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ABSTRACT: Self-rolling of a planar hydrogel sheet represents an
advanced approach for fabricating a tubular construct, which is of
significant interest in biomedicine. However, the self-rolling tube is
usually lacking in remote controllability and requires a relatively
tedious fabrication procedure. Herein, we present an easy and
controllable approach for fabricating self-rolling tubes that can
respond to both magnetic field and light. With the introduction of
magnetic nanorods in a hydrogel precursor, a strain gradient is
created across the thickness of the formed hydrogel sheet during
the photopolymerization process. After the removal of the strain
constraint, the nanocomposite sheet rolls up spontaneously. The
self-rolling scenario of the sheet can be tuned by varying the sheet geometry and the magnetic nanorod concentration in the
hydrogel precursor. The nanocomposite hydrogel tube translates in the presence of a magnetic field and produces heat upon a near-
infrared (NIR) light illumination by virtue of the magnetic and photo-thermal properties of the magnetic nanorods. The self-rolling
tube either opens up or expands its diameter under NIR light irradiation depending on the number of rolls in the tube. With the use
of a thermo-responsive hydrogel material, we demonstrate the magnetically guided motion of the chemical-bearing nanocomposite
hydrogel tube and its controlled chemical release through its light-mediated deformation. The approach reported herein is expected
to be applicable to other self-rolling polymer-based dry materials, and the nanocomposite hydrogel tube presented in this work may
find potential applications in soft robot and controlled release of drug.
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■ INTRODUCTION

Natural living things have adapted to change their shapes for
survival in response to environmental variations.1 Examples
include the helical twisting of a seed pod,2 the opening of a
pine cone,3 the snap-buckling of a Venus flytrap,4 and so forth
as a result of the humidity change2,3 or a mechanical touch.4

The underlying mechanism of the shape switches among these
plant organs is due to the layered structure in the active organs
in which swelling behaviors differ in different layers in the
presence of environmental stimuli.2,3 Inspired by this self-
shaping mechanism, researchers from around the globe have
devoted remarkable efforts over the past decades to design
shape-changing systems with the desire of benefiting human-
kind.5−35 The application potentials of the shape-morphing
systems can be found in a wide range of research fields, such as
in tissue engineering,36−39 soft robot,40−50 microsurgery,51,52

microfluidics,53,54 drug/cell delivery,55−57 metamaterial,58,59

among many others.12,16,17

Among the various three-dimensional constructs, the tubular
structure is of particular interest as it resembles a blood
vessel.60 The tubular construct has been investigated as a cell
scaffold,37−39,61 actuator,54,60,62 molecular/cellular re-
lease,57,63,64 cell confinement media,36,65 and so forth. The

self-rolling of a planar sheet represents a remarkably attractive
method to form a tubular construct due to its low cost, easiness
to be realized, compatibility with a lithographic patterning
technique, and easiness to be endowed with functionality.12

Typically, the rolling-up of a planar sheet can be achieved by
generating a layered structure with dissimilar properties among
individual layers, such as lattice mismatch, differential thermal
expansion, or swelling.66 For example, Stoychev et al.
fabricated a polymer-based bilayer sheet in which the swelling
property varied between the two layers.66 Upon the activation
of the stimulus (water), the differential expansion between the
two layers resulted in the self-rolling of the bilayer sheet. In
another example, Chun et al. fabricated a semiconductor
membrane with a bilayer form.67 Due to the epitaxial mismatch
between the two layers, the strain energy was stored in the
membrane during its preparation, which caused the rolling-up
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of the membrane when the constraint of the strain was
removed. However, most of the rolled-up tubes reported
before are lacking in their capability for remote control, which
can be beneficial for the light-controlled release of cell/drug.57

In addition, the realization of self-rolling through the
fabrication of a layered sheet is a relatively tedious process
and is desired to be improved.
Herein we present an easy and controllable approach to

fabricate self-rolling nanocomposite hydrogel tubes and study
their light-guided shape deformations (Figure 1). Magnetic

nanorods were introduced in the poly(N-isopropylacrylamide)
hydrogel precursor, which was then subjected to an ultraviolet
(UV) polymerization. Due to the UV light intensity decay
resulting from the UV light extinction of magnetic nanorods, a
strain gradient was generated across the thickness of the
formed hydrogel sheet during the photopolymerization
process. After the removal of the strain constraint from the
hydrogel fabrication mold, the nanocomposite sheet deformed
spontaneously. The deformation scenario of the sheet, such as
bending, helical twisting, and single and double-rolling, can be
tuned by varying the sheet geometry and nanorod concen-
tration in the hydrogel precursor. The nanocomposite hydrogel
tube translates in the presence of a magnetic field and produces
heat upon a near-infrared (NIR) light illumination by virtue of
the magnetic and photo-thermal properties of the magnetic
nanorods. The self-rolling tube either opens up or expands its
diameter under NIR light irradiation depending on the number
of rolls in the tube. With the use of a thermo-responsive
hydrogel material, we demonstrate the magnetically guided
motion of the chemical-bearing nanocomposite hydrogel tube
and its controlled chemical release through its light-mediated
deformation. The approach reported herein is expected to be
applicable to other self-rolling polymer-based materials, and
the nanocomposite hydrogel tube presented in this work may
find potential applications in soft robot and controlled release
of drug.

■ EXPERIMENTAL SECTION
Materials. All chemicals were purchased from Sigma-Aldrich and

were used without further treatment. Chemicals used were as follows:
N-isopropylacrylamide (NIPAm, monomer), N,N′-methylenebis-
(acry lamide) (BIS , cross l inker) , and 2,2 ′ -azobis(2-
methylpropionamidine)dihydrochloride (photo-initiator, V50). Poly-
vinylpyrrolidone (PVP, MW 29,000), tetraethyl orthosilicate (TEOS),
anhydrous ethanol, ammonium hydroxide (25.0−28.0%), anhydrous
ferric chloride (FeCl3), hydrochloric acid (37.5%), and diethylene

glycol (DEG). Milli-Q water with a resistance of 18.2 MΩ·cm was
used throughout the experiments.

Synthesis of the Magnetic Nanorod. A modified approach
based on the previous work was used to synthesize a large quantity of
magnetic nanorods.68 The first step was to synthesize rod-like
FeOOH. Typically, 50 μL hydrochloric acid was added to 80 mL
water in a 100 mL round-bottom flask with a magnetic stirring bar.
Following that, 7.776 g anhydrous FeCl3 was added and stirred to
dissolve on an ice bed. The solution was heated to 98 °C with a
condenser attached. After 16 h, the flask was cooled down in an ice
bath. The solution was then centrifuged at 10,000 rpm for 10 min and
washed by using water four times. Finally, the rod-shaped FeOOH
was dried under vacuum at room temperature. Next, PVP was coated
onto FeOOH rods. PVP (9.67 g) was dissolved in 400 mL water in a
round-bottom flask. To this, 200 mg dried FeOOH rods were added.
The solution was subject to sonication to disperse the FeOOH rods.
Finally, the solution was mechanically stirred overnight for PVP
coating. After PVP coating, the solution was centrifuged at 10,000
rpm for 10 min and washed by using water four times and then by
using ethanol two times. After washing, these PVP-coated FeOOH
rods were re-dispersed in 350 mL ethanol. Under mechanical stirring,
31.5 mL ammonium hydroxide was added, followed by the addition of
833 μL TEOS. The solution was mechanically stirred for 20 h to coat
silica on FeOOH rods. After silica coating, the solution was
centrifuged at 10,000 rpm for 10 min and washed by using water
six times. The silica-coated FeOOH rods were then re-dispersed in 80
mL DEG. The DEG solution containing silica-coated FeOOH rods
was transferred to a 100 mL autoclave vessel and was subject to 220
°C for 24 h in air in an oven. At this step, the silica-coated FeOOH
rods were converted to silica-coated magnetic nanorods. After the
conversion, the DEG solution was diluted with ethanol and was
subject to centrifugation at 10,000 rpm for 10 min and washed using
water five times. Finally, the silica-coated magnetic nanorod was dried
under vacuum at room temperature for two days.

Synthesis of the Nanocomposite Hydrogel Sheet. The
nanocomposite hydrogel sheet was fabricated by photopolymeriza-
tion. Typically, 0.045 g magnetic nanorod was dispersed in 1 mL
water under sonication. Following that, 0.113 g NIPAm monomer,
0.008 g BIS cross linker, and 0.002 g photo initiator (V50) were
added to the solution. After dissolution, this hydrogel precursor was
injected into a pre-made mold made of two glass slides and a spacer.
The hydrogel precursor was subject to UV irradiation at 365 nm
wavelength for 45 min. After fabrication, one glass slide was carefully
peeled off, leaving the hybrid hydrogel physically attached to the other
piece of glass slide. Hydrogel pieces with certain length and width
were cut out of the as-fabricated hydrogel sheet with a razor blade for
the self-rolling study.

Self-Rolling of the Nanocomposite Hydrogel Sheet. The as-
fabricated hydrogel sheet, which was physically attached to the glass
slide, was cut into pieces with certain length and width. After releasing
the hydrogel pieces from the glass slide into water, the hydrogel sheets
rolled up spontaneously due to the release of the residual strain
generated during the fabrication of the composite sheet.

Light-Triggered Shape Transformation of the Nanocompo-
site Hydrogel Tube. An 808 nm laser (MDL-N-808, Changchun
New Industries Optoelectronics Technology Co. Ltd., China) was
used as the light source. During the experiments, the nanocomposite
hydrogel tube was immersed in 20 mL water in a glass Petri dish.

Chemical Release Study by Using the Nanocomposite
Hydrogel Tube. Before loading the dye, the self-rolling tube was
kept in water. Then, the self-rolling tube was immersed in a
rhodamine B aqueous solution of 1 mg/mL for 1 min for the dye to
diffuse into the tubular lumen and into the hydrogel matrix. Then the
rhodamine-loaded tube was taken out and the water on the tube’s
surfaces was carefully wiped off by using a paper tissue. After that, the
rhodamine B-loaded tube was immersed in 20 mL deionized water in
a glass Petri dish. Thereafter, the tube was irradiated by laser. The
expansion of the tubular lumen and the heat generated in the hydrogel
matrix accelerated the release of rhodamine B from the tube into
water. After switching off the laser, the tube contracted, resulting in

Figure 1. Schematic illustration of the photopolymerization of a
hydrogel precursor, self-rolling of the hydrogel sheet, and shape
deformation of the nanocomposite hydrogel tube under an NIR light
irradiation.
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further release of rhodamine B. The fluorescence of the surrounding
water was measured and the accumulated amount of released
rhodamine B was calculated through the standard fluorescence
curve of rhodamine B.
UV−Vis−NIR Measurement of the Magnetic Nanorod. The

optical property of the magnetic nanorod aqueous solution was
characterized by measuring its light extinction using UV−Vis−NIR
spectroscopy (Lambda 40 UV/VIS Spectrometer, PerkinElmer,
USA). Magnetic nanorod aqueous solutions with different weight
percentages of the magnetic nanorod were prepared, and their UV−
Vis−NIR spectra were measured. The UV−Vis−NIR spectra were
taken at a slit width of 1 nm, scanning speed of 480 nm/min, and data
interval of 1 nm.
SEM of the Magnetic Nanorod and Nanocomposite

Hydrogel Sheet. For the magnetic nanorod characterization, a
drop of its aqueous solution was dried on a silicon wafer, and the
dried sample was imaged by using scanning electron microscopy
(SEM) (XL Series-30, Philips, USA). For the nanocomposite
hydrogel sheet characterization, the hydrogel sheet was first freeze-
dried and then coated with gold (JFC-1200 Fine Coater, Japan).
Following that, SEM was used to characterize its structure.
Swelling of the Nanocomposite Hydrogel Sheet. The

swelling property of the nanocomposite hydrogel sheet was
characterized by using the swelling ratio of the composite sheet,
which was measured gravimetrically after wiping off the excess water
on the hydrogel’s surface with a piece of Kimwipe in the temperature
range from 18 to 37 °C. The nanocomposite hydrogel sheet was
incubated in a water bath for at least 24 h at each temperature. The
swelling ratio of the composite sheet was calculated by using the
following formula

= W WSwelling ratio /s d

where Ws was the weight of the swollen hydrogel at the particular
temperature and Wd was the dry weight of the hydrogel.
Photothermal Property of the Nanocomposite Hydrogel

Tube. The photothermal property of the nanocomposite hydrogel
tube was studied by the photothermal imaging technique. Briefly, the
nanocomposite hydrogel tube was immersed in 20 mL water in a glass
Petri dish and was irradiated with an 808 nm laser at a power of 5 W
(laser power density: 2.83 W/cm2) for 1 min and then the laser was
shut off. During the process, the surface temperature of the composite
hydrogel tube was monitored by using an FLIR SC300 infrared
camera (FLIR, Arlington, VA). Real-time thermal images were
captured with the frame rate at 60 Hz and analyzed by the FLIR
Examiner software.

■ RESULTS AND DISCUSSION
Fabrication of the Magnetic Nanorod and Nano-

composite Hydrogel Sheet. A magnetic nanorod with a
length of 800 nm and a diameter of 70 nm was successfully
synthesized (Figure 2a,b) and introduced into the hydrogel
sheet (Figure 2c,d). The magnetic nanorod aqueous solution
has light extinction in a broad wavelength range. The light
extinction of the nanorod solution can be tuned by changing
the nanorod concentration. For example, the light extinction
increased from 0.1 to 0.2 at the light wavelength of 808 nm
when the nanorod concentration was increased from 0.1 to 0.2
mg/mL.
Self-Rolling of the Nanocomposite Hydrogel Sheet.

The nanocomposite hydrogel sheet spontaneously rolled up
when removed from the glass substrate probably due to the
release of the internal strain in the hydrogel sheet that was
generated in the photopolymerization process. As studied by
Zhao et al., the introduction of a photo-absorber (a chemical
dye in their case) in a polymer resin precursor resulted in an
UV light intensity decay as the light penetrated through the
resin during the photopolymerization process.69 This led to an

internal strain in the polymerized resin, resulting in its bending
deformation after removal of the strain constraint. In our case,
the magnetic nanorod introduced in the hydrogel precursor
served as the photo-absorber due to its light extinction
property. Therefore, a differential volumetric shrinkage along
the thickness direction of the polymerized hydrogel sheet was
realized during the photopolymerization process, which
created a strain gradient within the sheet. By removing the
strain constraint (the substrate), the nanocomposite hydrogel
sheet bent or rolled up autonomously without the presence of
an external stimulus. As suggested by the previous work on the
bending deformation of a thin film with a bilayer structure, the
length and width of the thin film affect its bending/rolling
scenario.66,67 We therefore systematically investigated the
effect of the length and width of the nanocomposite hydrogel
sheet on its deformation and constructed a deformation
diagram (Figure 3a). The magnetic nanorod content is 4.5 wt
% in the hydrogel precursor with respect to its water content.
This hydrogel precursor is used to fabricate the nanocomposite
hydrogel sheet that has deformation behaviors, as shown in
Figure 3. As seen from Figure 3, the deformation of the
nanocomposite hydrogel sheet could span from bending to
helical twisting and to single and double rolling by altering its
length and width (Figure 3a,c−f). For example, when the sheet
width was fixed at 0.2 cm, the deformation of the nano-
composite hydrogel sheet changed from helical twisting to
single rolling and to double rolling when the sheet length was
increased from 0.3 to 0.5 and to 1 cm, respectively (Figure 3a).
With a mechanical perturbation, the same self-rolled tube
could have different forms, such as a single tube with different
rolling axes, twin tubes, helical tube, and so forth (Figure S1).
By changing the amount of magnetic nanorods introduced in
the hydrogel precursor, we varied the deformation diagram of
the composite hydrogel sheet. For example, the parametric
domain for producing a doubly rolled tube narrowed when
decreasing the amount of magnetic nanorods in the hydrogel
precursor from 4.5 to 2 wt % (Figure S2). We noted that the
hydrogel sheet took on a planar shape when the magnetic
nanorod was not introduced in the hydrogel precursor due to
the lack of a significant strain gradient in the sheet. The
thickness of the nanocomposite hydrogel sheet is found to
have a remarkable influence on its rolling behavior (Figure 3b).
For example, a sheet with a length of 1 cm and a width of 0.2
cm rolls up to form a tube when its thickness is 250 μm, while

Figure 2. (a,b) SEM of the as-synthesized magnetic nanorods. The
magnetic nanorod has a length of around 800 nm and a diameter of
70 nm; (c,d) SEM of the nanocomposite hydrogel sheet. The
magnetic nanorods were successfully introduced in the hydrogel
sheet; (e) light extinction property of the aqueous solution of
magnetic nanorods with different nanorod concentrations. The black,
red, and blue curves suggest a nanorod concentration of 0.05, 0.1, and
0.2 mg/mL, respectively. Scale bar is 1 μm in (a), 100 nm in (b), 10
μm in (c), and 3 μm in (d).
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it remains flat when its thickness is 375 μm. For the sheet that
rolls up to form a tube, the inner diameter of the self-rolling
tube increases with the increase of the sheet’s thickness (Figure
3b). The bending and rolling behavior of the nanocomposite
hydrogel sheet can be qualitatively understood by using the
theoretical model developed for the photopolymerized resin
system.69 The model is based on the beam theory. Based on
this model, the bending curvature of the sheet depends on the
distribution of stress and Young’s modulus in the sheet and on
the sheet’s thickness. The model indicates that with the
increase of the sheet’s thickness, its bending curvature
decreases. This corresponds well to the bending behavior of
the nanocomposite hydrogel sheet reported herein since the
inner diameter of the self-rolling nanocomposite hydrogel tube
increases (i.e., the bending curvature decreases) by increasing
the thickness of the nanocomposite hydrogel sheet (Figure
3b). The model also suggests that the sheet remains flat
without the presence of the stress gradient in it. This agrees
well with the bending behavior of the hydrogel sheet in that
the hydrogel sheet is flat when magnetic nanorods are not
present in the hydrogel precursor in the photopolymerization
process, which results in the lack of an appreciable stress
gradient in the sheet. By altering the original shape of the
nanocomposite hydrogel sheet, we obtained different three-
dimensional structures upon removal of the strain constraint
(Figure S3). For instance, a dumbbell-like hydrogel sheet
transformed to a nose-like structure upon release of the
internal strain in the sheet (Figure S3a).
Swelling and Photothermal Property of the Nano-

composite Hydrogel. The hydrogel material (PNIPAm

hydrogel) used in the present work is a well-known thermo-
responsive hydrogel whose swelling extent decreases with an
increasing temperature.60,70 A similar trend between the
swelling extent and the temperature was found for the
nanocomposite hydrogel sheet reported here. The swelling
extent of the nanocomposite hydrogel sheet decreased
monotonically with the increase of the temperature and finally
reached a swelling state in which the swelling extent did not
change appreciably by further increasing the temperature
(Figure S4). The surface temperature of the nanocomposite
hydrogel tube was increased under the laser irradiation as a
result of the heat generated by the magnetic nanorods inside
the hydrogel via their photothermal effect (Figure 4). The

temperature profile of the nanocomposite hydrogel tube
system evolved during the laser on-and-off process (Figure
4a). With the increase of the laser irradiation time, the area
that has a larger temperature than the ambience enlarged. The
shape of the temperature profile was altered due to the shape
deformation of the nanocomposite hydrogel tube that occurred
at about 50 s while the laser irradiation is kept on. The surface
temperature of the nanocomposite hydrogel tube immersed in
20 mL water increased from the ambience temperature of 22.5
°C to 26.4 °C after the nanocomposite hydrogel tube was
irradiated for 52 s by laser, and it gradually decreased to the
ambience temperature after the laser was shut off (Figure
4a,b). We note that the surface temperature of the nano-
composite hydrogel tube reached 40 °C by irradiating the tube
in air under the same laser power density and irradiation time
as that used for irradiating the tube in water. The temperature
around the photothermal-converting magnetic nanorods inside
the hydrogel network is expected to be high, which exceeds the
LCST (lower critical solution temperature)of the PNIPAm
hydrogel and results in its deformation, although the surface
temperature (26.4 °C) of the tube measured in this study is
lower than PNIPAm’s LCST. It remains challenging to
measure the temperature inside the hydrogel network for our
system for the time being.

Shape Transformation of the Nanocomposite Hydro-
gel Tube under Laser Irradiation. The self-rolled nano-

Figure 3. Shape deformation of the nanocomposite hydrogel sheet
with varied sheet width, length, and thickness. (a) Deformation
diagram summarizing the sheet’s geometric parameters for each shape
deformation scenario as shown in (c−f); (b) effect of sheet’s thickness
on its rolling behavior; (c) bending deformation; (d) double-rolling
deformation; (e) helical twisting deformation; (f) single-rolling
deformation. The thickness of the nanocomposite hydrogel sheet is
125 μm in (a,c−f). The sheet in (b) has a length of 1 cm and a width
of 0.2 cm. The studied sheet’s thickness in (b) is 75, 125, 250, 375,
and 500 μm. The red elliptical curve in (b) indicates that the sheet
rolls up to form a tube, while the blue elliptical curve suggests that the
sheet remains flat at the designated sheet’s thickness. The magnetic
nanorod content in the hydrogel precursor is 4.5 wt % with respect to
the water content in it. The images in c−f were taken by the camera
from an iPad. Scale bar: 0.5 cm.

Figure 4. (a) Photothermal images of the nanocomposite hydrogel
tube system during the laser on-and-off process as a function of the
irradiation time (in seconds); (b) surface temperature evolution of
the nanocomposite hydrogel tube as a function of the laser irradiation
time corresponding to data in (a). The color legend shown on the
right-hand side of (a) suggests the temperature scale (in °C). The
numbers shown on the top left corner of the photothermal images in
(a) indicate the time in seconds (s) when the photothermal image
was taken during the laser on-and-off process. The yellow dashed
circle in the photothermal image taken at 0 s in (a) indicates the
position of the nanocomposite hydrogel tube in the water-containing
glass Petri dish before the laser irradiation.
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composite hydrogel tube transformed its shape under an NIR
laser irradiation (Figure 5). For example, a single-roll tube

opened up upon the laser illumination and its opening size
could be controlled by the laser irradiation time (Figure 5a,b
and supporting video 1). For example, the opening size of the
single-roll tube increased from 0 to 1 cm after the single-roll
tube was irradiated for 50 s (Figure 5b). For the double-roll
tube, its tubular diameter enlarged under the laser irradiation
(Figure 5c and supporting video 2). The shape transformations
were realized through the combination of the photo-thermal
property of the magnetic nanorods and the thermo-
responsiveness of the hydrogel matrix. When light was cast
on the self-rolled hydrogel tube, heat was generated by the
magnetic nanorods via the photo-thermal effect, as confirmed
by the gradual increase of the composite tube’s surface
temperature (Figure 4). Since the swelling experiment
indicated that the composite hydrogel gradually lost water
with a step-wise increase of the temperature (Figure S4), the
temperature increase of the tube’s outer surface that was
irradiated by laser caused the shrinkage of the outer surface. It
was believed that the shrinkage was different in the thickness
direction of the nanocomposite hydrogel due to the extinction
of the NIR light caused by the nanocomposite hydrogel as the
NIR light penetrates through it. Therefore, a “bilayer-type”
structure with a differential swelling extent among the “layers”
was believed to be created along the thickness direction of the
homogeneous sheet under the NIR laser irradiation.70 This
differential swelling along the sheet’s thickness direction results
in the tube’s opening-up or expansion in its diameter by
competing against the stress gradient inside the as-fabricated
sheet that causes its rolling.
We pointed out that the shape deformation of the

nanocomposite hydrogel tube was reversible and could be
repeated many times. The reversibility of the shape
deformation made the self-rolled tube desirable in the
controlled release of the drug by its cyclic opening/expansion
(when the laser was on) and closing/contraction (when the
laser was off). We note that the response of the nanocomposite
hydrogel tube toward light is fast (on the order of seconds)
and could be enhanced by reducing the thickness of the
hydrogel.

Chemical Release Behavior of the Nanocomposite
Hydrogel Tube. A double-roll nanocomposite hydrogel tube
was used as the chemical carrier, and its chemical release
behavior was studied during the laser on-and-off process
(Figure 6, see supporting video 3). The double-roll tube was

first loaded with the chemical, rhodamine B, in its tubular
lumen and in the hydrogel matrix via a concentration-driven
diffusion mechanism (Figure 6a,b). Before laser irradiation,
rhodamine B diffused from the hydrogel matrix and from the
tubular lumen into water (Figure 6b). Upon laser irradiation,
the intense deformation of the tube and the heat generated in
the hydrogel matrix significantly accelerated the release of
rhodamine B (Figure 6c, supporting video 3). After switching
off the laser, the expanded tube contracted and resulted in a
further chemical release (Figure 6d, supporting video 3).
Through the cyclic laser on−off process (Figure 6c−f),
rhodamine B was gradually released from the tube into the
surroundings (Figure 6g). By utilizing the magnetic property of
the magnetic nanorods, the chemical-loaded tube could be
transported to a desired site by using a magnet. After being
transported to the target site, the nanocomposite tube was
irradiated by an NIR laser, which deformed the tube and
released the chemical (see supporting video 4).

■ CONCLUSIONS
In conclusion, we present an easy and controllable approach to
fabricate self-rolled nanocomposite tubes that can respond to
both magnetic field and light. By introducing magnetic
nanorods in a hydrogel precursor, a strain gradient was created
across the thickness of the hydrogel sheet during the
photopolymerization process. After the removal of the strain
constraint, the nanocomposite hydrogel sheet deformed
spontaneously. The deformation scenario of the sheet, such
as bending, helical twisting, and single and double rolling, can
be tuned by varying the sheet geometry and nanorod
concentration in the hydrogel precursor. The nanocomposite
hydrogel tube translates in the presence of a magnetic field and
produces heat upon a near-infrared (NIR) light illumination by
utilizing the magnetic and photo-thermal properties of the
magnetic nanorods. The self-rolled tube either opens up or
expands its diameter under NIR light irradiation depending on
the number of rolls in the tube. With the use of a thermo-
responsive poly(N-isopropylacrylamide) hydrogel material, we

Figure 5. Shape deformation of self-rolling nanocomposite hydrogel
tubes under laser irradiation. (a) Shape deformation of a single-roll
tube. The single-roll tube opens up upon laser irradiation; (b)
opening size of the single-roll tube as a function of the laser irradiation
time. The opening size of the single-roll tube increases with the
increase of the irradiation time. The red double arrow in the inset
image of the graph indicates the opening size of the tube; (c) shape
deformation of a double-roll tube. The tubular diameter of the
double-roll tube enlarges under laser irradiation. The thickness of the
composite hydrogel sheet is 125 μm. The images shown in the figure
were taken by the camera from an iPad. Scale bar: 0.3 cm.

Figure 6. Chemical release behavior of the nanocomposite hydrogel
tube during the laser on-and-off process. (a) Double-roll tube used in
loading chemical (rhodamine B); (b) double-roll tube loaded with
rhodamine B (pink color); (c−f) release of rhodamine B from the
tube in the cyclic laser on−off process; (g) accumulated amount of
rhodamine B (×10−3 mg) released from the tube during the laser on−
off process. The images in (a−f) were taken by the camera from an
iPad. Image (a) was taken in water when the tube was not loaded with
the dye. After the tube was loaded with the dye, it was transferred to
another container having water in it. Then, images (b−f) were taken
during the laser on-and-off process. Scale bar: 0.1 cm.
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demonstrated the magnetically guided motion of the chemical-
bearing nanocomposite hydrogel tube and its controlled
chemical release through its light-mediated deformation. The
response of the composite hydrogel tube toward light is fast
(on the order of seconds) and could be remarkably enhanced
by reducing the thickness of the nanocomposite hydrogel. By
using the same fabrication approach, self-rolled tubes could be
achieved from other hydrogel monomer materials, such as
acrylamide, N,N-diethylacrylamide, N,N-dimethylacrylamide,
and their combinations. The approach reported herein is also
expected to be applicable to other self-rolling polymer-based
dry materials. To conclude, the self-rolling nanocomposite
hydrogel tube reported here represents an interesting and
advanced platform. It has rich scientific phenomena and bears
good potentials in a broad range of technological fields, such as
in the controlled release of drug, microfluidics, and soft
robotics.
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