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ABSTRACT: Nanoparticles (NPs) have a great potential as
nanosized drug-delivery carriers. Such systems must safely
deliver the drug to the site of the tumor without drug leakage,
effectively penetrate inside cancer cells, and provide intra-
cellular drug release. Herein we developed an original and
simple method aimed at the fabrication of spherical boron
nitride NPs (BNNPs), 100−200 nm in diameter, with peculiar
petal-like surfaces via chemical vapor deposition. Such
structures were found to be able to absorb a large amount
of antitumor drug-killing tumor cells. They revealed low
cytotoxicity and rapid cellular uptake. BNNPs were saturated with doxorubicin (DOX) and then dispersed. The BNNPs loaded
with DOX (BNNPs-DOX) were stable at neutral pH but effectively released DOX at pH 4.5−5.5. MTT assay and cell growth
testing showed that the BNNPs-DOX nanocarriers had been toxic for IAR-6-1 cells. BNNPs loaded with DOX penetrated into
the neoplastic IAR-6-1 cells using endocytic pathways, and then DOX released into the cytoplasm and cell nuclei and resulted in
cell death.
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1. INTRODUCTION

Despite considerable progress in the treatment of different
forms of cancer, cell resistance to chemotherapeutic agents is
still a challenge that the medical community has faced for many
years, but decent materials have not been developed yet.
Utilization of different types of nanoparticles (NPs), such as
liposomes, polymer−drug conjugates, micelles, nanoshells,
dendrimers, hydroxyl apatite, calcium phosphate, and metallic
(gold, cadmium, and iron), porous ceramic (Fe2O3, SiO2, TiO2,
Al2O3), and polymer NPs with sizes in the range of 10−500
nm, allows one to overcome some traditional therapeutic
method limitations such as chemotherapy and/or radio-
therapy.1,2 The creation of a NP drug-delivery system is one
of the promising methods that may solve the main chemo-
therapeutic problem known as multidrug resistance (MDR),
which is mainly due to the overexpression of membrane-bound
proteins that efflux drug from the cells.3,4 Such anticancer drug-
delivery nanocarriers must safely deliver the drug to the site of
injury without drug leakage, effectively penetrate cancer cells
using endocytosis mechanisms for nanocarrier uptake, and
provide intracellular drug release to achieve an enhanced
intracellular concentration that would cause the cells’ death. For
example, different types of metallic and polymer NPs loaded
with doxorubicin (DOX) were shown to be effective in
overcoming MDR in cancer therapy.5−9 In the case of a drug-

resistant form of neoplasia, in contrast to the drug alone, the
therapeutic efficacy of DOX-loaded NPs was found to be
higher9−11 because of the higher accumulation of DOX in
cancer cells.9 Another advantage of the drug-delivery approach
(based on the application of nanocarriers) is that it avoids the
toxicity problems caused by a cytostatic and/or cytotoxic
drug.8,12

The size and shape are critical parameters for drug-delivery
particles. As far as the size of NPs is concerned, there are
several factors that should be taken into account: the size of the
smallest blood capillaries for the NPs that will be circulated in
the blood vessels, the critical size to suppress NP removal via
the reticuloendothelial system, the maximum size to allow NPs
to easily penetrate into the diseased tissue, and the size that
allows the NPs to diffuse through the entire tumor volume.2 It
is generally considered that the optimum particle size for drug-
delivery carriers that ensures vascular permeability and
maximizes drug accumulation in tumors is 100−150 nm.2,13

NPs larger than 200 nm are sequestered in the liver, spleen, and
kidneys, while those smaller than 100 nm may leave the blood
vessels through fenestrations in the endothelial lining.14
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Internalization of NPs by macrophages, which typically occurs
for NPs larger than 500 nm, prevents the delivery of drugs to
tumor cells.15,16 Note that Qi et al.17 reported an enhanced
penetration and retention effect in tumor cells for somewhat
smaller NPs, in the range of 50−100 nm. It was also reported
that both uptake and removal of NPs were highly dependent
upon the size and shape of the NPs.18 Small NPs (∼50 nm)
were documented to be taken up faster and at higher
concentration than other tested NPs.19 Rod-shaped NPs
showed a lower uptake in comparison to spherical-shaped
NPs.18

Recent studies have revealed that multiwalled BN nanotubes
(BNNTs) are not toxic. This opens up a broad prospective for
their utilization as anticancer drug-delivery systems.20,21 Note,
however, that Horvat̀h et al.22 reported a relevant toxicity of
BNNTs, but additional experiments with the same but
shortened (a length of 1.5 μm versus the former 10 μm)
multiwalled BNNTs demonstrated no toxic effects.23 These
results indicate that the size and shape of BNNTs play a critical
role in material cytocompatibility. Multiwalled BNNTs
functionalized with mesoporous silica and multimodal
luminescent−magnetic BNNTs@NaGdF4:Eu structures for
cancer therapy were also reported.24,25

The spherical shape of a drug carrier is of special interest
because of a large contact area with cell membrane receptors.
The present paper is focused on the fabrication of BNNPs with
a petal-like surface structure, which are able to absorb a large
amount of antitumor drug, and their utilization by neoplastic
cells.

2. MATERIALS AND METHODS
2.1. Synthesis and Dispersion of BNNPs. BNNPs with an

average external diameter of 100−200 nm were prepared by chemical
vapor deposition (CVD) using boron oxide vapor and flowing
ammonia in a vertical induction furnace (Figure 1). The temperature

in the precursor location area was maintained at 1310 °C. The powder
mixture of pure FeO, analytical-grade MgO, and B (>99%) taken at a
weight ratio of 150:28:75 was used as a precursor. The powders were
mechanically ground in an alumina mortar for 1 h. After
homogenization, the BN ceramic crucible filled with the precursor
was put into a BN reactor and placed in a heating zone. Another BN
ceramic crucible for the collection of BNNPs during the synthesis was
placed in front of the hole drilled in the upper part of the reactor wall
outside of the heating zone (Figure 1).

Boron oxide vapor as a source of boron for the CVD reaction with
ammonia gas (99.98%) was generated during the following oxidation
reactions within the precursor:26

+ → +2B(s) 2MgO(s) B O (g) 2Mg(g)2 2 (1)

+ → +2B(s) 2FeO(s) B O (g) 2Fe(g)2 2 (2)

BNNPs were synthesized using the following reaction of boron
oxide vapor with ammonia:

+ → + +B O (g) 2NH (g) 2BN(s) 2H O(g) H (g)2 2 3 2 2 (3)

Boron oxide vapor was transported to the reaction zone with
ammonia by an argon flow. During the synthesis, the Ar/NH3 flow
ratio was maintained at 2. To reduce the oxygen impurities in the
synthetic products, the oxygen getter was used (pieces of iron foil and
titanium bar were placed in the heating zone).

The reaction of boron oxide vapor with ammonia took place in the
upper part of the reactor in the temperature gradient zone; therefore,
the CVD process of BNNPs was realized at somewhat lower
temperatures. The synthesis was carried out for 200 min. During the
synthesis, a flow of the white smog coming out of the hole in the
reactor wall (toward the small BN crucible) was continuously
observed. After the synthesis, a white color film was found to entirely
cover the BN crucible walls (Figure 1). Typically, using 10 g of the
precursor was enough to synthesize about 250−400 mg of BNNPs in 6
h.

After the synthesis, the BNNPs were agglomerated. In order to
separate the agglomerates into individual NPs, BNNPs were
ultrasonically treated in a distilled water solution (BNNP concen-
tration 2 mg/mL) using a Bandelin Sonoplus HD2200 unit
(Germany) at a power of 80 W for 30 min.

2.2. Characterization of BNNPs. The morphology of synthesized
products and their chemical compositions were studied using a JEOL
JSM-7600F scanning electron microscope equipped with an energy-
dispersive X-ray (EDX) detector. Transmission electron microscopy
(TEM), including high-resolution (HRTEM) imaging and selected-
area electron diffraction (SAED), was carried out using a Tecnai G2 30
UT microscope operated at 300 kV and having 0.17 nm spatial
resolution. Chemical and phase compositions were analyzed by EDX
spectroscopy (using an 80 mm2 X-Max EDX detector, Oxford
Instruments), X-ray diffraction (XRD) analysis [using a Difrei-401 X-
ray diffractometer equipped with a coordinated charge-coupled
detector and operating with Cr Kα radiation], and Fourier transform
infrared spectroscopy (FTIR; with a Bruker Vertex 70v vacuum
spectrometer) in the range of 400−2000 cm−1 using a partial internal
reflection device. The particle size distribution was estimated using a
dynamic light scattering method on a particle size analyzer (Zetasizer
Nano ZS). For each sample, three measurements were made. To
control the size of the particles and agglomerates, 1 μL of the
suspension was dropped onto a silicon substrate for scanning electron
microscopy (SEM) analysis.

2.3. Stability of BNNPs in Earle’s Balanced Salt Solution
(EBBS). BNNPs (2 mg/mL) were soaked in 40 mL of EBBS for 14
days. After the tests, the BNNPs were rinsed in distilled water three
times and then centrifuged. The particle size and morphology before
and after the tests were controlled by SEM.

2.4. Saturation of BNNPs with DOX. BNNPs (2 mg) were added
to 1 mL of 0.5, 1.0, or 2.5 mg/mL DOX solutions. The suspensions
were incubated at room temperature for 24 h. The precipitates were
then washed out from the DOX in water 10 times under repeated
centrifugation at 13400 rpm for 15 min.

2.5. Drug Release. For the drug-release study, 4 mg of BNNPs-
DOX was suspended in either 5 mL of phosphate buffer saline (PBS)
or 0.1 M sodium acetate buffer (NaAc) at different pH values (pH 4.4,
5.4, and 7.4). The samples were incubated at 37 °C for various periods
of time. At different time points (0.25, 1, 2, 4, 6, 8, 24, and 48 h),
supernatant samples (0.2 mL) were analyzed by UV−visible
spectroscopy using a ND-3300 fluorospectrometer (Thermo Scientific,
USA) under the following conditions: excitation at 470 nm and
emission at 596 nm.

Figure 1. BN crucible with synthesized products seen as a white-color
film (left) and a scheme of the CVD process: 1, SiO2 furnace chamber;
2, BN reactor; 3, carbon susceptor (heating element); 4, carbon lining;
5, inductor; 6, BN crucible with a precursor. Gas flows: NH3 (from the
top) and Ar (from the bottom).
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2.6. Cell Culture. The IAR-6-1 line of neoplastically transformed
with dimethylnitrosamine epithelial cells was obtained from Dr.
Montesano (International Agency for Research of Cancer, Lyon,
France). The cells were tumorigenic in nude mice. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma,
USA) supplemented with 7.5% fetal bovine serum (FBS; PAA
Laboratories, Austria), penicillin (100 IU/mL), and streptomycin (100
μg/mL) at 37 °C in a 5% CO2-humidified atmosphere.
2.7. MTT Assay. IAR-6-1 cells were seeded into 96-well plates (2 ×

104 cells/mL) with DMEM supplemented with 7.5% FBS, penicillin,
and streptomycin. After 24 h, the prescribed amounts of BNNPs,
BNNPs-DOX, or free DOX at different concentrations were added to
the medium, and the cells were incubated for 72 h. For saturation of
BNNPs with a DOX solution, a 0.5 mg/mL DOX solution was used.
The culture medium was carefully selected and replaced by a fresh
FBS-free medium. A total of 20 μL of MTT reagent [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, 5 mg/mL,
Sigma, USA] was added to each well. After incubation for 4 h, the
supernatant was carefully aspirated, and MTT formazan generated by
live cells was dissolved in 150 μL of dimethyl sulfoxide (DMSO) for
20 min. The absorbance at a wavelength of 570 nm was measured
using a Benchmark Plus microplate spectrophotometer (Bio-Rad,
USA). Nontreated cells were used as a control. The absorbance was
normalized to the blank (150 μL of DMSO) and expressed as a
percent of viable cells.
2.8. Proliferation of IAR-6-1 Cells. IAR-6-1 cells were seeded

into a 24-well plates. After 24 h, either BNNPs or BNNPs-DOX at
different concentrations were added to the medium. For saturation of
BNNPs with a DOX solution, a 0.5 mg/mL DOX solution was used.
Equivalent concentrations of free DOX were also used. Pure water (13
μL) was used as a control. At 24, 48, and 72 h after the beginning of
incubation, the cells were fixed with 3.7% paraformaldehyde (PFA) for
10 min and then stained with 4′,6-diamidino-2-phenylindole (DAPI)
for 40 min. The nuclei stained with DAPI were counted in 30 fields
using a Zeiss Axioplan fluorescent microscope.
2.9. Cellular Uptake of BNNPs-DOX. IAR-6-1 cells were seeded

into 60 mm culture dishes and incubated for 24 h. Cells were
preincubated with dynasore (100 μM) for 30 min. Thereafter, cells
were incubated with BNNPs-DOX (the final concentration of BNNPs
was 100 μg/mL) at 37 °C for 24 h in the presence of an inhibitor.
Control cells were incubated with BNNPs-DOX without an inhibitor.
Cells were thoroughly washed and lysed with Mg2+ Lysis/Wash Buffer
(Upstate EMD Millipore). In supernatant samples, DOX-related
fluorescence was measured by UV−visible spectroscopy using a ND-
3300 fluorospectrometer at excitation and emission wavelengths of
470 and 596 nm, respectively.
2.10. Internalization of BNNPs by Cells and Fluorescence

Imaging. IAR-6-1 cells were seeded into 35 mm glass bottom culture
dishes (MatTeck Corp, USA) and incubated for 24 h. A total of 0.2
mL of a BNNPs-DOX suspension was added to the cell culture in

FBS-free media (the final concentration of BNNPs was 100 μg/mL).
After 7 h of incubation with BNNPs, the cells were fixed with 3.7%
PFA for 10 min, permeabilized with 0.5% Triton X-100 (Sigma, USA)
for 5 min, and stained with Alexa488-phalloidin (Molecular Probes,
Life Technologies, USA) for 40 min to visualize the actin cytoskeleton.
The mounted samples were examined with a Leica TCS SP5 confocal
laser scanning microscope equipped with an HDX PL APO 100× 1.4
objective. For staining with LysoTracker, IAR-6-1 cells were incubated
with BNNPs-DOX for 4 h and then incubated with LysoTracker
Green DND-26 (50 nM) for 30 min at 37 °C. The cells were washed
four times with a fresh medium and examined by confocal laser
scanning microscopy (CLSM).

3. RESULTS
3.1. Size of BNNPs. The results of particle size analysis after

ultrasonic treatment are presented in Figure 2. It can be seen
that a major fraction of BNNPs (about 80%) falls within the
range of 100−200 nm. As revealed by SEM observations
(Figure 2, inset) and also confirmed by TEM, the BNNPs were
perfectly separated from each other.

3.2. Structure of BNNPs. As follows from SEM analysis,
the synthesized product consists of agglomerates of spherical
BNNPs with an average size of 100−200 nm (Figure 3a,b).
Their surface is formed by numerous nanosheet-like petals. The
magnified SEM image reveals that the pompon-like nano-
spheres are composed of layered nanoflakes with a thickness of
about 3−5 nm protruding outward from the center (Figure 3c).
Note that in the synthesized products a minor fraction of
hollow spherical BNNPs with a smooth surface was also
observed. EDX analysis revealed the presence of boron,
nitrogen, and oxygen species, and the B/N ratio was close to
1. The oxygen content in the agglomerates was about 2−10
atom %. The formation of BNNPs with a hexagonal structure
was additionally confirmed by XRD (not shown) and FTIR
spectroscopy (the results are presented below).
Figure 4a shows the bright-field (BF) low-magnification

TEM image of BNNPs. The synthesized products consist of
round-shaped NPs with an average size of 100−200 nm. The
corresponding SAED pattern taken from the number of
BNNPs exhibits two diffuse rings with d spacings roughly
corresponding to the typical hexagonal BN interplanar spacings
(d002 and d100). EDX analysis of single BNNPs confirmed the
SEM results and revealed the presence of boron and nitrogen
species demonstrating the high purity of BNNPs. TEM analysis
performed at higher magnification clearly showed that BNNPs
have a hollow spherical central part and multiple petals made of

Figure 2. Particle size distribution after ultrasonic treatment. The insets show the size of the BNNPs before (left) and after (right) ultrasonic
treatment. The scale bars on the insets correspond to 100 nm.
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exposed BN layers at the side area (Figure 4b). Our TEM
results clearly indicated that BNNPs had a porous-like
morphology somewhat similar to that reported by Terrones
et al.27 but certainly different due to the presence of a hollow
space in their cores. The HRTEM image of the near surface
area is shown in Figure 4c. The surface of the BNNPs is formed
by erecting BN layers consisting of 2−6 BN stacked atomic
layers. The HRTEM image (Figure 4c, inset) also suggests that
the layers are not open and highly curled, covering the inner
spherical part. Such BNNPs with petal-like surface structure
appear to be suitable for effective anticancer drug loading and
their transfer to cancer cells.
The as-received BNNPs were additionally characterized

using FTIR spectroscopy. Figure 5 compares the IR spectra
of BNNPs and a commercial BN powder. The BN powder is
characterized by two features in the FTIR spectrum: a sharp
low-wavenumber mode at 769 cm−1 and a broad high-
wavenumber mode at 1359 cm−1, which correspond to out-
of-plane B−N−B bending and in-plane B−N stretching
vibrations, respectively.28 These peaks are the fingerprints of
sp2-bonded BN. The FTIR spectrum from BNNPs had two
additional features: a small peak at 910 cm−1 and a region with
high absorbance between 400 and 720 cm−1. These two
additional features can be taken as an indication of the presence
of some amount of oxygen impurities.28,29

3.3. Stability of BNNPs in EBBS. The stability of BNNPs
was studied during their incubation in EBBS for 14 days
(Figure 6). It can be seen that chemical treatment in EBBS did
not affect the average size and morphology of BNNPs. The
petal-like surface was also preserved.
3.4. Drug Loading Capacity of BNNPs. The DOX

content in the BNNPs was determined using two different
approaches, and the results were similar. In the first method,
the amount of DOX loaded into BNNPs was detected by
comparing the intensities of the UV−visible absorption of DOX
at 480 nm for the initial DOX solution used for loading of
BNNPs and for that of the supernatant DOX solution after

Figure 3. (a and b) SEM images at various magnifications of
agglomerates of BNNPs with an average size of 100−200 nm obtained
at T = 1310 °C. (c) TEM image of a single BNNP with petal-like
surface structure.

Figure 4. (a) BF low-magnification TEM image of a BNNPs
agglomerate and corresponding SAED pattern (inset). (b) Enlarged
image of BNNPs. (c) HRTEM image of the side region of BNNPs. A
close-up image of the surface of BNNPs consisting of spiky-type BN
layers is given in the inset.

Figure 5. Comparative FTIR spectra of BNNPs and a commercial BN
powder.
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removal of all BNNPs-DOX. In the second method, the DOX
content in BNNPs-DOX was determined after dissolving
BNNPs-DOX in DMSO for 20 h and by measuring the
fluorescence of supernatants at excitation and emission
wavelengths of 485 and 590 nm, respectively. The highest
DOX loading capacity of BNNPs was documented to be 0.055
mg/mg of NPs.
3.5. pH-Dependent Drug Release. BNNPs-DOX nano-

carriers were incubated in PBS or acetate buffers at different pH
values after the fluorescence emission spectra in the super-
natant were measured at different time intervals. As shown in
Figure 7, incubation of BNNPs-DOX in PBS and acetate buffer
at pH 4.4 and 5.4 led to a rapid recovery of fluorescence (the
results are presented as the dependence of relative fluorescence
units (RFU) versus time). Incubation of BNNPs-DOX in PBS

at pH 7.4 did not lead to significant fluorescence recovery after
50 h of incubation. These data demonstrate that BNNPs-DOX
are relatively stable at neutral pH, whereas DOX is effectively
released from the BNNPs at acidic pH (pH 4.5−5.5) under
conditions comparable to those found in endosomes/
lysosomes. As a control, the fluorescence intensity of free
DOX was measured in buffers with pH 4.4, 5.4, and 7.4 (Table
1).

3.6. Cytotoxicity of BNNPs-DOX Nanocarriers. The
cytotoxic effect of BNNPs-DOX cells was evaluated by MTT
assay in IAR-6-1 cells (Figure 8). The cytotoxicity of free DOX
was compared to that of BNNPs-DOX at equivalent DOX
doses and nondrug-loaded BNNPs. The DOX-loaded NPs
were found to be toxic to IAR-6-1 cells. The cytotoxicity of
BNNPs-DOX was comparable with free DOX at identical
concentrations, in the range 0.26−1.04 μg/mL. Note that at
high BNNP concentration the viability of the cells slightly
decreased. Thus, the present results support the conclusion of
Ciofani et al.,30 who suggested that the decrease in the cell
viability at high BNNT concentration (>20 μg/mL) can be
wrongly interpreted as the cytotoxicity due to BN nanophase
interaction with some tetrazolium salts. A similar effect was also
reported for carbon NTs.31

We also investigated the growth of IAR-6-1 cells in the
presence of BNNPs, BNNPs-DOX, and free DOX (control).
The alterations in the cell density for 72 h are shown in Figure
9. In the presence of either DOX or BNNPs-DOX, the
proliferation of the cells was markedly decreased. BNNPs
themselves (in a concentration up to 40 μg/mL) did not affect
the growth of IAR-6-1 neoplastic cells. We did not see any
statistically significant differences in a number of cells cultivated
in the presence of BNNPs and pure water.

3.7. Uptake of BNNPs-DOX by Neoplastic Cells. Using
CLSM, cellular uptake of BNNPs loaded with DOX by IAR-6-1
neoplastic cells was studied. After 7 h of incubation with
BNNPs loaded with DOX, IAR-6-1 cells were fixed and stained
with Alexa488-phalloidin to visualize the main cytoplasmic
system, actin cytoskeleton. As shown in Figure 10, BNNPs-
DOX were internalized by IAR-6-1 neoplastic cells and
distributed in cell cytoplasm near the nucleus. Red fluorescence
of DOX inside the nucleus was also clearly visible. As revealed
at XZY optical slices, BNNPs-DOX are absorbed by cells and
seen in cell cytoplasm between actin, showing perinuclear
enrichment. To confirm the endosomal-mediated uptake of
BNNPs-DOX, LysoTracker Green, which labels highly acidic
compartments within live cells, was used. We compared the
intracellular localization of BNNPs-DOX and of endosomal/
lysosomal compartments. CLSM showed that most of the
BNNPs-DOX had been colocalized with LysoTracker,
indicating that BNNPs-DOX are located in the endosomes/
lysosomes after 4 h of uptake (Figure 11a). We have also
studied the effect of dynasore, an inhibitor of dynamin GTPase
activity, which blocks dynamin-dependent endocytosis in

Figure 6. SEM images of BNNPs (a) before and (b) after soaking in
EBBS for 14 days.

Figure 7. pH-dependent DOX release from BNNPs-DOX versus time.

Table 1. Fluorescence Intensity of Free DOX at Different pH
Values

RFU

DOX concentration, μg/mL pH 7.4 pH 5.4 pH 4.4

5 1068 ± 20 1435 ± 25 1649 ± 28
2.5 493 ± 10 776 ± 12 889 ± 18
1 151 ± 7 287 ± 5 365 ± 8
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cells.32 As shown in Figure 11b, treatment of the culture with
dynasore reduced the accumulation of DOX in IAR-6-1 cells
incubated with BNNPs-DOX for 24 h. Dynasore-treated cells
showed a weaker DOX-related fluorescent intensity than
control cells.
Using CLSM, we also imaged neoplastic IAR-6-1 cells after 5

days of incubation with BNNPs-DOX. DOX was observed to
be distributed in both cytoplasma and nuclei of IAR-6-1 cells
(Figure 12). It can be seen that DOX accumulation in the cells

resulted in typical changes associated with cell death, as was
evident by the condensation and fragmentation of the nuclei.
These experiments showed that BNNPs-DOX internalized into
IAR-6-1 neoplastic cells, with DOX released from BNNPs, had
accumulated in both cytoplasma and nuclei and promoted cell
death.

4. DISCUSSION

Most chemotherapeutic drugs can pass through the cell
membrane of tumor cells via diffusion. However, in the course
of treatment, many cancers acquire resistance to the chemo-
therapeutic drug, which is often due to the overexpression of
ATP-binding cassette transporters (ABC transporters) that
efflux drug from the cells.33 Using nanosized drug-delivery
systems allows one to overcome the mechanisms of MDR of
cancers and to enhance therapeutic efficacies of drugs.34 Here
we report that BNNPs are capable of loading and delivering the
chemotherapeutic drug (DOX) inside neoplastic cells.
We found that BNNPs had low cytotoxicity, high drug

loading efficacy (0.055 mg/mg of BNNPs-DOX), and rapid
cellular uptake. The ways of entering of DOX-loaded BNNPs
into cells are not known exactly. Possibly, caveolin- or clathrin-
mediated endocytosis plays a role in their cell uptake. Using
LysoTracker Green, we showed that BNNPs had been
accumulated in endosomal/lysosomal compartments. Acid-
ification of endosomes may contribute to the drug release. This
question obviously needs further investigation with the usage of
specific inhibitors of various endocytic pathways.

Figure 8. Effects of DOX, pristine BNNPs, and DOX-loaded BNNPs on the cell viability. DOX content = 0.04 mg/mg of particles. MTT assay (*, p
< 0.05; **, p < 0.005; ***, p < 0.001) indicates statistically significant differences in comparison with the control (Kruskal−Wallis test).

Figure 9. Cell density in cultures of IAR-6-1 cells growing for 72 h in
the presence of BNNPs, BNNPs-DOX, and free DOX. DOX content
= 0.026 mg/mg of particles. A value of p < 0.001 indicates statistically
significant differences in comparison with the control (Kruskal−Wallis
test).

Figure 10. CLSM images of BNNPs-DOX in IAR-6-1 neoplastic cells after 7 h of incubation. (b and c) Close-up views of the boxed region from part
a. (a and b) Alexa488-phalloidin staining of actin cytoskeleton (green) and fluorescence of DOX (red), (c) fluorescence of DOX, (d) z slides of the
cell. BNNPs-DOX are seen near the nucleus (arrows). Note the red fluorescence of DOX in the nucleus (arrowhead). Final concentration of
BNNPs-DOX in media = 100 μg/mL. Scale bar = 10 μm.
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BNNPs have a great potential for use as nanosized drug-
delivery carriers, for example, for treatment of ovarian
carcinomas that grow rapidly and metastasize early. Unlike
most other cancers, ovarian carcinoma rarely disseminates
through vasculature. These types of carcinomas metastasize
within the peritoneal cavity.35 Cancer cell spheroids are carried
by the physiological movement of peritoneal fluid and attach
preferentially to the abdominal peritoneum or omentum, where
they only invade the superficial bowel serosa and never the
deeper layers. In the case of metastatic ovarian carcinoma,
intraperitoneal delivery of the chemotherapeutic drugs
increases survival compared with intravenosus administration.
Nanosized BNNPs loaded with a drug can be utilized for the
treatment of ovarian cancers resistant to chemotherapeutic
drugs.
Usually, drug release from the surface of smooth particles

occurs within a few hours.36,37 Approaches to overcome this
problem include the fabrication of NPs with a rough surface or
use of protective films to slow drug release. For instance, the
duration of full DOX release from mesoporous silica NPs was
reported to be 5038 and 80 h for smaller particles (about 60
nm).39 Poly(amidoamine) dendrimer-coated magnetic NPs
were shown to keep DOX for more than 24 h.40 A hydrogel
system comprised of biocompatible aminated guar gum,
Fe3O4−ZnS core−shell NPs, and DOX hydrochloride was
able to provide a slow DOX release for 20 days.41 Quantitative
measurements of DOX fluorescence performed in the present
study showed that BNNPs with a petal-like surface structure are
capable of holding DOX for at least 7 days. The particle surface
charge and acidity are other factors to be taken into
consideration. The particle surface charge may affect the drug
loading capacity because of electronic interaction between the
NPs and DOX.42 DOX release is strongly pH-dependent, and
its intensive release is usually observed during exposure in an
acidic environment.42,43 Our data demonstrate that BNNPs-
DOX nanocarriers are relatively stable at neutral pH, whereas
DOX is effectively released at acidic pH (pH 4.5−5.5) under

conditions comparable to that found in endosomes/lysosomes.
A more detailed study of the influence of DOX-loaded BNNPs
with a petal-like surface structure on the drug-resistant forms of
neoplasia will be addressed in our future work.
Finally, it can be concluded that BNNPs are one of the most

promising materials for cancer therapy because of the
combination of their high chemical stability, uniformity, and
dispersibility in a solution. Structural special features such as a
hollow spherical central part and a highly developed outer
surface with numerous petals make BNNPs ideal nanocarriers
for the delivery of anticancer drug to target areas. The
needlelike surface of BNNPs may be useful for their more
effective penetration into the endosomes. Because of the lack of
chemical bonding between the wide-band-gap BN and
biological molecules (for instance, glycine)44 and high binding
energy between BN and physically adsorbed biological
molecules (such as guanine and thiazole),45,46 BN nanophases
were shown to be suitable for the delivery of biological
molecules to cancer cells. Future works can be focused on the
additional functionalization of BNNPs to further improve their
biological performance, similar to that of BNNTs. For instance,
the surface of BNNTs was successfully functionalized by gold
NPs, which are known to be the universal linker to biological
molecules.47 The strong links between BNNTs and human
transferrin were demonstrated by Ciofanni et al.48 It is known
that transferrin is highly attracted to the cancer cells compared
to healthy cells and therefore can provide the selectivity in
cancer therapy. BNNTs were functionalized by folat groups,
resulting in a significant increase in their uptake by cells.49

Additional potential applications of BNNPs include their
utilization for boron neutron capture therapy, where BNNPs
could promote a high boron concentration,50,51 or as
bionanotransducers for cell sensing and stimulation because
of their specific piezoelectric properties.52−54

Figure 11. (a) CLSM images of IAR-6-1 cells incubated with BNNPs-DOX for 4 h. Cells were stained with LysoTracker Green. BNNPs-DOX (red)
are colocalized with LysoTracker Green (arrowheads). In the boxed region, the zones of colocalization of BNNPs-DOX and LysoTracker Green
appear yellow. (b) Effect of dynasore on the DOX-related fluorescent intensity in the cells incubated with BNNPs-DOX for 24 h.

Figure 12. CLSM images of IAR-6-1 cells stained with DAPI: (a) control culture; (b) cells cultivated in the presence of BNNPs (13 μg/mL) for 5
days. Cells cultivated in the presence of BNNPs-DOX for 5 days: (c) DAPI fluorescence of nuclei; (d) DOX fluorescence in cells; (e) overlay of blue
and red channels. Chromatin condensation and fragmentation of nuclei are shown by arrows. Scale bar = 10 μm.
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5. CONCLUSIONS
High-purity spherical BNNPs, 100−200 nm in diameter, with
highly developed petal-like surfaces were fabricated by the CVD
method using boron oxide vapor and flowing ammonia in a
vertical induction furnace. Thorough structural characterization
revealed that the surface of hollow BNNPs had been made of
numerous nanosheet petals. Such BNNPs with ultimately
porous structures can be utilized as nanocontainers for the
delivery of various chemotherapeutic agents in chemotherapy-
resistant tumor cells. The chemical treatment in EBBS for 14
days did not affect the average size and morphology of BNNPs.
The BNNPs loaded with DOX were stable at neutral pH but
effectively released DOX at pH 4.5−5.5. MTT assay and cell
growth tests showed that BNNPs-DOX had been toxic for
neoplastic IAR-6-1 cells. The cytotoxicity of BNNPs-DOX was
comparable with that of free DOX at identical concentrations in
the range of 0.26−1.04 μg/mL. The BNNPs-DOX nanocarriers
were internalized into IAR-6-1 neoplastic cells using endocytic
pathways, and then DOX was released from nanosized drug-
delivery carriers and accumulated in both nuclei and
cytoplasma, resulting in cell death.
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