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Abstract

We have developed a new series of glucose sensitive fluorophores that display shifts in emission
wavelengths and/or intensity change upon the binding of monosaccharides. Complexation of
glucose with the boronic acid moiety changes both its orbital hybridization and its ability to accept
and donate electrons. This change results in distinct emission spectra for the fluorophores when
free in solution or complexed with monosaccharide. The spectral changes upon saccharide binding
can be modified by substitution of electron donor or acceptor group on the fluorophore allowing
rational design of the spectral response.
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1 Introduction

Fluorescence spectroscopy is a major technique used for the detection and reporting of
specific analytes in heterogeneous and biological media. Fluorescence is well known for its
high sensitivity and selectivity, and in addition, it is a non- or minimally invasive method
that allows nondestructive measurements and sometime /77 vivo measurements. For example,
fluorescence, spectroscopy has been found to have useful applications in analytical
chemistry, DNA technologies, and clinical assays. One of the most impressive developments
involving fluorescence in the past decade occurred in the field of optical microscopy.
Fluorescence microscopy techniques, such as confocal, multi-photon, and Fluorescence
Lifetime Imaging Microscopy (FLIM), are widely used today and are important tools for
studying cellular and tissue functions and structures in real time.1=3 For this purpose, analyte
sensitive fluorescence probes have proved to be useful, and today many fluorescence probes
showing sensitivity for pH, oxygen, and ions (Ca2*, Na*, CI-, etc.) are commercially
available.# Despite years of research in molecular recognition and probe chemistry, chelator
groups and fluorescence probes showing sensitivity to neutral analytes are found only
sporadically in the literature. We present in this review an overview of our efforts toward the
development of fluorescence probes showing sensitivity to monosaccharides.
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Since glucose is a central molecule of life, its noninvasive detection is important both for
basic knowledge of biochemical phenomena and for medical testing. For diabetics, the
development of noninvasive methods of measuring blood glucose has been a long-standing
goal. To date, a wide variety of methods for glucose detection have been described in the
literature, including near-infrared (NIR) spectroscopy,> optical rotation,8° amperometric,
10.11 colorimetric, 1213 and fluorescence detection.14-18 Despite some promising results,
however, these methods evidence limitations. For example, the NIR technique is limited by
excessive background, and the optical rotation technique results in low optical rotation and
depolarization due to the tissue. At present, the most reliable method of assessing glucose
concentration is based on enzymatic assays, typically using glucose oxidase. This technique
has the disadvantage of consuming the glucose and generating high reactive species like
hydrogen peroxide, which can be toxic and damaging to biological composites. Also,
intracellular glucose imaging using enzymes is oxygen dependent, resulting in
measurements controlled for oxygen diffusion. Practical blood glucose determination using
enzymatic assays also evidences limitations. To date, the most reliable glucose-sensing
method consists of the well-known finger stick, followed by glucose analysis using
enzymatic assay.9 In addition to the fact that this method is painful, and even the most
compliant individuals are not willing to stick themselves more than several times per day,
this technique has not allowed the development of easy-to-use implantable devices, such as
alarm systems for hypoglycemia and active materials for automatic insulin pump. For this
reason, nonconsuming competitive glucose assays using fluorescence resonance energy
transfer between concanavalin A and dextran have been developed.15-17:20 There also have
been efforts to use the fluorescence change of inactive enzymes such as labeled apoglucose
oxidase.18 Proteins and enzymes have the advantage of showing affinity constants
comparable with the blood glucose level and high selectivity. Despite these advantages,
however, proteins also have the drawback of low stability with heat and organic solvents,
and it is difficult to modify their overall properties. 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 provide additional possibilities in the
research toward the development of nonconsuming glucose chemosensors and sensors.

For several decades, boronic acids have been recognized for their properties to covalently
bind diols?! (monosaccharides in particular). The interest in using boronic acids for the
elaboration of sensing systems finds its origins in the pioneering works done by Czarnik?2
and Shinkai.23 Since then, many findings on the interaction of boronic acids and sugar have
been reported,24 evidencing the significant possibility of using the boronic acids as building
blocks for sensing systems for sugars. Boronic acids are weak Lewis acids composed of an
electron deficient boron atom and two hydroxyl groups (1 in Figure 1). The boronic acids
interact with hard, strong bases like OH™ to form the anionic boronate form (2 in Figure 1),
and they show typical pK;, of 9. Boronic acids interact with diols following a dehydration
process and the formation of the boronic diester group (3 in Figure 1). The diol is linked
covalently, and the interaction is fast and completely reversible in aqueous media. In
comparison to the boronic acid group, the boronic ester group shows higher acidity (0K;~6)
due to a higher electrophilic boron atom. The monophenylboronic acid group shows higher
affinity for D fructose, and the affinity decreases from D galactose to D glucose.2! The three
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sugars have binding constants (Kp) of ~0.5, 6.3, and 10 mM, respectively. One of the
advantages of using boronic acid groups as chelator groups for monosaccharides is that the
affinity (Kp) and the selectivity of the boronic acid group against the sugars both depend
strongly on the molecular geometry and substitution on the phenyl and/or the aromatic
system where the boronic acid group is present. Chelator groups and/or probes showing
affinity for glucose from 1M to hundred of mM have been reported.2>-29 In the same way,
selectivity for glucose over the other sugars can be enhanced.

Many fluorescence probes based on boronic acids and involving different mechanisms to
induce spectral changes have been developed over the years. Photoinduced electron transfer
(PET),28 molecular rigidification,30 and excimer formation3! are some examples. Despite
the promising information gleaned from these interesting studies, most of the fluorescence
probes developed using these mechanisms show emission in the short wavelength and/or
involve a mechanism limited to few fluorophores. Excited-state charge transfer (CT) is a
versatile mechanism that can be applied to a large number of different fluorophores.32 CT
glucose-sensitive fluorescent probes can be developed when the boronic acid group and an
electron-donor group are present on the same fluorophore.33 In this case, the boronic acid
group [-B(OH)5] acts as an electron-withdrawing group. At a selected pH and in the
presence of sugar, the boronic acid group is present in its anionic form [-B(OH)(sugar)]".
The anionic form of the boronic acid group is no longer an electron-withdrawing group and
spectral changes are observed due to the perturbation of the charge transfer nature of the
excited state. This mechanism has been first reported by Shinkai et al.33 using a stilbene
derivative (see Sec. 2.1), but has never been extensively investigated and extended to
different chromophores. Using this mechanism, we developed different glucose-sensitive
probes showing emission covering the entire visible and near-infrared spectrum. These
probes show intensity changes, wavelength shifts, and/or fluorescence lifetime changes.

2 Results and Discussion

2.1 Stilbene Derivatives

Figure 2 shows three stilebene derivatives functionalized with the boronic acid group. 4’-
Dimethylaminostilbene-4-boronic acid (DSTBA) combines the electron-donating
dimethylamino group with the electron-withdrawing boronic acid group. 4’-
Cyanostilbene-4-boronic acid(CSTBA) combines the electron-withdrawing cyano group
with the boronic acid, and STBA is a model compound used for comparison. DSTBA has
been first reported by Shinmori, Takeuchi, and Shinkai3? as well as its optical responses to
pH and sugar. Detail on the synthesis and complete spectroscopic characterization of these
derivatives has been reported previously.33:34 Figure 3 shows the dependence of the emission
spectrum of DSTBA against the polarity of the solvent. As the polarity of the solvent
increases, we can observe a large redshift of the emission band. Since the absorption
spectrum does not show any dependence on the polarity change of the solvent, this effect has
been correlated to the formation of a charge transfer in the excited state between the
dimethylamino and the boronic acid groups.32:33 As expected, CSTBA and STBA do not
show significant changes in the polarity of the solvent due to the absence of the electron-
donating group in these derivatives. The spectroscopic and photophysical parameters in

J Biomed Opt. Author manuscript; available in PMC 2019 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DiCesare and Lakowicz Page 4

aqueous solution of all the probes presented in this review are listed in Table 1. As the pH
increases, the emission spectrum of DSTBA displays a large blueshift and an increase in the
fluorescence intensity (Figure 4). These spectral changes induced by the pH are due to the
formation of the anionic form of the boronic acid group (form 2 in Figure 1). As the anionic
boronate species is formed, the boron group is no longer an electron-withdrawing group,
resulting in the removal and/or perturbation of the charge-transfer nature of the excited state.
An important feature, underlined in the inset of Figure 4, is the change of the acidity/
electrophilicity of the boron group between its uncomplexed and complexed forms. This
acidity change is the principal reason, and the driving force, that allows the development of a
sugar sensitive fluorescent probe using the boronic acid. At a low pH (<6), the simple
complexation of the boronic acid with sugar (equilibrium between species 1 and 3, Figure 1)
does not result in a perturbation of the fluorophore. The same statement is true at a high pH
(>9; equilibrium between species 2 and 4, Figure 1). To induce a spectral change of the
fluorophore, the complexation of the probe with the analyte should result in a perturbation of
the electronic properties of the fluorophore (as the charge transfer) and/or the generation of a
new photophysical process (as photoinduced electron transfer). In the case of the charge
transfer mechanism, the perturbation is generated by the change from the neutral (1, Figure
1) to the anionic (4, Figure 1) forms of the boronic acid in the presence of sugar at a selected
PH. As discussed in the introduction, aromatic boronic acid derivatives display pKaround
9, while the complexed forms with sugar show pK; around 6. These pK values allow the
detection of sugar in the pH range of 6.5-8.5, with the maximum spectral change usually
observed at pH around 7.0 and 7.5. This pH window is ideal for sugar detection /n vivo and
in biological media.

Figure 5 shows the effect of sugar on the emission properties of DSTBA. The emission
spectrum of DSTBA shows a hypsochromic shift of about 30 nm and an increase in intensity
as the concentration of sugar increases. These dramatic changes in the emission band of
DSTBA are explained by the loss of the electron withdrawing property of the boronic acid
group following the formation of the anionic form in presence of sugar (Figure 1), as
discussed previously for the pH effect. For purposes of comparison, the spectral response of
STBA to sugar is shown in Figure 6. In this case, only a small decrease is observed in the
emission intensity, and this has been attributed to a PET quenching from the electron-rich
boronate group.22 This later result shows that the change of the hybridization, oxidation state
and charge of the boron group upon complexation with sugar does not result in a large
perturbation of the fluorophore by itself. Important optical changes are observed when the
boronic acid is coupled with electron-donating groups and then actively contribute to the
electronic properties of the fluorophore.

Dissociation constants against different sugars for the probes presented in this review are
listed in Table 2. As previously mentioned in the introduction, monoboronic acid derivatives
show higher affinities for D fructose and affinity decreases for D galactose and D glucose.
The apparent dissociation constants are pH sensitive and decrease as the pH increases. For
example, the binding constant of CSTBA for D fructose shows a variation from 3.22 to 0.65
mM for pH values of 7.0-8.0, respectively. The blood glucose level is in the range of 3-8
mM for a normal person, and this range increases to between 2 and 40 mM in diabetics. The
fact that boronic acids show affinities in this millimolar range is very promising and could
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lead to useful, noninvasive glucose sensors. Selectivity could be problematic for the
usefulness of monoboronic acid probes. These probes show higher affinities for D fructose,
and even if Dfructose is present in small concentrations in blood (about ten times smaller
than glucose), it could be a major source of interference. As mentioned previously, the
selectivity of the boronic sugar can be enhanced. Usually, bis-boronic acid derivatives show
higher affinities and selectivities for D glucose in comparison with other sugar.25-28 The
emission properties of fluorescent probes based on a charge transfer mechanism show strong
dependence on the polarity of the environment. In addition, some of these probes, especially
the stilbene derivatives, can also show dependence on the viscosity of the environment.
These points should be carefully evaluated in the case of their use to build sensing devices.
For example, we observed that in a microenvironment composed of hydrophobic
microstructures in an aqueous environment, the probes do not show CT behavior due to their
hydrophobicity. In this case, the presence of sugar does not result in optical changes.

The CSTBA derivative possesses two electron-withdrawing groups, the cyano and the
boronic acid groups. As expected for these kinds of compounds, no CT states are observed
for the neutral form of the boronic acid group. On the other hand, we can observe a
bathochromic shift, 25 nm, and a decrease of the intensity (60%) in the emission spectrum of
CSTBA at high pH34 (not shown). The pK; of the uncomplexed and complexed boronic
acids with D fructose are 8.2 and 5.8, respectively. The effect of D fructose on the emission
band of CSTBA is shown in Figure 7. The bathochromic shift and the intensity change are
very similar, but they occur in opposite directions from those observed for DSTBA. We have
attributed this new, redshifted band to an excited CT state present for the anionic form of
CSTBA. This suggests that the anionic form of the boronic acid group can act as an electron
donor group. This later observation opens the door to the use of a more diverse group of
fluorophores for the development of sugar sensitive fluorescent probes. In addition, the
wavelength shift and/or the intensity change direction can be selected in function of the
application.

2.2 Polyene Derivatives

In order to test the usefulness of the CT mechanism for the development of longer-
wavelength glucose sensitive fluorescent probes, we synthesized a diphenylbutadiene and a
diphenylhexatriene derivative, each combining a dimethylamino group and a boronic acid
group in para positions of each phenyl group (Figure 8).2° Typical spectral responses to
sugar are displayed in Figure 9. As ascertained in the observation of DSTBA, we saw a
blueshift of the emissive band and an increase of the emission intensity in the presence of
sugar. While the 1-(p-Boronophenyl)-4-(p-dimethylaminophenyl) buta-1,2-diene
(DDPBBA) produced a good spectral response, the spectral changes observed for the longer-
wavelength derivative, DDPHBA, were less pronounced than in the previous compound. For
the moment, it is not clear if this is due to the decrease of the energy band gap between the
excited state and the ground state, or if it is due to the nature of the fluorophore.

2.3 Diphenyloxazole Derivative

While the diphenylpolyene derivatives show interesting spectral responses to sugar, they
possess small fluorescence quantum yields (1%-10%), and their chemical stability decreases
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as the number of double bonds increases. For these reasons, we developed a donor/acceptor
diphenyloxazole derivative functionalized with the boronic acid group (Figure 10).3% This
family of fluorophores is known to show high fluorescent quantum yield, long-wavelength
emission and good photostability, and it is very sensitive to a small perturbation affecting the
CT nature of the excited state.36 The spectral response of DAP-BA to D fructose is shown
on Figure 11. Unlike the stilbene and polyene derivatives, DAP-BA shows a larger intensity
change (fivefold increase) and similar blueshift (~30 nm). The fivefold intensity increase is
the largest intensity change observed for a sugar sensitive fluorescent probe based on the CT
mechanism.

2.4 Chalcone Derivative

In an attempt to assess the extent of the usefulness of the CT mechanism, we synthesized
two chalcone derivatives functionalized with the boronic acid group (Figure 12).37 Chalcone
derivatives, unlike the corresponding polyenes, have the advantage of longer wavelength
emission. In addition, for these compounds, the boronic acid group does not form resonance
forms with the electron-donating amino group. In these cases, the charge transfer occurs
between the dimethylamino group (electron-donating group) and the carbonyl group
(electron-withdrawing group). Since the boronic group is in resonance with the carbonyl
group, the change in the electronic proper ties of the boron group, both when free and when
complexed with sugar, leads to a variation in the electronic density of the benzophenone
moiety and then in the CT properties of the excited state of the fluorophore. Under its
neutral form, the electron deficient boronic group decreases the electronic density on the
carbonyl group helping the CT. On the other hand, under its anionic form, the boronate
group increases the electronic density on the carbonyl group and then reduces the CT
property of the excited state. Both chalcone derivatives display similar responses to pH and
sugar; only their respective wavelengths of emission differ. Chalc1 shows an emission
centered to 580 nm, and Chalc2 to 665 nm. Typical spectral responses to sugar are presented
in Figure 13 for Chalc2. In this case, no apparent wavelength shift is observed. However, we
do observe an intensity increase, typically twofold. It is interesting to note that the pH range
for effective sugar sensing of the chalcone derivative, ~6.5, is shifted to lower values in
comparison to the other push—pull probes described previously, which typically work at a pH
of around 7.5. This is due to the higher electrophilic boron group present for the chalcone
derivatives. In this case, the presence of the electron-withdrawing carbonyl group decreases
the electronic density of the phenyl ring, lowering the pK of the boronic acid group. In the
other cases, in which the dimethylamino group shows resonance forms with the boronic acid
group, partial charge transfers can occur in the groups’ state, first increasing the electronic
density of the boron group and then increasing its pKj.

2.5 Fluorescence Lifetime

In addition to showing wavelength shift and intensity change, the sugar sensitive fluorescent
probes based on CT display changes in their fluorescence lifetime in the presence of sugar.
Stilbenes and diphenylpolyene derivative possess very short lifetime, in the range of a few
hundred picoseconds. For example, DDPBBA show a fluorescence lifetime of 290 and 209
ps in absence and in presence of D fructose, respectively. While these short fluorescence
lifetimes do not lead to useful applications, we can still see that the CT mechanism could be
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used as a mechanism to develop fluorescent probes for fluorescence lifetime based sensing.
38 From this point of view, DAP-BA could be useful for monitoring sugar using lifetime
measurements. At pH 7.0, the presence of D fructose changes the fluorescence lifetime of
DAP-BA from 2.8 to 3.6 ns.

3 Concluding Remarks

The combination of an electron withdrawing and/or donating group and a boronic acid
group, both of which are directly linked to a fluorophore, can lead to the formation of an
excited charge transfer state. The neutral form of the boronic acid group acts as an electron-
withdrawing group, while the anionic form can act as an electron-donating group. After
complexation with a sugar molecule, the boronic acid changes from its neutral form to the
anionic one, and a change occurs in the CT properties of the fluorophore. A shifting and a
change in the intensity of the emission bands are then observed. This leads to an optical and
ratiometric approach for the analysis of sugar using fluorescence probes containing the
boronic acid group. This donor/acceptor combination can be applied to a large variety of
fluorophores, regardless of their emission wavelength ranges.
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Equilibrium involved in the boronic acid/sugar interaction.
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Molecular structures of the stilbene derivatives functionalized with the boronic acid group.
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Fig. 4.
Effect of pH on the emission spectrum of DSTBA. Inset: titration curves against pHin

absence (M) and in presence (@) of D fructose (50 mM).
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Fig. 5.

Effect of D fructose on the emission spectrum of DSTBA measured in phosphate buffer pH
8.0/MeOH 2:1 (v/v). Inset: titration curves of DSTBA against D fructose (H), D galactose
(@), and Dglucose (A).
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Effect of Dfructose on the emission spectrum of STBA measured in phosphate buffer pH
8.0/MeQOH 2:1 (v/v). Inset: titration curves of STBA against D fructose (B), D galactose (@),

and Dglucose (A).
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Effect of D fructose on the emission spectrum of CSTBA measured in phosphate buffer pH
8.0/MeOH 2:1 (v/v). Inset: titration curves of CSTBA against D fructose (H), D galactose

(@), and Dglucose (A).
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Fig. 8.
Molecular structures of the two diphenylpolyene derivatives.
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Fig. 9.
Effect of Dfructose on the emission spectrum of DDPBBA measured in phosphate buffer

pH8.0/MeOH 1:2 (v/v). Inset: titration curves against D fructose (B), D galactose (@), and
Dglucose (A).
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Fig. 10.
Molecular structure of the sugar sensitive diphenyloxazole derivative.
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Effect of D fructose on the emission spectrum of DAP-BA measured in phosphate buffer pH
7.0/MeOH 2:1 (v/v). Inset: titration curves of DAP-BA against D fructose (H), D galactose

(A), and Dglucose (A).
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Fig. 12.
Molecular structures of the chalcone fluorescent probes.
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Fig. 13.
Effect of D fructose on the emission spectrum of Chalc2 measured in phosphate buffer pH

6.5/MeOH 2:1 (v/v). Inset: titration curves of Chalc2 against D fructose (B), D galactose
(@), and Dglucose (A).
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Spectroscopic and photophysical parameters of the sugar sensitive probes.

Table 1

Aabs € Ar

Probe (nm) (M7lcm™)  (nm)
pstBA? 350 33000 485 0.09
cstea? 325 47000 385 0.006

poreBa” 368 551

popHBA? 390 580
DAP-BA® 350 20500 53 0.7
Chalcl® 440 22000 580  0.007
Chalc2® 445 19000 665  0.008

aWater/MeOH 1:1 (viv).
bWater/MeOH 1:2 (viv).

“Water/MeOH 2:1 (VIv).
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Apparent dissociation constants of the fluorescent probes for different sugars.

Kp (mM)

Probe D fructose D galactose D glucose
psTBA? 25 49 98
csteA? 0.65 12 18

DDPBBA? 11 59 17
DDPHBA?  0.84 5.4 15
pAP-BA? 19 14 37
Chalc1® 25 16 34
Chalc2® 21 14 30

aMeasured at pH 8.0.
bMeasured at pH 7.0.

cMeasured at pH 6.5.
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