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Abstract

Glioblastoma (GB) is the most frequent malignant tumor originating from the central nervous
system. Despite breakthroughs in treatment modalities for other cancer types, GB remains largely
irremediable due to its high degree of intratumoral heterogeneity, infiltrative growth, and intrinsic
resistance towards multiple treatments. These resistant and aggressive sub-populations of GBs
including the glioblastoma stem cells (GSCs) can circumvent treatment. GSCs act as a reservoir of
cancer-initiating cells; they are a major challenge for successful therapy. We have discovered, as

opposed to well-reported anti-cancer drug based therapeutical approach for GB therapy, the role of
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polyethylenimine (PEI) in inducing selective death of patient-derived GSCs via lysosomal
membrane rupturing. Even at very low doses (1 pg/ml), PEI surface-functionalized mesoporous
silica nanoparticles (PEI-MSNs), without any additional anti-cancer drug, very potently and
selectively killed multiple GSC lines. Very importantly, PEI-MSNs did not affect the survival of
well-established GB cells, or other type of cancer cells even at 25x higher doses. Remarkably, any
sign of predominant cell death pathways such as apoptosis and autophagy was absent. Instead, as
a potential explanation for their GSC selective killing function, we demonstrate that the internalized
PEI-MSNs accumulated inside the lysosomes, subsequently causing a rupture of the vulnerable
lysosomal membranes, exclusively in GSCs. As a further evaluation, we observed blood-brain-
barrier (BBB) permeability of these PEI-MSNSs in vitro and in vivo. Taking together the recent
indications for the vulnerability of GSCs for lysosomal targeting, and GSC selectivity of the PEI-
MSNs described here, the results suggest that PEI-functionalized nanoparticles could have a

potential role in the eradication of GSCs.

Introduction

Glioblastoma (GB) is the most common, aggressive, and lethal form of primary brain tumors in
adults[1,2]. The prognosis of patients affected by GB remains limited with a median survival of
approximately 12-18 months[3]. The current clinical practices for patient treatments include
surgery, chemo- and radiotherapy. The treatments are challenged by major complications because
of the highly invasive nature of GB cells, intratumoral heterogeneity, and the intrinsic resistance
of GB cells towards therapies[4]. It has been reported that even after surgery and chemo- and
radiotherapy, glioblastoma cells invade neighboring normal brain leading to currently uncurable
recurrence in patients[5]. Current therapeutic approaches leave the resistant and aggressive sub-
populations including GSCs untreated[6]. In the case of GB, GSCs belong to a small subgroup of
cells with a phenotypically distinctive character: the ability and unlimited potential to differentiate,
self-renew, and form new tumors. GSCs are one of the main causes of resistance, recurrence, and

mortality in GB, thus, novel therapeutic approaches are needed to target the GSC population[7].

Conventional targeting of the stem cell populations within brain tumors has shown some success
at the preclinical level[8]. The strategies used to target stem cells have mainly focused on signaling
pathways[9] and dendritic cell-based immunotherapy[10]. Another potential strategy for treatment
involves the application of PARP (poly (ADP-ribose) polymerase) inhibitors. The PARP inhibitor
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(ABT-888) enhances apoptosis when used in combination with TMZ (temozolomide) and
radiation[11]. GSCs are known to survive harsh conditions, such as lack of oxygen (hypoxia) and
nutrients[12]. GSCs can modify their metabolic machinery to enhance the glucose uptake via the
high-affinity glucose transporter GLUT3. Therefore, GLUT3 receptors have shown to be a
potential therapeutic target for glioblastoma GSCs[13]. Recently, Lucki et al. reported a drug-like
small molecule cRIP GBM that selectively induces apoptosis in GSCs[14]. Another recent report
by Le Joncour et al. showed that invasive GB cells display vulnerable lysosomes, and that
lysosomal membrane permeabilization could be achieved by application of a cationic amphiphilic
antihistamine class drug, clemastine (Tavegil™), a first-generation histamine H1 antagonist [15].
To develop more selective therapies, a deeper understanding of the intracellular biology and

microenvironment of GSCs would be vital.

During recent years, silica-based nanoparticles have gained vast attention in therapy, diagnosis,
and theranostics[16]; albeit limited examples exist specifically for brain cancer treatment. A few
promising studies have been published to date [17-22], suggesting that their advantageous
characteristics should be exploitable also in this therapeutic area. The most prominent advantage
of mesoporous silica nanoparticles (MSNs) is perhaps their drug delivery capability, being able to
efficiently carry high payloads of poorly soluble drugs; equipped with controlled release functions,
ability to cross biological barriers e.g. the cell membrane, and in the best case scenario, delivering
the drug in a targeted fashion[23-29]. The silica surface is inherently negatively charged, which in
general does not maximize attraction to the negatively charged cellular membranes. Thus,
hyperbranched polyethylenimine (PEI), a polycationic polymer with a high amount of amino
groups[30] is widely applied for enhancing the cellular uptake of nanoparticles to achieve efficient
delivery of therapeutic payloads to cells [31,32]. In addition to enhancing cellular uptake, PEI is
widely believed to promote endosomal escape via the proton-sponge effect[33,34]. The proton-
sponge hypothesis suggests that cationically surface-functionalized nanoparticles allow
endo/lysosomal swelling by intake of water molecules, eventually leading to the disintegration of
endo/lysosomal membranes[35,36]. Given that nanoparticles naturally accumulate in lysosomes
upon cellular internalization as a result of endocytic mechanisms, lysosomal membrane disruption

could be a potential route to exploit the vulnerability of GSCs.
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In the present study, we set out to evaluate the in vitro and in vivo potential of PEI surface-
functionalized MSNs (PEI-MSNs) as drug carriers to treat GB using patient-derived GSCs (BT-3-
CD133", BT-12, BT-13 cells)[15]. Nevertheless - and most remarkably - without carrying any
drugs, PEI-MSNs were able to induce selective cell death of GSCs but not established GB cells
without stem cell characteristics. MSNs without PEI coating did also not induce this effect, which
led us to postulate that the selective cell death may have occurred via rupturing of the vulnerable
lysosomal membrane. Subsequently, we performed in-depth intracellular microscopic analysis on
BT-12 cells to understand the role of PEI functionalization in cell death. The results obtained by
confocal and TEM imaging predominantly suggest the involvement of the “proton-sponge
mechanism” induced by PEI-MSNs, leading to rupture of the lysosomal membrane. Additionally,
to deduce the potential of this mechanism to be exploited in a therapeutic setting, we showed
successful penetration of PEI-MSNs through BBB models both in vitro and in vivo. Furthermore,
the in vitro blood-brain tumor-barrier (BBTB) model[37] confirmed accumulation of PEI-MSNs
in the lysosomes of BT-12 GSC. Potentially, this discovery of the inherent role of PEI-MSNSs in
selectively eradicating otherwise highly resistant GSCs presents a novel vulnerability to exploit for

brain cancer (GB) treatment.
Materials and Methods

Unless otherwise noted, all reagent-grade chemicals were used as received, and Millipore water
was used in the preparation of all aqueous solutions. Cetylmethylammonium bromide (CTAB, AR)
was purchased from Fluka. 1,3,5-Trimethyl-benzene (TMB,99%) was purchased from ACROS.
Decane (99%) was purchased from Alfa Aesar. Anhydrous toluene (AR), ethylene glycol (AR),
tetraethyl orthosilicate (TEOS, AR), 3-aminopropyltriethoxysilane (APTES, AR), NH4OH (30
wt%, AR), were purchased from Sigma Aldrich. Aziridine was used in the preparation for
hyperbranched surface modification of MSNs and purchased from Menadiona S.L.Pol. Industrial

company.

Preparation and characterization of hyperbranched PEI functionalized mesoporous silica

nanoparticles (PEI-MSNs)

Mesoporous silica nanoparticles were prepared according to a protocol from our previously

published work[38]. The MSNs were prepared by co-condensation of TEOS and APTES as silica
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sources. Briefly, a mixed solution was prepared by dissolving and heating CTAB (0.45 g) in a
mixture of DI water (150 mL) and ethylene glycol (30 mL) at 70 °C in a reflux-coupled round flask
reactor. Ammonium hydroxide (30 wt%, 2.5 mL) was introduced to the reaction solution as the
base catalyst before TEOS (1.5 mL) and APTES (0.3 mL) was added to initiate the reaction. Decane
(2,1 mL) and TMB (0.51 mL) were used as swelling agents before the addition of the silica sources,
decane was added 30 min before TMB and after the addition of TBM, the synthesis solution was
mixed for 1.5 h. The molar ratio of used reagents in the synthesis of MSN was 1TEOS :
0.19APTES : 0.18CTAB : 0.55TMB : 1.6 decane : 5.9NHj3 : 88.5 ethylene glycol : 1249H,0 . For
inherent fluorophore labeling of the MSNs, TRITC was pre-reacted with APTES in a molar ratio
of (APTES:TRITC) 3:1 in ethanol (0.5 mL) under vacuum for 2 h. Subsequently, the pre-reaction
solution was added to the synthesis solution before the addition of TEOS. The reaction was allowed
to proceed for 3 h at 70 °C. Then, the heating was stopped where after the as-synthesized colloidal
suspension was aged at 70 °C without stirring for 24 h. After the suspension was cooled to room
temperature, the suspension was separated by centrifugation. After collecting the particle
precipitate, the template removal was carried out by the ion-exchange method. Briefly, the
collected particles were extracted three times in ethanolic NH4NOj3 solution, washed with
ethanol[18], and resuspended in DMF for long-term storage. The surface modification of MSNs
with hyperbranched PEI by surface-initiated polymerization was carried out according to an in-
house-established protocol[30]. To initiate PEI polymerization from the MSNs surfaces, aziridine
was used as a monomer with toluene as solvent, in which the MSN substrate was suspended in the
presence of catalytic amounts of acetic acid. The suspension was refluxed under atmospheric
pressure overnight at RT, filtered, washed with toluene, and dried under vacuum at 313 K.
Henceforth, the obtained nanoparticles are abbreviated as PEI-MSNs. Full redispersibility of dried,
extracted, and surface-functionalized MSN was confirmed by redispersion of dry particles in
HEPES buffer at pH 7.2 and subsequent dynamic light scattering (DLS) measurements (Malvern
ZetaSizer NanoZS). The fine architecture of the nanoparticles was further confirmed by
transmission electron microscopy (Jeol JEM-1200EX electron microscope) operated at 80 kV. The
success of surface polymerization was confirmed by zeta potential measurements (Malvern

ZetaSizer NanoZS).

Cell culture
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Established human glioblastoma cell line T98G (VTT Technical Research Centre, Turku, Finland
in 2010) was cultured in Eagle MEM (Sigma-Aldrich), supplemented with 10% heat-inactivated
FBS (Biowest), 2 mM L-glutamine and penicillin (50 U/mL)/streptomycin (50 pg/mL). The
patient-derived GSCs BT-3-CD133", BT-12 and BT-13[7] were cultured in Dulbecco’s modified
Eagle’s medium with Nutrient Mixture F-12 (DMEM/F12, Gibco) supplemented with 2 mM L-
glutamine, 2% B27-supplement (Gibco), 50 U/ml penicillin and 50 pg/mL streptomycin, 0.01
pg/mL recombinant human fibroblast growth factor-basic (FGF-b, Peprotech), 0.02 pg/mL
recombinant human epidermal growth factor (EGF, Peprotech) and 15 mM HEPES-buffer. The
blood-brain-tumor barriers were established as previously described[26]. Mouse endothelial cells
from brain microvessels (bEND3) were maintained in DMEM (Lonza) supplemented with 10%
decomplemented FBS (Lonza), 2 mM L-glutamine (Sigma) and penicillin:streptomycin (50 U/mL
and 50 pg/mL respectively). Mouse immortalized astrocytes (HIFko) were maintained in Basal
Eagle Medium 1 (BME-1, Sigma) supplemented with 5% decomplemented FBS (Lonza), 1 M
HEPES (Sigma), 2 mM L-glutamine (Sigma) 100 mM sodium pyruvate (Sigma) , 3 g D-glucose
and penicillin:streptomycin (50 U/mL and 50 pg/mL respectively). All cell lines were kept in a
humidified atmosphere of 5% CO; at 37 °C. For colony growth and microscopy GSC populations

were cultured as monolayers on Matrigel (Becton Dickinson) coated dishes.

Western blotting and antibodies

BT-12 cells were treated with 10 pg/mL PEI-MSNs for 24h and 48h. They were lysed in 2x
Laemmly buffer (4% SDS, 20% glycerol, 120mM Tris) and resolved by SDS-PAGE gel (BioRad,
Country). Proteins were transferred to nitrocellulose membranes (Bio-Rad). Membranes were
blocked with 5% milk-TBS and incubated with a required dilution of primary and 1:5000 dilution
of secondary antibody in 5% Milk-TBS-Tween 20 for a required duration of time and visualized
with Odyssey (LI-COR Biosciences, Nebraska, USA). The membrane was blocked using 5% milk
in Tris-buffered saline (TBS) and incubated with a primary antibody PARP-1 (sc-7150, 1:1000)
and P62 (sc-28359, 1:500 dilution) from Santa Cruz Biotechnology. Antibodies for cPARP
(ab32064) (1:1000 dilution) was acquired from Abcam, LC3-f (2775s) (1:1000) from Cell
Signaling. Loading control antibodies for B-actin (sc-47778) (1:10,000 dilution) was from Santa-
Cruz Biotechnology. Secondary antibodies were purchased from LI-COR, mouse (926-32212), and
rabbit (926-68021).
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Colony formation assay

An optimized number of cells (3 x 103 to 10 x 10°) were seeded in 24-well plates (Sigma-Aldrich)
and allowed to attach. After 24 hours cells were treated with 1-50 ug/mL of PEI-MSNs. After 72h
medium was replaced with fresh medium and the cells were incubated for another 72h or until the
control well was confluent. Cell colonies were fixed with methanol dilutions and stained with 0.2%
crystal violet (CV) solution in 10% ethanol for 15 min at room temperature. Plates were dried and
scanned with Epson Perfection V700 Photo scanner. Quantifications were performed with ImageJ
by using the Colony area plugin[39]. Data were normalized and presented as a percent of the

control.
Light microscopy
Immunofluorescence (Early endosomes and Lysosomes)

BT-12 GSCs were grown on as monolayers on Matrigel (Becton Dickinson) coated glass
coverslips. BT-12 GSCs were treated with 10 pg/mL of PEI-MSNs conjugated with TRITC
(Tetramethylrhodamine-isothiocyanate) for 48h. BT-12 GSCs were fixed with 4% PFA
(Paraformaldehyde) for 10 min. The cells were permeabilized using 0.1% Triton X-100 for 10 min
and blocked with horse serum. The 1° anti-EEA1 (goat) antibody for recognition of early
endosomes (Santa Cruz Biotechnology, USA) was prepared (1:100) in PBS (10% horse serum).
The 1° anti-LAMP-1 (mouse) antibody for recognition of lysosomes (Abcam, UK) was prepared
(1:100) in PBS (10% horse serum). Antibody incubation was performed overnight at +4 °C. The
cells were washed three times with PBS; Alexa 488 secondary (Anti-goat and anti-mouse)
antibodies (Sigma-Aldrich, US) in PBS were added to the cells at RT for 1h. The cells were
mounted on coverslips using VECTASHIELD (4',6-diamidino-2-phenylindole). The microscopy
setup consisted of Zeiss 780 (Zeiss, Germany) confocal microscope, PMT, and 100X oil objective.
DAPI was excited by 405 lasers and emission was collected in the blue channel. Alexa 488 (early
endosomes and lysosomes) was excited with 488nm argon laser and emission was collected by
green channel (510-550 nm). The TRITC labeled PEI-MSNs were excited by 561 nm laser and

emission were collected (575-610 nm).

Mitochondrial staining
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BT-12 GSCs were grown on as monolayers on Matrigel (Becton Dickinson) coated glass
coverslips and further, treated with 10 pg/mL of PEI-MSNs conjugated to FITC (Fluorescein
isothiocyanate) for 48h. Cell medium (0.5 mL) was collected from the plate and mixed with 0.2
uL of Mitotracker Orange® (Thermo Fisher Scientific Inc, USA) returned to the cells drop-by-drop.
The cells were finally incubated for 20 min at 37 °C. The cells were washed 3x with PBS, fixed
for 10 min with 4% PFA, and mounted using VECTASHIELD (4',6-diamidino-2-phenylindole) on
glass slides for microscopy. The microscopy setup consisted of Zeiss 780 (Zeiss, Germany)
confocal microscope, PMT, and 100X oil objective. DAPI was excited by 405 lasers and emission
was collected in the blue channel. FITC-conjugated PEI-MSNs were excited with 488 nm argon
laser and emission was collected by green channel (510-550 nm). The Mitotracker Orange® was

excited by 561 nm laser and emission were collected at 575-610 nm.
Transmission electron microscopy (TEM)

BT-12 GSCs were grown on as monolayers on Matrigel (Becton Dickinson) coated glass coverslips
glass coverslips and further, treated with 10 pg/mL of PEI-MSNs 24 and 72h. The BT-12 GSCs
were fixed with 5% glutaraldehyde s-collidine buffer, post-fixed with 2% OsO4 containing 3%
potassium ferrocyanide, dehydrated with ethanol, and flat embedded in a 45359 Fluka Epoxy
Embedding Medium kit. Thin sections were cut using an ultramicrotome to a thickness of 100 nm.
The sections were stained using uranyl acetate and lead citrate to enable detection with TEM. The
sections were examined using a JEOL JEM-1400 Plus transmission electron microscope operated

at 80 kV acceleration voltage[40].
In vitro Blood-Brain Tumor Barrier

Murine blood-brain-barriers in a dish (BBB) were established according to a previously published
protocol[26]. Briefly, mouse brain microvessel endothelial cells (bEND3) were co-cultured in
Transwell inserts with immortalized mouse astrocytes (HIFko). After 6 days, BBB dishes were
placed on BT-12 organoids on glass coverslips to complete the blood-brain tumor-barriers (BBTB)
and 100 ng of PEI-MSI were added on the endothelial side. After 24h, BBTB dishes were stained
with LysoTracker Red DND-99 according to the manufacturer’s recommendations (Invitrogen)

before fixation with ice-cold 4% PFA (10 min) and nuclear counterstaining with DAPI (1 pg/mL,
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Sigma). BT-12 coverslips and Transwell membranes containing both bEND3 and HIFko cells were

cut and mounted on Mowiol 4-88 (Sigma) and imaged on a Zeiss LMS880 confocal microscope.

To quantify the cell viability of the bEND3, astrocytes, and BT-12 cells from the BBTB, cells were
gently detached with accutase (Sigma) collected, counted and 5x10° cells/mL were transferred in a
96-well plate. 10 puL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT; 5
mg/ml in PBS) was added on the cells before incubating for 2h at 37°C. Eventually, cells were
lysed 10% SDS, 10 mM HCI) o/n and the absorbance was measured at 540 nm using Multiskan
Ascent software version 2.6 (Thermo Labsystems). Results were expressed as the % of absorbance

relative to the control, untreated BBTB cells.
In vivo procedures

Intracranial implantation of U87MG-GFP or BT-12 cells was performed as previously
described[15]. Briefly, 8-week old female NMRI:Rj nude mice were implanted with 10° cells in 10
pL in the right striatum. After 20 days of tumor growth, 100 pg of PEI-MSN in PBS were injected
in the caudal vein (100 pL) or intranasally (3 dosages of 5 uL. given every two hours). After 8h,
animals were euthanized and brains were snap-frozen in -50°C isopentane (Honeywell). Brain
cryosections (9 um) were cut using a cryotome (ThermoFisher), collected on Superfrost Ultra
slides (ThermoFisher), and fixed in a ice-cold 4% PFA bath. Brain microvessels were stained
overnight using a rat anti-mouse PECAM-1/CD31 (1:400, 553370, BD Pharmingen). Cell nuclei
were counterstained with DAPI (1 pg/mL, Sigma), samples were mounted with Mowiol 4-88, and

imaged on a Zeiss LMS880 confocal microscope.

Results

Examination of hydrodynamic size and {-potential values of PEI-functionalized MSNs in HEPES
buffer solution (25 mM, pH 7.2) at the concertation of 0.1 mg/mL yielded a hydrodynamic mean
size of 124 £ 12 nm with a low polydispersity index (PDI) value of 0.09, indicating a
monodispersed colloidal suspension of PEI-MSNs. In addition, the {-potential value of PEI-MSNss
in HEPES buffer (+39+4 mV) ascertained the high net positive charge on MSN surfaces owing to
successful surface modification with PEI. The mesoscopic ordering of the MSN structure before

the surface modification was examined by transmission electron microscopy (TEM) imaging of the
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samples (Fig. S1). As presented in the TEM micrographs, spherical particles with an approximate

size of 50 nm with a porous structure were obtained for dried powder.

PEI-MSNs exhibit specific toxicity towards GSCs

The PEI-MSNs were applied (1-50 pg/mL) to T98G (established GB cell line), BT-3-CD133", BT-
12, and BT-13 (patient-derived GSCs) cells (Fig. S2) and the colony formation was followed by
crystal violet staining (Fig. 1A). The efficiency of colony formation was quantified by using the
“ColonyArea” ImagelJ plugin[39] (Fig. 1B). The exposure of PEI-MSNs to GSC cells resulted in
pronounced inhibition of colony growth even at particle concentration as low as 1 ug/mL.
However, no significant effect on the growth of T98G, A172, and US7MG (GB) cells or MDA-
MB-231 breast carcinoma and HeLa cervical carcinoma cells were observed even at 50 pg/mL

PEI-MSN concentration (Fig. 1, S3 and S5).

A Control 1pgiml Spgml 10pgiml 25pgiml S0pgiml B | g v
¥ 4 V2 | = — BT3-CD133+
g — BT12
> 50- — BT13
s
[=]
o

Figure 1. Selective death of patient-derived GSCs induced by PEI-MSNs. A) Colony growth assay
of T98G (GB cell line), BT-3-CD133", BT-12, and BT-13 (GSCs) cells treated with 1-50 ug/mL
of PEI-MSNs. B) Quantification of colony growth by using the “ColonyArea”. C-D)
Representative images of BT-3-CD133" cells without (C) or with (D) PEI-MSN treatment.

At high PEI-MSN concentration (50pg/ml) also the T98G, U887MG, and A172 (GB) showed
reduced colony growth in comparison to the control-treated cells (Fig. 1B, S3 and S5). These

observations can be correlated to the well-reported fact that PEI can induce non-specific toxicity
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to cells if applied at higher concentrations[41—45]. Importantly, we further verified that MSNs
without PEI did not cause cytotoxicity at the concentration range of 1-50 pg/mL (Fig. S4). Thus,
our results show that PEI functionalization played a very critical role in the induction of selective

death of patient-derived GSCs, especially at low (1-5 pg/mL) concentrations.

GSCs show no induction of apoptosis or autophagy after PEI-MSN treatment

We further investigated the role of PEI-MSNSs in the induction of selective death of patient-derived
GSCs. The BT-12 and BT-13 GSCs were the most sensitive to even low (1-5 pg/mL) PEI-MSN
concentrations. Based on these results, we then selected the BT-12 GSCs for an in-depth analysis.
Initially, the possible roles of autophagy or apoptosis in GSCs cell death were investigated by
studying the cleavage of PARP-1 as an apoptosis marker in cells treated with PEI-MSNs [46—48].
PEI-MSN treatment of BT-12 GSCs for 24h and 48h did not affect the expression levels of this
apoptotic biomarker (Fig. 2A).

A Apoptosis B Autophagy

Control 24h 48h

Full PARP-1 | 116 kDa

Control 24h 48h

cPARP-1| 89 kDa

cPARP-1| 25 kD LC3B | 15 kDa

b-actin | 25 kDa b-actin | 25 kDa|

Figure 2. Western blot analysis of apoptosis and autophagy biomarkers in BT-12 GSCs treated
with 10 pg/mL PEI-MSNs for 24h and 48h. A) Expression levels of apoptotic biomarkers of the
full-length PARP-1, PARP-1C, and cPARP. B) Expression levels autophagy biomarkers P62 and
LC3B.

To further determine the possible effect on autophagy, we studied the expression of specific

autophagy biomarkers P62 and LC3B[49-52] in PEI-MSN treated cells. The biomarker expression
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of PEI-MSN treated cells was very similar to that of control cells, and no significant increase in
autophagy-related biomarkers was observed (Fig. 2B). Thereby, these results suggest that cell

death was not mediated by apoptosis or autophagy.

PEI-MSN:s localize within the cytoplasmic space and lysosomes

To understand the potential cell death mechanism of BT-12 GSCs, we studied the intracellular
localization of PEI-MSNs by confocal microscopy. We selected early endosomes (EEA1), nucleus
(DAPI), mitochondria (Mitotracker), and lysosomes (LAMP-1) to comprehend the PEI-MSNs
interactions with the intracellular organelles in BT-12 GSCs (Fig. 3). Fig. 3 shows that upon 48h

treatment, PEI-MSNs were mostly co-localized with the lysosomal marker (LAMP-1) in the BT-
12 GSCs.

Figure 3. Localization of the PEI-MSNs in the treated BT-12 GSCs by confocal microscopy. The

intracellular localization of PEI-MSNs (red) was studied using markers of early endosomes,
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mitochondria, and lysosomes (green color). The nuclei were visualized by using DAPI (blue). The

co-localization of PEI-MSNs with lysosomes is seen in yellow.

PEI-MSNs did not localize within the nucleus. Besides, a non-significant amount of PEI-MSNs
overlapped with either early endosomes (EEA1) or mitochondria. Individual PEI-MSNs (50 nm in
diameter) were beyond the limit of resolution by confocal microscopy[53]. Despite that, the co-
localization of the PEI-MSNs with the lysosomal marker (LAMP-1) was very frequently observed
(Fig. 3 and Fig. S6). This was anticipated, given that nanoparticles typically enter cells by
endocytosis after which they are transported to lysosomes[40,54,55]. Detection of the endosomal
escape of PEI-MSNSs is also beyond the detection limit of confocal microscopy and thus, this
analysis cannot be used to detect possible “proton sponge effect” via membrane destabilization.
Therefore, intracellular localization studies with confocal microscopy alone were not adequate to
understand the full picture of intracellular interactions within the BT-12 GSCs. Therefore,
subsequent TEM imaging was performed to investigate how PEI-MSNs interacts at the sub-cellular

level.

PEI-MSNSs cause membrane rupture of lysosomes in GSCs leading to cell death

TEM imaging of the treated BT-12 GSCs revealed the widespread dissemination of PEI-MSNs
(Fig. 4A-D) throughout the cytoplasmic space of cells. Moreover, we also observed that three
distinct types of vesicular accumulation of PEI-MSN in the BT-12 GSCs: 1) vesicles filled with
PEI-MSNs (Fig. 4A), 2) empty vesicles with PEI-MSNs localized in the proximity to a vesicular
membrane (Fig. 4B), and 3) vesicles semi-filled with PEI-MSNs (Fig. 4C-D). In summary, PEI-
MSNs appeared localized in vesicles, mostly accumulated; as well as PEI-MSNs in non-vesicular

spaces mostly as individual PEI-MSN particles (Fig. 4).
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Figure 4. TEM imaging of BT-12 GSCs revealed the subcellular localization of the PEI-MSNS.
PEI-MSNs were localized throughout the cells. A) Yellow arrows mark the potential endosomal
escape of PEI-MSNs via vesicular membrane rupture. B) PEI-MSNs in close-proximity of a
vesicle. C-D) A close-up view of affected vesicles suggesting a rupture of membranes and

widespread localization of PEI-MSNs.

TEM imaging of the vesicle membranes (yellow arrows in Fig. 4A-D) indicates the

permeabilization and potential escape of PEI-MSNs from these damaged vesicles.
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Figure 5. The cellular fate of PEI-MSN in the treated BT-12 GSCs. A-B) Endosomally escaped

PEI-MSNs can be observed widespread within the cells, tandem with loss of structural integrity of
the cells was detected. C-D) Abnormalities in the mitochondrial morphology, mitochondrial

swelling, and rupture of the cristae.

PEI-MSNs cause morphological abnormalities in GSCs

Finally, we also observed morphological abnormalities (Fig. SA-B) and structural damage of
mitochondria in the PEI-MSN-treated BT-12 GSCs (Fig. 5C-D). We did not observe PEI-MSNs
permeating the nuclear space (Fig. S7A-B). The easily recognizable abnormalities observed in the
ultrastructure included: prevalent cytoplasmic localization of PEI-MSNs throughout the treated
cells, loss of vesicle integrity, mitochondrial swelling, and rupture of cristae in comparison to the
BT-12 control cells (Fig. S8A-D). Theoretically, the process of endosomal trafficking begins with
the early endosomes. The endosomal payload can be either recycled to the plasma membrane via
recycling endosomes or it can advance to the late endosomes and lysosomes for degradation[56—

58]. The proton sponge hypothesis indicates that PEI functionalization promotes escape from the
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endolysosomal pathway through rupture of the membrane. Numerous studies propose that
membrane permeabilization occurs in the lysosomes[59,60]. Lysosomal membrane destabilization
can lead to a triggered discharge of lysosomal enzymes to the cytoplasm, which eventually can
cause cell death[61,62]. In the case of BT-12 GSCs, evidence from the confocal and TEM imaging
suggests that the lysosomal membrane disruption by the PEI-MSN5 could be a potential mechanism

for BT-12 GSCs cell death.

PEI-MSN:s cross the neurovascular unit in vitro and in vivo

To validate whether PEI-MSNs could in principle be used in future for targeting GSCs in vivo, we
screened their permeability through an in vitro model of BBTB[37]. Briefly, this model establishes
a mimic of BBB by co-culturing mouse brain microvascular endothelial cells and astrocytes in
Transwell inserts. Once the endothelial cells formed a tight monolayer, inserts were placed on BT-
12 gliospheres and 100 ng of PEI-MSNs were added on the endothelial side. Passage of the PEI-
MSNs through the inserts was followed by confocal microscopy (Fig. S9). Lysotracker fluorescent
dye was used to label the lysosomes. After 24h, PEI-MSNs were still detected in the endothelial
cells and astrocytes and co-localized with lysosomes (Fig. 6A-B). Interestingly, PEI-MSNs were
also abundantly detected on the other side of the BBTB, in the lysosomes of the BT-12 gliospheres
(Fig. 6C). After 3 days, endothelial cells, astrocytes, and BT-12 cells were removed from the
Transwells and their viability was measured by MTT. BT-12 gliosphere viability was 31% lower
compared to untreated BT-12 cells isolated from the control BBTB (Fig. 6D). The viability of
endothelial cells and astrocytes was not significantly affected compared to the untreated cells (-3%

and -6%, respectively) suggesting specific toxicity towards the BT-12 GSCs.
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Figure 6. The PEI-MSNs cross the BBTB in vitro. A-C) Confocal images of the colocalization of
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PEI-MSN (green) with the Lysotracker dye (red) in the endothelial (A), astrocytic (B) and
glioblastoma GSC (C) compartments 24h after addition of the PEI-MSN. Images in C are
magnified from a BT-12 gliospheres (right panel). D) Cell viability measured by MTT after 72h.
Values are normalized to control conditions (cells isolated from untreated BBTB). n = 3, three
pooled experiments. P-value calculated with one-way ANOVA with Sidak’s multiple comparison

test.

Frontal assoclafion corfex
Frontal assoclafion corfex

Figure 7. The PEI-MSNs can be delivered to the brain in vivo. A-B) Confocal images of the
colocalization of PEI-MSN (red) with the endothelial cell marker CD31 (green) in the frontal
association cortex of mice injected with 100 pg of PEI-MSNs in the caudal vein (A), or with 3
dosages of 35 ug of PEI-MSNs given intranasally (B). After 8h, PEI-MSNs were found associated

with the brain endothelium (A, arrow right panel) and in the brain parenchyma. C) Confocal images
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of the PEI-MSNs (arrows, red) in the hippocampus area of IV-injected (left) or intranasally
administered mice (right). D) Confocal images of the PEI-MSNs (arrows, red) in the olfactory bulb
granular layer of IV-injected (left) or intranasally administered mice (right). E) Confocal images
of the PEI-MSNs (arrows, red) IV-injected (left) or intranasally administered (right) mice
xenografted with BT-12 cells. Cell nuclei are counterstained with DAPI. F) Confocal images of
the PEI-MSNs (arrows, red) [V-injected (left) or intranasally administered (right) mice xenografted
with U-87MG-GFP cells. Cell nuclei are counterstained with DAPI and blood vessels labeled with
an anti-CD31 (green).

We then proceeded with the in vivo evaluation of the PEI-MSN passage through the neurovascular
unit and brain distribution in immunocompromised mice implanted with BT-12 or U87MG-GFP
cells. Due to the relatively small diameter (50 nm) of the PEI-MSNs, we evaluated two different
administration routes, i.e. the classical caudal vein route or intranasal dosage [63]. Intranasal
delivery of PEI-MSNs (35 pgin 5 pL of PBS) was distributed drop by drop, alternating between
the nostrils. The procedure was repeated 3 times every two hours. Animals were euthanized 2 hours
after completing the intranasal dosage and eight hours after IV injections of the PEI-MSNs, and
brains were collected. We then verified the distribution of the particles in different areas of the
brain parenchyma and the glioblastoma xenografts. We observed PEI-MSNs associated with or
outside brain blood capillaries in different regions of the cerebral cortex following IV injections
(Fig. 7TA & C). For the intranasally administered mice, no preferential distribution of the PEI-
MSNs was observed around blood vessels, but nanoparticles could still be detected within various
regions of the brain parenchyma, including posterior parts of the encephalon such as the
hippocampus (Fig. 7B & C). The intranasal administration rationale is based on the fenestrated
BBB before the cribriform plate, allowing intracranial accessibility through the olfactory neuron
endings. Compounds are endocytosed by the cilia, can travel inside the axons, and reach the central
nervous system from the olfactory bulb. We then verified the distribution of the PEI-MSNs in the
olfactory bulb of both IV and intranasally treated animals. We could observe a very high density
of nanoparticles in the olfactory bulb of the intranasally administered mice (Fig. 7D), supporting
the brain accessibility of the PEI-MSNs through the vomeronasal nerves. As PEI-MSNs can also
cross the BBB when delivered intravenously, we could detect PEI-MSNs in the olfactory bulb
tissue of IV injected mice in similar densities than observed in the rest of the brain (Fig. 7D). We

eventually verified the presence of nanoparticles in the BT-12 and U87MG-GFP intracranial
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tumors (Fig. 7E-F). Interestingly, PEI-MSNs could be observed in tumors after both IV and
intranasal administration, although the IV injected animals seemed to exhibit a better intratumoral

distribution with more NPs observed within the tumor tissue compared to the intranasal delivery

(Fig 7E-F).

Intranasal delivery showed heterogenous distribution of the PEI-MSNSs in the brain, i.e. very high
concentration at the entrance point in the olfactory bulb and only a few PEI-MSNs in distant
structures such as the hippocampus and the tumor. However, this provides a proof-of-principle that
the central nervous system can be reached through this non-invasive method. Also, as the travel of
the nanoparticles endocytosed at the nerve endings is certainly slower than the blood flow, longer

timepoints could show an enhanced PEI-MSN distribution in the brain tissue.

Conclusions

Our results indicate that a PEI surface coating on MSNs can specifically and effectively induce
death of GSCs, whereas other cancer cell lines are not affected. This finding contradicts the
common consensus that GSCs are considered to be the most resistant cell population in the tumor,
supporting the existence of undiscovered vulnerabilities in GSC biology. From a mechanistic point
of view, the results show that PEI-MSNs accumulate in the lysosomes of BT-12 cells after cellular
uptake. This, in turn, leads to the “proton sponge effect”, causing widespread localization of PEI-
MSNs and lysosomal enzymes such as cathepsins and other hydrolases, into the cytoplasmic space
via lysosomal membrane rupture. Release of the lysosomal enzymes, in turn, leads to cell death.
Similar vulnerability in the GSCs was recently found to be induced by antihistaminergic drugs[15].
Therefore, our data confirm this finding and strengthens the theory of the lysosomal vulnerability
of GSCs. Our results further suggest that PEI modification imparts a new, inherent property to
nanoparticles in selective killing of GSCs without any additional anti-cancer drug treatment, which
is contrary to recently reported drug based nanomedicinal approaches to eradicate GB [64—67]. We
also demonstrated the potential of the PEI-MSNs to be directly delivered to GSCs via intranasal or
intravenous administration for the successful eradication of GSCs in vivo. Taken together, these
results support the importance of discovering novel vulnerabilities in lysosome-associated
pathways, GSCs, and in this specific case; the hidden potential in the inherent activity of potential

drug delivery systems. In addition, this study implies compelling evidence for the therapeutic
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application of the proton-sponge effect by cationically surface modified nanoparticles to target

cells with vulnerable lysosomes.

Author contribution

All authors have approved the final version of the manuscript. N.P. designed the study, performed
live-cell microscopy, and wrote the manuscript. J.M. performed the colony growth assay and
western blotting and wrote the manuscript. V.L.J. performed the in vivo experiments, analyses
using the in vitro BBB model, and wrote the manuscript. M.P. performed the TEM experiments.
D.S.K. and E.C. performed particle synthesis and characterization. P.L., J.W., and J.R. supervised

the study, provided guidelines, and edited the manuscript.

Acknowledgments

The authors are very grateful to Jenni Laine at the Electron Microscopy unit, the University of
Turku for sample processing. Jane and Aatos Erkko Foundation, Academy of Finland (project

#309374) and Sigrid Jusélius Foundation are acknowledged for funding.

References

[1]  E.C. Holland, Glioblastoma multiforme: the terminator., Proc. Natl. Acad. Sci. U. S. A. 97
(2000) 6242-4. doi:10.1073/pnas.97.12.6242.

[2] F.Hanif, K. Muzaffar, K. Perveen, S.M. Malhi, S.U. Simjee, Glioblastoma multiforme: A
review of its epidemiology and pathogenesis through clinical presentation and treatment,
Asian Pacific J. Cancer Prev. 18 (2017) 3-9. doi:10.22034/APJCP.2017.18.1.3.

[3] A. Eramo, L. Ricci-Vitiani, A. Zeuner, R. Pallini, F. Lotti, G. Sette, E. Pilozzi, L.M.
Larocca, C. Peschle, R. De Maria, Chemotherapy resistance of glioblastoma stem cells,
Cell Death Differ. 13 (2006) 1238-1241. doi:10.1038/sj.cdd.4401872.

[4] C.P. Haar, P. Hebbar, G.C. Wallace, A. Das, W.A. Vandergrift, J.A. Smith, P. Giglio, S.J.
Patel, S.K. Ray, N.L. Banik, Drug Resistance in Glioblastoma: A Mini Review,
Neurochem. Res. 37 (2012) 1192-1200. doi:10.1007/s11064-011-0701-1.

[S] M. Syed, J. Liermann, V. Verma, D. Bernhardt, N. Bougatf, A. Paul, S. Rieken, J. Debus,
S. Adeberg, Survival and recurrence patterns of multifocal glioblastoma after radiation

therapy., Cancer Manag. Res. 10 (2018) 4229-4235. doi:10.2147/CMAR.S165956.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

available under aCC-BY 4.0 International license.

C. Calabrese, H. Poppleton, M. Kocak, T.L. Hogg, C. Fuller, B. Hamner, E.Y. Oh, M.W.
Gaber, D. Finklestein, M. Allen, A. Frank, I.T. Bayazitov, S.S. Zakharenko, A. Gajjar, A.
Davidoff, R.J. Gilbertson, A Perivascular Niche for Brain Tumor Stem Cells, Cancer Cell.
11 (2007) 69—82. doi:10.1016/J.CCR.2006.11.020.

B.C. Prager, S. Bhargava, V. Mahadev, C.G. Hubert, J.N. Rich, Glioblastoma Stem Cells:
Driving Resilience through Chaos, Trends in Cancer. 6 (2020) 223-235.
doi:10.1016/j.trecan.2020.01.009.

A. Desai, Y. Yan, S.L. Gerson, Concise Reviews: Cancer Stem Cell Targeted Therapies:
Toward Clinical Success, Stem Cells Transl. Med. 8 (2019) 75-81. doi:10.1002/sctm.18-
0123.

D.A. Almiron Bonnin, M.C. Havrda, M.C. Lee, H. Liu, Z. Zhang, L.N. Nguyen, L.X.
Harrington, S. Hassanpour, C. Cheng, M. A. Israel, Secretion-mediated STAT3 activation
promotes self-renewal of glioma stem-like cells during hypoxia, Oncogene. 37 (2018)
1107-1118. doi:10.1038/onc.2017.404.

E.O. Vik-Mo, M. Nyakas, B.V. Mikkelsen, M.C. Moe, P. Due-Tennesen, E.M.I. Suso, S.
Sabee-Larssen, C. Sandberg, J.E. Brinchmann, E. Helseth, A.-M. Rasmussen, K. Lote, S.
Aamdal, G. Gaudernack, G. Kvalheim, [.A. Langmoen, Therapeutic vaccination against
autologous cancer stem cells with mRNA-transfected dendritic cells in patients with
glioblastoma, Cancer Immunol. Immunother. 62 (2013) 1499-1509. doi:10.1007/s00262-
013-1453-3.

L. Barazzuol, R. Jena, N.G. Burnet, L.B. Meira, J.C.G. Jeynes, K.J. Kirkby, N.F. Kirkby,
Evaluation of poly (ADP-ribose) polymerase inhibitor ABT-888 combined with
radiotherapy and temozolomide in glioblastoma, Radiat. Oncol. 8 (2013) 65.
doi:10.1186/1748-717X-8-65.

J.D. Lathia, S.C. Mack, E.E. Mulkearns-Hubert, C.L.L. Valentim, J.N. Rich, Cancer stem
cells in glioblastoma., Genes Dev. 29 (2015) 1203—-17. doi:10.1101/gad.261982.115.
W.A. Flavahan, Q. Wu, M. Hitomi, N. Rahim, Y. Kim, A.E. Sloan, R.J. Weil, 1. Nakano,
J.N. Sarkaria, B.W. Stringer, B.W. Day, M. Li, J.D. Lathia, J.N. Rich, A.B. Hjelmeland,
Brain tumor initiating cells adapt to restricted nutrition through preferential glucose
uptake, Nat. Neurosci. 16 (2013) 1373—-1382. doi:10.1038/nn.3510.

N.C. Lucki, G.R. Villa, N. Vergani, M.J. Bollong, B.A. Beyer, J.W. Lee, J.L. Anglin, S.H.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[15]

[16]

[17]

[18]

[19]

[20]

[21]

available under aCC-BY 4.0 International license.

Spangenberg, E.N. Chin, A. Sharma, K. Johnson, P.N. Sander, P. Gordon, S.L. Skirboll,
H. Wurdak, P.G. Schultz, P.S. Mischel, L.L. Lairson, A cell type-selective apoptosis-
inducing small molecule for the treatment of brain cancer., Proc. Natl. Acad. Sci. U. S. A.
116 (2019) 6435-6440. doi:10.1073/pnas.1816626116.

V. Le Joncour, P. Filppu, M. Hyvonen, M. Holopainen, S.P. Turunen, H. Sihto, 1.
Burghardt, H. Joensuu, O. Tynninen, J. Jadskeldinen, M. Weller, K. Lehti, R. Kikela, P.
Laakkonen, Vulnerability of invasive glioblastoma cells to lysosomal membrane
destabilization, EMBO Mol. Med. (2019) €9034. do0i:10.15252/emmm.201809034.

D.S. Karaman, M.P. Sarparanta, J.M. Rosenholm, A.J. Airaksinen, Multimodality Imaging
of Silica and Silicon Materials In Vivo, Adv. Mater. 30 (2018).
doi:10.1002/adma.201703651.

C. Lee, G.R. Kim, J. Yoon, S.E. Kim, J.S. Yoo, Y. Piao, In vivo delineation of
glioblastoma by targeting tumor-associated macrophages with near-infrared fluorescent
silica coated iron oxide nanoparticles in orthotopic xenografts for surgical guidance, Sci.
Rep. 8 (2018) 11122. doi:10.1038/s41598-018-29424-4.

H. Baghirov, D. Karaman, T. Viitala, A. Duchanoy, Y.-R. Lou, V. Mamaeva, E.
Pryazhnikov, L. Khiroug, C. de Lange Davies, C. Sahlgren, J.M. Rosenholm, Feasibility
Study of the Permeability and Uptake of Mesoporous Silica Nanoparticles across the
Blood-Brain Barrier, PLoS One. 11 (2016) e0160705. doi:10.1371/journal.pone.0160705.
T. Gulin-Sarfraz, E. Pryazhnikov, J. Zhang, L. Khiroug, J.M. Rosenholm, Chemical and
photonic interactions in vitro and in vivo between fluorescent tracer and nanoparticle-
based scavenger for enhanced molecular imaging, Mater. Today Bio. 2 (2019) 100010.
doi:10.1016/j.mtbi0.2019.100010.

M.A. Shevtsov, M.A. Parr, V.A. Ryzhov, E.G. Zemtsova, A.Y. Arbenin, A.N.
Ponomareva, V.M. Smirnov, G. Multhoff, Zero-valent Fe confined mesoporous silica
nanocarriers (Fe(0) @ MCM-41) for targeting experimental orthotopic glioma in rats, Sci.
Rep. 6 (2016) 1-12. doi:10.1038/srep29247.

S.A. Shahein, A.M. Aboul-Enein, .M. Higazy, F. Abou-Elella, W. Lojkowski, E.R.
Ahmed, S.A. Mousa, K. AbouAitah, <p>Targeted anticancer potential against glioma cells
of thymoquinone delivered by mesoporous silica core-shell nanoformulations with pH-

dependent release</p>, Int. J. Nanomedicine. Volume 14 (2019) 5503-5526.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

available under aCC-BY 4.0 International license.

doi:10.2147/1JN.S206899.

O. Turan, P.A. Bielecki, V. Perera, M. Lorkowski, G. Covarrubias, K. Tong, A. Yun, G.
Loutrianakis, S. Raghunathan, Y. Park, T. Moon, S. Cooley, D. Dixit, M.A. Griswold,
K.B. Ghaghada, P.M. Peiris, J.N. Rich, E. Karathanasis, Treatment of Glioblastoma Using
Multicomponent Silica Nanoparticles, Adv. Ther. 2 (2019) 1900118.
doi:10.1002/adtp.201900118.

P. Dogra, N.L. Adolphi, Z. Wang, Y.S. Lin, K.S. Butler, P.N. Durfee, J.G. Croissant, A.
Noureddine, E.N. Coker, E.L. Bearer, V. Cristini, C.J. Brinker, Establishing the effects of
mesoporous silica nanoparticle properties on in vivo disposition using imaging-based
pharmacokinetics, Nat. Commun. 9 (2018) 1-14. doi:10.1038/s41467-018-06730-z.

S. Saroj, S.J. Rajput, Composite smart mesoporous silica nanoparticles as promising
therapeutic and diagnostic candidates: Recent trends and applications, J. Drug Deliv. Sci.
Technol. 44 (2018) 349-365. doi:10.1016/j.jddst.2018.01.014.

C. Von Baeckmann, R. Guillet-Nicolas, D. Renfer, H. Kihlig, F. Kleitz, A Toolbox for the
Synthesis of Multifunctionalized Mesoporous Silica Nanoparticles for Biomedical
Applications, ACS Omega. 3 (2018) 17496—-17510. doi:10.1021/acsomega.8b02784.

Y. Shi, M.L. Miller, A.J. Di Pasqua, Biocompatibility of Mesoporous Silica
Nanoparticles?, Comments Inorg. Chem. 36 (2016) 61-80.
doi:10.1080/02603594.2015.1088439.

J.L. Liu, T. Liu, J. Pan, S. Liu, G.Q. Max Lu, Advances in multicompartment mesoporous
silica micro/nanoparticles or theranostic applications, Annu. Rev. Chem. Biomol. Eng. 9
(2018) 389—411. doi:10.1146/annurev-chembioeng-060817-084225.

M. Gisbert-Garzaran, M. Vallet-Regi, Influence of the surface functionalization on the fate
and performance of mesoporous silica nanoparticles, Nanomaterials. 10 (2020).
doi:10.3390/nano10050916.

R.M. Sabio, A.B. Meneguin, T.C. Ribeiro, R.R. Silva, M. Chorilli, New insights towards
mesoporous silica nanoparticles as a technological platform for chemotherapeutic drugs
delivery, Int. J. Pharm. 564 (2019) 379-409. doi:10.1016/].ijpharm.2019.04.067.

J.M. Rosenholm, A. Penninkangas, M. Lindén, Amino-functionalization of large-pore
mesoscopically ordered silica by a one-step hyperbranching polymerization of a surface-

grown polyethyleneimine, Chem. Commun. (2006) 3909-3911. doi:10.1039/b607886a.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

available under aCC-BY 4.0 International license.

D. Desai, D. Sen Karaman, N. Prabhakar, S. Tadayon, A. Duchanoy, D.M. Toivola, S.
Rajput, T. Nireoja, J.M. Rosenholm, D.S.K. Diti Desai, D. Desai, D. Sen Karaman, N.
Prabhakar, S. Tadayon, A. Duchanoy, D.M. Toivola, S. Rajput, T. N?reoja, J.M.
Rosenholm, Design considerations for mesoporous silica nanoparticulate systems in
facilitating biomedical applications, Mesoporous Biomater. 1 (2014) 16—43.
doi:10.2478/mesbi-2014-0001.

N. Prabhakar, J. Zhang, D. Desai, E. Casals, T. Gulin-Sarfraz, T. Nireoja, J. Westermarck,
J.M. Rosenholm, Stimuli-responsive hybrid nanocarriers developed by controllable
integration of hyperbranched PEI with mesoporous silica nanoparticles for sustained
intracellular siRNA delivery, Int. J. Nanomedicine. 11 (2016). doi:10.2147/IJN.S120611.
A.E. Nel, L. Méadler, D. Velegol, T. Xia, E.M. V. Hoek, P. Somasundaran, F. Klaessig, V.
Castranova, M. Thompson, Understanding biophysicochemical interactions at the nano—
bio interface, Nat. Mater. 8 (2009) 543—557. doi:10.1038/nmat2442.

O. Boussif, F. Lezoualc’h, M.A. Zanta, M.D. Mergny, D. Scherman, B. Demeneix, J.P.
Behr, A versatile vector for gene and oligonucleotide transfer into cells in culture and in
vivo: polyethylenimine., Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 7297-301.
http://www.ncbi.nlm.nih.gov/pubmed/7638184 (accessed June 14, 2017).

W.T. Godbey, M.A. Barry, P. Saggau, K.K. Wu, A.G. Mikos, Poly(ethylenimine)-
mediated transfection: A new paradigm for gene delivery, J. Biomed. Mater. Res. 51
(2000) 321-328. doi:10.1002/1097-4636(20000905)51:3<321::AID-JBM5>3.0.CO;2-R.
A. Akinc, M. Thomas, A.M. Klibanov, R. Langer, Exploring polyethylenimine-mediated
DNA transfection and the proton sponge hypothesis, J. Gene Med. 7 (2005) 657-663.
doi:10.1002/jgm.696.

V. Le Joncour, S. Karaman, P.M. Laakkonen, Predicting in vivo payloads delivery using a
blood-brain tumor-barrier in a dish, J. Vis. Exp. 2019 (2019). doi:10.3791/59384.

J. Zhang, M. Niemeld, J. Westermarck, J.M. Rosenholm, Mesoporous silica nanoparticles
with redox-responsive surface linkers for charge-reversible loading and release of short
oligonucleotides, Dalt. Trans. 43 (2014) 4115-4126. doi:10.1039/c3dt53071;.

C. Guzman, M. Bagga, A. Kaur, J. Westermarck, D. Abankwa, ColonyArea: An ImageJ
plugin to automatically quantify colony formation in clonogenic assays, PLoS One. 9

(2014) €92444. doi:10.1371/journal.pone.0092444.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

available under aCC-BY 4.0 International license.

N. Prabhakar, M.H. Khan, M. Peurla, H.-C. Chang, P.E. Hanninen, J.M. Rosenholm,
Intracellular Trafficking of Fluorescent Nanodiamonds and Regulation of Their Cellular
Toxicity, ACS Omega. 2 (2017). doi:10.1021/acsomega.7b00339.

A.R. Vancha, S. Govindaraju, K.V.L. Parsa, M. Jasti, M. Gonzalez-Garcia, R.P.
Ballestero, Use of polyethyleneimine polymer in cell culture as attachment factor and
lipofection enhancer, BMC Biotechnol. 4 (2004). doi:10.1186/1472-6750-4-23.

A.C. Hunter, Molecular hurdles in polyfectin design and mechanistic background to
polycation induced cytotoxicity, Adv. Drug Deliv. Rev. 58 (2006) 1523—-1531.
doi:10.1016/j.addr.2006.09.008.

S.M. Moghimi, P. Symonds, J.C. Murray, A.C. Hunter, G. Debska, A. Szewczyk, A two-
stage poly(ethylenimine)-mediated cytotoxicity: Implications for gene transfer/therapy,
Mol. Ther. 11 (2005) 990-995. doi:10.1016/j.ymthe.2005.02.010.

B.I. Florea, C. Meaney, H.E. Junginger, G. Borchard, Transfection efficiency and toxicity
of polyethylenimine in differentiated Calu-3 and nondifferentiated COS-1 cell cultures.,
AAPS PharmSci. 4 (2002) 1-11. doi:10.1208/ps040312.

V. Kafil, Y. Omidi, Cytotoxic Impacts of Linear and Branched Polyethylenimine
Nanostructures in A431 Cells, Bioimpacts. 1 (2011) 23-30. doi:10.5681/b1.2011.004.
G.V. Chaitanya, A.J. Steven, P.P. Babu, PARP-1 cleavage fragments: signatures of cell-
death proteases in neurodegeneration., Cell Commun. Signal. 8 (2010) 31.
doi:10.1186/1478-811X-8-31.

S.-W. Yu, H. Wang, M.F. Poitras, C. Coombs, W.J. Bowers, H.J. Federoff, G.G. Poirier,
T.M. Dawson, V.L. Dawson, Mediation of Poly(ADP-Ribose) Polymerase-1-Dependent
Cell Death by Apoptosis-Inducing Factor, Science (80-. ). 297 (2002) 259-263.
doi:10.1126/science.1072221.

R.Z. Mahfouz, R.K. Sharma, K. Poenicke, R. Jha, U. Paasch, S. Grunewald, A. Agarwal,
Evaluation of poly(ADP-ribose) polymerase cleavage (cPARP) in ejaculated human sperm
fractions after induction of apoptosis, Fertil. Steril. 91 (2009) 2210-2220.
doi:10.1016/j.fertnstert.2008.02.173.

T.E. Rusten, H. Stenmark, p62, an autophagy hero or culprit?, Nat. Cell Biol. 12 (2010)
207-209. doi:10.1038/ncb0310-207.

W.J. Liu, L. Ye, W.F. Huang, L.J. Guo, Z.G. Xu, H.L. Wu, C. Yang, H.F. Liu, p62 links


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

available under aCC-BY 4.0 International license.

the autophagy pathway and the ubiqutin-proteasome system upon ubiquitinated protein
degradation., Cell. Mol. Biol. Lett. 21 (2016) 29. doi:10.1186/s11658-016-0031-z.

M.I. Koukourakis, D. Kalamida, A. Giatromanolaki, C.E. Zois, E. Sivridis, S. Pouliliou, A.
Mitrakas, K.C. Gatter, A.L. Harris, Autophagosome Proteins LC3A, LC3B and LC3C
Have Distinct Subcellular Distribution Kinetics and Expression in Cancer Cell Lines.,
PLoS One. 10 (2015) e0137675. doi:10.1371/journal.pone.0137675.

I. Tanida, T. Ueno, E. Kominami, LC3 and Autophagy, in: Methods Mol. Biol., 2008: pp.
77-88. do0i:10.1007/978-1-59745-157-4_4.

S.W. Hell, J. Wichmann, Breaking the diffraction resolution limit by stimulated emission:
stimulated-emission-depletion fluorescence microscopy, Opt. Lett. 19 (1994) 780.
doi:10.1364/0OL.19.000780.

N. Oh, J.-H. Park, Endocytosis and exocytosis of nanoparticles in mammalian cells., Int. J.
Nanomedicine. 9 Suppl 1 (2014) 51-63. doi:10.2147/1JN.S26592.

S. Zhang, H. Gao, G. Bao, Physical Principles of Nanoparticle Cellular Endocytosis, ACS
Nano. 9 (2015) 8655-8671. doi:10.1021/acsnano.5b03184.

J. Klumperman, G. Raposo, The Complex Ultrastructure of the Endolysosomal System,
Cold Spring Harb. Perspect. Biol. 6 (2014) a016857-a016857.
doi:10.1101/cshperspect.a016857.

C. Jonker, C. de Heus, L. Faber, C. ten Brink, L. Potze, J. Fermie, N. Liv, J. Klumperman,
An adapted protocol to overcome endosomal damage caused by polyethylenimine (PEI)
mediated transfections., Matters. 3 (2017) e201711000012.
do1:10.19185/matters.201711000012.

J. Huotari, A. Helenius, Endosome maturation., EMBO J. 30 (2011) 3481-500.
doi:10.1038/embo;j.2011.286.

T. Bieber, W. Meissner, S. Kostin, A. Niemann, H.-P. Elsasser, Intracellular route and
transcriptional competence of polyethylenimine-DNA complexes., J. Control. Release. 82
(2002) 441-54. http://www.ncbi.nlm.nih.gov/pubmed/12175756 (accessed August 9,
2019).

F. Wang, A. Salvati, P. Boya, Lysosome-dependent cell death and deregulated autophagy
induced by amine-modified polystyrene nanoparticles, Open Biol. 8 (2018) 170271.
do1:10.1098/rsob.170271.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

[61]

[62]

[63]

[64]

[65]

[66]

[67]

available under aCC-BY 4.0 International license.

A. Serrano-Puebla, P. Boya, Lysosomal membrane permeabilization in cell death: new
evidence and implications for health and disease, Ann. N. Y. Acad. Sci. 1371 (2016) 30—
44. doi:10.1111/nyas.12966.

F. Wang, R. Goémez-Sintes, P. Boya, Lysosomal membrane permeabilization and cell
death, Traffic. 19 (2018) 918-931. doi:10.1111/tra.12613.

F.A. Bruinsmann, G.R. Vaz, A. De Cristo Soares Alves, T. Aguirre, A.R. Pohlmann, S.S.
Guterres, F. Sonvico, Nasal drug delivery of anticancer drugs for the treatment of
glioblastoma: Preclinical and clinical trials, Molecules. 24 (2019).
doi:10.3390/molecules24234312.

C. Pucci, D. De Pasquale, A. Marino, C. Martinelli, S. Lauciello, G. Ciofani, Hybrid
Magnetic Nanovectors Promote Selective Glioblastoma Cell Death through a Combined
Effect of Lysosomal Membrane Permeabilization and Chemotherapy, Cite This ACS Appl.
Mater. Interfaces. 12 (2020). doi:10.1021/acsami.0c05556.

M. Norouzi, V. Yathindranath, J.A. Thliveris, B.M. Kopec, T.J. Siahaan, D.W. Miller,
Doxorubicin-loaded iron oxide nanoparticles for glioblastoma therapy: a combinational
approach for enhanced delivery of nanoparticles, Sci. Rep. 10 (2020) 11292.
doi:10.1038/s41598-020-68017-y.

D. De Pasquale, A. Marino, C. Tapeinos, C. Pucci, S. Rocchiccioli, E. Michelucci, F.
Finamore, L. McDonnell, A. Scarpellini, S. Lauciello, M. Prato, A. Larrafiaga, F. Drago,
G. Ciofani, Homotypic targeting and drug delivery in glioblastoma cells through cell
membrane-coated boron nitride nanotubes, Mater. Des. 192 (2020) 108742.
doi:10.1016/j.matdes.2020.108742.

D.S. Pellosi, L.B. Paula, M.T. De Melo, A.C. Tedesco, Targeted and Synergic
Glioblastoma Treatment: Multifunctional Nanoparticles Delivering Verteporfin as
Adjuvant Therapy for Temozolomide Chemotherapy, Mol. Pharm. 16 (2019) 1009-1024.
doi:10.1021/acs.molpharmaceut.8b01001.

Supplementary information


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.422717; this version posted December 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Circumventing drug treatment? Polyethylenimine functionalized nanoparticles
inherently and selectively kill patient-derived glioblastoma stem cells

Neeraj Prabhakar'”) Joni Merisaari>**, Vadim Le Joncour!, Markus Peurla®, Didem Sen

Karaman'®, Eudald Casals'®, Pirjo Laakkonen*’, Jukka Westermarck®®* and Jessica M.

Rosenholm'”

Figure S1. TEM micrographs of the spherical PEI-MSNs particles of an approximate size of 50

nm with porous structure. Scale bar = 200 nm.
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Figure S2. Validation of GSCs (BT-3-CD133", BT-12, and BT-13) using Sox2 and nestin (stem

cell markers).
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Figure S3. Selective cell death of patient-derived GSCs by PEI-MSNs. A) Colony growth assay
analysis by using crystal violet staining of T98G (GB cell line), BT-3-CD133", BT-12 and BT-13
GSCs treated with 1-50 pg/mL of PEI-MSNs.
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Figure S4. Viability of BT-12 GSCs and T98G (GB) cells treated with 1-50 ug/mL of plain
MSNs (without PEI). The cell viability was assessed by WST-1 cell proliferation assay.
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Figure SS5. Colony growth of US§7MG (human GB cells), A172 (human GB cells), MDA-MB-
231(human breast cancer cells) and HeLa cells (human cervical cancer cells) treated with 1-50

pg/mL of PEI-MSNs.

Figure S6. Localization of the PEI-MNSs in the treated BT-12 GSCs by confocal microscopy.
Intracellular localization of PEI-MSNs (red) was studied using markers of early endosomes (EEA-
1), mitochondria (Mitotracker), and lysosomes (LAMP-1) (green color). The nuclei were visualized

by using DAPI (blue). Co-localization is seen in yellow color.
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Figure S7. TEM images of PEI-MSNs treated BT-12 GSCs. No PEI-MSNs were detected within

the nuclear space.

500mm

Figure S8. TEM images of control BT-12 GSCs without PEI-MSNs treatment. A) Overview of a
cell. B) Empty vesicles and normal ultrastructure of BT-12 GSCs. C-D). A close overview of the

intact mitochondrial structure.
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Figure S9. A) Sagittal confocal view of the Transwell membrane (with pores highlighted by a
dotted circle) showing PEI-MSN (green) transcytosis through the endothelial cells (Lysotracker
red and nuclei blue). B) 3D reconstruction from confocal Z-stacks of a BT-12 gliosphere isolated

from the BBTB. PEI-MSNss (red) are distributed all around and penetrated inside the sphere.


https://doi.org/10.1101/2020.12.14.422717
http://creativecommons.org/licenses/by/4.0/

