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ering of AIE-active boron
clustoluminogens for enhanced boron neutron
capture therapy†

Wenli Ma,‡a Yanyang Wang,‡b Yilin Xue,c Mengmeng Wang,a Changsheng Lu, a

Wanhua Guo,d Yuan-Hao Liu,efg Diyun Shu,efg Guoqiang Shao, c Qinfeng Xu,*h

Deshuang Tu*a and Hong Yan *a

The development of boron delivery agents bearing an imaging capability is crucial for boron neutron

capture therapy (BNCT), yet it has been rarely explored. Here we present a new type of boron delivery

agent that integrates aggregation-induced emission (AIE)-active imaging and a carborane cluster for the

first time. In doing so, the new boron delivery agents have been rationally designed by incorporating

a high boron content unit of a carborane cluster, an erlotinib targeting unit towards lung cancer cells,

and a donor–acceptor type AIE unit bearing naphthalimide. The new boron delivery agents demonstrate

both excellent AIE properties for imaging purposes and highly selective accumulation in tumors. For

example, at a boron delivery agent dose of 15 mg kg−1, the boron amount reaches over 20 mg g−1, and

both tumor/blood (T/B) and tumor/normal cell (T/N) ratios reach 20–30 times higher than those

required by BNCT. The neutron irradiation experiments demonstrate highly efficient tumor growth

suppression without any observable physical tissue damage and abnormal behavior in vivo. This study

not only expands the application scopes of both AIE-active molecules and boron clusters, but also

provides a new molecular engineering strategy for a deep-penetrating cancer therapeutic protocol

based on BNCT.
Introduction

The research and development of boron-containing functional
molecules have attracted extensive attention and represent
a cutting-edge frontier in chemistry owing to the unique elec-
tronic structure and properties of the boron atom.1 It is note-
worthy that a 10B atom possesses a high neutron-capture cross-
section (3835 barns), which renders 10B-based molecules highly
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desirable as neutron capture agents for boron neutron capture
therapy (BNCT). The fundamental principle of BNCT is based
on the nuclear reaction that upon irradiation by thermal
neutrons, a 10B atom releases an alpha particle (4He2+) and
recoil lithium nucleus (7Li3+), which enables the killing of
a cancer cell in a mode of inside one single cell (5–9 mm). Thus
BNCT could minimize damage to healthy tissues which makes
it an advanced binary and cell-level radiotherapy.2,3 However,
the clinical applications of BNCT were severely hampered
because known boron delivery agents such as BPA (bor-
onophenylalanine) and BSH (sodium mercaptoundecahydro-
closo-dodecaborate)2f,g (Fig. 1a) have issues such as low boron
content (BPA), low in vivo stability and solubility, poor
biocompatibility, and lack of targeting and imaging. Currently,
the key issue for BNCT is the development of a new generation
of boron delivery agents that can full the requirements of
BNCT.

BNCT requires delivery agents containing a substantial
boron content.2 Notably, icosahedral carboranes (i.e., C2B10H12)
are a type of classical boron-enriched clusters bearing diverse
properties4 such as low toxicity, biocompatibility, unique elec-
tronic properties, three-dimensional aromaticity, large size,
tunable hydrophobicity and hydrophilicity, and high chemical
and thermal stabilities. Thus carboranes have been extensively
used for biological activity studies,5 luminescent materials,6
Chem. Sci., 2024, 15, 4019–4030 | 4019
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Fig. 1 (a) Two FDA-approved boron delivery agents for BNCT. (b) New boron delivery agents for BNCT based on the “three-in-one” molecular
design strategy (this work).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
G

ur
aa

nd
ha

la
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

4/
07

/2
02

5 
8:

40
:5

0 
A

M
. 

 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
bioimaging7 and others.8 In particular, carboranes have also
been utilized to design delivery agents for BNCT investigations,
which have demonstrated different effectiveness in vitro and in
vivo.9 Despite these important advances, the development of
carborane-based delivery agents is sporadic and still faces
challenges such as low biocompatibility, inadequate tumor
accumulation, low tumor/blood (T/B) and tumor/normal cell
(T/N) ratios, and lack of imaging. Undoubtedly, the develop-
ment of multifunctional boron-enriched delivery agents with
high biocompatibility, targeting, imaging, and therapeutic
efficacy will hold great potential for high-performance applica-
tions in BNCT for both diagnosis and treatment.

Among various imaging techniques, uorescence imaging is
a useful tool for non-invasive cancer diagnosis. However,
traditional luminogens used for biological imaging usually
suffer from the aggregation-caused quenching effect,10a which
4020 | Chem. Sci., 2024, 15, 4019–4030
restricts the working concentration in biological systems. In
particular, BNCT requires extremely high boron content (>109
10B atoms/per cancer cell) accumulated inside tumor cells. As
such, aggregation-induced emission luminogens (AIEgens) are
appropriate for bioimaging in the design of multifunctional
delivery agents as they can exhibit bright emission in an
aggregate state, excellent photobleaching resistance, and a high
signal-to-noise ratio.10 Until now, by means of the rational
design of AIEgens, biomedical applications related to AIE-active
imaging have been developed including real-time tracing,11

uorescence sensing,12 tumor imaging,13 photodynamic therapy
(PDT),14 photothermal therapy (PTT),15 surgical navigation,16

and immunotherapy.17 Nevertheless, to the best of our knowl-
edge, AIEgens have not yet been reported in BNCT investiga-
tions. Based on the above considerations, AIEgens should be
ideal tracking reagents for BNCT for visualization purposes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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To address the aforementioned issues in boron delivery
agents for BNCT applications, in this study, a new molecular
platform that integrates AIE-active imaging with a boron-
enriched cluster to construct a new type of boron delivery
agent was developed for the rst time. As a proof of concept,
boron delivery agents based on a “three-in-one” strategy were
designed by incorporating a high boron content unit of car-
borane, an Eriotinib-based lung cancer targeting unit, and
a D−A (donor−acceptor) type AIE imaging unit using naph-
thalimide as a strong acceptor (Fig. 1b). Such a molecular
system exhibited the expected AIE properties with red emis-
sions, negligible toxicity and excellent biocompatibility. More
importantly, highly selective 10B accumulation (>20 mg g−1)
inside lung cancer cells was achieved even when a low dose (15
mg kg−1) of the boron delivery agent 10B-NapE4 was applied (for
comparison, the dose of BPA for the treatment of melanoma
used was 600 mg kg−1 to give a 10B accumulation of 36 ± 4 mg
g−1 (ref. 2b)). In particular, the T/B and T/N ratios reached up to
30 : 1, far beyond 3 : 1 as required by BNCT. Under AIE imaging,
satisfactory outcomes have been obtained as evidenced by effi-
cient tumor growth inhibition on A549 tumor-bearing mice (a
model for lung cancer) with no physical tissue damage and
abnormal behavior during a 10-day observation aer neutron
irradiation. This work presents multiple functionalized boron
delivery agents for BNCT investigations and expands the type of
tumors applicable to BNCT. The ndings may demonstrate that
BNCT is not only suitable for supercial cancers such as
melanoma, and head and neck cancers, but also has great
potential in deep-penetrating cancer treatment.

Results and discussion
“Three-in-one” molecular design of boron delivery agents

The two clinically used boron delivery agents as shown in
Fig. 1a2a have either inadequate boron content or inadequate
targeting function, and both also lack imaging capability. In
this study, to address these issues, we proposed a “three-in-one”
strategy for molecular design which includes a boron source as
a pharmacophore, a targeting functional group to deliver boron
delivery agents into the targeted tumors, and an imaging
functional unit to track the pathways of a boron delivery agent
(Fig. 1b). Despite valuable progress in other boron-containing
carriers,18 here a carborane cluster was chosen as a boron
source owing to its advantages such as high boron content (i.e.,
one carborane cluster contains ten boron atoms), high stability,
and low toxicity.5 On the other hand, previous BNCT treatments
focused on supercial cancers such as melanoma, head and
neck cancers, and brain glioma. In this study, we explored the
possibility of treating deep-penetrating cancers, for instance,
lung tumors. In doing so, the widely used non-small cell lung
cancer-targeting drug, Eriotinib, was selected as a targeting
moiety to deliver boron delivery agents to obtain sufficient
boron accumulation in tumors. It is noted that Eriotinib was
approved as a small-molecule-targeted epidermal growth factor
receptor (EGFR) inhibitor by the Food and Drug Administration
(FDA) in 2004,19 and exhibits a specic affinity to tumor cells by
targeting the adenosine triphosphate binding domain of
© 2024 The Author(s). Published by the Royal Society of Chemistry
tyrosine kinase in EGFR-overexpressing tumors.20 Moreover, to
achieve real-time tracking of boron delivery agents, an imaging
unit needs to be incorporated. As BNCT requires a very high
boron amount inside cancer cells, the boron delivery agents are
optimally designed as AIEgens to ensure the effectiveness of
imaging. Based on the AIE working mechanism,10 luminogens
with intramolecular charge transfer are capable of exhibiting
AIE properties. As such, we exploited the chromophore of
naphthalimide in molecular design as a strong electron
acceptor since naphthalimide has been commonly used for
biological imaging.21 Notably, here the carborane moiety is also
a three-dimensional steric group that can enhance AIE emis-
sion, and for the rst time Eriotinib acts as an electron donor to
be used in the construction of luminogens. Thus the D–A type of
AIE-active luminescent boron delivery agents have been draed,
denoted as NapE3-5, as depicted in Fig. 1b. Such an integration
of the molecular moieties of naphthalimide, carborane and
Eriotinib may lead to AIE properties for the expected boron
delivery agents.

Preparation and characterization of the NapE compounds

To synthesize the above-designed boron delivery agents, we
initially used the B10H12(CH3CN)2 precursor to react with
naphthalimide-substituted alkynes to obtain carborane-
conjugated naphthalimide intermediates in moderate yields.
The targeted products NapE3-5 were generated by the use of
either the classic Sonogashira reaction or copper(I)-catalyzed
azide-alkyne cycloaddition in high yields. In addition, the
control compounds NapE1 without a boron atom and NapE2
containing one boron atom were also synthesized for compar-
ison (Fig. 1b, 2, S1 and Schemes S1–S5†). All of these
compounds were thoroughly characterized by using Fourier
transform infrared (FT-IR) spectra (Fig. S2†), NMR spectra
(Fig. S21–S33†), and high-resolution mass spectrum (HRMS), as
shown in the ESI.†

Photophysical properties of the NapE compounds

With the carborane-based compounds in hand, the photo-
physical properties were investigated to examine the above
molecular design (Fig. 3a, S3, Tables S1 and S2†). In solution,
the absorption bands ofNapE compounds were observed within
the range of 300–500 nm. The long-wavelength absorption band
is benecial for the molecular imaging study. NapE1-4 exhibits
a comparable absorption spectral prole while NapE5 displays
a more red-shied absorption band which could be attributed
to the strong electron-donating ability of the N-alkyl phenyl
group. All the absorption bands for NapE1-5 arise from charge
transfer, as supported by the separate electronic distributions of
HOMOs (highest occupied molecular orbitals) and LUMOs
(lowest unoccupied molecular orbitals) in the ground state
(Fig. 3b and S4†). The photoluminescence (PL) spectra of
NapE1-5 show broad emission bands with large Stokes shis
beyond 100 nm (Fig. S3b and Table S1†). Besides, the emission
peaks range from 523 to 664 nm and are red-shied in
comparison to those of the individual Eriotinib and naph-
thalimide.20f,21d The emissions should originate from the charge
Chem. Sci., 2024, 15, 4019–4030 | 4021
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Fig. 2 Synthesis of five carborane-based boron delivery agents.
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transfer state.6h In particular, NapE5 shows a deep red emission
with a CIE (Commission Internationale de l'Eclairage) coordi-
nate of (0.68, 0.32) (Fig. S3c†) due to the strong electron-
donating ability of N-alkyl phenyl. To conrm CT emission,
PL spectra in different solvents were investigated for NapE1-5
(Fig. S5 and Table S3†). They all show solvatochromic lumi-
nescence where upon increasing the polarity of the solvent,
a more bathochromic emission appears. This indicates that the
excited luminophore is in balance with the solvent, leading to
a strong dependence on solvent polarity.22 Further theoretical
calculations23 also reveal that the hole localizes on the Eriotinib
unit, whereas the electron resides on phenyl and partial naph-
thalimide (Fig. S6†). All the observations demonstrate a charge
transfer emission feature, consistent with the D–A type struc-
tural design for luminescence. We further evaluated the AIE
properties of NapE4-5 by using DMSO and water-mixed solvents
(Fig. 3c–e and S7†). In DMSO solution, weak emissions were
observed for the two compounds. These should be attributed to
intramolecular charge transfer emission in a polar solvent,
which leads to strong non-radiative decay in the excited state in
solution. The nding is in accordance with classical ICT-based
molecular systems.11 Upon increasing the water fraction ( fw),
the PL intensity was increased, which reached the maximum at
fw= 99%. To validate the enhancement of PL emission triggered
4022 | Chem. Sci., 2024, 15, 4019–4030
by molecular aggregation, both dynamic light scattering (DLS)
and transmission electronmicroscopy (TEM) were used to verify
the formation of nanoparticles. As illustrated in Fig. S8,† at fw =

99% an average diameter of 100–160 nm was observed for
NapE4-5. The zeta-potential values of NapE4 and NapE5 in
aqueous solution (Fig. S8c†) were measured to be −27 and
−54 mV, respectively. Next, we measured the absolute quantum
yields of NapE4-5 in DMSO to be 1.0% and 2.0%, respectively,
and in the mixed DMSO/water at fw = 99% to be 5.6% and
11.4%, respectively. The above results demonstrate the AIE
properties for the designed molecular system. The AIE mecha-
nism of NapE4-5 is attributed to the restriction of molecular
motions.10 In solution, strong non-radiative decay occurs in the
excited state due to molecular motions, particularly the rotation
at the ethynyl linker, which results in weak emission. However,
when aggregated, the easy molecular motions in solution are
suppressed. On the other hand, a large-size carborane cluster
can also disrupt non-specic intermolecular interactions that
usually cause concentration quenching. Consequently,
enhanced emission can be observed in aggregates. Besides,
Eriotinib is also approved as a good electron donor for AIEgen
design. Thereby this study provides the rst example of an
Eriotinib-based D–A molecular system and demonstrates
multiple applications of Eriotinib.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Normalized UV-vis absorption spectra (left side) and PL spectra (right side) at room temperature in themixed solvents forNapE4-5 (the
volume ratio between PBS buffer solution and DMSO = 95 : 5, 10 mM, lex = 365 nm). (b) HOMO and LUMO distributions of NapE4 in the ground
state. PL spectra ofNapE4 (c) andNapE5 (d) in mixed DMSO/water with different water fractions (fw). (e) The plot of the relative emission intensity
(I/I0) versus water fraction. I0 and I are the peak values of PL intensities of NapE5 in DMSO and DMSO/water mixtures, respectively. Inset:
luminescence photograph.
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Cytotoxicity, cellular uptake and localization of NapE
compounds

As BNCT requires low cytotoxicity for boron delivery agents, the
cytotoxicity of NapE1-5 on the A549 lung cancer cells was
examined by CCK8 assay. Except for NapE2, they all exhibited
negligible cytotoxic effect on A549 cells at concentrations lower
than 60 mM at 24 h, 48 h and even 72 h, respectively (Fig. S9†).
The cytotoxicity of carborane-based NapE3-5 is less than that of
the one-boron-atom-containing compound NapE2. Specically,
no cytotoxicity was observed even at a concentration of 100 mM
for NapE5. These results reveal that the carborane moiety not
only provides high boron content, but also reduces the cyto-
toxicity of NapE compounds. Next, the stability of NapE1-5 was
examined in a physiological environment, and showed no
observable change in the UV-vis absorption intensity aer 72 h
of incubation in a PBS buffer solution (Fig. S10†). Thus, NapE1-
5 was considered for further biological imaging applications.
Firstly, the initial inspection of the uptake of NapE1-5 in A549
cells was performed by confocal microscopy, which showed that
the uorescence intensity of NapE4-5 was considerably higher
than that of NapE2-3 at 48 h (Fig. S11†). Next NapE4-5 was
selected to monitor the cellular uptake of A549 cells at
a concentration of 60 mM for different time periods. The
microscopy images showed that NapE4-5 could be transported
to the cytoplasm of lung cancer cells and reached the maximum
around 48 h culture (Fig. 4a and S12†). Besides, a good overlap
of uorescence imaging between NapE4-5 and EGFR was
observed (Fig. 4a and S12†). Notably, owing to the advantage of
AIE properties, both boron delivery agents exhibited bright
imaging in cancer cells even at a concentration of 60 mM
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. S12†). Secondly, we further evaluated the cellular uptake of
NapE4-5 in A549 cells by inductively coupled plasma mass
spectrometry (ICP-MS). The boron content reached 68.85 ± 9.58
ng/106 cells at 24 h, 217.90± 5.08 ng/106 cells at 48 h and 132.54
± 4.35 ng/106 cells at 72 h forNapE4 (Fig. 4b and Table S4†). For
NapE5, the boron content reached 29.06 ± 4.03 ng/106 cells at
24 h, 46.28 ± 1.73 ng/106 cells at 48 h, and 41.83 ± 3.44 ng/106

cells at 72 h (Fig. 4b and Table S4†). It is clear that NapE4 enters
A549 cells more quickly and efficiently, which might be attrib-
uted to its relatively lower molecular weight (806.4107 g mol−1)
in comparison to NapE5 (1006.5148 g mol−1).

To demonstrate the generality of the molecular design,
H2228 cancer cells (low-sensitive lung cancer cells) were also
selected and incubated with NapE4-5 to test the intracellular
boron content. To our delight, more fast and higher uptake (i.e.
NapE4: 293.36 ± 4.35 ng/106 cells at 72 h and NapE5: 78.41 ±

4.03 ng/106 cells at 24 h) was obtained (Fig. S12, 13 and Table
S4†). The ICP-MS analytical results are well consistent with the
AIE uorescence indication, demonstrating the signicance of
bioimaging in this research. Moreover, BEAS-2B cells, human
bronchial epithelial cells, were also incubated with NapE4-5 to
test cytotoxicity and intracellular boron content (Fig. S9g–h,
S13c and Table S4†). The results showed that the two
compounds have no cytotoxicity on normal cells and the
intracellular boron contents in normal cells are much lower
than those in lung cancer cells. The aforementioned ndings
suggest that the incorporation of an Eriotinib unit into NapE4-5
has led to high uptake in both highly sensitive and low sensitive
lung cancer cells. These results have established a basis for
a subsequent in vivo imaging study.
Chem. Sci., 2024, 15, 4019–4030 | 4023
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Fig. 4 (a) Confocal microscopy images of A549 cells incubated with NapE5 (60 mM), Hoechst and EGFR (24 h, 48 h, 72 h; NapE5, lex = 559 nm
and lem = 600–720 nm; EGFR, lex = 488 nm and lem = 500–600 nm; Hoechst: lex = 405 nm and lem = 400–500 nm), scale bar = 50 mm. (b)
The boron content of A549 cells incubated with NapE4-5 (60 mM). (c) Fluorescence images of A549 tumor-bearing mice and organs at different
times after intravenous injection of 15 mg kg−1 of NapE5. 1: tumor; 2: heart; 3: spleen; 4: lung; 5: kidney; 6: intestine; 7: stomach; 8: brain; 9: liver
(NapE5: lex= 455 nm and lem= 580–750 nm). (d) The boron content ofNapE4-5 internalized in the A549 tumor-bearingmice at different times.
(e) The T/N ratio of the boron content of different organs from A549 tumor-bearing mice at 24 h for NapE4-5.
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In vivo imaging and biological distribution of NapE4-5

The boron content in tumors is a crucial factor for the thera-
peutic efficacy of BNCT. To track the dynamic biological
distribution of boron delivery agents, uorescence navigation
continued to be employed. As shown in Fig. 4c and S14,†NapE4-
5 reached the maximum concentrations in the lung tumors in
the period of 24–48 h of administration at a dose of 15 mg kg−1.
Such a retention time period is sufficient for further experi-
ments. To our delight, the images of other organs in mice
showed that the uorescence intensities are rather weak,
demonstrating that targeting delivery has been achieved for the
two compounds (Fig. 4c and S14†). Moreover, bioimaging could
show a time-dependent distribution of compounds in mice
(Fig. S14 and S15†), and therefore, the delivery of two boron
delivery agents could be in vivo monitored.

To quantify the uptake of the boron delivery agents in vivo,
the boron content in different organs at different times was
measured by ICP-MS (Fig. 4d, e and Tables S5–S8†). For NapE4,
the boron accumulation in tumors was measured to be 20.66 ±

1.23 mg g−1 (tumors) aer 24 h of injection. In sharp contrast,
the uptake in other organs such as the lung, brain, kidney, liver,
spleen, stomach, small intestine, heart and blood was quite
lower (<1.67 mg g−1, Table S5 and Fig. S16a†), and a higher T/N
of 35.70 ± 0.73 and T/B of 64.03 ± 0.78 were obtained (Fig. 4e,
S16c and Table S6†). NapE5 demonstrated better results for
boron accumulation: 23.41 ± 1.02 mg g; T/N = 57.70 ± 0.63; T/B
= 86.17 ± 0.65 at 24 h (Fig. 4e, S16b, d, Tables S7 and S8†).
Similarly, NapE5 showed very low uptake in other organs (<1.65
mg g−1, Table S7†). These data exceed the values required
by BNCT (i.e. boron accumulation of 20 mg g−1, T/N = 3 and
4024 | Chem. Sci., 2024, 15, 4019–4030
T/B = 3), demonstrating the excellent tumor selectivity of the
carborane-based boron delivery agents. Note that NapE5
showed longer retention in tumor cells than NapE4 (Fig. 4d),
which might be attributed to its molecular size. Again, a strong
correlation between the boron content measured by ICP-MS and
the uorescence imaging outcomes in vivo was observed. These
results have proven our molecular design on both targeted
delivery and imaging tracking, which lay the foundation for
high efficacy and biosafety upon neutron irradiation. Further
hematoxylin and eosin (H&E) staining analyses of the main
organs, which were harvested on the 7th day, showed no evident
pathological damage or change. This indicates that the
compounds have good biocompatibility in vivo (Fig. S17†) and
are suitable for further neutron irradiation experiments.

Neutron irradiation of cells

Aer consideration of the synthesis and biological activity,
NapE4 was chosen for further neutron irradiation experiments.
As such, NapE4 was replaced by 10B-enriched 10B-NapE4
(Fig. 5a), which was synthesized as shown in Fig. 1b, 2 and
Scheme S5.† The photophysical properties of 10B-NapE4 and its
cellular uptake at 48 h were measured again (Fig. S3d, e and
Table S9†), and are similar to those of NapE4. Next, A549 cells
were treated with different concentrations of 10B-NapE4 for
48 h, and then exposed to neutron irradiation with different
doses (low dose: 17 min and high dose: 26 min). Aer this, the
irradiated cells were cultured to examine cell viability. As
a result, the cell proliferation was considerably inhibited with
an increased concentration of 10B-NapE4 (Fig. 5b, S18a and b†).
Aer 72 h the cell proliferation was reduced by 67.7% (for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) 10B-NapE4 instead ofNapE4 for neutron irradiation experiments. (b) A549 cell viability observed after 72 hours post-26minute neutron
irradiation exposure. P values= ****p < 0.0001; ***p < 0.001; ns: no significance. (c) The clone formation assay of irradiated A549 cells observed
at the 14th day. Note: The control group was not exposed to neutron irradiation with no boron delivery agents applied.
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26 min exposure) and 46.7% (for 17 min exposure) with
a concentration of 60 mM of 10B-NapE4 (Table S10†). Moreover,
the colony formation assay also showed excellent dose depen-
dence. Aer 14 days of culture, the colony formation rate was
decreased by 47.0% with a concentration of 60 mM in compar-
ison to the control group with no boron delivery agents and
irradiation applied (Fig. 5c, S18c, d and Table S11†). These
results indicate that 10B-NapE4 can efficiently inhibit the
proliferation and colony formation of tumor cells aer neutron
irradiation, demonstrating its suitability for further in vivo
investigations.

Neutron irradiation of tumor-bearing mice

Similarly, the boron content of the selected organs aer 24 h
injection of 10B-NapE4 (15 mg kg−1) in the tumor-bearing mice
(n = 3) needs to be tested again to ensure the consistent boron
content accumulation in vivo aer replacement of NapE4. The
10B accumulation in tumors was 22.66± 3.28 mg g−1, and the T/
N and T/B ratios were 35.42 ± 1.84 and 28.93 ± 2.29, respec-
tively, similar to those in NapE4 (Table S12†). Then 10B-NapE4
was intravenously administered at a dose of 15 mg kg−1 body
weight in subcutaneous A549 tumor-bearing mice. Aer 24 h
the mice were exposed to different doses of neutron beams (L
BNCT; M BNCT; H BNCT; Fig. S19 and Table S13†). For
comparison, three other groups were also set up as the control,
10B-NapE4 injection only (or drug only), and neutron irradia-
tion only (2.0 Gy) (or neutron only), respectively. Firstly, the
biosafety of the irradiation was assessed bymeasuring the body
weight of the mice. No obvious adverse effects or abnormalities
were observed, indicating that 10B-NapE4 is well tolerated
(Fig. 6a). Secondly, no evident effect on tumor growth was
© 2024 The Author(s). Published by the Royal Society of Chemistry
observed in the three comparison groups. In sharp contrast, in
the three 10B-NapE4 + irradiation groups, obvious suppression
of tumor growth was observed aer 10 days of irradiation
(Fig. 6b and c). In particular, in the H BNCT group, the tumor
growth was signicantly inhibited at such a low dose of boron
delivery agent (15 mg kg−1). Thus, the in vivo experimental
results demonstrate that 10B-NapE4 is an efficient boron
delivery agent. This should be attributed to three factors: (1)
10B-NapE4 is a 10B-enriched species; (2) the Eriotinib targeting
plays a crucial role in the selective accumulation of 10B-NapE4
in tumor cells; (3) the real-time imaging detection of 10B-NapE4
accumulation in tumor tissue allows for choosing the best
irradiation time.

Mechanistic investigations

We further performed histological and immunohistochemical
analyses on the irradiated tumor tissues by H&E, Ki67, g-H2AX,
and P53 staining (Fig. 6d and S20†). H&E staining revealed that
the cell nuclei were blurred and fragmented in the 10B-NapE4 +
irradiation groups. Ki67 staining showed a low percentage of
proliferating cells in the 10B-NapE4 + irradiation groups, in
particular in the H BNCT group. In sharp contrast, the three
comparison groups had intact cell nuclei and high percentages
of Ki67-positive cells (Fig. 6d and e). g-H2AX is a marker of DNA
double-strand breakage induced by radiation. P53 protein is
usually activated when DNA is damaged, which then triggers
cell apoptosis.24 Here the results showed that g-H2AX and P53
expression was signicantly increased in M BNCT and H BNCT
groups compared to the other groups (Fig. 6f and g). These
demonstrate that 10B-NapE4 has apparent antitumor activity by
inducing DNA double-strand damage upon neutron irradiation.
Chem. Sci., 2024, 15, 4019–4030 | 4025
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Fig. 6 (a) Weight growth curves of mice after irradiation (0–9 days, L BNCT: 10B-NapE4 + neutron irradiation for 7 minutes= radioactive dose of
1.0 Gy; M BNCT: 10B-NapE4 + neutron irradiation for 10 minutes = radioactive dose of 1.5 Gy; H BNCT: 10B-NapE4 + neutron irradiation for 14
minutes= radioactive dose of 2.0 Gy). (b) Tumor growth curves (n= 6) after irradiation (0–9 days). Statistical analysis was conducted by using the
one-way ANOVA multiple comparison test with Tukey's method for tumor volumes 9 days post treatment, *p < 0.05. (c) Comparison of the
explanted tumor size after 10 days of irradiation. (d) Pathological and immunohistochemical results. Representative pathological images of
apoptosis and proliferation in tumor tissues. Statistical analysis of (e) Ki67, (f) g-H2AX, and (g) P53. P values= *p < 0.05; ns: no significance. Note:
the control group was not exposed to neutron irradiation with no boron delivery agents applied.
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Conclusions

In this contribution, we demonstrate the successful molecular
engineering of a new type of boron delivery agent for BNCT
investigations by the “three-in-one” strategy. The three func-
tional groups of carborane, Eriotinib and naphthalimide as the
boron source, targeting unit and chromophore exhibit perfect
interplay to lead to the expected AIEgens which match the high
boron content of a boron delivery agent required by BNCT. AIE
imaging has played an important role in nding the optimal
neutron irradiation timing for achieving the best treatment and
biosafety. This series of boron delivery agents show excellent
targeting properties to give rise to a 10B accumulation of over 20
mg g−1 and T/N and T/B ratios 20–30 times higher than those (3 :
1) required by BNCT even at a low dose of boron delivery agents
of 15 mg kg−1. For comparison, the dose of clinically used BPA
for the treatment of melanoma was 600 mg kg−1 to give a 10B
accumulation of 36 ± 4 mg g−1.2b Both in vitro and in vivo
neutron irradiation assessments exhibit highly efficient
4026 | Chem. Sci., 2024, 15, 4019–4030
inhibition on tumor cell growth, and no physical tissue damage
and abnormal behavior in vivo. The histological and immuno-
histochemical analyses have veried DNA damage and the
following cancer cell apoptosis. The preliminary results have
offered an effective strategy for constructing multi-functional
boron delivery agents, which may hold signicant potential
for advanced BNCT platforms.
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M. A. Dagrosa, S. Thorp, M. Kovacs, E. Trias, R. Faccio,
4030 | Chem. Sci., 2024, 15, 4019–4030
M. Gabay, N. Zeineh, A. Weizman, F. Teixidor, C. Viñas,
M. Gavish, H. Cerecetto and M. Couto, Mol. Pharmaceutics,
2023, 20, 2702–2713; (d) C. Yewale, D. Baradia, I. Vhora,
S. Patil and A. Misra, Biomaterials, 2013, 34, 8690–8707; (e)
P. Sidaway, Nat. Rev. Clin. Oncol., 2018, 15, 654; (f)
B. Mandal, P. Balabathula, N. Mittal, G. C. Wood and
H. Bhattacharjee, J. Fluoresc., 2012, 22, 1425–1429.

21 (a) S. Banerjee, E. B. Veale, C. M. Phelan, S. A. Murphy,
G. M. Tocci, L. J. Gillespie, D. O. Frimannsson, J. M. Kelly
and T. Gunnlaugsson, Chem. Soc. Rev., 2013, 42, 1601–
1618; (b) Z. Zhu, D. Tian, P. Gao, K. Wang, Y. Li, X. Shu,
J. Zhu and Q. Zhao, J. Am. Chem. Soc., 2018, 140, 17484–
17491; (c) B. Lozano-Torres, I. Galiana, M. Rovira,
E. Garrido, S. Chaib, A. Bernardos, D. Muñoz-Esṕın,
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