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For the first time, ultrathin polypyrrole/protein fibrous films have been

successfully fabricated by polymerizing pyrrole onto three-dimen-

sional electrospun hordein network surfaces at a low temperature.

The nanostructured polypyrrole is rooted on the surface of protein

microfibers like “taste buds”. Such modification not only eliminated

the issue of protein shrinkage in the liquid medium, but also signifi-

cantly improved the film's mechanical strength and wettability. The

ultrathin fibrous films exhibited a “metallic” character, and could

effectively respond to temperature changes, and thus have potential

to be used as flexible materials for sensors and electronic devices.
Protein-based materials have attracted intensive research
interest in many elds as potential substitutes for petroleum-
based synthetic polymers, owing to their sustainability, biode-
gradability, and biocompatibility.1–7 Additionally, the functional
groups on amino acid residues allow various kinds of modi-
cations to create new materials with advanced properties.8–10 To
date, protein-based materials used as plasticizers, packaging
materials, sensors, chemical catalysts, drug-delivery systems
and scaffolds have been continuously reported.11–15

Conducting polymers are considered as one of the stimuli-
responsive polymers that display changeable and reversible
conductivity by doping and undoping, and can respond to
external stimuli.16–24 For example, polyaniline with covalently
bonded single-walled carbon nanotubes showed enhanced
electrochromic properties in a certain range of voltage stimu-
lation.25 Asymmetric lms formed by ash-welding polyaniline
nanober mats demonstrated rapid reversible monolithic
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actuation when exposed to the camphorsulfonic acid solution.26

Conducting polymers with low cost, lightweight, good stability,
and easy preparation and handling properties are required for
practical applications.

In our previous work, assembled prolamin protein bers
with zein particles as the ller were successfully prepared via
electrospinning;27 the addition of cellulose nanowhiskers
modied with a quaternary ammonium salt can improve the
mechanical properties and water resistance of hordein/zein
bers.28 A new discovery is that by simply altering the applied
voltage, the prolamin protein bers can rapidly form at sheets
or self-rolled tubes. The release experiment indicated that the
3D porous structures could be used as carriers for controlled
release of incorporated bioactive compounds.29 It is expected
that combining stimuli-responsive polymers with plant protein
bers can produce new advantageous materials. Thus, the
purpose of the present work is to fabricate plant protein/con-
ducting polymer materials by conjugation. Polypyrrole (PY) was
selected as the electroactive material in this reaction system
owing to its biocompatibility and good reactivity. Electro-
spinning is a simple and effective technology for formingmicro-
or nano-ber nonwoven fabrics with a very large surface area to
volume ratio and excellent pore-interconnectivity, which are
particularly important for quickly starting signaling pathways.
In this study, we show the feasibility to construct a nano-
structured conducting polymer on the surface of protein ber
materials. Thematerial's mechanical and thermal properties, as
well as its temperature sensing capacity were investigated.
Combining the protein and conducting polymer by electro-
spinning technology has provided an opportunity to develop
new protein–polymer hybrid materials.

Fig. 1 shows the photographs of the neat hordein (HD)
brous lms and the hordein/polypyrrole (HP) brous lms. By
orientation at a rotating speed of 2000 rpm, exible, light and
almost uniaxially aligned hordein brous lms were prepared.
Using them as substrates, HP brous lms were synthesized at
�4 �C, which were also lightweight and exible, similar to the
neat hordein lms. The thickness of the brous lms could be
J. Mater. Chem. A, 2016, 4, 4711–4717 | 4711
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Fig. 1 Photographs of neat HD fibrous films (a) and HP fibrous films
(b), and the 2.5 cm � 1.2 cm HD films and HP films placed in air and
water for comparison.

Fig. 2 SEM images of neat HD fibrous films (a–c) and HP fibrous films
(d–f) with different magnifications.

Fig. 3 Solid-state 13C NMR spectra of neat HD films, HP fibrous films
and polypyrrole powder (PY).
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mainly controlled by the electrospinning time and polymeriza-
tion time. Aer 24 hours of polymerization reaction, the mass of
the brous lms increased by about 18 wt%. Plant protein
materials normally have a poor water resistance, which can
result in soening in water. Hordein brous lms not only
became so, but also shrank when put in water, with the size
decreasing from 2.5 cm � 1.2 cm to 1 cm � 1.1 cm. The
remarkable super-contraction (above 50%) occurred in the
direction of orientation. This behavior of the brous lms was
the same as the spider silk. When the brous lms were wetted,
the polar water molecules mainly broke the interchain
hydrogen bonds of linker regions (amorphous regions) of
b-sheets (the crystalline regions), and disrupted the alignment
of the crystalline regions, which led to recoiling of molecular
chains.30 Additionally, it was reported that the ratio of proline in
hordein was up to 21%;31 the high amount of proline in hordein
suggested a larger fraction of MaSp2 and a lower ratio of
“skin”.32,33 This would allow water molecules to permeate more
easily into the poorly aligned component, causing hydration
and inducing a phase transition from glassy to rubbery.34

Therefore, the neat hordein brous lms displayed dramatic
shrinkage in water. It is very interesting that the composite
brous lms did not shrink in water medium, instead, a slight
expansion was observed (about 0.1 cm� 0.1 cm). It is likely that
the polymerization of pyrrole on the surface of protein bers
blocked the hydration of the poorly aligned regions of hordein
bers, avoiding super-contraction as a result of the disruption
of the interchain hydrogen bonds due to hydration. The slight
expansion was due to the immersional wetting of water on the
layer of the conducting polymer, leading to an increased area of
brous lms.

Fig. 2 shows the SEM images of the neat HD brous lms
(a–c) and HP brous lms (d–f) with different magnications.
The neat HD bers could be oriented to form lms with
arranged structure when a rotating drum with a speed of 1500
cm min�1 was used as the collector. The neat HD bers dis-
played a smooth surface and uniform size. The diameter of the
4712 | J. Mater. Chem. A, 2016, 4, 4711–4717
bers can be controlled by modulating the protein concentra-
tion. It is observed in Fig. 2f that the well-dened nano-
structured polypyrrole is rooted on the surface of protein
microbers like “taste buds”. The diameters of the nanobuds
were in the range of 10–25 nm. By controlling the reaction time
and temperature, the dimensions of polypyrrole nanoparticles
polymerized on the surface of protein bers could be modu-
lated. For example, with a long reaction time (>36 h) and high
reaction temperature (>5 �C), the nanoparticles became signif-
icantly larger and less regular (Fig. S1 in the ESI†). It is inter-
esting that at a low temperature the pyrrole monomer
polymerized on the surface of the protein. Generally, poly-
pyrrole is a black precipitate. We did not observe any black
precipitate substance during the reaction, thus it is likely that
no self-polymerization occurred in the solution (Fig. S2†). In
order to conrm what happened on the protein surface, solid-
state 13C NMR spectra of neat HD lms, HP brous lms and
polypyrrole powder (PY) were recorded as shown in Fig. 3.
Hordein consists of a complex composition including Glu, Gln,
Tyr, His, Arg, Asp, Thr, Ser, Cys and so on.35 These amino acid
units contain active side groups which can react with pyrrole
monomers potentially. In the spectrum of the neat HD lms, an
intense and clearly distinguishable peak was observed at
173.6 ppm, due to carbonyl carbons. The resonance signals of
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 DSC thermograms of neat HD films, HP fibrous films and PY
powder.
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terminal carbons from Thr, Ser and Cys occurred in the region
of 25 to 70 ppm, which were difficult to distinguish because of
the overlap of peaks. The amino acid aromatic signals were
located in the 100 to 140 ppm region.36,37 By comparison of neat
HD and HP spectra, the intensity of the peaks in the region of 25
to 70 ppm in the HP spectrum weakened and the chemical shi
of the peaks changed, suggesting that the polypyrrole has been
graed on the amino acid units of hordein. Additionally, an
intense and broad peak appeared in the aromatic region of the
HP spectrum, indicating that the resonance signals of the
aromatic rings of the polypyrrole graed on the protein surface
produced a superposition with the aromatic amino acid units of
hordein. These results suggested that the peptide building
blocks of the hordein protein were more reactive than pyrrole
monomers themselves at a low temperature, which can be
advantageous for preparing new protein-based materials.
Additionally, the HD lms were different with depositing or
coating lms on the substrate.38–40 Based on graing, the poly-
pyrrole had a stronger binding force with the protein surface.

FT-IR spectra (Fig. S3†) display that the feature peaks of the
composite lms were almost the same as those of polypyrrole.
The disappearance of the hordein peaks conrmed the growth
of polypyrrole that fully covered the hordein brous lm
surface. This was consistent with the SEM image in Fig. 2f. Fig. 4
shows the schematic illustration of the polypyrrole nanobuds
growing around the microbers forming the three-dimensional
brous lm networks. Building nanoparticle, nanober, and
nanoporous surfaces (gold, silicon, magnetic composites,
polymers) is a mainstream means to achieve materials with
excellent functions such as high surface-to-volume ratios, high
sensitivity, and unique optical, and electrical properties.41 The
nanobuds of about 20 nm growing around the protein micro-
bers could provide ultrahigh active surface areas. Meanwhile,
the microbers are interconnected with each other forming
a hierarchical porous structure, which is favorable for moni-
toring smaller changes in the environment.

In view of the fact that there may be a high temperature
operating environment in practical applications, the thermog-
ravimetric behaviors of the HD bers, HP bers and PY powder
were also investigated in an air atmosphere, which are shown in
Fig. 5. In the TGA curve of HD bers, a small weight loss
Fig. 4 Schematic illustration of the fabrication of HP fibrous films
patterned with interdigitated Au electrodes.

This journal is © The Royal Society of Chemistry 2016
occurred in the temperature ranges of 25 to 75 �C and 75 to
240 �C, respectively, due to the loss of absorbed moisture and
the dehydration process. The decomposition commenced at
240 �C and signicantly accelerated until 300 �C with up to 38%
of weight loss, which was attributed to the degradation of the
protein network. Within the temperature range of 25 to 240 �C,
the HP bers represented nearly identical curves to those of the
HD bers. However, it's noted that above 240 �C the decom-
position rate of HP bers decreased compared to HD bers,
whereas increased compared to PY powder. This result indi-
cated that the thermal stability of the HP bers as protein-based
materials was improved. Thus, the HP brous lms have better
thermal stability which allows them to be used at a high
temperature.

In order to evaluate their handling properties as exible
devices, the mechanical properties of the HP brous lms and
HD brous lms were tested and the results are shown in Fig. 6.
As expected, the tensile strength almost doubled by rooting
polypyrrole on the surface of HD brous lms, increasing from
12.6 to 21.3 MPa. The elongation (9.4%) of HP brous lms was
also signicantly increased compared to that (2%) of HD brous
lms. It is worth noting that the initial modulus was decreased.
Generally, the initial modulus reects the chemical structure of
the polymer as well as the magnitude of intermolecular inter-
action forces. The values of HP and HD brous lms were
Fig. 6 Stress–strain (s–3) curves of neat HD fibrous films and HP
fibrous films.

J. Mater. Chem. A, 2016, 4, 4711–4717 | 4713

http://dx.doi.org/10.1039/c5ta09645f


Journal of Materials Chemistry A Communication

Pu
bl

is
he

d 
on

 1
4 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
f 

C
he

m
ic

al
 T

ec
hn

ol
og

y 
on

 1
0/

09
/2

01
6 

08
:0

0:
49

. 
View Article Online
539 and 723 MPa, respectively. Normally the addition of the
plasticizer led to an increased elongation and a reduced
strength due to the reduced intermolecular interactions of the
polymer matrix.42 Whereas the addition of cellulose nano-
whiskers resulted in a reduced elongation and an increased
strength due to the increased intermolecular interactions of the
polymer matrix and ller.28 The modication in this research
led to an increase in both strength and elongation. It is likely
that the modication resulted in a strong interaction between
polypyrrole and protein chains, meanwhile disrupted the
degree of crystalline regions. As observed from the results of
increased tensile strength and elastic compliance (reduced
modulus), the HP brous lms with improved mechanical
properties will be more suitable for fabricating exible devices.

Thermo-resistance experiments were performed to evaluate
the temperature-sensing properties of the HP lms when they
were patterned with interdigitated Au electrodes, as shown in
Fig. 4. The measurements were carried out in the operating
temperature range of 30 to 150 �C. It is noteworthy that the HP
bers used in our work did not have additional doping by the
dopant aer washing. The resistances of the HP lms would not
change because of dopant volatilization during measurements.
As shown in Fig. 7a, the resistance of HP lms decreased
dramatically with increase of temperature, and it is evident that
Fig. 7 Sensing performance of HP films: (a) real-time response of HP fibr
at different temperatures; (c) stability and reproducibility of HP films at 9

4714 | J. Mater. Chem. A, 2016, 4, 4711–4717
the resistance almost had a linear relationship with tempera-
ture (Fig. 7b). The temperature coefficient (slope of the curve)
resistance relative to the characteristic parameter of tempera-
ture sensing was calculated to be�0.126 �C�1. It is worth noting
that the value of the temperature coefficient of HP lms was
almost the same order of magnitude as that of carbon nanotube
materials.43–45 The sensitivity of the HP lms was calculated
utilizing eqn (1). The values of sensitivity gradually increased
with increase of the temperature, and were 23%, 39%, 51% and
62%, corresponding to the xed temperature points: 60 �C,
90 �C, 120 �C and 150 �C, respectively (Fig. S4†). These results
indicated that the HP lms have a good response to tempera-
ture. Fig. 7c shows the continuous heating up–cooling down
cycles for testing the reproducibility and reliability of HP lms
at 90 �C. The resistance of HP lms reached the sameminimum
when the temperatures reached the same maximum (90 �C),
and reached the same maximum at the lowest temperature
(30 �C). Thereupon it was clearly observed that every time the
resistance can get back to the original value if the temperature
returned to the initial value, showing good recovery and
stability. This result suggested that the growth of polypyrrole on
the protein surface resulted in a relatively uniform nano-
structure, thus thermal deformation that normally leads to
irreversibility and instability could be avoided. The response
ous films at different temperatures; (b) calculated changes in resistance
0 �C; (d) I–V characteristics of HP films at different temperatures.

This journal is © The Royal Society of Chemistry 2016
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time and recovery time were controlled by the thermostat
controller of the equipment; no hysteresis in response rate was
observed within the applied temperature change rate. The
current–voltage (I–V) curves of HP bers at different tempera-
tures are shown in Fig. 7d. The resistance varied linearly with
the voltage applied from �10 to 10 V, showing a “metallic”
character, and indicating that the HP lms had a reliable ohmic
contact with the electrode.46,47 In view of the above discussion,
these ultrathin brous lms may have a promising prospect for
application as exible materials for electronic devices and
sensors.48–54
Conclusions

The HP brous lms have been successfully fabricated by in situ
polymerization at a low temperature. The nanostructured
polypyrrole grew on the surface of protein microbers like
“taste buds”, leading to the transformation of nonconductive
protein bers into conductive materials. The HP lms displayed
signicantly improved mechanical properties and good thermal
stability. Moreover, they showed temperature sensing proper-
ties and had reliable ohmic contact in a wide voltage range.
Thus, this research has provided a new method to fabricate
ultrathin conductive protein-based brous lms as exible
materials for potential applications in electronic devices and
sensors.
Experimental section
Materials

Regular barley grains (Falcon) were kindly provided by Dr James
Helm, Alberta Agricultural and Rural Development, Lacombe,
Alberta. The barley protein content was 13.2 wt% (dry status) as
determined by combustion with a nitrogen analyzer (FP-428,
Leco Corporation, St. Joseph, MI, USA) calibrated with analyt-
ical reagent grade EDTA (a factor of 6.25 was used to convert the
nitrogen to protein). Hordein (total ash of 2%) was extracted
using the alcohol method according to our previous work, and
the protein content (dry status) was 92 wt% as determined by
using the same nitrogen analyzer. Pyrrole, iron chloride,
propylene glycol (PDO), and acetic acid (AC) were purchased
from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada).
Ethanol (EtOH) was purchased from Fisher Scientic (Mark-
ham, ON, Canada).
Preparation of HP brous lms

0.75 g of hordein was dispersed into a mixture solvent (5 ml)
with an AC/EtOH/PDO ratio of 3 : 1.5 : 0.5 by volume. The
mixture was stirred vigorously with a magnetic bar for 14 hours
to obtain a transparent protein solution, and then was sub-
jected to centrifugation to remove residues at 4000 rpm for
10 min at 20 �C. The above solution was employed as a spinning
dope for electrospinning by using customized digital electro-
spinning apparatus EC-DIG (IME Technologies, Eindhoven,
Netherlands) at room temperature. The solutions were forced
through a blunt needle with a diameter of 0.8 mm at a rate of
This journal is © The Royal Society of Chemistry 2016
1.2 ml h�1, and the applied voltage was xed at 15.2 kV. A
rotating drum with a diameter of 10 cm was chosen as the
collector, and the distance between the tip and collector was set
at 15 cm. A rotating speed of 2000 rpm was used to prepare
uniaxially aligned electrospun bers. To fabricate the HP
brous lms, the protein brous lms were soaked in ethanol
solution. Pyrrole and iron hydrochloric acid at a ratio of 2.5 : 1
were added into the above solution. The polymerization was
carried out at 0 �C for 18 hours. The resultant HP lms were
washed with ethanol and deionized water, and then put on
a glass plate to dry at ambient temperature.
Temperature sensitivity measurements of HP lms

The measurements of the temperature sensitivity of HP lms
were carried out as follows: a piece of 12 � 8 � 0.021 mm3 HP
brous lm was covered with an interdigitatedmask and coated
with gold by magnetron sputtering to form 0.5 mm gaps.
Temperature sensing experiments were carried out on the CGS-
1TP intelligent sensing analysis system with an environmental
humidity of 65% and room temperature of 11 �C (Beijing Elite
Tech Co., Ltd., China). The HP brous lm electrode was put
into a test box and xed on a sheet. The heating voltage was
used to heat the environment. The load resistance and the
sample were connected in series and a circuit voltage was
applied on them. The output voltage reects the resistance
variation of HP lm electrodes. The relationship between
sensitivity (S) and resistance (R) is represented by the equation:

S ¼ (R0 � R)/R0 � 100% (1)

in which, R0 is the resistance at 30 �C, R represents the
responsive resistance of the sensor electrode depending on the
temperature.
Characterization

Scanning electron microscopy (SEM) measurements were
carried out on a FE-SEM (FE-SEM, JAMP-9500F) by using an
accelerating voltage of 20 kV. 13C CP/MAS NMR spectra were
recorded at room temperature using a Bruker Avance 300 MHz
NMR spectrometer (Bruker Spectrospin, Karlsruhe, Germany)
operating at 75.5 MHz for 13C. Samples were packed in 4 mm
zirconia rotors and spectra were acquired with magic-angle
spinning and 1H decoupling. Sample spinning for the displayed
spectra was performed at 10.0 kHz though some spectra (not
shown) were acquired at 8.0 kHz to verify that spectral features
in the spectra shown in Fig. 3 were not due to spinning side-
bands. I–V curves were recorded by using a Keithley 2400 Source
Meter. FTIR spectra of the electrospun bers were recorded on
a Nicolet 6700 spectrophotometer (Thermo Fisher Scientic
Inc., MA, USA), the samples were vacuum-dried for 24 h and
then placed on an attenuated total reectance (ATR) accessory
equipped with a Gecrystal. Spectra were recorded as the average
of 256 scans at 2 cm�1 resolution and 25 �C, using the empty
accessory as blank. During measurements the accessory
compartment was ushed with dry nitrogen. Thermogravi-
metric analysis (TGA) was carried out on TGA Q500 equipment
J. Mater. Chem. A, 2016, 4, 4711–4717 | 4715
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(TA instruments, USA) at a heating rate of 10 �C min�1 in an air
atmosphere (40 ml min�1). Tensile testing of the electrospun
brous lms was done using an Instron 5967 universal testing
machine (Instron Corp., MA, USA) at a crosshead speed of 5 mm
min�1. Five bars with dimensions of 20 mm � 6 mm (length �
width) were cut from each fabric mat along the directions of
orientation. Before testing, the samples were vacuum-dried for
24 h.
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