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A B S T R A C T   

Polydiacetylene (PDA) is a versatile polymer that has been studied in numerous fields because of its unique 
optical properties derived from alternating multiple bonds in the polymer backbone. The conjugated structure in 
the polymer backbone enables PDA to possess the ability of blue-red colorimetric transition when π-π interactions 
in the PDA backbone chain are disturbed by the external environment. The chromatic property of PDA disturbed 
by external stimuli can also emit fluorescence in the red region. Owing to the unique characteristics of PDA, it has 
been widely studied in facile and label-free sensing applications based on colorimetric or fluorescence signals for 
several decades. Among the various PDA structures, membrane structures assembled by amphiphilic molecules 
are widely used as a versatile platform because facile modification of the synthetic membrane provides extensive 
applications, such as receptor-ligand interactions, resulting in potent biosensors. To use PDA as a sensory ma
terial, several methods have been studied to endow the specificity to PDA molecules and to amplify the signal 
from PDA supramolecules. This is because selective and sensitive detection of target materials is required at an 
appropriate level corresponding to each material for applicable sensor applications. This review focuses on 
factors that affect the sensitivity of PDA composites and several strategies to enhance the sensitivity of the PDA 
sensor to various structures. Owing to these strategies, the PDA sensor system has achieved a higher level of 
sensitivity and selectivity, enabling it to detect multiple target materials for a full field of application.   

1. Introduction 

Since qualitative and quantitative detection of specific substances or 
molecules is required in a wide range of fields, research on effective 
detection systems has been continuously developed over the past de
cades (Anker et al., 2008; Homola 2008; Vollmer and Arnold 2008). 
Among various target substances, detecting molecules derived from 
living organisms has great potential because not only can it be applied in 
the biological field but also in medical applications, such as for diagnosis 
of diseases (Aalipour et al., 2019; Im et al., 2014; Jacobs et al., 2010; 
Kim et al., 2020a). Attempts to detect molecules derived from living 
organisms are mostly based on molecular recognition, which is capable 
of specific binding of target molecules (Okada et al., 1998). Such mo
lecular recognition appears between antibody-antigen, ligand-receptor, 
and enzyme-substrate in living organisms, which is a phenomenon that 
significantly influences the detection mechanism of the biosensor. That 
is, to detect and recognize biomolecules, the biosensor function is ach
ieved by introducing a transducer that is capable of detecting the motif 

of biomolecules on the active substrate (Cui et al., 2001; El-Sayed et al., 
2005; Wang et al., 2017b). 

Among the numerous signal detection methods, biosensors based on 
color change or fluorescence signals have been widely used due to their 
sensitivity, multiplicity, versatility, and simplicity. Conjugated poly
mers, exhibiting colorimetric and fluorescence properties, are candi
dates that can be used in the aforementioned applications (Lee et al., 
2016b; Qian and Stadler 2019; Sun et al., 2010). Since the first sug
gestion of solid-state synthesis methods for conjugated polymers based 
on monomers with diacetylene bonds (Wegner 1969), there has been 
considerable interest in developing conjugated polymers owing to their 
diverse applications such as sensing molecules or ions (Ho and Leclerc 
2004; Ji et al., 2013; Rajesh et al., 2009; Yoon et al., 2011), conducting 
polymers in microdevices (Cheng et al., 2009; Ostroverkhova 2016), 
actuators (Jager et al., 2000; Liang et al., 2012; Smela 2003), and 
luminescence devices (Di Benedetto et al., 2008; Grimsdale et al., 2009). 

Polydiacetylene (PDA), a type of conjugated polymer, has been 
widely investigated in the field of sensing applications because of its 
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unique optical features (Qian and Stadler 2019). Since the synthesis of 
PDA with double and triple alternating bonds was first presented by 
Wegner in 1969, PDA has received much attention for its unique optical 
properties. PDA can be prepared by the polymerization of amphiphilic 
diacetylene (DA) monomers and has distinct structures depending on the 
arrangement of the diacetylene monomers before polymerization. 

The basic form of the diacetylene monomer is an amphiphilic 
structure with a hydrophobic group containing a diacetylene group and 
a polar head group at the end of the alkyl chain. Due to their amphiphilic 
properties, DA monomers can form arranged structures through a ‘self- 
assembly effect’ according to the surrounding environment. The struc
ture of the PDA assembly can be modified in various structures such as 
crystals (Lauher et al., 2008; Park et al., 2014), tubes (Heo et al., 2017; 
Hu et al., 2014; Wang et al., 2018b), films (Ahn et al., 2003; Lu et al., 
2001), Langmuir-Blodgett (LB) films (Chaki and Vijayamohanan 2002; 
Tachibana et al., 1999; Xu et al., 2013b), and vesicles (Kim et al., 2003b; 
Kolusheva et al., 2000a; Lee et al., 2008), depending on the molecular 
structure and fabrication method of the diacetylene monomer. Distinct 
PDA supramolecular structures can be applied in a suitable form to be 
utilized. 

Closely arranged DA monomers can be polymerized by a 1,4-addi
tion reaction under UV light in the wavelength range of 254 nm, 
forming an extensively delocalized π-π interaction alternating bond 
(Ahn and Kim 2008; Kolusheva et al., 2005). Intact polymerized diac
etylene supramolecules usually absorb a relatively long wavelength 
band (~650 nm) by relaxing alternating bonds, resulting in an intense 
blue color. However, when an external stimulus is applied to the PDA, 
the absorption spectrum of PDA shifts to the short wavelength region 
(~550 nm), exhibiting a blue-to-red colorimetric change (Jelinek and 
Ritenberg 2013; Ma et al., 2006). Although the exact color transition 
mechanism of PDA has not been clarified, the strain from the alkyl chain 
of diacetylene is changed by the external environment, or a disturbance 
of the PDA backbone is the main cause of color change (Phonchai et al., 
2019). That is, the stimulus generated by the external interaction is 
transferred from the side chain to the PDA conjugated backbone, causing 
deformation in the π-π bond. The deformation of the conjugated bond 
changes the topochemical properties and results in unique optical 
properties (Qian and Stadler 2019). Because PDA exhibits fluorescence 
and color change when the length of the alternating bond is disturbed by 
diverse factors, such as temperature (Ahn et al., 2003; Chance et al., 
1977; Lee et al., 2014c; Wacharasindhu et al., 2010), pH (Charoenthai 
et al., 2011; Kew and Hall 2006), organic solvents (Dolai et al., 2017; 
Park et al., 2014; Wang et al., 2013; Yoon et al., 2009b), metal cations 
(Gwon et al., 2019; Jose and Konig 2010; Li et al., 2014), mechanical 
stress (Feng et al., 2013; Muller and Eckhardt 1978), electrical energy 
(Peng et al., 2009), or ligand-receptor interaction (Kolusheva et al., 
2001; Lee et al., 2009a; Reichert et al., 1995; Reppy and Pindzola 2007b; 
Yoon et al., 2009a), the optical characteristics of PDA can be widely used 
as sensors in various fields. 

In particular, the bi-signal system of PDA by the ligand-receptor 
interaction has the potential to be used as a biosensor or chemosensor 
to detect specific biomolecules including proteins (Jelinek and Kolush
eva 2001; Jung et al., 2010), nucleic acids (Jung et al., 2008; Jung and 
Park 2015; Wang and Ma 2005), carbohydrates (Cheng and Stevens 
1997; Cho and Ahn 2013b), chemical compounds (Lee et al., 2014a; Xu 
et al., 2013a), and bacteria (Jung et al., 2014; Ma et al., 1998; Park et al., 
2012; Rangin and Basu 2004; Wu et al., 2011b) because of their 
simplicity and accessibility. Additionally, diacetylene, which acts as the 
main PDA skeleton, can be widely customized by introducing specific 
molecular groups according to the required purpose or scope of appli
cation (Qian and Stadler 2019). Polymerization of PDA is possible with 
254 nm UV without any additional additives, which does not interfere 
with the detection of biomolecules that are sensitive to chemical 
composition. Unlike conventional methods for biomolecular detection 
such as the Blotting technique and the enzyme-linked immunosorbent 
assay (ELISA) (Lee et al., 2016b), PDA-based sensor platforms do not 

require additional labeling processes using fluorescence probes because 
PDA can emit fluorescence by themselves when its state changes. 

Despite the advantages of these PDA, relatively low sensitivity has 
been an obstacle to using PDA as a sensory material (Olmsted and Strand 
1983). Like other organic fluorophores, PDA supramolecules do not 
have sufficient fluorescence conversion efficiency as compared to con
ventional inorganic compounds, such as quantum dots. Additionally, 
sufficient physical stimulation is required for the distortion of the con
jugated backbone of PDA to convert PDA into fluorescence (Olmsted and 
Strand 1983). Accordingly, to improve the suitability of the PDA sensors, 
several methods to increase the selectivity and sensitivity of PDA have 
been studied (Table S1). This review will cover the topological structure 
of PDA and the development of sensing platforms using the basic 
structure and characteristics of PDA. Moreover, this review discusses 
factors that affect the optical properties of PDA and recent research on 
strategies for the sensitivity of biosensors in various PDA assemblies. 

2. Properties of PDA 

2.1. Diacetylene structure and polymerization 

The diacetylene monomer refers to molecules containing a diac
etylene group (diyne), and the dialkyne group is generally produced by a 
Cadiot-Chodkiewicz coupling reaction (Alami and Ferri 1996). The 
pairing reaction between an alkyne terminal and a halo-alkyne terminal 
is catalyzed by a copper salt and amine base, generating 1,3-diyne or 
dialkyne (Bandyopadhyay et al., 2006). Various diacetylene monomers 
can be formed according to the alkyl chains of alkyne and haloalkyne 
compounds. Since the alkyl chains in the reactants do not participate in 
the coupling reaction, diacetylene products have various physical 
properties depending on the structure of the alkyl side chain (Nishihara 
et al., 1998). PDA are formed through the 1,4-photopolymerization of 
arranged diacetylene monomers under UV (245 nm) or γ-ray irradiation, 

Fig. 1. Structure of polydiacetylene; A) topochemical and resonance structure 
of polydiacetylene, B) Topochemical polymerization in the self-assembly 
structure of diacetylene and Factors affecting the mode of polymerization in 
aligned diacetylene assembles; repeat distance, diacetylene intermolecular 
distance, tilting angle of diacetylene group. 
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and diyne groups generate a conjugated bond of the main chain (Fig. 1a) 
(Blaise et al., 1991; Carpick et al., 2004). Since the diacetylene poly
merization process occurs in situ, the propagation stage of polymeriza
tion effectively proceeds when it satisfies the geometrical arrangement 
and the distance between adjacent monomers (Kim et al., 2005a; Sheth 
and Leckband 1997). That is, for PDA to be formed efficiently, a 
solid-state in a crystalline form or an adequately arranged structure is 
required. Generally, the PDA backbone is described as having conju
gated bonds with alternating ene-yne, but it possesses resonance struc
tures of the acetylenic and butatrienic groups (Reppy and Pindzola 
2007b). However, due to the short bond length of the butatrienic group, 
the butatrienic group is more unstable than the acetylenic group (Kur
iyama et al., 1996a). For this reason, butatrienic groups rarely occur in 
densely packed blue state structures (Dobrosavljevic and Stratt 1987; 
Eckhardt et al., 1986; Kuriyama et al., 1998). 

A considerable number of DA monomers have amphiphilic proper
ties that have both a hydrophilic polar head group and a hydrophobic 
nonpolar tail. Diacetylene monomers can be divided mainly into a head 
group, a diacetylene group, and side alkyl chains, including the tail and 
spacer (Menzel et al. 1999, 2000; Shimogaki and Matsumoto 2011). 
Depending on the structure of the head group and tail, not only the 
physical properties of diacetylene and PDA, but also the polymerization 
efficiency and versatility vary and these properties can be customized 
according to the intended use. Diacetylene structures can be roughly 
divided into three types depending on the position of the polar group 
and diacetylene group, namely, linear (Chae et al., 2016; Jang et al., 
2019; Lee et al. 2014a, 2014c), phospholipid-like (Kuo and Obrien 1990; 
Pakhomov et al., 2003a; Rhodes et al., 1992; Wang and Hollingsworth 
1999), and non-linear types (Heo et al. 2017, 2019; Kantha et al., 2018; 
Singh and Jayaraman 2016; Xu et al., 2014a) (Fig. 2). 

The linear type refers to a monomer in which a polar head group is 
attached in a straight line the monomer end or center. Linear diac
etylenes are the most widely used diacetylene types owing to their 
simple molecular structure and versatility for forming various structures 
such as films and vesicles. The phospholipid type has a diacetylene 
group on two tails with a structure similar to phospholipids (Yager et al., 
1985). This type was first proposed while designing a membrane that is 
capable of polymerization to increase the stability and strength of the 
layer composed of naturally derived lipids. Finally, the nonlinear type of 
diacetylene has multiple arms or a circular structure. Because of its 
unique architecture, this type of diacetylene usually forms 
one-dimensional (1D) tubes or helix structures rather than 

two-dimensional (2D) membranes (Heo et al., 2019; Xu et al., 2014a). 
Notably, to use PDA as a sensor, receptors that can specifically recognize 
specific targets need to be introduced into the terminal head groups of 
the diacetylene monomers (Ardona and Tovar 2015). For example, 
many of the commercially available basic diacetylene monomers have a 
carboxylic acid at the terminal site due to the high reactivity and 
versatility of the acid group. By modification of the polar group, more 
diverse and tailored diacetylene structures can be prepared to introduce 
diverse receptors or molecular groups (Qian and Stadler 2019). For 
example, through the EDC/NHS coupling reaction, an additional alkyl 
chain can be attached by the combination of the amine and carboxylic 
groups at the diacetylene terminal. In addition, the newly formed amide 
bond can create an intermolecular hydrogen bond, thereby enhancing 
the self-assembly effect (Jung et al., 2008; Park et al., 2016c). Addi
tionally, various receptors introduced into PDA have many amine 
groups, which is advantageous for bioconjugation between PDA and 
biomolecules. 

When properly self-assembled diacetylene monomers are polymer
ized by UV light to form a conjugated bond, physical stability, me
chanical strength, and thermal stability increase (Sheth and Leckband 
1997). Because of the nature of conjugated bonds that absorb specific 
wavelengths, PDA are usually blue in color, but in some cases, purple, 
pink, red, yellow, and black colors can appear (Okada et al., 1998). 
Self-assembled diacetylene monomers with low stability require sub
stantial of UV exposure for sufficient color development, but excessive 
UV exposure usually shifts the absorption spectrum of the conjugated 
bond in a short wavelength, causing a color change from purple to red 
due to depolymerization and chain cutting (Bloor and Worboys 1998; 
Morgan et al., 1992). The signal of a typical PDA sensor can be char
acterized by the UV–vis absorption spectrum or fluorescence intensity. 
Additionally, the ene-eyn structure of the conjugated bond can be 
further characterized through Raman spectroscopy (Batchelder and 
Bloor 1982; Batchelder et al., 1981; Sandman and Chen 1989), 13C NMR 
(Lee et al., 2002; Nava et al., 1990; Tanaka et al., 1989), and X-ray 
studies (Fischetti et al., 1988; Lieser et al., 1980). 

2.2. Optical properties of PDA 

The unique optical properties of PDA are mainly derived from the 
conjugated backbone (McQuade et al., 2000). When the resulting con
jugated bond is disturbed by external stimuli, the optical properties of 
the PDA can manifest themselves significantly (Yoon et al., 2013). In the 
early years, PDA sensors focused on changing the optical properties of 
the PDA itself, but methods of increasing sensitivity or selectivity to the 
target materials of PDA-based sensors have also received much attention 
in the past decade (Yarimaga et al., 2012a). Several approaches to detect 
the signal from the optical properties of PDA exist, namely, colorimetric 
change, fluorescence, and Raman spectroscopic analysis are mainly used 
to analyze the state of the PDA (Yoon et al., 2009a) (Fig. 3) (Fig. 4). 

Understanding the PDA optical change mechanism is essential for 
realizing PDA-based sensor designs with more sensitive and stable 
sensing abilities, which can develop PDA into a competent material that 
can be applied to more diverse applications and environments. Although 
many studies have been conducted to uncover the mechanism of the 
unique optical properties of PDA, the exact mechanism has not been 
fully understood and has been controversial (Chae et al., 2016). The 
main reason for this imprecision is that it is difficult to observe the PDA 
while all conditions are controlled because there are many factors that 
can affect the optical characteristics of the PDA (Reppy and Pindzola 
2007b). Presently, the disturbed state of the conjugated bonds caused by 
structural changes in the PDA is considered to be the most commonly 
accepted cause of the unique optical features. 

2.2.1. Colorimetric change 
Among the various detection methods, the color change caused by 

the shift in the absorption spectrum is an intuitive detection method that 

Fig. 2. Three classes of Diacetylene monomer structure; 1) Linear diacetylene 
having a straight structure in which the head group, alkyl chain, and linker are 
connected in a line, 2) A phospholipid-like diacetylene monomer containing 
two diacetylene groups in each alkyl chain of phospholipid and a polar head 
group, 3) Non-linear diacetylene monomer with circular structure (left) and 
multiple arms (right). This figure is reproduced with permission from ref. (Qian 
and Stadler 2019). Copyright 2019, American Chemical Society. 
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can be sufficiently observed with the naked eye (Zhang et al., 2014). 
PDA is also one of the materials that can change color, and during the 
polymerization reaction, PDA strongly absorbs a specific wavelength 

when a backbone conjugated bond is formed, resulting in a remarkable 
color change. That is, the PDA color derived from the conjugated bond 
means that the PDA color may change depending on the state and 
characteristics of the conjugated bond (Huo et al., 2017a). PDA shows a 
change in the absorption spectrum upon external stimulation which is 
large enough to be observed with the naked eye, indicating that the PDA 
can be used as a naked eye detectable sensor platform as shown in 
Fig. 3a. The absorption spectrum of PDA changes in three specific 
wavelength ranges depending on the state, and the corresponding peak 
may vary depending on factors such as the type of diacetylene, assembly 
structure, polymerization progress, and external stimulus. PDA in the 
intact blue and disturbed red state peak at approximately 650 nm and 
550 nm, respectively, and may form minor peaks in the region tens of 
nm lower than that (Chen et al., 2012b) (Fig. 3a, upper). When the 
spectrum of PDA changes, the peak in the longer wavelength region 
gradually decreases around the point where the absorbance does not 
change (isosbestic point). At the same time, the peak in the short 
wavelength region is newly formed, and the peak gradually increases 
(Chanakul et al., 2013; Shin and Kim 2016; Zhang et al., 2018a). 
Through the following transition, the blue PDA changes color in the 
order of purple, pink, and red (Dautel et al., 2006; Heo et al., 2017; Lee 
et al., 2014c). PDA with unusual colors such as yellow (Chu and Xu 
1991; Oikawa et al., 1999; Wang et al., 2017a) or green (Gregory J. 
Exarhos et al., 1976) show different peaks or patterns in the general 
absorption spectrum. 

Fig. 3. Optical properties of PDA (CR, FL, Raman) Section A reproduced with permission from ref. (Huo et al., 2017a). Copyright 2017, The Royal Society of 
Chemistry, reproduced with permission from ref. (Dolai et al., 2017). Copyright 2016, American Chemical Society and reprinted reproduced with permission from 
ref. (Khanantong et al., 2018). Copyright 2018, Elsevier B.V. Section B reproduced with permission from ref. (Ahn and Kim 2008). Copyright 2008, American 
Chemical Society, reproduced with permission from ref. (Kim et al., 2005b). Copyright 2005, American Chemical Society and reproduced with permission from ref. 
(Lee et al., 2009b). Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Section C reproduced with permission from ref. (Seto et al., 2007). Copyright 
2007, Elsevier B.V. and reproduced with permission from ref. (Xu et al., 2018). Copyright 2018, The Royal Society of Chemistry. 

Fig. 4. Classification of various PDA structures used in biosensor applications.  

C. Kim et al.                                                                                                                                                                                                                                     
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Since the absorption spectrum of PDA varies depending on the type 
of monomer or assembly, the color change should be quantified to use 
PDA as a colorimetric sensor. The colorimetric change of PDA can be 
quantified according to the peak of the absorbed wavelength in each 
state. 

CR (%)=

(
PBbef − PBaft

)

PBbef
× 100, PB =

Ablue

Ablue + Ared  

Here, Ablue and Ared represent the absorbance of the peak values in the 
UV–vis spectrum in the blue and red states, respectively, and PB rep
resents the values before and after the reaction occurs (Charych et al., 
1993; Okada et al., 1998). 

If a colorimetric response (CR) technique based on a UV–vis spec
trometer is challenging to apply, alternative chromatic analysis on a 
photograph can be used (Dolai et al., 2017). This method is mainly used 
when measuring an opaque substrate and is obtained by using the 
relative intensity of the red, green, and blue channels by extracting the 
color on the surface as a digital image. 

RCS ​ (%)=

(
CLsample − CL0

)

(CLmax − CL0 )
× 100, CL=

R
(R + G + B)

Here, R, G, and B indicate the intensity of each channel (red, green, and 
blue), and the degree to which the red channel occupies the intensity of 
the entire channel indicates the red chromaticity level (CL). The final 
RGB can be calculated using the PDA sample of interest and the chro
maticity of the red PDA (Volinsky et al., 2007; Weston et al., 2020). 

The final RGB can be quantified through the process of digitizing or 
normalizing the PDA color change using various analysis technologies, 
and the sensor can be use as a signal intensity based on the quantified 
PDA signal value. 

2.2.2. Fluorescence 
Fluorescence of PDA appears simultaneously with the colorimetric 

change derived from disturbed conjugated bonds. For example, the in
tensity of fluorescence emitted by the blue state PDA is insignificantly 
weak, but it is much more robust in a red or yellow state PDA (Chen 
et al., 2012b). As the color change degree increases, the fluorescence 
intensity increases proportional to the degree of the PDA deformation, 
while the blue PDA gradually turns purple, pink, and red by external 
stimuli (Kootery et al., 2014; Wei et al., 2015; Zhang et al., 2018a). The 
modified PDA membrane structure is excited by light in the region above 
450 nm, and fluorescence appears as two broad peaks in the red region 
above 500 nm. Similar to the UV–vis spectrum change of PDA, the 
fluorescence spectrum varies depending on the degree of polymerization 
of PDA and the structure of the diacetylene monomer. Although the 
fluorescence “turn on” characteristic of PDA may serve as an advantage, 
the fluorescence intensity of PDA is relatively inefficient as compared to 
other fluorophores. The blue PDA backbone, which has a relatively 
stable conjugated bond, exhibits a quantum efficiency of 10− 5 or less 
due to rapid excitation relaxation (Hattori and Kobayashi 1987; 
Kobayashi et al., 1997; Yasuda et al., 1993). In contrast, the quantum 
efficiency of PDA in the red state is expected to be approximately 0.02 at 
room temperature, which is significantly higher than that of PDA in the 
blue state, but still shows a low efficiency value (Olmsted and Strand 
1983). This is because the film structure of the excited state PDA, which 
is closely aligned with the properties of the conjugated bond, is partially 
quenched by inter-chain energy transfer. Increased non-radiative decay 
pathways, such as thermal fluctuation of the side chains, are the main 
reason for the increase in an environment within an ordinary tempera
ture range compared to a relatively high quantum yield in an extremely 
low-temperature condition (Carpick et al., 2000). 

To compensate for the low quantum efficiency of PDA, fluorophore 
molecules can be introduced to increase the overall fluorescence effi
ciency. By introducing fluorophores to PDA, PDA can act as a donor to 

transfer energy to a fluorophore or as an acceptor to receive energy from 
a fluorophore (Wang et al. 2016, 2018a). Brcause the quantum effi
ciency of the conjugated bond in PDA is usually lower than that of 
conventional fluorophores, a fluorescence intensity enhancement is 
exhibited when a fluorophore acting as an acceptor is introduced to 
receive energy from the PDA. In contrast, when the fluorophore acts as a 
donor rather than as an energy acceptor, PDA excitation is possible in a 
region shorter than the PDA excitation wavelength. When a fluorophore 
molecule is used with PDA, it is necessary to adjust the distance 
appropriately because the excited state of the PDA-conjugated bond is 
relaxed by inter-chain energy transfer so that fluorescence can be 
quenched according to the distance between them (Ma et al., 2006). 
That is, the conjugated bond of PDA can be used as a fluorophore energy 
quencher (Ma and Cheng 2005; Ma et al., 2006). 

2.2.3. Raman spectroscopy 
Raman spectroscopy is an attractive method for PDA analysis 

because it enables direct visualization of detailed molecular structure 
information and the qualitative relationship between signal strength and 
substance concentration (Lichtman and Conchello 2005). Along with the 
development of optical microscopy, various strategies and techniques 
for capturing the faint signal of probes or molecules have emerged and 
have been applied in various fields for several decades. Resonant Raman 
spectroscopy has been used to identify these characteristics through the 
frequency and intensity of conjugated bonds present in the PDA back
bone. In the early spectral studies of PDA, studies were conducted on 
two resonance structures of the PDA backbone and it was confirmed that 
the red form of PDA does not have a butatriene structure (Gregory J. 
Exarhos et al., 1976). Through Raman analysis, information about the 
double and triple bonds of the PDA backbone can be obtained. Addi
tionally, the degree of polymerization and whether PDA transition oc
curs can be confirmed (Chen et al. 1984, 1985; Exarhos et al., 1976). 

That is, the length of the π-electric delocalization of the PDA back
bone in a state deformed by the external environment affects the elec
tronically excited state so that the π-electric delocalization state by 
polymerization can be estimated. For example, the [ = C(R)—C–––C—(R) 
C = ]n structure produced by polymerization between diacetylene 
monomers forms a pseudo-1D electronic system due to substantial 
π-electric delocalization. Therefore, v (C––C) and c (C–––C) vibrational 
bands can be observed as sharp peaks and the frequency or intensity of 
the bands corresponding to the above dramatic changes as well as the 
presence or absence of PDA deformation (Huo et al., 2017b; Itoh et al., 
2005; Jordan et al., 2016). For example, the stretching modes of the 
C–––C, C––C, and C–C Raman spectra of the blue PDA Langmuir-Schaefer 
(LS) film composed of 10,12-pentacosadiyonic acid (PCDA) were 2068, 
1448, and 1083 cm− 1, respectively. In contrast, LB films composed of 
the same monomers were found to be 2079, 1448, and 1084 cm− 1, 
respectively, meaning that even films with the same composition can 
have different properties depending on the assembled structure. That is, 
the difference in packing density of the diacetylene monomers changes 
the length of the C–––C bond and the wavenumber of this bond is 
noticeably different. The Raman shift in the region from 1180 to 1330 
cm− 1 reveals the geometrical alignment of the CH2 alkyl chain in the 
C–C bond (Seto et al., 2007). When the PDA starts to change state, new 
peaks are formed in a section slightly smaller than the peak wavenumber 
of each C–––C and C––C bond. As the disturbed state of PDA progresses, 
the signal of the current peak decreases, and the size of the newly formed 
peak increases and becomes gradually dominant. It is possible to indi
rectly predict the state change of the PDA by using the ratio of the two 
peaks (Bang et al., 2016; Lifshitz et al., 2011; Xu et al., 2018). Due to the 
rich alkyne binding in PDA backbone, it is recognized as a potential 
Raman probe. In particular, alkyne Raman signal has a distinct cellular 
Raman-silent region (1800-2800 cm− 1), so it is receiving a lot of interest 
as a bioorthogonal Raman imaging agent. In particular, PDA supra
molecules in various forms can be formed through customizable diac
etylene monomers, and can be prepared in a form dispersed in an 

C. Kim et al.                                                                                                                                                                                                                                     



Biosensors and Bioelectronics 181 (2021) 113120

6

aqueous solution. In addition, by introducing a specific receptor, it is 
possible to act as a sensor with selectivity. In order to increase the 
function as a Raman probe, it is necessary to amplify the PDA Raman 
signal, and a study has been made to make PDA-based composites that 
incorporate Surface-enhanced Raman scattering (SERS). The narrow 
emission peak emitted by SERS composite not only enhances material 
sensing capability, but also has the potential for multiple detection. 

Because of the pseudo-1D π-electric delocalization generated by the 
conjugated bonds, PDA crystals have been used for many of the conju
gated networks since the first reports of the dramatic enhancement of 
large third-order optical nonlinearity. Owing to the resonance of the 
conjugated bond, strong v (C––C) and c (C–––C) vibrational bands are 
observed in the low frequency Raman spectrum and the linear correla
tion is the resonance mixture of the butatriene structure. Because of 
these nonlinear properties, PDA has become candidates for use in next- 
generation optoelectronics and molecular electronics. 

2.3. Categories of polydiacetylene assemble 

Like other amphiphilic molecules, DA monomers can form various 
structures in diacetylene assemblies by self-assembly (Gros et al., 1981; 
Ringsdorf et al., 1988). Diacetylene molecules can be solidified through 
crystallization by cooling after various forms are formed by 
self-assembly at high temperature with fluidity. Diacetylene assemblies 
can be generally divided into single- or multi-layered film forms, 
spherical vesicle forms, and other colloidal structures (Fig. 5) (Reppy 
and Pindzola 2007a). 

2.3.1. Films and self-assembly layers (SAMs) 
After the first synthesis of the diacetylene monomer, the physical and 

optical properties of PDA in the form of bulky crystals were reported 
(Chance and Baughman 1976; Hood et al., 1978; Lochner et al., 1976; 
Muller and Eckhardt 1978). Since then, the PDA film is the first structure 
of membrane assemblies, not a bulky crystal form, and several types of 
films have been prepared as numerous diacetylene monomers (Chance 
et al., 1979; Kajzar et al., 1983; Olmsted and Strand 1983). The mem
brane structure of PDA is a basic method to study various characteristics 
of PDA through several techniques, such as spectroscopic and micro
scopic analysis, and film structures (Germinario and Gillette 1982). The 
film structure of PDA can be classified into three types, namely LB films 
(Gaboriaud et al., 2001; Geiger et al., 2002; Germinario and Gillette 
1982; Lifshitz et al., 2009; Wang et al., 1999), LS films (Ahn et al., 2003; 
Berman et al., 1995; Lee et al., 2018a) and SAMs (Batchelder et al., 
1994; Khanantong et al., 2020; Kim et al., 1995; Lee et al., 2018b; 
Mowery et al., 1998), depending on the physical and chemical charac
teristics of the DA monomers and external environments. 

Amphiphilic DA monomers dispersed in a solution can be arranged 
between the liquid and air boundary. When a compression force is 

applied to the gaseous or liquid phase membrane, an evenly distributed 
and densely aligned film is formed. The floating diacetylene film can be 
transferred to other substrates, and polymerized diacetylene films have 
been studied for the material properties of PDA and have been applied to 
the sensor applications (Chen et al., 2011; Kootery et al., 2014; Lieser 
et al., 1980; Zhang et al., 2016b). Due to the unique characteristics of 
PDA films and customizable monomers, interest in PDA films began to 
increase, and accordingly, research on the stability of PDA films was 
conducted. Since films composed of DA monomers have similar struc
tures and properties to the cell membrane, methods and approaches 
based on biomimetics were introduced to the PDA platforms (Kang et al., 
2012a; Lee et al., 2016a; Okaniwa et al., 2015). For example, a film 
composed mainly of DA monomers with distinct alkyl tail and head 
groups can be prepared, and substances such as phospholipids and 
cholesterol contained in the actual cell membrane can be added (Fer
guson et al., 2005). By introducing specific receptors on the film surface, 
bio-inspired PDA membranes that can induce various interactions on the 
film surface are produced (Charych et al., 1996; Pan and Charych 1997; 
Spevak et al., 1995). 

Another method to prepare a 2D films of PDA assemblies is to use 
SAMs (Menzel et al. 1998, 2000; Sullivan et al., 2005). The formation of 
spontaneous molecular assemblies is possible by using interactions be
tween specific substances and functional groups, typically metal sur
faces and thiol groups (Menzel et al., 1998). When a diacetylene 
monomer with a thiol head group is exposed to an environment where a 
metal surface is present, DA monomers are spontaneously adsorbed onto 
the metal surface to form a single layer film that is more stable than 
conventional LB or LS films. PDA films using SAMs have not been 
studied as much as LB or LS films but have great potential in sensing 
applications through synergy with metallic materials for surface plas
mon resonance sensor platforms. 

PDA composed of LB or LS films is relatively easy to produce but 
owing to the properties of a film with only a couple of layers, the signal 
strength of the PDA is inevitably low, which is a disadvantage in that 
additional equipment is required for signal measurement (Pindzola 
et al., 2006). To solve the problem of the monolayer structure, a method 
of constructing multilayers by laminating several layers of diacetylene 
films was introduced. The easiest and most widely used method is to 
evaporate the diacetylene mixture in the form of an organic solvent or 
aqueous solution to obtain the remaining molecules in the form of a 
thick layer in which multiple layers exist through self-assembly. The 
multi-layer coating can replace the Langmuir or SAM technique and it is 
also used to make vesicle types of PDA. 

2.3.2. Vesicles (liposome) 
The cell membrane is mainly composed of amphiphilic phospho

lipids, forming a double layer through hydrophilic and hydrophobic 
effects in an aqueous solution. Silimilary, DA monomers acting as lipid 
molecules in the cell membrane can also form a three-dimensional (3D) 
spherical vesicle (Bangham 1989). PDA vesicles can usually be prepared 
by hydration of lipid membranes under sonication in an aqueous solu
tion environment (Cho et al., 2016b; Park et al., 2016d). When the 
organic solvent in which the diacetylene monomer is dissolved is 
evaporated, the diacetylene multi-layer is formed into a thick film by 
self-assembly. To disperse the diacetylene film dried in the crystalline 
form into the vesicle form in an aqueous solution, it is necessary to apply 
additional energy to impart the fluidity of the film. Membranes with 
sufficient fluidity above the melting temperature (Tm) of lipids are sus
pended in an aqueous solution and homogenized by sonication. Finally, 
after undergoing the recrystallization process at a low temperature, PDA 
vesicles can be generated by UV irradiation. Since the diacetylene ves
icles can be photopolymerized in situ by UV irradation, the large quan
tity preparation of the suspension-type PDA vesicle is relatively easy. 

The liposome-based PDA sensor is attractive for use as a sensor for 
biomolecule detection, due to its optical properties and accessibility of 
solution-based vesicles (Cho et al., 2016a; Kim et al., 2017b; Zhang 

Fig. 5. Several Factors affecting the sensitivity and selectivity of PDA sensors in 
the self-assembly structure of diacetylene. 
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et al., 2018b). The liposome PDA sensor can be used by adjusting the 
amount of the solution according to the measurement equipment envi
ronment, sample volume, and sample concentration without any addi
tional substrate. To use the PDA vesicle as a sensing application, 
receptors on the surface of the vesicle that allow ligand-receptor inter
action with specific target substances must be introduced (Charych 
et al., 1993; Cho and Ahn 2013a; Lee et al., 2009b; Wu et al., 2012). 
However, depending on the substances added during the reaction for 
introducing receptors, PDA vesicles dispersed in an aqueous solution 
may aggregate or precipitate in a high concentration of salt or a 
non-neutral pH. Additionally, further processes are required to remove 
residual reactive chemicals and unbounded receptors (de Oliveira et al., 
2015). For example, most unmodified PDA vesicles are stably suspended 
in distilled water, but precipitation can occur in salt-containing envi
ronments. Since not only salt but also proteins, such as albumin protein 
can precipitate PDA vesicles, this phenomenon must be considered for 
use in PDA vesicle-based biosensors, especially for biological 
buffer-based samples. To prevent sedimentation or aggregation of ves
icles during the reaction process for the introduction of receptors on the 
PDA vesicle, PDA vesicles containing receptors can be prepared by 
mixing diacetylene-receptor molecules bound at the monomer level with 
monomeric diacetylene before vesicle formation (Lee et al., 2008). In 
this case, since the function of the receptor must be maintained even at a 
relatively high temperature during vesicle formation, a relatively stable 
aptamer is preferred over an antibody that undergoes irreversible 
denaturation at high temperature (Kim et al., 2020b; Lee et al. 2008, 
2009b). 

To improve the shortcomings of the vesicle itself, occurring in 
aqueous solution, a method of fixing the PDA vesicle to a 2D substrate 
has been proposed (Kim et al. 2003b, 2005b). The PDA vesicle fixed to 
the substrate is free from aggregation or sedimentation problems and is 
advantageous for quantification according to signal strength. Vesicles 
can be fixed covalently or non-covalently on a 2D plane or encapsulation 
can be performed with a 3D matrix (Li et al., 2015b; Yapor et al., 2017). 
The PDA vesicle immobilization method, which is widely used in sensor 
applications, is patterned using a mask or microarray (Jung et al., 2016; 
Nguyen et al., 2019; Park et al., 2016a). Since most sensor applications 
deal with various ions or molecules such as proteins, they can escape 
some precipitation problems that can be caused in these environments. 
In addition, PDA vesicles that are immobilized on a flat surface through 
microarrays can not only detect a small amount of sample, but also have 
the advantage of increasing the detection sensitivity of PDA vesicles 
through fluorescence observation (Zhang et al., 2016a). Diacetylene 
vesicles can be immobilized by covalent bonding mainly through 
EDC/NHS coupling (Lee et al., 2009b; Won and Sim 2012), aldehyde/
amine Schiff base (Kim et al. 2003a, 2005b), maleimide/thiol chemistry 
and others (Kang et al., 2017; Lee et al., 2008; Seo et al., 2013). 

2.3.3. Other colloid structures 
Initial studies of phospholipids dispersed in aqueous solutions did 

not deviate from the liposome structures of single or multiple bilayers. 
Lecithins, a type of phospholipid, have not changed the topology of li
posomes in the synthesized form as well as the natural state (Evans and 
Kwok 1982; Inoko and Mitsui 1978; Yager et al., 1982). Meanwhile, 
attempts have been made to form a robust membrane through poly
merization by introducing diacetylenic groups into lipids to create a 
more robust and stable lipid vesicle (Yager and Schoen 1984). In this 
process, it was found that polymerizable lecithin with diacetylene 
groups accompanied a phase transition from vesicle to cylinder-shaped 
tubules in case of temperature change (Yager et al., 1985). After this 
discovery, various types of non-spherical diacetylene assemblies such as 
tubes (Oh et al., 2016), helix (Meng et al., 2017), and ribbons (Li et al., 
2017a) were found and bolaamphiphilic diacetylene molecules with 
numerous types of structures were developed (Cheng et al., 2000; Gravel 
et al., 2012; Song et al., 2004; Wang and Hollingsworth 2000; Xu et al., 
2014b). 

The assembly of amphiphilic molecules can appear in various forms 
and the chirality of the molecule is one of the factors that can influence 
the structure or shape of the assemblies (Schnur et al., 1994b). There
fore, since tubules or helices are assembled, it was thought that the to
pological chirality of PDA assemblies was based on the chirality of the 
diacetylene molecules in the early days (Schnur et al., 1994a). However, 
it has been described that the chirality of the molecule is not essential for 
the formation of the chiral tubule structure, as lecithin-based diac
etylene monomers have achiral properties and form tubule assemblies 
(Lee et al., 2004; Pakhomov et al., 2003b). In addition, achiral diac
etylene amine with hydrobromide salt in aqueous solution can also form 
colloids with non-spherical structures such as tubes, helices, and ribbons 
(Pakhomov et al., 2003a; Seo et al., 2015). 

Recently, 1D materials, such as wires and tubules, have become 
promising material structures in fields such as photonics and electronics, 
as well as sensor applications (Chen et al., 2016; Li et al., 2017b; Yang 
et al., 2014b). In particular, it can be applied in optoelectronics because 
of its unique optical properties that can appear at sub-micrometer scales 
when dispersed in aqueous solutions (Xia et al., 2014). The 
non-spherical structure commonly found in PDA structures is in the form 
of a tube. This is derived from the film of the membrane and a wide plate 
is joined in the form of a pipe, producing up to a dozen micrometer-scale 
hollow tubes (Hu et al., 2014; Jiang and Jelinek 2016). Additionally, a 
PDA tube with a molecular level scale can be prepared using a circular 
diacetylene monomer. The PDA nanotubes formed by the self-assembly 
of nanotubes showed a higher tilt angle than PDA composed of normal 
linear monomers (Heo et al., 2017). Most PDA assemblies such as films 
or vesicles exhibit the optical properties of PDA (Johnston et al., 1980; 
Lin et al., 1982) and can be aggregated by external environments like 
other colloid structures (Reppy and Pindzola 2007b). 

3. Sensitivity determination elements 

From a biological point of view, molecular recognition or signal 
transduction at the cell surface is mainly caused by glycosylated lipids or 
proteins optimized through a long evolutionary process. These elements 
are involved in several important biological phenomena in the cell by 
recognizing specific motifs (Okada et al., 1998). Early strategies of 
biosensors imitated an artificial membrane with the characteristics of a 
bio-membrane capable of recognizing a specific molecule (Katrlik et al., 
1996; Peter et al., 1996; Reshetilov et al., 1997). Due to efforts to find a 
more stable and stronger polymerizable membrane, PDA vesicles 
resembled the structural and functional properties of plasma membranes 
with high stability. For PDA to act as a sensory material for specific 
analyte detection, the DA molecule should be a membrane or film 
structure. The assembled diacetylene aggregates convert into PDA 
through polymerization by UV irradiation. When an external stimulus is 
applied to the PDA membrane, disturbance of the conjugated bond in
side the PDA occurs and the optical properties of PDA change (Carpick 
et al., 2004; Dobrosavljevic and Stratt 1987). Like other materials, PDA 
can also possess various properties depending on the composition and 
the components that make up the supramolecules. The conjugated bond 
inside the PDA can increase or decrease the degree of change by several 
factors constituting the PDA (Kuriyama et al., 1996b; Lio et al. 1996, 
1997; Mino et al., 1991; Tomioka et al., 1989). Monomer distance affects 
UV-induced polymerization and liposome stability, lipid composition, 
alkyl spacer, and lipid size can also be factors affecting the sensitivity of 
PDA vesicles (Fig. 5). 

3.1. Packing density (assembly distance) and topochemical structure 

Amphiphilic lipid monomers can assemble diacetylene aggregates 
through self-assembly and can induce in situ polymerization by UV 
irradiation at a wavelength of 254 nm. For intermolecular 1,4-addition 
to occur efficiently under UV irradiation among adjacent diyne groups, 
appropriate distance and spatial arrangement of diacetylene monomers 
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is required (Vizgert et al., 1989). The ideal arrangement of solid-state 
diacetylenes is an intermolecular distance of 5 Å, at tilting angle of 
45◦, and a distance between C1 in one monomer, and C4 in the adjacent 
diacetylene monomer of 3.5 Å (Baughman 1972) (Fig. 1b). Nevertheless, 
depending on the structure or morphology of the DA monomers, the 
assembly patterns and conditions for favorable polymerization can vary 
widely. In the case of a diacetylene monomer with a linear alkyl chain, 
the distance between the monomers in the polymerized PDA is 3.7 nm, 
and the distance of the basic diacetylene monomer can induce poly
merization in a stable form at 4.5 nm. If the gap between monomers is 
too wide or too narrow, the efficiency of polymerization dramatically 
decreases or disturbance of the conjugated bond formed by unstable 
polymerization results in unusual color transitions such as purple, pink, 
and orange after polymerization (Okada et al., 1998). The polymeriza
tion efficiency can be affected not only by the distance between mono
mers but also by the spatial arrangement of adjacent diynes. In 
particular, the efficiency of polymerization may drastically decrease or 
polymerization may not be possible when self-assembly is performed by 
a substrate, such as a gold film or particle. For example, SAM diacetylene 
monomers with a higher tail length on a gold surface are favorable for 
the arrangement of diacetylene molecules. The aligned arrangement 
increases the crystallinity of the SAM and shows a high degree of 
polymerization efficiency. However, in a situation where one side is 
fixed to the surface, the arranged triple bonds form a suitable angle for 
hybridization. As the diacetylene group is closer to the head group, a 
stable film is formed as the collapse pressure increases on the surface of 
the diacetylene assembly. However, the PDA formed by polymerization 
has a red or yellow color rather than a normal blue color. 

More precisely, as the length of the alkyl spacer of the head group of 
the diacetylene monomer decreases, the polymerized PDA color in its 
initial state gradually shifts from blue to red and the PDA with the 
shortest spacer appears yellow during polymerization. The suitability of 
polymerization is also affected by the tilting angle during diacetylene 
assembly. When the tilting angle of diacetylene shows a value around 
45◦, it shows the normal blue-red transition state, while the PDA shows a 
red state below 20◦ and a yellow state above 65◦ (Khanantong et al., 
2018; Tachibana et al., 1999). 

3.2. The nature of the liposome component 

As a sensor material, the PDA membrane structure began to be pre
sent in the process of mimicking the intracellular plasma membrane, and 
it has similar properties to those of the intracellular plasma membrane 
(Kunitake and Okahata 1977). For example, because the element that 
determines the fluidity of the plasma membrane is similar to the element 
that determines the monomer fluidity in the PDA vesicle, the fluidity of 
the PDA membrane can be modulated by introducing elements that can 
be involved in the PDA membrane (Mapazi et al., 2018; Park et al., 
2016b). 

3.2.1. Stability of liposome formation 
The membrane stability of PDA is determined by the degree of self- 

assembly and greatly influences the polymerization efficiency in LB 
films or SAM assemblies. PDA films fabricated using this technique 
affect factors such as thermal stability, uniform surface density, and film 
area. If the systematically arranged structure meets the ideal top
ochemical structure for polymerization, a relatively high level of poly
merization can be achieved, resulting in a clear color change. For 
example, when two of the most widely used diacetylene monomers, 
10,12-tricosadiyonic acid (TCDA) and PCDA liposomes, were exposed to 
UV for polymerization under the same conditions, PCDA exhibited 
higher absorbance due to UV polymerization. Since PCDA with a rela
tively long alkyl group forms a more stable membrane, it means that 
PCDA is more advantageous in forming a membrane structure. 

In general, polymerized PDA films are more stable than diacetylene 
assembled films and show improved packing through annealing at 

elevated temperatures before polymerization. When manufacturing the 
LS film, nitrogen flow is provided at the liquid–air boundary and a very 
uniform film can be produced through the heated substrate. Addition
ally, the presence of divalent cations, such as Ca2+ or Cd2+, plays a role 
in enhancing the stability of the carboxylic acid-based diacetylene film. 

Some diacetylene monomer layers are so stable that they can reverse 
the color change of irreversible PDA (Ahn et al., 2009; Khanantong et al., 
2020; Lee et al., 2014c). To increase the stability of the diacetylene 
layers, a method of increasing the interaction between diacetylene 
molecules is used. First, hydrogen bonds between molecules can be 
imparted. When a group such as an amide bond is introduced into the 
diacetylene monomer chain, an intermolecular interaction is addition
ally generated by hydrogen bonding between molecules. In addition, 
when a phenyl group is present at the molecular end, the accumulation 
of molecules may be promoted by the π-π stacking of electrons located in 
the benzene ring. Finally, diacetylene is anchored to the surface of the 
inorganic material, so that stable diacetylene layers can return to their 
original shape even after distracting (Wu et al., 2018). PDA films con
sisting of diacetylene monomers with these properties are resistant to 
color change caused by excessive UV irradiation or organic solvents, and 
cause color changes at higher temperatures (Hong et al., 2015; Park 
et al., 2014). 

3.2.2. Composition of lipids 
Diacetylene monomers, which have the structural properties of 

common lipids, have an alkyl chain in both directions around the diyne 
with a hydrophilic group at one or both ends. Depending on the number 
of alkyl groups, a wide variety of diacetylene vesicles can be produced. 
Additionally, various types of diacetylene monomers can be constructed 
instead of one type of diacetylene monomer (Cho and Ahn 2013b; 
Khanantong et al., 2018). This uses the lipid properties of diacetylene, 
and suitable diacetylene monomers can be applied depending on the 
application. 

3.2.3. Alkyl spacer 
In the general form of the DA monomer, a spacer connects the tail 

and head groups of the alkyl form around diyne. DA or PDA assemblies 
have different responsive properties depending on the number of alkyl 
groups of tails or spacers. To manufacture a PDA sensor that responds to 
a specific signal, a method of introducing a receptor on the PDA mem
brane surface has been used. When a new interaction occurs with the 
ligand of the receptor on the PDA surface, the generated stimulus is 
transferred from the surface of the PDA to the conjugated backbone. At 
this point, the alkyl spacer between the backbone and the surface of the 
PDA with the receptor plays a role in transmitting the stimulus gener
ated by the interaction. In general cases, the PDA sensitivity may in
crease as the alkyl spacer becomes shorter (Khanantong et al., 2018; 
Potai et al., 2018). However, in the case of too short spacer, a trade-off 
exists in which the assembly of monomers is poor, resulting in low 
polymerization efficiency (Charoenthai et al., 2011; Seo and Kim 2010). 
A long spacer increases the degree of freedom of the diacetylene ter
minal so that the generation or delivery of stimuli by interaction is not 
effectively achieved. 

In the case of general carboxylic diacetylene, the physical and self- 
assembly properties of PDA vary depending on the alkyl length of the 
head and tail. As the alkyl tail length decreases, the intermolecular force 
weakens, due to the hydrophobic effect, and the Tm of the diacetylene 
crystal decreases. On the contrary, as the alkyl length of the head portion 
become shorter, the Tm increases rapidly because the charge of the head 
group creates hydrogen bonds during crystal formation. As the length of 
the alkyl spacer of the head group decreases, the tilting angle of the DA 
assemblies in the crystal form increases. The alkyl spacer and the tilting 
angle in the crystal form are factors that determine the size of vesicle 
assemblies. 

The colorimetric behavior of PDA assemblies in aqueous suspensions 
corresponds to the stability of diacetylene crystals. For example, the 
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PDA membrane with the shortest alkyl chain in the head group shows 
the highest color change transition temperature. Also, color change 
significantly was reduced when PDA assemblies are exposed to chemical 
stimuli, such as organic solvents and pH environments because of the 
difference in the mechanism that causes the color conversion of the PDA 
membrane (Khanantong et al., 2018). 

3.3. Size of deformation 

PDA liposome vesicles can be manufactured in a wide range of sizes 
from dozens of nanometers to several microns, through different pro
duction methods (Pevzner et al., 2008). Vesicles, even those with the 
same lipid composition, generated from one sample have various size 
distributions. Depending on the size or shape of the vesicle, the struc
tural characteristics of the diacetylene monomer and the spatial 
arrangement can affect the sensitivity of the PDA vesicles (Nopwinyu
wong et al., 2014; Peek et al., 1994). Under the same conditions, the 
smaller the liposome size, the more sensitive it tends to be, which is 
expected to increase the sensitivity of PDA by increasing the steric 
hindrance generated by the target molecules (Baek et al., 2016; Peek 
et al., 1994). The size of the liposomes also varies depending on the 
structure and properties of the lipids that make up the membrane. In the 
DA, as the length of the head spacer becomes shorter, the size of the 
resulting liposomes gradually increases resulting in, a rod-like structure 
with a spherical shape (Khanantong et al., 2018). 

4. Signal enhancement strategies of PDA sensor platform 

The unique optical properties and customizable features of PDA 
serve as an advantage for sensor applications, but one of the drawbacks 
of PDA is the difficulty in detecting trace target molecules because of 
their relatively low quantum yield (Lecuiller et al., 1999; Olmsted and 
Strand 1983). Considering that, as a sensor material, high sensitivity and 
reliability are required in a wide range of fields, it is necessary to amplify 
the PDA signal. Since the PDA signal occurs in proportion to the degree 
of structural distortion of the conjugated bond of the backbone, strate
gies to significantly change the backbone of the PDA through various 
methods have been studied (Fig. 6). By improving the sensitivity of PDA 
sensors, it can be applied to detect low concentrations of target mole
cules, and it can be extended to a wide range of applications such as food 
freshness testing or disease diagnosis. 

4.1. Impurities 

The vesicle of the PDA bilayer was proposed to mimic the plasma 
membrane of the cell (Okada et al., 1998). Since the structural proper
ties of PDA monomers are similar to those of the lipids that make up the 
membrane, there are similarities to those of the plasma membranes. The 
plasma membrane is a fluidic membrane composed of a basic phos
pholipid bilayer as the main component, in which numerous types of 
proteins are embedded, called a fluid mosaic model. Polymerized diac
etylenes have a solid form of properties, having a glass transition tem
perature that begins to flow above a certain temperature. The 
characteristics of PDA are determined according to the alkyl chain and 
hydrophilic groups of the diacetylene monomer constituting the PDA 
membrane. 

Similar to the cell membrane, including the type of diacetylene 
constituting the PDA liposome, the sensitivity of PDA can be changed by 
lipids or cholesterol. Amphiphilic lipid molecules, such as surfactants 
(Shin et al. 2015, 2017) or phospholipids (Kang et al., 2012b; Kim and 
Lee 2019; Kim et al., 2008; Kolusheva et al., 2008), with similar prop
erties to diacetylenes are frequently used, and impurities, such as 
cholesterol, are used with lipid molecules (Fig. 7) (Kolusheva et al. 
2000b, 2003; Kwon et al., 2014). Since the added impurities are 
co-assembled with diacetylene molecules in the liposome formation 
step, they flow between the alkyl chains of diacetylene. However, the 
impurities in diacetylene assemblies form a separate domain or are 
trapped in the diacetylene chains because diacetylene has a rigid 
structure through polymerization. The impurities present in the lipid 
bilayer change the degree of freedom of the DA alkyl chain and affect the 
mixed membrane structure fluidity. The PDA membrane with increased 
fluidity or relative isolation can be more or less sensitive to external 
signals or stimuli, achieving a lower limit of detection (LOD) for the PDA 
sensor. The higher the compositional ratio of impurities added, the more 
impurities contribute to the change in the sensitivity of the PDA lipo
some. However, the formation of liposomes becomes impossible above a 
certain ratio of impurities (Kang et al., 2012b; Kim et al., 2008; Su et al., 
2004). 

4.2. Secondary interaction 

Sensors for the detection of specific substances have developed using 
various principles in a wide range of fields. In these various types of 
detection methods, many studies are being conducted to improve the 

Fig. 6. Schemtic illustration of several strategies to improve the sensitivity of polydiacetylene based sensor.  
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accuracy of the sensors and to detect a target substance, even at low 
concentrations. Following these efforts, many technologies have been 
developed to improve the sensitivity and accuracy of PDA-based sensors. 
There are two methods of improving the performance of a PDA-based 
sensor, namely, increasing the stimulus provided to the PDA or ampli
fying the optical properties of the PDA itself. Depending on the sub
stance detection mechanism, the intensity of the primary reaction is 
considerably small, making it impossible to detect the target substance 
at low target concentrations. In this case, it is possible to overcome the 
low concentration target environment by applying additional stimula
tion to the PDA. The second method implies the performance 
improvement of the sensor by improving the optical features of the PDA 
itself. Therefore, it is necessary to amplify the signal generated in the 
primary stimulus and overcome the limitations of the signal detection 
method. 

4.2.1. Nanoparticle-based interaction 
The target detection of the PDA-based sensor system using receptors 

is usually derived from ligand-receptor interactions. Ligand-receptor 
interactions occurring in living organisms are widely adopted in 
sensor applications because they usually interact and detect the target 
substance with high specificity. At low target substance concentrations, 
it remains sparsely bound to the liposome, whereas at high target sub
stance concentrations, it binds tightly to the PDA surface by the ligand- 
receptor. When the PDA surface is filled with a ligand, the repulsion 
force by steric hindrance is induced (Seo et al., 2013). The repulsion 
force generated at this step is transmitted to the PDA backbone and 
induces color changes. Since this process occurs at the nanometer scale, 
efforts have been made to apply substitutes with similar size scales. 
Among the numerous methods, it is possible to induce the signal 
amplification of PDA by performing a secondary reaction with nano
particles. Additional hindrance can be added to the primary signal 
generated by the first binding by using specially modified nanoparticles. 
For nanoparticles to have the ability to attach to a specific analyte, a 
method of introducing a receptor on the surface of the nanoparticles is 
possible. The material or shape of the nanoparticles used can be pre
pared in various ways depending on the purpose. After the first 
ligand-receptor reaction occurs, the addition of nanoparticles to 
generate additional stimuli can increase the signal of the PDA, leading to 
the increased sensitivity of the PDA sensor system (Kwon et al. 2010, 
2012). That is, these receptor-functionalized nanoparticles can act as 
pseudo-analytes by interacting with the analyte bound to the PDA sur
face after the first interaction. 

For example, in a PDA microarray system for detecting human 
immunoglobulin (hIgE), gold nanoparticles functionalized with a poly
clonal antibody were applied onto a PDA array that was primarily 
modified by a target molecule. The added nanoparticles were bonded to 
the target protein interacting with the PDA vesicle and provided addi
tional repulsion force to the PDA vesicles (Won and Sim 2012). The 
larger the gold nanoparticles applied, the more repulsive power it could 
generate, resulting in more deformation of the PDA. Through the 

addition of functionalized nanoparticles, the LOD of the arrayed PDA 
improved to about 100-fold. Another method used iron nanoparticles 
functionalized with antibodies of the prostate-specific antigen, and these 
nanoparticles created a secondary reaction due to the repulsive physical 
force in the PDA array with the primary strain (Kwon et al., 2012). By 
applying a magnetic field of alternating current in both directions, a 
physical vibration was additionally applied to the paramagnetic iron 
nanoparticle, applying a third stimulus to the PDA vesicles. With the 
introduction of functionalized nanoparticles, a detection limit of 0.01 
ng/mL could be achieved. The introduction of such nanoparticles can be 
widely used as a strategy to increase the PDA deformation by inducing 
additional repulsion of PDA vesicles. 

4.2.2. Polyclonal receptors 
Unlike molecules with low molecular weights, macromolecules, such 

as proteins, often have multiple specific sites that can be recognized by 
polyclonal antibodies. In this case, more recognition sites can be ob
tained from the same amount of analyte than when using a monoclonal 
antibody that can recognize only one site. As the number of recognition 
sites increases, the ability to interact with the PDA vesicle becomes 
larger. Naturally, the higher level of interaction allows the PDA vesicles 
to have a higher sensitivity. To detect a molecule or protein with mul
tiple recognition sites, multiple receptors can be adopted in one lipo
some system, thereby increasing target binding capacity (Jung et al., 
2010). This is one of the advantages of PDA where multiple receptors 
can be introduced on one PDA membrane platform (Lee and Kim 2012). 
The researchers in this work used two types of aptamers for each site to 
detect thrombin with two distinct recognition sites. Each aptamer was 
bound to the DA monomer before vesicle formation and mixed with the 
basic DA monomer to form a PDA vesicle with multiple aptamers 
(Fig. 8a). At the same thrombin concentration, PDA liposomes with a 
single aptamer exhibited a blue to purple color change, whereas PDA 
liposomes with multiple aptamers exhibited a blue to red color change. 
That is, the CR value was greater than that observed with the naked eye 
of the liposome with one receptor. 

4.2.3. Enzyme-linked secondary response 
Signal transduction or metabolic systems in living organisms maxi

mize the response to be achieved through multi-dimensional responses. 
To detect small reactions or signals that can occur in vivo, signals are 
amplified through each step of consecutive intermediate reactions. 
Enzyme-linked immunosorbent assay (ELISA) is a representative 
detection assay that uses an enzyme reaction. ELISA can detect a small 
amount of target proteins or molecules through the second reaction or 
more and they add a flow over time as a reaction by an enzyme 
(horseradish peroxidase, HRP) to provide fast and intuitive results. 
Because of this phenomenon, secondary reactions have been widely 
used as a strategy to amplify molecular signals by introducing sub
stances that act as catalysts (Lim et al., 2019; Park et al., 2016c). Cat
alysts or enzymes can cause durable and cascading reactions in sensor 
applications to amplify the final products. That is, by applying the 

Fig. 7. First strategy to improve the sensi
tivity of polydiacetylene based sensors: 
Increased fluidity of PDA membranes by 
mixing PDA monomer with impurities. 
Illustration of domain separation between 
two constituents that appears when poly
merization is performed after forming a 
membrane in case of (A) phospholipid or (B) 
inserted cholesterol in the PDA membrane. 
This Section adapted with permission from 
ref (Kolusheva et al., 2000b). Copyright 
2000, American Chemical Society and 
(Kwon et al., 2014). Copyright 2014, Korea 
Chemical Society.   
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phenomenon with enzymes to the PDA-based sensor, the detection 
performance of PDA can be increased by eliciting an additional reaction. 
A secondary polyclonal antibody can be attached to the target molecules 
captured by the PDA vesicles. If a polyclonal antibody has a catalyst that 
enables a secondary reaction such as HRP, additional modification of the 
PDA is possible owing to the secondary reaction of the catalyst (Fig. 8b). 
Through this process, advanced PDA sensor systems can be built as a 
more sensitive sensor due to an additional response to the PDA (Lee 
et al., 2014b). 

4.3. PDA complex 

4.3.1. Introducing inter-linkers 
PDA vesicle-based platforms functionalized with a receptor are 

mainly used in the PDA sensor field because of its easy handling and 
versatility. In particular, in the case of the PDA vesicles dispersed in an 
aqueous solution state, the signal can be measured simply by mixing 
with a sample. However, a relatively large amount of sample is required 
to measure the colorimetric change or fluorescence intensity of a PDA 
dispersed in an aqueous solution. If the sample size is small or the 
concentration of the target substance is very low, detection in aqueous 
solution may not be suitable because of the low analytes to PDA vesicles 
ratio. To prepare a PDA sensor that can be analyzed even with a small 
amount of sample, a microarray method in which a PDA vesicle is 
immobilized on a 2D substrate was introduced (Kang et al., 2017; Kim 
et al., 2003a). Although the number of immobilized vesicles composed 
of one vesicle layer through the microarray was much smaller than the 
vesicles dispersed in the solution, signal analysis was possible through 
fluorescence measurement. It has the advantage of measuring small or 
low concentration samples owing to the limited number of vesicles, so it 
is used as a typical signal increase method for PDA-based biosensors. 
Also, when the detection material is fixed on the substrate, signal 
detection from the sensing materials can be performed in a gradually 
concentrated environment while evaporating the solution containing 
the target material (Wang et al., 2018b). However, since it is difficult for 
the PDA vesicles which are immobilized on the substrate to exist as a 
dense layer, a method of increasing the density of the PDA vesicle 
immobilized through the inter-linker between the vesicles was used. 
PDA vesicles existing in 2D substrates can be expanded to 2.5D to obtain 
aggregated vesicles or PDA vesicles with several layers (Choi et al., 
2011; Kim et al., 2011; Park et al., 2009). By introducing the 
inter-linker, the fluorescence signal of the PDA vesicle can be obtained 

more effectively. 
For example, to further enhance the immobilization of PDA vesicles, 

diamine was introduced to form bundles of PDA vesicles exhibiting 
increased surface immobilization as compared to individual PDA vesi
cles (Fig. 9a). The bundle of PDA vesicles could be densely immobilized 
than a single vesicle, and through high integration, this group developed 
a platform that could obtain the fluorescence signals in excess of ten-fold 
stronger. By forming a group of vesicle complexes, it is possible to in
crease the signal generated from the PDA while maintaining the selec
tivity of the PDA (Park et al., 2009). Alternatively, avidin was 
introduced on the surface of the PDA to create a multilayer of PDA 
vesicles through the layer-by-layer method by avidin-biotin or electro
static interaction (Fig. 9b). The PDA fluorescence signal was enhanced 
as the number of layers increased due to the vesicle stack (Choi et al., 
2011; Kim et al., 2017a). 

4.3.2. Nanoparticles-PDA liposome complex 
The fluorescence-based platform is a widely used spectrum tech

nology in a wide range of fields, including chemosensors for biosensor 
applications (de Silva et al., 1997; Thomas et al., 2007). Fluorescence 
analysis technology is a promising method for sensing applications 
because of its sensitivity, simplicity, non-invasiveness and multiplex 
detection of analytes (Ai et al., 2008; Jeong et al., 2018). As the field of 
fluorescence technology is gradually widening, fundamental methods to 
increase fluorescence signal have gradually emerged. In particular, 
several physical phenomena, such as fluorescence efficiency, auto
fluorescence, quenching and photobleaching of the fluorophore, are 
usually considered in fluorescence-based sensor applications. Since the 
sensitivity of the fluorescence platform applied in the biosensor or 
chemosensor is a crucial element, these phenomena related to fluores
cence have become an important criterion for high fluorescence in
tensity and photostability of the fluorophore (Hacia et al., 1996; 
Nguyen-Ngoc and Tran-Minh 2007). PDA is also considered as a po
tential fluorophore, but its low quantum efficiency is one of its major 
disadvantage. For this reason, research on platforms that can improve 
the quantum efficiency of PDA for PDA-based sensor applications is 
ongoing. Among several platforms, the method using metal structures 
and nanometer-scale particles is used as an effective method to improve 
fluorophore fluorescence performance. This phenomenon is called 
metal-enhanced fluorescence (MEF) and when nanometer-scale metal 
particles maintain an appropriate distance from the fluorophore, the 
fluorescence amplification effect of the fluorophore is based on plasma 

Fig. 8. Second strategy to improve the sensitivity of polydiacetylene based sensors: Improving the sensitivity of PDA by adding additional stimuli such as secondary 
interactions to the PDA. (A) Schematic illustration of the process of inducing additional interaction using dual aptamers for thrombin detection system. (B) A scheme 
showing the process using HRP-Ab composite to improve the detection sensitivity of the microarray platform. This Figure reproduced with permission from ref. (Jung 
et al., 2010). Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. and (Lee et al., 2014b). Copyright 2014, Elsevier B.V. 
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coupling. By using these fluorescence amplification phenomena, various 
sensor applications increase the sensitivity of fluorescence and help to 
detect substances with lower concentrations (Jeong et al., 2018; Wang 
et al., 2018b). A simple way to introduce metal nanoparticles into PDA is 
to form a PDA membrane around the metal particles. If the diacetylene 
monomer is wrapped around metal nanoparticles to form a core-shell 
structure, the distance between the PDA backbone and the metal par
ticles can be kept constant due to the alkyl chain of the spacer or tail. The 
preparation of PDA-metal nanoparticle composites is largely classified 
into three methods, namely, incubation to replace the polysaccharide 
stabilizer with diacetylene (Alloisio et al., 2015), hydrothermally 
coating diacetylene dispersed in an aqueous solution at high tempera
ture (Cui et al., 2018), and the microwaving method to surround diac
etylene on the surface of metal particles using instantaneous heat 
(Yokoyama et al., 2009). Due to the interaction with metal nano
particles, PDA composites with metal nanoparticle cores can emit 
amplified fluorescence signals more than ordinary PDA vesicles without 
metal nanoparticle cores (Cui et al., 2018). For example, a sensor system 
was designed to detect probe DNA by forming PDA-AgNP shell-core 
composites (Fig. 10a). Owing to the introduction of AgNP, simultaneous 
Raman scattering and photoluminescence (PL) increased, with the 
Raman signal increasing in excess of 100-fold and the LOD for the target 
DNA could be achieved to 100 amol (Kim et al., 2020b). Furthermore, by 
forming a PDA shell around the metal nanoparticles and the particles to 
which the raman material is attached for SERS, the change in the raman 
signal due to the PDA deformation can be greatly amplified (Kim et al., 
2015a) (Fig. 10b). However, the MEF or Raman amplification can be 
sensitive to distance, so a detailed optimization process where a spacer 
that maintains a proper distance between the metal nanoparticles and 
the PDA, is additionally required. 

4.4. 3D deposition or encapsulation of PDA liposomes 

Since the first membrane-based PDA-based sensors were developed, 
PDA-based biosensors have mainly use liposomes dispersed in aqueous 
solutions or 2D structures such as microarrays. Because the 2D micro
array can only observe a few layers of liposome, it is difficult to obtain 
sufficient signal strength for observation. To overcome the intrinsic 
limitations of the 2D format, a method of introducing a network of 3D 
PDA liposomes was proposed. The 3D network, created by adding the 
height dimension to the existing 2D plane, can increase the number of 
PDA vesicle layers capable of performing signal observation, enabling a 
PDA liposome sensor with high sensitivity at a lower concentration 
target. For example, a carbon nanotube with uniformly spaced pillars 
was formed on a silicon substrate and cross-linked to the pillars, forming 
a 3D network frame. When comparing the alpha-cyclodextrin detection 
limit of a typical 2D PDA vesicle and a PDA vesicle immobilized in a 3D 
frame, by changing the structure it was possible to lower the LOD from 
the millimolar level to the micromolar level (Lee et al., 2016c) 
(Fig. 11a). Another 3D composition method used PDA-silica bead con
jugates by attaching a functionalized PDA vesicle around a relatively 
hard silica bead. This conjugate exhibited a greater color change and 
fluorescence signal than conventional PDA vesicles dispersed in an 
aqueous solution, achieving the LOD of PET protein to 20 nM level (Lim 
et al., 2011). 

Besides the 3D hard material framework, a method of wrapping PDA 
liposomes with another 3D material exists. The most widely used ma
terial for wrapping materials is hydrogel (Lee et al., 2011). The hydrogel 
can be easily prepared in an aqueous solution and is used as a material 
surrounding PDA because target molecules can easily enter and exit 
owing to their porous structure (Zhang and Khademhosseini 2017). For 
example, to detect genetically modified crops, polyethylene 
glycol-based hydrogels were formed on microfluids by encapsulating 
PDA vesicles modified with phosphinothricin acetyltransferase (PAT) 

Fig. 9. Third strategy to improve the sensitivity of polydiacetylene based sensors: (A) Comparison of existing PDA vesicle array and PDA vesicle array with inter- 
linker. (B) Multilayer polydiacetylene membrane lamination through layer-by-layer technique. These figures reproduced with permission from ref. (Kim et al., 
2020b). Copyright 2020, Licensee MDPI and (Kim et al., 2017a) Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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antibodies. Immuno-hydrogel beads changed color at significantly lower 
PAT concentration than PDA vesicles in aqueous solutions and lowered 
the LOD to approximately 10 nM (Lim et al., 2011). As another hydrogel 
material, alginate gel was wrapped in dopamine-functionalized PDA 
vesicles for the more sensitive detection of lead ions than the control 
group (Wang et al., 2015) (Fig. 11c). Similarly, microparticles sur
rounding multiple sensory PDA liposomes can be formed. The highly 
concentrated portion in the 3D space using the alginate hydrogel led to 
an improvement in sensitivity of about 20 times that of the lead ion, the 
target material, and the existing 2D PDA sensor platform (Fig. 11b). The 
method improved the sensitivity and enabled the simultaneous detec
tion of multiple target substances using multiphase sensory PDA lipo
somes (Lee and Kim 2012). 

4.5. Collaboration with fluorophores 

Because a single PDA membrane has a relatively low quantum yield, 
the repulsive force due to the low concentration of the target substance 
may not be sufficient to cause the PDA backbone to deform (Olmsted and 
Strand 1983; Reppy and Pindzola 2007b; Wang et al., 2016). In partic
ular, when the colorimetric or fluorescence signal of PDA in the aqueous 
solution is weak, signal analysis of the PDA may be unsatisfactory 
because the conjugated bond constituting the PDA backbone acts as a 
trap state of the electron to induce non-radiative relaxation emission. To 
supplement the low fluorescence efficiency of the disturbed PDA, a 

method to introduce new fluorescence fluorophores was proposed 
(Reppy and Pindzola 2007b). Since the PDA supramolecule is also a type 
of fluorophore, interactions between the fluorophores appear when a 
new fluorophore is introduced into PDA. The fluorophores used with 
PDA usually include organic molecules, inorganic materials (Dolai et al., 
2017; Nopwinyuwong et al., 2014), metal nanoparticles (Dubas et al., 
2017; Gu et al., 2020; He et al., 2020; Liffmann et al., 2015), and 
quantum dots (Kyeong et al., 2013). The auxiliary materials can be 
added as fluorescence, forming a composite with PDA to supplement or 
replace the insufficient fluorescence efficiency of PDA. Among them, 
Förster resonance energy transfer (FRET) is a typical phenomenon of 
interaction between fluorophores at a suitable distance. Since this 
phenomenon is highly sensitive to the distance between two fluo
rophores, it is used in sensor applications utilizing the interaction be
tween two separated fluorophores (Charron and Zheng 2018; Chen et al. 
2012a, 2019). It is used in various fluorescence-based fields due to its 
advantage of controlling fluorescence (Dubertret et al., 2001). PDA is 
also a type of potential fluorophore that can emit fluorescence under 
certain conditions and research has been conducted to use PDA using 
this phenomenon with other fluorophores (Kuroda and Swager 2003; Li 
et al., 2008; Ma et al., 2006). In the well-established blue state of PDA, 
the conjugated bond of PDA is an energy acceptor when the surrounding 
fluorophore is present. On the contrary, the modified conjugated bond in 
the red state cannot act as an energy acceptor for the fluorophore, so it 
can no longer quench the surrounding fluorophore (Ma et al., 2006). For 

Fig. 10. Fourth strategy to improve the sensitivity of polydiacetylene based sensors: (A) Production process of AgNP-PDA core-shell composite made by PDA 
monomer coating through the hydrothermal process. (B) SERS encoded core encapsulated by PDA layer for the enhanced raman signal. These figures reproduced 
with permission from ref. (Park et al., 2009). Copyright 2009, WILEY-VCH Berlag GmbH & Co. KGaA, Weinheim and (Kim et al., 2015b) Copyright 2014, Elsevier 
B.V. 
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example, researchers inserted a fluorophore dye between diacetylene 
monomers on the assembly membrane to form vesicles. In the blue state, 
the fluorophore was quenched by the adjacent conjugated bond and did 
not exhibit fluorescence. A reversible “turn-on” of fluorescence based on 
the ambient pH was possible by using the fluorescence quenching ability 
of the surrounding fluorophore by FRET of the conjugated bond (Ma 
et al., 2006). The PDA composites in this study did not focus on the color 
change of the PDA itself. It showed reversible quenching of the fluo
rophore according to the state of the conjugated bond that responded to 
changes in the surrounding pH environment. 

In other study, a strategy was used to directly amplify the PDA 
fluorescence by FRET by connecting the dye directly to a DA monomer. 
The fluorescence dye, which acted as an energy donor, collected energy 
and transferred energy to the PDA liposome to amplify the fluorescence 
signal emitted by the PDA. The fluorescence amplification caused by the 
FRET phenomenon was affected not only by the ratio of the DA mono
mer and dye, but also by the length of the linker between the DA and 
dye, resulting in an 18-fold fluorescence amplification (Li et al., 2008). 
By introducting a highly fluorescent dye into the diacetylene monomer, 
Wang et al. proposed FRET-applied PDA vesicles which enabled the 

detection of lower concentrations of cationic surfactant in an aqueous 
solution than traditional PDA vesicles (Wang et al., 2016) (Fig. 12a). 
Fluorophore based method can also be used in the field of imaging for 
observing bacteria or cells by using the properties of the fluorophore to 
be introduced. Wu et al. developed a PDA vesicle system by mixing a 
ligand lipid capable of receiving bacterial lipopolysaccharide (LPS) and 
a lipid with a fluorescent dye in the DA monomer to develop a biosensor 
of the turn-on fluorescence signal. When the PDA vesicle bonded to LPS 
on the E. coli surface, the fluorophore quenched by the conjugated bond 
recovered the fluorescence (Wu et al., 2011a). In Fig. 12b, Wang et al. 
have created a sensor that can detect MUC1 expressed in cancer cells in 
an aqueous environment at 0.8 nM level by introducing MUC1-aptamer 
with Cy3-fluorophore into PDA vesicles. The fluorophore method has 
the advantage that the distance from the PDA backbone can be easily 
optimized through linker molecules (Wang et al., 2020). 

Fig. 11. Fifth strategy to improve the 
sensitivity of polydiacetylene based sensors: 
(A) Illustration showing the process of 
attaching PDA vesicles to a carbon nanotube- 
based framework. (B) Schematic illustration 
of alginate encapsulated PDA vesicle forma
tion for melamine detection. (C) encapsula
tion of PDA vesicle in hydrogel using 
microfluidic device. Section A reproduced 
with permission from ref. (Lee et al., 2016c). 
Copyright 2016, The Royal Society of 
Chemistry. Section B reproduced with 
permission from ref. (Lee and Kim 2012). 
Copyright 2012, American Chemical Society. 
Section C adapted with permission (Jung 
et al., 2015).   

Fig. 12. Sixth strategy to improve the sensi
tivity of polydiacetylene based sensors: Intro
duce fluorophore to change the target of 
fluorescence from PDA to fluorophore to 
improve quantum efficiency. (A) Scheme 
illustration showing the formation of PDA 
vesicles with fluorophore introduced for 
various cation surfactants detection. (B) 
Schematic illustration of the production of a 
fluorescence turn-on PDA sensor for the 
plasma membrane imaging. This figure was 
reproduced with permission from ref. (Wang 
et al., 2016). Copyright 2016, American 
Chemical Society and (Wang et al., 2020). 
Copyright 2020, Elsevier B.V.   
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5. Future perspective 

5.1. General challenges of PDA based sensor 

Generally, fluorescence-based sensor systems require a low back
ground fluorescence for higher sensitivity. A sensor platform with a low 
background signal can more sensitively distinguish a signal generated 
when a target material is present (Jeong et al., 2018; Thomas et al., 
2007; Valeur and Leray 2000). From the point of view of the background 
signal commonly used in the sensor field, the background fluorescence 
of PDA in the blue state can be considered to be quite low in magnitude. 
However, when UV is applied to polymerize diacetylene assemblies and 
if the amount of injected energy is excessive, some diacetylene assem
blies may be converted to a red state, causing background fluorescence 
(Reppy and Pindzola 2007b). Additionally, while various types of re
ceptors, if the topochemical structure between diacetylenes significantly 
deviates from the conditions for proper polymerization, there is a pos
sibility that polymerization does not occur or a red color state PDA is 
formed. These factors may cause some errors in the detection of a target 
material with a PDA fluorescent signal. To solve the modification of PDA 
due to excessive UV energy irradiation, a DA monomer derivative that 
can induce relatively strong intermolecular bonds such as hydrogen 
bonds is used, or it is necessary to perform an optimization process to 
minimize the formation of the red-state PDA. 

Although it is known that the disturbance of the PDA backbone is the 
main cause of the change in the PDA state, the inaccurate identification 
of the PDA state change mechanism can also hinder further application 
(Qian and Stadler 2019). For example, it has not been clearly revealed 
whether the PDA state change is continuous or non-continuous, that is, 
whether an intermediate states exist microscopically. It is a great 
advantage to be able to impart selectivity to a PDA sensor by introducing 
a receptor suitable for the situation. However, due to the nature of PDA 
that exhibits fluorescence through interactions, the amount of UV en
ergy to be irradiated and the intensity of the signal can vary depending 
on the density of receptors and the type of DA monomer. Additionally, 
since PDA shows a relatively low quantum yield and fluorescence in
tensity as compared to other nanoparticles or fluorophores, a method to 
amplify the fluorescent signal of PDA is additionally required. 

In addition to the PDA material-based sensor as a chromogenic ma
terial or a fluorophore, a platform using electrical signals or other op
tical methods is being developed (Dubas et al., 2017; Liffmann et al., 
2015; Rao et al., 2020). A platform with higher sensitivity than the 
conventional color change or fluorescence detection method has been 
developed using the conductivity and optical properties of PDA due to 
its conjugated bond. 

5.2. Various PDA perspectives for sensor applications 

PDA sensors are applied to a wider range of applications, including in 
the role of chemosensors or biosensors, that directly or indirectly detect 
general target substances (Fang et al., 2020; Wen et al., 2018). For 
example, PDA nanostructures, such as liposomes or micelles that mimic 
cell membranes can act as drug delivery carriers for chemotherapy (Yao 
et al., 2017). The main disadvantages of liposomes composed of general 
phospholipids are low stability and low delivery efficiency due to drug 
leakage (Dromi et al., 2007). In contrast, PDA-based liposomes maintain 
the biocompatibility characteristics of liposomes, and the stability of the 
membrane is greatly increased due to the conjugated backbone gener
ated through polymerization, which can offset low delivery efficiency to 
some extent (Bulbake et al., 2017; Qin et al., 2011). In addition, the PDA 
structure has been used in bioimaging fields because it exhibits red 
fluorescence in vivo or in vitro (Tao et al., 2019; Yang et al., 2014a). 
Functionalized PDA composites become fluorescent when the PDA is 
exposed to interaction with the target, heat, pH, and others, enabling 
fluorescence tracking for the movement path (Peng et al., 2017). That is, 
PDA liposome can simultaneously act as a fluorescent molecule for 

bioimaging and perform a drug delivery function (Li et al., 2015a; Yan 
and An 2014). 

Additionally, PDA supramolecular structures are also used in fields 
such as tissue engineering. Through label-free fluorescence of PDA 
structures stimulated by ligand-receptor interaction, it is possible to 
check the behavior of cells by introducing functional groups related to 
cell movement or adhesion (Haridas et al., 2014; Ramakers et al., 2015; 
Samal et al., 2012). Functionalized PDA, in the form of a film or scaffold, 
is attracting attention because it not only provides a signal for cell 
behavior or differentiation, but also enhances the mechanical strength of 
the scaffold with the unique optical characteristics of the PDA (Biesalski 
et al., 2006; Das et al., 2019). 

PDA, a conductive polymer, has relatively poor electrical conduc
tivity owing to its rigid crystal domain in the bulk phase, but has high 
electrical conductivity when the nano-sized structure has a one crystal 
domain through self-assembly (Cho et al., 2011; Marikhin et al., 1997; 
Nakanishi et al., 1983; Okawa et al., 2012). PDA films or assemblies can 
be used as a semiconductor electrical conductance because of their high 
mobility characteristics. In addition, as interest in flexible and stretch
able electronics has increased, many studies on microscopic PDA 
structures with unique optical properties and electrical conductivity 
have been conducted in the photonics or electronics fields (Girar
d-Reydet et al., 2016; Yarimaga et al., 2012b). For example, PDA tubes 
exhibit a unique phenomenon as an optical waveguide and is promising 
for various sensor applications (Hu et al., 2014; Rao et al., 2020; Zhu 
et al., 2016). 

6. Summary and conclusion 

We reviewed the optical behaviors of PDA through the characteris
tics and structure of various diacetylene monomers and PDA. The 
diacetylene monomer can be customized to suit the desired structure 
and has the advantage of being accompanied by color changes observ
able to the naked eye. Moreover, because PDA exhibits fluorescence 
“turn-on” characteristics, it is possible to construct a label-free sensor 
platform and synergize it through collaboration with other fluorophores. 
We discussed the factors that cause the signal generation of PDA and 
strategies to improve the sensitivity of advanced sensor platforms. Un
derstanding the optical properties of PDA is important because it im
proves the capabilities of PDA and enables its application to a wider 
range of applications. Since the first synthesis of diacetylene and its use 
in sensor applications, the unique properties of PDA caused by conju
gated bonds have been widely used. In addition to color change and 
fluorescence properties, the unique optical properties of PDA still make 
PDA attractive. As a type of conjugated polymer with a conjugated bond, 
PDA has the potential to be applied to fields such as photonics and 
electronics. To appropriately utilize the potential of PDA, more studies 
are needed to properly understand the optical properties of PDA and to 
clarify the mechanism for the optical property change. 
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