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In brief

The proposed solar-decoupled biohybrid
strategy, by integrating a persistent
photocatalyst with photosynthetic
microbes, enables the decoupling of light
and dark reactions, thus realizing all-
weather CO, utilization and long-chain
chemical biosynthesis. With the
development of synthetic biology, the
strategy proposed in this work might
provide a universal platform for the
photosynthetic microorganism to “work
harder day and night” to achieve higher
yields and offer new ideas for sustainable
energy storage and utilization.
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THE BIGGER PICTURE Photosynthetic microorganisms enable the direct CO, conversion into highly value-
added long-chain chemicals by transforming solar energy into chemical energy, offering a promising route for
coupling CO, sequestration with sustainable development. However, the stored chemical energy, such as
the critical reducing power NADPH produced in photoreactions, aims to support the microbial survival in
the dark rather than biosynthesis, which inevitably sets significant limitations on practical applications.
Our proposed spatiotemporal solar-decoupled biohybrid strategy in this work enables photosynthetic micro-
organisms to extend the photosynthetic reaction into dark conditions. This research serves as a proof of
concept that could guide future studies on expanding photocatalytic reactions independent of in situ irradi-
ation. It may also forge new pathways for the sustainable use of solar energy and biomanufacturing initiatives
in spaces where sunlight is scarce.

SUMMARY

Inspired by the solar energy storage process during photosynthesis, we report herein a solar-decoupled
photosynthetic biohybrid strategy through integrating a persistent photocatalyst with photoautotrophic mi-
crobes for sustainable and all-weather biomanufacturing, allowing for overcoming the intrinsic intermittent
nature of solar energy availability by introducing energy storage and release processes. The results demon-
strate that the apparent photo conversion efficiency (APCE) for of the persistent catalyst/R. palustris hybrid
system reaches 8.30%, much higher than the 4.36% observed in bare R. palustris. Additionally, the proposed
solar-decoupled biohybrid strategy not only shows considerable potential in coupling the practical power
plant for the capture and utilization of CO, from the flue gas but also exhibits universal applicability in different
photosynthetic microorganisms. This concept-proving research offers new ideas to extend photocatalysis
reactions without in situ irradiation and could pave new ways for sustainable solar energy utilization as
well as biomanufacturing in space, where solar energy might be limited.

INTRODUCTION

Inexhaustible solar energy is by far the largest renewable power
source and has been widely regarded as one of the most
attractive avenues for reducing CO, emission by relieving the
heavy dependence on fossil fuels." Photosynthetic microor-
ganism, enabling direct CO, conversion into highly value-

added long-chain chemicals by utilizing solar energy, offers a
promising route for coupling CO, sequestration with sustain-
able development.°® Currently, the conversion of solar-to-
chemical energy by photosynthetic microorganisms has drawn
increasing attention owing to their great potential in simply uti-
lizing inexhaustible sunlight and environmentally harmful CO,
as energy and carbon sources, respectively.”'? In nature,
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limited by intermittent solar energy availability, photosynthetic
microorganisms have evolved to decouple light and dark reac-
tions for delayed, on-demand solar utilization, converting
and storing solar energy as chemical energy.’'*'* However,
the stored chemical energy, such as the critical reducing
power reduced nicotinamide adenine dinucleotide phosphate
(NADPH) produced in photoreactions, aims to support the mi-
crobial survival in the dark rather than biosynthesis. To this
end, the stored chemical energy is not nearly enough to drive
the production of value-added long-chain chemicals, which
inevitably sets significant limitations on the practical applica-
tion."”>™'" It is of great significance to construct a stored
“energy pool” with high capacity to drive the dark reactions
for all-weather and efficient CO, fixation and chemical biosyn-
thesis in photosynthetic microorganisms.

Persistent photocatalysis, capable of collecting and storing
photogenerated charges during periods of sunlight followed
by a prolonged discharge during low-illumination periods, is
expected to be an elegant solution to store solar en-
ergy.'®'81° With the compatibility of photocatalysis and en-
ergy storage, persistent photocatalysis is recognized to be
more compact than photovoltaic/battery systems and has at-
tracted tremendous attention as a promising alternative for all-
weather photocatalytic reactions.'® The construction of a
spatiotemporal solar-decoupled photosynthetic biohybrid sys-
tem, by integrating persistent photocatalysis with photosyn-
thetic microorganisms, holds promise for paving new ways
to overcome the intermittent characteristics of solar energy
and facilitate industrial production in biomanufacturing.?®-2°
Improving the capacity of the stored energy “pool” in persis-
tent photocatalysis and effectively coupling it with photosyn-
thetic microorganisms for a continuous energy supply are
key to achieving all-weather, efficient CO, fixation and
biosynthesis.

Inspired by the energy storage process in the light reaction,
we report herein a solar-decoupled biohybrid strategy that inte-
grates a persistent photocatalyst with photosynthetic microbes
to decouple the light and dark reactions, thus realizing all-
weather, sustainable CO, utilization and long-chain chemical
biosynthesis. Specifically, solar energy can be efficiently con-
verted and stored as reducing hydrogen and photogenerated
electrons through band engineering and defect regulation
with a heteroatomic doping strategy. Subsequently, the stored
reducing energy can then be released in the dark, offering a
continuous driving force for the critical NADPH regeneration
in photosynthetic microorganisms through microbial electron
transfer-related proteins and hydrogenases. Additionally, it is
worth mentioning that the proposed solar-decoupled biohybrid
strategy not only shows considerable potential in coupling the
practical power plant for the capture and utilization of CO,
from the flue gas but also exhibits universal applicability
in different photosynthetic microorganisms. As Nobel Prize
winner Wilhelm Ostwald said, “[T]he history of civilization be-
comes the history of man’s advancing control over energy” in
“The modern theory of energetics,”>* we believe that the pro-
posed energy control strategy and the solar-decoupled bio-
hybrid concept offer new ideas for advancing social civilization
development.
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RESULTS AND DISCUSSION

Rational design of the spatiotemporally solar-decoupled
biohybrid

Persistent photocatalysis, capable of collecting and storing pho-
togenerated charges, is recognized as an elegant solution to
cloud intermittency and the evening demand issue.'® Integrating
the battery-like persistent photocatalysis with photosynthetic
microorganism holds promise in decoupling solar utilization
spatiotemporally and thus supplying energy to drive photosyn-
thetic microorganism metabolism in the dark. NADPH, an essen-
tial cofactor in redox reactions, is pivotal in microbial biosyn-
thesis pathways.'® Previous studies have demonstrated that
the reducing H, or electrons were capable of driving the regen-
eration of the critical reducing power NADPH in microorgan-
isms.”'>*® Constructing a biohybrid in which a persistent photo-
catalyst enables converting solar energy into the reducing H, or
electrons is promising to supply a driving force for the contin-
uous regeneration of NADPH, without causing metabolic imbal-
ance, thus achieving efficient anabolism in both light and dark
conditions.

Herein, as a proof of concept, a solar-decoupled biohybrid
was developed by integrating the persistent photocatalysis of
Zn41.Gaq 6Geg 04 (ZGGO) with the photosynthetic microor-
ganism of Rhodopseudamonas palustris (R. palustris) for this
study. Specifically, as illustrated in Figure 1, solar energy can
be converted into chemical energy in H, through the hydrogen
evolution reaction (HER), while photoinduced electrons can be
stored in defects. Particularly worth mentioning is that defect
engineering, capable of tuning the electronic structures for
enriched energy storage sites, can be adopted to expand the ca-
pacity of stored energy.”>>” Subsequently, the stored reducing
energy, including H, and photoelectrons derived from the persis-
tent photocatalyst, can act as reducing agents to supply the crit-
ical reducing power NADPH through H, delivery and charge
transfer to the photosynthetic microorganism in the dark, over-
coming the limitation of NADPH level in the dark and thus
achieving all-weather and efficient biosynthesis. Overall, by
integrating persistent photocatalysis and photosynthetic micro-
organism, a spatiotemporally solar-decoupled photosynthetic
biohybrid system was then constructed.

Defect engineering for higher solar energy storage
efficiency

Structural defects can function as electron traps, which are
capable of capturing and storing a large number of electrons trig-
gered by solar irradiation.’®?® In addition, defects allow for
band-gap optimization and efficient charge separation.?® Heter-
oatomic doping strategy has been widely adopted in defect
regulation and charge storage.?>*°*" As shown in Figure 2A, it
can be clearly seen that, by heteroatomic doping with Ni ions,
the average H, evolution rate increased by about 4.97 times (Fig-
ure S1), which is comparable to the ones reported in previous
literature (Table S1). To understand the promoted H, evolution
rate of Ni-doped persistent catalyst, density functional theory
(DFT) calculations were further performed. As shown in Fig-
ure S2, the adsorption energies of H atoms on ZGGO and
ZGGO:Ni were calculated to be 138.15 and 42.19 kJ/mol,
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Figure 1. Schematic illustration of the spatiotemporally solar-decoupled biohybrid
Persistent photocatalysis drives the all-weather generation of the critical reducing power NADPH by converting and storing solar energy into the reducing driving
forces of H, and photoelectrons, thus achieving highly efficient and sustainable CO, fixation and biosynthesis in photosynthetic microbes.

respectively, indicating that ZGGO:Ni is more favorable for ad-
sorbing H atoms. It can be deduced that the higher catalytic ac-
tivity of ZGGO:Ni can be partially attributed to the enrichment
and concentration of H atoms in the local environment. The 2D
differential charge density diagrams in Figure S3 demonstrate
that the charge density around Ni decreases, suggesting a
very local influence on the host material (Tables S2 and S3).
Moreover, according to the DFT calculations, the band structure
and density of states (DOS) shown in Figures 2B and 2C demon-
strate that Ni doping narrows the band gap. Based on the UV-vis
diffuse reflectance spectra and ultraviolet photoelectron spec-
troscopy (UPS) measurements shown in Figures S4 and S5,
the band gaps of ZGGO and ZGGO:Ni are calculated to be
4.28 and 4.17 eV, respectively. Consistent with the DFT calcula-
tions, these results indicate that the Ni doping strategy narrows
the band gap (Figure 2D). Overall, we rationalize that the Ni ion
doping strategy regulates the electronic structure and narrows
the band gap of the persistent photocatalysis, which partially
contributes to the improved H, evolution rate. Additionally,
the low-temperature electron paramagnetic resonance (EPR)
spectra in Figure 2E clearly show two paramagnetic centers in
both ZGGO and ZGGO:Ni. According to previous reports,®>>3
g-factors at 2.00 and 2.02 can be assigned to electrons trapped
in oxygen vacancy (Vo) and holes delocalized on oxygen atoms
around Vge, respectively. It can be observed that the EPR inten-
sity of both the Vo and Vg increased in the ZGGO:Ni samples,
demonstrating that the Ni ion doping strategy is effective for
regulating the defect structure to enrich energy storage sites
(Figures S6 and S7).

The photocurrent curves in Figure 2F demonstrate that both
the persistent photocatalysis of ZGGO and ZGGO:Ni experi-
enced very slow photocurrent decay with irradiation off, sug-
gesting that the persistent photocatalyst can store photoelec-
trons and release them slowly in the dark.>* By stimulating a
short-cycle intermittent irradiation condition in nature, it was
found that the persistent photocatalysis of ZGGO:Ni evolved

1.50 mmol h~" g~ hydrogen on average, which is more efficient
than continuous irradiation for 1.5 h (blue line: hydrogen yield of
1.38 mmol h™" g~ ") (Figure 2G). The result further validates that
the persistent photocatalysis of ZGGO:Ni can store photoelec-
trons for continuous HER in the dark. In addition, the persistent
photocatalysis of ZGGO:Ni shows persistent luminescence
(PL) even after the irradiation ceases (Figures 2H and S8), which
can be ascribed to the trapped electron-hole recombina-
tion.*>~*® To explore the photoelectron accumulation process,
photoinduced vacancies in ZGGO:Ni were further investigated.
As shown in Figure S9, an intensive EPR signal (g = 2.00), which
can be assigned to electrons trapped in Vo, can be clearly
observed. In addition, the EPR signal intensity increased upon
illumination, suggesting more electron injection and accumula-
tion in Vo (Figures S10 and S11). Furthermore, the energy stor-
age stability of the persistent catalyst was also evaluated. As
shown in Figure S12, both the H, evolution rate and the PL inten-
sity were largely sustained. Collectively, the above results
confirm that the persistent photocatalysis with high stability is
capable of transforming and storing solar energy in the daytime
and then releasing it in the dark (Figure 2I).

Solar-decoupled biohybrids driving all-weather
regeneration of NADPH

The stored energy pool derived from the persistent photocatalyst
includes the transformed chemical energy of the electron carrier
H> and the photoelectrons trapped in defect structures. To test
whether the stored energy can drive NADPH regeneration in
the dark, pB-nicotinamide-adenine dinucleotide phosphate
(NADP*) reduction tests were first performed in vitro. Figure 3A
shows an obvious absorbance peak of NADPH around 340 nm
in the lysate from photosynthetic microorganisms R. palustris
upon the injection of the reducing agent H, in the dark, while
no peak is observed in the bare lysate, which can be ascribed
to the reducing power delivered by the microbial hydroge-
nases.**™*? Figure 3B shows that the NADPH regeneration ratio
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Figure 2. Heteroatomic Ni doping strategy for defect and electronic structure regulation
(A) Ho evolution rate of the persistent photocatalyst. Data are presented as mean values + SD, n = 3. Statistical significance (represented by p value) was

calculated via two-tail Student’s t test.

(B and C) Band structure and DOS of the persistent photocatalyst: (B) ZGGO and (C) ZGGO:Ni predicted using the HSE06 functional.
(D) Energy level diagram of the persistent photocatalyst measured by UPS and inverse photoelectron spectroscopy (IPES).

(E) EPR spectra of the persistent photocatalyst.
(F) Photocurrent responses under 300 W xenon lamp illumination.

(G) Ha evolution rate of the persistent photocatalyst ZGGO:Ni loaded with 3 wt % Pt under intermittent or continuous illumination.
(H) Persistent luminescence decay images of the persistent photocatalyst ZGGO:Ni.
() Schematic illustration of the energy storage processes in the persistent photocatalyst.

increased gradually during the light-dark cycle upon the addition
of the persistent photocatalyst ZGGO:Ni, with the final value
reaching 36.30%, which is higher than the one under continuous
irradiation for 2 h. The above results validate that both the stored
energy of H, and photoelectrons derived from the persistent
catalyst drive the critical reducing power NADPH regeneration
process in the dark (Figure 3C).

Subsequently, the influence of the persistent catalyst on micro-
bial NADPH regeneration was further investigated in vivo. Consid-
ering that direct interactions at the persistent photocatalyst
microbe interface are beneficial for the delivery of the electron

4 Chem 11, 102381, April 10, 2025

carrier H, and the electron transfer process,’®™° the physical
interface interactions and compatibility between the persistent
photocatalyst and R. palustris were explored (Figures S13-S15).
Scanning electron microscope (SEM) mapping in Figure S16
demonstrates that the persistent photocatalyst is in close contact
with the microorganism, suggesting effective interface self-as-
sembly. The self-assembly between the persistent photocatalyst
and R. palustris is presumably owing to van der Waals interactions
through the opposite electrostatic potentials (Figure S17). Ac-
cording to the Langmuir-type adsorption model, the average
number of persistent photocatalyst nanoparticles per microbe
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Figure 3. The stored energy pool derived from the persistent catalyst drives NADPH regeneration in the dark
A) NADPH regeneration ratio upon the injection of H, in the lysate from R. palustris.
B) NADPH regeneration ratio across time under intermittent and continuous illumination. Data are presented as mean values + SD, n = 3.

D) Plot of 1/N vs. the dilution ratio of the persistent catalyst ZGGO:Ni.

E) Normalized UV-vis absorption spectra of R. palustris. Persistent luminescence spectra of the persistent catalyst ZGGO:Ni (Aex = 290 nm).

F) Persistent luminescence of bare persistent catalyst ZGGO:Ni and the persistent catalyst/R. palustris.

(G) Logo (NADPH/NADP*) in R. palustris. Data are presented as mean values + SD, n = 3. Box edges indicate the upper and lower quartiles, the centerlines indicate
the mean value, and the horizontal bars indicate the maximum and minimum values. Statistical significance (represented by p value) was calculated via two-tail
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(C) Schematic illustration of the stored energy for NADPH generation in vitro.
(
(
(

Student’s t test.

(H) ODggo Of R. palustris across time under intermittent or continuous illumination in shake-flask fermentation.
(I) Schematic illustration of solar-decoupled biohybrids driving the regeneration of NADPH in the dark.

(N) was quantitatively determined.*? As shown in Figure 3D, it can
be observed that the dilution ratio of nanoparticles has a linear
relationship with 1/N. Consequently, the dimensionless equilib-
rium constant Keq and the maximum number of adsorbed nano-
particles per bacterial cell were calculated to be 1.07 x 10% and
1.60 x 10%, respectively (Figure S$18).%2

To elucidate the stored charge transfer process between the
persistent photocatalyst and the microbe, the PL emission
spectra were further measured. Figure 3E shows that the PL emis-
sion peaking at 696 nm overlaps with the absorption spectra of
R. palustris and pigment molecules,*" and Figure 3F further shows
that the addition of R. palustris or pigment molecules totally
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quenches the emission (Figures S19 and S20), indicating that the
stored photoelectrons could be transferred to R. palustris or
pigment molecules instead of recombination luminescence (Fig-
ure S21). Specifically, according to the formulas in the methods
section and the calculated lifetime of photoexcited states in Fig-
ure S22, the rate constant of charge transfer between the catalyst
and microbes (kger) was calculated to be 1.22 x 10% s, which is
much larger than the total value of non-radiative recombination
(knr) and radiative electron-hole recombination (kp) (kng +
keL = 1.93 x 10% s77), further validating the rapid transfer of elec-
trons to the microbes.*? The above results demonstrate that the
persistent catalyst could enhance photosynthetic efficiency of
photosystem | (PSI) (responsible for light absorption, capture, uti-
lization, and electron transfer).*’

Finally, to test whether the persistent catalyst facilitates the
regeneration of the critical reducing power of NADPH, the
NADPH was quantitatively determined. As shown in Figure 3G,
it demonstrates that the log,(NADPH/NADP*) value in persistent
photocatalyst/R. palustris hybrid is higher than that in bare
R. palustris after 4 days of culture under intermittent irradiation
(Figure S23), confirming that the persistent photocatalyst can
be utilized to drive the all-weather generation of the critical
reducing equivalent NADPH. The increased level of NADPH/
NADP* ratio could be ascribed to the supply of reducing energy,
including H, and electrons, both in light and dark. Additionally,
the higher level of ODgqgg in the biohybrid system (Figure 3H)
further validates that the persistent photocatalyst facilitates mi-
crobial metabolism (Figure S24). Overall, the above in vitro and
in vivo experimental results reveal that the constructed solar-de-
coupled biohybrid could drive the all-weather regeneration of
NADPH through multiple ways, including H, delivery, charge
transfer, and the enhanced photosynthetic efficiency of PSI
(Figure 3l).

Persistent photocatalyst-induced regulation of

microbial metabolism

As shown in Figures 4A and 4B, both the CO, fixation rates
and the lycopene biosynthesis yields in persistent catalyst/
R. palustris biohybrid are higher across time compared with
the bare R. palustris, not only during the daytime but also
at night. It can be seen that the CO, fixation rate and the
lycopene biosynthesis yields in the solar-decoupled biohybrid
are 3.177 mM g~' DCW~' h™" and 8.80 mg L™ respectively,
which are both higher compared with the bare R. palustris
after 4 days of culture under intermittent illumination
(Figures S25 and S26). Accordingly, the apparent photo con-
version efficiency (APCE) values are calculated to be 8.30%
for persistent catalyst/R. palustris hybrid and 4.36% for the
bare R. palustris (Figure 4C)."°® To the best of our knowledge,
the high APCE value represents superior performance
compared with previous reports for solar-to-chemical conver-
sion,”® which could be partially owing to the efficient
solar energy utilization in the dark. In short, the above
results indicate that the solar-decoupled biohybrid strategy
enables improvement of the efficiency of solar energy
utilization and the photosynthetic microbial anabolism,
including the Calvin-Benson-Bassham (CBB) cycle and the
mevalonate (MVA) and methylerythritol 4-phosphate (MEP)

6 Chem 11, 102381, April 10, 2025
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pathways, for highly efficient CO, fixation and lycopene
biosynthesis.

Next, transcriptomics and metabolomics profiling were adopted
to analyze the cellular energy and substance metabolism, aiming
at an in-depth mechanism understanding of how the persistent
photocatalyst regulates the microbial metabolism under intermit-
tent illumination. Differentially expressed genes were evaluated
according to the Log, fold change (Log, FC), which was calculated
with {Log, [(Gene read counts)gxperimenta)] — LOg> [(Gene read
counts)contropl}- As shown in Figure 4D, of the 4,462 transcripts de-
tected and identified in R. palustris, 637 transcripts were signifi-
cantly increased (p value < 0.05 and FC > |1.5]), indicating that
the persistent photocatalyst upregulates these gene expressions
in R. palustris. By assessing the mRNA expressions in
R. palustris, it was found that the genes associated with electron
transfer proteins, including pilus, c-type cytochromes, flagellum,
H,-uptake PioABC, and flavin (Figure 4E), photosynthesis proteins
(including RuBisco, NAD(P)H, photophosphorylation; Figure 4F),
CBB cycle (Figure 4G), and hydrogenase are highly expressed,
as represented by Log, FPKM values (log base 2 of fragments
per kb of exon model per million mapped fragments) in the bio-
hybrid compared with bare R. palustris (Figures S27 and
$28).*7*° The highly expressed genes typically represent the high-
ly expressed proteins. Accordingly, it can be deduced that the
persistent catalyst might improve the functions of electron
transfer and photosynthesis-associated proteins, thus facilitating
the electron transfer and photosynthesis processes. As illustrated
in Figure S29, the addition of the electron transfer inhibitors
carbonylcyanide m-chlorophenyl hydrazone (CCCP) or rotenone
is observed to diminish the lycopene biosynthesis yields of
R. palustris. This observation indicates that impeded electron
transfer processes lead to areduction in the biosynthetic efficiency
of the biohybrid system. In contrast, the supplementation with the
electron transfer shuttle humic acid (HA) results in an enhancement
of lycopene biosynthesis yields, suggesting that facilitated elec-
tron transfer processes can elevate the biosynthetic efficiency of
the biohybrid system. These findings provide further validation
for the mechanistic hypothesis, emphasizing the integral role of
electron transfer processes in the interaction between the persis-
tent catalyst and R. palustris. In addition, the Log, FC values of
CBB-related proteins are demonstrated to be >0 on the whole (Fig-
ure 4H), and the FC values of proteins associated with the MVA and
MEP pathways are demonstrated to be >1 (Figures 41 and S30).
The results indicate that the genes encoding these proteins are
highly expressed in the solar-decoupled biohybrid system by inte-
grating the persistent catalyst, which helps to explain the observed
increases in both the CO, fixation rate and the yields of lycopene
biosynthesis. Furthermore, metabolomic analyses reveal that mol-
ecules associated with electron transfer, such as riboflavin, are
significantly increased (Figures S31-S33). Overall, based on the
above results, we propose the mechanism that the solar-de-
coupled biohybrid strategy could facilitate microbial metabolism
by supplying and channeling the generated and stored photoelec-
trons and H, into microbes through electron transfer-related pro-
teins and interfacial delivery, driving the continuous generation of
the critical reducing power of NADPH in photosynthetic microor-
ganisms, thus achieving all-weather and efficient CO, fixation
and biosynthesis.
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Figure 4. Molecular mechanism analysis of the persistent catalyst influence on metabolic behavior in photosynthetic microorganism
R. palustris

(A) CO,, fixation rate of R. palustris in shake-flask fermentation (DCW: dry cell weight). Data are presented as mean values + SD, n = 3. Box edges indicate the
upper and lower quartiles, the centerlines indicate the mean value, and the horizontal bars indicate the maximum and minimum values. Statistical significance
(represented by p value) was calculated via two-tail Student’s t test.

(B) Lycopene yields of R. palustris in shake-flask fermentation. Data are presented as mean values + SD, n = 3. Statistical significance (represented by p value)
was calculated via two-tail Student’s t test.

(C) APCE values. Data are presented as mean values + SD, n = 3. Statistical significance (represented by p value) was calculated via two-tail Student’s t test.
(D) Volcano plot of differentially expressed genes in R. palustris. The threshold of Log, FC is |0.58] (i.e., FC > [1.5]), and that of p value (calculated via two-tail
Student’s t test) is < 0.05.

(E-G) Violin plots showing significant differences in gene expression of (E) electron transfer proteins (including pilus, c-Cyts, flagellum, PioABC, flavin),
(F) photosynthesis-related proteins (including ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisco), NAD(P)H, photophosphorylation, CBB cycle) and
(G) hydrogenase in R. palustris. Statistical significance (represented by p value) was calculated via two-tail Student’s t test.

(H and I) Differential expression analysis of genes encoding enzymes in (H) CBB cycle and (I) MVA and MEP pathways.

The practical applicability of the proposed solar-
decoupled biohybrid

Practically, power plants are considered the major source of car-
bon dioxide emissions.’® > Integrating on-site recycling tech-
nology with power plants is promising for capturing and utilizing
the CO, emissions. To explore the potential applicability of the
proposed spatiotemporally solar-decoupled photosynthetic bio-

hybrid strategy in practical use, scale-up studies on fed-batch
fermentations were further performed by integrating the simu-
lated flue gas from a coal-fired power plant. To be specific, simu-
lated flue gas with 15 vol % COs, is first converted to NaHCO3,
which is then directly fed into microbial fermentation (Fig-
ure 5A).° As shown in Figure 5B, the ODgqp is higher upon the
addition of the persistent photocatalyst across time under
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Figure 5. The practical applicability of the proposed solar-decoupled biohybrid for sustainable CO, fixation and long-chain chemical
production

(A) Schematic illustration of the sustainable CO, fixation and long-chain chemical production system.

(B) The ODgqo of the R. palustris across fermentation time in fed-batch fermentations. Data are presented as mean values + SD, n = 3. Statistical significance
(represented by p value) was calculated via two-tail Student’s t test.

(C) CO,, fixation rate of R. palustris under the simulated intermittent illumination in fed-batch fermentations. Data are presented as mean values + SD, n = 3. Box
edges indicate the upper and lower quartiles, the centerlines indicate the mean value, and the horizontal bars indicate the maximum and minimum values.
Statistical significance (represented by p value) was calculated via two-tail Student’s t test.

(D) The lycopene biosynthesis yield of R. palustris under the simulated intermittent illumination in fed-batch fermentations. Data are presented as mean values +
SD, n = 3. Box edges indicate the upper and lower quartiles, the centerlines indicate the mean value, and the horizontal bars indicate the maximum and minimum
values. Statistical significance (represented by p value) was calculated via two-tail Student’s t test.

(E) Schematic illustration of the PHB metabolic pathways.

(F) The ODz5 of the Synechocystis across fermentation time in fed-batch fermentations. Data are presented as mean values + SD, n = 3. Statistical significance
(represented by p value) was calculated via two-tail Student’s t test.

(G) CO,, fixation rate of Synechocystis under the simulated intermittent illumination in fed-batch fermentations. Data are presented as mean values + SD, n = 3.
Statistical significance (represented by p value) was calculated via two-tail Student’s t test.

(H) The PHB biosynthesis yield of Synechocystis under the simulated intermittent illumination in fed-batch fermentations. Data are presented as mean values +
SD, n = 3. Statistical significance (represented by p value) was calculated via two-tail Student’s t test.
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simulated intermittent illumination (Figure S34). Consistent with
the shake-flask fermentation results, the CO, fixation efficiency
and the lycopene biosynthesis yield in the persistent catalyst/
R. palustris are both higher after 4 days of culture compared
with bare R. palustris in fed-batch fermentation under simulated
intermittent illumination (Figures 5C, 5D, and S35). The results
validate that the proposed solar-decoupled photosynthetic bio-
hybrid strategy is promising for coupling with practical power
plants for the capture and storage of CO, from flue gas. Life-cy-
cle assessment (LCA), as presented in Figure S36, further sub-
stantiates the biohybrid system’s environmental and economic
advantages. It shows that the biohybrid system exhibits reduced
greenhouse gas (GHG) emissions, comprehensive environ-
mental impacts, lower energy consumption, and production
costs when compared to the bare R. palustris system. These
findings underscore the biohybrid system’s sustainability and ef-
ficiency in the context of ecological footprint and economic
viability. Additionally, as depicted in Figure S37, the comparative
CO, fixation rates in the biohybrid system consistently exceed
those of the bare R. palustris system even after a duration of
24 days, which encompasses 48 light/dark cycles. This enduring
performance further indicates the sustainability and robust dura-
bility of the biohybrid system.

Cyanobacteria, as promising sources of high-value-added
bioactive chemicals, are able to survive in extreme environments
and play key roles in atmospheric evolution as well as in syn-
thetic biology.>*~°® Subsequently, cyanobacterium Synechocys-
tis PCC 6803 (Synechocystis) was further selected as a research
model to explore the generalizability of the proposed solar-de-
coupled photosynthetic biohybrid strategy in sustainable bio-
catalysis and biosynthesis.’’**® Synechocystis can utilize CO,
and produce polyhydroxybutyrate (PHB), which is recognized
as an environmentally friendly bioplastic (Figure 5E). Subse-
quently, the universality of the proposed solar-decoupled bio-
hybrid strategy was further explored. As shown in Figure 5F,
the OD-3¢ of Synechocystis in both shake-flask and fed-batch
fermentations is higher in the persistent catalyst/Synechocystis
compared with bare Synechocystis under the light-dark cycle
(Figure S38). Besides, both the CO, fixation efficiency and
PHB yield are increased upon the addition of the persistent pho-
tocatalyst, as shown in Figures 5G and 5H, suggesting the appli-
cability of the solar-decoupled biohybrid strategy in Synecho-
cystis (Figures S39 and S40). Overall, the above results
demonstrate the inspiring and potential application prospects
of the proposed solar-decoupled photosynthetic biohybrid strat-
egy in sustainable CO, utilization and green biosynthesis.

Conclusions

Our results reveal that the capacity of the stored energy derived
from the persistent catalyst, including the chemical energy of the
electron carrier H, and photoelectrons trapped in defects, can
be improved through band engineering and defect engineering.
Additionally, we found that the genes related to photosynthesis
and electron transfer proteins were overrepresented by inte-
grating the persistent catalyst under intermittent illumination
conditions, which can be ascribed to the all-weather charge
transfer and H, delivery to microbes. The continuous supply of
reducing electrons and H, ultimately leads to a higher level of
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NADPH and microbial metabolic activity. Furthermore, the re-
sults demonstrate that the proposed solar-decoupled biohybrid
strategy has universal applicability to photosynthetic microor-
ganisms and is promising for coupling with practical power
plants for the capture and storage of CO, from the flue gas.
Looking ahead, with the development of synthetic biology, the
solar-decoupled biohybrid strategy proposed in this work might
provide a universal platform for photosynthetic microorganisms
to “work harder day and night” to achieve higher yields and offer
new ideas for sustainable energy storage and utilization.

METHODS

Chemicals and materials

Nickel nitrate (Ni(NO3)2-9H,0), zinc nitrate hexahydrate
(Zn(NOg)5-6H50), gallium nitrate (Ga(NOs)s), sodium hydroxide
(NaOH), concentrated nitric acid (HNO3), ammonium hydroxide
(NH3-H»0), triethanolamine (TEOA), anhydrous sodium sulfate
(NasS0O,), anhydrous ethanol and sulfuric acid were obtained
from Sinopharm Chemical Reagent (China). Germanium oxide
(GeOy,), chloroplatinic acid (HoPtClg), and crotonic acid were pur-
chased from Shanghai Maclin Biochemical Technology. Chloro-
phyll a was purchased from Shanghai Meryer Biochemical
Technology. Methanol, nitrate, anhydrous acetonitrile, NaCl,
n-hexane, chloroform, tetradecafluorohexane, and perfluorode-
calin were purchased from Shanghai Aladdin Biochemical Tech-
nology. HA, polyformaldehyde, calcein AM, and 1-(3-chloroallyl)-
3,5,7-triaza-1-azoniaadamantane chloride (Pl) were purchased
from Shanghai Yuan Ye Bio-Technology. Rotenone was pur-
chased from Beijing InnoChem Science & Technology.
The PBS, peptone, and beef extract were obtained from Beijing
Solarbio Science & Technology. NADP* and B-nicotinamide-
adenine dinucleotide sodium (NAD*) were purchased from
Shanghai BiDe Pharmaceutical Technology. NADP*/NADPH
Assay Kit (WST-8) and Enhanced ATP Assay Kit were purchased
from Beyotime Biotechnology. The bacterial strain R. palustris
(BNCC 232041) was obtained from Bnbio., and Synechocystis
PCC 6803 (FACHB-898) was provided by the National Aquatic
Biological Resource Center.

Characterization

The hydrogen gas yield in the photocatalytic system was
measured with gas chromatography (GC-14C, Shimadzu,
Japan) with 300 W xenon lamp (PLS-SXE300/300UV,
PerfectLight, Beijing, China) as light source. Photoelectro-
chemical detection was performed on an electrochemical
workstation (CHI 618C, Chenhua Instrument, Shanghai,
China). Transmission electron microscopy (TEM) was used
for the morphology of the persistent photocatalysts at
200 kV (JEOL, JEM-2100, Japan). The crystal structure of
nanoparticles was determined using a Bruker D8 Advance
X-ray diffractometer (Germany) with a Cu-Ka radiation
(A = 1.5406 A). X-ray photoelectron spectroscopy (XPS) and
UPS of the samples were measured at X-ray photoelectron
spectrometer (Escalab 250Xi, Thermo Fisher Scientific). The
EPR spectra were recorded on an EPR spectrometer
(JEOL, JES-FA 200, Japan). The UV-visible diffuse reflectance
spectroscopy (UV-vis DRS) analysis was performed with a
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UV-3600 spectrophotometer. Zeta potential for the samples
was conducted using the Malvern Zetasizer Nano ZS system
(Malvern, Zetasizer Nano ZS, UK). The interaction between
the persistent photocatalyst and R. palustris was observed
using a SEM (Zeiss Merlin Compact, Germany) and an en-
ergy-dispersive X-ray spectroscopy (EDS, Zeiss Merlin
Compact, Germany) system. The viability of R. palustris was
observed with a confocal laser scanning microscope
(FV3000, OLYMPUS, Japan). Phosphorescence and excita-
tion spectra of the materials, chlorophyll a, and R. palustris
were collected with fluorescence spectrometer (Horiba,
Fluorolog-QM, Kyoto, Japan) at room temperature. The absor-
bance spectra of chlorophyll a, R. palustris, and the co-culture
system, before and after filtration, were measured using a UV-
vis spectrophotometer (UV-2550, Shimadzu, Japan). The PL
decay images of the samples were obtained using the IVIS
Lumina XR imaging system (Caliper, USA). The concentration
of lycopene was determined using a high-performance liquid
chromatography (HPLC) system (Agilent Technologies, Palo
Alto, CA, USA) equipped with a C18 reverse-phase column
(4.6 x 250 mm). The content of ATP and NADP*/NADPH
were determined by a microplate reader (BioTek Synergy
H1, USA) based on the relative light units (RLUs) and optical
density at 450 nm, respectively.

Synthesis of the persistent photocatalyst

The persistent photocatalyst was synthesized using a hydro-
thermal method. Briefly, Ga(NO3)s;, Zn(NO3),, Na,GeOs, and
Ni(NOg), (optional) were sequentially added to a beaker accord-
ing to the stoichiometric ratio. Subsequently, the pH of the pre-
cursor solution was adjusted to 8.5 with NH3z-H,O (28 wt %) un-
der magnetic stirring. After stirring at room temperature for 1 h,
the solution was transferred into a Teflon-lined autoclave and re-
acted at 220°C for 10 h. The resulting persistent photocatalyst of
ZGGO or ZGGO:Ni was then obtained by centrifugation and
washed with deionized water.

DFT calculations

The DFT within the Vienna ab-initio simulation package was
applied to optimize the geometric structure of the persistent
photocatalyst ZGGO:Ni. The interactions between ions and
valence electrons were described using the projected-
augmented wave method, while the exchange-related interac-
tion of electrons was treated with the Perdew-Burke-Ernzerhof
functional within the generalized gradient approximation. In the
calculations presented in this work, the energy cutoff of 450 eV
and gamma grid of 8 X 8 x 1 were set for model optimization
and thermodynamics analyses. The atom positions were relaxed
until the residual forces on each atom reached a convergence
threshold of less than 0.02 eV/A. The total energy was converged
within an error of 1 x 10~° eV for each atom. Spin polarization
was allowed throughout the calculation. The (001) plane of
ZGGO:Ni was used as the computational model. A vacuum
space of 18 A thickness in the z axis was used to avoid interac-
tions between surface layers. The accurate band structure and
DOS for the persistent photocatalyst were calculated by Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional theory. Additionally,
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the charge transfer between different atoms was assessed by
the Bader charge analysis method.

In principle, an ideal HER catalyst should hold a thermal-
neutral (close to 0) Gibbs free energy of H atom adsorption
(AGy = 0 eV). Under standard conditions, the HER pathway
can be described as follows®®:

H=H" (AGy = 0eV).

The Gibbs free energy of the adsorbed H atom (H* H) on the
catalyst is a key descriptor for the HER activity of the catalyst
and is obtained as follows:

AGH = AEH'I-AEZPE — TAS.

Here, AEy represents the adsorption energy; AEzpe repre-
sents the zero-point energy difference; T represents the temper-
ature (298.15 K); and AS represents the entropy difference.

EPR of persistent photocatalyst

Oxygen vacancy defects in the persistent photocatalyst of
ZGGO or ZGGO:Ni were investigated using an electron spin
resonance spectrometer. The measuring parameters were
set as follows: microwave power of 1 mW, microwave fre-
quency of 9.20 GHz, magnetic field range of 305-355 mT,
modulation width of 0.2 mT, scan time of 60 s, and test tem-
perature of 113 K. Additionally, the influence of light on
ZGGO:Ni was investigated by irradiating ZGGO:Ni with
300 W xenon lamp.

Photoelectrochemical measurements

The photocurrent properties and electrochemical impedance of
the persistent photocatalyst were measured with a three-elec-
trode system in an electrochemical workstation (CHI 618C,
Chenhua, Shanghai, China). Ag/AgCl was used as the reference
electrode, platinum foil as the counter electrode, fluorine-doped
tin oxide (FTO) glass coated with the persistent photocatalyst as
the working electrode, and 0.1 M Na,SO, as the electrolyte. The
photocurrent curves were recorded under the irradiation of a
periodically switched 300 W xenon lamp.

Valence band energy calculation

The valence band energy (Eyg), which is equivalent to the ioniza-
tion potential, was determined using UPS. Using the formula
hv + Erermi — Ecutorr (Where hr is 21.22 eV, representing the exci-
tation energy of the He | Source Gun),?® the Eyg of ZGGO and
ZGGO:Ni were calculated to be 3.41 and 3.70 eV, respectively.
According to the relationship between the vacuum energy
(EvB(vacuum)) @nd the normal hydrogen electrode (NHE) potential
(Evawe),”" the Evg vs. NHE can be obtained as —7.91 and
—8.20 V. Combined with the band gap from UV-vis diffuse reflec-
tance spectra, the band position of ZGGO and ZGGO:Ni could
be determined.

Band-gap calculation based on Tauc plot method

The band-gap energy of the persistent photocatalyst describes
the energy required to excite an electron from the valence
band to the conduction band. To determine the band gap of
the persistent photocatalyst, the Tauc method was adopted,
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as previous work reports.®>°® The Tauc method relies on the
assumption that the energy-dependent absorption coefficient
« can be expressed by the following equation,

(ahv)% = C(hv - Ey),

where h represents the Planck constant, » represents the photo’s
frequency, E4 represents the band gap, and C is a constant. The
v factor depends on the nature of the electron transition and is
equal to 1/2 or 2 for the direct and indirect transition band
gaps, respectively. Here, the y factor was set to 2 according to
a previous reference.®® According to the Tauc plot, the band
gap of ZGGO and ZGGO:Ni were calculated to be 4.28 and
4.18 eV, respectively.

Decay images of persistent photocatalyst

50 mg of ZGGO:Ni persistent photocatalyst was placed in a
96-well plate and then exposed to a portable ultraviolet lamp
for 2 min with an excitation wavelength of 254 nm. After the exci-
tation ceased, the 96-well plate was immediately placed into the
IVIS Lumina XR imaging system to record the PL decay images
of the samples.

Hydrogen evolution test of the persistent photocatalyst
The photocatalytic hydrogen evolution was tested in a sealed re-
action vessel (Pyrex glass) with a 300 W xenon lamp as the light
source to simulate solar irradiation. Briefly, 50 mg of photocata-
lyst was suspended in a 50 mL aqueous solution containing 10
vol % TEOA as the sacrificial agent. The suspension was soni-
cated for 5 min, followed by thorough vacuum evacuation. The
hydrogen produced by the photocatalyst was analyzed using a
gas chromatograph.

Bacteria culture

R. palustris was cultured in Luria-Bertani (LB) medium that
contains (per liter) 10 g peptone, 3 g beef extract, and 5 g
NaCl. Considering that R. palustris was photosynthetic bacte-
ria, a full-spectrum light-emitting diode (LED) lamp (100 W)
was used as its light source. The R. palustris were cultured
at 30°C with a shaking rate of 220 rpm. Synechocystis sp.
PCC 6803 cells were grown in 200 mL BG11 medium. The
cells were cultivated at 30°C, shaken at 220 rpm under con-
stant illumination.

Interfacial interaction study of persistent photocatalyst/
R. palustris biohybrids

The number of persistent photocatalyst nanoparticles that are in
close physical interaction with R. palustris was determined via
UV-vis absorption spectra.“” The rate constant of charge trans-
fer at the persistent photocatalyst and R. palustris was calcu-
lated based on a physical model that considered the following ki-
netic processes*’: charge transfer between the persistent
photocatalyst and R. palustris interface (ker), electron-hole
recombination via non-radiative processes (knr), and electron-
hole recombination via radiative processes (kp.). According to
the formulas below, the charge transfer between the persistent
photocatalyst and R. palustris interface (ker) can be calculated.

¢ CellP’ress

1
T1(ZGGO:Ni) = m
1

T1(ZGGO:Ni+Rp) = m

To obtain the rate constants, we further measured the decay
curves of ZGGO:Ni and R. palustris-ZGGO:Ni, respectively.
The decay curves were fitted with the following equation:

—t
It) = A1e(") +Ase.

Here I(t) is intensity, and 74 and 1, are the decay times of the
fast component and the slow component, respectively. There-
fore, the electron transfer efficiency from the persistent photoca-
talyst to R. palustris in the co-culture system (¢z7) can be further
calculated with the following formula, which was calculated to be
86.37% in this work.

_ Ker
KpL+Knp+Ker

et

Cell viability tests

Fluorescence images of R. palustris stained with Pl and calcein
acetoxymethyl ester (calcein AM) were measured using the
confocal laser scanning microscope to test cell viability.

APCE calculations

The apparent photo conversion efficiency (APCE) values in this
work were calculated following the method described by Li
et al.”® Specifically, APCE can be determined by the following
formula:

APCE (%) = %

1
Eg = vg XHg XV xt

E = Ny XIxXAxtxU.

Here, Eg represents the energy fixed in biomass (J), and E; rep-
resents the energy in actual incident light (J). vg represents
biomass growth rate (g L~! day~"); Hg represents the calorific
value of biomass (J g~') assumed to be 6.03 kcal-g~"
(25.23 kJ-g~ ") based on a previous report.®® V represents the
working volume of the culture flask, which is 30 mL in this
work. t represents culture time, 2 days. Ny represents
Avogadro’s constant (6.022 x 1,0°> mol™"); | represents the
actual incident light intensity, which was measured to be
76.82 pmol m~2 s~1; A represents the cross-sectional area of
the R. palustris suspension, measured to be 14.6 cm?; U repre-
sents the average quantum energy of photos (J).

According to the above formulas, the APCE values are 4.10%
for the control group (bare R. palustris) and 4.46% for R. palustris
integrated with ZGGO:Ni.
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NADPH generation with persistent photocatalyst in vitro
To investigate whether the persistent photocatalyst promotes
the NADPH regeneration process, the reduction of NADP™ to
NADPH was performed at room temperature. Specifically,
[Cp*Rh(bpy)H.01?* (0.125 mM) was used as the electron
shutter, TEOA (2 mM) as the sacrificial agent, and the photo-
catalyst (0.5 mg mL™") was added into NADP* (1 mM)
solution. Subsequently, the mixed solution was exposed to
irradiation for 30 min using a portable UV lamp as the light
source. After centrifugation, the regenerated NADPH was
quantified by measuring its characteristic absorbance at
340 nm.

Determination of NADPH/NADP* ratio and ATP
concentration

R. palustris cultured under specified conditions was harvested.
Subsequently, the ratio of NADP*/NADPH and ATP concentra-
tion in R. palustris were determined by NADP*/NADPH Assay
Kit (WST-8) and Enhanced ATP Assay Kit, respectively. To be
specific, R. palustris cells were treated with appropriate buffers
as indicated by the providers. Subsequently, NADP*/NADPH ra-
tios were detected using a colorimetric assay with a microplate
reader at a detection wavelength of 450 nm, and ATP concentra-
tions were determined by RLUs.

Determination of CO, fixation

To measure the CO, fixation rate, R. palustris and Synecho-
cystis, with or without the addition of the persistent photoca-
talyst, were cultured under intermittent illumination by switch-
ing the light on and off every 12 h. For R. palustris culture, LB
medium (10 g peptone, 3 g beef extract, and 5 g NaCl per liter)
containing NaHCO3; (30 mM) was adopted, and R. palustris
was cultured at 30°C with a 100 W full-spectrum lamp as
the light source. For Synechocystis, BG11 medium supple-
mented with 30 mM NaHCO; was adopted, and Synechocys-
tis was cultured at 30°C with a 100 W full-spectrum lamp as
the light source. The culture solution was then centrifuged at
8,000 rpm for 5 min to collect the supernatant. 98 wt %
H,S0O, solution was diluted to a concentration of 5 mM for
quantitative analysis of remaining HCO3;™ in the supernatant.
The CO, fixation rate was calculated as: bicarbonate con-
sumption (mM)/time interval (96 h)/DCW(g).

Lycopene extraction and titration

R. palustris was cultured with or without the addition of the
persistent photocatalyst in an alternating 12-h light-dark cycle
to imitate the intermittent nature of solar source. The bacterial
cells were collected by centrifugation at 8,000 rpm for 5 min.
The collected bacteria were then washed twice and resus-
pended with 1.0 g-L~' NaCl solution. After removing the super-
natant by centrifugation, the obtained bacteria were dried at
70°C for 24 h. 3 mL of a 1:1 mixture of hexane and methanol
was then added, and the mixture was shaken at 220 rpm for
30 min at room temperature in the dark to extract lycopene. After
that, the mixture was centrifuged at 12,000 rpm for 10 min at 4°C
to remove cell debris. The concentration of lycopene in the
extract was determined with HPLC.
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PHB extraction and titration

PHB was extracted and determined using the following
methods. Specifically, 15 mL of Synechocystis cells (OD73g
approximately 1) were collected and centrifugated at
6,000 rpm for 10 min at 25°C. Then 1 mL concentrated H,SO,
was added and boiled for 1 h to hydrolyze PHB into crotonic
acid.®® The reaction solution was filtered through a 0.22 pm poly-
tetrafluoroethylene membrane filter. Subsequently, 200 pL of the
filtrate was diluted with 800 pL of 14 mM H,SO, and subjected to
an inert C18 column. The mobile phase consisted of 30% aceto-
nitrile and 70% 10 mM KH,PO, (pH 2.3) solution, with a flow rate
of approximately 1.0 mL/min. Commercial crotonic acid was uti-
lized as a detection reference.

Transcriptomics sequencing

Transcriptomics analysis has been conducted to comprehen-
sively understand the functional mechanism of the persistent
catalyst in R. palustris. Specifically, R. palustris was cultured
with or without the addition of the persistent photocatalyst under
intermittent illumination. After 4 days of culture, R. palustris sam-
ples were then collected. According to the manufacturer’s in-
structions, total RNA was extracted from R. palustris, and its
integrity was verified. The RNA was sent by Novogene to
generate libraries. The RNA sequence reference data used in
this study can be obtained from Taxonomy 1076 of the National
Center for Biotechnology Information (NCBI) (https://www.ncbi.
nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1076).

Metabolomics analysis

According to the manufacturer’s instructions, R. palustris sam-
ples cultured for 4 days were collected and sent by Novogene
to generate libraries. The results obtained from mass spectrom-
etry detection of the samples were analyzed using Compound
Discoverer (v.3.3) for statistical analyses, including principal-
component analysis (PCA), volcano plots, and heatmaps of
differentially expressed microbial metabolites.

Shake-flask fermentation

Here, the culture of R. palustris is introduced as an example. The
seeds of R. palustris were cultured in a 50 mL tube with a working
volume of 30 mL. The O,-free LB medium was used in the culture
process. Subsequently, the obtained seed culture with the ODggg
approximately 0.8 was transferred into tubes containing 30 mL of
LB medium and 30 mM NaHCOg3 at a volume ratio of 1%, either
with or without the addition of the persistent photocatalyst. The
fermentation temperature and agitation speed were set at 30°C
and 220 rpm, respectively. Full-spectrum LED (100 W) was used
for external lighting during the fermentation process to simulate
the light-dark cycle of solar energy. In contrast, Synechocystis
was cultured using O,-free BG11 medium.

Fed-batch fermentation

Fed-batch fermentations were conducted in a 1.0 L fermenter
with a working volume of 0.6 L. Similarly, the culture of
R. palustris is introduced as an example. The R. palustris was
cultured in O,-free LB medium and transferred into a sterilized
culture bottle with 400 mL O.-free LB medium containing
30 mM NaHCOs; when the culture reached an ODggg
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approximately 0.8. Then the R. palustris seed was incubated at
30°C with an agitation speed of 220 rpm for 96 h, utilizing a
full-spectrum LED (100 W) as its light source. Subsequently,
1% (v/v) seed culture was transferred into a sterilized fermenter,
and the fed-batch fermentation started with feeding. An anaer-
obic condition inside the fermenter was established by flushing
with argon gas until the concentration of dissolved oxygen
reached zero. To maintain anaerobic conditions inside the
fermenter, the feed medium (LB medium containing 30 mM
NaHCO3) was also flushed with argon gas before being fed
into the fermenter. 3g/L HCl and 3g/L NaOH were used to control
the pH of bacterial fermentation broth at ~7.0. Notably, Syne-
chocystis was cultured using O,-free BG11 medium.

LCA

LCA was conducted to analyze GHG emissions, economic cost,
electricity consumption, and other comprehensive environ-
mental impacts, according to the methodology standards
described in ISO 14044. A “cradle to gate” system boundary
was established with a functional unit of 1 kg of lycopene,
excluding utility construction and end-of-life disposal.®” Life-cy-
cle inventories and emission factors for the bioproduction of 1 kg
lycopene, with and without ZGGO:Ni in fermentation coupled
with the downstream separation process, were calculated using
the Ecoinvent database.®®"° A modified model of in-lab chemi-
cal synthesis of ZGGO:Ni, according to the lab data, along with
the upstream industrial production of raw chemicals, was adop-
ted here to comprehensively evaluate the environmental and
economic impacts with less uncertainties.”’ The production
was considered to take place in southern China. GHG emissions
equivalent and comprehensive environmental impact factors
were obtained from the assessment using the IPCC-2021-
GTP100 and ReCiPe-2016-Endpoint-(I) methods. Economic
costs and electricity consumption were calculated based on
the model.

Statistical analyses

All data are presented as mean + standard deviation (SD), and
statistical analyses and graphs were performed using
OriginLab 9.0 and GraphPad Prism 8.0.1. For comparisons be-
tween two groups, significance was determined using two-tailed
unpaired Student’s t test.
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