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ABSTRACT: Understanding the self-assembly process of
amyloidogenic protein is valuable not only to find its
pathological implication but also to prepare protein-based
biomaterials. α-Synuclein (αS), a pathological component of
Parkinson’s disease, producing one-dimensional (1D) amyloid
fibrils, has been employed to generate two-dimensional (2D)
protein films by encouraging an alternative self-assembly
process. At a high temperature of 50 °C, αS molecules self-
assembled into 2D films instead of 1D amyloid fibrils, whereas
the fibrils were the major product at 37 °C. Based on circular
dichroism and Fourier transform infrared spectroscopy
analyses, the film was produced via a structural transition from the initial random to still undefined but mostly the turn or
loop structure, which was distinctive from the β-sheet formation observed with the amyloid fibrils. The αS 2D film was also
routinely prepared at the oil−water interface and used as a matrix to produce polydiacetylene-based sensing materials. 10,12-
Pentacosadiynoic acids (PCDA) were aligned on the film and photopolymerized to form a π-conjugated molecular assembly
yielding a blue color. Its colorimetric transition to red was induced by increasing the temperature. This functionalized protein
film increased its height from 40 to 55 nm upon PCDA immobilization and exhibited enhanced physical and chemical stability.
In addition, the modified film showed remarkably high electrical conductivity only in the red state. This film, therefore, can be
considered as a robust protein-based hybrid biomaterial capable of simultaneously recognizing various external stimuli (heat,
pH, and solvents) with changes in color and conductivity, and it is expected to be utilized as a basic material for the
development of biocompatible sensors.

■ INTRODUCTION

Molecular self-assembly is prevalent in biological systems,
which leads to spontaneous fabrication of various supra-
molecular structures with diverse physiological functions
including mechanical support, protection, motility, and sensing
of signals.1−4 The self-assembly process therefore could offer a
powerful method to build supramolecular nanomaterials useful
in diverse areas of nanobiotechnology.5 Amyloidogenesis
defines a biochemical condition in which innocuous soluble
proteins are converted into the self-assembled product of
amyloid fibrils (AFs) stabilized via a regular internal structure
of cross β-sheet conformation.6 The resulting amyloid fibrils
are suggested to be pathologically related to a variety of
neurodegenerative disorders including Parkinson’s disease
(PD), Alzheimer’s disease, and Prion disease.6 In addition,
the material value of amyloid fibrils has been appreciated on
the basis of their exceptional properties such as physical and
chemical stability,7 mechanical strength,8 self-propagating
structural polymorphism and thus used for fibrillar amplifica-

tion,9 template for chemical modifications,10 hydrogel
formation with nanoscaled mesh for effective enzyme entrap-
ment,11 and a considerable cell surface interaction.12 α-
Synuclein (αS) is an amyloidogenic protein found as the
major constituent in the Lewy bodies, a pathological signature
of PD, by forming AFs although its physiological role has not
been clarified.13 αS as a member of intrinsically disordered
proteins (IDPs) exhibits its distinctive feature of multiple
ligand interaction with physiological or nonphysiological
partners, which would be attributed to the representative
property of IDPs, showing structural plasticity.14 In fact, it is
this structural plasticity that appears to be responsible for its
alternative molecular self-assembly, leading to the formation of
protein films besides AFs.
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Protein films can be used in various areas from biomedical
engineering to environmental science.15−20 They can be
grafted to conventional materials such as metals, ceramics,
and polymers not only to alter their innate physical and
chemical properties, but also to convert the surfaces to be
biocompatible,21−23 which could be further functionalized by
immobilizing biologically or chemically active agents to elicit
diverse activities useful for antimicrobial films, wound dressing,
tissue engineering, controlled drug release, and sensor
development.24−28 For the sensor development in particular,
the protein films require decent stability overcoming their
inherent fragility in addition to their sensitivity to external
stimuli, which needs to be transformed into detectable
responses like optical and electronic signals.29 In this report,
a hybrid protein film has been prepared by taking advantage of
the alternative assembly of αS, generating protein films, and
subsequent immobilization of 10,12-pentacosadiynoic acid,
which leads to the formation of robust and colorimetric
polydiacetylene-based conductive ultrathin protein films.

■ MATERIALS AND METHODS
Materials. Human recombinant αS and its Y136C mutant were

separately overexpressed in Escherichia coli and purified according to
the procedures described in previous reports.30,31 Materials such as
10,12-pentacosadiynoic acid (PCDA), 2-(N-morpholino)-
ethanesulfonic acid (MES), dimethyl sulfoxide (DMSO), α-
lactalbumin, β-lactoglobulin, bovine serum albumin, elastin, NaCl,
and Na2HPO4 were purchased from Sigma-Aldrich. Citric acid and
Alexa fluor 488 C5 maleimide were obtained from Junsei and
Invitrogen, respectively. All other chemicals used in this study were
obtained in the highest quality unless otherwise mentioned.
Preparation of αS Films. αS films were produced with the αS

monomer at 1 mg/mL in 20 mM MES (pH 6.5), following a
quiescent incubation at 50 °C for 48 h. The total volume of 1 mL was
incubated in an Eppendorf tube with the temperature kept constant
with an ALB64 Thermo bath (Fine PCR, Korea). To provide an oil−
water interface, 300 μL of paraffin oil was carefully layered on top of
αS-containing aqueous solution without disturbing the interface. For
the production of amyloid fibrils, αS was subjected to either quiescent
or agitated incubation at 200 rpm (Shaking Incubator VS8480S,
Vision Scientific, Korea) at 37 °C for various durations.
Transmission Electron Microscopy (TEM). An aliquot of the

sample containing αS (10 μL) was placed onto carbon-coated 200-
mesh copper grid (Electron Microscopy Science, Hatfield, PA) and air
dried. After staining with 2% uranyl acetate for 30 s, the specimen was
examined with a JEM1010 transmission electron microscope (JEOL,
Tokyo, Japan).
Circular Dichroism (CD) and Fourier Transform Infrared

(FTIR) Spectroscopy. Protein secondary structures of αS monomers,
films, and amyloid fibrils prepared in 20 mM MES at pH 6.5 to the
final concentration of 0.33 mg/mL were assessed with CD
spectroscopy (J-815, Jasco, Japan) scanned between 190 and 250
nm using a 0.1 mm path length quartz cell. All of the CD spectra were
obtained as an average of three separate scans with a step resolution of
1.0 nm, a bandwidth of 1.0 nm, and a scan speed of 20 nm/min. For
FTIR analysis, the samples of αS monomers, αS films, and αS fibrils
were lyophilized using a freeze dryer (EYELA FDU-2200, Tokyo
Rikakikai, Japan) and analyzed with an FTIR spectrophotometer
(Nicolet 6700, Thermo Scientific, WI). The FTIR spectra were
obtained at a resolution of 4 cm−1 using a triglycine sulfate (DTGS)
KBr detector. The second derivative spectra obtained at the amide I
band region (1700−1600 cm−1) were used to identify the frequencies
of peaks for the subsequent curve fitting. Each deconvolved curve was
fitted to a Gaussian curve using Origin Pro 2015 software (Origin Lab
Corporation, Northampton, MA).
Preparation of αS-Y136C-Alexa Flour 488 and Its Assembly

into Films and Amyloid Fibrils. The αS-Y136C mutant was labeled
with Alexa fluor 488 C5 maleimide by incubating them in 20 mM

Tris-Cl (pH 7.5) for 12 h at 4 °C. High-performance liquid
chromatography was used to remove the unreacted dye by employing
a C4 column. The αS-Alexa-488 conjugate was incubated in 20 mM
MES (pH 6.5) at either 37 or 50 °C under agitated and quiescent
conditions, respectively. The resulting amyloid fibrils and films were
examined with a confocal laser scanning microscope (CLSM)
(LSM710, Carl Zeiss, Germany). Images were obtained using ZEN
imaging software.

Optimal Conditions for αS Film Formation. To find the
optimum pH for film formation, 20 mM citric acid−20 mM sodium
phosphate was prepared to make a solution with various pHs. αS was
dialyzed overnight at 4 °C against the citrate−phosphate at each pH
with two changes for a total volume of 3 L. For film formation in the
presence of NaCl and sucrose, αS was incubated at 1 mg/mL in 20
mM MES (pH 6.5), containing either NaCl or sucrose at the
concentrations tested.

Atomic Force Microscopy (AFM). To assess the protein film
with AFM, an aliquot (100 μL) containing αS films was placed on
SiO2 wafer (PJ40227-6, Global wafers Co., Taiwan), which was
previously cleaned with distilled water and purged with nitrogen gas
before use. Following an adsorption for 2 h at room temperature, the
wafer was washed with distilled water five times. The αS film on the
wafer was analyzed with AFM (NX-10, Park System, Korea) in a
noncontact mode. The obtained images were processed with XEI
imaging software (Park System, Korea).

PCDA Immobilization onto the αS Film. A PCDA-αS hybrid
film was prepared by incubating PCDA with the preformed αS film
obtained from the oil−water interface at the final concentration of 1
mM.32 The PCDA dissolved in 50 μL of DMSO was combined with
the αS film and co-incubated for 2 h. The PCDA-αS hybrid film (0.5
mg/500 μL) was located on the surface of Whatman filter paper via
suction with vacuum and then exposed to UV at 254 nm for 10 min to
obtain a blue state. Its colorimetric transition to red was done as the
film on the paper was heated to 80 °C for 3 min.

Chemical and Mechanical Stability of the αS Film and
PCDA−αS Hybrid Film. Chemical stability of the αS film and
PCDA-αS hybrid film (UV and heat-treated) was evaluated with
trypsin. Both films were subjected to the trypsin treatment at 0.1 mg/
mL in 20 mM MES (pH 6.5) for 30 and 50 min at room temperature.
The resulting films were examined with TEM. To test their
mechanical stability, both the αS film and PCDA-αS hybrid film
were sonicated with a microtip-type ultrasonic processor (VCX 750,
Sonics & Materials Inc., CT) at 20 kHz under 750 W with an on/off
cycle of 10 s each. After six cycles of sonication in ice, the final states
of both films were examined with TEM.

Conductivity of the αS Film and PCDA-αS Hybrid Film. Both
the αS film and PCDA-αS hybrid film were placed onto SiO2 wafer
(PJ40227-6, Global wafers Co., Taiwan) within 0.5 mL each. After 4 h
of adsorption in a vacuum chamber, the wafers were washed with
distilled water. For the PCDA-αS hybrid film, in particular, it was
subjected to UV and heat treatments followed by drying under
vacuum. With the completely dried films, silver paste (CANS, Japan)
was applied to both sides of the wafer and dried in a vacuum chamber.
The wafers were prepared to be 15 x 15 mm2 in size, and the length of
the applied silver paste was 5 mm on each side. Current (I)−voltage
(V) measurements were carried out by using a potentiostat (Solartron
1480, Ametek, PA) at a scan rate of 50 mV/s.

■ RESULTS AND DISCUSSION

αS-Specific Protein Film Formation. αS exhibits
alternative molecular self-assembly, leading to the formation
of either amyloid fibrils or protein films. αS turned into
amyloid fibrils in bulk solution at 37 °C after prolonged
incubation for 14 days, whereas protein films were produced at
the air−water interface when incubated at 50 °C for 3 days
under quiescent conditions (Figure 1A and Supporting
Information Figure S1). The films started to appear from 2
days of incubation, while the fibrils were far yet to be produced
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(Figure 1A,B). The CD analyses indicated that the films were
assembled with αS still existing in a disordered state as judged
by a small increase in the minimum ellipticity at 198 nm from
the spectrum monitored for the random structure of
monomeric αS, whereas the amyloid fibril formation was
accompanied by a drastic conformational change from the
random to β-sheet structure as determined by the shift in the
wavelength of the minimum ellipticity from 198 to 219 nm
(Figure 2A). The FTIR analyses indicated that the films were
produced by transforming some of the random structure (1653

cm−1) into mostly the turn structure at ca. 1667 cm−1 with a
slight increase in the β-sheet structure at ca. 1628 cm−1 as
found in the decomposed spectrum of the deconvolved
spectrum (amide I band) monitored for the films in
comparison with that of monomeric αS (Figure 2B).33 In
contrast, the amyloid fibrils were generated with a simulta-
neous increase in the two components at ca. 1628 and 1667
cm−1 designated for the β-sheets and turns, respectively, as the
component (1653 cm−1) for the random structure was
completely diminished (Figure 2C). Taken together, it could
be suggested that the films have been generated by forming
another nonregular structure of turns, which are certainly
distinctive from the random structure found in the monomeric
αS although their structural details need to be clarified.
This film formation was unique to αS since other proteins

such as α-lactalbumin, β-lactoglobulin, bovine serum albumin,
and elastin were not able to produce the film when incubated
at 50 °C for 2 days (Supporting Information Figure S2). In
fact, the production of a fluorescent two-dimensional (2D) film
with the αS labeled with Alexa-488 (αS-Alexa-488) at 50 °C
clearly confirmed that the film was a true product of the
amyloidogenic protein of αS (Figure 3). Alexa-488 was
attached to the C-terminal cysteine residue of a mutant form
of αS, Y136C, via maleimide-sufhydryl chemical bond
formation (Supporting Information Figure S3). αS-Alexa-488
gave rise to fluorescent fibrils at 37 °C (Figure 3A,B), whereas
a fluorescent 2D film was produced at 50 °C (Figure 3C,D).
Since the film was formed at the air−water interface, αS
obviously turned into a surface-active agent at 50 °C. This
structural transition, however, appeared to occur only at the
interface since the ANS-binding fluorescence study performed
at various temperatures indicated that αS hardly changed its
structure in bulk solution (data not shown). The 2D assembly
of αS, therefore, is considered an interface-dependent
phenomenon.
To explain the alternative assembly process (Figure 3E), αS

is assumed to exist in two undefined conformational states of X
and Y at 37 and 50 °C, respectively, although both states were
shown to be mostly in the random state (Figure 2A). The
energy level of Y that may exist in a kinetically trapped state is
higher than that of X. Consequently, the conformational

Figure 1. Protein film of αS as an alternatively assembled product.
(A) Schematic representation of the temperature-dependent alter-
native assembly of αS leading to either amyloid fibril or protein film
formation and the modification of the protein film with PCDA,
producing a polydiacetylene (PDA)-based sensing material. (B) TEM
images of the products of αS obtained at the time indicated during
another quiescent incubation at 37 °C. The assembled products
obtained at the incubation time indicated were revealed with TEM.
(C) Formation of αS films during high-temperature incubation at 50
°C under quiescent conditions. Scale bars represent 500 nm.

Figure 2. Protein secondary structures of αS monomers, films, and amyloid fibrils. (A) CD spectra of the αS monomers and their assembled
products prepared at 0.33 mg/mL in 20 mM MES, pH 6.5. (B) FTIR spectra of αS monomers (dotted line) and αS films (solid line) in the amide I
band region. Their deconvolved spectra are shown along with the second derivative and decomposed spectra. (C) FTIR spectra of αS monomers
(dotted line) and αS amyloid fibrils (solid line). Their deconvolved, second derivative, and decomposed spectra are shown together.
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entropy of Y is larger than that of X, meaning that Y may have
a more diverse set of conformations in equilibrium. At the air−
water interface, Y shifts the equilibrium to favor an
amphipathic structure, leading to the protein film formation
by reducing the activation energy II (Figure 3E), while a
structural transition of X to the amphipathic structure is
hindered at 37 °C. For the film formation, therefore, the
presence of αS at the kinetically trapped state of Y at 50 °C is
suggested to be crucial since overenergization of αS at either
60 or 70 °C failed to produce the protein films (Supporting
Information Figure S4). In the case of X, on the other hand, its
local structure would form the seed during prolonged
incubation. Once the seeds develop although their seed
formation is thermodynamically unfavorable, X accretes to
the seeds producing the mature amyloid fibrils in the bulk

solution by lowering the activation energy I (Figure 3E) with a
considerable conformation adjustment to the assembly-prone
state. Therefore, the two separate initial states of X and Y
would determine the fate of αS for the alternative assembly,
leading to the two distinctive suprastructures of amyloid fibrils
and protein films.

Optimal Conditions for the αS Film Formation. The
film formation was shown to depend on the pH of the bulk
solution. The 2D assembly was favored at pH 6.5 while it was
hindered at either more acidic or basic conditions (Figure 4A).
Ionic strength did not appear to influence the film formation
since the films were still generated even in the presence of 0.6
M NaCl (Figure 4B) although nonspecific protein agglomer-
ates were also formed as revealed in the TEM image. When
sucrose was employed, however, the film was optimally

Figure 3. Amyloid fibrils and protein films prepared with an αS-Alexa-488 conjugate and a hypothetical diagram to explain the alternative assembly
process. Amyloid fibrils prepared with αS-Alexa-488 at 37 °C under agitated incubation were revealed with confocal laser scanning microscopy
(CLSM) (A) and TEM (B). Protein films obtained with αS-Alexa-488 at 50 °C under quiescent incubation were examined with CLSM (C) and
TEM (D). (E) Hypothetical energy diagram to explain the alternative assembly process of αS at 37 and 50 °C, leading to two distinctive
suprastructures of amyloid fibrils and protein films.

Figure 4. Optimal conditions for αS film formation. (A) The αS films produced at various pHs were revealed with TEM. The αS films prepared in
the presence of various concentrations of either NaCl (B) or sucrose (C) were also examined with TEM. Scale bars represent 200 nm.
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produced at 10% sucrose (0.29 M) (Figure 4C). These data
may indicate that solution viscosity would affect the 2D
assembly of αS. While suppressing molecular diffusion of αS in
the bulk solution for the self-interaction, the protein could be
saved for the 2D assembly at the interface. Alternatively, the
sucrose could trap the protein into a certain structure favoring
the 2D film formation instead of one-dimensional amyloid
fibril formation. Unfortunately, however, CD spectroscopy
failed to reveal any structural transition of the disordered
structure of αS at 10% sucrose (data not shown). The transient
structure of αS presumably induced only at the interface did
not allow its examination with conventional analytical tools
besides its final assembled product of 2D films.

Preparation of the αS Film at the Oil−Water
Interface. The αS film was prepared at the oil−water
interface instead of the air−water interface to obtain a film
that was expanded in size under optimal conditions of 50 °C at
pH 6.5. When the film was produced at the air−water interface
for an extended period of time (7 days), the film was obtained
in multiple layers with the height of 80−120 nm and rather a
limited lateral size (Figure 5B and Supporting Information
Figure S5) in comparison with a single-layered film of 40 nm
height obtained after 2 days of incubation (Figure 5A). On the
other hand, the film prepared at the oil−water interface
following 48 h of incubation increased its size by 6−7-fold over
the film obtained at the air−water interface (Figure 5A,C).
Both films measured the same thickness of 40 nm. It is

Figure 5. αS films prepared at either the air−water or oil−water interface. The αS films obtained at the air−water interface during quiescent
incubation for 2 days (A) and 7 days (B) at 50 °C are shown in the error-signal images of AFM. Their height profiles are also shown underneath
each panel with height images (inset). The film prepared at the oil−water interface for 2 days at 50 °C was also revealed with AFM in the error-
signal image (C) along with its height profile.

Figure 6. PCDA-immobilized αS films and their chemical and mechanical stability. (A) TEM images of the PCDA−αS hybrid films after UV
irradiation in the absence (left) and presence (right) of subsequent heat treatment. (B) AFM images of the PCDA−αS hybrid films obtained via
UV irradiation before (left) and after (right) the heat treatment at 80 °C are shown in the height images, and their height profiles are also shown
underneath each panel. (C, D) TEM images of the αS films (top) and PCDA-αS hybrid films (bottom) are compared following the trypsin
treatment for the durations indicated (C) and after sonication with 10 s/cycle for six cycles (D).
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presumable that an amphipathic local structure of αS could be
induced upon its adsorption to the oil−water interface, which
would experience subsequent conformational rearrangement to
exhibit stable lateral interaction, leading to the 2D film
formation as found at the air−water interface. The oil−water
interface was therefore employed to fabricate the protein film
for additional functionalization.
For the film with 40 nm thickness, it is speculated to exist in

a double-layered structure of the amphipathic film generated at
the interface. As the films have routinely been collected in
aqueous condition, the hydrophobic side would be folded up
into the double-layered form to avoid its exposure to the water
layer. If αS as a member of IDPs forms an amphipathic
structure, the basic N-terminal segment (1−60) and the acidic
C-terminal segment (96−140) could be extended like
hydrophilic tails with the middle hydrophobic NAC (non-Aβ
component) segment, acting as a head. If the longer N-
terminal tail is fully extended in the amphipathic film, the
length of 60 amino acids would measure 21.6 nm by
considering a distance between Cα−Cα of an extended
polypeptide chain of 0.36 nm.34 The proposed double-layered
film, therefore, would have a thickness of 43.2 nm, which is
comparable to the film thickness we have obtained in this
study.
Functionalization of the αS Film with PCDA. Generally,

protein films are considered as useful components to provide a
biological interface in the areas of drug delivery (cargo
releasable patch), tissue repair and regeneration (wound
dressing), cell and tissue culture, bioactive coating (implant),
biodegradable film, and sensor development.15 However, their
undesirable properties such as fragility, low stability, and slow
response time have limited their actual use. It was previously
demonstrated that the amyloid fibrils of αS provided a
template for PCDA to be aligned and photopolymerized to
form robust PDA-based colorimetric protein fibrils responding
to external stimuli of heat, pH, and solvents.32,35 In this report,
therefore, PCDA was also employed to be integrated onto the
αS film to improve its functionality. The resulting PDA-based

protein film was expected to exhibit augmented physical and
chemical stability, electrical conductivity, and optic property
showing colorimetric blue-to-red transition responding to the
stimuli.
The αS film obtained at the oil−water interface was

subjected to the PCDA treatment at 1 mM for 2 h at room
temperature. The PCDA-αS hybrid films were irradiated with
UV at 254 nm for 10 min followed by heat treatment at 80 °C
for 3 min. Regardless of the heat treatment, the PCDA-αS
hybrid films appeared denser than the αS films prepared
without PCDA as revealed with TEM (Figure 6A).
Introduction of PCDA increased the thickness of the αS film
by 12−15 nm as evaluated with AFM (Figure 6B). The PCDA
integration was demonstrated to provide the hybrid film with
chemical and physical stability as assessed with trypsin
digestion and sonication. While the αS film was completely
degraded by trypsin at 0.1 mg/mL after 50 min, the PCDA-αS
hybrid film after the UV and heat treatments was hardly
affected by the enzyme (Figure 6C). The PCDA-αS hybrid
film was also shown to be mechanically robust since the film
was not disrupted by tip sonication at 20 kHz under 750 W
(10 s × 6 times), whereas the αS-only film was completely
disintegrated (Figure 6D).
The PDA-based colorimetric transition of the fortified αS

film was also examined. After extensive washing with water, the
PCDA-αS hybrid films localized on a filter paper were exposed
to UV radiation followed by heat treatment, which gave rise to
blue-to-red color transition, respectively (Figure 7A, left). The
blue-to-red transition was also observed for the PCDA-αS
hybrid films adsorbed on the surface of SiO2 wafer (Figure 7A,
right). Intriguingly, the PCDA-αS hybrid film was found to be
electrically conductive only at the red film state, not the blue
state, indicating that the PDA rearrangement induced by the
heat treatment on the photopolymerized PCDA permitted the
transition of electrons through the molecular network (Figure
7B). In addition, these data indicate that a structural regularity
required for PCDA to be localized and photopolymerized on
the film would be distinctive from the β-sheets of αS amyloid

Figure 7. Colorimetric transition of the PCDA-αS hybrid films and their electrical conductivity. (A) Optical images of the PCDA-αS hybrid films
irradiated with UV before (top) and after (bottom) the subsequent heat treatment. The hybrid films were examined on top of either filter paper
(left) or SiO2 wafer (right). (B) IV curves to monitor the conductivity of the PCDA-αS hybrid films before (black line) and after (blue and red
lines) the UV irradiation in the absence (blue line) or presence (red line) of the subsequent heat treatment. (C) Colorimetric response of the
PCDA-αS hybrid films to temperature, ethanol, and pH. The photopolymerized hybrid films present in solution at the blue state were subjected to
the stimuli at various extents as indicated. (D) Solvatrochromic transition of the PCDA-αS hybrid films immobilized on a filter paper at the blue
state to red in the presence of solvents and their vapors.
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fibrils, which were also demonstrated to serve as a template for
PCDA immobilization, producing active PDA materials35 since
the films were found to be lacking in the β-sheet structure
(Figure 2). In addition, the amyloid fibrils conjugated with
PCDA did not show any conductivity even after the
colorimetric transition to the red state with the UV and heat
treatment (Supporting Information Figure S6). Nevertheless,
this hybrid film was also responsive to the external stimuli such
as temperature, pH, and solvents (Figure 7C,D), as observed
with the PCDA-immobilized amyloid fibrils. The blue-to-red
color transition of the films present in solution started to occur
from 55 °C, pH 11.5, and 70% ethanol (Figure 7C). In
addition, the solvents such as methanol, acetone, benzene, and
toluene could be discriminated from the other ones such as
methylene chloride, ethanol, xylene, and chloroform with the
color change of the hybrid films immobilized on a filter paper
as they were directly exposed to the solvents. With the vapor,
methylene chloride was the only solvent which gave rise to the
color transition after 60 min of exposure (Figure 7D). Based
on these characteristics, therefore, this PCDA-αS hybrid film
could be considered to play the dual role of both a colorimetric
and an electric sensor toward environmental stimuli.
PDA materials are based on conjugated polymer systems

exhibiting useful optical properties distinctive from other
sensing systems.36,37 Molecular alignment of diacetylenes and
subsequent facile photopolymerization with simple UV
irradiation in the absence of any catalysts are required for
conjugated polymerization yielding a blue color.38 Its
colorimetric transition to red color is sensitive to not only
environmental stimuli such as temperature, pH, and organic
solvents39−41 but also biological agents including pathogenic
bacteria, viruses, and proteins.42−44 Its usefulness arises as the
color transition has been routinely detected with the naked
eye. The red color could also be monitored with a
fluorescence-detection system.45 However, since the PDA-
based sensor system has been usually prepared in either
liposomes or films, their intrinsic structural vulnerability to
mechanical stress or any disruptive chemical agents needs to be
overcome by producing more mechanically robust and
chemically stable sensor systems.46,47 In that respect, our
PCDA-αS hybrid film system has been demonstrated to have
several advantageous points over the poly-PCDA vesicle
system. In solution, both systems responded equally well to
the stimuli such as temperature, pH change, and ethanol
although the poly-PCDA vesicles showed a faded color change
with ethanol due to the vesicular instability in the solvent.32

On the solid surface of filter paper, however, the poly-PCDA
vesicles were not able to detect those external stimuli since
their structural intactness was seriously affected upon their
contact with the paper.35 On the other hand, the PCDA-
embedded protein films immobilized on the surface have been
shown to respond readily to the stimuli including various
solvents. In addition, the final red phase could be quantitatively
monitored by detecting its emitted fluorescence or the electric
conductivity of the hybrid films placed on the surface of silicon
wafer. Moreover, the PCDA integration not only strengthens
the protein film but also makes the resulting hybrid film
resistant against proteolysis. In this study, therefore, we have
produced a mechanically robust protein-based PDA hybrid
film useful for recognizing various external stimuli as a
biocompatible sensing material.

■ CONCLUSIONS
In this report, a mechanically and biochemically stable PDA-
based conductive protein film has been demonstrated to be
successfully prepared with a PD-related amyloidogenic protein
of αS by taking advantage of its temperature-dependent
alternative molecular assembly phenomenon. The production
of αS nanofilms with a thickness of 40 nm was favored at a
high temperature of 50 °C at a slightly acidic condition of pH
6.5 at the oil−water interface under quiescent incubation
conditions. Integration of PCDA onto the film via photo-
polymerization transformed the fragile protein film into
mechanically stable and protease-resistant PDA-based bio-
materials. Moreover, the blue-to-red colorimetric transition
caused by heat treatment turned the hybrid film to be
electrically conductive. Therefore, the resulting robust protein-
based hybrid film is suggested to be employed as a
biocompatible sensing material that is capable of simulta-
neously recognizing various external stimuli such as heat, pH,
and chemicals in the forms of both color change and electric
signals.
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