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Despite great progress in the active interfacing between various abiotic materials and living organisms, the
development of a smart polymer matrix with modulated functionality of algae towards the application of
green bioenergy is still rare. Herein, we design a thermally sensitive poly(N-isopropylacrylamide)-co-
poly(butyl acrylate) with an LCST (ca. 25 °C) as a chassis, which could co-assemble with algal cells based
on hydrophobic interaction to generate a new type of robust hybrid hydrogel living material. By
modulating the temperature to 30 °C, the volume of the polymer matrix is shrunk by 9 times, which
allows the formation of physical shading and metabolism changing of the algae, and then triggers the
functionality switching of the algae from photosynthetic oxygen production to hydrogen production. By
contrast, by decreasing the temperature to 20 °C, the hybrid living materials go into a sol state where

the algae behave normally with photosynthetic oxygen production. In particular, due to the proliferation
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Accepted 17th March 2024 of the algae in living materials, a long-term and exponential enhancement in the amount of hydrogen

produced is achieved. Overall, it is anticipated that our investigations could provide a new paradigm for
the development of polymer/living organism-based hybrid living materials with synergistic functionality
boosting green biomanufacturing.
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Introduction

Natural photosynthesis plays a key role in the development of
green solar energy storage technologies. The solar energy that
the Earth is exposed to in 1 minute exceeds the human world-
wide energy demand for 1 day.' But the attempt to directly
utilize nature in the form of non-fossilized biofuels poses its
own set of challenges, since most photosynthetic organisms
prioritize the optimization of survival strategies rather than
solar-to-bioenergy conversion efficiency. For example, the solar-
biomass conversion efficiencies of photosynthetic organisms
are within the range of only 0.2-8%.> Since the same photo-
synthetic system is used, which results in a sluggish photo-
electron supply towards hydrogenase at the reducing end of the
photosynthetic chain, this remains a considerable challenge to
desirable photohydrogen production. In this regard, besides
biotechnological strategies,** the recently developed technique
of combining abiotic substances with living organisms has also
been recognized as a feasible pathway for boosting photo-
hydrogen production from solar energy,”* which should then
offer promising opportunities to solve the energy crisis and
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concurrent environmental problems. By taking algae as an
example, various abiotic materials, including silicon
dioxide,'** gelatinizable protein,'® catalytic enzyme,"”"®
conductive polymer and photosensitive nanoparticles,'** have
been successfully incorporated either onto the surface of or
inside the algal cell,>** and then the integrated materials could
facilitate the generation of a mild hypoxic microenvironment,
enabling the activation of intracellular hydrogenase to induce
the functionality switching of algal cells from normal oxygen
evolution to photosynthetic hydrogen production. For example,
by forming a sandwich-like layer around a single algal cell,
laccase-catalyzed  oxygen-consuming reaction triggered
hydrogen production was achieved at the rate of 0.32 pmol H,
per h per mg chlorophyll for 7 days.”” Alternatively, by
combining in situ interfacial polymerization and bio-
mineralization, a cellular bionic system based on combining
algal cells with a conductive PPy/CaCO; hybrid shell was con-
structed where the added photosensitizer was capable of
generating and transferring exogenous electrons into
photosynthesis-associated metabolisms, which augmented
photosynthetic efficiency and orchestrated photosynthetic
pathways to provide more photoelectrons across the photosyn-
thetic chain for enhanced hydrogen evolution.*® Despite the
above developments, during the formation of an anaerobic
microenvironment for photobiological hydrogen production,
a host of high-value substances, including glucose**?* and
enzymes'”*® as well as electron sacrificial agents®>** are widely
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Scheme 1 Schematic illustration showing the programmed modulation of hydrogen and oxygen evolution based on the reversible sol-gel

switching of the constructed polymer—Chlorella living material.

utilized, limiting the sustainability of the systems. Moreover,
currently, most of the constructions obtained by combining an
abiotic substance and living cells focus on the linear superpo-
sition of living cell functions and abiotic functions.>*?* There
are few reports on the synergistic effect of living cells and
abiotic matrices conferring advanced functionalities on living
cells, such as on-demand reversible on/off modulation of bio-
logical hydrogen production by algal cells, which is also a chal-
lenge and bottleneck for future advances in photobiological
hydrogen production.>*!

Green algae, as an environmentally friendly third-generation
biofuel, can directly use inexhaustible resources: sunlight
energy and substrate water, to generate renewable and carbon-
neutral biohydrogen, which it is anticipated will then
contribute to solving the environmental pollution and energy-
demand problems associated with fossil fuels."®*> Herein, we
choose Chliorella pyrenoidosa (a type of green algae) as a building
block to generate a new type of sustainable photohydrogen
production system with on-demand functionality switching. In
particular, by incorporating a hydrophobic monomer butyl acry-
late into a temperature-sensitive poly(N-isopropylacrylamide), the
obtained  poly(N-isopropylacrylamide)-co-poly(butyl  acrylate)
(PNIPAM-co-BA) could efficiently co-assemble with Chlorella cells
to form a type of polymer-Chiorella based hydrogel living mate-
rial. We demonstrate that the Chlorella cells in the PNIPAM-co-BA
sol-state matrix could achieve physiological activities which are
consistent with the natural state, such as photosynthesis, oxygen
production and proliferation. Whereas, when the sol matrix is
switched to a gel matrix, the shading effect on Chlorella caused by
the volume shrinkage of PNIPAM-co-BA increases, and then the
photosynthetic oxygen production rate of Chlorella decreases,*
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which helps the Chlorella in the living material to establish an
anaerobic balance between photosynthetic oxygen production
and respiration oxygen consumption.'” The activity of hydroge-
nases within the Chlorella is then activated,’ causing the living
material to switch from photosynthetic oxygen production to
hydrogen production on demand (Scheme 1). Clearly, the long-
term viability of the green algae inside the polymer matrix
without the addition of other high-value chemicals make
a significant contribution to the enhancement of sustainability,
and the easy temperature-based modulation of photohydrogen
production should also allow the possibility of implementing
macroscopic-level photohydrogen production in the future.

Results and discussion

Construction of PNIPAM-co-BA/Chlorella hybrid hydrogel
living material

Given the inactivity of the native Chlorella cell wall, which is
made up of cellulose, hemicellulose, pectin and protein,**3*
a hydrophobic alkyl-chain-containing monomer (butyl acrylate)
is specially incorporated into the thermally sensitive PNIPAM to
generate a hydrophobic interaction with native Chlorella.
Meanwhile with the incorporation of butyl acrylate into PNIPAM,
the lower critical solution temperature (LCST) of the copolymer
decreases. In this study, 5 wt% of PNIPAM-co-BA (Fig. S1t) was
specially used, which showed an LCST of ca. 25 °C upon heating
of 0.1 wt% copolymer in BG-11 medium (Fig. S2 and S37). Also,
the synthesized PNIPAM-co-BA exhibited a transparent low-
viscosity (0.0025 Pa s) sol state at 20 °C without compromising
the normal photosynthesis of Chlorella (Fig. S4, S6+ and 3g), and
by contrast could show a non-transparent gel state by increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the temperature above the LCST at 30 °C (Fig. S67). Accordingly,
by taking advantage of such a copolymer as a matrix, after mixing
with Chlorella at 20 °C (Fig. S61), a polymer-Chlorella hybrid
homogeneous solution—a sol-state living material (SSLM)—was
formed with low viscosity (0.0016 Pa s) (Fig. S41). Whereas, by
heating the solution above the LCST to 30 °C, a polymer-Chlor-
ella gel-state living material (GSLM) formed immediately
(Fig. S57). After incubation for 2 hours at 30 °C, it exhibited
robust and elastic properties (Fig. S6t). It was observed that
various shapes of living materials, including flower, square,
heart, circle and hexagon, could be obtained at large scale with
good dispersion of Chlorella inside the polymer matrix (Fig. 1a, b,
S7 and Video S1t).

Significantly, the whole formation procedure showed good
biocompatibility. In this study, by using a copolymer (5 wt%)
and a Chlorella suspension (7.55 x 107 cells per mL) to generate
living material (Fig. S8t), the viability of Chlorella in the living
material recorded within 24 hours could be as high as 98.6%
(Fig. S9 and S1071). Moreover, even the living material in the gel
state, due to it containing 40 wt% water (Fig. 1c), can well
maintain the normal physiological activities of Chlorella.
Within 7 days, there was no significant difference in the survival
ratio between the Chlorella in living material and the control
group: both were above 90% (Fig. S11 to 161 and 1d). But it
should be mentioned that, if the concentration of the copol-
ymer is increased further to 7.5 wt% or 10 wt%, the osmotic
pressure arising from PNIPAM-co-BA leads to an obvious
decrease in the survival ratio of Chlorella (Fig. S9 and 107).
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Moreover, due to the physical crosslinking role of Chlorella
inside the polymer matrix, the formed living material in the gel
state demonstrates good mechanical properties. In this study,
by using 7.55 x 107 cells per mL of Chlorella and 5 wt% of
PNIPAM-co-BA to generate the hydrogel living material, its
elastic modulus could reach as high as 4.59 MPa (Fig. 1e and
S21%), comparable to the performance of engineered poly-
urethane foam ranging from 2.15 to 3.63 MPa.** As shown in the
details of oscillatory shear experiments, when the living mate-
rial was in the gel state, at < 0.05% strain, a linear viscoelastic
response from the living material was observed. At this time, the
storage modulus G’ was larger than the loss modulus G”, and
both G’ and G” were independent of strain, which was charac-
teristic of the elastic response of the gel network. At > 0.1%
strain, the living material exhibited nonlinear viscoelastic
behavior, and beyond the yield strain, the disruption of the
physically crosslinked network caused both G’ and G” to
decrease along with the increased strain (Fig. S177). Similarly,
when the living material was in the sol state, G’ between 0.86
and 1.36 Pa, and G” between 0.09 and 0.38 Pa were observed
(Fig. S20%).

At temperatures above the LCST, we attribute to the hydro-
phobic interaction between Chlorella and the copolymer a key
role in the formation of the robust living material. To confirm
this, the copolymer was labelled with a green fluorescence dye
(fluorescein O-methacrylate), and the confocal fluorescence
images clearly show the appearance of green fluorescence
around the algal spheroids at 30 °C (Fig. 2a—c), where the in situ

| eI

—e— Chlorella in GSLM
—— Chlorella in BG-11

(a)

(€) 110 1 (d) 110
100 10 -
- —TGA |45 R100
S %0 L
£ 123 §
2 80 € = 9
< 3= [}
2 7 42 &

O 3> 804
60 lg @
50 6
30 60 90 120 150 180 210

Temperature (°C)

0 24 48 72 96 120 144 168 0.1

10

1
Time (h) Frequency (Hz)

Fig. 1 Construction and characterization of polymer—Chlorella living material. (a) Gel-state living material (GSLM) of different shapes (flower,
square, heart, circle, hexagon) prepared from modeled sol-state living material (SSLM). Scale bar, 1 cm. (b) Pseudo-colored SEM image of GSLM
formed from PNIPAM-co-BA and Chlorella at 30 °C for 2 hours. Scale bar, 10 um. Inset shows a partially magnified pseudo-colored SEM image.
Scale bar, 5 um. (c) Thermogravimetric analysis (TG) and derivative TG (DTG) curves of GSLM. (d) Chlorella survival ratio in GSLM (black squares)
and BG-11 solution (red circles) for 7 days (n = 3, mean £ SD). The Chlorella survival ratio was calculated by dividing the number of green
fluorescent Chlorella by the number of red fluorescent Chlorella. (e) Variation in storage modulus of SSLM and GSLM with Chlorella concen-
tration of 7.55 x 107 cells per mL and PNIPAM-co-BA concentration of 5 wt% at 20 °C (black squares) and 30 °C (red circles).
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Interaction mechanism between Chlorella and PNIPAM-co-BA. CLSM images of Chlorella/PNIPAM-co-BA complexes with 0.5 wt%

PNIPAM-co-BA and 7.55 x 107 cells per mL Chlorella at 30 °C. (a) The green fluorescence is from the fluorescently labeled PNIPAM-co-BA. (b)
The red fluorescence is from intracellular chlorophyll. (c) is an overlay of (a) and (b). Scale bars, 3 um. SEM images of Chlorella alone (d) and
Chlorella/PNIPAM-co-BA (e) at 30 °C. Scale bars, 1 pm. Zeta potentials of PNIPAM-co-BA, Chlorella, Chlorella/PNIPAM-co-BA at 20 °C and at
30 °C with different PNIPAM-co-BA concentrations: ((f) 0.0125 wt%, (g) 0.1 wt%) (n = 3, mean £ SD). (h) ITC results of raw and integrated data of
released heat for titration of Chlorella suspension to PNIPAM-co-BA solution at 30 °C. (i) Time-lapse confocal fluorescence images demonstrate
the enrichment of PNIPAM-co-BA on the surface of Chlorella during in situ heating. In this study, a low concentration of 0.5 wt% PNIPAM-co-BA

was specially used to avoid the formation of gel affecting the visualization of the images. Scale bars, 25 um.

video also demonstrated the uniformly dispersed green fluo-
rescence of PNIPAM-co-BA enriched on the surface of Chlorella
during the heating sol-gel transition of the living material
(video S2 and Fig. 2i). Similarly, SEM images showed that the
Chlorella in the SSLM also exhibited a clean and smooth
surface, while the Chlorella in the GSLM exhibited an uneven
surface with a large number of copolymer aggregates (Fig. 2d
and e). The particle size increased from 2.7 um to 4.1 pm after
Chlorella was mixed with PNIPAM-co-BA at 30 °C (Fig. S23bf¥).
Moreover, both zeta potential and isothermal titration micro-
calorimetry (ITC) were employed to investigate the interaction
mechanism. At 20 °C, the zeta potential of the Chlorella in the
living material was almost the same as that of native Chlorella
(—12.1 mV). At 30 °C, as the copolymer concentration increased,
the zeta potential of Chlorella in the living materials was
significantly lower than that of natural Chlorella. This indicates
that PNIPAM-co-BA did not shield the negatively charged
Chlorella surface at 20 °C; but at 30 °C, the Chlorella exhibited
areduced negative potential due to the shading of the surface by
PNIPAM-co-BA (Fig. 2f, g and S227). ITC curves were obtained
for the titration of Chlorella into PNIPAM-co-BA suspensions at

6144 | Chem. Sci., 2024, 15, 6141-6150

20 °C and 30 °C (Fig. S23at and 2h, respectively). The titration
exothermic enthalpy at 20 °C was almost zero. Thermodynamic
data obtained from titration curves at 30 °C indicated that the
binding of Chlorella to PNIPAM-co-BA was mainly entropy-
driven, as the change in entropy was positive and the contri-
bution of —TAS® (—9549.23 cal mol ') to AG® was larger than
AH° (—1631.57 % 36.71 cal mol ') in magnitude. The cell walls
of Chlorella are composed of a cellulosic inner wall and an outer
hydrophobic algaenan layer.*** PNIPAM-co-BA undergoes
a phase transition from hydrated coils to dehydrated globules
when heated above the LCST.*®* Therefore, the hydrophobic
interaction between PNIPAM-co-BA and the cell wall of Chlorella
at 30 °C should mainly contribute to the positive entropy AS°,
resulting in the self-assembly of SSLM to form GSLM.

Functionality switching of Chlorella from photosynthesis
oxygen production to hydrogen production

Normally the Chlorella cells were loosely distributed in the
solution when the living material was in the sol state (Fig. 3a, b,
S28 and 2971) and they performed photosynthesis for oxygen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chlorella produced hydrogen in the GSLM. 3D CLSM images of the SSLM (a and b) and GSLM (c and d). Red fluorescence represents
Chlorella and green fluorescence represents PNIPAM-co-BA labelled by fluorescein O-methacrylate. Scale bars, 25 um. (e) The accumulated
amount of hydrogen production from the GSLM (blank squares) and Chlorella alone (red circles) at 30 °C in BG-11 solution at different time
periods (n = 3, mean =+ SD). Unless otherwise specified, the volume of Chlorella suspension used was 2 mL (7.55 x 10 cells per mL). (f) Dissolved
oxygen concentration of the GSLM (black squares) and SSLM (red circles) at 30 °C (n = 3, mean + SD). (g) Maximum quantum yield of PSII (Fy/Fw)
of the GSLM (red) and native Chlorella cells (blue) at 30 °C (n = 3, mean =+ SD). We first switched the living material from the gel state to the sol
state to release the algae, then centrifuged and dispersed the algae and incubated them in BG-11 medium for 2 hours, and finally used
a chlorophyll fluorometer to measure the F\/Fy of the algae. (h) Total amount of chlorophyll in the GSLM (red) and native Chlorella cells (blue) at
30 °Cin 2 mL of solution (n = 3, mean =+ SD). (i) In vivo hydrogenase activity in the GSLM (black squares) and native Chlorella cells (red circles) at
30 °C (n = 3, mean + SD). (j) The anaerobic state of Chlorella in the living material was demonstrated by using an oxygen indicator [Ru(dpp)sICl,
which could generate green fluorescence under anaerobic conditions. The fluorescence of the dye was excited under anaerobic conditions. The
green fluorescence was from the oxygen indicator, and the red fluorescence was from intracellular chlorophyll. Scale bars, 40 pm. (k) Net
photosynthetic rate (red) and respiration rate (blue) of Chlorella in BG-11 at 20 °C, SSLM at 20 °C, BG-11 at 30 °C, and GSLM at 30 °C (n =5, mean
+ SD). “The net photosynthetic rate was negative, indicating the formation of an anaerobic environment. (1) Schematic illustration showing the
microsensor measurement. (m) Hydrogen (red) and oxygen (black) concentrations in the SSLM and GSLM as a function of probe insertion depth
(n = 4, mean + SD).

production. Whereas, after forming the GSLM, the crowdedness
of the Chlorella obviously increased (Fig. 3c, d, S28 and 297)
which would then lead to functionality switching of the Chlor-
ella from normal photosynthesis for oxygen production to
hydrogen production. We performed experiments in BG-11
medium composed entirely of inorganic salts. As shown in
Fig. 3e, no hydrogen production was detected from the Chlorella
alone in the BG-11 solution, while the formed GSLM could

© 2024 The Author(s). Published by the Royal Society of Chemistry

produce hydrogen for 7 days, with an average rate of 0.11 pmol
per day for the first four days. We contributed the formation of
an anaerobic microenvironment induced by the shrinkage of
the polymer matrix to the hydrogen-producing switching
mechanism of the constructed living materials. It was observed
that with increasing temperature, the living material switched
to the gel state, and the volume of the matrix shrank by 9 times
(Table S17}), which shortened the distance between the Chlorella

Chem. Sci., 2024, 15, 6141-6150 | 6145
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and increased the shading effect (Fig. S26 to 307). As shown in
Fig. 3k, negligible differences were observed with PNIPAM-co-
BA by itself on the respiration rate and photosynthetic rate of
the Chlorella. The photosynthetic rate subsequently decreased
while the respiration rate increased from 5.84 to 9.29 pmol O,
per mg chlorophyll per h (Fig. 3k), resulting in the formation of
an anaerobic microenvironment inside the GSLM accompanied
by the activation of hydrogenases (Fig. 3i). The fluorescence of
an oxygen indicator [Ru(dpp);]Cl, was quenched under aerobic
conditions and excited under anaerobic conditions. As shown
in Fig. 3j and S31,f an obvious oxygen indicator signal was
detected in the GSLM, while no oxygen indicator signal was
detected in the SSLM, which indicated that the Chlorella in the
GSLM were in an anaerobic state and the Chlorella in the SSLM
were in an aerobic state. This was also consistent with the
reduction of dissolved oxygen concentration from 2.55 to
1.18 mg L~ " (Fig. 3f) in GSLM. However, the dissolved oxygen
concentration from the SSLM increased from 2.55 to
15.31 mg L™ " (Fig. 3f) due to photosynthetic oxygen production,
and no hydrogen production was detected (Fig. S32t). Micro-
sensor experiments were performed to examine the hydrogen
concentration. In GSLM, the hydrogen concentration increased
as the probe insertion depth increased, and it reached
a maximum constant value of ca. 3.2 pmol L™ " at a depth of 700
pm (Fig. 31 and m). In contrast, the oxygen concentration
decreased accordingly and was almost zero at a depth of 650 pm
in GSLM. A uniform oxygen concentration (ca. 277.83 pmol L)
and nearly zero hydrogen concentration were shown in the
SSLM (Fig. 3m).

The continuous supply of electrons from the water oxidation
reaction at the PSII reaction center is a key factor affecting
sustained photobiological hydrogen production. This is well
indicated by a control experiment that showed that with the
addition of a PSI inhibitor 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) to the GSLM, 80% of the hydrogen
production was inhibited (Fig. S33f). Moreover, as a light-
harvesting molecule, chlorophyll also plays an important role
in the operation of the PSII reaction center.>»** In this regard,
Fy/Fy (the maximal quantum yield of PSII) is a sensitive indi-
cator of the photosynthetic performance of algae, representing
the maximum light energy conversion efficiency of PSIL*
Excitingly, both the algae chlorophyll content and Fy/Fy; were
negligibly different in the formed GSLM compared with the
native Chlorella, suggesting that the activity of the Chlorella PSII
was well maintained (Fig. 3g and h) which then laid the foun-
dation for boosting hydrogen production from the constructed
living materials.

To further investigate the hydrogen production mechanism,
TAP medium was employed to replace the BG-11 medium, due
to the presence of acetic acid (1 mL L") in TAP medium which
could serve as a respiration substrate for Chlorella to favor the
formation of an anaerobic environment as well as providing
hydrogenase with more electrons to generate hydrogen.** When
the GSLM was placed into TAP medium, the first 4 days average
hydrogen production rate (0.112 pmol H, per mg chlorophyll
per h) (Fig. 4a and b) was 2.43 times higher than that in BG-11
medium (0.046 pmol H, per mg chlorophyll per h) (Fig. 3i).

6146 | Chem. Sci, 2024, 15, 6141-6150
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Then the metabolic activities of Chlorella after the formation of
the GSLM were investigated. When Chlorella produced
hydrogen in the GSLM for 7 days, the content of light-
dependent reaction products—ATP and NADPH-—decreased
by 39.8% and 38.1% as the content of NADP" (the oxidized form
of NADPH) increased by 53.1% (Fig. S387), which was mainly
due to the influence of the GSLM on the shading effects on core
Chlorella. There was no significant difference in ATP, NADPH or
NADP" contents of Chlorella in the control group (Fig. S397).
Meanwhile, the protein and carbohydrate contents decreased by
21.7% and 68.3%, while the lipid content increased by 31.0%
(Fig. 4f-h). We did not observe any significant differences in
protein, carbohydrate or lipid contents of Chlorella in SSLM or
TAP medium (Fig. S40t). Therefore, it could be concluded that
both the reduction of NADPH and the catabolic reactions of
carbohydrates in the form of starch or glycogen should provide
the additional source of endogenous electrons for hydrogen
boosting during the dark reaction.***** From day 4 to day 7, the
decrease in hydrogen production rate and hydrogenase activity
were primarily attributed to the consumption of NADPH and
carbohydrates (Fig. S367).

Temperature-modulated on/off hydrogen production

Although photohydrogen production was accompanied by
consumption of the endogenous photosynthesized carbohy-
drates, the temperature-modulated reversible sol transition of
the constructed system could significantly recover the light-
dependent reaction products and accumulation of endoge-
nous organic matter (Fig. 4i and j). As observed, after Chlorella
hydrogen production for 2 days in the GSLM, proliferation of
Chlorella in SSLM was detected (Fig. 4c). This proliferation then
endowed the constructed system with sustainability. In partic-
ular, given that the amount of Chlorella was closely related to
hydrogen production, the proliferation of Chlorella would then
contribute an exponential enhancement in the amount of
hydrogen from the next round of formation of the GSLM. To
demonstrate this, we designed experiments in which the
Chlorella were in the GSLM for 2 days for hydrogen production
and 4 days in the SSLM for recovery and proliferation, by
repeating 4 cycles (Fig. 4c and d). In each cycle, to keep the
Chlorella in the same environment, the TAP medium was
replaced after the Chlorella and copolymer matrix had formed
the GSLM. On day 0, day 6, day 12, and day 18, the concentra-
tions of Chiorella were 6.13 x 10°, 1.82 x 107, 5.89 x 107, and
1.72 x 10° cells per mL, respectively, and as anticipated, the
GSLM showed significant in situ enhancement in hydrogen
production, with rates of 0.11, 0.35, 0.54, and 0.71 pmol per day
for 2 days in these four stages, respectively. Since in the fourth
gel-state stage, the Chlorella concentration was as high as 1.72
x 10° cells per mL, this resulted in ca. 20% of Chlorella not
being able to participate in the formation of the GSLM
(Fig. S377), which then retarded the enhancement in hydrogen
production.

Currently, the hydrogen production of algae is primarily
regulated by switching the algae between a sulfur-containing
medium and a sulfur-deprived medium,* or “turning on/off”

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00128a

Open Access Article. Published on 18 March 2024. Downloaded on 6/14/2026 10:12:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
= T 024 -
(@)g 150 (b)Z = 020 (e)g 3
2125 ? i; ’ _ g 2
S 1.00 8 6016 —s— Chlorella in GSLM S 5
i g 8oz —=— Chlorella in TAP ° B
o075 &5 8 3
S0 —es— Chlorella in GSLM £ 008 ® s
s —e— Chlorella in TAP 2 E S S
20.25 ° i“ 0.04 g 2
;io.oo z g 0.00 N S ;%
24 _48 72 9% = 24 48 72 %
Time (h) Time (h)
Q
d)® e 55
( ).C ( ) 5 3.0 gl
= 42
g £ 52 c
) o E 2
oF 8 G20 33
= S ® °
(5} © o015 <}
@ ® 22
Q. © ©
a 2710 £
o T X 18
(o)} o <3
8 5 05 £
2 = 00 oF
4 - . _ . ’ .
02 4 6 8 10121 16 18 20 0 " Time(day) ° *
ime (day
50 = -~ = h 50
(f) I Chlorella in TAP (9) & |ME Chioreliain TAP (h) I Chiorella in TAP
= ,» | I Chlorella in GSLM 30 1{ M Chlorella in GSLM I Chiorella in GSLM
840 x % g AX O kwk ks 340 *
= 2 < *
c c -
230 820 g 30
8 2 g
c20 £ S20
g £10 a
& 10 _g =10
3]
0 0 0
2 4 0 2 4 7 0 2 4 7
Time (day) Time (day) Time (day)
- 40 "
(') Il Chiorella in TAP (l) 40 I Chlorella in TAP (k)
Chlorella 2 days in GSLM Chlorella 2 days in GSLM
’@30 +4 days in SSLM 1 +4 days in SSLM
° I 30
g z
=20 5]
=3 € 20
o I 5 Negative electrode: 2H,- 4 — 4H"
= (&) Positive electrode: O, + 4H'+ 40 — 2H,0
g1 1 10 Microalg: Hydrog Fan
photobioreactor oxygen fuel cell
0

ATP NADPH  NADP*

Protein Carbohydrate Lipid

Fig. 4 Regulation of hydrogen production of Chlorella in the GSLM. (a) The accumulated amount of hydrogen production from the GSLM (blank
squares) and Chlorella alone (red circles) at 30 °C in TAP solution at different time periods (n = 3, mean + SD). Unless otherwise specified, the
volume of Chlorella suspension used was 2 mL (7.55 x 107 cells per mL). (b) In vivo hydrogenase activity in the GSLM (black squares) and native
Chlorella (red circles) at 30 °C in TAP solution (n = 3, mean + SD). For (c)—(e), the red regions represent the GSLM at 30 °C and the yellow regions
represent the SSLM at 20 °C. (c) Tunable function of the living material between hydrogen production (black squares) and Chlorella proliferation
(blue circles) through the transition of the GSLM and SSLM in TAP solution (n = 3, mean + SD). The culture medium was changed every 6 days.
Algae concentrations included free algae as well as algae encapsulated in gel. (d) Average specific growth rates of Chlorella in the GSLM and SSLM
in TAP solution (n = 3, mean + SD). The average specific growth rate of free algae in the SSLM and the average specific growth rate of algae
encapsulated in the GSLM were calculated. The culture medium was changed every 15 days. (e) Cumulative H, amount and Chlorella
concentration in sealed tubes during the transition between the GSLM and SSLM in TAP solution (n = 3, mean + SD). The (f) protein, (g)
carbohydrate, and (h) lipid contents of Chlorella in TAP and GSLM at 30 °C. (i) The contents of ATP, NADPH and NADP™ after Chlorella had
produced hydrogen in GSLM for 2 days and was cultured in the SSLM for 4 days (n = 4, mean + SD). (j) The contents of protein, carbohydrate and
lipid after Chlorella had produced hydrogen in the GSLM for 2 days and was cultured in the SSLM for 4 days (n = 3, mean & SD). (k) Schematic
diagram of Chlorella producing hydrogen to drive a hydrogen fuel cell to rotate a fan (300 mL of Chlorella suspension with concentration of 6.51
x 10° cells per mL). The hydrogen produced by the GSLM in the photobioreactor was converted into electricity by a hydrogen—oxygen fuel cell
to drive a fan.

gene promoters.*® Alternatively, by simply controlling the
temperature, we could achieve multiple reversible large-scale
on/off switching of oxygen and hydrogen evolution, which
should be a key step forward in this field. As summarized in
Fig. 4c and S41,1 when the temperature was below the LCST (20
°C), the constructed system was in the sol state and no
hydrogen was produced. By contrast, when the temperature
was above the LCST (30 °C), the living material was in the gel
state and with the formation of an anaerobic

© 2024 The Author(s). Published by the Royal Society of Chemistry

microenvironment hydrogen production was triggered. Excit-
ingly, the survival ratio of Chlorella could remain more than
94% after 45 days inside the living material by changing the
TAP medium every 15 days (Fig. S42 and S43t). Therefore, for
such a constructed living material, we could achieve on-
demand hydrogen and oxygen production within 45 days.
For example, on day 0, day 15, day 30, and day 45, the
concentrations of Chlorella were 5.62 x 10°,9.25 x 107, 1.76 X
10% and 2.58 x 10® cells per mL, respectively, with hydrogen
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production rates of 0.09, 0.65, 0.74, and 0.89 pumol per day
(Fig. 4e). The total amount of chlorophyll increased from 12.96
to 248.64 ng in 2 mL of system. Also, hydrogenase activity was
well maintained in the GSLM. In addition, the relative molar
mass of PNIPAM-BA was not found to decrease, which indi-
cated that PNIPAM-BA was not decomposed by the algae
(Fig. S351). Compared with other construction methods, the
algae-based smart living materials show the same order of
average light-to-hydrogen conversion efficiency (0.378%,, in
this study) without adding other high-value chemicals, such as
glucose,*® sodium dithionite,* enzymes or tannic acid'” (Table
S2%). More importantly, our developed system could continue
on-demand oxygen and hydrogen evolution for as long as 45
days, which should be a key breakthrough for the further
design of algae-based green energy applications. As a proof-of-
concept, we also tried to scale up the constructed system. In
this demonstration, we used 5 wt% copolymer and 6.51 x 10°
cells per mL Chlorella suspension to generate SSLM in 300 mL
of algae photobioreactor, and then the Chlorella proliferated to
1.73 x 10°® cells per mL to form the GSLM. The photobioreactor
was placed under a light intensity of 50 pE-m > s~ * for 4 days,
and then about 7 mL of hydrogen was collected from the
GSLM, which could be successfully utilized to drive a hydrogen
fuel cell to rotate a fan (Fig. 4k, S44 and Video S37).

Conclusions

In summary, by employing Chlorella and PNIPAM-co-BA as
building blocks, we showed a way to generate a new type of
temperature-responsive Chlorella cell/polymer hybrid living
material for modulating hydrogen boosting. We revealed the
functional synergism between the polymer matrix and Chlor-
ella, which should be a successful paradigm to actively bridge
nonliving matrices and living cells. When the temperature was
below the LCST (20 °C), the living material was in the sol state
with oxygen production, and by increasing the temperature
above the LCST (30 °C), the living material switched to the gel
state with hydrogen production. Such a developed Chlorella cell/
polymer hybrid living material shows excellent biocompati-
bility, as reflected in the high PSII activity and high survival
ratio, as well as proliferation, which then successfully endow
the living material with a long-term and high hydrogen
production rate. In particular, due to the reversible sol-gel
transition of the constructed living material, an on-demand on/
off modulation of hydrogen and oxygen evolution of the
Chlorella within 45 days is achieved. Therefore, given the
limited strategies to achieve the reversible on/off modulation of
biological hydrogen production, it is anticipated that our
studies by integrating a smart polymer matrix and living cells
could provide a new method for on-demand functionality
modulation of living material for oxygen and hydrogen evolu-
tion. Moreover, it is also anticipated that the method described
here could represent a prototype strategy for generating
multiple functionalized living materials by combining different
living cells towards various applications in the fields of bio-
manufacturing, 3D printing, and environmental bioremedia-
tion etc.
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