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ABSTRACT: We report herein a fluorescence polymer membrane as a film-shaped solid sensory kit for the detection and
quantification in water of saccharides, namely, fructose and glucose, and dopamine. The sensory motifs are phenylboronic acids,
which are chemically incorporated in the polymer network in the radically initiated bulk polymerization process. The sensory
membrane is fluorescent. The interaction of the sensory motifs with dopamine “turn-off” the fluorescence due to a dynamic
quenching, while stable complexes are formed with saccharides giving rise to a fluorescence “turn-on”. The variation of the
fluorescence intensity and the wavelength of the maxima permitted the titration of the species with a detection limit of 3—4 X
10~* M. The hydrophilic membrane allowed for the detection in water in spite of the lack of solubility in this medium of the

sensory phenylboronic acid derivative monomer.

here is considerable interest in the synthesis, design, and
application of sensory polymeric materials for the
detection of different types of biomolecules with important
roles in life processes. Among such biologically relevant
molecules are the dopamine and saccharide (carbohydrate)
family. Dopamine, the shortened form of 3,4-dihydroxyphene-
thylamine, is a neurotransmitter that plays important roles in
the human body and brain, e.g, as a monoamine neuro-
transmitter in movement control, emotional responses, and the
faculty to sense pleasure or pain, and is also a biomarker and a
treatment in certain diseases.' " On the other hand, saccharide
molecules have vital roles in many biological processes, and
their monitoring, e.g., the D-glucose levels in the blood of
diabetic patients, is of the utmost importance.”® The search for
reliable and sensitive, inexpensive, and rapid nonenzymatic
sensors for the detection of glucose in blood serum or saliva is
one of the most wanted goals due to the insufficient stability of
the enzyme glucose oxidase.”® Furanose saccharides, such as
fructose, are important components in a large number of
compounds with biological activity such as DNA, RNA, and
ribonucleotide cofactors (NAD, NADP) and are fundamental
to the cell wall integrity and pathogenicity of many
mycobacteria.”” "
In recent years, boronic acid derivatives have proven their
capability as chemosensors of saccharides, whose 1,2- and 1,3-
diol motifs form five- and six-membered cyclic esters in basic
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aqueous media.">~"° Similarly, catechol (1,2-dihydroxyben-
zene) derivatives, such as dopamine, were reported to give
analogous cyclic derivatives upon interaction with boronic
acids.'®~*° Following this well-proven strategy as a guarantee of
success, and with the objective of preparing solid sensory
materials for 1,2- and 1,3-diols, we synthesized a new
fluorescent acrylic monomer with pendant phenylboronic acid
motifs and prepared a dense membrane by thermally initiated
radical polymerization to sense in water dopamine at
physiological pH (pH 7) and glucose and fructose in basic
medium (pH 10). The solid sensory material showed enhanced
fluorescence, i.e., “turn-on” behavior, for the saccharides and
quenching, i.e,, “turn-off” behavior, for dopamine.

The acrylic monomer with a phenylboronic acid motif (3)
was prepared following high-yield and straightforward
procedures. The synthetic steps are schematically depicted in
Scheme 1, and the procedures are described in the Supporting
Information (SI), Section S1. The chemical interaction of 3
with glucose and fructose was evaluated by '"H NMR using a
basic medium DMSO-d,/KOD (40 wt % in D,0) as solvent
(380/20 L in each experiment) and a concentration of 3 of
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Scheme 1. Synthesis of the Sensory Monomer
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0.05 M. In this medium, aromatic signals of 3 split into four
doublets by the formation of the Ar—B(OH);~ species.”"*
Upon adding increasing quantities of saccharides, changes were
observed all along the spectrum until a saccharide to 3 ratio of
1:2 was achieved (SI, Figure S8), i in agreement with previously
reported complex stoichiometry.”> On the other hand, the
interaction of 3 with dopamine in DMSO-dy4 was not observed
by '"H NMR (SI, Figure S9). This fact is in disagreement with
the previously reported dopamine—boronic acid sensing
mechanism, i.e., static fluorescence quenchlng,w 2 but in
good agreement with the dynamic quenching proposed below.
Neutral conditions were used with dopamine because of its
susceptibility to oxidation in basic media.

A 201 um thick sensory film or membrane (Mg) was
conventionally prepared by thermally initiated bulk radical
copolymerization. Four comonomers were used, and the molar
ratio of the sensory monomer (3) to the other comonomers,
which were commercial, was about 0.9%. The structure of the
comonomers, the chemical composition, and a picture of the
membrane are depicted in Scheme 2. The used polymerization
procedure (thermally initiated radical bulk polymerization with
a concomitant addition of monomers) gives usually rise to a
random copolymer structure.”* The membrane composition
was designed to be hydrophilic, i.e,, to exhibit a gel behavior.
This is a requisite because the target molecules (saccharides
and dopamine) are in water media (solvated with water) and
enter into the membrane by diffusion only if it is water swelled.
Inside the membrane, the target species interact with the
hydrophobic organic core of 3, giving rise to the sensing
phenomena with the concomitant optical transduction. It is
important to consider that 3 is water insoluble and cannot be
exploited itself in this medium. The membrane hydrophilic/
lipophilic character was related to the solvent-swelling
percentage (SSP), that is, to the weight percent of solvent
uptake by the films upon soaking them until equilibrium in
pure water at rt. My has a SSP of 58% in pure water. It has been
proven that a SSP higher than 40% and lower than 100% is
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Scheme 2. Chemical Structure of the Sensory Dense
Membrane
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good for both the rapid diffusion of chemicals into the
membrane and for maintaining tractability, in terms of the
mechanical properties, of the solvent-swelled acrylic mem-
branes. As a material, the thermal resistance is a key parameter
for final applications. It was evaluated thermogravimetrically by
TGA. The temperatures that resulted in 5% (Ts) and 10%
(Ty) weight loss under a nitrogen atmosphere were 260 and
315 °C, respectively, indicating that the materials present
reasonably good thermal stability. However, the boronic acid
moieties exerted great influence in catalyzing the thermal
decomposition above 200 °C as can be seen comparing the
decomposition data of a blank membrane (same structure but
lacking 3), which have T and Tj, of 369 and 406 K,
respectively (SI, Figure S6 and Table S1). The 18% weight loss
of Mg at 370 °C does not correspond to the small content of
pendant phenylboronic acid motifs and could be tentatively
ascribed to the loss of fragments derived from the catalytic
breakage of ester residues. The FT-IR of My shows the intense
bands at 1722 and 1651 cm™" corresponding to the stretching
of the ester and amide C=O bond, respectively. A blank
membrane (lacking 3) showed these bands at 1724 and 1653
m~". The lower and higher energy shifts of ester and amide
Vc—o bands of Mg, respectively, compared with the blank
membrane point out the expected random copolymerization
(SI, Figure S7).**

The sensing performance of Mg toward dopamine was
studied under neutral conditions (pH = 7, buffer = sodium
phosphate monobasic) and toward saccharides under basic
conditions (pH = 10, buffer = sodium bicarbonate). Prior to the
evaluation of the sensing performance of My, the influence of
bufters and UV light on its fluorescence behavior was studied
(SI, Section S4, Figures S10 and S11). Irradiation at 355 nm
had a negligible and significant influence on the fluorescence
behavior of the membrane under neutral and basic conditions,
respectively. For this reason, membrane pieces were con-
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ditioned for 24 h in buffers in the dark, and the cuvettes were
kept also in the dark along the experiments.

The interaction of Mg with dopamine gives rise to the
fluorescence “turn-off’, and a titration curve was obtained
(Figure 1). The sensing mechanism was ascribed to a
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Figure 1. Fluorescence titration of dopamine with Mg (pH = 7, buffer
= sodium phosphate monobasic): (a) fluorescence spectra of My upon
adding increasing quantities of dopamine and (b) fluorescence
quenching (F and F, are fluorescence intensity maxima at a given
concentration of dopamine and without dopamine, respectively). Mg
was previously conditioned for 24 h at pH = 7 in sodium phosphate
monobasic buffer in the dark. The excitation wavelength was 355 nm.
The concentration of dopamine ranged from 4.76 X 107> to 1.01 X
107" M.

bimolecular deactivaction or dynamic quenching that follows
the Stern—Volmer equation, Fy/F = 1 + Kg[Q], where [Q] is
the quencher concentration, ie., dopamine; F, and F are
fluorescence intensity maxima in the absence and presence of
dopamine, respectively; and Ky is the bimolecular quenching
constant. Thus, F,/F is linearly dependent on the concentration
of dopamine and the plot yields and intercept of 1 on the y-axis
with a slope, Kgy, of 160 M. The limit of detection (LOD)
was 3 X 107 M.*°

The titration of fructose and glucose gives rise to
fluorescence intensity enhancement, or “turn-on”, and con-
comitantly to changes in the shape of emission curves and in
the emission maxima wavelength.”® This is caused by the
formation of the cyclic boronic esters between fructose and the
Ar—B(OH);” motifs within the water swelled membrane
(Figure 2). The ester has a stoichiometry ratio of 1:2 for
fructose:monomer (3) in DMSO-d¢/D,O solution, according
to a Job’s plot built with '"H NMR data. The maximum of a
Job’s plot representation shows the stoichiometry of a complex
formed by two chemical species (e.g, a complex of two
chemical species S and L with a stoichiometry of 1:2 (S:L)
would give a maximum at 0.67 when representing in the x-axis
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Figure 2. Fluorescence titration of fructose with My (pH = 10, buffer
= sodium bicarbonate): (a) fluorescence spectra of My upon adding
increasing quantities of fructose and (b) fluorescence intensity maxima
(Anay) and fluorescence quenching efficiency (F/F, — 1, where F and
F, are fluorescence intensity at a given concentration of fructose and
without fructose, respectively, at 404 nm). My was previously
conditioned for 24 h at pH = 10 in sodium bicarbonate buffer in
the dark. The excitation wavelength was 355 nm. The concentration of
fructose was increased every 30 min and ranged from 4.76 X 107> to
101 x 107" M.

the molar fraction L). This stoichiometry was also estimated for
the interaction in the solid/gel state (membrane) of polymer
pendant sensory motifs (Ar—B(OH);”) with fructose (SI,
Figure S13). Similar results were obtained for glucose. The
LODs were 4 X 107 and 3 X 10™* M for fructose and glucose,
respectively.”® Stability constants K, and K, for saccharide:-
membrane Mg complexation, ie., solid/gel state interactions,
were calculated by eq 1, where F and f are the fluorescence
intensity and fluorescence proportionality factors; S and L are
equilibrium concentrations inside the membrane of saccharide
and pendant sensory motifs (Ar—B(OH);”); and SL and SL,
are the concentration of the 1:1 and 1:2 esters (saccharide:-
pendant Ar—B(OH);~ sensory motifs) (see SI, Section S5.3
and Figure S14) and were K; = 57 and K, = 15 for fructose and
K, =70 and K, = 23 for glucose (pH = 10, sodium bicarbonate
buffer). The values of these constants points to the
predominance of the complex with stoichiometry 1:1 (SL) as
depicted in the species distribution pattern (see SI, Figure S14).
The estimation of stability constants of a two-phase system
(solid membrane and saccharide in solution) is not
straightforward, and a number of simplifications were assumed
(see SI, Section S5.3). However, these simplifications were also
used for the determination of the stoichiometry of the
interaction in the solid state, and results were fully comparable
with those obtained with monomer 3 in solution by '"H NMR
(see SI, Figure S13).
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The response time was about 6 min for the sensing of
fructose and glucose (S, Figure S16). The response was slower
for dopamine, where 80% response (80% fluorescence
quenching) was observed after 15 min (SI, Figure S15). The
response time to dopamine can be lowered measuring under
basic conditions, but caution is imperative because dopamine
turns sensitive to oxidation in basic media.

Fluorescence spectra of the ester obtained upon interaction
of saccharide with sensory motifs (Ar—B(OH);”) within the
membrane at pH = 10 allowed for the discrimination between
fructose and glucose, the latter establishing complexes with
maximum of fluorescence red-shifted 9 nm compared with the
former (Figure 3). Moreover, this discrimination can be
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Figure 3. Normalized fluorescence spectra of sensory membrane My
dipped in solutions of fructose (black) and glucose (red). The
concentration of saccharides was 1.01 X 107" M (1 equiv of sensory
motifs within the membrane per 2.2 equiv of saccharide). My was
previously conditioned for 24 h at pH = 10 in sodium bicarbonate
buffer in the dark. The excitation wavelength was 355 nm.

improved by comparing and analyzing all the spectra by
conventional statistical data treatment, such as principal
component analysis.”” On the other hand, the saccharides are
interference species for dopamine, even at pH = 7, diminishing
its fluorescence quenching efficiency (Figure 4). However,
titration curves can be obtained at a given concentration of
fructose, and standard addition methods are also envisaged for
determining the concentration of dopamine in the presence of
saccharide interferents.

In short, we prepared a fluorescence polymer membrane as a
solid sensory kit for the detection and quantification of
dopamine and saccharides (glucose and fructose) in water. The
sensing characteristics of the sensory membrane are based on
the design of an acrylic monomer with a phenylboronic acid
residue conjugated with an aromatic imino group and a phenyl
ring. The detection of dopamine was carried out under neutral
conditions and is based on a dynamic quenching of the
fluorescence, whereas the saccharides formed under basic
conditions were stable cyclic boronic esters with phenylboronic
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Figure 4. Fluorescence response time of Mg for solutions of dopamine
(0.1 M) and for an equimolar solution of dopamine and fructose (0.1
M each) at pH = 7 (buffer = sodium bicarbonate): (a) fluorescence
spectra along time for dopamine/fructose solution; (b) fluorescence
quenching efficiency (F/F, — 1, where F and F; are fluorescence
intensity at 404 nm) along time of both dopamine and dopamine/
fructose solutions.

acid conjugate bases (Ar—B(OH);”) with a concomitant
increase in the fluorescence intensity and variations in the
fluorescence maxima wavelength and fluorescence spectra
patterns.
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