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Abstract: Nanoparticles composed of inorganic boron-containing compounds represent a promis-
ing candidate as 10B carriers for BNCT. This study focuses on the synthesis, characterization, and
assessment of the biological activity of composite nanomaterials based on boron carbide (B4C).
Boron carbide is a compelling alternative to borated molecules due to its high volumetric B content,
prolonged retention in biological systems, and low toxicity. These attributes lead to a substantial
accumulation of B in tissues, eliminating the need for isotopically enriched compounds. In our
approach, B4C nanoparticles were included in composite nanostructures with ultrasmall superpara-
magnetic nanoparticles (SPIONs), coated with poly (acrylic acid), and further functionalized with the
fluorophore DiI. The successful internalization of these nanoparticles in HeLa cells was confirmed,
and a significant uptake of 10B was observed. Micro-distribution studies were conducted using
intracellular neutron autoradiography, providing valuable insights into the spatial distribution of the
nanoparticles within cells. These findings strongly indicate that the developed nanomaterials hold
significant promise as effective carriers for 10B in BNCT, showcasing their potential for advancing
cancer treatment methodologies.

Keywords: nanomaterials; boron carbide; BNCT; neutron autoradiography

1. Introduction

Boron neutron capture therapy (BNCT) is an innovative binary radiotherapy for the
treatment of aggressive and recurrent tumors. It is based on the neutron capture reaction
taking place when the stable 10B isotope is irradiated with low-energy (0.025 eV) thermal
neutrons. Following the neutron capture, the unstable 11B nucleus immediately decays,
emitting high-LET (linear energy transfer) secondary particles: an α- particle (4He) and a
Li nucleus. These particles deposit their energy in a short path length, between 4.5 µm and
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10 µm, which is comparable to the diameter of a single cell. These secondary particles can
selectively kill tumor cells while sparing healthy neighboring tissues [1]. The effectiveness
of BNCT is strongly dependent on two factors: the possibility of obtaining a high 10B
concentration in the tumor and obtaining a sufficient thermal neutron flux in the target.
It is generally accepted [2] that at least 20 µg of 10B/g of tumor is needed to obtain an
effective treatment, while the concentration of boron in the tumor must be at least three
times the amount in the surrounding healthy tissues. The ideal 10B carrier should have
prolonged retention times in the tumor and rapid clearance from the bloodstream [3–5].
Traditionally, BNCT relies on borated compounds such as boronophenylalanine (BPA) and
disodium mercaptoundecahydro-closo-dodecaborate (BSH), which present a limited ability
to deliver large amounts of boron to the tumor. Furthermore, these compounds are rapidly
cleared from the tumor site and are easily degraded. Clinical trials based on the use of
both BPA and BSH, independently or simultaneously, have been performed on recurrent
glioblastoma multiforme, head and neck cancer, and recurrent lung, hepatic, or gastroin-
testinal cancers. Despite the positive outcome in some patients with tumor regression and
few side effects, results are still variable [6–12]. Ongoing research aims to optimize boron
delivery [13], through neutron beam characteristics [14–17] and treatment protocols, to
maximize therapeutic outcomes and minimize potential side effects. The development of
more selective 10B rich carriers is considered one of the greatest needs for BNCT. The use
of B-rich nanomaterials represents a promising advancement for boron neutron capture
therapy (BNCT) applications [18,19]. Several types of boron nanocarriers have been investi-
gated. Liposomes, micelles, and dendrimers offer the advantage of encapsulating a high
payload of boron compounds and facilitating their selective delivery to tumors. However,
these nanostructures could manifest stability loss in physiological conditions, leading to the
premature release of boron compounds before reaching the tumor site [2,20]. Conversely,
nanoparticles of inorganic boron compounds present excellent stability under various
physiological conditions. Moreover, nanoparticles of inorganic boron compounds offer the
opportunity to achieve large and localized concentrations of 10B and present prolonged
retention times within the organism [21,22]. Boron carbide (B4C) emerges as particularly
noteworthy due to its high volumetric concentration of boron atoms, comparable to that
of elemental boron. Furthermore, boron carbide exhibits exceptional chemical inertness
and high biocompatibility [23,24]. B4C NPs have already been investigated as possible
10B carriers for BNCT [25–29]. The primary challenge associated with the use of B4C NPs
is related to their inherent hydrophobicity and low chemical reactivity, posing obstacles
to achieving effective chemical functionalization. Furthermore, due to the low atomic
weight of the component atoms, B4C NPs are difficult to detect and quantify once they are
incorporated by biological systems. To overcome these limitations, in this work, we present
the synthesis of complex multifunctional composite nanomaterials obtained by combining
B4C as a 10B carrier with an MRI active moiety, represented by superparamagnetic iron
oxide nanoparticles (SPIONs) and an optical fluorophore. This complex nanostructure
will offer the possibility to not only exploit the BNCT therapeutic effect of a high-density
boron carrier, but also to monitor its distribution in tissues and at the cellular level. These
nanostructures (FeBNPs) are functionalized with the hydrophilic polymer poly(acrylic)acid
(PAA), making them stable in aqueous suspension and biocompatible. MRI effectiveness is
strongly dependent on the type of contrast agent [30–32]. The latter can influence either the
longitudinal or transverse relaxation of protons, resulting in a positive (bright) contrast or
a negative (dark) contrast, respectively. SPIONs have been extensively studied as negative
contrast agents, as they usually present a large r2/r1 ratio, which results in transverse
relaxation enhancement. However, several studies have shown that ultrasmall SPIONs are
excellent positive contrast agents as well. Some magnetite-based NPs have already been
FDA-approved (Resovist, Feridex I.V, Gastromark), and their nontoxicity has long been
accepted [33–36].

Synthesized FeBNPs were characterized for their size, morphology, and 10B content.
Subsequent in vitro investigations were conducted to assess their interaction with the
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HeLa cell line, examining their biocompatibility and extent of engagement with biological
systems. The nanoparticles’ potential as boron neutron capture therapy (BNCT) agents was
evaluated through a combination of imaging techniques, including confocal and scanning
electron microscopy, alongside intracellular neutron autoradiography. The quantitative
measurement of 10B uptake was accomplished through inductively coupled plasma (ICP-
OES) analysis.

2. Materials and Methods

In this work, we used B4C nanopowder from Iolitec (IoLiTec-Ionic Liquids Tech-
nologies GmbH, Hilbronn, Germany, purity 99%), polyacrylic acid (PAA) (Mw~2000 Da,
50 wt%), FeCl3·6H2O (purity 97%); FeCl2·4H2O (purity > 99%) NH4OH (NH3 28–30%),
DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate), 3-(4,5-dimethyl
thiazolyl-2)-2,5-diphenyltetrazolium bromide, dimethyl sulfoxide from Sigma Aldrich;
formaldehyde 16% from Cell Signaling, Hoechst 33342 from Sigma Aldrich, DE; and
mowiol from Sigma Aldrich, DE. dH2O was sterilized by filtration with 0.2 µm pore size
filter (Minisart, Sartorious AG, DE).

2.1. Synthesis of FeBNPs

The composite nanoparticles were obtained starting from the commercial B4C NP
powders. First, an aqueous suspension of B4C NPs (with a concentration of 9 mg/mL) was
obtained through treatment with an ultra-turrax at 6900 rpm for 1 h, through dispersion of
0.270 g of B4C powders in 30 mL of sterile dH2O. Then, 6 mL of B4C NP suspension was
added to an aqueous solution of 0.36 g of FeCl3.6H2O (0.06 M) and 0.2 g of FeCl2.4H2O
(0.05 M). A total volume of 2 mL of NH4OH (28–30%) was added to the suspension under
vigorous stirring to obtain the precipitation of iron oxide nanoparticles. Subsequently,
5 mL of an aqueous solution of PAA 0.05 M was added to the mixture to make the pro-
duced NPs stable in water. The suspension was maintained at 30 ◦C for 1 h and then
centrifuged at 100 kg for another hour. The supernatant was discarded, and the pellet,
which represents the fraction of interest, was resuspended in sterile dH2O. The suspen-
sion was then centrifuged at 300× g. The pellet obtained at 300 g, which consists of the
largest aggregates, was discarded, and the supernatant was separated and stored at RT.
The produced nanoparticles suspension was stable for several weeks. To make FeBNPs
detectable at the cellular level by optical and confocal microscopy, they were functionalized
with the fluorophore DiI (FFeBNPs) using a modified solvent diffusion method proposed
by Santra et al. [37]. A 1.2 mg/mL of DiI solution in DMSO was added drop by drop
to 10 mL of FeBNPs under vigorous stirring. The stirring was maintained at RT for 1 h.
During this time, the fluorophore intercalates in PAA’s hydrophobic domains, adhering
to the nanoparticle’s surface. Subsequently, NPs were centrifuged at 100 kg for 1 h, the
supernatant was discarded, and the pellet was resuspended in sterile dH2O.

2.2. Nanoparticles’ Characterization

X-ray diffraction (XRD) was carried out using a Bruker D2 diffractometer (Bruker
Corp., Billerica, MA, USA) equipped with a copper X-ray source. We used a θ − θ′ configu-
ration, with a step size of 0.03◦ in 2θ and an acquisition time of 2 s for each step.

Micro-Fourier transform infrared spectroscopy (µ-FTIR) was conducted using a µ-FTIR
Nicolet iN10 MX (Thermo Scientific, Waltham, MA, USA) equipped with a liquid nitrogen-
chilled detector. Analysis was carried out in the ATR (attenuated total reflectance) mode
within the range 4000–500 cm−1 for a duration of 22 s. A volume of 10 µL of suspension
was air-dried on a microscopy glass, and three separate measurements were taken for
each sample.

Dynamic light scattering (DLS) was performed using a Nano ZS90 DLS analyzer
(Malvern Instruments, Malvern, UK). The suspension was diluted in water to obtain a
concentration of about 1 mg/mL. Three measurements were acquired, each including
11 runs.
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Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy (EDS)
were performed with a TESCAN Mira 3 XMY microscope (TESCAN ORSAY HOLDING s.a,
Czech Republic) equipped with a field emission source and EDAX microprobe. Pictures
were acquired using beam current voltage between 5 kV and 25 kV and either SE or BSE
detectors. For the analysis, the NP suspension was first diluted, and 10µL of suspension
was laid directly on a stub and air-dried in a closed container to avoid contamination.
Samples are non-conductive. Hence, the samples were carbon-coated through vacuum
evaporation (Cressington, Carbon Coater 208 carbon) prior to characterization.

Transmission electron microscopy (TEM) was conducted using a JEOL TEM. Samples
were diluted 1:500 in dH2O, and a drop (2 uL) of suspension was placed on formvar/carbon-
coated 250-mesh copper grids and left to dry for 10 min.

Thermo gravimetric analysis (TGA) was realized using a TGA Q5000 apparatus (TA
Instruments, Wood Dale, DE, USA). The analysis was performed on 3–5 mg of NPs dried
in an Abderhalden pistol at 50 ◦C for 1.5 h and subsequently placed on a Pt crucible and
heated with a heating rate of 10 ◦C/min in air.

ICP-OES (inductively coupled plasma–optical emission spectroscopy) was carried out
to quantify the amount of total boron both in the commercial boron carbide powders and in
the suspension. Samples were first diluted in dH2O, and then a certain amount of diluted
sample was digested in a 1:1 = HNO3:H2SO4 mixture in 50 mL Teflon vessels. Digestions
were carried out using Mars Microwave at 220 ◦C for 15 min at a pressure of 80 Bar. After
digestion, the sample was allowed to cool to room temperature and 790 mg of mannitol
was added to each sample to avoid the loss of volatile boron compounds. Specifically, for
the analysis of commercial B4C NPs, 10 mg of powder was added directly to 6 mL of the
acidic mixture prior to digestion. Following digestion and mannitol addition, the samples
were diluted 1:10 and analyzed via the method of standard addition. With regard to boron
quantification of B4C suspension and FeBNPs, 330 µL of suspension was added to 6 mL of
the acidic mixture and analyzed with the same procedure employed for B4C powders. Each
sample was digested and analyzed in triplicates through the method of standard additions.

2.3. Characterization of NPs–HeLa Cells Interaction

The HeLa cell line derived from uterine adenocarcinoma and used for these experi-
ments was generously provided by T.L. Cover, Vanderbilt University, Nashville, TN, USA.
Cells were cultured in T10 flasks and maintained in incubation at 37 ◦C in 5% CO2 atmo-
sphere. The culture medium was composed of DMEM medium (4.5 g/L glucose, Euroclone,
IT, Pero, Italy), supplemented with FBS (10%) and L-glutamine 2 mM. Evaluation of FeBNPs
toxicity was conducted using MTT (3-(4,5-dimethyl thiazolyl-2)-2,5-diphenyltetrazolium
bromide) assay [38]. Cells were seeded in 6-well plates (Greiner Bio-One International
GmbH, Monroe, NC, USA). After 24 h, when cells reached 80% confluency, they were
exposed to FeBNPs suspensions diluted 1:10, 1:30, 1:50, 1:100, and 1:200 in medium for
2 h. The dilutions correspond to 44.5, 22.25, 11.12, 5.56, and 2.78 µg of 10B, respectively.
Following incubation, the medium was removed, and HeLa cells were washed with PBS
before incubating in fresh medium without nanoparticles for an additional 2 h at 37 ◦C.
Subsequently, MTT solution (0.5 mg/mL) was added, and after 1 h and 30 min of incuba-
tion, the medium was discarded, and DMSO was introduced in fresh medium to dissolve
the formazan crystal. Absorbance at 570 nm was measured using a plate reader.

For confocal microscopy analysis, HeLa cells were seeded on 18 × 18 mm glass
coverslips in 35 mm Petri dishes. Cells were used at approximately 60% of confluence for
incubation with varying concentrations of fluorescent FeBNPs. After the treatment, cells
were fixed with formaldehyde 4% in PBS for 15 min at room temperature, and the nuclei
were stained with Hoechst333342. Finally, the coverslip was mounted upside down on
a microscope glass slide (Manzel Glaser), using a drop of mowiol. Confocal microscopy
was performed using the Leica TCS SP5 II confocal microscope, equipped with PL APO
40×/1.25 NA or 63×/1.40 NA objectives and a motorized stage.
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For SEM characterization, HeLa cells were seeded in a 35 mm Petri dish and incubated
with FeBNPs when at 30% confluence. After the incubation with FeBNPs, the medium was
discarded, and cells were washed with PBS and subsequently fixed with glutaraldehyde
(2.5% in cacodylate buffer 0.1 M pH 7.3) at room temperature for 2 h. For the analysis, Petri
dishes were attached to the stub through conductive graphite tape, and the samples were
carbon-coated through high vacuum evaporation.

For TEM imaging, HeLa cells were treated with FeBNPs for 30 min and 2 h. Subse-
quently, cells were fixed in 2% glutaraldehyde in cacodylate buffer 0.1 M pH 7.3 for 20 min
at room temperature, then centrifuged for 1 min at 13,000 rpm. The cell pellets were further
fixed for 24 h at 4 ◦C and post-fixed for 1 h in a 2% osmium tetroxide water solution. After
several washings in bi-distilled water, the pellets were placed in 1% uranyl acetate water so-
lution and left for 1 h at room temperature. Samples were dehydrated by a graded ethanol
series (70%, 80%, 90%, 100%, and acetone for 10 min each) and finally embedded in Epon
resin. After curing at 60 ◦C for 48 h, thin sections were obtained by cutting the embedded
samples using an UltraCut E Ultramicrotome (Reichert) and placed on 300-meshes copper
grids, which were then observed using a Talos L120C G2 transmission electron microscope
(Thermo Fisher Scientific Inc. Waltham, MA, USA) working at an acceleration voltage of
120 kV, equipped with a lanthanum hexaboride thermionic source and a bottom-mount
Ceta Thermofischer 4 k × 4 k CMOS camera.

For cytofluorimetric analysis, HeLa cells were seeded in culture flask at 6.0 × 104 cells/cm2m,
and after 24 h, treated with or without NPs. The cells were detached using trypsin−EDTA
and fixed in 10% formalin to be processed for flow cytometry. We used a BD FACSLyric
flow cytometer equipped with violet (405 nm, 40 mW), blue (488 nm, 20 mW), and red
(640 nm, 40 mW) lasers (BD Biosciences, Franklin Lakes, NJ, USA). For each sample, at
least 5.0 × 105 events were acquired at a flow rate of 200 µL/mL. Emission from the NPs
was stimulated with the blue laser, and the fluorescence was detected using the band-pass
filter (FACSLyric, 586/42 nm). Experiments were carried out in three replicates.

The boron uptake from HeLa cells was quantified using ICP-OES analysis. HeLa
cells were seeded in T25 flasks. When a concentration of about 106 cells/mL was reached,
FeBNPs were added directly to the medium. Incubation took place for 30 min and 2 h.
Following incubation, the medium was discarded, and cells were washed with PBS. After
washing, the cells were detached from the substrate with trypsin, resuspended in DMEM
medium, and centrifuged at 160× g for 5 min. The pellet was washed in PBS, centrifuged
again, and resuspended in 1 mL PBS. The obtained samples were then digested in a
1:1 = HNO3:H2SO4 mixture in 50 mL Teflon vessels. Specifically, cells were added to 6 mL
of acid mixture. Digestions were carried out using Mars Microwave at 220 ◦C for 15 min at
a pressure of 80 Bar. After digestion, the sample was allowed to cool to RT, and 790 mg of
mannitol was added to each sample to avoid the loss of volatile boron compounds [39,40].
Samples were diluted, and the method of standard additions was carried out.

To perform intracellular neutron autoradiography and to carry out 10B micro-distribution
studies, HeLa cells incubated with FeBNPs were grown on solid-state nuclear tracks
detectors (SSNTDs) that later underwent irradiation. This technique is based on pre-
vious works by Portu et al. [41–43]. Specifically, the SSNTD (Lexan, made of poly-
carbonate of 250 µm thickness) was cut into round dishes 30 mm in diameter. After
transferring the Lexan into 35 × 35 mm Petri dishes, HeLa cells (1.5 × 105 cells/mL)
were seeded and subsequently incubated with varying FeBNP concentrations for 30 min,
2 h, and 6 h. Following incubation, the cells were washed twice with PBS and fixed with
2.5% glutaraldehyde. Samples were irradiated at 1012 or 1013 n/cm2s neutron fluences
at the RA-3 reactor (Ezeiza Atomic Centre, CNEA, Buenos Aires, Argentina). Once the
samples were irradiated, both the cell imprints and nuclear tracks were developed. To
create the cell imprints, the fixed cells on the SSNTD underwent staining with hematoxylin
for 15 min initially. Subsequently, they were subjected to UV-C irradiation for 5 min, using
a 15 watt, 254 nm wavelength TUV G15T8 (Philips, Holland) lamp. The irradiance at
the irradiation position was determined to be 5.7 mW/cm2 through measurements with
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a radiometer (International Light Technologies ILT77). Following UV-C exposure, the
samples were cleaned from organic material using trypsin and underwent etching with
PEW solution (consisting of 30 g KOH + 80 g ethyl alcohol + 90 g distilled water) for 4 min
at 70 ◦C. This treatment induced the enlargement of latent tracks, rendering them visible
through optical microscopy. Pictures were acquired with an optical microscope (Olympus
BX51), coupled to a CCD camera (Olympus DP70). Light conditions were adjusted to
achieve consistently reproducible images.

3. Results
3.1. B4C NPs’ Characterization

SEM analysis of the commercial boron carbide nanopowders evidenced a high degree
of aggregation (Figure 1A). The treatments with ultra-turrax significantly decreased the
degree of aggregation and allowed us to obtain a stable aqueous suspension (Figure 1B).
The effectiveness of the treatment with the ultra-turrax could not be verified through
DLS, as boron carbide powders are strongly hydrophobic and the measurements could
not be obtained prior to functionalization. TEM characterization of the obtained aqueous
suspension showed irregularly shaped, polydispersed nanoparticles aggregates with sizes
ranging from 10 to 60 nm (Figure 1C). The XRD patterns confirmed the presence of the
rhombohedral structure of B4C NPs (space group R-3m), but highlighted the presence of
impurities, namely graphite and H3BO3 (Figure 1D). Graphite and boric acid impurities
probably derive from the synthesis procedure [44–47]. Rietveld analysis was not performed
owing to the presence of a poorly crystalline graphite impurity, which could prevent
a reliable quantitative analysis. Additionally, the shoulder at 20 degrees, overlapping
with the graphite peak, may be attributed to the presence of amorphous boron carbide.
Consequently, total boron content was quantified through ICP regardless of the phase.
The presence of these impurities was also detected through µ-FTIR (Figure 1E). The boron
content was quantified through ICP both in the starting B4C powders and in the suspension
used to carry out the synthesis of composite FeBNPs. From ICP-OES analysis, the boron
content in the starting powders was found to be a third of the expected value, because
of the presence of impurities. A similar result was obtained for the water suspension
obtained through the ultra-turrax. Pristine nanopowders digested as reported in Section 2.2
resulted in 32.3% of the theoretical content of B4C (calculated by weight over volume). In
the aqueous suspension, the ICP analysis revealed 31.5% of the theoretical B4C amount.

Thermogravimetric analysis carried out in air (TGA curve in Figure 1F) confirmed the
presence of significant amounts of impurities in the B4C nanopowders: the first weight
loss (25–400 ◦C) is composed of several steps attributable to the dehydration of the sample
(25–100 ◦C) and to the decomposition of boric acid to metaboric acid (100–145 ◦C), pyroboric
acid (145–160 ◦C), and boron oxide (160–360 ◦C), respectively [48]. At 600 ◦C, the TGA
curve shows a weight increment due to the oxidation of the sample to B2O3, followed by a
weight loss above 700 ◦C, corresponding to the loss of volatile species (CO, CO2) due to the
oxidation of graphite [48,49].

3.2. FeBNPs’ Characterization

FeBNPs’ water suspension is stable for weeks. The NPs present a mean hydrodynamic
diameter of 55 ± 13 nm. Successful coating with poly(acrylic acid) was confirmed by zeta
potential measurements that showed a negatively charged surface (−36 ± 0.9 mV). The
presence of PAA was also detected through µ-FTIR. The same characterization confirmed
the presence of iron oxide NPs (Figure 2B,C). The phase composition of FeBNPs was
evaluated through XRD. Figure 2C shows the presence of a spinel structure that can be
attributed to magnetite, with a lattice constant of 8.37 Å. The lattice parameter lies between
that of maghemite (8.3515 Å) and magnetite (8.396 Å). This is due to the partial oxidation of
Fe2+ to Fe3+ that occurs when samples are synthesized in or exposed to air. No peaks of the
boron carbide phase can be observed, probably because of the shielding from the iron oxide
NPs, which are heavier and with a higher concentration than B4C. The average crystallite



Appl. Nano 2024, 5 39

size was calculated using the Debye Scherrer equation applied on (220), (311), and (400)
peaks, and was found to be 3.7(0.4) nm. This crystallite size agrees with the TEM images,
which show spherical, ultrasmall iron oxide NPs with diameters ranging from 4 nm to
6 nm, with an outer layer probably constituting the poorly crystalline region [28]. TEM
also confirmed the successful co-localization of SPIONs and B4C NPs, as the latter seem to
be surrounded by the ultrasmall SPION, and no bare B4C NPs are observed in the sample
(Figure 2B). However, both SEM and TEM highlighted that SPION distribution around B4C
NPs is irregular. In fact, comparing SEM images of the same area obtained using different
detectors (SE, BSE), it is possible to notice the non-homogeneous distribution of the heavier
SPIONs around the B4C nanoparticle (Figure 2A).
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Figure 1. SEM images of pristine B4C nanopowders (A) and B4C NPs after treatment with an
ultra-turrax (B): images were acquired at 15 kV with a SE; image B shows a significant decrease in
agglomeration. TEM image of B4C NPs following treatment with ultra-turrax, NPs appear irregularly
shaped and polydispersed in size. (C) TEM images at lower magnifications could not provide useful
information regarding an average size distribution due to the hydrophobic nature of pristine B4C,
which aggregates on the formvar coated grid. (D) XRD pattern of B4C powders, showing R-3m
diffraction peaks attributed to the rhombohedral structure of boron carbide. (E) µ-FTIR spectra of
B4C NPs. (F) B4C NPs’ TGA curve in air.
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Figure 2. (A) SEM images of FeBNPs acquired with SE (left) and BSE (right) detectors show SPION
(red arrows) distribution on B4C NPs (yellow arrows). Due to the low atomic weight of boron and
carbon, EDS was not conducted to detect B4C NPs. (B) TEM images of FeBNPs diluted 1:500, both
phases are visible and appear co-localized; however, SPIONs’ distribution on B4C NPs appears
irregular. (C) XRD pattern of FeBNPs; peaks corresponding to spinel structure attributable to Fe3O4

NPs, with crystallite size 3.7(0.4) nm. (D) DLS analysis of FeBNPs; average hydrodynamic diameter
55(13) nm. (E) TGA curve of FeBNPs in air. (F) µ-FTIR spectra of FeBNPs confirm successful
functionalization with PAA and the presence of SPIONs.

Figure 2E shows the TGA curve of produced FeBNPs when heated in air. The curve
highlights three weight losses between 25 ◦C and 400 ◦C, which are ascribed to the dehydra-
tion of the sample, partial degradation of boric acid, decarboxylation of poly(acrylic acid)
(155–225 ◦C) formation of anhydrides (225–300 ◦C), and their degradation (300–400 ◦C) [50].
At 600 ◦C, there is a 1.7 wt% increment in the sample weight due to oxidation, followed by
a weight loss caused by the oxidation of carbon residues with the release of CO and CO2.
The total mass loss is 22.1%.

The amount of total boron in FeBNPs was quantified through ICP. The concentration
of total boron in the fraction of interest is 224 ppm; considering the natural abundance
of 10B in the starting B4C NPs powders (19.8% of total boron), the concentration of 10B in
FeBNPs is equal to 44.5 ppm.

3.3. FeBNPs’ Interaction with HeLa Cells

FeBNPs’ cytotoxicity was investigated through MTT assay. HeLa cells were incubated
with FeBNPs diluted 1:10, 1:20, and 1:30 in the culture medium for 2 h and 6 h (Figure 3A).
Cell viability is expressed as a percentage with respect to control cells (HeLa cells that had
not undergone incubation with FeBNPs). No significant cytotoxicity was observed.

Scanning electron microscopy was performed on HeLa cells incubated with FeBNPs
for different incubation times—30 min, 2 h, and 6 h—and different nanoparticles’ dilutions
in the media: 1:10 and 1:30. The adhesion of nanoparticles to the cell surface was observed
after a 30 min incubation period (Figure 3B). Confocal microscopy evidenced the successful
internalization of FeBNPs. Figure 3D illustrates that FeBNPs are predominantly internalized
in proximity to the cells’ nuclei. Confocal microscopy results agree with cytofluorimetric
analysis (Figure 3C), establishing a correlation between an increased incubation time—as
well as NP concentration in medium—and the heightened levels of both nanoparticle
adhesion and internalization in HeLa cells.
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The successful internalization was confirmed by TEM analysis. The images of Figure 4
evidence that the FeBNPs are probably internalized through a clathrin-mediated endocyto-
sis and later accumulate in the cell’s lysosomes and intracellular vesicles [51].
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Figure 3. (A) MTT assay of HeLa cells incubated with FeBNPs diluted 1:10, 1:20, and 1:30 in the cell
medium for 6 (blue) and 2 (green) hours. No significant cytotoxicity was observed. (B) Scanning
electron microscopy pictures of HeLa cells’ control sample (left) and HeLa cells incubated with
FeBNPs (red arrows) diluted 1:30 in the medium for 30′ (right). Nanoparticles’ adhesion to HeLa
cells can be appreciated even after short incubation times; magnification of FeBNPs adhering to
the cells’ membrane is provided in the top right-hand corner. (C) Cytofluorimetry results of HeLa
cells incubated for 30 min and 2 h with different FeBNP concentrations; fluorescence intensity
depends strongly on both nanoparticles’ concentration and incubation time, increasing linearly with
both increased incubation times and NP concentration. Representative experiment. (D) Confocal
microscopy images of HeLa cells incubated with DiI-functionalized FeBNPs (FFeBNPs). (D1) Control
sample (absence of FFeBNPs); HeLa cells incubated with FeBNPs 1:30 for 30 min (D2) and 2 h (D3).

The amount of 10B incorporated by the HeLa cells was quantified via optical induc-
tively coupled plasma (ICP-OES). HeLa cells were incubated with FeBNPs diluted 1:30
in cell media (45 µg of 10B/mL). After 30 min of incubation, the 10B uptake was 25 ppm,
corresponding to the therapeutic dose necessary for BNCT to succeed [2]. After 2 h of
incubation with FeBNPs, the 10B uptake in HeLa cells had almost doubled to 49 ppm
(µg 10B/g of cells).

It must be noted that the microscopic analysis presented previously allows for the
visualization of the distribution of FeBNPs within the cell population but does not show
the actual distribution of the 10B. FeBNPs, in fact, are composite nanomaterials presenting
part of the population containing iron oxide NPs alone. To evidence the distribution of
10B within the single cell and among different cells, intracellular neutron autoradiography
was used. This technique allows us to simultaneously visualize the cells’ localization
and the tracks produced by the boron neutron capture on the same SSNTD [41,42,52,53].
The cells’ imprints are created by exposing the SSNTD to UV-C radiation. This results
in Fries photodegradation and photo-oxidation of the polymer in areas not protected by
the cells. Staining the cells with hematoxylin before the UV-C irradiation allows for a
higher resolution of the imprint and enhances the difference between the cells’ nuclei and
cytoplasm. Cells’ nuclei, in fact, absorb more hematoxylin [54], which itself absorbs UV
radiation, protecting the SSNTD from the photodegradation produced by the UV radiation.
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Figure 4. Transmission electron microscopy (TEM) images of HeLa cells following incubation
with FeBNPs (red arrows). (A) A section of HeLa cells incubated with FeBNPs for 2 h is depicted.
Subsections a, b, and c provide magnifications of the same image, elucidating the distinct presence of
FeBNPs (red arrows) within the cells’ lysosomes. (B) Control sample, HeLa cells—absence of FeBNPs.
N: nuclei, L: lysosomes, M: mitochondria, rER: rough endoplasmic reticulum.

The development of the latent tracks that derive from the neutron capture reaction is
carried out by chemical etching, which produces an enlargement of the track, rendering
them visible by optical microscopy. It is critical to find the right timing for both etching and
UV-C irradiation, in order to obtain the best resolution. An excessive UV-C irradiation, in
fact, can lead to considerable track fading [43]. If properly performed, the technique allows
for the visualization of the particle tracks as round pits of about 1 µm in size, together with
an image of the cell’s distribution and internal structure. This characterization confirmed
that FeBNPs are successfully internalized after just 30 min of incubation (Figure 5. In fact,
after 30 min of incubation, about 60% of the cells presented internalized 10B, and after 2 h,
100% of the cells presented tracks either in the nuclear or in the cytoplasmic region when
irradiated with a fluence of 1013 n/cm2s. HeLa cells incubated with FeBNPs for 6 h were
irradiated with 1012 neutron fluence to limit the background noise on Lexan. In this case, it
was impossible to carry out accurate 10B quantification due to the significant overlapping
of the tracks deriving from the high local 10B density [43,52,53]. These results evidenced
the presence of a relevant uptake of FeBNPs after 6 h of incubation that can lead to the
delivery of high-LET secondary particles to the nuclei (Figure 5).
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Figure 5. Optical microscopy pictures of HeLa cells’ imprints on Lexan. Top: Samples irradiated
1013 n/cm2s fluence; specifically imprints of HeLa cells incubated with FeBNPs (1:30) for 30 min (A),
2 h (B), and control sample (C). Tracks appear as round black dots, highlighted by red arrows. Bottom:
Samples irradiated 1012 n/cm2s fluence; specifically imprints of HeLa cells incubated with FeBNPs
(1:30) for 6 h (D), control sample (E), control sample obtained without hematoxylin staining—which
results in a worse imprint resolution (F). Top right corners: Magnifications of each picture; original
magnification is 40×. It must be noted that cell imprints and tracks appear on two different focuses;
pictures were acquired focusing on the tracks.

4. Discussion

Boron neutron capture therapy provides a promising approach for the selective target-
ing of malignant cells while minimizing damage to surrounding healthy tissues. Effective
BNCT hinges on the precise delivery of sufficient 10B to the tumor site, coupled with
the administration of an adequate thermal neutron fluence (1012 cm−2) from an external
radiation source. An ideal 10B carrier must achieve and maintain high concentrations
within tumor tissues while presenting low systemic toxicity. The only boron isotope that
contributes to BNCT is 10B, which presents a natural abundance of 19.8%. Hence, to reduce
the pharmaceutical dose of boron agent in patients, a high level of enrichment is required.
Furthermore, the effectiveness of BNCT, as a form of radiation therapy, relies not only
on the concentration, but also on the precise localization of boron agents at the cellular
level. While BSH (mercapto-undecahydro-closo-dodecaborate) was initially employed as
the boron agent in BNCT for malignant brain tumors, its outcomes were deemed unsatisfac-
tory, prompting its replacement by BPA (1,4-borono-L-phenylalanine), which is currently
the most used boron agent in BNCT clinical trials [55]. However, because target tumor
cells are unlikely to take up BPA homogeneously, there is a need to develop more efficient
10B carriers. In this context, inorganic boron compounds (B4C, BN) represent promising
candidates as they are chemically inert and present a high volumetric content of boron,
possibly eliminating the need for enrichment.

In this work, we have developed a 10B-rich multifunctional nanomaterial derived from
cost-effective, commercially available B4C, including SPIONs and an optical fluorophore.
The inclusion of Fe3O4 NPs not only potentially allows for MRI imaging, but also for B4C
NP stabilization in aqueous media. These nanostructures exhibit remarkable stability in
aqueous suspension, owing to the successful coating with poly (acrylic acid), and provide a
substantial 10B concentration, eliminating the need for isotopic enrichment. It is important
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to highlight that the boron carbide starting powders contained a notable proportion of
impurities, likely comprising boron carbide precursors. Consequently, the actual boron
carbide content in the powders represents approximately 30% of their total weight. Utilizing
a pure B4C NP powder could potentially enable an even higher concentration of 10B than
that achieved thus far.

The presence of SPIONs and B4C NPs was confirmed in both aqueous suspension
and biological environments. The functionalization with poly acrylic acid and DiI proved
to be effective, resulting in the possibility to evidence the distribution of FeBNPs at the
cellular level by confocal microscopy. FeBNPs are easily incorporated by HeLa cells, as
demonstrated by several characterizations. However, the only technique able to localize
10B at the cellular level and its distribution within the cells’ population is intracellular
neutron autoradiography. This analysis has demonstrated that FeBNPs present a tendency
to accumulate near the cells’ nuclei, suggesting a potential enhancement in therapeutic
efficacy. It is crucial to consider this aspect while developing 10B carriers for BNCT, as
the ultimate cause of cell death after exposure to a lethal dose of ionizing radiation is
DNA damage. In fact, cells typically possess the ability to repair DNA lesions, unless they
present extensive genome damage. As the secondary particles produced by the neutron
capture (α, 7Li3+) present high linear energy transfer characteristics, they deposit large
amounts of energy within a short free path length [56]. This represents concurrently the
advantage of BNCT, that is, its high selectivity, and a challenge while developing new
boron agents. For the produced nanomaterials, the 10B uptake resulted to be double the
therapeutic dose reported in the literature for BNCT, after just 2 h of incubation. These
observations represent a promising result considering the possible use of nanomaterials
in BCNT treatment. Future investigations will delve into the evaluation of the magnetic
properties of FeBNPs, and the persistence of these nanomaterials in biological systems.
Their effectiveness in vivo will also be investigated through an assessment of cell survival
and damage.

5. Conclusions

BNCT provides a safe way to deliver high-LET ionizing radiation to cancerous cells,
inducing complex lesions in the DNA that are difficult to repair. A significant current
challenge in this field is the lack of specific boron carriers capable of selectively targeting
tumor cells. Our research has led to the development of 10B-rich stable nanomaterials
that can deliver large amounts of high-LET particles in the nuclear region of the HeLa cell
line used in this work. These nanomaterials might avoid the use of isotopically enriched
compounds and, due to their inert chemical nature, might exhibit prolonged retention at
tumor sites, thereby enabling high tumor-to-normal tissue ratios. Further investigations
are required to precisely target tumor sites and explore the potential applications of these
composite nanomaterials in MRI.
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