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Simple Summary: In boron neutron capture therapy (BNCT), the amount and localization of boron-
10 atoms in tumor tissues directly determine the therapeutic effect. This study developed a novel
fluorescence sensor, BITQ, to analyze boronic acid agents used for BNCT. Mixing BITQ and a
representative 1"B-labeled boronoagent, BPA, immediately produced significant fluorescence in a
highly quantitative and selective manner. BITQ enabled the visualization of BPA distribution within
a living cell and quantified the concentration of BPA in mouse blood to a degree comparable with
that of current methods. This study highlights the highly effective properties of BITQ as a versatile
fluorescence sensor for analyzing boronic acid agents.

Abstract: Boron neutron capture therapy (BNCT) is an attractive approach to treating cancers.
Currently, only one '°B-labeled boronoagent (Borofalan, BPA) has been approved for clinical BNCT
in Japan, and methods for predicting and measuring BNCT efficacy must be established to support
the development of next-generation 10B—boronoagen’rs. Fluorescence sensors targeting boronic acids
can achieve this because the amount and localization of 1°B in tumor tissues directly determine
BNCT efficacy; however, current sensors are nonoptimal given their slow reaction rate and weak
fluorescence (quantum yield < 0.1). Herein, we designed and synthesized a novel small molecular-
weight fluorescence sensor, BITQ, targeting boronic acids. Invitro qualitative and quantitative
properties of BITQ were assessed using a fluorophotometer and a fluorescence microscope together
with BPA quantification in blood samples. BITQ exhibited significant quantitative and selective
fluorescence after reacting with BPA (post-to-pre-fluorescence ratio = 5.6; quantum yield = 0.53); the
fluorescence plateaued within 1 min after BPA mixing, enabling the visualization of intracellular BPA
distribution. Furthermore, BITQ quantified the BPA concentration in mouse blood with reliability
comparable with that of current methods. This study identifies BITQ as a versatile fluorescence
sensor for analyzing boronic acid agents. BITQ will contribute to '°B-boronoagent development and
promote research in BNCT.
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1. Introduction

Boron neutron capture therapy (BNCT) is a cancer treatment method based on the
nuclear capture and fission reactions that occur when boron-10 (1°B) atoms collide with
externally irradiated thermal neutrons. This produces high-linear energy transfer (LET)
Attribution (CC BY) license (https://  alpha (o) particles (*He) and recoiling lithium-7 ("Li) nuclei. These high LET radiations
creativecommons.org/licenses /by / have very short ranges (<10 pm), and their destructive effects are therefore limited to
40/). 10B-containing cells [1,2]. 4-['°B]Borono-L-phenylalanine (BPA) is the most representative
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and extensively studied boronoagent for BNCT [3-5]. BPA is delivered to the intracellular
space in a cancer cell-specific manner via the L-type amino acid transporter 1 (LAT1) [6,7].
Following positive outcomes in clinical trials, BPA was approved in Japan in 2020 and is
commercially available under the name Borofalan (1°B). However, the application of BPA
is limited to the locally advanced or recurrent unresectable head and neck cancer [8], and
next-generation 1"B-boronoagents are urgently needed to expand the applicability of BNCT
to a broader cancer treatment field; consequently, several studies are ongoing to fulfill this
purpose [9-12].

Given the therapeutic mechanism of BNCT, the 108 concentration in the tumor directly
affects the therapeutic effect and must be monitored in clinical settings to estimate the
intratumor 9B concentration during continuous BPA infusion [13,14]. Furthermore, the sub-
cellular 1°B localization is known to affect the therapeutic effect, considering the efficiency
of DNA double-strand breakage [15,16]. Therefore, it is critical to develop a method to
quantify '°B concentrations and visualize B localization in cancers to support the efficient
development of novel °B-boronoagents and predict and measure the therapeutic effects of
clinical BNCT. Inductively coupled plasma mass spectrometry (ICP-MS) and inductively
coupled plasma optical emission spectrometry (ICP-OES) have been used as the standard
methods for determining '°B concentration from initial research to clinical measurements.
However, these methods are not applicable for localization assessment because they require
ashing samples using a high concentration of acid [13]. Recently, the visualization of boron
localization in tissues has been made possible by applying mass imaging (secondary ion
mass spectrometry, SIMS) [17,18] and autoradiography [19]. However, these methods
require high-cost equipment and complex pretreatment and data acquisition processes and
thus are not feasible to use for quick or quantitative measurements.

Consequently, small molecular-weight compounds that emit fluorescence after reacting
with boronic acid have been recognized as fluorescence sensors that can be used to evaluate
10B—boronoagen’cs. DAHMI is a well-known fluorescence sensor [10,20,21]. The fluorescence
intensity emitted after reacting with boronic acid is sufficient to visualize intracellular
boronic acid distribution, and DAHMI has been used to evaluate various BNCT agents
to date. However, fluorescence is only slowly produced after the reaction with boronic
acid, preventing DAHMI from being used for rapid quantitative measurements. Recently,
we reported a novel fluorescence sensor, PPN-1, that reacts quickly with boronic acid [22]
but exhibits a low fluorescence quantum yield that could not be applied to fluorescence
microscopic observation.

Herein, we aimed to develop a novel sensor compound that emits strong fluorescence
with a high quantum yield immediately after reacting with boronic acid. Specifically,
we selected 2-(2-hydroxyphenyl)-1H-benzimidazole (HPBI), which rapidly reacts with
boronic acid and emits strong fluorescence regardless of forming a complex with boronic
acid [23,24] as the skeleton of a fluorescence sensor. To achieve an off/on fluorescence
property, we introduced an electron-donating moiety to the skeleton to suppress the fluores-
cence before complexation with boronic acid [25]. We then adopted the 1,4-diethyl-1,2,3,4-
tetrahydropyrazine structure among electron-donating groups to design BITQ (Figure 1) to
not only suppress the fluorescence before the complexation but also improve fluorescence
properties after the complexation [26-28] in comparison with those of the diethylamino
group of DAHMI [29].

Therefore, we synthesized BITQ and evaluated its fundamental properties as a boronic
acid fluorescence sensor in an aqueous solution compared with those of HPBI and DAHML
We then applied BITQ to visualize the subcellular boronic acid distribution and to quantify
boronic acid in the blood to estimate its potential for assessing '’B-boronoagents.
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Figure 1. Schematic of boronic acid detection by formation of a fluorescent complex with BITQ.

2. Materials and Methods
2.1. Preparation of BITQ

All reagents were obtained from Tokyo Chemical Industry (Tokyo, Japan), Nacalai
Tesque (Kyoto, Japan), or Wako Pure Chemical Industry (Osaka, Japan) and used without
further purification. BPA was supplied by Stella Pharma Corp. (Osaka, Japan). Mass
spectra (MS) and high-resolution mass spectra (HRMS) were collected with a JMS-700(2)
mass spectrometer (JEOL Ltd., Tokyo, Japan). 'H and *C-NMR spectra were obtained
with a DD2 NMR Spectrometer (Agilent, CA, USA, 600 MHz). An intermediate of BITQ,
1,4-diethyl-7-hydroxy-1,2,3,4-tetrahydro-quinoxaline-6-carbaldehyde, was synthesized as
previously described [29]. 1,2-Phenylenediamine (0.03 g, 0.26 mmol) was added to DMF
(2 mL) solution containing the intermediate (0.06 g, 0.26 mmol) and stirred for 1 min at
room temperature (RT). NaS,05 (50.2 mg, 0.26 mmol) in water (0.5 mL) was added to
the solution and stirred for 4 h at 90 °C. After completion of the reaction, the reaction
mixture was diluted with ethyl acetate (150 mL) and washed with water. The organic
layer was dried over anhydrous Na;SO, and concentrated under reduced pressure. The
residue was purified by silica gel chromatography (hexane/EtOAc) to afford BITQ (0.05 g,
56%) as an orange solid. 'H NMR (600 MHz, DMSO-d6): §1.10 (t, ] = 7.2 Hz, 3H), 1.14 (t,
J=6.6 Hz, 3H), 3.15 (m, 2H), 3.34 (m, 4H), 3.40 (m, 2H), 6.11 (s, 1H), 7.06 (s, 1H), 7.15-7.19 (m,
2H), 7.48-7.50 (m, 1H), 7.55-7.56 (m, 1H), 12.5 (brs, 1H), 12.6 (brs, 1H); 13C NMR (150 MHz,
DMSO-d6): 89.7,10.0, 44.4, 44.7,44.7,46.4,97.4,99.1, 107.2, 110.4, 116.6, 121.5, 121.7, 127.8,
133.0, 139.3, 141.4, 152.7, 153.5, FAB-MS: m/z: 322. Measured: 323[+H]*. FAB-HRMS:
Calculated for C19H»3N40: 323.1872. Measured: 323.1868.

2.2. Fluorescence Properties

BITQ was mixed with BPA to final concentrations of 1.0 and 100 uM, respectively, in
0.5% DMSO/H;0. Excitation and emission spectra were measured 15 min later using a
spectrometer (FP-8600, JASCO Corporation Tokyo, Japan, photomultiplier voltage: 700 V)
to evaluate the maximum excitation (A{5,,) and emission (A, ) wavelengths. HPBI was
analyzed similarly. The fluorescence intensity (Aex/Aem: 390/480 nm; photomultiplier
voltage: 700 V) was intermittently measured for 30 min after the addition of BPA (100 uM)
to BITQ (1.0 uM) in 0.5% DMSO/H,O0.

To evaluate the relationship between the fluorescence intensity and BPA concentration,
BITQ was mixed to a final concentration of 1.0 uM with various concentrations of BPA
(0-50 uM at final concentration) in 0.5% DMSO/H,0O. Fluorescence intensities were mea-
sured using a spectrometer 15 min after mixing (Aex/Aem: 390/480 nm). A linear regression
analysis was performed to fit the data (0-10 uM, n = 5) and calculate the quantification and
detection limits from the following equations:

quantification limit = 10 o/slope and detection limit = 3 o/slope,

where 0 is the standard deviation of the fluorescence intensities of samples at 0 uM, and
the slope is derived from the regression line. DAHMI was mixed to a final concentration
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of 1.0 mM with various concentrations of BPA (0—40 uM at final concentration) in 50%
DMSO/H;0. Fluorescence intensities were measured using a spectrometer 120 min after
mixing (Aex/Aem: 411/431 nm, photomultiplier voltage: 1130 V) and analyzed similarly.

The relative quantum yields of BITQ, HPBI, and DAHMI (Aex = 330, 310, and 330 nm,
respectively) were measured in ethanol before and after mixing with phenylboronic acid
(50 eq.) using anthracene (g = 0.27) as a reference following the equation:

s = @R X (Absg/Absg) x (Areag/Areag),

where the subscripts R and S refer to the reference and sample, respectively, and Abs
and Area refer to the absorbance at the excitation wavelength and the area under the
fluorescence spectrum, respectively.

2.3. Reactivity for Boron-Containing Compounds

BITQ (final concentration of 1.0 uM) was mixed with boric acid, ethylboronic acid,
2-(hydroxymethyl)phenyl boronic acid monoester, or bis(pinacol)diboron (final concen-
tration of 100 uM) in 0.5% DMSO/H,O. Fluorescence intensities were measured using a
spectrometer 5 min after mixing (photomultiplier voltage: 700 V).

2.4. Selectivity Assay

BITQ (final concentration of 1.0 pM) was mixed with BPA or a metal cation (NaCl,
KCI, MgCIZ'6H20, CaClg, FeC12'4H20, FeC13'6H20, COC12'6H20, Zl’lClz, CdCl2'2.5H20,
NiCl,-6H,O, CuCl,, MnCl,-4H,0, or AICI;3-6H,0) (final concentration of 100 uM) in
0.5% DMSO/Tris HCI buffer (100 mM, pH 7.4). Fluorescence intensities of the samples
were measured 15 min after mixing using a plate reader (EnSpire Multilabel Reader 2300,
PerkinElmer Japan, Kanagawa, Japan, Aex/Aem: 390/480 nm) in quadruplicate (n = 3). The
fluorescence intensities were expressed in relative value to that of the BITQ solution in the
absence of metal cations and BPA.

BITQ, BPA, and each metal cation above (final concentration of 1.0, 100, and 100 uM,
respectively) were mixed in 0.5% DMSO/Tris HCI buffer (100 mM, pH 7.4) in quadrupli-
cate (n = 3), followed by the measurement of fluorescence intensities at 15 min as above.
Fluorescence intensities were expressed relative to that of the BITQ-BPA solution without
adding metal cations.

2.5. Fluorescence Microscopy

T3M-4 human pancreatic adenocarcinoma cells (RCB1021) were provided by the
RIKEN BioResource Research Center (Ibaraki, Japan) and were cultured in DMEM/Ham's
F-12 medium containing 10% fetal bovine serum at 37 °C in a humidified atmosphere of 5%
CO;. The uptake of BPA into T3M-4 cells was performed with several modifications to the
previously reported method [29]. Briefly, T3M-4 cells were cultured in a glass bottom dish
35 mm (Matsunami Glass Ind., Osaka, Japan) 2 days before the experiment. After washing
three times with Na*-free Hank’s balanced salt solution (HBSS: 125 mM choline chloride,
25 mM HEPES, 4.8 mM KCl, 5.6 mM D-glucose, 1.3 mM CaClp, 1.2 mM MgSQOy, and 1.2 mM
KH,POy), 1.5 mL of BPA (1.0 mM in HBSS) was added and incubated at 37 °C for 30 min.
For the BPA-absent group, only HBSS was added and incubated. After washing three
times with HBSS, 1.5 mL of BITQ (10 uM in 0.5% DMSO/HBSS) was added and incubated
for 5 min at RT. For nuclei staining, cells were incubated with NucRed Live647 (Thermo
Fisher Scientific, Tokyo, Japan, 1:15 dilution in HBSS) at 37 °C for 30 min. Fluorescence
images were acquired with a BZ-X810 (Keyence, Osaka, Japan) instrument using a DAPI-V
filter cube (Keyence OP-88359, Ex: 395/25 nm, Em: 460/50 nm) and a Cy?5 filter (Keyence
OP-87766, Ex: 620/60 nm, Em: 700/75 nm) for BITQ and NucRed Liver647, respectively.

2.6. Quantification of BPA Concentration in Mice Plasma

Male ddY mice (6-8 weeks old, Japan SLC, Shizuoka, Japan) were housed under a
12 h light/12 h dark cycle and given free access to food and water. Animal experiments
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were conducted according to the institutional guidelines for animal experiments. The study
protocol was approved by the institutional Experimental Animal Committee (Permission
Number: 21-76 and 22-76). To solubilize BPA, BPA and 2.2 equivalents of D-fructose
were pre-mixed to make a BPA-fructose solution. BPA-fructose solution (20 pL; final
concentration of 0-900 uM) was added to blood (480 nL) collected from mice and mixed
by inversion. After 5 min, plasma was collected by centrifugation. Methanol (400 uL) was
added to the plasma (200 pL), vortexed for 30 s, and centrifuged to remove protein. A 100-
uL volume of the supernatant was added to 2.9 mL 0.5% DMSO/H,0O solution containing
BITQ (final 5.0 uM), followed by the fluorescence measurement using a spectrometer
15 min after mixing (Aex/Aem: 390/480 nm, photomultiplier tube voltage: 700 V). A linear
regression analysis was performed to fit the data (n = 3).

To evaluate the quantitative range of the fluorescence analysis with BITQ compared
with that of ICP-MS, mouse blood (480 plL) was mixed with an unknown concentration
of BPA-fructose solution (20 uL) prepared blindly. The samples were divided into two
parts and measured by the lead researcher (S.T.) using fluorescence analysis with BITQ
and ICP-MS. For ICP-MS measurement, the sample was ashed with concentrated nitric
acid, and the boron concentration was determined using 8800 triple quadrupole ICP-MS
(Agilent, Santa Clara, CA, USA).

2.7. Statistics

Data are presented as mean =+ standard deviations. Statistical analyses were performed
using Dunn’s multiple comparison tests with GraphPad Prism 8. Differences at the 95%
confidence level (p < 0.05) were considered significant.

3. Results
3.1. Fluorescence Properties of BITQ

BITQ was synthesized with a yield of 56.3%. The fluorescence properties of BITQ,
HPBI, and DAHMI are summarized in Table 1. After the addition of BPA, the maximum ex-
citation (A%,,) and emission wavelengths (AZ". ) of BITQ fluorescence were 390 and 480 nm,
respectively (Figure 2A), showing the longer emission wavelength and broader Stokes shift
compared with those of HPBI (Ajy,,: 337 nm; AJY : 399 nm; Figure 2B). The quantum yield
of HPBI before the addition of boronic acid was 0.71, but this was significantly suppressed
to 0.09 for BITQ. Consequently, the post-to-pre-fluorescence ratio was 5.6 and 1.3 for BITQ
and HPBI, respectively, indicating the superior off/on property of BITQ. The quantum
yield of BITQ after adding boronic acid was 0.53, which was ten-fold larger than that of
DAHMI (0.053). Aside from BPA, the fluorescence increased markedly after mixing BITQ
with 2-(hydroxymethyl)phenyl boronic acid monoester, but the increase in fluorescence
was slight for boric acid, ethylboronic acid, and bis(pinacol)diboron, which do not contain
a benzene ring (Figure S1).

The fluorescence intensity of BITQ increased within 1 min after adding BPA and
remained constant for 30 min (Figure 3). For DAHMI, the fluorescence intensity did not
plateau until 120 min after BPA addition [22], suggesting a faster reactivity of BITQ with
BPA compared with that of DAHMI. Linear regression analysis revealed high linearity
(R? = 0.99, Figure 4) between the fluorescence intensities of BITQ and the concentrations of
BPA reacted. The detection and quantification limits were 0.24 and 0.82 pM, respectively
(R? = 0.99, Figure S2). As for DAHMI, the detection and quantification limits were 0.72 and
2.40 pM, respectively (R? = 0.99, Figure S3).
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Table 1. Fluorescence properties of tested compounds.
Stokes @boron
ex em
Afnax A Shift @boron pfree Ipfree
BITQ 390 nm 480 nm 90 nm 0.53 0.094 5.6
DAHMI 411 nm 431 nm 20 nm 0.053 0.0034 15.7
HPBI 337 nm 399 nm 62 nm 0.89 0.71 1.3
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Figure 2. Fluorescence spectra of (A) BITQ (1.0 uM) and (B) HPBI (1.0 uM) 15 min after the addition
of BPA (0 or 100 uM) in 0.5% DMSO/H,O. (Aex: HPBI; 337 nm, BITQ; 390 nm).
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Figure 3. Temporal change in fluorescence intensity after mixing of BITQ (1.0 uM) and BPA (100 uM)
in 0.5% DMSO/H,0 (Aex = 390 nm, Aem = 480 nm).
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Figure 4. Linear regression analysis between the fluorescence intensities of BITQ (1.0 uM) and BPA
concentrations treated (0-50 uM) in 0.5% DMSO/H,0. (Aex = 390 nm, Aem = 480 nm).

3.2. Selectivity Assay

The changes in the fluorescence of BITQ (1.0 uM) after adding various metal cations
(100 uM) are summarized in Figure 5. The BITQ fluorescence significantly increased after
adding BPA (>200%) but did not increase after adding any of the metal cations tested except
for Zn?* (130%, not significant).

250

200 -

150 -

100 -

50 -

Fluorescence intensity (%)

Buffer BPA Na* Mg? AP* K*' Ca?* Mn?* Fe?* Fe’* Co* Ni* Cu* Zn?* Cd*

Figure 5. BITQ fluorescence intensity (1.0 uM) 15 min after adding BPA or metal cation (100 uM, pH
7.4) with buffer-only sample as a standard (100%). * p < 0.05 vs. buffer (0.5% DMSO/Tris HCI buffer
only) by Dunn’s multiple comparison test.

Next, the effects of the coexistence of high concentrations of metal cations (100 pM) in
the fluorescence intensity of the solution containing BITQ (1.0 pM) and BPA (100 uM) were
evaluated (Figure S4). Lower fluorescence was evident when Mn2*, Fe%t, Fe3*, Co?*, Ni?*,
and Cu?* coexisted in the BITQ/BPA solution compared with that of the control.

3.3. Fluorescence Microscopy Study

Fluorescence images of T3M-4 cells pretreated with or without BPA after adding BITQ
are shown in Figure 6A,D (pseudo-color; blue). Faint fluorescence was observed in the
BPA-absent group (Figure 6D), while fluorescence was observed throughout the cells in
the BPA-treated group (Figure 6A). The merged image (Figure 6C) indicated that the BITQ
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fluorescence was strongly present around the cell nuclei visualized with NucRed Live647
(Figure 6B, pseudo-color; red).

BITQ NucRed Merge

A C
BPA
(+)
BPA ...

Figure 6. Representative fluorescence images of T3M-4 cells: (A-C) BPA-present group, (D-F) BPA-
absent group. (A,D) Fluorescence images after 5 min incubation with BITQ (10 uM) (DAPI-V filter: Ex:
395/25 nm, Em: 460/50 nm); (B,E) nucleus staining using NucRed Live647 (Cyb5 filter: Ex: 620/60 nm,
Em: 700/75 nm); and (C,F) merged images of fluorescence from BITQ and NucRed Live647.

3.4. Quantification of BPA Concentration in Mouse Blood

Linear regression analysis revealed that the BITQ fluorescence was obtained with high
linearity over a wide range of the BPA concentrations in mice blood (R2 =0.99, Figure S5).
Furthermore, in an experiment using blood samples containing BPA blindly prepared for
the authors, the boron concentration measured from the BITQ fluorescence was linearly
correlated with that evaluated by the ICP-MS analysis with a slope of 1 (R? = 0.98, Figure 7).

=
= 650 ®
S y=1.04x +57.00 .-
= R2=0.98
© 550 - ' ‘
g
& | E
8 = 450 0.
c D $
<<EJ 350 -
o
m 250 | @
150

150 250 350 450 550 650 750

0B concentration (M)
(ICP-MS)

Figure 7. Linear regression analysis between the B concentration determined by ICP-MS and BPA
concentration determined by fluorescence analysis using BITQ in the same mouse blood.
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4. Discussion

Herein, we synthesized a novel off/on-type fluorescence sensor (BITQ) that targeted
boronic acids and was designed by introducing the 1,4-diethyl-1,2,3,4-tetrahydropyrazine
structure as an electron-donating group [26-28] to the HPBI skeleton to improve the
fluorescence properties. We then evaluated the potential of BITQ as a sensor compound
for qualitative and quantitative analyses in the BNCT-related fields. As expected, we
found that BITQ had promising properties, including a high quantum yield, high off/on
switching ability, rapid reactivity, longer emission wavelength, and extended Stokes shift, in
comparison with these aspects of DAHMI used as a control [20-22]. These results indicate
that BITQ can potentially replace DAHMI to promote the development of °B-boronoagents
and evaluate BPA in BNCT research.

The high quantum yield and off/on ability of BITQ produced an improved quantifica-
tion limit (0.82 pM) that was superior to those of DAHMI (2.40 uM), PPN-1 (6.01 uM) [22],
and BS-631 (65.3 uM) [29], which we previously reported as a sensor for BNCT, suggesting
a high sensitivity comparable with that of ICP-OES [30] and that would be sufficient for
measuring the boron concentration (>2 mM) required for BNCT [2]. The BITQ fluorescence
rapidly increased to maintain a constant value for 30 min after mixing with BPA, indicating
the high stability in an aqueous solution as well as the high reactivity mentioned above.
DAHMI contains (E)-2-[(methylimino)methyl]phenol as the core structure to react with
boronic acids, although this produces instability in an aqueous solution in addition to the
slow reactivity [31]; therefore, BITQ would be more efficacious than DAHMI for quantita-
tive assessment during in vitro pharmacokinetic studies such as a time-dependent uptake
experiment for evaluating the effect of 1”B-boronoagents. The subcellular 1°B localization
is known to affect the efficiency of energy transfer to the nucleus [15,16,32]. In addition,
the intracellular trafficking and the efficiency of efflux of agents differ depending on the
localization position (organelle) after intracellular uptake of the agent [10]. Therefore, it
is significant to visualize 10B Jocalization in cancers. In this study, BPA distribution in
high LAT1-expressing T3M-4 cells [7,9] was visualized using fluorescence microscopy
with BITQ at a lower concentration and in a shorter time (10 uM, 5 min) compared with
the conditions reported for DAHMI (1 mM, 20 min) [20], which was attributable to the
higher quantum yield, faster reactivity, and improved adaptability to filter sets due to
Stokes shift expansion. The intracellular BPA distribution seen in this study was visually
consistent with previously reported localization evaluated by SIMS [17,18]. BITQ could
also be applied to microscopic fluorescence observation using living cells, unlike DAHMI,
which requires a fixation process for the observation. Thus, BITQ is expected to be applied
to observing changes in boron uptake over time in living cells and could be a powerful tool
for drug development for BNCT.

BITQ fluorescence did not increase following mixing with major cations known to be
present at millimolar levels in cells [33]. However, Zn%* did react with BITQ to produce a
small, but not significant, increase in fluorescence. The fluorescence intensity of BPA /BITQ
was attenuated by up to approximately 20% for metal ions (Fe?*, Fe3*, Co?*, Ni%*, and
Cu?*) when 100 equivalents of metal ions were added to the sensor. A similar tendency was
observed with the fluorescence of DAHMI and PPN-1 in the presence of trace metals [22].
To achieve BNCT treatment, intratumor boron concentration was required to be 2 mM
or higher. In contrast, the amount of intracellular metal ions present is reportedly at the
sub-micromolar or few micromolar levels [34]. Therefore, the influence of coexisting trace
metal cations is negligible in the detection ability of BITQ.

Currently, 18F_labeled BPA (['8F]FBPA, 4—Borono-2—[18F]ﬂuoro—L-phenylalanine) is
utilized as a positron emission tomography (PET) probe for imaging and the evaluation
of the pharmacokinetics of BPA in vivo [35]. In clinical BNCT using BPA, ['8F]FBPA-PET
is performed before BNCT treatment. The tumor-to-normal and tumor-to-blood ratios
of radioactivity accumulation are calculated from the PET images to determine whether
BNCT is applicable. Since the amount of boron accumulated in the tumor is estimated from
the tumor-to-blood ratio data obtained from PET and the actual blood boron concentration
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during treatment, it is necessary to quantify the !B concentration in the venous blood
via ICP-MS/OES method during 2-3 h BPA infusion several times [14,36]. Therefore,
ICP-MS/OES is indispensable equipment for hospitals currently performing BNCT. As
BNCT continues to expand, the number of BNCT hospitals is expected to increase. In
such case, fluorescence measurement using a plate reader is considered safer and less
difficult to perform than the ICP-MS/OES method, which requires hazardous treatment
with high concentrations of acid. We thus tried to quantify BPA concentrations in mouse
blood using BITQ because fluorescence analysis is generally used in clinics, reasonable
to install, and easy to perform by clinicians. The results clearly showed the effectiveness
of BITQ in quantifying BPA in the blood with high precision comparable with that of
the ICP-MS method within 30 min after blood collection. Although further efforts are
required to shorten the measurement protocol to apply to actual clinical practice, this result
strongly suggests that the ex vivo fluorescence analysis with BITQ can be an alternative
BPA quantification method in patient blood in the future.

We mainly used BPA as a boronic acid-containing compound to validate the effective-
ness of BITQ, as BPA is currently the only '’B-boronoagent available for clinical BNCT.
Boronic acid-containing structures are recognized as having potential for the develop-
ment of effective therapeutic agents [37-39], including 10B—boronoagen’cs for BNCT [9-12].
This study has provided preliminary evidence that BITQ exhibited a marked increase in
fluorescence after reaction with boronic acids containing a benzene ring, such as BPA,
phenylboronic acid, and 2-(hydroxymethyl)phenyl boronic acid monoester, while the fluo-
rescence increase was attenuated with structures that do not contain benzene rings, such
as boric acid and ethylboronic acid. Thus, BITQ will need further careful assessment for
evaluating its reactivity to a boronoagent newly developed in the future. Furthermore,
although it is reasonably expected that BITQ will be applicable to ex vivo samples, which
SIMS and autoradiography can assess [17-19], this should also be validated. For example,
BITQ would be a powerful tool to visualize '°B distribution in ex vivo tumor sections in
preclinical experiments for predicting the therapeutic effect of drug candidates for BNCT.

5. Conclusions

In this study, we developed a novel fluorescence sensor targeting boronic acids, BITQ,
showing high quantum yield, excellent off/on ability, rapid reactivity, and high quantitative
scope for BPA. BITQ could visualize intracellular BPA in a short time and quantify BPA
in mice blood with a precision comparable with that of ICP-MS. This study highlights the
excellent properties of BITQ as a versatile fluorescence sensor for analyzing boronic acid
agents, and BITQ will therefore contribute to developing '°B-boronoagents and promote
biological research in BNCT.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers15061862/s1, Figure S1: The structure of tested boron-
containing compounds and the emission spectra of BITQ after the addition of these compounds;
Figure S2: Linear regression analysis between the fluorescence intensities of BITQ (1.0 uM) and BPA
(0-10 uM); Figure S3: Linear regression analysis between the fluorescence intensities of DAHMI
(1.0 mM) and BPA (040 puM); Figure S4: BITQ fluorescence intensity (1.0 uM) 15 min after the
addition of BPA (100 uM) when coexisted with metal cations (100 uM, pH 7.4); Figure S5: Linear
regression analysis between the fluorescence intensities of BITQ (5.0 uM) and BPA concentrations
contained (0-900 uM) in mouse blood.

Author Contributions: Conceptualization, N.K., S.T. and T.T.; methodology, N.K,, S.T. and M.H,;
validation, N.K. and S.T.; formal analysis, N.K., M.H. and T.T.; investigation, N.K. and S.T.; resources,
N.K. and S.T.; data curation, N.K. and T.T.; writing—original draft preparation, N.K., S.T. and T.T.;
writing—review and editing, N.K., S.T., M.H. and T.T.; visualization, N.K. and S.T.; supervision, T.T.;
project administration, N.K. and T.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.


https://www.mdpi.com/article/10.3390/cancers15061862/s1
https://www.mdpi.com/article/10.3390/cancers15061862/s1

Cancers 2023, 15, 1862 11 of 12

Institutional Review Board Statement: Animal experiments were carried out according to the
guidelines for animal experiments from the Osaka Medical and Pharmaceutical University. The study
protocol was approved by the Experimental Animal Committee at Osaka Medical and Pharmaceutical
University (Permission Number: 21-76, date of approval: 31 March 2021; and Permission Number:
22-76, date of approval: 31 March 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the results and findings of this study are available
within the paper and the Supplementary Information files. Additional raw data are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Moss, R.L. Critical review, with an optimistic outlook, on Boron Neutron Capture Therapy (BNCT). Appl. Radiat. Isot. 2014,
88, 2-11. [CrossRef]

Barth, R.E; Coderre, J.A.; Vicente, M.G.; Blue, T.E. Boron neutron capture therapy of cancer: Current status and future prospects.
Clin. Cancer Res. 2005, 11, 3987-4002. [CrossRef]

Mishima, Y.; Ichihashi, M.; Hatta, S.; Honda, C.; Yamamura, K.; Nakagawa, T. New thermal neutron capture therapy for malignant
melanoma: Melanogenesis-seeking 10B molecule-melanoma cell interaction from in vitro to first clinical trial. Pigment. Cell Res.
1989, 2, 226-234. [CrossRef]

Snyder, H.R.; Reedy, A.J.; Lennarz, W.]J. Synthesis of Aromatic Boronic Acids. Aldehydo Boronic Acids and a Boronic Acid Analog
of Tyrosinel. . Am. Chem. Soc. 2002, 80, 835-838. [CrossRef]

Kato, I.; Ono, K.; Sakurai, Y.; Ohmae, M.; Maruhashi, A.; Imahori, Y.; Kirihata, M.; Nakazawa, M.; Yura, Y. Effectiveness of BNCT
for recurrent head and neck malignancies. Appl. Radiat. Isot. 2004, 61, 1069-1073. [CrossRef] [PubMed]

Detta, A.; Cruickshank, G.S. L-amino acid transporter-1 and boronophenylalanine-based boron neutron capture therapy of
human brain tumors. Cancer Res. 2009, 69, 2126-2132. [CrossRef]

Wongthai, P.; Hagiwara, K.; Miyoshi, Y.; Wiriyasermkul, P.; Wei, L.; Ohgaki, R.; Kato, I.; Hamase, K.; Nagamori, S.; Kanai, Y.
Boronophenylalanine, a boron delivery agent for boron neutron capture therapy, is transported by ATBO,+, LAT1 and LAT?2.
Cancer Sci. 2015, 106, 279-286. [CrossRef]

Kanno, H.; Nagata, H.; Ishiguro, A.; Tsuzuranuki, S.; Nakano, S.; Nonaka, T.; Kiyohara, K.; Kimura, T.; Sugawara, A.; Okazaki, Y.;
et al. Designation Products: Boron Neutron Capture Therapy for Head and Neck Carcinoma. Oncologist 2021, 26, e1250—-1255.
[CrossRef] [PubMed]

Kondo, N.; Hirano, F; Temma, T. Evaluation of 3-Borono-L-Phenylalanine as a Water-Soluble Boron Neutron Capture Therapy
Agent. Pharmaceutics 2022, 14, 1106. [CrossRef]

Nomoto, T.; Inoue, Y.; Yao, Y.; Suzuki, M.; Kanamori, K.; Takemoto, H.; Matsui, M.; Tomoda, K.; Nishiyama, N. Poly(vinyl alcohol)
boosting therapeutic potential of p-boronophenylalanine in neutron capture therapy by modulating metabolism. Sci. Adv. 2020,
6, eaaz1722. [CrossRef] [PubMed]

Kim, A.; Suzuki, Y.; Nagasaki, Y. Molecular design of a high-performance polymeric carrier for delivery of a variety of boronic
acid-containing drugs. Acta Biomater. 2021, 121, 554-565. [CrossRef] [PubMed]

Kim, A.; Suzuki, M.; Matsumoto, Y.; Fukumitsu, N.; Nagasaki, Y. Non-isotope enriched phenylboronic acid-decorated dual-
functional nano-assembles for an actively targeting BNCT Drug. Biomaterials 2021, 268, 120551. [CrossRef]

Linko, S.; Revitzer, H.; Zilliacus, R.; Kortesniemi, M.; Kouri, M.; Savolainen, S. Boron detection from blood samples by ICP-AES
and ICP-MS during boron neutron capture therapy. Scand. J. Clin. Lab. Investig. 2008, 68, 696-702. [CrossRef] [PubMed]
Ishikawa, M.; Kobayashi, T.; Kanda, K. Analytical Evaluating Method of 10B(n,xy)7Li Prompt Gamma-Ray Spectrum for
Measuring Absorbed Dose Distribution in Boron Neutron Capture Therapy. Frontiers in Neutron Capture Therapy. Front. Neutron
Capture Ther. 2001, 1, 1145-1149. [CrossRef]

Skwierawska, D.; Lopez-Valverde, J.A.; Balcerzyk, M.; Leal, A. Clinical Viability of Boron Neutron Capture Therapy for
Personalized Radiation Treatment. Cancers 2022, 14, 2865. [CrossRef]

Maliszewska-Olejniczak, K.; Kaniowski, D.; Araszkiewicz, M.; Tyminska, K.; Korgul, A. Molecular Mechanisms of Specific
Cellular DNA Damage Response and Repair Induced by the Mixed Radiation Field During Boron Neutron Capture Therapy.
Front. Oncol. 2021, 11, 676575. [CrossRef]

Chandra, S.; Lorey, D.R. SIMS ion microscopy imaging of boronophenylalanine (BPA) and 13C15N-labeled phenylalanine in
human glioblastoma cells: Relevance of subcellular scale observations to BPA-mediated boron neutron capture therapy of cancer.
Int. ]. Mass Spectrom. 2007, 260, 90-101. [CrossRef]

Aldossari, S.; McMahon, G.; Lockyer, N.P.; Moore, K.L. Microdistribution and quantification of the boron neutron capture therapy
drug BPA in primary cell cultures of human glioblastoma tumour by NanoSIMS. Analyst 2019, 144, 6214-6224. [CrossRef]


http://doi.org/10.1016/j.apradiso.2013.11.109
http://doi.org/10.1158/1078-0432.CCR-05-0035
http://doi.org/10.1111/j.1600-0749.1989.tb00196.x
http://doi.org/10.1021/ja01537a021
http://doi.org/10.1016/j.apradiso.2004.05.059
http://www.ncbi.nlm.nih.gov/pubmed/15308194
http://doi.org/10.1158/0008-5472.CAN-08-2345
http://doi.org/10.1111/cas.12602
http://doi.org/10.1002/onco.13805
http://www.ncbi.nlm.nih.gov/pubmed/33928712
http://doi.org/10.3390/pharmaceutics14051106
http://doi.org/10.1126/sciadv.aaz1722
http://www.ncbi.nlm.nih.gov/pubmed/32010792
http://doi.org/10.1016/j.actbio.2020.12.015
http://www.ncbi.nlm.nih.gov/pubmed/33321218
http://doi.org/10.1016/j.biomaterials.2020.120551
http://doi.org/10.1080/00365510802100831
http://www.ncbi.nlm.nih.gov/pubmed/18609119
http://doi.org/10.1007/978-1-4615-1285-1_175
http://doi.org/10.3390/cancers14122865
http://doi.org/10.3389/fonc.2021.676575
http://doi.org/10.1016/j.ijms.2006.09.006
http://doi.org/10.1039/C9AN01336A

Cancers 2023, 15, 1862 12 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Espain, M.S,; Dattoli Viegas, A.M.; Trivillin, V.A.; Saint Martin, G.; Thorp, S.I.; Curotto, P.; Pozzi, E.C.C.; Gonzalez, S.J.; Portu,
A M. Neutron autoradiography to study the microdistribution of boron in the lung. Appl. Radiat Isot. 2020, 165, 109331. [CrossRef]
[PubMed]

Hattori, Y.; Ishimura, M.; Ohta, Y.; Takenaka, H.; Watanabe, T.; Tanaka, H.; Ono, K.; Kirihata, M. Detection of boronic acid
derivatives in cells using a fluorescent sensor. Org. Biomol. Chem. 2015, 13, 6927-6930. [CrossRef] [PubMed]

Hattori, Y.; Ishimura, M.; Ohta, Y.; Takenaka, H.; Kirihata, M. Visualization of Boronic Acid Containing Pharmaceuticals in Live
Tumor Cells Using a Fluorescent Boronic Acid Sensor. ACS Sens. 2016, 1, 1394-1397. [CrossRef]

Takada, S.; Kondo, N.; Hagimori, M.; Temma, T. Development of a switching-type fluorescence sensor for the detection of boronic
acid-containing agents. Anal. Sci. 2022, 38, 1289-1296. [CrossRef]

Martinez-Aguirre, M.A.; Flores Alamo, M.; Elisa Trejo-Huizar, K.; Yatsimirsky, A.K. Boronic acid complexes with amino phenolic
N,O-ligands and their use for non-covalent protein fluorescence labeling. Bioorg. Chem. 2021, 113, 104993. [CrossRef]
Konoshima, H.; Nagao, S.; Kiyota, I.; Amimoto, K.; Yamamoto, N.; Sekine, M.; Nakata, M.; Furukawa, K.; Sekiya, H. Excited-state
intramolecular proton transfer and charge transfer in 2-(2’-hydroxyphenyl)benzimidazole crystals studied by polymorphs-selected
electronic spectroscopy. Phys. Chem. Chem. Phys. 2012, 14, 16448-16457. [CrossRef]

Vazquez, S.R.; Rodriguez, M.C.; Mosquera, M.; Rodriguez-Prieto, F. Rotamerism, tautomerism, and excited-state intramolecular
proton transfer in 2-(4’-N,N-diethylamino-2/-hydroxyphenyl)benzimidazoles: Novel benzimidazoles undergoing excited-state
intramolecular coupled proton and charge transfer. J. Phys. Chem. A 2008, 112, 376-387. [CrossRef]

Ren, T.B.; Xu, W.; Zhang, W.; Zhang, X.X.; Wang, Z.Y.; Xiang, Z.; Yuan, L.; Zhang, X.B. A General Method To Increase Stokes Shift
by Introducing Alternating Vibronic Structures. J. Am. Chem. Soc. 2018, 140, 7716-7722. [CrossRef]

Ren, X,; Zhang, F; Luo, H; Liao, L.; Song, X.; Chen, W. Red-emitting boron difluoride complexes with a mega-large Stokes shift
and unexpectedly high fluorescence quantum yield. Chem. Commun. 2020, 56, 2159-2162. [CrossRef]

Hou, P; Chen, S.; Wang, H.; Wang, J.; Voitchovsky, K.; Song, X. An aqueous red emitting fluorescent fluoride sensing probe
exhibiting a large Stokes shift and its application in cell imaging. Chem. Commun. 2014, 50, 320-322. [CrossRef]

Kondo, N.; Aoki, E.; Takada, S.; Temma, T.A. Red-Emitting Fluorescence Sensor for Detecting Boronic Acid-Containing Agents in
Cells. Sensors 2022, 22, 7671. [CrossRef] [PubMed]

Kmiecik, E.; Tomaszewska, B.; Wator, K.; Bodzek, M. Selected problems with boron determination in water treatment processes.
Part I: Comparison of the reference methods for ICP-MS and ICP-OES determinations. Environ. Sci. Pollut. Res. Int. 2016,
23,11658-11667. [CrossRef] [PubMed]

Hattori, Y.; Ogaki, T.; Ishimura, M.; Ohta, Y.; Kirihata, M. Development and Elucidation of a Novel Fluorescent Boron-Sensor for
the Analysis of Boronic Acid-Containing Compounds. Sensors 2017, 17, 2436. [CrossRef]

Michiue, H.; Sakurai, Y.; Kondo, N.; Kitamatsu, M.; Bin, F; Nakajima, K.; Hirota, Y.; Kawabata, S.; Nishiki, T.; Ohmori, I;
et al. The acceleration of boron neutron capture therapy using multi-linked mercaptoundecahydrododecaborate (BSH) fused
cell-penetrating peptide. Biomaterials 2014, 35, 3396-3405. [CrossRef]

Armstrong, C.M. The Na/K pump, Cl ion, and osmotic stabilization of cells. Proc. Natl. Acad. Sci. USA 2003, 100, 6257-6262.
[CrossRef] [PubMed]

Kondo, N.; Nishikubo, T.; Wakamatsu, T.; Ishikawa, H.; Nakagawa, N.; Kuramitsu, S.; Masui, R. Insights into different dependence
of dNTP triphosphohydrolase on metal ion species from intracellular ion concentrations in Thermus thermophilus. Extremophiles
2008, 12, 217-223. [CrossRef] [PubMed]

Ishiwata, K. 4-Borono-2-(18)F-fluoro-L-phenylalanine PET for boron neutron capture therapy-oriented diagnosis: Overview of a
quarter century of research. Ann. Nucl. Med. 2019, 33, 223-236. [CrossRef]

Wang, L.W,; Liu, Y.H.; Chou, F.L; Jiang, S.H. Clinical trials for treating recurrent head and neck cancer with boron neutron capture
therapy using the Tsing-Hua Open Pool Reactor. Cancer Commun. 2018, 38, 37. [CrossRef] [PubMed]

Das, B.C.; Nandwana, N.K;; Das, S.; Nandwana, V.; Shareef, M. A ; Das, Y.; Saito, M.; Weiss, L.M.; Almaguel, F; Hosmane, N.S,;
et al. Boron Chemicals in Drug Discovery and Development: Synthesis and Medicinal Perspective. Molecules 2022, 27, 2615.
[CrossRef]

Jinna, S.; Finch, J. Spotlight on tavaborole for the treatment of onychomycosis. Drug Des. Devel. Ther. 2015, 9, 6185-6190.
[CrossRef]

Fernandes, G.ES.; Denny, W.A; Dos Santos, J.L. Boron in drug design: Recent advances in the development of new therapeutic
agents. Eur. . Med. Chem. 2019, 179, 791-804. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.apradiso.2020.109331
http://www.ncbi.nlm.nih.gov/pubmed/32777741
http://doi.org/10.1039/C5OB00753D
http://www.ncbi.nlm.nih.gov/pubmed/26022725
http://doi.org/10.1021/acssensors.6b00522
http://doi.org/10.1007/s44211-022-00158-8
http://doi.org/10.1016/j.bioorg.2021.104993
http://doi.org/10.1039/c2cp42686b
http://doi.org/10.1021/jp076634a
http://doi.org/10.1021/jacs.8b04404
http://doi.org/10.1039/C9CC09523C
http://doi.org/10.1039/C3CC46630B
http://doi.org/10.3390/s22197671
http://www.ncbi.nlm.nih.gov/pubmed/36236770
http://doi.org/10.1007/s11356-016-6328-7
http://www.ncbi.nlm.nih.gov/pubmed/26939686
http://doi.org/10.3390/s17102436
http://doi.org/10.1016/j.biomaterials.2013.12.055
http://doi.org/10.1073/pnas.0931278100
http://www.ncbi.nlm.nih.gov/pubmed/12730376
http://doi.org/10.1007/s00792-007-0118-6
http://www.ncbi.nlm.nih.gov/pubmed/17989916
http://doi.org/10.1007/s12149-019-01347-8
http://doi.org/10.1186/s40880-018-0295-y
http://www.ncbi.nlm.nih.gov/pubmed/29914577
http://doi.org/10.3390/molecules27092615
http://doi.org/10.2147/DDDT.S81944
http://doi.org/10.1016/j.ejmech.2019.06.092

	Introduction 
	Materials and Methods 
	Preparation of BITQ 
	Fluorescence Properties 
	Reactivity for Boron-Containing Compounds 
	Selectivity Assay 
	Fluorescence Microscopy 
	Quantification of BPA Concentration in Mice Plasma 
	Statistics 

	Results 
	Fluorescence Properties of BITQ 
	Selectivity Assay 
	Fluorescence Microscopy Study 
	Quantification of BPA Concentration in Mouse Blood 

	Discussion 
	Conclusions 
	References

