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The mechanical properties of engineering structures continuously
weaken during service life because of material fatigue or degra-
dation. By contrast, living organisms are able to strengthen their
mechanical properties by regenerating parts of their structures. For
example, plants strengthen their cell structures by transforming
photosynthesis-produced glucose into stiff polysaccharides. In this
work, we realize hybrid materials that use photosynthesis of em-
bedded chloroplasts to remodel their microstructures. These mate-
rials can be used to three-dimensionally (3D)-print functional
structures, which are endowed with matrix-strengthening and crack
healing when exposed to white light. The mechanism relies on a 3D-
printable polymer that allows for an additional cross-linking reac-
tion with photosynthesis-produced glucose in the material bulk or
on the interface. The remodeling behavior can be suspended by
freezing chloroplasts, regulated by mechanical preloads, and re-
versed by environmental cues. This work opens the door for the
design of hybrid synthetic-living materials, for applications such as
smart composites, lightweight structures, and soft robotics.
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Plants can grow and form complex, hierarchical structures that
are challenging to reproduce with traditional engineering

practices (1). Plant cells use photosynthesis to produce glucose,
which is delivered to selected locations, such as trunks and crotches.
Glucose, in turn, is used to form stiff polysaccharides (e.g., cellulose,
chitosan, and chitin), which remodel and strengthen the plant
structures locally (Fig. 1A) (2, 3). For example, the stiffness of a
young stem is typically on the order of kilopascal, while the stiffness
of a mature trunk can reach as high as several gigapascals (4).
Mechanical loads are found to augment the strengthening of the
plant structure through mechanotransduction pathways (5). In re-
cent years, the availability of three-dimensional (3D)-printing
technologies has driven the fabrication of engineering structures
that attempt to mimic the complexity of the plants’ architectures
(6–10). However, how to mimic the plants’ ability to remodel their
components and strengthen mechanical properties remains elusive.
Synthetic structures, on the contrary, typically weaken during service
life because of materials fatigue or degradation. Developing hybrid,
3D-printable materials that exploit living photosynthesis processes
to remodel their structures would be a major leap forward in en-
gineering materials that mimic natural systems. However, estab-
lishing a communication channel between the synthetic 3D-
printable materials and the natural photosynthesis process is
challenging.
Here, we present a class of 3D-printable polymers that can be

remodeled by the photosynthesis of embedded chloroplasts to
enable matrix strengthening and crack healing. With local light
exposure, the polymers harness photosynthesis-produced glucose
to facilitate an additional cross-linking reaction, forming a stiff
region with “artificial polysaccharides” (Fig. 1B). The region
with additional cross-links features enhanced Young’s modulus,
tensile strength, and fracture toughness by factors of 300–620%,

compared to the region without the additional cross-links. Such
photosynthesis-assisted strengthening can be suspended by freezing
living chloroplasts, regulated by external mechanical preloads, and
reversed by cleaving glucose cross-linkers with environmental cues.
We also show that the photosynthesis-assisted strengthening can be
applied to 3D-printed structures through patterned light and pat-
terned loads. In addition, the photosynthesis can equip the 3D-
printed structures with a healing capability via glucose-enabled in-
terfacial cross-linking. The paradigm in this work provides a unique
platform for remodeling engineering materials via the communi-
cation between synthetic polymers and natural photosynthesis
processes.

Mechanism of Photosynthesis-Assisted Strengthening
To design a polymer network that allows for an additional cross-
linking reaction with the photosynthesis-produced glucose, we
design a polymer resin that features both acrylate and isocyanate
distal groups (NCO) and then blend the resin with chloroplasts
extracted from spinach leaves (SI Appendix, Figs. S1 and S2) (11).
The acrylate groups can be utilized for the photopolymerization-
based 3D printing (such as stereolithography), because the acry-
late groups allow for a photoinitiated addition reaction to poly-
merize the resin (SI Appendix, Fig. S3) (12, 13). The printing is
rapid with a speed of 75–400 μm/s, and the resolution can reach as
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low as ∼25 μm. After the 3D-printing process, the NCO groups
become free side groups within the polymer matrix (SI Appendix,
Fig. S4). The NCO groups can enable a relatively strong reaction
with hydroxyl groups (OH) on a glucose molecule to form ure-
thane linkages (-NH-CO-O-) (Fig. 1B and SI Appendix, Fig. S4)
(14). Since a glucose molecule has multiple OH groups, it is hy-
pothesized that the OH groups on the chloroplast-produced

glucose can bridge multiple NCO groups to create new cross-links
additional to the acrylate-enabled cross-links within the polymer
matrix (Fig. 1B and SI Appendix, Fig. S4). Such additional cross-
links are expected to significantly enhance the modulus and
strength of the polymer (15, 16).
To demonstrate the strengthening concept, we 3D-print a

treelike structure whose Young’s modulus and tensile strength

Light

CO2

Chloroplast

Calvin
cycle

ATP
NADPH

NADP
ADP

Thylakoid

A

C

B

0 h 0.5 h 1 h

D

0 h2 h 2 h

E F

Unstrengthened Strengthened

Glucose

Light

CO2

Chloroplast

Calvin
cycle

ATP
NADPH

NADP
ADP

Thylakoid

4 mm 4 mm 4 mm

8 mm 8 mm 8 mm

Tree

Popeye

Condensation

Pl
an
t

Cellulose

Glucose

n

n

n

OCN

NCO

n

Crosslinking

Cell wall
Chloroplast

Po
ly
m
er

Additional crosslink
Primitive networkLocal strengtheningLocal strengthening

Fig. 1. Concept of the photosynthesis-assisted remodeling of 3D-printed structures. (A) Schematics to illustrate photosynthesis-assisted remodeling of plants.
The photosynthesis-produced glucose undergoes a condensation reaction to form stiff polysaccharide (e.g., cellulose). (B) Schematics to illustrate
photosynthesis-assisted remodeling of a synthetic polymer. The photosynthesis-produced glucose undergoes a reaction with isocyanate (NCO) side groups to
form additional cross-links. (C) Image sequence of a 3D-printed treelike structure with various light illumination periods (white light intensity 69.3 W=m2) of
the photosynthesis process. (D) Unstrengthened and strengthened 3D-printed treelike structures loaded by the same weight (1 g). (E) Image sequence of a
3D-printed Popeye-like structure with various light illumination periods of the photosynthesis process. (F) Unstrengthened and strengthened 3D-printed
Popeye-like structures loaded by the same weight (200 g). The red dashed boxes denote glass slides. The unstrengthened Popeye’s height reduces by 34.7%,
but the strengthened Popeye only by 7% (SI Appendix, Fig. S7).
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gradually increase as the photosynthesis illumination period in-
creases (white light intensity 69.3 W=m2, Fig. 1C and SI Ap-
pendix, Fig. S5). The strengthened structure with 2-h illumination
shows a better weight-sustaining capability than the unstrength-
ened structure (Fig. 1D and SI Appendix, Fig. S6). Note that the
photosynthesis process includes 2-h illumination of white light
for glucose generation plus 2-h darkness for glucose exportation
from the chloroplast (11, 17, 18). As an educational example, we
3D-print Popeye the Sailor, an American cartoon character who
can strengthen his muscles by eating spinach (Fig. 1E). We show
that the 3D-printed Popeye-like structure strengthens upon light
exposure, by leveraging the photosynthesis process of the em-
bedded spinach chloroplasts (2-h illumination and 2-h darkness).
We demonstrate the strengthening effect by showing a reduced
deformation upon loading (Fig. 1F and SI Appendix, Fig. S7).
We follow three steps to verify the hypothesized mechanism of

photosynthesis-assisted strengthening (Fig. 2). In step 1, we
verify that both light and chloroplasts are required to strengthen
the designed polymer. We study three sample groups for com-
parison: The experimental group includes polymer samples with
free NCO groups and embedded chloroplasts, going through 4-h
illumination and 4-h darkness (Fig. 2A). To verify the effect of
light, we employ control 1 group that includes polymer samples
with free NCO groups and embedded chloroplasts, going
through 8-h darkness (Fig. 2B). To verify the effect of chloro-
plasts, we employ control 2 group that includes polymer samples
with free NCO groups but without chloroplasts, going through
4-h light illumination and 4-h darkness (Fig. 2C). We present the
differences among these groups in three aspects. First, from the
sample color, the initially green experimental samples turn to
pale yellow, because light illumination can transform green
chlorophyll to yellow lutein (Fig. 2D) (19). In contrast, control 1
and 2 samples remain green and semitransparent, respectively
(Fig. 2 E and F). Second, since the photosynthesis-produced
glucose is expected to consume free NCO groups to form addi-
tional cross-links, the concentration reduction of free NCO
groups can reveal the occurrence of the cross-linking reaction.
To indicate the concentration of free NCO groups within the
polymer matrix, we employ a Fourier transform infrared (FTIR)
spectrometer to measure the transmittance of the sample around
2,260 cm−1 that is corresponding to the NCO bond-stretching
vibration (13). We find an evident peak at 2,260 cm−1 in the
initial state of all three sample groups (Fig. 2 D–F). After the
respective processes, the peak of the experimental group dras-
tically drops, indicating the decreasing of the NCO concentration
(Fig. 2D and SI Appendix, Fig. S8A); however, the peaks of
controls 1 and 2 remain almost the same (Fig. 2 E and F and SI
Appendix, Fig. S8 B and C). Third, we compare the mechanical
properties of three sample groups via uniaxial tensile tests
(Fig. 2G). Compared to controls 1 and 2, the experimental group
exhibits higher Young’s modulus and tensile strength by factors
of 620 and 350%, respectively (Fig. 2H and SI Appendix, Fig.
S9A). Since the strengthening is due to the formation of addi-
tional permanent covalent cross-links, the strengthened Young’s
modulus and tensile strength do not degrade within at least 6 mo
(SI Appendix, Fig. S10). We further find that the fracture energy
of the experimental sample is almost three times those of con-
trols 1 and 2 (Fig. 2H and SI Appendix, Figs. S9B and S11) (20,
21). The toughening mechanism is similar to that in particle-
reinforce composites, because the regions around chloroplast
fillers are strengthened by forming new cross-links.
Note that the required water for the photosynthesis process is

supplied by the water storage within the chloroplasts (17, 18),
and the required carbon dioxide is supplied by the existing car-
bon dioxide within the matrix and diffusion from the atmosphere
(22). A rough estimation shows these supplies of water and

carbon dioxide are sufficient for the experiments (SI Appendix,
Table S1).
In step 2, we verify that chloroplasts can generate and export

glucose to the polymer matrix. To detect the exported glucose
within the polymer matrix, we employ a polymer sample with
embedded chloroplasts but without free NCO groups (SI Ap-
pendix, Fig. S12). FTIR spectra show that the concentration of
the OH group (3,300–3,500 cm−1) (23) increases in the matrix after
the photosynthesis process, implying the existence of free glucose
that is not consumed by NCO groups (SI Appendix, Fig. S13).
In step 3, we verify that glucose can directly strengthen the

designed polymer with free NCO groups but without chloro-
plasts. FTIR spectra show that the peak for the NCO groups
disappears when glucose concentration is sufficiently high (e.g.,
0.398 M), indicating that the glucose completely consumes the
free NCO groups (SI Appendix, Fig. S14). Tensile tests show that
both Young’s moduli and tensile strengths increase as the glu-
cose concentration increases (SI Appendix, Fig. S15).
Next, we study the effects of two vital factors on the

strengthening performance: concentration of embedded chloro-
plasts and light illumination period (Fig. 2 I and J). First, we
investigate polymer samples with chloroplasts of various weight
concentrations (0–7 wt %) and free NCO groups (processed with
4-h illumination and 4-h darkness). Tensile stress–strain curves
show that both Young’s moduli and tensile strengths first in-
crease with increasing chloroplast concentrations over 0–5 w t%,
and then decrease afterward (5–7 wt %) (Fig. 2I and SI Ap-
pendix, Fig. S16A). The decrease after 5 wt % is probably be-
cause the chloroplasts serve as soft fillers within the polymer
matrix, and a high concentration of soft fillers compromises the
mechanical properties of the chloroplast-embedded polymer.
Second, we employ various light illumination periods (white-light
intensity 69.3 W=m2) to process the polymer samples with 5 wt %
chloroplasts and free NCO groups. Tensile stress–strain curves
show that both Young’s moduli and tensile strengths first in-
crease (or reach a plateau) with increasing illumination time
within 0–4 h, and then decrease afterward (4–6 h) (Fig. 2J and SI
Appendix, Fig. S16B). The decrease after 4 h is probably because
extralong illumination time may degrade the chloroplasts, asso-
ciated with a reduction of the exported glucose concentration
within the polymer matrix (similar behaviors for both 5 wt %
(Fig. 2J) and 7 wt % of chloroplasts (SI Appendix, Fig. S16C))
(17, 18). Note that the effects of the chloroplast concentration
and illumination period can be quantitatively explained by a
theory that models the free energy of polymer networks with
additional cross-links (SI Appendix, Figs. S17–S22 and Table S2).
A key difference between the presented hybrid synthetic-living

material and the existing synthetic material is that the material
property can be modulated by tuning the living activity of the
involved biological element (i.e., chloroplast). Here, we employ a
chilling temperature (0–4 °C) to temporarily freeze the activity of
the embedded chloroplasts (24), and thus the material remains at
the soft state after 2-h illumination and 2-h darkness (Fig. 2K and
SI Appendix, Fig. S23 A–C). Once the temperature returns to
25 °C, the material can be strengthened to the stiff state via the
photosynthesis process. This temporary freezing behavior cannot
be achieved using traditional photoresins without living elements
(SI Appendix, Fig. S23 D–F).
Another interesting feature of the presented material is that

the photosynthesis-assisted strengthening can be reversed by
cleaving the glucose cross-linkers with periodic acids (Fig. 2L
and SI Appendix, Fig. S24) (25). With 2 M periodic acid, the
Young’s modulus and tensile strength of the initially strength-
ened polymer (with 4-h illumination and 4-h darkness) are re-
duced by 61 and 51%, respectively.
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Photosynthesis-Assisted Strengthening with Patterned Light
Next, we show that the photosynthesis-assisted strengthening can
be tuned by patterned light (Fig. 3). We demonstrate localized
strengthening by exposing a plate sample to a patterned light with an
“S” shape (Fig. 3A). After the photosynthesis with 4-h illumination

and 4-h darkness, the illuminated S-shaped region turns from green
to pale yellow (Fig. 3B and SI Appendix, Fig. S25). Indentation tests
show that the average stiffness of the strengthened region is around
4.3 times that of the unstrengthened region (Fig. 3C and D and SI
Appendix, Fig. S26). This local strengthening capability can be
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harnessed to detour crack paths within the material (Fig. 3 E–H).
Due to the higher fracture toughness in the strengthened region, an
initially straight crack detours a strengthened circle. The load-
displacement curve shows that the toughness of the material is en-
hanced by 30% when a strengthened circle is installed (Fig. 3G). In

addition, judiciously patterning the strengthened regions can guide
the crack to follow a wavy path, while the crack path in the virgin
material is almost a straight line (Fig. 3H).
Photosynthesis can also be harnessed to strengthen 3D-printed

structures. Similar to the treelike and Popeye-like structures in
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Fig. 3. Photosynthesis-assisted strengthening with patterned light. (A) Schematic of an experimental setup for the localized strengthening through a
patterned light with an S shape. (B) Samples at the as-printed state and after 4-h illumination with an S-shaped light and 4-h darkness. (C) Young’s modulus
distribution of the patterned sample measured with indentation tests. (D) Average stiffness of the unstrengthened and strengthened regions. (E) Crack
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Schematic to illustrate a 3D-printed lattice structure processed by a graded light (Left to Right: 69.3–0 W=m2). (J) Samples of functionally graded, fully soft,
and fully stiffened lattices. (K) Effective Young’s modulus distribution of three samples measured with indentation tests. (L) Compressive force-displacement
curves of three samples with a loading rate of 10 mm/s. The loading is along the longitudinal gradient direction (x direction). (M) The absorbed energy of the
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Fig. 1 C–F, homogeneous light illumination can strengthen an
Octet lattice to sustain a weight that is 830 times the lattice’s own
weight, without buckling the beams (SI Appendix, Fig. S27). In
contrast, the unstrengthened lattice is significantly buckled by
the same weight. This strengthening mechanism can further be
used to fabricate lattices with a graded stiffness (Fig. 3 I–M).
Creating materials with graded functional properties has been a
long-standing challenge in 3D-printed materials, because grading
properties requires continuously switching printing inks during
fabrication (26). Here, we expose an initially homogenous Octet
lattice to a light pattern with graded intensity, to impart a gra-
dient in stiffness (Fig. 3I and SI Appendix, Fig. S28). This is
because higher illumination doses lead to higher stiffness within
a certain illumination dose range (Fig. 2J). The functionally

graded lattice assumes a pale-yellow color at one end and re-
mains green at the other end (Fig. 3J and SI Appendix, Fig. S29).
We compare the results with two control samples, one stored in a
dark environment for 8 h (fully soft, green lattice) and the other
exposed to 4 h of homogeneous light illumination and 4-h
darkness (fully stiffened, pale-yellow lattice). Indentation tests
show that the effective Young’s modulus of the graded lattice
decreases from1.7 MPa at one end to 0.3 MPa at the other end
(Fig. 3K). We apply a compressive load to the lattice with a
relatively high loading rate (10 mm/s, Fig. 3L) and find that the
absorbed energy in the graded lattice is around 1.7 times that of
the soft lattice and 3.3 times that of the fully stiffened lattice
(Fig. 3M).
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Photosynthesis-Assisted Strengthening Regulated by
Preloads
Mechanical loads can regulate plant remodeling through
mechanotransduction pathways, to achieve higher stiffness and
strength than those without the mechanical loads (5). Inspired by

plants, we here show that the photosynthesis-assisted strength-
ening of the experimental polymer can be regulated by me-
chanical preloads (Fig. 4A). We apply a prestretch to a sample,
followed by a photosynthesis process (4-h illumination and 4-h
darkness). The processed sample with a prestretch of 1.3 shows
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higher Young’s modulus and tensile strength by factors of 228
and 159%, respectively, compared to those without a prestretch
(Fig. 4B). The enhancement of Young’s modulus and tensile
strength is not due to the density increase of additional cross-links,
because FTIR spectra reveal that the density of additional cross-
links in the processed prestretched sample is almost the same as
that without a prestretch (Fig. 4C). We hypothesize that the en-
hancement is probably attributed to the architecture change of the
additional cross-links corresponding to the deformation of the
primitive network (Fig. 4A), because the formation of additional
cross-links is based on the side chains with NCO groups. Further
experiments show that Young’s moduli and tensile strengths of the
processed samples increase with increasing prestretches (Fig. 4D
and SI Appendix, Fig. S30). This mechanism can be harnessed to
realize a nonuniform stiffness distribution with nonuniform pre-
stresses. For example, we apply nonuniform prestresses on a
sample plate with a 3D-printed foot, and then illuminate light to
enable the photosynthesis process (Fig. 4E). Indentation tests
reveal an inhomogeneous stiffness distribution on the sample
(Fig. 4F). To translate the stiffness mapping to a prestrain map-
ping, we need to obtain a master curve between a homogeneous
compressive prestrain on a sample disk and the resultant stiffness
of the sample after the photosynthesis process (4-h illumination
and 4-h darkness) (Fig. 4G). With such a master curve, a prestrain
mapping (Fig. 4H) can be translated from the stiffness mapping in
Fig. 4F. The demonstrated function may facilitate the design of
future customized footwear by fabricating shoe soles with an in-
homogeneous stiffness distribution that is corresponding to the
inhomogeneous stress distribution applied by the foot.
Note that the postcuring of a partially cured photoresin can

enhance the stiffness (27, 28). However, the mechanism of
forming additional cross-links is drastically different from that in
the current work, because the postcuring is based on the free
monomers that are typically not connected to the primitive
network (SI Appendix, Fig. S31A). Thus, the prestretch of the
primitive network would have a negligible effect on the archi-
tecture of additional cross-links. Experiments show that pre-
stretch can hardly regulate the stiffness and strength of the
postcured polymer (SI Appendix, Fig. S31 B–D).

Photosynthesis-Assisted Healing
Some plants exhibit outstanding healing capability during graft-
ing and wound repairing (29, 30). Inspired by plants, we here
show that photosynthesis can assist the healing of a fractured
polymer sample by forming additional cross-links between free
NCO groups and photosynthesis-produced glucose at the frac-
ture surfaces (Fig. 5A). To demonstrate the healing process, we
3D-print a dumbbell-shaped sample with free NCO groups and
embedded chloroplasts, cut it into two parts, and then bring the
two parts into contact (Fig. 5B and Movie S1). After 4-h illu-
mination and 4-h darkness, the fractured sample is healed with a
smooth healing interface, verified by a microscopic image around
the interface (Fig. 5B). The healed sample can be stretched up to
1.8 times of original length without breaking (SI Appendix, Fig.
S32 and Movie S1). To quantify the healing performance, we
measure the tensile stress–strain behaviors of the healed samples
after the photosynthesis process with different illumination pe-
riods (Fig. 5C). We find that the tensile strength ratio (tensile
strength of the healed sample normalized by that of the virgin
sample) increases with increasing illumination periods within
0–4 h and then decrease afterward (4–8 h) (Fig. 5D). The healing
strength ratio for 4-h illumination can reach as high as 70 ± 7%.

The decrease of the healing strength ratio after 4 h is probably
because extralong illumination periods may degrade the chlo-
roplasts, associated with the reduction of the exported glucose
concentration (17, 18). As a contrast, the control 2 polymer with
free NCO groups but without embedded chloroplasts exhibits a
poor healing performance with the healing strength ratio as low
as 9% (SI Appendix, Fig. S33A). The microscopic image shows
that the contacted fracture interface still leaves an evident gap
after 4-h illumination and 4-h darkness (SI Appendix, Fig. S33B).
The photosynthesis-assisted healing mechanism can be harnessed

to repair a propeller 3D-printed with the experimental polymer ink
(Fig. 5 E–G). A crack is installed on each wing of the propeller, and
these cracks can be healed after the photosynthesis process (4-h il-
lumination and 4-h darkness, Fig. 5E). On the contrary, cracks on the
wings of a propeller 3D-printed with the control 2 polymer ink cannot
be healed with the illumination process (SI Appendix, Fig. S34). To
demonstrate the performance, the healed experimental propeller that
assembled on a remotely controlled boat can facilitate the forward
movement of the boat (Fig. 5F and Movie S2). However, the un-
healed control propellers cannot push the boat forward due to the
lack of enough propulsion force (Fig. 5G and Movie S2).

Conclusion
We harness photosynthesis in chloroplasts embedded in a syn-
thetic polymer matrix to remodel 3D-printed structures and dem-
onstrate matrix strengthening and crack healing. While the field of
engineered photosynthesis shows a promising capability in pro-
ducing energy fuels (31, 32), the current work extends the
concept to advanced materials, by introducing a downstream
reaction mechanism to use the photosynthesis-produced glucose.
Besides, the presented photocurable polymers can be used in
various photopolymerization-based 3D-printing systems, such as
stereolithography (12, 13), polyjet (26), photopolymer waveguides
(33), two-photon lithography (7, 34), continuous liquid production
(35), and volumetric lithography (36, 37). To this end, the com-
munication between living photosynthesis and synthetic 3D-
printable polymers may open doors for hybrid synthetic-living ma-
terials with both complex architectures and biomimetic properties.
In the future study, maintaining the long-term living states of

chloroplasts or even regenerating chloroplasts is a very impor-
tant aspect. One possible solution would be refreshing of living
chloroplasts using a flow system (38), such as a microfluidic flow
of chloroplasts through a porous material framework.

Materials and Methods
Living chloroplasts were extracted from fresh baby spinach leaves (Spinacia
oleracea L.). To fabricate polymer inks with free NCO groups, 0.02 mol of iso-
phorone diisocyanate, 10 wt % of dimethylacetamide, and 1 wt % of dibutyltin
dilaurate were mixed with the preheated Poly(tetrahydrofuran) (average molar
mass 650 g/mol) at 70 °C and stirred with a magnetic stir bar for 1 h. After re-
ducing the temperature to 40 °C, 0.01 mol of 2-Hydroxyethyl methacrylate was
added and mixed for 1 h. Then, extracted chloroplasts (0–7 wt %) and 2 wt % of
photoinitiator (phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) were gently
mixed with the prepared polymer inks using a magnetic stir bar for 30 min at
5 °C in a dark environment. Subsequently, the polymer samples were 3D-printed
with a bottom-up stereolithography system. Detailed descriptions of the ex-
perimental procedures and theoretical modeling are provided in SI Appendix.

Data Availability. All study data are included in the article and SI Appendix.
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