after one week of treatment for CSCs-5, BT48EF and BT12M GICs cells, respectively. They



then demonstrated that SFX-01 treatment reduced GICs stemness shown by decreased
neutrospheres formation and downregulation of stemness markers Oct3/4 and CD44, and it
reversed proneural-to-mesenchymal transition. SFX-01 induced apoptosis through caspase
activation via intrinsic and extrinsic pathways, and increased ROS, resulting in DNA damage
and reduced autophagic activity modulating several signaling pathways. SFX-01 could also
downregulate angiogenesis, as it reduces the expression of Hypoxia-Inducible Factor 1-alpha
(HIF1a) in GBM cells and leads to decreased tube formation in endothelial cells exposed to
conditioned media from SFX-01-treated GBM cells. In vivo, SFX-01 administered orally was
able to significantly reduce tumor progression in US7MG and T98G subcutaneous models and
in a U87 orthotopic model. For this last model, the authors decided to graft much less cells
compared to other studies (1x10° cells vs 3x10* in our studies [139,140]) and treat very early
post-grafting to simulate a recurrence following surgery. However, this model does not mimic
the surgical act and the post-surgical inflammatory environment, which has shown to strongly
impact the onset of recurrences [118,141]. In this model, administrating SFX-01 orally at 50
mg/kg/day for 35 days significantly delayed tumor growth and increased the median survival
of the animals. These results highlight SFX-01 as a promising therapeutic candidate for GBM
and it would be interesting to evaluate its efficacy in combination with the standard of care
treatment (resection + Stupp protocol).

BCD soluble complexes for the delivery of phtalimido-ferrocidiphenol (PhtFerr) were
obtained and their ability to kill GBM cells were tested [142]. As PhtFerr has 3 aromatic rings
and a ferrocene moiety that can be included in the cavity of CDs, phase solubility studies were
performed to select RAMEBCDs as drug delivery system and successfully formed inclusion
complexes. The PhtFerr-RAMEBCDs was readily soluble in water and showed cytotoxic
activity on U87 monolayers, with a growth inhibition of the complex similar to that of the free
drug (ICs00f 0.03 and 0.02 uM after 72 h treatment with PhtFerr-RAMERCDs and free PhtFerr
respectively). Similarly, succinimido-ferrocidiphenol complexed with RAMEBRCDs were
obtained (SuccFerr-RAMEBCDs) [143,144]. The formulation was tested against several cancer
cell lines including U87 and F98 GBM cells showing high tumor growth inhibition activity
(ICsp0f 6.2 and 1.6 uM after 72 h treatment with SuccFerr-RAMEBCDs on U87 and F98 cells
respectively), while showed to be less toxic on astrocytes (ICso of 83 uM) [143]. Both the free
drug and the complex altered the cell cycle metabolism inducing an increase in the cells in S
phase and Sub-G1 phase and induction of apoptosis in U87 cells. The formulation is well
tolerated following in vivo administration, both intravenously (hemolysis was not reported, and

single doses up to 100 mg/kg did not induce any signs of toxicity) and subcutaneously (well



tolerated up to 200 mg/kg). Repeated intravenous doses of intravenous SuccFerr-RAMEBCDs
for ten consecutive days (0.5, 1 or 2.5 mg/kg) were also considered safe. The proof-of-concept
anticancer efficacy study was performed on a subcutaneous F98 model showing a decrease in
tumor growth in animals that received multiple intravenous injections of SuccFerr-RAMEBCDs
(1 mg/kg administered every 2 days for 10 days). Overall, this study reports a promising drug
delivery strategy for SuccFerr and its potential in the treatment of GBM. However, the most
adapted delivery route will need to be carefully evaluated either by understanding the ability of
the formulation (or the free drug) to pass the BBB following intravenous administration or by
considering a local delivery approach.

The oral administration of CD-based formulations for GBM treatment was investigated
also for the antiprotozoal drug with anticancer activity Arsthinol (STB) was complexed with
RAMEBCDs and HPBCDs and tested against GBM [145]. Even though the results from the
cytotoxicity studies on U87 monolayers for the RAMEBCDs are not included in the paper, STB
and STB-HPBCDs showed ability to reduce tumor growth in this cell line in a time-dependent
manner. Incorporating the drug into inclusion complexes delayed the cytotoxic effect of the
drug or protected the cells from the drug for the first 24 h, as the ICso was much higher compared
to the free drug at this point while they were similar at 48 h. The anticancer efficacy was tested
in vivo in a subcutaneous U87 xenograft model following repeated oral or intraperitoneal
administration without any toxic effect. The results show a significant delay in tumor growth
in animals treated with STB-HPBCDs compared to untreated animals and animals treated with

arsenic trioxide by intraperitoneal route.

3.2 CDs as building blocks for nanosized drug delivery systems

CDs complexes have been widely studied to be incorporated into advanced drug
delivery systems such as liposomes, nanocapsules, nanoparticles, and other formulations. These
macromolecular systems enhance targeted delivery, improve drug stability and accumulation at
the tumor site, offering promising approaches for more effective GBM treatments [47]. CD-
based nanomedicines can exploit the intrinsic features of the cyclic oligosaccharides mentioned
in section 1 [19], in addition to the advantages of the nano-sized materials (prolonged
circulation, altered biodistribution profile, EPR effect) [21,22].

For its potential use as topical delivery of drugs, an inclusion complex of curcumin
(CUR) and BCDs was immobilized in a polymeric membrane of cationic starch and poly(vinyl
alcohol) [146]. The CUR-BCDs-loaded membrane allowed a sustained release of CUR over 50

hours and a prolonged cytotoxic effect even at low concentrations both on B16F10 melanoma



and C6 GBM cells monolayers. The advantage of local treatments for GBM compared to
systemic treatments, is that post-surgical application of drug delivery systems avoids the
necessity to bypass the BBB thus allowing for reaching therapeutic doses where residual tumor
cells reside. However, materials designed for a local application in the brain need to follow
several requirements including biodegradability and lack of toxicity towards brain-resident
cells [41]. Interestingly, the CUR-BCDs-loaded membranes were non-toxic on non-cancer cells
(primary rat astrocytes) [146]. While complementary in vitro and in vivo studies will need to
confirm the brain tolerability and anticancer efficacy of this system with, the results seem
promising for the development of a local treatment for GBM to be implanted in the post-surgical
cavity.
Also for in situ delivery, insoluble polymers were synthetized from BCDs, yCDs or dextran
cross-linked with epichlorohydrin and hexamethylene diisocyanate to form disks loaded with
high concentrations of prinomastat, a selective anti-matrix metalloproteinases (MMP) drug
[147]. The drug-loaded insoluble disks were tested for local GBM treatment. The BCDs and
vCDs polymers provided a small burst effect and sustained drug release over one month in
phosphate buffer solution, while dextran polymers led to fast drug release. The maximum drug
loading was obtained for the fCDs polymers which also showed continued MMP inhibition
over time up to 45 days in conditioned media from U87 cells. The same authors also developed
affinity-based polymers to deliver antiangiogenic drugs (tranilast, SU5416, silibinin and 2-
methoxyestradiol) for GBM [148]. The CDs silibinin-loaded polymers showed the best
sustained release profile and ability to inhibit endothelial cell migration and proliferation.
However, in a subcutaneous U87 MG tumor model and polymers implantation, both the dextran
and CDs polymers loaded with silibinin were well tolerated and able to slow down tumor
growth. Even though these results are very promising, further studies will need to be performed
to evaluate the most effective polymer and drug for this purpose using orthotopic GBM models,
able to better replicate the human GBM physiopathology.

CDs find wide application as building blocks of nanomedicines for systemic delivery.
As an example, inclusion complexes of yCDs with quinoxaline antibiotic echinomycin were
loaded into PEGylated liposomes for GBM treatment [149]. The echinomycin-yCDs-liposomes
showed cytotoxic effect against U87 cells monolayers (ICso of 0.5, 3 and 1 nM after 72 h
treatment with free echinomycin, echinomycin-yCDs and echinomycin-yCDs-liposomes
respectively) and ability to reduce U87-MG cell invasion using spheroid gel invasion assay at
the ICso dose obtained in the 2D studies. While preliminary, these results might open the way

for the use of echinomycin for GBM even though the real advantage of the CDs-liposome vs



the CDs formulation should be further assessed. Similarly, a liposomal formulation of the
anticancer drug butylidenephthalide (BP) complexed with HPBCDs was designed to enable
controlled drug release for GBM treatment [150]. The BP/HPBCDs/liposome systems were
composed of spherical particles of around 200-300 nm and showed cytotoxic effect in
monolayers of TMZ-resistant GBM22 cells. In vivo, the BP/HPBCDs/liposome formulations
repeatedly administered either orally or intranasally for 14 days (BP dose 50 mg/kg) in GBM22
orthotopically grafted tumor-bearing animals were compared to untreated and TMZ-treated
animals. While the oral administration of BP/HPBCDs/liposome did not increase animal
survival compared to untreated animals, the intranasal administration of the formulation led to
increased BP levels in the brain and improved the overall survival compared to all the other
experimental groups [150]. To note, even though it is stated that GBM22 cells are TMZ-
resistant in this paper the dose of TMZ administered in the TMZ-treated arm (66 mg/kg/day for
5 consecutive days) did not resulted in complete resistance to this treatment as 20% of the
animals were still alive at the end of the experiment, although the statistical analysis is
incomplete, limiting the conclusions of the study. It is worth noting the importance of validating
the experimental protocols, cell lines, tumor uptake, treatment schedule of the control groups
prior to performing efficacy studies [151].

Polymeric systems have also been developed to include CDs complexes in their matrix.
For instance, the anticancer drug camptothecin (CPT) was encapsulated into amphiphilic CD
(BCDC6 and 6-O-Capro-BCDs) to form supramolecular aggregates in different form of
nanoparticles [152]. The anticancer efficacy of CPT-CD-NPs vs polymeric NPs (poly(lactic-
co-glycolic) acid (PLGA)-NP and poly(e-caprolactone) (PCL)-NP) loaded was compared with
preformed CPT-HP-BCD inclusion complexes in an orthotopic 9L GBM model. NP
formulations presented a mean particle size of 130-280 nm and negative surface change. Rats
were treated with a single dose of treatment administered by CED infusion. The CPT-O-Capro-
BCDs-NPs showed an increase in median survival compared to untreated animals, which was
not observed for the other treatment arms. Moreover, their therapeutic effect was concentration
dependent. These NPs were considered effective due to their higher drug loading and sustained
release profile (up to 12 days upon single administration) compared to the other formulations.
The most studied and well characterized polymeric system based on CDs and CPT is CRLX101
[29]. The NP-drug conjugate, composed of CPT conjugated to a linear CD-polyethylene glycol
copolymer via covalent linkage, already in clinical trials for other types of cancer [153], was
evaluated for its efficacy against GBM [154]. CRLX101 showed cytotoxic effect on U87 cells

monolayers in a dose-dependent manner (ICso of 204 and 142 nM after 72 h treatment with



CRLX101 and free CPT, respectively) while astrocytes were partially protected compared to
free CPT. The ability of CRLX101 to cross the BBB was confirmed both using an in vitro BBB
model and in healthy animals following intravenous administration. Antitumor efficacy was
tested by systemically administering tumor-bearing mice with 10 mg/kg of CRLX101 or CPT
once a week for two weeks starting from 4 days after U87 tumor grafting. An increase in median
survival was observed for both groups compared to untreated animals, but histological analysis
showed more apoptotic cells in the tumor of CRLX101 treated animals. Of note, the free CPT
control is missing in the brain distribution studies and the treatment was initiated very soon
after tumor grafting in the efficacy studies. These two aspects might affect the conclusions of
the author and could explain the lack of difference in the therapeutic outcome between the two
treatments arms. Recently, an Arg—Gly—Asp (RGD) peptide—conjugated PCD inclusion
complex of DOX was incorporated into a thermosensitive PLGA-PEG-PLGA hydrogel
(DOX/RGD-CD@Gel) to achieve targeted and sustained delivery in GBM [62]. The
cytotoxicity of the DOX/RGD-CD formulation was tested on GL261 cells monolayers after 24
or 48h showing dose-dependent toxicity and activation of the caspase-dependent apoptosis
pathway. DOX/RGD-CD exhibited enhanced cellular uptake in GL261 cells and a higher
inhibitory effect on the cells migration and invasion compared to DOX and DOX-CD controls.
A pH-responsive DOX release profile was observed for the DOX/RGD-CD@Gel in vitro. In
vivo, the efficacy of the DOX/ CD and DOX/RGD-CD gels was tested in a syngeneic orthotopic
GL261 model following multiple intratumoral treatment injections showing an increase in mice
survival compared to the free drug.

BCDs with calix[4]arene (CA4) was used to create amphiphilic molecules (called giant
surfactants) capable of self-assembling into nanospheres (NS) or in nanocapsules (NC),
depending on the nanoprecipitation protocol, and able to host hydrophobic drugs such as
docetaxel (DTX) and TMZ [155,156]. Calixarenes are macrocycles that assume a basket-shape
conformation (“calix”) and able to form host-guest inclusion complexes. Unlikely BCDs,
calixarenes are hydrophobic molecules, and therefore, when chemically linked to BCDs, they
form amphiphilic heterodimers (CA4—BCD). Those hydrophilic BCDs and hydrophobic CA4
heterodimers were exploited to designed different libraries of “giant surfactants”. In a first study
[155], DTX was encapsulated in four formulations (two DTX-NS and two DTX-NC) with high
encapsulation efficiency (83-99%), drug loading capacity (71-75%) and long-term stability.
The encapsulation efficiency in NC is particularly high (=98%), probably due to the high
affinity of the hydrophobic drug DTX for the triglycerides present in the inner core. The average
size of the DTX-NS was 20-35 nm, while DTX-NC were 209-267 nm. All formulations showed



negative zeta potential (from -12 to -20). The DTX release kinetics presented a burst effect at
6-8h followed by sustained release over 30-60 hours for all the formulations but adjusting the
BCD-CA4 chemical structure influenced release kinetics and targeting efficacy. Considering the
high drug loading (>70%, significantly higher compared to other nanoformulations of DTX), it
is important to guarantee a controlled release over time, to avoid high concentrations
responsible for potential adverse effect, and to allow to reach effective DTX concentrations up
to 60 hs, able to induce tumoral cancer cell death. /n vitro cellular studies were performed on
U87 MG and C6 monolayers, showing that the formulations maintained anticancer effect
compared to the free drug. The results presented in this study are limited to the in vitro
cytotoxicity on GBM cell lines, and therefore the in vivo targeting properties, BBB crossing
and anticancer efficacy still need to be evaluated. Nevertheless, the BCD can be decorated with
targeting agents, to exploit ligand-receptor mediated targeting to cancer cells. In the following
work [156], these formulations were tuned to increase their release kinetics and targeting
efficiency and extended the drug loading to other hydrophobic drugs. The formulations
presented with high biocompatibility were stable under enzymatic treatment in physiological
media. Nine TMZ-NS and nine TMZ-NC formulations were tested in U87 MG monolayers,
showing very different cytotoxic activity depending on the chemical structure and
supramolecular properties of the constitutive BCD-CA4 heterodimers. Overall, redox-sensitive
disulfide bonds included in some of the formulations enabled tumor-selective drug release in
the presence of elevated glutathione levels, showing higher cytotoxic activity in tumor cells
compared to other formulations. In particular, a correlation with the fast release of TMZ from
the TMZ-NS formulation and the high anticancer efficacy (ICso in the nanomolar range for all
the formulations) was shown on U87 cell line, which is resistant to free TMZ (ICso for the free
drug 135 pM). This underline the importance of reaching a high intracellular concentration of
drug, promptly released from the nanoformulations, to overcome resistance mechanisms which
are one of the main drawbacks in the use of TMZ. Also in this case, a further extensive in vivo
characterization is needed to assess biodistribution, targeting properties and anticancer efficacy.

In addition, BCDs were used to form inclusion complexes or covalent conjugates with
porphyrin-based hydrophobic photosensitizers (mHTTP or P1COOH) [157]. For their
formulations, they tested the binding type effect and effectiveness on the disaggregation in
aqueous medium and their photodynamic therapy in vitro. efficacy in U87 MG and U251
monolayers. BCDs alone did not show any dark cytotoxicity or phototoxicity on U87 MG cells
in their experimental setting (1-3 uM, 24 h incubation in the dark, photodynamic treatment at

652 nm, 10 J/cm?, 36 min). The covalent binding conjugate led to no dark cytotoxicity and



highest phototoxicity compared to the non-covalent inclusion complexes, showing that this
binding type is the most effective for this purpose. Also water-soluble supramolecular contrast
agents were synthesized by functionalizing BCD with different kinds of nitroxide radicals
[158,159]. While further studies will need to evaluate the safety of these contrast agents, the
authors showed that in vitro these compounds are non-cytotoxic in U87 MG cells below 1
pmol/mL and that two of them are good in lowering T1 MRI relaxation and in improving tumor
retention for up to 60 minutes in vivo (C6 orthotopic rat model). Cyclometalated platinum(II)
complex Pt(LL") was encapsulated within B-CD to form Pt-NPs for photodynamic therapy in
GBM [160]. The Pt(LL') synthesized with a polypyridyl ligand appended with a long
hydrophobic tail successfully formed stable host—guest complexes with the B-CD, which
enhanced the solubility of Pt(LL") and improved its emission properties. Pt-NP had a drug
loading of ~37% and an average size of ~210 nm with a polydispersity index of 0.278 (measured
by DLS). Moreover, the formulation spontaneously formed a solid -like viscoelastic gel stable
at room temperature for several days and emitting fluorescence under 364 nm UV light. The
Pt-NP showed higher cytotoxic effect in the light compared to the dark (ICso 0.69 vs 78 uM
after 24 h treatment, respectively; light exposure 1h at 390 nm) on Kr158 monolayers. /n vitro,
they Pt-NP are uptaken into GBM cells after 1.5h of incubation and they significantly induced
apoptosis by downregulating NF«xB, DJ-1, and ERp29 pathways upon irradiation. While
preliminary, these results show an interest to further characterizing Pt-NPs in the context of
GBM.

CDs-based NPs find application also in the development of immunotherapeutic drugs. Cerium
oxide nanoparticles were decorated with B-CD, oleic acid and F127 polymer (CeNPs) to load
DOX for chemoimmunomodulation [161]. CeNPs were coupled with oleyl amine-linked cyclic
RGDfk peptide to cross the BBB and target gliomas and its tumor microenvironment following
intraperitoneal administration. CeNP + Dox + RGD nanoparticles presented a spherical
morphology and an average size of ~50 nm (TEM and DLS), negative surface charge and their
polydispersion index was lower in serum than in PBS (~0.27 vs 0.74, respectively) even though
their size increased to ~80 nm in this condition. The Dox-CeNPs showed antioxidant properties
and a sustained drug-release in acidic environment (pH 5.2) compared with physiological
conditions (pH 7.4). The RGD-CeNP were preferentially uptaken in GBM cell lines
overexpressing integrins (GL261 and U87-MG) compared to non-tumor CHO cell lines. /n vitro
cytotoxicity studies by MTT test showed a decrease in the ICso when Dox was loaded in CeNP
(with and without RGD) both in GL261 and U87-MG monolayers at 24h and 48h post-treatment

as well as higher early apoptosis, late apoptosis and necrosis (Annexin-PI assay) in GL261 cells.



RGD-CeNP and RGD-Dox-CeNP were able to induce RAW264.7macrophages to polarize
from pro-tumor to anti-tumor phenotype. In animals bearing orthotopic GL261 tumors,
fluorescent-labeled RGD-CeNP and RGD-Dox-CeNP accumulated in the brain within 6h after
intraperitoneal administration. Multiple administration with RGD-Dox-CeNP reduced tumor
growth and increased median survival time compared to the controls and other treatments arms,
and residual tumors presented increased CD80 and decreased Arginase-1 expression compared
to controls. The immunomodulatory effect of the treatment was also confirmed in a GL261
subcutaneous tumor model, were specific marker expression analysis by western-blot and flow
cytometry on tumor lysates showed upregulation

Of the expression of iNOS/CD80 marker in animals treated with RGD-Dox-CeNP suggesting
the activation of ani-inflammatory M1 tumor-associated macrophages. Also aiming at
modulating the immunosuppressive GBM microenvironment GBM, CD-adjuvant
nanoconstructs (CANDI) loaded with dual NF-kB modulators (a Toll-like receptor agonist
R848 and a cellular inhibitor of apoptosis protein LCL-161) were formulated to increase
interleukin-12 (IL-12) production by targeting tumor-associated myeloid cells [162]. Succinyl-
BCD were cross-linked with lysine to obtain NPs of around 30-40 nm and negative zeta
potential, able to co-load the two drugs with high efficiency (21% for R848 and 57% for LCL-
161), stability and provide sustained drug release. The CANDI combination NPs were able to
induce IL-12 production in macrophages and dendritic cells in vitro. In vivo, the NPs were
administered systemically in CT2A bearing animals showing high accumulation in the tumor
and in tumor-draining cervical lymph nodes compared to healthy brain. Biphotonic imaging,
multiplexed immunohistochemistry and flow cytometry analysis revealed a preferential
accumulation of the NPs in macrophages (56%) and dendritic cells (25%) within the tumor
microenvironment while much lower amounts were uptaken by tumor cells (7%). CANDI
displayed a promising therapeutic efficacy (either alone or in combination with PD1 immune
checkpoint inhibitor) with a higher reduction of tumor volume compared to the unloaded
CANDI control and an increase in median survival. This therapeutic efficacy is due to an
efficient accumulation of CANDI in the tumor and myeloid-cells activation which leads to
increased 1L-12 production, IFNG stimulation in CD8 cytotoxic T cells which can increase the
response to a-PD1 therapy. BCD-NP have also been used as delivery system for R848 in GBM
[163]. Treatment with BCDNP-R848 (average size ~21 nm by DLS) induced glioma cell death
in vitro in co-cultures of bone marrow-derived macrophages and GL261 cells, and showed high
cellular uptake in macrophages with proinflammatory shift and increased ROS production.

Following intravenous administration in mice orthotopically grafted with GL261 tumors,



CDNP-R848 selectively accumulated in tumor-associated macrophages within the tumor
microenvironment, as well as in monocyte-derived myeloid cells in the blood, lymph nodes,
and spleen. The authors demonstrated that the BBB was disrupted at 3 and 4 weeks post-
grafting, and this disruption correlated with tumor progression. However, they propose that NP
uptake by tumor associated macrophages primarily occurs in the circulation, with subsequent
recruitment to the tumor microenvironment, while direct NP leakage into the tumor through the
compromised BBB plays a lesser role. Multiple systemic administration of the treatment was
well tolerated — even though transient treatment-related body weight loss was observed in mice
receiving three doses of R848 or BCDNP-R848 (0.2 mg/mouse of R848; 2.25 mg/mouse CDNP
per dose) compared to PBS and vehicle controls — and led to increased median survival of mice
compared to vehicle treated animals and complete response in 3/7 animals. Interestingly,
BCDNP-R848 efficacy was independent on T cells and NK cells and was mediated by myeloid
cells showing that targeting and reprogramming intratumoral myeloid cells is a promising
approach.
An innovative use of BCDs is the electrochemical immunosensor for O®-methylguanine-DNA
methyltransferase (MGMT) gene methylation [164]. Promoter methylation of MGMT gene
leads to low MGMT enzyme expression which increases sensitivity of GBM cells to alkylating
chemotherapy and can be used as predictive biomarker of benefit from TMZ [39]. Therefore,
monitoring DNA methylation status in GBM patients’ blood could provide a substantial tool to
define the therapeutic regimen faster and more effectively. An anti-5-methylcytosine (5SmC)
antibody was immobilized by host-guest interaction with the BCDs on a glassy carbon electrode
using graphene oxide-Fe3O4- BCD nanocomposite and was used to recognize SmC on DNA
containing MGMT promoter sequence. This was used to detect, via an electrochemical method,
the methylation level in biological samples. The detection limit of the system was around 0.08
pM and preliminary studies showed its ability to detect MGMT gene methylation in human
plasma from healthy volunteers. Finally, several authors have used BCDs either as treatments,
to reduce plasma membrane cholesterol [165], or as NP-coating agents for DNA and RNA
therapeutics [166-170]. For example, a multi-functional delivery platform composed of
dendritic polyamine backbone conjugated with BCDs was designed for the codelivery of siRNA
and anticancer drugs to target the oncogenic signaling pathway EGFRVIII-PI3K/AKT in GBM
cells [171].
3.3. CDs in clinical trials: lesson learnt and missing steps

Despite the high number of papers on CD-based formulation for GBM, there are not

many reports of the evaluation of commercial CDs or nanosized formulation in clinical trials



for GBM treatment, or more generally for brain tumors or brain metastases. As mentioned,
CRLX101 reached the clinical stage for many solid cancers, but not GBM [153]. The possible
translation for brain tumors therapy is clearly limited by the lack of information on the
distribution to the brain following systemic administration [154]. It seems that other CD-based
nanomedicines are still far from reaching the clinical stage: as for many other nano-sized
materials, the collection of information on the preclinical literature is often incomplete, and
somehow difficult to standardize [172]. Physico-chemical characterization often lacks
important details (e.g. free drug %, stability in physiological fluids etc), but also the
pharmacological properties are often evaluated on cell lines with intrinsic limitations. Finally,
the in vivo characterization rarely includes a proper evaluation of the dosing regimen, which
often has a tremendous impact on efficacy and toxicity profile [173]. Furthermore, the
experience with the CD-based delivery system for nucleic acids (CALAA-01) [30], is an
important starting point for the development of nanomedicines. Stability issues need to be
addressed in the preclinical stage: the stability of host-guest inclusion complexes in the
cyclodextrin is under thermodynamic control, and therefore it tends to undergo cargo release
and possible aggregation phenomena in storage conditions or following in vivo administration.

Considering other CNS pathologies, there are several clinical trials on the use of
HPBCDs for NPC1, a genetic disorder that leads to the loss of neurological function, due to an
impaired mobility of cholesterol and other fats in the brain cells [174]. In this case, the use of
commercially available product, already approved as excipient for injectable formulation,
reduces the risks of injecting nano-sized formulations that can undergo aggregation and
degradation phenomena leading to adverse effect and general toxicity [30]. Furthermore, in this
case, the CD is the active ingredient itself, due to the high affinity for cholesterol [32]. This
further reduces the risk of toxicity, always related to the use of active molecules. Nevertheless,
the use of HPBCDs lead to several side effects, such as hearing loss, and an impaired elimination
of bacteria by macrophages, leading to an exacerbation of inflammation diseases [175].
Especially in the case of ototoxicity, which mechanism is still not clearly elucidated, the
optimization of the formulation could improve the outcome. Altering for instance the
biodistribution (with nano-sized CD-based systems or with stimuli sensitive materials) might
represent a possible solution.

The metabolism and excretion routes of commercially available CDs is quite well
investigated, and usually involves renal excretion [176] and some extent of metabolism as
maltodextrin and sugar monomers [176]. The fate of nano-sized carriers obtained by

polymerization of CD units might be significantly different and needs to be evaluated.



CRLX101 is excreted by the kidney at a lower rate compared to free CPT, with limited toxicity
for the bladder and the urinary tract [177]. The metabolism and excretion pathway are related
to the composition on the polymeric materials, with biodegradable materials reducing the issues
of accumulation in the kidney or liver of the nanoparticles [178]. Polymeric nanomedicines like
CALAA-01 indeed showed dose-related toxicity to the kidney and liver [30].

4. Conclusions

This review provides a broad overview of the current state of polymeric delivery systems based
on dextrins for the treatment of GBM. As a highly interdisciplinary field, the development of
CD-based systems requires a delicate integration of chemical design, pharmaceutical
formulation, and biological validation. Throughout this review, we have highlighted key
findings from both chemically oriented studies and those emphasizing biological effects, in
order to showcase the complementarity of these approaches. However, we acknowledge that
relatively few studies offer a comprehensive evaluation that includes both robust chemical
characterization and in-depth biological assessment, particularly in relevant models such as 3D
cultures or in vivo systems. Our analysis also revealed that critical knowledge gaps persist,
particularly concerning the ability of CD-based systems to cross the BBB, the mechanistic
understanding of their cytotoxicity, and the full physicochemical and pharmacokinetic
characterization of these supramolecular complexes. Furthermore, aspects specific to polymeric
systems - such as degradation kinetics, immune response, and long-term biocompatibility - are
still underexplored. Despite these limitations, the scientific and clinical interest of this class of
natural materials remains strong. If future research succeeds in bridging these gaps and
leveraging the unique properties of CDs within biologically relevant models, these systems may
represent a promising avenue for the advancement of effective therapies against GBM.

5. Expert opinion

Developing an effective pharmacological solution for the clinical unmet need of treating GBM
can revolutionize the scenario, both in terms of quality of life, survival of patients, and
economic impact [179]. Due to their wide application as pharmaceutical excipients, CDs have
potential as translational drug delivery systems thanks to their biocompatibility and unique
intrinsic features. However, significant challenges must be overcome for their effective use in
treating brain diseases. One of the main challenges is related to crossing the BBB, since the
mechanisms of CDs on enhancing drug permeation has not been fully elucidated. Generally,
biological membranes have a lipophilic nature, enabling permeation of lipophilic drugs. CDs
themselves are quite large molecules with an outer hydrophilic surface, which inherently limits

their ability to permeate biological membranes [180]. CDs are more likely to remain in the



aqueous exterior of the membrane. However, the complexation of drugs with CDs can enhance
the solubility of poorly water-soluble drugs, which is essential for their absorption, thereby
facilitating their permeation. Some studies have reported that the complexation of CDs with
drugs has not always been very effective in enhancing their permeability. Especially in cases
of excess CDs, drug permeability and efficacy tend to decrease [181]. In conclusion, the
efficiency of CDs as permeation enhancer is strictly dependent from the physicochemical
properties of the permeating drug molecules and from the composition of the membrane [181].
CDs are generally more capable of enhancing permeation through aqueous diffusion controlled
membrane than lipophilic membranes [182]. Notably, the lipophilic derivative, methylated
BCDs, has shown enhanced permeation in nasal delivery, making it potentially interesting for
targeting lipophilic biological membranes [183]. However, despite the challenges CDs face in
permeating relatively lipophilic membranes like the BBB, numerous studies have shown that
CDs can damage the BBB by excessively extracting cholesterol from endothelial cells, which
in turn facilitates membrane permeation [86]. Additionally, CDs can be optimized through
chemical modifications to enhance their BBB permeation. For instance, imparting a positive
charge to the CDs, as quaternary ammonium-CDs, which have been shown to increase BBB
permeation, probably due to an endocytosis-mediated mechanism [86]. Furthermore, as
discussed, BBB permeation can be enhanced by functionalizing CDs with specific ligands - for
example, peptides or sugars like lactose, which have been observed to facilitate cellular uptake
in human brain cells - or by employing other BBB-disrupting strategies. By enhancing BBB
uptake, the CD concentration required to achieve therapeutic efficacy can be reduced, thereby
minimizing toxicity. Moreover, to reduce the toxicity of CDs on the BBB, modified CDs rather
than native CDs should be employed, allowing for the use of higher concentrations [184,185].
Alternatively, the intrathecal route remains a promising strategy to bypass the BBB and target
the brain. For example, the intrathecal administration of HPBCDs has shown great promise in
the treatment of NPC [186]. Indeed, HPBCDs does not easily cross the BBB in therapeutically
relevant amounts when administered intravenously and is rapidly cleared via renal excretion,
leading to limited clinical benefits [187]. As a result, higher doses of CDs are necessary to
achieve therapeutic concentrations; however, high doses of CDs have been associated with

toxicity, particularly pulmonary complications [188].

Chemical modifications can play an important role to bestow stimuli sensitive properties

to the CD-based nanomedicines, obtaining nanomaterials that can adjust to the tumor



microenvironment and optimize its physico-chemical properties to achieve an effective BBB
crossing and tumor penetration [189].

Another challenge to the effective use of CDs for GBM is the poor choice of preclinical
methods used to test CD-based drug delivery systems, which could lead to poor clinical
translation. It is important to note that most of the research cited in this review has been
conducted in vitro cytotoxicity studies using tetrazolium dye (MTT), resazurin (Alamar Blue)
or crystal violet assays. However, reagent-based viability assays may face substantial
interference due to the high capacity of CDs to form complexes with various molecules, which
can result in their binding to dyes [190]. Recent findings indicate that CD can form stable
complexes with Alamar Blue, potentially hindering cellular uptake of resazurin or amplifying
the fluorescent signal of resorufin [191]. These non-specific interactions between CD and
viability assays may compromise the accuracy of the results and conclusions. Therefore, the
use of label-free cell viability assays is recommended for evaluating these drug delivery
systems. Additionally, it is crucial to validate the experimental methods and consistently
include unloaded CDs as controls.

Furthermore, also the in vivo preclinical characterization of CDs-based nanomedicines
has often point of criticism. Either it relies on animal models that are far from the clinical
settings (xenografts, ectopic brain tumors, non-validated cell lines etc.), or it lacks several
controls required to completely understand the contribution of each component of complicated
supramolecular systems. Indeed, this is a general issue in the field of nanomedicine, with
implication on funding availability, ethical animal use in drug development, open science
practice [172,192-194]. It must be noted that CD-based delivery systems have been evaluated
in clinical trials for cancer therapy (not brain cancer) [29,30], and in one case the study was
withdrawn due to toxicity of the carrier [30]. Although the adverse events were probably
attributed to other components of the carriers, this can surely have an impact on further clinical
applications of CD-based polymers. Moreover, several of the studies cited in this review
evaluated their CD-based treatments using cell lines (e.g. U87 MG) and in vivo models (e.g.
subcutaneous models) that do not accurately replicate the complexity of human GBM, thereby
limiting the relevance of their findings. Although these models are reproducible and easy to
implement, they should be limited to proof-of-concept studies. To better assess their clinical
translation potential, GEMM models should be more frequently used as they better reflect
pathology development. Additionally, the use of complex 3D human-derived models such as
tumoroids, organoids and organ-on-chips, is emerging in the field. As a model is not perfect

and needs validation, these 3D human-derived models should be used in complementarity with



mouse models to lead to robust and reliable results. Another important point is to position the
NP treatment relatively to the current standard-of-care treatment for GBM and evaluate its
efficacy when combined with it to anticipate future clinical applications.

Interestingly, the ability of CD to modulate the GBM tumor microenvironment has not
yet been exploited. Indeed, it has been recently shown that heptamannosylated-BCD derivatives
can induce M2 macrophages polarization to accelerate wound healing [195]. These same effects
could be exploited to shift the phenotype of protumoral tumor-associated macrophages in GBM
tumors. Indeed, it can be postulated that CDs can be exploited to develop drug delivery systems
for immunotherapy. In fact, CDs, like other sugar-based polymeric materials, have the potential
to boost immune response, and can serve as carrier for antigen-based nanovaccines and other
immunotherapy modalities. As mentioned, long term usage of CD is considered safe from the
immunological point of view, but supramolecular systems might have a different impact on
immune response [196]. The effect on the immune system might have a dual nature: if on one
side the impact of adverse immune response and unspecific toxicological effects need to be
evaluated, on the other hand the interplay with the immune system can be exploited for
therapeutic purposes. CRLX101, in fact, seems to promote the adaptive immune response,
increasing NK and T cell proliferation following a boost injection, and this can be exploited for
combination with immune checkpoint inhibitors for GBM therapy [197].

CD-based nanomedicines have a potential impact also as diagnostic or theranostic tools
for brain diseases. Indeed, there are several reports on the exploitation of CDs for the
development of theranostic nanomedicines for several types of tumor, other than brain tumors
[198]. The use of CD-decorated SPIONs [92] that combine therapeutic and imaging purposes
with the ability of crossing BBB are still at the preclinical stage, and represent an interesting
combination of starting materials to obtain a nanoparticle able to combine different features,
such as brain targeting, BBB crossing capacity and diagnostic tools. Nevertheless, the flexibility
of the CDs, and their capacity of forming host-guest complexes with several type of molecules
can be exploited not only for the conventional imaging purposes (e.g. fluorescence, magnetic
resonance contrast [92], chemiluminescence [199]) to determine tumor size and location, but
also for more advanced imaging systems, such as the detection of cancer biomarkers [200], as
demonstrated in other types of cancer [201].

Considering the current state-of-the-art in the field of dextrin-based polymers, we seem
far from seeing a product in clinical use; nevertheless, the lessons learnt from clinical trials, and

the increasing attention in the physico-chemical characterization, combined with a better



understanding of the physio-pathological conditions of the disease, can surely facilitate the

clinical translation of these materials as nanomedicines for brain cancer treatment.
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Figures and Tables Captions

Figure 1. Schematic representation of cyclodextrin- and dextrin- based nanomedicines.
Cyclodextrin polymers are designed to enhance encapsulation efficiency, including CD star
systems, cross-linked hyperbranched CDs (nanosponges), and grafted CDs (Created in
BioRender. Scomparin, A. (2025) https://BioRender.com/b27t970)

Figure 2. Schematic representation of the main in vitro BBB models available in the literature.

(Created in BioRender. Bastiancich, C. (2025) https://BioRender.com/s45w785)

Table 1. List of studies reporting on the use of CDs for GBM
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