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ABSTRACT: Most solid-state biosensor platforms require a specific immobilization chemistry and a bioconjugation strat-
egy separately to tether sensory molecules to a substrate and attach specific receptors to the sensory unit, respectively. 
We developed a mussel-inspired universal conjugation method that enable both surface immobilization and bioconjuga-
tion at the same time. By incorporating dopamine or catechol moiety into self-signaling polydiacetylene (PDA) liposomes, 
we demonstrated efficient immobilization of the PDA liposomes to a wide range of substrates, without any substrate 
modification. Moreover, receptor molecules having a specificity toward a target molecule can also be attached to the im-
mobilized PDA liposome layer without any chemical modification. We applied our mussel-inspired conjugation method 
to a droplet-array biosensor by exploiting hydrophilic nature of PDA liposomes coated on a hydrophobic polytetrafluoro-
ethylene (PTFE) surface, and demonstrated selective and sensitive detection of vascular endothelial growth factor (VEGF) 
down to 10 nM 

INTRODUCTION 

Solid-state biosensor platforms have various advantages 
over solution-based counterparts, such as, easy handling 
during washing and buffer exchange steps, stable long-
term storage, high throughput simultaneous multi-
detection, and good portability.1-9 To build a solid-state 
sensor, a signal generating unit should be firmly immobi-
lized to a substrate and a receptor molecule or a specific 
functional group is to chemically tethered to the signal 
generating unit. These two conjugation steps require spe-
cific chemical modifications and optimization of the sub-
strate, signal generating unit, and receptor molecule.1-2  

Polydiacetylene (PDA) is an attractive conjugated pol-
ymer for colorimetric and self-signaling sensory applica-
tions due to its well-known mechanochromism.10-12 When 
mechanically stressed by external stimuli, such as heat,13-15 
humidity,16-17 metal ions,4, 6, 8 chemicals,7, 18-25 and biologi-
cal molecules,9, 26-31 PDA changes its color from blue to red 
due to the resulting distortion of its conjugated yne-ene 
main chain. In addition to this colorimetric signal, PDA 
also provides an additional fluorescence-based detection 

scheme because the red phase PDA emits red fluores-
cence while the original blue phase has no emission. Lip-
osomes prepared by self-assembly of amphiphilic diacety-
lene monomers are the most commonly used form of 
PDA for sensor applications. The self-assembly leads to a 
close packing of the diacetylene monomers, and subse-
quent photo-polymerization via 254 nm UV light converts 
the well-packed monomers to blue PDA. A specific target 
molecule can be directly and selectively detected by PDA 
liposomes having a surface-tethered and rationally de-
signed head group or receptor that has a high affinity to 
the target.  

We previously reported various PDA liposome-based 
microarrays as a highly sensitive, selective, and universal 
optical biosensor platform.4, 8, 27 We designed PDA mon-
omers having a functional head group such as NHS-ester4 
and epoxy8, 27 for i) immobilization of the liposomes to an 
amino-functionalized surface (e.g. aminosilane-coated 
glass), and ii) tethering of amine-containing specific re-
ceptors (e.g. DNA aptamers, peptides, and antibodies) to 
the liposome layer. However, these previous approaches 
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require a specific functional group on the substrate and 
the receptor before the covalent immobilization of the 
PDA liposomes to the substrate and the tethering of the 
receptors to the PDA layer, respectively. Although there 
are well-established functionalization and surface modifi-
cation methods, such as silanization on a silicon or glass 
surface,32 grafting on a polymer surface,33 and thiol mono-
layer assembly on a gold surface34, these methods are ma-
terial-dependent and thereby applicable to a specific sur-
face. Moreover, these methods are costly, time-
consuming, labor-intensive and often require extensive 
optimization through multiple steps.  

 

 

Scheme 1 A) Universal bio-conjugation of sensory PDA liposomes based on mussel-inspired catechol chemistry. 
B) Substrate-independent immobilization, chemical modification-free bio-conjugation of receptors, and self-
signaling target detection of mussel-inspired PDA liposomes. 

Certain mussel foot proteins in nature show powerful 
adhesion to any types of materials, even in wet 
condition.35-40 The mussel adhesion is mediated by the 
abundant catechol and amine groups co-existing in the 
side chains of the protein.37-39 Interestingly, catechol 
group is a versatile functional group that can form cova-
lent bonds with amine,36, 41-44 catechol,41 thiol,36, 41, 45 imid-
azole,41, 46 hydrazine,47 and others.  Therefore, the catechol 
chemistry can covalently link various molecules having 
the above-mentioned functional groups, such as small 
chemicals,47-48 polymer,48 DNA42 and protein46, to mussel-
inspired catechol-containing materials. 

In this contribution, we present our development of in-
corporating mussel-inspired chemistry to the PDA system 
to devise convenient fabrication of PDA-based sensory 
systems. As illustrated in Scheme 1, we designed two mus-
sel-inspired coating strategies to immobilize PDA lipo-
somes material-independently without any surface pre-

treatment. In the Strategy I, we adapted dopamine, a 
simple mimic of the mussel adhesive protein, into PDA 
liposome and in the Strategy II, catechol and amine head 
groups were incorporated into PDA liposome. The mus-
sel-inspired stickiness plays dual roles; i) immobilizing 
PDA liposome on a substrate and ii) tethering receptor 
molecules to the immobilized PDA liposome layer. We 
also constructed PDA-based droplet-array devices by ap-
plying the developed strategies to a hydrophobic PTFE 
(polytetrafluoroethylene) membrane. In this droplet-array 
device, aqueous solution is spontaneously confined, due 
to the surface tension, within the hydrophilic PDA lipo-
some spots on the hydrophobic PTFE.49-52  These devices 
are a promising tool for rapid and convenient diagnosis 
since complex and expensive additional components, 
such as a micro-pump, are not necessary. 

 

RESULT AND DISCUSSION 

Page 2 of 9

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Coating of PDA Liposome By Strategy I. Dopamine 
having both catechol and amine groups is self-
polymerized on various surfaces in an oxidative environ-
ment (e.g. mild basic aqueous solution).35-36, 41 It has been 
reported that various materials co-dissolved with dopa-
mine can be immobilized onto various surfaces via poly-
dopamine formation.48, 53 We developed the polydopa-
mine-based PDA coating method by achieving covalent 
connection of dopamine to PDA liposomes. As illlustrated 
in Scheme 1, we assembled PDA liposome composed of 4:1 
(molar ratio) mixture of PCDA (10,12-pentacosadiynoic 
acid, a PDA monomer) and DMPA (1,2-dimyristoyl-sn-
glycero-3-phosphate, a phospholipid). The purpose of 
DMPA insertion is to achieve an enhanced sensitivity by 
increasing the flexibility of the PDA packing in the lipo-
some.27, 29 The PDA liposomes were then conjugated with 
dopamine by means of the carbodiimide chemistry (EDC 
coupling) between the carboxylic acid of the PDA lipo-
some and the amine of dopamine. The conjugation was 
carried out at pH ~ 5.6 to increase the reaction rate as 
well as to prohibit undesired dopamine polymerization. 
Unbound dopamines were not removed but used for sub-
sequent polydopamine formation. After the conjugation, 
the pH of the reaction mixture was adjusted to 8 to oxi-
dize both PDA-bound and unbound dopamines for the 
PDA immobilization on a substrate via polydopamine 
formation.  

 

Figure 1 A) Camera and fluorescence images of the PDA lip-
osome spots coated on a PTFE surface with and without do-
pamine treatment before and after heat treatment (Scale bar: 
1 mm). B) Fluorescence images of the PDA liposome spots 
coated on various substrates (Scale Bar: 250 μm). The hydro-
phobicity of the surfaces increases from left to right, deter-
mining the spread of aqueous PDA liposome solution on the 
substrates.  

Figure 1A shows the micro-spotted PDA liposomes with 
and without the dopamine treatment on a pristine PTFE 
membrane. Even on the inert and hydrophobic PTFE sur-
faces, the formed PDA liposome pattern shows clear ini-
tial blue color and color change from blue to red upon 
heating (90 oC, 5 min) while dopamine-free PDA lipo-
somes could not be coated on the PTFE surface. The red 
fluorescence from the heat-treated PDA liposome implies 
that while the dopamine modification provides facile im-
mobilization of PDA liposomes on the solid substrate it 
does not disrupt self-assembled PDA liposome and inher-
ent self-signaling property of the PDA.  We further con-
firmed successful dopamine-assisted coating of the PDA 

liposomes on various common substrates including glass, 
polydimethylsiloxane (PDMS), nitrocellulose (NC), and 
polyvinyli denefluoride (PVDF). Glass is the representa-
tive substrate for microarray system, PDMS is the most 
widely used material for microfluidic devices, and NC and 
PVDF membranes are widely used in dot or western blot-
ting. As shown in Figure 1B, high quality red fluorescence 
spots on the various surfaces were achieved by microspot-
ting. Surprisingly, the spot of PDA-dopamine liposome 
does not show the coffee ring phenomena and thus is 
uniform, especially on hydrophobic surfaces such as 
PDMS, PVDF, and PTFE whereas the dopamine-free PDA 
liposomes results in either no-coating or poor quality 
spots having the coffee ring. We believe that dopamine 
induces crosslinking among PDA liposomes, as well as the 
tether the PDA liposome on the substrate (Figure S1). 
Therefore dopamine-treated PDA liposomes in the solu-
tion were aggregated each other after long overnight in-
cubation at pH 8 (Figure S2). Through such multiple 
binding, more PDA liposomes can be tethered efficiently 
and uniformly on a substrate like other researchers found 
that crosslinking between PDA liposomes improved the 
coating uniformity.30 It is also known that hydrophobic 
surfaces produce more uniform coating by suppressing 
the coffee ring effect due to the reduced evaporation-
induced flow to the contact line.54  

We also observed that the coated spot size decreased as 
the hydrophobicity of the substrate increased when the 
same volume of PDA liposome was deposited. For exam-
ples, the diameter of the PDA spot on PTFE was about 0.5 
mm while the one on the glass was about 1.1 mm even 
though twice larger volume was spotted on PTFE (0.1 μl 
was spotted on the glass and 0.2 μ1 on PTFE). It is related 
to the static water contact angle of the surfaces: glass (be-
low 41o) < NC (82o) < 90o < PDMS (108o) < PVDF (128o) < 
PTFE (132o) (Figure S3). This phenomenon implies that 
the more liposomes can be concentrated on a hydropho-
bic substrate via the microspotting. Therefore, we con-
cluded that the most hydrophobic PTFE membrane 
would be the most suitable substrate for further experi-
ments.  

  

Figure 2 A) Fluorescence images of the dopamine-treated 
PDA liposome spots having various concentrations of 
dopamine and their corresponding fluorescence intensity. 
B) Fluorescence images of the dopamine-treated PDA 
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liposome spot with or without unbound dopamines. For 
the bottom two images microspotting was performed af-
ter the unbound dopamines were removed by ultra-
filtration or polydopamine formation by overnight incu-
bation. C) Camera and fluorescence images of the dopa-
mine-treated PDA liposome pattern without EDC cou-
pling between dopamine and PDA liposome. 

The effect of dopamine concentration on the quality of 
PDA liposome coating was also investigated. PDA lipo-
somes conjugated with various molar ratios of dopamine 
to PCDA were microspotted on a PTFE surface, polymer-
ized, and heated subsequently. The red fluorescence im-
ages of the resulting PDA liposomes were captured and 
the fluorescence intensity was measured (Figure 2A). In 
the range of low dopamine molar ratio from 0 to 0.5, the 
PDA fluorescence became more intense as the molar ratio 
increased, implying that dopamine mediates the coating 
process. The PDA fluorescence is, however, significantly 
reduced at the molar ratios above 1. Moreover, when the 
molar ratio is 5 the coatings of PDA liposome are not uni-
form. These reduced and non-uniform coatings are likely 
resulted from that the excessive binding of dopamine to 
the diacetylene liposome perturbs the packing of PDA 
liposomes and causes massive aggregation in the solution. 
The role of unbound dopamines and carbodiimide chem-
istry in the coating process was also investigated. The 
fluorescence intensity of the PDA liposome coating is 
significantly reduced when the unbound dopamines are 
removed by ultra-filtration or polydopamine formation in 
the solution is excessively proceeded before the spotting 
(Figure 2B). Per our calculation based on the UV/Vis 
measurement, 64.9 % of dopamines were conjugated with 
PDA liposome when the PDA liposomes were reacted 
with 0.5 molar ratio of dopamine by EDC coupling. It is 
reasonable to expect that unbound dopamines signifi-
canlty promote the immobilization of the PDA liposomes 
through polydopamine formation (Figure S1). We also 
noticed that the dopamine-modified PDA liposomes 
tended to clog the filter during ultra-filtration. Therefore, 
we were convinced that direct spotting of the PDA lipo-
somes without removal of the unbound dopamine was 
the optimum condition for high quality PDA spot for-
mation. In addition, if there is no EDC coupling, the most 
of immobilized PDA liposomes were rinsed away due to 
the weak interaction between PDA liposomes and poly-
dopamine as we anticipated (Figure 2C). 

 

Figure 3 A) Fluorescence intensity of the PDA liposome 
spots prepared at various pH and mixing ratios of PCDA-
catechol to PCDA-amine. The corresponding fluorescence 
microscope images are presented in Figure S5. B) Fluores-
cence images of the PDA liposome spotted on various sub-
strates by means of Strategy II (Scale Bar: 250 μm). The hy-
drophobicity of the surfaces increases from left to right, de-
termining the spread of aqueous PDA liposome solution on 
the substrates. 

 

PDA liposome coating by Strategy II. In addition to the 
successful immobilization of PDA liposomes by Strategy I, 
we further developed a simpler coating strategy (Strategy 
II) by co-assembling diacetylene molecules having cate-
chol (PCDA-catechol) and amine group (PCDA-amine), 
respectively. The synthetic procedures are described in 
Supporting Information. We found that the diacetylene 
liposomes were not stably assembled at higher than 6:4 
molar ratios of PCDA-catechol to PCDA-amine while 
photopolymerization became inefficient at molar ratios 
higher than 4:6 judging from the quality of the developed 
blue color of resulting PDA (Figure S4). We tested the 
immobilization efficiency of the PDA liposomes assem-
bled from 0:10, 1:9, 2:8, 3:7, 6:4, to 5:5 ratio of PCDA-
catechol to PCDA-amine on a PTFE surface. We also con-
firmed the effect of pH from 5.6, 6.5, 7.5 to 8.5 (Figure 3A 
and Figure S5). At the optimized ratio of 3:7, the PDA 
liposomes were attached efficiently in the broad range of 
pH from 5.6 to 8.5. We also verified that the optimized 
PDA liposome can be efficiently tethered on various sub-
strates including glass, polydimethylsiloxane (PDMS), 
nitrocellulose (NC), and polyvinylidenefluoride (PVDF) 
(Figure 3B). 
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Application to Droplet-Array Sensor. Excellent quality 
large-area coating (Figure S6A) and micro patterning 
(Figure S6B) of PDA liposomes were also achieved by 
means of the developed strategies. A solvent-assisted ca-
pillary force lithography is an useful technique for residu-
al-layer-free micro pattering.55-59 We moved forward to 
the development of a droplet-array optical biosensor de-
vice with the high compatibility of our mussel-inspired 
PDA liposome with various substrates and coating tech-
niques (Scheme 2).  

 

Scheme 2 Schematic illustration of target detection 
by mussel-inspired PDA liposome-based droplet-
array biosensor. 

 

Figure 4 A) Static water contact angle on the coated mussel-
inspired PDA liposome layer and a bare PTFE surface. B) 
Camera images of the spontaneously formed selective wet-
ting on circular (D: 2 mm) and square (L: 1 cm) shapes of the 
mussel-inspired PDA-liposome coating formed on the PTFE 
surface.  C) Camera images of the evaporation of the selec-
tively-wetted and pinned analyte droplet on the PDA pat-
tern. Evaporation in this fashion will concentrate the analyte 
within the solution droplet.   

We first measured the static contact angles of the mus-
sel-inspired PDA coating formed on the PTFE membrane 
surface. The mussel-inspired PDA liposome coating had a 
hydrophilic contact angle of 55°, whereas the contact an-
gle of the hydrophobic PTFE was 131° (Figure 4A). The 
surface of PDA liposome is hydrophilic because its self-
assembled polar head groups are presented on the lipo-
some surfaces and their hydrophobic long alkyl chains are 
hided under the head groups. We further tested the selec-
tive-wetting behavior of hydrophilic mussel-inspired PDA 
liposome spots coated on the hydrophobic surfaces. Fig-
ure 4B shows circular and square shapes of PDA-liposome 
patterns which are entrapping water droplets by surface 
tension generated at the boundary between the hydro-
philic PDA spot and the hydrophobic PTFE surrounding. 
It is also worthy to note that the entrapped droplet was 

gradually evaporated while being pinned within the 
boundary (Figure 4C). Therefore, we anticipated an in-
crease in sensitivity from our selective-wetting device 
because the target molecules in the analyte droplet will be 
uniformly concentrated on the sensory PDA spot through 
evaporation. 

 

VEGF Detection. A good sensor must have specificity 
toward a target molecule, which can be achieved by ra-
tional receptor design and selection. The identified recep-
tor should be chemically attached to the sensory system. 
For the PDA sensor platform, receptors are tethered to 
the PDA liposome surface. We investigated whether the 
developed mussel-inspired bioconjugation strategies al-
low efficient receptor tethering to the PDA liposome 
without any further chemical treatment and the mechani-
cal stress induced by specific interactions between the 
surface bound receptor and target molecules would be 
effectively transferred through the mussel-inspired adhe-
sion layer to the conjugated yne-ene backbone of PDA. 
We applied our system to VEGF (vesicular endothelial 
growth factor) detection by tethering a bio-receptor on 
the mussel-inspired PDA liposome. VEGF is an important 
biomarker because it regulates angiogenesis of endotheli-
al cells and is over-expressed when tumor cells grow and 
metastasize.60 Through a literature survey, we found an 
ssDNA aptamer (5’-TGTGGGGGTGGACGGGCCGGGT 
AGA-3’) that recognizes VEGF selectively by forming the 
G-quadruplex structure.60 We loaded the amine-modified 
ssDNA aptamers onto the spots of PDA liposome coating. 
The amine-modified aptamers were conjugated to the 
surfaces of the pre-coated PDA liposomes via catechol 
chemistry: Michael addition or Schiff base formation be-
tween amine and catechol (Scheme 3). 

 

Scheme 3 Binding mechanism of an amine-
containing bio-receptor to the mussel-inspired PDA 
liposome through the catechol chemistry (Michael 
addition and Schiff base formation). 

 
Figure 5 A) Fluorescence microscope images of the mussel-
inspired PDA liposome arrays conjugated with VEGF ap-
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tamer after 1 h incubation with various concentrations of 
VEGF solution and 10 μg/ml of BSA, and B) corresponding 
relative fluorescence intensity 

We first examined fluorescence intensity of the result-
ing PDA liposome spots after being exposure to various 
concentrations of VEGF for an hour at RT. As shown in 
Figure 5, the red fluorescence intensity of the PDA spot 
increased gradually as the VEGF concentration increased. 
The detection limit obtained from the Strategy II was 10 
nM while the Strategy I could provide the detection limit 
of 50 nM. Since the Strategy I allows polymerization of 
unbound dopamine, thicker adhesion layer will be formed 
on the PDA liposme surface. Therefore, mechanical stress 
produced by the target recognition will be less effectively 
transferred through the thick adhesion layer to the conju-
gated yne-ene backbone located at the PDA interior. This 
result is consistent with the well-established fact that the 
optical signal intensity drops as the distance between bio-
receptor and PDA backbone increases.24 The aptamer-
tethered PDA coating did not shows any fluorescence 
response to BSA (bovine serum albumin) as an negative 
control, confirming the specificity of the system. 

 

CONCLUSION 

In summary, we developed convenient solid-state sensor 
array fabrication strategies by adapting the strong adhe-
sion property of the mussel protein to tether PDA lipo-
some to a variety of substrates and facilely bioconjugate 
DNA aptamer as a receptor to the sensory PDA layer. Do-
pamine is incorporated with the diacetylene liposomes or 
catechol/amine-attached diacetylenes are self-assembled 
into well-defined PDA liposome. The integrated mussel-
inspired chemical moieties provide both excellent immo-
bilization of the PDA liposome to various solid substrates 
and efficient tethering of receptor molecules to the im-
mobilized PDA liposome. We applied mussel-inspired 
coating methods combined with self-signaling PDA lipo-
somes to droplet-array device development for VEGF de-
tection. The mechanical stress induced by the specific 
interactions between VEGF aptamers and VEGF is effec-
tively transferred to the PDA backbone and produces an 
optical sensory signal. Detection limit of 10 nM is 
achieved. We envision that the developed mussel-inspired 
approaches can be readily applied to convenient immobi-
lization of many other nanoobjects such as nanoparticles, 
nanowires, as well as facile development of variety of 
PDA-based sensor systems. 
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