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The development of boron agents with integrated functionality,
including biocompatibility, high boron content, and cancer cell tar-
geting, is desired to exploit the therapeutic efficacy of boron neutron
capture therapy (BNCT). Here, we report the therapeutic efficacy of
BNCT using a HER-2-targeted antibody-conjugated boron nitride
nanotube/p-1,3-glucan complex. The anticancer effect of BNCT using
our system was 30-fold that of the clinically available boron agent L-
BPA/fructose complex.

Because of its high specificity, strong affinity, and excellent
biocompatibility, antibody-conjugated drug delivery is one of
the most promising modalities for cancer therapy.' To date,
various types of antibodies, such as rituximab,” trastuzumab,?
and cetuximab,* have been clinically developed and approved as
pharmaceuticals by the Food and Drug Administration and the
European Medicines Agency. A human epidermal growth factor
receptor-2 (HER-2)-targeted antibody,” which modulates onco-
genic signals by binding to this receptor, has been considered
as an important biomarker for the development of tumor-
targeted imaging and therapy for HER-2, which is overex-
pressed in a wide range of tumor types, including ovarian
cancer, breast cancer, and prostate cancer.®

Recently, it was reported that antibody-drug complexes
(ADCs), which are covalently modified with cytotoxic drugs
(including monomethyl auristatin E,” monomethyl auristatin
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F,® and calicheamicin),” can cause the death of cancer cells
selectively at low dose, which is achieved by binding to
membrane proteins that are overexpressed in cancer cells, fol-
lowed by the release of the pharmaceuticals after internaliza-
tion. Despite these advantageous aspects for therapy, several
issues remain regarding their delivery, including limited
payload type, linker stability, and limited drug, which can cause
the leakage of drugs, lessen their benefits, and cause hetero-
geneity of drug distribution.” From these points of view, the
development of an invasive modality with high specificity is
desired to exploit ADCs. More recently, photodynamic immu-
notherapy using antibody-conjugated photosensitizers allowed
killing cancer cells without any harmful side effects."* Hence,
the combination of ADCs with spatiotemporally controllable
therapy is a powerful means to treat cancer.

Boron neutron capture therapy (BNCT) is one of the most
elegant modalities in cancer therapy because of its non-
invasiveness and efficient damage inducibility against the
genomic DNA of the host cells.”” BNCT is achieved via a nucleic
reaction between '°B and thermal and/or noncytotoxic epi-
thermal neutron,” which generates cytotoxic a-lay and Li
nuclei. The effective area of energy from these particles corre-
sponds to the size of a cell (<10 pm), suggesting that BNCT
enables the killing of cancer cells with high specificity if boron
can accumulates in these cells selectively.’> Currently, r-bor-
onophenylalanine (1-BPA) and sodium borocaptate (BSH) are
used as boron agents for BNCT in clinical settings.™* Although
these two boron agents exhibit excellent therapeutic efficacy,
some issues remain regarding their delivery, including water
solubility, tumor selectivity, and deliverability.* Therefore, the
development of boron agents for BNCT is desired, to exploit the
efficacy of this therapeutic modality.

In this study, we performed HER-2-targeted BNCT using
a HER-2-targeting antibody conjugated to a boron nitride
nanotube/p-1,3-glucan complex (BNNT/B-glucan complex)
(Fig. 1). BNNTs have been expected to function as boron agents
for BNCT because of their high boron density, thermal stability,
chemical stability, and biocompatibility.’® Despite these
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Fig. 1 Schematic illustration of the two-step method used to prepare
the tumor-selective BNNT/B-glucan complex conjugated to a HER-2-
targeting antibody (BNNT/B-glucan-IgG). [1] A boron nitride nanotube
and a Protein A mimic bearing B-1,3-glucan (B-glucan-PAM) were
complexed via the facile HSVM method. [2] The HER-2-targeting
antibody was conjugated to BNNT/B-glucan using the binding ability
of the Protein A mimic moiety.

fascinating properties, their biomedical application has
remained limited because of their poor dispersibility in water
and poor cancer selectivity.” We have developed water-
solubilization techniques via a mechanochemical approach,
i.e.,, high-speed vibration milling (HSVM) using bio-
macromolecules, including cyclodextrins,'® polysaccharides,***°
and polypeptides.** Cyclodextrin,* a B-glucan, and its deriva-
tive?®* have enabled the dissolution of carbon nanotubes, which
are structural analogs of BNNTs. These advantageous charac-
teristics encouraged us to develop a BNNT/B-glucan complex as
a boron agent for BNCT.

As mechanochemical approach using ball milling can
proceed undesirable chemical reaction to active species such as
alkyne?* and maleimide,* which have been conventionally used
as conjugation unit with antibody, we employed a Protein A
mimic molecule (PAM)* which can strongly bind to the Fc
domain of an antibody via molecular recognition because of
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their relative robust structure. The PAM functionalized with
carboxylic acid were synthesized (Scheme S1 and Fig. S17) and
the moiety was introduced to B-glucan via conventional
condensation reaction (Scheme S21). The 'H NMR spectrum
(dimethyl sulfoxide (DMSO)-de) of the resulting material (p-
glucan-PAM) displayed several distinctive peaks, including the
anomeric proton of f-glucan at 4.38 ppm and the phenyl proton
of PAM at 8.20 ppm. The degree of substitution of the PAM
coupled to B-glucan per 100 glucose units was quantitatively
determined to be 11.1 based on the integrated areas of the
signals of the glucopyranose rings (4.38 ppm) and PAM (8.20
ppm), respectively (Fig. S27). The BNNT/B-glucan complex and
BNNT/B-glucan-PAM complex were prepared via HSVM as re-
ported previously.”® We confirmed the dispersibility of BNNT in
water by measuring the boron concentration using inductivity-
coupled plasma-atomic emission spectroscopy (ICP-AES). As
a result, B-glucan afforded dissolution of BNNT at 544 ppm
(Table 1). The boron concentration in the system was a level that
is applicable as a boron agent for BNCT. We further measured
the hydrodynamic diameter (Dyy) of these complexes. Dynamic
light scattering measurements revealed that the Dy, of the
BNNT/B-glucan complex and BNNT/f-glucan-PAM complex was
100 and 80 nm, respectively. The sizes of the complex corre-
sponded to the passive tumor targeting property, i.e., enhanced
permeability and retention effect.”” Transmission electron
microscopy (TEM) revealed that the BNNT/B-glucan complex are
rod like morphology (Fig. 2a) and the length of BNNT got
shortened via HSVM (Fig. S31). In addition, the bundle-like
structure of the complexes was observed by transmission elec-
tron microscopy (TEM) (Fig. S3t). In general, robust one-
dimensional materials such as BNNT and CNT can be cleaved
by mechanical stress such as ultrasonic.”® The mechanochem-
ical forces with ball milling can also cleave BNNT. The ¢-
potential of the complexes was electrically neutral because of
the character of the backbone of B-glucan.

Next, we performed antibody conjugation with the BNNT/-
glucan-PAM complex. Complexation with the antibody was
confirmed by fluorescence resonance energy transfer (FRET)
using fluorescently labeled B-glucan-PAM.*® FRET is observed
only when two fluorophores are closely located (<2 nm). FRET
was observable in the current condition (Fig. 2b), and energy
transfer occurred more efficiently as the amount of FITC-
labeled antibody increased. This result indicates that the anti-
body was successfully introduced into the complex (BNNT/p-
glucan-IgG complex). In addition, the size and ¢-potential of the
complex did not change significantly during the conjugation

Table 1 Solution properties of BNNT/B-glucan complexes®

Boron/ppm  Dyy/nm PDI ¢-Potential/mV
BNNT/B-glucan 544 99.0 £ 0.5 0.16 —13.0+0.9
BNNT/B-glucan-PAM — 80 5 0.30 —-7.7 £0.9
BNNT/B-glucan-lgG ~ — 130+7 017 —6.0+3.0

¢ Dynamic light scattering measurement was carried out at 25 °C in
MilliQ (pH, 7.4) and PDI value was calculated by cumulant method. ¢-
Potential was measured by using a capillary cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characteristics of BNNT/B-glucan complexes and their inter-
actions with IgG. (a) TEM image of BNNT/B-glucan. Scale bar =1 um.
(b) Complexation between BNNT/B-glucan-PAM and IgG, which was
estimated by the upregulation of rhodamine B-labeled BNNT/B-
glucan-PAM fluorescence in the presence of FITC-labeled IgG. The
molar ratios of BNNT/B-glucan-PAM to IgG were 1:0,1:2,1:3,1:4,
and 1:5. The excitation and emission wavelengths were A¢, = 495 nm
and Aem = 540-640 nm, respectively. (c) Cell viability of normal cells
(L929) treated with the BNNT/B-glucan complex.

process (Table 1). To determine the colloidal stability of BNNT/
B-glucan-IgG complex in physiological conditions (PBS; pH, 7.4;
37 °C), the size of the complex and the boron concentration of
the dispersion were measured at each time point (0, 24, 48, and
72 h). There are no significant changes in Dy, of the complex
and boron concentration in initial 24 h, however secondary
aggregation of the complex and undesirable precipitation was
found with time after 48 h incubation, resulting in the size of
complex gradually increased and the boron concentration got
decreased (Fig. S47).

We examined the applicability of the BNNT/B-glucan
complex as a boron carrier by measuring the viability of murine
fibroblast cells (L929) in the absence of thermal and/or epi-
thermal neutrons using a modified MTT assay. No apparent
cytotoxicity against the normal cell line was observed, even at
the highest concentration (Fig. 2c), suggesting that our system
based on polysaccharides is a nontoxic boron carrier. As the
accumulation of boron agents within cells is critical in BNCT,
next we evaluated the deliverability of the boron agent into
human ovarian cancer cells (SK-OV-3),** which overexpress
HER-2, by quantifying the intracellular boron concentration via
ICP-AES. Using BNNT/B-glucan without the antibody targeting
HER-2, the cellular uptake of boron was 3.1 pg/1.0 x 10° cells.
In contrast, conjugation with an antibody targeting HER-2
enhanced cellular uptake of BNNT into SK-OV-3 cells by 12-
fold (37.0 pg/1.0 x 10° cells) (Fig. 3a). Furthermore, the addition
of a HER-2-targeting IgG to cells inhibited the accumulation of
the BNNT/B-glucan-IgG complex in SK-OV-3 cells (Fig. 3b),
indicating that the cellular uptake of BNNT/B-glucan complex is
achieved via HER-2-targeting antibody-mediated endocytosis,
as expected. Taken together, these results suggest that the
BNNT/B-glucan-IgG complex works as a HER-2-targeting boron
carrier for BNCT.*

As the subcellular distribution of the boron agents is also
significant in BNCT, in addition to the amount of cellular
uptake, observation of the treated cells using confocal laser
scanning microscopy was performed to visualize the subcellular
distribution of the agents. To determine whether the cellular
uptake of the complex is dominantly achieved via endocytosis,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evaluation of the BNNT/B-glucan-1gG complex as a tumor-
selective boron agent for BNCT. (a) Intracellular uptake of BNNT into
SK-OV-3 cells in the presence (blue) and absence (red) of IgG. The
cells were exposed to the samples ([B] = 1, 10 ppm) for 24 h. (b)
Intracellular uptake mechanism of the BNNT/B-glucan-1gG complex.
SK-OV-3 cells were preincubated with Free HER-2-targeting antibody,
as the inhibitor. The cellular uptake of BNNT was compared with that
observed in cells treated without Free HER-2-targeting antibody. (c)
Subcellular distribution of the BNNT/B-glucan complex and BNNT/B-
glucan-1gG complex in SK-OV-3 cells, as observed using confocal
laser scanning microscopy. After 24 h of incubation with the BNNT/pB-
glucan-IgG complex and BNNT/B-glucan complex (red), lysosomes
were stained with Lysotracker Green (green). Scale bar = 20 um. (d)
Efficacy of BNCT regarding cell viability in SK-OV-3 cells. The cells
were incubated with the BNNT/B-glucan-1gG complex (blue), BNNT/
B-glucan complex (red), or BPA-fructose (gray) for 24 h. After incu-
bation, the cells were exposed to thermal neutron irradiation with
a fluence of 6.3 x 10™ n cm™2. The cell viabilities were evaluated after
additional incubation for 24 h.

we visualized lysosomes using a commercially available fluo-
rophore, Lysotracker Green. As shown in Fig. 3c, in SK-OV-3
cells, stronger fluorescence signals from rhodamine B-labeled
B-glucan were detected within cells in the case of the BNNT/-
glucan-IgG complex compared with the BNNT/B-glucan
complex (Fig. 3c). In addition, a large proportion of the fluo-
rescent signals from the delivered complex overlapped with the
fluorescent signals from lysosomes, indicating that the BNNT/f-
glucan complex internalizes into cells mainly via endocytosis.
As shown in Fig. S5,1 the fluorescent signals from Rh B were
decreased by pretreatment with a HER-2-targeting IgG, which is
a competitive inhibitory condition; these trends were compa-
rable to those observed using the cellular uptake studies.

We next evaluated the therapeutic efficacy of BNCT
regarding cell viability using the BNNT/B-glucan complex and
the BNNT/B-glucan-IgG complex against SK-OV-3 cells. Here, we
employed the clinically available boron agent, L-BPA/fructose
complex, as a comparison. After exposure to the boron agents
for 24 h, the cells were exposed to thermal and/or epithermal
neutrons at 1 MW for 70 min (fluence, 6.3 x 10'' n cm™?). In

Nanoscale Adv., 2023, 5, 3857-3861 | 3859
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Fig. 4 Pharmacokinetics of BNNT/B-glucan-1gG complex in SK-OV3
xenograft model mice. (a) Biodistribution of the BNNT/B-glucan-1gG
complex. The inset represents magnified graph for the accumulation
in kidney, lung, liver, normal, brain, spleen and heart. Tumor-bearing
mice were established through subcutaneous injection of a SK-OV-3
cell suspension at the right femur of nude mice. After 30 days incu-
bation, the BNNT/B-glucan-1gG complex ([B] = 200 ppm, mice 100
pl) were intravenously injected. At 3, 6 and 24 h post injection, tumors,
blood, and organs (kidney, lung, liver normal (skin), brain, spleen, and
heart) were collected and lysed by aqua regia. The resulting solution
was analyzed using ICP-AES (n = 3). Data represents mean + SD and
individual measurements. (b) The ratio of boron concentration in
tumor tissue against blood. (c) The ratio of boron concentration in
tumor tissue against normal tissue.

absence of thermal and/or epithermal neutron irradiation, no
apparent cytotoxicity was found (Fig. S67). In contrast, thermal
and/or epithermal neutron irradiation induced the death of the
cells treated with boron agents according to boron concentra-
tion (Fig. 3d). The half-maximal inhibitory concentration (ICs)
of the 1-BPA/fructose complex, BNNT/B-glucan complex, and
BNNT/B-glucan-IgG complex was determined to be 87, 4.6, and
3.0 ppb, respectively. These results indicate that the BNNT/fB-
glucan complex improved thermal-neutron-induced cytotoxicity
compared with the clinically available boron agent, 1-BPA/
fructose complex. Moreover, conjugation with a HER-2-
targeting antibody boosted the therapeutic efficacy of the
BNNT/B-glucan complex, as expected. Similar trends in cyto-
toxicity were found at 48 h (Fig. S77). These results suggest that
our systems are applicable as boron agents and that the BNNT/
B-glucan-IgG complex can work as HER-2-targeting boron agent
for BNCT.

Finally, we investigated the in vivo delivery of BNNT/f-
glucan-IgG complex toward tumor xenograft model mice to
confirm their potential for BNCT. SK-OV3 xenograft mice were
prepared by subcutaneous injection of SK-OV3 cells to Balb/c
nu/nu (male, 4 weeks old, 18 g).*> When tumor grew to
approximately 50 mm?®, BNNT/B-glucan-IgG complex was
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intravenously administered to the mice (200 ppm, 100 pL). At
each time point (3, 6, and 24 h), organs (tumor, blood, heart,
lung, liver, kidney, spleen, and skin) were isolated to quantify
accumulation of BNNT. As a result, current systems are more
likely to accumulate in tumor tissue and the concentration of
boron agents in tumor tissues reached up to 36.8 pg x 100 mg ™"
at 24 h-post injection (Fig. 4a). We further estimated tumor
selectivity by comparing the accumulation amount of boron
agent in tumor tissue with blood (T/B ratio) or skin employed as
normal tissue (T/N ratio). At 24 h-post injection, T/B ratio and T/
N ratio were calculated to be 390 and 170, respectively, which
meet clinical demands (>2.5) (Fig. 4b and c).** These results
clearly indicate that the BNNT/B-glucan-IgG complex worked as
a HER-2 targeted boron agent for BNCT.

In summary, we reported the efficient delivery of a boron
agent into HER-2-positive cells using the BNNT/f-glucan
complex modified with an antibody targeting HER-2. The
excellent deliverability of our system resulted in the boosting of
BNCT efficacy, with an effect on cell viability that was stronger
than that of the clinically available boron agent, 1.-BPA/fructose
complex. Moreover, the high selective tumor accumulation of
the BNNT/B-glucan-IgG complex was also confirmed exceeding
the requirements of clinical use. These results suggest that the
BNNT/B-glucan-IgG complex has a promising potential as
a boron agent for BNCT for cancer.
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