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I Artificial Muscle

Carbon Nanotube Yarn-Based Glucose Sensing Artificial

Muscle

Junghan Lee, Sachan Ko, Cheong Hoon Kwon, Mdrcio D. Lima, Ray H. Baughman,

and Seon Jeong Kim*

Boronic acid (BA), known to be a reversible glucose-sensing material, is conjugated
to a nanogel (NG) derived from hyaluronic acid biopolymer and used as a guest
material for a carbon multiwalled nanotube (MWNT) yarn. By exploiting the
swelling/deswelling of the NG that originates from the internal anionic charge changes
resulting from BA binding to glucose,a NG MWNT yarn artificial muscle is obtained
that provides reversible torsional actuation that can be used for glucose sensing. This
actuator shows a short response time and high sensitivity (in the 5-100 x 1073 m range)
for monitoring changes in glucose concentration in physiological buffer, without
using any additional auxiliary substances or an electrical power source. It may be
possible to apply the glucose-sensing MWN'T yarn muscles as implantable glucose
sensors that automatically release drugs when needed or as an artificial pancreas.

1. Introduction

Glucose monitoring is very important for determining the
optimal medical treatment for patients suffering from dia-
betes due to insulin deficiency.»? For the continuous meas-
urement of blood glucose levels, there have been many
advances in continuous glucose monitoring technology
using various glucose sensitive materials.’>->! Among them,
glucose oxidase (GOx)-based sensors showed impres-
sive results, yet they have some difficulties to overcome.
Enzymes are very sensitive to the environment and are sus-
ceptible to denaturation. The GOx sensor requires oxygen
or another redox mediator, consumes glucose, and produces
H202~[6'7]

Dr. ). Lee, S. Ko, Dr. C. H. Kwon, Prof. S. J. Kim
Center for Self-Powered Actuation
Department of Biomedical Engineering
Hanyang University

222 Wangsimni-ro, Seongdong-gu

Seoul 04763, South Korea

E-mail: sjk@hanyang.ac.kr

Dr. M. D. Lima, Prof. R. H. Baughman

The Alan G. MacDiarmid NanoTech Institute
University of Texas at Dallas

800 West Campbell Road, Richardson, TX 75080, USA

DOI: 10.1002/smll.201503509

small 2016, 12, No. 15, 2085-2091

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Recently, boronic acid (BA) has been of interest for alter-
native glucose sensors, due to its reversible binding with glu-
cose as a nonenzymatic glucose sensing material.®’1 Various
studies have provided interesting results, but there are prob-
lems to overcome, such as detection limits using fluorescent
probes, demonstration of safe use in the human body, and the
need for means for directly converting sensor detection to
actuation without use of an external energy source.[*11]

We previously synthesized multiwalled carbon nanotube
(MWNT) sheets and yarns from special MWNT forests from
which carbon nanotubes can be continuously drawn.['2l These
MWNT sheets or yarns are of great interest for application
as artificial muscles because of their strength, electronic
conductivity, and high accessible surface area.'3J MWNT
yarns, including those containing guest materials, have been
intensively studied for physical and chemical applications
including superconductors, lithium-ion battery materials, gra-
phene ribbons, catalytic nanofibers for fuel cells, and photo-
catalysis.'*1l However, to the best of our knowledge, there
have been almost no reports of the use of MWNT yarn as
materials that actuate in response to external influences like
pH, ionic strength, antigens, and enzymes.

To provide a biologically important sensor—actuator
response, we here utilized a nanohydrogel containing a glu-
cose-sensing moiety as guest materials in a MWNT yarn. This
guest is a boronic acid-conjugated hyaluronic acid/cholesterol
nanogel (HC-BA NG) that reversibly couples, via the BA
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reversible binding properties.[%2>20] There
have been many studies of the application
of BA for glucose sensing using various
methods, including colorimetric, fluores-
cent, or electrochemical changes, but many
problems remain, such as photochemical
instability and particular difficulty in elec-
trical connections.[*27-3]

We designed compact polymeric
nanoparticles of HA (modified by hydro-

—

@ Carboxyl group of HA
Q Nonionic BA

Two-end-tethered MWNT yarn actuator

phobic cholesterol and phenylboronic
acid) as a guest material for MWNT yarn,
and then utilized their reversible swelling/
deswelling for yarn actuation.

In the presence of glucose, a critical
number of nonionic trigonal BA units in
the HA NG become negatively charged
tetrahedral boronate esters as a result

@ Anionic BA (Glucose binding)

Scheme 1. Self-powered MWNT yarn actuator deposited with boronic acid-conjugated

hyaluronic acid/cholesterol nanogel (HC—BA NG) for glucose sensing.

substituent, with glucose to provide a mechanically actuating
sensor response to glucose (Scheme 1). For the configuration
of the torsional actuating yarn, we adopted the two-end-teth-
ered, half-infiltrated homochiral yarn structure described in
a previous report.'”l A volume change in the nanogel, which
is infiltrated as guest material in the MWNT yarn, resulted
from a glucose-sensitive change in electric charge alteration
of the BA, which provided self-powered torsional actuation
of the MWNT yarn.

Hyaluronic acid (HA) is a linear anionic glycosami-
noglycan with repeating units of D-glucuronic acid and
D-N-acetylglucosamine, which is widely distributed in the
extracellular matrix and contributes to both structural and
biological functions through its ability to interact with other
materials.l'8191 Unlike other synthetic polymers, HA is bio-
compatible, biodegradable, and nonimmunogenic, and has
been widely studied for biomedical and pharmaceutical
applications.[?-22] Recently, various polymeric nanoparticles
or NGs using HA have been synthesized and utilized as drug
carriers and bioimaging probes!?>?*l However, it is difficult to
find the studies of the application of HA as a biosensing actu-
ating material.

There are several advantages of using the NG rather than
other cross-linked polymer as a guest material for MWNTs
yarns. Hydrogel nanoparticles can sensitively respond to
their surrounding environment because of their large surface
area and tridimensional structure. Moreover, it is possible to
use them for a potential controlled-release system because
of their ability to encapsulate specific molecules, such as
proteins or other biological components. NGs can also be
easily produced by a simple synthetic process and are easy to
handle in various applications.

To introduce the reversible glucose-sensing property, we
selected the BA-containing compound and conjugated it to
the HC NG. BA is known to be highly selective and sensitive
for the cis-diol on glucose and has reproducible and stable
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of their binding to glucose in aqueous
media. This causes volumetric expan-
sion of the NG by electrostatic repulsion
between negatively charged carboxyl
groups of HA and anionic boronates. It
is expected that the NG swelling should be reversed by an
overall decrease in the negative charge in the nanoparticle,
resulting from the increase in glucose-unbound boron in
glucose-reduced conditions. In this paper, we investigated
the sensitivity of the swelling property of BA-conjugated
NG depending on the surrounding glucose concentration
and confirmed the possibility of the biosensing application
of artificial muscles using yarn volume change to drive tor-
sional actuation.

2. Results and Discussions

2.1. Synthesis and Characterization of HC NG and HC-BA NG

We prepared amphiphilic HC-BA NG 7 as shown in Figure 1.
First, for the synthesis of amphiphilic HC NG, cholesteryl
chloroformate 2 was reacted with ethylenediamine 3, and
the amine modified cholesterol 4 was obtained after purifica-
tion. Then, cholesterol-NH, 4 was added to HA 1 activated
by N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide (EDC)
and N-hydroxysulfosuccinimide (sulfo-NHS), resulting in the
preparation of HC NG 5. For introducing the property of
reversible binding to glucose 8, 3-aminophenylboronic acids
6 were further reacted with the free carboxyl group of NG in
the presence of EDC and sulfo-NHS.

The chemical structure of NG and the degree of substi-
tution (DS), defined as the number of conjugated choles-
terols per 100 B-glucosamine residues of HA, were analyzed
using Proton Nuclear Magnetic Resonance (‘H-NMR). A
characteristic peak of cholesteryl chloroformate, the double-
bond signal, was confirmed at 5.4 ppm (1H, -CHCH,-) and
ethylenediamine-reacted cholesterol showed specific peaks
at 2.8 ppm (2H, -NH,CH,) and 3.2 ppm (2H, -NHCH,-).
In the case of HA, a chemical shift of the N-acetyl group
(6 =2 ppm, 3H, -COCH;) was assigned as the characteristic
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Figure1. SyntheticprocessforHC-BANG. 1. Hyaluronicacid (HA). 2. Cholesterylchloroformate.
3. Ethylenediamine. 4. Cholesterol-NH,. 5. HC NG. 6. 3-aminophenylboronic acids. 7. HC-BA
NG. 8. b-(+)-glucose. *. Reversible binding between phenylboronic acid and glucose.

peak. After the reaction between HA and ethylenediamine-
conjugated cholesterol, the characteristic peak of cholesterol
(6 = 5.4 ppm) was confirmed to be present in the HC NG
'H-NMR spectrum (see Figure S1 in the Supporting Infor-
mation). Then, the DS was estimated from the integration
ratio between the peaks of cholesterol (6 = 5.4 ppm) and the
N-acetyl group in HA (6 = 2 ppm). The DS of the HC NG
was determined to be 14.9 mole% when the reaction ratio
of cholesterol-NH, groups to carboxyl groups in HA was 0.2
(Figure S2, Supporting Information). HC NG was further
reacted with 3-aminophenylboronic acid, and the presence
of the phenylboronic acid moiety in the final product, HC-
BA NG, was also clearly confirmed by Fourier Transform
Infrared Spectroscopy (FT-IR) analysis (Figure S3, Sup-
porting Information).

The critical micelle concentration (CMC) of HC NG was
measured in the presence of a pyrene fluorescence probe. The
amphiphilic nature of the HC NG, consisting of hydrophobic
cholesterol and hydrophilic HA, results in micelle forma-
tion in aqueous solution, and these micelles of HC NG can
be evaluated using a fluorescence probe technique. From the
excitation spectra of pyrene in the HC NG solution at var-
ious concentrations, the CMC was determined by plotting the
ratio of intensities at wavelengths of 338 and 333 nm versus
the concentration of HC NG, and the CMC of the sample
was calculated to be =0.006 mg mL~! (Figure S4, Supporting
Information). The synthesized HC NG and HC-BA NG were
dispersed in phosphate-buffered saline (PBS) buffer (pH
7.4) and their particle sizes and morphologies were analyzed
using dynamic light scattering (DLS). The hydrodynamic size
of HC NG was determined to be =250 nm (Figure S5, Sup-
porting Information).
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2.2. Swelling Properties of HC NG and
HC-BA NG

Previously, the swelling ratio of the
hydrogel has been calculated from the dif-
ferences in film thickness.?!! However, in
this paper, the weights of the NGs were
used for the calculation instead of the
hydrogel thickness, and the swelling ratio
of NG was obtained using the following
equation (1)

Swelling ratio (%)

100% (1)

As shown in Figure 2A, dried HC-BA
NG rapidly absorbed water for 10 min and
was saturated to =180% swelling after 2 h.
This NG was then immersed in 5 x 1073,
10 x 1073, and 20 x 1073 m glucose solution
(Figure 2B), resulting in an increase of the
swelling ratio to 200-230% after 40 min.
The change in size of the glucose-sensitive
particles of HC-BA NG was also confirmed
by DLS analysis (Figure 2C). The particle
size of HC-BA NG in PBS buffer without glucose was around
300 nm, but the size increased to =1 um after the addition of
glucose to the PBS (final conc. = 100 x 10~ m). In the control
experiment, HC NG without BA also showed a volume expan-
sion in PBS, but there was no difference in its swelling in the
presence of glucose (Figure 2D). These results support the
hypothesis that a critical number of nonionic trigonal BA units
in the HC NG become negatively charged tetrahedral boronate
esters as a result of binding to diols of glucose, allowing the
NG to be volumetrically expanded by electrostatic repulsion
at physiological pH between the negatively charged carboxyl
groups of HA and anionic boronate.

2.3. MWNT Yarn Artificial Muscle Actuator Deposited with
HC-BA NG

Then, HC-BA NG was introduced as a guest material of
the MWNT yarn, and a torsional yarn actuator was fabri-
cated as a homochiral structure that supported a paddle, as
previously described.l'32] Figure 3 illustrates the process of
A) HC-BA NG formation, B) images of the nanoparticle
morphology (transmission electron microscopy (TEM)),
and C) MWNT yarn (scanning electron microscopy (SEM)).
Cholesterol-conjugated HA can easily form spherical nano-
particles, HC NG, with an outer hydrophilic backbone of
HA and an inner accumulation of hydrophobic cholesterol.
Phenylboronic acids were further conjugated to this NG as
a glucose-sensing moiety (Figure 3A). As shown in the TEM
image (Figure 3B), HC-BA NG clearly forms spherical nano-
particles with a diameter of =200 to =250 nm. In the SEM
images of the MWNT yarn (Figure 3C), the thickness of the
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Figure 2. Swelling properties of NGs. A) Time-dependent swelling of HC-BA NG pellet in
1x PBS buffer. B) HC-BA NG pellet swelling in different glucose concentrations: 20 x 107> m
(#), 10 x 10> m (®), and 5 x 107> m (w). ) Hydrodynamic size, measured by dynamic
light scattering, of HC-BA NG in PBS buffer with (solid line) and without (dashed line)
100 x 1073 m glucose. D) Swelling of HC NG in PBS and in the presence of glucose (inset
graph, Control). A,D) For the swelling test, dried NG pellet was directly immersed in PBS buffer
and the swelling ratio was calculated by measuring the weight of NG after 120 min. After 2 h
incubation of hydrogel in PBS buffer, the swelling ratio in the presence of B) different glucose
concentrations (5x 1072, 10 x 1073, and 20 x 107> m, inset graphs in panel (D)) was obtained.
All samples were measured three times at room temperature.
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condition (Figure 3C lower). This image
also clearly shows that the HC-BA NGs
were homogeneously loaded onto the
MWNT yarn without any noticeable mis-
matches, such as grains, strains, or cracks.

For measuring the loading efficiency of
HC-BA NG, the loading mass of HC-BA
NGs onto MWNT was analyzed by com-
paring with bare MWNT weight. Average
weight of bare MWNT yarn obtained from
1.0 x 7.5 cm? sized three-layer MWNT
sheet was 30.7 ug and that of HC-BA NGs
deposited MWNT yarn was 1095.1 pg. The
loading efficiency of NGs was calculated
by following equation (2)

Loading efficiency (%)

_ Weight of NGs in MWNT yarn
~ Weight of NGs and MWNT yarn

x100% (2)

According to the above equation,
HC-BA NGs showed 97.2% of loading
efficiency and this result suggests that the
HC-BA NGs are highly compatible with
MWNT yarn.

Evaluation of torsional actuation of
the guest-containing MWNT yarn was
performed in a PBS buffer flow system
in which various glucose concentrations
were provided using a peristaltic pump
(Figure S6, Supporting Information). To

bare yarn was =30 um with =20° helix angle (o) (Figure 3C  help ensure reversible torsional actuation, we used a two-
upper) and HC-BA NG-deposited yarn showed a thickness end-tethered structure (Scheme 1) with a lower guest-filled
of =40 pm with =40° helix angle (o) in the same twisted-yarn  yarn segment acting as a torsional actuator and an upper

A Chol

(Cholesterol) (Boromc aC|d)
4@ In water

HC (HA/Chol) HC NG
conjugate (HA/Chol nanogel)

HC-BA NG

(HA/Chol-BA nanogel)

Figure 3. A) HC-BA NG formation. B) Transmission electron microscopy (TEM) image of HC-BA NG. C) Scanning electron microscopy (SEM) images
of two-end-tethered homochiral yarn actuator muscle segments: Neat MWNT yarn (upper) and HC-BA NG-coated yarn (lower) at low magnification

(left) and high magnification (right).
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reversible torsional actuation of the

MWNT artificial muscle that depended
sensitively on glucose concentration
in the range of 5 x 107-100 x 103 ™
These results suggest that this biosensing
yarn might eventually be deployable as an
implantable, self-powered actuating sensor
for controlled drug delivery.
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Figure 4. A) Reversible torsional actuation of HCNG-BA deposited MWCNT yarn depending
on the glucose concentration. B) Actuation depending on different glucose concentration.

guest-free yarn segment functioning as a torsional spring to
return the paddle to its starting angle.l?]

Reversible paddle rotation in PBS buffer, depending
upon glucose concentration in the buffer, resulted from the
swelling/deswelling property of HC-BA NGs embedded
within the yarn. The degree of rotation of the actuator was
obtained from a movie of the paddle rotation (see Movie,
Supporting Information). As shown in Figure 4A, measured
rotation angles (expressed as degree paddle rotation per yarn
length in mm) varied from =10° mm™! (at 10 x 10~ m glucose)
to =40° mm~! (at 100 x 10~ m glucose), and the paddle rota-
tion angle was reversed to the starting position when the glu-
cose was removed. After addition of the glucose-containing
buffer, the paddle rotated in the untwisting direction for
the actuating yarn segment and stopped after 20 min. When
the glucose-containing buffer was replaced by glucose-free
buffer, the direction of paddle rotation was reversed and the
final rotation angle was achieved in about 30 min. This result
suggests that this actuator can be applied as a reversible self-
powered actuating glucose sensor having a short response
time compared with previous reports.[*’]

Figure 4B shows a graph of paddle rotation angle versus
glucose concentration. This shows that the rotation angle
increased linearly from 0° to =20° in the presence of glucose
concentrations between 5 x 1073 and 20 x 107> m. These results
suggest that the glucose-sensing properties of the MWNT
yarn torsional actuator could be applied in drug delivery
devices in which the extent of torsional actuation controls
drug delivery. Importantly, the torsional actuation angle real-
ized precisely responds to glucose concentration within the
concentration range needed to monitor normal human glu-
cose levels (below 5.6 x 1073 M before eating and 7.8 x 10 m
two hours after eating) and abnormal human glucose levels
(above 7.0 x 1073 m before eating and 11.1 x 1073 m two hours
after eating).[*4l

3. Conclusion

We developed a bioactuating MWNT yarn artificial muscle by
using the reversible volume expansion of a glucose-sensitive
guest hydrogel, HC-BA NG. After incorporation of HC-
BA NG within the twist-spun MWNT yarn, we fabricated a
two-end-tethered torsional actuator. Then, we demonstrated

small 2016, 12, No. 15, 2085-2091
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4. Experimental Section

Materials: Sodium hyaluronate (HA200K,
M, 213 kDa) was obtained from Lifecore
Biomedical (Chaska, MN, USA). Cholesterol
chloroformate, ethylenediamine, EDC, sulfo-NHS, 3-aminophenylb-
oronic acid hydrochloride, and p-(+)-glucose were purchased from
Sigma—Aldrich (St. Louis, MO, USA). All other chemicals were ana-
lytical grade and used as received without any further purification.

Synthesis of Amine Modified Cholesterol: For the prepara-
tion of amine-modified cholesterol, cholesteryl chloroformate
was reacted with ethylenediamine, as previously described.B®!
Briefly, cholesteryl chloroformate (2.25 g, 5 mmol) in anhydrous
toluene (50 mL) was added dropwise into a solution of ethylen-
ediamine (16.7 mL, 250 mmol) in 150 mL toluene for 10 min at
0 °C. After overnight stirring at room temperature, unreacted eth-
ylenediamine was washed out thoroughly with distilled water and
the mixture was dried over anhydrous magnesium sulfate. After
evaporation of the solvent, the dried mixture was dissolved in
100 mL of dichloromethane/methanol (1/1, v/v) solution and the
byproduct was removed with a syringe filter (1 yum MWCO, PTFE,
Whatman, NJ, USA). Then, the filtrate was crystallized under rotary
evaporation and analyzed by 'H-NMR (600 MHz, Varian Unity
Plus, CA, USA).

Synthesis of HC NG (HA/Cholesterol Nanogel): Amine-modi-
fied cholesterol was conjugated through the carboxyl group of HA
using the EDC coupling method. Briefly, HA (100 mg, 244 umol)
was solubilized in 10 mL of distilled water. Then, EDC (93.5 mg)
and sulfo-NHS (106 mg) were added and the carboxyl moiety of
HA was activated for 30 min. Then, amine-modified cholesterol
(48.8 pmol) in 10 mL of tetrahydrofuran (THF) were slowly added
to the HA solution with stirring, and reacted for 18 h. After the
reaction, samples were dialyzed using a cellulose membrane tube
(MWCO 12 kDa, Spectrum Laboratories, Inc., CA, USA) in distilled
water/THF (1/1, v/v) solution for 2 d, then fresh water for 1 d, and
then the sample solutions were solidified by freeze drying. After
dissolving the samples in D,O/THF-d8 (1/1, v/v) solution, the cho-
lesterol content of the HC NGs was estimated by ! H-NMR analysis.

Preparation of HC-BA NG (HA/Cholesterol-Boronic Acid
Nanogel): The synthesized HC NGs were further reacted with
3-aminophenylboronic acid hydrochloride. Briefly, crystallized
HC NGs (20 mg) were redissolved in 10 mL of distilled water and
10 mg of EDC was added with vigorous stirring. Then, 3-aminophe-
nylboronic acid hydrochloride (1 mL of 50 x 1073 m in distilled
water) was directly added dropwise into the solution and reacted
for 12 h. Synthesized HC-BA conjugates were purified by dialysis
and recrystallized by freeze drying. The dried HC-BA NG powder
was further analyzed by FT-IR (Nicolet iS50, Thermo Fisher Scien-
tific Inc. PA, USA).

www.small-journal.com
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Characterization of HC NGs and HC—-BA NGs: The particle sizes
of HC and HC-BA NGs were measured by DLS. HC NGs and HC-BA
NGs (2 mg mL™) dissolved in PBS buffer (pH 7.4) were sonicated
for 2 min using a probe-type sonicator (Branson, MO, USA). Then,
after further purification of samples, using a 0.45 pm pore size
membrane filter, the hydrodynamic sizes of nanoparticles were
obtained using a DLS instrument (Zetasizer Nano ZS, Malvern,
UK). The surface morphology of HC-BA NG was observed using
TEM (Philips CM 200, CA, USA) after negative sample staining with
uranyl acetate.

The CMC of HC NG after pyrene addition was also calculated
by fluorescence spectroscopy as previously described.[637]
Pyrene in acetone (30 x 1072 m) was diluted with distilled water
to 1.2 x 107 m. Then, HC NG at various concentrations from 1 to
0.001 mg mL™! was mixed with pyrene solution at a 1:1 volume
ratio. The excitation spectra of pyrene (300-360 nm, emission
390 nm) were obtained using a fluorometer (F-7000, Hitachi
High-Technologies Corporation, Tokyo, Japan) and the CMC was
determined by plotting the ratio of intensity at wavelengths of
338 and 333 nm versus the HC NG concentration.

Swelling/Deswelling Properties of HC-BA NG Depending on the
Environmental Glucose: To determine the swelling characteristics
of the HC-BA NG, HC-BA NGs were further induced to condense
and aggregate into pellets. 10 mg ml=! of HC—BA NG solution was
centrifuged at 30 000 rpm for 30 min and the precipitated NG
pellet was dried in a vacuum oven for 12 h. After measuring the
initial weight of dried NG pellet, sample was immersed into PBS
buffer with different glucose concentration. The weight change of
sample was monitored by a balance after wiping the surface water
of pellet taken out at appropriate times. All data was obtained
using three independent sample sets.

Swelling property of glucose sensitive HC-BA NG was also
analyzed by DLS. All samples with/without glucose were soni-
cated and filtered before the test. Then, swelling degree of nano-
gels depending on glucose was evaluated from hydrodynamic size
distribution.

HC-BA NG Deposited MWNT Yarn Fabrication: A three-layered
MWNT sheet was prepared on a glass slide from the MWNT forest.
The sheet stack was immersed in HC—BA NG solution and dried at
room temperature to attach the NG to the MWNT sheet. The dried
sheet was rewetted and one end of the sheet was carefully lifted
from the glass slide with an electric motor shaft and twisted into a
yarn with =2100 turns counterclockwise per meter of yarn length. A
bare yarn with the same number of turns per meter of yarn length
was used as a torsional spring for the artificial muscle.

The two yarns were connected by a paddle (yellow tape, size
0.5 x 2.0 mm) to form a two-body structure, and the other two
ends were tethered to a solid template. The sample was desic-
cated overnight.

The loading amount of HC—-BA NG on MWNT yarn was also meas-
ured by ultra-microbalance (XP2U, Mettler Toledo, OH, USA). Three
independent sample sets of HC—BA NGs treated yarns were fabri-
cated from same sized three-layered MWNT sheets (1.0 x 7.5 cm?)
on glass slide and bare yarns samples without nanogel also were
prepared as a control experiment. Then, averaged mean weight of
guest HC-BA NGs was obtained by subtraction of bare yarn weight
and nanogel loading efficiency was further calculated.

Configuration of Torsional Actuation of MWNT Yarn: Mechanical
movement of the MWNT yarn driven by the swelling/deswelling

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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properties of the hydrogel was observed in a continuous-flow
PBS buffer (pH 7.4) system driven by a peristaltic pump (LEAD-2,
Baoding Longer Precision Pump Co., Ltd., Hebei, China) at room
temperature. Before recording a movie of the torsional actuation,
the actuating yarn was immersed in PBS buffer for =2 h to stabilize
the rotation angle. PBS buffers with different glucose concentra-
tions (0 x 1073, 5 x 1073, 10 x 1073, and 20 x 10> m) were pre-
pared and each injected into the system for 20 min. After this,
fresh PBS buffer solution was reinjected for 30 min to remove the
glucose from the sample. For the sequential glucose concentration
change experiment, the solution exchange intervals were 30 min
to show the rotation angle of the artificial muscle.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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