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a b s t r a c t

A novel amphiphile containing two functional groups of both naphthalene and boronic acid,
2-(hexadecyloxy)-naphthalene-6-boronic acid (HNBA), has been synthesized. Scanning electron
microscopy (SEM) indicated the formation of bilayer vesicles in the ethanol/water solution (˚ = 0.6).
Differential scanning calorimetry (DSC) established the presence of crystal-to-liquid crystal transition
at 63.36 ◦C. The vesicular fluorescence properties upon binding with carbohydrates have been stud-
ied in ethanol/water buffer at pH 7.4. Addition of saccharides to the vesicular solution, the fluorescent
eywords:
luorescence vesicular sensor
accharide
oronic acid
mphiphiles

intensities of naphthalene in HNBA vesicles centered at 348 nm decreased dramatically with increas-
ing concentration of saccharides. The change tendency of fluorescent intensities of the HNAB vesicles
with concentration of saccharides followed in the order of fructose > galactose > maltose > glucose. The
pH profiles of the fluorescence intensity were studied in the absence and in the presence of sugars. Also,
the urine sample induced spectral changes of the HNBA vesicles were studied. These results suggest that
the HNBA vesicles may be developed as a continuous monitoring and implantable fluorescence vesicular

pplie
sensor, which might be a

. Introduction

The design and preparation of effective fluorescent chemosen-
ors for biologically relevant analytes is of paramount interest in
upramolecular chemistry [1]. Saccharides are nature’s conveyors
f energy and therefore essential for cell survival [2]. The break-
own of glucose transport has been correlated with certain diseases
uch as diabetes [3]. It is therefore unsurprising that receptors
ith the capacity to detect chosen saccharide selectively and sig-
al this presence by altering their optical signature have attracted
onsiderable interest in recent years [4–6]. To date, a wide vari-
ty of methods for saccharide analysis have been reported in the
esearch literature, including electrochemistry [7], near infrared
pectroscopy [8], optical rotation [9], colorimetric [10] and flu-
rescence detection [11]. The most commonly used technology
or blood glucose determination is an enzyme-based method [11],
hich requires frequent collection of blood samples. However, this
ethod is an inconvenience, which affects compliance by patients
nd is not a continuous monitoring. Recently, there is a great deal
f interest in the development of continuous glucose monitoring
ystems, which would be able to provide patients with instanta-
eous glucose concentration [12,13]. Chemical sensors can offer

∗ Corresponding author. Tel.: +86 431 85168485; fax: +86 431 85193421.
E-mail address: lgw@mail.jlu.edu.cn (G. Li).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.12.041
d in the practical field.
© 2010 Elsevier B.V. All rights reserved.

the advantage of higher stability, continuous glucose monitoring,
and relatively easy manufacturing. Especially, fluorescent sensors
are preferred because they are well suited to meet the need for in
vivo probes. Such a concept has already been put into test by com-
panies such as sensors for medicine and science [14]. To develop a
practical sensor based on continuous monitoring system, it would
be ideal to use an implantable device that is in constant contact with
the biological fluid to give a continuous reading of glucose concen-
tration. Supramolecular aggregates may provide promising carriers
for implantable and continuous monitoring sensors. Along this line,
we are interested in the development of fluorescent sensors for
saccharide in the vesicular systems [15].

The phospholipid bilayer vesicles are well-studied biomem-
brane mimics, which have wide biomedical applications for drug
delivery, biological sensors and artificial blood [16]. Also, the arti-
ficial amphiphiles can form vesicles in dilute aqueous solution
[17]. The vesicles might be used as artificial membrane models
[18]. If some functional groups are introduced into an artificial
amphiphilic molecule, such as fluorophore and recognizable group,
the amphiphile could form vesicular receptor which might be used
as an implantable carrier for a sensor.

Following the pioneering works of Yoon and Czarnik [19] and

later Sandanayake and Shinkai [20], boronic acid derivatives have
been used in the recognition and sensing of vicinal diols, carbo-
hydrates, and catechols for the past two decades [21]. Boronic
acids are known to bind with compound containing diol moi-
eties through reversible ester formation [22]. Such bonding allows
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Scheme 1. Synthetic route and 1H NMR spectrum of 2-(he

oronic acids to be used as the recognition moieties in a sensor for
accharides [4]. James et al. [23], Wang et al. [24] and Geddes et al.
25] have developed many novel sensors composed of small organic

olecules based on interaction between boronic acids and saccha-
ide. However, these systems reported could not be implantable.

Herein, we have developed a novel vesicular sensor composed
f HNBA amphiphile, which contained both boronic acid and naph-
halene “read-out” unit. The HNBA vesicles might be used as
continuous monitoring and implantable fluorescence vesicular

ensor for the saccharides.

. Experimental

.1. Materials

.1.1. Chemicals
All chemicals were of the highest purity commercially avail-

ble: �-naphthol, 1-bromohexadecane and trimethyl borate were
urchased from the Fluka (Japan). Bromine, tin, lithium, ethanol,
HF, DMF, sodium hydroxide, sodium hydrogen carbonate, sodium
ulfate anhydrous, glacial acetic acid, n-hexane, dichloromethane,

ethanol anhydrous and chloroform were purchased from Shang-

ai Biochemical Company, Beijing Chemical Company and Tianjing
iantai Chemical Company, respectively. Reagents and solvents
ere used without further purification except as indicated below.
ater is double distilled.
yloxy)-naphthalene-6-boronic acid (4, HNBA) amphiphile.

2.1.2. Synthesis
Compound 4, 2-(hexadecyloxy)-naphthalene-6-boronic acid

(HNBA), was synthesized by the sequence outlined in Scheme 1.

2.1.3. 2-Hydroxyl-6-bromonaphthalene (2)
A mixture of �-naphthol (1.44 g, 10 mmol) and glacial acetic acid

(4 ml) was added into 25 ml flask. Then bromine (3.2 g, 20 mmol)
in glacial acetic acid (1 ml) was added dropwise in 15–30 min and
the water (1 ml) was added. Reaction mixture stirred and refluxed
for 15 min. After cooling down to 100 ◦C, tin (1.5 g, 12.7 mmol)
was added into the solution and refluxed for 3 h. After cooling to
50 ◦C, the reaction solution was filtered and poured into ice/water
solution (30 ml). The residue was filtered and washed with cold
water to give pink crude product, which was recrystallized from
chloroform/hexane (1:4) to give white solid 2 (1.52 g, yield: 68%).
mp: 123–125 ◦C. 1H NMR (500 MHz, CDCl3) 7.92 (s, 1H, –C10H6–),
7.67 (d, 1H, –C10H6–), 7.56 (d, 1H, –C10H6–), 7.50 (d, 1H, –C10H6–),
7.11–7.12 (m, 2H, –C10H6–), 4.91 (s, 1H, –OH).

2.1.4. 2-Hexadecyloxy-6-bromonaphthalene (3)
2-Hydroxyl-6-bromonaphthalene (1.56 g, 7 mmol), 1-
bromohexadecane (6.41 g, 21 mmol) and sodium hydroxide
(about 0.3 g, about 7 mmol) were added into 50 ml of dry ethanol
in 100 ml flask. The reaction mixture was stirred and refluxed for
12 h, and cooled in a refrigeratory for 6 h and 1-bromohexadecane
was filtered. The crude residue was washed with water and ethanol
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similar to those in the absence of a sugar as shown in Fig. 5. The
pH-induced spectral changes at 435 nm are shown in Fig. 6.

In order to help to understand the assignment of each fluores-
cent peak, Scheme 2 could be used to show the various ionization
states of HNBA vesicles in the various pH solutions. At low pH ≤ 7.4,
Y. Zhang et al. / Tal

hrice respectively, dried in a desiccator to give a white solid of
(2.75 g, yield: 88%), mp: 55–57 ◦C. 1H NMR (500 MHz, CDCl3) ı:

.91 (s, 1H, –C10H6–), 7.64 (d, 1H, –C10H6–), 7.59 (d, 1H, –C10H6–),

.49 (d, 1H, –C10H6–), 7.17 (d, 1H, –C10H6–), 7.08 (s, 1H, –C10H6–),

.06 (t, 2H, –OCH2–), 1.84 (m, 2H, –OCH2CH2–), 1.25–1.49 (m, 26H,
CH2(CH2)12–), 0.88 (t, 3H, –CH3–).

.1.5. 2-(Hexadecyloxy)-naphthalene-6-boronic acid (HNBA)
2-Hexadecyloxy-6-bromonaphthalene (1.83 g, 4 mmol) was

dded into 20 ml of dry THF in flask under N2, stirred and cooled to
78 ◦C. Then a solution of n-BuLi in hexane (1 M, 5.6 ml, 5.6 mmol)
as added dropwise into the reaction flask, stirred for 1 h and then

MeO)3B (1.55 ml, 13.6 mmol) was added. The reaction solution was
tirred continuously for 1 h under −78 ◦C, and stirred overnight at
oom temperature. The solution was evaporated, and the residue
as dissolved in 150 ml of dichloromethane, washed with 50 ml

.1 M HCl and then with 5% NaHCO3 to adjust the pH to 7, dried
ver NaSO4, filtered. The filtrate was evaporated. The crude residue
as purified by chromatography on silica gel (CH2Cl2:MeOH = 50:1,
f = 0.43) to give white solid (1 g, yield 60%) of 4. mp: 77–79 ◦C.
H NMR (500 MHz, DMSO) ı: 8.27 (s, 1H, –C10H6–), 8.05 (s, 2H,
(OH)2), 7.77–7.82 (m, 2H, –C10H6–), 7.72 (d, 1H, –C10H6–), 7.23
s, 1H, –C10H6–), 7.12 (d, 1H, –C10H6–), 4.07 (t, 2H, –OCH2–), 1.77
m, 2H, –OCH2CH2), 1.23–1.45 (m, 26H, –CH2(CH2)12–), 0.84 (t, 3H,
CH3). Anal. Calcd. for C26H41O3B: C, 75.76; H, 9.96. Found: C, 75.78;
, 9.98. Also, the 1NMR spectrum of the HNBA compound is shown

n Scheme 1.

.2. Preparation of HNBA vesicles [17]

The HNBA amphiphile was dissolved in spectroscopic grade
HCl3. Solvent was removed under a N2 flow, followed by evapora-
ion at high vacuum for 0.5 h. The ethanol/water (˚ = 0.6) solution
as added into the resulting cast film in beaker. The concentration

f HNBA amphiphile was fixed at 1 × 10−5 mol/l. The solution was
onicated by a bath-type sonicator (40 kHz 100 W KQ-100, Shang-
ai of China) for 4 h at about 60 ◦C. The vesicular solution was then
ooled with ice-water bath for half an hour and then warmed to
oom temperature gradually. The sample dropped on silica plate,
ried under room temperature for SEM determination.

.3. Measurement

All lH NMR spectra were measured on a Brucker Avance
00 MHz spectrometer (Brucker Instruments, Germany) using a
MS proton signal as the internal standard. Melting points were
etermined with a Mel-Temp XT-40 micro melting point appara-
us (JINGHE Analytical Instruments Co., Ltd. Instruments, Shanghai
f China) and uncorrected. Scanning electron microscopy (SEM)
mages were collected on a JSM-6700F field emission scanning
lectron microscope (JEOL Instruments, Japan). Dynamic light scat-
ering (DLS) were obtained using a Zetasizer Nano-ZS instrument
Malvern Instruments, UK, � = 532 nm). The phase transition from
rystal to liquid crystal (Tc) determined by differential scanning
alorimetry (ca. 3 wt.%, DSC 204, NETZSCH Instruments, Germany).
teady-state fluorescence spectra were recorded on RF-5301PC
pectrophotometer (SHIMADZU Instruments, Japan). Elemental
nalyses were carried out by Flash EA 1112 (Thermo Electron SPA
nstruments, Italy) instrument at the Analysis and Determination
enter of Jilin University.
. Results and discussion

The stable HNBA vesicular morphologies were determined by
canning electron microscopy (SEM). The typical SEM image of
NBA amphiphile (1 × 10−5 M) is shown in Fig. 1. The diameters of
Fig. 1. SEM images of the HNBA vesicles in ethanol/water solution (1 × 10−5 M).

vesicles were estimated about 450–1100 nm from Fig. 1. The sizes
of the HNBA vesicles in ethanol/water solution were determined
by DLS as shown in Fig. 2. The size distribution of HNBA vesicles
is 737 (±1) nm which is consistent with the result of SEM image.
The phase transition from crystal to liquid crystal (Tc) determined
by means of differential scanning calorimetry is located at 63.36 ◦C
(Fig. 3). These results supported that the HNBA amphiphile formed
vesicles in ethanol/water solution [26].

To understand the structural features associated with the flu-
orescence intensity changes, the pH profiles of the fluorescence
intensity was studied in the absence and in the presence of fruc-
tose and glucose at a fixed concentration of 50 mmol (Figs. 4–6
respectively). Fig. 4 shows that a strong fluorescence peak at
348 nm decreased very slowly when pH increased from 3 to 7.4,
and decreased quickly when pH increased from 7.4 to 10 in the
absence of a sugar. The fluorescence intensity at 348 disappeared
and 435 nm appeared at pH 10, which increased very quickly when
pH increased from 10 to 11. The pH-induced spectral changes at
348 nm, in the presence of fructose and glucose (50 mmol), are
Fig. 2. Particle size distribution of HNBA vesicles in ethanol/water solution
(1 × 10−5 M).
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Scheme 2. Fluorescence properties of HNBA vesicles in different ionization states, in the absence and in the presence of a sugar in ethanol/water buffer.

Fig. 3. DSC thermogram of the HNBA vesicular solution (3%).

Fig. 4. Fluorescence spectral changes of HNBA (1 × 10−5 mol/l) in the absence of
sugar at different pH in ethanol/water (˚ = 0.6) buffer, �ex = 295 nm.

Fig. 5. pH-dependent fluorescence intensity changes of HNBA (1 × 10−5 mol/l) at
348 nm in the absence and in the presence of sugar (50 mmol) in ethanol/water
(˚ = 0.6) buffer, �ex = 295 nm.

Fig. 6. pH-dependent fluorescence intensity changes of HNBA (1 × 10−5 mol/l) at
435 nm in the absence and in the presence of sugar (50 mmol) in ethanol/water
buffer (˚ = 0.6), �ex = 295 nm.
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Fig. 8. Fluorescence intensity changes of HNBA vesicular solution (1 × 10−5 M) as
a function of sugar concentration in ethanol/water (˚ = 0.6) buffer at pH 7.4 in the
absence, I0, and in the presence, I, of sugars, �ex = 295 nm, �em = 348 nm.

Table 1
Association constants (Ka) and maximal fluorescence intensity changes (�I/I0) of
HNBA sensor at 348 nm with different sugars.

Sugar Ka (M−1) �I/I0 (sugar concentration (M))

cose levels can change from ≈0.1 nM to 0.9 mM for a person [30].
This result implies that the HNBA vesicular sensor might be applied
to a practical field.

Boronic acids provide us with the potential recognition group by
taking advantage of the covalent bond formation between recep-
ig. 7. Fluorescence spectral changes of HNBA vesicular solution (1 × 10−5 M) at
ifferent concentrations of fructose (0–80 mM) in ethanol/water (˚ = 0.6) buffer at
H 7.4; �ex = 295 nm, �em = 348 nm.

he strongest fluorescent peak is the one at 348 nm in the absence
nd in the presence of a sugar. This corresponds to the naphtha-
ene with a boronic acid in a neutral trigonal state such as 1 and
b in Scheme 2. As the pH increases, the peak intensity at 348 nm
ecreases and gradually disappeared, and the one at 435 nm con-
omitantly appeared and increased. This change correlates with a
ransition of a neutral trigonal boronic acid (1 or 1b) to its cor-
esponding anionic tetrahedral species (1a or 1c). This change is
onsistent with the result reported by Gao et al. [27].

The fructose induced fluorescence changes of the HNBA vesi-
les were studied. In general, the selective vesicular solution in
thanol/water (˚ = 0.6) buffer was titrated by means of adjustable
uantitative liquid shifter with aqueous solution of sugars at
arious concentrations, and then the fluorescence intensity was
ecorded. The typical fluorescence spectra are shown in Fig. 7
hen aqueous fructose solution was added dropwise into the HNBA

esicular solution at pH 7.4. It is clear that the fluorescent intensi-
ies of naphthalene in HNBA vesicles centered at 348 nm decreases
ramatically with increasing concentration of fructose from 0 to
× 10−2 M, which suggest the boronic acid formed boronate ester
ith fructose [20,28]. Also, this change is consistent with the result

eported by Gao et al. [27].
To examine the general applicability of this fluorescent vesicular

ensor, we have also studied the effect of three other carbohy-
rates on its fluorescence intensity. These carbohydrates include
alactose, maltose and glucose. The corresponding titration curves
btained by plotting I0 divided I, where I0 and I are the fluores-
ence intensity values at 348 nm in the absence and in the presence
f sugars, respectively, versus sugar concentration are shown in
ig. 8. A 3.09-, 1.65-, 1.46-, 1.28-fold decrease in fluorescence
ntensity with 80 mM fructose, galactose, maltose and glucose are
espectively observed in HNBA vesicles. From Fig. 8, it is clear
hat all four carbohydrates tested caused significant fluorescence
ntensity decrease at physiological pH with varying magnitude.
he change tendency for fluorescent intensities of the HNBA vesi-
les with the saccharides is similar to the other systems to favor
he binding with fructose over galactose, maltose and glucose. To
xamine the binding more quantitatively, the association constants
a between HNBA vesicular sensor and the four carbohydrates
ere determined, assuming the formation of a 1:1 complex [29].
he affinity trend of the vesicular sensor followed in the order of
ructose > galactose > maltose > glucose (see Table 1). Indeed, these
inding constants are similar to those observed with boronic acid

n other system [27].
Fructose 237 ± 21 −0.60 (0.05)
Galactose 61 ± 7 −0.29 (0.05)
Maltose 44 ± 5 −0.19 (0.05)
Glucose 27 ± 2 −0.13 (0.05)

In order to explore its potential application, urine samples of
diabetic patients induced spectral changes of the HNBA vesicles
can be seen in Fig. 9. It is clear that the fluorescent intensities of
naphthalene in HNBA vesicles centered at 348 nm decreased dra-
matically with increasing concentration of the urine glucose from
0 to 1.75 mM. A 1.96-fold decrease in fluorescence intensity with
1.75 mM urine glucose is observed from the inset of Fig. 9. Interest-
ingly, the vesicles show a ≈49% intensity change in the presence of
as little as 1.75 mM urine glucose, noting that the normal urine glu-
Fig. 9. Fluorescence spectral changes of HNBA vesicular solution (1 × 10−5 M) at dif-
ferent concentrations of urine sugar (0–1.75 mM) in ethanol/water (˚ = 0.6) buffer
at pH 7.4; inset: the 348 nm emission intensity ratio for in absence, I0, and in the
presence of urine sugar, �ex = 295 nm.
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. Conclusion

We have developed a novel fluorescence vesicular sensor. Fluo-
escence intensity changes of the vesicular solution with different
accharides were carried out in ethanol/water buffer at pH 7.4.
he change tendency of fluorescent intensities of the HNBA vesi-
les with concentration of saccharides is similar to the other
elative systems to favor the binding with fructose over other
ugars. The order of selectivity of the vesicular receptor is fruc-
ose > galactose > maltose > glucose. Also, the urine glucose induced
pectral changes of the HNBA vesicles were studied. These results
uggest that the HNBA vesicles might be developed as a continu-
us monitoring and implantable carrier for a sensor, which might
e applied in the practical field.
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