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Sensitive and selective ratiometric fluorescent detection of
monosaccharides in aqueous solutions at physiological pH using
self-assembled peptides with different aromatic side chains

Lok Nath Neupane, Pramod Kumar Mehta, and Keun-Hyeung Lee*

The control of disassembly of supramolecular nanostructures of the self-assembled peptides by specific stimuli has not been
intensively investigated for the fluorescent detection of the analytes in aqueous solutions. In the present study, we
investigated the control of assembly and disassembly of self-assembled peptides by monosaccharides for the ratiometric
detection. A series of amphiphilic dipeptides (1-4) with a different aromatic side chain bearing a phenylboronic acid and
pyrene fluorphore were synthesized. The dipeptides (1-3) spontaneously self-aggregated and formed nanoparticles in
aqueous solutions, resulting in the significant pyrene excimer emissions, whereas the dipeptide (4) did not aggregate,
resulting in a little excimer emission. The addition of sugars induced the disassembly of the self-aggregates of 1-3, resulting
in a decrease in excimer emission and an increase in monomer emission. All peptides (1-4) showed a high selectivity for
fructose among monosaccharides and 3 showed the lowest detection limit for fructose among the peptides showed
ratiometric responses. The addition of a hydrophobic pinanediol stabilized the self-aggregates of 1-3, resulting in an
increase in excimer emission and a decrease in monomer emission. Even though 4 did not self-aggregate in aqueous
solution, the addition of pinanediol induced the assembly of nanoparticles, resulting in a significant increase of excimer
emission and a decrease of monomer emissions. The results revealed that the assembly and disassembly of the self-
assembled peptides could be controlled by covalent bonding with sugar, which was suitable for the sensitive ratiometric

detection of monosaccharides in aqueous solutions at physiological pH.

Introduction

Supramolecular structures of the self-assembly of small
biomolecules played a critical role for the specific biological
functions in living systems. The self-assembled peptides that
can form supramolecular structures have been extensively
studied for the potential use in diverse applications such as drug
delivery, tissue engineering, bioelectronics, and sensing due to
easy synthesis, high biocompatibility, and various
functionalities of peptides.'® As the self-assembled peptides
could form a various well-defined nanostructures such as
nanoparticles, nanofiber, nanorods, and nanotubes, control of
the primary structures of the self-assembled peptides for the
specific nanostructures have been extensively investigated.' !
In recent years, triggers for the assembly of the self-
assembled peptides by external stimuli have been the focus of
much research. The self-assembled peptides have been further
designed with triggers for the assembly of various
nanostructures by various stimuli such as solvent, pH,
temperature, salt concentration, metal ions, and enzymes.lz’zo
Even though assembly as well as disassembly processes was
important for the various applications including drug delivery
and detection of analytes, the disassembly of supramolecular
nanostructures of the self-assembled peptide by specific stimuli
has not been intensively investigated for the sensing systems.
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Monosaccharides are essential biomolecules because they
played significant roles in various biological processes such as
signal transduction, cell—cell interactions, bacteria—host
interactions, fertility, and development.z1’22 Thus, the control of
disassembly and assembly of the self-assembled peptides by
monosaccharides should be important for further applications
including sensing. However, it is rarely reported that the self-
assembled peptides was used a new sensing system for
monosaccharides in aqueous solutions.

Fluorescence has received great attention for the detection
of analytes due to inexpensive instrument, simple, rapid, and
high sensitivity. A variety of fluorescent probes for
monosaccharides has been reported.>=® However, most of the
probes showed turn-on responses to sugars, whereas a few of
the probes showed ratiometric responses to sugars and most of
the ratiometric probes required a tedious synthesis.>*¢ Turn-on
response was more preferred than turn-off response because
turn-off response could not be differentiated with the false
signals induced by the precipitation of the sensors or the
absorbance of impurities. However, turn on responses using one
emission band were affected by environmental effects such as
pH, polarity of the media, and temperature.’’*® Ratiometric
responses using two different emission bands were highly
recommended because the ratio between two emission
intensities could correct the environmental effects. However,
most of ratiometric probes for monosaccharides required a
difficult synthesis and did not show sensitive responses to sugar
in aqueous solutions at physiological pH. Furthermore,
considering the real applications of the fluorescent probe, a
relatively large emission change by target analytes was highly
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recommended. However, the recent reported ratiometric probe
showed a relatively small emission change and/or intensity ratio
change by monosaccharides at physiological pH. Thus, it is
highly challenging for the design of fluorescent probes with
easy synthesis that show sensitive ratiometric responses to
monosaccharides with significant emission intensity changes in
aqueous solutions at physiological pH.

Since Gazit et al. reported that the self-assembled dipeptide
consisting of PhePhe aggregated and formed a range of
different nanostructures including nanoparticles, nanofibril,
nanorods, nanotubular aggregates in different solvent
conditions,>*® short self-assembled peptides have received
attentions as biomaterials for drug delivery systems,
bioelectronics, and tissue engineering.'* However, the control
of the assembly and disassembly of the self-assembled peptides
by carbohydrates was rarely investigated.***? In the previous
research, we proposed a new ratiometric sensing system for
monosaccharides based on the fluorescent dipeptide bearing a
phenylboronic acid.** Furthermore, unlike the chemical probes,
the sensitivity, the response type, and selectivity of the peptide-
based probes for specific targets can be easily optimized by
further tuning of the amino acid sequences of the peptide part.
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Scheme 1. Proposed binding mode of (a) 1-3 and (b) 4 with sugars and pinanediol for
fluorescent change and aggregations.

In the present study, we synthesized several self-assembled
dipeptides bearing a phenylboronic acid as a receptor and
investigated the control of assembly and disassembly of the
self-assembled peptides by monosaccharides and a hydrophobic
diol compound for the ratiometric sensing (Scheme 1).
Dipeptides (1-3) bearing a phenylboronic acid self-aggregated
and formed nanoparticles in aqueous solutions at physiological
pH. Upon addition of hydrophilic monosaccharides, the
nanoparticles of the dipeptides (1-3) were disassembled,
resulting in the increase of monomer emissions at 378 nm and
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concomitant decrease of the excimer emissions at 470 nm.
Among the peptide-based probes (1-3) showed ratiometric
responses to monosaccharides, 3 showed the lowest detection
limit for fructose and exhibited a selective ratiometric response
to fructose among the tested monosaccharides. The dipeptide
(4) that did not aggregate in aqueous solutions at physiological
pH, showed a turn on response to monosaccharide however
exhibited a ratiometric response to pinanediol by the increase of
excimer emissions and decrease of monomer emissions. The
present study provides a new sensing system based on the self-
assembled peptides for the sensitive ratiometric detections for
monosaccharides in aqueous solutions at physiological pH.

Experimental
Materials

Fmoc-Orn(alloc)-OH and Fmoc-Nal-OH were purchased from
Bachem. Fmoc-Trp(Boc)-OH, Fmoc-Phe-OH, Fmoc-His(Trt)-
OH, Rink Amide MBHA resin, 1-hydroxybenzotriazole (HOBt)
and N,N”’-diisopropylcarbodiimide (DIC) were purchased from
Bead Tech. 1-pyreneacetic acid, 4-Carboxyphenylboronic acid
pinacol ester, trifluoroacetic acid (TFA), N,N’-
dimethylformamide =~ (DMF), Dichloromethane (DCM),
Tetrakis(triphenylphosphine) palladium(0) Pd(PPh3)4,
Phenylsilane, (1S,2S,3R,5S)-(+)-pinanediol, piperidine were
purchased from Sigma Aldrich.

Solid phase synthesis of compounds

The peptides were synthesized by solid phase synthesis with
Fmoc chemistry.** Fmoc protected L-Trp(Boc)-OH, Fmoc-Nal-
OH, Fmoc-Phe- OH and Fmoc-His (Trt)-OH (0.3 mmol of
each, 3 equiv) were separately assembled on Rink Amide
MBHA resin (0.1 mmol) for the synthesis of compound 1, 2, 3,
and 4, respectively. After deprotection of Fmoc group, Fmoc-
Orn(alloc)-OH (0.3 mmol, 3 equiv) was coupled with the amino
acid on the resin (Scheme S1). After deprotection of Fmoc
group, coupling of 4-carboxyphenylboronic acid pinacol ester
was  performed by the following procedure. 4-
carboxyphenylboronic acid pinacol ester (75 mg, 0.3 mmol),
HOBt (40 mg, 0.3 mmol) and DIC (47 pL, 0.3 mmol) in DMF
(3mL) were added into the resin and the resulting solution
containing the resin was stirred for 4 h at room temperature.
The deprotection of alloc group of the side chain of ornithine
was carried out by the following literature procedure.”” 1-
Pyreneacetic acid (78 mg, 0.3 mmol), HOBt (40 mg, 0.3 mmol)
and DIPC (47 pL, 0.3 mmol) in DMF (3mL) were added into
the resin and the resulting solution was mixed for 4 h at room
temperature. Deprotection and cleavage of the compounds from
the resin was achieved by treatment with a mixture of
TFA/TIS/H,O (95:2.5:2.5, v/v) at room temperature for 5 h.
After filtration and washing of the resin by TFA, a gentle
stream of nitrogen was used to remove the excess TFA. The
crude was triturated with diethyl ether chilled at -20 °C and
then centrifuged at 3000 rpm for 10 min at -10 °C. The crude
product was purified by prep-HPLC with a Vydac C;3 column
using water (0.1% TFA)-acetonitrile (0.1% TFA) gradient to
give >79% yield. The successful synthesis was confirmed by
ESI mass spectrometry (Platform II, micromass, Manchester,
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UK) and its homogeneity (>98%) was confirmed by reverse
phase analytical HPLC with a C18 column:

Compound 1. White solid, Yield : 79 %; tg = 44 min
(H,O/CH;CN); mp 260-262 °C; '"H NMR (400 MHz, DMSO-
de) 8: 10.8 (s, 1H), 8.43 (d, J= 8.4 Hz, 1H), 8.36 (d, /= 8.4 Hz,
1H), 8.25 (d, J = 8.4 Hz, 1H), 8.23-8.19 (m, 3H), 8.17 (d, J =
8.4 Hz, 1H), 8.15-8.12 (m, 2H), 8.17 (d, J = 8.4 Hz, 1H), 7.91
(d, J= 8.4 Hz, 1H), 7.87-7.85 (m, 2H), 7.82-7.80 (m, 2H), 7.56
(d, J=8.5 Hz, 1H), 7.12 (brs, 1H), 7.05-6.99 (m, 2H), 6.92 (t, J
= 8.5 Hz, 1H), 4.5-4.4 (m, 2H), 4.2 (s, 2H), 3.19-3.0 (m, 4H),
1.8-1.7 (m, 2H). *C NMR (50 MHz, DMSO-ds) &: 173.9,
172.1, 170.7, 167.4, 138.2, 136.6, 136.0, 134.5, 131.7, 131.4,
131.0, 130.3, 129.6, 129.3, 128.1, 127.8, 127.4, 127.11, 126.8,
125.7, 125.5, 125.4, 124.7, 124.7, 124.6, 124.1, 121.4, 119.1,
118.8, 111.8, 110.6, 54.1, 53.8, 39.5, 39.1, 29.7, 28.3, 26.7,
ESI-Mass (m/z) calculated for C,H3;sBNsOg [M + Na'l’,
730.28; found, 730.16. Elemental analysis (calcd, found for
C41H33BN;sOg): C (69.59, 66.07), H (5.41, 5.11), N (9.90,
10.75).

Compound 2. White solid, Yield : 78 %; tg = 49 min
(H,O/CH;CN); mp 269-270 °C; '"H NMR (400 MHz, DMSO-
de) 6: 8.42 (d, J= 8.5 Hz, 1H), 8.35 (d, /= 8.4 Hz, 1H), 8.26 (d,
J = 8.4 Hz, 1H), 8.24-8.19 (m, 3H), 8.15 (d, J = 8.4 Hz, 1H),
8.13-8.11 (m, 4H), 8.08-8.0 (m, 1H), 7.99 (d, J = 8.5 Hz, 1H),
7.99 (d, J= 8.4 Hz, 1H), 7.89-7.8 (m, 5H), 7.66 (d, J= 8.4 Hz,
1H), 7.55-7.50 (m, 2H), 7.38 (s, 1H), 7.29 (d, J = 8.5 Hz, 1H),
7.28-7.20 (m, 1H), 7.13 (s, 1H), 4.60-1.52 (m, 1H), 4.39-4.30
(m, 1H), 4.16 (s, 2H), 3.60-3.58 (m, 1H), 3.30-3.21 (m, 1H),
3.10-2.90 (m, 1H), 1.70-1.60 (m, 2H), 1.45-1.30 (m, 2H). *C
NMR (50 MHz, DMSO-dg) 6: 173.5, 172.1, 170.6, 167.4,
135.7, 134.3, 134.2, 133.8, 131.4, 131.3, 130.8, 130.2, 129.4,
129.1, 127.9, 127.7, 127.4, 127.3, 127.0, 126.7, 126.6, 126.0,
125.7, 125.6, 125.4, 125.2, 124.6, 124.4, 124.4, 124.2, 54.1,
53.7,39.2, 38.9, 35.0, 29.2, 26.3, ESI-Mass (m/z) calculated for
C43H30BN,Og [M + H']Y, 719.30; found, 718.38; Elemental
analysis (calcd, found for C4;3H;9BN4Og): C (71.87, 70.66), H
(5.47,5.51), N (7.80, 7.37).

Compound 3. White solid, Yield : 81 %; tg = 43 min
(H,O/CH;CN); mp 265-266 °C; '"H NMR (400 MHz, DMSO-
d6) o: 8.45 (d, J = 8.5 Hz, 1H), 8.35 (d, J = 8.4 Hz, 1H), 8.25
(d, J = 8.5 Hz, 1H), 8.21-8.20 (m, 3H), 8.18 (d, J = 8.4 Hz,
1H), 8.15-8.13 (m, 4H), 8.10-8.05 (m, 1H), 8.01 (d, /= 8.4 Hz,
1H), 8.95-8.80 (m, 5H), 7.39 (s, 1H), 7.0-7.05 (m, 4H), 4.55—
4.39 (m, 2H), 4.18 (s, 2H), 3.10-2.96 (m, 3H), 2.89-2.8 (m,
1H), 1.75-1.62 (m, 2H), 1.5-1.35 (m, 2H). '*C NMR (50 MHz,
DMSO-dg) 8: 172.9, 171.5, 170.1, 166.9, 137.9, 135.4, 134.0,
131.2, 130.9, 130.5, 129.8, 129.3, 129.1, 128.8, 128.1, 127.5,
127.3, 126.9, 126.6, 126.3, 125.2, 125.0, 124.9, 124.2, 124.2,
53.7, 53.6, 39.9, 39.7, 39.5, 29.0, 26.1, ESI-Mass (m/z)
calculated for C39H37;BN4Og [M + H']", 669.28; found, 668.26;
Elemental analysis (calcd, found for C;9H3,BN4Og): C (70.07,
68.17), H (5.58, 5.53), N (8.38, 7.88).

Compound 4. White solid, Yield : 80 %; tg = 35 min
(H,O/CH;CN); mp 247-248 °C; 'H NMR (400 MHz, DMSO—
de) 6: 8.94 (s, 1H), 8.52 (d, J = 8.5 Hz, 1H), 8.34 (d, J = 8.4,
Hz, 1H), 8.20 (d, J = 8.6 Hz, 1H), 8.19-8.18 (m, 3H), 8.17 (d, J
= 8.4 Hz, 1H), 8.14-8.10 (m, 4H), 8.05-8.0 (m, 1H), 7.95 (d, J

This journal is © The Royal Society of Chemistry 2016

= 8.4 Hz, 1H), 7.85-7.79 (m, 5H), 7.32 (d, J = 8.6 Hz, 2H),
7.23 (s, 1H), 4.51-4.48 (m, 1H), 4.364.31 (m, 1H), 4.14 (s,
2H), 3.09-3.06 (m, 3H), 2.95-2.90 (m, 1H), 1.75-1.69 (m, 2H),
1.58-1.40 (m, 2H). *C NMR (50 MHz, DMSO-d¢) &: 171.8,
171.7, 170.0, 167.0, 135.0, 133.8, 130.9, 130.7, 130.2, 129.6,
128.9, 128.5, 127.3, 127.1, 126.7, 126.4, 126.1, 125.0, 124.8,
124.7, 124.0, 123.9, 123.8, 53.7, 51.2, 39.7, 39.5, 39.2, 28.5,
26.0, ESI-Mass (m/z) calculated for C3;sH;sBNgOg [M + H'],
659.27; found, 659.23; Elemental analysis (calcd, found for
C36H35BNgOg): C (65.66, 56.26), H (5.36, 4.53), N (12.76,
10.00).

General fluorescence measurements

A stock solution of compounds at the concentration of 1.0 x
10 M were prepared in DMSO/water (1:1, v/v), and stored in
a cold and dark place. The concentration of stock solution was
confirmed by UV absorbance at 342 nm for pyrene.
Fluorescence emission spectrum of the sample in a 10 mm path
length quartz cuvette was measured in 50 mM phosphate buffer
solution at pH 7.4 using a PerkineElmer luminescence
spectrophotometer (model LS 55). Emission spectra of the
compound in the presence of sugars and diol were measured by
excitation with 342 nm for pyrene.

Determination of association constant

The association constant for the 1:1 complex was calculated
based on the titration curve of the fluorescent chemosensor with
sugar. Association constants (K,) was determined by a
nonlinear least squares fitting of the data with the following
equation.*’

— Imin + ImaxKa[S]

Tr K5 kel

Where I,;, and I, are the initial (no sugar) and final (plateau)
fluorescence intensities of the titration curves and k,’ is slope of
the linear equation for the fitting of the linearly increased
emission intensity as function of the concentration of sugar.
Measurement of the size of the aggregates of the compounds in
solutions

The size distribution of the aggregates of compounds in
aqueous solution was characterized by using a particle size
analyzer (Brookhaven Instruments Corporation, New York,
USA, model 9863) equipped with He-Ne laser (633 nm). The
measurements of the aggregates in the solution were carried out
by 90° dynamic light scattering at 25°C. Compound (30 pM)
was dissolved in 50 mM phosphate buffer solution containing
DMSO at pH 7.4 for the size measurement.

Transmission Electron Microscopy (TEM) measurements

Transmission electron microscopy (TEM) was performed using
a Philips CM 200 operated at an acceleration voltage of 120
kV. The samples were prepared by dropping 5 pL of 1 (0.5
mM) in aqueous buffered (50 mM phosphate, pH 7.4) solution
on a 300-mesh copper grid coated with carbon followed by
staining with phosphotungstic acid (2 wt%). The TEM grid was
completely dried in the air before TEM measurements were
conducted.

Determination of detection limit
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The detection limit was calculated based on the fluorescence
titration. To determine the S/N ratio, the emission intensity of
dipeptides without D-fructose was measured by ten times and
the standard deviation of blank measurements was determined.
Three independent duplication measurements of emission
intensity were performed in the presence of D-fructose and each
average value of the intensities was plotted as a concentration
of D-fructose for determining the slope. The detection limit is
then calculated with the following equation.*®

Detection limit = 36/m

Where, o is the standard deviation of the emission intensity of
probe and m is the slope between the emission intensity vs.
concentration.

Results and Discussion

Design of the self-assembled peptides bearing phenylboronic
acid

The assembly and/or disassembly of the self-assembled
peptides (1-4) triggered by sugar were synthesized, as shown in
Figure 1. Arylboronic acid as a receptor was conjugated with
the peptides because aryl-boronic acid formed reversible
covalent adducts with diol compounds including
monosaccharides in aqueous solutions and several artificial
receptors using arylboronic acid based on various organic
compounds, polymers, proteins, and DNA were reported for the
recognition of various analytes including saccharides and
glycosylated biomolecules.>*>%*7* A pyrene fluorophore was
incorporated into the dipeptides for the ratiometric detection
because the pyrene fluorophore has interesting photophysical
properties such as high fluorescence quantum yield and dual
fluorescence emission (monomer emission at 376 nm and
excimer at 470 nm) depending on the proximity between two
pyrene fluorophores.>*!

As shown in Figure 1, we synthesized the dipeptides (1-4)
bearing a phenylboronic acid in which the second amino acid
was Trp, (3-(Naphthyl)-L-alanine), Phe, and His among
aromatic amino acids, to have different self-assembled
properties by the change of the hydrophobicity and the structure
of the 2nd amino acid. When the peptides bearing a
phenylboronic acid might interact with the hydrophilic sugars
or hydrophobic diols and form covalent adducts, the peptides
might assemble or disassemble depending on the self-assembly
property of the covalent adducts and exhibit the change of
monomer emissions and excimer emissions depending on the
proximity between the pyrene fluorophores.

The peptides (1-4) with high purity were easily synthesized
in solid phase synthesis with high yields.** The detailed
procedure for the synthesis and characterization of the pyrene
labelled peptides were described in the experimental section
(Figure S1-S20). The high purity (> 98%) of the peptide was
confirmed by analytical HPLC with a C;g column and ESI mass
spectrometer.
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Figure 1. Structures of compound 1-4, monosaccharides, and pinanediol.

Fluorescence emission spectra and the size and shape analysis of
the peptides in aqueous buffered solutions containing DMSO

We measured the fluorescence emission spectra of the peptides
(1-4) in aqueous buffered solution (50 mM phosphate pH 7.4)
containing different volume percentage of DMSO because
amphiphilic peptides dissolved well in DMSO. As shown in
Figure 2, 1 displayed a relatively strong excimer emission at
470 nm and weak monomer emissions at 377 and 396 nm in
aqueous solution containing 1 % (v/v) DMSO. As the volume
percent of DMSO increased from 1 to 10 % (v/v), the excimer
emission significantly decreased and the monomer emission
considerably increased. The strong pyrene excimer emissions
indicated that 1 might aggregate in aqueous solution containing
low percentages of DMSO. However, the low excimer emission
in aqueous solutions containing high percentages of DMSO
suggests that the peptides did not aggregate in this solvent
condition.

2 showed significant monomer emissions at 377 and 396
nm and a relatively weak excimer emission in aqueous solution
at physiological pH containing 1% DMSO. As the volume
percent of DMSO increased from 1 to 20 % in the solution
containing 2, the monomer emission significantly increased and
the excimer emission slightly decreased (Figure 2). About 15 %
DMSO was enough for the complete disappearance of excimer
emissions in aqueous solution. As the volume percent of
DMSO increased from 1 to 15%, the monomer emission of 3
significantly increased and the excimer emission decreased
(Figure S21). About 3 % DMSO was required for the complete
disappearance of excimer emission of 3 in aqueous solution. 4
in which the second amino acid was His, exhibited only
monomer emission in 100 % aqueous solution at pH 7.4 and
aqueous solution containing high percentages of DMSO (Figure
S21). 4 did not aggregate even in 100% aqueous solutions,
resulting in only monomer emissions because hydrophilic 4
might not aggregate.

This journal is © The Royal Society of Chemistry 2016
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Figure 2. Fluorescence spectra of (a) 1 (10 pM) and (b) 2 (10 uM) in aqueous buffered solution (50 mM phosphate, pH 7.4) containing different percentage of DMSO (Aex = 342 nm,
slit=12/2.5 nm). Size distribution of DLS measurements of (c) 1 (30 pM) and (d) 2 (30 uM) in aqueous buffered solution containing 3 % and 10 % DMSO, respectively.

We investigated the size of the self-aggregates of the
peptides in aqueous buffered solution containing DMSO using
a dynamic light scattering (DLS) measurement. As shown in
Figure 2, 1 and 2 that showed a significant excimer emission in
solutions formed aggregates with an average diameter of ca.
100 nm and 170 nm, respectively. Similarly, 3 that exhibited
excimer emissions in solutions also formed nano-aggregates
with an average diameter of ca 90 nm in aqueous buffered
solution (Figure S22). DLS result indicates that 4 which did not
show excimer emissions in 100% aqueous solutions did not
form aggregates in this solvent condition (Figure S22).

The overall result suggests that the hydrophobicity of the
second amino acid in the peptides play a critical role for the
self-aggregations and excimer emissions in aqueous solution.
The retention time on C;g column might correlate well with the

hydrophobicity.*

According to the retention time of the
peptides, the order of hydrophobicity was 2 > 1 > 3 > 4. More
hydrophobic peptides required more DMSO in aqueous
solutions for the observation of a little excimer emission. The
maximum excimer intensity of the peptides may correlate with
the hydrophobicity of the peptides; the maximum excimer
emission intensity at 470 nm was 23 for 1, 50 for 2, and 20 for
3, respectively.

UV-visible spectra of 1 in aqueous solutions containing
different percentage of DMSO showed that as the volume
percentage of DMSO in aqueous solutions increased, a

This journal is © The Royal Society of Chemistry 2016

considerable increase of absorbance at 343 nm was observed
(Figure S23). As the peptide self-aggregated in solutions, the
pyrene fluorophore might be overlapped and the absorbance
corresponding to the pyrene might decrease. As the percentage
of DMSO increased, the self-aggregates did not form, resulting
in the increase of the absorbance of the pyrene. UV-visible
spectra of 2 and 3 indicated that the absorbance at 343 nm
increased as the volume percentage of DMSO increased. This
indicates that 1-3 did not aggregate as the percentage of DMSO
in aqueous solution increased. UV-visible spectra of 4 revealed
that the absorbance at 343 nm was not considerably changed as
the volume percentage of DMSO in the solution increased
(Figure S23). This indicated that as relatively hydrophilic
peptide (4) did not aggregate in aqueous solutions containing
different volumes of DMSO, the absorbance of the pyrene at
343 nm did not change considerably.

Furthermore, we investigated the structures of the self-
assembled aggregates of 1 by transmission electron microscopy
(TEM). As shown in Figure 3, 1 self-aggregated and formed
vesicle-like structures in aqueous buffered solution. The size of
vesicle ranged from 50 nm to 80 nm, which was smaller than
that measured by DLS maybe due to the dehydration process.
Interestingly, when the concentration of 1 was increased to 2
mM, the formation of nanofibrils with the length of 100~200
nm was observed (Figure 3b). This suggests that if the
peptide reaches to

concentration of the certain high
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concentration, the formation of nanofibrils might be
predominant. This result was consistent with the fact that the
self-assembled  dipeptide  (PhePhe) formed  different
nanostructures such as nanoparticles, nanofibril, nanotubular
aggregates in different solvent conditions.>*

J

Figure 3. TEM images of 1 (a) (0.5 mM) and (b) (2 mM) in aqueous buffered solution
(50 mM phosphate buffer, pH 7.4). The samples were negatively stained with 2%
phosphotungstic acid. The bar represents 200 nm (a) and 100 nm (b).

Fluorescence emission spectra of 1-4 in the presence of
monosaccharide

The fluorescence emission responses of 1-3 to monosaccharides
were investigated in aqueous buffered solution at pH 7.4
(Figure 4). 1 displayed a strong excimer emission band at 470
nm and weak monomer emissions at 377 and 396 nm in
aqueous buffered solution (50 mM phosphate, pH 7.4)
containing 1% (v/v) DMSO. Upon addition of D-fructose, a
significant decrease of pyrene excimer emission at 470 nm and
a concomitant increase of pyrene monomer emissions at 377
and 396 nm were observed. The intensity ratio (I3;7/147¢) was
significantly changed from 0.60 to 15 as the concentration of D-
fructose increased from 0 to 7.5 mM. Approximately 7.5 mM
of D-fructose was necessary for the complete disappearance of
the pyrene excimer. Similarly, 2 also showed a strong excimer
emission at 470 nm and weak monomer emissions at 376 and
396 nm in aqueous buffered solution (50 mM phosphate, pH
7.4) containing 5% (v/v) DMSO. Upon addition of D-fructose,
a significant increase of the monomer emissions at 377 nm and
396 nm and considerable decrease of the excimer emission
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band at 470 nm were observed with a clear isoemission point at
432 nm. The intensity ratio (I377/147¢) increased from 0.71 to 16
as the concentration of D-fructose increased and about 20 mM
of D-fructose was required for the complete disappearance of
the excimer emissions.

The fluorescence emission spectra of 3 in aqueous buffered
solution (50 mM phosphate, pH 7.4) containing 0.5% (v/v)
DMSO, displayed weak excimer emission at 470 nm. Upon
addition of D-fructose to the solution of 3, a significant increase
of monomer intensity at 376 nm and 396 nm and slightly
decrease of excimer emission intensity were observed (Figure
4). The intensity ratio (I37¢/I479) between the monomer and
excimer emission increased from 2.2 to 26 and 20 mM of D-
fructose was enough for the complete change of the intensity
ratio. The results suggest that the covalent bonding with D-
fructose might induce disassembly of supramolecular
nanostructures of the peptides (1-3) in aqueous solutions.

We also investigated the fluorescence responses of 1, 2, and
3 to D-glucose and D-galactose, respectively (Figure S24-S26).
Although they required a high concentration of D-glucose and
D-galactose for the fluorescent emission changes, the addition
of D-glucose and D-galactose at physiological pH resulted in the
increase of monomer emission intensity and decrease of the
excimer emission, respectively. This suggests that the
disassembly of the self-assembled peptide aggregates (1-3) was
triggered by monosaccharides in aqueous solution. As 4 was
dissolved well in distilled water, the fluorescence spectrum was
measured in 100 % aqueous solution (50 mM phosphate, pH
7.4) without organic solvent. As shown in Figure 4, 4 displayed
strong emission intensities at 376 and 396 nm, corresponding to
the typical monomer emission bands of the pyrene, which
indicated that 4 might not aggregate in 100% aqueous solutions.
Upon addition of D-fructose, the monomer emission at 376 and
396 nm was gradually increased. About 6 mM D-fructose was
required to completely change the emission intensity in aqueous
solution. Similar monomer emission enhancement of 4 was
observed in the presence of D-glucose and D-galactose,
respectively (Figure S27).

This journal is © The Royal Society of Chemistry 2016
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Figure 4. Fluorescence spectra of (a) 1 (b) 2 (c) 3, and (d) 4 upon the gradual addition of p-fructose in aqueous buffered solution (50 mM phosphate, pH 7.4) containing DMSO

solvent (1 %, 5 %, 0.5 % and 0 %, respectively). The concentration of peptides is 10 pM.

UV-visible titration experiment was carried out (Figure
S28). In the UV-—visible absorption titration of 1 with D-
fructose, a considerable increase in absorbance at 343 nm
corresponding to the pyrene fluorophore was observed as the
concentrations of D-fructose increased. Similarly, 2 and 3 also
showed a considerable increase of the absorbance at 343 nm in
the presence of D-fructose (Figure S28). The results indicated
that after the peptides (1-3) were complexed with D-fructose,
the aggregates might disassemble, resulting in the increase of
the absorbance of pyrene. However, the absorbance spectra of 4
were not changed in the presence of D-fructose. As 4 did not
form self-aggregates in aqueous solution even in the absence of
sugar, disassembly could not be triggered by covalent bonding
with D-fructose.

We also investigated whether the nanoparticles of the self-
assembled peptide disassembled in the presence of hydrophilic
sugars or not. Interestingly, DLS measurements of the peptide
in the presence of D-fructose revealed that the addition of D-
fructose induced the disassembling of the nanoparticles of 1-3.
(Figure S29). Furthermore, upon addition of D-fructose, the
vesicle-like nanostructures disappeared in TEM, which
suggests that the supramolecular nanostructures of 1 were
disassembled by covalent bonding with hydrophilic D-fructose.

Fluorescence emission spectra and the size distributions of
the peptides of 1—4 in the presence of a hydrophobic diol

This journal is © The Royal Society of Chemistry 2016

When the peptides formed a covalent bonding with hydrophilic
sugars, the nanoparticles of the peptide disassembled, resulting
in the decrease of the excimer emission and increase of
monomer emissions. Thus, we investigated whether the binding
of a hydrophobic diol compound would affect the fluorescence
emission spectrum and the formation of the nanoparticles.

As shown in Figure 5, the addition of pinanediol to the
solution containing 1 induced a significant increase of the
excimer emission at 470 nm and a slight decrease of the
monomer emissions at 376 nm. The intensity ratio I47¢/1376
increased from 1.8 to 31 and just 80 uM of pinanediol was
enough for the complete change of both monomer and excimer
emission intensities. Upon addition of increasing concentration
of pinanediol to the solution of 2, the increase of excimer
emission and the decrease of monomer emissions were
observed (Figure S30). About 60 uM of pinanediol was
required for the saturation of the intensity ratio change. Upon
addition of pinanediol into the solution of 3, a significant
increase in the pyrene excimer emission at 470 nm and
significant decrease in the pyrene monomer emissions were
observed (Figure 5). The intensity ratio (I47¢/I37¢) between the
excimer and monomer emissions changed from 0.2 to 7. The
results indicate that the covalent bonding of pinanediol with 1—
3 may stabilize the nanoparticles in aqueous solutions, resulting
in the enhanced excimer emission and a concomitant decrease
of the monomer emission.

New J. Chem
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Figure 5. Fluorescence spectra of (a) 1 (10 pM) and (b) 3 (10 uM) upon the gradual addition of pinanediol in aqueous buffered solution (50 mM phosphate, pH 7.4) containing 1%
and 0.5 % DMSO, respectively (Aex = 342 nm, slit = 12/2.5 nm). Particle size distribution of (c) 1 (30 pM) and (d) 3 (30 uM) in aqueous buffered solution containing 3% DMSO.

UV—vis titration of 1-3 with pinanediol was carried out
(Figure S31). Upon addition of pinanediol to the solution of 1—
3, a significant decrease in the absorbance at 343 nm
corresponding to the pyrene and red shift were observed, which
indicated the overlap of the pyrene fluorophores was induced
by the covalent bonding of pinanediol with 1-3.7%!

Even though 4 did not show excimer emission in aqueous
solution, the addition of pinanediol induced the significant
increase of the excimer emission and the decrease of monomer
emissions (Figure S32). The relatively hydrophilic peptide (4)
required about 200 uM of pinanediol for the complete change
of the excimer emission and monomer emissions. During the
UV-visible titration of 4 with pinanediol, a significant decrease
of the absorbance at 343 nm and a red shift of the absorption
spectra were observed (Figure S32). This suggests that after
complexation of 4 with pinanediol, the pyrene fluorophores
overlapped, resulting in the decrease of the absorbance at 343
nm and an increase in excimer emission.

We investigated whether the addition of pinanediol induced
the change of the nanoparticles of 1-4 or not. DLS experiments
indicated that the size of the nanoparticles increased in the
presence of pinanediol. The self-assembled peptides (1, 2, and
3) formed nanoparticles with the average size of 100 nm, 170
nm, and 90 nm in the absence of diol compounds, respectively.
Upon addition of pinanediol to the solution of 1, the average
size of the nanoparticles increased from 100 nm to 240 nm
(Figure 5). Similarly, the size of nanoparticles of 2 and 3
increased in the presence of pinanediol. The increase of the

This journal is © The Royal Society of Chemistry 2016

average size of the nanoparticles was consistent well with the
increase of the excimer emissions (Figure S33). When the self-
assembled peptides formed covalent adducts with the
hydrophobic diol, the size of the resulting nanoparticles
increased and the overlapped pyrene fluorophore increased,
resulting in the increase of the excimer emissions.

The effect of hydrophobic pinanediol on the assembly of 4
was much significant. 4 did not form nanoparticles even in
100% aqueous solution without organic cosolvent. However,
upon addition of pinanediol, the nanoparticles with the average
size of 130 nm were observed with the significant excimer
emission (Figure S33). The result suggested that the assembly
of the peptide for the nanoparticles could be triggered by the
addition of the hydrophobic diol compound.

Furthermore, we investigated the nanostructure of the self-
assembled peptide (1) in the presence of pinanediol by using a
transmission electron microscopy (TEM). Upon addition of
hydrophobic pinanediol, the vesicle-like structures in the
absence of pinanediol were converted to the fibrils (Figure 6).
The average size of the fibrils was much larger than those
measured by DLS. This is because small fibrils induced by
covalent bonding with the hydrophobic pinanediol might
convert to larger fibrils during the dehydration process or larger
fibrils could not be well detected by DLS measurements due to
the precipitations.

We also investigated whether 4 formed nanoparticles in the
presence of pinanediol or not. Upon addition pinanediol into the
solution, the nanoparticle structures were clearly observed in
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TEM images (Figure 6b). This suggests that the covalent
bonding of the hydrophilic peptide (4) with a hydrophobic diol
induce the self-aggregation and formation of nanoparticles.

Figure 6. TEM images of (a) 1 (0.5 mM) and (b) 4 (0.5 mM) in the presence of
pinanediol in aqueous buffered solutions (50 mM phosphate, pH 7.4) containing
CH;CN. Samples were negatively stained with 2% phosphotungstic acid. The bar
represents 100 nm (a) and 50 nm (b).

Binding affinity, detection limit, and selectivity for the diol
compounds

The binding stoichiometry was investigated by ESI mass
spectrometry. After adding D-fructose to the solution of 1, a
new peak at 850.31 (m/z) appeared. This peak corresponded to
[1-D-fructose - 2H,O - H']" (Figure S34), which confirmed that
1 formed a 1:1 complex with D-fructose. ESI mass spectrum for
the sample containing 2 and D-fructose showed that the peak at
862.42 (m/z) corresponding to [2-D-fructose - 2H,0 - H'] was
observed (Figure S35). This result supports that 2 also formed a
1:1 complex with D-fructose. In general, one phenylboronic
acid of the receptor formed a 1:1 complex with various diol
compounds.?$3¢

Assuming the formation of a 1:1 complex, the association
constant (K,) of 1-4 for sugar and pinanediol were calculated
based on the titration curve by nonlinear least square fitting
(Figure $36).*° The fitting of titration curves provided less than
5% errors, which also confirmed the 1:1 binding stoichiometry
of the peptide. Table 1 summarized K, values and detection
limits of 1-4 for monosaccharides and pinanediol. The K,
values revealed that all peptides showed a high selectivity for
fructose among sugars. The order of K, values (D-fructose>D-
galactose>D-glucose) of 14 for the sugar is similar to the order
of the association constants of phenylboronic acid for the
sugars.>® The order of K, values of 1—4 for the sugars correlated

Paper

with the order of K, values of the reported fluorescent probes
using phenylboronic acid®?**’, which indicates that the
boronic ester formation between the phenylboronic acid moiety
of the peptides and the diol compounds induced the change of
the fluorescent spectra and nanostructures. The binding affinity
of the boronic acid for sugar was determined by the orientation
and relative position of hydroxyl groups of the sugar. In general,
the binding affinity for D-fructose was most potent because D-
fructose existed as a furanose form with a relative high
percentage in aqueous solutions that contained a syn-periplanar
pair of hydroxyl groups.?’” The association constants of 1—4 for
pinanediol were calculated based on the titration curve (Figure
S37). The binding affinity of the peptides for pinanediol is
much higher than those for the monosaccharides. The high K,
values for pinanediol may be due to the position and
configuration of the diol of pinanediol that formed a stable
boronic ester form.?>2447

Considering the applications for the detection of fructose,
we measured the detection limits and the linear response ranges
of the changes in intensity ratio by fructose. As shown in Fig.
S38, 1-3 showed sensitive linear ratiometric responses to sub-
molar concentrations (100~800 pM) of D-fructose in aqueous
buffered solution. The detection limit was calculated based on
the linear relationships between the intensity ratio (I375/1475) and
the concentration of D-fructose. Even though 3 did not have the
highest association constant for fructose among the peptides (1-
3) that showed a ratiometric response to sugar, the sensitivity of
3 was the greatest among the peptides so 3 had the lowest
detection limit for D-fructose. 3 had some advantages for the
detection of D-fructose because 3 aggregated in aqueous
solutions without organic cosolvent and showed the most
sensitive ratiometric response to D-fructose.

As shown in Figure 7, 3 showed a highly selective
ratiometric response to D-fructose among monosaccharide, As
the concentration of fructose increased, the intensity ratio
(I376/1470) significantly increased from 2.2 to 26 and the
intensity at 376 nm increased from 40 to 240. The large
enhancement of the emission by fructose and sensitive
ratiometric response to fructose provided a selective detection
of fructose among monosaccharides in aqueous solutions.

Table 1. Apparent association constants (K,) and detection limits of 1-4 for diol compounds.

Peptides K,[M]

Detection limit for  Detection limit for

D-fructose [M] pinanediol [M]

D-Fructose D-Galactose D-Glucose Pinanediol
1 1.15 % 10° 1.01 x 10? 41 61.4 x 10° 9.74 x 107 2.13 x 107
2 0.14 x 10° 0.24 x 10? 14 34.7 x 10° 9.55 %107 9.96 x 107
3 0.22 x 10° 0.45 x 10? 21 73.2 x 10° 8.66 x 107 3.14 x 107
This journal is © The Royal Society of Chemistry 2016 New J. Chem
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Figure. 7. Emission intensity ratio of 3 (10 uM) upon the addition of D-fructose (m), D-
galactose (A), D-glucose (@), and —(+)-pinanediol (V) in 50 mM phosphate buffer
solution containing 0.5% DMSO at pH 7.4.

Figure 8 presents a visible emission color images of 3 in the
presence of sugars and pinanediol under UV light (A, = 365
nm) with a UV lamp. 3 displayed a blue color in the absence of
sugars and pinanediol whereas 3 displayed a violet color in the
presence of D-fructose and a brighter cyan color in the presence
of pinanediol. This result indicates that the ratiometric probe (3)
made it possible for the selective detection of fructose among
monosaccharides by the naked eye with a UV lamp.

Figure 8. Visible emission color change of 3 (10 puM) in the presence of
monosaccharides (20 mM) and pinanediol (0.1 mM) under UV light (A, = 365 nm).

We proposed how the assembly and disassembly of the self-
assembled peptides were controlled by diols compounds. As
shown in Scheme 1, 1-3 self-aggregated and formed
nanoparticles in aqueous solution at physiological pH in which
the pyrene fluorophores were close each other, resulting in the
excimer emissions. When the hydrophilic sugars such as D-
fructose, D-glucose, and D-galactose covalently bonded with the
phenylboronic acid of 1-3, the hydrophilicity of the complex
increased and the self-aggregates disassembled, resulting in the
increase of monomer emissions and a concomitant decrease of
excimer emissions. When the hydrophobic pinanediol
covalently bonded with the self-assembled peptides 1-3, the
hydrophobicity of the complex increased, resulting in the
stabilization of nanoparticle structures with the enhancement of

10 |New j. Chem.

excimer emissions which might slowly induce the fibril
formation.

As shown in Scheme 1, the peptide (4) did not self-
aggregate in aqueous solution. When the hydrophobic
pinanediol covalently bonded with the peptide (4), the resulting
covalent adduct with pinanediol self-aggregated and formed
nanoparticles, resulting in the increase of excimer emission and
decrease of monomer emissions. As the hydrophilic sugar
covalently bonded with the peptide (4), the monomer emission
was significantly increased without the formation of
nanoparticles. This enhancement can be explained by the strong
quenching effect of phenylboronic acid to the adjacent pyrene
fluorophore because phenylboronic acid acted as a quencher for
pyrene fluorophore and the tetrahedral boronate form showed a
much weaker quenching effect rather than the corresponding
boronic acid form.*?

Herein, we report the discovery of a selective and highly
sensitive fluorescent probes based on the self-assembled
peptides for fructose in aqueous solutions. In last two decades,
the worldwide consumption of fructose and high-fructose corn
syrup has increased significantly and the high administration of
fructose highly related to the increase of the obesity, diabetes,
hypertension, and kidney disease.® Thus, the simple and easy
detection of fructose in food is important to control of the
administration of fructose. Even though several ratiometric
fluorescent probes for fructose have been reported, most of
them suffered from one of the limitations such as the difficulty
of the synthesis, poor solubility in water, low sensitivity
(enhancement), and low emission intensity change by
fructose.” ¢ The fluorescent probes developed in this work are
easy to synthesize and selectively and sensitively detected
fructose in aqueous solutions by significant emission intensity
changes. Thus, the probes will provide an efficient method for
the detection of fructose in aqueous solutions.

Conclusion

We synthesized self-assembled peptides in aqueous solution at
physiological pH and demonstrated the disassembly and
assembly of supramolecular nanoparticles of the self-assembled
peptides controlled by the diol compounds for the ratiometric
detection. The amphiphilic peptides (1-3) self-aggregated and
formed vesicle-like nanostructures, resulting in the considerable
excimer emission. The covalent bonding of the phenylboronic
acid of the peptides (1-3) with hydrophilic sugars induced
disassembly of the nanoparticles, resulted in a decrease of
excimer emissions and a concomitant increase of monomer
emissions. The covalent bonding of hydrophobic pinanediol
with 1-3 stabilized the formation of the nanoparticles, resulting
in the significant enhancement of excimer emissions and a
decrease of monomer emissions. The dipeptide (4) did not self-
aggregate in aqueous solution and only showed monomer
emissions. The assembly of 4 to the nanoparticles which

This journal is © The Royal Society of Chemistry 2016
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exhibited a considerable excimer emission could be triggered
by pinanediol. 1-3 showed selective ratiometric responses to
fructose among sugars and 3 showed the lowest detection limit
for fructose. 4 exhibited a selective ratiometric response to
pinanediol by the enhancement of excimer emissions at 475 nm
and exhibited turn on responses to sugars by the enhancement
of monomer emissions at 376 nm. This study revealed that the
self-assembled peptides triggered by sugars will be a valuable
tool for the sensitive ratiometric detection for sugar in aqueous
solutions.
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