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Boron agent is widely accepted as one of the most important factors in boron neutron capture therapy

(BNCT). In this study, boron carbide (B4C) nanoparticles were subjected to chemical modification, with

the folic acid moiety linked to the surface of the particles by varying the segments of the covalent linker

polyethylene glycol (PEG) through g-aminopropyltriethoxysilane (APTES) functionalization. The resultant

products were three boron agents, termed as B4C-APTES-FA, B4C-APTES-PEG2K-FA, and B4C-APTES-

PEG5K-FA. A comparison was made between these products and the pristine B4C nanoparticles by

investigating their physicochemical properties and biological performances, including hemolysis,

cytotoxicity, and cellular uptake. Subsequently, the modified B4C-APTES-PEG2K-FA nanoparticles were

subjected to in vivo safety assays and biodistribution investigations in mice at various dosages. Upon

characterization using ICP-OES, it was found that the boron contents were the highest in the lungs,

followed by the liver, spleen, kidneys, hearts, and tumors, and the lowest in the brain and muscles. The

boron content in the tumor reached as high as 50 mg per g of dried tissue weight after 24 h of

intravenous injection (I.V.), while the tumor-to-muscle and tumor-to-brain ratios of boron contents

were found to exceed 3 following 24 hours of intravenous injection. These findings suggest that B4C

nanoparticles are promising for BNCT owing to their high boron content, satisfactory biocompatibility,

and abundant chemical modification sites.
1. Introduction

Cancer continues to be the leading cause of mortality inmodern
society, signicantly reducing human life expectancy.1 Boron
neutron capture therapy (BNCT), a form of binary radiation
therapy, was rst introduced by G. Locher in 1936.2 In 1951, W.
H. Sweet and colleagues pioneered the use of BNCT for the
treatment of human glioma.3 Over the subsequent century,
signicant advancements have been made, with small-scale
clinical studies being conducted in Japan, Finland, China and
other regions;4 the results indicate that BNCT has therapeutic
benets for malignant tumors, including melanoma, glioma,
and head and neck tumors.4 Furthermore, clinical exploratory
studies on BNCT have been conducted for cancers such as
genital extramammary Paget's Disease,5 pleural tumors,6 and
hepatocellular carcinoma.7
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The fundamental components of BNCT include a neutron
source and a boron agent that is enriched with 10B, which has
the capacity to capture neutrons.8,9 During the treatment, 10B
captures thermal neutrons and produces alpha particles (4He)
and recoil 7Li nuclei through a nuclear ssion reaction.10 This
reaction can cause damage to the DNA structure of cells at
a cellular level, thereby inhibiting the growth and proliferation
of tumor cells;10 in other words, it can destroy tumor cells with
great precision.11 In the last decades, a plethora of boron agents
have been developed, including borax, boric acid, and their
derivatives,12 followed by the widely used (L)-4-dihydroxy-
borylphenylalanine (BPA)13 and sodium 1-mercaptoundecahy-
dro-closo-dodecaborate (Na2[

10B12H11SH], BSH).14 In which, the
BPA has been approved for clinical treatment in Japan in 2022.8

However, these boron agents have some limitations, such as
insufficient tumor specicity, short circulating time in vivo, and
low boron content in tumor cells, which limit their further
application in BNCT.15 Consequently, developing boron agents
with enhanced targeting capabilities is a key focus of BNCT
research.

Boron carbide (B4C) is a highly chemically stable compound
with high boron content widely used in industry in the form of
a powder.16 Calculations indicate that each B4C particle, with
a diameter of 200 nm, contains 460 million boron atoms. In
accordance with the established criteria for BNCT, it is
RSC Adv., 2025, 15, 10717–10730 | 10717
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View Article Online
imperative that a minimum of 109 10B atoms are internalized by
each tumor cell to ensure the optimal therapeutic outcome.11

Consequently, merely 2.2 particles of 200 nm B4C uptake per
tumor cell would suffice to meet these criteria. Furthermore,
B4C exhibits favorable biocompatibility17,18 and its potential for
application in BNCT has been investigated. For instance, Mor-
tensen et al.19 employed B4C nanoparticles with a diameter of
100 nm to irradiate B16 melanoma cells with thermal neutrons,
achieving complete cell death. Singh et al.20 synthesized B4C
quantum dots with a diameter of 7 nm using a solvothermal
method, which could rival L-BPA in clinical applications,
holding promise for tumor treatment. However, large-sized
pristine B4C nanoparticles exhibit poor water dispersibility
and tumor targeting. Consequently, there are challenges to be
overcome if their application in biological environments is to be
realized. Fortunately, the surface of B4C particles is known to be
capped with B2O3, which facilitates subsequent chemical reac-
tions by chemical graing to enhance the performance. For
example, Wang et al.21 demonstrated that modifying 10B4C
nanoparticles with polyglycerol enhances their dispersibility in
physiological environments, as well as their blood compatibility
and biocompatibility. The in vivo experimental ndings indi-
cated that the modied nanoparticles exhibited low toxicity,
and the 10B concentration ratio in the tumor to blood is
expecting to be larger than 3. Therefore, improving their tumor-
targeting capabilities could make them promising boron agents
for BNCT.

The folate receptor (FR) is highly expressed on the surface of
many human tumor cell types,22 while folic acid (FA) and its
derivatives have been shown to specically bind to FR, which
assists their connecting nanoparticles internalized into tumor
cells through receptor-mediated endocytosis.23 Inspired by this
principle, the conjugation of FA onto the surface of nano-
particles has risen as an effective strategy to achieve targeted
delivery of nanoparticle.24 Furthermore, the enhanced perme-
ability and retention effect (EPR) has been demonstrated to
improve the absorption of boron agents by tumor cells.25,26

Following these strategies, we prepared B4C nanoparticles via
surface-modication with folic acid and explored their
biocompatibility and biodistribution in tumor-bearing mice
through comprehensive characterizations and evaluations. The
results indicated that the functionalized B4C nanoparticles in
this work provide a potential BNCT agent for further investi-
gation and application.

2. Materials and methods
2.1. Materials and instrumentations

The pristine boron carbide nanoparticles with natural boron
abundance, an average diameter of 50 nm and purity of 99%
were purchased from Macklin Inc (Shanghai, China). Folic acid
(FA), g-aminopropyltriethoxysilane (APTES), N-hydroxy succini-
mide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), dimethyl sulfoxide (DMSO), anhydrous
ethanol, dibromomethane, and other chemicals were obtained
from Aladdin Scientic Corp. (Shanghai, China). Polyethylene
glycol (PEG) oligomer, with molecular weights of 2000 and 5000
10718 | RSC Adv., 2025, 15, 10717–10730
daltons, both with a carboxyl group (COOH) at one end and
a folic acid group (FA) at the other end, labelled as FA-PEG2K-
COOH and FA-PEG5K-COOH, respectively, were supplied by
Ponsure Biological Ltd (Shanghai, China). Biological reagents
such as Dulbecco's Modied Eagle's Medium (DMEM), phos-
phate buffered saline (PBS), and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientic (Shanghai, China).
Cell Counting Kit-8 (CCK-8), uorescein isothiocyanate (FITC)
cell membrane red uorescent probe DiI, and Hoechst 33 342
were purchased from Beyotime Biotechnology (Shanghai,
China). The cell lines, including HepG2, A549, and L929 were
obtained from Cellcook Ltd (Guangzhou, China). NCG mice
(NOD/ShiltJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt, SPF grade) and
nude mice (BALB/c-nu, SPF grade) were acquired from Gem-
Pharmatech Co., Ltd (Nanjing, China). Porcine blood was
purchased from SenBeiJia Biological Technology Co., Ltd
(Nanjing, China).

In terms of instrumentation, X-ray photoelectron spectros-
copy (XPS) data were collected using a Scientic K-Alpha
photoelectron spectrometer (Thermo Fisher Scientic, USA).
The concentration of elemental boron was determined using an
Avio 220 Max inductively coupled plasma optical emission
spectrometer (ICP-OES) (PerkinElmer, USA) and the samples
were prepared using a M3 microwave digestion system (Pre-
eKem, China) for the digestion of boron carbide and other
substances. Dynamic light scattering (DLS) data were collected
using a Litesizer 500 scatterometer (Anton Paar, Austria).
Transmission electron microscopy (TEM) images were obtained
using a JEM-1400 electronic microscope (JEOL, Japan), and the
samples were prepared on a copper mesh with 200-mesh carbon
support lm at a voltage of 120 kV. Thermogravimetric analysis
(TGA) was performed using a STA409PC analyzer (Netzsch,
Germany) in a N2 atmosphere at a heating rate of 20 °C min−1

from room temperature to 600 °C. Fourier transform infrared
(FTIR) spectra were recorded on a FTIR-650 infrared spec-
trometer (Gangdong, China). Ultraviolet-visible (UV-vis)
absorption spectra were recorded on a UV3600 spectrometer
(Shimadzu, Japan). Fluorescence spectra (FS) were obtained
using an LS-55 spectrometer (PerkinElmer, USA). Fluorescence
images were captured on an FV3000 confocal laser scanning
microscope (CLSM) (Olympus, Japan).
2.2. Chemical modication and characterization of B4C
nanoparticles

The chemical modications on B4C nanoparticles were con-
ducted as shown in Scheme 1. Typically, the pristine B4C
powder with a nominal average size of 50 nm was dispersed in
water and ultrasonicated for 10 minutes, then centrifuged at
2000 rpm for 10 minutes to remove the large particles. The
supernatant was collected by evaporation to obtain the pure B4C
nanoparticles (NPs). At room temperature, approximately 1 g of
B4C NPs was added to a mixed solvent consisting of 150 mL of
dibromoethane and 50 mL of anhydrous ethanol. To this
mixture, 500 mL of acetic acid and 0.5 g of APTES were added
and stirred for 12 h at room temperature.26,27 Aer evaporation
and vacuum drying, B4C-APTES was obtained.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Modification route for B4C nanoparticles.
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Under a N2 atmosphere, 0.44 g of folic acid, 2.44 g of FA-
PEG2K-COOH, or 5.44 g of FA-PEG5K-COOH were dissolved
separately in 20 mL of dry DMSO, to which, 383 mg of EDC,
115 mg of NHS and 825 mL of pyridine were added. The mixture
was stirred overnight at room temperature. Then, 0.25 g of B4C-
APTES was added to the mixture and stirred for 2 days. The
mixture was then centrifuged at 10 000 rpm for 10 minutes. The
yellowish supernatant was removed and the NPs were washed
with 10mLDMSO and centrifuged at 10 000 rpm for a further 10
minutes. The process was repeated until the supernatant was
almost colorless. The NPs were then washed with ethanol and
centrifuged at 10 000 rpm for 10 minutes, followed by vacuum
drying at room temperature.26,27 Finally, three boron agent
products were obtained: B4C-APTES-FA, B4C-APTES-PEG2K-FA,
and B4C-APTES-PEG5K-FA.
2.3. In vitro biocompatibility investigations

The hemolysis assay of different B4C NPs was evaluated using
porcine blood. In detail, 4 mL of heparin-anticoagulated
porcine blood was mixed with an equal volume of saline in
a 15 mL centrifuge tube, centrifuged at 4000 rpm for 10
minutes, and the supernatant was then removed. To separate
the erythrocytes, a volume of normal saline equivalent to 2–3
times the volume of erythrocytes was added, gently mixed, and
then centrifuged at 4000 rpm for 5 minutes at 4 °C, and the
supernatant was discarded. Aer at least three repeats, the
remaining supernatant was removed and an appropriate
volume of normal saline was added to prepare a 2% erythrocyte
suspension.

Pure B4C NPs and modied B4C-APTES-FA, B4C-APTES-
PEG2K-FA, and B4C-APTES-PEG5K-FA NPs were dispersed in
saline respectively at concentrations of 6.25, 12.5, 25, 50, 100,
and 200 mg mL−1 (calculated by the mass of elemental boron).
For each dispersion, 0.75 mL was pipetted into an EP tube,
followed by the addition of 0.75 mL of a 2% erythrocyte
suspension. At the same time, 0.75 mL of normal saline was
used as a negative control group and 0.75 mL of pure water as
a positive control. All samples were incubated at 37 °C for 1
hour and then centrifuged at 12 000 rpm for 10 minutes. The
supernatant was collected and dispensed into a 96-well plate,
and the absorbance (OD) was measured at a wavelength of
540 nm. The hemolysis rate was calculated using the following
formula:
© 2025 The Author(s). Published by the Royal Society of Chemistry
Hemolysis rate ¼ ODEx �ODNc

ODPc �ODNc

� 100%

where Ex, Nc, and Pc represent the experimental, negative
control and positive control group, respectively.

The cytotoxicity of NPs was evaluated against L929, A549,
and HepG2 cell lines, respectively. Using 96-well plates, cells
were cultured at a density of 5000 cells per well in DMEM
(supplemented with 10% FBS and 1% penicillin-streptomycin)
at 37 °C and a 5% CO2 atmosphere for 24 hours. The culture
medium was then replaced with 100 mL DMEM dispersions
containing B4C series NPs at the doses of 3.125, 6.25, 12.5, 25,
50, and 100 mg mL−1 (calculated from the mass of elemental
boron) and incubated for a further 24 and 48 hours. Five wells
were used per dose. Cell viability was then determined using the
CCK-8 assay. Aer the addition of CCK-8 reagent, the cells were
incubated for another 1 hour and the absorbance was measured
at 450 nm, with the cell viability calculated using the following
formula:

Cell viability ¼ ODEx �ODBlk

ODCtl �ODBlk

� 100%

where Ex, Ctl, and Blk represent the experimental, control and
blank group, respectively.

The cellular uptake determination was conducted using
FITC-labeled B4C-APTES-PEG2K-FA nanoparticles. The iso-
thiocyanate group (–N]C]S) of FITC reacted with the amino
group (–NH2) of folic acid to form a stable thiourea linkage (–
NH–CS–NH–). Specically, 5 mg of FITC was dissolved in 0.5 mL
of ethanol and added into a 5 mL dispersion of B4C-APTES-
PEG2K-FA in water, with a concentration of 1 mg mL−1.
Following a one-hour incubation period, the dispersion was
subjected to centrifugation at 10 000 rpm for 5 minutes, aer
which the supernatant was discarded. The NPs were then
washed and re-centrifuged thrice in pure water, aer which they
were lyophilized and designated as B4C-APTES-PEG2K-FA-FITC.

In 20 mm confocal Petri dishes, 103 cells per well of HepG2
and A549 were respectively inoculated and incubated at 37 °C
and a 5% CO2 atmosphere for 24 hours. Thereaer, the medium
was substituted with 1 mL of medium containing 10 mg of B4C-
APTES-PEG2K-FA-FITC and the dish was le to incubate for
a further 24 hours. Subsequently, DiI and Hoechst 33 342 were
utilized for the staining of cell membranes and cell nuclei,
respectively, in accordance with the protocols provided by the
manufacturers, and the staining process was conducted in the
RSC Adv., 2025, 15, 10717–10730 | 10719
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darkness for a duration of 10 minutes for each dye. Followed by
xation with 1 mL of paraformaldehyde for 15 minutes and
washing with PBS, the cells were observed using an FV3000
confocal laser scanning microscope.
2.4. In vivo safety and biodistribution investigations

The animal experiments of this study have been approved by the
Science and Technology Ethics Committee of Nanjing Univer-
sity (Approval No. IACUC-2312013), ensuring adherence to
ethical standards. First, the acute toxicity of nanoparticles was
explored in nude mice. Nine nude mice were randomly divided
into three groups with three mice per group. The mice in the
experimental groups were injected with 200 mL of normal saline
containing B4C-APTES-PEG2K-FA at a dosage of 10 mg kg−1 or
30 mg kg−1 through the tail vein, respectively, calculated from
the mass of elemental boron. The control group received
normal saline injections through the tail vein. At 24 hours and
168 hours post-injection, respectively, the mice were anes-
thetized, and the blood was collected via the abdominal aorta
for further analysis. At 24 hours post-injection, the nude mice
were euthanized and dissected. The vital tissues, including the
hearts, livers, spleens, lungs, and kidneys, were xed in 4%
paraformaldehyde, and subsequently embedded in paraffin.
Sections were prepared and stained with hematoxylin and eosin
(H&E), and observed using a digital pathological section
scanner.

Subsequently, the biodistribution of nanoparticles was
investigated in tumor-bearing NCG mice. The experimental
design involved the division of 20 NCG mice at 4 weeks of age
and weighing 18 grams with implanted HepG2 cells in the
axillary regions, with a solid tumor volume of approximately 200
mm3. The mice were divided into two groups: 4 mice in the
control group and 16 in the experimental group. The experi-
mental groups received 200 mL of saline containing B4C-APTES-
PEG2K-FA at a dosage of 30 mg kg−1, calculated from the mass
of elemental boron via tail intravenous injection (I.V.), while the
control group received normal saline. At 6-, 24-, 48-, and 72-
hours post-injection, respectively, four mice from the experi-
mental group and one mouse from the control group were
euthanized and sacriced to collect blood, heart, liver, spleen,
lungs, kidneys, tumors, whole brain, andmuscle, respectively. A
random selection of organs from one mouse at each sampling
time were subjected to freezing, sectioning, and hematoxylin
and eosin (H&E) staining for further observation. Meanwhile,
the remaining organs from the other three mice were lyophi-
lized, weighed, and subjected to a microwave-assisted digestion
in a mixture of H2SO4, HNO3, and HF solution. The boron
content was subsequently determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES).
3. Results and discussion
3.1. Modication and characterization of boron carbide
nanoparticles

First, the morphology of the nanoparticles was observed by
TEM, as shown in Fig. 1A. The size distribution of the series of
10720 | RSC Adv., 2025, 15, 10717–10730
B4C NPs was relatively wide, ranging from 50 nm to 100 nm.
Notably, the dispersal state of B4C-APTES-PEG2K-FA and B4C-
APTES-PEG5K-FA nanoparticles was enhanced compared with
pristine B4C NPs and B4C-APTES-FA that could be attributed to
the hydrophilic structure of PEG on the nanoparticle surface,
which facilitated their dispersal in solutions and reduced
agglomeration when deposited on copper meshes. The yields of
B4C-APTES, B4C-APTES-FA, B4C-APTES-PEG2K-FA, and B4C-
APTES-PEG5K-FA NPs were found to be 95.3%, 88.1%, 88.9%,
and 84.2%, respectively, indicating efficient conjugation during
the process.

To illustrate this phenomenon visually, the dispersion of the
series of B4C NPs (10 mg mL−1) in 0.01 M PBS (pH = 7.4) was
compared, as demonstrated in Fig. 1B. Following ultrasonic
treatment, numerous particles were dispersed in a consistent
and even manner with the PBS. However, the stability of B4C-
APTES was found to be inadequate, with agglomeration and
sedimentation being observed within approximately 96 hours.
Conversely, other concentrated nanoparticles exhibited supe-
rior dispersion stability, maintaining their dispersity for
approximately 10 days. Due to the instability of folic acid and
APTES under high temperatures and overly acidic or alkaline
conditions, nanoparticles are also unstable in these extreme
environments (see Fig. S1 in the ESI† for details).

To further explore the stability of nanoparticles, DLS was
utilized to continuously monitor the hydrodynamic diameter
and z potential of NPs was also recorded over a period of two
months, as illustrated in Fig. 1C. For NPs dispersed by ultra-
sound, the B4C NPs demonstrated the smallest average hydro-
dynamic diameter of 216 nm, followed by B4C-APTES with
233 nm. The average hydrodynamic diameters of B4C-APTES-FA,
B4C-APTES-PEG2K-FA, and B4C-APTES-PEG5K-FA increased
slightly, with values of 240 nm, 250 nm, and 260 nm, respec-
tively. These increases in size could be attributed to the
connection of FA and its PEGylated derivatives. It is noteworthy
that due to the presence of a solvent shell around the particles,
the hydrodynamic diameter is usually larger than the actual
diameter. This phenomenon explains why the particle sizes
measured by DLS were larger than those observed by TEM. Over
the course of 60 days, the particle sizes of B4C-APTES-FA, B4C-
APTES-PEG2K-FA and B4C-APTES-PEG5K-FA increased slightly,
although they remained relatively stable overall. In contrast, the
particle size of B4C-APTES changed signicantly and was not as
stable as the PEGylated ones in PBS solution, aligning with the
previous observations.

The surface charge of nanoparticles was analyzed by z

potential (Fig. 1C). The presence of a signicant number of
boric acid groups on the surface of B4C resulted in its negative
charge. However, following the coupling of APTES, a shi in
surface charge towards a positive state was observed. This
transformation was attributed to a reaction between the boronic
acid group and the methoxy group of APTES, whereby the NH2

of APTES combined with the H+ ion in the solution to form
NH3

+. This process resulted in the transformation of the surface
charge from negative to positive. Following functionalization
with folic acid and its pegylated derivatives, the three types of
nanoparticles returned to negative charge. This reversal was due
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Micromorphology and aqueous dispersity of B4C nanoparticle and its modified derivatives. (A) Transmission electron microscopy (TEM)
images. (B) Dispersion stability of the nanoparticles (10 mg mL−1 in PBS). (C) The 60 day measurement of hydrodynamic diameter and z potential.
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to the reaction between the amino groups on their surface and
the carboxyl groups of folic acid. Concurrently, the carboxyl
group on folic acid underwent ionization, yielding a negative
charge on the nanoparticle surface. The B4C-APTES sample
switched to negative zeta potential aer a few days, because the
ethoxy groups of B4C-APTES undergo hydrolysis, forming sila-
nol groups (–SiOH); these silanol groups can further dissociate
© 2025 The Author(s). Published by the Royal Society of Chemistry
in solution, releasing H+ ions and resulting in a negatively
charged surface (–SiO–).

In summary, the three modied NPs exhibited superior
stability in PBS when compared with B4C-APTES. This enhanced
stability is a prerequisite for potential biomedical applications,
where it is essential for NPs to remain dispersed over an
extended period.
RSC Adv., 2025, 15, 10717–10730 | 10721
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To ascertain the structure of a series of boron carbide
modications and subsequently validate the properties of the
resultant nanoparticles, comprehensive physical and chemical
characterizations were conducted.

The elemental composition and molecular structure of the
nanoparticles were investigated using XPS. As demonstrated in
Fig. 2A, the B4C spectrum exhibited C 1s (284–290 eV), O 1s
(529–535 eV) and B 1s (187–193 eV) peaks in the B4C spectrum.
These ndings conrmed that the surface of B4C was covered by
B2O3, which promoted the formation of hydroxyl and laid the
foundation for the subsequent reaction. Furthermore, the
presence of a Si 2p peak at approximately 100 eV was observed
in the spectrum of B4C series modiers, indicating the
successful introduction of the Si element. This nding also
indirectly conrmed the successful connection of APTES. As
demonstrated in Fig. 2B, the intensive scanning of the C 1s
spectra enabled the discernment of distinct carbon bonds
within the B4C spectra. Specically, the binding energy of
284.2 eV was ascribed to the B–C bond, 285.1 eV to the C–C
bond, and 286.8 eV to the C–O bond. In the spectrum of the B4C
series modied products, four peaks were identied, corre-
sponding to four different states of the C element. The binding
energy at approximately 281.5 eV was related to B–C bonds, 283–
285 eV was related to C–C bonds, 285–287 eV was related to C–O
bonds, and 289 eV was related to O–C]O bonds.28–30 Following
the modication process, a notable increase in the variety and
quantity of carbon bonds were observed.

The functional groups present on the surface of the NPs were
analyzed by FTIR, the results of which are shown in Fig. 2C. The
surface of B4C was found to contain a signicant number of
oxygen-containing functional groups. The band at 3425 cm−1

corresponds to the –OH. Following the surface modication of
B4C by APTES, a stretching vibration absorption peak of Si–O was
observed at 1100 cm−1. Following further reaction with folic acid,
the stretching vibration absorption peak of –C]O belonging to
folic acid appeared at 1625 cm−1. The bands at 2840 cm−1 and
2920 cm−1 conrmed the presence of –CH2 groups. This outcome
demonstrated the successful conjugation of folic acid.

As demonstrated in Fig. 2D, the TGA results provide infor-
mation on the thermal stability and composition of the various
samples. The weight loss of B4C at 600 °C was 4.3%, which was
primarily due to the removal of water and organic components
on the surface. For B4C-APTES, the weight loss at 600 °C
increased to 9.3%, with the additional loss being due to the
decomposition of the –CH2CH2CH2NH2 group introduced by
APTES. The loss of the organic portion was approximately 5%;
that is to say, there was about 0.86 mmol of the –NH2 group per
gram of NPs. Following the functionalization of NPs with folic
acid and its derivatives, the weight loss of B4C-APTES-FA, B4C-
APTES-PEG2K-FA, and B4C-APTES-PEG5K-FA at 600 °C
increased to 13.8%, 15.2%, and 17.6%, respectively. To ensure
that the observed weight loss was not attributable to surface-
adsorbed folic acid, the NPs were thoroughly washed. Conse-
quently, the observed weight loss (excluding water and
unreacted –CH2CH2CH2NH2 groups) was primarily attributed to
the loss of attached folic acid and its PEGylated derivatives. This
nding indicated that the percentages of folic acid and its
10722 | RSC Adv., 2025, 15, 10717–10730
PEGylated derivatives decorated on the three NPs were 4.5%,
5.9%, and 8.3%, respectively.

As shown in Fig. 2E and F, the optical properties of the
nanoparticles were characterized by UV-Vis and uorescence
spectra. FA exhibited an absorption band at 281 nm. Following
the attachment of the FA moiety to the surface of the particles
with or without polyethylene glycol, a weak absorption band was
observed at 281 nm, indicative of the presence of FA. To further
explore the uorescence properties, excitation at 283 nm was
employed. FA exhibited a strong uorescence emission peak at
441 nm. It was noteworthy that B4C itself exhibited no
discernible absorption or emission bands. However, B4C-
APTES-FA, B4C-APTES-PEG2K-FA, and B4C-APTES-PEG5K-FA
all exhibited uorescence emission peaks at 441 nm, indi-
cating that folic acid or its pegylated derivatives had been
successfully coupled with the NPs.

Consequently, the above series of characterizations demon-
strated the successful coupling of FA or its PEGylated deriva-
tives to nanoparticles, thereby establishing the foundation for
further exploration of the potential application of these func-
tional nanoparticles.
3.2. In vitro biocompatibility of modied B4C nanoparticles

The hemolysis assay is one of the key assessments to determine
the biological safety and blood compatibility of nanoparticles.31

If nanoparticles cause serious damage to red blood cells aer
entering the body, it can lead to serious health problems such as
high blood pressure and anemia.32 As demonstrated in Fig. 3A,
the three as-prepared nanoparticles did not exhibit signicant
hemolysis at concentrations ranging from 6.25 to 200 mg mL−1.
This nding suggests that these functionalized nanoparticles
possess good blood compatibility. The hemolysis rate of B4C
gradually increased, reaching a maximum value of 4.74% at 200
mg mL−1, but this was still within the safe range (no more than
5%).33,34 The hemolysis rate of functionalized nanoparticles was
lower than that of B4C, which might be attributed to the
conjugated PEG and FA.

Cytotoxicity experiments were conducted to evaluate the
effect of nanoparticles on cell viability. When cells were exposed
to nanoparticles, the nanoparticles affected cell metabolism
and protein synthesis, thereby inuencing cell viability. The
following cell lines were utilized in this experiment: L929,
a mouse broblast cell line; A549 cells,35 a human non-small
cell lung cancer cell line with low folate receptor (FR) expres-
sion; and HepG2 cells,36 a human liver carcinoma cell line with
high FR expression. The nanoparticles were co-cultured with
the cells for 24 hours and 48 hours, and the cell viability was
detected using the CCK-8 assay. As demonstrated in Fig. 3B, the
results indicated that for A549 and L929 cells, the level of
cytotoxicity was relatively low when the concentration of boron
was low. It is noteworthy that even at a concentration of 25 mg
mL−1, cell viability remained above 60%. Conversely, for HepG2
cells, FA-modied NPs demonstrated a heightened level of
cytotoxicity in comparison to B4C NPs at a maximum concen-
tration of 100 mg mL−1 of boron. This observation can be
attributed to the high expression of FRs on HepG2 cells, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical characterizations of B4C nanoparticle and its derivatives. (A) XPS survey scans. (B) XPS C 1s intensive scans. (C) FTIR spectra. (D)
TGA curves of nanoparticles. (E). UV-Vis spectra of nanoparticles. (F) FS spectra of nanoparticles.
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facilitated the binding of more modied nanoparticles, thereby
increasing the likelihood of the nanoparticles entering the cells
and interfering with their growth. Real-time cell analysis (RTCA)
© 2025 The Author(s). Published by the Royal Society of Chemistry
assays will be used for cytotoxicity experiments in the future
because they can be employed for the viability evaluation of
nanoparticle-exposed cells as a function of time.37,38
RSC Adv., 2025, 15, 10717–10730 | 10723
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Fig. 3 In vitro biocompatibility of modified B4C nanoparticles. (A) Hemolysis rate of nanoparticles with the inset depicting representative images
of hemolysis images at varying concentrations. (B) Cytotoxicity of nanoparticles against the L929, A549, and HepG2 cell lines following 24- and
48-hours of exposure. (C) Cellular uptake of nanoparticles (incubated for 24 hours); images were captured using a confocal laser scanning
microscope.
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FR is a glycoprotein to which FA can bind specically. FR is
overexpressed on the surface of HepG2 cell membrane36,39,40 and
under expressed on the surface of A549 cell membrane. As
demonstrated in Fig. 3C, the cell membranes were stained with
DiI, which was excited by a laser with a wavelength of 405 nm,
rendering them red. The cell nuclei were stained with Hoechst 33
342, which was excited by a laser emitting a wavelength of
346 nm, rendering them blue. The B4C-APTES-PEG2K-FA-FITC
nanoparticles were excited by a laser at 488 nm, resulting in an
observable green in the images. It was evident that HepG2 cells
exhibited a higher accumulation of green-emitting particles,
indicative of enhanced internalization of B4C-APTES-PEG2K-FA-
FITC. In contrast, A549 cells displayed a reduced uptake of the
NPs and a concomitant decrease in green emitting particles.
HepG2 cells exhibited higher uorescence intensity in compar-
ison to A549 cells, with the majority of the uorescence being
10724 | RSC Adv., 2025, 15, 10717–10730
observed in the cytoplasm. This discrepancy in uptake can be
attributed to the differential expression levels of FR on the cell
surfaces. According to previous reports, the surface of a single
A549 cell expresses approximately (10.44 ± 0.53) × 10−19 mol of
FR, and the surface of a single HepG2 cell expresses (337.14 ±

10.11) × 10−19 mol of FR,41 which is approximately 32 times that
of a single A549 cell. Given that NPs were functionalized with FA,
they exhibited a higher affinity for cells expressing FR. Conse-
quently, B4C-APTES-PEG2K-FA-FITC exhibited a greater propen-
sity to bind to the abundant FR on the HepG2 cell surface
compared to the A549 cells, thereby facilitating the accumulation
of the nanoparticles on or near the HepG2 cell surface, and
increasing the likelihood of their endocytosis into the cells. To
further conrm that NPs entered cells via endocytosis, the NPs
and cells were co-cultured at 4 °C for 24 hours. No green uo-
rescence emission was observed in the cytoplasmic region, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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provided further evidence supporting the endocytosis-mediated
uptake of NPs (see Fig. S2 in the ESI† for details).
3.3. In vivo safety studies and biodistribution in mice

The in vivo biosafety of nanoparticles was investigated by con-
ducting blood routine tests on healthy nude mice 24 hours aer
I.V. injection. Subsequently, blood biochemistry tests were
performed at 24- and 168-hours post-injection (for specic
results, refer to ESI Tables S1 and S2†). Following the tail
injection, the mice were euthanized 24 hours aer the admin-
istration and dissected to procure hearts, livers, spleens, lungs,
and kidneys. Tissue samples were then prepared and stained
with H&E for subsequent observation, as shown in Fig. 4A.

Based on the premise of ensuring biological safety, the bio-
distribution of nanoparticles in tumor-bearing NCG mice was
further explored. At 6-, 24-, 48-, and 72-hours post-injection, the
hearts, liver, spleen, lungs, kidneys, tumors, whole brains, and
muscle were harvested, as shown in Fig. 4B. Following diges-
tion, the boron content was quantitatively analyzed using ICP-
OES. Additionally, tumor tissues collected at four different
time points were processed into frozen sections and stained
with H&E for observation, as shown in Fig. 4C and D.

As demonstrated in Table S1,† the results of the blood
routine analysis of nude mice following tail intravenous injec-
tion over a 24 hours period indicate that their primary
biochemical indicators fall within the normal physiological
range. Moreover, no statistically signicant disparities were
observed between the experimental group and the control
group, which partially supports the safety of the nanoparticles.

Table S2† presents the results of blood biochemical test
conducted on nude mice at 24 hours and 168 hours following
injection. The results demonstrated that the concentrations of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), albumin and urea nitrogen (BUN) increased marginally
24 hours aer tail vein injection, yet no statistically signicant
differences were observed when compared with the control
group. However, aer 168 hours of metabolism, the concen-
trations of AST, albumin and BUN generally returned to the
same level as the control group (see Table S2†). Additionally, the
indicators of renal function, namely creatinine and BUN
metabolism, did not undergo a rapid or signicant increase,
suggesting that the NPs did not elicit acute kidney failure in the
mice.42 However, 24 hours post-injection, a more pronounced
increase in the two renal function indicators, creatinine, and
uric acid, was observed when compared to the control group,
although statistical evaluation revealed no signicant differ-
ence. Nevertheless, aer 168 hours, these two indicators
demonstrated a signicant divergence from their 24 hours
values. A decrease in creatinine indicated an increase in
glomerular ltration rate or enhanced tubular secretion func-
tion in mice, while a decrease in uric acid indicated an increase
in purine metabolism in mice. These observations indicated
that there were no signicant abnormalities in renal metabo-
lism in mice. However, given the various factors that affected
creatinine and uric acid levels, further medical examinations
were necessary.
© 2025 The Author(s). Published by the Royal Society of Chemistry
In summary, compared with the control group, there were no
signicant abnormalities in the liver and kidney function of the
experimental group mice. This nding attests to the fact that
the NPs did not elicit acute damage in mice. Additionally, the
blood routine and biochemical indicators of the mice were
indistinguishable from those of the healthy control group of
nude mice. Consequently, the B4C-APTES-PEG2K-FA NPs
exhibited substantial impact on the hematopoietic function and
metabolism of mice, thereby demonstrating favorable biolog-
ical safety.

Subsequently, the distribution of boron in the heart, liver,
spleen, lung, and kidney of healthy nude mice was investigated.
As illustrated in Fig. 4A, H&E staining revealed the presence of
nanoparticles in the lungs, manifesting as black micron-sized
aggregates. This phenomenon can be attributed to the intra-
venous injection of NPs, which subsequently circulated through
the bloodstream. The pulmonary capillaries were the primary
site of nanoparticle interception, resulting in a darker appear-
ance of the lungs.

Additionally, smaller black particles were discernible in the
liver and spleen, although they were virtually undetectable in
the heart. Histological analysis of H&E-stained sections revealed
no discernible lesions, suggesting that the NPs did not cause
signicant damage to the primary organs and tissues. Accord-
ing to reports, particles exceeding 2000 nm in size tend to
accumulate within the capillaries of the lungs, while NPs larger
than 150 nm are readily captured by the liver and spleen.43

Furthermore, particles sized between 100–200 nm have been
observed to exploit the enhanced permeability and retention
(EPR) effect, thereby evading ltration by the liver and spleen.44

Meanwhile, particles measuring less than 5 nm are ltered out
by the kidneys.45 It is also noteworthy that neutral and nega-
tively charged NPs possess extended circulation lifetimes.

The experiments conducted in this study have already
demonstrated the biological safety of the NPs, and the bio-
distribution of these NPs has been broadly understood through
H&E stained sections. However, to obtain a more comprehen-
sive understanding, further quantitative analysis was necessary
to investigate the biodistribution and enrichment of boron in
tumor-bearing NCG mice. To this end, mice were subjected to
a series of dissections at 6-, 24-, 48-, and 72-hour intervals post-
injection to assess organ pathology. As demonstrated in Fig. 4B,
the organs of the control group mice exhibited a healthy, rose-
colored appearance at the indicated time points. In contrast,
the liver, spleen, and lung of mice in the experimental group
presented with a black appearance, suggesting the presence of
a substantial number of particles within these tissues. This
phenomenon can be attributed to the presence of a substantial
number of black particles that were captured by phagocytes. A
salient observation was the darker coloration of the tumors in
the experimental group compared to the control group. This
discrepancy can be attributed to the enrichment of NPs within
the tumors of the experimental group, a phenomenon facili-
tated by the EPR effect, which resulted in a darker appearance.

Frozen sections of NCGmice weremonitored over a period of
72 hours. As illustrated in Fig. 4C and D, the preliminary
observation conducted at 6 hours post-injection revealed the
RSC Adv., 2025, 15, 10717–10730 | 10725
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Fig. 4 In vivo safety assay results and biodistribution of B4C nanoparticles inmice. (A) H&E-stained paraffin sections of the vital organs. (B) Typical
images of anatomical organs of NCGmouse. (C) H&E-stained frozen sections of the tumor (63×magnification). (D) H&E-stained frozen sections
of the tumor (200× magnification).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

2:
03

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
presence of a limited number of black particles within the slice.
At 24 hours post-injection, these black particles had become
more widely distributed within the tumor, including both small
single particles and large aggregated clusters (red circles in
Fig. 4C). However, at 48 and 72 hours aer injection, the pres-
ence of small black particles within the tumor was observed to
be stable. These observations conrm the successful
10726 | RSC Adv., 2025, 15, 10717–10730
penetration of the NPs into the tumor tissue due to the EPR
effect of the tumor. This nding underscores the potential of
these NPs to target tumor sites, a critical consideration for
therapeutic applications.

To quantitatively assess the biodistribution of NPs in tumor-
bearing NCG mice, a comprehensive dissection procedure was
performed at four time points (6 hours, 24 hours, 48 hours, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Quantitative analysis of B4C in mice. (A) Boron contents in vital organs. (B) Tumor-to-normal tissue ratio of boron contents in major
tissues and organs (the nanoparticles B4C-APTES-PEG2K-FA were injected at a dosage of 30 mg kg−1).
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72 hours post-injection). The dissection process included the
removal of heart, liver, spleen, lung, kidney, tumor, whole
brain, and muscle samples from the mice. Aer digestion, the
boron content was measured by ICP-OES, and T/N (the ratio of
boron content in the tumor to that in the normal tissue) was
calculated. As illustrated in Fig. 5A, the biodistribution of boron
in murine subjects revealed that the highest concentrations of
the B element were observed in the lung, followed by the liver,
spleen, kidney, heart, and tumor. Conversely, the brain and
muscle exhibited the lowest concentration.

In the case of tumor tissue, the boron content demonstrated
an initial increase, followed by a subsequent decrease, and then
remained stable during the investigation period. Specically, 6
hours aer the injection, the boron concentration in the tumor
was 16.90 ± 2.35 mg g−1, which was calculated as pure boron
atom in dried organs. This concentration peaked at 24 hours,
reaching 49.66 ± 10.08 mg g−1, and thereaer began to decline.
At 48 hours and 72 hours post-injection, the concentrations
were 27.04 ± 6.47 mg g−1 and 29.22 ± 1.85 mg g−1, respectively.
During neutron irradiation, the required amount of 10B to enter
each gram of tumor was estimated to be between 20 and 50 mg.15

Consequently, the B content in the tumor was found to be
sufficient to meet the treatment requirements lasting between
24- and 72-hours post-injection, with the optimal time point
being approximately 24 hours. Table S3.3† presents the
percentage of the drug distributed in each gram of tissue (or
organ) relative to the initial injected dose (ID). From this table,
we can observe that the tumor achieved 1.66% ID per g at 24
hours. This value was higher than the dose in the kidneys,
which was 1.58% ID per g.

The temporal progression of boron content exhibited vari-
ability among diverse organs and tissues. Specically, the
content of boron in the lung and kidney demonstrated
a downward trend, which may be attributable to the normal
metabolism of nanoparticles in the lungs and kidneys of NCG
mice, resulting in the excretion of boron from the body and
gradual reduction in its concentration.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The BNCT approach necessitates the selective targeting of
boron agents to the tumor site and tumor cells, thereby
ensuring the accumulation of boron within the tumor while
minimizing its accumulation in normal tissues. To ensure the
efficacy of the treatment, the tumor-to-normal tissue (T/N) ratio
of boron contents must exceed 3. As illustrated in Fig. 5B, in
muscle tissue, the T/N ratio reached its peak at 24 hours, with
a value of 5.9, and remained above 3 at both 48 and 72 hours.
The large particle size of the boron agent facilitated its engulf-
ment by numerous phagocytes in the organ, leading to limited
distribution in the tumor. However, some nanoparticles were
still absorbed by the tumor due to the EPR effect.

Similarly, to achieve an optimal therapeutic effect, the
tumor-to-blood (T/B) ratio of boron contents should also
surpass 3 (T/B > 3). Despite these efforts, attempts to collect
blood samples from NCGmice for the calculation of T/B proved
unsuccessful, as no signicant concentrations of boron were
detected in the blood. This can be attributed to the limited
volume of blood, which rendered detection aer digestion
difficult. Additionally, the presence of large-sized NPs may have
hindered their long-term circulation in the blood, as they could
have been rapidly engulfed by phagocytic cells or captured by
proteins prior to testing. Therefore, the T/B ratio was not re-
ported in this study.
4. Conclusions

In summary, B4C nanoparticles were successfully subjected to
chemical modication, with the FA moiety being linked to the
surface of the particles with or without PEG segments acting as
linkers. It was demonstrated that FA and its derivatives could be
effectively coupled onto the nanoparticles, with a maximum
weight content of 10%. Over the course of 60 days of continuous
observation, the FA-modied boron carbide series products
demonstrated stability within the PBS solution. In vitro
biosafety assays encompassing hemolysis and cytotoxicity
experiments substantiated the nanoparticles' favorable blood
RSC Adv., 2025, 15, 10717–10730 | 10727
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compatibility and minimal cytotoxicity at low dosages.
Furthermore, cell uptake experiments revealed that tumors with
high FR expression exhibited a greater capacity to adsorb the
nanoparticles. The in vivo exploration of the modied B4C-
APTES-PEG2K-FA nanoparticles revealed no metabolic disor-
ders or overt abnormalities in liver and kidney function, as
indicated by routine blood and blood biochemistry tests.
Furthermore, the biodistribution of the nanoparticles was
investigated through the analysis of stained tissue sections and
ICP-OES quantitative studies. It was found that the nano-
particles predominantly accumulated in the lung, liver, and
spleen. The concentration of boron in the tumor initially
increased, then decreased gradually, and ultimately stabilized,
at approximately 50 mg per g tissue aer 24 hours of tail vein
injection. Additionally, the tumor-to-muscle and tumor-to-brain
ratios of boron contents were found to exceed 3 following 24
hours of intravenous injection, meeting the relevant require-
ments for BNCT treatment. The functionalized nanoparticles in
this work could serve as potential valuable boron agents for
BNCT.
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