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ABSTRACT: Silk has outstanding mechanical properties and bio-
compatibility. It has been used to fabricate traditional textiles for
thousands of years and can be produced in large scale. Silk materials are
potentially attractive in modern textile electronics. However, silk is not
electrically conductive, thus limiting its applications in electronics.
Moreover, regenerated silk is generally rigid and brittle, which hinder
post processing. Here we report the fabrication of conductive silk wire in
which carbon nanotube (CNT) yarns are wrapped with fluffy and flexible
silk nanofiber films. The silk nanofiber film was prepared by
electrospinning and then wrapped around a rotating CNT yarn in situ.
The obtained silk-sheathed CNT (CNT@Silk) wire has an insulating
sheath, which protects the body against electrical shock. In addition, the
fabricated wires exhibit a high electrical conductivity (3.1 × 104 S/m),
good mechanical strength (16 cN/tex), excellent flexibility, and high
durability. More importantly, the wires have an extremely low density (2.0−7.8 × 104 g/m3), which is 2 orders of magnitude
lower than that of the traditional metal wire (for example, Cu). Moreover, the wires display a good resistance to humidity, and a
simple post treatment can make the wires splash-resistant, thereby expanding its applications. On the basis of these features, we
demonstrate the use of the lightweight CNT@Silk wires in smart clothes, including electrochromism and near-field
communication.
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Wires and cables are essential to modern society.1 In
conventional electronics, covered electrical wires, which

are composed of inner conductors (e.g., Cu) surrounded by
flexible plastic jackets, are used to construct electrical circuits.
Plastic jackets are insulators that prevent the circuit from
shorting out and protect against the negative influence of
environmental variables, such as temperature, humidity, light,
and chemicals. In recent years, flexible and wearable electronic
have emerged because of their vast potential applications in
personal health management, human−machine interactions,
intelligent military wearables, and so forth. Various smart
textile electronics have been reported for electricity gen-
eration,2 energy storage,3 physiological signal monitoring,4 and
biomedical sensing.5 Given that most traditional insulated
wires are rigid and heavy, they cannot be directly used in
wearable electronics, particularly for cases that require
excellent flexibility and lightweight. Thus, it is important to

develop flexible and wearable wires that are stable in various
environments and can protect the human body against
electrical shock.
To date, few works have attempted to fabricate highly

flexible electrical wires with insulating covers for application in
textile electronics. Different types of flexible electrical
conducting fibers, such as carbon nanotube (CNT) yarns,6,7

graphene/reduced graphene oxide fibers,8,9 metal-coated
fibers,10 and graphene-coated fibers,11,12 have been reported.
These fibers can be applied as wires in wearable electronics if
they are protected with insulating and human-safe covers. In
particular, CNT fibers13 show high current carry density,14

good mechanical property,15 chemical inertness, and high
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stability.1 Compared with conventional wires, the lightweight
CNT fibers16,17 show an obvious advantage in cable mass per
unit length (mass/length).1 Moreover, the properties of CNT
fibers can be facilely adjusted by modifying the preparation
process to satisfy the different requirements of wearable
electronics.
Silkworm silk is a natural protein fiber that can be fabricated

into various textiles because of its outstanding biocompati-
bility, excellent mechanical strength, and luxurious appear-
ance.18,19 The application of silk in wearable electronics has
recently attracted increasing attention from researchers.18,20 In
view of the insulating nature of silk, pioneering works have
mainly utilized silk as the supporting material for biodegrad-
able and implantable electronics.5,21 Besides, our group has
used carbonized silk materials to fabricate wearable strain and
pressure sensors.22,23 Nevertheless, the insulating characteristic
of silk prevents its wide applications in wearable electronics.
In this work, we fabricated silk-sheathed CNT wires by

wrapping insulating silk nanofibers on a CNT core yarn and
demonstrated its superior performance as flexible wires in
textile electronics. The obtained silk-sheathed CNT (CNT@
Silk) wires exhibited high electrical conductivity (3.1 × 104 S/
m), good mechanical strength (16 cN/tex), and low density
(2.0−7.8 × 104 g/m3). The lightweight wire also displayed
excellent flexibility, good durability, and good resistance to
various environmental conditions. These wires can be readily
manipulated into various patterns or woven structures,
including stretchable wires, which can sustain high tensile
strains. Considering these features, we fabricated electro-
chromic patterns and a flexible near-field communication
(NFC) coil with CNT@Silk wires to demonstrate its potential
as circuits or wires in smart textile electronics.
Results and Discussions. Figure 1a illustrates the

fabrication process of CNT@Silk wires (also see Figures S1
and S2) and its potential application in textile electronics. First,
a core CNT yarn was prepared by twisting a CNT sheet drawn
from a vertically aligned CNT array according to a previously
reported process.24 At the same time, a silk fibroin solution,
which will be used for electrospinning the silk nanofibers, was
prepared from natural silkworm cocoons according to our
previously reported method.25 Then, the two ends of the CNT

yarn were attached to two motors, which were rotated in the
same direction at a high speed. At the same time, the
electrospinning process started, which led to the deposition of
a uniform silk nanofiber carpet on the outside of the CNT
yarn. Consequently, CNT@Silk wires, which consist of
conductive CNT yarns as the core and insulating silk nanofiber
jackets as the sheath, were obtained. In this study, CNT@Silk
wires can be continuously produced using the setup shown in
Figure S2. The as-prepared CNT@Silk wires, which possess
combined advantages of CNT yarns and silk fibers, can be used
as human-safe wires in textile electronics.
Figure 1b−e shows the morphology of the as-obtained

CNT@Silk wires, which verify the uniform structure of the
core CNT yarn and the silk nanofiber jacket. Figure 1b shows a
scanning electron microscopy (SEM) image of the CNT yarn.
The diameter of the CNT yarn was 13 μm, and its twisting
angle was approximately 30°. Aligned CNT bundles can be
observed in the magnified image of the CNT yarn (Figure 1c).
Figure 1d,e shows the SEM images of the sheath layer, which
was composed of uniformly distributed and randomly aligned
silk nanofibers. As shown in Figure 1d,e, the silk nanofiber
sheath was fluffy and porous. We have previously examined the
air permeability of this silk nanofiber membrane, which
showed a very low air flow resistance.25 The present wires
have a good air permeability because of the unique structure of
the electrospun silk sheath, resulting in its better conform-
ableness for wearing26 than conventional wires with plastic
jackets.
In addition, the porous silk sheath and the ultralight CNT

core endow the CNT@Silk wire with the feature of
lightweight. Light-weight is a highly desired feature of portable
electronics and smart textiles.27 Traditional copper wire has a
density of 8.9 × 106 g/m3. In comparison, the density of the
CNT@Silk wire is 2.0−7.8 × 104 g/m3, which is 2 orders of
magnitude lower than copper. The lightweight feature of the
CNT@Silk wire further promises its applications in comfort-
able smart textiles.
The thickness of the silk sheath wrapped around the CNT

yarn can be easily adjusted by selecting the electrospinning
parameters, such as the distance between the CNT yarn and
the nozzle, and the electrospinning duration (see details in

Figure 1. Fabrication of CNT@Silk wires. (a) Schematic illustration of the fabrication of CNT@Silk wires for textile electronics. (b) SEM image of
the core CNT yarn and (c) the magnified view of the CNT bundles. (d) SEM image of the sheath electrospun silk nanofibers and (e) the magnified
view of the uniform distribution of the nanofibers.
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Experimental Section). In this study, the typical diameter of
the CNT@Silk wires was in the range of 140−500 μm. As
shown in Figure 1e, the silk nanofibers had a uniform diameter
of approximately 600 nm and formed an intact nonwoven
carpet, which provided the expected protection of the core
CNT yarn.
As expected, the CNT@Silk wire consisted of an electrical

insulating sheath and a conductive core, similar to a traditional
electrical wire. To measure the conductance of the core fiber,
we first removed parts of the silk sheath to expose the core
CNT yarn of the CNT@Silk wire. Then, we measured the
current−voltage curves of the silk sheath and the core CNT
yarn, as shown in Figure 2a. At a voltage of up to 50 V on the
sheath layer, the current was under the detection limit of the
digital source-meter. To confirm the insulative feature of the
silk sheath, we used a high-resistance calibrator to measure its
resistance, which was around 1.1 × 1015 Ω/cm at a voltage of

100 V (Figure S3). The breakdown voltage of the CNT@Silk
wire was 347 V (Figure S3). The core CNT yarn exhibited a
typical current−voltage curve of conductive materials.
Figure 2b depicts the evolution of the conductivity and

resistivity of a bare CNT yarn and a CNT@Silk wire with
temperature variation. As shown, both the conductivity and
resistivity curves of the CNT@Silk wire overlapped with those
of the bare CNT yarn, indicating that the outer silk sheath did
not influence the conductivity of the core CNT yarn. The
conductivity of the wire increased as the temperature
increased, suggesting that the CNT yarn presented a
semiconductor characteristic, which was consistent with
previous reports.16,17 At an ambient temperature and pressure,
the resistivity of the CNT@Silk wire was 3.2 × 10−5 Ω/m,
corresponding to a conductivity of 3.1 × 104 S/m, indicating a
higher conductivity than that of a number of reported
graphene fibers.28 Moreover, its conductivity could be further

Figure 2. Electrical and mechanical properties of the CNT@Silk wire. (a) The voltage−current curve of the insulative sheath and conductive core
of a CNT@Silk wire. The inset shows the experimental setup. (b) The temperature dependence of the resistivity and conductivity of a bare CNT
yarn and a CNT@Silk wire. Wrapping the CNT yarn with a silk sheath did not influence the electrical conductivity of the CNT yarn. (c) Specific
stress−strain curves of a bare CNT yarn and a CNT@Silk wire. (d) Specific stress−strain curve and the relative change in the resistance−strain
curves of a CNT@Silk wire. (e) SEM image of the end of a fractured CNT@Silk wire. Only silk fibers in the sheath can be observed. (f) SEM
image of the end after peeling off the silk fibers near the break point, showing the core−sheath structure of the yarn. (g) SEM image of the break
point of the CNT yarn.
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improved by a post-treatment of the CNT yarns.17,29 Note that
the conductivity was calculated based on the diameter of the
CNT core. The CNT@Silk wires could sustain a current as
high as 28 mA (Figure S4), which was substantially higher than
most of the reported values for CNT-based wires composed of
short and randomly aligned CNTs.30

The CNT@Silk wire has a high tensile strength and a large
strain at the break point, implying its promising applications in
textile electronics. To be used as wires in intelligent clothes,
the CNT@Silk wires should satisfy the mechanical property
standard of textiles. Specific tensile properties are typically
used in the textile industry.31 The specific stress is equal to the
applied tensile force (in N or cN) divided by the linear density
in tex (1 tex = 1 mg/m) and expressed in N/tex, cN/tex, or g/
tex. The linear density is determined by weighing a yarn with a
known length. The calculated specific stress of the CNT@Silk
wire was 16 ± 1.3 cN/tex, which is comparable to that of
commercial yarns used for weaving clothing (e.g., 15−31 cN/
tex for a cotton yarn).32,33 In addition, we measured the tensile
strength of the CNT yarn (843 ± 80 MPa) and CNT@Silk
wire (1003 ± 80 MPa) in Figure S5. The tensile strength of the
CNT core is comparable to the reported CNT fibers (Table
S1). Moreover, the tensile strength could be further improved
by well-developed techniques, such as optimized twisting
processes and further shrinking.17,29,34−36 As shown in Figure
2c, the tensile strain at the break point of the wire increased
from 4.7 ± 0.4% to 6.4 ± 0.4% with the addition of the silk
sheath. The increasing of the elongation at break may be
ascribed to the slippage between the CNT core and the silk
sheath under loading of tensile strain. In addition, we measured
the tensile strength of a yarn composed of pure electrospun silk
fibers and found that its strength was considerably lower than
that of the CNT yarn (Figure S5). These results indicated that
the core bore most of the stress, rather than the silk sheath.

Because the silk sheath was not broken when the core broke
down, we did not calculate the tensile strength by using the
cross section of the sheath. We calculated the tensile strength
of the CNT@Silk wire by using the cross section of the core. If
the cross section of the entire CNT@Silk wire was used for
calculation, the obtained tensile strength would be significantly
lower (Figure S5). We tracked the relative change in the
resistance of a CNT@Silk wire under a constant voltage while
applying increasing tensile strain. As shown in Figure 2d, the
relative change in the resistance remained nearly unchanged
until the final electrical break at 6.4%, indicating that the
CNT@Silk wire can sustain a tensile strain while maintaining a
good electrical conductivity. The sheath of the CNT@Silk wire
was still connected after the electrical breakage of the wire,
indicating that only the core CNT yarn was broken at 6.4%.
Thus, we used tweezers to pull out the silk sheath of the wire.
The break point of the wire is shown in Figure 2e,f. Besides, we
further investigated the wear resistance of the wire by using a
Cu wire with intentionally coarsened surface to abrase the wire.
The results show that the silk sheath can withstand the
abrasion for more than 5400 cycles (Figures S6 and S7). The
excellent durability and reliability of the silk sheath can be
ascribed to the fracture tolerant behavior of the nanofiber
networks.37

Using electrospun nanofibers as the silk sheath is critical in
obtaining flexible wires. For comparison, we coated a CNT
yarn directly with silk fibroin solution and left it to dry in air,
which formed a rigid and brittle silk fibroin sheath38 that was
unsuitable for wearable electronic textiles. Figure 3a shows the
images of a rigid CNT@Silk wire fabricated by directly coating
silk fibroin solution on a CNT yarn (left) and a flexible CNT@
Silk wire fabricated by electrospinning (right). The good
flexibility of the wire fabricated by electrospinning can be
ascribed to the unique structure of the electrospun nanofiber

Figure 3. Material characterization of the CNT@Silk wire. (a) Optical images of a rigid CNT@Silk wire fabricated by directly coating silk fibroin
solution on a CNT yarn (left) and a flexible CNT@Silk wire fabricated by electrospinning silk nanofibers on a CNT yarn (right). The right image
showed good flexibility. (b) Relative change in resistance of a CNT@Silk wire during 1000 bending cycles. Each cycle lasted for 4.5 s. (c) Raman
spectra of the CNT yarn and the electrospun silk nanofibers. (d) Relative change in resistance of the CNT yarn and CNT@Silk wires at two
different humidity levels. The insets show a wire with a drop of water on it (i) and after the water evaporated (ii).
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film, which was composed of nonwoven nanofibers with a high
aspect ratio. The flexible CNT@Silk wire can be bent for many
cycles while maintaining its stable conductivity. As shown in
Figure 3b, the electrical resistance of the CNT@Silk wire
remained nearly unchanged (<0.5%) even after 1000 cycles.
The CNT@Silk wire can be further wound around a highly
elastic fiber, and the obtained fiber can sustain a large tensile
strain (Figure S8). This strategy is typically applied in
fabricating elastic fibers for traditional textiles.
The Raman spectra of the CNT yarn and the silk sheath are

shown in Figure 3c. The Raman spectrum of the CNT yarn
presented a G-band at 1585 cm−1 (associated with crystalline
sp2 carbon) and a D-band at 1348 cm−1 (related to defects or
heteroatom doping),22 which were consistent with previous
reports. The Raman spectrum of the silk sheath showed feature
peaks of silk fibroin at 1103, 1248, 1455, 1614, and 1667 cm−1,
confirming the existence of silk fibroin. In particular, the peak
at 1667 cm−1 (belonging to the amide I band) corresponded to
the β-sheet crystallites,39,40 which were beneficial for the
mechanical enhancement.
The CNT@Silk wire exhibited a good resistance to

humidity, and it could become splash-resistant through a
simple post-treatment. To become suitable for wearable
electronics, the CNT@Silk wires should be stable at various
humidity levels. To determine the stability of the CNT@Silk
wires at different humidity conditions, we placed the CNT@
Silk wire in a humidity chamber and measured the current of
the wire at a constant voltage at a relative humidity (RH) of
10% and 70%. The results (Figure 3d) revealed that the
relative change in the resistance of the CNT@Silk wire at a RH
of 70% and 10% were less than 0.5%, indicating that the wires

had highly stable electrical properties at varied humidity
conditions. Furthermore, the CNT@Silk wire could become
splash-resistant by treating it at 200 °C (see details in
Experimental Section and Figure S9). The heat treatment led
the transformation of some random α-helix into β-sheet
crystals.25 The increase of β-sheet crystallites in the silk fibroin
enables the regenerated silk water-insoluble.25,41 The wire was
still conducting with a small drop of water on its sheath, as
shown in the inset of Figure 3d. Besides, we did not observe
any damage in the wire after repeating water dropping-
removing, indicating the stability of the silk nanofiber sheath.
The conductivity of the CNT@Silk wire was tracked before
and after the contact with water (Supplementary Movie 1) to
evaluate the splash-resistance of the CNT@Silk wire.
Given its good flexibility and excellent robustness, the

CNT@Silk wire can be sewn into clothes and other wearing
accessories or woven into delicate patterns as the functional
circuit for wearable electronic textiles. We sewed CNT@Silk
wires with sparse stiches onto yoga shirts (Figure 4a). The
pattern made of the CNT@Silk on the clothes can maintain a
good conductivity while the person wearing the yoga shirt
performed various sports activities and also after the clothes
were removed (Figure 4b). Besides, as shown in Figure S10,
we sewed the wire on the bending part of the glove. When the
finger wearing the glove was bent, the red light-emitting diode
(LED), which was connected to the CNT@Silk wire, remained
switched on. Moreover, the CNT@Silk wire can be combined
with other functional materials to fabricate smart devices. We
covered a CNT@Silk wire with a commercial thermochro-
matic pigment and made a pattern of the treble clef on a silk
fabric. The ends of the CNT@Silk wire on the back side were

Figure 4. Applications of CNT@Silk wires in textile electronics. (a) Optical images of a CNT@Silk wire sewn on a yoga shirt. (b) The digital
multimeter used to test the conductivity of the pattern made of a CNT@Silk wire in a yoga shirt. (c) Optical images of an electrochromic pattern
made of functional CNT@Silk wires. (d) CNT@Silk wires sewn into a yoga shirt as flexible coils for wireless charging in smart clothes. The inset
shows a magnified image of the coil connected to a LED. (e) The circuit diagram for the wireless charging. (f) The deformed CNT@Silk coil under
wireless charging, which shows a good flexibility.
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connected to a direct current power supply. As shown in
Figure 4c, the color of the pattern faded as the applied voltage
increased. The change in the color was reversible as the applied
voltage was turned on/off. The mechanism is that the Joule-
heat generated from the current in the CNT@Silk wire
increased the temperature of the thermochromatic pigment.
Other functional materials can also be combined with the
CNT@Silk wires for applications in smart clothes.
Wireless electric energy transmission is becoming an

important energy supply technology in our daily lives. To
demonstrate the use of CNT@Silk wires in smart clothes, we
fabricated a coil on a yoga shirt, and this coil can be used to
harvest electromagnetic waves, which may be further applied
for wireless charging (Figure 4d). A LED was connected to the
coil. When a copper coil (connected to a power source)
approached the CNT@Silk coil, the LED was turned on. The
copper coil, which worked as an emitter, was connected to a
designed circuit (Figures 4e and S11). When the oscillator
circuit was powered on, the CNT@Silk coil harvested the
electromagnetic waves from the oscillator circuit (Supple-
mentary Movie 2). Figure 4f shows that the performance of the
CNT@Silk coil was stable under various deformations,
indicating its good flexibility and stability. Furthermore, NFC
can be realized when a CNT@Silk coil for receiving signals is
combined with a commercial integrated circuit chip for data
storage, which can be used as an NFC tag. These results
demonstrated the good flexibility and excellent stability of the
CNT@Silk wire for applications in textile electronics.
In summary, by wrapping an insulating silk nanofiber jacket

on a CNT yarn, we fabricated a silk-sheathed CNT wire and
demonstrated its electrical and mechanical properties for
applications in smart textile electronics. A flexible, lightweight,
and uniform silk nanofiber carpet was in situ deposited on a
rolling CNT yarn, leading to the formation of a flexible CNT@
Silk wire. The silk sheath was electrically insulating, and the
CNT fiber core was conductive, similar to the structure of
traditional electrical wires. The CNT@Silk wire showed good
electrical conductivity (3.1 × 104 S/m), high mechanical
strength (16 cN/tex), and low density (2.0−7.8 × 104 g/m3).
The lightweight wire also displayed stable properties to
withstand external variables, including temperature and
humidity. Furthermore, the CNT@Silk wire could become
splash-resistant after being treated at 200 °C under Ar. Given
its good flexibility, the CNT@Silk wire can be wound on an
elastic fiber to form a stretchable wire, which could sustain a
large tensile strain. Although the conductance of the CNT@
Silk wire is not comparative to that of conventional copper
wires, it satisfies the requirements for wires of many flexible
and portable devices. We sewed the CNT@Silk wire into
clothes and showed the stable properties of the wire during
body movements. In addition, we used the CNT@Silk wire to
fabricate coils for wireless charging and electrochromic
patterns on clothes to demonstrate its various potential
applications in smart clothes. Considering the good flexibility,
lightweight, splash resistance, air-permeability, and excellent
stability of the CNT@Silk wire, we speculate that it will have
many potential applications in the next-generation textile
electronics. This fabrication strategy may also be applied on
other materials aside from silk and CNTs to fulfill various
practical requirements.
Experimental Section. Preparation of CNT Yarns. A

vertically aligned CNT array was synthesized through the
chemical vapor deposition (CVD) method using a 26 mm

diameter quartz tube furnace, following an improved protocol
reported by Zhang et al.42 A Fe film (1−2 nm) deposited on
an Al2O3 (∼10 nm)/SiO2 (800 nm)/Si substrate was used as
the catalyst. The growth of the vertically aligned CNT array
was carried out with C2H4 (30 sccm), Ar (140 sccm) and H2

(18 sccm) at 750 °C for 10 min. Then, continuous CNT yarns
were spun from the CNT sheet drawn out of the vertically
aligned CNT array with a spindle rotating at 200 rpm and a
drawing rate at 1 cm·min−1 (see the experimental set up in
Figure S1, Supporting Information). The as-obtained CNT
yarn was used directly for the fabrication of the CNT@Silk
wire.

Preparation of Silk Fibroin Solution. Silk fibroin solution
was prepared from B. mori silkworm cocoons following a well-
established procedure.19 Briefly, silk cocoons were boiled for
30 min in an aqueous solution of 0.02 M NaHCO3 and then
rinsed with deionized water to remove the glue-like sericin
proteins and wax. After drying in the oven at 60 °C, the
extracted silk fibroin was dissolved in a solution of CaCl2/
C2H5OH/H2O (molar ratio 1:2:8) at 70 °C for 6 h. This
solution was dialyzed in deionized water using a dialysis bag
(MWCO 3500) for 3 days, yielding a 2 wt % solution. Then,
the silk fibroin solution was centrifuged at 3000 rpm for 20
min and lyophilized to obtain a regenerated silk fibroin sponge.
The sponge was dissolved in formic acid for the formation of
the final solution. The typical used concentration of the silk
solution was about 15%.

Fabrication of CNT@Silk Wires. A rotating CNT yarn was
positioned at 12 cm away from the injector nozzle of the
electrospinning system. A high electric potential of 15 kV was
applied by a high voltage power supplied at the tip of the
syringe needle. Then, the silk fibroin solution was electrospun
at a constant flow rate of 0.6 mL·h−1. The electrospun silk
nanofibers were deposited on the rotating CNT yarn, leading
to the formation of a CNT@Silk wire (Figure S2). The
diameter of CNT@Silk wires can be controlled by varying the
deposition time. The typical deposition time in this study was
30 s.

Heat Treatment of CNT@Silk Wires. The heat treatment
was carried out in a quartz tube furnace under an argon
(purity, 99.999%; gas flow, 110 sccm) and hydrogen (purity,
99.999%; gas flow, 10 sccm) mixed atmosphere. Annealing
process includes three stages: ramping up the temperature,
annealing, and cooling down (Figure S9). The heating rate is
about 5 °C/min. The annealing temperature is 200 °C and the
annealing time is 30−90 min.

Characterization. The diameters of the spun fibers were
measured using a field emission SEM (FE-SEM, FEI Quanta
650). The wire is weighed by a balance (Mettler-Toledo,
XP26). The Raman spectra of the CNT yarns and CNT@Silk
wires were obtained using a Raman spectroscope (HORIBA
HR800) with a laser excitation wavelength of 532 nm. The
electrical and mechanical properties were tested using digital
source-meters (Keithley 2400/2410) and a universal testing
machine (SHIMADZU AGS-X) with a force transducer (load
capacity 5 N, load precision 1%). The strain rate was 1 mm/
min and gauge length was 1 cm. The conductivity of the
CNT@Silk wires was measured using a two-probe method by
Keithley 2400 at 25 °C with a relative humidity of 45%. The
temperature dependence of the wire was tested using a
physical property measurement system.
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L.; Kaplan, D. L. Nat. Protoc. 2011, 6, 1612−1631.
(20) Wang, Q.; Wang, C.; Zhang, M.; Jian, M.; Zhang, Y. Nano Lett.
2016, 16, 6695−6700.
(21) Tao, H.; Brenckle, M. A.; Yang, M.; Zhang, J.; Liu, M.; Siebert,
S. M.; Averitt, R. D.; Mannoor, M. S.; McAlpine, M. C.; Rogers, J. A.;
Kaplan, D. L.; Omenetto, F. G. Adv. Mater. 2012, 24, 1067−1072.
(22) Wang, C.; Li, X.; Gao, E.; Jian, M.; Xia, K.; Wang, Q.; Xu, Z.;
Ren, T.; Zhang, Y. Adv. Mater. 2016, 28, 6640−6648.
(23) Wang, Q.; Jian, M.; Wang, C.; Zhang, Y. Adv. Funct. Mater.
2017, 27, 1605657.
(24) Zhang, Y.; Zou, G.; Doorn, S. K.; Htoon, H.; Stan, L.; Hawley,
M. E.; Sheehan, C. J.; Zhu, Y.; Jia, Q. ACS Nano 2009, 3, 2157−2162.
(25) Wang, C.; Wu, S.; Jian, M.; Xie, J.; Xu, L.; Yang, X.; Zheng, Q.;
Zhang, Y. Nano Res. 2016, 9, 2590−2597.
(26) Raj, S.; Sreenivasan, S. J. Eng. Fibers Fabr. 2009, 4, 29−41.
(27) Singh, S.; Tripathi, P.; Bhatnagar, A.; Prakash Patel, C. R.;
Singh, A. P.; Dhawan, S. K.; Gupta, B. K.; Srivastava, O. N. RSC Adv.
2015, 5, 107083−107087.
(28) Wang, X.; Qiu, Y.; Cao, W.; Hu, P. Chem. Mater. 2015, 27,
6969−6975.
(29) Zhang, X.; Jiang, K.; Feng, C.; Liu, P.; Zhang, L.; Kong, J.;
Zhang, T.; Li, Q.; Fan, S. Adv. Mater. 2006, 18, 1505−1510.
(30) Lekawa-Raus, A.; Kurzepa, L.; Peng, X.; Koziol, K. Carbon
2014, 68, 597−609.
(31) Miao, M. Particuology 2013, 11, 378−393.
(32) Buckley, R. W. Textile Fabric Choices and Condition. In
Polymer Enhancement of Technical Textiles; iSmithers Rapra Publish-
ing: United Kingdom, 2003; Vol. 5.
(33) Liu, C.; Sun, R.; Lai, K.; Sun, C.; Wang, Y. Mater. Lett. 2008,
62, 4467−4469.
(34) Liu, K.; Sun, Y.; Zhou, R.; Zhu, H.; Wang, J.; Liu, L.; Fan, S.;
Jiang, K. Nanotechnology 2010, 21, 045708.
(35) Tran, C. D.; Humphries, W.; Smith, S. M.; Huynh, C.; Lucas, S.
Carbon 2009, 47, 2662−2670.
(36) Liu, K.; Sun, Y.; Lin, X.; Zhou, R.; Wang, J.; Fan, S.; Jiang, K.
ACS Nano 2010, 4, 5827−5834.
(37) Kim, H.; Kim, J.; Jun, K.; Kim, J.; Seung, W.; Kwon, O. H.;
Park, J.; Kim, S.; Oh, I. Adv. Energy Mater. 2016, 6, 1502329.
(38) Yin, J.; Chen, E.; Porter, D.; Shao, Z. Biomacromolecules 2010,
11, 2890−2895.
(39) Rousseau, M.; Lefev̀re, T.; Beaulieu, L.; Asakura, T.; Peźolet,
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