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Thesis abstract
Molecular designs and their applications of new fluorescent probes with boron for biomolecular sensing

Naoki Shimomura

As for the fluorescent sensor molecules used in the field of life science, various properties suitable for the application
purpose are required. It is useful for the design of fluorescent sensor molecules to utilize stimuli responsive groups
indicating a characteristic response for specific stimulation. Boronic acid group has attracted attention as a stimuli
responsive group. Boronic acid derivatives react with multiple hydroxyl groups (polyol) of saccharides to form cyclic
boronate reversibly. Phenylboronic acid derivatives can also react with reactive oxygen species (ROS) including
hydrogen peroxide (H,O;). Then, the elimination of boronic acid group irreversibly occurs because of ROS and
phenylboronic acids are transformed to phenol derivatives. Boronic acid modified fluorescent molecules show
fluorescent changes when they react with polyol and H,O,. Thus, they act as fluorescent sensors. In this study, I designed
two new fluorescent sensor molecules with boron as a sensing moiety and evaluated the responsiveness for polyol and
H,0,. In addition, I studied in related to the applications of these sensor molecules.

Section 1: A molecular design of boronic acid modified heptamethine cyanine fluorescent probe that shows optical
properties in near-infrared region (650-900 nm)

A lot of fluorescent sensor molecules with boronic acid show the optical properties in ultraviolet and shorter wave-
length in visible region. However, the light of these wavelength ranges is easy to interfere due to outside of biological
window. Designing of molecule that shows the absorption and fluorescence properties in near-infrared region will
overcome the above problem. The compounds including heptamethine-cyanine skeleton as indocyanine green are known
to show the optical properties in near-infrared region. In this section, I tried the synthesis of a new fluorescent sensor
molecule that show the optical properties in near-infrared range by modified boronic acid moiety to IR-780 composing
heptamethine skeleton. First, 2-(aminomethyl)phenylboronic acid as boronic acid moiety was synthesized through two
steps. Next, CyBA was provided from the reaction of 2-(aminomethyl)phenylboronic acid and IR-780 iodide. The
structural determination of CyBA was carried out NMR, MS and elemental analysis. The absorption maximum (A,ps) and
fluorescence maximum (Aer,) of CyBA were shown in near-infrared region (Aps 659 nm, A, 726 nm). And CyBA
showed the increase in fluorescence intensity and the blue-shift of A, with an increasing in concentration of polyols at
neutral pH. CyBA showed relative high value of binding constant against sorbitol, fructose (Fru) and N-acetylneuraminic
acid (Neu5Ac). Thus, CyBA was indicated to show high affinity of these polyols. I considered that CyBA showed a
fluorescence change based on structural change from a boronic acid residue to a phenolic hydroxy group in the presence
of H,O,. However, CyBA in the absence of polyol was not shown it. In contrast, CyBA which formed cyclic boronate in
the presence of Fru showed the time-dependent decrease in fluorescence intensity after addition of H,O,. It was
suggested that H,O, reactivity of CyBA increased by forming cyclic boronate between CyBA and polyol.

Section 2: A molecular design of fluorescent probe composing of new framework containing borinate (xanthene
skeleton comprising borinate)

Recently, the fluorescent dyes that were substituted the oxygen atom in the pyronine skeleton that is fuorophore of
rhodamine derivatives for silicon showed the optical properties, and have attracted attention in fluorescent probe

development. I considered that a new fluorescence dye (JoSai-Red; JS-R) included boron as molecular recognition



moiety will be able to provide, by substituted the oxygen within pyronine with borinate anion [R,B(OH,)]". JS-R was
synthesized from 3-(V, N-dimethylamino)phenylboronic acid and formaldehyde. The structural determination of JS-R
was carried out NMR, MS and elemental analysis. JS-R showed the Ays at 611 nm and the Aey, at 630 nm when excited
with 611 nm light, and its quantum yield was 0.59. JS-R showed steady fluorescent property in range to pH 11.0 from pH
5.5. In this range, the fluorescence intensity of JS-R constantly decreased in the presence of Fru (50 mM). To investigate
the pH independent fluorescence change, the fluorescence spectra of JS-R were measured. JS-R showed the decrease in
fluorescence intensity and the red-shift of A, to 642 nm with increasing in concentration of Fru at pH 7.4. I performed
the quantum chemical calculation to discuss of fluorescent change mechanism. It was found from the calculation that the
HOMO-LUMO energy gap of the complex of JS-R and Fru was smaller than the one of JS-R alone. It is indicated this a
decrease of the energy gap by forming a complex of JS-R and Fru caused the red-shift of Aey,. Furthermore, I considered
that JS-R shows fluorescent change based on the structural change after addition of H,O, as fluorescent boronic acids.
The Aaps of JS-R shifted to 564 nm after addition of H,O, at neutral pH. Then, JS-R showed the A.y, at 584 nm when
excited with 564 nm after addition of H,O,. As in the case of section 1, I investigated the reactivity of JS-R for H,0, in
the absence and presence of Fru. It was found that JS-R did not form the cyclic boronate with Fru was fast in a reaction
with H,0,. Then, high resolution MS was performed to analyze the structure of reaction product. The product was
O-pyronine that was substituted borinate with ether bond.

Section 3: Applications of CyBA and JS-R

In the malignant patients, the total amount of sialic acids is increasing, and the mutation of binding pattern in
saccharide chain is significant. Thus, the fluorescent probe for recognition of sialic acids is necessary to detect for cancer
cells. In this section, CyBA was showed higher selectivity for NeuSAc than JS-R and a general fluorescent boronic acid
(4-isoquinolineboronic acid). I expected that it is possible to observe a different fluorescence image of the contrast in
CyBA between the absence and presence of Neu5Ac by using a band pass filter (A 660 nm) within the biological window
and a Xe source. CyBA in the presence of NeuSAc showed clear fluorescence image in the solution and the biological
tissue mimic gel. CyBA was expected the application to an in vivo fluorescent imaging based on the recognition of
Neu5Ac in saccharide chain on cell surface.

The biosensing based on enzymatic reaction such as glucose oxidase (GOx) and Glc is useful for the high-sensitivity
measurement of the biological components like the blood sugar measurement. In this section, the reaction rate constant
value against H,O, of JS-R without cyclic boronate was showed higher than CyBA and cyclic boronate formed JS-R.
The fluorescent spectral change of JS-R in the presence of GOx and Glc was as same as that in the presence of H,O,
(section 2), and the fluorescence intensity ratio (584 nm/630 nm) became constant in 1-20 mM Glc. It was considered
that JS-R reacted with H,O, that produced by enzymatic reaction of GOX, and JS-R transformed to O-pyronine. Thus,
JS-R may enable the high detection of Glc based on H,0, recognition.

In summary, CyBA and JS-R including boron as a molecular sensing moiety will be expected application to the direct
detection of polyols and ROS and the biosensing based on enzymatic reaction. I hope that JS-R and CyBA will become
applicable as new tools for the diagnosis and the dynamic analysis after molecular improvement and optimization of

measurement condition in the future.
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