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Chlorin e6-Loaded Nanostructured Lipid Carriers Targeted
by Angiopep-2: Advancing Photodynamic Therapy in
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Glioblastoma (GBM) is a highly aggressive brain tumor known for its resistance
to standard treatments. Despite surgery being a primary option, it often

leads to incomplete removal and high recurrence rates. Photodynamic therapy
(PDT) holds promise as an adjunctive treatment, but safety concerns and

the need for high-power lasers have limited its widespread use. This research
addresses these challenges by introducing a novel PDT approach, using
chlorin e6 (Ce6) enclosed in nanostructured lipid carriers (Ang-Ce6-NLCs)

and targeted to GBM with the angiopep-2 peptide. Remarkably, a single 5-min
irradiation session with LEDs at 660 nm and low power density (10 mW cm—2)
proves effective against GBM, while reducing safety risks associated with
high-power lasers. Encapsulation improves Ce6 stability and performance

in physiological environments, while angiopep-2 targeting enhances delivery
to GBM cells, maximizing treatment efficacy and minimizing off-target effects.
The findings demonstrate that Ang-Ce6-NLCs-mediated PDT brings about a
significant reduction in GBM cell viability, increases oxidative stress, reduces
tumor migration, and enhances apoptosis. Overall, such treatment holds
potential as a safe and efficient intraoperative removal of GBM infiltrating cells
that cannot be reached by surgery, using low-power LED light to minimize
harm to surrounding healthy tissue while maximizing tumor treatment.

1. Introduction

Glioblastoma (GBM) is the deadliest form
of brain cancer, with a low survival rate
and limited treatment options.I') Standard
treatments like surgery, chemotherapy, and
radiotherapy have limited efficacy and se-
vere side effects. GBM has a highly in-
vasive nature, making complete surgical
removal difficult and leading to high re-
currence rates (*90%) and short life ex-
pectancy (with a median survival of 12-15
months, and a 5-year survival of ~5%).l%!
GBM genetic variability poses challenges
in the selection of the correct therapeutic
regimen for each patient.”] Furthermore,
GBM exhibits a high capacity to infiltrate
healthy brain tissues, making the precise
identification and removal of tumor cells
challenging.]®! Finally, the blood-brain bar-
rier (BBB) hinders the delivery of anti-
cancer drugs to the tumor.[*) It appears clear
that new therapeutic approaches are ur-
gently needed to fight this incurable tumor.
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Photodynamic therapy (PDT) has emerged as a valuable
modality for tumor treatment, particularly useful for genetically
diverse tumors, like GBM. PDT activates a photosensitizer with
light at a specific wavelength to generate reactive oxygen species
(ROS) that induce tumor cell death.l’] Photosensitizers are gener-
ally nontoxic in the absence of light, facilitating precise localiza-
tion of the treatment to the stimulated area. The broad-spectrum
cytotoxicity of ROS renders them effective across various tumor
characteristics and genetic profiles. The activation of the photo-
sensitizer needs an optimal energy input, typically achieved by
high-power laser light sources; however, high-power lasers raise
concerns about potential damage to healthy tissues. Moreover,
due to laser small irradiance area, the complete ablation of all tu-
mor cells usually requires long treatment sessions. Thus, there is
a demand for novel photosensitizers, capable of efficiently gener-
ating ROS with low-energy stimulations and offering a potential
solution to enhance the efficacy and safety of PDT applications.

Chlorophyll derivates show promise for PDT due to their
unique characteristics: they have low dark toxicity, they are easily
eliminated from the body, and they absorb light in a range where
interference from hemoglobin and melanin absorption has lower
impact (650-800 nm), enabling the stimulation of regions located
deeper than a few millimeters, and they produce ROS with a high
yield, suggesting the potential to reduce the power required for
their stimulation.[® Chlorin e6 (Ce6), a chlorophyll derivative be-
longing to the chlorins family (i.e., 18z-electron aromatic com-
pounds with a tetrapyrrole backbone possessing two extra hydro-
gens compared to porphyrins!’l), stands out for its advancement
in clinical studies thanks to its low dark toxicity, fast clearance,®!
light absorption between 650 and 670 nm, a singlet oxygen quan-
tum yield of 0.7 (in phosphate buffer),”! and a triplet lifetime of
760 ps.’ Nevertheless, Ce6, like many chlorophyll derivatives,
exhibits low solubility in biological fluids, forming aggregates
that have a negative impact on their optical and photodynamic
properties.[®] In this context, nanomedicine has fostered the de-
velopment of nanoparticles as carriers for chlorophyll derivatives,
enabling their targeted delivery, improving their bioavailability,
and favoring the stability of their optical properties in biological
environments.

Our study introduces a nanotechnological approach for deliv-
ering Ce6 to GBM using angiopep-2 (Ang)-functionalized nanos-
tructured lipid carriers (NLCs, Ang-bearing, and Ce6-loaded
NLCs being referred to as Ang-Ce6-NLCs). These nanoparticles
serve as a biocompatible and biodegradable delivery system, pre-
venting Ce6 aggregation in biological media and preserving its
optical properties, ensuring optimal ROS production upon light
exposure. Surface modification with Ang enhances targeting to
GBM cells, leveraging its interaction with the low-density lipopro-
tein receptor-related protein 1 (LRP1) overexpressed on GBM cell
membranes.['%

To investigate ROS production and PDT from Ang-Ce6-NLCs
interaction with light, we designed a specific LED stimulator
(660 nm) with precise geometry for uniform irradiation over a
large area. This novel set-up allows simultaneous irradiation of
multiple samples on conventional multi-well plates, advancing
high-throughput screening in PDT research. Additionally, it also
accommodates a custom fluidic bioreactor mimicking an in vitro
neurovascular unit (NVU) affected by GBM, comprising a BBB
model (brain endothelial cells, human astrocytes, and pericytes)
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and healthy brain cells (neurons, microglia, and astrocytes) in co-
culture with GBM cells. Thanks to these tools, we showed that
Ang-Ce6-NLCs effectively generate ROS and induce GBM cell
death with just 5 min of light exposure at low power density
(10 mW cm™2). Importantly, Ang-Ce6-NLCs-mediated PDT ex-
hibited selective action on GBM cells, even when the entire NVU
model was under light exposure. A schematic representation of
the experimental design proposed in our work is presented in
Figure S1 (Supporting Information).

Our Ang-Ce6-NLCs obviate the need for costly laser stimula-
tions, utilizing a more accessible LED set-up for PDT and GBM
ablation. Moreover, LEDs offer the advantage of irradiating a
larger area, allowing in situ tumor cavity stimulation during sur-
gical resection. At the same time, the selective action of Ang-Ce6-
NLCs ensures specific removal of invaded GBM cells that cannot
be easily reached by surgery,['!] while ensuring minimal impact
on healthy cells.

2. Results and Discussion

2.1. Nanoparticles Characterization

The morphology and size of the nanoparticles were assessed by
transmission electron microscopy (TEM) (Figure 1A,B; Figure
S2A,B, Supporting Information). Both Ce6-NLCs and Ang-Ce6-
NLCs display a spherical morphology; the functionalization with
Ang has no impact on the overall morphology, in agreement with
previous works.!"”] The mean diameters of the nanoparticles were
determined to be 96 + 2 nm for Ce6-NLCs and 97 + 4 nm for Ang-
Ce6-NLCs. The hydrodynamic diameters were also measured by
dynamic light scattering (DLS) to be 224 + 11 nm for Ce6-NLCs
and 194 + 4 nm for Ang-Ce6-NLCs, confirming the little impact
of the functionalization on the nanoparticle size. Moreover, the
low polydispersity index (0.212 + 0.005 for Ce6-NLCs and 0.184
+ 0.012 for Ang-Ce6-NLCs) and the presence of a single popula-
tion in the intensity distribution in Figure S2C (Supporting Infor-
mation) suggest a fairly monodisperse sample. The {-potential
of Ang-Ce6-NLCs is slightly higher (—23.8 + 0.5 mV) than that
of Ce6-NLCs (—28.3 = 0.7 mV), suggesting a partial screening
of the surface charges due to the Ang functionalization. This re-
sult agrees with previous studies on PEGylated lipid nanoparti-
cles functionalized with the same peptide.[*?]

To confirm the successful functionalization of the nanopar-
ticles with Ang, Sodium dodecyl sulfate-poly(acrylamide) gel
electrophoresis (SDS-PAGE) followed by Coomassie staining
was performed (Figure S2D, Supporting Information). Ang-Ce6-
NLCs display a band, similar to that found running Ang alone,
confirming the presence of the peptide on the nanoparticles; on
the other hand, bare Ce6-NLCs do not give rise to any band after
the staining, validating the specificity of the test for the peptide,
with no interference from other components of the nanoparti-
cles. After comparing the intensity of the band of Ang-Ce6-NLCs
with that of a known amount of peptide alone, the percentage of
Ang attached to the surface of the nanoparticles was found to be
2.6 + 0.6 wt%.

The stability of Ang-Ce6-NLCs in terms of their hydrody-
namic diameter was assessed in different buffers, particularly in
water (storage conditions), at pH 7.4 (phosphate buffer saline,
PBS) to replicate physiological conditions, at pH 4.5 (phosphate
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Figure 1. TEM images of A) Ce6-NLCs and B) Ang-Ce6-NLCs. C) UV/visible spectra of Ce6 in water (gray), PBS (cyan), at pH 4.5 (violet), DMEM + FBS
(blue). D) UV/visible spectra of Ang-Ce6-NLCs in water (gray), PBS (cyan), at pH 4.5 (violet), DMEM + FBS (blue). E) Fluorescence emission spectra (1ex
405 nm) of Ce6 in water (gray), PBS (cyan), at pH 4.5 (violet), DMEM + FBS (blue). F) Fluorescence emission spectra (dex 405 nm) of Ang-Ce6-NLCs in
water (gray), PBS (cyan), at pH 4.5 (violet), DMEM + FBS (blue). G) Fluorescence emission spectra (Aex 405 nm) of Ce6 in water (gray), Ce6 in DMSO
(cyan), and Ang-Ce6-NLCs in water. H) Emission at 648 nm over the emission at 671 nm of Ang-Ce6-NLCs in water over time (1ex 405 nm).
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Table 1. Absorption maxima of Ce6 and Ang-Ce6-NLCs in different buffers.

Buffer Ce6 Ang-Ce6-NLCs

Soret Band [nm] Q, Band [nm] Soret Band [nm]  Q, Band [nm]

DMSO 406 664

Water 405 640 405 666
PBS 403 653 404 657
pH 4.5 403 640 405 666
DMEM + FBS 410 656 410 657

buffer) to mimic the conditions within tumor microenvironment
or acidic organelles, and in high-glucose Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (here called, DMEM + FBS), representing the fi-
nal dispersing medium of the nanoparticles when administered
to cells.314] All these conditions, except for water, were also
replicated in the presence of 100 um hydrogen peroxide (H,0,),
to mimic the higher oxidative stress conditions within cancer
cells.”] As shown in Figure S2E (Supporting Information), the
hydrodynamic diameter of Ang-Ce6-NLCs remains fairly stable
in all the conditions studied, throughout the whole considered
timeframe (30 days).

The loading of Ce6 within Ang-Ce6-NLCs was measured by
high-performance liquid chromatography (HPLC) to be 0.7 +
0.1 wt% and confirmed by fluorescence spectroscopy, which sug-
gested a Ce6 loading equal to 1.1 + 0.4 wt%. From these two mea-
surements, we could also determine that the encapsulation effi-
ciency of Ce6 in the nanoparticles is around 25-39%.

The optical properties of free Ce6 and Ang-Ce6-NLCs were
measured by UV/visible and fluorescence spectroscopy to eluci-
date the impact of Ce6 encapsulation within the lipidic core. Ab-
sorption spectra of free Ce6 were collected in different media and
compared to those of Ang-Ce6-NLCs (Figure 1C,D). Similarly to
other chlorophyll derivatives, Ce6 spectrum is characterized by
three main bands (Figure 1C): the Soret bands at lower wave-
lengths (~ 400-410 nm), and the Q, and Q, bands at longer wave-
lengths (~ 450-550 and 640-660 nm, respectively). According
to Gouterman’s four-orbital model, the emergence of the Soret
band stems from electronic transitions from the ground state (S,)
to higher excited singlet states (S,), while the Q bands originate
from the excitation of lower excited singlet states (S,).["*®] The
position of these bands, particularly the Q, band, strongly de-
pends on the environment and the aggregation state of Ce6.!'°!
In aqueous solutions, the limited solubility of chlorophyll deriva-
tives, owing to their inherent hydrophobic nature due to the hete-
rocyclic ring structure, fosters their aggregation into supramolec-
ular complexes. Two types of aggregates can form: J-aggregates,
characterized by a dimer alignment angle smaller than 54.7°, and
H-aggregates, featuring an angle larger than 54.7°. These aggre-
gations significantly influence the optical properties of Ce6; J-
aggregates induce a red-shift in the Q bands, while H-aggregates
result in their blue shift relative to the monomeric form of Ce6.!°!
As evidenced in Figure 1C and Table 1, the absorption spec-
trum of Ce6 in dimethyl sulfoxide (DSMO) shows a Soret band
at 406 nm and a Q, band at 664 nm. Since Ce6 is soluble in
DMSO, under such conditions, Ce6 predominantly exists in its
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Table 2. Emission maxima of Ce6 and Ang-Ce6-NLCs in different buffers
(4ex 405 nm).

Buffer Ceb Ang-Ce6-NLCs

Emission [nm] Emission [nm]

Water 648 648, 671
PBS 661 663
pH 4.5 648 672
DMEM + FBS 661 663

monomeric form. However, when dissolved in aqueous solvents,
a blue-shift of the Q, band is observed, indicating partial aggre-
gation into H-aggregates. Both in water and in buffer at pH 4.5,
the Qy band experiences a blue-shift at 640 nm (A4 = 24 nm),
while in PBS and DMEM + FBS, the band shifts to 653 (A4 =
11 nm) and 657 nm (A4 = 7 nm), respectively. Although the ob-
served AA suggest slightly better compatibility of Ce6 with basic
environments, all conditions demonstrate a shift relative to Ce6
in DMSO, denoting poor solubility in all buffers. Upon encap-
sulation in Ang-Ce6-NLCs, Ce6 optical properties deviate from
those of the free molecule in the same solvents (Figure 1D and
Table 1). Although the Soret band appears unaffected by encap-
sulation, the Q, band of Ce6 in Ang-Ce6-NLCs dispersed in wa-
ter and at pH 4.5 (=666 nm) closely resembles that observed in
DMSO. Conversely, when dispersed in PBS or DMEM + FBS, the
Q, band position aligns with that of free Ce6 in the same solvents.
As reported in the literature, the solubility of Ce6 in aqueous en-
vironments is pH-dependent, with higher pH values enhancing
its solubility through deprotonation of the carboxyl groups.!*”]
Thus, when Ang-Ce6-NLCs are dispersed under slightly acidic
conditions (water and pH 4.5), Ce6 predominantly remains well-
encapsulated within the nanoparticle in a monomeric form. In
contrast, a more basic pH (PBS and DMEM + FBS) renders the
environment less harsh for Ceo6, likely leading to some degree of
Ce6 exposure to the solvent and consequent aggregation.

To further substantiate this observation, the fluorescence
emission of Ce6 and Ang-Ce6-NLCs in different conditions was
measured (Figure 1E-G and Table 2). When Ce6 is dissolved in
DMSO, its peak emission occurs at 673 nm (dex 405 nm). How-
ever, in water and at pH 4.5, the peak shifts to lower wavelengths
(648 nm, AA = 25 nm), while in PBS or DMEM + FBS it shifts
less prominently to 661 nm (A4 = 12 nm), consistently with the
trends of the UV/visible spectra. In Ang-Ce6-NLCs, the maxi-
mum emission aligns with that of free Ce6 in PBS or DMEM
+ FBS, while at pH 4.5, the peak precisely reflects that of free
Ce6 in DMSO, corroborating UV/visible findings. Interestingly,
in water the emission peak comprised two main contributions at
648 nm (like free Ce6 in DMSO) and 671 nm (like free Ce6 in
water), suggesting a dual distribution of Ce6 within the nanopar-
ticles (Figure 1G). One Ceb6 fraction might reside in a monomeric
state within the lipid core, akin to the organic solvent environ-
ment, while another might be predominantly at the periphery
of the lipid core, influenced by the aqueous solvent near the
poly(ethylene glycol) (PEG) hydrophilic chain. This observation
underscores the complex dynamics of Ce6 encapsulation within
Ang-Ce6-NLCs and its response to different environmental cues.
A similar Ce6 partitioning in small unilamellar vesicles was
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observed by Frolov et al. studying the optical properties of Ce6.[*°!
The authors reported a red-shift of approximately 6 nm in ab-
sorption and fluorescence spectra for Ce6 in a lipid environment
compared to weak alkaline solutions (pH 7.4), consistent with
our findings. They also found a similarity in Ce6 fluorescence
decay time between liposomes and organic solvents with dielec-
tric constants ranging from 12 to 20. This led them to suggest
Ce6 localization at the lipid/water interface of the lipid mem-
brane, interacting with phospholipid glycerine residues and as-
suming a fixed position at the membrane boundary, between the
polar and non-polar region.?’ Ce6 partitioning between aque-
ous and lipid phases is influenced by the properties of the po-
lar phase;!?!) higher acidity corresponds to a greater Ce6 fraction
in the non-polar phase., i.e., the lipid phase. Accordingly, in our
results, at pH 4.5, UV/visible and fluorescence spectra of Ang-
Ce6-NLCs resemble those of free Ce6 in DMSO, as Ce6 partition
in the lipid phase increases. While our nanoparticles structurally
differ from liposomes, the presence of 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE) phospholipid covalently linked
to PEG may create an environment akin to the lipid/solvent in-
terface seen in liposomes. This suggests a potential similarity in
Ce6 behavior within Ang-Ce6-NLCs and liposomes.

To determine whether Ce6 partitioning within the nanopar-
ticle evolves over time, we observed the fluorescence emission
of Ang-Ce6-NLCs in water and performed peak deconvolution
to distinguish contributions from polar and non-polar fractions
(Figure S3, Supporting Information). As depicted in Figure 1G,
within the initial 5 days post-dispersion in water at 37 °C, there
was a discernible increase in Ce6 partitioning into the aqueous
phase, indicating progressive redistribution.

The optical properties of Ang-Ce6-NLCs were also investigated
in the presence of an oxidizing agent (hydrogen peroxide 100 uM)
to simulate the more oxidative microenvironment of cancer cells;
nevertheless, no difference was found with respect to the same
buffers without hydrogen peroxide (Figure S4 and Table S1, Sup-
porting Information).

Another crucial aspect of chlorophyll derivatives used in PDT
is the potential degradation of their optical properties over time.
Previous studies have shown that the formation of aggregates
and increased 7—rx stacking can result in fluorescence quench-
ing and reduced photodynamic activity.'®! To address this con-
cern, we monitored the absorption and fluorescence spectra of
both free Ce6 and Ang-Ce6-NLCs in various buffers over a 30-
day period. As illustrated in Figures S5-S7 (Supporting Infor-
mation), aside from the already discussed redistribution of the
emission peaks observed in Ang-Ce6-NLCs in water, there were
no significant changes in the spectral shape over time in all con-
ditions. However, a notable decrease in intensity was observed.
To elucidate this phenomenon further, we calculated the ratio of
emission intensity at each time point (I) to the intensity at the
beginning of the study (time zero, I,; Figure S8, Supporting In-
formation). In all conditions, a reduction in emission intensity
was observed for both Ce6 and Ang-Ce6-NLCs. Notably, the fluo-
rescence quenching was consistently less pronounced when Ce6
was encapsulated in the nanoparticles, suggesting a protective
role of the nanoparticles in mitigating the formation of detrimen-
tal aggregates. This effect was particularly pronounced in water
and acidic conditions, where Ce6 insolubility led to a complete
loss of function of the free molecule.
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2.2. LED-Stimulation Set-Up

For consistent stimulation during LED irradiation, we developed
a dedicated LED stimulator set-up accommodating 24-well plates
for in vitro experiments and fluidic bioreactors for advanced
multi-culture studies (Figure 2A). The chamber comprises a box
housing a row of seven 660 nm-LEDs positioned at the bottom,
on a metallic bar to prevent LED overheating. A power controller
regulates the voltage supply to the LEDs, ensuring precise control
over power density at the multi-well bottom (Figure S9A, Sup-
porting Information). The chamber temperature during 5-min
irradiation at 10 mW cm~2 showed no significant variations from
room temperature (Figure S9B, Supporting Information).

Mathematical simulations were conducted to better character-
ize the light distribution within the LED stimulator set-up, aim-
ing to optimize the radiant intensity across the 24-well plate and
from the LEDs to the multi-well bottom. Under stationary con-
ditions, light fluence distribution was simulated and visualized
using 3D or 2D color maps alongside 1D line plots. The geo-
metrical model used in the simulation (Figure 2B) reproduced
the real illumination set-up employed for cell experiments, with
seven hemispheres (R = 1.53 mm) representing the LED heads
positioned on the bottom chamber surface, while the polystyrene
(PS) 24-well plate is placed 2.7 cm above the LEDs. Figure 2C
represents the 2D color map of light fluence on the 24-well plate
bottom surface for a radiant flux of 682.5 mW from LED sources.
In the central wells directly above LEDs, light fluence reaches
3.8 mW cm~2. The difference in light fluences among the wells
and the PS surrounding walls is attributed to the second reflec-
tion phenomena due to refractive index mismatch between PS
and the cell medium. In Figure 2D, line plots of the light flu-
ence across adjacent wells for different LED radiant flux clearly
demonstrate higher intensities in the central wells with respect
to the lateral ones. According to these results, in this work all
stimulations were conducted by positioning the samples only in
the central wells, to guarantee homogenous irradiation to all the
experimental classes. At simulated LED radiant flux (1312 mW),
light fluence at the central wells reaches 6.7 mW cm~2, adjustable
by increasing LED current supply. Figure 2E shows the light flu-
ence 3D color map related to the entire geometric model. In the
bottom chamber, light fluence is homogenous, as the air medium
does not affect light propagation at this wavelength.[?2?3] Con-
versely, light intensity exponentially decreases at the PS multi-
well boundary, adhering to the Robin boundary condition. Line
plots in Figure 2F show an exponential decay of the light fluence
across the PS layer, for different LED radiant flux related to the
segment connecting the central LED with the middle well, result-
ing in light transmission of 35%.

Accounting for these phenomena is crucial in PDT to adjust
LED voltage input based on the desired power density required
for effective sample irradiation. This numerical finite element
method (FEM) model confirms the suitability of our LED-based
cell stimulation set-up at 660 nm. Moreover, it paves the way for
carrying out simulation studies on soft biological tissue, help-
ing further investigations into the potential application of PDT in
vivo. By adjusting the optical properties of the involved light diffu-
sion media, such as those of the dermis or other tissues, one can
optimize light source flux parameters to achieve the desired light
excitation intensity, enhancing the therapy’s effectiveness.[2*2°]

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

a ‘0 °6S9TT61T

:sdny woxy papeoy

2
£
g

=
]
S
g
s
3
8
N4
e
&
2
o
S
S
B
s
S
2
s
3
T

g
c
EN
S
]

=
=]
=
]
s
]
H
]
=
s
=3
>
g
]
5

<
o
B
-
2
o
g

2
El
S
5
)
S
S
&
»
&
8
=
g
5
g
g
M
g
=
o]
=
=

ASULDIT SUOWWIO)) 2ANEAL)) d[qearjdde oy £q pauroaod are soore £0SN JO SO[NI I0J AIRIQIT dUI[UQ) AD[IA\ UO (SUOIIPUOI-PUB-SULID)/W0D K[ 1Av ATeIqI[aul,
1 D D d[qed1]| Y AQ P e VO JO Sa[N1 10§ ATRIQIT SUI[UQ AL UO (SUOBIPUOD-P / I qriauly



ADVANCED

SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

——685.5mW ———840.0mW |
——997.5mW ——1155.0 mW N
———13120mW 3

~

6 5.0
5
4 4.8
L 4.6
S5
=1 4.4
o
) 4.2
g! 4.0
G2 -
>3 3.8
-4
oy 3.6
1
: ,, \3.4
I 0 5 m
! X-coordinate \
\
D H ——6855mW ——840.0mW % F /
1 ——997.5mW ——1155.0 mW \ ,'
9.0 ———1312.0mW — 24
85 5
8.0 ﬂ .
— 75 -
{ 7.0 {
2 es ="
§ . ]\ E n
55 e
3 I g
£ 50 “ \ l l £ 8
-
® a5 ’ i £ s
4.0 4
35 2
3.0 °
1] 2 4 6 8 10 00 05

Length of the segment [cm]

10 15 20 25 30 35 40 45
Length of the segment [cm]

Figure 2. A) Images of the LED irradiation set-up. B) Schematic representation of the set-up. C) 2D color map of light fluence on the 24-well plate bottom

surface for a radiant flux of 682.5 mW. D) Light fluence (mW cm~2) across adjacent wells for different LED radiant flux. E) Light fluence 3D color map

in the entire model. F) Light fluence (mW c¢m™2) for different radiant fluxes from the central LED to the middle well.
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2.3. ROS Production Upon Ang-Ce6-NLCs Light Stimulation and
Release of Ce6 from Ang-Ce6-NLCs

For effective PDT, the photosensitizer must generate singlet oxy-
gen and reactive oxygen species upon exposure to suitable radia-
tion, preferably in the far-red visible spectrum for enhanced tis-
sue penetration and therapeutic efficacy.l®! According to Ce6 ab-
sorption spectrum, it can be stimulated both at 405 nm (Soret
band) and at 660 nm (Q, band) to trigger PDT.*%]

To assess Ang-Ce6-NLCs singlet oxygen production upon
light stimulation, we evaluated the effect on the absorption of
1,3-diphenylisobenzofuran (DPBF) during Ang-Ce6-NLCs irra-
diation (Figure S10A, Supporting Information). DPBF absorbs
light at 415 nm but reacts with singlet oxygen to form o-
dibenzoylbenzene, which does not absorb light.””] Thus, the re-
duction in DPBF absorption intensity at 415 nm directly reflects
singlet oxygen production in the presence of a photosensitizer.
Despite partial overlap with Ce6 Soret band, a distinct shoulder at
415 nm attributed solely to DPBF allows its use for assessing Ce6
photodynamic activity (Figure S10B, Supporting Information).
In Figure S10A (Supporting Information), stimulation of DPBF
without a photosensitizer or with empty lipid nanoparticles (Ang-
NLCs) showed no notable difference in intensity. However, when
either free Ce6 or Ang-Ce6-NLCs were combined with DPBF, a
reduction in intensity occurred upon stimulation at 660 nm, in-
dicating singlet oxygen production. Specifically, a reduction of
34 + 7% for Ce6 and 31 + 2% for Ang-Ce6-NLCs with respect
to DPBF absorption before light stimulation was measured (p
< 0.01). Additionally, the absence of interference from individ-
ual components (DMSO, Ang-NLCs, Ce6, and Ang-Ce6-NLCs)
without DPBF was verified, ruling out the influence of Ce6 Soret
band on DPBF absorption measurement (Figure S10C, Support-
ing Information). Samples with DPBF were also stimulated with
LED at 405 nm (Figure S10D, Supporting Information), show-
ing a decrease in DPBF absorption intensity only in the pres-
ence of Ce6 or Ang-Ce6-NLCs. Notably, regardless of the exci-
tation wavelength, both Ce6 and Ang-Ce6-NLCs exhibited sim-
ilar effects on DPBF quenching. The experiment conducted in
DMSO due to DPBF insolubility in aqueous environments sug-
gests the dissolution of the Ang-Ce6-NLCs nanoparticle core,
dispersing previously encapsulated Ce6 in the solvent at the
same concentration as free Ce6. Thus, the similarity in photody-
namic activity between Ce6 and Ang-Ce6-NLCs for this test is not
surprising.

To probe the efficacy of Ang-Ce6-NLCs in aqueous environ-
ments, resembling real application scenarios, the evaluation of
singlet oxygen generation under light stimulation was also in-
vestigated with the Singlet Oxygen Sensor Green (SOSG) probe.
SOSG displays a weak blue fluorescence, with excitation peaks
observed at 372 and 393 nm, and emission peaks at 395 and
416 nm. Upon interaction with singlet oxygen, strong green flu-
orescence (4,,/4,, 504/525 nm) is produced. Monitoring the flu-
orescence increase of SOSG post-light exposure allows an esti-
mation of the photosensitizer photodynamic activity. ROS are
highly reactive chemicals that quickly react with their environ-
ment. Encapsulation of Ce6 within a nanocarrier may influ-
ence ROS concentration available for cellular damage, as they
can be readily consumed through interactions with lipids within
the nanoparticles. In aqueous and physiological environments,
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where the nanoparticles remain intact, the observed effects on
singlet oxygen production stem from Ce6 encapsulation within
the nanoparticles and can give more information about the po-
tentiality of Ang-Ce6-NLCs for PDT. Figure 3A illustrates that, de-
spite being encapsulated within Ang-Ce6-NLCs, Ce6 retained its
capability to generate singlet oxygen upon stimulation at 660 nm,
inducing an increase of ~192 + 80% in SOSG emission com-
pared to the probe alone (p < 0.05). Notably, its activity appears
slightly enhanced compared to free Ce6 (64 + 6%, p < 0.05). This
enhancement could be attributed to the aggregation state of free
Ce6 in aqueous environments, influencing its fluorescence and
photodynamic activity, as discussed earlier. Thus, encapsulation
within lipid nanoparticles effectively preserves Ce6 optical prop-
erties and photodynamic activity in physiological environments.
Similarly to the DPBF quenching test, the SOSG assay was also
conducted by stimulating the samples at 405 nm for comparison
(Figure S10E, Supporting Information). However, no statistically
significant difference between free Ce6 and Ang-Ce6-NLCs was
observed at this wavelength. This may be due to the higher en-
ergy associated with the 405 nm wavelength, potentially compen-
sating for any efficiency loss due to Ce6 aggregation in aqueous
environments. Nonetheless, due to its reduced tissue penetration
and potential toxicity, the 405 nm wavelength is unsuitable for
clinical applications, leading us to focus solely on the 660 nm
wavelength for further experiments.

The photodynamic properties of photosensitizers involve tran-
sitions from the ground state (S,) to short-lived excited states
(S,) upon light excitation. Subsequent non-radiative decay leads
to the first excited state (S;) via internal conversion, poten-
tially transitioning to the triplet state (T;) via an intersystem
crossing.l®! Among the various pathways available for returning
to the ground state, photosensitizers can transfer energy to their
surrounding environment. Type I reactions involve energy trans-
fer to molecular substrates, producing radical species that react
with oxygen to form ROS, notably hydroxyl radicals and hydro-
gen peroxide. Type II reactions directly transfer energy to ground
triplet state oxygen, forming singlet oxygen. In PDT, itis assumed
that Type 1I reactions are the predominant mechanism.!'®l How-
ever, the generation of other species through Type I reactions is
always possible. To discern the involved mechanisms and un-
derstand ROS generation upon Ce6 or Ang-Ce6-NLCs stimula-
tion, we conducted SOSG experiments with the ROS scavengers
histidine and mannitol. Histidine is known to scavenge both hy-
droxyl radicals and singlet oxygen;?8] thus, regardless of the en-
ergy transfer mechanism, the gain of fluorescence emission at
525 nm of SOSG should be prevented in the presence of his-
tidine. In our experiments, the presence of histidine effectively
prevented the increase of SOSG fluorescence in both Ang-Ce6-
NLCs and Ce6 alone upon light stimulation (Figure 3B), indi-
cating complete quenching of photodynamic products. Consis-
tent findings were obtained when the exposure was conducted at
405 nm (Figure S10F, Supporting Information).

Mannitol exhibits a selective scavenging effect on hydroxyl
radicals;!®! in this case, if only Type II reaction were to take place,
the presence of mannitol should not impact the gain in fluo-
rescence of SOSG. Our results indicate that mannitol only par-
tially mitigates the effect of Ang-Ce6-NLCs under light stimula-
tion (Figure 3C), since some residual fluorescence in SOSG was
observed due to the singlet oxygen produced; a similar trend is

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. A) Increase of the fluorescence emission of SOSG at 515 nm for different experimental classes. B) Increase of the fluorescence emission
of SOSG at 515 nm for different experimental classes, with or without the addition of histidine. C) Increase of the fluorescence emission of SOSG at
515 nm for different experimental classes, with or without the addition of mannitol. D) Cumulative release of Ce6 from Ang-Ce6-NLCs in PBS (gray), pH
4.5 (cyan), PBS + H,0O, (violet), pH 4.5 + H,0, (blue). E) Cumulative release of Ce6 from Ang-Ce6-NLCs in PBS (gray), pH 4.5 (cyan), PBS + H,0,
(violet), pH 4.5 + H,0O, (blue), after light irradiation. (Data are presented as mean + SD, n = 3, p-values are calculated with one-way ANOVA followed
by a Bonferroni post-hoc test, statistical notations without bars refer to the comparison between the experimental classes with the photosensitizers with

respect to the probe alone, *p < 0.05, **p < 0.01, ***p < 0.001).

observed with exposure at 405 nm (Figure S10G, Supporting In-
formation).

These experiments collectively suggest that the photodynamic
action of Ang-Ce6-NLCs proceeds through both Type I and Type
II reactions. Furthermore, it becomes apparent that, as also sug-
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gested by other authors, the SOSG probe does not exclusively re-
act with singlet oxygen; rather, other radicals such as hydroxyl
radicals may also contribute to its fluorescence enhancement.l*’!
Thus, caution is warranted when utilizing this probe for the spe-
cific detection of this substrate.
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The release kinetics of Ce6 from Ang-Ce6-NLCs was as-
sessed by measuring cumulative release over time in vari-
ous buffers by HPLC analysis, in a suitable mobile phase
for Ce6 (i.e., methanol®!l) preventing potential loss of absorp-
tion/fluorescence resulting from Ce6 aggregation. As depicted in
Figure 3D,E, the release of Ce6 was higher under slightly basic
pH (PBS), reaching ~11 + 1% after 72 h, due to the enhanced
compatibility of Ce6 in such environment, contrasting with the
release observed under acidic conditions (1 + 1%). This trend per-
sisted under mildly oxidative conditions (hydrogen peroxide) or
LED stimulation at 660 nm, emphasizing the effective protective
role of the nanoparticle core.

While an optimal outcome in tumor therapy would usually en-
tail increased release under acidic pH, given the typically more
acidic microenvironment of tumor cells relative to healthy cells,
Ang-Ce6-NLCs exhibited the opposite effect. Nonetheless, even at
pH 7.4 after 72 h, only #10% of the total encapsulated Ce6 was re-
leased, indicating significant retention within the nanoparticles.
Moreover, as previously shown, Ce6 retains its photodynamic ac-
tion within Ang-Ce6-NLCs, eliminating the need for extensive
release at the target site to elicit anti-tumoral effects. However,
an effective targeting of the nanoparticle action to tumor cells
remains crucial for maximizing therapeutic efficacy while mini-
mizing adverse effects on healthy cells.

2.4. Ang-Ce6-NLCs Cytocompatibility and Interaction with Cells

The viability of U87 MG cells following treatment with increasing
concentrations of free Ce6, empty Ang-NLCs, and Ang-Ce6-NLCs
was initially assessed without light stimulation. As illustrated in
Figure S11 (Supporting Information), free Ce6 administration
did not elicit any discernible variation in cell viability across all
tested concentrations, both at 24 and 72 h post-administration.
Conversely, treatment with nanoparticles (both Ang-NLCs and
Ang-Ce6-NLCs) exhibited a concentration-dependent effect on
cell viability. Since concentrations below 500 pug mL~" did not
yield statistically significant differences in cell viability, all sub-
sequent experiments were conducted at a safe concentration of
100 pg mL~*.

As already reported,!'?] the functionalization of nanoparticles
with Ang enhances their targeting capabilities toward GBM by
interacting with the low-density lipoprotein receptor-related pro-
tein 1 (LRP1), overexpressed on the GBM cell membrane.!'’]
To evaluate the selective targeting efficacy of Ang-Ce6-NLCs, a
custom-designed fluidic bioreactor, schematically represented in
Figure S12 (Supporting Information), was employed, allowing
for the exposure of various cell lines to a flowing cell medium
containing 100 pg mL™' of Ang-Ce6-NLCs, pre-labeled with
Vybrant DiO. The selected cell lines for this investigation in-
cluded primary human astrocytes, brain microendothelial cells
(hCMEC/D3), neuron-like cells (differentiated SH-SY5Y), pri-
mary human microglia, primary human pericytes, and GBM cells
(U87 MG). A higher uptake of Ang-Ce6-NLCs by U87 MG cells
compared to Ce6-NLCs was observed (5.7 # 2.3% vs 2.6 = 1.1%,
p < 0.05) as depicted in Figure 4. Notably, Ang-Ce6-NLCs ex-
hibited a distinct preference for targeting U87 MG cells over
other cell lines (p < 0.001), emphasizing the efficacy of Ang
in facilitating active targeting of GBM cells. A statistically sig-
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nificant increase in Ang-Ce6-NLCs uptake by hCMEC/D3 cells
was also noted with respect to Ce6-NLCs (2.1 + 0.4% vs 1.1 +
0.3%; p < 0.01), consistent with the high expression of LRP1
by brain capillary endothelial cells.*?] These results are in line
with previous studies and pave the way for targeting tumor
hypervascularization.[*]

Once verified the effectiveness of the targeting, we investi-
gated the uptake and internalization pathways of Ang-Ce6-NLCs
in U87 MG cells, following analysis of caveolae- and clathrin-
coated vesicles, and pinosomes (Figure S13A-E, Supporting In-
formation). Confocal microscopy elucidated that the nanopar-
ticles are internalized via different pathways. Analysis of Pear-
son’s correlation coefficient indicated that after 6 h of incubation,
pinosome-mediated internalization appeared to be the predom-
inant pathway compared to others (0.42 + 0.02 for pinosomes,
0.21 + 0.03 for caveolae, and 0.16 + 0.03 for clathrin). At 24 h,
pinosome-associated uptake increased, caveolae-mediated up-
take decreased, while clathrin-mediated uptake remained consis-
tent (0.52 + 0.03 for pinosomes, 0.16 + 0.02 for caveolae, 0.17 +
0.03 for clathrin).

To assess the fate of Ang-Ce6-NLCs within U87 MG cells, their
co-localization with lysosomes was examined at various time
points. Results show that at both 24 and 48 h of incubation, a
fraction of Ang-Ce6-NLCs is localized within lysosomes (0.33 +
0.03 at 24 h, 0.42 + 0.1 at 48 h), as depicted in Figure S13F,G
(Supporting Information).

2.5. Ang-Ce6-NLCs-Mediated PDT: Assessment of Anticancer
Efficacy

In vitro light exposures of U87 MG cells, with or without photo-
sensitizer administration, were conducted initially by comparing
three LED powers (660 nm; 20, 10, or 2 mW cm~2) for 5 min to
determine the optimal stimulation conditions. Cells were first
treated with either Ce6 (0.7 pg mL™') or Ang-Ce6-NLCs (100 pg
mL~!, corresponding to 0.7 ug mL™" of Ce6, according to the
loading data) for 24 h. Prior to light exposure, the Ang-Ce6-NLCs
dispersion or Ce6 solution were replaced with fresh media to
exclusively allow the internalized fraction of the photosensitizer
to exert its function. As evidenced in Figure 5A, the sole light
exposure at this wavelength and with these power densities did
not affect cell viability. No effect was detected even when cells
were pre-treated with Ce6. On the other hand, Ang-Ce6-NLCs ex-
hibited high photodynamic activity at 10 and 20 mW cm=2 (44 +
18% and 1.7 + 0.9%, respectively). Notably, at a power density of
2mW cm™2, no substantial impact on cell viability was observed,
irrespective of the formulation employed. The higher efficacy of
Ang-Ce6-NLCs with respect to free Ce6 may be attributed to the
lower capacity of Ce6 in generating ROS under physiological pH
conditions due to aggregation phenomena, as already discussed,
and/or to a lower internalization rate of the free molecule com-
pared to the nanoparticles. To better understand this behavior,
we performed a similar experiment where cells were pre-treated
for 24 h with either Ce6 (0.7 pg mL™!) or Ang-Ce6-NLCs (100 pg
mL™!), but this time, without medium change before light
exposure (20 mW cm~2, 5 min). Figure S14 (Supporting Infor-
mation) shows that the presence of the photosensitizer during
the stimulation significantly impacted the outcome of the cell
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Figure 4. A) Representative confocal images reporting the uptake of Ce6-NLCs and Ang-Ce6-NLCs (in green) by different cell cultures after 3 h of
treatment in dynamic conditions. C) Quantitative analysis showing nanoparticles/cells co-localization. (Data are presented as mean + SD, n = 3,
p-values are calculated with one-way ANOVA followed by a Bonferroni post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. A) Cell viability of U87 MG cells treated with Ce6 or Ang-Ce6-NLCs and irradiated for 5 min with a LED at 660 nm, set at different powers (2,
10, and 20 mW cm™~2). B) Representative confocal images reporting p53 (in red) and Ki-67 (in green) expression for all of the experimental classes, with
or without light stimulation (660 nm, 10 mW cm~2, 5 min). Quantitative analysis of C) Ki-67 and D) p53 expression. (Data are presented as mean =+ SD,
n = 3, p-values are calculated with one-way ANOVA followed by a Bonferroni post-hoc test,*p < 0.05, **p < 0.01, ***p < 0.001).

viability, particularly for free Ce6, where a drastic reduction to 9
+ 2% was evidenced. This experiment proves that internalization
plays a significant role in PDT, and that the favorable uptake
of our Ang-Ce6-NLCs by U87 MG cells enables the reduction
of administered photosensitizer concentrations to the target
site.

Based on the viability results reported in Figure 5A, a single
5-min treatment at a power density of 10 mW cm~2 was chosen
as irradiation protocol for all following experiments.
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To gain deeper insights into the effects triggered by the treat-
ment, the expression levels of the apoptotic marker p53 and of
the proliferative marker Ki67 in U87 MG cells were examined
(Figure 5B-D). The considered experimental classes included
free Ce6 (0.7 pg mL™!), Ang-NLCs (100 pg mL~!), and Ang-Ce6-
NLCs (100 ug mL!), with or without LED stimulation at 660 nm.
Confocal imaging results reveal that only Ang-Ce6-NLCs are ca-
pable of inducing apoptosis upon light exposure. Across all the
experimental conditions, cells exhibited similar levels of p53 and
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Figure 6. A) Representative confocal images evaluating TRAP1 expression in U87 MG cells undergone different treatments and (B) relative quantitative
analysis. (Data are presented as mean + SD, n = 3, p-values are calculated with one-way ANOVA followed by a Bonferroni post-hoc test, *p < 0.05,

#::'cp < 00]’ :'c:':‘kp < 000])

Ki67 expression, with the exception of the treatment with Ang-
Ce6-NLCs + light, where a statistically significant reduction in
Ki67 expression (10 & 8% vs 37 + 3% Ki67 positive cells in Ang-
Ce6-NLCs + light and untreated control, respectively) and an in-
crease in p53 expression (33 + 9% vs 3 + 3% p53 positive cells in
Ang-Ce6-NLCs + light and untreated control, respectively) were
found. PDT mediated by Ang-Ce6-NLCs thus proves effective in
damaging cancer cells, reducing their proliferative potential, and
inducing apoptosis.

The production of singlet oxygen and ROS upon light stimula-
tion of photosensitizers is known to induce several intracellular
damages and an increase of intracellular oxidative stress, which,
in turn, affects cell metabolic activity and, ultimately, triggers cell
death. To investigate the impact of Ang-Ce6-NLCs-mediated PDT
on oxidative stress, we tracked the expression of TRAP1, a chap-
erone belonging to the heat shock protein 90 kDa (HSP90) family
localized within mitochondria.**l Numerous experimental find-
ings underscore its pivotal role in regulating mitochondrial dy-
namics and maintaining its equilibrium during oxidative stress
conditions. TRAP1 has been demonstrated to possess antioxidant
properties, being thus its expression upregulated following ex-

posure to oxidative stressors.*>) From confocal imaging and the
relative analysis reported in Figure 6, it is evident that both free
Ce6 and Ang-Ce6-NLCs induce upregulation of TRAP1 expres-
sion only when combined with light exposure. Moreover, con-
sistently with our previous results, Ang-Ce6-NLCs were more ef-
fective in inducing mitochondrial oxidative stress compared to
free Ce6 (2.4 + 0.2 vs 1.7 = 0.3 -fold change with respect to con-
trol cells, p < 0.05), again suggesting a pivotal role of the photo-
sensitizer intracellular localization in inducing an effective anti-
tumoral action.

We then explored the efficacy of the proposed treatment in
mitigating the migration abilities of GBM cells.’**”] For this
experiment, GBM spheroids were treated for 24 h with either
free Ce6, empty Ang-NLCs, or Ang-Ce6-NLCs. Subsequently, the
treatment medium was replaced with a fresh one, and spheroids
were exposed to light irradiation at 660 nm (10 mW ¢cm™2, 5 min).
Bright-field images of U87 MG spheroids undergoing various
treatments are presented in Figure 7A,B (images were captured
at different post-irradiation time-points: 24, 48, and 72 h),
while quantitative analyses are depicted in Figure 7C. Control
spheroids continued to grow due to cell proliferation, with cells
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Figure 7. A) Representative optical images of migration tests on U87 MG spheroids. B) Further examples of spheroids treated with Ang-Ce6-NLCs and
irradiated with light after 24 h. The yellow line marks the migration border, while the red line highlights the spheroid core. C) Quantitative analysis of the
migration area. (Data are presented as mean + SD, n = 6, p-values are calculated with Kruskal-Wallis ANOVA, *p < 0.05).

migrating from the surface toward other adhesion sites, regard-
less of the stimulation with light. A similar trend was observed
in spheroids treated with free Ce6 and empty Ang-NLCs (with
or without light stimulation), or in Ang-Ce6-NLCs without light
irradiation. Just when Ang-Ce6-NLCs were combined with light
stimulation, no significant migration increase could be observed
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24 h post-treatment, as the spheroids failed to adhere to the sur-
face of the well. Moreover, no subsequent recovery of migration
abilities was observed over longer times, even without further
exposing the spheroids to PDT (Figure 7B,C). These results
underscore the effectiveness of PDT mediated by Ang-Ce6-NLCs
in inhibiting cell migration. Moreover, since just one stimulation
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Table 3. Experimental design for proteomics. Forty samples were utilized to define three sub-studies, investigating the effects of photodynamic treatment
(or some of its components) and/or culture passages on cell proteomes. The second batch (class 2, samples A2, B2, C2, D2, E2, F2, G2, H2) was

eventually regarded as an outlier and discarded.

a (main study — effects of treatment, at all time-points), n =5

Class identifier
A

Proteomics sub-study

O m m O N @

H

Description Replicas

untreated A1, A2, A3, A4, A5
Ceb B1, B2, B3, B4, BS

Ang-NLCs C1,C2,C3,C4,C5

Ang-Ce6-NLCs D1, D2, D3, D4, D5
Light E1, E2, E3, E4, E5
F1, F2, F3, F4,F5
G1,G2,G3,G4, G5
H1, H2, H3, H4, H5

Ce6 + light
Ang-NLCs + light
Ang-Ce6-NLCs + light

P (effects of treatment, on selected samples at a single time point), n = 2

Class identifier
Ax
Dx

Sub-study

Fx
Hx

Description Replicas

untreated A4, AS
Ang-Ce6-NLCs D4, D5

Ce6 + light F4, F5
Ang-Ce6-NLCs H4, H5

y (effects of culture passage), n =8

Class identifier
1

Sub-study

v AW N

Description Replicas

A1,B1,C1,D1, ET, F1,G1, H1
A2, B2, C2, D2, E2, F2, G2, H2
A3, B3, C3, D3, E3, F3,G3, H3
A4, B4, C4, D4, E4, F4, G4, H4
A5, B5, C5, D5, E5, F5, G5, H5

frozen at day 0
frozen at day 6
frozen at day 22
frozen at day 54
frozen at day 54

session already provided a significant effect, the promising po-
tential of the proposed procedure is highlighted, in particular for
direct integration into future surgical resection procedures. In
such scenario, nanoparticles could be administered to the tumor
site during surgery and safely stimulated, offering a suitable ap-
proach to hinder tumor cell migration after the surgical resection.

2.6. Proteomics

The spheroids collected in all experimental replicates had an av-
erage diameter of 170 ym, and were obtained from 10.8 x 10°
cell seeding in each well, except for batch 2 where the spheroids
had an unusually larger diameter, ~450 um average diameter ob-
tained from 27.2 x 10? cells for each well. All proteomics classes,
nomenclature, sub-studies, and replicas considered in this work
are summarized in Table 3 and Table S2 (Supporting Informa-
tion).

Principal component analysis (PCA) correctly identifies the 5
different experimental batches as four clusters. Batches 4 and
5, frozen at the same time point, fall in a common area. Ex-
cepting batch 2, time points are spatially organized in a tem-
porally coherent order along component 1. Each cluster seems
to recapitulate a common architecture in terms of experimen-
tal classes, which appear to be arranged in somewhat stereo-
typed modalities. This is perhaps less evident for replica 2, be-
coming in turn obvious within the region of batches 4 and 5,
where couples of samples belonging to a given class are close to
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each other. Such results are presented in Figure S15 (Supporting
Information).

A hierarchical clustering (HC) of all proteins and samples of
the proteomics dataset classifies samples based on the temporal
replica they belong to, confirming culturing time as the preva-
lent variable. In line with PCA, batch 2 is identified as an out-
group (Figure S16, Supporting Information). When carried out
on sub-study g only (Figure 8A), the procedure has still enough
resolution to group samples according to the class of origin. Class
Hx — the one receiving a full nanotechnological PDT — forms an
outgroup. The other branch of the dendrogram organizes classes
Dx and Fx, respectively Ce6 within NLCs or free-standing Ce6
plus light, as closer to each other, with respect to class Ax, our
untreated control.

Venn and gene ontology (GO) analyses on sub-studies a and y
also suggest a comparatively stronger impact of culture passage
on cell proteome, compared to treatment (Figure S17, Supporting
Information). Still, sub-study f retains sufficient information to
spot at least some of the putative molecular drivers of PDT, in
terms of both proteins and GO terms associated with them.

Sub-study a only produces differentially represented proteins
(DRPs) in numbers greater than 1 for 4 of its comparisons,
namely three of those exploring photodynamic effects and
involving class H (H-A, 59 DRPs; H-B, 52 DRPs; H-E, 26 DRPs),
plus D-A (7 DRPs), investigating basal nanoparticle toxicity.
On the four-way Venn diagram that can be obtained from such
parent sets, the intersection H-A, H-B, and H-E is the one that
bears the most potential in terms of candidate mediators of the

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 8. A) HC reflecting similarities across all proteins and samples within proteomics sub-study . In the central heatmap, each row is dedicated to
a single protein, and each column is devoted to a different sample. Relative protein abundances (RPAs) are represented as colors on individual cells.
n = 2. RPA variations were statistically evaluated through significance B tests, with a significance cutoff for q-values from Benjamini-Hochberg false
discovery rates (FDRs) set to 0.05. max = maximum; min = minimum. B). Proteins responding to photodynamic treatment, irrespective of formulation
(nanotechnological or non-nanotechnological) and in the absence of variations in the culture passage, as identified by a Venn diagram featuring two
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therapeutic effects of photodynamic treatment. With 8 proteins,
all consistent, such a sub-set is also the richest in terms of pro-
teins. Sub-study y yields a plethora of DRPs and a diverse array of
GO terms for those comparisons studying passage effects, that
is 3-1 (early passages, 1437 DRPs) and 4-3 (late passages, 1851
DRPs). At their intersection, 568 DRPs are found, all consistent.
Comparison 5-4, a negative control, comprises no DRPs.

At the intersection between Fx-Ax and Hx-Dx, studying photo-
dynamic effects respectively through non-nanotechnological or
nanotechnological means, 242 DRPs are found, roughly 1/3 of
those found at each parent set. GO analyses on these return
terms generally pertaining vesicular transport and oxidoreduc-
tions (Figure 8B).

To sum up, culture passage appears to be a major driver of pro-
tein alterations. Still, after careful analysis, treatment-associated
effects are recognizable, and these seem to support the existence
of adaptations to redox imbalance specifically for PDT-receiving
cells.

2.7. Evaluation of the Effects of Ang-Ce6-NLCs-Mediated PDT in
a Fluidic Neurovascular Unit Model

Using LEDs for PDT offers several advantages over lasers, includ-
ing lower costs, reduced risks, and the ability to treat larger tu-
mor areas in less time. Our results indicate that by enhancing
Ce6 intracellular localization through GBM-targeted nanoparti-
cles, effective anti-tumoral effects can be achieved at lower power
densities, potentially obviating the need for lasers. However, ir-
radiating larger areas with LEDs raises concerns about poten-
tial harmful effects on healthy cells. Preserving the delicate brain
environment is critical for patient well-being. The proposed tar-
geting strategy, employing Ang on nanoparticle surface, facili-
tates preferential internalization by GBM cells, thereby enhanc-
ing PDT effects in tumor cells. Thus, higher PDT effects are ex-
pected in tumor cells due to a higher accumulation of the photo-
sensitizer. Yet, it is crucial to assess treatment effects on healthy
cells, ideally using models that mimic clinical settings, where not
only tumor cells are exposed to the treatment. Studying this effect
directly in vivo could be challenging, as tumor xenograft or ge-
netically engineered mouse models lack reproducibility in brain
cancer studies.[*®! Furthermore, in the aim of understanding the
outcome of the treatment on different components of the NVU,
we need to separate each component to individually study effects
not only on the target cells, but also on all the neighboring healthy
cells. Acquiring this kind of information is particularly important
and yet often difficult to obtain in vivo. Therefore, the use of ap-
propriate in vitro models becomes essential for a comprehensive
evaluation of treatment outcomes on different cell types.

In this work, we developed a fluidic model of the human brain
cancer microenvironment (Figure 9A; Figure S18, Supporting
Information). The size of the bioreactor was designed to fit the

www.advhealthmat.de

irradiation set-up and, was integrated to host a temperature
detector for real-time monitoring of the temperature during ir-
radiation and electrodes for trans-epithelial electrical resistance
(TEER) measurement (Figure S19, Supporting Information). The
bioreactor is composed of a fluidic channel on the top part sim-
ulating brain capillaries, with brain endothelial cells, astrocytes,
and pericytes forming a BBB model, and a lower chamber rep-
resenting the brain compartment — populated with healthy cells;
neurons, microglia, astrocytes — but also populated with a GBM
model. Although our primary focus was not on nanoparticle
passage through the BBB, as their potential intraoperative ad-
ministration would be more pertinent, maintaining proper flow
in the BBB model is crucial to develop a realistic BBB phenotype,
recapitulating physiological conditions and assessing the effects
of PDT on the whole brain cancer environment. Angiopep-2
in Ang-Ce6-NLCs, for example, binds to the LRP1 receptor,
extensively expressed by brain endothelial cells, suggesting its
relevance in the interactions with the BBB. Studies indicate that
low-density lipoprotein receptor expression may increase with
appropriate shear stress,[*”! emphasizing the importance of flow
for understanding Ang-Ce6-NLCs interactions with the BBB
model.

To assess the actual shear stress experienced by the BBB model
in the fluidic channel of the bioreactor at different flow rates,
we conducted fluid dynamic FEM numerical simulations using
COMSOL Multiphysics software. These simulations evaluated
velocity spatial distributions at different inlet flow rates inside
the bioreactor chamber, maintaining a fixed channel height (k)
of 0.5 mm. Adopting the laminar flow interface, which accounts
for stationary and laminar flow conditions via simplified Navier—
Stokes equations, the Reynolds number (Re) was calculated from
Equation 11 (Experimental Section) to be 81.2 for Q; = 12 mL
min~! = 2 x 10”7 m? s7!, considering D, = 9.1 X 10~ and <
v > 0.08 m s, indicating laminar flow behavior. Figure S20A
(Supporting Information) shows the geometrical model and the
boundary conditions used in the simulation, mimicking the
actual geometry of the channel. 3D color maps in Figure S20B
(Supporting Information) represent the spatial velocity field
distribution within the flow chamber, demonstrating a parabolic
velocity trend along the z-direction. Additionally, a 2D color
map illustrates the velocity distribution on the cross-section of
the duct (zx-plane), indicating maximum velocity at the center
(Figure S20C, Supporting Information; twice the average veloc-
ity in the pipe).[*07475] Figure S20D (Supporting Information)
represents the color map of shear stress distribution along the
x-direction (r,,) on the bottom surface of the bioreactor flow
chamber, for an inlet flow rate Q; = 12 mL min~'. As indicated
by the color scale, in the long linear path of the duct, far from
the inlet, the outlet, and the corners, the wall shear stress has
a value of +£0.85 N m~2. Naturally, in the proximity of the inlet
and the outlet, where the flowing direction is along y-axes, the
7, values are zero, while the shear stress along the y-direction

pairwise comparisons picked up from proteomics sub-study f. The number of proteins found within all parental sets and subsets are reported. GO
analyses for all DRPs at the intersection yield significantly enriched GO terms for GO biological function, GO cellular component, and GO molecular
function. GO scatter plots display each term on a grey circle, the color saturation of which positively correlates with statistical support (darker shades
for lower p-values). Gray lines connect semantically similar GO terms. Such lines become broader when such resemblances are strong. Terms are also
roughly mapped to reflect analogies in meaning, but their exact positions were adjusted whenever needed for graphical purposes.
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Figure 9. A) Schematic longitudinal section of the bioreactor during a typical LED irradiation experiment. B) Viability of the components of the NVU

model (BBB, U87 MG cells, and healthy brain cells) in different conditions

. C) Representative images of the Live/Dead assay on the U87 MG and healthy

cells following different treatments and D) quantitative analysis. (Data are presented as mean + SD, n = 3, p-values are calculated with one-way ANOVA

followed by a Bonferroni post-hoc test, *p < 0.05, **p < 0.01, *

(,,) dominates, reaching values comparable to z,, (Figure S20E,
Supporting Information). The shear stress locally increases at the
corners of the flow chamber, where the flow path is perturbed,
reaching maximum values. Figure S20F (Supporting Informa-
tion) shows the plot of the maximum value of shear stress with
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*p < 0.001, ns = not significant).

respect to the inlet flow rate. At the maximum simulated flow
condition (Q; = 12mL =2 x 1077 m? s7!), the shear stress at the
corners reaches 2 N m~2. Based on this simulation, a flow rate
of 12 mL min~! allows us to reproduce the typical shear stress
experienced by brain capillaries (1-2.3 N m2).[41:42]
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The formation of a tight BBB model was demonstrated by con-
focal microscopy (Figure S21A, Supporting Information). The
cells appear at total confluence, without holes or gaps, with
packed morphology. Furthermore, the immunoassay for zonula
occludens-1 (ZO-1) showed the presence of this marker, the indi-
cation of a mature endothelium (Figure S21A,B, Supporting In-
formation). Another interesting finding is the mutual interaction
between endothelial cells of the upper layer and the closely con-
nected pericyte and astrocyte cells of the lower layer. As reported
in Figure S21 (Supporting Information), the three cell popula-
tions formed a single complex and stable barrier, as also sug-
gested by the expression of ZO-1 and by the measured TEER
of 200 + 30 Q cm?, in line with the values reported in the
literature.[*]

After the formation of a mature BBB, the bottom chamber
was populated with a co-culture of primary human astrocytes,
human neuron-like cells (differentiated SH-SY5Y cells), and pri-
mary human microglia, alongside GBM cells. A dispersion of
100 pg mL~! of Ang-Ce6-NLCs was administered in the bottom
chamber and after 24 h replaced with fresh media. The biore-
actor was subsequently exposed to light within the irradiation
set-up (Figure 9A; Figure S22, Supporting Information). No sig-
nificant increment of temperature was detected throughout the
duration of the stimulation. After the stimulation, the TEER was
again measured, showing no differences with respect to the value
observed before the experiment. Then, the NVU bioreactor was
disassembled and the components, including the BBB model,
healthy brain cells, and GBM cells were collected and analyzed
separately to understand the effect of PDT within each compart-
ment. As evidenced by Figure 9B, the viability of the BBB model
was not significantly affected by the combined treatment of Ang-
Ce6-NLCs + light (89 + 3% viability); on the other hand, a reduc-
tion in the metabolic activity of GBM cells and of healthy brain
cells was observed (69.1 + 0.9% and 60 + 4%, respectively). A
reduction in viability from this assay might be the result of the
reduction in cell number due to cell death and/or to a decrease in
cells metabolic activity following the treatment. To discriminate
between these two situations in the cell types that experienced
a reduction of viability after PDT (i.e., healthy brain cells and
GBM cells) and to understand if this effect on cell metabolism
was translated into an induction of cell death, a live/dead assay
was performed (Figure 9C,D). Differently from the WST-1 as-
say (see Experimental Section) used to monitor cell viability, the
live/dead assay can highlight the presence of dead cells, since one
of the two dyes, namely ethidium homodimer-1, is normally cell
impermeable; thus, it can enter cells only when their membrane
is damaged. The live/dead assay showed a significant increase of
dead cells only in GBM cells (24 + 11% of dead cells), while a
non-significant amount of dead cells (5 + 2%) was found in the
healthy cultures. These results show that in GBM cells the PDT
treatment led to a consistent decrease in cell viability, correspond-
ing to an increase in dead cells, suggesting that the lower viabil-
ity might be ascribed to cell death following PDT. On the other
hand, in healthy cells, the decrease in cell viability does not cor-
respond to an increase of dead cells, thus suggesting that in this
case, the ROS produced during PDT might mainly influence the
cellular metabolism; in fact, being ROS normally involved in cell
metabolic pathways, a different concentration induced by PDT
might slightly impact cellular homeostasis. Nevertheless, thanks
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to the higher accumulation of the nanoparticles in GBM cells for
the targeting action of Ang, it is most likely that the concentra-
tion of ROS produced in healthy cells is not high enough to trig-
ger cell death. This experiment suggests that the combination
of Ang-Ce6-NLCs with light stimulation at 660 nm is an effec-
tive procedure for intraoperative GBM treatment. This approach
demonstrates an apoptotic effect on GBM cells facilitated by the
enhanced uptake provided by the targeting moiety Ang. Impor-
tantly, it induces a minimal impact on the metabolic activity of
adjacent healthy brain cells, which does not translate into cellu-
lar death, suggesting limited side effects.

3. Conclusion

This study introduces a novel approach to PDT for treating GBM
using Ce6 encapsulated in nanostructured lipid carriers (Ang-
Ce6-NLCs) and targeted with the Ang peptide. By employing low-
power LED irradiation at 660 nm, the treatment demonstrates
effective anti-tumor action against GBM cells while minimizing
potential safety concerns associated with high-power lasers. The
efficient PDT effect triggered by Ang-Ce6-NLCs even after only a
single 5-min stimulation with LED light paves the way for a new
intraoperative treatment of GBM, exploiting a tumor-targeted so-
lution, with potentially lower side effects for the patient.

4. Experimental Section

Nanoparticle Synthesis: Nanostructured lipid carriers loaded with
Ceb (Ceb6-NLCs) were produced by the hot sonication method. Precisely,
2.5 mg of oleic acid (Sigma-Aldrich), 27.5 mg of cetyl palmitate (Gat-
tefossé SAS), 3 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
poly(ethylene glycol) (DSPE-PEG) (5000 Da, Nanocs, Inc) and
1 mg of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[succinimidyl(polyethylene glycol)] (DSPE-PEG-NHS) (5000 Da, Nanocs,
Inc), were combined with 1 mg of Ce6 (Sigma—Aldrich) in 100 pL ethanol.
This mixture was heated at 70 °C to melt lipids and allow the evaporation
of ethanol. Then, 3 mL of a 1% w/w aqueous solution of Pluronic F127
(Sigma—Aldrich), also heated at 70 °C, was added to the lipid mixture;
finally, the emulsion was sonicated with an ultrasonic tip (Fisherbrand
Q125 Sonicator) for 10 min at 90% amplitude. Vials were then stored at 4
°C for 30 min. To prepare empty NLCs, the same procedure was followed
without adding Ce6 to the lipid mixture. Both NLCs and Ce6-NLCs were
purified using an Amicon centrifuge filter (Ultra-4 Centrifugal Filter Unit,
100 kDa) at 4470 g, 15 °C for 40 min, repeating this step three times.
After each centrifuge cycle, the filtered solution was removed, and the
pellet was re-suspended in MilliQ water. After the last centrifugation step,
the remaining pellet was re-dispersed in 4 mL of MilliQ water and stored
at 4 °C. The concentration of NLCs and C6-NLCs was determined by
freeze-drying a known amount of the dispersion.

Nanoparticle Functionalization: In order to functionalize NLCs and
Ce6-NLCs with Ang (Selleckchem), 200 pL of an Ang solution in water
(1 mg mL™") were added to the Ce6-NLC or NLC dispersion to have an
approximate theoretical DSPE-PEG-NHS:Ang molar ratio of 1:2, as pre-
viously reported.l'?] The dispersion was diluted in phosphate-buffered
saline solution (PBS, Sigma-Aldrich), to optimize the pH for the reaction
between N-hydroxysuccinimide (NHS) and the amine groups on the pep-
tide, and then left under gentle shaking for 4 h in ice. In the end, the so-
lution was washed three times by centrifugation (4470 g, 40 min, 14 °C)
with Amicon centrifuge filter (Ultra-4 Centrifugal Filter Unit, 100 kDa), and
the final pellet was re-dispersed in 4 mL of MilliQ water to obtain either
Ang-Ce6-NLCs or plain Ang-functionalized NLCs (Ang-NLCs).

For confocal imaging, Ang-Ce6-NLCs and Ce6-NLCs were labeled with
the fluorescent dye Vybrant DiO (Invitrogen) by incubation of 1 mg of
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nanoparticles with 10 uL of Vybrant DiO for 2 h at 37 °C. Then, labeled
nanoparticles were washed three times by centrifugation (4470 g, 40 min,
14 °C) with an Amicon centrifuge filter (Ultra-4 Centrifugal Filter Unit,
100 kDa), and finally re-dispersed in MilliQ water.

Nanoparticle Characterization: TEM was used to inspect the morphol-
ogy and size of the nanoparticles. Prior to measurement, samples were
diluted in water to a final concentration of 100 ug mL™" and underwent
sonication for 2 min. For each sample, a droplet was placed onto a copper
grid (150 mesh) coated with an ultrathin amorphous carbon film. After
20 s, the excess droplet was removed using filter paper, and the grid was
rinsed with Milli-Q water. Subsequently, a drop of a 1% uranyl acetate so-
lution in water was applied to the grid for 60 s to stain the sample. Finally,
the excess solution was removed with filter paper, and images were cap-
tured using a JEOL Jem-1011 electron microscope operating at 100 kV with
a single-tilt sample holder.

DLS measurements were conducted using a Zetasizer NanoZS90
(Malvern Instruments Ltd) to determine the hydrodynamic diameter and
the ¢-potential of Ce6-NLCs and Ang-Ce6-NLCs at 37 °C. A 100 ug mL™!
dispersion of the nanoparticles in water underwent sonication for 30 s
using a Bandelin ultrasonic probe (8 W) prior to measurement. The sta-
bility of Ang-Ce6-NLCs was assessed at pH 4.5 (0.05 m phosphate buffer,
to mimic the acidic tumor microenvironment and/or acidic organelles),
pH 4.5 4+ 100 um hydrogen peroxide (to mimic the higher concentration
of hydrogen peroxide in the tumor microenvironment!'®l), pH 7.4 (PBS,
physiological pH), pH 7.4 + 100 um hydrogen peroxide, DMEM (Euro-
clone) supplemented with 10% FBS (DMEM + FBS), and DMEM + FBS +
100 um hydrogen peroxide. The stock dispersion of the nanoparticles was
diluted to a final concentration of 100 ug mL~" in the respective dispersion
solution. The hydrodynamic diameter was measured at various time inter-
vals up to 30 days (endpoint). The intensity distribution was determined
via CONTIN analysis from the correlogram, while the hydrodynamic diam-
eter and polydispersity index were obtained through cumulant analysis.

SDS-PAGE was conducted to confirm the successful functionalization
of the nanoparticles with the peptide. Each sample (37.5 uL of Ang, Ce6-
NLCs, or Ang-Ce6-NLCs) at a known concentration was mixed with 12.5 pL
Laemmli buffer (BioRad) and heated at 95 °C for 10 min. A 4-15% Mini
PROTEAN TGX Precast Protein Gel (BioRad) was inserted into an elec-
trophoresis cell (Mini-PROTEAN Tetra Cell, BioRad) filled with Tris/Glycine
running buffer (BioRad); then, 50 uL of the sample were loaded into each
well; one well was loaded with a molecular weight marker (PageRuler Plus
Prestained Protein Ladder, Thermo Fisher Scientific). The gel was then run
at 100 V for 1 h. Subsequently, the gel was stained with Coomassie Blue
solution (0.125 g brilliant blue R250, 10 mL glacial acetic acid, 40 mL wa-
ter, 50 mL methanol) for 1 h under gentle agitation. After staining, the gel
underwent two rinses with a de-staining solution (10% glacial acetic acid,
40% water, 50% methanol) for 20 min. Finally, the gel was washed with
sterile distilled water.

Ang-Ce6-NLCs optical properties were studied with UV/visible and flu-
orescence spectroscopy, and compared to those of free Ce6 in differ-
ent conditions, namely MilliQ water, pH 4.5, PBS, and DMEM + FBS.
The absorbance spectra of Ang-Ce6-NLCs and Ce6 were evaluated with a
UV/visible spectrophotometer (PerkinElmer, Lambda45). Disposable PS
cuvettes were used for analysis in the wavelength range of 300-800 nm.
Fluorescence spectroscopy was performed with a fluorescence spectroflu-
orometer (Agilent Technologies, Cary Eclipse) to evaluate fluorescence
emission between 415 and 800 nm after excitation at 405 nm.

Ce6 loading in Ang-Ce6-NLCs was quantified with fluorescence spec-
troscopy (Agilent Technologies, Cary Eclipse). A known amount of Ang-
Ce6-NLCs were diluted 1:600 in DMSO, to allow the dissolution of the
nanoparticles. The emission of Ce6 in DMSO at 673 nm after excitation
at 405 nm was measured to determine the concentration, using a calibra-
tion curve obtained by measuring different Ce6 solutions in DMSO. Ce6
loading (%) and encapsulation efficiency (EE) were calculated using Equa-
tions (1) and (2):

Ce6 in Ang — Ce6 — NLCs (mg)

Ce6 loadi %) =
¢6 loading (%) Total mass of Ang — Ce — NLCs (mg)

x100 (1)
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_ Ce6 loaded in Ang — Ce6 — NLCs (mg)
" Initial Ce6 in the formulation mixture (mg)

EE (%) x 100 )

In order to validate the Ce6 loading obtained with this method, the same
was also quantified by HPLC with a Shimadzu LC-20AT, using a C-18 col-
umn (150 mm x 4.6 mm i.d., 5 um particle size). Freeze-dried Ang-Ce6-
NLCs (1 mg) were dissolved in 400 uL of methanol and heated at 70 °C for
1hto melt the lipid core. The sample was centrifuged at 16 000 g for 90 min
at 4 °C, and the supernatant was collected and measured with HPLC.
The mobile phase was composed of 80% methanol (for HPLC, >99.9%,
Sigma-Aldrich) and 20% water (HPLC Plus, Sigma—Aldrich), pumped in
isocratic mode at a flow rate of 1 mL min~". The peak of Ce6 was found at
a retention time of 7 min, and its intensity was monitored by a UV detector
at 405 nm.

LED Stimulation Set-Up:  The custom illuminator for multi-well culture
plates consists of a control module and a sample holder manufactured via
3D printing (Form3B, FORMLABS) in Grey Pro Resin in the lab. Both the
sample holder and the LED board (base: 10 X 16 cm; total height sample
holder plus protective cover: 11 cm; height of the sample holder: 7.5 cm)
were designed to ensure even illumination across the two central rows of a
24-well plate. Optical excitation was provided by a LED system, the duty cy-
cle, repetition rate, and intensity of which were set through a custom-made
control circuit, comprising a microcontroller, a digital-to-analog converter,
and an analog LED driver connected to 7 red LEDs (XPGDPR-L1-0000-
00F0T; Cree, Inc., Durham, NC) with a maximum emission wavelength
of 660 nm. The central row of LEDs can be replaced with LEDs operat-
ing at other wavelengths (e.g., 405 nm). This set-up enables simultaneous
irradiation of 12 central wells of a 24-well plate with a uniform power den-
sity ranging from 1to 25 mW cm~2. The radiant intensity at the level of
a multi-well bottom was measured with a calibrated silicon photodiode
(S1337-66BR, Hamamatsu), as reported previously.[*4]

Numerical simulation of light diffusion from the light sources to the
24-well cell culture plate was performed through FEM in COMSOL Multi-
physics to evaluate the actual intensity of light on cell cultures. Light prop-
agation through absorbing or scattering media can be described through
the radiative transport equation, which quantifies energy within a vol-
ume element as light traverses scattering/absorbing media.[**] The ra-
diative transport equation is complex and depends on several variables;
thus, a simplified version, i.e., the diffusion equation (DE), is commonly
employed.[*?] The light DE is given by Equation (3):[4’]

0P (1, 1)

S ~DVEO (1) + 4, (59) = S(51) 3)

1
c
where r denotes the position vector of the photon, t is the instantaneous
time at which the source is applied, ¢ [m s™'] is the speed of light in the
medium, @ is the photon fluence rate, defined as the energy flow per unit
area per unit time in the given medium [W m~2], S is the power of the

light source [mW] operating at specific functional wavelength A, and D is
the photon diffusion coefficient, determined by Equation (4):

D= — " (4)

3 (Ha+ M)

where u, [n~'] is the absorption coefficient and s’ [m~] is the reduced
scattering coefficient of the medium at the wavelength 4 of the light
source. As evident from Equation (3), light propagation in a medium is
governed by the absorption and scattering coefficients of the medium
through which light propagates. In the model, a red LED emits light at
660 nm that diffuses first through air, crosses the PS multi-well bottom
surface, and ultimately, reaches the cell in their culture medium. As the
LED radiation traverses various layers, it undergoes Fresnel reflections
at each boundary, modeled using the partial flux boundary condition, or
Robin boundary condition. This condition establishes the relationship be-
tween fluence rate and its gradient at the boundary, crucial for accurately
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simulating light dynamics in the cell culture set-up, as outlined in Equa-
tion (5):124254748]

¢ =2,V ©)

Here, 7 is the unit vector pointing from the inside of the first medium
to the outside, and z, is given by Equation (6):

_ thr (1 + Reﬁ’)
%= 30 = Rep) ©

where [;, [m] is transport mean-free path, approximately 1/(u,+ us’), and
R.g is the effective reflection coefficient to account for the refractive index
mismatch between layers, defined as Equation (7):[24254748]

-1440 ﬂ +0.668 + 0.00636 1 7)

Reg ~ 2
where n is the ratio of the index of refraction “inside” and “outside” the
boundary: n = ny, /. In the model, two crucial reflection coefficients
were considered: one at the interface between air (n;,, = n,;,) and the PS
24-well plate (n,,; = nps), and another between the PS (n;, = npg) and the
cell feeding medium (n,,; = nppem)- Solving the diffusion equation re-
quires defining the absorption, scattering, and refraction coefficients of the
optical media alongside characterizing light source intensity. The system
employs seven adjacent LEDs emitting light at 660 nm, falling within the
red visible spectrum. For air, at this wavelength, absorption, and scattering
properties were considered negligible based on the literature.[?223] The re-
fractive index was set as n;, = 1.00276.1>°°1 A PS cell culture multi-well
has well-characterized light absorption properties.[>"*?] Silva et al. char-
acterized light absorption of the typical PS cell culture plate at 660 nm,
reporting u, = 1.31cm™", with 78% effective transmission and 0.76 cm of
penetration depth.[>?] Scattering coefficient data of pure and bulky PS are
more difficult to find, as most recent works focus on light scattering of PS
nanoparticles in aqueous dispersions and not of the bulk material.[>3>]
In an early work of Christ and Marhic,[>°! the scattering and absorption
properties of glassy PS were evaluated at 4 = 578 nm, resulting in u, =
0.0004 cm~" and s’ = 0.00024 cm™". In a more recent study of Nguyen et
al.,[>¢1 3D phantoms were built with acrylonitrile-butadiene-styrene plastic,
with values of thickness similar to those of PS multi-well bottom surface.
For these PS-based materials, absorption and scattering coefficient at A =
660 nm were characterized, resulting in g, = 0.0005 cm~" and ps’ = 0.17
cm™1. Due to this great variability in absorption and scattering values, the
PS layer was modeled with the absorption and scattering properties of the
3D phantom, being more similar to this case. The refractive index for PS
was set as nps = 1.583.17°%] The cell culture medium optical properties
were approximated with those of salty water, with an absorption coeffi-
cient of u, = 0.0004 cm~" and a scattering coefficient of us’ = 0.000008
cm~1.[3%] The refractive index of DMEM was instead found to have a value
of npmem = 1.3370.[601

Light propagation was modeled by making use of Helmholtz equation
module in COMSOL Multiphysics 5.6 as it replicates the previously intro-
duced DE. The general form of the Helmholtz equation in COMSOL is
given by Equation (8):

V(=cVu) +au =f (8)

where u represents the fluence rate, namely @ in the DE, which is the de-
pendent variable. Compared with the DE given by Equation (3), here diffu-
sion coefficient D is given by “c”, absorption coefficient y, is given by “a”
and the source term S is “f". Smce a stationary study (time-independent
state) was carried out, the first term in Equation (3) gets eliminated.

Flux source boundary conditions, equivalent to the partial flux Robin
boundary condition, were applied to each reflecting interface by setting
boundary absorption/impedance terms as z,, defined for the air-PS and
for the PS-DMEM boundaries.?4] Table S3 (Supporting Information) re-
sumes the parameters used for the numerical simulation. The source term
was set according to the employed LEDs datasheet. For a forward current
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of 450 mA, these LEDs generate a radiant flux of 682.5 mW; by increas-
ing the current of 1 mA, the radiant flux increases by 0.3%. Thus, in the
numerical simulation, source radiant flux conditions were varied to eval-
uate the optimal current to be used in the real set-up. Specifically, 682.5,
840, 997.5, 1155, and 1312 mW were set as source terms to solve the light
diffusion equation.

ROS and Singlet Oxygen Production Upon Light Stimulation of Ang-Ce6-
NLCs: Production of singlet oxygen from Ang-Ce6-NLCs after light irradi-
ation was quantified using the probe DPBF, a singlet oxygen trapping agent
strongly absorbing light at 415 nm and emitting bright bluish fluorescence.
When DBPF reacts with singlet oxygen, it forms o-dibenzoylbenzene
(DBB) by breaking the z-system of benzofuran and causing the inability
of the product to absorb or emit visible light.[?” Hence, the reduction
of absorbance of DPBF reflects the amount of singlet oxygen generated
during PDT. Due to the solubility limitations of DPBF, all the experimental
samples were dissolved in DMSO. In particular, the following experimental
classes were considered: DPBF alone (50 um), Ang-NLCs (357 ug mL™"),
Ce6 (2.5 ug mL™"), Ang-Ce6-NLCs (357 pg mL™", corresponding to the
loaded concentration of Ce6 of 2.5 ug mL~'), Ang-NLCs (357 ug mL™") +
DPBF (50 um), Ce6 (2.5 pg mL™1) + DPBF (50 um), Ang-Ce6-NLCs (357 pg
mL~"). All samples were analyzed with a UV/visible spectrophotometer in
the wavelength range of 300-800 nm, before and after irradiation. For the
irradiation, all the samples were stimulated with the set-up previously de-
scribed, at 660 nm, with a power intensity of 2 mW cm~2 for 60 s. Data
were presented as absorption intensity reduction of DPBF at 415 nm in
the samples after stimulation, in terms of percentage (%) with respect to
the value before the stimulation, according to Equation (9):

DPBF abs reduction (%)

_ |nten5it)’before irradiation — IntenSitYaﬁer irradiation

IntenSithefore irradiation

x 100 ©)

Single oxygen generation in an aqueous environment was also inves-
tigated with the Singlet Oxygen Sensor Green Reagent (SOSG, Invitro-
gen). This probe displays a weak blue fluorescence; however, after reacting
with singlet oxygen, it emits a green fluorescence (4., = 504 nm, A,

525 nm). All the samples were diluted in 1 mL of PBS at the followmg con

centrations: Ang-NLCs (357 ug mL™"), Ce6 (2.5 ug mL™"), Ang-Ce6-NLCs
(357 pg mL™", corresponding to the loaded concentration of Ce6 of 2.5 ug
mL~1). One microliters of a 5 mm stock solution of SOSG in methanol
was added to all samples to obtain a final concentration of 5 um. A control
sample where only SOSG was diluted in PBS at the same concentration
was also prepared. The fluorescence emission at 525 nm was measured
with a spectrofluorometer (Agilent Technologies, Cary Eclipse); then, the
samples were irradiated at 660 nm with a power intensity of 2 m\W cm—2
for 60 s, and the fluorescence was measured again. Data were presented
as increase of SOSG emission at 525 nm after stimulation, in terms of
percentage with respect to the value before the stimulation, according to
Equation (10):

SOSG fluo increase (%)

Emission irradiation — EMission irradiati
— after irradiation before irradiation % 100 (10)

Emlssmnbefore irradiation

In order to understand the main mechanism of radical species produc-
tion and the type of ROS produced upon light stimulation of Ang-Ce6-
NLCs, the same experiments performed with the SOSG probe were also
performed in the presence of specific ROS inhibitors, namely histidine
and mannitol. Histidine is a well-known scavenger of both singlet oxy-
gen and hydroxyl radicals,!?8] while mannitol is specific for the hydroxyl
radical.[?°l The experiment was performed exactly in the same conditions
as the test with SOSG; however, in this case, 5 mm of either L-histidine
(Sigma—Aldrich) or mannitol (Sigma—Aldrich) were also added.

Release Studies: Release studies of Ce6 from the nanoparticles were
performed by incubating 1 mg of Ang-Ce6-NLCs in different buffers (pH
4.5, pH 4.5 + 100 um hydrogen peroxide, PBS, PBS + 100 um hydrogen
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peroxide) at 37 °C under gentle shaking and protected from light. At
the selected timepoint (5, 24, 48, and 72 h), samples were collected,
and centrifuged with Amicon Ultra4 filters (100 kDa) and at 4470 g for
40 min at 14 °C. The filtrate solution was collected and stored for Ce6
quantification, while the pellet was re-dispersed in its respective buffer
and left under shaking until the consecutive timepoint. The amount of
Ceb6 released at each timepoint was quantified by HPLC, as previously
explained, with calibration curves obtained for free Ce6 dispersed in each
buffer. The cumulative release of Ce6 (%) over time was calculated by
normalizing the amount of Ce6 released at each timepoint to the total
amount of Ce6 loaded in the nanoparticles. The release experiments were
also conducted upon light stimulation of the samples. At each timepoint,
the solutions were irradiated in the set-up at 660 nm for 5 min, at a power
density of 10 mW cm~2.

Biocompatibility of Nanoparticles Without Light Irradiation: To under-
stand the cytotoxic effects induced by the nanoparticles alone and choose
a suitable concentration for the stimulation experiments, cell viability was
tested upon administration of different nanoparticle concentrations, at
both 24 h and 72 h, with the WST-1 assay (Roche), using U87 MG cells
(ATCC HTB-14) as in vitro model for glioblastoma. U87 MG (15 x 10°
cells cm™2) were seeded in 24-well plates and cultured with high-glucose
DMEM (Euroclone) added with 1% Penicillin-Streptomycin (Pen/Strep),
1% L-glutamine, 10% fetal bovine serum (FBS, Euroclone) to obtain com-
plete medium. The following day, cells were treated with different concen-
trations of free Ce6 (0.7, 2.1, 3.5, and 7 ug mL~", diluted in complete
DMEM from a stock solution of Ce6 5 mg mL~" in DMSO), Ang-NLCs
(100, 300, 500, and 1000 pg mL™"), and Ang-Ce6-NLCs (100, 300, 500, and
1000 pug mL~", corresponding to the tested concentrations of “plain” Ce6)
for 24 and 72 h. After the fixed incubation time, the media were removed,
cells washed with PBS, and then incubated with 300 pL of phenol red-free
complete DMEM with the WST-1 reagent (1:20 dilution) for 30 min at 37
°C. Thereafter, absorbance at 450 nm was measured using a PerkinElmer
Victor X3 UV/visible spectrophotometer. The values were expressed as %
with respect to untreated controls.

GBM Targeting Abilities of Ang-Ce6-NLCs: To investigate the targeting
abilities of Ang-Ce6-NLCs, a dispersion of Vybrant-DIO-labeled Ang-Ce6-
NLCs (100 ug mL~") were administered under flow conditions to var-
jous cell cultures mimicking the brain environments: human brain mi-
crovascular endothelial cells (hCMEC/D3, Millipore) cultured with En-
doGrow complete medium kit (Millipore), human primary astrocytes
(HA, Alphabioregen HBMP-202) cultured with Astrocytes Growth medium
(Cell Alphabioregen), human neuron-like cells differentiated from SHSYS5Y
(ATCC CRL-2266) cultured with DMEM F12 (Gibco), primary human brain
microglia (HBPM, Alphabioregen PHMO001) cultured with Alpha-Glia Ex-
pansion Medium (Alphabioregen), pericytes (HBVP ScienCell, 1200-SC)
cultured with Pericyte Medium (Alphabioregen), and GBM cell model
(U87 MG, ATCC, HTB-14) cultured with complete DMEM. 15 x 10°
hCMEM/D3, astrocytes, microglia, pericytes, or U87 MG cells were seeded
on 1 cm? round glass coverslips (VWR) 24 h prior to the experiment.
Human neuron-like cells were derived from SH-SY5Y; 10* SH-SY5Y were
seeded 8 days before the experiment on 1 cm? round glass coverslips,
in DMEM F12 (Gibco) with 1% glutamine (Sigma-Aldrich), 10% FBS
(Sigma—Aldrich), and 1% Pen/Strep (Gibco). After 48 h, the differentia-
tion of the cells was induced by replacing the culture medium with high-
glucose DMEM (Euroclone) with 1% FBS, 1% glutamine, 1% Pen/Strep,
and 107> M retinoic acid (Thermo Scientific); these culture conditions were
maintained for 6 days.

On the day of the experiment, glass coverslips with the different cul-
tures were placed in a custom fluidic bioreactor designed for targeting
experiments, as reported in the previous work.['?] Vybrant DiO-labeled
Ang-Ce6-NLCs or Ce6-NLCs (100 ug mL™") in complete phenol red-free
DMEM and supplemented with HEPES were perfused through the biore-
actor at a rate of 12 mL min~! for 3 h at 37 °C. After the experiment, cells
were washed with PBS and fixed with 4% paraformaldehyde (PFA) at 4
°C for 30 min, followed by staining with TRITC-phalloidin 0.5% (Sigma-—
Aldrich) and Hoechst 33342 0.1% (Invitrogen) in PBS for 30 min at 37 °C,
to label cytoskeletal actin and nuclei, respectively. Confocal microscopy
was performed with a C2s confocal microscope (Nikon), and the analysis
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of internalization was based on the colocalization of nanoparticle signal
(green) with that one of the cytoskeletal actin (red).

Ang-Ce6-NLCs Cell Uptake and Intracellular Fate: Ang-Ce6-NLCs up-
take pathway was investigated by confocal microscopy, considering
pinocytosis and clathrin- and caveolin-mediated endocytosis. U87 MG
cells were seeded in WillCo-Dish (glass bottom dish, WillCo wells BV) at a
density of 10* cells cm=2.

For pinocytosis, the day after seeding, the cells were incubated with
100 ug mL™" of Vybrant DIO-labeled Ang-Ce6-NLCs, together with the
Cascade Blue hydrazide fluorescent dye (1:40, Invitrogen), for 6 and 24 h
at 37 °C. In the end, cells were washed three times with PBS and finally
left in a fresh phenol red-free HEPES-supplemented complete medium.
Confocal images were acquired immediately, and a co-localization analy-
sis (Pearson’s correlation coefficient) between signals of Ang-Ce6-NLCs
and of pinosomes was performed by NIS-Elements software.

To study caveolin and clathrin-mediated endocytosis, after seeding in
WillCo dishes, U87 MG cells were treated with 100 ug mL™" of Vybrant
DIO-labeled Ang-Ce6-NLCs for 6 and 24 h at 37 °C. After incubation, cells
were washed with PBS and fixed with 4% PFA at 4 °C for 30 min. Sub-
sequently, cells underwent three washes with PBS and then incubated
with a blocking solution based on goat serum (GS, 10%, EuroClone) and
Triton X-100 (diluted 1:1000, Sigma—Aldrich) in PBS for 30 min. Subse-
quently, samples were treated with either anti-caveolin-1 primary antibody
(1:150, Abcam) or anti-clathrin primary antibody (1:150, Abcam) in PBS
containing 10% GS for 2 h. Following three washes with 10% GS in PBS,
the samples were stained for 1 h with Alexa-Fluor-488 secondary antibody
(1:250, Millipore), TRITC-phalloidin (1:200, Sigma—Aldrich), and Hoechst
33342 (1:1000, Invitrogen). Samples were then rinsed three times with
PBS and finally analyzed using confocal microscopy. Co-localization anal-
ysis, assessed by Pearson’s correlation coefficient, was performed using
NIS-Elements software.

To understand the intracellular fate of Ang-Ce6-NLCs, their uptake in
lysosomes and late endosomes was studied by confocal fluorescence mi-
croscopy. U87 MG cells were seeded in WillCo Petri dishes at a density
of 10* cells cm™2 and incubated, after 24 h, with 100 ug mL~1 of Vy-
brant DIO-labeled Ang-Ce6-NLCs for 24 and 48 h at 37 °C. After the in-
cubation, the samples were washed twice with PBS and treated with the
LysoTracker Deep Red dye (1:2000, Invitrogen) in a high-glucose phenol
red-free HEPES-supplemented complete medium for 30 min. Then, the
cells were washed and stained with Hoechst 33342 (1:1000, Invitrogen)
for 15 min at 37 °C. Confocal fluorescence microscopy and co-localization
analysis were performed as previously described.

Effect of Ang-Ce6-NLCs-Mediated PDT on GBM Cell Viability:  For the
evaluation of GBM cell viability after light exposure at different power den-
sities, U87 MG cells were seeded in 24-well at 15 x 103 cells cm™2. The
following day, cells were treated with either 0.7 ug mL™" of free Ce6 or
100 ug mL™" Ang-Ce6-NLCs for 24 h. After incubation, the media were re-
placed with fresh culture medium without any photosensitizer. Cells were
then irradiated in the set-up at 660 nm for 5 min, testing three different
power densities: 20, 10, or 2 mW cm~2 (corresponding to light doses of
6, 3, and 0.6 | cm_z). After stimulation, WST-1 assay was performed as
described above.

To study the effect of PDT on U87 MG cell proliferation and apoptosis,
the expression of p53 (apoptosis) and Ki-67 (proliferation) markers was
investigated by immunofluorescence after the treatment with free Ce6
or Ang-Ce6-NLCs, with or without light irradiation. U87 MG cells were
seeded at 15 X 10 cells cm™2 in a 24-well plate where glass slides were
previously inserted. Then, cells were treated with either 0.7 ug mL™!
of free Ce6, 100 ug mL™" Ang-NLCs, or 100 pg mL~" Ang-Ce6-NLCs
for 24 h. At the end of the incubation, the media were replaced with
fresh medium without any photosensitizer. Cells were then irradiated
in the set-up at 660 nm for 5 min at 10 mW cm~2 (selected based on
the results of the WST-1 assay). The same experimental classes without
light stimulation were also investigated, together with control U87 MG
cells (with or without light irradiation). After 1 h, cells were fixed with
4% PFA at 4 °C for 20 min. Then, cells were incubated for 30 min with a
blocking solution (GS 10% and 1:1000 Triton-X 100) and then incubated
with a primary anti-Ki-67 rabbit antibody (1:200, Millipore) and a primary
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anti-p53 mouse antibody (1:200, Abcam) for 2 h at 37 °C. Afterward, cells
were washed and incubated for 1 h with a FITC-conjugated secondary
anti-rabbit antibody (1:250 dilution, for Ki-67 staining, Millipore), and
with a TRITC-conjugated secondary anti-mouse antibody (1:250, for p53
staining, Millipore). In the end, cell nuclei were counter-stained with
Hoechst 33342 (1:1000, Invitrogen) for 20 min. Imaging was performed
with the confocal microscope and the analysis of the p53 and Ki-67
positive nuclei was carried out with NIS-Elements software (Nikon).

Induction of Intracellular Oxidative Stress by Ang-Ce6-NLCs-Mediated
PDT: The induction of oxidative stress at the mitochondrial level was in-
vestigated through the assessment of increased expression of mitochon-
drial heat shock protein 90 (HSP90), also known as TRAP1. 15 x 10 cells
cm™2 U87 MG cells were seeded on glass slides, previously inserted in a
24-well plate and then treated with either 0.7 ug mL~" of free Ce6, 100 ug
mL~" Ang-NLCs, or 100 ug mL™" of Ang-Ce6-NLCs for 24 h. The following
day, the media were replaced with fresh medium, and cells were irradi-
ated with 660 nm-light for 5 min at 10 mW cm~2. The same experimen-
tal classes without light stimulation were also investigated, together with
control U87 MG cells (with or without light irradiation). After 1 h, samples
were fixed with 4% PFA at 4 °C for 20 min. Subsequently, cells were washed
with PBS, treated with 10% GS, and stained with Hoechst 33342 (1:1000)
for 30 min at 37 °C. A primary rabbit antibody against TRAP1 (GeneTex) at
a dilution of 1:300 in 10% GS was then incubated for 2 h at 37 °C. Follow-
ing three washes, a FITC-conjugated goat anti-rabbit secondary antibody
(Invitrogen) at a dilution of 1:250 in 10% GS was incubated for 2 h at 37
°C. Images were obtained by confocal microscopy, following the previously
described procedure. For each image, the total fluorescence intensity cor-
responding to the TRAP1 channel was quantified with Image|, normalized
by the number of cells in the measured area, and presented as “TRAP1-
intensity”). To better highlight the effect of the treatment, for each exper-
imental class, TRAP1-intensity was normalized to the value found for the
untreated control and expressed as -fold change with respect to the con-
trol.

Migration Properties of U87 MG Cells from U87 MG-Derived Spheroids
after Ang-Ce6-NLCs-Mediated PDT:  U87 MG spheroids were obtained by
culturing U87 MG cells (10.8 x 10* cells per well) in 48-well plates, pre-
viously coated with 200 uL of 2% agarose gel in ultrapure water. After 5
days, 3D spheroids were obtained, and six spheroids for each experimen-
tal class were collected and allowed to adhere to the bottom of the 24-well.
Eight experimental classes were considered: untreated spheroids -control-
, control + light, 0.7 pg mL~" of free Ce6, 0.7 ug mL™" of free Ce6 + light,
100 pg mL~" of Ang-NLCs, 100 pug mL™" of Ang-NLCs + light, 100 pg mL™"
of Ang-Ce6-NLCs (corresponding to 0.7 ug mL~" of Ce6), 100 ug mL~" of
Ang-Ce6-NLCs + light). After 24 h of treatment, the media were replaced
with 500 pL of free phenol red fresh medium to all experimental classes,
and light stimulation at 660 nm for 5 min at 10 mW cm~2 was performed.
Images of the spheroids were taken by bright-field microscopy before and
at 24, 48, and 72 h after the stimulation, and subsequently analyzed with
the Image) software in terms of “migration area”, defined as the area occu-
pied by the cells migrating from the core of the spheroid, and calculated
by subtracting the area of the core of the spheroid to the total area oc-
cupied by the migrating cells plus the spheroid (Figure S23, Supporting
Information).[61-631]

Proteomic Analysis:  To thoroughly characterize the molecular impact
of PDT, and of every component of it separately, a proteomics investi-
gation based on mass spectrometry (MS) was conducted. Proteomics-
dedicated U87 MG spheroids, obtained as described above, were derived
from a single cell aliquot, cultured in various conditions and timing to
produce all necessary experimental classes, each of which consisting of
10 spheroids. From that initial aliquot, cells were cultured in 5 sequential
batches, each composed of 8 samples varying in treatment regimes. More
precisely, batches 4 and 5 both represent experimental endpoint, being
technical replicas of each other that was included as a control.

Through three alternative analytical strategies, which are referred to as
sub-studies, proteomics variations associated with therapy, culture pas-
sage, or both were dissected. Specifically, sub-studies a (the main one)
and p evaluate the impact of treatment, respectively in the presence or
the absence of passage variations. Sub-study y is instead dedicated to the
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characterization of the effects of time per se. Table 3 details on proteomics
classes and replicas. For all the experimental classes, fresh medium was
replaced 24 h post-treatment, and samples receiving light stimulation
were irradiated at 660 nm for 5 min at 10 mW cm~2. After 1 h, spheroids
were washed with PBS, collected in sterile tubes by removing excess PBS,
and stored at —80 °C until further analysis.

Proteomics Data Acquisition: Samples were lysed, reduced, and alky-
lated in 100 pL LYSE buffer (Preomics) at 95 °C for 10 min. Then, they
were sonicated with an Ultrasonic Processor UP200St (Hielscher), 3 cy-
cles of 30 s. The protein amount of lysates was measured by the Trypto-
phan method.[%] Proteins were isolated and digested by the protein ag-
gregation capture method automated on a KingFisher Apex robot (Thermo
Fisher Scientific) in 96-well format as described in Bekker-Jensen et al.[%]
Briefly, the tip plate was stored in plate #1. Lysate samples were stored in
plate #2, at a final concentration of 70% acetonitrile, and with magnetic
beads in a protein/bead ratio of 1:4 (1:1 SpeedBead magnetic carboxylate
45152105050250 and 65152105050250, Cytiva). Washing solutions were
in plates #3-5 (acetonitrile), plate #6 (70% ethanol), and plate #7 (iso-
propanol). Plate #8 contained 100 uL of digestion solution, namely 25 mm
Tris HCl pH 8, endoproteinase LysC (Wako) in an enzyme/protein ratio of
1:100 (w/w), and trypsin (Promega) in an enzyme/protein ratio of 1:50.
Protein aggregation was carried out in two steps, each composed of a
1 min mixing at medium speed followed by a 10 min pause. Sequential
washes were performed in 2.5 min at a slow speed, without releasing the
beads from the magnet. Digestion was set to 2.5 h, at 37 °C and at slow
speed.

Resulting peptides were analyzed on the Evosep One system using an
EASY spray column (150 um x 15 cm, 2 pm particle size, Thermo Sci-
entific) and the pre-programmed gradient of 30 samples per day, with a
flow rate of 0.5 uL min~'. The column temperature was maintained at
40 °C and interfaced online with the Orbitrap Exploris 480 MS (Thermo
Scientific) with FAIMS Pro Duo Interface (Thermo Scientific). MS anal-
ysis was performed in data-independent acquisition (DIA) mode. High-
field asymmetric waveform ion mobility spectrometry compensation volt-
age was set to —45 at standard resolution. Full MS resolution was set
to 120 000 in a range between 375 and 1500 m/z, with a Normalized
AGC target set to 300%, and a maximum injection time set to Auto.
The normalized AGC target for fragment spectra was set at 1000%, us-
ing 40 windows of 15 m/z with an overlap of 1 m/z. Resolution was set
to 30 000, and injection time to Auto. The normalized collision energy
was set at 30%. All data were acquired in profile mode using positive
polarity.

All DIA raw files were processed with Spectronaut version 18 us-
ing a library-free approach (directDIA) with default settings.[®] Enzymes
| Cleavage Rules was set to Trypsin/P, LysC. The library was gener-
ated against the Uniprot Human database (release UP000005640_9606
November 2022, 102572 entries). Carbamidomethylation was selected as
a fixed modification, and methionine oxidation and N-terminal acetyla-
tion as variable modifications. The significance cutoff for false discovery
rates (FDRs) of peptide-spectrum matches and peptide/protein groups
was set to 0.01. Precursor Filtering for quantification was set to Identified
(Qvalue), and the Imputation Strategy was set to Run Wise Imputing. MS2
was chosen as quantity MS-level.

Principal Component Analysis: ~ Statistical analyses on the Spectronaut
Protein Quant Pivot Report were performed via Perseus 1.6.15.0.[67] A PCA
score plot, yielding information about sample diversity depending on treat-
ment type and time point, is part of Perseus’ output.

Pairwise Comparisons Across Proteomics Classes: ~ Pairwise comparisons
were conducted across selected experimental classes, using normalized
class-mean relative protein abundances (RPAs). For sub-studies « and y,
Student’s t-tests were systematically utilized to evaluate each RPA varia-
tion on the comparison at hand, setting the threshold for significance on
p-values to 0.05. FDRs (permutation-based, 0.05 cutoff for significance on
g-values) were applied on successful t-tests, to mitigate multiple compar-
isons problem. Artificial variance within-groups (s0) was set to 0.1. For
sub-study g, due to its limited number of replicas, the effects of treatment
were evaluated through significance B tests, with a significance threshold
for Benjamini-Hochberg FDRs set to 0.05. Comparisons considered for
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each of the three sub-studies are reported in Table S2 (Supporting Infor-
mation). Proteins displaying significantly different abundances, which are
called differentially represented proteins (DRPs), are either over- or under-
represented in the first term of the comparison. For each of the considered
comparisons, in addition to full DRP sets trend-specific lists were prepared
featuring only up- or down-regulated proteins.

Protein Overlap Among Pairwise Comparisons: Sets of DRPs resulting
from pairwise comparisons among proteomics experimental classes were
intersected and visualized as Venn diagrams, also evaluating the con-
sistency of each DRP at a given intersection in terms of up- or down-
regulation trends. A shared DRP was deemed consistent if systematically
up- or systematically down-regulated in all parent sets involved, at least
when these are overlaid on the basis of the experimental variables they
investigate.

Hierarchical Clustering, and Gene Ontology: ~Other analyses were car-
ried out as convenient to further characterize specific groups of proteins.
Proteins/DRPs within a list of interest were hierarchically clustered based
on their RPAs across different samples or classes, which were hierarchi-
cally clustered as well based on their overall proteome/protein-set simi-
larities. The two dendrograms yielded by such HC procedure were utilized
to define rows and columns of a central heatmap, color-coding individual
RPAs. GO investigations were undertaken to unveil processes (GO biolog-
ical process), functions (GO molecular function), or components (GO cel-
lular components) relevantly associated with a given set of proteins/DRPs.
These were performed with GOrilla,[%8] set to target-and-background-lists
modality, using as a background the whole list of human genes, fetched
from Ensembl BioMart.[%®7%1 All GO terms found to be significantly en-
riched — imposing significance thresholds of 0.05 to both p- and g-values
—were submitted to REVIGO, to be rendered as scatter plots. Final polish-
ing was done on Cytoscape 3.10.2.171]

Ang-Ce6-NLCs-Mediated PDT in the Neurovascular Unit Sensorized In
Vitro Model:  To evaluate the effect of PDT in a complex system that reca-
pitulates the in vitro GBM microenvironment, together with typical healthy
brain cells populating the brain parenchyma and the blood-brain barrier
structure (BBB), a biomimetic neurovascular unit model was developed.
This bioreactor was designed for multi-cultures of human astrocytes, hu-
man microglia, and human neuron-like cells, alongside U87 MG cells. The
bioreactor is assembled through three poly(methyl methacrylate) (PMMA)
sheets of different thickness combined in order to obtain a 5 mm thick
composite piece with an internal channel 0.5 mm high and on the bottom
separated by a 2 mm poly(dimethyl siloxane) (PDMS, 1:10, SYLGARDTM
184) gaskets, combined with a 7 mm thick composite piece with a 2 mm
deep chamber specially cut according to the specific design. The different
sheets were joined together by external aluminum frames and closed with
screws. The bioreactor is composed of two areas dedicated to cell cultures,
an upper fluidic channel (5 mm wide, 105 mm long, and 0.75 mm high) or-
ganized as a “zig-zag” serpentine with 3 arms and connected with two out-
lets to a pump system. A static lower rectangular chamber (25 mm wide,
110 mm long, and 2 mm high) simulates healthy or GBM-affected brain
tissue. A 3 um cut-off porous poly(ethylene terephthalate) (PET) mem-
brane sheet was placed between the channel and the chamber interface
to separate the area of the BBB from the healthy brain tissue (Figure S18,
Supporting Information).

The entire bioreactor (80 mm X 150 mm side x 15 mm height) has
been designed to be inserted inside the LED stimulation device, and has
been equipped with two types of sensors: an electronic sensor composed
of a couple of electrodes, one on the top channel and the other placed
5 mm below, on the other side of the BBB model, for a measurement of
the TEER, adapting electrodes for the epithelial Volt-Ohm Meter (Millicell
ERS-2, Millipore), and a thermal sensor, consisting of a thermocouple in-
tegrated in the lower chamber to follow real-time the temperature inside
the bioreactor. The bioreactors were connected in series with a homemade
pumping system to automatically change cell culture media, with a 12 mL
min~ flow rate.

Simulation of the Fluid Dynamics: COMSOL Multiphysics software
was used to simulate the fluid dynamics in the bioreactor top compart-
ment to validate its design. Selecting the “Laminar Flow (spf)” interface,
velocity, and pressure fields were computed for single-phase fluid flow in
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the laminar regime, determining fluid dynamic shear-stress at the bottom
wall where cells are seeded. Laminar flow persists if the Reynolds number
(Re) remains below 2300.172] At higher Reynolds numbers (Re > 2900), dis-
turbances grow and cause a transition to turbulence. The critical Reynolds
number varies based on model parameters, as indicated by Equation (11):

Re = £ Dn ()
u

where p [kg m™3] is the fluid density, <v> [m s™"] is the average fluid ve-
locity along the duct, u is the dynamic viscosity of the fluid [Pa-s], and Dy,
[m] is the hydraulic diameter of the duct that, for a rectangular geometry,
is defined as Dy = 4 21[73] with A being the cross-sectional area of the
duct and P its perimeter. The average fluid velocity <v> along the princi-
pal direction depends on the flow rate at the inlet of the chamber Q; [m?
s71], as well as on the sizes of the flow chamber, i.e., the height h and the

width w, as defined by <v > ey

w
For incompressible Newtonian fluids flowing upon a planar surface,
fluid dynamic shear-stress is determined according to Newton’s law by
Equation 12:[74]

_ dv; 12
= —n5 (12
where i is the fluid dynamic viscosity and %- is the gradient of the i*"

fluid velocity along the j directions. Under the laminar and stationary
flow hypothesis, between two parallel plates (distant h from each other
and with a specific width w and length I, with [ >> w >> h), the wall shear

stress (WSS) can be analytically derived, assuming Equation (13):17°]

WSS = (1) 67" (13)

where (v) is the average fluid velocity along the flowing direction; this de-
pends on the flow rate at the chamber inlet (Q;) and on the flow chamber
sizes h and w. Using COMSOL Multiphysics, shear stress value is derived
from the velocity field.

Assuming laminar flow along the x-axis with no-slip conditions at the
walls, the COMSOL Laminar Flow interface computes velocity, pressure
fields, and shear stress (including that one at the duct wall). The simula-
tion was run by varying the inlet flow rate (Q;), from 1.2 to 12 mL min~!
(inlet flow rate in the cylindrical graft), to evaluate the optimal flow rate
to achieve the desired shear stress on cells. Outlet condition was main-
tained as PJout = 0 Pa (outlet pressure); the flowing material (cell culture
medium, density 993 kg m~3 and viscosity 8.9ex 10™* Pa s) was consid-
ered an incompressible and Newtonian fluid. The channel height was fixed
as h = 0.5 mm and the width at 5 mm. Mesh of tetrahedral finite elements
defined the fluid dynamic domain, computing spatial velocity distributions
within the micrometric culture channel.

Population of the Bioreactor with Different Cell Lines:  Cells in the biore-
actor were seeded starting from the upper channel. hCMEC/D3 (40 X
103 cells cm~2) were seeded in EndoGrow complete culture medium; 5
x 10% cells cm™2 of human primary astrocytes and 5 x 10% cells cm™2
of human primary pericytes were seeded together in Astrocytes Growth
medium (Cell Application, Inc.) in the bottom part of the porous mem-
brane. The co-culture was grown for 5 days, when the endothelial cells
formed a compact monolayer on the membrane, mimicking the BBB. Con-
textually, 10 x 103 cells cm~2 of SH-SY5Y in high-glucose DMEM 1% FBS
were seeded on rectangular glass coverslips (54 x 24 mm, Menzel-Gliser),
and then retinoic acid 1:1000 was added for 6 days to foster differentia-
tion in neuron-like cells. One day before the integration in the bioreactor,
another rectangular glass coverslips (54 x 24 mm, Menzel-Gliser) was
seeded with 15 x 10° cells cm™2 of U87 MG cells. Human primary mi-
croglia (5 x 10° cells cm™2) and human primary astrocytes (5 x 10 cells
cm~2) were, instead, seeded on the same glasses previously populated
with neuron-like cells, in high-glucose complete DMEM. On the day of
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the integration, the bioreactor was opened and one glass with healthy co-
cultures and one glass with GBM cells were added to the bottom camber.
After 6 h from the integration, the bioreactors were connected with a pump
system.

Only for imaging purposes, to better characterize the morphology of the
formed BBB, GFP-expressing primary human astrocytes (Alphabioregen
HBMP201-F) were employed. The cells were fixed with 4% PFA for 20 min
and the samples were stained with TRITC-phalloidin and Hoechst 33342,
as previously reported, and images were acquired by confocal microscope.

ZO-1 expression was also assessed by immunofluorescent staining; the
fixed BBB models were removed from the bioreactor and collected in 3 cm
diameter petri dish, and treated with PBS + Triton X100 (1:1000, Sigma—
Aldrich) solution for 10 min, and later with GS/PBS (1:10, Sigma—Aldrich)
solution for 30 min at 37 °C. Then, samples were incubated for 2 h at 37
°C with 2 mL of rabbit anti-ZO-1 primary antibody (1:300, Invirogen) in GS
10%. After 3 washing steps with GS 10%, 2 mL of FITC-conjugated goat
anti-rabbit secondary antibody in GS 10% was added, and incubated for
2 h at 37 °C. In the end, nuclei were counter-stained with Hoechst 33342
(1:1000), while the cytoskeleton was stained with TRITC-phalloidin, as pre-
viously described. Images were acquired with the confocal microscope.

PDT Experiments with the Bioreactor: For PDT experiments, four ex-
perimental conditions were considered, using four different bioreactors:
control, control + light, Ang-Ce6-NLCs, Ang-Ce6-NLCs + light. The cul-
ture medium of the channels was maintained and connected to the fluidic
pump system, while the culture medium in the bottom chamber (GBM
and healthy brain cells compartment) was replaced with a dispersion of
100 ug mL~" of Ang-Ce6-NLCs in complete medium for 24 h (or just com-
plete DMEM in the case of controls). On the day of the experiment, the
TEER was measured, the culture medium of the bottom chamber was re-
moved, the co-cultures were washed with PBS, and fresh complete DMEM
without phenol red was added. The bioreactors were disconnected from
the fluidic pump system, placed in the irradiation set-up, and stimulated
at 660 nm, 10 mW cm™2 at 37 °C for 5 min. Dark controls were left in-
side the incubator. During the light exposure, the temperature profile was
followed. After 1 h from the stimulation, the bioreactor was disassembled
to analyze each component individually. In particular, the metabolic ac-
tivity of the cells (BBB, healthy brain cells, and GBM cells) was evaluated
with the WST-1 assay as previously described. To evaluate the cytotoxic
effects of the PDT treatment, the co-cultures that exhibit a reduction of
viability (GBM cell culture and healthy brain cells) were also analyzed with
the Live/Dead assay Kit (Thermofisher). Cells were incubated with calcein
AM 4ex 10™° M (ThermoFisher Scientific), ethidium homodimer-1 4ex
10~° m (Thermoscientific), and Hoechst 33342 20sx 107 m (Invitrogen)
for 40 min. Confocal acquisitions were performed after PBS washing and
images were analyzed with Image] to count the ratio of the number of dead
cells with respect to the number of total nuclei. The data were indicated as
% of dead cells with respect to the total number of cells in each sample.

Statistical Analysis: Al the data presented in this work are presented
as means of at least three separate repetitions (n), and the error bars rep-
resent their standard deviations (SD). Statistical analyses for proteomics
are reported within the pertinent paragraphs. All other statistical evalua-
tions of normally distributed data were done by one-way ANOVA followed
by Bonferroni’s means comparison by using OriginLab Software. Only for
the migration assay, data were analyzed by Kruskal-Wallis ANOVA with
OriginLab Software. In all cases, significance was defined as p < 0.05.

Supporting Information

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