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Bioinspired actuators with stimuli-responsive and deformable
properties are being pursued in fields such as artificial tissues,
medical devices and diagnostics, and intelligent biosensors. These
applications require that actuator systems have biocompatibility,
controlled deformability, biodegradability, mechanical durability,
and stable reversibility. Herein, we report a bionic actuator system
consisting of stimuli-responsive genetically engineered silk–elastin-like
protein (SELP) hydrogels and wood-derived cellulose nanofibers (CNFs),
which respond to temperature and ionic strength underwater by eco-
friendlymethods. Programmed site-selective actuation can be predicted
and folded into three-dimensional (3D) origami-like shapes. The revers-
ible deformation performance of the SELP/CNF actuators was quanti-
fied, and complex spatial transformations of multilayer actuators were
demonstrated, including a biomimetic flower design with selective
petal movements. Such actuators consisting entirely of biocompatible
and biodegradable materials will offer an option toward constructing
stimuli-responsive systems for in vivo biomedicine soft robotics and
bionic research.
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Stimuli-responsive movements of living organisms, from ani-
mals (e.g., stroke kinematics of jellyfish, defense mechanisms

of invertebrates) to botanical species (e.g., foliage folding of
plants), allow such systems to adapt to changes in the environ-
ment and provide ample inspiration for novel soft robotics and
actuator designs (1–5). Currently, soft actuators with program-
mable locomotion and rapid environmental response are a focal
point in research. Compliance and mechanical properties of soft
actuators also make them especially attractive for in vivo medical
applications such as drug delivery, surgery, biosensing, and im-
plantable devices (6). Emerging soft actuators are able to com-
plete movements in response to external stimuli, including
temperature, pH, humidity, light, and electric/magnetic fields.
Among these state-of-the-art actuators, synthetic polymers [e.g., poly
(N-isopropylacrylamide), poly(N,N-dimethylaminoethyl methacrylate),
poly(ethylene-co-vinyl acetate), and azobenzene polymers], have been
most commonly developed as the stimuli-responsive systems (7–14).
Additional components of these dynamic systems often include inor-
ganics, such as black phosphorous, graphene oxide, mesoporous silica,
and magnetic particles due to their electrochemical, thermal, and
optical properties (14–18). Although these materials are accessible,
they are difficult to tune due to their inherent physicochemical prop-
erties, and thus offer limiting programmable stimuli-responsive prop-
erties. Moreover, the majority of these actuators are not useful for
in vivo applications due to poor biodegradability, biotoxicity, inefficient
actuations in wet environments (19, 20). Therefore, it is attractive to
develop intrinsically biocompatible and biodegradable actuators with
the capacity for efficient, tunable, and controllable response to external
stimuli and complex shape deformation. Such natural, biopolymer-
derived actuators would be particularly highly demanded due to the
sustainable or ecofriendly material sources, the reusable or degradable

options for these devices, and the biocompatibility of such systems
when utilized in vivo. With the aim of exploiting an actuator that
consists entirely of biocompatible and biodegradable materials and
that can be used to recognize the changes of external signals effi-
ciently, we introduced the stimuli-responsive silk–elastin-like pro-
teins (SELPs) as the dynamic unit of the actuator. The genetically
engineered SELPs, with the unique combination of silk and elastin
domains, can predictably respond to the various stimuli (e.g., tem-
perature, ionic strength, light, pH, glucose, and enzymes, etc.) by
tuning the amino acid type located at the position “X” of the elastin
domains (GXGVP), yielding a series of proteins with tailored
stimuli-responsive characteristics (21–23). Besides that, elastin
domains provide elasticity, while hard silk domains (GAGAGS)
serve as the mechanical reinforcement motifs (21). Such SELPs
constructed by genetic engineering technology exhibit tunable
responsiveness by rational design, providing new sources to the
families of actuator systems (23).
Sensing and actuation of natural botanic systems are mainly

hydration driven (20, 24, 25). For example, the directionality of
movements of cone and seed pods are driven by the swelling
and de-swelling of cell walls and controlled by anisotropically
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orientated cellulose fibers (26–28). A well-known example of
such systems is the seed dispersal of ice plants through the
opening/closure movement of protective valves on the seed pods
(Fig. 1A). The protective valve opens due to the swelling of cell
walls caused by sufficient hydration, which is beneficial to ger-
mination of the seeds. In addition, the movements of double-
layer plant tissues are programed by highly evolved genetic designs
to encode the anisotropic arrangement of cellulose fibers in the
cell walls. These sophisticated plant actuation movements are ef-
ficient even without the assistance of a nervous system, exploiting
the unique structural features and response to environmental
stimuli. Such natural strategies can be utilized as a guide to the
fabrication of biomimetic soft robotics and microactuation systems
with rapid responses and programmable execution. In homage
to the wizardry of nature, we present a stimuli-responsive SELP/
cellulose nanofiber (CNF) asymmetric bilayer actuator with the
capability of imitating similar movements of living organisms with
predictability and control. Besides, the biomimetic SELP/CNF
actuators with fine-tuning and programmable deformations by
rational design have been demonstrated.

Results and Discussion
Design of SELP/CNF Actuators. The components of our systems are
all sustainable biopolymers, as shown in Fig. 1B. Temperature
and ionic strength are the most common physiological signals
detected. Herein, the SELP [S2E8R, block copolymer design with
silk (S) domains (GAGAGS)2, and elastin (E) domains with
sequence (GVGVP)4 (RGYSLG) (GVGVP)3] that can respond
to the changes in temperature and ionic strength was selected.
To transform such protein chains into macroscopic materials to
mimic the hydration-driven swelling/deswelling phenomenon of
plant cell walls, the soft hydrogel with water absorbance property
turns out to be an ideal option for the biocompatible actuators
(29, 30). SELP hydrogels with high water content undergo sig-
nificant and reversible changes of volume in response to external
stimuli that allow the design of systems with reversible shape
transformations. In plant cell walls, the arrangement of cellulose
fibers affects the directional movement of plants as mentioned
earlier. In addition, due to the thermal stability and chemical
inertness, cellulose and its derivatives are potential candidates as
passive domains for actuators. Inspired by these principles, CNF-
based substrate was utilized as reinforcement and passive phases
for our actuator designs.

Here, we adopt an efficient approach to fabricate biomimetic
SELP/CNF actuators by using a layer-by-layer construction strat-
egy. Briefly, CNF membranes were prepared via vacuum filtration
of CNF suspensions. The SELP hydrogels were rapidly formed by
casting mixed SELP/horseradish peroxidase (HRP)/H2O2 solu-
tions onto the CNF membranes with the assistance of a poly-
dimethylsiloxane (PDMS) border mold. The PDMS mold was
removed after the cross-linking of the SELP hydrogel, to obtain
the bilayer structures of the SELP/CNF actuators (Fig. 1C). SELP/
CNF actuators with performances of reversible shape changes can
be attributed to the swelling/deswelling of the SELP hydrogels
resulting from water transportation upon triggering with external
stimuli of temperature and ionic strength.

Stimuli-Responsive Property of SELP Hydrogels. To translate the
protein folding–unfolding upon trigger at the molecular level
into reversible and tunable physical property changes at a mac-
roscopic scale, SELP was designed with a tyrosine residue in the
elastin blocks to form hydrogels via an enzymatic cross-linking
reaction based on HRP (21). SELPs were biosynthesized via
seamless cloning strategies and purified via inverse temperature
transition cycling. The purified SELPs with molecular weights of
∼46.2 kDa were characterized by matrix-assisted laser desorption
ionization–time of flight (MALDI-TOF) (SI Appendix, Fig. S1).
Tyrosine sites of the elastin domains were enzymatically cross-
linked by HRP/H2O2 reactions to generate the SELP hydrogels
using our previously reported procedures (31). Optically trans-
parent SELP hydrogels emitted a luminous blue fluorescence
under UV due to the formation of di-tyrosine bonds, a feature
absent in the precursor solution (SI Appendix, Fig. S2).
Mostly, SELPs are known to undergo a phase transition in

aqueous solution upon heating above their lower critical solution
temperatures (LCSTs) (32). In order to investigate the stimuli-
responsive properties of the SELP hydrogels, ionic strength and
temperature stimuli were used to trigger deionized (DI) water-
equilibrated hydrogels with a protein concentration of 2.5 wt%.
Differential scanning calorimetry (DSC) (Fig. 2A) shows that the
SELP hydrogels exhibited LCSTs at 15 and 25 °C when sub-
merged in 1 M NaCl solution and DI water, respectively.
Meanwhile, the exothermic transition during cooling and heating
supported a reversible temperature transition for the SELP
hydrogels. Previous work demonstrated that elastin-like proteins

A

B C

Fig. 1. Design of the bionic actuators. (A) Inspiration from the hydration-dependent actuation of ice plant seed capsules. (B) Illustration of the genetically
engineered SELP and wood-derived cellulose and their molecular structure. (C) Schematic diagram of the assembly process of the bilayer SELP/CNF actuators,
and the reversible deformation of the actuator under various stimulations.
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are soluble in the aqueous solution below the transition tem-
perature, and they undergo a hydrophobic collapse accompanied
by a reorientation of water molecules and restructuring of hy-
drogen bond networks above the transition temperature, resulting
in the structural transition to a contracted, aggregated state (33,
34). In the present work, the contraction behavior of SELP
hydrogels in DI water and NaCl solutions was observed when the
temperature was higher than the corresponding LCSTs (SI Ap-
pendix, Fig. S3 and Fig. 2B). The aggregated SELP molecules in
the hydrogels are therefore likely responsible for the shrinking
phenomenon. In addition, SELP hydrogels displayed a decreased
LCST in NaCl solution, suggesting that the structural folding of
SELP molecules is more intense in the aqueous solvent with high
ionic strength. Since ions that diffuse into the protein can react
with the charged atoms in the peptide chains more strongly, and at
the same time, these ions can also promote hydrogen bonds within
the peptides. These effects would facilitate the structural transi-
tion (35). The thermal-reponsive properties of the SELP hydrogels

were further quantitatively studied by recording weight changes
when immersed initially in DI water at 4 °C to reach equilibration,
followed by immersion in DI water at 60 °C, above the LCST (25
°C). The SELP hydrogels shrunk to about 67.2% of the original
weight due to the thermoresponsive properties (SI Appendix, Fig.
S3). Fig. 2B shows that the maximum shrinkage of the SELP
hydrogels increased from 75.4 to 92.1% by increasing the con-
centration of NaCl in solution from 50 mM to 1 M after reaching
equilibrium at room temperature. These results confirmed the
chemoresponsive capability of these SELP hydrogels. The SELP
hydrogels submerged in the NaCl solutions exhibited higher
deswelling ratios in comparison with hydrogels triggered by ther-
mal stimulus. The reason is that the ions can promote the struc-
tural folding of SELP molecules, thus facilitating the deswelling of
the SELP hydrogels (35). Beyond that, the osmotic pressure in-
duced by the NaCl solution also facilitates the contraction of
SELP hydrogels. Moreover, a maximum deswelling ratio of 96.5%
was observed when the hydrogel was placed in the 500 mM NaCl

A

C

D E

B

Fig. 2. Characterization of stimuli-responsive SELP hydrogels and actuation of site-selective SELP/CNF actuators. (A) DSC heat flow versus temperature curves
in DI water and 1 M NaCl, suggesting the stimuli-responsive properties of SELP hydrogels (solid lines and dashed lines represent the heating and cooling
processes, respectively). (B) Deswelling ratios of the SELP hydrogels and CNF membranes upon exposure in NaCl solutions at room temperature. The Insets are
the photographs of the SELP hydrogels in swollen states in DI water at 4 °C and the contractive SELP hydrogels immersed in NaCl solutions at room tem-
perature. (C) Schematic of 2D predictions, and photographs of 3D programmable SELP/CNF actuators in response to NaCl solution at room temperature. (D)
SEM images showing the micromorphological changes of (D1) SELP/CNF bilayer actuators and (D2) SELP hydrogels in swollen states at 4 °C DI water, SELP
hydrogels in contracted states at (D3) 1 M NaCl solutions at room temperature and (D5) 60 °C DI water, respectively, and (D4 and D6) equilibrated back to 4 °C
DI water of (D3 and D5), indicating the reversibility after exposure to stimuli. (E) One cycle of biomimetic closure–bloommovement of flower-shaped SELP/CNF
actuators. (Scale bars: C and E, 10 mm.)
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solution at 37 °C, indicating the dual (salt, temperature) stimuli-
responsive features of the SELP hydrogels (SI Appendix, Fig. S4).
The dual stimuli-responsive features of SELP hydrogels were
characterized by dynamic mechanical analysis. Viscoelastic prop-
erties, including storage and loss modulus of the SELP hydrogels,
were measured in water at various temperatures and in 1 M NaCl
solution. An increase of hydrogel stiffness was observed when the
temperature was above the LCST or treated in the NaCl solutions,
due to the deswelling properties (SI Appendix, Fig. S5).
The cyclic stimuli (temperature and ionic strength)-triggered

volumetric changes of the SELP hydrogels were evaluated after
switching the external solvent from the stimulus conditions (in-
cluding DI water at 60 °C and 500 mM NaCl solution at room
temperature and 37 °C) to the reverse conditions (e.g., DI water
at 4 °C) for more than 10 cycles (SI Appendix, Figs. S6 and S7).
The deswelling ratios were relatively constant over these repetitive
temperature and ionic strength cyclic stimulations, suggesting that
the thermal and ionic strength responses of the SELP hydrogels
were reversible and reproducible. The SELP hydrogels in NaCl
solutions achieved maximum deswelling over about 20 min com-
pared with the thermal stimulation process, which takes around
40 min in DI water at 60 °C. However, all of the contracted SELP
hydrogels returned nearly to their original size when equilibrated
back to 4 °C in DI water for ∼30 min. The changes in the mo-
lecular structure of SELP hydrogels upon application and removal
of the external stimulus were assessed by Fourier transform in-
frared spectroscopy (FTIR) (SI Appendix, Fig. S8). The percentages
of secondary structures were calculated by fitting the Fourier self-
deconvoluted amide I peak using a previously published method
(36). FTIR analysis indicated that the percentage of random coil
decreased, and the percentage of β-turn increased when the tem-
perature or ionic strength was increased. The percentages of ran-
dom coil and β-turn almost returned to their original values after
the stimulus was removed. This reversible structural change is the
main driving force that causes the reversible contraction of the top
SELP layer. In addition, the absence of absorbance peak in the
region of 1,624 cm−1 representing the presence of β-sheets sug-
gested that there was no irreversible ordered secondary structure
formation. This finding also supports the explanation of the re-
versibility of the SELP hydrogels.

Stimuli-Responsive Actuation of SELP/CNF Actuators. CNF suspensions
were prepared from the ultrasonic treatment of wood cellulose
pulps to form nanofiber bundles with diameters of several hundred
nanometers, as previously reported (37). After vacuum filtration of
the CNF suspension, translucent CNF membranes were formed
with three-dimensional (3D) interwoven network structures (SI
Appendix, Fig. S9 A and B). The intrachain and interchain hydrogen
bonded networks on the surface of the CNF bundles endowed the
CNF membranes with flexible and tough mechanical properties,
critical for repetitive folding and actuation (SI Appendix, Fig. S9C).
Furthermore, in contrast to the SELP hydrogels, the CNF mem-
branes maintained their original size when immersed in NaCl so-
lutions and DI water at 60 °C, thus serving as the passive component
for the bilayer systems (Fig. 2B and SI Appendix, Fig. S10).
SELP/CNF bilayer actuators capable of complex deformations

were achieved via a selective local cross-linking reaction (SI
Appendix, Fig. S11). CNF membranes were tailored into specific
shapes, and covered with various shapes of PDMS molds at
specific positions on their surfaces. Mixed SELP/HRP/H2O2 solu-
tions were added into the PDMS molds, resulting in the formation
of SELP hydrogels with specific shapes at the contact location due
to the rapid cross-linking reaction. The stimuli-responsive SELP
hydrogels with reversible swelling/deswelling properties were
employed as the active domains in these bilayer designs. The
natural tendency was for the bilayer systems with asymmetric

volumetric changes to bend toward the SELP side of the bilayer
upon stimulation due to coalescence of the active layer. Thus, the
site-specific deposition of SELP hydrogels can be used as localized
“hinges” to control where folds were formed. The performance of
these SELP/CNF actuators was qualitatively estimated prelimi-
narily by fabricating simple models with biomimetic patterns and
using the stimulus of exposure to 1 M NaCl solution at room
temperature. Various 3D origami-like geometries were obtained,
such as claws, fingers, butterflies, and petals of flowers (Fig. 2C)
guided by the localized bend of hinge regions and designed to
mimic shapes found in nature. The movements, like grasping,
bending, lifting, and packaging, were employed by taking advan-
tage of the site-specific deposition and deswelling of the SELP
hydrogel components. In general, the final structure of the models
was mainly determined by the location of the SELP hydrogels on
the surface of the CNF layer and the shapes of the CNF utilized.
This series of programmable actuations induced by predictive
designs demonstrated the potential to control selective mechanical
motility with complex structures.
The structure of the SELP/CNF bilayers and the structural

transformations in SELP hydrogels upon stimuli were charac-
terized by scanning electron microscopy (SEM) (Fig. 2D). The
cross-sectional SEM images of water equilibrated SELP/CNF
bilayer actuators display an enlarged interface to confirm that
the SELP hydrogel was intimately associated with and infused
with the underlying CNF membrane during the enzymatic cross-
linking reactions (Fig. 2 D, panel 1 and SI Appendix, Fig. S12).
The conditions for enzymatic cross-linking reaction were con-
trolled so that the gelation occurred rapidly to avoid excessive
infiltration of the SELPs into the CNS layer yet to ensure effi-
cient binding between the two layers. This fabrication approach
supported the functional integrity of the materials and avoided
delamination during actuation. The SELP hydrogels with inter-
connected porous network structures also served as reservoirs for
water to support sufficient hydraulic transport (Fig. 2 D, panel
2). The coalesced aggregated structures of the SELP layers were
observed after exposure to 1 M NaCl solution and DI water at
60 °C due to water desorption (Fig. 2 D, panels 3 and 5). The
morphology of the SELP layers almost recovered to its original
state when reequilibrated in DI water at 4 °C (Fig. 2 D, panels 4
and 6). The reversible actuating performance of the SELP/CNF
system was demonstrated by actuators consisting of flower-shaped
CNF membranes stained with waterproof dyes and a SELP
hydrogel located at the center of the membrane (Fig. 2E). The
bionic closing–blooming movements of these flower-shaped ac-
tuators were achieved by placement into 1 M NaCl solution and
then back into DI water at 4 °C for 30 min, harnessing the re-
versible swelling/deswelling properties of the SELP hydrogels.
The actuation performance of these SELP/CNF bilayers with

the typical rectangular shape of 1 × 6 mm was evaluated in re-
sponse to the changes of temperature and ionic strength. The
bilayer actuators bent toward the SELP side upon stimulation due
to the asymmetric volumetric changes in the two layers, forming a
bent arch with a curvature radius of r. The bending curvature
(i.e., 1/r) of the bilayer actuators was controlled by changing the
thickness ratio of the active SELP layer to the passive CNF layer.
The thickness ratios could be tuned by varying the thicknesses of
the CNF layer while keeping the thickness of SELP layer constant
(SI Appendix, Fig. S13). The bending curvature of SELP/CNF
bilayers was significantly affected by the thickness ratio. In Fig. 3A,
the experimental data show that the curvature of SELP/CNF bi-
layers increased with the thickness ratio. These results were sup-
ported by the modified Timoshenko bimetallic thermostats theory,
which can be used to predict the relationship between the thickness
ratio and curvature of bilayers when consisting of distinct materials
(5, 20, 28, 38, 39):
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1
r
= 6« 1 +m( )2
h 3 1 +m( )2 + 1 +mn( ) m2 + 1

mn( )( )
,

where E and h are the elastic moduli and the thickness of the
layers, respectively; h is the total thickness (h = hSELP + hCNF),
n = ESELP/ECNF, m = hSELP/hCNF; and « is the difference in
expansion coefficient between the two layers. In the present
work, « corresponds to the volumetric contraction difference
between the two layers upon NaCl stimulation. The elastic mod-
ulus of SELP hydrogels was calculated as 288 Pa based on the
contraction force measurements (SI Appendix, Fig. S14), while
the tensile Young’s modulus of the CNF layer was ∼0.71 MPa
(SI Appendix, Fig. S15). The experimental values fit well with the
theoretical values, especially for bilayers with SELP/CNF thick-
ness ratios less than 10. The larger deviation between the exper-
imental and theoretical values at thickness ratio of 10 is probably
due to the larger deformations of the SELP/CNF actuators,
which are not well accounted for in the theoretical models
(Fig. 3A). Additionally, to investigate the upper limit of the
bending behavior, the maximum diameter changes (MDCs) were
defined to evaluate the extent of deformation of the SELP/CNF
actuators with various thickness ratios (SI Appendix, Fig. S16A),
followed by exposure of these strips to NaCl solutions with vary-
ing concentrations at room temperature (Fig. 3B). The MDC of
all actuators increased with increasing salt concentration from
0.5 to 500 mM, and the MDC of actuators with thickness ratio of
10 reached 90.4% in the 500 mM NaCl solution. These results
suggested that the MDC of the bilayer actuators was propor-
tional to the amount of SELP hydrogel and concentration of the
NaCl solution, but with an inverse relationship with the thickness
of the CNF membrane. Furthermore, Fig. 3C shows the actuation
time of the SELP/CNF actuators with thickness ratio of 10, where
more than 80% of the shape change occurred within 10 min. The

Insets in Fig. 3C are photographs of the bending of SELP/CNF
strips at different actuation times. Over time, the degree of de-
formation increased. Such rectangle strips gradually bent to the
upper limit and deformed to the coiled shapes with tight curva-
tures. Fig. 3D confirmed the reversible actuation movement of
SELP/CNF strips with thickness ratio of 10 during continuous
changes of NaCl concentration from 0 to 500 mM over 100 cycles.
The shape transformations were completely reversible, and the con-
stant amplitude curve during the shape-relaxation actuation of the
MDC is shown after each stimulation cycle, again demonstrating
good stability and reversibility of the SELP/CNF actuators. In ad-
dition, the reversible movement of actuators switched from the
500 mM NaCl to 4 °C DI water was revealed by SEM analysis,
and the strongly attached bilayers were observed during cycles (SI
Appendix, Fig. S16 B–E). The similar scenarios of the SELP/CNF
actuators as in the preceding discussion were also performed by
varying the temperature of the DI water. The MDC of the SELP/
CNF strips with thickness ratio of 10 was positively related to the
temperature (SI Appendix, Fig. S17A). The Insets in the SEM
image exhibit the curved SELP/CNF strips upon exposure to
water at 60 °C, and the bending strips eventually straighten back to
their initial state when cooled in the water at 4 °C (SI Appendix,
Fig. S17B).

Programmable Actuation of Multilayer SELP/CNF Actuators. Inspired
by the closure movements of flora, we generated biomimetic
multilayer actuators to achieve programmable and complex ac-
tuation by employing the SELP/CNF system. The original structure
of the multilayer actuator was composed of six layers of alternating
petal-shaped CNF membranes as the passive domains and SELP
hydrogels as the active domains. Similar to the selective local cross-
linking reaction above, three petal-shaped CNF membranes with
descending petal sizes were prepared, and a specific volume of the

A B

C D

Fig. 3. Quantitative analysis of the stimuli-responsive SELP/CNF bilayer actuators. (A) Bending curves for the bilayer strip actuators depending on the
thickness ratio of the SELP to the CNF layer in 0.5 M NaCl solutions at room temperature. (B) MDC curves of the bilayer strip actuators with various thickness
ratios, and (C) MDC versus time curves of bilayer strip actuators with thickness ratio of 10 in response to 0.5, 5, 50, and 500 mM NaCl solutions at room
temperature, respectively. The Insets are photographs of bending strip actuators at the corresponding time points. (Scale bar, 5 mm.) (D) Cyclic stability of the
MDC of the bilayer strip actuators with thickness ratio of 10 under stimuli changes from 4 °C DI water to NaCl solutions at room temperature.
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SELP hydrogel was cross-linked above the center of each CNF
membrane, respectively. Then, three SELP/CNF bilayer units were
stacked together in a vertical fashion to form the six-layer struc-
tures by exploiting the viscosity of the SELP hydrogels. The area of
the SELP hydrogel covered on each layer of CNF membrane was
adjusted by varying the volume of the mixed SELP/HRP/H2O2
solution and confined within the circular PDMS molds (Fig. 4A).
As the degree of contraction of the SELP hydrogels increased in
response to the 1 M NaCl solutions over time, the CNF layer
gradually bent to its limit in 20 min. In the present actuator design,
the resultant bending directions and final bending angles of the
CNF layer were constrained by the location and area ratios cov-
ered by the SELP hydrogels. With the increase of coverage in
terms of area ratios from the bottom to the top layer, the bending
angles of the CNF layer increased, and the maximum bending
angle of the top CNF layer reached ∼90° (Fig. 4A, SI Appendix,
Fig. S18, and Movie S1). Finally, the area ratios of each petal-
shaped CNF layer covered by the SELP hydrogels could be
finely tuned, ultimately obtaining a bionic flower shaped actuator.
Furthermore, finite element simulations (finite element analyses
[FEAs]) were performed to predict the shape morphing of the
assembled structures. The design of a 3D FEA model was based
on the actual geometrical configuration (Fig. 4B). Similar to the
experimental data, the magnitudes of bending angles of the CNF
layers were relevant to the structural configurations resulting from
the extent of contraction of the SELP hydrogels processed at
different time points and the area ratio covered by the SELP
hydrogels. As a result, the combination of experimental data and
simulation approach confirmed that the biomimetic SELP/CNF
actuators could be programmed by rational design.

Conclusions
In summary, learning from the hydration-driven botanic systems,
we presented a stimuli-responsive actuator built from rationally

designed genetically engineered SELP and CNF. The biocom-
patible SELP/CNF actuators take advantage of the characteristic
of the SELP hydrogels that can respond to the changes in tem-
perature and ionic strength, supporting intricate morphological
transformations via prepatterned control of the materials assembly.
Quantitative analysis of the final geometry allowed for predictions
of deformation when trigged with stimuli, thus the ability to fine-
tune actuators and shape changes of the structures. Stable reversible
deformations and durability of SELP/CNF actuators were further
demonstrated. Moreover, inspired by the motions from living or-
ganisms, biomimetic actuator movements (e.g., multilayer petals
blooming and their closure) were achieved. Genetically engineered
proteins with tunable stimuli-responsive properties are used as the
dynamic unit to fabricate the deformable actuators. A series of di-
verse stimuli-triggered actuators that can respond to light, pH,
glucose, and enzyme signals should also be feasible by incorporating
sequences based on the SELPs library we previously developed (21,
22). We anticipate that such biocompatible actuators can provide an
avenue to customized responsiveness toward applications for
in vivo biomedical soft robotics and bionic devices.

Materials and Methods
Expression and Purification of SELP and CNF. All chemicals were purchased
from Sigma-Aldrich or Fisher Scientific, unless otherwise noted, and were
used as received. The expression, production, and purification of the SELPs
were performed according to our previous work (21). Briefly, the multimer
genes SELP [(GAGAGS)2 (GVGVP)4 (RGYSLG) (GVGVP)3] were inserted into
the pET-19b3 expression vector in Escherichia coli strain BL21Star (DE3)
(Invitrogen). For the production and purification of SELP, the recombinant
strains were grown in 500-mL flasks containing 100 mL of Luria–Bertani
medium for overnight culture in a shaking incubator at 250 rpm, 37 °C. A
100-mL seeding culture was transferred to 2 L of yeast extract medium for
fermentation at 37 °C. Cells were induced with 1 mM isopropyl-β-D-thioga-
lactopyranoside when the optical density at 600 nm reached ∼10. After 6-h
induction, cells were harvested by centrifugation at 8,000 rpm for 15 min at
4 °C. SELPs were purified using the inverse temperature cycling method. The

A

B

Fig. 4. Biomimetic multilayer SELP/CNF actuators. (A) Schematic of the structure designs and the photographs of the transformation process of the petal-
shaped actuators over time in 1 M NaCl solutions at room temperature. The color of actuators was stained by waterproof inks. (B) Result of COMSOL
simulation.

Wang et al. PNAS | June 23, 2020 | vol. 117 | no. 25 | 14607

SU
ST

A
IN
A
BI
LI
TY

SC
IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002996117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002996117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2002996117/video-1


www.manaraa.com

bacterial pellet was resuspended in PBS with lysozyme, and the cells were
dispersed by sonication on ice. The cell lysate was cleared by centrifugation
at 8,000 rpm for 15 min at 4 °C, and then the supernatant containing SELP
was diluted by 2× TN buffer, incubated at 70 °C for 2 h, and centrifuged at
5,000 rpm for 3 min at 40 °C. The supernatant was then discarded, and the
pellet containing SELP was recovered by DI water at 4 °C overnight followed
by another cold spin at 8,000 rpm for 15 min at 4 °C. The supernatant con-
taining the purified SELP was dialyzed (MWCO, 3.5 kDa) against DI water for
24 h. The purity of the protein was determined by MALDI-TOF (Bruker Cor-
poration). The yield of lyophilized SELPs was ∼1 g of purified protein per liter
of culture medium. The CNFs were derived from poplar wood according to our
reported methods (37). The purified cellulose suspensions were nanofibrillated
by a Branson 450 Sonifier (Branson Ultrasonics Company) at 40% amplitude
with interval of 10 s for 30 min to generate a 0.5 wt% wood CNF suspension.

Preparation of Cross-Linked SELP Hydrogels and CNF Membranes. SELP
hydrogels were prepared using an enzymatic cross-linking method (21). The
lyophilized SELP powder was dissolved in DI water at 4 °C for 4 h to form a
SELP solution. HRP, type VI (Sigma-Aldrich), powder was mixed with DI water
to form a 40 mg·mL−1 with a concentration of 10,000 U·mL−1 HRP stock
solution. To fabricate a 2.5 wt% SELP hydrogel, 10 μL of 0.1 wt% hydrogen
peroxide (H2O2) solution was added into 250 μL, 2.5 wt% SELP solution, for a
final concentration of 1.1 mM and then a 5 μL HRP stock solution was added
into SELP/H2O2 mixture solution (200 U HRP/mL SELP) to initiate the cross-
linking reaction. The reaction mixture was mixed by gentle shaking to ini-
tiate gelation and incubated overnight at 4 °C. Homemade PDMS molds
with various patterns were prepared using a laser cutter. CNF membranes
were fabricated by vacuum filtration of the CNF dispersions through a
Sigma-Aldrich vacuum filtration assembly, which was covered with a com-
mercial polycarbonate filtration membrane (pore size, 0.2 μm). The thickness
of the as-prepared CNF membranes, for example, with diameters of 16 mm
could be tuned by changing the volume of the 0.5 wt% CNF dispersions
(e.g.,700, 900, 1,000, and 1,500 μL) used.

Preparation of SELP/CNF Actuators. To fabricate selective local cross-linking
SELP/CNF actuators, well-mixed SELP/HRP/H2O2 solutions were poured into
the PDMS molds covering the surface of the patterned CNF membranes. It
should be noted that the primary cross-linking process of SELP hydrogels
completed in several seconds. After complete cross-linking for 12 h at 4 °C,
the PDMS molds were easily separated. Additionally, staining with water-
proof inks was used for imaging CNF membranes with a digital camera. For
the fabrication of SELP/CNF strip actuators, 250 μL of well-mixed SELP/HRP/
H2O2 solutions were rapidly cast onto the CNF membranes with the help of a
circular PDMS mold with the diameter of 16 mm. After complete cross-linking
for 12 h at 4 °C, the PDMS molds were removed, and the bilayer SELP/CNF
actuators were immersed into DI water overnight to remove residue reagents.
SELP/CNF bilayer strips with dimensions of 10-mm length and 6-mm width
were tailored for the assessment of actuation performance. For the fabrication
of six-layer SELP/CNF petal-shaped actuators, we first cut CNF membranes into
the shape of petals with the outer diameter sizes of 50, 32, and 17 mm, and
255, 255, and 80 μL of well-mixed SELP/HRP/H2O2 solutions were rapidly cast
onto the three petal-shaped CNF membranes correspondingly to carry out the
cross-linking reaction with the assistance of the circular PDMS molds with the
diameter of 16, 16, and 10 mm. The three petal-shaped SELP/CNF actuators
with descending petal sizes from the bottom to top were stacked together
with the vertical fashion due to the viscosity of the SELP hydrogels sandwiched
between the middle layers of the six-layer structure.

Detailed material characterizations are shown in SI Appendix.

Data Availability. All relevant data are included herein or in SI Appendix.
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