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A mixed polydiacetylenes (PDAs) vesicle with a phospholipid unit is functionalized by entrapping fluores-
cent benzoxazole (BZ) molecules inside the PDA vesicles. Upon photo-polymerization and heat-treatment
of the self-assembled vesicles, a weak red fluorescence can be observed. Excitation of BZ molecules
enables the amplification of PDA vesicle fluorescence resonance energy transfer (FRET) to more than four
times that of the direct excitation of red-phase PDA vesicles. The backbone of the PDA vesicles act as
energy acceptors, which absorb energy from embedded BZ donor molecules inside the PDA vesicle, which
emit blue fluorescence. The amplified red emission from the PDA vesicle can be altered by pH changes in
the aqueous solution and thus the PDA vesicle mixed with a phospholipid and entrapped molecules
inside can be a promising candidate as a pH sensor.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction Among the variety of conjugated sensors, polydiacetylenes
Sensors convert information of target objects into recognizable
signals such as color, fluorescence, or electrical signals using chem-
ical and biological elements, enable human determination through
the generation of a signal [1]. Sensory systems are being applied
and used in various fields, including medical diagnosis, pharma-
ceutical, food safety testing, drug analysis, and environmental
monitoring.

Conjugated polymers have advantages of bringing about
changes in conductivity, redox potential, and absorption or emis-
sion spectra, according to the changes in the environment [2]. Con-
jugated polymers with molecular recognition functionalities can
bring about characteristic changes in the above properties by rec-
ognizing target materials, and hence, they can be utilized as sen-
sory molecules. Compared to low molecular weight sensors, the
notable advantage of conjugated polymer sensors is that they are
able to amplify their optical signals. In conjugated polymer sys-
tems, the signal amplification phenomenon occurs even for low
concentration of analytes, because the signals are delivered to
the main chain of the conjugated polymers [3].
ll rights reserved.
16
(PDAs) have gained special interest because of their ease of synthesis
and convenient use [4]. PDAs are prepared by the photopolymeriza-
tion of self-assembled diacetylene (DA) monomers. When the DA
monomers are suitably organized and sufficiently close to each
other, 1,4-addition polymerization occurs and PDA is produced by
exposure to UV irradiation at 254 nm. Consequently, alternation of
double and triple bonds can be observed in the main chain.

It is known that PDA forms a stable vesicle structure that has a
double layer in aqueous solutions. Because chemical initiators or
catalysts are not required during vesicle formation, additional
purification step is not necessary after the synthesis [5]. Once
PDA is prepared in aqueous solution, the color of the PDA-dis-
persed solution turns to blue with a maximum absorption wave-
length around 640 nm. Under a variety of external stimuli, the
blue-colored PDA solution turns into red with an absorption wave-
length about 550 nm. However, the reason for the unique color
change is not still clearly understood [4–6].

Utilizing this blue-to-red color transition of PDA vesicles, there
have been several reports regarding the detection of various tar-
gets, such as external heat (thermochromism) [6a], organic solvent
(solvatochromism) [6b], mechanical stress (mechanochromism)
[6c], and ligand–receptor interactions (affinochromism or biochro-
mism) [6d]. Among these, studies of ligand–receptor interactions
have been pursued most actively, and the primary target molecules
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are influenza virus [7a], cholera (Vibrio cholera) [7b], Escherichia coli
[7c], ssDNA [7d], glucose [7e], and cyclodextrin [7f].

In addition, PDA does not fluoresce when it is in the blue-phase,
however, it shows a weak red fluorescence when in the red-phase
[8]. In general, fluorescence turn-on systems such as PDA are very
useful in sensing protocols, as detection based on the naked-eye is
possible [8].

FRET is a phenomenon in which the fluorescence energy of the
donor molecules is delivered to different fluorescent acceptor mol-
ecules, which are in close proximity. As such, the acceptor mole-
cule emits amplified fluorescence signal [9]. Conjugated polymer-
based biosensors with FRET are useful for the detection of bioma-
terials such as protein, DNA, and RNA, aboth in solution and on so-
lid substrates [6d,10].

In this study, PDA vesicles were prepared with 10,12-pentacos-
adiynoic acid (PCDA) and 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC). BZ molecules have typically been physically
entrapped inside the PDA vesicles by means of the double-layered
vesicle formation in the presence of BZ molecules. FRET can be
accomplished in this system utilizing PDA as an acceptor and the
entrapped BZ molecule as a donor. DMPC as a phospholipid is
introduced to play a role in pH-sensitive channels in conjugated
PDA vesicles, disrupting the vesicle structure and inducing leakage
of entrapped BZ molecules. Consequently, this will affect the FRET
and changes in the fluorescence due to the greater distance be-
tween the donor and acceptor molecules. To our knowledge, the
FRET phenomenon involving PDA vesicles and detection of pH
change by FRET (with PDA) are here attempted for the first time.
Table 1
Feed ratios and amounts of PCDA and DMPC for PDA vesicles.

Entry PCDA:DMPC PCDA DMPC

1 10:0 0.0039 g (10.04 lmol) 0
2 9:1 0.0035 g (9.01 lmol) 0.0007 g (1.03 lmol)
3 8:2 0.0031 g (7.98 lmol) 0.0014 g (2.06 lmol)
4 7:3 0.0027 g (6.94 lmol) 0.0021 g (3.10 lmol)
2. Experimental

2.1. Reagents and characterization

PCDA, DMPC, 2-aminophenol, 2,4-diaminophenol dihydrochlo-
ride, 4-amino-2-hydroxybenzoic acid, 4-methylsalicylic acid, and
polyphosphoric acid (PPA) were purchased from Sigma–Aldrich
and were used without further purification. 1H NMR spectra of
the polymer were determined using a Bruker DRX-300 spectrome-
ter (Korea Basic Science Institute). UV–vis spectra were recorded
on a PerkinElmer Lambda 35 spectrometer. Fluorescent spectra
were measured using a Cary Eclipse spectrofluorometer (Varian).

2.2. Synthesis of 2-(20-hydroxy-40-methylphenyl)benzoxazole (BZ 1)
[11]

2-Aminophenol (3.57 g, 32.7 mmol) and 4-methylsalicylic acid
(4.97 g, 32.7 mmol) were mixed in PPA (150 mL) in a 1 L round-
bottomed flask. The reaction mixture was heated to 150 �C and
was then stirred for 12 h. The resulting mixture was cooled to
room temperature and poured into ice-water with vigorous stir-
ring. The solution was neutralized by adding sodium bicarbonate.
The crude product was collected by filtration and was recrystal-
lized in ethanol. Further purification was carried out with column
chromatography using an ethyl acetate–toluene mixture as a mo-
bile phase. After chromatography, the product was dried in vacuo
(yield: 3.23 g, 45%); 1H NMR (300 MHz, CDCl3-d6): d = 11.45 (s,
OH, 1H), 7.92 (d, ArAH, 1H), 7.72 (m, ArAH, 1H), 7.60 (m, ArAH,
1H), 7.38 (m, ArAH, 2H), 6.95 (s, ArAH, 1H),6.84 (d, ArAH, 1H),
1.56 (s, 3H).

2.3. Synthesis of 5-amino-2-(20-hydroxy-40-methylphenyl)benzoxazole
(BZ 2) [12]

2,4-Diaminophenol dihydrochloride (6.43 g, 32.7 mmol) and 4-
methylsalicylic acid (4.97 g, 32.7 mmol) were mixed in PPA
(150 mL) in a 1 L round-bottomed flask. The reaction mixture
was heated to 150 �C and was then stirred for 12 h. The resulting
mixture was cooled to room temperature and poured into ice-
water with vigorous stirring. The solution was neutralized by add-
ing sodium bicarbonate. The crude product was collected by filtra-
tion and recrystallized in ethanol. Further purification was carried
out with column chromatography using an ethyl acetate–toluene
mixture as a mobile phase. After evaporation, the product was
dried in vacuo (yield: 2.03 g, 26%); 1H NMR (300 MHz, DMSO-d6):
d = 11.31 (s, OH, 1H), 7.94 (s, ArAH, 1H), 6.92 (d, ArAH, 1H), 6.90
(d, ArAH, 1H), 6.85 (d, ArAH, 2H), 6.67 (d, ArAH, 1H), 4.52 (s,
NH, 2H), 2.35 (s, 3H).
2.4. Synthesis of 5-amino-2-(20-hydroxy-40-aminophenyl)benzoxazole
(BZ 3) [13]

2,4-Diaminophenol dihydrochloride (6.43 g, 32.7 mmol) and 4-
amino-2-hydroxybenzoic acid (5.01 g, 32.7 mmol) were mixed in
PPA (150 mL) in a 1 L round-bottomed flask. The reaction mixture
was heated to 150 �C and was stirred for 12 h. The resulting mix-
ture was cooled to room temperature and poured into ice-water
with vigorous stirring. The solution was neutralized by adding so-
dium bicarbonate. The crude product was collected by filtration
and was recrystallized in ethanol. Further purification was carried
out with column chromatography using an ethyl acetate–toluene
mixture as a mobile phase. After evaporation, the product was
dried in vacuo (yield: 4.53 g, 37%); 1H NMR (300 MHz, CDCl3-d6):
d = 11.48 (s, OH, 1H), 7.86 (d, ArAH, 1H), 7.46 (d, ArAH, 1H), 6.98
(d, ArAH, 1H), 6.93 (s, ArAH, 1H), 6.81 (d, ArAH, 1H), 6.71 (d,
ArAH, 1H), 3.76 (s, NH, 2H), 1.65 (s, NH, 2H).
2.5. Preparation of vesicles

A mixture of PCDA and DMPC were dissolved in chloroform in a
test tube. The solvent was evaporated by a stream of nitrogen gas
and deionized water was added to the test tube in order to achieve
the desired concentration of DMPC. The resultant suspension was
probe-sonicated (Cole-Parmer GEX-130) at 80 �C. After sonication,
the solution was filtered with a syringe filter (0.8 lm) to remove
dispersed DMPC aggregates and was stored at 4 �C overnight. Poly-
merization of diacetylene vesicles was performed under UV irradi-
ation at 254 nm for 30 min. To obtain red-phase PDA, blue-phase
PDA was heated to 70 �C for 10 min.
3. Results and discussion

It has been documented that a fast response time toward exter-
nal-stimuli can be obtained in the presence of phospholipid in PDA
vesicles [14]. Therefore, PCDA vesicles with various compositions
of PCDA as a backbone and DMPC as a phospholipid were prepared
as illustrated in Table 1. The chemical structures of the PCDA and
DMPC used are shown in Fig. 1. General procedures were employed
to convert the diacetylene and phospholipid monomers into PDA
with BZ dyes in aqueous solution. The size of the PDA vesicle
was determined with Dynamic Light Scattering (DLS) and found
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to be 136 nm. The SEM image of the vesicle can be seen in the inset
photograph of Scheme 1.

The red-phase PDA is generally known to have weak red fluo-
rescence. In order to amplify this, FRET can be applied to generate
a strong red fluorescence by encapsulating a donor molecule inside
the acceptor PDA vesicles composed of PCDA and DMPC, inducing
FRET between the donor and acceptor molecules. The energy-
donating, BZ-based molecules which would be entrapped inside
the vesicle were synthesized according to published methods
[11–13], and their chemical structures were confirmed with 1H
NMR and their structures are illustrated in Fig. 1. UV–vis and fluo-
rescence spectra of the BZ 1, BZ 2 and BZ 3 are shown in Fig. 2.

Two requirements should be satisfied to attain FRET. Firstly, the
donor and acceptor molecules should be in close proximity
(�10 nm), and secondly, the emission of the donor molecules and
absorption of the acceptor molecule should have good overlap.
The emission wavelengths of the donors, BZ 1, BZ 2 and BZ 3, were
484, 474, and 497 nm, respectively, and are in suitable overlap
with the absorption wavelengths (500 nm and 543 nm) of the
PDA vesicles, which were used as acceptors as shown in Fig. 2b.

Fig. 3 shows the emission changes in blue- and red-phase PDA
vesicles with various ratios of PCDA and DMPC, which are loaded
Scheme 1. Working principles of
with BZ 2 inside the PDA vesicles. Gradual increases in the inten-
sity of emission bands at the long wavelength region (550–
700 nm) can be observed, in accordance with an increase in the
contents of DMPC in the PDA vesicles at the same concentration
of BZ 2 (Fig. 3a–d). In the case of the PDA vesicles composed of
100% PCDA (entry 1), the conjugation length will be extended
without interruption by DMPC. As a consequence, it should be
noted that the intensity of fluorescence at 650 nm is greater than
that at 580 nm (Fig. 3a). In the case of entry 4 (70% PCDA), the con-
jugation length becomes shortened because of the presence of 30%
DMPC. DMPC in the PDA vesicles affects the effective conjugation
length of PDA. In addition, emission bands of the PDA vesicles were
blue-shifted to 436 nm and 445 nm in Fig. 3c and d compared to
the emission band of BZ 2 in chloroform (467 nm, Fig. 2b), presum-
ably due to limited rotation of the phenol ring inside the vesicles
[13]. Since the emission band of BZ 2 was not observed in Fig. 3a
and b, it is presumed that the disappearance of the emission band
of BZ 2 resulted from the tightly and covalently bonded diacetylene
units in the vesicles.

The PDA vesicles (entry 2, PCDA:DMPC = 9:1) were prepared to
investigate the changes in the fluorescence according to the con-
centrations and kinds of molecules loaded (Fig. 4). In the cases of
FRET change by pH changes.
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Fig. 2. (a) Absorption and (b) the normalized fluorescence spectra of BZ 1 (j), BZ 2
(s), and BZ 3 (N) in chloroform; d: absorption spectrum of red-phase PDA vesicles
in deionized water; [BZ 1] = [BZ 2] = [BZ 3] = 1 � 10�4 M; excitation wavelength
350 nm.
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Fig. 3. Fluorescence spectra of PDA vesicles according to the feed ratio of PCDA to
DMPC in aqueous solution (entrapped with BZ 2); PCDA: DMPC: (a) 10:0 (j), (b) 9:1
(s), (c) 8:2 (N), and (d) 7:3 (}); excitation wavelength 350 nm.
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Fig. 4. Fluorescence spectra of red-phase PDA vesicles (entry 3, PCDA:DMPC = 8:2)
according to concentrations and kinds of BZ in aqueous solution: (a) BZ 1,
kex = 322 nm, (b) BZ 2, kex = 350 nm, and (c) BZ 3, kex = 362 nm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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BZ 1 and BZ 2, increase in the red emission from the PDA vesicles,
and increase in blue emission from BZ molecules, can be clearly
observed as the concentration of BZ molecules increased. Further-
more, the intensity of the shorter wavelength emission at 581 nm
increases noticeably compared to the longer wavelength emission
at 632 nm. In the case of BZ 3 (which is more hydrophilic because
of the presence of two amino groups), only the intensity at the
longer wavelength (637 nm) increases. More hydrophilic mole-
cules such as BZ 3 can penetrate the double-layers of the vesicles.
Less hydrophilic molecules, however, such as BZ 1 and BZ 2 move
to the middle of the hydrophobic layers, and thus, emit blue and
shorter red emissions. Based on this, it can be concluded that the
hydrophilicity of entrapped molecules has a great influence on
the emission properties of the vesicles.

The FRET efficiency was calculated according to the following
equation [15]:

E ¼ 1� FDA=FD

where FDA and FD are the integrals of the fluorescence in the
presence and absence of donor BZ molecules, respectively. The
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Fig. 5. Fluorescence change of PDA vesicles (PCDA:DMPC = 8:2) by FRET from: (a)
[BZ 1] = 1 � 10�4 M, kex = 322 nm and (b) [BZ 2] = 2 � 10�5 M, kex = 350 nm (j: red-
phase PDA; s: blue-phase PDA).

400 500 600 700 800
0

10

20

30

40

50

Wavelength (nm)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
rb

. u
ni

t) (a)

(b)

Fig. 6. (a) Fluorescence intensity change of PDA vesicles (PCDA:DMPC = 8:2) via
FRET from BZ 2 to PDA (s: red-phase PDA with excitation wavelength 500 nm; j:
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of this article.)
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optimized concentrations of BZ 1 and BZ 2 are found to be
1 � 10�4 M and 2 � 10�5 M, respectively. As a result, the FRET effi-
ciencies were calculated to be 55.6% and 45.7% for BZ 1 and BZ 2,
respectively (Fig. 5).

The intensity of red fluorescence of PDA vesicles via energy
transfer from BZ 2 (excitation at 350 nm) can be amplified to more
than four times that of direct excitation at 500 nm, as shown in
Fig. 6a. Considering this large amplification in intensity, it can be
confirmed that the FRET occurred from the donor molecule BZ 2
to the acceptor species of red-phase PDA vesicles, as clearly seen
in Fig. 6b. The FRET phenomenon cannot be observed unless the
phospholipid DMPC is used. That is, energy transfer is not facili-
tated when PDA vesicles composed of 100% PCDA (entry 1) are
used. It can be thought that the DMPC in the vesicles act like a
channel for excitation energy to activate BZ molecules.

In addition, the changes in emission of PDA vesicles
(PCDA:DMPC = 8:2, entry 3) were observed under pH change as
shown in Fig. 7. There were negligible changes in the fluorescence
between pH 4 and 10, while considerable changes in emission
were observed at strong acidic and strong basic conditions. This
is attributed to the facts that depending on both destruction of
the vesicle structure and the molecular characteristics of the BZ
2 loaded inside, the pH significantly affects the fluorescence inten-
sity of the donor (BZ 2). At pH 2, intramolecular tautomerism is
prevented in BZ 2, and as a result, the fluorescence is considerably
quenched. The decrease in donor fluorescence causes a subsequent
decrease in acceptor fluorescence and, thus, amplified, red fluores-
cence is weakened. In contrast, at pH 12, it can be seen that the
blue fluorescence increases remarkably, presumably due to spon-
taneous tautomerism. Thus, the increase in donor fluorescence
causes an increase in acceptor fluorescence, as illustrated in
Scheme 1. However, because part of DMPC in the vesicle is locally
destroyed due to the high pH, the efficiency of FRET is dramatically
reduced [16]. In contrast, for PDA vesicles composed of PCDA alone
(entry 1), the fluorescence spectrum remained almost unchanged,
demonstrating that the presence of DMPC is essential for emission
change under various pH (data not shown here).

As shown in the TEM images, the destruction of the vesicle
structure and formation of aggregation can be observed in Fig. 8
with increase in the size measured by DLS (136 nm in pH 7;
7215 nm in pH 2; 1875 nm in pH 12). It can be concluded that
the vesicles are extremely unstable in high and low pH with



Fig. 8. TEM images of the red-phase PDA vesicles (PCDA:DMPC = 8:2) under: (a) pH 7 (size 136 nm with DLS), (b) pH 2 (7215 nm), and (c) pH 12 (1875 nm) in aqueous
solution.
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destruction of the vesicle structure, exuding BZ molecules into the
solution.

4. Conclusion

We have prepared PDA vesicles comprising PCDA and DMPC
monomers. Three kinds of BZ molecules with different hydrophilic-
ity were synthesized to be entrapped inside the vesicles. The emis-
sion of BZ molecules (the donors) has a suitable overlap with the
absorption of PDA vesicles (the acceptors), which is an essential
requirement for FRET. The PDA vesicles containing BZ molecules
showed FRET with 45–55% efficiency, depending on the structure
of the BZ molecules. It was found that DMPC played an important
role as a phospholipid, in transporting the excitation energy from
donor to acceptor molecules. FRET can be modulated via variation
in pH, and thus, this system can be used for sensing the pH of
solutions.
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