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Boron nitride nanotubes@NaGdF:Eu composites with
core@shell structures were fabricated giving the opportunity
to trace, target and thus to manipulate BNNTSs in vitro. The
composites show the significantly higher cellular uptake and
chemotherapy drug intracellular delivery ability in the

presence of an external magnetic field than that in its absence.

Boron nitride nanotubes (BNNTs)', as a structural analogue of
carbon nanotubes (CNTs), have recently attracted increasing
attentions in the biomedical field, e.g. with respect to drug
delivery” *, boron neutron capture cancer therapy”, irreversible
lethal electroporation cancer treatment’, etc. Overall, multi-
walled BNNTs show better biocompatibility than CNTs®. The
exploration of BNNTs for cancer therapy is a promising
direction. Boron neutron capture therapy (BNCT) is a targeted
radiation therapy for cancer that significantly increases the
therapeutic ratio relative to conventional radiotherapeutic
modalities’. Boron-containing nanoparticles, such as BN
nanotubes®, boron carbide® and C,B;, carborane cages attached
CNTs’ have shown high concentration of boron atoms in tumors
cells than in blood and other organs, which provided the delivery
of boron to tumor cells for an effective boron neutron capture for
cancer therapy. On the other hand, the exploration of BNNTs as
an anticancer drug delivery system could provide an integrated
vector system® by combining chemotherapy with other cancer
therapy methods. Up to now, the exploration of multifunctional
BNNTs for cancer therapy is rarely reported.

A major goal in nanomedicine is the coherent implementation
of multifunctional platforms within a single targeted nanodelivery
system that would simultaneously perform diagnosis, imaging,
targeted delivery and efficient therapy'® ''. Recently, the
lanthanide - doped sodium gadolinium fluoride (NaGdF4:Ln) has
been realized to be a promising multimodal bioprobe with
photoluminescent imaging and magnetic targeting properties'"* '.
Thus, the fabrication of BNNTs@ europium doped sodium
gadolinium fluoride (NaGdF4:Eu) core@shell nanostructures with
both fluorescence imaging and magnetic targeting properties will
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provide a support for BNNTs in biomedical applications,

ss especially for cancer therapy.
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Herein, we realize the functionalization of BNNTs with
NaGdF,4: Eu by using urea which acts as the precipitation agents
and using the subsequent treatment (Scheme 1). The BNNTs@
NaGdF,: Eu composite emits visible luminescence upon
excitation and can be manipulated using an external magnetic
field"” for the enhanced cellular uptake during cancer imaging
and therapy (Scheme 1).
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Scheme 1. (A) Synthesis of a BNNTs@NaGdF4:Eu composite
for fluorescence tracing and magnetic targeted particles
endocytosis; (B) Magnetic targeted chemotherapy drug delivery
of a BNNTs@NaGdF4:Eu composite; (C) Different particle
endocytosis and dox intracellular delivery in the presence
(MF(+)) and absence (MF(-)) of external magnetic field.

The as-prepared BNNTs synthesized by chemical vapour
deposition (CVD) were oxidized in air at 1000°C for 5 h and
sonicated in water to obtain the shorten BNNTSs, around 1 pm
long (Figure. la, S1). By carefully controlling the synthesis
conditions, the BNNTs were then coated with a layer of
amorphous Gd(OH)COj;* 3H,0: Eu around 20~30 degree in the
XRD patterns via a homogeneous precipitation method from an
aqueous solution of gadolinium nitrate and urea at 90 °C for 2 h
(Figure. 1b). Thermal treatment at 700 °C for 8 h transformed the
amorphous Gd(OH)COs- 3H,0: Eu into the cubic phase of Gd,05
(Figure. 1c). Afterwards, BNNTs@Gd,05: Eu prepared as the
above was reacted with NaF and a HF aqueous solution at 80 °C
for 2 h to convert it into BNNTs@NaGdF,4: Eu (Figure. 1d). TEM
images (Figures. 2, A,C,D) show the successful fabrication of
BN@Gd(OH)CO;' 3H,0: Eu core@shell structure. And after the
series of subsequent treatments, such as thermal treatment or
fluoride treatment, BNNTs@ Gd,Os: Eu and BNNTs@NaGdF,:
Eu still retain the initial core@shell structures, as shown in SEM
and TEM images (Figures. 2, B, E, F). Moreover, the thickness of
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shell can be adjusted from 20nm to 80nm when the initial
gadolinium precursor GdCl; amounts increase from low to high.
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Figz. 1 XRD patterns of BNNTs (a), BNNTs@
s Gd(OH)CO5-H,O:Eu  (b), BNNTs@Gd,Os:Eu (c) and

BNNTs@NaGdF,:Eu (d).
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Fig. 2 TEM images of BNNTs@Gd(OH)CO;-H,O: Eu (A) and
BNNTs@NaGdF,: Eu (B) at low GdCl; concentration; TEM
10 images of BNNTs@Gd(OH)COj;-H,0: Eu (C,D); SEM image of
BNNTs@Gd,0;:Eu (E); TEM image of BNNTs@NaGdF,: Eu
(F) at high GdCl; concentration.

Urea is a critical factor for the synthesis of Gd(OH)CO;* 3H,0:
1s Eu layer on the surface of BNNTs. Urea acts as the dispersing
agent of BNNTs, the precipitation agent and the linking reagent
between BNNTs surface and the newly formed Gd(OH)CO;-
3H,0. The urea interacted strongly with BNNTSs in solution via
Van der Waals forces and was adsorbed onto their outer surfaces.
This gave a high local concentration of urea on the surface of
BNNTSs compared to the bulk solution, which bases on the same
mechanism as for CNTs'. For example, much stronger
dispersion interaction energy of urea than water with CNTs
results in an enhanced urea accumulation in the CNT interior and
on the CNT surface'®. After gadolinium nitrate had been added
into the above solution, it precipitated on the BNNT surface with
the help of local urea. Urea concentration is an important factor to
successfully fabricate the core@shell structure. At too low urea
concentration, the local concentration of urea on the surface of
30 BNNTs is not high enough to linking BNNTSs surface with the
newly formed Gd(OH)COj;- 3H,0:Eu, and then Gd(OH)CO;-
3H,0:Eu precipitated separately from BNNTs (Figures. S2, A,
B). While, at too high urea concentration, the urea content in the
bulk solution is too high. This results in the simultaneous
precipitation of Gd(OH)CO;- 3H,0:Eu on the BNNTs surface
and the formation of discrete Gd(OH)CO;* 3H,O:Eu spheres in
the bulk solution (Figures. S2, C).

The obtained BNNTs@NaGdF,:Eu composites exhibit
simultaneous  fluorescent and magnetic properties. To
demonstrate the performance and multicolor emissions of the
core@shell structure, photoluminescence emission spectra of
BNNTs@NaGdF,: Eu emitters were measured at room
temperature (Figure. 3D). Upon excitation at 325 nm, intense and
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be explicitly assigned to the transitions of SDy—"F, and °Dy—F,
for Eu®", respectively, and thus resulted in red color outputs. The
red color emissions of BNNTs@NaGdF,: Eu composites uptaken
by LNcap prostate cancer cells were directly observed by
confocal fluorescence microscopy (Figures. 3A,B,C). Field-
dependent magnetization curve at room temperature for
BNNTs@ NaGdF,: Eu core@shell nanostructure was recorded
using a superconducting quantum interference device (SQUID)
magnetometer with fields (Figure. 3E). Near-zero coercivity and
remanence indicate the superparamagnetic behavior of the
composites.
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Fig. 3 The differential interference contrast (DIC) image (A),
confocal fluorescence image (B) and overlapped (C) image of
BNNTs@NaGdF,: Eu composites endocytosized by LNcap
prostate cancer cells; Photoluminescence (PL) emission spectrum
upon excitation at 325 nm of the BNNTs@NaGdF,:Eu
composites (D); Room temperature magnetization as a function
of magnetic field for a BNNTs@NaGdF,: Eu composite (E).

In order to demonstrate the utility of BNNTs@NaGdF,: Eu
composites as a targeted cancer therapeutic for BNCT, the effect
of magnetic targeting on in vitro cellular uptake using analysis of
cell-associated BNNTs@NaGdF,: Eu fluorescence was
evaluated. When human LNcap prostate cancer cells were
incubated with BNNTs@NaGdF,: Eu particle suspensions under
the influence of a permanent magnetic field, the significantly
higher cell-associated uptake was observed than in the absence of
a magnetic field (Figure. 4A). At 20 pg/mL of BNNTs@NaGdF,:
Eu particle-containing medium, the fluorescence intensity for
pure cells, particles-uptaking cells in the absence of a magnetic
field and particles-uptaking cells in the presence of a magnetic
field was 23043, 315£18 and 404+30, respectively. The cellular
uptake in the presence of a magnetic field is increased about 2
times compared with that in its absence.
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Fig. 4 Fluorescence intensity of BNNTs@NaGdF,: Eu uptaken
by LNcap prostate cancer cells under excitation at 380 nm and
emission at 610 nm after 3 hours in the absence (-) and presence
(+) of the external magnetic field (n=4, p<0.05) (A); LNcap
prostate cancer cells viability when coculturing with dox-loaded
BNNTs@NaGdF4:Eu in the absence (-) and presence (+) of the
external magnetic field for initial 3 hours and subsequent 20

25 5 0 20
Particle concentration(ug/mL)

distinct emission patterns of Eu*" centered at 593 nm and 613 nm
4s were detected in the visible light range. These emission lines can

9 hours when changing the culture medium to original one (n=6,
p<0.05) (B).
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To further demonstrate the utility of BNNTs@NaGdF,: Eu
composites as a targeted cancer therapeutic for chemotherapy
drug delivery, BNNTs@NaGdF,: Eu composites were used to
load doxorubicin for the investigation of the cancer cells killing
ability in the absence and presence of a magnetic field.
BNNTs@NaGdF,: Eu composite shows a loading efficiency of
doxorubicin about 30% when pH was 8.0 (Figure. S3). The
human LNcap prostate cancer cells viability of the dox-loaded
BNNTs@NaGdF,4: Eu composite was studied in the absence and
presence of a magnetic field (Figure. 4B). For human LNcap
prostate cancer cells, in the absence of a magnetic field, the IC50
value of the initial dox loading amounts for the dox-loaded
BNNTs@NaGdE,: Eu composite was 3 pg mL™'. This value was
reduced to 1.5 pg mL" in the presence of magnetic field. The
decrease in the value of IC50 resulted from the action of the
magnetic field guiding, which resulted in the enhanced cellular
uptake of the dox-loaded BNNTs@NaGdF,: Eu composite and
thus increased intracellular delivery of dox. The nanostructured
composites were well suspended in the cell culture medium,
while the LNcap prostate cancer cells attached to the bottom of
the plate. The nanostructured composites particles suffer from the
downward force towards the magnet beneath the culture plate,
which results in the relatively high local concentration on the
cancer cells and thus high cellular uptake in the presence of
magnet, compared with that in the absence of magnet.

BNNTs@NaGdF,: Eu composite is a promising agent for
simultaneous targeted radiation therapy and chemotherapy. The
goal of boron neutron capture therapy is to achieve a high
concentration of boron in the tumour while avoiding its
accumulation in the normal tissues. However, obtaining sufficient
amounts of boron in the tumour tissue by systemic administration
of soluble B compounds has been proved to be difficult'’. As an
alternative to soluble boron, the possibility that B nanoparticles
might hold promise as future therapeutic agents was investigated.
35 Doxorubicin is a broad-spectrum antitumor drug widely used for
the treatment of several kinds of cancers, including prostate,
breast and ovarian ones. The systemic applications of
doxorubicin often cause severe side effects in other tissues, such
as cardiomyopathy'®. In addition, rapid elimination and
widespread distribution into non-targeted organs and tissues lead
to low bioavailability and require the administration of a drug in
large quantities, which is not economical. In this study,
BNNTs@NaGdF,4: Eu composite shows enhanced human LNcap
prostate cancer cells killing ability of the doxorubicin-loaded in
the presence of an external magnetic field compared with that in
its absence. Thus, BNNTs@NaGdF,: Eu composite may realize
the targeted release of chemotherapy drug under the guiding of an
external magnetic field near the tumor sites" to further increase
its accumulation in the tumor and decrease its systemic toxicity.

In conclusion, BNNTs@NaGdF,: Eu core@shell structures
are fabricated by using urea as the dispersing agents of BNNTSs,
the precipitation agents and the linking reagents between BNNTSs
and NaGdF,: Eu. The material emits visible luminescence upon
excitation and can be directed by an external magnetic field to a
specific target, making it an attractive system for a variety of
biological applications. Under the influence of an external
magnetic field, the significantly higher cell-associated uptake of
BNNTs@NaGdF,4: Eu particle by human LNcap prostate cancer
cells was observed than in the absence of a magnetic field.
Moreover, the multifunctional BNNTs@NaGdF,: Eu composites
show advantages for in vitro enhancement of chemotherapy
efficacy by using magnetic fields.
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