Open Access Article. Published on 03 April 2023. Downloaded on 1/12/2026 4:33:45 AM.

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

(cc)

#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Organosilica nanoparticles containing sodium
borocaptate (BSH) provide new prospects for boron
neutron capture therapy (BNCT): efficient cellular
uptake and enhanced BNCT efficacyy
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Boron neutron capture therapy (BNCT), a method based on the fission of boron-10 upon neutron
irradiation, has emerged as an attractive option for radiation therapy. To date, the main drugs used in
BNCT are 4-boronophenylalanine (BPA) and sodium borocaptate (BSH). While BPA has been extensively
tested in clinical trials, the use of BSH has been limited, mainly due to its poor cellular uptake. Here, we
describe a novel type of mesoporous silica-based nanoparticle containing BSH covalently attached to
a nanocarrier. Synthesis and characterization of these nanoparticles (BSH-BPMO) are presented. The
synthetic strategy involves a click thiol-ene reaction with the boron cluster, providing hydrolytically
stable linkage with the BSH in four steps. The BSH-BPMO nanoparticles were efficiently taken up into
cancer cells and accumulated in the perinuclear region. Inductively coupled plasma (ICP) measurements
of boron uptake in cells highlight the important role of the nanocarrier in the enhancement of boron
internalization. BSH-BPMO nanoparticles were also taken up and distributed throughout tumour
spheroids. BNCT efficacy was examined by the neutron exposure of the tumour spheroids. BSH-BPMO
loaded spheroids were completely destroyed upon neutron irradiation. In contrast, neutron irradiation of
tumour spheroids loaded with BSH or BPA resulted in significantly less spheroid shrinkage. The
significant difference in BNCT efficacy of the BSH-BPMO was correlated with the improved boron
uptake via the nanocarrier. Overall, these results demonstrate the critical role of the nanocarrier in BSH
internalization and the enhanced BNCT efficacy of the BSH-BPMO compared with BSH and BPA, two
drugs used in BNCT clinical trials.
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make radiation therapies safer by using a thermal neutron
beam, which causes limited tissue damage in the absence of

Introduction

Over the past few decades, Boron Neutron Capture Therapy,
also called BNCT, has attracted increasing attention as a new
type of radiotherapy aiming at lowering the side effect linked
with common radiotherapy (i.e. damage to healthy tissues). As
shown in Fig. 1, BNCT relies on the use of a neutron beam to
trigger the nuclear fission of boron-10 atoms to lithium-7 and a-
particles (helium-4)." a-particles only travel short distances
(typically cell distances) but can cause DNA double-strands to
break, leading to cell death.' The current objective of BNCT is to
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198, and by delivering '°B-enriched compounds to the cancer
cells for local treatment of the undesirable cells by a-particles.
BNCT using neutron beams generated in nuclear reactors has
been used in clinical settings with encouraging results.>™®
Recent advances in compact neutron generators have stimu-
lated the research on BNCT’ and are translating this therapy to
hospital settings.
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Fig.1 BNCT principle.
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Currently, two drugs, 4-boronophenylalanine (BPA),
a boronic acid-modified amino acid, and sodium borocaptate
(BSH), a cluster of twelve boron atoms, are used in clinical
trials.>® In 2020, the Japanese Ministry of Health, Labour and
Welfare approved BPA under the name of borofalan (*°B),°
however, BSH is still only used in clinical trials. BPA is easily
taken up into cells via the LAT1 amino acid transporter.'® BSH
has other advantages including a high concentration of boron
and high solubility in water. It has been used successfully to
treat brain tumour,>'* as BSH can be localized to a region of the
disturbed blood-brain barrier (BBB)."> However, the use of BSH
has been limited, mainly due to poor uptake into cells. Studies
using ion microscopy showed that BSH can be taken up but was
not strongly localized within the cells.’* Similar results for BSH
localization were reported by using specific BSH monoclonal
antibodies coupled with a dye and confocal microscopy.'* Kageji
et al. also described the binding of BSH to the cell membrane.*
Therefore, we envision that one of the key issues surrounding
the use of BSH is its inability to efficiently enter cells and that
overcoming this problem may release the potential of this drug.

Nanoparticles provide an attractive solution to achieve effi-
cient cellular uptake of various drugs. They can often take
advantage of endocytosis mechanisms and are efficiently taken
up into cells.* Furthermore, they can be used to achieve intra-
cellular localization of cargo molecules.'® They can be exploited
to achieve tumour accumulation of cargo molecules.’® While
liposomes and polymers have been extensively used as nano-
carriers to date,”*® mesoporous silica-based nanoparticles are
considered an interesting platform for drug delivery due to their
low toxicity and high stability in the bloodstream compared to
the previously cited nanocarriers.”?' Indeed, silica nano-
particles do not degrade easily in the bloodstream. Further-
more, silica nanoparticles can penetrate solid tumours and can
thus promote efficient tumour treatment.”> From a chemical
point of view, their high specific surface area provides an ideal
substrate for attaching drugs and makes this material an
appropriate choice as a drug carrier. Some °B-containing silica
nanoparticles have been described including mesoporous silica
nanoparticles (MSN) with o-carborane impregnated into the
pores,> silica supports over which polymers modified with
carborane were grafted,>* silica nanoparticles on which a sily-
lated boron cluster was post-grafted®**” and organically doped
MSN on which BSH was post-grafted.”® Nevertheless, most of
them have not been tested in BNCT assay.

In this paper, we design a new type of '°B-containing silica
nanoparticle on which BSH is covalently grafted onto the
organosilica network, thus avoiding premature release. The
BSH boron cluster was grafted onto the silica network using
a click thiol-ene reaction. To the best of our knowledge, it has
not been used to date with B-SH compounds, thus providing
a novel and effective platform for BSH grafting. BSH-BPMO has
been characterized by various techniques including TEM, SEM,
N, physisorption, FTIR, and "*C and *°Si solid-state NMR. The
uptake of the nanoparticles into cancer cells and tumour
spheroids has been demonstrated. We developed a convenient
BNCT assay to evaluate the efficacy of BSH-BPMO in BNCT and
demonstrated that BSH-BPMO exhibits BNCT efficacy that is
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significantly improved compared to those of the two common
BNCT drugs (BSH and BPA).

Experimental

Chemicals

1,2-Bis(triethoxysilyl)ethane (BTSE - Fluorochem), bis[3-(trie-
thoxysilyl)propyl|tetrasulfide (BTSPS, - Fluorochem), (3-ami-
nopropyl)triethoxysilane (APTES - TCI), triethoxyvinylsilane
(TCI), 2,2"-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(AIBI - TCI), 3-(trihydroxysilyl)propyl methylphosphonate
monosodium salt solution (MPTHS - Sigma Aldrich), cetyl-
trimethylammonium bromide (CTAB - Sigma Aldrich), Rhoda-
mine B isothiocyanate (Funakoshi) and '°B-enriched sodium
borocaptate (’BSH - KatChem) were used. 8 M sodium
hydroxide solution and ethanol (99.5%) were obtained from
Nacalai Tesque, ammonium nitrate was from Wako and anhy-
drous toluene was from Sigma Aldrich. Milli-Q water was used
for the different synthesis steps.

BSH-BPMO synthesis

BPMO nanoparticle synthesis. Nanoparticles were synthe-
sized according to a protocol previously described by our
group® with minor modifications. A solution of CTAB (250 mg,
0.7 mmol in 120 mL of Milli-Q water) was prepared in a round
bottom flask and 8.0 M sodium hydroxide (NaOH, 199 pL) was
added. The resulting solution was stirred at 1400 rpm and
heated up to 80 °C. Meanwhile, Rhodamine B isothiocyanate
(2.5 mg, 4.6 x 10~> mmol) was dissolved in ethanol (5 mL) and
APTES (6 pL, 2.6 x 10~> mmol) was added. The mixture was
stirred at 25 °C for 30 min and then BTSE (300 pL, 8 mmol) was
added followed by another 5 min of stirring. The above silane
solution was added over 2-3 min and this was immediately
followed by BTSPS, (100 pL, 0.2 mmol) addition. The reaction
mixture was stirred at 1400 rpm, 80 °C for 15 min. Nano-
particles were collected by centrifugation at 14 000 rpm for
20 min and washed twice with ethanol with centrifugation/
sonication cycles. CTAB was removed from the pores by
refluxing the particles overnight in a solution of ammonium
nitrate (0.3 g) in ethanol (50 mL). The material was washed with
ethanol three times (14000 rpm for 20 min), and dried
completely. 120 to 150 mg of BPMO pink nanoparticles were
recovered. *C NMR (151 MHz, CP-MAS, 4, ppm): 4.7 (Si-CH.,
BTSE), 10.4 (Si-CH,, BTSPS,), 15.8 (residual ethoxy), 22.4 (Si-
CH,-CH,, BTSPS,), 41.8 (CH,~CH,-S, BTSPS,), 57.9 (residual
ethoxy). IR (v, cm™"): 1031 (Si-O-Si), 2897 (residual CHj, s), 2926
(CH,, as), 2977 (residual CHj, as). Zeta potential (BPMO, 25 °C,
pH = 7.5): —38.0 mV.

Vinyl post-grafting. In a flame-dried double-necked flask
under N,, BPMO (120 mg) nanoparticles were suspended in dry
toluene (6 mL) and sonicated for 10 min. Triethoxyvinylsilane
(940 pL, 4.5 mmol) was injected. The reaction was refluxed
overnight under an inert atmosphere; then the nanoparticles
were recovered by centrifugation (14 000 rpm, 20 min) and
washed three times with ethanol by centrifugation/sonication
cycles. The powder was completely dried. Around 120 mg of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BPMO-vinyl were recovered. >*C NMR (151 MHz, CP-MAS, 6,
ppm): 4.7 (Si-CH,, BTSE), 11.1 (Si-CH,, BTSPS,), 15.8 (residual
ethoxy), 22.5 (Si-CH,-CH,, BTSPS,), 41.2 (CH,~CH,-S, BTSPS,),
57.7 (residual ethoxy), 130.0 & 134.4 (CH,=CH-Si & CH,=CH-
Si). IR (v, em™): 1031 (Si-O-Si), 2896 (CH,, s), 2923 (CH,, as).
Zeta potential (BPMO-vinyl, 25 °C, pH = 7.5): —26.5 mV.

Phosphonate post-grafting of the BPMO vinyl and BPMO.
BPMO vinyl nanoparticles (100 mg) were dispersed in water
(22.0 mL) and ethanol (8.0 mL) and sonicated for 2-3 min.
MPTHS (110 pL, 0.34 mmol) was added and the reaction was
heated at 70 °C overnight. The nanoparticles were recovered by
centrifugation (14 000 rpm, 20 min), washed three times with
ethanol with centrifugation/sonication cycles, completely dried.
100 to 110 mg of BPMO-vinyl-phos was recovered. ">*C NMR (151
MHz, CP-MAS, 6, ppm): 5.1-12.2 (Si-CH,, BTSE & Si-CH,,
MPTHS & Si-CH,-CH,, BTSPS,), 22.3 (Si-CH,-CH,, BTSPS,),
25.8 (Phos-CH,-CH,-), 41.2 (CH,-CH,-S, BTSPS,), 57.9
(residual ethoxy), 63.8 (Phos-CH,-), 130.8 & 134.7 (CH,=CH-Si
& CH,=CH-Si). IR (v, cm~1): 1032 (Si-O-Si), 2896 (CH,, s), 2924
(CH,, as). Zeta potential (BPMO-vinyl-phos, 25 °C, pH = 7.5):
—50.1 mV. Phosphonated BPMO (BPMO w/o BSH) was prepared
following the same protocol as for BPMO-vinyl-phos, described
above. 77 mg of BPMO w/o BSH were recovered out of the initial
70 mg of BPMO. IR (v, cm™): 1027 (Si-0-Si), 2893 (CH,, s), 2926
(CH,, as). Zeta potential (BPMO w/o BSH, 25 °C, pH = 7.5):
—47.8 mV.

Thiol-ene reaction for the synthesis of BSH-BPMO. In
a double-necked flask, BPMO-vinyl-phos (35 mg), AIBI (22.9 mg,
71.0 pumol) and Milli-Q water (33.2 mL) were added. The
suspension was sonicated for 2-3 min and then heated to 40 °C.
1°B-BSH (35 mg, 0.17 mmol) was added and the mixture was
heated overnight at 60 °C. The nanoparticles were recovered by
centrifugation (14 000 rpm, 20 min), and washed twice with
Milli-Q water and twice with ethanol. The powder was then
completely dried. 36 mg of pink BSH-BPMO was recovered. *C
NMR (151 MHz, CP-MAS, ¢, ppm): 5.0-11.4 (Si-CH,, BTSE & Si-
CH,, MPTHS & Si-CH,-CH,, BTSPS,), 22.3 (Si-CH,-CH,,
BTSPS,), 25.8 (Phos-CH,-CH,), 42.1 (CH,-CH,-S, BTSPS, &
CH,-Sgsy), 58.1 (residual ethoxy), 64.1 (Phos-CH,), 130.0 &
134.5 (residual vinyl). >°Si NMR (119 MHz, ¢, ppm): —57.6 (T°),
—66.2 (T°). IR (v, cm ™ 1): 1031 (Si-O-Si), 2503 (B-H), 2896 (CH,,
s), 2923 (CH,, as). Zeta potential (BSH-BPMO, 25 °C, pH = 7.5):
—51.5 mV.

Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were taken on a JEOL JSM-75FCT and
a JEOL JEM-2200FS microscope, respectively. Nitrogen adsorp-
tion isotherms were obtained at 77 K on a Belsorp mini II
apparatus. Samples were dried at 80 °C for 17 h under vacuum.
The specific surface areas were determined using the BET
model in the relative pressure range between 0.05 and 0.25,
taking 0.162 nm? as the cross-sectional area. Pore size diameter
was estimated by the BJH (Barrett-Joyner-Halenda) method on
the desorption branch. Powder X-ray diffraction (XRD) patterns

were collected on an X-ray Rigaku SmartLab X-ray
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diffractometer with Cu Ko radiation from 1.2 to 15°. *C and *°Si
CP-MAS NMR spectra were recorded on a 600 MHz solid-state
NMR spectrometer (JNM-ECZ600R, JEOL) at a 20 kHz spin-
ning rate. Fourier-transformed infrared spectra (FTIR) were
obtained on an attenuated total reflectance (ATR) equipped
Thermo Scientific Nicolet 5700 apparatus. Spectra were cor-
rected with a classical “Extended ATR correction” function to
correct the wavelength dependency of penetration depth in the
sample. The residual CO, band was set to zero. Raman spectra
were obtained on a Horiba HR800 apparatus. The powders were
analysed at a magnification of x50, using 785 nm laser excita-
tion and an exposure time of 30 s. Materials prepared without
Rhodamine B were used for Raman experiments to avoid the
saturation from the luminescent background generated by the
rhodamine upon exposure to the 785 nm excitation source. The
hydrodynamic radius and zeta potential of the particles were
determined on a Malvern Zetasizer uV and a Malvern Zetasizer
Nano-ZS at 25 °C. DLS sizes were retained using the mean value
in number. An ICPE-9000 Shimadzu machine was used for the
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis. Nanoparticles (2 mg) were degraded in a mixture
of nitric acid (1.9 mL) in water (8.1 mL) for 3 days prior to boron
content determination by ICP.

Cytotoxicity

OVCARS cells were seeded in 96-well plates with 2 x 10* cells in
190 pL of RPMI 1640 medium (Nacalai) per well. They were
incubated at 37 °C in humidified 5% CO, for 24 h, then 10 pL of
BSH-BPMO suspension in sterilized water (0, 25, 50, 100, 200 pg
mL ") was added to the medium. After 24 h of incubation,
lactate dehydrogenase (LDH, Dojindo Cytotoxicity LDH Assay
Kit-WST) assay was performed and the absorbance at 490 nm
was measured and compared to that of a lysed-cells control,
according to the standard procedure.

Tumour spheroid preparation

Tumour spheroids were prepared using human ovarian cancer
cells OVCARS expressing green fluorescent protein (GFP). Cells
were grown in RPMI 1640 medium (Nacalai) supplemented with
10% heat-inactivated FBS and 1% penicillin/streptomycin. 5.0
x 10> cells were inoculated in each well of a PrimeSurface 96U
culture plate (MS-9096U, Sumitomo Bakelite Co., LTD, Japan).
Cells were cultured at 37 °C in humidified CO, for seven days
with the medium being exchanged every two days. The spheroid
diameter was around 200 pm.

Cellular and spheroid uptake of BSH-BPMO for imaging

5.0 x 10° OVCARS cells were seeded in a 35 mme glass-bottom
culture dish with 200 pL medium and incubated overnight at
37 °C in humidified 5% CO,. After 24 h, 10 pL of BSH-BPMO
suspension in sterilized water (1 and 0.5 mg mL ") was added
to each dish, corresponding to 10 and 5 ug of BSH-BPMO. The
cells were incubated for another 24 h, then washed three times
with ice-cold PBS and fixed overnight with 4% para-
formaldehyde (200 pL) at 4 °C. Hoechst 33 258 dye (200 pL of
a1:1000 diluted solution) was used to stain the cell nucleus for
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30 min in the dark and at room temperature prior to two other
washes in PBS. After washing, the cells were kept in 200 pL of
PBS and observed by confocal microscopy.

For the spheroid uptake, spheroids were prepared according
to the protocol previously described. Briefly, 10 uL of BSH-
BPMO suspension in sterilized water (2.5, 0.25 mg mL™ %), cor-
responding to 25 and 2.5 pg of BSH-BPMO per spheroid, was
added and the spheroids were incubated for 24 h at 37 °C in
humidified 5% CO,. After incubation, spheroids were washed
three times with ice-cold PBS and fixed overnight with 4%
paraformaldehyde at 4 °C. Spheroids were then treated with
99.8% methanol to increase the permeability for 30 min at
—80 °C. After three cycles of washing with ice-cold PBS, Hoechst
staining was performed by treating with Hoechst 33 258 solu-
tion dye (200 pL of a 1:1000 diluted solution) for 30 min in the
dark prior to confocal microscopy. Confocal laser microscopy
images were taken on a Nikon A1R confocal laser microscope.

Cellular uptake test by ICP

OVCARS cells (5.0 x 10°) were seeded in a 10 cm diameter
culture dish with 10 mL RPMI 1640 medium (Nacalai) and
incubated at 37 °C in humidified 5% CO, for five days. The
medium was exchanged every two days for optimum cell
growth. After five days, the medium was removed and replaced
by 9.5 mL of fresh medium and 500 pL of boron-containing
solution. The conditions were set to maintain a constant
quantity of boron (64 pg) per dish. The solutions used were
6.4 mg mL~' BSH-BPMO, 224 ug mL™ " free BSH and 2.67 mg
mL ™" free BPA (BPA was prepared with 2.76 mg mL " fructose,
corresponding to 1.2 eq. of BPA). The cells were incubated for
2 h or 24 h prior to removal of the medium. Cells were detached
from the dish with trypsin and washed three times with fresh
medium using centrifugation cycles of 5 min at 1500 rpm. Cell
counting showed the presence of 1.0 x 10’ cells per dish. For
ICP analyses, cells were collected and immediately suspended
using 2 mL of a mixture of 60% perchloric acid : 30% hydrogen
peroxide in a 1:2 proportion at 75 °C for 12 h. The mix was
filtered with a 220 nm cut-off membrane and analysed by ICP-
AES.

Neutron exposure experiments (BNCT)

Spheroids were prepared according to the protocol previously
described and incubated with 10 pL of the following solutions:
BSH-BPMO (500 ug mL~ "), BPMO w/o BSH (500 pg mL '), free
BSH (15.6 ug mL™"), and free BPA (186 ug mL ™", prepared with
1.2 eq. of fructose i.e. 192 ug mL ") corresponding to a constant
9B quantity of 89 ng per spheroid. For each condition, six
spheroids were assigned (three for irradiation, and three for no
irradiation). All tumour spheroids were incubated for 24 h at
37 °C in humidified 5% CO, and washed three times with
culture medium to remove the free BSH, BPA and nanoparticles
that were not taken up. Spheroids were neutron-irradiated for
1 h at 1 MW with a thermal neutron beam at the Kyoto
University Research Reactor (KUR), Heavy Water Neutron Irra-
diation Facility.*® Each spheroid received 4 x 10'> neutrons
cm 2. After the irradiation, the spheroids were incubated for
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another three days at 37 °C in humidified 5% CO,. Samples
were fixed overnight with 4% paraformaldehyde at 4 °C and
stained with Hoechst 33258 solution dye (1:1000 diluted
solution) for 30 min in the dark. Finally, the samples were
observed by confocal microscopy on a Nikon A1R confocal laser
microscope. The spheroid size was calculated with Image-J
software (NIH) for the three spheroids of each condition set.
The percentages were calculated by dividing the surface of the
spheroid by the average size of the corresponding non-
irradiated spheroids. Statistical data are presented in Table
S2.7 Error bars indicate standard errors. P-values were calcu-
lated for each condition in comparison to the no-loading
condition.

Results and discussion
BSH-BPMO synthesis and characterization

BSH-BPMO nanoparticles were synthesized in a four-step reac-
tion (Fig. 2). First, periodic mesoporous organosilica nano-
particles exhibiting high specific surface area were prepared.
The surface of these particles was modified with vinyl groups to
introduce reactive moieties for boron compound grafting. The
dispersion of the particles in aqueous solutions was ensured by
modification with phosphonate groups. Finally, BSH was graf-
ted using a thiol-ene reaction between the vinyl moiety and the
BSH in water. In order to carry out comparative studies,
a phosphonated BPMO (BPMO w/o BSH) control was prepared
by post-grafting the phosphonate silylated precursor on the
BPMO (Fig. S1t).

The periodic mesoporous organosilica nanoparticles used in
the article (BPMO) were first synthesized by adapting the
protocol previously described by our group,* using 1,2-bis(-
triethoxysilyl)ethane (BTSE) and bis[3-(triethoxysilyl)propyl]
tetrasulfide (BTSPS,) silica precursors. Rhodamine B iso-
thiocyanate was reacted with (3-aminopropyl) triethoxysilane
(APTES). The resulting Rhodamine B silylated derivative was
incorporated into the BPMO synthesis, thus allowing easy
observation of the nanoparticles by fluorescence microscopy at
561 nm (red). Images obtained by SEM and TEM show the
formation of nanoparticles with an average diameter of 300 nm
(Fig. 3a and b). The average hydrodynamic diameter of 357 nm,
shown by DLS (Table S1t), is consistent with the microscopy
observations. The nanoparticles were synthesized with a diam-
eter of 300 nm to obtain an optimal specific surface area and
pore organisation. Indeed, the N,-physisorption isotherm

(EtO)gsi’\’Si(OE')l Hydrolysis Post

condensation * grafting *
* \Z

(E10);8i7~5-S+5- S~ S(OEt);

BPMO BPMO-vinyl
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~~0""" Thiol-ene */\/‘
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Fig. 2 BSH-BPMO synthetic pathway.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00839d

Open Access Article. Published on 03 April 2023. Downloaded on 1/12/2026 4:33:45 AM.

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

(cc)

Paper

(d) 0.8
0 0.6
-
é 0.4
5
0.2
>
©
0 0
0 02 04 06 08 1 0 10 20

P/P° Pore diameter (nm)

Fig.3 BPMO textural characterization: (a) SEM and (b) TEM images; (c)
N> physisorption isotherm; (d) BJH pore size distribution.

obtained (Fig. 3c) is a typical type I/IV isotherm. The low range
of absorption at intermediate relative pressure, and parallel
adsorption and desorption branches indicate a well-organised
mesoporous network with low pore size dispersity. The BET
specific surface area was calculated at 1200 m* g~ and the pore
size diameter was estimated to be 2.5 nm (Fig. 3d). The organ-
ised pore network can also be observed in TEM (Fig. 3b) with
a periodicity estimated to be around 4 nm. In Fig. S2,t X-ray
diffraction (XRD) measurements confirm an organised
network (with a distorted mesophase) as demonstrated by the
two peaks observed for 26 = 1.99 and 3.04°.°' The periodicity
calculated from XRD data is 5.1 nm. Smaller nanoparticles (50,
100 and 250 nm) can be obtained at the expense of pore orga-
nisation.* The incorporation of both BTSE and BTSPS, into the
network was evidenced by C solid-state NMR and Raman
spectroscopy. **C solid-state NMR (Fig. 4a) exhibits a very strong
signal at 4.7 ppm from the CH,, of the BTSE. Signals at 10.4, 22.4
and 41.8 ppm are attributed to the CH, moieties of the
condensed BTSPS,, thus proving the successful incorporation of
both precursors into the silsesquioxane network. The presence
of the tetrasulfide is also confirmed by Raman spectroscopy
(Fig. S3t1) with the C-S stretching vibration observed at
632 cm™'.®

The BPMO nanoparticles were then post-grafted with trie-
thoxyvinylsilane and characterized. The **C solid-state NMR
spectrum shows new signals at 130.0 and 134.4 ppm (in green in
Fig. 4a). These signals are typical of the chemical shift expected
for vinyl derivatives. Since the step described above tends to
make the nanoparticles hydrophobic and lower their capacity to
disperse in water, 3-(trihydroxysilyl)propyl methylphosphonate
monosodium salt solution (MPTHS) was grafted (BPMO-vinyl-
phos, Fig. 2). The "*C solid-state NMR exhibits two signals
arising from the phosphonate moiety at 63.8 and 25.8 ppm.
These signals can be attributed to the CH, in the o- and B-
position of the phosphonate while the CH, near the silicon
atom can be encountered in the cluster between 5.1 and
12.2 ppm. The significant decrease of the zeta potential value

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chemical characterization of BPMO nanoparticles: (a) *C
solid-state NMR spectra of BPMO at different synthetic steps; (b) FTIR
spectra. Note: The *C NMR signal around 57 ppm arises from the
residual ethoxy group.

following phosphonation for BPMO-vinyl-phos and BPMO w/o
BSH is presented in Table S17.

The final synthetic step, a click thiol-ene reaction, was
selected due to the high reaction yield (close to being quantita-
tive in solution), the stability of the resulting covalent bond and
the availability of vinyl derivatives.** The reaction has been used
with C-SH compounds,** however, thiol-ene reactions involving
B-SH compounds have not been reported. Hence, the most
common reactions of BSH grafting rely on nucleophilic substi-
tution over halogenated compounds, disulfide-thiol exchange or
addition over maleimide moieties.?****! The thiol-ene reaction is
usually triggered by azobisisobutyronitrile (AIBN), which is
soluble in organic solvents (toluene, chloroform, etc.). BSH is
insoluble in these solvents and thus, one of the limitations of the
use of this reaction with BSH is the necessity of carrying it out in
solvents in which BSH is soluble. As the thiol-ene reaction can
also occur in water,*” the reaction was thus performed with
a water-soluble radical initiator: 2,2-azobis[2-(2-imidazolin-2-yl)
propane] dihydrochloride (AIBI). The SEM images (Fig. S4(a)t)
and the DLS mean size of 336 nm (Table S1f) confirmed the
presence of nanoparticles. >°Si solid-state NMR exhibited the
typical features of the organosilica network with the T and T°
sites visible at respectively —57.6 and —66.2 ppm (Fig. S51). In
addition, the significant decrease of the vinylic signal intensity
upon thiol-ene reaction (in red, Fig. 4a) is consistent with the
successful grafting of BSH. The CH, groups generated by the
hydrothiolation reaction can be encountered as a cluster,
together with the aliphatic signals of BTSE, BTSPS, and MPTHS.
BSH grafting was confirmed by FTIR which exhibits a band at
2503 cm™ ', characteristic of the B-H stretching vibration
(Fig. 4b).**** Boron content of 1.4 to 2% was measured by ICP.
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Similar to the other phosphonated nanoparticles that exhibit
negative zeta potential values, the BSH-BPMO displays a zeta
potential of —51.5 eV (Table S1 and Fig. S4(b)t). Several cycles of
washing and dialysis over 72 h did not show any drug release by
ICP or FTIR (ESI Part I and Fig. S61). The boron content of BSH-
BPMO is similar to that of other comparable materials.>****°
Compared with boron nitride*® or boron carbides,***” the boron
content of BSH-BPMO is lower. However, boron nitride and
boron carbides are fully inorganic compounds with restricted
elemental composition. In contrast, our nanoparticle approach
enables organic modification of the network or the surface to
tune the properties. Indeed, Rhodamine B has been integrated
into the network to make imaging possible and the surface was
modified with phosphonate to enhance aqueous dispersion and
cellular uptake. Due to silica particles being hybrid materials,
they endow the nanocarrier with high blood stream stability, low
toxicity and easy functionalization.">*

Efficient uptake and perinuclear localization of BSH-BPMO in
cancer cells

In vitro experiments were carried out using ovarian cancer cells
(OVCARS). Ovarian tumours express LAT1 at a high level,”® and
thus ovarian cancer is a potential application of BNCT using
BPA. Other studies using carborane derivatives in ovarian
cancer were reported,**® demonstrating the interest in BNCT
for ovarian cancers. Cytotoxicity of the BSH-BPMO nano-
particles was thus tested by lactate dehydrogenase (LDH) assay
which is used as a cell membrane damage marker in ovarian
cancer cells (OVCARS). The BSH-BPMO nanoparticles were
incubated with varying concentrations for one day at 37 °C prior
to analysis. As a control, lysed cells were used. As can be seen in
Fig. S7,1 the LDH value was negligible at concentrations below
100 pg mL~". Thus, BSH-BPMO is not toxic at the concentra-
tions used for all the experiments described in this work.
Cellular uptake of BSH-BPMO was examined by incubating
ovarian cancer OVCARS cells with BSH-BPMO for 24 h, washing
three times with PBS and then examining by confocal micros-
copy. The results shown in Fig. 5 were obtained by observing the
nanoparticles at 561 nm (red) and the GFP-expressed OVCARS
cells at 488 nm (green). Hoechst dye was used to stain the cell
nucleus observed at 405 nm (blue). Importantly, the nano-
particles are taken up into OVCARS cells and localized in the
perinuclear region, just outside the nucleus. Fig. S8 shows

Nucleus Cell body

Fig. 5 Cellular uptake image of BSH-BPMO in OVCARS8 cancer cells:

Hoechst-dyed nuclei observed at 405 nm, GFP-expressed OVCARS8
cell at 488 nm and Rhodamine B containing nanoparticles at 561 nm.

Nanoparticles

Merge

No loading

BSH-BPMO

— 25 um
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confocal microscopy images which demonstrate efficient
uptake of the BSH-BPMO into the OVCARS cells in all focal
planes and demonstrated the overlap of the Rhodamine B
signal of the nanoparticles with the green signal of the GFP-
marked cell. The perinuclear localization of the BSH-BPMO
also highlights the importance of the nanocarriers, taken up
by endocytosis,*"** compared with free BSH which is taken up in
limited quantity and accumulates on the cell membrane.**

Boron uptake measurements in cancer cells

To quantify the boron uptake of the different drugs in OVCARS
cancer cells, dishes of 1.0 x 10’ cells were incubated with the
same quantity of boron (64 pg of boron for BSH-BPMO, BSH or
BPA prepared with fructose). Cells were washed at 2 and 24 h
after incubation and prepared for ICP measurement. The
results presented in Table 1 show that boron uptake was
significantly higher for BSH-BPMO than with BSH or BPA.
Indeed, boron uptake was undetected with BSH suggesting that
the boron uptake was below the detection threshold. This
observation is likely due to low BSH uptake and the washing
step removing the extracellular BSH.">** In contrast, BSH-BPMO
incubated cells exhibit significant quantities of boron at both
incubation times. Furthermore, measurements evidence that
the quantity of boron taken up via BSH-BPMO increases with
the incubation time: 3.62 £+ 0.09% and 19.15 + 0.39% after 2
and 24 h respectively. Finally, with BPA, the proportion of boron
taken up was measured to be 0.33 £ 0.02% after 24 h of incu-
bation. This value is here again significantly lower than those
obtained from BSH-BPMO and can be explained by a lower
uptake or rapid exchange via the LAT1 amino acid trans-
porter,'>** thus preventing durable accumulation of BPA in the
cell during the incubation (2 or 24 h) and washing period (30-40
min). The uptake of BSH is greatly improved by the use of the
BPMO nanocarrier which enables the BSH contained in the
nanoparticles to pass the cell barrier via endocytosis,*** thus
resulting in BSH-BPMO exhibiting a significantly larger boron
uptake than both BSH and BPA.

Uptake and uniform distribution of BSH-BPMO in tumour
spheroids

Due to their 3D structure, tumour spheroids are representative
of tumours growing in vivo, especially in terms of diffusion of
the particles.*>*® A further advantage of using spheroids is that
the model can be extended in the future to tumour organoids

Table1 Boron uptake for BPA, BSH and BSH-BPMO in dishes of 1.3 x
10”7 OVCARS cells obtained by ICP

Percentage of boron Percentage of boron

Boron drug taken up at 2 h (%) taken up at 24 h (%)
Control loading n. d.” n. d.”

Free BPA” n. d.? 0.33 + 0.02

Free BSH n. d.“ n. d.*

BSH-BPMO 3.62 + 0.09 19.15 + 0.39

“ n. d. = not detected. * Prepared with 1.2 eq. of fructose.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 BSH-BPMO uptake in OVCAR8 spheroids with 10% cells:
Hoechst-dyed nuclei observed at 405 nm, GFP-expressed OVCARS8
cell at 488 nm and Rhodamine B containing nanoparticles at 561 nm.

that contain not only cancer cells but also fibroblasts and
macrophages. Spheroid uptake was tested in spheroids
prepared by growing OVCARS cells expressing GFP on a 96-well
round bottom plate with low attachment coating. The spheroids
prepared had a diameter of around 0.2 mm and contained 10°
cells on average. Spheroids were incubated with BSH-BPMO for
24 h, washed three times with PBS and examined by confocal
microscopy. The overlap of the signals from the nanoparticles
(red) with the GFP signal from the cell (green) at each focal
plane (Fig. 6 and S97) proves that BSH-BPMO is efficiently taken
up in the spheroid. Indeed, the nanoparticle signal is detected
throughout the spheroid confirming the uniform distribution
of the BSH-BPMO including the core (Fig. S91). The uptake of
BSH-BPMO was concentration-dependent (Fig. 6 and S107). The
distribution of silica nanoparticles in spheroids has been
studied by Pratiwi et al.>* who demonstrated that it depends on
several parameters including the surface charge, the size, the
stability, etc. BSH-BPMO presents a structure which seems
favourable for its diffusion in the spheroids.

Complete destruction of the tumour spheroids loaded with
BSH-BPMO upon neutron exposure

Three-dimensional tumour spheroids of around 0.2 mm
diameter were incubated with BSH-BPMO. For comparison,
spheroids were also incubated with free BSH or free BPA
(prepared with fructose), two drugs commonly used for
BNCT.>*** Additional spheroids were incubated with either no
compound or BPMO w/o BSH (no boron) to represent boron-free
controls. After 24 h, all spheroids were washed three times in

Nuclear reactor [CEVAAVEICIREA[1LY
Neutron source Neutron energy moderation
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@&
@
Therr::l)\/\’)

neutron (
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Tumor
spheroid

Neutron beam

Fig. 7 Thermal neutron irradiation setup.
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PBS. Two sets of spheroids were prepared, of which one was
submitted to neutron irradiation of 1 MW for 1 h, while the
second set received no irradiation. The irradiation was done
with neutrons whose energy was reduced to “thermal” neutrons
at the Kyoto University Research Reactor in Kumatori, Japan
(Fig. 7). Each spheroid of the irradiation set received 4 x 10"
neutrons cm 2. The spheroids were then incubated at 37 °C for
three days after irradiation. The confocal microscopy images of
the irradiated spheroids are shown in Fig. 8a. For comparison,
results without irradiation are presented in Fig. S11.1 The size
of spheroids as a percentage of the non-irradiated spheroid size
is presented in Fig. 8b.

As can be seen in Fig. 8, irradiation in the presence of BSH-
BPMO shows a dramatic effect on spheroid survival with the
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Fig.8 Neutron exposure results of (a) OVCARS8 spheroids observed by
confocal microscopy after 1 h of neutron irradiation and three days of
incubation: Hoechst-dyed nuclei observed at 405 nm and GFP
modified OVCAR8 cell at 488 nm. (b) Spheroid shrinkage as
a percentage of the non-irradiated spheroids control; error bars
indicate standard deviation. All p-values were determined to be lower
than 0.05 except for the BPA set where the p-value was calculated to
be 0.052. Despite the value for BPA being slightly above the statistical
threshold, the tumour loaded with BPA is visibly shrunk upon
irradiation.
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complete destruction of the spheroids upon irradiation. Indeed,
only residual GFP signals can be observed by confocal micros-
copy, on average 0.5% of the non-irradiated tumour size. In
comparison, after irradiation, spheroids incubated with free
BSH show minor shrinkage (corresponding to a spheroid size
after irradiation of 59% that of the spheroid size without irra-
diation). The spheroids incubated with free BPA exhibit a size
after irradiation corresponding to 44% of the reference non-
irradiated spheroid. As already demonstrated by previous
studies,>"'* BPA efficiently leads to tumour shrinkage and can
give better outcomes than free BSH due to its greater uptake
compared to BSH. Nevertheless, BSH-BPMO is significantly
more efficient than both free BSH and free BPA. Indeed, it is the
only drug leading to the complete degradation of the spheroids.
In contrast, the examination of the “no loading” conditions
with (Fig. 8) and without irradiation (Fig. S111) evidenced
a minor effect of the irradiation in the absence of boron.
Similarly, BPMO w/o BSH, which does not contain boron, does
not cause a size decrease of the tumour upon irradiation. The
striking difference between the two commonly used drugs and
BSH-BPMO may reflect the differences in drug uptake. Accord-
ing to the ICP uptake data mentioned above, at 24 h (incubation
time used for the spheroid exposure experiment), the quantity
of boron taken up via the BSH-BPMO is 60-fold higher than the
quantity taken up via the free BPA at the concentration tested.
These ICP uptake results (Table 1) are consistent with the
complete destruction effect of the BSH-BPMO and enhanced
efficacy compared to the two traditional drugs (BSH and BPA).
As demonstrated previously, free BSH suffers from low cellular
uptake and BPA exhibits poor cell retention due to the exchange
via LAT1 transporters.'®** In contrast, BSH-BPMO accumulates
in the perinuclear region once taken up. Indeed, during the
uptake process, the nanoparticles are taken up by endocy-
tosis®*** and localize near the nucleus (Fig. 5). This results in
a facilitated uptake and high retention of the BSH in the cells.

Overall, BSH-BPMO appeared to be a better platform than
the two most common drugs (BSH and BPA) currently used in
BNCT clinical trials. Its capacity to favour cellular uptake and to
be retained in the cell, thus preventing the rapid clearance
phenomenon observed for molecular compounds, indicates
that it is a potential platform for BNCT. However, further
synthetic optimization studies are also being carried out to
improve the boron content in BSH-BPMO and reduce the
quantity of nanoparticles injected in mice. Indeed, 20-30 pg of
boron per gram tumour are required to bring about the BNCT
effect,’” which could require a significant concentration of
nanoparticles and may lead to possible toxicity. The appropriate
formulation of BSH-BPMO is also being investigated (size,
surface modification, etc.).*® The results of these studies will be
presented in future articles.

Conclusions

Periodic mesoporous organosilica nanoparticles containing
BSH as a boronated agent have been synthesized. The synthetic
procedure involves post-functionalization of the silica nano-
particles by vinyl groups followed by a thiol-ene reaction. This
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strategy offers a quick, cost-effective and efficient platform for
covalently grafting BSH into nanocarriers. By this means, BSH-
BPMO nanoparticles containing 1.4 to 2% boron have been
obtained with no premature release observed over three days.
The nanoparticles were efficiently taken up by OVCARS cancer
cells and localized in the perinuclear region. ICP measurements
of the boron uptake show enhanced uptake of boron via BSH-
BPMO compared to BPA and BSH. The use of the BPMO
nanocarrier efficiently overcomes one of the main issues of BSH
by significantly enhancing the BSH uptake. Nanoparticles were
also proved to be taken up into tumour spheroids and diffused
throughout the spheroids. A comparative BNCT experiment
between BSH-BPMO, BSH and BPA evidenced a significant
improvement in the BNCT efficacy of BSH-BPMO compared to
BSH and BPA. This correlates with the significantly enhanced
uptake of BSH via the nanocarrier.

BSH-BPMO gave encouraging results for the in vitro study in
OVCARS cancer cells. The significant enhancement of BSH
cellular uptake mediated by the nanocarrier opens a door for
the use of BSH-derived drugs (until now often focused on head
and neck cancers) to treat a variety of cancer types including
those with low LAT1 receptor expression. The appropriate
formulation of BSH-BPMO is currently being tested in mouse
models.
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