Open Access Article. Published on 09 2025. Downloaded on 18/12/25 20:42:25.

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

(cc)

RSC
Pharmaceutics

) Check for updates

Cite this: RSC Pharm., 2025, 2, 535

™ COYAL SOCIETY
ap OF CHEMISTRY

Sometimes less is more: avidity-dependent
transport of targeted polymersomes across the

blood—-brain-barriert

Received 25th December 2024,
Accepted 3rd April 2025

DOI: 10.1039/d4pm00338a

rsc.i/RSCPharma Giuseppe Battaglia,

Over the past decade, roughly 10% of new FDA-approved drugs
targeted central nervous system (CNS) disorders, while it has been
estimated that 98% of small-molecule drugs and nearly all large-
molecule therapeutics are unable to cross the blood—brain barrier
(BBB). There is a clear need for novel therapeutic modalities that
promote receptor-mediated transcytosis modulation and efficien-
tly deliver drugs to the brain. Here, we show that poly(ethylene
glycol)-b-poly(lactic acid) (PEG-b-PLA) polymersomes functiona-
lised with a transferrin receptor (TfR)-targeted peptide can effec-
tively deliver a glioblastoma small drug therapeutic (3,6-bis
XGAc)
through a two-dimensional model of the BBB and that the trans-

(2,3,4,6-tetra-O-acetyl-$-glucopyranosyl)xanthone;

port is dependent on the avidity of the nanoformulation. By adjust-
ing the density of targeting peptides on polymersomes, we present
a novel strategy to enhance the efficiency of BBB receptor-
mediated transcytosis. These findings highlight the promise of pre-
cision-tuned polymersomes in overcoming the BBB and advancing
treatments for glioblastoma and other brain diseases.
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Introduction

Glioblastoma multiforme (GBM) has been classified by the
World Health Organisation (WHO) as a grade IV brain tumour
and is one of the most lethal human cancers." It is character-
ised by fast growth, high recurrence rate, and ability to spread
rapidly within the brain, with a median survival of <2 years
and a 5-year survival rate of only 5.8%.> Treatment is extremely
expensive (approx. USD 95000 per patient) and typically
involves a combination of surgery, radiation therapy, and
chemotherapy. Nevertheless, the prognosis remains poor due
to several factors, including the tumour’s highly infiltrative
nature and genetic heterogeneity, the immunosuppressive
microenvironment, and protection by the blood-brain barrier
(BBB).>* Despite being partially disrupted in GBM, the BBB
remains intact in the peritumoral region, harbouring invasive
cells associated with drug resistance and recurrence.’

Substantial efforts are underway to improve drug delivery to
the brain, including strategies to disrupt the BBB using ultra-
sound and heat and the development of nanomedicines with
the ability to permeate the BBB.®"® One strategy for overcoming
the BBB, which is already being explored in clinical trials,’
involves using transferrin receptor (TfR)-mediated transport.
Transferrin (Tf) is a ca. 80 kDa glycoprotein involved in iron
homeostasis known to be required for normal neuronal func-
tion.’® The TfR is enriched in brain capillary endothelial cells
as opposed to endothelial cells in other tissues,'" enabling the
targeted delivery of therapeutic agents to the brain. In addition
to its role in the BBB, the TfR is also highly expressed in glio-
blastoma cells (reportedly up to 100-fold higher than healthy
cells),’” further enhancing its relevance as a dual-targeting
moiety capable of traversing the BBB and precisely targeting
glioblastoma tumour cells.

Nevertheless, the role of transcytosis in TfR-mediated drug
delivery has been the subject of extensive debate, with recent
studies showing that both affinity and valency of antibodies
targeting the TfR play a key role.”> In this sense, nano-
particle functionalisation with ligands targeting the TfR offers
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Fig.1 Chemical structure of
B-glucopyranosyl)xanthone (XGAc).

3,6-bis(2,3,4,6-tetra-O-acetyl-

the much-needed versatility to enable precise control over
ligand composition and density.

In previous work, we pioneered the development of a new
synthetic xanthone, 3,6-bis(2,3,4,6-tetra-O-acetyl-
B-glucopyranosyl)xanthone (XGAc) (Fig. 1), that showed potent
anti-growth activity (GIs, < 1 pM) in several human glioblas-
toma cell lines (U251, U373, U87-MG)"® and exhibited antitu-
mor efficacy against triple-negative breast cancer (TNBC),
ovarian cancer, and pancreatic ductal adenocarcinoma (PDAC)
cells."® To overcome issues related to the drug’s poor solubility
and rapid hydrolysis by esterases, we further formulated XGAc
both in egg phosphatidylcholine liposomes containing chole-
sterol’®> and poly(ethylene glycol)-e-caprolactone (PEG-PCL)
polymersomes."’

Liposomes were the first clinically approved nanocarriers
and, therefore, remain the most explored for drug delivery,
with several reported clinical trials for the treatment of
gliomas."®'® However, polymeric nanoparticles, particularly
polymersomes, represent viable alternatives due to their
improved physicochemical properties, such as higher stability,
extended circulation time, more controlled drug release, and
ease of functionalisation.>

While nanoparticle functionalisation with Tf may seem an
evident approach to achieve targeted delivery,>* endogenous Tf
in the bloodstream can effectively compete for binding to TfR,
rendering treatments largely ineffective.>”

Here, we report on the development of a new therapeutic
nanoparticle modality composed of poly(ethylene glycol)-b-
poly(lactic acid) (PEG-b-PLA) diblock copolymer polymersomes
functionalised with the T7 heptapeptide (His-Ala-Ile-Tyr-Pro-
Arg-His) for the targeted delivery of XGAc both to the brain
and glioblastoma tumours.

Results and discussion

T7 is a peptide discovered by phage display and exhibits high
affinity to human TfR. Most importantly, T7 did not compete
with Tf for receptor binding, suggesting the peptide binds to a
different sequence of the TfR.>* Here, we have explored T7 as a
targeting moiety to promote BBB crossing and potentially
target glioblastoma cancer cells through binding to the TfR. As
illustrated in Fig. 2, this peptide was conjugated to PEG,q-b-
PLA,os diblock copolymer by copper-catalysed alkyne-azide
cycloaddition (CuAAC) with a conjugation efficiency of 68 + 9
(mol/mol)%.
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Fig. 2 T7 conjugation to N3-PEG,o-b-PLAjps diblock copolymer by
copper-catalysed alkyne—azide cycloaddition (CUAAC).

To investigate the BBB targeting and crossing capabilities,
we prepared polymersomes with low (0.25 molar percentage,
mol%) and high (0.50 mol%) T7 valencies. Within this range,
the polymersomes exhibited similar size distributions to pris-
tine (i.e., non-functionalised) polymersomes, as confirmed by
dynamic light scattering (DLS) measurements (Fig. 3A-C). The
mean particle size of the low and high T7 valency polymer-
somes was 101.7 + 20.4 nm and 95.9 + 18.8 nm, respectively,
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Fig. 3 Characterisation of polymersomes in terms of size and mor-
phology. Dynamic light scattering (DLS) autocorrelation function data
(A) and size distribution by number (B) of pristine and T7-decorated
PEG-b-PLA polymersomes. Summary table of size distribution results
(C) showing a similar peak diameter for both nanoparticle types (n = 3).
SD, standard deviation. Representative transmission electron micro-
graphs (TEM) of pristine polymersomes (D), low T7 valency (0.25 mol%)
(E), and high T7 valency (0.50 mol%) polymersomes (F). Scale bar:
100 nm.
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confirming their suitability to approach cell surface receptors
and facilitate intracellular transport. Transmission electron
microscopy (TEM) images (Fig. 3D-F) showed a spherical mor-
phology of the pristine and T7-functionalised polymersomes.

The similar physicochemical characteristics of pristine and
T7-polymersomes provided a robust platform to evaluate the
specific effects of T7 functionalisation on BBB binding and
permeability. To assess the role of T7 valency in modulating
cell interaction, polymersomes with low and high T7 valencies
were incubated with bEnd.3 cells, a well-established in vitro
model of mouse brain endothelial cells. Quantitative analysis
of cell binding and internalisation were performed at specific
time intervals at 37 °C to elucidate uptake dynamics. Our
results revealed that T7-functionalised polymersomes exhibi-
ted increased binding and/or internalisation by bEnd.3 cells
over time for both formulations (Fig. 4).

Interestingly, despite comparable uptake levels, low T7
valency polymersomes demonstrated superior BBB per-
meability compared to high T7 valency formulations and the
pristine (non-functionalised) control (Fig. 5). This finding
underscores the complexity of T7-functionalised polymersome
interactions with the BBB and suggests that factors beyond
binding affinity and cellular uptake govern effective transcyto-
sis. Specifically, the reduced permeability of high T7 valency
polymersomes may be attributed to steric hindrance or poly-
mersome rigidity caused by excessive ligand density, which
could reduce the T7-TfR complex endocytosis efficiency
required for transcytosis. Higher avidity of 0.50 mol% T7
valency may also prevent polymersomes’ release from cell sur-
faces and impair exocytosis.>* Additionally, high T7 valency
may affect the intracellular sorting mechanism of TfR, redu-
cing transcytosis efficiency. To gain a deeper understanding of
these mechanisms, further investigations are necessary.

Based on these findings, the low T7 valency polymersome
emerged as the most promising candidate for drug delivery
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Fig. 4 Brain endothelial cell targeting and association of T7-PEG-PLA
polymersomes. The graph shows the number of bound and/or interna-
lised polymersomes per cell (after subtracting non-specific binding of
pristine polymersomes). Data are presented as the mean + standard
deviation (n = 6).

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Communication

| ]

o§§££1

>
w

60

40

204

Papp (nm/s)
(Pristine normalised)

-204

Cumulative mass crossing
(Pristine normalised)

-40 T T -2 T T T T 1
0.25 0.50 0 20 40 60 80 100
T7 peptide (mol%) Time (min)
@ 0.25mol% @ 0.50 mol%

Fig. 5 Blood-brain barrier transcytosis. Apparent permeability coeffi-
cients (P,pp) for low (0.25 mol%) and high (0.50 mol%) T7 valency poly-
mersomes (A). Truncated violin plots depict the data distribution for
each group. The non-specific TfR transport was removed by subtracting
the P, values of pristine polymersomes (n = 3). Cumulative mass
crossing of polymersomes across the in vitro BBB model over a
90-minute period (B). Data is normalised to pristine polymersomes to
isolate the effect of the T7 peptide on BBB permeability (n = 3).

across the BBB. Therefore, XGAc was successfully encapsulated
during the polymersome self-assembly process, with an
efficiency of 76.00 + 1.09 (mol/mol)% (Fig. 6A). Importantly,
the encapsulation process did not significantly alter the
physicochemical characteristics of the polymersomes, includ-
ing size distribution or spherical morphology, as confirmed
through DLS and TEM analyses (Fig. 6A-C).

The metabolic activity of bEnd.3 cells following treatment
with XGAc-loaded low T7 valency polymersomes was assessed
using the MTT assay (Fig. 6E). PEG-b-PLA polymersomes
without XGAc did not significantly affect the metabolic activity
of bEnd.3 cells, with viability levels comparable to untreated
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Fig. 6 Characterisation of XGAc-loaded polymersomes. Summary table
of size distribution, polydispersity index (PDI) and efficiency of XGAc
encapsulation (EE) in pristine and low T7 valency polymersomes (A) (n =
3). SD, standard deviation. Representative transmission electron micro-
graphs of pristine (B) and low T7 valency (0.25 mol%) (C) polymersomes.
Scale bars represent 50 nm. Metabolic activity (MTT assay) of bEnd.3
cells after treatment with pristine polymersomes (D) (n = 3) or free
XGAc, XGAc-loaded pristine and XGAc-loaded 0.25 mol% T7 polymer-
somes (E) (n = 3).
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cells across all tested concentrations (Fig. 6D). This indicates
that the polymersomes are inert and highly biocompatible, a
critical feature for any drug delivery platform targeting sensi-
tive tissues such as the brain. In contrast, XGAc-loaded poly-
mersomes (Fig. 6E) exhibited a dose-dependent reduction in
metabolic activity, reflecting the cytotoxic or therapeutic action
of XGAc. Most importantly, our findings demonstrated a con-
siderable improvement in cell metabolic activity when XGAc
was encapsulated within the polymersomes compared to its
free drug form, underscoring the protective role of polymer-
somes in modulating drug delivery. Specifically, cells exposed
to the free XGAc exhibited a dose-dependent decline in meta-
bolic activity, with viability dropping below 50% at higher con-
centrations, while cells treated with encapsulated XGAc
retained over 70% metabolic activity at XGAc doses < 10 pM.
This difference shows that low T7 valency polymersomes
attenuate the cytotoxic effects of free XGAc at the level of the
BBB. Overall, our data suggests that carefully designed targeted
polymersome systems may enable the safe and effective deliv-
ery of therapies across challenging biological barriers, paving
the way for in vivo translation.

Conclusions

This study demonstrates the potential of the proposed thera-
peutic nanoparticle modality for overcoming the BBB and
treating GBM. By leveraging polymersomes functionalised with
the T7 peptide targeting the TfR, we achieved enhanced BBB
penetration while significantly reducing the cytotoxicity of
XGAc in brain endothelial cells compared to the free drug.
These findings illustrate the prospect of our nanoparticle
modality to impact glioblastoma treatment by combining pre-
cision targeting with therapeutic protection.

Our ongoing research on refining T7 valency promises to
unlock even greater BBB crossing efficiency and therapeutic
efficacy. This work holds significant promise not only for glio-
blastoma treatment but also for expanding the application of
targeted nanomedicine for other brain-related diseases, contri-
buting to the advancement of BBB-crossing therapies in neuro-
oncology and beyond.

Materials and methods

Nano-drug delivery system preparation

PEG,5-b-PLA;os and N3-PEG,,-b-PLA,o copolymers were syn-
thesised via ring-opening polymerisation (ROP) and character-
ised by gel permeation chromatography and nuclear magnetic
resonance spectroscopy. T7 was conjugated to N3-PEG,q-b-
PLA; s by CuAAC (ESI for detailst).

T7-functionalized polymersomes were self-assembled using
the solvent displacement method. A mixture of pristine PEG,5-
b-PLA; 46, 10 mol% cyanine 5 (Cy5)-PEG,(-b-PLA; s, and 0.25 or
0.5 mol% T7-PEG,o-b-PLA;¢ps was dissolved in dimethyl-
formamide (final concentration 20 mg mL™" polymer). Pristine
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polymersomes, i.e., lacking the T7 peptide, were prepared
using 90 and 10 mol% of pristine and Cy5-conjugated diblock
copolymers, respectively. For drug-loaded formulations, 2 mg
of the glioblastoma therapeutic XGAc was co-dissolved with
the polymer mixture prior to self-assembly, allowing for encap-
sulation during polymersome formation. The polymer mixture
(30% v/v) was injected into Milli-Q water (70% v/v) at a flow
rate of 100 pL min~" under magnetic stirring at 500 rpm using
a syringe pump (New Era Pump Systems, Inc.), resulting in the
spontaneous self-assembly of both drug-free and XGAc-loaded
polymersomes. The resulting polymersome solution was dia-
lysed against Milli-Q water for 1 hour using a 3.5 kDa dialysis
membrane (CelluSep®, France) and then against PBS over-
night. Finally, the solution was centrifuged at 1000g for
10 minutes to remove any precipitate. Polymersome and XGAc
concentrations were determined by high-performance liquid
chromatography using a Jupiter® C18 300 A (150 x 4.6 mm) LC
column with a particle size of 5 pm (Phenomenex, USA). The
mobile phase consisted of a mixture of water and acetonitrile,
with a gradient elution from 50:50 to 100% acetonitrile over
20 minutes, followed by a 5-minute wash with 100% aceto-
nitrile, and a 5-minute re-equilibration to 50:50 water:
acetonitrile. A 100 pL sample was injected at a flow rate of
1.0 mL min~", with the column at room temperature. Polymer
and XGAc detection were performed at 220 nm and 265 nm,
respectively. A calibration curve was generated using known
concentrations of the polymer and XGAc standards to deter-
mine their respective concentrations in the samples. XGAc
encapsulation efficiency (EE%) was calculated as the ratio of
the encapsulated drug to the total drug added during assem-
bly. The polymersome morphology was examined via trans-
mission electron microscopy (JEOL JEM 1010 80 kV, Japan).
Diameter distribution was assessed by dynamic light scattering
using a Zetasizer Nano ZS (Malvern Instruments, UK).

Cell culture

Mouse brain endothelial cells (bEnd.3) were purchased from
the American Type Culture Collection (ATCC) and used
between passages 11 and 18. Cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO, in complete media
consisting of Dulbecco’s modified Eagle’s medium (DMEM)
with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
Penicillin-Streptomycin  (Gibco, ThermoFisher Scientific).
Whenever stated, culture vessels were pre-coated overnight at
4 °C with 0.1 mg mL™" Collagen I (Sigma-Aldrich) diluted in
phosphate buffered saline (PBS), pH 7.4. For biocompatibility
and binding studies, bEnd.3 cells were seeded in 96-well plates
at a density of 31 250 cells per cm?® and incubated for 24 hours
previous polymersome treatment. For the BBB model, cells
were seeded on the apical compartment of coated transwell
membranes (0.4 pm pore size, 6.5 mm diameter, Corning) at
50 000 cells per cm? density. The culture medium was replaced
on the third day in culture, and serum was removed from the
basolateral compartment. On the sixth day in culture, before
polymersome treatment, the integrity of the cell monolayer
was confirmed by transendothelial electrical resistance (TEER)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements with EVOM3™ (World Precision Instruments),
following the manufacturer’s instruction.

Biocompatibility assay

Cell metabolic activity of polymersome-treated cells was
measured by the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyl-2H-tetrazolium bromide) assay to assess the biocompatibil-
ity of polymersomes. bEnd.3 cells were exposed to serial con-
centrations of free XGAc, unloaded polymersomes, and XGAc-
loaded polymersomes for 24 hours. Cells cultured in fresh
medium served as untreated controls. Following incubation,
the culture medium was removed, and 0.1 mL of MTT solution
(0.5 mg mL™" in PBS) was added to each well and incubated
for 3 hours. The MTT solution was discarded, and 0.1 mL of
dimethyl sulfoxide (DMSO, Sigma-Aldrich) was used to dis-
solve the formazan crystals. The absorbance of each well was
measured at 570 nm, with 630 nm used as a reference wave-
length to correct for background interference. Cell metabolic
activity was calculated as a percentage of the untreated control
and expressed as mean =+ standard deviation (SD).

Brain endothelial cells targeting

To assess the binding and uptake of T7-functionalised poly-
mersomes by brain endothelial cells, bEnd.3 cells were
exposed to 5 pM polymersomes diluted in complete medium.
After 10- and 60-minute incubation at 37 °C, the supernatant
(containing unbound polymersomes) was transferred to a
black 96-well plate. Fluorescence intensity was measured using
a Tecan microplate reader with excitation and emission wave-
lengths of 633 and 677 nm, respectively. Similarly, the same
volume of initial polymersome solution was measured to
determine the initial dose. The amount of polymersomes was
estimated using a calibration curve of known polymersome
concentrations. The number of polymersomes associated with
cells (i.e., bound or uptaken) at each time point was deter-
mined by subtracting the number of polymersomes remaining
in the supernatant from the initial polymersome dose. Pristine
polymersomes were used as a control to assess non-specific
binding, thus serving as a baseline for specific binding.
Therefore, the specific binding of T7-functionalised polymer-
somes was determined by subtracting the average binding of
the control at each time point.

The number of bound and/or internalised T7-polymer-
somes was further normalised to the cell number to account
for any variations in cell seeding density or cell division. Cell
number per well was determined after staining cell nuclei with
Hoechst 33342 (0.1 ug mL™" in PBS, Invitrogen) for 10 minutes
at room temperature.

BBB transcytosis

To determine the BBB crossing ability of T7-polymersomes,
confluent bEnd.3 cell monolayers on the apical transwell com-
partment were exposed to 3 pM of polymersomes diluted in
complete medium and incubated at 37 °C. After 15, 30, 45, 60,
and 90-minute incubation, the basolateral medium was
sampled, and the removed medium was replaced with an

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Communication

equal volume of polymersome-free medium. Fluorescence
intensity was measured as previously described. Apparent per-
meability (P,p,) was calculated as elsewhere®® using the follow-
ing equation:

dQ v
P =4 ac

where dQ/d¢ is the rate of mass transfer across the monolayer,
V is the volume in the receptor compartment in mL, A is the
surface area of the monolayer in cm?, and C is the initial poly-
mersome concentration in the donor compartment in mg
mL™". The Py, of the pristine polymersomes (without the T7
ligand) served as a baseline measurement for passive paracel-
lular diffusion. The P,,, of T7-polymersomes was normalised
to that of the pristine polymersomes by subtracting the
average P,pp values of the pristine.
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