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Nanoparticle shape is the game-changer for
blood—brain barrier crossing and delivery through
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Tunneling nanotubes (TNTs) are thin, dynamic, long membrane protrusions that allow intercellular exchanges
of signaling clues, molecules and organelles. The presence of TNTs and their involvement as drug delivery
channels have been observed in several types of cancer, including glioblastoma. Recently, increased atten-
tion has been directed toward nanoparticles (NPs) that can be transported in TNTs. However, few data are
available on the role of physical parameters of nanoparticles, such as size, shape, charge and flexibility, in
determining their transfer efficiency between cells by TNTs. Here, we focused our attention on NP shape,
manufacturing spherical, discoidal and deformable negatively charged lipid-based NPs with sizes <120 nm
and similar stiffness. The TNT-mediated transfer of NPs was investigated in 2D and 3D culture models of
human glioblastoma cells. The permeability and biocompatibility of the blood—brain barrier (BBB) were also
assessed. Results showed that discoidal NPs displayed the highest TNT-mediated transfer efficiency between
cancer cells, with a maximum velocity of 69 nm s, and a higher endothelial permeability (1.29 x 10~ cm
min~) across the BBB in an in vitro model. This depends on the NP shape because discoidal NPs have a

Received 1st August 2024, larger surface area exposed to the flow along the TNT channel. Overall, the results suggest that the shape of
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NPs is the game-changer for more efficient TNT-mediated transfer between cancer cells, thus introducing a
sustainable solution to improve the diffusion rate at which the NPs spread in the tumour microenvironment,
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1. Introduction

Glioblastoma multiforme (GBM) is classified as a grade IV
astrocytoma by the World Health Organization (WHO), and it
represents one of the most aggressive and prevalent forms of
malignant primary tumour in the central nervous system
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opening the possibility of ameliorating drug distribution to difficult-to-reach cancer cell populations.

(CNS). GBM constitutes approximately half of all malignant
CNS tumours, the median survival time being approximately
half a year and the 5-year survival rate being less than 7%. The
occurrence of GBM increases with age, with a higher preva-
lence observed in men compared to women. The conventional
therapy according to the Stupp protocol is neurosurgery fol-
lowed by radiotherapy and chemotherapy with temozolomide
(T™MZ).!

Despite these aggressive treatment strategies, patients’
prognosis remains poor. One of the major causes of thera-
peutic failure is the blood-brain barrier (BBB), which is a
natural protective membrane that limits the influx of bio-
molecules, drugs and toxins from the bloodstream into neural
tissues. Additionally, the heterogeneity of the tumour and its
associated microenvironment, including the presence of GBM
stem cells, make GBM highly refractory to therapies.” The BBB
is usually disrupted in the necrotic core regions but remains
intact at the invasive edges, so it is evident that designing drug
delivery systems to overcome the BBB could be a promising
strategy in GBM therapy.*

This journal is © The Royal Society of Chemistry 2025
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In this context, nanomedicine holds great promise for the
treatment of brain tumours.” In particular, the possibility of
modifying the surface of NPs with ligands makes them suit-
able tools for delivering drugs across the BBB and, simul-
taneously, selectively targeting GBM cells. Moreover, their
chemical versatility represents a key feature to design indivi-
dualized nanomedicines to address GBM inter-patient hetero-
geneity.> A precision-medicine approach for GBM treatment
has been developed that involves the use of brain-penetrant
RNA interference (RNAi)-based spherical nucleic acids, where
gold NP cores are covalently conjugated with siRNA oligonu-
cleotides. A phase 0 first-in-human trial has been conducted to
determine the safety, pharmacokinetics, intra-tumoural
accumulation and gene suppressive activity of a specific GBM
oncogene. Results indicated that NPs reached the tumours
and their uptake into glioma cells correlated with significant
reduction in oncogene expression, demonstrating the utility of
these nanocarriers in a brain-penetrant precision-medicine
approach for the systemic treatment of GBM.®

However, another issue to be considered is the distribution
of the drug when the NPs reach the brain,” so intercellular
connections between cells could be a promising tool. The com-
munication between cells is fundamental to brain function
because it permits dialogue between all of them, and this is
necessary for the proper development and function of the
brain. Often, under diseased conditions, the crosstalk between
cells is dysregulated, thus contributing to tumour pro-
gression.® Within the tumour microenvironment, tunneling
nanotubes (TNTs) are particular routes for communication
among cancer cells,” normal cells,'® and immune cells."* They
are open membranous channels that are able to transfer
calcium, molecules, and organelles such as mitochondria and
lysosomes. It has been shown that GBM cells form TNTs upon
being subjected to oxidative stress and TMZ treatment.'?
These intercellular exchanges play a crucial role in promoting
the survival, metastasis, and chemo-resistance of cancer
cells.” In particular, recent studies suggest that TNTs play a
crucial role in the growth and invasion of GBM by establishing
a cooperative network among tumour cells and their surround-
ing cells. Furthermore, TNTs contribute to tumour relapse and
the adaptation of GBM cells to TMZ and ionizing radiation
therapy. Studies have revealed that the interaction between
astrocytes and glioma cells can modulate GBM cell functions,
such as enhancing their proliferation and inducing a drug-
resistant state through structures resembling TNTs."
Glioblastoma-like stem cells have been described as exhibiting
different properties in terms of the formation of TNTs and
their ability to transfer mitochondria in 2D and 3D cultures in
response to irradiation, depending on their metabolic
activity.'®

A possible strategy that can be pursued is the inhibition of
TNT formation. Since specific markers for TNTs have not yet
been identified, inhibitors of actin polymerization or of DNA
synthesis were used. In 2012, Lou et al. and in 2016, Desir
et al. evaluated metformin and everolimus, two FDA-approved
drugs for other indications, as TNT formation inhibitors in
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human mesothelioma cells and in ovarian cancer cells,
respectively. Results showed that these compounds were able
to interfere with TNT formation; however, in vivo preclinical
data on the applicability of these drugs are not yet
available.'®” On the other hand, a promising alternative
could be the exploitation of intercellular communication via
TNTs. Indeed, TNTs have been demonstrated to facilitate the
transfer of NPs, drugs, and viruses between cells.'® The exploi-
tation of TNTs might improve the localized cellular distri-
bution of nanomedicines due to their ability to connect even
distant cells, suggesting that metastatic cells in different
tumour niches could also be targeted.'®'°

Until now, different types of NPs have been identified
within TNTs, from inorganic to lipid-based NPs.*>*! Very little
is known about the role of fundamental physical parameters
of NPs, such as size, shape, charge and flexibility, in determin-
ing their penetration across the BBB and their transfer
between cells by TNTs. Positively charged NPs trigger the for-
mation of TNTs due to a higher toxicity compared to those
that are negatively charged.”® It has been shown that
100-200 nm particles with a rod-like shape exhibited higher
BBB transport compared to larger and spherical ones.*?
Considering that the thickness of TNTs is in the range of
0.2-1 um, we can speculate that size should not be a critical
parameter, while the shape of NPs could be important. As far
as we know, no data are available on the effect of the shape of
NPs on transfer efficiency between TNTs.

Therefore, we designed spherical, discoidal and deformable
lipid-based NPs with a size of <120 nm and similar stiffness.
The BBB permeability, biocompatibility, and TNT-mediated
transfer of NPs were investigated in 2D and 3D in vitro models
composed of human GBM cells. Results showed that discoidal
NPs displayed a higher BBB permeability and transfer
efficiency between GBM TNTs. This could be attributable to
the shape of the NPs because discoidal NPs have a larger
surface area exposed to the flow along the TNT channel.

2. Experimental
2.1 Cell lines

Gli36 AEGFR-2 cells (here referred to as GBM cells), provided
by Prof. Rosa Maria Moresco (University of Milano-Bicocca,
Italy), were used as a GBM in vitro model. Gli36 AEGFR cells,*?
carrying the EGFRVIII mutation present in ~50% of all EGFR-
amplified GBM cases, were made resistant to TMZ after
1 month of in vitro exposure to 50 pM TMZ.>* These cells were
selected because their TMZ sensitivity was repeatedly tested
in vitro and in vivo in orthotopic GBM models.>® Gli36AEGFR-2
cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) high glucose w/o sodium pyruvate
(ECM0101L, Euroclone, Milan, Italy) supplemented with 10%
fetal bovine serum (FBS, ECS0180L, Euroclone, Milan, Italy),
4 mM r-glutamine (ECB3000D, Euroclone, Milan, Italy), and
100 U ml™" penicillin/streptomycin  (P/S) (ECB3001B,
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Euroclone, Milan, Italy). They were maintained at 37 °C under
5% CO, and saturated humidity.

Immortalized human cerebral microvascular endothelial
cells (hCMEC/D3) were provided by Prof. S. Bourdoulous
(Institut Cochin, Inserm, Paris, France) and were used as a
model of the brain capillary endothelium.?® Cells between pas-
sages 27 and 35 were seeded on tissue culture flasks, pre-
treated with rat tail collagen type I (0.05 mg mL™"). Cells were
grown in complete culture medium (EBM-2 supplemented
with 10% FBS, 1% chemically defined lipid concentrate
(CDLC), 1% penicillin/streptomycin (P/S), 10 mM HEPES, 5 pg
mL~" ascorbic acid, 1 ng mL™" bFGF, and 1.4 pM hydrocorti-
sone) and maintained at 37 °C under 5% CO,. The culture
medium was changed every 2 days.

2.2 Characterization of Gli36AEGFR-2 TNTs

Scanning electron microscopy (SEM) of TNTs. Gli36AEGFR-2
cells were seeded at 5 x 10° cells per p35, and after 24 h, the
cells were washed with 0.05 M cacodylate and fixed with 2.5%
glutaraldehyde for 90 min. After washing with 0.05 M cacody-
late, samples were washed with distilled water and then with
70% and 100% ethanol. The samples were dried at room temp-
erature, carbon-coated and observed under high-resolution
scanning electron microscope using a TESCAN Mira 3 XMU
microscope (TESCAN ORSAY HOLDING s.a., Czech Republic)
equipped with a field emission source and an EDAX microp-
robe, operated at 5 kV in its In-Beam SE (secondary electrons)
mode. TNT size was obtained from SEM images using Image]
software (National 563 Institutes of Health, Bethesda, MD,
USA). TNT extension was considered from the base of the pro-
trusions to their end, either when extending or when already
touching the acceptor cells. For about 100 TNTs, the values
were obtained by using the “segmented line” tool associated
with the “measure” tool and converting pixels to microns.
Similarly, TNT thickness was obtained by drawing a line per-
pendicular to the TNT in the central part of the protrusion.

Confocal microscopy. Gli36AEGFR-2 cells were plated at a
density of 4 x 10* cells per cm” and after 24 h, they were incu-
bated at 37° C with Cell Mask Deep Red Actin (1:1000,
Sigma), SPY555-tubulin (1:1000, Spirochrome or Tubulin
Tracker Green 1:1000, ThermoFisher) and Hoechst (1: 10 000,
ThermoFisher) to label actin, a-tubulin, and nuclei, respect-
ively, as previously described.”” Pictures were acquired with
the Spinning Disk W1 Nikon Eclipse Ti2 confocal system (SD
Ti2) (Nikon Instruments, Melville, NY, USA) using a 60x oil
immersion objective. Alternatively, cells were analyzed in live
imaging over time, up to 24 h, using the Operetta CLS High
Content Analysis Systemconfocal microscope (40x) at different
time points. The entire volume of the cells was acquired with a
Z-stack interval of 0.5 pm. About 200 cells per experiment were
analyzed. Experiments were performed in triplicate. Images
were analyzed using Image] or ICY software.

2.3 Synthesis and characterization of NPs

Spherical NPs (sNPs) composed of cholesterol and sphingo-
myelin in a 1:1 molar ratio were prepared using the extrusion
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procedure as previously described.?®?° Briefly, cholesterol and
sphingomyelin were dissolved in chloroform/methanol (2:1,
v/v), mixed together and the solvents removed to form a thin
film. The lipid film was hydrated in phosphate-buffered saline
(PBS) and then extruded through 100 nm polycarbonate mem-
brane filters at 60 + 4 °C under 20 bar nitrogen pressure.
Discoidal NPs (diNPs) composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-Jamino( polyethylene
glycol)-2000] (Sigma Aldrich, Milano, Italy) mixed in a molar
ratio of 35:40: 25 (POPC : Chol : PEG-DSPE) were prepared and
solvents removed using a vacuum pump in order to form a
thin lipidic film. They were subsequently prepared by soni-
cation of the hydrated solution for 40 min in an ice-bath using
a Sonics Vibra-Cell (Pasquali Ettore S.R.L., Milano, Italy) as
previously described.’® Deformable NPs (deNPs) were com-
posed of POPC, cholesterol, and lysophosphatidylcholine in
the molar ratio of 85:10:5. Lipids were dissolved in chloro-
form/methanol (2:1, v/v), dried under vacuum, and the lipid
film was then rehydrated in PBS at pH 7.4. They were prepared
using the extrusion method, as described above.*! NPs were
fluorescently labelled by adding 1 mol% Bodipy SM (Sigma-
Aldrich, Milano, Italy) to the lipid mixture. They were charac-
terized in terms of lipid recovery using Stewart’s assay;>> their
size, stability, (-potential, and polydispersity index were
obtained using the dynamic light scattering (DLS) technique
(Brookhaven Instruments Corporation, Holtsville, NY, USA,
equipped with a ZetaPALS device®?); and their morphology was
observed through cryoEM imaging.**

Briefly, a 3 puL droplet of the sample was vitrified in liquid
ethane at —165 °C using a Gatan CP3 Plunge Freezer and trans-
ferred to a Gatan model 914 cryo-EM holder under liquid nitro-
gen. Bright field TEM images were obtained using a JEOL
JEM-2100 LaBg microscope equipped with a Gatan Orius
SC1000 CCD camera at 200 KV accelerating voltage under low-
dose conditions.

To verify the deformability of deNPs under external forces,
we assessed their penetration ability into polycarbonate films
with pore sizes of 100 and then 80 nm, under an applied extru-
sion force. After the extrusions, the number of NPs per mL was
evaluated through nanoparticle tracking analysis (NanoSight
NS300, Malvern Panalytical).?®

sNPs 2 and sNPs 3 were prepared as described in ref. 36
and 37, respectively.

2.4 BBB permeability to NPs

The in vitro BBB model was prepared and characterized, as pre-
viously described,*® using hCMEC/D3 cells. Briefly, cells were
seeded at a density of 5.6 x 10 cells per well onto collagen-
coated (150 pg mL™' rat tail collagen type 1; Gibco,
ThermoFisher) Transwell® filters (polyester 12-well, pore size
0.4 pm, translucent membrane inserts 1.12 cm?; Costar) to
establish a polarized monolayer. Cells were grown for 3 days in
complete EBM-2 medium, and after 3 days, the medium was
replaced with EBM-2 supplemented with 5% FBS, 1% CDLC,
1% P/S, 10 mM HEPES, 5 ug mL™" ascorbic acid, 1.4 pM hydro-

This journal is © The Royal Society of Chemistry 2025
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cortisone, and 10 mM LiCl. The formation of a valid mono-
layer was evaluated by measuring transendothelial electrical re-
sistance (TEER), monitored using an STX2 electrode epithelial
volt-ohm meter (World Precision Instruments, Sarasota, FL,
USA), the permeability to TRITC-dextran 4400 Da (Aecc =
557 nm, Aey = 572 nm) and FITC-dextran 40 000 Da (Aecc =
495 nm; Aepyy, = 525 nm) (Sigma Aldrich, Milano, Italy), and by
visualization of the tight junction between cells, in particular
ZO-1. Cells were fixed with 4% PFA, then permeabilized with
3% BSA and 0.1% Triton X-100 in PBS 1x and then incubated
with the primary antibody anti-ZO-1 (1: 50, ThermoFisher) for
3 hours. After 3 h, the secondary anti-mouse antibody conju-
gated with Alexa Fluor 488 was added for 1 h. In the end, DAPI
(1:5000 Sigma-Aldrich) was added and images were acquired
using an inverted point scanner confocal microscope (Airyscan
LSM170, Zeiss) with a 63x oil immersion objective and
additional digital zooming when required.

On the tenth day of the hCMEC/D3 culture, at the highest
TEER values and lowest endothelial permeability (EP) of
TRITC-dextran, fluorescent NPs were added to the apical com-
partment (400 nmol mL™") and then incubated at 37 °C for up
to 3 h. At different time points, the SM-Bodipy fluorescence in
the basolateral compartment was measured at Aeec = 500 nm
and Adenm = 515 nm using a spectrofluorometer
(Spectrofluorometer FP-8500, Jasco),”® and the EP was calcu-
lated as described.*® NP integrity after BBB crossing was evalu-
ated using Nanoparticle Tracking Analysis (NanoSight NS300,
Malvern Panalytical).*"

2.5 Effect of NPs on Gli36AEGFR-2 cells

Cell viability. To assess the effect of NPs on GLI36AEGFR-2
viability, cells were plated at a density of 2.5 x 10 cells per well
in a 96-well plate and after 24 h they were incubated for 24 h,
at 37 °C, with increasing concentrations of NPs (100, 200 and
400 nmol lipids per mL). At the end of the incubation, cell via-
bility was evaluated using the MTT assay as per the manufac-
turer’s protocol and absorbance was measured at 570 nm
using a microplate reader (SPECTROstar Nano, BMG
LABTECH, Ortenberg, Germany).

Percentage of TNT-connected cells. TNTs were identified
according to the protocol by Saenz-de-Santa-Maria et al.?”

Gli36 AEGFR-2 cells were plated at a density of 4 x 10* cells
per cm®. After 24 h, they were incubated for 1 h with the 3
different NPs and then fixed in a solution of 2% PFA, 0.05%
glutaraldehyde and 0.2 M HEPES in PBS for 15 min, followed
by 15 min in 4% PFA and 0.2 M HEPES in PBS, both at 37 °C
in order to preserve TNT integrity. The plasma membrane was
labelled with fluorescent wheat germ agglutinin (1:500 in
PBS, Life Technologies) for 20 min at RT. Nuclei were stained
with DAPI (1:5000 Sigma-Aldrich). Confocal images were
acquired using a Zeiss LSM 700 controlled by ZEN software. All
the images were processed using ICY software in order to
semi-automatically count the number of TNT-connected cells.

Cellular uptake. To determine the nanoparticle uptake,
Gli36 AEGFR-2 cells were plated in a 96-well plate at a density
of 2.5 x 10* cells per well, and after 24 h, they were incubated

This journal is © The Royal Society of Chemistry 2025
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with fluorescently labelled lipid NPs (400 nmol lipids per mL)
for 1 h, at 37 °C. After the treatment, the culture medium was
removed, cells were lysed® and the fluorescence was measured
using Spark® Cyto (Tecan Life Sciences, Italy Srl). Results were
expressed as % of fluorescence intensity measured in cell
lysates over the fluorescence of the incubation solution.

2.6 Tracking of NPs inside the TNTs and co-localization with
lysosomes

Gli36RAEGFR-2 cells were seeded on a 24-well Ibidi plate
(IbiTreat: #1.5 polymer coverslip, 82426) at a density of 4 x 10*
cells per well and incubated with fluorescently labelled NPs
(400 nmol ml™") for 30 minutes at 37 °C. Then they were
washed with PBS and time-lapse microscopy images were
acquired at time intervals between 30 s and 1 min per Z-stack
using the Spinning Disk W1 Nikon Eclipse Ti2 confocal system
(SD Ti2) with a 60x oil immersion objective (Plan Apo 60xOIL
NA = 1.42) or a 40x water immersion objective (Apo LWD 40x
NA = 1.15). The acquisition of Z-stacks is crucial to visualize
TNT structures, which hover above the substrate.?”

Brightfield and 488 channels were acquired to visualize the
membrane of the cell and NPs, respectively, with the
minimum possible power of laser illumination to avoid
phototoxicity.

The maximum intensity projection of the time-lapse movies
of NPs was processed using Image]/Fiji software. Analysis of
the velocity of NP movement inside the TNTs was performed
using the TrackMate plugin in Fiji software.

To determine if the NPs co-localize with acidic intracellular
organelles inside the TNT, Gli36RAEGFR-2 cells were incu-
bated with fluorescently labelled NPs for 30 minutes at 37 °C
(400 nmol mL™") and then with lysotracker red for 30 minutes
at 37 °C (Sigma), following the manufacturer’s instructions.
Images were acquired using Brightfield, 546 and 488 channels
with a Spinning Disk 60x oil immersion objective and then
analyzed with Image] using the JacoP plug-in to determine the
co-localization of acidic organelles and NPs. The degree of
colocalization was calculated using the thresholded Manders’
correlation coefficient of global statistical analysis, considering
pixel intensity distributions. At least 10 Z-stacks were analysed
per sample, and the percentage of the fraction of each type of
NPs in the acidic organelles was expressed as the mean + stan-
dard error of the mean.*?

2.7 Quantification of NP transfer by flow cytometry (FACS)

Transfer assays were performed using a population of
Gli36RAEGFR-2 cells incubated with fluorescent NPs for
30 minutes at 37 °C as donor cells and GBM cells labelled
with Cell Mask RED (Sigma-Aldrich) as acceptor cells. The
cells were mixed in a 1 + 1 ratio at a density of 8 x 10" in a
24-well plate, as described in ref. 27. To monitor transfer by
secretion, donor and acceptor cells were co-cultured, separ-
ated by a 1 um filter, which allows passage of the NPs in case
they are secreted but prevents direct contact between the two
populations. After 24 h of co-culture, cells were detached,
fixed in 2% PFA and then passed through a cell strainer to
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separate cell aggregates for FACS analysis. Flow cytometry data
were acquired using a BD LSR Fortessa flow cytometer.
Fluorescence intensities were measured at 488 nm and
651 nm excitation wavelengths, respectively. Ten thousand
events were acquired for each condition and data were ana-
lyzed using FlowJo analysis software.

2.8 Three-dimensional (3D) GBM cell culture model

Tumour organoids were prepared according to the protocol
published in ref. 43 and cultured in DMEM Glutamax
(Euroclone) supplemented with 1% P/S (100x Gibco), 10% FBS
(Capricorn) and GelTrex (ThermoFisher) at 37 °C in 5% CO,
humidified incubators for up to 10 days. Part of the cultured
medium was removed and replaced with fresh medium every
2-3 days. Tumour organoids were imaged with an inverted
point scanner microscope (CellDiscoverer7, Zeiss) using a 2.5
or 50%, 1.2 NA water immersion objective performing a Z-stack
reconstruction of all organoids or focusing on specific regions
of interest.

2.9 Statistical analysis

Statistical analysis was performed with GraphPad Prism 8
using the following tests: two-way ANOVA, one-way ANOVA,
unpaired ¢ test, Dunnett’s multiple comparisons test, and
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Tukey’s multiple comparisons test. Statistical significance was
considered at p < 0.05.

3. Results and discussion

NPs are promising tools for the treatment of brain tumours
because of their performance in delivering drugs across the
BBB, selectively targeting cancer cells. However, the distri-
bution of NPs in the tumour parenchyma still remains a chal-
lenge that needs to be addressed in order to improve their
efficacy. In this context, the intercellular connections between
cells, such as TNTs, represent a promising approach to
enhance NP distribution among connected cells.

To deepen our understanding of the role of physical
parameters of NPs in determining their penetration across the
BBB and their transfer by TNTs, spherical, discoidal and
deformable lipid-based NPs have been synthetized and tested
in vitro.

3.1 Structural and morphological characterization of TNTs
formed by Gli36AEGFR-2 cells

Gli36 AEGFR-2 cells (here referred to as GBM cells) have been
chosen as a GBM in vitro model because EGFR mutations

0-20 pm
20-40 pm
60-80 pm
80-100 um

0000

Lenght distribution (%)

Total=100

Fig. 1 SEM analysis of TNTs formed by GBM cells (A—E). GBM cells were plated, and after 24 h, they were fixed, washed with 0.05 M cacodylate and
fixed with 2.5% glutaraldehyde. Analysis was performed under scanning electron microscopy using a TESCAN Mira 3 XMU microscope (TESCAN
ORSAY HOLDING s.a., Czech Republic) equipped with a field emission source and an EDAX microprobe, operated at 5 kV using its In-Beam SE (sec-
ondary electrons) mode. Representative images are shown in the panels. Enlargements of B and D are shown in C and E, respectively. (F) TNTs
formed by GBM cells were classified on the basis of length. Scale bars are indicated on the images and they are 10 um.
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occur in ~50% of all EGFR-amplified GBM cases (Fig. S1}) and
correlate with bad prognoses.**

In order to verify if this cellular model was able to form
TNTs and thus be suitable for this investigation, GBM cells
were seeded at different densities and observed at different
time points by optical microscopy (Fig. S21). The chosen con-
ditions to better visualize TNTs were 4 x 10* cells per cm?
density and 24 h of seeding. After this, the cells were fixed and
samples were visualized by SEM to characterize the mor-
phology and structure of TNTSs.

Analyzing the SEM images, we can observe that GBM cells
are able to form mainly thin TNTs (Fig. 1A) with a thickness of
0.2-0.7 um,* while thick TNTs are usually considered the ones
with a diameter in the range of 0.7-1 pm. These dimensions
make TNTs formed by GBM cells suitable for the transfer of NPs,
in accordance with data in the literature where drug-loaded lipo-
somes were transferred between U87MG GBM cells via TNTs.*®

The biogenesis of TNTs is a difficult issue to address
because of cell heterogeneity and the different mechanisms
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involved.”>*® Even if it is not possible to assess the TNT for-
mation mechanism in a fixed sample, we can suppose that
GBM cells can form TNTs through a “hand-shake” mecha-
nism,** as shown Fig. 1B and C.

Moreover, TNTs formed by GBM cells displayed a “pearling”
morphology (Fig. 1D and E), attributable to the presence of
intracellular vesicles, suggesting that they are capable of inter-
cellular transfer of cargoes*>*® and that thin TNTs can exhibit
dilatation of the membrane, enabling the passage of cargoes
with a larger diameter.

Classifying the TNTs formed by GBM cells on the basis of
length (Fig. 1F), we can assert that these cells are able to form
short TNTs (~25%, 0-20 pm), medium-length TNTs (~65%,
20-80 pm) and long TNTSs (~10%, 80-100 pm). This variability
could be a key factor in improving the distribution of NPs
between near and far-away cells in brain tumour niches, micro-
anatomical regions displaying morphological and functional
differences that are considered communication centers where
cell populations interact.*”

Nuclei

600 =

&
-3
1

-l

200

TNT thickness (nm)

T
x o
»
o
R
o
\7\
&

o
&
Tyo = 03:20:00

&
N
vf'

Fig. 2 Composition and dynamics of TNTs formed by GBM cells. (A) GBM cells were incubated at 37° C in complete medium with CellMask™ Deep
Red Actin, SPY555-tubulin and Hoechst to label, respectively, actin, p-tubulin, and nuclei in order to correlate the composition with the thickness of
TNTs. Scale bars are embedded in the figures. (B) Composition and (C) thickness (100 nm—-550 nm) of TNTs determined through ImageJ software.
Images were acquired with the spinning disk 60x oil immersion objective. (D) GBM cells were plated in a 96-well plate in complete medium, and
after 24 h, they were stained with CellMask™ Deep Red Actin, Tubulin Tracker Green, and Hoechst and then observed live over time for up to 24 h
to evaluate the dynamics of TNTs through the Operetta CLS High Content Analysis System confocal microscope (40x). Pictures represent different
time points obtained during live acquisition. The scale bar corresponds to 50 um. The arrows indicate the TNTs.
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Considering that the presence of F-actin cytoskeletal fila-
ments and/or tubulin filaments is important to allow the transfer
of cargoes and to ensure the TNT stability, we analysed the
internal composition of TNTs formed by GBM cells. Cells were
plated and labelled with fluorescent probes in order to visualize
actin, f-tubulin and nuclei. Pictures (Fig. 2A) were acquired
through spinning disk confocal microscopy and analyzed
through the Image]J software. Results (Fig. 2B and C) showed that
69% of the total TNTs were only actin-based, while 31% were
actin and f-tubulin positive. Regarding the correlation between
the thickness of TNTs and their composition,*® we found that
actin-based TNTs had a thickness of around 0.2 um, while actin-
and p-tubulin-based TNTs were thicker, at around 0.5 pum.
Moreover, it is notable that a single cell is able to form multiple
TNTSs, which can connect it with one or more different cells.

To evaluate TNT dynamics, cells were plated, fluorescently
labelled and then observed live over time for up to 24 h using the
Operetta CLS High Content Analysis System confocal microscope.
Results (Fig. 2D; time-lapse in Fig. S31) showed that they are transi-
ent structures that possess different half-life, ranging from minutes
to hours, and in the same area different TNTs can be formed.

3.2 Characterization, BBB crossing and biocompatibility of
spherical, discoidal and deformable lipid-based NPs

Since the purpose of this study was to investigate the contri-
bution of physical parameters in determining the BBB per-
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meability and the TNT-mediated transfer between cells, spheri-
cal, discoidal and deformable lipid-based NPs have been syn-
thesized and characterized. All the NPs tested were composed
of a matrix of cholesterol and POPC, with the exception of
sNPs where POPC was substituted with SM, a lipid with the
same polar head but different melting temperature (—4 °C and
+42 °C, respectively). This modification is critical to obtaining
NPs with a stable spherical shape and very low deformability
at 37 °C,*®*° a temperature at which all the in vitro experi-
ments have been performed.

NPs were characterized morphologically by cryoEM
imaging: sNPs displayed a spherical-shaped structure homoge-
neously distributed in vitreous ice, with diameters ranging
from 50 to 150 nm (Fig. 3A); diNPs showed a flat, circular disk-
shaped structure (Fig. 3B). The ellipsoid shape in the back-
ground represents the face-on or front side of the discoidal
NPs, while the darkest elongated shapes represent their flank
side, depending on their orientation.>® deNPs exhibited vari-
ably dimpled hemispheres, spinning tops, bowls, discs, and
multilamellar bodies (Fig. 3C).

The diameter, stability, surface charge and polydispersity of
NPs were determined using the dynamic light scattering (DLS)
technique and Z-pals device. NPs displayed similar size, with a
diameter of ~100 nm (Fig. 3D). All the NPs demonstrated high
stability over time, as indicated by the negligible increase in their
diameter (<10% in 12 days) (Fig. 3E). NPs are negatively charged,
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Fig. 3 Characterization of NPs. Representative cryo-EM images of spherical (A), discoidal (B) and deformable (C) NPs. Scale bars are embedded in
the pictures. Characterization of NPs was performed using the DLS technique and Z-pals device, and size (D), stability (E), surface charge (F) and size
distribution (G) of NPs are shown. Data are presented as the mean of three independent experiments + SD; sNPs, spherical NPs; diNPs, discoidal

NPs; deNPs, deformable NPs.

998 | Nanoscale, 2025, 17, 992-1006

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr03174a

Open Access Article. Published on 09 November 2024. Downloaded on 7/23/2025 7:57:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

as demonstrated by {-potential values <—20 mV; this suggests
that the dispersions are stable and not prone to aggregation
(Fig. 3F). The size distribution analysis (Fig. 3G) showed that
diNP and sNP samples have a narrow size distribution around
the mean diameter, while deNPs have a broader size distribution
due to their deformable features. Their deformability was con-
firmed by measuring the number of NPs after serial filtration
through membranes with different pore sizes. Results (Fig. S47)
showed that the number of deNPs did not change significantly
after filtrations through 100 nm and 80 nm pore-sized mem-
branes, in contrast to conventional liposomes. All the prep-
arations were fairly monodispersed, with a PDI < 0.2.

Considering that the brain is protected by the BBB, it is
important to evaluate the permeability of NPs designed as
drug delivery systems across the BBB. Several engineered NPs
have been developed to target and cross the BBB with promis-
ing results,’® but the effect of shape on crossing biological bar-
riers is still under investigation. In this context, sNPs, diNPs
and deNPs were tested in vitro using a Transwell® system
made with hCMEC/D3 cells as a BBB model.

80—
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The structural, electrical and functional properties of
hCMEC/D3 monolayers were determined by immunofluores-
cence, TEER and EP to fluorescent probes, respectively. Results
showed that hCMEC/D3 monolayers were able to form tight
junctions, as indicated by the detection of the ZO-1 signal
(Fig. 4A). TEER values progressively increased over time, reach-
ing maximum values of >50 Q x cm? by the 9™ day after
seeding (Fig. 4B), in agreement with data reported in the litera-
ture.’® The EP values for the fluorescent probes FITC-dextran
(40 kDa) and TRITC-dextran (4.4 kDa) were 6.31 x 107° cm
min~' and 1.97 x 107 em min~" (Fig. 4C), respectively,
demonstrating the tightness feature of the hCMEC/
D3 monolayers.

Fluorescently labelled NPs were added to the apical com-
partment of the Transwell® system, and the fluorescence in
the basolateral compartment was measured over time for up to
3 h (Fig. 4D).

Results showed that diNPs exhibited a 2-fold higher EP
value (1.29 x 10~ cm min~") compared to those of sNPs and
deNPs (5.69 x 107® cm min™' and 7.04 x 107® em min™,
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Fig. 4 Characterization of the BBB in vitro model and evaluation of the passage of NPs. (A) \CMEC/D3 cells were plated and after 72 h cells were
fixed and then labelled with DAPI and the primary antibody anti-ZO-1. Tight junctional proteins were visualized in the cell monolayers through con-
focal microscopy. The scale bar is embedded in the figure. (B) TEER values (Q cm?) from day 3 to day 10 of growth of cells on the Transwell®
system. (C) FITC- and TRITC-dextran permeability across hCMEC/D3 monolayers. (D) Representative drawing of the experimental model to measure
the BBB permeability to sNPs, diNPs and deNPs. (E) Concentrations of 400 nmol mL™! of total lipids for each type of fluorescently labelled NPs were
added in the apical compartment; the fluorescence in the basolateral compartment was measured over time for up to 3 h. EP was calculated as
described.*® Data are presented as the mean of three independent experiments + SD. Each graph represents the result of three independent experi-
ments. ***, p < 0.001 calculated by Tukey’s multiple comparisons test.
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respectively) (Fig. 4E), suggesting that the discoidal
shape allows a BBB crossing of higher efficiency by the NPs.
This is comparable to the enhanced BBB permeability of dis-
coidal high-density lipoproteins (dHDL) in comparison with
the spherical ones, as previously reported.*® Moreover, Fu
et al.>® found that the BBB permeability of NPs was closely
related to particle shape, showing that rod-shaped polystyrene
NPs were better performing than the spherical NPs on
cerebral microvasculature cells in vitro. The superior perform-
ance of discoidal NPs compared to spherical ones can be
attributed to their lower aspect ratio and orientation,
which affect the rate of cellular internalization, a prerequisite
for crossing the BBB, as suggested by Sabourian et al, who
highlighted the importance of engineered physical and
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mechanical characteristics of NPs in facilitating their internal-
ization into the targeted cells.>® This is analogous to the find-
ings of Deng et al.,, who demonstrated that the particle entry
mode into cells is highly dependent on particle shape, with
ellipsoidal NPs exhibiting different entry modes based on their
aspect ratio.>

It is also important to point out that, to the best of our
knowledge, there is no evidence of TNT formation between
endothelial cells composing the BBB. However, there is limited
evidence regarding the involvement of TNT in the communi-
cation between endothelial cells and the other cells composing
the BBB (such as pericytes and astrocytes).> Whether TNT
plays a functional role in controlling the BBB crossing of NPs
is still unknown.
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Fig. 5 In vitro biocompatibility of NPs. GBM cells were incubated with different doses (100, 200, and 400 nmol mL™ total lipids) of NPs for 24 h.
The cell viability was assessed using the MTT assay and results are expressed as the % of viable cells, considering untreated cells as having 100% via-
bility. (A) Cell viability after treatment with sNPs; (B) cell viability after treatment with diNPs; and (C) cell viability after treatment with deNPs. In order
to assess the % of TNT-connected cells, GBM cells were incubated with NPs (400 nmol mL™) for 30 minutes (NPs in green). Then, the cells were
fixed and labelled with WGA (membrane in red) and DAPI (nuclei in blue). (D) Pictures were acquired using a confocal microscope with a 40x oil
immersion objective. The % of TNT-connected cells was measured through ICY software. To evaluate the cellular uptake of NPs, GBM cells were
incubated for 1 h, at 37 °C with the same dose of NPs (400 nmol mL™). After the treatment, the culture medium was removed, cells were lysed and
the fluorescence was measured by Tecan scanning. Scale bars are embedded in the figures. (E) Results are expressed as the % of fluorescence inten-
sity measured in cell lysates over the fluorescence of the incubation solution. Data are presented as the mean of three independent experiments +
SD. Each graph is the result of three independent experiments. (F) Cellular uptake of sNPs, diNPs and deNPs evaluated by fluorescence spectroscopy.
*, p < 0.05 calculated by Dunnett’'s multiple comparisons test.
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To assess the biocompatibility of NPs, cell viability and the
% of TNT-connected cells were evaluated using the MTT assay
and confocal microscopy, respectively.

Results (Fig. 5A-C) showed that the treatment of GBM cells
with 100 nmol mL ™" (total lipids) of NPs did not affect cell viabi-
lity. A slight decrease of cell viability was detected at the highest
NP concentration tested; however, the cell viability was always
>70%, suggesting that all NPs used are well tolerated. This was
confirmed by measuring the % of TNT-connected cells after
incubation with the highest dose of NPs (400 nmol mL™").
Results (Fig. 5D and E) showed that the % of TNT-connected
cells (~15%) was comparable to that of untreated cells, demon-
strating that NP treatment did not interfere with TNT formation.

The assumption useful to make NPs transferable between cells
via TNTs is the cellular uptake. Accordingly, the cellular uptake of
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sNPs, diNPs and deNPs was evaluated by fluorescence spec-
troscopy. Results (Fig. 5F) showed no significant difference in cel-
lular uptake between the three NPs tested, but it can be noticed
that spherical NPs tended to have higher uptake in comparison
with discoidal and deformable NPs. This agrees with data present
in the literature, showing that the uptake of rod-like NPs is lower
in comparison with spherical NPs. This is probably because cells
require more time to encapsulate rod-like NPs*® and/or because
of the binding of surfactant molecules on the longitudinal axis of
nanorods, thus affecting their cellular uptake.””

3.3 NP tracking inside TNTs

Gli36AEGFR-2 cells were treated with fluorescently labelled
sNPs, diNPs or deNPs to study their TNT-mediated transfer
between cells.
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Fig. 6 Tracking of NPs inside TNTs. In order to assess the direction and the velocity of the NPs inside the TNTs, GBM cells were incubated with
fluorescently labelled NPs (400 nmol mL™) for 30 minutes. Then, they were washed with PBS and videos (movie S1}) were acquired over time
through the spinning disk 60x oil immersion objective to determine their direction. (A) Representative images extrapolated from GBM cells loaded
with diNPs. (B) Maximum velocity and average velocity of NPs inside the TNTs, calculated by analysing 6 TNTs per NP, from three independent
experiments. (C) To determine if the NPs co-localize with lysosomes inside the TNT, GBM cells were incubated with NPs (400 nmol mL™) and then
with lysotracker red. The graph represents the results of colocalization analysis using the JacoP plugin from ImageJd using Manders’ correlation
coefficient. The Mander’'s M values as threshold values corresponding to the fraction of NPs in the acidic organelles following 1 h exposure are
shown. Results are presented as the mean + SD. The white squares indicate the magnified area for a better visualisation of the TNT connections.
Scale bars are embedded in the figures.
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Results showed that NPs co-localized with TNTs and were
tracked along the TNTs (Fig. S57).

To assess the direction and the velocity of the NPs inside the
TNTs, GBM cells were incubated with fluorescently labelled NPs
and videos were acquired over time through spinning disk con-
focal microscopy. Results demonstrated that NPs can be trans-
ferred along TNTs in a bidirectional way (Fig. 6A and movie S17),
probably due to the presence of p-tubulin in the TNTs,”® as
suggested for the transfer of organelles via TNTs. The average
velocity was similar for all the NPs tested (~14 nm s™'), while
the highest maximum velocity was reached by diNPs (69.2 nm
s™") (Fig. 6B). To the best of our knowledge, there are no data in
the literature concerning the NP velocity inside TNTSs.

To determine if NPs were transferred alone or in associ-
ation with organelles, GBM cells were incubated with fluores-
cently labelled NPs, incubated with lysotracker red to track
acidic organelles in live cells and images were acquired using
spinning disk confocal microscopy. Images were analyzed
using ImageJ with the JacoP plugin to quantify the co-
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localization of green and red signals. Results (Fig. 6C) showed
that the rate of co-localization of the NPs tested with acidic
organelles was ~6%, suggesting that the taken up NPs did not
follow degradative pathways, raising the possibility of TNT-
mediated transfer between cells. Considering that several strat-
egies are currently under investigation to increase the
diffusion of NPs in the tumour parenchyma,> the exploitation
of TNTs as NP delivery systems, as suggested herein, rep-
resents a promising approach to improve NP spread in the
tumour microenvironment. Moreover, considering the already
reported structural differences between the TNTs formed by
GBM cells (thicker and longer) vs. those formed by normal
human astrocytes (thinner and shorter),*® it is also possible to
exploit these channels to increase the treatment specificity.
Accordingly, more efficient NP transport has been observed
between GBM cells compared to non-tumour brain cells.*®

To confirm whether TNTs allowed the transfer of the NPs
between connected cells, a co-culture assay between a donor
population, loaded with fluorescently labelled NPs, and an
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Fig. 7 Quantification of TNT-mediated NP transfer between GBM cells. (A) GBM cells labelled with Cell Tracker Red were used as acceptor cells
and GBM cells loaded with fluorescently labelled NPs were used as donor cells and mixed in a 1:1 ratio in a co-culture. (B) Cells were plated at the
density previously mentioned and examined by confocal microscopy. Scale bar is 10 um. (C and D) Cells were detached after 24 h of co-culture and
experimental triplicates were performed for each condition. Cells were passed through a cell strainer to separate cell aggregates and fixed in 2%
PFA. Fluorescence intensities were analyzed at 488 nm and 651 nm excitation wavelengths. Ten thousand events were acquired for each condition
and data were analyzed using FlowJo analysis software. *p < 0.05 calculated by Tukey’s multiple comparisons.
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Fig. 8 3D reconstruction of a GBM tumoroid. (A) Z-stack reconstruction of the entire tumoroid volume acquired at low magnification, showing the
cellular distribution and proximity in a 3D cell culture. (B) Highly magnified section of (A) denoted by the red box. (CF) TNT formation between two
cells inside the tumoroids. Volume reconstruction (C and D) and single plane frame (E) of a highly resolved representative cell showing TNT for-
mation and the presence of NPs inside the cell protrusion (red and yellow arrows, respectively). Scale bars are embedded in the figures.

acceptor cell population marked with Cell Tracker Red was per-
formed. After 24 h of co-culture, cells were analyzed by con-
focal microscopy and FACS (Fig. 7A and B). Results showed
that the % of acceptor cells receiving NPs from donor cells was
11% for sNPs, 21% for diNPs and 14% for deNPs (Fig. 7C and
D), suggesting that the TNT-mediated transfer efficacy was
highest for diNPs. This can be attributed to the shape of NPs
because the disk-like shape has a larger surface area exposed
to the flow along the TNT channel in comparison with spheri-
cal NPs, similar to the improved delivery observed for rod-like
NPs in a mimetic blood vessel.®® Considering that the NPs
tested herein possess a different lipid composition, we per-
formed similar experiments comparing diNPs with sNPs 23°
and sNPs 3*7 with the same lipid composition. Even in this
case, diNPs showed the highest transfer efficiency (Fig. S61).
The NP exchange between cells was exclusively due to a
contact-dependent mechanism since negligible transfer (<3%)
was observed when the two cell populations were separated by a
filter but shared the same medium (Fig. S7t). Moreover, to study
the transport dynamics of NPs, similar experiments were con-
ducted from 16 hours to 24 hours at 2-hour intervals. The results
showed that the transport efficiency (%) of the NPs did not
change significantly over time. Interestingly, the differences in
transport efficiency among the three NPs tested remained con-

This journal is © The Royal Society of Chemistry 2025

sistent, with diNPs showing the highest values. Unfortunately, it
was not possible to perform the experiment at earlier time points
due to the necessary waiting period for cell adhesion.

To verify whether GBM cells are able to form TNTs embed-
ding NPs in a context more representative of the tumour, a 3D
tumoroid culture was set up according to the protocol pub-
lished by Hubert et al.** The 3D-cell model is a culture method,
which allows long-term growth, preserving the cell morphology.
Five days after culturing, tumoroids were treated with fluores-
cently labelled NPs and cell nuclei were labelled. The tumor-
oids were visualized by confocal microscopy. Even if it is extre-
mely challenging to identify these transient and delicate struc-
tures in 3D, it is possible to visualize TNT-like cell protrusions
in confocal images (Fig. 8A and B) already within the first days
of culture. From the acquired images, it is possible to visualize
NPs inside the cell protrusions, suggesting that even in a 3D
model, GBM cells are able to form functional TNTs for NP
transfer (Fig. 8C-E), consistent with the results obtained in 2D.

4. Conclusion

In conclusion, this study introduces a sustainable solution to
improve the diffusion rate at which the NPs can spread in the

Nanoscale, 2025, 17, 992-1006 | 1003


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr03174a

Open Access Article. Published on 09 November 2024. Downloaded on 7/23/2025 7:57:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

brain tumour region, based on the presence of intercellular
connections (TNTs). Several strategies are currently under
investigation to increase the diffusion of NPs, such as modifi-
cations to particle size and surface charge, but limited data are
available on NP shape and TNTs. Here, we have shown that
discoidal NPs can be transferred by TNTs formed between
tumour cells with high efficiency, suggesting that the shape,
especially the aspect ratio, is also a key parameter in determin-
ing NP diffusion among cells. These results open the possi-
bility of exploiting TNTs as drug-delivery channels, thus
improving cancer therapy by promoting drug distribution to
difficult-to-reach cell populations. Moreover, we have shown
that the shape of NPs is a crucial factor affecting their per-
meability across the BBB, and the discoidal shape allows for a
greater efficiency in crossing. Overall, these results highlight
the significant role of the shape of NPs in crossing the BBB
and enhancing local cellular distribution.
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