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Stimuli-Responsive Multifunctional Nanomedicine
for Enhanced Glioblastoma Chemotherapy Augments
Multistage Blood-to-Brain Trafficking and Tumor Targeting

Cldudia Martins, Marco Aradjo, Alessio Malfanti, Catarina Pacheco, Stuart J. Smith,
Bernard Ucakar, Ruman Rahman, Jonathan W. Aylott, Véronique Préat,*

and Bruno Sarmento™

Minimal therapeutic advances have been achieved over the past two decades for
glioblastoma (GBM), which remains an unmet clinical need. Here, hypothesis-
driven stimuli-responsive nanoparticles (NPs) for docetaxel (DTX) delivery to
GBM are reported, with multifunctional features that circumvent insufficient
blood-brain barrier (BBB) trafficking and lack of GBM targeting—two major hur-
dles for anti-GBM therapies. NPs are dual-surface tailored with a i) brain-targeted
acid-responsive Angiopep-2 moiety that triggers NP structural rearrangement
within BBB endosomal vesicles, and ii) L-Histidine moiety that provides NP
preferential accumulation into GBM cells post-BBB crossing. In tumor invasive
margin patient cells, the stimuli-responsive multifunctional NPs target GBM
cells, enhance cell uptake by 12-fold, and induce three times higher cytotoxicity

in 2D and 3D cell models. Moreover, the in vitro BBB permeability is increased

by threefold. A biodistribution in vivo trial confirms a threefold enhancement of
NP accumulation into the brain. Last, the in vivo antitumor efficacy is validated in
GBM orthotopic models following intratumoral and intravenous administration.
Median survival and number of long-term survivors are increased by 50%. Alto-
gether, a preclinical proof of concept supports these stimuli-responsive multifunc-
tional NPs as an effective anti-GBM multistage chemotherapeutic strategy, with
ability to respond to multiple fronts of the GBM microenvironment.

1. Introduction

According to the Global Cancer Observa-
tory 2020, the incidence of brain cancers is
currently averaging 300 000 new cases per
year, associated with 250 000 deaths world-
wide.ll From this, glioblastoma (GBM) is
the most prevalent and lethal type of brain
cancer, with less than 15 month median
survival.”l The current standard of care
relies on surgical resection, followed by
radiotherapy and temozolomide (TMZ)
chemotherapy. TMZ presents an unique
capacity to cross the blood-brain barrier
(BBB), but also well-reported mechanisms
of resistance and a poor tumoricidal
potency highlighted by an ICj, of approxi-
mately 800 x 10° m (U-87 MG GBM cell
line).B! Therefore, avenues are open for
exploiting more tumoricidal chemothera-
peutics such as docetaxel (DTX), which
presents an ICs, of only 0.04 x 106 m (U-87
MG GBM cell line).®l However, key chal-
lenges to address reside on circumventing
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the principal pharmaceutical constrains of DTX, which include
a i) suboptimal aqueous solubility, ii) poor BBB permeation—
blood plasma to cerebrospinal fluid ratio of 0.001-0.09 versus
0.2-0.3 for TMZM -, and lack of GBM cell accumulation post-
BBB crossing—1% tumor tissue uptake of the total dose.P!

Over recent years, targeted cancer nanomedicine has pro-
vided multi-component nanoparticle (NP) systems with the
ultimate goal of improving the biological performance of
difficult-to-deliver cargos, such as DTX. NP nanomedicines
are able to counterattack the principal pharmaceutical con-
straints of DTX by providing i) safekeeping depot systems
that enhance drug solubilization, ii) shuttling vehicles across
biological barriers that improve drug bioavailability at the site
of interest, and iii) a navigation function for tissue targeting
and/or accumulation enhancement purposes.l® In the field of
cancer nanomedicine, the biocompatible, biodegradable and
Food and Drug Administration (FDA)-approved poly(lactic-
co-glycolic acid) (PLGA) polymer has been widely explored as
a matrix for NP assembly.”l One of the gold standard modifi-
cations for PLGA NP systems relies on its combination with
polyethylene glycol (PEG), which endows PLGA NPs with a
plethora of surface tailoring options by functionalization of the
PEG outer arms.[®!

Surface tailoring has been key to modulate the responsive-
ness of nanomedicines, such as PLGA/PEG NPs, to specific
biologic stimuli. Ligand moieties are typically attached to the
NP surface to recognize strategic cell transporters preferen-
tially present or overexpressed at the target tissue, leading to
higher drug accumulation at the target site, improved thera-
peutic responses, and reduced off-target effects. On the other
hand, nanomedicines have been surface-tailored to take advan-
tage of pH gradients naturally inherent to certain microenvi-
ronments, such as cell machinery compartments or tumors.
Focusing on cell machinery compartments in light of the
interest of this work, nanomedicines with acid-cleavable fea-
tures have been proved promising to stimuli-triggered drug
delivery since early and late endosomes are characterized by
a pH 4.5-6.5.°0 An optimal NP design relies on systems with
sufficient stability under near-neutral physiological conditions,
and capable of a triggered response upon endosomal traf-
ficking through the use of acid-cleavable chemical bonds. As
an example, this could cause NP structural rearrangement in
order to cleave and consequently remove a first surface layer,
and expose a second surface layer, hence escaping the setback
of steric hindrance. Acid-cleavable chemical bonds used for
this purpose include acetals and hydrazones, typically hydro-
lyzed under pH 5 and 5.5 in approximately 6 min and 3 h,
respectively.ll’]

Herein, we propose a novel intravenous therapy for GBM
based on a stimuli-responsive multifunctional PLGA/PEG
NP platform encapsulating DTX and fostering the perfect
symbiosis between BBB targeting and endocytosis, structural
rearrangement within the acidic pH of BBB endosomes, and
enhancement of GBM cell accumulation post-BBB trafficking.
The proposed NPs will present a PLGA core alongside with
i) an acid-cleavable long-length PEG shielding coupled with a
first targeting ligand, Angiopep-2 peptide, to target the BBB-
overexpressed low-density lipoprotein receptor (LDLR) and
trigger blood-to-brain endocytosis,'! and ii) a short-length PEG
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shielding coupled with a second targeting ligand, L-Histidine
(termed His), to target the tumor-overexpressed L-type amino
acid transporter 1 (LAT1)(?l and trigger BBB-to-GBM transport.
Angiopep-2 has been one of the most exploited LDLR-ligands
in the field of brain-targeted nanomedicine due to its proven
capability of shuttling nanosystems across the BBB via LDLR
and, consequently, increase the endocytosis and/or transcytosis
rates by several-fold.' Whereas, LAT1 is a promising target
for GBM therapies, extensively reported to be overexpressed
by GBM cells!'?—analysis of clinical samples confirmed that
LAT1 is significantly overexpressed in high-grade gliomas,
expressed in lower levels in low-grade gliomas, and expressed
only in basal levels in the normal cerebral cortex (Figure S1,
Supporting Information). The NP acid-cleavable properties will
assure that the long-length PEG-Angiopep-2 separates from
the NP structure after encountering the acid pH of endosomes
during BBB trafficking to facilitate endosomal escape and NP
expulsion towards the brain.'¥l On the other hand, the differ-
ence of PEG length will assure that, after separation of the
long-length PEG shielding from the NP structure, the second
targeting ligand, His, coupled with a PEG shielding of short
length, is surface exposed due to steric de-protection. This is
the first time that a multi-ligand functionalized NP system is
proposed to sequentially target the BBB and GBM through the
exploitation of a BBB-responsive transport mechanism. Over
the last 10 years, other authors exploited multi-ligand function-
alization of therapeutic NPs for BBB and GBM targeting,™ but
none of these systems presented BBB-stimulus responsiveness
to boost NP permeation across the BBB,!3! paving the way to
allow tumor-targeted loaded cargos to exert an enhanced anti-
GBM effect. In this work, targeting polymeric conjugates with
Angiopep-2 and His moieties were chemically synthesized to
assemble the stimuli-responsive multifunctional NPs, which
were further evaluated regarding cell uptake and cytotoxicity in
2D and 3D models of conventional cell lines and GBM invasive
margin (GIN) patient cells, and BBB permeability. Moreover, in
vivo biodistribution and therapeutic efficacy studies following
intratumoral and intravenous administration were performed
to provide a preclinical proof of concept. A schematic illustra-
tion is displayed in Figure 1A.

2. Results and Discussion

2.1. Chemical Synthesis of Nanoparticle Targeting Polymeric
Conjugates

PLGA-PEG polymers were functionalized with His or Angi-
opep-2 to trigger tumor accumulation and BBB permeation,
respectively. The molecular weight (MW) of PEG within each
targeting polymeric conjugate was specifically chosen to pro-
vide two levels of NP surface decoration, thus avoiding inter-
steric hindrance—a lower MW 2K PEG embedded within a
PLGA-PEG(2K) polymer was used for His attachment, whereas
a higher MW 5K PEG embedded within a PLGA-PEG(5K)
polymer was used for Angiopep-2 attachment. For the Angi-
opep-2 functionalization, two different conjugates were syn-
thesized, presenting either acid-cleavable or noncleavable
properties.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. A) Schematic illustration of the proposed stimuli-responsive multifunctional NP platform design and hypothesized biological mechanism
of action. B) Monoligand or dual-ligand surface functionalized NP formulations herein manufactured, and respective composition and designation.

2.1.1. L-Histidine Functionalized Targeting Polymeric Conjugate (COOH-His-BOC) by a carbodiimide strategy followed by a

selective carbamate hydrolysis (Figure 2A). The presence of a
First, a PLGA-PEG(2K)-NH, polymer was chemically func- —BOC group protecting the —NH, end-group of COOH-His-
tionalized with COOH-Histidine-BOC in the L isomeric form  BOC assured a site-oriented functionalization, avoiding amino
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L-Histidine targeting polymeric conjugate — Tumor accumulation
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acid cross-reaction. PLGA-PEG(2K)-His-BOC FTIR demon-
strated a similar fingerprint region to the PLGA-PEG(2K)-
NH,, comprising C—O stretching, C—N stretching, and C—H
bending vibrations (Figure 2B)."®! Moreover, it was possible
to observe a new band at 1661 cm™ characteristic of C=0
stretching in amides (amide I) in the spectrum of the PLGA-
PEG(2K)-His-BOC, confirming the successful reaction between
PLGA-PEG(2K)-NH, and COOH-His-BOC. PLGA-PEG(2K)-His-
BOC 'H NMR exhibited low-intensity characteristic peaks of
COOH-His-BOC that were absent in the mock reaction control
and shifted in comparison to COOH-His-BOC (6 = 758 versus
8.98 ppm; 6= 6.98 versus 8.34 ppm; d= 6.80 versus 8.23 ppm;
Figure S2, Supporting Information). The COOH-His-BOC H
NMR peaks at 6 = 758 ppm and & = 6.80 ppm are attributed
to the imidazole ring protons of His, whereas the peak at J =
6.98 ppm is attributed to the carbamate proton of the —BOC
protecting group.l”l The 'H NMR peak at § = 1.35 ppm, charac-
teristic of the —BOC methyl protons, was used to estimate the
90% COOH-His-BOC conjugation efficiency. In order to make
the polymeric conjugate fully functional, the —BOC protecting
group of PLGA-PEG(2K)-His-BOC was removed with success
by a selective carbamate hydrolysis reaction, as revealed by 'H
NMR (Figure S3, Supporting Information). The MALDI-TOF
MS spectrum of PLGA-PEG(2K)-His displayed an ionization
profile clearly distinct not only from the PLGA-PEG(2K)-NH,,
but also from the physical mixture of PLGA-PEG(2K)-NH, and
COOH-His-BOC (Figure 2C). Compared with PLGA-PEG(2K)-
NH,, it was observed a shift to higher m/z values, and a broader
MW distribution, which corroborated a successful coupling
of COOH-His-BOC with PLGA-PEG(2K)-NH,. Water contact
angle (WCA) confirmed an intermediate hydrophilicity degree
for PLGA-PEG(2K)-His, compared with COOH-His-BOC and
PLGA-PEG(2K)-NH, (Figure S4A,B, Supporting Information).

2.1.2. Angiopep-2 Functionalized Targeting Polymeric Conjugates—
Cleavable versus Noncleavable

Second, thiol-Michael addition was selected to functionalize
both PLGA-acetal-PEG(5K)-Mal and PLGA-PEG(5K)-Mal poly-
mers with Angiopep-2 (giving PLGA-acetal-PEG(5K)-ANG2 and
PLGA-PEG(5K)-ANG2, respectively), presenting acid-cleavable
properties due the presence of the acid-cleavable acetal chem-
ical group and non-cleavable properties, respectively. The Angi-
opep-2 was modified in advance with a N-terminal cysteine to
assure a site-oriented functionalization, endowing the peptide
with a —SH reaction site (Figure 2D) This modification is not
expected to interfere with the Angiopep-2 biological activity
since it was inspired by the strategy of Angiochem Inc. to
develop an investigational chemotherapeutic drug under Phase

www.small-journal.com

IIT clinical trials, ANG1005, which consisted of Angiopep-2
modified with molecules of paclitaxel, namely at the N-ter-
minus of the peptide.['®l 87% Angiopep-2 conjugation efficiency
for PLGA-PEG(5K)-ANG2, and 86% for PLGA-acetal-PEG(5K)-
ANG2, were estimated by Bradford assay in reaction super-
natants. After media acidification (pH 5.5) and consecutive
washings of the polymer, PLGA-acetal-PEG(5K)-ANG2 'H NMR
revealed a significant decrease in the intensity of the PEG-
related peak, which confirmed the acid-sensitive properties of
the acetal group and consequent separation of the PEG(5K)-
ANG2 moiety from the PLGA core polymer (Figure 2E). For
both PLGA-acetal-PEG(5K)-ANG2 and PLGA-PEG(5K)-ANG2,
'H NMR presented specific low-intensity Angiopep-2 character-
istic peaks that were absent in the mock reaction controls (c.a.
0=6.64, 6.66, 702, 704, 716, and 724 ppm), thus confirming the
presence of the peptide in the structure of the polymeric conju-
gates (Figure 2F). Such peaks are characteristic of the aromatic
ring protons from the phenylalanine and tyrosine amino acids
of Angiopep-2.1Y!

2.2. Nanoparticle Manufacture and Characterization

NP formulations were manufactured by a nanoprecipitation-
on-chip using a continuous-flow microfluidic technique.?%
Lab-scale conventional methods to manufacture drug-loaded
polymeric NPs lack full control over the process and are usu-
ally associated with low- and slow-throughput, limited loading
of the cargo and batch-to-batch variability of NP critical quality
attributes.?’!l' Thus, the continuous-flow technique herein
applied takes advantage of a microfluidic chip that enables an
automated and time-saving NP manufacturing process, while
offering a reproducible in-house production of the nanomedi-
cines, which is expected to facilitate future translation into
clinics.??l The total polymer content (TPC) of each formulation
was tailored to manufacture distinct NP types, whose composi-
tion and designation are schematized in Figure 1B and sum-
marized in Table 1.

All NP formulations presented, approximately, an average
size range of 300 to 400 nm, 0.3 polydispersity index (PDI),
and -35 to -25 mV zeta-potential (Figure 2G). Although the NP
average size is not the standard for blood-to-brain crossing,
considered to be around 50-100 nm, 2}l a shift in paradigm has
been observed in the field. Recently, BBB crossing has been
reported as highly dependent on the equilibrium between NP
size, stiffness, shape, and surface chemistry.? 500 nm NPs
have been reported to transit across the BBB as efficiently
as 100 nm NPs in terms of NP number, when undergoing
receptor-mediated endocytosis and if presenting elastic moduli
in the kPa—MPa range, as described for PLGA-PEG NPs.?4%

Figure 2. Polymeric conjugate chemical synthesis and NP assembly. PLGA-PEG(2K)-His A) chemical synthesis, B) FTIR characterization, and
C) MALDI-TOF MS characterization. D) Scheme of the chemical synthesis of the Angiopep-2 functionalized targeting polymeric conjugates. E) 'TH NMR
analysis of the acid-cleavable properties of the PLGA-acetal-PEG (5K)-Mal polymer used to further produce the PLGA-acetal-PEG (5K)-ANG2 targeting
polymeric conjugate. F) '™H NMR characterization of PLGA-acetal-PEG (5K)-ANG2 and PLGA-PEG (5K)-ANG2. G) Characterization of average size, PDI,
and zeta-potential of the DTX-loaded NP formulations assembled from the chemically synthesized targeting polymeric conjugates. H) TEM charac-
terization of the DTX-loaded NP formulations assembled from the chemically synthesized targeting polymeric conjugates, where |, 11, 111, IV, V, and VI
correspond to non-functionalized NPs, H-NPs, CL-ANG2-NPs, NCL-ANG2-NPs, H-CL-ANG2-NPs, and H-NCL-ANG2-NPs, respectively.
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Table 1. Polymeric conjugate percentage of TPC for each NP formulation, and respective designation. PEGylated NP controls were also manufactured
using mPEG (2K)-PLGA or mPEG(5K)-PLGA, and termed mPEG (2K) NPs and mPEG (5K) NPs, respectively. NA: non-applicable.

NP designation and polymeric conjugate composition (organic phase)

H-NP CL-ANG2-NP NCL-ANG2-NP H-CL-ANG2-NP H-NCL-ANG2-NP
PLGA-PEG (2K)-His 5%) NA NA 5% 5%

10%/

20%
PLGA-acetal-PEG (5K)-ANG2 NA 8.5% NA 8.5% NA
(acid-cleavable)
PLGA-PEG(5K)-ANG2 NA NA 8.5% NA 8.5%

(non-cleavable)

Depending on their surface chemistry, larger NPs might even
deliver cargos more selectively to the targeted cells compared
to their smaller counterparts.[?°l Taken together, the average NP
size range of 300 to 400 nm herein achieved was not considered
an exclusion criterion per se, since the particles are expected to
undergo LDLR-mediated endocytosis across the BBB via their
Angiopep-2 moiety. The achieved size range, alongside with
a PDI of around 0.3, are attributed to the high polymer con-
centration and consequent high viscosity of the organic phase
used to manufacture the NPs.[?’] This resulted from the attempt
to provide a better entrapment phase to DTX and increase the
loading degree, which usually does not exceed 1% for NPs with
a PLGA-PEG matrix.?®!

Supporting Information presents detailed association effi-
ciency and loading degree values for all formulations (Table
S3, Supporting Information), as well as average size, PDI and
zeta-potential complementary data (Figure S5, Supporting
Information). Transmission electron microscopy (TEM) anal-
ysis revealed spherical shaped particles with relatively smooth
surfaces, and a size distribution identical for all NP formu-
lations (Figure 2H). The in vitro release profile of DTX was
evaluated for 24 h under medium mimicking systemic physio-
logical conditions. As depicted in Figure S6 (Supporting Infor-
mation), NP formulations could retain part of DTX within
their hydrophobic PLGA-based core, as about 60-80% of the
drug was released in a sustained manner over the testing time
window.

2.3. In Vitro Targetability in Glioblastoma Conventional
Cell Lines and Invasive Margin Patient Cells—L-Histidine
Functionalized Nanoparticles

A preliminary screening of the capacity of H-NPs to amelio-
rate the accumulation of the NPs into GBM cells was per-
formed in GBM conventional cell lines, namely U-87 MG,
U-251 MG, and U-373 MG. NPs were manufactured with dif-
ferent percentages of PLGA-PEG(2K)-His to understand the
impact of the polymeric conjugate on cell-NP interaction.
A protocol involving the use of trypsin for cell detachment
prior to flow cytometry analysis was developed on purpose
to remove the majority of membrane-bound NPs and enrich
the signal in cell-internalized NPs.?l Moreover, a prelimi-
nary cytotoxicity experiment was performed to find a non-
cytotoxic NP dose (Figure S7, Supporting Information). As
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shown in Figure 3A, after 4 h treatment, H-NPs presented
a significantly higher cell internalization compared to non-
functionalized NPs, for all GBM cell lines. This was reflected
by an increase of up to three times in both mean fluorescence
intensity (MFI) and percentage of positive cells (Figure 3A
and Figure S8, Supporting Information, respectively). We
hypothesize that the increase in cell internalization is due to
the capacity of the His moiety of NPs to recognize and bind
LATT1, vastly reported to be overexpressed in human brain gli-
omas such as GBM, and directly associated with their exces-
sive proliferation and malignant progression.’2l Previous
RT-PCR studies reported that the LAT1 mRNA expression in
the above-mentioned cell lines follows the order U-373 MG >
U-251 MG > U-87 MG, which is in agreement with the trend
of percentage of positive cells herein observed for H-NP cell
internalization (U-373 MG > U-251 MG > U-87 MG, Figure S8,
Supporting Information).’®! The L-isomeric form of His
is extensively reported as one of the LAT1 substrates with
highest affinity and stereoselectivity, presenting a kinetics
K., parameter of only 12.7 x 10°® m, which is significantly
lower compared to the K, of other L-amino acid counterparts
(e.g., 28.3 X 107° , 472 x 107® and 14.2 X 10 m for L-tyrosine,
L-valine and L-phenylalanine, respectively).?!l Nevertheless,
His or His-mimicking imidazole derivatives have been mostly
exploited for their endosomal escape properties and pH-trig-
gered conformational changes,*”! and not for the purpose of
drug/NP accumulation into tumor cells such as of GBM. To
our best knowledge, only one literature study associated the
higher NP internalization of dendrimers modified with His
with the general overexpression of amino acid transporters
in Hela cervical cancer cells, necessary for the rapid prolif-
eration and increased antioxidant demands of these cells.3]
Other authors exploited LAT1-specific cancer cell delivery
through the use of substrates with lower affinity for the trans-
porter, such as glutamatel®¥ and L-tyrosine.**! LAT1-specific
delivery has also been widely explored in the field of positron
emission tomography (PET) imaging for the detection of
tumor tissues. PET probes modified with L-phenylalanine,3¢!
L-methionine,””) and L-tyrosinel®®! demonstrated precise
tumor-specificity via binding of the amino acid constituents
to LAT1.

However, the GBM tumor niche is characterized by a high
level of heterogeneity and most of the conventional GBM cell
lines are thought to have undergone genetic drift over the
years, thus partially losing the invasive behavior characteristic

© 2023 The Authors. Small published by Wiley-VCH GmbH
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of GBM.B% Moreover, these cell lines are derived from the
core of the tumor, which does not realistically reflect the infil-
trative behavior of post-surgical residual GBM cells.[**) Taken
together, our efforts focused on using a complementary cell
model for drug/NP testing, which could represent better the
highly invasive and tumorigenic potential of GBM, such as
GIN patient cells (Figure S9, Supporting Information).*! GIN
cells are isolated from the invasive margin of GBM tumor
tissue of adult patients and evidenced by the 5ALA-Gliolan
fluorescent region at surgery beyond the magnetic resonance
imaging (MRI) T1 enhancing region.[*" This invasive margin
constitutes therapeutic resistant pressures, and is a mole-
cular snapshot of recurrent tumor cells.*!) Three cell types
were selected from the available GIN panel, namely GIN-8,
GIN-27 and GIN-31. Similarly to what was observed for the
GBM conventional cell lines, as shown in Figure 3B, after 4 h
treatment, H-NPs presented a significantly higher cell uptake
compared to non-functionalized NPs, for all GIN cell types.
This was reflected by an increase of up to 3- and 12-fold in
MFTI and percentage of positive cells, respectively (Figure 3B
and Figure S11, Supporting Information). Besides numerous
studies on LAT1 overexpression in U-87 MG, U-251 MG and
U-373 MG cells, also the GBM invasive margins have been
widely described as areas of LAT1 overexpression.*?l In fact,
the specific expression of LAT1 in human clinical samples was
reported to be even higher in infiltrating glioma cells of the
GBM invasive margin compared to glioma cells located at the
tumor core.[*?? This explains the higher levels of cell internal-
ization herein observed for H-NPs in GIN cells versus GBM
conventional cell lines (U-87 MG, U-251 MG, U-373 MG),
highlighted by the increase of up to 3- versus 12-times in the
percentage of positive cells, respectively, compared to the non-
functionalized NP control (Figures S8 and S11, Supporting
Information). H-NPs composed by 20% PLGA-PEG(2K)-His
were pre-selected for further studies based on the highest
levels of cell uptake found in previous flow cytometry studies.
H-NP cell uptake was then confirmed by confocal micros-
copy, where H-NPs presented a considerably higher cell over-
lapping compared with the nonfunctionalized NP control
in all GIN cell types (Figure 3C and Figure S10, Supporting
Information).

Last, as a proof of concept of cancer cell specificity, the
cell internalization of H-NPs was assessed by flow cytometry
in a non-tumor astrocyte control cell line. No biologically rel-
evant differences were found between the cell internalization
of H-NPs and non-functionalized NPs, as shown by the MFI
values (Figure 3B). In what concerns the percentage of posi-
tive cells, H-NPs composed by 20% PLGA-PEG(2K)-His pre-
sented an increase of less than two times compared to the
non-functionalized control, but only to a maximum of around
15% positive cells, which was attributed to non-specific binding
(Figure S11, Supporting Information).

www.small-journal.com

2.4. 2D/3D In Vitro Cytotoxicity and Invasion Potential
in Glioblastoma Invasive Margin Patient Cells—L-Histidine
Functionalized Nanoparticles

The in vitro pharmacological activity of the developed NP for-
mulations was assessed in regard to their capacity to com-
promise the metabolic activity of GIN cells. Due to the highly
invasive profile and key role in tumor recurrence,®] GIN cells
are expected to mimic better the treatment resistance faced by
therapeutics in vivo.

GIN-8, GIN-27, and GIN-31 metabolic activity were evalu-
ated after uninterrupted periods of treatment of 48 h and 96 h
with DTX doses ranging from 0.45 x 107 m to 4.5 x 10~° m. For
all GIN cell types, the metabolic activity decreased in a dose-
dependent manner, and lower levels were reached at 96 h (day 6)
compared to 48 h (day 4). DTX-loaded H-NPs caused a similar
impact on metabolic activity compared to DTX-loaded non-
functionalized NPs and DTX-loaded mPEG(2K) NPs (Figure 4B,
left panel). Moreover, DTX-loaded H-NPs demonstrated a
similar or slightly lower decrease on cell metabolic activity
compared to the non-nanoparticulate drug control, free DTX.
This was expected since the assay conditions are static, thus,
free drug molecules are readily available to interact with 2D
cell monolayers in order to exert an anti-proliferative effect.
Whereas, for the nanoparticulate samples, including DTX-
loaded H-NPs, drug molecules become only available upon
DTX diffusion across the porous PLGA matrix and, in a later
stage, PLGA matrix erosion.!

After confirming the ability of DTX-loaded H-NPs to sig-
nificantly decrease GIN cell metabolic activity, we hypoth-
esized that 4 h dynamic-like boost treatments could give us
more information about the adjuvant effect of the targeting
strategy. For the lowest concentration, 4.5 x 107® m DTX, none
of the formulations was able to decrease the metabolic activity
to values lower than 70% for all GIN cell types, including free
DTX (Figure 4B, right panel). Thus, a higher concentration was
tested, 45 x 10° m DTX, for which a significantly lower meta-
bolic activity was observed for all GIN cell types treated with
DTX-loaded H-NPs, in opposition to free DTX and the other
NP controls, namely non-functionalized and PEGylated but
non-targeted mPEG(2K) NPs (Figure 4B, right panel). This was
attributed to the enhanced capacity of H-NPs of being internal-
ized by GIN cells during a contact period of only 4 h, as dem-
onstrated by previous flow cytometry studies, compared to non-
functionalized NPs. Therefore, this led to a closer drug—cell
interaction and, consequently, a more pronounced effect on the
decrease of cell metabolic activity. The 45 x 10® M DTX boost
treatment also implies a boost in the total number of NPs per
area, which is hypothesized to benefit NP tumor cell uptake*!
compared to free DTX molecules, which did not present any
biologically relevant advantage with respect to cell metabolic
activity interference compared to the nanoparticulate samples.

Figure 3. Flow cytometry analysis of cell internalization of nonfunctionalized NPs and H-NPs assembled from 5%, 10% or 20% PLGA-PEG(2K)-His into
A) GBM conventional cell lines (U-87 MG, U-251 MG, U-373 MG), and B) GIN patient cells (GIN-8, GIN-27, GIN-31) and non-tumor astrocytes. MF| values
were normalized to the unstained control. Statistical comparison of H-NP groups with non-functionalized NPs. *p < 0.05, **p < 0.01, or **¥*p < 0.001.
C) Confocal microscopy analysis of cell internalization of non-functionalized NPs and H-NPs assembled from 20% PLGA-PEG (2K)-His into GIN patient
cells. Cell actin was stained to delineate the cell area and evidence its overlapping with PLGA-FKR648 labeled NPs. Scale bars represent 62 um.
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On the other hand, drug diffusivity and therapeutic effect
within 3D cell cultures are more predictive of the potential in
vivo response than simple 2D cultures. 2D cell cultures are
considerably more sensitive to anticancer medicines compared
to 3D counterparts, which behave similarly to human tumors
presenting solid and bulky features, such as GBM.?>%I Hence,
we re-evaluated the previous 2D metabolic activity studies by
selecting one of the GIN cell types, namely GIN-31, to assemble
a 3D culture. GIN-31 tumor spheroids were generated by high-
throughput microwell array technology using non-adhesive
agarose hydrogels that promote cell aggregation into 3D sphe-
roid structures with excellent size and shape reproducibility
(Figure 4C).[*] After 48 h and 96 uninterrupted periods of treat-
ment, GIN-31 spheroids followed the same trend observed for
GIN-31 2D cultures, with the metabolic activity decreasing in a
dose-dependent manner and lower levels reached at 96 h (day
6, Figure 4D, left panel). In general, the 3D metabolic activity
values were higher compared to the 2D cell monolayer set-
ting, which is potentially associated with the higher therapeutic
resistance extensively reported for 3D cultures.***¥ Similarly to
2D cultures, these uninterrupted periods of treatment did not
evidence any biologically relevant differences between free DTX
and the NP samples, although all of them resulted in a decrease
of metabolic activity up to levels of approximately 35%. Next,
we proceeded with the 4 h dynamic-like boost treatment and,
herein, in opposition to 2D cultures, not even DTX-loaded
H-NPs were able to lower cell metabolic activity (Figure 4D,
right panel). This 2D versus 3D discrepancy is attributed to the
insufficient drug penetration into the core of the GIN-31 sphe-
roids over time due to their high interstitial pressure, reduced
convective flow, and the presence of dense regions of extracel-
lular matrix (ECM).) Thus, we challenged the spheroids with
a broader time window of drug exposure, namely 12 h. In this
case, it was possible to recover the significantly higher impact
of DTX-loaded H-NPs on the decrease of cell metabolic activity
of up to two times, as observed for 2D cultures, and became
again clear the inability of free DTX or the other NP samples
to provide the same effect (Figure 4D, right panel). H-NPs
improved DTX transport across the spheroid structures most
likely by promoting cell internalization via LAT1 binding, and
an increased time exposure allowed DTX to reach deep regions
of the spheroid tissue and recover the anti-proliferative effect
on GIN-31 cells.

Additional data of the impact of the unloaded formulations
on 2D and 3D cell metabolic activity can be found in Figures
S12 and S13 (Supporting Information), respectively.

The impact of DTX-loaded H-NPs on the invasion ability
of GIN-31 cells was further investigated in a Matrigel-coated
Transwell assay (Figure S14, Supporting Information). DTX-

www.small-journal.com

loaded H-NPs provided three to four times lower percentage
of invaded cells compared with the free DTX control and DTX-
loaded non-functionalized NPs. Thus, the tumor targetability of
H-NPs, which was shown to boost the inhibition of the meta-
bolic activity of GIN-31 cells by DTX (Figure 4B), also enhanced
the inhibition of GIN-31 cell invasion through an ECM-like in
vitro matrix.

2.5. In vivo Therapeutic Efficacy after Intratumoral
Administration—L-Histidine Functionalized Nanoparticles

The in vivo antitumor local effect of DTX-loaded H-NPs was
validated in a GBM orthotopic mice model following an intra-
tumoral treatment of 2 ug DTX per brain (Figure 5). After MRI
assessment of tumor volume (Figure 5B) and group randomi-
zation at day 8, the formulations were administered intratu-
morally at day 10, and survival curves determined. Body weight
was kept constant throughout 15 d postadministration, for all
groups (Figure 5C). As presented in Figure 5D and Table 2,
the median survival time was considerably improved by DTX-
loaded H-NPs (46.5 d) compared to the untreated (30 d, **p <
0.01), DTX-loaded non-functionalized NPs (33.5 d, **p < 0.01),
and free DTX (38 d) groups. Moreover, the DTX-loaded H-NP
treatment resulted in a higher number of long-term survivors
at 60 d (37.5% vs 0% for nonfunctionalized NPs) and 120 d
(12.5% vs 0% for both nonfunctionalized NPs and free DTX).
Thus, the DTX-loaded H-NP treatment significantly outper-
formed the DTX-loaded non-functionalized NP counterpart,
which is consistent with in vitro studies. This was attributed
to the ability of the His moiety to enhance GBM cell uptake,
hence resulting in higher DTX accumulation at the tumor site
and, consequently, a more potent therapeutic effect. It is of
important note that overestimation of the therapeutic effect of
free DTX is envisaged since the Taxotere vehicle used for DTX
solubilization contains ethanol, which is used per se in the
treatment of certain types of cancer via percutaneous injection
(e.g., liver cancer, liver metastasis).’% Overall, these findings
offered robust evidence that, once inside the brain parenchyma,
H-NPs are able to boost the chemotherapeutic effect of DTX
and provide an in vivo therapeutic benefit.

2.6. In Vitro Permeability across the Blood-Brain
Barrier—L-Histidine Plus Acid-Cleavable Angiopep-2
Functionalized Nanoparticles

A preliminary screening of BBB permeability was conducted in
a standard hCMEC/D3 in vitro model to understand the ability

Figure 4. Evaluation of GIN cell metabolic activity after treatment with free DTX, DTX-loaded non-functionalized NPs, DTX-loaded mPEG(2K) NPs,
and H-NPs composed by 20% PLGA-PEG (2K)-His. A) Treatment schedule. B) 2D metabolic activity of GIN patient cells (GIN-8, GIN-27, GIN-31). The
left panel presents metabolic activity levels after uninterrupted periods of treatment of 48 and 96 h. The right panel presents a dynamic-like boost
treatment of 4 h, integrated in an assessment period of incubation of 96 h. C) Assembly of GIN-31 tumor spheroids into high-throughput 81-well aga-
rose micromolds—(1) molds (2) are filled with agarose, and (3) hydrogel micromolds obtained. The size of spheroids at the day of metabolic activity
experiments averaged 350 um. D) 3D metabolic activity of GIN-31 tumor spheroids. The left panel presents 2D versus 3D metabolic activity after
uninterrupted periods of treatment of 48 and 96 h. The right panel presents a 2D versus 3D dynamic-like boost treatment of 4 h or 12 h, integrated in
an assessment period of incubation of 96 h. Statistical comparison of DTX-loaded H-NPs with the other drug-loaded groups, within each dose range.
%p < 0.05, *#p < 0.01, or **%p < 0.001.

2300029 (10 of 20) © 2023 The Authors. Small published by Wiley-VCH GmbH

Small 2023, 2300029

85UB017 SUOWIOD 9AIE81D) 8|qeal|dde 8y A peusenof ae Sejoile O ‘8N J0 SajnJ 1o} AkelqiT auljuQ 481\ UO (SUONIPUOD-pUe-SULB)/0" A8 1M ARelg 1 pUI|UO/:ScNy) SUONIPUCD Pue WS | 8U) 89S *[£20z/c0/yT] Uo ARl auliuo A8|IM ‘591 Aq 62000€202 ' 11LUS/Z00T OT/I0p/Wod" A8 ImAkelq Ul juoy/:sdy wolj pepeojumoq ‘0 ‘6289ETIT



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

Intratumoral treatment schedule

!

10 Time (days)

0

U-87 MG
tumor grafting

Intratumoral
treatment

C—
NMRI nude mice

Untreated
34 Free DTX
= DTX-loaded non-functionalized NPs

32
# DTX-loaded H-NPs -

Body weight (g)

10 12 14 16 18 20 22 24
Time (days)

www.small-journal.com

100~ Untreated
90+ Free DTX
= 80+ == DTX-loaded non-functionalized NPs
>
T 70+ == DTX-loaded H-NPs
? 60
k]
.é' 50
T 404
38
o 30
e 204 l |
-
10- | e
0 1 ] 1 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100 110 120

Time (days)

Figure 5. In vivo therapeutic efficacy of H-NPs after intratumoral administration. NMRI nude mice were orthotopically grafted with U-87 MG GBM
cells at day 0, randomized upon MRI tumor evaluation at day 8, and treated with a dose of 2 ug DTX per brain at day 10. A) Treatment schedule.
B) Representative mouse brain MRI of the U-87 MG GBM orthotopic model. C) Body weight follow-up until day 25. D) Mice survival curves until day 120.

of Angiopep-2 to ameliorate the accumulation of the NPs into
the brain, the additional effect of His, as well as possible differ-
ences between acid-cleavable versus noncleavable Angiopep-2
moieties. The optimal Angiopep-2 density for BBB permeability
reported in literature data in regard to the TPC of the formu-
lation is highly variable, ranging from around 3% to 20%.55!
Thus, we set it up as 8.5% with the ultimate goal of assessing
whether this percentage would be already sufficient to poten-
tiate BBB permeability, before testing other percentages.

As displayed in Figure 6A, and surprisingly, the permeability
of NCL-ANG2-NPs presented minimum advantage over non-
functionalized NPs and PEGylated but non-targeted mPEG(5K)
NPs. This can relate to the findings of Tian and co-workers, who
demonstrated that Angiopep-2 density on NP surface should be
carefully designed in order to avoid ligand-LDLR high avidity and
consequent BBB endothelial cell internalization leading to fast
degradation but, instead, favor mid avidity to increase the for-
mation of syndapin-2 tubular structures leading to fast shuttling

Table 2. Resume of median survival, and percentage of survivors at 60 and 120 d (long-term survivors) for the in vivo therapeutic efficacy studies
(intratumoral and intravenous treatment). Intratumoral treatment: statistical comparison of DTX-loaded H-NPs with untreated and DTX-loaded non-
functionalized NPs groups (**p < 0.01). Intravenous treatment: statistical comparison of DTX-loaded H-CL-ANG2-NPs with the untreated group

(*p < 0.05). NA: nonapplicable.

Treatment type Treatment group Median survival [days] Percentage of survivors at 60 d [%] Percentage of survivors at 120 d [%)]

Intratumoral Untreated 30 0 0
Free DTX 38 37.5 0
DTX-loaded non-functionalized NPs 335 0 0

DTX-loaded H-NPs 46.5%%* 37.5 12.5

Intravenous Untreated 37 0 NA

Free DTX 43 20 NA

DTX-loaded non-functionalized NPs 38 0 NA

DTX-loaded H-NPs 40.5 20 NA

DTX-loaded H-NCL-ANG2-NPs 4 20 NA

DTX-loaded H-CL-ANG2-NPs 54% 50 NA
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Figure 6. A) Evaluation of NP permeability across a BBB in vitro model, indicating the percentage of NP basolateral permeability across a hCMEC/D3
endothelial cell monolayer, normalized to the initial mass of NPs in the apical compartment. B) Flow cytometry analysis of cell internalization levels
of NP formulations into BBB hCMEC/D3 endothelial cells. Statistical comparison of each group with non-functionalized NPs. *p <0.05, **p <0.01,

or ¥*%p <0.001.

across the BBB.[¥I Moreover, H-NPs presented a slightly 1.6-
times higher BBB permeability compared to NCL-ANG2-NPs
(Figure 6A), which can be explained by the fact that the His
transporter, LAT1, is highly expressed in the BBB endothelium,
apart from tumor tissues.? Yet, LAT1 is not the ideal target for
brain delivery since the transporter easily achieves saturation
by plasma amino acids,*® while LDLR is widely known for its
rapidly recycling vesicles and one of the highest BBB trafficking
capacity.” Interestingly, CL-ANG2-NPs provided a slightly
higher BBB permeability compared to H-NPs but, more impor-
tant, significantly outperformed NCL-ANG2-NPs (Figure 6A).
A strong basis for this finding is the study of Clark and Davis
who played around ligand-receptor avidity and receptor-medi-
ated BBB trafficking, by designing a tailored BBB endosomal
pH acid-sensitive nanosystem.'” The authors demonstrated
that an acid-cleavable transferrin moiety provided considerably
higher brain parenchyma levels of NPs upon systemic admin-
istration in mice, while the non-cleavable control remained
mostly retained in the BBB endothelium. High avidity is thus
of uppermost importance to promote receptor binding on the
luminal side of the BBB, but should be shifted to mild to low
avidity during BBB trafficking to allow proper detachment
from the receptor and complete the full transport from blood
to brain.>>

The ability of the dual-ligand functionalized NPs to improve
BBB permeation was then compared to the simpler system,
H-NPs. H-CL-ANG2-NPs increased the permeability levels by
approximately two times (Figure 6A). This could result from
a cumulative effect of His and the acid-cleavable Angiopep-2
moiety, and suggested that steric hindrance is not interfering
with the activity of the nanosystems presenting dual-ligand
functionalization. Steric hindrance was possibly avoided by the
careful design of two different PEG length levels on the NP
surface, namely of 2K (His attachment) and 5K (Angiopep-2
attachment). On the other hand, H-NCL-ANG2 NPs did not
present biological advantage over H-NPs regarding BBB per-
meability (Figure 6A). BBB in vitro model transendothelial
electrical resistance (TEER) was monitored over maintenance

Small 2023, 2300029 2300029 (12 of 20)

and throughout the permeability experiment (Figure S15, Sup-
porting Information).

NP formulations were also assessed for their BBB endothe-
lial cell uptake in hCMEC/D3 cells, where acid-cleavable
CL-ANG2-NPs and H-CL-ANG2-NPs demonstrated the lowest
cell internalization among the other NP samples in both mono-
ligand and dual-ligand functionalized groups, respectively (MFI
values and percentage of positive cells depicted in Figure 6B
and Figure S16, Supporting Information, respectively). This is
accordance with literature data and highlighted, once more,
that a higher BBB retention does not necessarily correlate with
a higher BBB permeability, and contrary trends can be actually
found.[152455]

2.7. In Vivo Biodistribution, Therapeutic Efficacy
and Toxicity after Intravenous Administration—L-Histidine
Plus Acid-Cleavable Angiopep-2 Functionalized Nanoparticles

An in vivo biodistribution screening trial was performed in
a healthy mice model, since there is strong and recent evi-
dence that GBM possesses a gross region beyond the con-
trast-enhancing tumor bulk with an intact BBB, especially
at the invasive margins.’® Thus, it is generally admitted that
pharmacological approaches that succeed in transposing the
healthy BBB have better chances of improving the treatment
response in further GBM disease models.®*] In order to
reduce the number of animals in light of the 3Rs policy, and
considering the previous in vitro findings, it was possible to
eliminate the nonfunctionalized NP control from this biodistri-
bution trial—nonfunctionalized NPs were unable to provide an
improved GBM cell internalization (Figure 3) and cytotoxicity
(Figure 4B,D) compared to H-NPs; moreover, nonfunctional-
ized NPs were unable to potentiate BBB crossing compared
to H-NCL-ANG2-NPs and H-CL-ANG2-NPs (Figure O6A).
IVIS imaging to track Cy75 labeled NPs was performed at 2,
6, and 24 h postadministration. Brain accumulation of the
developed formulations followed the trend H-CL-ANG2-NPs

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 7. A) In vivo biodistribution of H-CL-ANG2-NPs following intravenous treatment, evidencing brain co-localization of NP formulations at 2, 6, and
24 h postadministration. B-D) In vivo therapeutic efficacy of H-CL-ANG2-NPs following intravenous treatment. NMRI nude mice were orthotopically
grafted with U-87 MG GBM cells at day 0, randomized upon MRI tumor evaluation at day 8, and treated with a 2 mg kg™ DTX dose from day 10, every
3 d, for a total of 5 injections. B) Treatment schedule. C) Body weight follow-up until day 30. D) Mice survival curves until day 60.

> H-NCL-ANG2-NPs > H-NPs, with H-CL-ANG2-NPs outper-
forming the other formulation counterparts (Figure 7A). Actu-
ally, differences in the maximum average radiant efficiency
observed for H-CL-ANG2-NPs achieved approximately four and
three times higher values than H-NPs and H-NCL-ANG2-NPs,
respectively. The trend of brain accumulation was similar to the
predictions of in vitro studies, highlighting the ability of dual-
ligand functionalization and acid-responsiveness to enhance
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NP permeability across the BBB. All formulations presented a
reduced brain signal from 2 h to 24 h, which was expected and
can be justified by the physiological clearance of NPs over time.
Regarding whole-body biodistribution, NPs were tracked for their
accumulation in major organs by excision at 24 h (Figure S17,
Supporting Information). No relevant accumulation was found
in the heart, liver, and spleen accumulation were expected
due to the role of these organs in the reticuloendothelial
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system,’®l and a certain degree of accumulation was found in
kidneys due to renal excretion.’>! Nevertheless, the liver accu-
mulation of free DTX and nontargeted PLGA-based NPs is
reported to be 70- and 12.5 times higher compared with the
brain,®¥ respectively, which is significantly higher than the
values obtained for H-NCL-ANG2-NPs (3 times higher). Inter-
estingly, all NP formulations presented a certain level of accu-
mulation in the lungs, but this was clearly more prominent for
the formulations presenting an Angiopep-2 moiety. Since LDLR
also plays a vital role in the pulmonary tissue, including regu-
lation of antigen uptake, immune responses and fibrogenesis,
the expression of the receptor might induce local sequestration
of the NPs.[°!

Lastly, the in vivo antitumor effect of H-CL-ANG2-NPs fol-
lowing intravenous treatment was assessed in a GBM ortho-
topic mice model. Five independent injections starting at day
10 were administered every 3 d at a 2 mg kg™' DTX dose, and
survival curves were determined. Body weight was kept stable
throughout the treatment course and up to 8 d after the last
injection, for all treatment groups (Figure 7C). As presented in
Figure 7D and Table 2, the median survival time of the DTX-
loaded H-CL-ANG2-NP treatment was 54 days, which presented
a significant improvement compared to the untreated (37 d, *p <
0.05), free DTX (43 d), DTX-loaded nonfunctionalized NP (38 d),
DTX-loaded H-NP (40.5 d) and DTX-loaded H-NCL-ANG2-
NP (41 d) groups. Moreover, an increase of more than 50% in
the number of survivors at 60 d was observed for DTX-loaded
H-CL-ANG2-NPs compared to free DTX, DTX-loaded H-NPs
and DTX-loaded H-NCL-ANG2-NPs, whereas there were no 60 d
survivors among the untreated and DTX-loaded non-function-
alized NP groups. DTX-loaded H-CL-ANG2-NPs outperformed
the other NP counterparts, which is in accordance with the
higher brain accumulation observed in previous biodistribution
studies (Figure 7A) due to the enhanced BBB permeability pro-
vided by the acid-cleavable Angiopep-2 moiety of the NPs. Fur-
thermore, once inside the brain parenchyma, adjuvant effect
of His is crucial to cause higher DTX accumulation into GBM
cells as demonstrated by previous intratumoral therapeutic effi-
cacy in vivo studies (Figure 5D and Table 2). Taken together,
more efficient blood-to-brain trafficking and GBM accumula-
tion provided by the acid-cleavable Angiopep-2 and His surface
moieties, respectively, endowed H-CL-ANG2-NPs with a potent
anti-cancer effect. It is of important note that the DTX dose
of each injection, namely 2 mg kg™, was lower compared to
the standard 75-10 mg kg™! dose found in literature,1-62 but
still able to provide a prominent anti-GBM effect. Although
our H-CL-ANG2-NP prototype is the first proposed system
for both BBB and GBM targeting through the exploitation of
a BBB-responsive transport mechanism, we revised literature
reports of the past 10 years of multiligand functionalized NPs
presenting the same dual-targeting (but lacking BBB respon-
siveness). By pre-selecting these reports based on the use of
the same GBM animal model herein assessed, U-87 MG, the
maximum values of median survival were 45 d,% 25 d,[14)]
35 dlfl and 40 d,M& significantly lower than the median
survival obtained for our H-CL-ANG2-NP prototype (54 days).
The BBB and GBM dual-targeted system developed by Zhu et
al. reached 53 days median survival, but using a DTX dose four
times higher than the one herein proposed (2 vs 75 mg kg ™).l
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Specific examples of these literature reported systems include
10 mg kg™ DTX-loaded HRK-19 functionalized poly(lactic acid)-
PEG-hyaluronic acid NPs (both hyaluronic acid and HRK-19 for
glioma targeting; 40 d median survival; number of long-term
survivors not available; C6 GBM bearing rats),®? 10 mg kg™
DTX-loaded Angiopep-2 functionalized solid lipid NPs (39 d
median survival; no long-term survivors at 60 d; GL261 GBM
bearing mice),l®) 75 mg kg DTX-loaded Angiopep-2 and
TAT peptide functionalized micelles (TAT for glioma tar-
geting; 53 d median survival; no long-term survivors at 60 d;
U87-MG bearing mice),™! 6 mg kg™ DTX-loaded TGN pep-
tide and AS1411 aptamer functionalized PEG-polycaprolactone
NPs (TGN and AS1411 for BBB and glioma targeting, respec-
tively; 25 d median survival; no long-term survivors at 60 d;
C6 GBM bearing mice),® and 5 mg kg™! DTX-loaded RGV29
peptide functionalized PLGA-PEG NPs (RGV29 for both BBB
and glioma targeting; 42 d median survival; no long-term sur-
vivors at 60 d; C6 GBM bearing rats).®® This literature review
highlights the therapeutic advantage of the H-CL-ANG2-NPs
developed under the scope of this work, and the promising
potential of this nanotherapy to increase the survival number
of GBM patients in the future. Overall, our findings presented
strong evidence that both the acid-cleavable properties of the
Angiopep-2 moiety and the presence of the His moiety in the
stimuli-responsive multifunctional NPs herein proposed are
paramount to achieve higher BBB permeation and accumula-
tion at the brain parenchyma GBM cells, respectively, resulting
in a better therapeutic effect.

Finally, possible systemic toxicity effects resulting from the
intravenous administration of non-nanoparticulate free DTX
and NP formulations were assessed, 48 h after treatment.
Anticancer therapies often cause severe systemic side effects
which directly affect the histological morphology of off-target
major organs, organ weight coefficient (organ to body weight
normalization), total blood cell count, and blood biochemical
parameters. In what concerns histopathological analysis of off-
target major organs (heart, liver, lungs, spleen, and kidneys),
no morphological signs of damage were found for the free
DTX and DTX-loaded NP formulations (Figure 8A, Supporting
Information), probably due to the low dose of DTX used per
administration, namely 2 mg kg™'. Similarly, as shown in
Figure S18 (Supporting Information), no significant alterations
were found for the brain, heart, liver, lungs, spleen, and kid-
neys weight coefficients compared with the untreated group.
Moreover, none of the drug treatments induced significant
differences in the total blood cell count of mice (Figure 8B).
Lastly, blood biochemistry parameters, including blood urea
nitrogen, creatinine, albumin, aspartate aminotransferase, ala-
nine aminotransferase, total bilirubin, and total protein levels,
were assessed to investigate kidney and liver function, as well
as possible signs of infection or inflammation. Compared with
the untreated animals, mice treated with free DTX or DTX-
loaded NPs did not present significant alterations in any of
these blood parameters. Altogether, apart from being relatively
safe from negligible loss of weight over the treatment course,
the stimuli-responsive multifunctional NP therapy herein pro-
posed presented lack of toxicity regarding alterations in histo-
logical, hematologic and blood biochemical indicators, as well
as organ weight indices.
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Figure 8. In vivo safety evaluation after intravenous treatment with the developed DTX-loaded NP formulations and free DTX. A) Histopathological
analysis of off-target major organs of treated animals by H&E stainings. Scale bars represent 100 um. B) Evaluation of total cell counts and blood
biochemistry parameters of treated animals. NMRI nude mice were orthotopically grafted with U-87 MG GBM cells at day 0, randomized upon MRI
tumor evaluation at day 8, and treated with a 2 mg kg™' DTX dose from day 10.
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3. Conclusion

In this study, stimuli-responsive multifunctional NPs for the
delivery of DTX to GBM were developed envisaging BBB tar-
geting and transport to brain, structural rearrangement within
the acidic pH of BBB endosomal vesicles (acid-cleavable Angi-
opep-2 grafting), and enhancement of GBM cell accumula-
tion post-BBB trafficking (His grafting). These multifunctional
NPs increased tumor cell uptake, through the use of the His
moiety, by up to four times in GBM conventional cell lines.
Due to the relevance of tumor invasive margins in the recur-
rence and therapeutic resistance of GBM, GIN cells isolated
from patient samples were further used. Herein, multifunc-
tional NPs provided up to 12 times higher GBM cell inter-
nalization, and up to 3 times higher cytotoxicity in 2D and
3D cell models. After an in vivo intratumoral treatment, NPs
presenting the His moiety significantly improved the median
survival of mice bearing orthotopically implanted U-87 MG
tumors compared to non-functionalized NPs and free DTX.
By adding an acid-cleavable Angiopep-2 moiety, with adjuvant
effect of the His moiety, the multifunctional NPs presented an
increased blood-to-brain transport, by more than threefold, in
a BBB in vitro model. In vivo studies in a mice model revealed
a clearly higher brain accumulation for these multifunctional
NPs, compared to the other NP controls. Lastly, following intra-
venous treatment at a low DTX dose, the multifunctional NPs
increased the median survival of mice by around 20 d and long-
term survivors by more than 50%. Moreover, no significant
systemic toxicity-related alterations were observed in off-target
organs histopathology and weight indices, as well as in blood
total cell counts and biochemical indicators. Taken together, the
hypothesis proven by our study revealed the key role of both
acid-sensitive bioresponsive properties, and BBB and GBM
dual-ligand targeting, to achieve an effective multistage anti-
GBM therapy. It is of important note to highlight the versatility
of the stimuli-responsive multifunctional NPs herein proposed
— if in one hand they were proved effective for GBM treat-
ment, they might be also useful in future treatments for brain
metastasis and lower grade gliomas; on the other hand, the
PLGA core of the NP system has been proved extremely ver-
satile to allow coencapsulation of therapeutic molecules, which
might be useful to include alternative chemotherapies or even
immunotherapeutics.

4. Experimental Section

Materials: All material sources are detailed in Supporting Information.

Chemical ~Synthesis of the L-Histidine Functionalized Targeting
Polymeric Conjugate: A solution of COOH-L-Histidine-BOC (COOH-
His-BOC, MW = 0.255 kDa, 30.6 mg, 120 umol), N-hydroxysuccinimide
(414 mg, 360 umol), and N,N-dicyclohexylcarbodiimide (74.3 mg,
360 umol) in 9 mL anhydrous dimethylformamide was treated with
PLGA-PEG(2K)-NH, (Mn = 17 kDa, 360 mg, 22 umol) and N,N-
diisopropylethylamine (37.8 mg, 293 umol) in 5 mL anhydrous
dimethylformamide. The reaction was stirred for 24 h at room
temperature (RT) under inert atmosphere. The resultant mixture was
poured into cold diethyl ether (80 mL), washed three times with methanol
(40 mL) and dried under vacuum overnight. The polymeric conjugate
was re-dissolved and filtered in 15 mL anhydrous dichloromethane,
and dried under vacuum overnight. The obtained polymeric conjugate,
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termed PLGA-PEG(2K)-His-BOC, was obtained with 70% yield. A
selective carbamate hydrolysis was employed to remove the -BOC
protecting group, giving PLGA-PEG (2K)-His (Supporting Information).

Chemical Synthesis of the Cleavable and Noncleavable Angiopep-2
Functionalized Targeting Polymeric Conjugates: Angiopep-2 containing
a N-terminal cysteine (MW = 2.405 kDa, 15.45 mg, 6.4 umol) was
treated with tris(2-carboxyethyl) phosphine (3.8 mg, 13.2 pmol) in 8 mL
anhydrous dimethylformamide and stirred for 1 h at RT under inert
atmosphere. 150 mg of either PLGA-acetal-PEG (5K)-Mal (acid-cleavable,
Mn = 35 kDa, 4.3 umol) or PLGA-PEG(5K)-Mal (non-cleavable, Mn =
35 kDa, 4.3 umol) dissolved in 2 mL anhydrous dimethylformamide
were then added to the mixture, and allowed to react for 24 h at 4 °C
under inert atmosphere. The reaction mixture was poured into cold
diethyl ether (40 mL), washed three times with methanol (30 mL)
and dried under vacuum overnight, giving the cleavable PLGA-acetal-
PEG(5K)-ANG2, or the noncleavable PLGA-PEG(5K)-ANG2, with 85%
yield.

Characterization of the Targeting Polymeric Conjugates: FTIR spectra
were recorded with a FTIR-RAMAN Perkin Elmer 2000 (Perkin Elmer,
USA) spectrometer using the potassium bromide (KBr) pellet method.
Each pellet was prepared by blending 2 mg of the polymeric conjugate
with 200 mg KBr. After a 5 min purge of the sample chamber with
N,, IR spectra were immediately recorded by the accumulation of 200
interferograms at a 4 cm™ spectral resolution over the range from 400
to 8000 cm™" with background subtraction. MALDI-TOF MS was carried
out on a Bruker Autoflex Il with NdYAG laser (Bruker Corporation,
USA), operating in reflector-positive mode. Samples were dissolved
in acetonitrile at 2.5 mg mL™ and mixed with the matrix (c~cyano-4-
hydroxycinnamic acid, 10 mg mL™ in 50% v/v acetonitrile) in a 1:2
matrix:sample proportion. 'H NMR measurements were performed with
a BRUKER AVANCE Il 400 MHz (Bruker Corporation, USA) or Bruker
Avance IIl HD 600 MHz (Bruker Corporation, USA) spectrometers at
25°C in deuterated dichloromethane or dimethyl sulfoxide. Chemical
shifts are reported in ppm (J units) and were referenced to the residual
solvent signal. Bradford assay was used to quantify the amount of
Angiopep-2 in the reaction supernatants. Coomassie Reagent (150 uL)
was added to the same volume of each sample in a 96-well plate, and
shaken during 30 s. Then, the plate was incubated for 10 min at RT, and
the absorbance was measured at 595 nm in a SynergyMx MultiMode
microplate reader (BioTek, USA). Angiopep-2 standards were prepared.
For testing the acid-cleavable properties of PLGA-acetal-PEG (5K)-Mal,
40 mg of the polymer were suspended in an acetate buffer solution (1 m,
pH 5.5), vortexed and left overnight under vigorous stirring. Afterwards,
the polymer was recovered by centrifugation, washed three times with
water and freeze dried (FreeZone 6, Labconco, USA). The dried polymer
was dissolved in dichloromethane (2 mL), the solution poured into cold
diethyl ether (10 mL), washed three times with methanol (10 mL) and
dried under vacuum overnight. The polymeric conjugate was analyzed by
"M NMR in deuterated dimethylsulfoxide.

Cell Culturing: U-87 MG, U-251-MG, U-373 MG, non-tumor astrocytes
(NHA) and GIN cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with fetal bovine serum
(FBS, 10% v/v) and penicillin—streptomycin (1% v/v). GIN cells were
derived from the infiltrative margin of GBM adult patients undergoing
5-aminolevulinic acid (SALA, Gliolan) fluorescence guided neurosurgical
resection at the Queen’s Medical Centre (Nottingham, UK), and obtained
from Dr Ruman Rahman. The full protocol for cell isolation*!l and cell
authentication details®®l are reported elsewhere. Patient cell origin and
single tandem repeat (STR) genotyping data are detailed in Table S1
(Supporting Information). hCMEC/D3 cells were maintained in endothelial
basal medium-2 supplemented with FBS (5% v/v), penicillin—streptomycin
(1% v/v), hydrocortisone (1.4 x 107 wm), ascorbic acid (5 pug mL™),
chemically defined lipid concentrate (1/100 v/v), 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (10 x 10 m) and basic fibroblast growth
factor (1 ng mL™). This last supplement was added extemporaneously in
the culture medium. Cell cultures were kept in an incubator (CellCulture
CO, incubator, ESCO GB Ltd., UK) at 37 °C with 5% CO, and 95% relative
humidity. Cell culture medium was changed every 2-3 d.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Nanoparticle  Manufacture: The microfluidic  protocol for NP
manufacture was adapted from elsewhere.?% Briefly, the organic phase
consisted of a polymer solution at 40 mg mL™ (TPC based on PLGA-
COOH, Mn = 35 kDa, and each targeting polymeric conjugate at the
desired percentage) and DTX at 2 mg mL™ in acetonitrile, whereas the
aqueous phase consisted of a 1% (w/v) Poloxamer 407 aqueous solution.
Both phases were injected into a X-junction microfluidic chip with a
three-inlet layout, in which the organic (0.75 mL min™) and aqueous
(2.25 mL min") phases were injected through the central and the two
outer inlets, respectively. Each experiment was conducted until 20 mg of
NPs were produced (equivalent to a 40 s run time). NPs were washed
three times with water and recovered by ultrafiltration using Amicon
Ultra-15 centrifugal filter units. For the obtention of fluorescent labeled
NPs, 10% of the polymer content of the organic phase consisted of either
PLGA-FKR648 (Mn = 20 kDa) or PLGA-FITC (Mn = 25 kDa), or DTX in
the organic phase was replaced by Cy7.5 carboxylic acid at 0.1 mg mL™
in acetonitrile. To manufacture PEGylated but non-targeted NP controls,
mPEG(2K)-PLGA (Mn = 17 kDa) or mPEG(5K)-PLGA (Mn = 35 kDa)
were included in the polymer content of the organic phase, giving NP
formulations termed mPEG (2K) NPs and mPEG (5K) NPs, respectively.

Flow Cytometry Analysis: 0.25 x 108, 0.3 x 105, or 0.5 x 10° cells per
well were seeded for U-87 MG/U-251 MG/U-373 MG (six-well plate)
cells, GIN primary cells (six-well plate) and hCMEC/D3 cells (24-well
plate),[”] respectively. The cells were allowed to attach overnight, washed
with phosphate-buffered saline (PBS), and PLGA-FKR648 or PLGA-FITC
labeled NPs in medium (25 ug mL™ or 300 ug mL™, respectively, 1 mL)
were added for 4 h at 37 °C. Afterward, cells were washed twice with PBS,
detached with trypsin (50/250 pL), and 150/500 pL media were added
to each well. Cells were subsequently washed with PBS, fixed with 2%
paraformaldehyde (PFA) for 20 min at RT, washed again, and placed
into cytometer tubes for further analysis. Cells were analyzed using an
Accuri C6 cytometer (BD Biosciences, USA). MFI was measured for at
least 10 000 viable plus single cell gated events per sample, and all data
were processed with FlowJo software (Tree Star, USA). Experiments were
performed at least in triplicate.

Confocal Microscopy Analysis: GIN cells were seeded in 13 mm diameter
glass coverslips placed into 24-well plates (0.06 x 10 cells per coverslip,
400 pL medium), and allowed to attach overnight. The coverslips were
precoated with human fibronectin at 2 ug cm=2 for 24 h at 37 °C. The
cells were washed with PBS, and PLGA-FKR648 labeled NPs in medium
(25 ug mL™, 1 mL) were added and incubated for 4 h at 37 °C. After
incubation, the cells were washed twice with PBS, fixed with 2% PFA for
20 min at RT, and washed again. The cells were then permeabilized with
0.25% Triton-X100 (400 uL) for 10 min at RT, and rinsed with PBS. The
cells were blocked in 10% FBS in PBS for 30 min at RT. The solution
was then replaced by 400 uL of 10% FBS in PBS containing Alexa Fluor
546 labeled-phalloidin (1:200 dilution) and incubated for 20 min at RT.
The cells were rinsed three times with PBS, the coverslips were mounted
on glass microscope slides with mounting media and dried overnight
at RT in the dark. Cells were imaged with a SP5 confocal microscope
(Leica Microsystems, Germany) and image analysis was performed with
the LAS AF Lite software (Leica). The images are shown as maximum
projections of 10-20 Z-stacks with a distance of 1-2 um between them.

Evaluation of Cell Metabolic Activity (2D): For 2D cultures, 0.002 x 10°
GIN cells per well were seeded in 96-well plates and allowed to attach
during 48 h, in order to reach a starting confluence level of around
20-30%. After that, the medium was removed, cells were washed
three times with PBS, and different concentrations of drug or NP
samples (0.00045 to 4.5 x 107 M, in regard to the drug) in medium
(200 pL) were incubated up to 48 h or 96 h, at 37 °C. For dynamic-like
boost treatments, the same procedure was followed, but 4.5 x 107 m
and 45 x 10°® M concentrations of drug or NP samples in medium
were added for 4 h, cells washed three times with PBS and incubated
with fresh medium up to 96 h. At each timepoint, the medium was
removed and 200 plL resazurin (20%, v/v) in media was added to
each well and incubated for 4 h at 37 °C in the dark. After, fluorescence
was measured at the excitation and emission wavelengths of 530 and
590 nm, respectively, using a SynergyMx MultiMode microplate reader
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(BioTek, USA). Experiments were performed at least in quadruplicate,
and all data were normalized in regard to the negative (1% Triton X-100)
and positive (medium) controls, which were considered 0% and 100%
metabolic activity, respectively. Graphical data for cell metabolic activity
was referenced to a threshold of 70% cell viability according to the ISO
10993-5 standard.[®®]

Evaluation of Cell Metabolic Activity (3D): GIN spheroids were formed
using commercially available micromolds (3D Petri Dish, MicroTissues,
USA). Agarose was dissolved at 2% (w/v) in 0.9% NaCl (w/v) and cast into
3D Petri Dish molds to form hydrogel micro-molds with 81 homogenous
circular recesses. 0.0025 x 10° cells per spheroid was added to the
micromolds and allowed to settle for 30 min, before adding media (2 mL)
to each well. Media was replaced every 2 d. Spheroids size was assessed
using a ZOE Fluorescent Cell Imager (Bio-Rad Laboratories, USA), and
considered the average of two diameter measurements was randomly
evaluated in three different spheroids per micromold core. Two days after
seeding, medium was removed, micromolds were washed with PBS, and
different concentrations of drug or NP samples (0.00045 to 4.5 X 107 m,
in regard to the drug) in medium (190 uL per micro-molds and 2 mL per
well) were added and incubated up to 48 h and 96 h, at 37 °C. For dynamic-
like boost treatments, the same procedure was followed, but 4.5 x 107 m
and 45 x 107 m concentrations of drug or NP samples in medium were
added for 4 h or 12 h, micromolds washed three times with PBS and
incubated with fresh medium up to 96 h. At each time point, the medium
was removed and the spheroids were transferred to a 15 mL plastic tube.
Per tube, spheroids were incubated with Versene (300 uL) for 10 min and
1x TrypLE Select (200 pL) for 15 min, followed by vigorous pipetting to
dissociate the spheroids into single cells. Versene and TrypLE Select were
used to promote the weakness of cell-cell adhesion bonds and foster
the preservation of surface transporters during dissociation, respectively.
The cells were afterward washed three times with PBS and resuspended
in 200 pL media, from which 30 pL were transferred to 96-well plates
and allowed to attach overnight. The following day, 200 pL resazurin
(20%, v/v) in media was added to each well and incubated for 4 h at
37 °C in the dark. After, fluorescence was measured at the excitation and
emission wavelengths of 530 and 590 nm, respectively, using a SynergyMx
MultiMode microplate reader (BioTek, USA). Experiments were performed
at least in quadruplicate, and all data were normalized in regard to the
positive control (medium), which was considered 100% metabolic activity.
Graphical data for cell metabolic activity was referenced to a threshold of
70% cell viability according to the ISO 10993-5 standard.[5®]

Assessment of Blood-Brain Barrier Permeability: The protocol to set up
a BBB in vitro model was followed from elsewhere.[®® 0.025 x 10° cells
cm? hCMEC/D3 cells in media (500 pL) were seeded in the apical side
on 12-Transwell cell culture inserts. Previously to the seeding, inserts
were coated with 90 uL of 50 ug mL™ rat tail collagen type | in acetic acid
(0.02 m) for 1 h, at 37 °C, and then washed twice with PBS. The basolateral
side was filled with 1.5 mL medium. The model was kept at 37 °C during
8 d, and the medium changed every 2 d. The hCMEC/D3 cell monolayer
became confluent at day 8, which was the day selected to initiate the
permeability study. The integrity of the cell monolayer was checked every
2 d by monitoring the TEER using an endothelial Volt-Ohm meter (Millicell
ER S-2; Merck Millipore, USA). The resistance value of an empty filter was
subtracted from each measurement. The permeability experiment was
performed in the apical-to-basolateral direction. The apical compartment
was filled with FITC-labeled NPs in Hanks’ balanced salt solution
(300 pg mL™, 500 uL).%7 Then, the assay was conducted at 37 °C using
an orbital shaker incubator (100 rpm). At 24 h, 200 pL samples were taken
from the basolateral side and the fluorescence signal was measured at the
excitation and emission wavelengths of 490 nm and 520 nm, respectively,
using a SynergyMx MultiMode microplate reader (BioTek, USA).
Experiments were performed in triplicate.

In Vivo Studies: All experiments were performed following the Belgian
national regulations guidelines as well as in accordance with EU Directive
2010/63/EU, and were approved by the ethical committee for animal
care of the Université catholique de Louvain (2019/UCL/MD/004). Seven
week old female NMRI nude mice (Janvier Labs, France) were given free
access to water and food.
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In Vivo Biodistribution: To assess Cy7.5 labeled NP biodistribution,
mice were intravenously injected with a NP dose equivalent to 10 pg
Cy7.5 per animal (110-130 UL injection in PBS, n = 3). Biodistribution was
visually observed using a Xenogen IVIS 50 imaging system (PerkinElmer,
Belgium) at 2, 6, and 24 h after injection. At 24 h, mice were sacrificed,
and major organs (heart, lungs, liver, kidneys, spleen) were excised
for ex vivo analysis. Regions of interest (ROI) were drawn over the
signals and area-normalized average radiant efficiency was quantified in
[p s cm 2 srl/uW cm™?). Results are represented as floating bar plots
using minimum and maximum values with a line at the mean.

In Vivo Therapeutic Efficacy: Mice were anesthetized by intraperitoneal
injection of ketamine/xylazine (100/13 mg kg™, respectively) and fixed in
a stereotactic frame. A hole was drilled using a surgical high-speed drill
(Velleman, Belgium) and 2 uL of DMEM containing 3 x 10* U-87 MG
cells were injected into the right hemisphere using an infusion syringe
pump (Harvard Apparatus, USA) mounted with a Hamilton syringe
(26S gauge needle) as previously described.’® The injection coordinates
were 0.5 mm anterior or posterior, 2.1 mm lateral from the bregma and
2.5-3 mm deep from the outer border of the cranium, respectively.
The presence, volume, and location of the tumors were determined
by magnetic resonance imaging (MRI, 11.7T Bruker Biospec, Bruker,
Germany) at day 8 post U-87 MG cell inoculation. The tumor volume
was assessed using the rapid acquisition with relaxation enhancement
(RARE) sequence (TR = 2500 ms; effective echo time (TEeff) = 30 ms;
RARE factor = 8; FOV = 2 X 2 cm; matrix 256 x 256; 25 contiguous slices
of 0.3 mm, NA = 4). At day 10 post U-87 MG cell inoculation, treatments
were initiated. For intratumoral treatment, the same coordinates of U-87
MG cell inoculation were used, and 2 pg DTX in 7.5 pL were injected
per brain (n = 8)— Group 1: untreated; Group 2: free DTX (solubilized in
three times diluted Taxotere vehicle); Group 3: nonfunctionalized NPs;
Group 4: H-NPs. For intravenous treatment, 2 mg kg™' DTX in 150 pL
were injected per animal (n = 6), every 3 d, for a total of 5 injections—
Group 1: untreated; Group 2: free DTX (solubilized in Taxotere vehicle);
Group 3: nonfunctionalized NPs; Group 4: H-NPs; Group 5: H-NCL-
ANG2-NPs; Group 6: H-CL-ANG2-NPs.

In Vivo Toxicity: 48 h after the previously detailed intravenous
treatment, for GBM bearing mice assigned to each treatment group
(n = 3), animals were anesthetized by intraperitoneal injection of
ketamine/xylazine (100/13 mg kg, respectively) and blood was
collected through the retro-orbital plexus region in lithium heparin
tubes (Microvette 500 LH, Sarstedt, Germany). After a 1:5000 dilution
in PBS, blood cell counts were determined by direct microscopic
counting in a Biirker cell counting chamber (Fisher Scientific, USA).
Blood samples were then centrifuged at 1500 g for 10 min to obtain
the serum. Blood urea nitrogen, creatinine, albumin, aspartate
aminotransferase, alanine aminotransferase, total bilirubin and total
protein levels were assessed by Vet Test 8008 (IDEXX, USA). Mice
were then sacrificed by cervical dislocation and, for histopathological
examination of off-target major organs, organs were fixed in 10%
neutral buffered formalin, embedded in paraffin blocks, and frozen at 4
°C before 3—5 um sections were cut and stained with hematoxylin and
eosin (H&E). An Olympus optical microscope (Tokyo, Japan) was used
to observe the stained slices.

Statistical Analysis: Results are represented as mean * standard
deviation from a minimum of three independent experiments. Statistical
analysis was performed by two-way analysis of variance (ANOVA)
followed by a post hoc test (Dunnett’s test) to compare experimental
groups. For in vivo data, survival curves were compared using a log-rank
(Mantel-Cox) test. Differences were considered significant at *p < 0.05,
**p < 0.01, or ***p < 0.001. Statistical analysis was performed with the
software GraphPad Prism 9 (GraphPad Software, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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