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ABSTRACT: Hydrogels with shapes that can be adapted to
their environment have attracted great attention from both
academia and industry. We report herein a new and robust
strategy to reprogram the light-induced shape transformation of
a thermoresponsive composite hydrogel sheet with erasable and
rewritable patterns of iron oxide nanoparticles as photothermal
agents. Numerous distinct and reversible shape transformations
are achieved from a single hydrogel sheet by repeatably writing
in the sheet with different nanoparticle patterns. The shape
transformations were verified by finite element modeling. The
present strategy is simple, fast, and efficient in reprogramming
the shape change of the thermoresponsive hydrogel material.
The composite hydrogel sheet may find applications in soft

robotics, tissue engineering, and controlled release.
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1. INTRODUCTION

Shape-changing polymer materials (e.g., shape-memory poly-
mer, liquid crystal elastomer, and hydrogels) have gained great
attention in the past decades, owing to their diverse
applications in soft robotics, biomedicine, deployable devices,
actuators, and so on.'™'® Most shape-changing materials are
programmed to transform from a flat sheet to one or several
specific three-dimensional shapes in the presence of a stimulus
such as temperature,”_25 pH,25_29 ions,30’31 DNA,Z'Z’33
enzymes,34 solvents,*>° humidity,37_40 Iight,M_50 and mag-
netic and electric fields.”'™>* For instance, with the
incorporation of multiple distinct responsive polymer
components in the hydrogel matrix, the same patterned
hydrogel sheet can transform to several distinct shapes in the
presence of different stimuli.*® Among shape-morphing
materials, the hydrogel is of particular interest due to its
biocompatibility, large and reversible volume change, broad
material and stimuli choices, and so on."****” The shape-
changing hydrogel shows promising applications in a variety of
fields such as drug delivery, soft robotics, and tissue
engineering.8

Dynamically reconfiguring shape changes from the same
material is of paramount importance in achieving adaptive
functions and sustainability.”® Several strategies have been
developed to achieve this goal, including (i) introducing a

-4 ACS Publications  © 2019 American Chemical Society

reversible pattern of shape-memory phases with distinct
switching temperatures in a shape-memory film;*” (ii)
reversibly changing the molecular state of photoabsorbing
dyes integrated in the liquid crystal polymer sheet;" (iii)
controlling the laser irradiation pattern on a photoresponsive
hydrogel film;®"** (iv) reversibly alterin6g the alignment of
mesogens in a liquid crystal vitrimer film,*” and (v) reversibly
introducing metal ions in ionic hydrogels.”’ These strategies,
however, are either limited by the number of shapes that can
be transformed from a single polymer film or require a labor-
intensive chemical modification of the polymer matrix.
Nevertheless, there is a need of simple approaches toward
reprogrammable shape transformations of hydrogel materials.

Herein we reported a new strategy to reprogram the shape
transformation of hydrogel materials based on in situ
generation of an erasable and rewritable pattern of iron
oxide nanoparticles (IONPs) within a thermoresponsive
poly(N-isopropylacrylamide) (PNIPAm) hydrogel matrix.
The hydrogel domain loaded with IONPs shrunk upon the
laser irradiation of a near-infrared light via a combination of
the photothermal effect of IONPs and the thermoresponsive-
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ness of the PNIPAm hydrogel.®* The patterned differential
shrinkage in the composite hydrogel sheet resulted in a specific
out-of-plane shape deformation of the sheet to form a desired
shape. The pattern of IONPs can be erased by acid treatment,
and a new pattern can be readily introduced in the same piece
of hydrogel, giving rise to a distinct shape. The shape
transformations were verified by finite element modeling of
the patterned hydrogel sheets. The repeatable erasing and
writing of IONPs enables the reprogrammable shape trans-
formation of the material in a facile and robust manner. This
strategy is simple and efficient and can be applied for other
types of thermoresponsive hydrogel materials.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were purchased from Sigma-Aldrich
unless otherwise noted, and the chemicals were used without further
treatment. The chemicals used are as follows: N-isopropylacrylamide
(NIPAm, monomer), N,N’-methylenebis(acrylamide) (BIS, cross-
linker), ammonium persulfate (APS, initiator), N,N,N’,N’-tetrame-
thylethylenediamine (TEMED, catalyst), iron (III) chloride, iron (II)
chloride, sodium hydroxide (NaOH), hydrochloric acid (HCI, 36—
38%). The adhesive Loctite 406 was bought from Henkel. The
agarose powder was purchased from EZ BioResearch. The
polydimethylsiloxane (PDMS) elastomer kit (Sylgard 184) was
bought from Dow Corning. Deionized water was used throughout
the experiments.

2.2. Synthesis of PNIPAm Hydrogel. The PNIPAm hydrogel
was fabricated by a redox method. Typically, 0.113 g of NIPAm
monomer and 0.006 g of BIS cross-linker were dissolved in 1 mL of
water. After 10 4L of 10 wt % APS aqueous solution was added, the
hydrogel precursor solution was purged with nitrogen for 5 min.
Then, 5 uL of TEMED was added and mixed with the monomer
solution. After mixing, the monomer solution was injected into a
premade mold made of two cover slides and spacers. The gelation was
allowed to proceed at room temperature for 2 h. Then, the hydrogel
sheet was removed from the mold and was immersed in a large
amount of water to leak out unreacted materials. To fabricate the
PNIPAm hydrogel tube, the hydrogel precursor was injected to a self-
made tubular mold.

2.3. Fabrication of Agarose Stamp. The agarose stamp was
made by gelating agarose aqueous solution on a PDMS mold. In a
representative fabrication process, a poly(lactic acid) (PLA) plastic
mold with bas-relief features was first printed out by using a 3D
printer (Original Prusa i3MK2S). Then, the PDMS was cured on this
mold at 70 °C for 1 h. The cured PDMS with opposite features was
peeled off from the PLA mold. After that, the surface of the PDMS
mold was made hydrophilic by subjecting it to an air plasma for 3 min.
Then, 4 wt % hot agarose aqueous solution was casted onto the
PDMS mold and was cooled at room temperature to gelate. After
gelation, the agarose gel with bas-relief features was peeled off from
the PDMS mold. This agarose gel was then used in the wet-stamping
process.

2.4. Wet Stamping. An aqueous layer of iron ion solution was
formed on the surface of agarose gel by drop-casting the ion solution
onto the agarose gel. The aqueous layer was kept on the agarose gel
for 2 min for ions to diffuse into the agarose gel. Then, the aqueous
ion layer was wiped off from the agarose gel using a Kimwipe. The
agarose stamp was then brought in contact with the surface of the
PNIPAm hydrogel for 1 min to deliver iron ions to the PNIPAm
hydrogel. Thereafter, a 0.5 M NaOH solution was sprayed onto the
PNIPAm hydrogel using a spray bottle. The NaOH solution was kept
on the PNIPAm hydrogel for 1 min to coprecipitate the Fe** and Fe**
to generate IONPs. Finally, the IONP-loaded PNIPAm hydrogel (i.e.,
composite hydrogel) was kept in water for the shape transformation
study. By designing features in the agarose stamp, different IONP
patterns in the hydrogel could be easily obtained. To erase IONPs, a
concentrated HCI solution was sprayed onto the hydrogel, which
dissolved the IONPs within 1 min. After spraying water onto the

hydrogel to remove excess HCI and iron ions, new nanoparticle
patterns can be written in the same sheet.

To study the IONP domain size as a function of the iron ion
diffusion time, the ion-inked agarose stamp was brought in contact
with the PNIPAm hydrogel for different amounts of time. Then, the
ion-loaded PNIPAm hydrogel was immersed in a 0.5 M NaOH
solution for 2 min to generate IONPs. The size of the generated
nanoparticle domain in both the xy- and z-directions of the hydrogel
was then analyzed by using an optical microscope. The IONP domain
size was plotted with respect to the stamping (ion diffusion) time.

2.5. Deformation of Hydrogel. An 808 nm laser (MDL-N-808,
Changchun New Industries Optoelectronics Technology Co., Ltd,,
China) with a tunable output power (0—8 W) was used as the laser
source throughout the experiments. During the experiments, the
composite hydrogel was immersed in 600 mL of water in a glass Petri
dish. To study the bending deformation under laser irradiation, the
hydrogel sheet was patterned with an IONP stripe with a varied
width, which was then exposed to the laser. The length, width, and
thickness of the hydrogel were 20, 4, and 0.25 mm, respectively,
without special notification.

2.6. Regulation of Chemical Release. The composite hydrogel
sheet was used as a “smart gate” to regulate the chemical (rhodamine
B) release through its bending and unbending, which was controlled
by the laser light. A hollow cavity with a circular shape (diameter: 6
mm) was made in a gelatin hydrogel, and then, a rhodamine B
aqueous solution (0.1 mM) was added to the cavity. After that, the
composite hydrogel sheet was partly glued using a cyanoacrylate-
based adhesive onto the gelatin hydrogel, covering the rhodamine B-
loaded region. Subsequently, the hydrogel device was immersed in
600 mL of water in a glass Petri dish, and the composite hydrogel
sheet was exposed to the laser at a power density of 6.38 W/cm?.

2.7. Measurements. The swelling property of the hydrogel was
characterized by measuring its dimensions change as a function of the
temperature. A disc-shaped pure or IONP-loaded hydrogel was
immersed in a water bath with a set temperature for 1 day, and its
diameter was measured and then plotted with respect to the
temperature.

An AR2000 stress-controlled rheometer (TA Instruments) was
used to study the mechanical properties of the pure and composite
hydrogel sheets. Rheological experiments were performed at 25 and
34 °C, individually, by using a cone-and-plate geometry (20 mm
diameter and 2° cone angle). A solvent trap was used to minimize the
drying of the sample during the measurements. The dynamic stress-
sweep experiments were first performed on the sample to identify its
linear viscoelastic (LVE) region at different temperatures, and then,
the dynamic frequency sweeps were performed within the LVE
region.

The optical property of the composite hydrogel was characterized
by measuring its light extinction using UV—vis spectroscopy (Lambda
40 UV /vis Spectrometer, PerkinElmer, USA). In the measurement, air
was used as the reference, and a piece of hydrogel was then put on a
glass slide. The UV—vis spectra were then taken at a slit width of 1
nm, a scanning speed of 480 nm/min, and a data interval of 1 nm.

To characterize the IONPs in the hydrogel, the composite hydrogel
was first freeze-dried and then was coated with carbon (JFC-1200
Fine Coater, Japan). Following that, scanning electron microscopy
(XL Series-30, Philips, USA) was used to characterize the IONPs in
the hydrogel.

To measure the surface temperature of the hydrogel under the laser
irradiation, a piece of pure PNIPAm hydrogel (length: 30 mm, width:
12 mm, thickness: 2 mm) was put on a plastic Petri dish (made of
polystyrene) in air at the room temperature (19.5 °C). The hydrogel
was irradiated by the laser with a power density (PD) of 6.38 W/cm?
for 1 min. Then, the laser was switched off, and the surface
temperature of the pure hydrogel was measured by using a digital
thermometer. A piece of composite PNIPAm hydrogel (length: 30
mm, width: 12 mm, thickness: 2 mm) was also irradiated in air at 6.38
W/cm? for 1 min, and its surface temperature was measured in the
same way as the pure hydrogel.
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Figure 1. (a) Schematic illustration of the patterning, erasing, and rewriting IONPs in a thermoresponsive PNIPAm hydrogel matrix. (b,c)
Representative composite hydrogel sheets with strip (b) and spot (c) patterns of IONPs. (d) UV—vis extinction spectrum of the composite
hydrogel sheet. (e) SEM image of IONPs in the freeze-dried hydrogel sheet. Scale bars are 4 mm in (b,c), 100 nm in (e), and 60 nm in the inset

image of (e).

3. RESULTS AND DISCUSSION

3.1. Generation of Nanoparticle Pattern in the
Hydrogel. We developed a stamping—reacting approach to
fabricate erasable and rewritable composite hydrogel sheets
patterned with IONPs that served as photothermal agents. The
PNIPAm hydrogel was chosen as the matrix, since it has a well-
defined phase transition at its lower critical solution temper-
ature (~33 °C).% During the wet-stamping process, the iron
ions diffused into selective regions of the PNIPAm hydrogel.
The subsequent spraying of the sodium hydroxide (NaOH)
solution (0.5M) onto the PNIPAm hydrogel loaded with iron
ions generated a composite hydrogel sheet regioselectively
patterned with IONPs inside (Figure 1a).°°”® Figure 1b,c
showed two representative patterns of IONPs in the hydrogel
sheets. The feature size and spacing were ~1 mm and 400 pm,
respectively, and the resolution of the patterning may be
further improved with an optimization of the stamping
protocol (Figure 1b,c). The composite hydrogel sheet
exhibited a broad extinction in the UV-vis—NIR range
(Figure 1d). The generated IONPs showed irregular shapes
and were usually presented as aggregates in the hydrogel
matrix (Figure le). The domain size of IONPs in both the
lateral and thickness directions of the hydrogel can be
modulated by controlling the stamping (ion diffusion) time
and the ion concentration in the stamp (Figure 2). For
example, at ion concentrations of 1 M Fe?* and 2 M Fe*, the
IONP domain size increased from 370 to 540 ym in the lateral
direction (Figure 2a) and from 930 to 1470 um in the
thickness direction (z-direction) (Figure 2b), with the increase
of the ion diffusion time from 1 to 2 min.

3.2. Bending Deformation Study of Composite
Hydrogel Sheet. We evaluated the bending deformation of
the composite hydrogel sheet patterned with a stripe of
IONPs. We found that both IONP stripe width and laser PD
needed to reach a certain threshold before a bending
deformation could occur (Figure 3). With an increasing stripe
width, the minimum laser PD needed for a bending to occur
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Figure 2. Study of the Fe*, Fe** ion diffusion in the hydrogel during
the stamping process. (a) Growth of the IONP domain size in the
hydrogel’s lateral (xy)-direction as a function of the ion diffusion
time; (b) growth of the IONP domain size in the hydrogel’s z-
direction as a function of the ion diffusion time.
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Figure 3. Bending analysis of the composite hydrogel sheet patterned
with an IONP stripe (hinge) with respect to the hinge width and the
laser PD.

was reduced. With the increase of the laser PD, the minimum
stripe width required for the bending deformation decreased.
When a bending deformation occurred under the NIR
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irradiation (wavelength: 808 nm), the irradiated stripe area
drastically shrunk due to the localized photothermal-heating-
induced contraction of the hydrogel (Figures S1 and S2) and
thus acted as a hinge, along which the sheet bent (Figure S3).
The composite sheet gradually reached a bending angle of
180° with the increase of the laser irradiation time at a laser PD
of 6.38 W/cm? (Figure 4a). In addition, the maximum bending
angle of the hydrogel sheet at equilibrium increased from 67 to
180° with an increasing laser PD from 3.52 to 6.38 W/cm®
(Figure 4b).
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Figure 4. Bending angle of the composite hydrogel sheet patterned
with an IONP stripe (stripe width: 3 mm) with respect to the laser
irradiation time (a) and the laser PD (b). The laser PD used was 6.38

W/cm?. The red dotted lines in the inset images were used to indicate
the contour of the composite hydrogel sheet. Scale bars: 3 mm.

We systematically assessed the effect of the stripe width and
the laser PD on the bending deformation of the hydrogel sheet.
A bending deformation diagram was constructed, in which the
parameters (hinge width and laser PD) were identified for the
sheet to have a 180° bending angle (Figure 5). The hydrogel
sheet with a larger hinge width required a smaller laser PD for
the sheet to reach a bending angle of 180° (Figure 5).
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Figure S. Bending diagram illustrating the condition of the IONP
stripe width and the laser PD that led to bending angles of 180° (@)
and less than 180° (A) of the composite sheet. Inset is a
representative optical image of the bent hydrogel sheet. The red
dotted line in the inset image was used to indicate the contour of the
composite hydrogel sheet. Scale bar: 3 mm.

3.3. Reprogrammable Shape Transformation of
Composite Hydrogel Sheet. We demonstrated the
reprogrammable shape transformation of the composite
hydrogel sheet by varying the shapes of IONP patterns (Figure
6). The IONP patterns can be readily erased by spraying
hydrochloric acid (HCl) onto the composite hydrogel sheet.
After the iron and ClI™ ions were washed away with deionized
water, new IONP patterns were readily stamped in the sheet.
The erasing and rewriting of IONP patterns took about 5 min
and ideally can be repeated for unlimited times (in our
experiments, we used the hydrogel sheets for at least 20
cycles). A variety of distinct shapes were transformed from a

single sheet with varied nanoparticle patterns upon the laser
irradiation (Figure 6). For example, when an IONP pattern
with a triangular frame shape was used, a localized cylindrical
surface was generated in the transformed sheet (Figure 6a).
When using an IONP pattern of a discontinuous cross-shape,
the transformed hydrogel sheet had four localized saddle-like
surfaces (Figure 6b). With an IONP pattern of a square frame
shape, the transformed sheet had cylindrical surfaces on its
edges and had a spherical surface in the region enclosed by the
IONP pattern (Figure 6¢c). With an IONP pattern of a
concentric shape, the hydrogel sheet adopted a saddle (Figure
6d, which is in agreement with the previous work.”> Many
other transformations were obtained by using new nanoparticle
patterns in the sheet (Figure S4). It took about § s to initiate
the shape transformation of the patterned hydrogel sheet under
the laser irradiation with a laser PD of 6.38 W/cm?
(Supplementary Video). The deformed hydrogel sheet
recovered its original flat state in 15 min. In addition to
patterning the planar hydrogel sheet, this patterning technique
is also applicable to a nonplanar surface. As an example, an
IONP region was generated in a tubular hydrogel by wrapping
an ion-inked paper around the hydrogel tube, which was then
subject to NaOH treatment to produce IONPs (Figure SSa).
The patterned region in the tube shrunk under the laser
irradiation, resulting in a necking region in the hydrogel tube
(Figure SSb).

We conducted a finite element modeling simulation of the
shape transformations of the composite hydrogel sheet by
considering the thermodynamics of the PNIPAm hydrogel.”"
The deformed geometry of the composite sheet was a result of
the minimization of the sheet’s Helmholtz free energy
composed of the free energy due to the mixing of the
PNIPAm network with water and the free energy resulting
from the interior stresses in the hydrogel body that had a
photothermal-induced differential shrinkage in it (see Support-
ing Information for model details). The shape transformations
of the composited sheet calculated by the finite element
modeling simulation were presented in Figure 6e—h. Each
IONP pattern generated a specific photothermal-induced
pattern of the mechanical stress in the composite hydrogel
sheet, resulting in a distinct deformation. The simulation
results were in good agreement with the experimental findings.

3.4. Regulation of Chemical Release. We demonstrated
the use of the composite hydrogel sheet as a “smart gate” in
regulating the chemical release by using light (Figure 7).
Rhodamine B was first loaded in the hollow cavity within a
piece of gelatin hydrogel, and a circular composite hydrogel
sheet patterned with a cross-shape of IONP pattern was partly
glued to the gelatin hydrogel to cover the cavity (Figure 7a,b).
Upon the laser irradiation, the hydrogel sheet gradually bent
upward to open the “gate” (Figure 7c). With the increase of
the irradiation time, rhodamine B diffused from the cavity in
the gelatin hydrogel to the surrounding water through the
“gate” (Figure 7d). When the laser was switched off, the bent
sheet gradually recovered its original flat state to close the
“gate”, blocking the diffusion of chemicals (Figure 7e,f). This
“open” and “close” gating process can be repeated for many
cycles to achieve time-dependent controlled release of

payloads.
4. CONCLUSION

In conclusion, we have developed a new and robust strategy to
reprogram the light-induced shape transformation of a
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Figure 6. Reprogrammable shape transformation of the composite hydrogel sheet upon laser irradiation by varying the shape of the IONP patterns
(black areas) in the experiments (a—d) and in the finite element modeling (FEM) simulations (e—h). Insets in (a—d) show IONP patterns (black
areas) in the hydrogel. The color legend suggested the distribution of the mechanical stress calculated by FEM in the sheet under the laser
irradiation. The diameter and thickness of the hydrogel disc were 13 and 0.25 mm, respectively. Scale bars are 2 mm.
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Figure 7. Light-regulated chemical release by using the composite hydrogel sheet as a smart gate. (a,b) Top view (a) and side view (b) of an IONP-
patterned composite hydrogel sheet that covered the top of the cavity containing rhodamine B within a piece of gelatin hydrogel (enclosed by the
black dashed lines). Rhodamine B was loaded in the cavity. (c—f) Controlled release of rhodamine B from the cavity in the gelatin to the
surrounding water using the light-triggered deformation of the composite sheet as the gate. Scale bars are 3 mm in (a) and 1.5 mm in (b—f).

thermoresponsive composite hydrogel sheet with erasable and
rewritable patterns of IONPs. Numerous distinct and
reversible shape transformations were achieved from a single
hydrogel sheet by writing in the sheet different nanoparticle
patterns, which were verified by finite element modeling
simulation. The present strategy is simple, fast, and eflicient in
reprogramming the shape changes of the hydrogel material,
and it is expected this strategy can be extended to other
thermoresponsive hydrogel systems. The composite hydrogel
sheet reported in this study may find applications in soft
robotics, tissue engineering, and controlled release.
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Finite Element Modeling Simulation on Shape Transformations of Composite Hydrogel Sheet.

Free energy model of temperature-responsive hydrogel. In our PNIPAm hydrogel, the
interacting aggregation of cross-linked polymer chain network and solvent molecules constitutes a
thermodynamic system of which the macroscopic behaviors are governed by its thermodynamic
energetics. The deformation of PNIPAm hydrogel in balance with mechanical loads and a solvent
reservoir can be modeled by the framework developed by Cai and Suo.! By thermodynamics
consideration, the Helmholtz free energy of a swelling hydrogel arises from two origins: (i) the
stretching of the polymer network and (ii) the mixing of the two species of molecules. Hence the
free energy density function takes the form:

ve ) (Ao + BoT)c (A1 + B1T)c

1
W = oNKT[F:F — 3 — 2log())] + kT o)t

clog(

1+ vc + (1 + 17(;)2 (1)

where W is the free energy per unit volume in the dry state, NV is the number of polymer chains per
unit volume in the dry state, £ is Boltzmann constant, T is the current temperature at the material
point, F is the deformation gradient tensor which takes the original dry state as reference frame, J
is the Jacobian of deformation gradient tensor, i.e., J=det(F), v is the molecular volume of water, ¢
is the relative concentration of solvent molecules in the hydrogel-solvent aggregation, and 4,, B,,
A, and B, are parameters related to the enthalpy of mixing. The first term in Equation (1) denotes
that the stretching of polymer chain network obeys a neo-Hookean hyperelastic material law, and
the second term implies that the mixing of PNIPAM polymer and water molecules follows the
Flory-Huggins theory of solution. A4y, By, 4; and B; in Equation (1) are to be fitted to the
experimental data for different temperature-responsive hydrogels, as we will identify in the
immediate section for our composite hydrogel.

Equation (1) specifies the explicit expression of the free energy density function which takes
the extensive variables F, ¢ as well as the intensive variable 7 as its arguments. In such cases that
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the hydrogel is put in contact with a stable aqueous reservoir, the chemical potential of solvent
molecule u is constant; then upon Legendre transformation, the free energy density W is carried to
its corresponding thermodynamic potential:

W(F, 1, T|N, Ao, Bo, A1, B1) = W(F, ¢, T[N, Ao, Bo, A1, B1) — pic )
thus W is a natural function of F, zz and T.
When the stress level is adequately low so that no new void or pore is generated in the hydrogel,

the volumetric change of the material solely results from the migration of solvent molecules; hence
the deformation F and solvent concentration ¢ are correlated by:?

J=1+wvc 3)

Substitute Equations (1) and (3) into Equation (2), one arrives at the explicit form of W:

W(F, u, T|N, Ao, Bo, A1, B1)

—1) (Ao +BoT) (
+

1 kT ]

= ENkT[F:F — 3 —2log())] + 7(] — 1)[log( ] ] + - (4;
7

—,0-D

Free swelling of PNIPAM hydrogel in water and determination of parameters. When
submerged in an aqueous environment with homogeneous temperature field, a piece of free
standing PNIPAm hydrogel, in the absence of pre-introduced stress, will swell (or contract) freely
in response to the uniformly varying temperature field. The free swelling case satisfies the condition
that the hydrogel deforms uniformly in any three orthogonal directions and that the hydrogel retains
its stress-free state since neither deformation mismatch nor mechanical constraint exists. For such
a homogeneous deformation the principal stretch ratios have identical value, and the deformation
gradient tensor becomes

A 00
F=(0 1 0 (5)
0 0 2

where A is the uniform stretch ratio. And in this case the volumetric ratio J=V/Vy= A3, where V is
the volume of the hydrogel piece in the deformed state and ¥} is the volume in the reference (dry)
state.

As discussed above the stress tensor vanishes:

Sik(F' m TlNIAOI BOI Alr Bl) =

o 0 (6)

Equation (6) yields the relation between stretch ratio A and temperature 7 in the free swelling
case. In addition, if the chemical potential of water is known and set to zero, then T can be readily
expressed by the following equation:
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The equation above dictates the temperature required by the principle of minimum free energy,
in free swelling cases, for the temperature-sensitive hydrogel to maintain certain amount of
deformation. In other words it also depicts how the hydrogel deforms in response to the change of
the homogeneous temperature field.

By fitting the function 7(A1|S=0, #=0) to the experimentally obtained 7~J relation, we
determined the parameters Nv, A4y, By, 41 and B, as Nv=0.03317, A4,=-2.5418, B,=0.01081,
A,=0.57099, B;=-0.000418. We will use this set of parameters for our PNIPAM hydrogel in the
following calculations.

Model of heat transfer processes. When the top surface is exposed to NIR laser, the IONPs
embedded in PNIPAm absorb the photons and convert the light energy into heat, the surrounding
hydrogel matrix is thus heated. We determined previously the thermal diffusivity of PNIPAm
hydrogel o=K/pC,=2.36x10 cm?/s, where K, p and C, denote the thermal conductivity, density,
and specific heat of the material respectively.® This thermal diffusivity was used in our present
study.

Deformation of PNIPAm hydrogel in inhomogeneous temperature field. The deformation
behavior of a temperature-sensitive hydrogel is governed by a thermodynamic free energy thus
resembling a hyperelastic material. Each thermodynamic equilibrium state of temperature-sensitive
hydrogel is a local minimum of the system free energy which can be fully defined by the stretch
ratios A and a dependent solvent molecule concentration ¢ as discussed above. Furthermore, the
thermodynamic equilibrium is to be altered upon the change of environment variables. Therefore
besides of being able to respond to the conventional mechanical loads, such materials as PNIPAm
hydrogels are also able to deform in accordance with the change in temperature and chemical
potential.

Solving for the equilibrium states is a boundary value problem (BVP). For simpler cases, e.g.,
free swelling hydrogel with homogeneous temperature, analytical solution can be obtained,
whereas for more complicated case, e.g., hydrogel swelling in an inhomogeneous temperature field,
the BVP can be solved numerically by FEM. We adopted the FEM framework established by Ding
et al. for the temperature-responsive hydrogel,* and prescribed the material properties determined
above to the PNIPAm hydrogel used in this study. At this stage we assume that the deformation of
PNIPAm hydrogel will not affect the heat transfer processes. A fully coupled thermo-mechanical
algorithm is implemented in the commercial FEM package ABAQUS by making use of its
temperature-displacement elements.
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DIGITAL THERMOM

Composite hydrogel Laser ON for 1min Surface temperature (°C)

Figure S1. Surface temperature of pure and composite PNIPAm hydrogel under laser irradiation
at 6.38W/cm? for 1minute. (a) For pure PNIPAm hydrogel, its surface temperature slightly increased
under laser irradiation; (b) For composite PNIPAm hydrogel, its surface temperature increased
substantially at same laser irradiation condition. Room temperature was 19.5 °C. Scale bar: 5mm.
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Figure S2. Swelling of a disc-shape hydrogel as a function of temperature. The diameter of the
hydrogel disc was measured and plotted against temperature.
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Figure S3. Bending of the composite hydrogel sheet under laser irradiation. (a) The hydrogel sheet
bent downwards when laser was irradiated onto the bottom side of the hydrogel (red arrows in (c);
(b) the same sheet bent upwards when laser was irradiated onto the top side of the hydrogel (black
arrows in (c); This side was in contact with agarose stamp during ion diffusion. Scale bars: 3mm.
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Figure S4. (a-c) Shape transformation of composite hydrogel sheet with varied IONP patterns.
Insets in (a-c) are illustrations of sheet patterned with IONPs, in which composite hydrogel domain

was colored black and pure hydrogel domain shown in grey; (d) shape deformation of a ring-shaped
hydrogel with IONP pattern along hydrogel’s circumference. Scale bars: 2mm.

Composite hydrogel tube Laser ON for 5 minutes

Figure S5. (a) PNIPAm hydrogel tube was patterned with IONPs (black areas); (b) the hydrogel
tube necked in region having IONPs under laser irradiation for 5 minutes. Scale bars: 3mm.

5
10
—s=— PNIPAm hydrogel-25°C
—e— Composite hydrogel-25°C
—_ —a— PNIPAm hydrogel-34°C
E —v— Composite hydrogel-34°C
S
o 4 W—v ryryYYyYrrvrvrvyy W
10%] Eevhettesuscrres

e
Angular frequency, o (rad/s)

Figure S6. Shear modulus of pure and composite PNIPAm hydrogel as a function of temperature.
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Figure S7. Shape transformation of composite hydrogel sheet with varied thickness. IONP domain
was colored black in the hydrogel. The diameter of the hydrogel disc is 13mm. Thickness of
hydrogel is: (a) 0.25mm; (b) 0.5mm; (c) 1mm. The composite hydrogel sheet was irradiated for
1min at 6.38W/cm?. Scale bar: 2mm.
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