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Bacteria photosensitized by intracellular gold
nanoclusters for solar fuel production

Hao Zhang'’, HaoLiu'’, Zhiquan Tian?, DylanLu'3, YiYu'4, Stefano Cestellos-Blanco®,

Kelsey K.Sakimoto' and Peidong Yang'356*

The demand for renewable and sustainable fuel has prompted
the rapid development of advanced nanotechnologies to
effectively harness solar power. The construction of photo-
synthetic biohybrid systems (PBSs) aims to link preassem-
bled biosynthetic pathways with inorganic light absorbers.
This strategy inherits both the high light-harvesting efficiency
of solid-state semiconductors and the superior catalytic per-
formance of whole-cell microorganisms. Here, we introduce
an intracellular, biocompatible light absorber, in the form of
gold nanoclusters (AuNCs), to circumvent the sluggish kinet-
ics of electron transfer for existing PBSs. Translocation of
these AuNCs into non-photosynthetic bacteria enables pho-
tosynthesis of acetic acid from CO,. The AuNCs also serve
as inhibitors of reactive oxygen species (ROS) to maintain
high bacterium viability. With the dual advantages of light
absorption and biocompatibility, this new generation of PBS
can efficiently harvest sunlight and transfer photogenerated
electrons to cellular metabolism, realizing CO, fixation con-
tinuously over several days.

Although the conversion efficiencies of inorganic semiconduc-
tor devices from solar to different energy forms can easily surpass
20%, the transduction of solar energy into specific organics remains
abottleneck for abiotic catalysts". The construction of PBSs enables
solar-to-chemical energy conversion with high specificity and low
cost’. Among several well-documented prototypes of hybrid inor-
ganic-biological systems for photosynthetic CO, fixation*®, the
whole-cell strategy is favoured because of the involvement of a com-
plete biological CO, reduction cycle and the ability to self-replicate
and self-repair’ (Fig. 1). Non-photosynthetic organisms, especially
those developed in modern synthetic biology, possess more desir-
able metabolic pathways than their photosynthetic counterparts,
offering a tunable CO, metabolism for diverse products®. Our proof-
of-concept whole-cell hybrid system was realized by interfacing the
non-photosynthetic electrotrophic bacterium Sporomusa ovata
with a photoelectrochemical silicon nanowire array'. Sporomusa
ovata can directly use electrons from the silicon photoelectrode
through the bio-inorganic interface assisted by numerous active
enzymes and functional proteins on their membranes’. Recently, we
demonstrated that the acetogenic bacterium Moorella thermoacetica
(ATCC 39073) can self-precipitate cadmium sulfide (CdS) nanopar-
ticles on its membrane’. The photo-excited electrons from CdS
nanoparticles are captured by membrane proteins to produce reduc-
ing equivalents that are ultimately transported into the cytoplasm

to drive the Wood-Ljungdahl pathway for CO, fixation. In both
examples, intimate bio-inorganic interfaces are formed between the
inorganic semiconductors and the bacteria. Nevertheless, as most
biocatalytic CO, fixation cycles are carried out in the cytoplasm,
mass transport of redox shuttle molecules across the membrane into
the cytoplasm would consume extra energy and be bottlenecked by
transmembrane diffusion’. Therefore, simultaneous generation of
photo-excited electrons and reducing equivalents inside the bacte-
ria should improve the efficiency of energy transduction. An essen-
tial prerequisite for the light absorber is the ability to be taken up by
living microorganisms without losing its chemical integrity.

Here we introduce ultra-small AuNCs as the biocompat-
ible intracellular photosensitizer for non-photosynthetic bacteria.
AuNCs possess chromophore-like discrete energy states and unique
geometric structures'’. The tunability of the core size and surface
ligands of the AuNCs allows us to manipulate their biochemical/
biophysical properties such as cell uptake, cytotoxicity, biocompat-
ibility and molecular electronic structures'>'*. In particular, strides
have been made in the use of AuNCs in solar light harvesting as
a visible-light absorber in the form of a type II junction". Proof-
of-concept studies have demonstrated that AuNCs can be delivered
into mammalian cells either in vivo or in vitro to achieve cell imag-
ing with high biocompatibility’®"”.

Incorporation of Au nanoclusters into M. thermoacetica
Water-soluble AuNCs (majority Au,,(SG),s, where SG is glutathione)
were synthesized following a procedure reported previously, with
slight modification (Au,,(SG),; content ~92%)'*"*. Moorella ther-
moacetica bacteria were inoculated and cultured in heterotrophic
medium for 2 days before the Au,,(SG),; solution was injected (see
Methods for details). In the following 2 days, the bacteria underwent
exponential growth in the presence of AuNCs. They were then cen-
trifuged, separated from the supernatant and redispersed in auto-
trophic medium. In Supplementary Fig. 2, the redispersed solution
shows almost the same colour as before the centrifugation, whereas
the supernatant is clear, suggesting that AuNCs were preferentially
taken up by M. thermoacetica with a 95.37% uptake efficiency (see
Supplementary Information). Furthermore, the ultraviolet-visible
(UV-vis) absorption spectrum of the redispersed M. thermoacetica/
AuNC solution displays the same characteristic peaks as the bare
AuNC solution, in contrast to the featureless absorption curve of
the bare M. thermoacetica solution (Supplementary Fig. 3), indicat-
ing that the AuNCs remain intact during the integration process.
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Fig. 1| Schematic diagram of the M. thermoacetica/AuNC hybrid system. a, The Au,,(SG),; nanoclusters were delivered into bare M. thermoacetica (grey)
during the culture process, forming M. thermoacetica/AuNCs with red emission. The simulated chemical structure of Au,,(SG),s nanoclusters is shown

in the inset®. Light yellow spheres, Au atoms in the core; dark yellow, Au atoms in the staple motifs; red, S atoms in the shell. All other atoms (carbon,
hydrogen) have been omitted from this structure for clarity. Also shown are space-filling models of acetic acid and CO, (orange, oxygen; grey, carbon;
white, hydrogen). b, Schematic of bacterium. The electrons generated from intracellular AuNCs under illumination are used by enzymatic mediators inside
the cytoplasm and are finally passed on to the Wood-Ljungdahl pathway. Hypothesized electron transfer pathways are presented in Supplementary Fig. 1.

Structure illumination microscopy (SIM) was further used to
clarify the location of AuNCs in the hybrid biosystem by collecting
the emissive fluorescence from AuNCs under excitation at 540 nm
(Fig. 2a)*. Figure 2b displays the image of several AuNC-treated
M. thermoacetica on different focal planes with a step increment
of 86nm along the z direction. This shows the emission inten-
sity profile from the bottom through the top cross-sections of the
bacteria. A movie of the reconstructed 3D model of an individual
AuNC-treated M. thermoacetica is available in the Supplementary
Information. To draw a solid conclusion, the same culturing con-
ditions were also applied to the bare M. thermoacetica and to M.
thermoacetica with membrane-bound CdS (M. thermoacetica-CdS)
PBS. As a control, the bare M. thermoacetica display no photolumi-
nescence emission and result in a completely dark image under 540-
nm illumination (Supplementary Fig. 4). In comparison (Fig. 2¢,d),
SIM images of the M. thermoacetica-CdS PBS excited at 408 nm
show greenish photoluminescence emission with an annular
shape from the membrane-bound CdS nanoparticles. The distinct
SIM photoluminescence emission patterns confirm the successful
transportation of AuNCs into the cytoplasm of M. thermoacetica.
Additionally, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS) mapping were performed to verify the location
of the AuNCs (Fig. 2e,f,g). As shown in Fig. 2f, gold was mostly
detected and well distributed across the whole bacterium without
obvious aggregation on the membrane. Although the mechanism
of AuNC delivery into the bacteria remains to be fully explored, the
well-documented specific uptake of various metal nanoparticles
and quantum dots into mammalian cells can provide clues. To be
taken up specifically by living cells, nano-sized particles become
chemically linked to biorecognition molecules such as peptides,
antibodies, nucleic acids or small-molecule ligands***. We hypoth-
esize that the specific AuNC uptake by M. thermoacetica is similarly
mediated by the AuNC tripeptide surface ligand, glutathione, which
has strong bioaffinity, through passive targeting®*.

Photosynthesis of M. thermoacetica/AuNC hybrid system
After successful incorporation of AuNCs into living bacteria, we
examined the photosynthetic ability of the hybrid system. Before

being exposed to low-intensity simulated sunlight (calibrated by
photodiode, air mass 1.5 global spectrum (AM 1.5), 2Wm™),
the heterotrophic medium was replaced by autotrophic medium,
to make sure that CO, was the only external carbon source for
M. thermoacetica. As the only respiration product, the concentration
of acetic acid was monitored by quantitative proton nuclear mag-
netic resonance ("H-qQNMR) (Supplementary Fig. 5), and “C iso-
tope labelling was also carried out to track the carbon source during
the photosynthesis (Supplementary Fig. 6). Several controls in terms
of the number of cells and culture volume with the optimized light
absorber concentration for M. thermoacetica/ AuNCs and M. ther-
moacetica-CdS PBSs were carried out. The results show that these
two hybrids are capable of fixing CO, to generate acetic acid under
illumination. The acetic acid yield was normalized to the dry weight
after photosynthesis for each system (Supplementary Information),
thus taking cell population, cell phases and toxicity effects of photo-
sensitizers into account. In the two deletional controls, namely bare
M. thermoacetica in the light and M. thermoacetica/ AuNCs in the
dark, the acetic acid yield is negligible (Fig. 3a). The M. thermoace-
tica/ AUNC system exhibits faster acetic acid production than the
M. thermacetica—CdS system. After 4 days, the accumulated acetic
acid yield of M. thermoacetica/ AuNCs is noticeably higher than that
of the M. thermoacetica-CdS system. To illustrate the photosensitiz-
ing behaviour of AuNCs inside M. thermoacetica, we used photolu-
minescence spectroscopy to study the electron transfer between the
AuNCs and the bacteria (Fig. 3b). The bare AuNC solution shows
strong red and near-infrared photoluminescence emission centred
at 680nm when excited by a 532-nm solid-state laser beam, while
the bare M. thermoacetica solution shows no photoluminescence
emission. Before carrying out the photosynthesis, the photolumi-
nescence emission spectrum of the M. thermoacetica/ AuNCs in
the CO,-free medium gives a broad peak with slight redshift and
lower intensity than the bare AuNC solution. However, during the
photosynthetic process, the red photoluminescence emission of the
M. thermoacetica/AuNCs solution is totally quenched. Thus, we
argue that instead of undergoing a recombination process, photo-
excited electrons from the AuNCs are transferred to cytoplasm-
distributed redox mediators, such as ferredoxin (Fd), flavoproteins
(Fp) and rubredoxins (Rd) (Supplementary Table 1) as illustrated in
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Fig. 2 | Microscopy images of the M. thermoacetica/AuNC hybrid system. a, SIM image of several M. thermoacetica/AuNCs fluorescing in red (excitation
at 540 nm) with total counts ranging from O to 3,000. b, SIM images of different focal planes (numbered successively i to ix) along the z direction. ¢, SIM
image of individual M. thermoacetica/AuNC PBS. d, SIM image of a single M. thermoacetica-CdS PBS (excitation at 408 nm) with annular-shaped emission.
e, HAADF-STEM image of M. thermoacetica/AuNCs. f, g, EDS mapping of the region in e, showing the elements (f) Au and (g) N across the entire cell.

Scale bars for a-d, 2 pm.

previous enzymological and thermodynamic studies on the same
bacterium®”. Moreover, an average lifetime of 729ns was deter-
mined for the luminescence decay at 630nm for the bare AuNC
solution (Supplementary Fig. 7), which results from ligand-to-metal
charge transfer relaxation occurring at a triplet metal-centred state
in the long, interlocked gold shell’. The ultra-long photolumines-
cence lifetime is beneficial for electron transfer from the AuNCs to
the energy transfer system (ETS) in the cytoplasm®. Ultimately, the
photo-excited electrons from AuNCs are passed on to the Wood-
Ljungdahl pathway to synthesize acetic acid from CO,, while the
holes are quenched by cysteine, resulting in its oxidized form, cys-
tine (CySS)’. The overall photosynthetic reaction is

M. thermoacetica / AuNCs

2CO0, +8Cys + 8hv CH,COOH

+2H,0 +4CySS

(1)

To further study the photosynthetic behaviour, we illuminated
M. thermoacetical AuNC hybrids in an alternating light-dark cycle of
12 hours each, to imitate the intermittent nature of the solar source.
In Fig. 3¢, we can see continuous production of acetic acid during
the day-night cycles, mainly due to the accumulation of metabolic

202

intermediates as illustrated in our previous study’, which could be
confirmed by the observation of distinct increases in the rate of ace-
tic acid production for dark cycles. The lower acetic acid increase
in the first dark cycle, compared with that of the following dark
cycles, indicates a potential deficit of the accumulated biosynthetic
intermediates at the beginning, and the possible explanation lies in
insufficient energy generated or rapid consumption of biomass. The
quantum efficiency was quantified daily by the ratio of the effective
electrons used for acetic acid production to the total input photon
flux (Supplementary Information). The overall quantum efficiency
can be as high as (2.86+0.38)% for the first day, 33% higher than
M. thermoacetica-CdS with (2.14+0.16)%, reflecting better CO,
fixation ability in M. thermoacetica/ AuNCs system. Additionally,
although natural photosynthesis can produce organic compounds
by CO, fixation during the daytime, most of these are consumed
by the respiration process at night. The photosynthetic product of
M. thermoacetica/ AuNCs PBS, acetic acid, cannot be catabolized
by M. thermoacetica, and thus the catabolic energy loss in the dark
cycles is absent. This special behaviour could potentially help the
PBS to outstrip the efficiency of natural photosynthesis.

Both the continuous and the light-dark cycle experiment
reveal that the rate of acetic acid production began to plateau after
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Fig. 3 | Photosynthesis behaviour of different systems. a, Normalized photosynthetic production of acetic acid by M. thermoacetica, M. thermoacetica/
AuNCs and M. thermoacetica-CdS PBSs under continuous low-intensity illumination and in dark conditions (n=20 culture batches for M. thermoacetica-
CdS (light), n=35 culture batches for other conditions). b, Photoluminescence (PL) spectra of pure AuNCs, bare M. thermoacetica, M. thermoacetica/
AuNCs in CO,-free conditions without photosynthesis ability, and M. thermoacetica/AuNCs in the photosynthesis process. ¢, Normalized acetic acid

production and quantum yield of M. thermoacetica/AuNCs as percentage of in

dependent acetic acid yield in M. thermoacetica/AuNCs and M. thermoacetica-

cident light, during light-dark cycles (n=21 culture batches). d, Cysteine-
CdS with cysteine added at day 2, for 7 days of photosynthesis (n=12

culture batches). All points and error bars show the mean and standard deviation, respectively, of the experiments.

3 days. We postulated that the sacrificial hole scavenger, Cys, was
quickly consumed by the M. thermoacetica/ AuNCs PBS during
the first 3days of photosynthesis. Therefore, a second injection of
Cys in varying amounts was made on day 2. In Fig. 3d, the accu-
mulated acetic acid production normalized by dry weight after a
week of photosynthesis reached 4.51 mmolg~, 5.52mmolg™ and
6.01 mmol g™ when the overall feed of Cys was 0.2wt%, 0.25wt%
and 0.3 wt%, respectively. In contrast, the addition of extra Cys in
the M. thermoacetica—-CdS PBS did not improve the acetic acid
production. This can be explained by the structural instability of
membrane-bound CdS nanoparticles, as shown by the observation
of severe ripening and ultimately peeling off from the membranes,
and the successive photo-oxidization of CdS under long illumina-
tion. The acetic acid upsurge (around 80%) in the M. thermoacetica/
AuNC system affirms its ability to conduct a continuous solar-to-
chemical conversion process.

Viability of M. thermoacetica in hybrid systems

The viability of bacteria in different systems was also determined
by bacteria enumeration with a Petroff-Hauser counting chamber
in both dark and light conditions (Fig. 4a,b). First, in the dark incu-
bator, bacteria were cultured in parallel in heterotrophic media for
2 days, and AuNC solution, Cd** precursor solution and blank water
with the same volume were then added accordingly. After continu-
ing to increase for 12 hours, the bare M. thermoacetica and M. ther-
moacetical/ AuNC systems maintained a relative high proliferation
rate and cell viability until the fourth day, whereas the cell popula-
tion of the M. thermoacetica—CdS system started to decline (Fig. 4a).
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This observation confirms the superior biocompatibility of the
AuNCs. On the other hand, under the conditions of photosynthe-
sis, we found that the bacteria population continued to increase in
the first 12 hours, probably resulting from the completed division of
already doubled but not yet split bacteria. Thereafter, the popula-
tion of viable bare M. thermoacetica dropped quickly, owing to the
lack of heterotrophic substrates and potential photo-oxidative deg-
radation. The viability of M. thermoacetica-CdS PBS declined after
day 1 and cell concentration decreased to ~25% after 4 days (from
the initial (8.9+0.2) X 107 cellml™). Nevertheless, the cell ratio of
M. thermoacetical AuNCs remained higher than 100% for the first
2 days, after which the cell amount slowly dropped to ~70% (from
the initial (11.5+0.2) X 107 cellml™).

Besides low toxicity and good biocompatibility, AuNCs are also
reported to possess the ability to quench ROS*, such as NO* and
*OH, generated from the photo-oxidative degradation of metal-
cluster-containing biomolecules under illumination®. The viability
of M. thermoacetica could drop significantly as intracellular ROS
accumulate. Therefore, we applied a ROS assay kit (MAK143) to
assay the ROS level in the cytoplasm of M. thermoacetica by record-
ing the intensity of ROS-triggered fluorescence emission. As shown
in Fig. 4c, the ROS concentration in bare M. thermoacetica is 1.8
times higher than it is in M. thermoacetica/ AuNCs after they were
illuminated for 48hours. These differences reveal the beneficial
effect of AuNCs on eliminating ROS in the M. thermoacetica/ AuNC
system***'. ROS scavenging by AuNCs might be attributable to its
chemical catalytic property, which triggers reactions between cyste-
ine and radicals. The AuNCs, with their multiple energy levels, are
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and 48h (n=9). All points and error bars show the mean and standard deviation, respectively, of the experiments.

speculated to aid electron transfer to neutralize the active species to
stable states™.

Conclusions

In summary, we have shown that AuNCs, acting as an intercellular
photosensitizer, could enable the non-photosynthetic bacterium,
M. thermoacetica, to achieve efficient photosynthesis. Small AuNCs
with high biocompatibility inside the bacterium enable the photo-
synthesis of acetic acid from CO,. Moreover, the photogenerated
electrons from intracellular AuNCs could be passed to cytoplasmic
mediators by the Wood-Ljungdhal pathway, bypassing the slow
mass transport and energy consumption across the cell membrane.
Besides the intracellular energy transfer, continuous CO, fixation
over 6days benefited from the high viability of M. thermoacetica/
AuNCs, with AuNCs acting as a ROS scavenger.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
$41565-018-0267-z.
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Methods

Preparation of AuNCs. The red-emitting AuNCs were synthesized by a pH-
mediated NaBH, reduction method. In a typical synthesis, aqueous solutions of
HAuCl, (12.5ml, 20mM) and GSH (7.5 ml, 50 mM) were added to a 500-ml flask
containing 180 ml of ultrapure water. After 2 min of vigorous stirring, the pH of the
reaction solution was brought to 12.0 with 1 M NaOH. Thereafter, 0.24 mg NaBH,
in 0.1 ml water was added into the reaction solution, stirring at 500 r.p.m. at room
temperature. After 0.5h, the solution pH was adjusted to 2.5 with 0.33 M HCL. The
reaction solution was then sealed airtight and slowly stirred at 200 r.p.m. for 8h.
An aqueous solution of strong red-emitting AuNCs was formed. To isolate AuNCs
from the solution, isopropyl alcohol was added with 1:1 volume ratio. The dark
red precipitate was collected through high-speed centrifugation at 14,000 r.p.m.
and washed with 1:1 methanol:H,O mixture. Polyacrylamide gel electrophoresis
(PAGE, 30 wt% monomers) was then applied to separate and collect Au,,(SG),4
from Au,5(SG),; and Au4(SG),, (Supplementary Fig. 8).

Preparation of heterotrophic medium and autotrophic medium. Both media
were prepared under anaerobic conditions with deionized (DI) water. The Hungate
technique or an anaerobic chamber (Coy) was used in all operations to prevent
exposure of the anaerobic bacteria to oxygen. The recipe for a general broth is

as follows: to a bottle of 11 degassed DI water was added 400 mg NaCl, 400 mg
NH,C], 330 mg MgSO,-7H,0, 50 mg CaCl,, 250 mg KCI and 2.5g NaHCO,. The
mixture was heated and stirred to boiling point under a continuous flux of nitrogen
atmosphere, and 10 ml Wolfe’s vitamin mix (Supplementary Table 2) and 10ml
trace mineral mix (Supplementary Table 3) were added after cooling to room
temperature. To make the heterotrophic medium, 25 ml 1 M glucose solution,

20 ml 5wt% Cys-HCl solution, 800 mg B-glycerophosphate-2Na-xH,O, 500 mg
yeast extract and 500 mg tryptone were added into 11 of the general broth and
stirred until fully dissolved. To make the autotrophic medium, 640 mg K,HPO,
was added into 11 of the general broth. Yeast extract and tryptone were obtained
from BD Biosciences, and all other reagents were obtained through Sigma-Aldrich.
Anaerobic media were then dispensed under a mixed atmosphere (80:20 mixture
of N,:CO,) into 16 X 125 mm Balch-type anaerobic culture tubes (Chemglass)

with butyl rubber stoppers and screw caps, and 18 X 150 mm Balch-type anaerobic
culture tubes (Chemglass) with butyl rubber stoppers and aluminium crimp seals.
Media were then autoclaved for 15 min at 121 °C before use.

Growth of M. thermoacetica/ AuNCs. The initial inoculum of M. thermoacetica
(ATCC 39073) was cultured in the heterotrophic medium, and the late log
cultures were cryopreserved in a —80 °C freezer with 10% dimethyl sulfoxide

as a cryoprotectant. To prepare M. thermoacetica/ AuNC hybrids, the thawed
cryopreserved stock of 10ml M. thermoacetica was inoculated in 10 ml of the
anaerobic heterotrophic medium at 5vol%, and incubated with occasional
agitation at 52 °C. The headspace of each tube was pressurized to 150kPa with a
flux of the mixed atmosphere (80:20 mixture of N,:CO,). After 2 days of growth
(0D =0.16), the culture was reinoculated at 5vol% into fresh heterotrophic
medium, and incubated at 52°C. After 36 hours of growth (ODyy,=0.28), 0.5ml
of 4mgml~" Au,,(SG),, solution was added to each tube. The chemical stability
of AuNCs at different concentrations was tested by UV-vis absorption, and the
intracellular AuNC stability was also explored through the SIM emission intensity
(Supplementary Fig. 9). The tubes were returned to incubation and placed in the
mini shaker (VMR) at a speed of 100 r.p.m. for 1 h, and then stood still for the
rest days without shaking. After an additional 1 day, each tube was centrifuged
at 2,500 r.p.m. for 10 min, washed and resuspended in an equivalent volume of
autotrophic medium supplemented with 0.1 wt% cysteine. We distributed 10 ml
of the suspension into each clean anaerobic tube equipped with a magnetic stir
bar (sealed and autoclaved as previously described). Each tube was pressurized
with 150kPa of 80:20 H,:CO, and incubated for 12 hours at 52°C to promote
autotrophic respiration.

Photosynthesis measurements. Prior to photosynthesis, the mixed flux of 80:20
N,:CO, was continuously applied to each tube for 5mins to extrude the residual
mixture of H, and CO,. An additional 0.1 wt% cysteine was then added to each
tube (total 0.2 wt%, nominal). Each tube was stirred at 150 r.p.m. and heated to
a measured temperature of 55 °C by a stirring hot plate. The illumination source
used for simulated sunlight measurements was a collimated 75W Xenon lamp
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(Newport) with an AM 1.5G filter. All light intensities were calibrated by a

silicon photodiode (Hamamatsu S1787-04). Concentrations of photosynthetic
products were measured by'H-qQNMR with sodium 3-(trimethylsilyl)-2,2’,3,3’
-tetradeuteropropionate (TMSP-d,, Cambridge Isotope Laboratories) as the
internal standard in D,O. Spectra were processed using the MestReNova software.
The experiments for all the conditions were replicated, and the sample sizes are
listed in Figs. 3 and 4. The "*C isotope labelling experiments were conducted in the
autotrophic medium with NaH"*CO,, and the headspace was pressurized by *CO,.
Photosynthetic products were measured by 'H-NMR and *C-NMR.

Optical characterization. The UV-vis spectra of M. thermoacetica/ AuNC
suspensions were obtained with a UV-vis-NIR spectrophotometer (Shimadzu
UV3101PC) with an integrating sphere. Photoluminescence spectra were taken
in a confocal fluorescence spectroscope based on a Horiba LabRAM HR system.
Excitation solid-state laser illumination at wavelength 532 nm was focused onto
the sample by an optical objective (x20 magnification, numerical aperture 0.4).
Fluorescence from the sample was collected by the same objective and sent to
the spectroscope for analysis. The spectroscope was equipped with a diffraction
grating of 600 linesmm™' (blaze wavelength at 500 nm) and a charge-coupled
device (CCD) camera.

SIM microscopy. Super-resolution 3D-SIM imaging was performed on an ELYRA
PS.1 system (Zeiss). Images were acquired with a 100x/1.40 oil immersion
objective (Plan-Apochromat) and an iXon 885 electron microscope CCD camera
(Andor). A 100-mW, 540-nm optically pumped semiconductor laser (Coherent)
and a BP 570/650-nm emission filter (Optics Balzers) were used. Twenty-eight
images per plane (three rotations) and 86-nm z sections of total height 2.4 pm were
acquired for generating super-resolution images. Raw images were reconstructed
and processed to demonstrate structure with greater resolution by ZEN 2011
software (Zeiss). The Imaris software was used to analyse the reconstructed images.

Electron microscopy. Samples of fixed M. thermoacetica-CdS and M.
thermoacetical AuNCs were prepared for STEM by dropping the fixed suspension
on Formvar-coated ultrathin-carbon/copper transmission electron microscope
grids, settling for 1 hour and washing briefly in DI water. Grids were air-dried
overnight. STEM imaging and EDS mapping was performed at 80kV with an FEI
Titan microscope at the National Center for Electron Microscopy (NCEM). The
EDS signal was acquired with a windowless detector (FEI SuperX Quad) based on
silicon drift technology that was controlled by Bruker Esprit software.

Viability test. Cell density (cells ml"') values were determined by manual counting
with a Petroff-Hauser counting chamber in both dark and light conditions.

In parallel, colony-forming unit (CFU) assays were performed by sampling

and inoculating 0.1 ml of the M. thermoacetica, M. thermoacetica-CdS and M.
thermoacetica/ AuNC photosynthesis suspension into 5ml of molten (temperature
T>50°C) agar broth supplemented with 40 mM glucose and 0.1 wt% cysteine

to double-check the viability. After thorough mixing, the anaerobic tubes were
placed horizontally in ice to set a thin layer of agar on their sidewalls. Assay tubes
were pressurized to 150 kPa with 80:20 N,:CO, and incubated vertically at 52°C.
After 3 days of growth, visible white circular colonies were counted to determine
the CFU per millilitre as a measure of cell number and viability in the light. In
the meantime, the viability of M. thermoacetica/ AuNCs with different AuNC
concentrations in the dark was measured (Supplementary Table 4).

ROS assay test. Fluorometric Intracellular ROS Assay MAK143 Kit was cultured
with M. thermoacetica/ AuNCs for sensitive, one-step fluorometric to detect
intracellular ROS (especially superoxide and hydroxyl radicals) in live cells within
1 hour incubation. The medium was as the control. The analysis was performed 12
and 48 after the illuminated in autotrophic medium. The 96 well with clear bottom
black plate was used for fluorometric emission (A, =490/, =520nm). The
relative luminescence units were measured by a plate reader (DTX 880, Beckman
Coulter).

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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