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ABSTRACT: We have developed a novel class of simple materials for
sensing monosaccharides by the functionalization of graphene oxide (GO)
with boronate-based fluorescence probes (BA1 and BA2). The composite
materials were characterized by atomic force microscopy, Raman
spectroscopy, and UV—vis/fluorescence spectroscopy. The strong
fluorescence of the BA probes is quenched in the presence of GO
through fluorescence resonance energy transfer. The BA@GO composite
sensors formed provide a useful platform for fluorogenic detection of
monosaccharides based on the strong affinity between the boronic acid
receptor and monosaccharides. The BA@GO composite sensor displayed
a “turn-on” fluorescence response with a good linear relationship toward
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Bl INTRODUCTION

Boronic acids have been exploited extensively as chemo/
biosensors in the detection of saccharides, anion, and reactive
oxygen species/reactive nitrogen species through -electro-
chemical, fluorescence (FL), and colorimetric measure-
ments.' > Notably, boronic acids are excellent molecular
receptors for monosaccharide because boronic acid (BA)
derivatives rapidly and reversibly interact with saccharides in
aqueous media, and thus, importantly, the method does not
consume the analyte. The chemical and biological significance
of the interaction between BA and saccharides has been
extensively used for the study of saccharide detection via FL
methods."*

However, limited work has been carried out in the
development of FL materials for chemical sensing of sugars
via BA—saccharide interaction.>™” Among them, Strano et al.
developed a series of BA constructs to sodium cholate-
suspended single-wall nanotubes (SC/SWNTs) and have
screened the resulting complexes for their ability to modulate
FL emission response to glucose. However, the selectivity and
sensitivity of BA—SWNT complexes toward saccharides were
suboptimal and thus hampered their further application.®

Graphene oxide (GO), because of its good optical and
electrical properties, good water solubility, and low toxicity to
the human body, has become a promising material of choice in
the development of chemo- and biosensors.”*° In particular,
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GO has been shown to be a universal quencher of nearly all
fluorescent dyes by taking advantage of the fluorescence
resonance energy-transfer (FRET) mechanism.'"'* As a result,
GO-based fluorogenic (fluorescence “off—on”) sensors that
embody a fluorophore functionalized with biomolecules stacked
to GO for detection of DNA, proteins, enzymes, microbes, and
live cancer cells have been devised."> 2%’

These GO composites are advantageous in that they are
economic and simple to prepare, and a recent study reveals that
the two-dimensional GO material is a better choice in DNA
analysis than either SWNT (one-dimensional) or gold
nanoparticles (zero-dimensional).>' Therefore, we hypothe-
sized that the complexation of monosaccharides with an
aromatic BA probe conjugated on the surface of GO,
presumably through stacking between the graphene plane and
aromatic moiety of FL probes, could modulate the FL signal in
response to the binding of saccharides (Figure 1). We found
that FL of the BA@GO complex, quenched by the attachment
of simple mono-BA fluorophore to GO, can be recovered in
response to binding of fructose, among the saccharides. We
believe that the simplicity of our method coupled with the
possibility for extension toward a general sensing platform for
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Figure 1. Schematic representation of the designed fluorogenic BA@
GO sensors for the selective detection of monosaccharides.

oo

other saccharides can provide new insight into developing
advanced fluorogenic materials.

B RESULTS AND DISCUSSION

Probe BA1 (/,,, = 440 nm and ¢ = 9500 M~'cm™!; Scheme 1)
was designed based on the photoinduced electron-transfer

Scheme 1. Synthetic Route for BA1 and BA2
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mechanism.>? N-Substituted 1,8-naphthalimide is an excellent
D—z—A chromophore with good photophysical and photo-
chemical properties. The system displays an “off—on” response
toward monosaccharides due to enhanced N—B interaction.**
Probe BA2 (A, = 490 nm and € = 91900 M~'cm™; Scheme 1)
was synthesized by incorporating (3-aminophenyl)boronic acid
with fluorescein isothiocyanate in N,N-dimethylformamide.**
In addition, fluorescein has been widely used in biological
research and health care because of its good biocompability,
bioorthogonality, and nontoxicity. In both cases, the BA moiety
is recognized as an excellent binding motif for saccharides, even
when functionalized at an interface.”>*°

The BA1@GO and BA2@GO composites were formed by
mixing boronic acids (BA1 and BA2) with fresh-made GO in
situ.’® The BA1@GO composite material was chosen as a
model to be characterized by various techniques. Atomic force
microscopy (AFM) was used to measure the height of the GO

flakes. Whereas the height of unmodified GO measures 1.2 nm
(Figure 2a), that of GO stacked with BA1 grows to 1.8 nm; the
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Figure 2. AFM images of (a) GO and (b) BA1@GO.

latter indicates composite formation of GO with BAl. Note
that all intersected surface areas of BAI@GO showed a similar
height increase of about 0.6 nm, indicating that the compound
was densely distributed on the surface.

Raman spectroscopy additionally corroborated the compo-
sition of the composite (Figure Sla in the Supporting
Information, SI): the ratio of the intensity of the D band
(1355 cm™) to that of the G band (1600 cm™) of BA1@GO
(0.91) is greater than that bare GO (0.86), which means that
the C sp® hybridization of the former is increased upon stacking
with the aromatic compound.“’12 Meanwhile, through stacking
with BA1, a new peak characteristic of GO appeared at 450 nm
in the UV—vis spectrum (Figure S1b in the SI), which also
manifests formation of the BA1@GO composite.

In the case of BAI, the presence of 40 yug/mL of GO led to
almost complete FL quenching of the probe [(F, — F)/F, =
97.4%, where F is the FL of BA1 with GO and F, that without
GO] (Figure 3a). A good linear response in the presence of
increasing GO (0—12 ug/mL) was observed (R* = 0.9955;
Figure 3b). The quenching is probably due to the fact that,
when the FL probes are stacked to GO, the photoexcited
energy is transferred from the naphthalimide fluorophore to the
GO acceptor.'""*

Subsequently, in the presence of increasing fructose (0—2
M), the maximum FL of BAl at 525 nm was gradually
recovered with a maximum recovery ratio [(F, — F)/(F, — F),
where F is the FL of BA1 with GO, F, that without GO, and F,
that of BAL@GO with fructose] of 32.2% (Figure 3c; the linear
range of FL recovery is shown in Figure 3d; R* = 0.9925). The
detection limit of BAI@GO for fructose was determined to be
2.7 mM (36/k). Meanwhile, we determined that, for the free
BALI probe, the addition of fructose (0—1 M) led to a 2.8-fold
FL increase of the probe (2 uM) due to enhanced N—B
interaction in aqueous solution (pH 9.0; Figure S3 in the SI).
We ascribe the “turn-on” response of the BA1@GO composite
to the specific covalent bonding of the BA of BA1 with fructose,
leading to an increase in the hydrophilicity of the resulting
BA1l—saccharide complex, which causes the complex to detach
from the GO surface (i.e, weakened 7 stacking). The release of
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Figure 3. (a) FL change of BA1 (2 uM) in the presence of increasing
GO (0—4S pg/mL) in Tris-HCI (0.05 M, pH 7.3). (b) Linear range of
FL change of BAI at 525 nm in the presence of increasing GO (0—12
ug/mL). (c) FL change of BA1@GO (2 uM) in the presence of
increasing fructose (0—2 M; the violet curve is the FL spectrum of
BALl) in Tris-HCI (0.05 M, pH 9.0). (d) Linear range of FL change of
BALI at 525 nm in the presence of increasing fructose (4., = 410 nm).

the complex from the surface then leads to the recovery of FL
of the probe because the surface quenching by FRET to the
GO surface is now not possible. However, the incomplete FL
recovery indicates that part of the small-molecule probe was
still linked with GO likely because of strong stacking forces.
In contrast, while the maximum FL intensity of BA2 could be
similarly quenched adequately in the presence of 40 ug/mL of
GO [(F, — F)/F, = 97.4%; Figure S2 in the SI], compared with
BAL, the presence of excessive fructose (2 M) barely induced
its FL recovery (recovery rate = 2.7%; Figure S2 in the SI). For
the free BA2 probe, the addition of fructose (0—1 M) led to a
slight FL decrease of the probe BA2 (0.5 M) in an aqueous
solution (pH 9.0; Figure S2 in the SI). As a result, the
minimum FL recovery of BA2 toward fructose could be due to
a stronger interaction of the more rigid fluorophore receptor
system of BA2 with the GO surface (BA1 has a more flexible
linkage between the fluorophore and BA receptor). However, it
could also be due to the inherent quenching and low sensitivity
of the BA2 system toward fructose (Figure S3 in the SI).
Consequently, BA1 was selected for further detailed analyses.
By varying the pH from 7 to 11, we determined that the
sensitivity of BAI@GO increased to a maximum at pH 9 but
weakened with a further increase of the pH (Figures 4a, Figure
S4 in the SI). The selectivity of BAI@GO was investigated
with a range of different saccharides that are important cell-
membrane components of mamanlian cells. As shown in Figure
4b, in the presence of S0 mM of difterent saccharides including
fructose, galactose, N-acetylgalactosamine, mannose, lactose,
glucose, and N-acetylgluctosamine, the sensor only showed a
significant fluorogenic response to fructose (Figure SS in the
SI). This is the expected selectivity for a simple mono-BA-based
system.” Our approach suggests that saccharide-selective optical
off—on sensors can be developed based on the stacking of
fluorescent boronic acids to GO, since in order to develop
BA@GO systems with appropriate saccharide selectivity,
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Figure 4. (a) FL change of BAI@GO in the presence of fructose in
0.05 M Tris-HCl with different pH values. (b) FL change of BA1@
GO in the presence of SO mM of different saccharides (where Fru is
fructose, Gal is galactose, GalNAc is N-acetylgalactosamine, Man is
mannose, Lac is lactose, Glc is glucose, and GlcNAc is N-
acetylgluctosamine) in Tris-HCl (0.05 M, pH 9.0; 4, = 410 nm).
(c) Structures of the various monosaccharides.

composite materials constructed using BA-based receptors
with the required saccharide selectivity must be prepared.

B CONCLUSION

In summary, we have developed a BA@GO composite material
for the detection of saccharides. Upon the stacking of a
fluorescent BA onto the surface of GO, a quenched optical
material was fabricated. The sensor was found to be selective
for fructose among a panel of biologically important
saccharides, producing a fluorogenic signal response. This
study sets the basis for the development of a new generation of
boronate-based saccharide sensors, using simple and economic
GO composite materials. We believe that this model BA@GO
composite sensor represents a promising sensing strategy for
the detection of biologically important sugars. The fabrication
of BA@GO systems with improved sensitivity and selectivity is
currently underway in our laboratories.

B EXPERIMENTAL SECTION

Synthesis of Compound 3. Under a nitrogen atmosphere, to a
solution of 4-bromo-1,8-naphthalic anhydride (0.30 g, 1.08 mmol) in
anhydrous ethanol (20 mL) was added 2-(2-aminoethoxy)ethanol
(0.12 g, 1.19 mmol). The mixture was heated at reflux for 3 h and
concentrated under reduced pressure. Purification by flash chromatog-
raphy [50:1 (v/v) CH,Cl,/CH;OH] afforded a yellow powder (0.35
g). Yield: 88%. Mp: 122—124 °C. 'H NMR (300 MHz, CDCL): &
8.60 (d, J = 7.5 Hz, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.36 (d, ] = 7.8 Hz,
1H), 7.98 (d, J = 7.8 Hz, 1H), 7.79 (dd, ], = 8.4 Hz, ], = 7.2 Hz, 1H),
438 (t,J, =], = 5.4 Hz, 2H), 3.79 (t, ], = ], = 5.7 Hz, 2H), 3.59—3.63
(m, 4H). *C NMR (75 MHz, CDCL,): § 163.9, 163.8, 133.4, 132.2,
131.4, 131.1, 130.5, 1289, 128.1, 122.8, 121.9, 72.3, 68.3, 61.8, 39.6.
HRMS (ESI*). Calcd for [M + Na]™: m/z 386.0004. Found: m/z
386.0028.

Synthesis of Compound 2. A solution of (2-bromoethyl)amine
hydrobromide (1.5 g 4.12 mmol) and N-methylethylenediamine
(0.322 g, 95 wt %, 4.12 mmol) in 2-methoxyethanol was refluxed
overnight under a nitrogen atmosphere. The mixture was concentrated
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under reduced pressure to obtain a purple oil product. Column
chromatography on silica gel [3:1 (v/v) CH,Cl,/CH;0H] was
employed to purify the crude product as red oil (0.8 g). Yield: 55%. 'H
NMR (300 MHz, CDCL,): & 8.49 (dd, J, = 7.5 Hz, J, = 0.9 Hz 1H),
8.39 (d, ] = 8.4 Hz, 1H), 8.19 (dd, J, = 8.7 Hz, ], = 0.9 Hz 1H), 7.55
(dd, J; = 8.4 Hz, ], = 7.5 Hz, 1H), 6.59 (d, ] = 8.4 Hz, 1H), 6.39 (br s,
1H), 441 (t, J, = J, = 54 Hz, 2H), 3.87 (t, ], = ], = 5.4 Hz, 2H), 3.72
(m, 4H), 3.48 (m, 2H), 3.07 (t, J, = J, = 6.0 Hz, 2H), 2.54 (s, 3H). *C
NMR (75 MHz, CDCly): § 165.0, 164.5, 150.0, 134.6, 131.2, 129.6,
1269, 124.4, 122.3, 1202, 109.4, 104.1, 72.4, 68.8, 61.7, 50.8, 42.1,
39.3, 35.9. HRMS (ESI"). Calcd for [M + H]*: m/z 358.1766. Found:
m/z 358.1772.

Synthesis of BA1. The product compound BA1 was synthesized
by refluxing compound 2 (0.20 g, 0.56 mmol) with (2-
bromomethylphenyl)boronic acid pinacol ester (0.28 g, 0.94 mmol)
in dry tetrahydrofuran (20 mL) for 6 h. The product was purified on
silica gel, using S:1 dichloromethane/methanol to afford BA1 as a
yellow solid (0.07 g). Yield: 25%. Mp: 119—121 °C. 'H NMR (300
MHz, CD,0D): § 8.60 (d, ] = 8.4 Hz, 1H), 8.44 (d, J = 7.2 Hz, 1H),
828 (d, ] = 8.4 Hz, 1H), 7.58 (dd, J, = J, = 8.1 Hz, 2H), 7.22 (m, 3H),
6.80 (d, ] = 8.4 Hz, 1H), 4.32 (t, J; = ], = 6.0 Hz, 2H), 4.17 (s, 2H),
3.74—3.84 (m, 4H), 3.57—3.63 (m, 4H), 3.29—3.34 (m, 2H), 2.59 (s,
3H). *C NMR (75 MHz, CD;0D): § 166.6, 166.1, 152.4, 136.2,
134.6, 132.6, 131.5, 130.3, 128.8, 128.6, 128.5, 125.9, 123.6, 122.4,
110.5, 10S.5, 73.8, 69.6, 64.7, 62.6, 56.3, 41.7, 40.5, 39.8. HRMS
(ESI"). Calcd for [M + H]*: m/z 492.2305. Found: m/z 492.2326.

AFM. A morphology study was performed with an atomic force
microscope (AJ-III, Aijian Nanotechnology Inc.,, China) in air under
tapping mode at room temperature. The samples used were dispersed
on freshly cleaved mica and then dried at room temperature.

Raman Spectroscopy. Raman spectra were performed on a
Renishaw InVia Reflex Raman system (Renishaw plc, Wotton-under-
Edge, U.K.) by employing a grating spectrometer with a Peltier-cooled
charge-coupled-device (CCD) detector coupled to a confocal
microscope, which were then processed with Renishaw WiRE 3.2
software. The Raman scattering was excited by an argon-ion laser (I =
514.5 nm).

FL Spectroscopy. All FL spectra of BAl were recorded with an
excitation of 410 nm, while BA2 were recorded with an excitation of
450 nm, and the emissions were scanned from 450 to 700 nm.
Saccharides were incubated with BA@GO and BA in a Tris-HCl buffer
(0.05 M, different pH values). The resulting mixture was incubated at
room temperature for S min before the FL intensity was recorded.
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