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Abstract: Polydiacetylenes are a class of polymers with unique optical properties. Upon photopolymerization, monomers form a 

deep blue, non-fluorescent polymer, which transitions to a red, fluorescent polymer in response to various environmental factors, 

such as pH, temperature, or molecular binding. The chromatic and emissive properties of polydiacetylenes have generated 

considerable popularity for their use in biosensing applications over the past three decades.  The versatility of polydiacetylene 

forms has also allowed for a wide range of sensors, such as: liposome bacterial sensors, films for detecting influenza virus, 

hydrogels for protein detection, and printed ink for the detection of volatile organic compounds. In this article, we review the wide 

range of techniques employed in the development of polydiacetylene sensors and summarize methods to modify, characterize, and 

analyze polydiacetylene-based sensing systems. Additionally, we discuss the recent directions of polydiacetylene materials outside 

of sensing applications as versatile tools in biomedicine and tissue engineering. 

1. INTRODUCTION 

Polydiacetylenes (PDAs) are a class of polymers with 

highly conjugated backbones that have become increasingly 

attractive as biosensing materials due to their unique 

chromatic and emissive properties. PDA materials provide a 

number of advantages attributable to their ease of formation 

under self-assembly systems. The polymerization of 

diacetylenes (DA) to form PDA commonly occurs via 

photoreaction without the need for chemical initiators, which 

enables high purity synthesis with no by-products. The 

chromatic properties of PDA arise from its highly structured 

alternating ene–yne backbone. Upon UV or - irradiation, 

monomers polymerize to appear optically blue and non-

fluorescent. Exposing blue PDA to environmental stimuli such 

as changes in pH,
1, 2

 temperature (thermochromism),
3-5

 

mechanical stress (mechanochromism),
6, 7

 and molecular 

binding events (affinochromism/biochromism),
8, 9

 results in a 

shift in its absorption spectrum from low to high energy, 

resulting in the appearance of optically red PDA that also 

exhibits red fluorescence.  

The specific biochromism demonstrated by PDA is due to 

their chemical adaptability. In particular, the pendant side-

chains on the hydrophilic heads of DA monomers are easily 

modified to facilitate their interaction with target molecules. 

Specifically, conjugating functional detection probes onto 

these head groups can generate chromatic PDA signals in 

response to specific biomolecule detection. PDA systems 

conjugated with antibodies,
10-13

 aptamers,
14-17

 proteins,
12, 18, 19

 

haptens,
20

 and various functional groups
21, 22

 have been 

demonstrated. Due to their built-in chromatic conversion, 

PDA platforms forego the need for costly secondary labels and 

detection instruments. This extensive adaptability of PDA 

furthers its potential in label-free biosensing systems. 

Since the initial development of PDA films by Wegner in 

1969,
23

 PDA materials have been prepared in a variety of 

forms and composed as mixtures with other lipid 

constituents.
24

 Currently, PDA is most commonly synthesized 

as self-assembled bilayer liposomes in aqueous solutions;
13, 21, 

25-27
 however, recent developments in PDA biosensors have 

given rise to the immobilization of PDA liposomes on solid 

substrates, such as microbeads
28

 and cellulose membranes.
29, 30

 

More recent applications have employed PDA materials with 

host matrices, including sol-gel materials,
10, 31-33

 fibrous 

scaffolds,
34

 graphene sheets,
35

 and polyvinylidene fluoride 

membranes.
12, 36, 37,38

 The use of fluorescent red-phase PDA 

has also been explored in highly sensitive microarray assays 

and microfluidic chip sensors.
15, 39

 The properties and 

applications of PDA materials have been reviewed and 

discussed over the years.
39-47,48,49,50

 However, as PDA 

technology progresses, researchers continue to establish a 

wide variety of methods to synthesize and design PDA 

platforms, and there is a need to tabulate these approaches to 

better facilitate advancement and prepare new researchers 

interested in PDA technologies. In this strategic review of 

PDA materials, we discuss the fundamental properties of PDA 

and organize the diverse methods of PDA synthesis. This 

includes compiling the various approaches to conjugating 



functional materials onto PDA and the role of adding external 

constituents into PDA materials. We will also summarize 

current techniques used to characterize and quantify color 

change in PDA sensors. Finally, we will review some of the 

most recent platforms for PDA systems. This review is 

targeted for researchers of all scientific backgrounds as both 

an introduction to and an update on the current state of PDA 

materials. Due to previous in-depth discussion of PDA sensors 

as Langmuir-Blodgett (LB) films, 
44

 these will not be 

discussed in detail in this article. 

2. POLYDIACETYLENES 

2.1 Brief History 

The first investigation into PDA materials was carried out 

by Wegner in 1969.
23

 In his initial studies Wegner achieved 

photopolymerization of bis-(p-toluene sulfonate) to create 

purple crystals that transitioned to red after UV 

polymerization.
51

 The application of PDA materials as 

biosensors was pioneered largely by Charych and colleagues 

in the early 1990’s.
9, 43, 52-56

 Most notably, Charych and 

colleagues demonstrated the blue to red color transitions of 

PDA film in response to the binding of influenza virus on 

PDA films covalently modified with sialic acid.
9
 These early 

investigations into PDA for biosensing materials resulted in 

the synthesis of a number of chromatic DAs ranging in color 

from blue to orange; however 10, 12-pentacosadiynoic acid 

(PCDA) and 10, 12-tricosadiynoic acid (TCDA) were favored 

by researchers for their stable blue to red color transitions in 

response to molecular binding events
43

 (Figure 1A). PCDA 

and TCDA are currently the most widely used in PDA 

applications and are commercially available as off-the-shelf 

compounds. 

2.2 Properties of Polydiacetylenes 

PDA is photosynthesized via 1,4 addition of the diacetylenic 

moiety of DA monomers by UV or - irradiation (Figure 1B). 

Due to their amphiphilic structure, DA monomers will 

naturally align in aqueous solution as a result of van der 

Waals’ interactions between the hydrophobic alkyl chains.
40, 57

 

This is favorable because proper packing and alignment of the 

DA moiety is required for polymerization to occur.
58-60

 Upon 

254 nm UV irradiation, PDA supramolecules appear deep blue 

(Amax ~640 nm). The appearance of color in polymerized PDA 

materials is a result of optical -* absorption in the 

alternating ene-yne conjugated polymer backbone.
40, 61

 The 

exertion of external stimuli to the backbone causes an 

irreversible shift in absorbance from low to high energy, 

resulting in the appearance of red-phase PDA (Amax ~540 

nm).
40

 

Figure 1. Molecular structure of diacetylenes. (A) Structure of 

commercially available diacetylenes PCDA and TCDA. (B) 

polymerization of diacetylenes via 1,4 addition. 

The mechanism of transition between the blue-phase and 

red-phase PDA remains to be fully elucidated. It is proposed 

that after photopolymerization, the resulting blue-phase PDA 

backbone is prevented from adopting a fully relaxed 

configuration due to geometric restrictions imposed by the 

head groups. The exertion of environmental stimuli causes 

fluctuations in the head group configuration thereby disrupting 

the planarity of the conjugated backbone via rotational 

changes about the C-C bonds
40, 44

 (Figure 2). This shifts the -

orbital overlaps causing a blue-shift in the absorption 

spectrum of the PDA backbone.  

 

Figure 2. Slight rotations in the PDA backbone result in the 

conversion from blue phase to red phase. 

Red-phase PDA is perceived to be more thermodynamically 

stable than blue-phase PDA, causing the irreversible character 

of PDA transitions.
40, 62-64

 This mechanism of transition is 

supported by the observation of engineered reversible PDA 

materials, in which the DA head groups are modified to 

include amide, aromatic, and carboxylic acid groups. Such 



modifications enable stable H-bonding between head groups 

in the initial blue-phase configuration and throughout 

treatment, allowing the PDA backbone to return to blue-phase 

planarity upon release of external stimuli (e.g. heat and pH 

treatment).
62, 65, 66

 While the development of reversible PDA 

materials is another desirable aspect for biosensing solutions, 

this review will focus on irreversible PDA materials. 

Red-phase PDA exhibits intense fluorescence properties 

that are not observed in blue-phase PDA. The reason for this is 

suggested to be an energy shift in the lowest excited state from 

the blue-phase to the red-phase. In the blue-phase, the lowest 

excited state exhibits Ag symmetry, a dipole-forbidden 

transition. In the red-phase, the lowest excited state exhibits Bu 

symmetry, which allows for radiative decay resulting in 

fluorescence.
40, 67, 68

 Red-phase PDA will emit red 

fluorescence with emission peaks at approximately 560 and 

640 nm when excited with wavelengths at 450 nm and 

above.
69

 

The unique chromogenic and fluorogenic properties of PDA 

make it a desirable material for biosensing applications. 

Specifically, their internal “switch” to give a visual output via 

blue to red color transitions in response to external stimuli 

makes PDA materials especially attractive for user-friendly, 

in-field, diagnostic applications. This characteristic of PDA 

enables the production of one-step detection devices, 

foregoing the need for secondary labels to visualize analyte 

detection. The additional property of PDA materials to 

transition from a non-fluorescent to fluorescence-emitting 

state further lends potential for the development of highly 

sensitive sensors
15, 70

 and possibilities for signal amplification, 

for example, via Förster resonance energy transfer (FRET) 

applications.
71, 72

  

3. SYNTHESIS AND MODIFICATION OF 

POLYDIACETYLENES FOR BIODETECTION 

PDA polymers are commonly synthesized from 

commercially available PCDA and TCDA monomers. In the 

advancement of PDA technologies, researchers have explored 

a vast range of methods to tailor PDA materials and enhance 

their properties. A few examples include approaches to 

increase their detection sensitivity, biomimetic properties (for 

PDA liposomes), and to incorporate PDA into various material 

forms. In this section, we discuss the methods by which 

researchers have tailored PDA materials for biosensing. For a 

detailed discussion of the synthesis of PDA films and 

liposomes, readers are referred to a comprehensive review by 

Reppy and Pindzola.
44

 The present article instead focuses on 

PDA modifications to enhance biodetection. 

3.1 Synthesis of Polydiacetylene Liposomes 

Many recent advancements involve the manipulation of 

PDA liposomes that are synthesized in colloidal suspension. 

Due to their amphiphilic nature, DA monomers will form self-

assembled bilayer liposomes in aqueous solution. A general 

procedure for the preparation of PDA liposomes involves first 

dissolving the DA monomers, along with any other lipid 

constituents desired, in chloroform to create an even 

distribution of monomers. If no additives are desired or only 

one type of DA monomer is being used, this step may be 

omitted. Chloroform is then evaporated, often in vacuum, by 

N2 stream, or via rotary evaporation. The resulting mixture is 

resuspended in deionized water or aqueous buffer and 

dispersed by sonication at above 60C, the phase transition 

temperature (Tm) of DAs. The resulting solution is commonly 

filtered through a porous membrane to remove any aggregates. 

In order to promote liposome stability and alignment of the 

DA backbone, the colloidal suspension is stored at 4C for at 

least 4 h. The transparent solution is then irradiated under 254 

nm UV light resulting in the appearance of a blue PDA 

polymer solution. PDA liposome solutions commonly range 

from 0.5 to 2 mM total lipid concentration, as higher 

concentrations can cause the PDA to precipitate out of 

solution.
44

 

3.2 Modifications of Polydiacetylenes for Biodetection 

While PDA materials are naturally responsive to 

environmental stimuli, researchers have explored various 

modifications in order to adapt and enhance the polymer for 

specific detection of biomolecules (Table 1). Here, we review 

a number of these approaches. 

3.2.1 Lipid Doping 

The addition of other lipids, most commonly phospholipid 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), to DA 

mixtures to form phospholipid/PDA liposomes was first 

demonstrated by Jelinek and colleagues in the early 2000s.
25, 

73-77
 In such composite liposomes, DMPC was found to form 

sub-domains within the PDA membrane and did not inhibit 

polymerization. While initial investigations of DMPC/PDA 

liposomes were for their biomimetic properties in studies 

involving cell membrane interactions,
26

 subsequent reports 

highlighted their use in biodetection. Taking advantage of 

hydrophobic ionophores with specific ion selectivity, Jelinek 

and colleagues successfully incorporated ionophores into the 

phospholipid domain of the of the DMPC/PDA liposomes. 

Subsequent addition of ions to DMPC/PDA liposome 

solutions resulted in specific interactions between ions and 

ionophores causing a color response visible to the naked eye.
75

  

Jelinek and colleagues further demonstrated the feasibility 

of this method through reports of specific interactions between 

antibodies with epitopes embedded into phospholipid domains 

of DMPC/PDA liposomes,
74

 and again with specific protein 

interactions with embedded calixarenes
24

 (Figure 3). Notably, 

in these studies, the embedding of detection biomolecules into 

the phospholipid domain of liposomes occurred after 

polymerization, but did not result in significant color 

transitions. The same group also employed unmodified 

DMPC/PDA composites as bacterial sensors.
78, 79

 The design 

of these sensors benefits from the interaction between 

 



 

Figure 3. Phospholipid doping of PDA results in a mixed 

liposome membrane composed of phospholipid (black) and PDA 

(blue) subdomains. The embedding of membrane proteins into the 

phospholipid domains can act as receptors for target analytes. 

Reproduced with permission from ref 24. 2006, Copyright (2006) 

American Chemical Society. 

bacterial endotoxins and membrane phospholipids. 

Although this non-specific approach cannot distinguish 

detection of specific bacterial strains, color transitions in the 

liposome-laden agar scaffolds were observed in the presence 

of both gram-negative and gram-positive bacteria.
79

 

Additional investigations into DMPC/PDA liposomes 

suggest that they enhance the properties of PDA sensors.
13, 80

 

Su et al.
13

 reported that 40:60 DMPC:PDA liposomes exhibit 

up to 35% higher sensitivity of antigen detection by anti-

human immunoglobulin (h-IgG) antibody-conjugated PDA as 

compared to liposomes containing 0% DMPC, as determined 

by percent Color Response (CR) (Section 4.2.1). Similarly, a 

report by Kim et al.
80

 found that liposomes composed of 20-

40% DMPC displayed expedited color transitions as compared 

to lower DMPC percentages in the detection of E. coli. 

Notably, both studies indicate that liposome morphology at 

40% DMPC resembles flat sheets rather than circular 

liposomes (Figure 4). Studies investigating the morphological 

changes of 4:6 DMPC/PDA materials have reported varying 

morphologies, including circular liposomes, flat sheets, and 

fibers.
13, 44, 53, 81

 A discussion of these is available elsewhere.
44

 

 

Figure 4. TEM images of DMPC/PDA with 0% DMPC (A) 

and 40% DMPC (B). Labels recreated for consistency. 

Reproduced with permission from ref 
13

. Copyright 2004, 

Elsevier B.V. 

 

Table 1. Modifications and Methods to Characterize PDA sensors 

Ref. Composition Target Detection Limit Characterization 
Naked 

Eye 

11
 

PCDA and  

PCDA-Maleimide 

liposomes 

C. parvum 10
6
 oocysts/mL 

1
H NMR, spectrophotometry (UV-Vis), differential 

scanning calorimetry (DSC), transmission electron 

microscopy (TEM) 

Yes 

14
 

PCDA and TCDA 

liposomes doped with 

DMPE 

Thrombin 0.5 mM thrombin 

Scanning electron microscopy (SEM), fourier transfrom 

infrared spectroscopy (FTIR), dynamic light scattering 

(DLS), spectrophotometry (UV-Vis) 

Yes 

19
 Mixed DA liposomes 

Bacterial 

lipopolysaccharide 

(LPS) 

4.91 x 10
8
 cells/mL E. coli 

DLS, atomic force microscopy (AFM), 

spectrophotometry-(UV-Vis, fluorescence) 
No 

82
 

PCDA liposomes with 

alkyl chain spacers 

Diethyl phosphate 

(DEP) 

N/A (multiple targets were 

tested, all at 1 mM) 
Spectrophotometry (UV-Vis, photoluminescence) N/A 

83
 

DA-2,2’-

(ethylenedioxy)bis(eth

ylamine) (DA-EDEA) 

liposomes 

Heparin 
2.5 µM in buffer, 5.6 µM 

in serum 
DLS, Spectrophotometry (UV-Vis) No 



16
 

PCDA-NHS 

liposomes with 

carboxylic acid 

spacers 

Potassium 0.1 mM potassium Spectrophotometry (UV-Vis, photoluminescence) No 

10
 

TCDA-NHS 

liposomes doped with 

DMPC in hydrogel 

beads 

Phosphinothricin 

acetyltransferase 

(PAT) 

20 nM PAT Spectrophotometry (UV-Vis) Yes 

12
 

TCDA-NH2/TCDA-

OH; TCDA-OH/ 

Diamine 

 

Streptavidin (STA); 

microalbuminuria 

(MAU) 

170 nM STA; 

2 µg/mL MAU 

FTIR,  

Spectrophotometry (UV-Vis, photoluminescence) 
No 

84
 

Organic solvent-

modified PDA ink 

emulsion printed on 

paper 

Bisurethane 

Discrimination between 

tetrahydrofuran, methylene 

chloride and chloroform 

was achieved 

Spectrophotometry (UV-Vis), fluorescence imaging Yes 

85
 

Intercalator-modified 

PCDA liposomes 

Double-stranded 

DNA amplified from 

genomic DNA  

20 nM of DNA with a 

length of ~100 base pairs 
Spectrophotometry (UV-Vis), TEM Yes 

The mechanism by which DMPC doping increases 

sensitivity of PDA materials is unknown and has yet to be 

fully investigated. A number of reports indicated an increase 

in flexibility of phospholipid/PDA composite materials 

through interruptions in the rigid PDA backbone.
26, 76, 77, 86

 It is 

proposed that the insertion of DMPC along the PDA backbone 

disrupts hydrogen bonding between PDA head groups. This 

results in a less rigid PDA structure, which likely enables 

more sensitive blue to red transitions from biomolecular 

recognition events.
13, 80

 

While DMPC remains the most widely used dopant in PDA 

composite materials, several studies further explored 

additional phospholipids such as 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE)
14, 87-90

 and 1,2-dimyristoyl-sn-

glycero-3-[phospho-rac-(1-glycerol)] (DMPG),
87-90

 among 

others.
78, 91, 92

 Whereas a number of recent studies incorporated 

such additional phospholipids to increase the biomimetic 

properties of PDA liposome membranes for the purpose of 

studying cell membrane interactions,
87, 89, 91

 Deming and 

colleagues have highlighted the preferential interaction of 

certain amino acids for particular phospholipids. For example, 

Lysine and Leucine induced more sensitive color transitions 

when exposed to DMPG/PDA and DMPE/PDA liposomes as 

compared to DMPC/PDA.
90

 Similarly, Jelinek and colleagues 

have recently determined lipid-dependent sensitivities in PDA 

fingerprinting platforms for bacterial detection. Specifically, 

films made with three different lipids DMPC/PDA, 1--

dioleoylphosphatidylethanolamine (DOPE)/PDA, and 1-

palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] 

(POPG)/PDA each resulted in a distinct color transition when 

exposed to certain strains of bacteria (Figure 5).
78

 Kang et al. 

demonstrated detection of aminoglycosidic antibiotics using 

PDA- phospha- tidylinositol-4,5-bisphosphate (PDA-PIP2).
93

 

The PDA-PIP2 liposomes showed highest specificity when 

spiked with 1,2-Dimyristoyl-sn-glycero-3-phosphate (DPMA), 

as it increases the mobility of the PDA backbone.
93

 Such 

findings suggest the significance of the dopant lipid head 

groups in biodetection assays and indicate yet another 

approach to tailor PDA materials for more specific and 

sensitive biomolecular interactions. 

 



Figure 5. PDA fingerprinting of bacterial strains. Four types of 

PDA films created with varying lipid dopants exhibit unique color 

transitions when exposed to different strains of bacteria. Adapted 

from ref 78. Copyright 2007, American Chemical Society. 

3. 2.2 Covalent Modifications 

PDA conjugates have been investigated for biomolecular 

detection since initial studies by Charych and colleagues, in 

which the modification of DA monomers with sialic acid via 

carboxylic ester synthesis was reported in the detection of the 

influenza virus.
9
 In this subsection, we discuss the general 

techniques used to conjugate functional biomaterials to PDA 

and review a number of strategic approaches to increase 

detection sensitivity through covalent modifications. 

3.2.2.1 PDA intermediates. The modification of PDA 

materials often refers to the conjugation of functional 

compounds onto the hydrophilic head groups of PCDA and 

TCDA monomers. Specifically, carboxylic ester synthesis 

from the carboxylic acid moiety of the DA monomer and an 

amine group on the biodetection probe (e.g. antibody, 

aptamer, functional group, etc.) occurs via activation of the 

carboxylic acid with N-hydroxysuccinimide (NHS) and 

ethyl(dimethylaminopropyl) carbodiimide (EDC).
94

 While the 

conjugation of biodetection probes can follow immediately  

 

Figure 6. Protocol for conversion of diacetylenes (DA) to their 

succinimide ester (DA-NHS). (A) Stir a mixture of DA, N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide-hydrochloride 

(EDC-HCl) and N-hydroxysuccinimide (NHS) in 

dichloromethane (DCM) for 2 h. (B) Evaporate the solvent 

(dichloromethane) and (C) purify the DA-NHS by resuspending 

in ethyl acetate (EtOAc). (D) Evaporate the solvent (ethyl acetate) 

and collect the product. 

after the conversion of DA monomers to the succinimidyl 

ester, an alternative is to synthesize and store the activated DA 

intermediate, DA-NHS, for further use. A general procedure 

for the synthesis of DA-NHS involves reaction of the DA 

monomers with excess NHS and EDC in methylene chloride 

for 2 hours at room temperature. Next, removal of the organic 

solvent (dichloromethane) by evaporation is followed by 

extraction using ethyl acetate. The resulting DA-NHS 

monomer is a white solid (Figure 6). 

 More recently, Kim and colleagues have reported studies 

incorporating the addition of linker or spacer molecules to DA 

intermediates.
15, 16, 95

 In these reports, 2,2’-

(ethylenedioxy)bis(ethylamine) (EDEA)
16

 and 2-(2-(2-

Bromoethoxy)ethoxy)ethanol
95

 were conjugated after the 

synthesis of DA-NHS and before the conjugation of 

biodetection probes. Interestingly, further investigation by 

Kim and colleagues into the effect of alkyl spacer moieties on 

color transformations of PDA materials demonstrated that the 

sensitivity of color transitions decreased with increasing alkyl   

spacer length (Figure 7).
82

 This result is supported by the 

current proposed mechanism of color transitions (Section 2.2), 

in which increasing alkyl spacer lengths is associated with an 

increase in van der Waals’ interactions between monomer 

side-chains, thereby stabilizing the blue phase through 

restricting rotations in the PDA backbone. Similarly, the 

length of the alkyl chain that comprise the hydrophobic tail of 

the DA monomer influences sensitivity. In a recent study by 

Park et al., PDA sensors, fabricated by coating monomers with 

varying sizes of alkyl chains (C18-C25) on porous silica 

plates, exhibited varying sensitivity when exposed to ammonia 

gas.
96

 Red fluorescence intensity of 10,12-octadecadiynoic 

acid (C18)-coated sensors were approximately 20 times 

greater than that of TCDA (C23)-coated sensors.
96

 These 

studies indicate that the composition of spacer, linker, and 

alkyl chain 

Figure 7. PCDA monomers modified with varying linker lengths 

from 2 to 6 carbons. Reproduced with permission from ref 82. 

Copyright 2010, John Wiley & Sons, Inc. 



moieties have significant effects on detection sensitivity, 

however, more investigation is needed in this area.  

Kim and colleagues have further explored an alternative to 

DA-NHS intermediates by investigating DA-epoxy conjugates 

due to the known stability of epoxy groups under proper 

storage and their ability to readily react with amine groups.
15, 

70, 95
 Accordingly, their results suggest that DA-epoxy provides 

higher stability as compared to DA-NHS intermediates.  

The reports from such explorations into the effects of 

additional linkers between conjugated detection probes and the 

PDA membrane surface as well as the use of alternative 

intermediates for probe conjugation are significant for both 

increasing detection sensitivities and revealing properties 

behind PDA color transformations.  

3.2.2.2 Functional materials. The functionalization of DA 

monomers with biomolecular detection probes including 

antibodies,
10-13

 aptamers,
14-17

 proteins,
12, 18, 19

 and others
8, 21, 22, 

83, 97-99
 have been reported. Generally, these involve the 

spontaneous reaction of DA-NHS esters with an amine group 

on the detection probe in aqueous solution, followed by a step 

to remove unreacted molecules. Methods of conjugation vary 

at the time point in which conjugation occurs. For example, in 

a study by Jung et al.,
14

 thrombin aptamers were conjugated to 

previously prepared, unpolymerized DA-NHS monomers in 

excess, and unreacted monomers were removed by centrifugal 

filtration. DA monomers functionalized with thrombin 

aptamer were then mixed with non-functionalized lipids for 

PDA liposome formation. Alternatively, another approach by 

the same group
10

 converted unpolymerized DA to 

succinimidyl esters as self-assembled liposomes and removed 

unreacted NHS by centrifugation. Anti-phosphinothricin 

acetyltransferase (PAT) antibodies were then reacted with the 

DA-NHS liposomes in solution. Unconjugated antibodies 

were removed via centrifugal filtration and unreacted esters 

were quenched with ethanolamine. Another study by Lee et 

al.
16

 described the conjugation of potassium aptamers in 

excess onto unpolymerized, self-assembled DA-NHS 

liposomes. Unbound aptamers were then removed by dialysis 

prior to photopolymerization.  

The percent of probe-conjugated DAs (i.e., the ratio of 

probe-conjugated DAs to total lipids) is significant but not 

well understood. In early investigations, Charych and 

colleagues determined that for optimal detection of influenza 

virus, PDA film sensors were to be fabricated with 5-10% 

sialic acid-conjugated PDA.
25, 52

 This is additionally reflected 

in Jung et al.,
14

 in which the optimal percentage of thrombin 

aptamer-conjugated PDA was reported at 6.7%. Contrastingly, 

Park et al.
12

 indicated that optical transformations were most 

sensitive to streptavidin when biotin-conjugated PDA 

monomers were at 20-40%. Alternatively, Lee et al.
15

 reported 

the fabrication of mercury(II) sensors with 80% of aptamer-

conjugated PDA. These varied findings indicate that more 

investigation is needed to elucidate the relationship between 

percentage of probe-conjugated PDA and sensor sensitivity. 

The conjugation of functional groups to PDA head groups 

has also been investigated as a method to enhance 

biodetection. Specifically, amine-terminated (-NH2) PDA 

materials have been reported for detection of negatively 

charged biomolecules.
22, 83, 97, 98

 Alternatively, Chung and 

colleagues have investigated the use of functional groups to 

prevent non-specific binding.
12

 In their report, amine-

terminated, hydroxyl-terminated (-OH), and naturally 

occurring carboxylic acid-terminated (e.g. TCDA) PDA were 

studied for non-specific interactions with bovine serum 

albumin (BSA). They showed that PDA composed of TCDA-

OH exhibited the least amount of non-specific interactions 

with BSA due to the electrically neutral and hydrophilic 

properties of the hydroxyl functional group in phosphate 

buffered saline (PBS, pH = 7.4). This report indicates an 

approach to enhance the signal to noise ratio of PDA 

biosensors by minimizing non-specific binding.  

4. CHARACTERIZATION OF POLYDIACETYLENES 

4.1 Properties 

Following the synthesis of PDA materials, it is necessary to 

determine the basic properties of the synthesized polymer in 

order to confirm successful conjugations. In this subsection we 

discuss a few of the methods currently employed to 

characterize PDA materials. 

4.1.1 Color 

In order to characterize the color properties of PDA, it is 

common to measure the absorbance spectra of the material in 

the visible spectrum (Figure 8A). Specifically, UV-Vis 

spectroscopy measurements are done using a spectrometer. 

Blue-phase PDA are associated with an absorbance maximum 

at approximately 640 nm and a vibronic shoulder peak at 600 

nm.
13, 40

 Alternatively, red-phase PDA are characterized by a 

shift in absorbance peak to approximately 540 nm.
40

 The 

intermediate purple phase, distinct from a mixture of blue- and 

red-phase PDA, is associated with a peak at approximately 

600 nm. It is speculated that this peak is related to the 

secondary absorbance peak associated with blue-phase PDA at 

the same wavelength.
31, 43, 44, 100-102

 The peak absorbance values 

are commonly used to quantify blue to red transitions of PDA 

materials through the colorimetric response (CR) value 

(Section 4.2.1). 

Due to the intense fluorogenic properties of red-phase PDA 

(Figure 8B), another way to contrast the blue and red phase is 

through measuring the fluorescence spectra using a 

fluorometer. The red phase is characterized by emission peaks 

at 560 and 640 nm (Figure 8C), while the blue phase exhibits 

no fluorescence properties.
69

 Accordingly, measuring 

photoluminescence or fluorescence intensity of the material is 

yet another option (Figure 8D).
16

 As a result, it is possible to 

indirectly quantify blue to red color transitions as a 



Figure 8. Color properties of PDA. (A) UV-Vis spectra of PDA strips exhibiting various colors from blue to red. Adapted ref 
103

, 

Copyright 2014, Royal Society of Chemistry. (B) Color and fluorescence images of blue phase and red phase PDA. Adapted from 

ref 
65

, Copyright 2006, John Wiley & Sons, Inc. (C) Absorbance spectra of blue phase (blue) and red phase (red) PDA. Emission 

spectra of blue phase (light blue) and red phase (green) PDA. Adapted from ref 
44

, Copyright 2007, Royal Society of Chemistry. (D) 

Fluorescence images (left), spectra (top right), and intensity (bottom right) of red to blue phase PDA (color not shown) exhibiting 

varying degrees of fluorescence. Adapted from ref 
16

, Copyright 2008, American Chemical Society

 

measurement of fluorescence intensity of the material.
39, 45

 The 

major advantage of this approach is the high sensitivity in 

fluorescence measurement systems, which allows for the 

detection of small changes in emission as compared to 

changes in absorbance or red-green-blue (RGB) values. 

However, the drawback to this methodology is that the need 

for such fluorescence measurement instruments may limit the 

application of these types of sensors in low-resource settings. 

4.1.2 Size and Morphology 

It is important to understand the size and morphology of 

synthesized PDA materials in order to confirm reproducibility 

as well as observe physical changes associated with molecular 

binding onto material surfaces and color transitions. In this 

subsection we review a few of the most common methods to 

determine PDA size and morphology. 

 Dynamic light scattering (DLS) is frequently employed to 

determine the size of synthesized liposomes, which vary with 

preparation methods. In particular, we have determined that 

liposome size is inversely correlated with sonication time in 

the  

 

preparation process (Figure 9). Other factors that we speculate 

to influence liposome size include sonication type (probe vs. 

bath), power (watts), and volume of sample. Such details are 

often overlooked but may be necessary for consistencies in 

reproducing PDA liposomes.  

To observe the surface and shapes of PDA materials, 

transmission electron microscopy (TEM)
104

 and scanning 

electron microscopy (SEM)
87

 are frequently used (Figure 10). 

While both are sufficient for their purpose, higher resolution 

TEM is often preferred over SEM when observing nanoscale 

liposomes. SEM and TEM images are frequently viewed after 



the synthesis of the PDA material and compared before and 

after molecular binding events. With the recent popularity of 

using substrates coated with PDA liposomes, atomic force 

microscopy (AFM) has also been employed to confirm and 

characterize the deposition of such materials. However, due to 

the destructive nature of AFM, blue to red color 

transformations are commonly observed as a result of the 

procedure.
40

  

Figure 9. Size of PDA liposomes as a result of varying sonication 

times. Liposomes were sonicated by a probe sonicator (Qsonica 

Q500) at 20% amplitude. Size of liposomes was determined by 

DLS (Malvern Zeta90). Data are represented as mean ± SD (n = 

3). 

 

Figure 10. (A) SEM images of giant biomimetic PDA liposomes , 

and (B) TEM images of PB2+-sensing liposomes before (i) and 

after (ii) the addition of 1 µM PB2+ . (A) Adapted from ref 87, 

Copyright 2008, John Wiley & Sons, Inc. (B) Adapted from ref 
104, Copyright 2011, Royal Society of Chemistry. 

4.1.3 Molecular Structure 

With the frequent modification and adaptation of PDA 

materials for specific functions, it is important to confirm 

successful conjugations by examining the molecular structure 

of synthesized PDA materials. 
1
H nuclear magnetic resonance 

(NMR) is widely used to verify the synthesis of DA 

conjugates, in which the characteristic properties of hydrogen 

atoms in response to a magnetic field can confirm the presence 

of specific compounds. Accordingly, PDA conjugates can be 

verified by comparing peaks in their 
1
H NMR spectra.  

Another approach to examine the structure of PDA 

materials is through Fourier transform infrared spectroscopy 

(FTIR), in which the presence of bonds between specific 

atoms can be deduced (Figure 11). While FTIR is 

advantageous in confirming the presence of certain 

compounds, it can also be used to investigate changes in the 

strength of hydrogen bonds  

 

Figure 11. FTIR spectra TCDA-NHS, aminated thrombin 

aptamer, and TCDA conjugated with thrombin aptamer. 

Reproduced with permission from ref 
14

, Copyright 2010, John 

Wiley & Sons, Inc. 

between PDA head groups.
62, 65

 This is significant since 

intermolecular bonding between head groups is thought to 

play an important role in color transitions in PDA materials. 

4.1.4 Other Methods 

. The above described methods to characterize PDA 

materials are only a few of many commonly used by 

researchers. Other methods, including Raman spectroscopy,
105-

107
 differential scanning calorimetry (DSC),

105, 108, 109
 and 

others
105, 109, 110

 have been employed by a number of studies 

investigating PDA materials but are not discussed in this 

article. A thorough understanding of chemical characterization 

techniques would be helpful for those interested in the field of 

PDA biosensors. 

4.2 Analysis of Optical Properties 

The ability to quantify the sensitivity of a sensor is a critical 

aspect in evaluating its efficiency. In this subsection, we 

discuss current methods to quantify the optical transitions in 

PDA materials. 

4.2.1 Colorimetric Response 

The colorimetric response (CR), developed by Charych and 

colleagues, is the standard method of quantifying blue to red 

color transitions in PDA sensors.
43

 In particular, the 

wavelength at which the absorbance maxima occur in the blue 

phase (~640 nm) and red phase (~540 nm) of the sensor are 



subject to focus. The exact wavelengths used vary depending 

on the absorbance spectra of the specific PDA material being 

investigated. The %CR value is then determined first by 

calculating the percent blue, PB, in which: 

𝑃𝐵 =
𝐴𝑏𝑙𝑢𝑒

𝐴𝑏𝑙𝑢𝑒 + 𝐴𝑟𝑒𝑑

 ×  100% 

where Ablue is the absorbance value at the selected 

wavelength for the blue phase and Ared is the absorbance value 

at the selected wavelength for the red phase. From here, the 

%CR value is determined as: 

𝐶𝑅 =
(𝑃𝐵0 − 𝑃𝐵𝑓)

𝑃𝐵0

 ×  100% 

where PB0 is the initial percent blue of a baseline. The 

advantage to this systematic approach is that any 

environmental factors affecting absorbance values will affect 

Ablue and Ared equally and will not alter overall detection. 

Nevertheless, with  weak absorption, the CR quantification 

method will amplify background noise, which can reduce 

calculated device sensitivity
44

.  

4.2.2 Digital Colorimetric Analysis 

In their analysis of a PDA film for the sensing of 

membrane-active compounds, Kolusheva, Jelinek and 

colleagues developed an approach that quantifies the RGB 

values of scanned images.
111

 This quantification approach has 

gained recent popularity especially for analyzing fabricated 

PDA films.
28-30, 111-114

 Volinksy et al.
111

 derived this digital 

colorimetric analysis (DCA) method from Pratt,
115

 in which 

the red chromaticity level, r, is defined as: 

𝑟 =
𝑅

𝑅 + 𝐺 + 𝐵
  

For PDA materials, Volinsky et al.
111

 further extrapolated 

the equation to quantify the blue to red transitions as red 

chromatic shift (RCS):  

% 𝑅𝐶𝑆 =  
𝑟𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑟0

𝑟𝑚𝑎𝑥 − 𝑟0

 ×  100% 

where rsample is defined as the average chromaticity level 

from all pixels in the sample PDA image, r0 is defined as the 

average red chromaticity level of a PDA image prior to color 

transition, and rmax is defined as the average red chromaticity 

level of a PDA image with maximum blue to red transition 

(i.e. positive control). Volinsky et al. further compared the 

results of their DCA with a parallel CR study, and indicated a 

close correlation between the two data sets (Figure 12). 

Currently, CR remains the most widely used approach to 

quantify blue to red color transitions of PDA materials, 

especially liposomes. Nevertheless, the DCA approach is 

advantageous in that high quality images of samples are 

sufficient for analysis and is an easier option for analysis of 

PDA films or strips. 

 

Figure 12. Blue to red transition of PDA films analyzed by digital 

colorimetric analysis (% RCS curve, solid line) and UV-Vis 

spectrophotometry (% CR curve, dashed line). Reproduced with 

permission from ref 111, Copyright 2007, Elsevier B. V. 

5. RECENT ADVANCES IN PDA APPLICATIONS 

The incorporation of PDA into a vast array of material 

forms has been previously reviewed, from PDA films and self-

assembled monolayers, colloidal solutions, fluorescence 

microarrays, microbead coatings, sol-gel matrices, carbon 

nanotubes, and others.
39, 42, 44

 While the bulk of this article has 

largely focused on PDA as biosensors, in this section, we 

discuss a few of the most recent and unconventional material 

forms currently being investigated that are not limited to the 

field of biosensing applications.  

5.1 Paper-based sensors 

One of the greatest advantages of PDA materials is for the 

fabrication of label-free, chromatic sensors. This is desirable 

because PDA platforms enable one-step, colorimetric 

detection of an analyte without the need for costly secondary 

labels. To further the advancement of low-cost PDA sensors, 

studies have incorporated PDA materials into paper-based 

sensors. These sensors are advantageous for in-field use or 

point-of-care applications due to their stability, ease of 

transport, inexpensive fabrication, and user-friendly platform 

without the need for external reagents or laboratory 

instruments. In this subsection, we review reports of paper-

based PDA sensors. 

Notably, Wacharasindhu and colleagues reported the 

specific colorimetric detection of volatile organic compounds 

(VOCs) using PDA-coated filter paper.
29

 Specifically, eight 

types of PDA were tested for their sensitivity against VOC 

vapors, including commercially available PCDA and TCDA. 

Dots from unpolymerized monomer solutions of uniform size 

were deposited on filter paper using an automatic pipette, 

allowed to dry, and irradiated under 254 nm light. The PDA 

sensing dots  were tested by attaching the coated filter paper 

on the inner lid of a chamber containing various VOCs. DCA 

of the various monomers on filter paper indicated that 6,8-

nonadecadiynioic acid exhibited the greatest sensitivity to 

VOCs, exhibiting distinct color transitions when exposed to 18 

different VOCs. This is an improvement from their previous 

work, reporting non-specific VOC detection.
30

 Significantly, 



the VOC-sensing devices were reported to be stable in a 

refrigerator over the span of several months.  

The fabrication of paper-based, VOC-detecting PDA 

sensors has been further adapted in reports by Yoon et al.
116

 In 

this investigation, VOCs both in the vapor phase and the liquid 

phase were detected by UV-irradiated polymers of 5,7-

dodecdiyne-1,12-diol bis[((butoxycarbonyl)methyl)urethane] 

(4BCMU). Varied results between VOC detection from liquid 

and vapor exposure were observed only in tetrahydrofuran 

(THF), DCM (a.k.a. methylene chloride), and chloroform. 

Interestingly, liquid-phase detection of THF, DCM, and 

chloroform, along with vapor-phase detection of chloroform, 

resulted in blue to red to yellow color transitions that reverted 

to red phase upon removal from VOC. Notably when in the 

yellow-phase, poly-4BCMU exhibits green fluorescence 

(instead of red fluorescence), excitable at 488 nm (Figure 13). 

Alternatively, Wang et al.
35

 demonstrated the use of PDA-

coated, stacked graphene film or “paper” for the detection of 

VOC vapors. Unmodified PCDA was used for this study. The 

thickness of the fabricated graphene films was reported to be 

~1-40 µm and the structure was confirmed by scanning 

tunneling microscopy (STM). The exposure of PDA/graphene 

films to four VOCs gave distinct color transitions.  

While early paper-based PDA sensors have generally been 

limited to either temperature
66, 84

 or volatile compound 

detection,
29, 30, 35, 116

 Yu and colleagues recently reported the  

specific detection of Pb
2+

 ions in a paper-based assay 

fabricated from a nanofibrous membrane.
103, 117

 In their most 

recent study, Yu and colleagues functionalized PCDA 

monomers with glycine (Gly) for the specific detection of 

Pb
2+

. A polyacrylonitrile (PAN) nanofibrous membrane 

(NFM) was then fabricated with embedded PCDA-Gly and 

SiO2 nanoparticles (NPs), in which the purpose of the SiO2 

NPs was to increase the surface area for higher exposure of 

PCDA-Gly to sample solutions. The structures of membranes 

with varying wt% from 0 to 1 wt% of SiO2 NPs were observed 

with field emission SEM. Exposure of the different 

membranes to varying concentrations of Pb
2+

 demonstrated 

that PCDA-Gly PAN NFMs composed of 0.5 wt% SiO2
 
NPs 

exhibited the highest sensitivity to low concentrations of Pb
2+

, 

with a limit of detection at 0.24 µM. Currently, there are very 

few reports of paper-based PDA sensors. Additional 

developments, especially those enabling sensitive detection of 

targets in complex matrices (e.g., food, blood, urine, and other 

health-related fluids), are highly desirable.  

 

Figure 13. Color and fluorescence transitions of inkjet printed 

PDA (poly-4BCMU) on paper strips. Color of poly-4BCMU 

powder (A) and printed strips after reaction in various volatile 

organic compounds (B) or to their vaporized form (C). Red 

(excitation 546 nm, D) and green (excitation 488 nm, E) 

fluorescence images of poly-4BCMU strips after exposure to 

volatile organic compounds. Adapted from ref 84, Copyright 2013, 

John Wiley & Sons, Inc. 

5.2 Drug Delivery 

The advancement of drug delivery systems for anticancer 

therapies and their ability to selectively target tumor cells has 

gained popular attention over traditional non-selective 

treatments such as chemotherapy and radiation
118

. Due to their 

biocompatible properties, self-assembled liposomes composed 

of phospholipids have long been investigated as encapsulating 

agents for such drug delivery systems
119-121

. Challenges in 

liposome-mediated drug delivery include long-term stability 

of the liposome and controlled-release of the therapeutic 

agent. In particular, liposomes are easily disassembled in 

acidic/basic environments or in the presence of surfactants; 

additionally, liposome-cell fusion is also an area of concern.
120

 

Previous investigations have determined that one solution is to 

use polymerized liposomes, which are more stable in a range 

of molecular environments.
122-124

 

PDA liposomes have been recently recognized in the field 

of drug delivery systems for their nontoxicity
125

 and photo-

induced polymerization without the use of toxic initiators.
47

 

Furthermore, the ease of chemical modification to PDA head 

groups along with the control over their degree of 

polymerization via mixed phospholipid/PDA liposomes have 

made PDA an attractive drug delivery system over the past 

decade. In this subsection, we discuss some of recent advances 

in PDA for anti-cancer drug delivery. 

   Qin et al.
126

 fabricated PDA liposomes for “remote 

controlled” drug delivery that instantaneously release 

encapsulated reagents upon trigger by a laser. Specifically, 

partially polymerized liposomes (PPLs) composed of two 

diacetylenes and a phospholipid were functionalized with gold 

nanoparticles (GNPs). Notably, the report of laser-induced 

liposome release via GNPs was previously studied by Wu et 

al., 
127

 in which the use of near infrared (NIR) pulse lasers 

caused release of liposomes due to the raised temperature of 

the GNPs. First, PPL-GNPs were loaded with fluorescence 

dye, calcein, to observe the retention ability of the PDA 

liposomes. After 3 days at 40 C, negligible leakage was 

observed. Next, to evaluate the laser-induced release of 

liposome-encapsulated reagent, PPL-GNPs were loaded with 

radioactive Tc-99m mebrofenin. Upon irradiation of 10 x 6 ns 

pulses of laser, PPL-GNPs released approximately 70% of 

their contents. Finally, PPL-GNPs were loaded with anti-

cancer drug, doxorubicin and exposed to breast cancer cells in 

vitro. After laser irradiation, only ~20% of cancer cells were 



viable. Significantly, control studies with treatment of cancer 

cells with unloaded PPL-GNPs determined that laser treatment 

did not affect the viability of the cancer cells, indicating that 

the observed drop in cell viability was indeed a result of 

doxorubicin release from PPL-GNPs.   

While other in vitro studies of PDA drug delivery liposomes 

have been reported,
120, 128, 129

 Mackiewicz et al.
130

 recently 

reported an in vivo study on the use of PDA micelles for both 

imaging and drug delivery. In particular, PCDA monomers 

were functionalized with either nitrilotriacetic acids (NTA) or 

poly(ethylene glycol) (PEG). Specifically, two types of PDA-

PEG micelles were investigated, one that was 350 Da (PDA-

PEG350) and another that was 2000 Da (PDA-PEG2000). 

Characterization by DLS indicated that the average diameters 

of micelles were 7.8 nm and 12.6 nm, respectively. The PDA 

micelles were further conjugated with fluorescent probes for 

tracking in vivo. NIR imaging of PDA micelles indicated that 

2.7  1.9% of injected PDA-PEG2000 micelles were uptaken 

by the breast cancer xenografts in mice, which was the highest 

of the three investigated micelle types. A similar study by Yao 

et al.
131

 demonstrates that peptide functionalized PDA micelles 

loaded with hydrophobic cancer drug camptothecin (CPT), 

can also be used for targeted drug delivery. DLS and TEM 

confirmed that the PDA-CPT liposomes were approximately 

27 nm in diameter. Sub-30 nm PDA-CPT micelles penetrate 

tumor vasculature and increase accumulation of the drug, 

thereby increasing the therapeutic efficacy. Intravenous 

injections of PDA-CPT caused an order of magnitude increase 

in therapeutic effect compared to CPT alone in mouse 

xenograft models of ovarian cancer. Next, to investigate the 

viability of PDA micelles for the delivery of hydrophobic 

imaging agents, PDA-PEG2000 micelles were loaded with 

NIR lipophilic carbocyanine dye (DiR). NIR imaging 

confirmed that PDA-PEG2000-encapsulated DiR accumulated 

at the tumor site, whereas non-encapsulated DiR accumulated 

in the liver. Finally, the anti-cancer agent, paclitaxel (PTX) 

was loaded into PDA-PEG2000 micelles and studied for their 

drug delivery capabilities. After 2 months, tumors treated with 

PTX-loaded PDA micelles showed reductions in volume by a 

factor of 4.5. As a comparison, tumors treated with 

commercially available Taxol exhibited reductions in volume 

by a factor of 3.3. Significantly, it was also reported that PTX-

loaded PDA micelles were stable at 4 C after storage for two 

months and PTX retained its cytotoxicity within micelles.  

While the current use of PDA materials in drug delivery 

systems does not take advantage of its putative chromatic   



Figure 14. Micropatterned scaffolds for tissue engineering using peptide-conjugated PDA. Various techniques for scaffold fabrication (A-

C) create uniform or randomly oriented nanofibers (D, E), removable layers (F), holes (G), microtextures (H), pores, posts (I), (J), two-

level topographies (K), and channels (L,M). This method produces PDA scaffold features down to 5 µm in size. Adapted from ref. 132 

Copyright 2009, Royal Society of Chemistry.  

properties, it is important to observe materials beyond their 

most apparent properties in order to fully take advantage of 

their capabilities. For example, traditional PDA sensors have 

all been designed for in vitro applications. However, such 

investigations into PDA materials for drug delivery systems 

have highlighted their non-toxic, biocompatible properties 

which give rise to another potential for the design of in vivo 

PDA sensors similar to one we have previously proposed.
133

 

5.3 Tissue Engineering 

Over the last decade, there has been an increasing interest in 

the use of peptide amphiphiles in the field of regenerative 

medicine for the fabrication of tissue scaffolds.
134-136

 While 

synthetic polymeric hydrogels have long been the focus of 

tissue engineering applications, their limits in the control of 

pore size, fiber diameter, and shape have posed significant 

challenges in the field.
137

 Alternative approaches, such as 

electrospinning and phase separation are again limited by lack 

of morphological controls at the molecular level.
34

 Peptide 

amphiphiles offer significant advantages in their potential to 

self-assemble into supramolecular structures, including one-

dimensional monolayers,
138

 two-dimensional -sheets,
139

 and 

three-dimensional nanotube fibers.
140, 141

 However, one of the 

major challenges in this approach is the poor mechanical 

stability of unpolymerized peptide amphiphiles.
138

 

Additionally, chemically cross-linking materials often 

involves the use of toxic crosslinking agents, resulting in 

unwanted by-products.
135

 

Accordingly, investigations into photopolymerized peptide-

diacetylenes have advanced the potential for peptide 

amphiphiles in tissue engineering applications. Particularly, 

the photo-inducible polymerization of PDA offers an avenue 

to fabricate tissue scaffolds with supramolecular structures 

that have increased mechanical stability without the un-wanted 

byproducts that often result from chemical cross-linking. 

While the potential for PDA materials for biosensing 

applications has been extensively reviewed, their recent 

applications in tissue scaffolds remains largely obscure. In this 

subsection, we review a number of recent reports exploring 

the use of PDA-peptides in tissue scaffolds for tissue 

engineering.    

The first report of PDA in tissue engineering was published 

in 2006 by Tirrell and colleagues, in which a TCDA-fatty acid 

monolayer exhibiting varying concentrations of conjugated 

cell-adhesion peptides fabricated on an LB film was 

investigated.
138

 The cell-adhesion peptide used in this study 

was glycine-arginine-glycine-aspartic acid-serine-proline 

(GRGDSP), a peptide sequence well known for its mouse 

fibroblast adhesion properties. AFM inspection of the 

composite TCDA-fatty acid and TCDA-GRGDSP at varying 

molar concentrations of the latter confirmed the adjustability 

of monomer packing. Further investigation of the TCDA-fatty 

acid/GRGDSP film studied the adhesion potential of mouse 

fibroblasts. Specifically, mixed films with TCDA-GRGDSP at 

molar fractions from 0% to 75% were compared. Cell 

adhesion assays were performed by treating PDA surfaces 

with a defined number of cells for 60 minutes and counting the 

number of cell attached per surface area. The resulting 

analysis of these assays indicated that films composed of 10% 

TCDA-GRGDSP exhibited the highest percentage of adherent 

cells. Significantly, optical micrographs of PDA films after 

initial cell seeding, mechanical removal of cells, and re-

seeding of cells confirmed that PDA films were viable for 

multiple re-seeding of cells. 

This initial two-dimensional study by Tirrell and colleagues 

was a significant demonstration of the viability of PDA 

materials for cell adhesion and was further investigated by 

Frauenrath and colleagues in the formation of three-

dimensional scaffolds composed of oligopeptide-

functionalized PDA that formed -sheets in solution.
139

 In this 

communication, TEM and SEM images of their functional 

PDA confirmed self-assembly into controlled helical fibrils 

composed of -sheet aggregates. Importantly, the formation of 

-sheets instead of liposomes enabled fibrous morphologies 

appropriate for the composition of tissue scaffolds. 

The realization of PDA scaffolds for tissue engineering has 

been pioneered by Stupp and colleagues.
132

 In their report, top-

down lithography and peptide-conjugated PCDA were 

combined to fabricate an array of tissue scaffolds with highly 

controlled micropatterning for the study of human 

mesenchymal stem cells (hMSCs). Specifically, the study 

takes advantage of the photopolymerizable properties of PDA 



materials to create rigid scaffolds with high mechanical 

integrity. Stupp and colleagues demonstrated the ability to 

fabricate microtextures including channels, pores, posts, and 

double-layer topographies to a resolution of 5 µm (Figure 14). 

They similarly adopted mixed PDA composed of matrix and 

peptide-conjugated PDA for cell adhesion. The adhesion 

peptide used in this study was arginine-glycine-aspartic acid-

serine (RGDS) and it was determined that scaffolds consisting 

of 80% PDA-RGDS were optimal for adhesion of hMSCs. 

From their investigations, Stupp and colleagues were able to 

distinguish PDA morphologies that were optimal for hMSCs 

aggregation and differentiation. This significant study 

demonstrated the great potential for the fabrication of tissue 

scaffolds with highly controlled micropatterning textures 

using PDA materials.   

Voelcker and colleagues most recently fabricated lysine-

conjugated PDA tissue scaffolds for hMSCs.
34

 In this report, 

researchers demonstrated the ability to change the 

hydrophobic and hydrophilic properties of the lysine-PDA 

monomers by masking and un-masking lysine side chains 

using 9-fluorenylmethoxycarbony (Fmoc) and t-

butyloxycarbonyl (Boc) protecting groups. This aspect of 

tissue scaffold production is significant in controlling its 

wettability, which is an important factor for cell adhesion. 

Specifically, five polymers with increasing hydrophilicity 

were investigated. Notably, cell adhesion was most efficient 

on hydrophilic polymers (contact angles < 32º), but cell 

proliferation was more favorable on the more hydrophobic 

polymers (contact angles > 84º). 

The pioneering field of PDA materials in tissue engineering 

is one in which much more investigation is needed. The most 

recent advances by Stupp and Voelcker demonstrate great 

potential for PDA tissue scaffolds; however, further 

explorations might take advantage of the chromatic properties 

of PDA materials in determining cell properties, such as the 

detection of cell signals that indicate stem cell differentiation. 

Additionally, future investigations in the fabrication of 

biodegradable PDA scaffolds, through mixed amphiphile/PDA 

composites or side chain modifications, will also be 

advantageous for the field of bioimplantable materials.  

6. FUTURE DIRECTIONS FOR PDA MATERIALS 

Since their first preparation nearly a half-century ago, PDA 

materials have attracted much attention from researchers for 

their remarkable optical properties. In this article, we have 

discussed the basic properties of PDA materials and the 

currently accepted theory behind their environmentally 

induced color transitions and fluorogenic “turn-on” 

characteristic. For the benefit of researchers from all fields, we 

have reviewed some general procedures in PDA synthesis and 

modification and highlighted more recent explorations. These 

include PDA-epoxy intermediates and the use of modified 

functional groups (e.g. -OH, -NH2, -COOH) on matrix 

constituents to prevent non-specific binding of biomolecules. 

We have also discussed the most common characterization 

methods for PDA and compared the traditional approach to 

quantify color transitions (CR), with a new, simpler method 

developed by Kolusheva, Jelinek, and colleagues (DCA). 

Finally, we have reviewed advancing platforms for PDA 

materials, including paper-based PDA sensors, PDA systems 

for drug delivery, and PDA nanostructures for tissue 

engineering.  

As PDA technology advances and continues to branch into 

diverse applications, it is critical to investigate and understand 

the underlying mechanisms behind its chromatic properties. 

While the development of new sensor types and novel 

applications are exciting aspects to the field of PDA materials, 

its full potential cannot be realized without a fundamental 

understanding of its properties.  

Future explorations of PDA applications may combine its 

“conventional” appeal as biosensors with the more recent 

investigations in biological and biomedical applications. Even 

more, with the recent developments of reversible PDAs (not 

discussed in this article
62, 65, 66, 142

, advancements in the 

previously suggested field of in vivo sensors has great 

potential in the fields of medicine, horticulture and agriculture 

to monitor, diagnose and even treat diseases in humans, 

animals, and plants alike. Alternatively, the advancement of 

low-cost and stable paper-based PDA sensors are ideal for 

low-resource applications and may be coupled with 

smartphone-based systems for quantitative analyses.  

As the field of PDA materials garners more attention in the 

scientific world, PDA applications will continue to expand and 

increase in quality and sensitivity. Already, many reports 

demonstrate the fabrication of materials comparable to, or 

even better than, currently accepted standards. Eventually, 

with the current rate of developments, practical application of 

PDA systems will be available and accessible to both research 

and commercial sectors across the globe.  

*E-mail: htsutsui@engr.ucr.edu 

This invited contribution is part of the I&EC Research 

special issue for the 2018 Class of Influential Researchers. 

This work was supported by the National Science 

Foundation under Grant No. CBET-1654010. Any opinion, 

findings, and conclusions or recommendations expressed in 

this material are those of the authors and do not necessarily 

reflect the views of the National Science Foundation. The 

authors thank Mr. Brent Kalish for his assistance in editing 

the manuscript. 

1. Cheng, Q.; Stevens, R. C., Charge-induced 

chromatic transition of amino acid-derivatized 



polydiacetylene liposomes. Langmuir 1998, 14, (8), 

1974-1976. 

2. Song, J.; Cheng, Q.; Kopta, S.; Stevens, R. 

C., Modulating artificial membrane morphology: pH-

induced chromatic transition and nanostructural 

transformation of a bolaamphiphilic conjugated 

polymer from blue helical ribbons to red nanofibers. J 

Am Chem Soc 2001, 123 (14), 3205-3213. 

3. Chance, R. R.; Baughman, R. H.; Muller, H.; 

Eckhardt, C. J., Thermochromism in a 

Polydiacetylene Crystal. Journal of Chemical Physics 

1977, 67, (8), 3616-3618. 

4. Chance, R.; Patel, G.; Witt, J., Thermal 

effects on the optical properties of single crystals and 

solution‐cast films of urethane substituted 

polydiacetylenes. The Journal of Chemical Physics 

1979, 71, (1), 206-211. 

5. Beckham, H.; Rubner, M., On the origin of 

thermochromism in cross-polymerized diacetylene-

functionalized polyamides. Macromolecules 1993, 26, 

(19), 5198-5201. 

6. Carpick, R.; Sasaki, D.; Burns, A., First 

observation of mechanochromism at the nanometer 

scale. Langmuir 2000, 16, (3), 1270-1278. 

7. Kwon, I. K.; Song, M. S.; Won, S. H.; Choi, 

S. P.; Kim, M.; Sim, S. J., Signal amplification by 

magnetic force on polydiacetylene supramolecules for 

detection of prostate cancer. Small 2012, 8, (2), 209-

213. 

8. Charych, D. H.; Nagy, J. O.; Spevak, W.; 

Bednarski, M. D., Direct colorimetric detection of a 

receptor-ligand interaction by a polymerized bilayer 

assembly. Science 1993, 261, (5121), 585-588. 

9. Charych, D. H.; Spevak, W.; Nagy, J. O.; 

Bednarski, M. D., Specific interaction of influenza-

virus with organized assemblies of polydiacetylenes. 

Mater Res Soc Symp P 1993, 292 153-161. 

10. Jung, S.-H.; Jang, H.; Lim, M.-C.; Kim, J.-H.; 

Shin, K.-S.; Kim, S. M.; Kim, H.-Y.; Kim, Y.-R.; 

Jeon, T.-J., Chromatic biosensor for detection of 

phosphinothricin acetyltransferase (PAT) using 

polydiacetylene vesicles encapsulated within 

automatically generated immuno-hydrogel beads. 

Anal Chem 2015. 

11. Lee, S. W.; Kang, C. D.; Yang, D. H.; Lee, J. 

S.; Kim, J. M.; Ahn, D. J.; Sim, S. J., The 

development of a generic bioanalytical matrix using 

polydiacetylenes. Adv Funct Mater 2007, 17 (13), 

2038-2044. 

12. Park, H. K.; Chung, S. J.; Park, H. G.; Cho, 

J.-H.; Kim, M.; Chung, B. H., Mixed self-assembly of 

polydiacetylenes for highly specific and sensitive 

strip biosensors. Biosens and Bioelectron 2008, 24 

(3), 480-484. 

13. Su, Y.-l.; Li, J.-r.; Jiang, L., Chromatic 

immunoassay based on polydiacetylene vesicles. 

Colloid Surface B 2004, 38 (1), 29-33. 

14. Jung, Y. K.; Kim, T. W.; Park, H. G.; Soh, H. 

T., Specific colorimetric detection of proteins using 

bidentate aptamer‐conjugated polydiacetylene (PDA) 

liposomes. Adv Funct Mater 2010, 20 (18), 3092-

3097. 

15. Lee, J.; Jun, H.; Kim, J., Polydiacetylene–

liposome microarrays for selective and sensitive 

mercury (II) detection. Adv Mater 2009, 21 (36), 

3674-3677. 

16. Lee, J.; Kim, H.-J.; Kim, J., Polydiacetylene 

liposome arrays for selective potassium detection. J 

Am Chem Soc 2008, 130 (15), 5010-5011. 

17. Li, J.; Fu, H.-E.; Wu, L.-J.; Zheng, A.-X.; 

Chen, G.-N.; Yang, H.-H., General colorimetric 

detection of proteins and small molecules based on 

cyclic enzymatic signal amplification and hairpin 

aptamer probe. Analytical chemistry 2012, 84, (12), 

5309-5315. 

18. Jung, Y. K.; Kim, T. W.; Jung, C.; Cho, D. 

Y.; Park, H. G., A polydiacetylene microchip based 

on a biotin–streptavidin interaction for the diagnosis 

of pathogen infections. Small 2008, 4 (10), 1778-

1784. 

19. Wu, J.; Zawistowski, A.; Ehrmann, M.; Yi, 

T.; Schmuck, C., Peptide functionalized 



polydiacetylene liposomes act as a fluorescent turn-on 

sensor for bacterial lipopolysaccharide. J Am Chem 

Soc 2011, 133 (25), 9720-9723. 

20. Li, X.; Liu, W.; Yue, X.; Song, P.; Yin, Y.; 

Meng, M.; Xi, R., A competitive immunoassay using 

hapten-modified polydiacetylene vesicles for 

homogeneous and sensitive detection of sodium 

benzoate. Sensors and Actuators B: Chemical 2018, 

258, 1060-1065. 

21. Jose, D. A.; König, B., Polydiacetylene 

vesicles functionalized with N-heterocyclic ligands 

for metal cation binding. Organic & biomolecular 

chemistry 2010, 8, (3), 655-662. 

22. Xue, W.; Zhang, D.; Zhang, G.; Zhu, D., 

Colorimetric detection of glucose and an assay for 

acetylcholinesterase with amine-terminated 

polydiacetylene vesicles. Chinese Science Bulletin 

2011, 56, (18), 1877-1883. 

23. Wegner, G., Topochemische Reaktionen von 

Monomeren mit konjugierten 

Dreifachbindungen/Topochemical Reactions of 

Monomers with conjugated triple Bonds. Zeitschrift 

für Naturforschung B 1969, 24, (7), 824-832. 

24. Kolusheva, S.; Zadmard, R.; Schrader, T.; 

Jelinek, R., Color fingerprinting of proteins by 

calixarenes embedded in lipid/polydiacetylene 

vesicles. J Am Chem Soc 2006, 128, (41), 13592-8. 

25. Jelinek, R.; Kolusheva, S., Polymerized lipid 

vesicles as colorimetric biosensors for 

biotechnological applications. Biotechnol Adv 2001, 

19, (2), 109-18. 

26. Okada, S. Y.; Jelinek, R.; Charych, D., 

Induced color change of conjugated polymeric 

vesicles by interfacial catalysis of phospholipase A2. 

Angewandte Chemie International Edition 1999, 38, 

(5), 655-659. 

27. Wang, C.; Ma, Z., Colorimetric detection of 

oligonucleotides using a polydiacetylene vesicle 

sensor. Anal Bioanal Chem 2005, 382, (7), 1708-10. 

28. Lim, M.-C.; Shin, Y.-J.; Jeon, T.-J.; Kim, H.-

Y.; Kim, Y.-R., Microbead-assisted PDA sensor for 

the detection of genetically modified organisms. Anal 

Bioanal Chem 2011, 400 (3), 777-785. 

29. Eaidkong, T.; Mungkarndee, R.; Phollookin, 

C.; Tumcharern, G.; Sukwattanasinitt, M.; 

Wacharasindhu, S., Polydiacetylene paper-based 

colorimetric sensor array for vapor phase detection 

and identification of volatile organic compounds. 

Journal of Materials Chemistry 2012, 22, (13), 5970-

5977. 

30. Pumtang, S.; Siripornnoppakhun, W.; 

Sukwattanasinitt, M.; Ajavakom, A., Solvent 

colorimetric paper-based polydiacetylene sensors 

from diacetylene lipids. Journal of colloid and 

interface science 2011, 364, (2), 366-372. 

31. Dautel, O. J.; Robitzer, M.; Lere-Porte, J. P.; 

Serein-Spirau, F.; Moreau, J. J. E., Self-organized 

ureido substituted diacetylenic organogel. 

Photopolymerization of one-dimensional 

supramolecular assemblies to give conjugated 

nanofibers. Journal of the American Chemical Society 

2006, 128, (50), 16213-16223. 

32. Kim, J.-M.; Lee, Y. B.; Chae, S. K.; Ahn, D. 

J., Patterned color and fluorescent images with 

polydiacetylene supramolecules embedded in poly 

(vinyl alcohol) films. Advanced Functional Materials 

2006, 16, (16), 2103. 

33. Traiphol, N.; Rungruangviriya, N.; Potai, R.; 

Traiphol, R., Stable polydiacetylene/ZnO 

nanocomposites with two-steps reversible and 

irreversible thermochromism: The influence of strong 

surface anchoring. Journal of colloid and interface 

science 2011, 356, (2), 481-489. 

34. Haridas, V.; Sadanandan, S.; Collart-

Dutilleul, P.-Y.; Gronthos, S.; Voelcker, N. H., 

Lysine-Appended Polydiacetylene Scaffolds for 

Human Mesenchymal Stem Cells. 

Biomacromolecules 2014, 15, (2), 582-590. 

35. Wang, X.; Sun, X.; Hu, P. A.; Zhang, J.; 

Wang, L.; Feng, W.; Lei, S.; Yang, B.; Cao, W., 

Colorimetric Sensor Based on Self‐Assembled 

Polydiacetylene/Graphene‐Stacked Composite Film 

for Vapor‐Phase Volatile Organic Compounds. 



Advanced Functional Materials 2013, 23, (48), 6044-

6050. 

36. Wen, J. T.; Bohorquez, K.; Tsutsui, H., 

Polydiacetylene-Coated Polyvinylidene Fluoride Strip 

Aptasensor for Colorimetric Detection of Zinc (II). 

Sensors and Actuators B: Chemical 2016. 

37. Wen, J. T.; Viravathana, P.; Ingel, B.; Roper, 

C.; Tsutsui, H., Polydiacetylene-Coated Sensor Strip 

for Immunochromatic Detection of Xylella fastidiosa 

subsp. fastidiosa. SLAS TECHNOLOGY: Translating 

Life Sciences Innovation 2017, 2472630316689286. 

38. Kang, D. H.; Jung, H. S.; Kim, K.; Kim, J., 

Mussel-Inspired Universal Bioconjugation of 

Polydiacetylene Liposome for Droplet-Array 

Biosensors. ACS Appl Mater Interfaces 2017, 9, (48), 

42210-42216. 

39. Ahn, D. J.; Kim, J. M., Fluorogenic 

polydiacetylene supramolecules: immobilization, 

micropatterning, and application to label-free 

chemosensors. Acc Chem Res 2008, 41, (7), 805-16. 

40. Carpick, R. W.; Sasaki, D. Y.; Marcus, M. S.; 

Eriksson, M. A.; Burns, A. R., Polydiacetylene films: 

a review of recent investigations into chromogenic 

transitions and nanomechanical properties. J Phys-

Condens Mat 2004, 16 (23), R679-R697. 

41. Chen, X.; Zhou, G.; Peng, X.; Yoon, J., 

Biosensors and chemosensors based on the optical 

responses of polydiacetylenes. Chem Soc Rev 2012, 

41, (13), 4610-30. 

42. Jelinek, R.; Ritenberg, M., Polydiacetylenes–

recent molecular advances and applications. RSC Adv 

2013, 3 (44), 21192-21201. 

43. Okada, S.; Peng, S.; Spevak, W.; Charych, 

D., Color and chromism of polydiacetylene vesicles. 

Accounts Chem Res 1998, 31 (5), 229-239. 

44. Reppy, M. A.; Pindzola, B. A., Biosensing 

with polydiacetylene materials: structures, optical 

properties and applications. Chem Commun 2007, 

(42), 4317-38. 

45. Sun, X.; Chen, T.; Huang, S.; Li, L.; Peng, 

H., Chromatic polydiacetylene with novel sensitivity. 

Chem Soc Rev 2010, 39, (11), 4244-57. 

46. Tieke, B., Polymerization of butadiene and 

butadiyne (diacetylene) derivatives in layer structures. 

Advances in Polymer Science 1985, 71, 79-151. 

47. Yoon, B.; Lee, S.; Kim, J. M., Recent 

conceptual and technological advances in 

polydiacetylene-based supramolecular chemosensors. 

Chem Soc Rev 2009, 38, (7), 1958-68. 

48. Lee, S.; Kim, J. Y.; Chen, X.; Yoon, J., 

Recent progress in stimuli-induced polydiacetylenes 

for sensing temperature, chemical and biological 

targets. Chem Commun (Camb) 2016, 52, (59), 9178-

96. 

49. Mazur, F.; Bally, M.; Stadler, B.; 

Chandrawati, R., Liposomes and lipid bilayers in 

biosensors. Adv Colloid Interface Sci 2017, 249, 88-

99. 

50. Huo, J.; Deng, Q.; Fan, T.; He, G.; Hu, X.; 

Hong, X.; Chen, H.; Luo, S.; Wang, Z.; Chen, D., 

Advances in polydiacetylene development for the 

design of side chain groups in smart material 

applications – a mini review. Polymer Chemistry 

2017, 8, (48), 7438-7445. 

51. Wegner, G., Topochemical reactions of 

monomers with conjugated triple‐bonds. IV. 

Polymerization of bis‐(p‐toluene sulfonate) of 2.4‐

hexadiin‐1.6‐diol. Die Makromolekulare Chemie 

1971, 145, (1), 85-94. 

52. Charych, D.; Cheng, Q.; Reichert, A.; 

Kuziemko, G.; Stroh, M.; Nagy, J. O.; Spevak, W.; 

Stevens, R. C., A 'litmus test' for molecular 

recognition using artificial membranes. Chemistry & 

Biology 1996, 3, (2), 113-120. 

53. Jelinek, R.; Okada, S.; Norvez, S.; Charych, 

D., Interfacial catalysis by phospholipases at 

conjugated lipid vesicles: colorimetric detection and 

NMR spectroscopy. Chemistry & Biology 1998, 5, 

(11), 619-629. 



54. Reichert, A.; Ahn, D. J.; Nagy, J.; Charych, 

D., Recognition and Detection at Tailored 

Polydiacetylene Molecular Assemblies. Abstracts of 

Papers of the American Chemical Society 1995, 209, 

163-COLL. 

55. Spevak, W.; Nagy, J. O.; Charych, D. H., 

Molecular Assemblies of Functionalized 

Polydiacetylenes. Advanced Materials 1995, 7, (1), 

85-89. 

56. Spevak, W.; Nagy, J. O.; Charych, D. H.; 

Schaefer, M. E.; Gilbert, J. H.; Bednarski, M. D., 

Polymerized Liposomes Containing C-Glycosides of 

Sialic-Acid - Potent Inhibitors of Influenza-Virus 

Invitro Infectivity. Journal of the American Chemical 

Society 1993, 115, (3), 1146-1147. 

57. Lee, D. C.; Sahoo, S. K.; Cholli, A. L.; 

Sandman, D. J., Structural aspects of the 

thermochromic transition in urethane-substituted 

polydiacetylenes. Macromolecules 2002, 35, (11), 

4347-4355. 

58. Odian, G. G., Principles of polymerization. 

Wiley-Interscience New York: 2004; Vol. 3. 

59. Mowery, M. D.; Evans, C. E., Steric and 

substrate mediation of polymers formed within single 

molecular layers. The Journal of Physical Chemistry 

B 1997, 101, (42), 8513-8519. 

60. Mowery, M. D.; Menzel, H.; Cai, M.; Evans, 

C. E., Fabrication of monolayers containing internal 

molecular scaffolding: effect of substrate preparation. 

Langmuir 1998, 14, (19), 5594-5602. 

61. Bloor, D.; Chance, R., Polydiacetylenes: 

synthesis, structure and electronic properties. 

Springer: 1985. 

62. Ahn, D. J.; Chae, E. H.; Lee, G. S.; Shim, H. 

Y.; Chang, T. E.; Ahn, K. D.; Kim, J. M., 

Colorimetric reversibility of polydiacetylene 

supramolecules having enhanced hydrogen-bonding 

under thermal and pH stimuli. J Am Chem Soc 2003, 

125, (30), 8976-7. 

63. Lio, A.; Reichert, A.; Ahn, D. J.; Nagy, J. O.; 

Salmeron, M.; Charych, D. H., Molecular imaging of 

thermochromic carbohydrate-modified 

polydiacetylene thin films. Langmuir 1997, 13, (24), 

6524-6532. 

64. Sandman, D. J.; Njus, J. M.; Tran, B., 

Approaches to conjugated polymers via new solid 

state polymerizations. Macromolecular Symposia 

2004, 216, 77-85. 

65. Kim, J.-M.; Lee, J.-S.; Choi, H.; Sohn, D.; 

Ahn, D. J., Rational design and in-situ FTIR analyses 

of colorimetrically reversibe polydiacetylene 

supramolecules. Macromolecules 2005, 38, (22), 

9366-9376. 

66. Shin, H.; Yoon, B.; Park, I. S.; Kim, J.-M., 

An electrothermochromic paper display based on 

colorimetrically reversible polydiacetylenes. 

Nanotechnology 2014, 25, (9), 094011. 

67. Reppy, M. A., Signal generation from 

switchable polydiacetylene fluorescence. Molecularly 

Imprinted Materials-Sensors and Other Devices 

2002, 723, 147-152. 

68. Soos, Z. G.; Galvao, D. S.; Etemad, S., 

Fluorescence and Excited-State Structure of 

Conjugated Polymers. Advanced Materials 1994, 6, 

(4), 280-287. 

69. Olmsted, J.; Strand, M., Fluorescence of 

polymerized diacetylene bilayer films. J Phys Chem-

US 1983, 87 (24), 4790-4792. 

70. Seo, S.; Lee, J.; Choi, E. J.; Kim, E. J.; Song, 

J. Y.; Kim, J., Polydiacetylene Liposome Microarray 

Toward Influenza A Virus Detection: Effect of Target 

Size on Turn‐On Signaling. Macromolecular rapid 

communications 2013, 34, (9), 743-748. 

71. Li, X.; Matthews, S.; Kohli, P., Fluorescence 

resonance energy transfer in polydiacetylene 

liposomes. The Journal of Physical Chemistry B 

2008, 112, (42), 13263-13272. 

72. Li, X.; McCarroll, M.; Kohli, P., Modulating 

fluorescence resonance energy transfer in conjugated 

liposomes. Langmuir 2006, 22, (21), 8615-8617. 



73. Kolusheva, S.; Boyer, L.; Jelinek, R., A 

colorimetric assay for rapid screening of 

antimicrobial peptides. Nat Biotech 2000, 18, (2), 

225-227. 

74. Kolusheva, S.; Kafri, R.; Katz, M.; Jelinek, 

R., Rapid colorimetric detection of antibody-epitope 

recognition at a biomimetic membrane interface. J 

Am Chem Soc 2001, 123, (3), 417-22. 

75. Kolusheva, S.; Shahal, T.; Jelinek, R., Cation-

Selective Color Sensors Composed of 

Ionophore−Phospholipid−Polydiacetylene Mixed 

Vesicles. Journal of the American Chemical Society 

2000, 122, (5), 776-780. 

76. Kolusheva, S.; Shahal, T.; Jelinek, R., 

Peptide−Membrane Interactions Studied by a New 

Phospholipid/Polydiacetylene Colorimetric Vesicle 

Assay†. Biochemistry 2000, 39, (51), 15851-15859. 

77. Kolusheva, S.; Wachtel, E.; Jelinek, R., 

Biomimetic lipid/polymer colorimetric membranes 

molecular and cooperative properties. Journal of lipid 

research 2003, 44, (1), 65-71. 

78. Scindia, Y.; Silbert, L.; Volinsky, R.; 

Kolusheva, S.; Jelinek, R., Colorimetric detection and 

fingerprinting of bacteria by glass-supported 

lipid/polydiacetylene films. Langmuir 2007, 23, (8), 

4682-4687. 

79. Silbert, L.; Ben Shlush, I.; Israel, E.; 

Porgador, A.; Kolusheva, S.; Jelinek, R., Rapid 

chromatic detection of bacteria by use of a new 

biomimetic polymer sensor. Appl Environ Microbiol 

2006, 72, (11), 7339-44. 

80. Kim, K. W.; Choi, H.; Lee, G. S.; Ahn, D. J.; 

Oh, M. K., Effect of phospholipid insertion on 

arrayed polydiacetylene biosensors. Colloids Surf B 

Biointerfaces 2008, 66, (2), 213-7. 

81. Evrard, D.; Touitou, E.; Kolusheva, S.; 

Fishov, Y.; Jelinek, R., A new colorimetric assay for 

studying and rapid screening of membrane 

penetration enhancers¥. Pharmaceutical research 

2001, 18, (7), 943-949. 

82. Seo, D.; Kim, J., Effect of the molecular size 

of analytes on polydiacetylene chromism. Advanced 

Functional Materials 2010, 20, (9), 1397-1403. 

83. Cho, Y.-S.; Ahn, K. H., Molecular 

interactions between charged macromolecules: 

colorimetric detection and quantification of heparin 

with a polydiacetylene liposome. Journal of Materials 

Chemistry B 2013, 1, (8), 1182-1189. 

84. Yoon, B.; Shin, H.; Kang, E.-M.; Cho, D. W.; 

Shin, K.; Chung, H.; Lee, C. W.; Kim, J.-M., Inkjet-

Compatible Single-Component Polydiacetylene 

Precursors for Thermochromic Paper Sensors. ACS 

applied materials & interfaces 2013, 5, (11), 4527-

4535. 

85. Jung, Y. K.; Park, H. G., Colorimetric 

detection of clinical DNA samples using an 

intercalator-conjugated polydiacetylene sensor. 

Biosens Bioelectron 2015, 72, 127-32. 

86. Halevy, R.; Rozek, A.; Kolusheva, S.; 

Hancock, R. E.; Jelinek, R., Membrane binding and 

permeation by indolicidin analogs studied by a 

biomimetic lipid/polydiacetylene vesicle assay. 

Peptides 2003, 24, (11), 1753-61. 

87. Pevzner, A.; Kolusheva, S.; Orynbayeva, Z.; 

Jelinek, R., Giant chromatic lipid/polydiacetylene 

vesicles for detection and visualization of membrane 

interactions. Advanced Functional Materials 2008, 

18, (2), 242-247. 

88. Deming, T. J., Synthetic polypeptides for 

biomedical applications. Progress in Polymer Science 

2007, 32, (8), 858-875. 

89. Orynbayeva, Z.; Kolusheva, S.; Groysman, 

N.; Gavrielov, N.; Lobel, L.; Jelinek, R., Vaccinia 

virus interactions with the cell membrane studied by 

new chromatic vesicle and cell sensor assays. Journal 

of virology 2007, 81, (3), 1140-1147. 

90. Wyrsta, M. D.; Cogen, A. L.; Deming, T. J., 

A parallel synthetic approach for the analysis of 

membrane interactive copolypeptides. Journal of the 

American Chemical Society 2001, 123, (51), 12919-

12920. 



91. Siano, A.; Humpola, M. V.; Rey, M. C.; 

Simonetta, A.; Tonarelli, G. G., Interaction of 

Acylated and Substituted Antimicrobial Peptide 

Analogs with Phospholipid-Polydiacetylene Vesicles. 

Correlation with their Biological Properties. Chemical 

Biology & Drug Design 2011, 78, (1), 85-93. 

92. Sokolovski, M.; Sheynis, T.; Kolusheva, S.; 

Jelinek, R., Membrane interactions and lipid binding 

of casein oligomers and early aggregates. Biochimica 

et Biophysica Acta (BBA)-Biomembranes 2008, 1778, 

(10), 2341-2349. 

93. Kang, D. H.; Jung, H. S.; Ahn, N.; Lee, J.; 

Seo, S.; Suh, K. Y.; Kim, J.; Kim, K., Biomimetic 

detection of aminoglycosidic antibiotics using 

polydiacetylene-phospholipids supramolecules. Chem 

Commun (Camb) 2012, 48, (43), 5313-5. 

94. Hermanson, G. T., Bioconjugate techniques. 

Academic press: 2013. 

95. Lee, J.; Kim, J., Multiphasic sensory alginate 

particle having polydiacetylene liposome for selective 

and more sensitive multitargeting detection. 

Chemistry of Materials 2012, 24, (14), 2817-2822. 

96. Park, J. H.; Choi, H.; Cui, C.; Ahn, D. J., 

Capillary-Driven Sensor Fabrication of 

Polydiacetylene-on-Silica Plate in 30 Seconds: Facile 

Utilization of π-Monomers with C18- to C25-Long 

Alkyl Chain. ACS Omega 2017, 2, (10), 7444-7450. 

97. Jung, Y. K.; Kim, T. W.; Kim, J.; Kim, J. M.; 

Park, H. G., Universal colorimetric detection of 

nucleic acids based on polydiacetylene (PDA) 

liposomes. Adv Funct Mater 2008, 18 (5), 701-708. 

98. Lee, H.-C.; Jeon, S.; Kim, J.-M.; Chung, C.-

W., Colorimetric polydiacetylene for plasma 

diagnostics. Sensors and Actuators B: Chemical 

2014, 203, 130-134. 

99. Nieuwland, M.; van Gijzel, N.; van Hest, J. 

C.; Löwik, D. W., The influence of amino acid 

sequence on structure and morphology of 

polydiacetylene containing peptide fibres. Soft matter 

2015. 

100. Carpick, R. W.; Mayer, T. M.; Sasaki, D. Y.; 

Burns, A. R., Spectroscopic ellipsometry and 

fluorescence study of thermochromism in an ultrathin 

poly(diacetylene) film: Reversibility and transition 

kinetics. Langmuir 2000, 16, (10), 4639-4647. 

101. Deckert, A. A.; Fallon, L.; Kiernan, L.; 

Cashin, C.; Perrone, A.; Encalarde, T., Kinetics of the 

Reversible Thermochromism in Langmuir-Blodgett-

Films of Cd2+ Salts of Polydiacetylenes Studied 

Using Uv-Vis Spectroscopy. Langmuir 1994, 10, (6), 

1948-1954. 

102. Huo, Q.; Russell, K. C.; Leblanc, R. M., 

Chromatic studies of a polymerizable diacetylene 

hydrogen bonding self-assembly: A "self-folding" 

process to explain the chromatic changes of 

polydiacetylenes. Langmuir 1999, 15, (11), 3972-

3980. 

103. Li, Y.; Wang, L.; Yin, X.; Ding, B.; Sun, G.; 

Ke, T.; Chen, J.; Yu, J., Colorimetric Strips for Visual 

Lead Ion Recognition Utilizing Polydiacetylenes 

Embedded Nanofibers. J. Mater. Chem. A 2014, 

18304-12. 

104. Pan, X.; Wang, Y.; Jiang, H.; Zou, G.; Zhang, 

Q., Benzo-15-crown-5 functionalized 

polydiacetylene-based colorimetric self-assembled 

vesicular receptors for lead ion recognition. Journal 

of Materials Chemistry 2011, 21, (11), 3604-3610. 

105. Chu, B.; Xu, R. L., Chromatic Transition of 

Polydiacetylene in Solution. Accounts of Chemical 

Research 1991, 24, (12), 384-389. 

106. Batchelder, D. N.; Evans, S. D.; Freeman, T. 

L.; Haussling, L.; Ringsdorf, H.; Wolf, H., Self-

Assembled Monolayers Containing Polydiacetylenes. 

Journal of the American Chemical Society 1994, 116, 

(3), 1050-1053. 

107. Menzel, H.; Horstmann, S.; Mowery, M. D.; 

Cai, M.; Evans, C. E., Diacetylene polymerization in 

self-assembled monolayers: influence of the odd/even 

nature of the methylene spacer. Polymer 2000, 41, 

(22), 8113-8119. 

108. Mino, N.; Tamura, H.; Ogawa, K., Analysis 

of Color Transitions and Changes on Langmuir-



Blodgett-Films of a Polydiacetylene Derivative. 

Langmuir 1991, 7, (10), 2336-2341. 

109. Volinsky, R.; Gaboriaud, F.; Berman, A.; 

Jelinek, R., Morphology and organization of 

phospholipid/diacetylene Langmuir films studied by 

Brewster angle microscopy and fluorescence 

microscopy. Journal of Physical Chemistry B 2002, 

106, (36), 9231-9236. 

110. Kim, T. S.; Crooks, R. M.; Tsen, M.; Sun, L., 

Polymeric Self-Assembled Monolayers .2. Synthesis 

and Characterization of Self-Assembled 

Polydiacetylene Monolayers and Multilayers. Journal 

of the American Chemical Society 1995, 117, (14), 

3963-3967. 

111. Volinsky, R.; Kliger, M.; Sheynis, T.; 

Kolusheva, S.; Jelinek, R., Glass-supported 

lipid/polydiacetylene films for colour sensing of 

membrane-active compounds. Biosensors and 

Bioelectronics 2007, 22, (12), 3247-3251. 

112. Friedman, S.; Kolusheva, S.; Volinsky, R.; 

Zeiri, L.; Schrader, T.; Jelinek, R., 

Lipid/polydiacetylene films for colorimetric protein 

surface-charge analysis. Analytical chemistry 2008, 

80, (20), 7804-7811. 

113. Jelinek, R.; Kolusheva, S.; Mann, E.; Aviram, 

M., Chromatic polymer assays for the analysis of 

lipid and lipoprotein peroxidation. Lipid Technology 

2015, 9999. 

114. Kolusheva, S.; Yossef, R.; Kugel, A.; Katz, 

M.; Volinsky, R.; Welt, M.; Hadad, U.; Drory, V.; 

Kliger, M.; Rubin, E., Array-based disease 

diagnostics using lipid/polydiacetylene vesicles 

encapsulated in a sol–gel matrix. Analytical chemistry 

2012, 84, (14), 5925-5931. 

115. Pratt, W. K., In Digital Image Processing, 

3rd ed.; John Wiley & Sons, Inc. : 2001; pp 643-672. 

116. Yoon, B.; Park, I. S.; Shin, H.; Park, H. J.; 

Lee, C. W.; Kim, J. M., A Litmus‐Type Colorimetric 

and Fluorometric Volatile Organic Compound Sensor 

Based on Inkjet‐Printed Polydiacetylenes on Paper 

Substrates. Macromolecular rapid communications 

2013, 34, (9), 731-735. 

117. Li, Y.; Wang, L.; Wen, Y.; Ding, B.; Sun, G.; 

Ke, T.; Chen, J.; Yu, J., Constituting Visually 

Detection System for Lead (II) on Polydiacetylene-

Glycine Embedded Nanofibrous Membranes. Journal 

of Materials Chemistry A 2015. 

118. Collins, J. M., Pharmacologic rationale for 

regional drug delivery. Journal of Clinical Oncology 

1984, 2, (5), 498-504. 

119. Mayer, L. D.; Tai, L. C.; Ko, D. S.; Masin, 

D.; Ginsberg, R. S.; Cullis, P. R.; Bally, M. B., 

Influence of vesicle size, lipid composition, and drug-

to-lipid ratio on the biological activity of liposomal 

doxorubicin in mice. Cancer Res 1989, 49, (21), 

5922-30. 

120. Guo, C.; Liu, S.; Jiang, C.; Li, W.; Dai, Z.; 

Fritz, H.; Wu, X., A promising drug controlled-

release system based on diacetylene/phospholipid 

polymerized vesicles. Langmuir 2009, 25, (22), 

13114-13119. 

121. Gabizon, A.; Papahadjopoulos, D., Liposome 

formulations with prolonged circulation time in blood 

and enhanced uptake by tumors. Proc Natl Acad Sci 

U S A 1988, 85, (18), 6949-53. 

122. Okada, J.; Cohen, S.; Langer, R., In vitro 

evaluation of polymerized liposomes as an oral drug 

delivery system. Pharm Res 1995, 12, (4), 576-82. 

123. Jeong, J. M.; Chung, Y. C.; Hwang, J. H., 

Enhanced adjuvantic property of polymerized 

liposome as compared to a phospholipid liposome. J 

Biotechnol 2002, 94, (3), 255-63. 

124. Chen, H.; Torchilin, V.; Langer, R., Lectin-

bearing polymerized liposomes as potential oral 

vaccine carriers. Pharm Res 1996, 13, (9), 1378-83. 

125. Khan, N.; Wyres, C. A. Multi-colour printing. 

2005. 

126. Qin, G.; Li, Z.; Xia, R.; Li, F.; O’Neill, B. E.; 

Goodwin, J. T.; Khant, H. A.; Chiu, W.; Li, K. C., 

Partially polymerized liposomes: stable against 

leakage yet capable of instantaneous release for 

remote controlled drug delivery. Nanotechnology 

2011, 22, (15), 155605. 



127. Wu, G.; Mikhailovsky, A.; Khant, H. A.; Fu, 

C.; Chiu, W.; Zasadzinski, J. A., Remotely triggered 

liposome release by near-infrared light absorption via 

hollow gold nanoshells. Journal of the American 

Chemical Society 2008, 130, (26), 8175-8177. 

128. Guo, C.; Liu, S.; Dai, Z.; Jiang, C.; Li, W., 

Polydiacetylene vesicles as a novel drug sustained-

release system. Colloids and Surfaces B: 

Biointerfaces 2010, 76, (1), 362-365. 

129. Yan, X.; An, X., Multifunctional 

polydiacetylene-liposome with controlled release and 

fluorescence tracing. RSC Advances 2014, 4, (36), 

18604-18607. 

130. Mackiewicz, N.; Gravel, E.; Garofalakis, A.; 

Ogier, J.; John, J.; Dupont, D. M.; Gombert, K.; 

Tavitian, B.; Doris, E.; Ducongé, F., Tumor‐Targeted 

Polydiacetylene Micelles for In Vivo Imaging and 

Drug Delivery. Small 2011, 7, (19), 2786-2792. 

131. Yao, D.; Li, S.; Zhu, X.; Wu, J.; Tian, H., 

Tumor-cell targeting polydiacetylene micelles 

encapsulated with an antitumor drug for the treatment 

of ovarian cancer. Chem Commun (Camb) 2017, 53, 

(7), 1233-1236. 

132. Mata, A.; Hsu, L.; Capito, R.; Aparicio, C.; 

Henrikson, K.; Stupp, S. I., Micropatterning of 

bioactive self-assembling gels. Soft Matter 2009, 5, 

(6), 1228-1236. 

133. Wen, J. T.; Castro, C.; Tsutsui, H., In Planta 

Microsphere-Based Lateral Flow Leaf Biosensor in 

Maize. J Lab Autom 2014. 

134. Hartgerink, J. D.; Beniash, E.; Stupp, S. I., 

Peptide-amphiphile nanofibers: a versatile scaffold 

for the preparation of self-assembling materials. Proc 

Natl Acad Sci U S A 2002, 99, (8), 5133-8. 

135. Matson, J. B.; Stupp, S. I., Self-assembling 

peptide scaffolds for regenerative medicine. Chemical 

Communications 2012, 48, (1), 26-33. 

136. Matson, J. B.; Zha, R. H.; Stupp, S. I., 

Peptide Self-Assembly for Crafting Functional 

Biological Materials. Curr Opin Solid State Mater Sci 

2011, 15, (6), 225-235. 

137. Smith, L. A.; Ma, P. X., Nano-fibrous 

scaffolds for tissue engineering. Colloids Surf B 

Biointerfaces 2004, 39, (3), 125-31. 

138. Biesalski, M. A.; Knaebel, A.; Tu, R.; Tirrell, 

M., Cell adhesion on a polymerized peptide-

amphiphile monolayer. Biomaterials 2006, 27, (8), 

1259-69. 

139. Jahnke, E.; Lieberwirth, I.; Severin, N.; Rabe, 

J. P.; Frauenrath, H., Topochemical polymerization in 

supramolecular polymers of oligopeptide-

functionalized diacetylenes. Angew Chem Int Ed Engl 

2006, 45, (32), 5383-6. 

140. Chae, S. K.; Park, H.; Yoon, J.; Lee, C. H.; 

Ahn, D. J.; Kim, J. M., Polydiacetylene 

supramolecules in electrospun microfibers: 

Fabrication, micropatterning, and sensor applications. 

Advanced Materials 2007, 19, (4), 521-+. 

141. Peng, H. S.; Sun, X. M.; Cai, F. J.; Chen, X. 

L.; Zhu, Y. C.; Liao, G. P.; Chen, D. Y.; Li, Q. W.; 

Lu, Y. F.; Zhu, Y. T.; Jia, Q. X., Electrochromatic 

carbon nanotube/polydiacetylene nanocomposite 

fibres. Nature Nanotechnology 2009, 4, (11), 738-

741. 

142. Kamphan, A.; Traiphol, N.; Traiphol, R., 

Versatile route to prepare reversible thermochromic 

polydiacetylene nanocomposite using low molecular 

weight poly (vinylpyrrolidone). Colloids and Surfaces 

A: Physicochemical and Engineering Aspects 2016, 

497, 370-377. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

For table of contents only  

 

 


