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ABSTRACT
Polydiacetylene (PDA)-based liposome have been attractive as
sensory platforms owing to their applicability in simultaneous
detection of colorimetric and fluorogenic signals. As PDA show
low quantum yield, gold nanoparticles (GNPs) were used to amp-
lify the fluorescence of the PDA by localized surface plasmon res-
onance. In this study, positively and negatively surface charged
GNPs at different concentrations were complexed with negatively
charged PDA liposome (GNP/PDA). Positively charged GNPs
caused tight binding at the surface of negatively charged PDA
liposome, became aggregated due to colloidal instability and
thereby dramatically quenched the fluorescence of PDA. While
negatively charged GNPs sparsely placed on the surface of the
PDA liposome, at the optimized complexing condition, generated
�10%of fluorescence amplification compared to non-complexed
PDA liposome as observed by the photoluminescence spectra of
the stable colloids. Under the optimum incubation conditions,
GNP/PDA liposome that specifically binds with Pb2þvia its phen-
olic group, exhibited increased fluorescence intensity compared
to the non-complexed PDA liposome-at the same concentration
of target Pb2þ.
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1. Introduction

Polydiacetylene (PDA)-based liposomes are capable of simultaneous detection of colori-
metric and fluorogenic signals and hence have been an attractive sensory platform [1–5].
Even though colorimetric signals are easy to observe by the naked eye without the
requirement of huge equipment, the liposome solution-based sensing is limited for
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practical applications, e.g. the colorimetric detection may be interrupted when a colored
analyte solution is mixed with it. In these cases, complementary measurements of fluores-
cence spectra or imaging are required to quantify PDA’s fluorogenic transition. The chal-
lenge for the fluorogenic sensing of the analyte solution originates from an intrinsic low
quantum yield of the PDA [6, 7]. To overcome this shortcoming, amplification of the
fluorescence using fluorescence resonance energy transfer (FRET) from donor fluorophore
to acceptor PDA [8–10] has been attempted. Although the red emission of FRET-aided
PDA liposome was enhanced by external stimuli, i.e. pH change, its practical demonstra-
tion to analyte sensing has been not explored. Another commonly used approach to
improve fluorescence intensity of fluorophore is through localized surface plasmon reson-
ance (LSPR) by combining the fluorophore with metal nanoparticles [11–13]. This reson-
ance effect depends on the distance between the fluorophore and the metal nanoparticles
[14–16]. However, this resonance effect has not been employed to improve fluorescence
of PDA, and sensing potential of LSPR-induced amplified sensitivity of PDA liposome has
not yet been demonstrated.

Herein, we designed positively and negatively charged gold nanoparticles (GNP) that
could interact electrostatically with negatively charged PDA liposome. Colloidal stability
of GNP/PDA complex and dispersion/separation distances between GNP and PDA were
estimated by dynamic light scattering and electron microscopy, respectively. The LSPR
effect of the charged GNP on enhancement or quenching of fluorescence of PDA lipo-
some was evaluated by fluorescence emission spectra. In addition, we investigated the
potential of GNP/PDA exhibiting enhanced fluorescence, on increased sensitive detection
of lead ion.

2. Experimental details

2.1. Materials and methods

All the solvents were purchased from DAEJUNG Chemicals, Korea. 10,12-Pentacosadiynoic
acid (PCDA) was purchased from Alfa Aesar, USA. Dopamine hydrochloride, N-(3-dime-
thylaminopropyl)-N0-ethylcarbodiimide hydrochloride, N-hydroxysuccinimide, hydrogen
tetrachloroaurate(III)trihydrate (HAuCl4�3H2O), cysteamine, sodium borohydride (NaBH4),
gallic acid, and metal powders (FeCl3, FeCl2, CuCl2, ZnCl2, and PbCl2) were purchased
from Sigma-Aldrich, USA. Isoflavone was isolated from commercial soybeans. The morph-
ology of the diacetylene (DA) assembly and GNP/DA assembly structures were observed
through transmission electron microscope (TEM), H-7600 system (Hitachi, Japan) and
scanning electron microscope (SEM), FE-SEM S-4700 (Hitachi, Japan), respectively. The
size distribution and zeta potential of the liposome solutions was measured by Zetasizer
Nano ZS90 (Malvern Instruments, UK). A hand-held UV lamp (VilberLourmat, France)
was used for photopolymerization (254 nm, 1mW�cm�2) of PCDA liposomes.

2.2. Preparation of GNP/DA liposome solutions

The PCDA-Dopamine (PCDA-DA) was synthesized as a PCDA derivative in accordance
to a previous study [17]. PCDA (3.4mg, molar eq. 9) and PCDA-DA (0.5mg, molar eq.
1) were dissolved in 300lL of acetone, and then injected into 20mL of deionized
(DI)water. The suspension was sonicated for 5min in water bath and cooled for 4 h to
obtain a final concentration of 0.5mM. The liposome solution consisting only of PCDA
(3.75mg)—PCDA liposome solution—was similarly prepared.
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The synthesis of the positively charged GNPs has been described in detail elsewhere
[18]. The negatively charged GNPs were prepared according to green synthesis method
[19] which is briefly described as follows: 10mg of isoflavone was dissolved in 0.01M gal-
lic acid solution (10mL) and the mixture was used as a reducing agent. Subsequently,
300 lL of reducing agent solution was added into 1mM HAuCl4�3H2O solution (20mL)
and vigorously stirred for 30min. The concentration of (þ/–) GNPs were calculated
according to Haiss’s method [20].

The (þ) GNP, (–) GNP solution were added into the DA liposome solution, to pro-
duce (þ) GNP/DA liposome and (–) GNP/DA liposome, respectively.

2.3. UV-Vis absorption, fluorescence emission, and Raman spectrophotometric
measurements of GNP/PDA liposome solutions

The UV-Vis absorption spectra of GNP, PDA liposome, and GNP/PDA liposome solu-
tions (200 mL of sample loaded in 96-well plates) were measured by Epoch Microplate
Spectrophotometer (BioTek, USA). The fluorescence emission spectra of PDA liposome,
and GNP/PDA liposome solutions (2mL of sample in PSCuvettes) were measured by
fluorescence spectrophotometerF-7000 (Hitachi, Japan). The excitation wavelength was set
at 470 nm and the fluorescence emission spectra were detected from 500 to 800 nm. The
Raman spectra of PDA liposome, and GNP/PDA liposome solutions were measured by
Ramboss 500i (Dongwoo Optron Inc., Korea). The range of Raman shift was scanned
from 1350 to 2450 cm�1.

3. Results and discussion

We were interested to investigate whether LSPR effect of GNP amplified PDA fluores-
cence. As the LSPR phenomena depends on the separation distance between the fluoro-
phore and metal nanoparticles [14–16], we hypothesized that the distances in terms of
electrostatic interactions (attraction or repulsion) between PDA fluorophore and GNP

Figure 1. (a)–(c) TEM image and (d-f) SEM image of PCDA liposome, (þ) GNP/PCDA liposome, and (–) GNP/PCDA
liposome. 2�9 dilution of stock (þ) GNP (5.16� 10�12 M) and 2�9 dilution of stock (–) GNP (3.34� 10�12 M) were
used for complexing with PCDA liposome. Dotted circles of inset in (e, f) represent GNPs.
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would influence the LSPR effect. We prepared negatively charged PCDA liposome, and
positively and negatively charged GNPs. The negatively charged PCDA liposome
(–49.0 ± 7.4mV) exhibited a diameter of 100–200 nm when observed under TEM (Figure
1(a)). The positively charged GNPs (28.5 ± 11.0mV) of �25 nm diameter were complexed
with the PCDA liposome, to produce (þ) GNP/PCDA liposome having net charge of
–18.0 ± 6.6mV, showing highly dense complexes as seen in Figure 1(b) (black dot-like
shapes represent GNPs and grey cloud-like shapes denote PCDA liposomes). The nega-
tively charged GNPs (–50.5 ± 4.9mV) of �20 nm diameter were complexed with the
PCDA liposome, to produce (–) GNP/PCDA liposome of net charge of –48.0 ± 5.1mV,
showing moderately dispersed complexes as seen in Figure 1(c). The degree of dispersion
between GNP and PCDA liposome in the complexes—(þ) GNP/PCDA liposome and (–)
GNP/PCDA liposome—observed under SEM corresponded to that in the complexes iden-
tified by the TEM images (Figure 1(e, f)).

UV-Vis absorption spectra of the complexes exhibited characteristic absorption of
both, the PCDA liposome (kabs of blue phase: 600–650 nm) and the GNPs (kabs, max ¼
524 nm), indicating that the liposome and GNP coexisted and maintained their own
optical properties in the complexes (Figure S1, Supplementary material). The

Figure 2. PL spectra of (a) (þ) GNP/Red PDA and (b) (–) GNP/Red PDA after addition of diluted GNP solution to Red
PDA solution at kex ¼ 470 nm. �(þ) GNP means stock (þ) GNP solution of 5.16� 10�12 M, �(–) GNP means stock (–)
GNP solution of 3.34� 10�12 M. 2�x �GNP states 1/2x dilution of �GNP solution. PL amplification factor is the relative
value of transformed PL intensity of each sample at kem ¼ 628 nm, considering PL intensity of pure Red PDA to
be 100.
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characteristic peak of GNPs was shifted to 532 nm in GNP/PCDA liposome, providing
evidence of interaction of isolated GNPs to the surface of PCDA liposome [21].

In order to observe the effect of the charged GNP and its concentration on fluores-
cence of polydiacetylene (PDA), red fluorescent PDA liposome solution (Red PDA)was
prepared by pre-heating the photopolymerized solution of the PCDA liposome to
60–70 �C. Serially diluted (1� �2�10�,) GNP solutions were mixed with 0.5mM of Red
PDA liposome.

Photoluminescence (PL) spectra of the (þ) GNP/Red PDA exhibited (þ) GNP concen-
tration dependency (Figure 2(a)) with regards to the fluorescence of the Red PDA lipo-
some. In the absence of (þ) GNP complex, Red PDA exhibited fluorescence intensity of
8,299 at emission wavelength of 628 nm. When mixed with non-diluted (þ) GNP
(5.16� 10�12 M), fluorescence intensity of (þ) GNP/Red PDA dropped to 844 (10.2% of
fluorescence intensity of pure Red PDA), exhibiting dramatic quenching of PDA fluores-
cence. It is possibly attributed to that highly dense GNPs placed or disperse with PDA lip-
osomes and induced close proximity-based fluorophore quenching [22, 23]. Another
scenario of the fluorophore quenching could be that GNP as a strong quencher plays the
role of FRET accepter in close distance with PDA fluorophore as a donor [24]. Recent
study of inserting gold nanoparticles into bilayer of PDA liposome also found that the
quenching effect was dominate at high concentration of gold nanoparticle loading [25].
The fluorescence intensity of the (þ) GNP/Red PDA gradually increased upon addition of
increasingly diluted (þ) GNP and exceeded the fluorescence intensity of pure Red PDA
in presence of (þ) GNP at a dilution of 2�7 to 2�10. A maximum fluorescence of 8,957
for (þ) GNP/Red PDA was observed upon addition of 2�8 dilution of (þ) GNP at emis-
sion wavelength of 628 nm (Figure 2(c)) (107.9% compared to fluorescence intensity of
pure Red PDA). The optimized fluorescence amplification is probably originated from
appropriate dispersion/separation distance between GNP and PDA liposome similarly
appeared the fluorescence enhancement at moderate distance between metal nanoparticle
and fluorophore [11, 12, 14].

PL spectra of (–) GNP/Red PDA were measured after mixing various concentrations of
(–) GNP with the Red PDA liposome solution (Figure 2(b)). The fluorescence intensity of

Figure 3. (a) PL spectra of Red PDA, (þ) GNP/Red PDA, and (–) GNP/Red PDA7 days after solution preparation. (b)
Raman spectra of Diacetylene# (non-photopolymerized PCDA liposome) Red PDA, and (–) GNP/Red PDA.2�8dilution of
stock (–) GNPs were used for complexing with PDA liposome.
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(–) GNP/Red PDA dropped to 2,523 (30.4% of fluorescence intensity of pure Red PDA),
when mixed with non-diluted (–) GNP (3.34� 10�12 M), showing dramatic quenching of
PDA fluorescence, similar to the result of (þ) GNP/Red PDA. The fluorescence intensity
of the (–) GNP/Red PDA gradually increased upon addition of diluted (–) GNP and sur-
passed the fluorescence intensity of pure Red PDA at (–) GNP dilution range of 2�6� to
2�10. Maximum fluorescence intensity of 9,043 for the (–) GNP/Red PDA (109.0% com-
pared to the fluorescence intensity of pure Red PDA) was observed at dilution of 2�9 (–)
GNP (Figure 2(d)). Therefore, 2�6–� 2�10dilutions of (þ) GNP/Red PDA and (–) GNP/
Red PDA showing enhanced fluorescence compared with the pure Red PDA were used
for further studies.

The PL spectra of the GNP/Red PDA liposome solutions were measured again after
7 days to confirm the maintenance of the fluorescence activity. The fluorescence intensity
of (þ) GNP/Red PDA showed a reduced value compared to that of the Red PDA. This
outcome could be attributed to the precipitation of (þ) GNP/Red PDA which decreased
the red fluorescence (Figure 3(a)). Such precipitation was also visible in various dilutions
of (þ) GNP/Red PDA, in particular, at higher concentrations of (þ) GNP (Figure S2,
Supplementary material). We believe that strong electrostatic interactions between (þ)
GNP and negatively charged Red PDA cause aggregation and colloidal instability. In con-
trast, the fluorescence intensity of (–) GNP/Red PDA maintained colloidal stability and
the enhanced fluorescence compared to that of Red PDA. Raman intensity of (–) GNP/
Red PDA was higher than that of pure Red PDA, denoting the Raman signal of PDA
(characteristic Raman shift of 1500 cm�1 (C¼C), 2129 cm�1 (C�C)) was enhanced
mainly attributed by surface enhanced Raman scattering of (–) GNP [26, 27] (Figure
3(b)). Thus, (–) GNP/Red PDA could be useful in studying the effect of LSPR to PDA
liposome-based sensory platforms, owing to its ability to preserve the enhanced fluores-
cence property.

To demonstrate the potential of (–) GNP/Red PDA as a sensory platform, we synthe-
sized diacetylene of PCDA derivative (PCDA-Dopamine or PCDA-DA), which is well
known to exhibit selective binding towards poisonous Pb2þ. Using the PCDA-DA inserted
liposome, we confirmed the selectivity of colorimetric transition for Pb2þ sensing among
various metal ions (Fe3þ, Fe2þ, Cu2þ, Zn2þ, Pb2þ) (Figure S3, Supplementary material).

Figure 4. (a) PL spectra of Blue PCDA-DA liposome (before binding to Pb2þ), Blue PCDA-DA liposome (after binding
to Pb2þ) and (–) GNP/Blue PCDA-DA liposome (after binding to Pb2þ). (b) Schematic illustration representing effect of
localized surface plasmon resonance (LSPR) on photoluminescence (PL) intensity of GNP-induced PCDA-DA liposome
as a Pb2þsensing platform.
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We measured fluorescence intensity of just-photopolymerized PCDA-DA liposome solu-
tion (Blue PCDA-DA liposome) and (–) GNP/Blue PCDA-DA liposome before and after
incubation with Pb2þ (0.5mM). After incubation with Pb2þ, the fluorescence intensity of
Blue PCDA-DA liposome increased from 424 to 1,653 at emission wavelength of 562 nm
(Figure 4(a)). In addition, after incubation with Pb2þ, the fluorescence intensity of (–)
GNP/Blue PCDA-DA liposome was 1,675 which was 1.3%more than that of Blue PCDA-
DA liposome. To our knowledge, this kinds of analyte sensing with LSPR-incorporated
PDA have not yet been demonstrated. Figure 4(b) illustrates how GNP-moderately bound
PDA liposome could enhance red fluoresce of PDA-based sensing platform, thus increas-
ing its sensitivity.

4. Conclusions

To the negatively charged PDA liposome which is broadly utilized as sensory platform,
positively charged GNPs were electrostatically attracted and became aggregated. In con-
trast, negatively charged GNPs moderately bound to the PDA liposome and kept colloidal
stability. In range of optimized mixing concentration of (–) GNP, red fluorescence of
PDA in (–) GNP/PDA complex was enhanced up to �10% compared to that of pure
PDA attributed to the effect of localized surface plasmon resonance of GNP. Also, it
maintained the photoluminescence activity and colloidal stability even after 7 days of sam-
ple preparation. The selective detection of Pb2þ among the metal ions and a bit improved
sensitivity for Pb2þ sensing in the GNP/PDA sensory platform were verified.
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