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ABSTRACT: Engineered living materials (ELMs) that incorporate
living organisms and synthetic materials enable advanced functional
properties. Here, we seek to create plant cyborgs by combining plants or
plant tissues with stimuli-responsive polymeric materials. Plant tissues
with integrated shape control may find applications in regenerative
medicine, and the shape control of living plants enables another
dimension of adaptability and response to environmental threats, which
can be applied to next-generation precision farming. In this work, we
develop chemistry to integrate stimuli-responsive poly(N-isopropyla-
crylamide) (PNIPAM) hydrogels with decellularized plant tissues
assisted by 3D printing. We demonstrate programmable shape
morphing in response to thermal cues and ultraviolet (UV) light. Specifically, by taking advantage of the extrusion-based 3D
printing method, we deposit nanocomposite PNIPAM precursors onto silane-treated decellularized leaf surface with prescribed
shapes and spatial control. When subjected to external stimuli, the strain mismatch generated between the swellable nanocomposite
PNIPAM and nonswellable decellularized leaf enables folding and bending to occur. This strategy to integrate the plant tissues with
stimuli-responsive hydrogels allows the control of leaf morphology, opening avenues for plant-based biosensors and soft actuators to
enhance food security; such materials also may find applications in biomedicine as tissue-engineering scaffolds.

The emerging field of ELMs aims to produce smart
materials that can respond and adapt to environmental

changes, that can self-heal, and that can perform these tasks
dynamically and autonomously. This is achieved by integrating
living biological systems with synthetic materials,1,2 thereby
opening new avenues in applications such as biosensors,3

remediation,4 and soft robotics.5 The living cells or tissues are
generally engineered through genetic modification, chemical
functionalization, or simply doped with synthetic materials to
produce the desired properties.
Plants as complex biological systems exemplify what nature

is capable of generating from spores or seeds to highly ordered
hierarchical structures that can adapt to the external environ-
ment in a spatiotemporal manner.6 Endeavors toward
developing plant-based materials with new functionalities
have been made in the past several years.6,7 Specifically, the
Berggren group reported electronic plants by incorporating
electrically conductive polymers into the internal structure of
plants.8 The Strano group showed plant-based photonics by
infiltrating nanoparticles to plant mesophyll.9 The Appel group
demonstrated fire prevention in high-risk landscapes through
spray application of cellulose-based viscoelastic fluid on
vegetation.10 Chen et al. developed a Venus flytrap-based
soft actuator by modulating the flytrap’s electrophysiology
using a conformable electrode consisting of hydrogel/gold
nanomesh elastomer composite.11 Despite the recent advances,
it is still challenging to create plant-based materials that can

transform into programmable shapes in response to external
stimuli with spatial and temporal precision.
The long-term goal for our project is to endow the living

plants with programmable shape control in response to
environmental cues by the incorporation of stimuli-responsive
hydrogels. Ultimately, it could serve as a platform for the
biosensor to reflect plants’ health and monitor their growth. To
begin with, we have studied the decellularized plant tissues,
which have drawn much attention recently as substitutes for
animal tissues, due to their lower cost, higher accessibility,12

biocompatibility, and environmentally friendly processing
procedures.13 Moreover, the plant’s native vascular structure
follows Murray’s law, matching the mammalian tissue
hierarchy.14 With the network essential to gas and nutrients
transport, a wide range of mammalian cell lines can attach to
the decellularized plant tissue with high survival rate.13,15

Gershlak et al. successfully demonstrated the potential of
decellularized plants as scaffolds for tissue engineering by
recellularized the decellularized spinach leaves with human
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endothelial cells.16 The Pelling group showed that the
decellularized apple tissue can be used as a 3D cellulose
scaffold for culturing mammalian cells in vitro.17 Furthermore,
this group also reported that the cell attachment and invasion
can be improved by casting collagen hydrogel onto the
decellularized apple tissue scaffold.18 Thus, there is a large
potential of plant tissue ELMs as a platform for biosensors and
soft actuators.
In this work, we report a strategy to create adhesion at the

interface of the plant-synthetic polymer that enables program-
mable shape-morphing in response to temperature and UV
light. A hydrogel is a three-dimensional (3D) network
consisting of cross-linked hydrophilic polymers that can retain
a large amount of water. Among these, PNIPAM is a well-
known temperature-responsive hydrogel that possesses lower
critical solution temperature (LCST) around 32 °C,19 which is
a safe actuation temperature that would not damage the plants.
The addition of nanoparticles to PNIPAM-based hydrogels
allows us to readily tune the rheological properties to enable
extrusion-based 3D printing20 and endows the PNIPAM
nanocomposite hydrogels with responsiveness to various
stimuli.21 In addition, the LCST can be shifted with a range
around 20−50 °C by further changing its composition, pH and
ionic strength,22 offering a wide range of temperature control
to fulfill different usage scenarios. The plant-based soft actuator
is prepared by patterning the nanocomposite PNIPAM onto
the surfaces of decellularized leaves via extrusion-based 3D
printing. Upon immersing the decellularized leaf/nanocompo-
site PNIPAM bilayer structure in a water bath at 22 °C, the
strain-mismatch generated between the swellable nanocompo-
site hydrogel and nonswellable decellularized leaves led to the
shape transformation (i.e., folding or bending). We note that
this phenomenon is reversible due to the reversible swelling
and deswelling of the nanocomposite PNIPAM as the
temperature is below or higher than LCST, respectively. The
incorporation of graphene oxide (GO) within the nano-
composite PNIPAM further enables remote light responsive-
ness owing to the photothermal effect of GO,21 where it serves
as a local heater within the PNIPAM to raise the temperature
above LCST, resulting in the deswelling of the PNIPAM
network. As a proof-of-concept, we demonstrate the program-
mable shape morphing behavior using two kinds of nano-
composite PNIPAM hydrogels, which are nanoclay (NC)-
PNIPAM and GO-NC-PNIPAM, that possess temperature and
light responsiveness by external stimuli, respectively. We
anticipate that the concept and strategy employed in this
work to create plant-based shape morphing actuators will
further push the development of plant cyborgs in living
systems.
Spinacia oleracea (spinach) was chosen as our model plant

because they are readily available, soft, flat (i.e., low curvature),
and have smooth surfaces without hairy structures, which can
facilitate printing and attachment of the hydrogels due to the
better contact compared to the ones with hairy surfaces.
Spinach leaves were obtained from local grocery stores were
decellularized using sodium dodecyl sulfate (SDS) and bleach
treatment, adapted from previously reported methods.16

Leaves became translucent after 5 days of immersing in 10
wt % SDS in Millipore water and then became transparent with
additional 5−7 days of immersion in the mixture of 0.1% triton
X-100 and 1% bleach solution (Figure 1A). We note that one
of the benefits of using decellularized leaves is that the
mechanical properties can be readily controlled by varying the

bleach concentration. The Young’s modulus of the surface of
the leaves decreased 2 orders of magnitude (2373 to 51 kPa)
by increasing the bleach concentration from 0 to 5% (v/v;
Figure 1B). Through optimization, we chose 1% (v/v) bleach
concentration, because it reproducibly yielded decellularized
leaves with Young’s modulus of 758 kPa (Figure 1B), which is
not only strong enough to maintain the structural integrity but
also soft enough to be deformed. To evaluate the
decellularization process, we carried out a BCA assay using
pulverized leaves resuspended in 10 mM potassium phosphate
buffer to quantify the protein concentration in each step. It
shows that the protein content decreased significantly from
2520.8 ± 364.6 μg/mL per gram of native leaves to 356.3 ±
68.3 μg/mL per gram after soaking in SDS and further
decreased to 70.5 ± 29.9 μg/mL per gram after decellulariza-
tion (Figure 1C), which proves that the decellularization
process was successful.
The nanocomposite hydrogel precursor consists of NIPAM

as the monomer, N,N′-methylenebis(acrylamide) (BIS) as a
cross-linker, Irgacure 2959 as a photoinitiator, and NC as a
rheological modifier. NC is a two-dimensional (2D) disc with
∼25 nm diameter and ∼1 nm thickness. The positively charged
edges and negatively charged surfaces of NC discs allow them
to form a so-called “house-of-cards” structure through
electrostatic attraction upon dispersion in water,23 which
endows the NC-PNIPAM precursor ink with shear-thinning
property (Figure 2A) and solid-like behavior (storage modulus
G′ > loss modulus G′′) (Figure 2B). Although the addition of
GO slightly decreases the viscosity and G′, the shear-thinning
property (Figure 2A) and solid-like behavior (Figure 2B) are
preserved for GO-NC-PNIPAM precursor ink. The program-
mable leaf-based soft actuator is created by patterning the
nanocomposite PNIPAM hydrogels and the decellularized
leaves into a bilayer structure using extrusion-based 3D
printing,24 where the nanocomposite PNIPAM precursor ink
was deposited onto the decellularized leaf surface and printed

Figure 1. (A) Decellularization process of (i) native spinach leaf, (ii)
soaking in 10% (w/v) SDS solution after 5 days, followed by soaking
in the mixture of triton X-100 and bleach solution; (B) Young’s
modulus of the surface (yellow) and midrib (green) of the
decellularized leaves after soaking in bleach solution with different
concentrations varying from 0 to 5% (v/v). (C) Protein concentration
was quantified using a bicinchoninic acid (BCA) protein assay.
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into the prescribed shape at the desired location (Figure 2C).
We note that the decellularized leaves were treated with
functional silane 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) before 3D printing of the nanocomposite
PNIPAM precursor to allow the formation of a self-assembled
layer of TMSPMA, as assisted by hydrogen bonding between
the silane and the hydroxyl groups on the surfaces of
decellularized leaves.25 After 3D printing, the bilayer structure
of the nanocomposite PNIPAM precursor/decellularized leaf
was transferred to a homemade humidity box and exposed to
UV light irradiation (253 mW/cm2, 142 s) to photo-cross-link
the PNIPAM precursor. During the photo-cross-linking, the
methacrylate terminal group of TMSPMA copolymerized with
the acrylate group of PNIPAM under the free radical
polymerization process, creating covalent bonds that ensures
strong adhesion between the decellularized leaf and the
nanocomposite PNIPAM hydrogel layer, which is the essential
requirement for the shape morphing process (Figure 1D).
When immersing the decellularized leaf/nanocomposite
PNIPAM bilayer structure at a temperature below LCST
(i.e., 23 °C), the PNIPAM hydrogel swells (i.e., expansion in
volume) by absorbing water. Thus, the strain mismatch
between the swelled PNIPAM and nonswelled decellularized
leaf leads to out-of-plane deformation. On the other hand,
increasing the temperature above LCST (i.e., 45 °C) results in
the flattening of the bilayer structure due to the deswelling of
hydrogels, yielding a shrinkage in volume because the polymer
network collapses and expels water.19 Due to the photothermal
effect of GO, the out-of-plane deformation and flattening
process can also be controlled by turning off and on the UV
light, respectively, in which GO absorb UV and convert it to
heat. We note that this process is reversible by adjusting the
temperature above and below LCST or by turning on and off
UV, respectively (Figure 2E).
To characterize the adhesion between the silane-treated

decellularized leaf and the nanocomposite PNIPAM hydrogels,
we carried out cross-sectional scanning electron microscopy
(SEM) to visualize their interface. The nanocomposite
PNIPAM hydrogels on the silane-treated decellularized leaves

were first swelled for 24 h to reach the equilibrium state and
the bilayer structures were then freeze-dried for preparation of
SEM imaging. We note that the nanocomposite hydrogel layer
of samples without silane treatment was fully delaminated from
the decellularized leaves surface, thus we were unable to image
the interface using SEM. The SEM images of NC-PNIPAM/
silane-treated decellularized leaf (Figure 3A) and GO-NC-

PNIPAM/silane-treated decellularized leaf (Figure 3B) show
the seamless contact between these materials, where the top
layer exhibits a typical porous hydrogel network due to the
water-to-ice transformation.26 Notably, the distinct interfaces
between the hydrogels and silane-treated decellularized leaves
exhibit that the hydrogel precursor inks did not penetrate into
the decellularized leaves. These conformal and close contact
interfaces imply strong adhesion was achieved between the
nanocomposite PNIPAM hydrogels and the silane-treated
decellularized leaves. Furthermore, to quantify the adhesion,
we conducted the lap shear test for the as-prepared
nanocomposite hydrogel/decellularized leaves to measure the
adhesion strength.27 The saline-treated decellularized leaves
were cut to rectangular strips (8 × 35 × 0.1 mm3), and NC-
PNIPAM and GO-NC-PNIPAM were 3D printed into the
rectangular shapes (8 × 35 × 0.4 mm3) on the surfaces of
saline-treated decellularized leaves such that they have an
overlapped area in the middle (Figure 3C). As a result, all of
the samples tested broke due to the failure of either the
decellularized leaves or the nanocomposite hydrogels rather
than at the interface. Thus, the adhesion strength is higher than
the maximum strength at the break value shown on the stress−
strain curve, which is 76 ± 7 and 102 ± 13 kPa for NC-
PNIPAM and GO-NC-PNIPAM, respectively (Figure 3D).
We note that the mechanical properties are different for the
NC-PNIPAM hydrogel at swelled and deswelled state.28,29 To
quantify this, we conducted tensile tests for the NC-PNIPAM
in swelled state at 22 °C, deswelled state at 45 °C, and as-
prepared state at 22 °C (i.e., before immersing in water). The
maximum strength for each condition is 19 ± 4, 136 ± 5, and
103 ± 22 kPa, respectively (Figure S1). The lap-shear tests
conducted for the as-prepared state of NC-PNIPAM/

Figure 2. Log−log plots of (A) viscosity as a function of shear rate
and (B) modulus as a function of angular frequency of NC-PNIPAM
and GO-NC-PNIPAM precursor inks; (C) Schematic of depositing
hydrogel precursor ink onto the decellularized leaf surface using
extrusion-based 3D printing in perspective view; (D) Schematic of the
adhesion mechanism; (E) Schematic of the reversible shape morphing
in response to temperature and UV light change in side-view, with a
folding angle of θ at equilibrium state. The schematic is created with
BioRender.com.

Figure 3. SEM images of the interface between (A) NC-PNIPAM
and silane-treated decellularized leaf; and (B) GO-NC-PNIPAM
hydrogel and silane-treated decellularized leaf; (C) Schematic of the
lap shear test setup; (D) Stress−strain curves of the as-prepared NC-
PNIPAM and GO-NC-PNIPAM on silane-treated decellularized
leaves during lap shear test. Photographs of the failure of the bilayer
structure with NC-PNIPAM (left) and GO-NC-PNIPAM (right).
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decellularized leaves shown in Figure 3D indicate that the
decellularized leaves broke first while the bilayer section
remains intact. Thus, the results of tensile tests and lap-shear
tests demonstrate that the as-prepared NC-PNIPAM possesses
a higher maximum strength (103 ± 22 kPa) than the
decellularized leaves (76 ± 7 kPa), and the adhesion strength
is greater than the as-prepared NC-PNIPAM strength (103 ±
22 kPa). The swelled NC-PNIPAM possesses the lowest
strength value due to the high content of water, whereas the
deswelled state possesses the highest strength due to the
collapsed polymer networks. The as-prepared NC-PNIPAM
exhibits similar maximum strength with the deswelled state.
Furthermore, no delamination was observed between the
hydrogels (i.e., NC-PNIPAM and GO-NC-PNIPAM) and
silane-treated decellularized leaves during multiple cycles of the
swelling/deswelling process, and both hydrogels/silane-treated
decellularized leaves showed cohesive failure rather than
adhesive failure in the lap-shear tests (Figure 3D). Therefore,
the adhesion strength for the NC-PNIPAM/silane-treated
decellularized leaves at swelled and deswelled states are greater
than the maximum strength of NC-PNIPAM at swelled and
deswelled states, 19 ± 4 and 136 ± 5 kPa, respectively.
After confirming strong adhesion between the nano-

composite hydrogels and silane-treated decellularized leaves,
we demonstrate shape morphing of the decellularized leaf/
nanocomposite PNIPAM bilayer structure. Upon swelling,
strain mismatches between the hydrogel and leaf scaffold are
induced−therefore, programmable shape morphing can be
spatially programmed by use of the 3D printing and placement
of the nanocomposite hydrogels on the decellularized leaf. As a
proof-of-concept, we printed the NC-PNIPAM next to and
across the midrib of the cut silane-treated decellularized leaves.
The area of the cut as well as the location of the printed NC-
PNIPAM hydrogel are illustrated in Figure 4A. The sample
with NC-PNIPAM printed next to the midrib (Figure 4A-i)

folds on the left with 180° folding angle (Figure 4B), whereas
the area without NC-PNIPAM remains flat. On the other
hand, the sample where NC-PNIPAM was printed across the
midrib (Figure 4A-ii) folds in the center of the decellularized
leaf with about 65° folding angle (Figure 4C). The smaller
folding angle found in the latter case compared to the former
case (Figure 4C vs 4B) can be attributed to the higher Young’s
modulus of the midrib (976 ± 233 kPa) than the surface (415
± 98 kPa) of the decellularized leaves as calculated from the
stress−strain curves obtained from the tensile test (Figure S2,
details can be found in SI). Furthermore, the addition of GO
endows the PNIPAM-based system with light responsiveness.
To fabricate the GO-NC-PNIPAM/decellularized leaf bilayer
structure, the decellularized leaf was cut into a rectangular strip
(10 × 20 × 0.1 mm3), and the precursor ink was printed on the
top to fully cover it (Figure 4D). After photo-cross-linking, the
GO-NC-PNIPAM/decellularized leaf bilayer structure was
immersed in water at 22 °C to allow the GO-NC-PNIPAM
to reach its equilibrium swelling state, at which point the
bilayer structure bent (Figure 4E). Upon UV irradiation with
an intensity of ∼1 W/cm2, the structure unbent due to the
deswelling by the photothermal effect of GO (Figure 4F,
supplementary video S1). In addition, we also printed the GO-
NC-PNIPAM across the midrib of the cut decellularized leaf to
achieve reversibly folding and unfolding by swelling in a water
bath at 22 °C and deswelling upon UV irradiation at an
intensity of 1 W/cm2, respectively (Figure S3, supplementary
video S2). We note that the irradiation dose of the applied UV
for photoactuation was 1200 kJ/m−2. If this method applies to
living plants in the future, this UV dose could damage living
plant cells.30 To avoid this problem, the composition of
nanocomposite hydrogels can be further modified to be more
sensitive to UV by increasing GO concentration or using
different photothermal materials that exhibit higher photo-
thermal efficiency than GO to reduce the UV dose.
We note that each leaf is different in terms of thickness and

mechanical properties, which leads to different folding angles.
However, by tuning the thickness and pattern of nano-
composite PNIPAM hydrogels as a swellable part, it is possible
to systematically control the folding angle.20 The program-
mable shape morphing behavior would be a desired trait for
living plants as it offers possibilities to adapt to environmental
changes once could be programmed to collapse and fold to
hold water and thus prevent surface water evaporation.31

Plants already achieve this as a natural property in the circadian
cycle: during the day leaves spread out to catch sunlight (for
photosynthesis), but also to absorb water or catch water from
rain; at night the leaves close-up inward to prevent water
evaporation and to funnel water collected on the leaves toward
the roots of the plants.32

In conclusion, we have developed plant-based soft actuators
by combining temperature-responsive (NC-PNIPAM) and
temperature- and light-responsive (GO-NC-PNIPAM) nano-
composite hydrogels with silane-treated decellularized leaves.
We modified and characterized the rheological properties of
NC-PNIPAM precursors to enable extrusion-based 3D
printing such that they can be printed into the prescribed
shapes and spatial locations, where localized strain-mismatch
can be induced between the swellable nanocomposite
PNIPAM hydrogels and the nonswellable decellularized leaves,
resulting in controllable shape morphing. Strong adhesion
(adhesion strength >76 ± 7 kPa) has been realized by
chemically anchoring the PNIPAM onto the surfaces of

Figure 4. (A) Schematic of the top view of the cut area of the
decellularized leaf (red) and NC-PNIPAM (blue) printed (i) on the
left-hand side and (ii) across the midrib. Photographs of the side view
of the shape-morphing process using the bilayer structures of NC-
PNIPAM and silane-treated decellularized leaf during swelling at 23
°C, in which NC-PNIPAM are printed (B) on the left-hand side
(correspond to A-i) and (C) across the midrib of the leaves
(correspond to A-ii). (D) Schematic showing the cut area of the
decellularized leaf (red) and NC-PNIPAM (blue) printed on the top.
(E) Top view of the shape morphing process using the bilayer
structure of GO-NC-PNIPAM and silane-treated decellularized leaf
during swelling at 22 °C and (F) deswelling by UV irradiation at an
intensity of ∼1 W/cm2.
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decellularized leaves using functional silane. Utilizing the
photothermal effect of GO, we successfully demonstrated the
UV light responsiveness of the bilayer structure of GO-NC-
PNIPAM and the silane-treated decellularized leaf, which
endows the structure with remote control ability. Furthermore,
different types of out-of-plane deformations (i.e., folding and
bending) were achieved by designing the printed pattern of the
nanocomposite PNIPAM hydrogels. We note that the
approach we developed in this work could presumably be
applicable to different stimuli-responsive materials and plant
tissues. For example, conductive thermoresponsive33 and
magnetic34 hydrogels by modifying the PNIPAM composition
can serve as good candidates. Plant tissues such as mint or
Arabidopsis leaves might be a suitable choice because they
possess similar characteristics with spinach leaves, such as
being relatively flat and soft and having smooth (i.e., less hairy)
surfaces. We believe that our work would contribute to the
development of plant cyborg concepts that could further push
agriculture development and potentially find applications in
plant-based soft actuators and robots.
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