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Abstract: Microbial cell factories reinvigorate current industries by
producing complex fine chemicals at low costs. Reduced nicotinamide
adenine dinucleotide phosphate (NADPH) is the main reducing power
to drive the biosynthetic pathways in microorganisms. However, the
insufficient intrinsic NADPH limits the productivity of microorganisms.
Here, we report that supplying microorganisms with long-lived
electrons from persistent phosphor mesoporous Al,O3; (meso-Al,O3)
can elevate the NADPH level to facilitate efficient fine chemicals
production. The defects in meso-Al,O; were demonstrated to be
highly efficient in prolonging electrons’ lifetime. The long-lived
electrons in meso-Al,O; can pass the material-microorganism
interface and power the biosynthetic pathways of E. coli to produce
jet fuel farnesene. This work represents a reliable strategy to design
photo-biosynthesis systems to improve the productivity of
microorganisms with solar energy.

Introduction

Tremendous advances in metabolic engineering and synthetic
biology during the last 20 years have reinvigorated the energy,
pharmaceutical, and chemical industries with microbial cell
factories.l!! By reconstructing the desired metabolic pathways in
microorganisms, microbial cell factories can produce complex fine
chemicals including biofuels and pharmaceuticals at low costs.?
The mevalonate (MVA) biosynthetic pathway is widely used in
biosynthesis, through which a great diversity of isoprenoid-based
fine chemicals3 including antimalarial drug artemisinin and jet
fuel farnesenel’®® have been produced. Biosynthetic pathways
involve a series of redox reactions performed at the molecular
level.21¢5681 The reduced nicotinamide adenine dinucleotide
phosphate (NADPH) is pivotal in these redox processes since it
serves as the electron carrier for a large subset of

oxidoreductases in biosynthetic pathways.[! The production of
fine chemicals in microorganisms requires huge amounts of
NADPH to drive the biosynthetic pathways.[®8! However, the
intrinsic NADPH in microorganisms is far from enough to drive the
biosynthetic pathways.[®8% The lack of NADPH is a major hurdle
that limits the productivity of microbial cell factories, "% including
the MVA pathway for producing isoprenoid-based chemicals.
Owing to the pivotal role of NADPH as the electron carrier,
accelerating NADPH regeneration has long been of keen interest
in improving the productivity of fine chemicals in microorganisms.

Previous studies have demonstrated that microorganisms are
capable of accepting electrons from extracellular materials,** and
the accepted electrons can be used to generate NADPH for
powering the biosynthetic pathways.'? Therefore, feeding
microorganisms with extracellular electrons is a promising
paradigm for facilitating NADPH generation and increasing the
yields of fine chemicals production in the MVA biosynthetic
pathway. Semiconductors are highly efficient in producing photo-
excited electrons under illumination,*® and the photo-excited
electrons can serve as extracellular electrons to drive the
biosynthesis processes in microorganisms. Whereas, the
semiconductor-microorganism interface represents a barrier in
the transfer of photo-excited electrons into microorganisms.*4
Ideally, photo-excited electrons with long enough lifetimes can
pass through the semiconductor-microorganism interface more
easily to reach the cytosolic NADPH regeneration reactions. 26151

Defects are the disruption of the regular atoms in the crystal
lattice.[*®! Crystal defects can inhibit the annihilation of photo-
excited electrons and supply channels for electron migration,
which benefits the generation of photo-excited electrons with long
lifetimes.*®! Motivated by the defects-mediated long lifetime
electrons, here we demonstrated that supplying farnesene
producing E. coli with long-lived extracellular electrons from
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persistent phosphors can significantly improve the cytosolic
NADPH level and the farnesene production yield. Specifically, the
catalytic machinery of the MVA pathway in engineered E. coli was
integrated with mesoporous Al,O3; (meso-Al,Oz) persistent
phosphor for light-accelerated production of jet fuel farnesene
(Figure 1). The defect density was largely increased by
constructing a highly porous structure, which led to a significantly
prolonged lifetime of the photo-excited electrons in defective
meso-Al,O3. With the support of the long-lived electrons from the
light-harvesting meso-Al,Os, the yield of farnesene in E. coli was
increased from 900 mg/L to 1816 mg/L under visible light
illumination. Gene knockout assays further suggested that c-type
cytochrome and pili participated in the transfer of long-lived
electrons from the defective meso-Al,O; to E. coli. These findings
provide an efficient strategy to prolong the lifetime of photo-
excited electrons in solid materials and the developed hybrid
photo-biosynthesis system furnishes an effective channel for

solar-to-chemical production with microbial cell factories.
E. coli

Conduction band 2

ﬂ( fuel

Figure 1. Schematic diagram of the hybrid photo-biosynthesis system for

meso-Al,O,

farnesene overproduction. The hybrid photo-biosynthesis system was
constructed by adding mesoporous Al20s (meso-Al20z) into the E. coli culture
medium. The abundant defects in the meso-Al.O3 mediate the generation of
long-lived electrons under visible light illumination. The long-lived electrons
migrate into the E. coli to accelerate the regeneration of reduced nicotinamide
adenine dinucleotide phosphate (NADPH). The elevated amount of NADPH
powers the mevalonate (MVA) pathway to increase the yield of jet fuel
(IPP)

pyrophosphate (DMAPP) are the universal Cs precursors for the production of

farnesene. The isopentenyl pyrophosphate and dimethylallyl
isoprenoid-based fine chemicals including farnesene. D, electron donors in the

cell culture medium; Do, oxidized electron donor species.!*"!

Results and Discussion

To provide farnesene producing E. coli with long-lived electrons
for farnesene overproduction, defects were introduced in Al,O3 by
mesoporous structure to prolong the lifetime of photo-excited
electrons. The defective meso-Al,Os displays uniform mesopores
(Figure 2a, Figure S1 and S2) with an average pore diameter of
about 8 nm (Figure S3 and Figure S4).71 The defective features
of the meso-Al,Os; and nonporous Al,Os; (np-Al,O3) were
systematically investigated. The positron lifetime spectra of meso-
Al,O3 and np-Al,O3; (Figure 2b) are well decomposed by LT
routine into T,-T, components (Table S1),1*8 in which 15 represents
spin-parallel orthopositronium (o-Ps) annihilation in the negatively
charged defects. The 13 of 0-Ps in defective meso-Al,O3; and np-
Al,O3 is 1.27 £ 0.01 ns and 2.23 + 0.07 ns, respectively. The
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shorter 13 of 0-Ps in meso-Al,O3; suggests the presence of large
amounts of aluminum vacancies in defective meso-Al,O3. On the
other hand, in electron paramagnetic resonance (EPR)
spectroscopy, the defective meso-Al,O; shows a remarkable
symmetric absorption peak (Figure 2c) at around 326.7 mT. The
g-factor of the EPR absorption line was calculated to be 2.011,
indexing to electrons captured by oxygen vacancies.*! In X-ray
photoelectron spectroscopy (XPS) curves (Figure S5), the Al 2p
peak of meso-Al,Os; shifts from 74.3 eV to 74.7 eV, further
suggesting the presence of oxygen vacancies in defective meso-
AlL,O;. The EPR and XPS assays confirm the presence of larger
guantities of oxygen vacancies in defective meso-Al,O; compared
with np-Al,Os;. The positron lifetime spectra, EPR, and XPS
analysis suggest that cationic and anionic defects can be
efficiently created in materials by constructing a highly porous
structure.

Generally, defects can serve as electronic transition
intermediate states to narrow the bandgap of materials and
mediate the transition of photo-excited electrons, which can
extend the light absorption range of materials. The UV-Vis diffuse
reflectance absorption spectra show that the meso-Al,Os displays
broad absorption in the visible region (inset in Figure 2d). The
optical bandgap energy (Eg) of the meso-Al,O3; was calculated to
be about 3.20 eV, confirming the visible light absorption capability
of the defective meso-Al,Os;. Compared to the np-Al,Os, the
excitation band of meso-Al,Os is significantly enhanced and red-
shifts about 20 nm (Figure S6). Also, the meso-Al,O; can be
directly excited by visible light. These features make meso-Al,Os
suitable to harvest solar energy for accelerating the production of
fine chemicals in microorganisms. The np-Al,O; and meso-Al,O3
produce a broad emission across 320-580 nm (Figure 2e), which
can be ascribed to the defects-related radiative centers in Al,O3
according to previous studies.?® The maximum emission band of
the defective meso-Al,Os is red-shifted by about 30 nm compared
to np-Al,O3, confirming the presence of abundant crystal defects-
mediated transition intermediate states in the bandgap of the
defective meso-Al,O3. The above results demonstrate that the
optoelectronic properties of materials can be efficiently modified
by introducing defects. In addition to narrowing the bandgap,
defects can also serve as trap states to suppress charge
recombination and extend the lifetime of electrons. The
luminescence lifetime of defective meso-Al,Os is determined to be
about 165.4 ms (Figure 2f), clearly showing the existence of long-
lived electrons in defective meso-Al,O;. Moreover, the meso-
AlL,O3 displays brighter and more durable persistent luminescence
than the np-Al,Os (Figure 2g, Figure S7, Video S1 and S2). The
bright persistent luminescence in meso-Al,Os originates from the
gradual annihilation of the long-lived electrons with holes after
excitation ceases. The pre-charged defective meso-Al,Os
displays strong emission bands at around 100 °C and 450 °C in
thermally stimulated luminescence (TSL) spectra (Figure S8).
The TSL bands are attributed to the annihilation of long-lived
electrons trapped by crystal defects,*%! which suggests that the
abundant defects in meso-Al,O3 serve as trap states to prolong
the lifetime of the electrons. These data thus support the
conclusion that introducing defects into solid materials can
efficiently prolong the lifetime of photo-excited electrons. The
long-lived electrons in solid materials can be transported to
microorganisms easier than the short-lived ones.
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Figure 2. Accelerated farnesene production by defective mesoporous Al203 (meso-Al203) under visible light illumination. (a) Transmission electron microscopy

image of the defective meso-Al20s. Positron lifetime spectra (b) and electron paramagnetic resonance spectra (c) of the defective meso-Al.0z and nonporous Al203

(np-Al203). (d) Tauc plot of the meso-Al.0s. Inset: ultraviolet-vis diffuse reflectance absorption spectrum of the meso-Al20s. (e) Photoluminescence spectra of the

meso-Al20z and np-Al20a. (f) Transient photoluminescence decay curve of the meso-Al203. RT, room temperature. (g) Persistent luminescence images of the
defective meso-Al20s and np-Al2Os. (h) The ratio of reduced nicotinamide adenine dinucleotide phosphate to nicotinamide adenine dinucleotide phosphate

(NADPH/NADP®) in the meso-Al.0s/E. coli hybrid system at different conditions.
farnesene producing E. coli treated with np-Al203, and meso-Al.Os/E. coli hybrid s
mean (s.e.m.) of three or five independent measurements.

The performance of the defective meso-Al,Os in supplying
electrons for the production of NADPH and farnesene was further
investigated. In transient photocurrent tests, the defective meso-
Al,O3 produces a cathodic photocurrent 1.5 times higher than the
np-Al,O3, showing the strong electron-donating ability of the
defective meso-Al,O3 (Figure S9). Also, the efficient conversion
of nicotinamide adenine dinucleotide phosphate (NADP*) into
NADPH in solution is observed in the presence of defective meso-
Al,O3 and visible light illumination (Figure S10). Particularly,
under the simulated solar light illumination, a significant increase
in the typical absorbance of NADPH at 340 nm is observed,
suggesting that the solar light-excited electrons in meso-Al,O3
could be used for NADPH generation (Figure S10). A step further,
the engineered farnesene producing E. coli was constructed
according to our previously reported protocol,”® and the defective
meso-Al,O; was integrated with the engineered E. coli for
farnesene production. As shown in Figure 2h, the NADPH/NADP™*
ratio in E. coli of the hybrid photo-biosynthesis system is more

(i) The amount of produced farnesene by bare farnesene producing E. coli,
ystem at different conditions. Error bars show the mean * standard error of the

than 2 times higher than that in bare engineered E. coli, clearly
indicating that the electrons obtained from defective meso-Al;Os
can be used in the regeneration of NADPH in E. coli. To further
validate the performance of defective meso-Al,Os in accelerating
the farnesene producing pathway, the yields of farnesene
production in E. coli were quantified and presented in Figure 2i.
In the absence of defective meso-Al,Os, the bare engineered E.
coli produces a low amount of farnesene, about 900 mg/L,
regardless of light illumination. In marked contrast, the amount of
farnesene in the hybrid photo-biosynthesis system is 1816 mg/L,
2.02 times the farnesene produced by the bare engineered E. coli
and 1.47 times the farnesene produced in the np-Al,Os/E. coli
group. The significantly increased farnesene production in the
hybrid meso-Al,Os/E. coli photo-biosynthesis system can be
ascribed to the efficient transfer of the long-lived electrons from
defective meso-Al,O;3 to E. coli for powering the MVA pathway.
Moreover, the hybrid meso-Al,Os/E. coli photo-biosynthesis
system can produce farnesene with the productivity of 1220 mg/L
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under simulated solar light illumination (Figure S11), indicating
that the hybrid photo-biosynthesis system is capable of converting
solar energy into fine chemicals. Collectively, these results
demonstrated that defects can be readily introduced in materials
by porous structure to prolong the lifetime of photo-excited
electrons, and the long-lived electrons can be transferred to the
biosynthetic pathways in microorganisms to accelerate the
production of fine chemicals.

The defects-mediated long-lived electrons in Al,O3; were further
investigated with density functional theory (DFT) calculations at
the atomic level. Different types of defects in Al,O3; were studied
to investigate their role in charge separation regarding the total
density of states (TDOSs). The common point defects including
oxygen vacancy (Vo), interstitial oxygen (Oj), Al vacancy (Va) and
interstitial Al (Alj) were systematically investigated (Figure S12).
Defects can act as traps to suppress charge recombination and
prolong the lifetime of photo-excited electrons.t® The TDOS
results show that the charged oxygen vacancy can supply empty
states to trap electrons (Figure S12a), and the Al vacancies also

d
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contribute to the generation of long-lived electrons due to the multi
electron-hole pair for energy trapping (Figure S12c). Furthermore,
since large quantities of both Al and O vacancies exist in the
meso-Al,O3, Schottky defects can easily form. The Schottky
defects are a common type of defect that affects materials'
electronic and optical properties. In this study, the Schottky
defects were investigated in agglomerated and separated types.
Figure 3a shows that large amounts of additional electronic and
hole states are induced by the agglomerated Schottky defects.
For instance, in the case of neutral V5 (1), all the induced gap
states are symmetrical, including three pairs of electronic states
in 0.98, 1.45, and 2.16 eV (the upper panel) above the valence
band maximum and one pair of localized hole states in 4.37 eV
above the highest electronic state. Moreover, the separated
Schottky defects induce even more gap states in the bandgap, as
demonstrated in Figure 3b. The negatively charged Schottky
defects significantly affect the electronic structures with abundant
asymmetrical gap states near the mid-gap. The single-particle
levels of the native point defects and Schottky defects with

b
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Figure 3. The origin of long-lived electrons in defective mesoporous Al203 (meso-Al203). (a) The total density of states (TDOSs) of agglomerated Schottky defect

of Al,0s from triply negative V;i;,5to triply positive V33,5 (b) TDOSs of separated Schottky defect of AlOs from triply negative V35,5to triply positive V35,.. (c)

Summarized single-particle levels of intrinsic defects in Al2O3 with different charge states (empty states = negative value, filled states = positive value). Vo, oxygen

vacancy; Oj, interstitial oxygen (Oi); Va, Al vacancy; Ali, interstitial Al; Vstk1, agglomerated Schottky vacancy; Vstkz, separated Schottky vacancy.
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different charge states are further summarized in Figure 3c. Due
to the extra-large intrinsic optical bandgap, the emission decay of
the electronic inter-level transition is usually too short for Al,Os.
However, by artificially creating the native defects in the material,
the energetic interval between occupied (electronic) and
unoccupied (hole) long-lifetime levels is significantly alleviated.
Compared to the simple point defects, Schottky defects are more
promising in prolonging the electron lifetime in defective meso-
Al,O3 because Schottky defects can provide abundant localized
electronic and hole states. The DFT calculations confirm that
creating defects is an efficient strategy to prolong the lifetime of
the photo-excited electrons in semiconductors.

The possible proteins by which the electrons from defective
meso-Al,O3 passed to E. coli were further investigated. The direct
attachment of E. coli to the defective meso-Al,Os is observed in
the scanning electron microscopy (SEM) image (Figure 4a). The
binding of E. coli to meso-Al,O3 can be ascribed to the
electrostatic interaction between the negatively charged E. coli
and the positively charged meso-Al,Os; (Figure S13).[0.12a21]
According to previous studies, the attachment of E. coli to
defective meso-Al,Os; is beneficial for electron transfer from
defective meso-Al,O3 to E. coli.lt?214 Electrically conductive c-
type cytochrome and pilin have been proposed as efficient
pathways for electrons transfer between contacted
microorganisms.'®! Considering the attachment of E. coli to
defective meso-Al,O3, electron transfer from defective meso-
Al,O3 to E. coli via c-type cytochrome or pilin may exist in the
farnesene biosynthesis system. To verify this point, the genes
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Figure 4. Electron transfer from mesoporous Al203 (meso-Al203z) to E. coli. (a)
Scanning electron microscopy image of the meso-Al20s/E. coli. (b) The yield of
farnesene production in c-type cytochrome-deficient E. coli (Accm, dark), c-type
cytochrome-deficient E. coli treated with defective meso-Al.Os (Accm + meso-
AlO3, dark), c-type cytochrome-deficient E. coli treated with defective meso-
Al203 and illumination (Accm + meso-Alz20s3, light), and the original hybrid meso-
Al,Os/E. coli system (meso-Al20s, light). (c) The yield of farnesene production
in pilin-deficient E. coli (AFimA, dark), pilin-deficient E. coli treated with meso-
Al.03 (AFimA + defective meso-Al.O3, dark), pilin-deficient E. coli treated with
defective meso-Al:Oz and illumination (AFimA + meso-Al2Os, light), and the
original hybrid meso-Al20s/E. coli system (meso-Al20g, light). (d) Schematic

illustration showing the transfer of electrons from defective meso-Al2Os to E. coli.

Pilin is the conductive protein on the pili of E. coli. NADPH, reduced

nicotinamide adenine dinucleotide phosphate. Error bars show the

mean + standard error of the mean (s.e.m.) of three independent measurements.
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encoding c-type cytochrome and pilin were knockout in
farnesene-producing E. coli strains, respectively (Figures S14
and S15).”4 As indicated in Figure 4b, in c-type cytochrome-
deficient E. coli (Accm), the produced farnesene is about 400 g/L
in the presence of meso-Al,O3 and light illumination, which is less
than a quarter of the farnesene produced in the hybrid meso-
AlLO3/E. coli system. The significantly decreased production of
farnesene indicates that the electrons of defective meso-Al,O3
cannot be efficiently passed to E. coli without c-type cytochrome,
demonstrating that c-type cytochrome is essential in the transfer
of electrons from defective meso-Al,Os to E. coli. Similarly, the
pilin-deficient E. coli (AFimA) treated with defective meso-Al,Os
and light illumination also produced much less farnesene than the
hybrid meso-Al,Os/E. coli system (Figure 4c). Additionally,
nitazoxanide (NTZ), an antiparasitic drug shown to inhibit the
aggregative adherence function of pili,?® was applied to the
hybrid photo-biosynthesis system to block pili. With the addition
of NTZ, the production of farnesene in the hybrid photo-
biosynthesis system falls by more than half (Figure S16), again
confirming that the electrons in defective meso-Al,O3; cannot be
efficiently passed to E. coli in the dysfunction of pilin. These
results thus provide evidence that the long-lived electrons in
defective meso-Al,O3; cannot be efficiently transferred to E. coliin
the absence of c-type cytochrome or pilin, suggesting that c-type
cytochrome and pilin play crucial roles in passing the electrons
from meso-Al,Os to E. coli (Figure 4d).

The MVA pathway for farnesene production involves the
conversion of acetyl-CoA into MVA, geranyl pyrophosphate, and
farnesyl pyrophosphate. Farnesene is further biosynthesized by
using geranyl pyrophosphate (GPP) and farnesyl pyrophosphate
(FPP) as the building blocks (Figure 5a)."! The performance of
the hybrid photo-biosynthesis system in farnesene production
was further investigated. The concentrations of the GPP and FPP
in the hybrid photo-biosynthesis system are found to be lower
compared to bare E. coli. Whereas, significantly elevated
production of farnesene in the hybrid photo-biosynthesis system
is observed (Figure 5b), which can be attributed to the accelerated
consumption of GPP and FPP in the hybrid photo-biosynthesis
system for farnesene overproduction. Figure 5c¢ further shows that
the NADPH/NADP* ratio in the hybrid photo-biosynthesis system
is more than two times that of the bare farnesene producing E.
coli, showing that the light-harvesting meso-Al,O3 can efficiently
convert light energy into NADPH. The farnesene production
kinetics further shows that the yield of farnesene in the hybrid
photo-biosynthesis system increases rapidly within the first 24 h
and begins to plateau after 72 h of reaction (Figure 5d), which can
be ascribed to the gradual slowing down of bacterial growth in the
photo-biosynthesis system after 72 h. Compared to the hybrid
photo-biosynthesis system, the meso-Al,O3/E. coli group in dark
produces much less farnesene over time, suggesting that the
hybrid photo-biosynthesis system is efficient in solar-to-chemical
synthesis. The viability of E. coli in the hybrid photo-biosynthesis
system was also investigated by measuring the ODgoo and cell
number. The ODgoo and the counted cell number rapidly increase
within 24 h (Figure 5e), indicating the rapid proliferation of E. coli
in the presence of meso-Al,O3 and light illumination. The bare
farnesene producing E. coli displays a similar growth curve to the
E. coli in the hybrid photo-biosynthesis system (Figures S17 and
S18), indicating that the defective meso-Al,O3; exhibit excellent
biocompatibility with microorganisms. Taken together, the
defective meso-Al,O3 can provide long-lived electrons for fine
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Figure 5. Farnesene production in the hybrid photo-biosynthesis system. (a) The mevalonate (MVA) pathway for farnesene production. NADPH, reduced

nicotinamide adenine dinucleotide phosphate; ATP, adenosine triphosphate. (b) The relative concentrations of geranyl pyrophosphate (GPP), farnesyl

pyrophosphate (FPP), and farnesene in bare farnesene-producing E. coli and the hybrid photo-biosynthesis system. (c) The ratio of reduced nicotinamide adenine
dinucleotide phosphate to nicotinamide adenine dinucleotide phosphate (NADPH/NADP™) in bare E. coli and the hybrid photo-biosynthesis system. (d) Normalized
concentration of farnesene produced by the hybrid biosynthesis system in light and dark over time. (e) The ODsoo of the hybrid photo-biosynthesis system and the

counted cell numbers of E. coli in the system over time. Error bars show the mean + standard error of the mean (s.e.m.) of three independent measurements.

chemical production, showing its good promise in solar-to-
chemical synthesis with microbial cell factories.

Conclusion

In summary, we have demonstrated that the lifetime of photo-
excited electrons in semiconductors can be prolonged by creating
defects, and the long-live electrons can be efficiently transferred
to microorganisms to power the biosynthetic pathways for fine
chemical production in high yields. By constructing a highly
porous structure in Al;O3, the amounts of defects were largely
increased and the lifetime of photo-excited electrons was
significantly prolonged. With the assistance of the long-lived
electrons in meso-Al,Os, the yield of farnesene production in E.

coli was increased from about 900 mg/L to 1816 mg/L under
visible light illumination. Additionally, the c-type cytochrome and
pilin were demonstrated to participate in the electron transfer
process in the photo-biosynthesis system. The method developed
in this work can not only open new possibilities for prolonging the
lifetime of photo-excited electrons in solid materials but also
provide further avenues to elevate the production yields of fuels,
pharmaceuticals and other high-value chemicals in microbial cell
factories with solar energy.
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