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ABSTRACT: The effect of dynamic shape switching of hydrogel bilayers on the
performance of self-folding microrobots is investigated for navigation in body orifices
and drug release on demand. Tubular microrobots are fabricated by coupling a
thermoresponsive hydrogel nanocomposite with a poly(ethylene glycol)diacrylate
(PEGDA) layer, to achieve spontaneous and reversible folding from a planar
rectangular structure. Graphene oxide (GO) or silica-coated superparamagnetic iron
oxide nanoparticles are dispersed in the thermoresponsive hydrogel matrix to provide
near-infrared (NIR) light sensitivity or magnetic actuation, respectively. The NIR light-
responsive microstructures are fabricated for triggered drug delivery while magnetic
nanocomposite-based microrobots are used to analyze the role of shape in locomotion.
Experimental analysis and computational simulations of tubular structures show that
drug release and motility can be optimized through controlled shape change. These
concepts are finally applied to helical microrobots to show a possible way to achieve autonomous behavior.
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1. INTRODUCTION

While it is widely accepted that physical and chemical
properties of materials play a major role in the interactions
between miniaturized biomaterials and the biological environ-
ment,1−5 the influence of shape has not yet been thoroughly
examined due to earlier limitations in manufacturing processes.
With recent advances in micro- and nanofabrication, several
complex architectures with different geometries have been
fabricated out of metals, alloys, polymers, ceramics, or
combinations thereof.6 This opened up the opportunity to
investigate the role of shape in the interaction between the
biological environment and miniaturized biomaterials. For
example, recent data have shown that particle geometry
significantly influences the intracellular uptake mechanisms
and kinetics. Particles with high local curvatures are internalized
more easily than those exhibiting flat or concave regions.7,8

Cylindrical micelles remain in the blood flow longer than their
spherical counterparts because hydrodynamic forces on
elongated micelles overcome phagocytic forces.9,10 Moreover,
nonspherical particles under capillary hydrodynamic conditions
tend to translate and adhere better to vessel walls.11

Microorganisms use shape switching as an adaptation strategy
and exhibit specific morphologies better suited to their lifestyles
or transform their shapes in response to external factors. For
example, certain types of bacteria can change their shape to
fight shear forces when they are subject to an aqueous flow.12

The properties of a biomedical platform conferred by a
certain shape can be used to target specific organs and regulate
their body distribution.13 Promising material candidates for
shape-shifting devices are stimuli-responsive polymers.14 These
materials can naturally modify their physical properties in
response to environmental triggers such as pH, temperature, or
chemical concentration gradients. Stimuli-responsive hydrogels
also exhibit the ability to change their shape and volume
depending on environmental conditions.15 The majority of
hydrogel formulations are biocompatible and mechanically
deformable. Moreover, their synthesis is highly versatile and can
be readily modified to tune the physicochemical attributes of
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the material composition.16 Recently, hydrogels have been
employed to fabricate shape-switching self-folding bilayer
platforms for applications such as targeted drug delivery, tissue
engineering, or wireless microsurgery.17−23 These structures
have been successfully miniaturized to generate microrobots
that are remotely controlled using magnetic and optical
manipulation systems.24−26

In this work, we illustrate the potential of self-rolling
hydrogel bilayers for fabrication of shape-switching microrobots
for applications in targeted drug delivery. We show that by
changing the shape, these microrobots can adapt to maximize
their performance in terms of drug delivery or locomotion. The
tubular shape of a closed bilayer can be beneficial to limit
spontaneous drug diffusion during the journey of the platform
to its target location and to minimize the interactions with the
surrounding fluids. Moreover, tubular shapes exhibit relatively
lower drag forces than planar configurations with the same
volume. Once the target position is achieved, a rectangular
conformation is more convenient since it can be used to
increase both the drag forces and the drug release due to an
increase in the surface area. These features are initially analyzed
with two different types of hydrogel-based bilayers. Hydrogel
nanocomposites containing silica-coated iron oxide nano-
particles (γ-Fe2O3) are used to produce magnetic microtubes
that can be steered by means of an electromagnetic
manipulation system.25 Moreover, a finite element analysis of
the drag forces involved in the open (rectangular planar) or
closed (tubular) state is provided. The influence of shape on
drug delivery is demonstrated using hydrogel bilayers
containing graphene oxide (GO) nanoparticles, which can be
optically stimulated using near-infrared light (NIR). Diffusion-
driven release of brilliant green (BG), a model drug, is analyzed
for both open and closed configurations in bilayers, and their
performance is compared to that of single layer GO
nanocomposites. A finite element model is also developed to
analyze the effect of shape changes on drug release. Finally, a
helical magnetic soft microrobot that changes shape depending
on the environmental temperature is presented. Using magnetic
helical microstructures, rotating uniform magnetic fields can be
transduced into forward motion.28 The robots can regulate
their motility by sensing their microenvironment (in this case,
temperature) and show autonomous behavior.

2. EXPERIMENTAL SECTION
2.1. Materials. N-Isopropylacrylamide monomer (NIPAAM),

acrylamide (AAM), poly(ethylene glycol) diacrylate (average MW
575, PEGDA), 2,2-dimethoxy-2 phenylacetophenone (99%, DMPA),
ethyl lactate (98%, EL), anhydrous hexane (95%) were purchased
from Sigma-Aldrich (St. Louis, MO). 1H,1H,2H,2H-Perfluorodecyltri-
chlorosilane (PFDTCS) and graphite powder were purchased from
ABCR (Germany). The main NIPAAM monomer was recrystallized
after double treatment in n-hexane solution, while all other chemicals
were used as received. SU-8 photoresist and developer and Lift-Off
Resist (LOR), used as a sacrificial layer, were purchased from
MicroChem (Westborough, MA), while AZ 4562 photoresist and AZ
826 developer where purchased from Clariant (Germany). Silica (23
wt %)-coated γ-Fe2O3 particles were produced by spray pyrolysis, as
described previously.34 For their synthesis, iron(III) acetylacetonate
(Fe(acac)3, purum, ≥97.0%), xylene (puriss. p.a., ACS reagent),
acetonitrile (ACS reagent, ≥99.5% and hexamethyldisiloxane
(HMDSO, puriss, ≥98.5%) were purchased from Sigma-Aldrich.
2.2. GO Synthesis. GO sheets were synthesized from natural

graphite powder, by a modified Hummers Method.49 First, 3 g of
graphite (0.25 mol) and 3.6 g of NaNO3 (∼0.05 mol) were mixed in
concentrated H2SO4 (∼150 mL), and the mixture was cooled to 4 °C

by immersion in a water/ice bath. After 30 min, 18 g of KMnO4
(∼0.10 mol) were slowly added under vigorous stirring, producing a
slight exotherm to 35−40 °C. This temperature was maintained, and
the reaction of oxidation kept going under stirring for 7 h, in which an
increase in viscosity of a brown−gray solution was observed. Following
that, water (150 mL) was slowly added, producing a large exotherm to
95 °C. The dilute suspension, brown in color, was stirred for 30 min
and then further diluted with 200 mL of water and 6 mL of H2O2
(30%) to reduce and solubilize the residual permanganate. Upon this
treatment, the solution turned a light yellow color. The diluted
suspension was stirred for an additional 16 h, after which it was
filtered, and the solid product was washed repetitively with diluted
HCl and water, until the pH reached neutral values. The product was
then dried in vacuum and exfoliated in nanosheets by ultrasonication
to produce a highly stable water dispersible powder.

2.3. Fabrication of Hydrogel Bilayers. The rolled micro-
structures are the result of a two-step, backside exposure photolitho-
graphic process where two different layers were subsequently created
without employing any alignment on a glass photomask. Thickness of
the layers was controlled by using SU-8 spacers previously fabricated
on the bottom silicon substrate. The masks were designed on plastic
foil (Selba S.A., Switzerland) and reproduced on glass wafers by
photolithography using the positive photoresist AZ4562. For these
experiments, squares with the side of 3 mm were used as two-
dimensional (2D) shapes. A 100 nm chromium layer was evaporated
on the substrates and removed from the features areas by rinsing the
photoresist from below with acetone and isopropanol. The final masks
were then coated with an LOR sacrificial adhesive layer to provide a
uniform adhesion of the hydrogel layers. SU-8 spacers of different
thickness (1.5−40 μm, as measured by surface profilometry) were
prepared by photolithography on SiO2 substrates. A nonadhesive layer
based on PFDTCS was added by vapor silanization overnight and
activated at 90 °C to prevent adhesion of hydrogels.

After the mask was placed on a 10 μm thick spacer substrate, a
hydrogel solution composed of PEGDA with 3 wt % DMPA photo
initiator and 50 wt % ethyl lactate was infiltrated by capillarity into the
photopolymerization cell and polymerized at 365 nm for 2 min (300
W mercury lamp, 4 mJ/cm2, Karl Süss Microtec, Germany). After
separating the two substrates the hydrogels remained attached to the
mask side ensuring the possibility for a second polymerization step. A
NIPAAM−AAM−PEGDA (molar ratio 85/15/0.4) solution, with 3
wt % DMPA photoinitiator, 70 wt % ethyl lactate was used for the
responsive layer production. Depending on the final application, GO
(3 wt %) or silica-coated γ-Fe2O3 nanoparticles (0.1, 1, 2, 4, and 8 wt
% were considered to find the values suitable for manipulation of the
final devices) were added and dispersed into the solution by
ultrasonication (4000 J, by means of a probe sonicator, SONICS,
Newtown, CT). The nanocomposite solution was introduced into the
space between the photomask and a 40 μm thick spacer substrate, after
the PEGDA solution that was not polymerized solution was carefully
removed. Polymerization was carried out for an additional 3 min in
case of graphene oxide, and 6 min for the magnetic nanocomposite.
After UV curing, the cell was opened, and the bilayers attached to the
mask were released through immersion in water.

2.4. Fabrication of Hydrogel Single Layers. Hydrogel layers of
NIPAAM−AAM−PEGDA (molar ratio 85/15/0.4) with 3 wt % GO,
used for drug delivery experiments were fabricated by photo
polymerization (3 min at 365 nm) in between two 4 in. glass wafers,
separated by 180 μm thick glass spacers. The layers were allowed to
swell and spontaneously detached from the glass slides. After that,
round shaped samples (3 mm diameter) were taken by using a
disposable biopsy punch (Schuco, Watford, United Kingdom), deeply
rinsed, and kept in ultrapure water. The same method was used to
produce single layers of iron oxide nanocomposites for character-
ization of the magnetic performance.

2.5. Characterization of the Magnetic Nanoparticles. The
specific surface area (SSA) of the synthesized silica-coated Fe2O3
particles was measured by N2 adsorption at 77 K using a five-point
Brunauer−Emmet−Teller (BET) method (Tristar 3000, Micro-
metrics) after degassing the samples for at least 1 h at 150 °C in
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nitrogen. The particle SSA was 66 ± 7 m2/g, as determined by 4
independently synthesized samples, in excellent agreement with
previous work.34 Using the particle SSA and an average particle
density, the equivalent average primary particle diameter was
determined to be 24.1 ± 2.6 nm (see Supporting Information for
equation), which is consistent with the previously reported count
mean diameter of 22.9 nm for such particles determined by electron
microscopy images.34 The dispersibility of the suspensions in ethyl
lactate, the solvent used for the described experiments, was estimated
by measuring size distributions by dynamic light scattering (DLS,
Zetasizer nano series, Malvern Instruments, Ltd., Malvern, United
Kingdom). The suspensions were prepared by dispersing 130 mg of
silica-coated Fe2O3 (8 wt %) in 1 mL of ethyl lactate and then
sonicating them with a water-cooled high-intensity cup horn system
(VCX500, cup horn, part no. 630−0431, Sonics Vibracell). The total
liquid volume (volume of the cooling water plus suspension volume)
was approximately 0.5 L and 500 kJ of ultrasonic dispersion energy
was provided in pulses (30 s on, 1 s off) at 95% amplitude. The
resultant solution was diluted 200 times to allow DLS analysis. The
measured intensity distributions allowed estimating the number
distribution and the average agglomerate hydrodynamic size.
2.6. Characterization of the Hydrogel Magnetic Nano-

composites. Magnetic nanocomposites were characterized in terms
of swelling and magnetic properties. Swelling experiments were
performed to understand the influence of the high concentration of
nanoparticles on the hydration of the samples. Sections of gels of the
magnetic thermo responsive layers (a minimum of 3 per type) were
polymerized, rinsed in ultrapure water, dried, and then allowed to swell
in water. Their dried (Md) and swollen (Ms) weights were recorded
and the equilibrium swelling ratio (ESR) defined as (eq 1):

=
−M M

M
ESR s d

d (1)

The result was compared to previous analysis of the hydrogel
composition without the nanoparticles. Magnetic hysteresis loops of
the nanocomposites were measured using a vibrating sample
magnetometer (VSM, Oxford Instruments 1.2, United Kingdom) by
applying a magnetic field in the range between −1 and 1 T, at room
temperature. The morphology of the films was imaged by Cryo-SEM.
2.7. Drug Delivery Experiments. Cylindrical hydrogel bilayers

(square of 3 mm) were rinsed for 24 h after fabrication to wash away
the unreacted materials, then they were dried and subsequently
immersed in a 1 mM BG solution in PBS. They were allowed to swell
for a total time of 24 h, subsequently dried for 30 min and immersed in
deionized (DI) water for 1 min to rinse the dye on the surface.
Following these preparation steps, some of them were immersed in
300 μL of PBS, and the release of the BG embedded in the hydrogel
matrices was monitored at room temperature for a period of 1 month.
At defined times, the solvent was collected and measured by UV−vis
spectroscopy (Infinite M200 Pro, Tecan AG, Mannendorf, Switzer-
land) at 624 nm wavelength and replaced with fresh solution (in order
to mimic a perfect sink condition). Release kinetics was evaluated by
fitting the in vitro data to different empirical models using MATLAB
(The mathworks, Natick, MA). Similarly, a set of 3 samples was
prepared and exposed for the first 2 h to continuous NIR laser light
(wavelength 785 nm, 1.5 W power, laser spot 5 mm, SLOC lasers,
China) to force them to stay in an open configuration. The effect on
the cumulative release was monitored in a way similar to the one
described above. Additionally, a set of samples was exposed to short
ON−OFF cycles of NIR laser light in order to switch between open
and closed configuration in a short time range (roughly 2 min).
Experiments of continuous exposure to NIR light were performed on
single layers of the same light-responsive material (1 mm thick, 3 mm
diameter discs) and compared to control samples. Release was
monitored for a total period of 2 months. Statistical analysis of
variance between the set of samples was performed with the one way
ANOVA function of MATLAB (The Mathworks, Natick, MA).
2.8. Magnetic Manipulation of the Hydrogel Bilayers.

Automated three-dimensional (3D) locomotion of the magnetic

nanocomposite bilayers was achieved by means of the Octomag, a five
degree-of-freedom (5-DOF) electromagnetic manipulation setup.27

The system consists of eight stationary electromagnets with soft
magnetic cores capable of generating multiple types of state of the art
magnetic control techniques under closed-loop control with computer
vision or visual feedback of a human operator.

2.9. FEM Analysis of the Behavior of the Microstructures.We
performed 3D finite element analysis of the drug release from folded
and unfolded hydrogel tubes by using the commercial software
Comsol Multiphysics 4.3b (Comsol, Inc., Burlington, MA). Fick’s law
of diffusion was used as the governing law for the process. A hollow
cylinder resembling the real dimension of the samples (external radius
0.3 mm, internal radius of 0.14 mm, length 2.5 mm) and an open
patch (square with size of 2.5 mm) were used as models, and a
concentration of 1 mol/m3 was fixed as an initial condition in the
bilayers. Additionally, we considered a third model of a full cylinder
with the same volume as the first two. The structures were set into a
cubic cell with a side length of 5 mm whose initial external
concentration was set to zero. The boundaries of the cubic volume
of the model were set to no flux conditions. Diffusion across the
boundary between the two gels was assumed to be unobstructed. The
diffusion coefficient of brilliant green in water and hydrogels was set to
the arbitrary values of 1 × 10−9 cm2/s and 4.44 × 10−15 cm2/s (suitable
diffusion coefficients for small molecules) for both systems. The
simulation was carried out for 1 month, and the concentration
accumulated in the water volume was compared. More information
about the model can be found in the Supporting Information.

Simulation of the drag forces acting on the hydrogel microrobots in
the folded and unfolded state in the 6 relevant coordinates (3
translations in x, y, z, 3 rotations in x, y, z) was compiled by using the
same platform (Comsol 4.3b, Inc., Burlington, MA) and the creeping
flow interface, based on the Stokes flow equation. The model was built
considering a cubic volume with the microstructure positioned in the
middle of the space. A constant flow in the z direction of 1 μm/s
constituted the simulated relative velocity of the device (the value was
chosen to achieve a low Reynolds number regime). The drag forces
were calculated according to the theory reported in previous
works.50,51 Briefly, to manipulate arbitrarily shaped microrobots, the
orientation dependent microrobot dynamics is evaluated according to
eq 2:

⃗ + ⃗ + ⃗ = ⃗F F F mamag drag g (2)

where Fmag is the magnetic force, Fdrag is the drag force, and Fg is the
gravitational force acting on the microrobot and influencing its
acceleration, a. At low Reynolds number the drag force is linear (eq 3):

⃗ = − * ⃗F D vdrag (3)

where D* is the matrix of drag constants, and v is the relative velocity
between the body and the fluid. D depends on the geometrical
properties of the body, and the coordinate frame in which the drag
force is computed.52

3. RESULTS AND DISCUSSION
3.1. Fabrication of Magnetically and NIR Light

Responsive Microtubes. A flexible and highly reproducible
double-step photolithographic process29 was used to fabricate
hydrogel bilayers. The final 3D shape of the folded structures
can be controlled by modulating the 2D pattern printed on the
glass mask and the hydrogel layers thickness. Although it is
possible to fabricate a large variety of structures with different
shapes and sizes,30 this work is focused on cylindrical tubes
generated from the folding of rectangular microstructures.
These two geometries were chosen because they have distinct
advantages for predetermined tasks (i.e., controlled drug release
or magnetic actuation). First, the rolled-up cylinder has a lower
surface-to-volume ratio, compared to the unfolded state, thus
decreasing the undesired drug release while it is guided toward
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its target location. At the target site, the unfolded rectangular
form increases the exposed surface and, therefore, the diffusion-
driven release. Second, cylindrical shapes exhibit high magnetic
shape anisotropy, that is, they are aligned along their long axis
when a magnetic field is applied. Moreover, the magnetic
torque and forces that can be exerted on them are higher in
respect to the rectangular counterparts. Finally, cylindrical
architectures experience lower drag forces during propulsion
than rectangular ones.
A 10 μm thick layer of poly(ethylenglycol) diacrylate

(PEGDA) was polymerized on the bottom of a 30 μm thick
thermoresponsive, N-isopropylacrylamide-based layer (NI-
PAAM−AAM−PEGDA) to ensure a complete and multiwalled
folding (Figure 1) upon swelling. The resulting cylindrical

geometry had an average outer diameter of ∼0.6 mm and 2−3
folded layers, leading to a tight configuration. A comparison
between the geometrical parameters of the open and closed
configurations is reported in Table 1.
The properties of the external NIPAAM layer were tuned to

have a high swelling ratio and a transition temperature around
40 °C. This was achieved by minimizing the quantity of cross-
linker (PEGDA is limited to 0.4 mol %) and copolymerizing
NIPAAM with relatively more hydrophilic AAM (15% in molar

ratio). Additional features were achieved by dispersing silica-
coated superparamagnetic nanoparticles or GO in the initial
solution and by polymerizing them by UV light.
GO hydrogel nanocomposites have been recently introduced

as low cost and biocompatible materials that are sensitive to
NIR wavelength.32,32 The NIR light is well-suited for in vivo
applications because it can penetrate up to 10 cm into the
tissues with minimal absorption by skin and blood vessels.33

We have previously shown that hydrogel bilayers with dispersed
GO sheets have a high sensitivity to optical stimulation,
allowing fast kinetics of transition from the folded to the
unfolded state.26 The presence of GO partially modifies the
swelling properties of the hydrogel formulation, but the
temperature of transition remains the same.
Alternatively, silica-coated iron oxide nanoparticles were

dispersed in the same matrix to produce magnetic nano-
composites and allow remote manipulation of the microtubes.
The iron oxide nanoparticles (γ-Fe2O3) were produced by
flame spray pyrolysis and were coated in situ with 23 wt %
silica, following a previously established protocol.34 The silica
coating was employed to minimize their agglomeration and
increase their biocompatibility and functionality.35 Ultra-
sonication was used to disperse the magnetic nanoparticles in
the NIPAAM copolymer solution. Five different concentrations
(0.4, 1, 2, 4, and 8 wt %, related to γ-Fe2O3 content) were
tested to optimize the trade-off between the magnetic
properties of the nanocomposites and the drawbacks associated
with the use of particles in the fabrication process. It is well-
known that magnetic nanoparticles absorb UV light, which is
responsible for the formation of radicals and the polymerization
of the hydrogel solutions.36 This limits the maximum thickness
of nanocomposites, introduces localized defects, and forces a
prolonged UV-exposure time. Additionally, the particle
concentration influences the viscosity of the solutions, creating
compatibility problems with the previously described fabrica-
tion method. We found that 6 min of UV exposure is sufficient
to create uniform layers up to 180 μm thickness with
nanoparticle concentrations up to 4 wt %. Composites with 8
wt % nanoparticles produced thinner layers with visible
agglomerates on their surfaces.
The magnetic properties were analyzed with a vibrating

sample magnetometer (VSM). The results revealed constricted
hysteresis loops at room temperature (Figure 2a) with a small
coercivity on the order of a few milliteslas. This can be ascribed
to a mixed superparamagnetic−ferromagnetic behavior arising
from the coexistence of isolated superparamagnetic nano-
particles together with interacting ferromagnetic-like nano-
particle agglomerates.37 The saturation magnetization was
found to be linearly proportional to the concentration of
nanoparticles in the polymer film (Table 2 and Supporting
Information, Figure S1). The value at 4 wt %, corresponding to
a volumetric concentration of 1%, was found equal to 0.33 emu
g−1. This value confirms the expected filler loading level, as the
saturation magnetization of the pure particle resulted in ∼30
emu g−1. This concentration was chosen for the final self-
folding prototype because it provided the best compromise
between the performance of the microrobot (the final hydrogel
based magnetic tubes were supposed to be steered by an
electromagnetic manipulation system, having a maximum field
of 50 mT and a field gradient of 5 T/m) and the already
mentioned fabrication challenges.
The nanoparticle dispersibility in ethyl lactate, the solvent

used for the preparation of the NIPAAM-based solutions, was

Figure 1. Tubular and rectangular configurations of (a) a magnetically
responsive hydrogel nanocomposite containing silica coated iron oxide
nanoparticles and (b) a NIR light-responsive hydrogel containing GO
nanoparticles. Scale bar is 500 μm.

Table 1. Comparison of Geometrical Parameters of the
Open and Closed Configurations of Self-Folding Cylindersa

plate hollow cylinder

volume 5.62 × 10−1 mm3 5.62 × 10−1 mm3

surface area 13.40 mm2 6.72 mm2

surface-to-volume ratio 23.8 mm−1 11.9 mm−1

layer thickness 90 μm N/A
inner radius N/A 135 μm
outer radius N/A 290 μm

aValues were estimated from the initial geometry of the polymerized
bilayer and from the images collected after swelling. Thickness of the
single layer was not measured for the hollow cylinder due to lack of
resolution of the images.
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characterized by dynamic light scattering (DLS) measurements.
The average agglomerate hydrodynamic diameter for a 4 wt %
ferrofluid was 145.8 ± 11.21 nm and a unimodal number size
distribution with a mean value of 66.13 ± 28.46 nm was
obtained (Figure 2b). These values indicate the presence of
small agglomerations (the average primary particle diameter
was calculated to be 24.1 ± 2.6 nm; see Supporting Information
for calculation) which could not be broken with additional
mixing methods. Nanocomposite solutions could, in any case,
be prepared by ultrasonication and were stable for more than 1
day. Cryo-fixation was used to preserve the hydrated state of
the nanocomposites and allowed imaging by SEM. As can be
seen in Figure 2c, pores of the internal network of the size of ca.
100 nm are visible with a uniform distribution of the
nanoparticles along the fibers of the matrix. No large

agglomerates could be found during the imaging process,
validating the used fabrication method.
Finally, the swelling properties of the nanocomposites were

compared to nanoparticles-free hydrogel films. The results at
equilibrium showed a decrease of 30% in the ability to
incorporate water (Figure 2d). This result diverges from
previous studies conducted on less concentrated nano-
composites.38 This discrepancy could be explained by the
prolonged UV exposure time, which increases cross-linking
inside the matrix.39 The lower swelling properties, as in the case
of GO, did not influence the final design of the hydrogel-based
microtubes, and they could achieve a closed-pack conformation
with both fillers.

3.2. Magnetic Manipulation and Behavior of Mag-
netic Hydrogel Microrobots. Magnetic nanoparticles were
embedded in the NIPAAM−AAM−PEGDA network of the
bilayer to produce steerable magnetic nanocomposites.
Magnetic hydrogels are particularly attractive because they
offer the possibility to be actuated either by temperature, or by
applying alternating magnetic fields, as previously described for
similar materials.40 4 wt % of silica-coated γ-Fe2O3 nano-
particles were found to form layers with a high degree of
particle dispersion and a sufficient level of magnetization for
their magnetic manipulation. It is possible to generate different
motions at the air−liquid interface or immersed in the liquid by
magnetic control. It was found that the tubes were magnetized
preferentially along their long axes, due to their shape
anisotropy. The position and orientation of the structures
were controlled by using magnetic field gradients lower than
0.2 T/m and magnetic fields lower than 20 mT (Supporting
Information, video 1). The magnetic hydrogel-based micro-
robots were also subject to rapid changes of temperature to
evaluate their conformation changes. As can be seen in Figure
3b, the bilayers were able to switch from a tubular to a
rectangular configuration at around 40 °C, which corresponds
to the transition temperature of the NIPAAM-based nano-
composites. The plate configuration switched to a tighter tube-
like bilayer for temperatures higher than 50 °C. We are
currently investigating the mechanism of this second folding
phase.
The shape versatility of these hydrogels can be beneficial to

modify on-demand the motion of these microdevices. A finite
element method (FEM) analysis was performed to calculate the
differences in the resistance to the translational motion of the
microrobot, in an open (square) or closed (tube) configuration
in a theoretical low Reynolds number flow. The calculation of
drag forces was performed for a constant flow against a
stationary microrobot, oriented along the direction of the flow
(z direction) or perpendicular to it (y direction for the cylinder,
xy direction for the plate). Differences could be found in
general between the cylinder and the plate in both orientations
(Figure 3c). The most significant data involved the cylinder
oriented along the flow, and the plate perpendicular to it (two
central bars in Figure 3c). The simulated drag constants
doubled when passing from the “closed” (approximately 1.0 ×
10−5 N/(m/s)) to the open configuration (2.4 × 10−5 N/(m/
s), third bar in the graph), as a result of an increase of exposed
surface area. We experimentally verified this significant change
by measuring the velocity of robots with different folding states
(Figure S4, Supporting Information ). Tuning the hydrogels
properties (and therefore the folding efficiency) or the external
stimuli (magnetic fields, temperature, etc.) can further enhance
this effect. This would eventually force the microrobot to lower

Figure 2. Characterization of magnetic nanocomposites. (a) Magnetic
measurements of the 4 wt % nanocomposites show a constricted-type
hysteresis loop which suggests the influence of interparticle magnetic
dipolar interactions on the magnetic response of the composite
material. (b) Representative curve of the number size distribution of a
silica-coated Fe2O3 suspension in ethyl lactate by DLS, indicating the
possibility to produce stable nanoparticle suspensions, which can be
polymerized by UV light exposure. (c) The resulting hydrogels have a
matrix pore size of ca. 100 nm; the nanoparticles can be seen as white
dots entrapped in the fibers. (d) Swelling properties of the hydrogel
composition show typical temperature dependence with a collapse
state at around 42 °C. The introduction of nanoparticles (b bar)
induces a significant decrease of the affinity to water, probably due to
particle aggregation.

Table 2. Magnetization at 1 T of Hydrogel Nanocomposites
Containing Silica-Coated Fe2O3 Nanoparticles at Various
Concentrations, Measured by VSM

concentration (wt %) specific saturation (emu/g)

0.4 0.02
1 0.06
2 0.142
4 0.329
8 0.658
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its speed or eventually stop in a specific position when
activated. Moreover, a switch from a tubular shape to a more
flat configuration could improve the distribution of drug
delivery particles to tissues or to vessel walls due to an increase
of contact area.41

3.3. Drug Delivery Experiments. GO-based NIR light
responsive microtubes were fabricated in a way similar to the
magnetic microrobot. After complete lyophilization, they were
left swelling in a brilliant green (BG) dye solution, to mimic a
loading process for a small hydrophilic drug. As the main part
of their body was constituted by NIPAAM−AAM−PEGDA
thermoresponsive nanocomposites, the same experimental
procedure was performed also on small discs of this material.
The structures were allowed to release the dye, and the release
kinetics was monitored by spectrophotometry until no
significant change in the signal could be recorded. NIR light
was used to remotely induce collapse of the matrices, or change
of shape, and the effect on the release kinetics was recorded and
compared for both systems.
Depending on the physical and chemical properties of the

polymer networks (size of the pores, functional binding sites,
size and shape), and their affinity to the used model drug, the
volume transition of similar hydrogel systems from a swollen to
a collapsed state has been shown to induce higher42−44 or
reduced45−47 release, when compared to a control experiment.
Higher releases are mainly due to a “squeezing effect” that
creates a convective motion of drug molecules out of the
matrix, and to the aggregation of the hydrophobic polymer
chains that creates open channels for a faster kinetics.

Additionally, the chemical transition from a hydrophilic to a
dominant hydrophobic conformation weakens the H-bonding
interactions between the polymer and hydrophilic drugs, thus
increasing their release. Opposite scenarios have been mainly
attributed to the formation of a poorly permeable skin on the
collapsed matrix, or to a significant decrease of the mesh size of
the network, which is the representative parameter of the
available space for diffusion.
GO single layers of NIPAAM copolymer were investigated

for a period of 2 months in PBS. A set of samples, kept under
constant stimulation of NIR light (785 nm) for the initial 2 h,
showed a significantly (p = 0.005, from a one way ANOVA
analysis) lower release rate (Figure 4a relative to the first 8 h of
the experiment) than nonexposed samples used as control. The
matrices appeared in a collapsed state (Figure 4b) for the
duration of the experiment and released on average 30% less
dye at the end of the first 2 h. A comparable release rate
between the two systems was achieved only at the end of the
first 8 h of experiments. However, the curves of absolute release
revealed that this initial gap was not recovered, even after 2
months of experiment (Supporting Information, Figure S2).
A completely different scenario was observed when the

hydrogel self-folding micro devices were taken into consid-
eration and exposed to different cycles of NIR light (Figure 4c).
Samples exposed to continuous stimulation changed their
geometry, rapidly switching from a tubular state to an open
square, thus increasing their surface area (Table 1 and Figure
4d). Despite the collapse of the light-responsive matrix, with
presumably the same effects analyzed for the single layers, this

Figure 3. (a) Magnetic manipulation of a hydrogel microtube by means of the Octomag system. The white arrow indicates the direction of the
applied field. (b) Shape transition of a rolled microtube, depending on the external temperature. At temperatures higher than 43 °C, the tube is
capable of reaching a tighter conformation. Scale bar is 500 μm. (c) Results of the FEM-based simulation of the drag forces of self-folding tubes show
that it is possible to significantly modify the motion of these structures in low Reynolds number flows. The white arrow indicates the direction of the
fluid in respect to the orientation of the microrobot.
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transition resulted in a significant increase (more than 20%) of
the fractional release for the first 2 h (p = 0.025), followed by a
sort of equilibrating phase in the following 2 h (p = 0.07 at the
end of the 4 h), with the control samples releasing relatively
more than the previously exposed samples.
These results are in good accordance with recent works

performed in vivo with bigger nonresponsive hydrogel bilayers,
thus confirming the potential of the shape changing devices.21

Additionally, a more significant effect could be achieved by
applying ON−OFF cycles (2 min ON, 2 min OFF) that forced
the samples to alternatively open and close. This motion
resulted in an increase of ca. 40% of the fractional release
during the period of stimulation. The experiments were carried
on for 1 month, until the release rate for every set of samples
was close to zero (Supporting Information, Figure S2).
Different from the single films of GO nanocomposites, the
three sets of samples released a similar absolute amount of the
dye at the end of the analyzed time frame, proving the
nondestructive nature of the procedure of actuation.
To complete the analysis and study the sole effect of change

in surface area, FEM-based simulations were run on different
geometries: a hollow cylinder, a plate, and a full cylinder. The
three models were built to have the same volume, initial
concentration of drugs, diffusion coefficients, and boundary
conditions. The simulations (Figure 4e) show the possibility to
significantly modulate the drug release by shape change. The
simulation condition is not reproducible in an experimental
framework because a change of shape not only increases the
surface area; it also decreases the pore size or collapses the
bilayer (Figure 4d). The computational simulations show that if
these unwanted effects could be minimized or completely
eliminated, a significantly higher difference in the performance
of different configurations would be observable. Nevertheless,
one could imagine that by playing with shapes, material
properties, and degree of imposed stimulus a favorable release
profile in the intervention site and a conformation for minimal
release during the trip could be achieved.

3.4. Shape-Changing Microhelices. The same fabrication
method was used to produce shapes that are considered more
advanced for microrobotic tasks. For example, helices have
been shown to be optimal shapes for magnetic swimming
microdevices at low Reynolds number regime.48 When
fabricated by self-folding techniques, and equipped with smart
responsive hydrogels, a change of shape could be induced in
order to have an optimal configuration for swimming and one

Figure 4. (a and b) Drug release kinetics of graphene oxide films
exposed to IR light stimulation compared to control samples. The
difference in the release can be explained by referring to the different
phenomena happening during gel shrinking, including decrease of pore
size, skin formation, and general decrease of surface area for diffusion.
(c and d) Cumulative release from morphing hydrogel microdevices.
The light responsive bilayers unfold from a wrapped to an open square
configuration, therefore increasing the surface area responsible for
drug diffusion. Despite the contraction of the hydrogel, the general
effect is a temporary increase of drug release upon unfolding. The
process can be tuned by changing the exposure type and duration. (e)
Curves of fractional release of the cylinder and plate, as simulated by
the FEM diffusion driven model. A full cylinder with the same volume
could achieve a much more linear, zero-order like profile over time.

Figure 5. Temperature-dependent folding of a magnetic hydrogel ribbon. The temperature range is 20 °C, from (upper left) 25 °C to (lower right)
45 °C. Scale bar is 0.5 mm.
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not suitable for the same purpose. As an example, we propose
change of shape of a magnetic, thermally responsive ribbon,
fabricated in the same way as the rolled tubes (Figure 5). While
the ribbons can corkscrew with rotating magnetic fields, tubular
structures only rotate in place (Supporting Information, Figure
S5 and videos 2 and 3). Despite not being optimized, one could
imagine the possibility to achieve motion by rotating magnetic
fields applied to the device in the first folded state. The same
stimuli would not provide any net motion in the last flat
configuration. Self-folding devices can also be combined with
catalytic materials to perform self-propulsion inside biological
microenvironments.53,54

4. CONCLUSIONS
In this work, we engineered self-folding smart microcarriers
from magnetically and optically responsive hydrogel bilayers.
Using on-demand shape change triggered by external light
stimulation, we showed that the release kinetics of a model drug
and the drag forces acting on the robots can be optimized
according to the task. Shape morphing can be tailored by
modifying the composition of the hydrogels, the geometrical
design and the applied external stimuli. We fabricated structures
that can perform a corkscrew motion in their folded state, and
unfolding in response to changes in temperature results in loss
of motility. This strategy opens up the possibility to program
autonomous behavior by linking motility to microenvironmen-
tal conditions. The presented fabrication methodology,
composite development, and wireless manipulation techniques
combined with computational modeling form a complete
platform for testing novel ideas for targeted therapies.
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