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Abstract: Polymerization of aniline in the presence of spider silk produces a natural fiber-based
conducting polymer wire. We observed the fiber structure with polarizing optical microscopy and
scanning electron microscopy. This spider-silk/PANI, a biosynthetic composite, could be the basis for
organic high-performance conducting wire.
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1. Introduction

Spider silk has been studied recently because of its tremendous strength and flexibility [1].
Biotechnology now opens possibilities for the application of spider silk [2–7]. We describe a new avenue
for the application of spider silk in textile science and industry. Recently, spider silk/carbon nanotube
composites have been prepared, and their mechanical and electrical properties characterized. For
example, textile transistors were fabricated with a silk/carbon nanotube composite [8]. Combinations
of organic conductors and spider silk might realize organic molecular wires with electrical conduction,
light emission, and photovoltaic functions.

Polyaniline (PANI) is one of the most promising electrically conducting polymers because of its
moderate electrical conduction, anticorrosive function, and convenient water-based synthetic process.
The combination of natural fibers and conducting polymers can produce biocompatible materials [9].
A new achievement reported here is the preparation of a biosynthetic composite consisting of spider
silk as a high performance natural silk with PANI as a conducting polymer.

2. Experimental Section

2.1. Spider Silk

Spider silk was sampled directly from a single spider web in June 2015 (University of Tsukuba).
The spider species was not identified. The sample involves several kinds of silk forms because spiders
produce several different kinds of silk in the web. Figure 1 shows an image of a spider (Nephila clavata)
and web. Figure 2 shows a polarizing optical microscopy (POM) image of spider silk wire which
exhibited birefringence. Figure 3 displays scanning electron microscopy (SEM) images of thin lines of
the spider silk.
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Figure 1. A spider and web. 

 

Figure 2. Polarizing optical microscopy image of spider silk. 

 

Figure 3. Scanning electron microscopy images of spider silk. 

2.2. Polymerization of Aniline in the Presence of Spider Silk 

The spider silk was immersed in distilled water. Aniline as a monomer and sulfuric acid were 

added to the solution. After the mixture was stirred for 30 min, ammonium per sulfate (APS) was 

added followed by cooling to 0 °C (Scheme 1). After 24 h, the solution was filtered, and the crude 

product washed with a large volume of water, followed by filtration. Subsequently, the resultant cake 

was added to a large volume of methanol. Filtration followed by drying under low pressure afforded 

spider silk/polyaniline. PANI was coated on the surface of the spider silk, Figure 4a. 
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Figure 3. Scanning electron microscopy images of spider silk.

2.2. Polymerization of Aniline in the Presence of Spider Silk

The spider silk was immersed in distilled water. Aniline as a monomer and sulfuric acid were
added to the solution. After the mixture was stirred for 30 min, ammonium per sulfate (APS) was
added followed by cooling to 0 ˝C (Scheme 1). After 24 h, the solution was filtered, and the crude
product washed with a large volume of water, followed by filtration. Subsequently, the resultant cake
was added to a large volume of methanol. Filtration followed by drying under low pressure afforded
spider silk/polyaniline. PANI was coated on the surface of the spider silk, Figure 4a.
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Scheme 1. Polymerization of aniline in the presence of spider silk. 

 

Figure 4. (a) Photograph of silk/polyaniline; (b,c) Optical microscopy images of silk/polyaniline at 

different magnifications. 

3. Results and Discussion 

3.1. Surface Observation 

Figures 4b,c display optical microscopy images of the spider silk/polyaniline. An emerald green 

color of the fiber indicates that the spider silk surface is covered with PANI. Figures 5a,b show SEM 

images of the resultant spider silk/polyaniline, indicating that polyaniline is coated on the silk 

surface. Polymerization in the presence of surfactant (e.g., dodecyl benzene sulfonate, DBS) would 

produce a smooth surface. Figure 6 is a plausible structure of the spider silk/polyaniline composite. 
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Figure 4. (a) Photograph of silk/polyaniline; (b,c) Optical microscopy images of silk/polyaniline at
different magnifications.

3. Results and Discussion

3.1. Surface Observation

Figure 4b,c display optical microscopy images of the spider silk/polyaniline. An emerald green
color of the fiber indicates that the spider silk surface is covered with PANI. Figure 5a,b show SEM
images of the resultant spider silk/polyaniline, indicating that polyaniline is coated on the silk surface.
Polymerization in the presence of surfactant (e.g., dodecyl benzene sulfonate, DBS) would produce a
smooth surface. Figure 6 is a plausible structure of the spider silk/polyaniline composite.
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Figure 5. Scanning electron microscopy images of spider silk/polyaniline. (a) 1600×; (b) 4300×. 

 

Figure 6. Plausible structure of spider silk/polyaniline. 

In the polymerization process, the surface of the spider silk can play the role of a reaction field, 

absorbing aniline monomer by capillary effect in the water medium before polymerization. Thus, a 

high concentration of monomer aniline is distributed on the surface of the spider silk wire. Then, 

polymerization is initiated with addition of APS. After the polymerization, the PANI layer is 

deposited on the spider silk surface to form a biocomposite—an artificial biopolymer composite 

polymer composite. 

3.2. Infrared Absorption 

Figure 7a shows infrared absorption spectra of the spider silk/polyaniline using the KBr method. 

An intense absorption band at 3304 cm−1 is assignable to νOH of the silk. An absorption band at 2950 

cm−1 is due to stretching vibrations of CH and CH2 of the silk. An absorption band due to the quinoid 

structure (Figure 8) of the polyaniline is observed at 1660 cm−1. An absorption band from the 

benzenoid structure in the polyaniline is seen at 1532 cm−1. The IR with the KBr method result 

confirms that the resultant composite consists of silk and polyaniline. The absorption band at 2950 

cm−1 is due to the CH2 and CH stretching of silk. Amide I (C=O stretch, 1700–1600 cm−1), amide II (N–

H bending and C–N stretching, ~1550 cm−1), and amide III (N–H bending and C–N stretch, 1200–1250 

cm−1) [10], due to protein structure of spider silk, are overlapped with absorptions of PANI.  

Further, attenuated total reflection (ATR) measurement indicates that the surface is covered with 

a PANI layer, because the absorption bands derived from proteins (νOH, νCH, and νCH2) are not 

observed in the ATR, Figure 7b. 
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Figure 6. Plausible structure of spider silk/polyaniline.

In the polymerization process, the surface of the spider silk can play the role of a reaction
field, absorbing aniline monomer by capillary effect in the water medium before polymerization.
Thus, a high concentration of monomer aniline is distributed on the surface of the spider silk wire.
Then, polymerization is initiated with addition of APS. After the polymerization, the PANI layer
is deposited on the spider silk surface to form a biocomposite—an artificial biopolymer composite
polymer composite.

3.2. Infrared Absorption

Figure 7a shows infrared absorption spectra of the spider silk/polyaniline using the KBr method.
An intense absorption band at 3304 cm´1 is assignable to νOH of the silk. An absorption band at
2950 cm´1 is due to stretching vibrations of CH and CH2 of the silk. An absorption band due to
the quinoid structure (Figure 8) of the polyaniline is observed at 1660 cm´1. An absorption band
from the benzenoid structure in the polyaniline is seen at 1532 cm´1. The IR with the KBr method
result confirms that the resultant composite consists of silk and polyaniline. The absorption band
at 2950 cm´1 is due to the CH2 and CH stretching of silk. Amide I (C=O stretch, 1700–1600 cm´1),
amide II (N–H bending and C–N stretching, ~1550 cm´1), and amide III (N–H bending and C–N
stretch, 1200–1250 cm´1) [10], due to protein structure of spider silk, are overlapped with absorptions
of PANI.
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Assignment of the absorption bands for spider silk/PANI is summarized in Table 1 [11], 
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Figure 9 displays the current as a function of voltage for the spider silk/polyaniline. The current 

is proportional to applied voltage, indicating electrical conduction of the composite. Electrical 

conductivity of the bulk sample (not single fiber) was to be 5.7 × 10−6 S/cm. 
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total reflection method. Q = quinoid, B = benzenoid.
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Further, attenuated total reflection (ATR) measurement indicates that the surface is covered with
a PANI layer, because the absorption bands derived from proteins (νOH, νCH, and νCH2) are not
observed in the ATR, Figure 7b.

Assignment of the absorption bands for spider silk/PANI is summarized in Table 1 [11], although
slight differences between the absorption bands of the composite obtained from the KBr and the ATR
methods were observed. Ion exchange between KBr and the PANI dopant (H2SO4) and possible
mechanical degradation of the fibers under the pressure of preparation of the cast disk may occur.
Although such slight differences of the signal position were observed, the absorption bands of the
spider silk/PANI composite could be assigned. Therefore, the IR measurement confirms that the
resultant material is a PANI and silk composite.

Table 1. Assignment of the IR spectra of spider silk/PANI with KBr and ATR methods.

Assignment KBr a ATR b

Wavenumber (cm´1)

OH str. c 3304 -
CH and CH2 2950 -
Quinoid 1660 1623
Benzenoid 1532 1515
Str. c of benzene ring 1451 1452
C–N str. in BBB 1241 1253
C–H ip d on 1,2,4-ring 1049 1028

Notes: a KBr method; b attenuated total reflection (ATR) method; c stretching; d in plane.
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3.3. Electrical Properties

Figure 9 displays the current as a function of voltage for the spider silk/polyaniline. The current
is proportional to applied voltage, indicating electrical conduction of the composite. Electrical
conductivity of the bulk sample (not single fiber) was to be 5.7 ˆ 10´6 S/cm.Fibers 2016, 4, 12 6 of 7 
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4. Conclusions

Polymerization of aniline in the presence of spider silk was carried out to obtain
natural-product-based polymer wire. Surface structure and the IR measurements of the wire indicate
the formation of a composite. Additionally, the combination of strength and conductivity of the
polyaniline may lead to the production of a new organic conductive wire. The spider silk/PANI is
stronger than PANI alone.

Techniques: Infrared (IR) absorption spectroscopy measurements were conducted using a J-550 (JASCO, Tokyo,
Japan) with the KBr method. ATR-IR spectra or the composite were obtained using a Thermo Scientific NICOLET
iS5 (Thermo Fisher Scientific, Kanagawa, Japan). SEM observations were performed with a JEOL JSM-7000F
(JEOL, Tokyo, Japan). I vs. E measurement was carried out with HIOKI 3522-50 LCR HiTESTER (HIOKI, Ueda,
Japan). Electrical conductivity was measured by the four-probe method using Mitsubishi Chemical Analytech
LORESTA-GP MCP-T610 (Mitsubishi Chemical Analytech, Chigasaki, Japan).
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