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Abstract—In this paper we report 8-quinolineboronic acid as a novel type of fluorescent probe for carbohydrates. This boronic acid
responds to the binding of a carbohydrate with over 40-fold increases in fluorescence intensity and shows optimal fluorescence

change at physiological pH in aqueous solution.
© 2003 Elsevier Science Ltd. All rights reserved.

Due to its high affinity for diols,'® boronic acid has
generated much interest as the recognition motif for the
synthesis of fluorescent sensors for carbohydrates.*2°
Critical to this effort is the availability of practical
fluorescent reporters that respond to the binding event
with significant fluorescence intensity changes under
physiological conditions. During the last decade, there
has been a great deal of progress made in the construc-
tion of boronic acid-based sensors for carbohydrates
and other diol-containing compounds.*2° Among the
most important discoveries is an anthracene-based
fluorescent reporter system developed by Shinkai and
co-workers, which has been widely used because of its
large change in fluorescence upon ester formation due
to the switching of a photoelectron transfer process.'3?!
Our group has also applied the Shinkai system for the
preparation of sensors for mono- and oligo-
saccharides.'72° However, the anthracene-based fluor-
escent reporter has many undesirable properties such as
low water solubility and poor photochemical stability.
Furthermore, the fluorescence intensity of the anthra-
cene fluorophore can be affected by minor changes in
the environment such as temperature and oxygen con-
centration. All these affect the reproducibility and
application both in vitro and in vivo. Therefore, there
has been much interest in search for new reporter com-
pounds that change spectroscopic properties upon
boronic acid binding with a carbohydrate with limited
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success.’> 33 Our group has been interested in the
development of fluorescent sensors for cell-surface
carbohydrates as biomarkers.'” In such an effort, we
desire a fluorescent reporter boronic acid compound
that shows large fluorescence intensity changes upon
binding, is water soluble, gives stable and reproducible
readings, and is functional at physiological pH. Herein
we report 8-quinolineboronic acid (8-QBA) as a novel
fluorescent sensor for carbohydrates, that (1) responds
to the binding of a carbohydrate with more than 40-fold
increases in fluorescence intensity; (2) is soluble in aqu-
eous solution; (3) shows optimal fluorescence intensity
changes upon binding at physiological pH; and (4) has
stable fluorescence readings that are not affected by
minor environmental changes. All these properties make
such a system ideal for the construction of fluorescent
sensors for carbohydrates. This basic building block or
its slightly modified analogues can be used for the
synthesis of diboronic acid receptors for the selective
recognition and detection of certain carbohydrates.!®-20

8-QBA itself is essentially non-fluorescent at pH above 5
and weakly fluorescent at lower pH in aqueous solution.?*
However, upon addition of D-fructose, the fluorescence
intensity increased dramatically in a concentration-
dependent manner (Fig. 1). In an effort to examine the
generality of this phenomenon, a few other sugars were
tested. Figure 2 shows the concentration profiles of
fructose, tagatose, galactose, and arabinose with bind-
ing constants of 108M~!, 62M~!, 7.5M~!, and
1.1 M~!, respectively. It is interesting to point out that
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Figure 1. Fluorescence response of 8-QBA (6.3x10~> M) in 0.10M
phosphate buffer at pH 7.4 in the presence of D-fructose (0.1, 1.0, 2.5,
5.0, 10, 25, 50 mM): A =314 nm.
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Figure 2. Fluorescence intensity of 8-QBA (6.3x10~> M) in 0.10M
phosphate buffer at pH 7.4 in the presence of D-fructose (M),
D-galactose (A), D-tagatose (@), and L-arabinose (@): Aex =314 nm,
Aem =417 nm.

(1) glucose only showed a maximum of 3-fold increase
in fluorescence intensity and (2) the fluorescence inten-
sity increases of 8-QBA in the presence of various
sugars at the lower concentration range (<25 mM)
seem to correlate with the intrinsic binding affinity of
different sugars for 8-QBA (Fig. 2).

Since the fluorescence intensity increase upon binding
with a sugar seems to be a general phenomenon, next we
were interested in examining the pH profile of the fluor-
escence intensity changes. For this, we chose a fixed
sugar concentration of 0.5 M. The fluorescence intensity
increase is observable between pH 2—10 with the maxi-
mum between pH 4.5-7.5 (Fig. 3). This is true with the
two out of three sugars tested. The fluorescence inten-
sity change at pH 7 and 7.5 (phosphate buffer) were
about 42- and 47-fold, respectively, in the presence of
0.5M fructose. Just as important is the feature that this
sensor is functional at physiological pH without the
need to add an organic co-solvent, which is required by
the anthracene-based boronic acid sensors.

Aimed at examining how 8-QBA functions as a fluor-
escent probe for diols, we studied the UV pH profiles of
both 8-QBA alone and 8-QBA in the presence of
D-fructose (1.0 M). 8-QBA was found to have two pKa’s
(Fig. 4), one at about 4 and the other at about 10. In
order to be able to assign each pKa, we recorded the !'B
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Figure 3. Fluorescence intensity pH profile of 8-QBA (6.3x107> M) in
0.10 M phosphate buffer: [saccharide] = 0.5 M, Aoy =314 nm, Ao, =417 nm.
x blank, ll D-fructose, A D-glucose, O D-galactose.
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Figure 4. Absorbance intensity pH profile of 8-QBA (6.3x107> M) in
0.10 M phosphate buffer. ll 8-QBA, -8-QBA + 1.0 M p-fructose.

NMR spectra of 8-QBA in a mixed deuterated methanol—
water (1:1) solvent at different pH. Methanol was used
so that the concentration of 8-QBA can be increased to
44 mM so as to allow for a meaningful NMR determi-
nation within a reasonable period of time. The pH
titration studies of 8-QBA in a mixed methanol-water
(1:1) solution showed that both the fluorescence and UV
profiles were nearly identical as that in 100% water
solution (data not shown), and it is known that the
addition of 50% methanol to water solution results in
minimal changes of the solution pH.?*> Therefore, we
measured the ''"B NMR in the mixed aqueous solution
to investigate the boron hybridization state. The boron
signal of 8-QBA appeared at 24.3 ppm at pH 1.5 and
shifted to 8.3 ppm at pH 6.5 and 6.5 ppm at pH 11.5,
respectively. These results indicated that the boron
changed hybridization from sp? to sp’ between pH 1.5
to 6.5.'"" This means that 8-QBA exists at pH 7.4 pre-
dominantly as the zwitterionic quinolinium boronate
form (2) (Scheme 1).3%37 This allowed us to assign the
first pKa at 4 of 8-QBA to the boronic acid group and
the second pKa at 10 to the quinolinium nitrogen. Since
the formation of a boronic ester with a diol further
lowers the pKa of the boron,' the same assignments for
8-QBA esters should also be correct. This indicates that
the fructose ester (5) is the fluorescence species. The
quantum yield of 5 (fructose ester) at pH 7.4 in phos-
phate buffer was determined to be 0.28.

Past work in searching for new boronic acid-based
fluorescent reporter compounds has been focused on
exploring the inductive effect of boronic ester formation
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Scheme 1. The ionization steps of 8-QBA and its esters.

on a conjugated © chromophoric system?>—! and/or the
utilization of B-N bond formation.?323:32:33 In this
study, there is no B-N bond formation expected due to
the large angle strain if such a B-N bond were to form.
Furthermore, the boron atom in both 8-QBA and its
esters are in the tetrahedral forms at pH 7.4 indicating
that the fluorescence intensity changes are not due to
the change in hybridization state of the boron. This is
further substantiated by the fact that with the pH
increase from 2 to 7 the fluorescence intensity of 8-QBA
decreases, but those of 8-QBA esters increase (Fig. 3).
The environmental change of quinoline ring of 8-QBA
upon binding with a sugar is a possible reason that
causes the fluorescence intensity changes. It is known
that the fluorescence of quinoline-type compounds
could be switched ‘on’ if the nr* state is perturbed such
that the lowest energy singlet excited state is of the nn*
state.’® For example, quinoline is itself nonfluorescent
in hydrocarbon solvent. However, it does exhibit fluo-
rescence in hydroxylic media due to the perturbation
from hydrogen bond formation. It is possible that
8-QBA work the same way due to the perturbation from
the attached diols.3*34° However, further study is nee-
ded in order to understand the mechanism through
which 8-QBA changes its fluorescence upon binding
with a diol.

The availability of 8-QBA-based fluorescent reporter
compounds will be very useful to the effort of making
fluorescent sensor for cell-surface carbohydrates for in
vivo applications.'® In our earlier efforts of making such
cell-surface carbohydrate sensors using the anthracene-
based fluorophore, it was always necessary to add some
organic co-solvent (commonly methanol) for the cell-
labeling studies due to their poor water solubility. The
need for organic co-solvent can be tolerated in an in
vitro experiment, but not in an in vivo experiment. The
availability of water-soluble fluorescent reporter com-
pounds such as 8-QBA will significantly help the effort
of making biocompatible fluorescent sensors for cell-
surface carbohydrates as biomarkers.

In conclusion, 8-QBA was found to be a fluorescent
reporter compound with many desirable properties for
biosensor preparation. Such properties include (1) large
fluorescence intensity changes upon binding and (2)

being functional in aqueous solution at physiological
pH. Work is underway to better understand the fluor-
escence change mechanism and use this new type of
fluorescent boronic acid compounds for the synthesis of
diboronic acid compounds for high selectivity and affi-
nity recognition of carbohydrates of biological interest. '
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