Journal of Fluorescence, Vol. 14, No. 5, September 2004 (©2004)

Macrocycle-Derived Functional Xanthenes and Progress
Towards Concurrent Detection of Glucose and Fructose

Oleksandr Rusin,"* Onur Alpturk,' Ming He,"* Jorge O. Escobedo,’
Shan Jiang,' Fareed Dawan,” Kun Lian,” Matthew E. McCarroll,"*

Isiah M. Warner,' and Robert M. Strongin'~®

Received November 1, 2003, revised March 24, 2004, accepted March 24, 2004

The detection of saccharides in biological media is of great current importance for the monitoring of
disease states. We have previously reported that solutions of boronic acid-functionalized macrocycles
form acyclic oligomeric materials in situ. The oligomers contain fluorescent xanthene moieties.
Current efforts are aimed at modulating the spectroscopic responses of these materials for the
analysis of specific sugars. We describe conditions whereby the xanthene boronic acids exhibit high
colorimetric fructose selectivity. In contrast, at physiological levels selective glucose monitoring
can be achieved via fluorescence. Additionally, we describe a method which exhibits promise for
detecting both glucose and fructose at dual wavelengths in the UV-Vis region. Mechanistic rationale
for each of these findings is presented.
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INTRODUCTION

There has been great progress made towards the
design, synthesis and evaluation of organic dyes func-
tionalized with boronic acids for sugar detection [1].
There are relatively few studies, however, addressing
the simultaneous detection of common sugars, such as
glucose and fructose, in mixtures [1,2]. It has been known
for decades that boronic acids exhibit relatively high
affinity for fructose compared to other saccharides [3].
More recently several glucose-selective chemosensors
have been synthesized [1]. Nearly all are based on the
key discovery by Shinkai and co-workers that scaffolds
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containing appropriately spaced bis-boronic acid moi-
eties may selectively chelate glucose [1]. Herein we
describe novel methodology which shows promise for the
detection of both glucose and fructose via a combination
of UV-Vis and fluorescence spectroscopy.

Previously we reported the facile synthesis and isola-
tion of 1 on multi-gram scale via the acid-catalyzed con-
densation of resorcinol and 4-formyphenylboronic acid
[4]. Compound 1 is soluble in aqueous polar aprotic sol-
vents such as DMSO. We observed that colorless DMSO
solutions containing 1 (Fig. 1), upon standing or heat-
ing at 90°C for 1 min, turned pinkish-purple. These color
changes were monitored with UV-Vis spectroscopy via the
appearance of new absorptions at 465, 500 and 536 nm [5].

We found that upon heating eleven aqueous DMSO
solutions each containing boronic acid resorcinarene
macrocycles and eleven respective saccharides, a different
solution color could be observed by visual inspection cor-
responding to each sugar [5]. The colorimetric responses
were rapid, quantifiable and reproducible. More recently,
we applied similar methodology towards the colorimetric
detection of neutral oligosaccharides [6].
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Fig. 1. Ring opening of resorcinarene boronic acid macrocycle 1
affords acyclic oligomers containing xanthene moieties.

Mechanistic investigations, based on extensive spec-
troscopic, chromatographic and crystallographic studies,
revealed that the color formation in the macrocycle-
containing solutions was due to the formation of ring-
opened acyclic oligomers possessing xanthene chromoph-
ores (2, Fig. 1) [6]. Our studies were greatly facilitated
by the pioneering work of Weinelt and Schneider who
had earlier described the reversible mechanism of resorci-
narene macrocycle genesis in homogeneous solutions [7].

We determined that the sugar-promoted signal trans-
duction arose via the formation of anionic sugar-boronate
esters [6], in keeping with the well-known properties
of boronic acid-functionalized dyes [1]. This was con-
firmed by '*C NMR using isotopically labeled sugars
[6]. Our results were consistent with the important and
useful NMR-based characterizations of related sugar-
arylboronates performed by Norrild and co-workers [8].

EXPERIMENTAL

Reagents, solvents and human blood plasma were
purchased from Sigma-Aldrich. Lyophilized blood plasma
(5.0 mL) was reconstituted with H,O (2.0 mL) and depro-
teinized by addition of MeCN (3.0 mL). Clear filtrate was
used for the glucose detection experiments.

All spectroscopic data was acquired at room tem-
perature. Colored solutions of 1 were produced via pre-
heating DMSO solutions and cooling to room temperature
prior to adding water or plasma and analytes. UV-Vis data

was obtained using a Spectramax Plus 384 spectropho-
tometer (Molecular Devices). Fluorescence spectra were
recorded with a HR2000 fiber optic spectrometer (Ocean
Optics). The excitation wavelength was 470 nm (Ocean
Optics LS-450, blue LED) directed into a fluorescence
cuvette via a 600 um entrance fiber, and emission gath-
ered by a 1000 pm optical fiber at Ap,x 579 nm. Config-
ured for fluorescence, the setup used two mirrored screw
plugs positioned at 90° within the cuvette holder for signal
enhancement.

RESULTS AND DISCUSSION

Selective Detection of Fructose and the
Ratiometric Monitoring of Fructose
and Glucose Via UV-Vis Spectroscopy

We find that fructose promotes a striking solution
color change in the presence of preheated, colored aryl-
boronic acid resorcinarene 1 (from pink-purple) instantly
at room temperature. Colorless chemosensor 1 (5.2 mM)
is heated at a gentle reflux for 3 min in DMSO (0.9 mL) in
air to afford a colored solution containing 1. After cooling
to room temperature, fructose (1 equiv) in 0.1 mL H,O is
added. A color change from pink-purple to orange-yellow
is observed. Glucose, sucrose, maltose, lactose and xy-
lose, 3 equiv each, exhibit no color change within 2 hr at
room temperature (Fig. 2).

The color change is monitored by observing the ra-
tiometric absorbance intensity decrease at 536 nm and
increase at 464 nm (Fig. 3). The absorbance changes
exhibit a linear dependence with fructose concentration
(R = 0.9079 and 0.9419 at each of the two wavelengths,
respectively).

The ratio of glucose to fructose in blood plasma is
ca. 100:1. Addition of 1 equivalent of fructose to a col-
ored solution containing 1 at room temperature results in
an 8.6% increase in the absorbance at 464 nm. Addition
of 100 equivalents of glucose to the fructose/1 solution re-
sults in no detectable change in the fructose/1 absorbance
at 464 nm. Addition of a second equiv of fructose to this
latter solution results in a readily observable absorbance
increase of 3.3%.

At 536 nm, the absorbance of solutions of 1 is lowered
by 20% upon addition of 1 equiv fructose. Subsequent ad-
dition of 100 equivalents of glucose lowers the absorbance
further by 12%. Addition of another equivalent of fructose
again lowers the absorbance by 24% (Fig. 3).

This result indicates the potential feasibility of deter-
mining fructose, in the presence of excess of glucose, by
monitoring fructose concentrations at 464 nm, where an
absorbance change is not produced in response to glucose.
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Fig. 2. A selective color change promoted by fructose is observed at
room temperature upon addition to a colored solution containing 1.

In addition, one should be able to concurrently determine
the glucose present in a sample via analysis of the ratio
of the absorbance at 536 nm (at which wavelength both
glucose and fructose promote signal changes) to the ab-
sorbance at 464 nm, for instance, after the fructose con-
centration is determined at 464 nm.

The selectivity for fructose appears consistent with
our previous binding constant studies of neutral sugars [6].
Fructose binds monoboronic acids with a greater affin-
ity than glucose due to a favorable configuration of hy-
droxyls [1]. Additionally, we had determined that anionic
fructose-boronate formation lowers the pK, of the col-
ored xanthenes (2), resulting in absorbance changes [6].
It is well-known that xanthene dyes show an increase in
absorbance at their shorter visible wavelength and a de-
crease in absorbance at their longer visible wavelength in
response to a lowering of solution pH. Thus, we can as-
cribe the ratiometric responses observed at 464 and 536 nm
in the current studies as due, in large part, to a lowering
of xanthene pK, upon sugar binding.

The UV-Vis studies described above would require
higher concentrations of sugars than typically found in
most naturally-occurring biological samples in order to
generate useful signals. We are investigating the synthesis
and study of new functional xanthene dyes with enhanced
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Fig. 3. Upper: Addition of fructose to a preheated (3.0 min at re-
flux) solution of 1 (5.2 x 10~3 M) in DMSO at room temperature af-
fords concentration-dependent absorbance changes at 464 and 536 nm.
Lower: UV-Vis spectra of a 9:1 DMSO:H,O solution containing 1
(5.2 x 1073 M) pre-heated (1.5 min at reflux) (i) alone, (ii) upon addition
of 1 equiv fructose at room temperature which produces an absorbance
increase at 464 nm and a corresponding decrease at 536 nm, (iii) upon
addition of 100 equiv glucose which produces no absorbance change at
464 nm but a decrease at 536 nm and (iv) upon addition of a second
equivalent of fructose which affords a further absorbance increase at
464 nm and decrease at 536 nm.

sensitivity in order to avoid concentration steps in sample
monitoring. Since the xanthenes (2) are present in colored
solutions only at micromolar levels [6], their synthesis
and/or isolation as discreet compounds should afford
materials with higher colorimetric sensitivity, since a sig-
nificant amount of sugar binds to excess colorless boronic
acid 1. They (2) are attained readily via the highly facile
synthesis of 1 [6]. The presence of an excess of visually
inactive binding sites appears to diminish sensitivity;
however, high fructose selectivity is attained. The propor-
tion of boronic acid binding sites functioning as signal
induction-promoting moieties can also favorably influ-
ence selectivity in these systems in fluorescence experi-
ments, as described below. Colored solutions containing
1 show promise for monitoring glucose levels in the range
of physiological levels via fluorescence spectroscopy.
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Fig. 4. Upper: Fluorescence emission changes produced upon addi-
tion of D-glucose to a colored solution (DMSO:H,0 9:1) containing 1
(5.0 x 1073 M) at room temperature. The glucose concentration was in-
creased from 0t0 6.2 x 10~* M. Lower: Fluorescence emission changes
produced upon addition of D-fructose to a colored solution (DMSO:H,O
9:1) containing 1 (5.0 x 10~3 M) at room temperature. The fructose
concentration is increased from 0 to 1.8 x 10~> M. The fluorescence
intensity increases (corresponding to the increase of glucose or fructose
concentration) are 13.9 and 18.2%, respectively. The emission changes
are obtained at glucose levels that are smaller than those of fructose.

Enhanced Glucose Selectivity Via Fluorescence
Detection in the Range of Physiological
Concentrations and in Human Blood Plasma

The fluorescence emission spectra of colored solu-
tions containing 1 and added glucose or fructose are shown
in Fig. 4. As the sugar concentration is increased we ob-
serve concomitant emission increases promoted by fruc-
tose and glucose. The significant signaling generated by
glucose is in contrast to the UV-Vis studies (vide supra) in
which relatively much weaker absorbance responses were
promoted by glucose as compared to fructose.

The normal level of p-fructose in human blood
plasma is ca. 50 uM. Fluorescence emission spectra
of colored solutions containing 1 and added fructose,
obtained over the fructose concentration range of 20
to 100 uM, exhibit no detectable fructose-promoted
emission. Healthy levels of p-glucose are ca. 5 mM.
The emission spectra of glucose (5.5 x 1073 M) and 1
(1.0 x 1073 M) in DMSO:H,0, 9:1, as well as in a 9:1
DMSO:plasma solution, are shown in Fig. 5. Emission in-
creases due to the presence of glucose are observed in both
cases. A dependence of fluorescence emission intensity on
increased glucose levels in plasma is observed (Fig. 5).

The results of the fluorescence studies show that the
boronic acid-functionalized xanthenes (2) may promote
the detection of glucose in blood plasma with negligi-
ble interference from fructose. New UV-Vis and near-IR
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Fig.5. Upper: Fluorescence emission spectra produced by (i) a preheated
(3 min at reflux) colored solution (DMSO:H;0 9:1) containing 1 (5.0 x
1073 M) atroom temperature, (ii) the same conditions but in the presence
of 20 uM D-fructose, added at room temperature, which affords no
observable change in emission, (iii) the same conditions as (i) but with
added D-glucose (5.3 M) which promotes an emission increase and
(iv) same conditions as (iii) but in deproteinized human blood plasma
instead of H, O, which exhibits an emission increase in response to added
glucose. Lower: Concentration-dependent emission changes produced
via room temperature additions of D-glucose to a 9:1 DMSO:plasma
solution containing 1.

absorbing congeners of 2, possessing functionality for
greater potential glucose signaling ability, are currently
being designed in our lab to address potential fluorescence
interference issues in blood plasma.

The enhanced fluorescence emission promoted by
glucose, as compared to the its relatively weaker UV-Vis
responses (e.g., relative to fructose), may be attributed
to chelation by neighboring boronic acids of 2. It is
well-known that glucose can be chelated by bis-boronic
acids. This results in chemosensor scaffold rigidification
effects, which have been previously demonstrated to af-
ford fluorescence emission enhancement [1,9]. An excess
of boronic acid binding sites relative to glucose should
promote chelation. The large excess of non-absorbing
1 compared to responsive fluorophores (2) should thus
facilitate glucose-promoted emission by competing for
glucose binding to 2.

CONCLUSION

We have presented evidence that oligomeric xan-
thene dye-functionalized boronic acids, which form in
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situ from tetraarylboronic acid resorcinarene macrocy-
cles, show promise for the selective detection of glucose
and fructose. The fluorescence studies indicate that selec-
tivity for glucose over fructose at physiological levels in
plasma may be achieved. Via UV-Vis spectroscopy, we
observe high fructose selectivity. Additionally, ratiometry
may also be used to simultaneously measure fructose and
glucose levels, at proportionally higher concentrations.
The mechanistic insights gained from these results will aid
us in designing improved xanthene-derived chemosensors
with tuneable properties. The synthesis of water soluble
and surface-bound congeners of the molecules described
herein is also in progress.
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