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Abstract

We evaluated two anthracene derivatives with covently attached boronic acid groups for
fluorescence-lifetime-based sensing of glucose. These anthracene derivatives also contained alkyl
amino groups, which quenched the anthracene emission by photo-induced electron transfer. Both
anthracene derivatives displayed increased intensities and lifetime in the presence of glucose, as
seen from the frequency-domain measurements. A fluorescence lifetime change from 9.8 to 12.4
and 5.7 to 11.8 ns is observed, after the addition of glucose, for the anthracene substituted with
one and two boronic acid groups, respectively. This results in a change in the phase angle up to
15° and 30° and in the modulation up to 12 and 25% at 30 MHz for these compounds,
respectively. Titration curves in the presence of BSA and micelles are also presented to show the
potential interferences from biomolecules. Dissociation constants were evaluated for both
compounds, and association with glucose was found to be reversible. Importantly, the apparent
glucose binding constants are about 5- to 10-fold smaller with phase, modulation, or mean lifetime
than with intensities measurements, shifting the glucose-sensitive range to physiological values.
Combining these results and the use of a simple UV-LED as excitation source, the results show an
interesting potential of these two compounds in the development of lifetime base devices using
synthetic probes for glucose.

Determination of the glucose concentration is important for people with diabetes. Large
variations in blood glucose level result in important health problems including
cardiovascular disease, neuropathies, and blindness (1, 2). Noninvasive measurements of
blood glucose have been a long-standing research goal. To date, a wide variety of methods
have been described in the literature, including near-infrared spectroscopy (3-5), optical
rotation (6, 7), amperometric (8, 9), colorimetric (10, 11), and fluorescence detection (12—
16). Despite some promising results, these methods show limitations. For example, the NIR
technique shows excessive background and the optical rotation technique shows low optical
rotation and depolarization due to the tissue. At present, the most reliable method to measure
blood glucose is by finger stick and subsequent glucose measurement, typically by glucose
oxidase (17). Competitive glucose assays using fluorescence resonance energy transfer
between concanavalin A and dextran have been developed (13-15, 18). There also have been
efforts to use the fluorescence change of labeled apoglucose oxidase (16). Proteins and
enzymes have the advantage of showing affinity constants comparable with the blood
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glucose level and high selectivity. Despite these advantages, proteins show low stability with
heat and organic solvents and modifying their overall properties is difficult. Hence, the
development of synthetic glucose probes remains an important goal for biomedical research.
The flexibility of organic synthesis and the robustness of the organic probes provided
additional possibilities in developing nonconsuming glucose sensors.

The boronic acid group is known to covalently bind saccharides and other diols (19-21). The
use of the boronic acid group for the recognition of saccharide has been widely studied by
Shinkai, James, and their collaborators (22-26). Depending on the structure of the molecule
and on the number of boronic acid groups present, dissociation constants from micromolar
to tens of millimolar can be obtained and a chiral discrimination has also been observed
(27). A delivery system for insulin has also been developed using boronic acid gels (28, 29).

Photo-induced electron transfer (PET)2 is often used as a mechanism for fluorescence
quenching in the development of sensors (30). This quenching is due to the rich electron
amino group near the fluorophore. When an analyte (ions for almost all the cases) bonds the
probe, the interaction between the analyte and the nitrogen lone pair electrons removes this
quenching and an increase of the fluorescence of the probe is observed. This mechanism has
been used with anthrancene derivatives containing amino and phenyl boronic acid groups for
the design of glucose probes (31). In that case, the mechanism proposed is slightly different.
Changes in the acidity of the boron group and in the interaction between the boron atom and
the nitrogen atom, in the presence of glucose, are responsible for the intensity changes
observed. A detailed explanation of the intermediates involving in these equilibra can be
found in Ref. (31). These anthracene probes for saccharide also have been successfully
adapted to build polymers for the development of glucose-response devices (32, 33). To
date, no study using the fluorescence lifetime on these systems could be found.

The use of decay times, as opposed to intensities, is preferred because the decay times are
mostly independent of the probe concentration or the intensity of the fluorescence signal.
The frequency-domain or phase-modulation method for sensing is now well recognized for
its instrumental simplicity, rapid data acquisition, and the ability to detect small changes in
phase angle or lifetime. A mean lifetime can be measured at a single modulation frequency
using simple light-emitting diodes or laser diodes as the excitation source (34, 35).
Importantly, lifetimes can be measured in highly scattering media (36, 37), and have been
successfully measured through several layers of skin (38). This has suggested that lifetime-
based sensing of glucose could be used for transdermal minimally invasive glucose
measurements. In this study we describe the introduction of two anthracene compounds
(Fig. 1) as the lifetime probe for glucose. These probes show decreased PET quenching by
the amino groups upon glucose binding to the boronic acid groups. To demonstrate the
possibility of practical glucose sensor, the fluorescence lifetimes were obtained with the
phase-modulation method and the excitation provided by a UV-LED source. The results
show a considerable glucose-dependent change in the phase angle and in the modulation for
both compounds. Titration curves in the presence of BSA and micelles have been measured

2 Abbreviations used: PET, photo-induced electron transfer; LED, light-emitting diode; FD, frequency domain; KD, dissociation
constant; Ks, stability constant; BSA, bovine serum albumin; HDTBr, cetyltrimethylammonium bromide.
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to evaluate the possible interference in biological environments. These compounds show a
complete reversibility of the association between the boronic acid group and glucose,
making them useful as nonconsuming glucose sensors.

MATERIALS AND METHODS

D-Glucose and BSA were purchased from Sigma. Sodium dodecyl sulfate (SDS) was
purchased from ICN Biochemicals. Cetyltrimethylammonium bromide (HDTBr) was
purchased from Sigma. 9-[[ V-Methyl- N-(o-boronobenzyl)amino]methyl]anthracene (1) and
9,10-bis[[ A-methyl- A-(o-boronobenzyl)amino]methyl]-anthracene (2) were synthesized
according to procedures described in the literature (31).

Steady-state fluorescence measurements were performed in a 1-cm quartz cuvette in an ISS
spectrofluorometer. For all measurements, the OD of the samples did not exceed 0.1 and
solutions are stirred. Stability (Ks) and dissociation (Kp) constants were obtained by fitting
the titration curves using the relation

I = Imin + ImaxKS[glu] 1
- 1+ Kg[g lu] [1]

and using the relation Kp = (1/Ks). Frequency-domain (FD) measurements were performed
using instrumentation described previously (39). An amplitude-modulated UV-LED was
used as the given light source and the peak intensity centered around 370 nm. Emission was
observed through a 415-nm cutoff and a 420-nm interference filter. The FD intensity decay
data were analyzed by nonlinear least squares in terms of the multiexponential model

I(t) = Zaiexp(—t/ri), [2]

where a;is the preexponential factor associated with the decay time z; with %, a;= 1.0. We
used global analysis in which two lifetimes were used for all glucose concentrations. The
mean lifetime is given by

2

where f;is the fractional steady-state intensity of each lifetime component:

fi=~——- [4]
Zﬂﬂj
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RESULTS

Steady-State Measurements

Emission spectra and corresponding titration curves for 1 and 2 are presented in Figs. 2 and
3, respectively. Stability constants (Ks) and dissociation constants (Kp) are presented in
Table 1, Kp = 1/Ks. As discussed in the literature (31), the change in the intensity is
attributed to the removal of the PET quenching due to the interaction between the boron and
nitrogen atoms following the binding with glucose. In an attempt to determine the possible
interference from proteins or lipids, titration curves were also measured in the presence of
BSA and two detergents, one with a negative-charged head group (HDTBr) and the other
with a positive-charged head group (SDS). BSA has little effect on the titration curve of 1
and no effect for compound 2. The effect of BSA on compound 1 could be the result of an
interaction between these two compounds. However, because the measurements are taken in
a mixture of methanol and water, aggregation could not be neglected. Both compounds 1 and
2 show a relatively low solubility due to the high hydrophibicity of both the anthracene and
phenyl moieties. To obtain reproducible titration curves, we used vigorous stirring and
waited about 2 min prior to recording the spectra. In the presence of micelles, a complete
inhibition of the intensity change is observed. These results suggest that, in presence of
micelles, the probes are located in the micelle and cannot interact with the glucose present in
solution. For compound 1, the dissociation constant is in the millimolar range, which is
characteristic of the boronic acid group (23, 25, 26, 40). For compound 2, this dissociation
constant goes down to the submillimolar range. This is due to the ability of both boronic
acid groups present on compound 2 to bind one molecule of glucose. This is characteristic
not only of this compound, but also is general for the majority of glucose probes possessing
two boronic acid linker groups (27, 31, 41, 42).

Frequency-Domain Measurements

Figure 4 shows the frequency domain intensity decays for 1 and 2. For both probes, the
frequency responses display a significant shift to low-modulation frequencies with the
addition of D-glucose, indicating a longer mean lifetime in the presence of glucose. These
results are consistent with the decrease of the PET quenching in the presence of glucose.
The intensity decays, for both probes, were satisfactorily fitted to the two-exponential model
in the absence and presence of glucose, except a single-exponential model was satisfactorily
fit in the presence of a high concentration of glucose. For both compounds, a short lifetime
(71 in Tables 2 and 3) component is present and shows an important contribution (a,) of the
mean lifetime in the absence of glucose. This component increases in lifetime while the
contribution in the mean lifetime decreases with the addition of glucose until the decay
profile becomes monoexponential. Compound 2 shows a smaller mean lifetime in
comparison with 1, 5.7 vs 9.8 ns, respectively, in the absence of glucose. At the saturation
limit, both compounds show a much more similar mean lifetime, 11.8 vs 12.4 ns for 2 and 1,
respectively. The smaller mean lifetime of 2 without glucose is probably due to the more
efficient quenching when two amino groups are present on the molecule in comparison with
one amino group for 1. The similar lifetime observed for both compounds and
monoexponential decay for 2, at the saturation limit, imply not only that both boronic acid
groups are involved in the binding with glucose as suggested with the steady-state results but
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also that both boronic acid groups interact with the nitrogen atom, causing a removal of the
PET quenching similar to that observed for compound 1.

Titration curves obtained with the mean lifetime and with the phase angle and modulation
are shown in Figs. 5 and 6, respectively, for both compounds. Despite a relatively small
mean lifetime change, compound 1 shows an interesting change in the phase angle and
modulation at 30 MHz (Fig. 6A). This is due to the fact that the short lifetime component
becomes less important and gradually the decays become more monoexponential with the
addition of glucose. For compound 2, the combination of the larger mean lifetime change
and the decrease of the short lifetime component results in a larger change in the phase angle
and modulation in the presence of glucose. Stability constants and dissociation constants are
presented in Table 1. The apparent dissociation constants obtained with the mean lifetime,
phase angle, and modulation show a 5- to 10-fold decrease in comparison with the Kp
obtained with the steady-state intensity change. Using the frequency domain measurements,
probe 1 shows sensitivity for glucose in the range of few millimolar while the sensitivity for
2 is in the range of few tens of micromolar. This is due to the more important contribution of
the complex (probe with analyte) on the lifetime because of the higher quantum yield and
longer lifetime of the latter (36, 43). As shown in Fig. 5, the presence of BSA does not
interfere in the interaction between the probes and glucose. The effect of BSA on the
titration curve of 1 (Fig. 5A) is much less than that observed with the steady state,
suggesting that the effect observed with the steady state could be due to an artifact like
aggregation as discussed in the previous section.

Figure 7 shows the effect of dilution on the mean lifetime for 1 (Fig. 7A) and 2 (Fig. 7B).
The dilution is done with solvent only and not with a solution of free probes. As is shown on
Fig. 7, dilution results in a decrease of the mean lifetime. This decrease reverses the increase
obtained by the addition of glucose. This confirms that the association equilibrium between
the probe and the glucose is independent of the concentration of the probes, as assumed in
the literature and suggested by the utilization of a single order model in the fitting of the
titration curves. It also shows that the covalent bond between the boronic acid group and the
saccharide is completely reversible.

DISCUSSION

The development of synthetic probes combined with the development in fluorescence
sensing is an interesting way for the improvement and/or for new approaches in glucose
sensing. The two synthetic probes described here show interesting intensity changes
combined with different affinities for glucose. In addition, these probes also show a
substantial change in the fluorescence intensity decay profiles in response to the glucose.
Combining this with the fact that a simple UV-LED could be used as a light source, these
two probes are very promising as probes for fluorescence-lifetime-based sensing of glucose.
In addition, the use of the lifetime increases the range of glucose concentrations in which
these probes could be used. This is important for the application since a wide range of
glucose concentrations in blood could be measured, as well as for other nonmedical
applications like the food industry. We also have shown that the interaction between the
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boronic acid and the glucose is reversible. Since the probes do not consume the glucose, this
suggests the possibility of making an implantable and long-term-use glucose sensor.
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FIG. 1.
Molecular structure of the two probes investigated.
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Titration curves against D-glucose obtained with the steady-state intensity for 1 (A) and 2
(B) in the absence and presence of BSA and micelles. Agp: 420 and 425 nm for 1 and 2,

respectively.
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TABLE 1

Page 15

Stability Constant (Ks) and Dissociation Constant (Kp) for 1 and 2 for a 1:1 Complexing between the Boronic
Acid Group and D-Glucose

Properties LogKs Kp (mM)

1
Steady-state intensity  1.67 (x0.03) 21.3 (x1.1)
Global mean lifetime  2.35 (+0.08) 4.6 (x0.7)
Phase angle 2.21 (+0.08) 6.3 (£1.1)
Modulation 2.29 (+0.15) 5.4 (£1.8)

2
Steady-state intensity ~ 3.30 (x0.03) 0.51 (+0.03)
Global mean lifetime  4.17 (+0.06)  0.069 (+0.009)
Phase angle 3.98 (+0.03)  0.105 (+0.008)
Modulation 4.23 (+0.05)  0.061 (+0.007)

Note. Measured in methanol:phosphate buffer, pH 7.7 (1:3).
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