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We report a new molecular sensor based on dipyrido[3,2-a:2'3'-c]phenazine (DPPZ) functionalized with
boronic acid groups. The sensor binds to saccharides and upon binding results in changes in fluorescence
intensity as well as cathodic shifts in the sensor’s formal potential. The ability of the new DPPZ-based
sensor to provide both electrochemical and optical signal outputs demonstrates the viability of this
family of molecules to be developed as dual-signal detectors. Measurements to determine the stability

constants with four saccharides are shown.

© 2008 Elsevier Ltd. All rights reserved.

There is a need for sensors that operate using simultaneous
optical and electrochemical means of signal transduction.!=® Such
sensors allow for versatile detection of analytes and reduce the
possibilities of false positives. Ligands based on dipyrido[3,2-a:
2',3’-c|]phenazine (DPPZ (1)) have been widely used in the coor-
dination of various transition metals and the resulting complexes
have been studied in DNA intercalation, optical probes,® and in
dye-sensitized solar cells.® Surprisingly, little has been done
towards developing DPPZ-based ligands as detection units, though
their optical”® and electrochemical properties® provide a unique
approach to tailor these ligands as tunable sensors. We report a
new ligand (2) which can function as both an optical and an elec-
trochemical sensor for saccharides. 2 is a DPPZ ligand coupled to
phenylboronic acid groups via an ethylidenemethylamine linker.
We demonstrate that 2 undergoes independent optical and elec-
trochemical signals upon binding to saccharides.

The necessity for saccharide detection and monitoring arises
from its use in industrial, medical and biotechnological applica-
tions.>1° Recently, there have been several reports on the develop-
ment of boronic acid-based saccharide sensor that provide either
fluorescence or electrochemical signal outputs.!’ Most of these
sensors are based on the strong covalent interactions between a
boronate anion and hydroxyl groups on glucose thus forming a
cyclic boronate ester.!?> The primary problem with boronic acid-
based saccharide sensors is that basic conditions are typically
required to deprotonate the boronic acid to the corresponding
boronate anion.'® The pH limitation can be overcomed by incorpo-
rating a tertiary amine in close proximity to the boronic acid group.
As a result, the amine neighbouring group participant (NGP)
induces boronate anion formation in turn allowing for complexa-
tion of the boronate anion with glucose under non-basic
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conditions.'® We demonstrate that 2, in which the boron atom
does not form an initial B-N bond is capable of binding to
saccharides, and upon binding provides independent optical and
electrochemical signal outputs.
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These results demonstrate that analogues of DPPZ could in prin-
ciple be designed to enable dual signal transductions for various
analytes of interest.

The synthesis of 2 is shown in Scheme 1. Commercially avail-
able 2,9-dimethyl-1,10-phenanthroline 3 was oxidized to the cor-
responding dione (4) using H,SO4/HNOs in the presence of KBr
following a well-established literature procedure.'” Reaction of 4
with 1,2-phenylenediamine in ethanol under reflux conditions
produced 5 in 72% yield.'® Compound 5 was then oxidized using
SeO, in 4% aqueous 1,4-dioxane to the carboxaldehyde compound
6. 2 was synthesized from 6 through reaction with 3-amino-
phenylboronic acid in ethanol at room temperature to yield a
light yellow powder in 85% yield. The sensor 2 consists a boronic
acid functional group that serves as the receptor site and the DPPZ
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Scheme 1. Synthesis of DPPZ-(B(OH),), (1): Reagents and conditions: (i) H,SO4, HNO3, KBr, 80 °C, 90%; (ii) EtOH, 1,2-phenylenediamine, 78 °C, 72%; (iii) 1,4-dioxane (4% aq),

Se0,, 95 °C, 48%; (iv) EtOH, 3-aminophenylboronic acid, rt, 85%.

ligand which is an electron-rich aromatic molecule with optical
and electrochemical properties.

Figure 1 shows the UV-vis absorbance spectrum of 2 (spectrum
represented by the dashed line) measured in a 1:4 v/v DMSO/H,0
solution. 2 exhibits two absorbance peaks at 350 nm and 375 nm,
with molar absorptivity & values of 1557 M~ 'cm™! and
1437 M~ 'cm™!, (loge values=3.19 and 3.15), respectively. The
UV-visible spectrum of 2 with excess p-glucose, p-galactose, p-
mannose or p-fructose was also measured and showed no changes
with either saccharide as shown in Figure 1.

For all emission measurements of 2, 265 nm was used as the
excitation wavelength and the sensor was prepared in a 1:4 v/v
DMSO/H,0 solution at a concentration of 1.67 x 10~* M. 2 alone
exhibits two emission peaks at 375 nm and 420 nm, with the ratio
of the intensity of the emission peaks of /375 nm tO Z420 nm being
1:2. Figure 2 represents the emission spectral changes of 2 when
titrated with p-glucose. The emission intensity of 2 at 375 nm
and 420 nm increased with increase in p-glucose concentration.
The emission intensity of the 375 nm peak increased substantially
relative to the intensity of the 420 nm peak, resulting in a shift in
the ratio of the emission intensity of the 1375 y;m tO A420 nm at satu-
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Figure 1. UV-vis absorbance spectrum of 2 (dashed line), with 2 equiv of the
saccharides p-glucose, p-galactose, p-mannose and p-fructose. The UV-vis absor-
bance of 2 remains unchanged with addition of either saccharide.

ration concentrations of p-glucose to 2:1. Similar trends were
observed when p-fructose, p-galactose and p-mannose were added
to 2. These observations can be explained as follows: emission of
the unbound sensor is quenched by energy transfer from the eni-
mine nitrogen to the phenylboronic acid. Upon complexation with
saccharides, the boronic acid no longer acts as an electron acceptor
which results in changes in emission due to agitation of the charge
transfer of the excited state.!” At a 1:1 saccharide-2 ratio, the
intensities of the A375,m tO A420nm are comparable, however,
increase in saccharide concentration results in a gradual shift in
the ratio of the emission intensities at /375 nm tO 4420 nm. The data
suggest that these changes may arise as a result of saccharide bind-
ing to one of the boronic acid groups to form a 1:1 saccharide-2
complex, but with increase in saccharide concentration, a 2:1
saccharide-2 complex is formed.

The formation of the cyclic boronate ester caused by binding of
the boronic acid with the saccharide diols, results in fluorescence
enhancement since the energy transfer is unfavourable. Thus the
binding process results in the negation of the fluorescence quench-
ing mechanism associated with the excited state and thus allows
for increased fluorescence.!®

The electrochemical detection of glucose through the enzymatic
activity of glucose oxidase is widely utilized in glucose sensing.!®
However, there is a great demand for non-enzymatic glucose sen-
sors that overcome the limitations of enzymes, that is, stability,
reproducibility, simplicity and oxygen interference.?® Electrochem-
ical signal transduction has been shown to occur in boronic acid-
based glucose sensors in which the interaction of a boronic acid
and neighbouring tertiary amine is strengthened upon binding to
a saccharide.?!

We investigated the effect of the changes in electrochemical
signal of 2 upon binding with b-glucose. Solutions of 2
(1.67 x 107* M) and p-glucose (1.67 x 10~* M) were prepared in
0.1 M TBAPFg in DMSO. Sweep cyclic voltammograms were
recorded for 1.67 x 10~* M 2 with p-glucose (0-6.68 x 1074 M) in
0.1 M TBAPFg in DMSO in a N, saturated atmosphere. Figure 2
shows that the formal potential of 2 (=995 mV vs Ag/AgCl) and
gradually becomes more negative (—1044 mV vs Ag/AgCl) with
increase in p-glucose concentration accompanied by changes in
current. However, there is no change in reduction potential for
additions of more than 2 equiv of p-glucose. Boronic acid binding
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Figure 2. Fluorescence spectral changes of 1.67 x 10~ M of 2 (excited at 265 nm) titrated with p-glucose. From bottom to top, [p-glucose] =0, 4.18 x 107> M, 6.26 x 10> M,
835 x107° M, 1.25 x 107* M, 1.67 x 107* M, 2.09 x 1074 M, 2.50 x 10~* M, 3.34 x 10~* M. The inset shows a typical saturation curve in which increase in the p-glucose
concentration results in an overall increase in emission intensity but these increases at more drastic at 375 nm relative to the 420 nm peak.

with p-glucose results in the formation of the cyclic boronate ester,
which in turn causes an increase in electron density around the
enimine nitrogen. The nitrogen lone pairs conjugate with the =«
system thus increasing the stability of the complex and thus caus-
ing a more cathodic over potential of the overall complex. We note
that a similar experiment in which the CV of 1 with increasing con-
centrations of saccharide was measured. There were no changes in
the CV of 1 (Fig. 3).

The method of continuous variation was used to determine the
stoichiometry between 2 and the saccharides. It was found that
one ligand binds to two saccharide molecules. The 1:2 interaction
of the sensor and analyte was further supported by the electro-
chemistry data. Stability constants were calculated based on 1:2
sensor to saccharide ratio.?? The binding constant (K) was calcu-
lated from the fluorescence emission titration of 2 (1.67 x
10~*M in DMSO) with p-glucose (1.18 x 1072 M in DMSO) at the

Current (xlO6 A)

370 nm peak. The resulting values were averaged and reported
with the respective standard deviation. A correlation coefficient
() was also determined (using MINITAB v. 14.0) between the
binding constant and the p-glucose concentration. Binding con-
stants were calculated for 2 with p-fructose, p-glucose, p-galactose
and p-mannose and found to be (12.7+0.8) x 1074 M2, (9.0 +
09)x104M2,  (37+12)x10%M2 and (04+0.1)x
10~% M2, respectively. This trend is consistent with other litera-
ture reports.'°

In conclusion, we have shown that a new DPPZ-based ligand
with boronic acid functional groups is capable of binding to
saccharides and upon binding provides independent electro-
chemical and optical signal outputs. Such ligands can in princi-
ple be applied towards various analytes of interest to offer
sensors with dual signal transductions and minimize false
positives.
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Figure 3. Cyclic voltammograms of 2 (1.67 x 10~4 M) with different concentrations of p-glucose concentration (0-6.68 x 10~ M) in 0.1 M TBAPFg in DMSO. Increase in
p-glucose concentration results in cathodic shifts in up to 2 equiv, after which no changes are observed. (In the direction of the arrows), [p-glucose] =0, 4.18 x 107> M,
8.35x 107° M, 1.67 x 1074 M, 2.09 x 10~* M, 2.50 x 1074 M, 3.34 x 10~* M, 6.68 x 10~* M, corresponding to 0, 0.25, 0.50, 1.00, 1.25, 1.50, 2.00 and 4.00 equiv, respectively.
The area of the glassy carbon electrode is 0.28 cm?. Increase in [p-glucose] results in a new complex that has a formal potential = —1044 mV versus Ag/AgCl. Voltammetric

parameters are as follows: Scan rate = 50 mV/s, reference electrode = Ag/AgCl.
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