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Semiconductor-based biointerfaces are typically established either on the surface of the plasma membrane or
within the cytoplasm. In Gram-negative bacteria, the periplasmic space, characterized by its confinement and
the presence of numerous enzymes and peptidoglycans, offers additional opportunities for biomineralization,
allowing for nongenetic modulation interfaces. We demonstrate semiconductor nanocluster precipitation con-
taining single- and multiple-metal elements within the periplasm, as observed through various electron- and x-
ray-based imaging techniques. The periplasmic semiconductors are metastable and display defect-dominant
fluorescent properties. Unexpectedly, the defect-rich (i.e., the low-grade) semiconductor nanoclusters produced
in situ can still increase adenosine triphosphate levels and malate production when coupled with photosensi-
tization. We expand the sustainability levels of the biohybrid system to include reducing heavy metals at the
primary level, building living bioreactors at the secondary level, and creating semi-artificial photosynthesis at
the tertiary level. The biomineralization-enabled periplasmic biohybrids have the potential to serve as defect-
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tolerant platforms for diverse sustainable applications.

INTRODUCTION

Biomineralization involves the deposition of inorganic species
around biological cells and tissues, leading to the formation of
soft-hard composites (Fig. 1A) (I1-4). These biologically produced
composites typically exhibit multifunctionality, where both the hard
and soft components have resilience and adaptability (5). Fish
scales, for example, are macroscopic layers of the exoskeleton that
are attached to the epidermis and provide mechanical protection for
the soft interior and locomotion. Coccoliths are produced by uni-
cellular plankton and serve as a protective exoskeleton for the mi-
croorganism. In natural biomineralized cells and tissues, inorganic
ions can be extracted from the biological or chemical environment,
resulting in the construction of multifunctional exoskeletons
(Fig. 1A). Aside from fish and plankton, bacteria are another type
of aquatic organism that can harvest metal ions from the environ-
ment and produce functional materials.

Materials-based microbial interfaces are generally established
either on the cell surface or within the cytoplasm of the microbe.
These interfaces have yielded innovations in diverse areas such as
semi-artificial photosynthesis (6—15), biological modulation (16—
24), microbial fuel cells (25, 26), and water disinfection (27).
Within Gram-negative bacteria, the periplasmic space (Fig. 1B) is
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defined by its spatial restriction and the substantial presence of
various enzymes and peptidoglycans (28, 29). These characteristics
provide prospects for biomineralization, thereby permitting inter-
faces for nongenetic modulation (30-32). In addition, in Gram-neg-
ative bacteria, the electron transport chain is bound to the inner
membrane (IM) and is in close proximity to the periplasm (33).
We believe that building such a periplasmic biointerface might
offer a worthy category of photosynthetic semiconductor-based bi-
ohybrids for solar-driven biocatalysis and sustainability (34-36). In
addition, semiconductors could provide highly adjustable synthesis
and, thus, controllable biocompatibility, which may effectively pair
with bacterial components and serve as a source of electrons for me-
tabolism (36). While there are reports of metallic nanoparticle syn-
thesis in the periplasm, semiconductor-based biointerfaces in
periplasm have been largely underexplored, especially for biological
modulation and multilevel sustainability (37-40).

Here, we demonstrate a nongenetic method for building peri-
plasmic biohybrids by mineralizing metastable semiconductors to
create nanostructured “exoskeletons” and establish semiconduc-
tor-based periplasmic interfaces toward sustainable applications.
We introduced metal ions and cysteine to Escherichia coli culture
to mineralize semiconductors such as CdS, one of the most-
studied optically active materials (36), in the periplasm. The selec-
tion of E. coli was based on the fact that it is one of the most studied
organisms on earth. A number of favorable characteristics (41), in-
cluding genetic tractability, favorable growth conditions, well-char-
acterized biochemistry and physiology, and the availability of
genetic manipulation tools, make E. coli an ideal platform for peri-
plasm-based biointerface. The CdS nanoclusters exhibit low crystal-
linity and are stabilized by the peptidoglycan matrix of periplasms,
thus providing a “softer” interface with bacterial cells (Fig. 1B). We
also examined the ability of periplasmic semiconductor clusters to
couple photosensitization with bacterial metabolism to enhance in-
tracellular biosynthesis and solar-to-chemical production and

10f 12

€202 ‘0T 1nbny uo sge ABJeuT ajgemausy [euoieN e BIoaousios MMmM//:SdNy WoJj papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adg5858&domain=pdf&date_stamp=2023-07-21

SCIENCE ADVANCES | RESEARCH ARTICLE

A ! , B
Coccolith Bacteria
= Outer membrane
G’f)u ' Q’QQ Metastable clusters
o Q X
O A §
N Q Periplasm
Q) Q mwes(Co) S,
D ) .’ - ‘.Q )
%G S s i
Y X ]
A D Peptidoglycan layer
e’
1 um 202"“ Cytoplasm Inner membrane

EDS (overlay)

Secondary

Living bioreactor

Tertiary

Semi-artificial
photosynthesis

Fimbriae
b J Light
?/Q e b ' hr.
S :\';%5 oy g ) A~/
o S 3 Biosynthesis o/
§¥ el ,

Flaw Serniconductor

Fig. 1. Periplasmic biomineralization would provide biointerfaces for modulation and sustainability. (A) An illustration of aquatic and biomineralized soft-hard
composites with a wide range of length scales and a variety of structures and functions. Examples include fish scales, coccoliths, and the proposed nanostructured
exoskeletons in the periplasm of Gram-negative bacteria. The scale bars are only representative. (B) Schematic illustrating the synthesis of semiconductor nanoclusters
within the periplasm of Gram-negative bacteria. The periplasm is the space between the inner membrane (IM) and the outer membrane (OM). (C to E) Electron and x-ray
microscopy images of the biohybrids. Pseudo-colored scanning electron microscope (SEM) image (C) showing E. coli (green) with extensive amounts of fimbriae (purple).
STEM image (D) and energy dispersive x-ray spectroscopy (EDS) mapping (E) showing that bacterial cell can mineralize semiconductor clusters composed of multiple
elements, including Cd, Pb, and Hg, within the periplasm in single bacterial cell. (F) We demonstrate that our biohybrid system with periplasmic biomineralization could
enable metal removal, as well as semi-artificial photosynthesis, and construct a living reactor. The biomineralized semiconductor nanoclusters may couple the photo-

electrons with the microbial metabolism to enhance the biosynthesis under light.

explored the underneath mechanism with both material and biolog-
ical characterization, including scanning transmission electron mi-
croscopy (STEM), three-dimensional (3D) x-ray fluorescence
tomography, microspectrofluorometry, x-ray powder diffraction
(XRD), inductively coupled plasma mass spectrometry (ICP-MS),
transcriptome, knockout mutants, and others. The biohybrid dis-
plays a higher density of fimbriae following semiconductor cluster
mineralization (Fig. 1C), and such a biohybrid is also capable of
mineralizing multiple metal elements to form “high-entropy” semi-
conductor clusters (Fig. 1, D and E). Besides removing heavy metal
in flask culture, the production of periplasmic hybrids can be per-
formed in a continuous bioreactor, and the produced biohybrids
can couple light for semi-artificial photosynthesis. The key discov-
eries and corresponding data are summarized in table S1. These
results indicate that the periplasm, an underexplored subcellular
space, is an attractive substrate for constructing semiconductor-
based biointerfaces for a wide range of applications, including
water purification, manufacturing of living bioreactors, and semi-
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artificial photosynthesis for biological modulation and sustainabil-
ity (Fig. 1F).

RESULTS

Cysteine can facilitate biomineralization and form

microbial biohybrids

Heavy metal ions such as Cd*" could be toxic to bacterial cells. We
confirmed that E. coli growth in the minimal medium (M9) was
notably suppressed in the absence of cysteine at Cd** concentra-
tions greater than 0.1 mM (Fig. 2A). The M9 medium is chosen
because of its definite components, very low autofluorescence,
and low absorbance (42). The E. coli, however, were able to tolerate
concentrations of Cd** as high as 0.3 mM in the presence of cysteine
(1 mM; Fig. 2B). Using STEM, we examined images of E. coli cells
grown in a medium containing both Cd*" and cysteine, and it
showed a high density of biomineralization (Fig. 2C). The E. coli
also grew a substantial number of fimbriae over time, which is con-
firmed by scanning electron microscope (SEM) images (fig. S1). In
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Fig. 2. Cysteine can facilitate biomineralization and form microbial biohybrids. (A) Optical density measurements showing that in the absence of Cys, E. coli growth
is severely inhibited at Cd** concentrations >0.1 mM. (B) Optical density measurements showing that in the presence of Cys, E. coli cells can tolerate Cd** concentrations
up to 0.3 mM with little adverse effect on growth. The cysteine concentration is fixed at 1T mM. (C) STEM image indicating the formation of biohybrids with mineralized
aggregates. Scale bar, 500 nm. (D) Schematic of the synchrotron-based, 3D x-ray fluorescence tomography experiment. Using a zone plate, a monochromatized x-ray
beam is focused on the sample. While the sample is raster-scanned, x-ray fluorescence spectra are recorded, forming 2D elemental maps and 3D reconstructions in
tomography mode. Using a quadrant photodiode, differential phase contrast images are generated from transmission signals. (E) Selected slice of the 3D x-ray fluor-
escence tomography reconstruction showing the presence of both the Cd and S elements within an intact bacterial cell. In each virtual slice, Cd-rich regions are identified
when pixel intensity is beyond two times of SD from the mean in each virtual slice. Scale bars, 200 nm. (F) Boxplot showing the correlation between the distributions of Cd
and Sin 3D reconstruction slices. The data are generated from multiple slices in one 3D x-ray fluorescence tomography (check fig. S6). Boxes bind interquartile range (IQR)
divided by the median; whiskers extend 1.5 + IQR. All data points are plotted (n > 380). A two-tailed unpaired t test is used to determine P values. Agqo, absorbance at

600 nm.

the absence of cysteine or Cd**, no biomineralization or fimbria for-
mation was observed (figs. S2 and S3). Furthermore, we used ICP-
MS to study the metal precipitation and found that Cd*" cannot be
removed without bacteria or cysteine, while in the presence of both
cysteine and E. coli, 99.28% of Cd*" were eliminated (fig. S4).
Mixing Cd** and cysteine without the presence of bacterial cells
cannot produce CdS as well (fig. S5). These results suggest that
the metal ions were actively removed from the medium in the pres-
ence of cysteine and were used by the bacteria for biomineralization.
Notably, metal ions, cysteine, and bacteria are all essential for
this process.

While STEM suggested biomineralization in the aggregate form,
we cannot exclude the possibility of metal ions being immobilized at
the molecular level within the cells. Next, we used synchrotron-
based, 3D x-ray fluorescence tomography (Fig. 2D) on the
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biohybrids, a method sensitive enough to establish position corre-
lations between various elements (Fig. 2, D to F, and fig. S6). The
following observations were noteworthy. First, the results con-
firmed the presence of Cd and S elements within the cell (Fig. 2E
and figs. S7 and $8), indicating the efficient uptake of Cd** and
likely the cysteine by E. coli. Second, after determining a threshold
for Cd/S-rich regions (i.e., areas with pixel intensity beyond two
times of SD from the mean in each virtual slice), we found a tenden-
cy for Cd/S-rich areas to be located in the outer regions of the bac-
teria (Fig. 2E, right), possibly associated with periplasm- or cell
wall-bound aggregates. Third, the estimated molar ratio (Fig. 2F)
of Cd/S in the Cd/S-rich region is 1.02, which happens to be the
same stoichiometry of Cd/S in CdS nanoparticles. This might indi-
cate that Cd may be primarily bonded to S to form CdS nanoparti-
cles in the Cd-rich region.
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Biomineralization takes place in the periplasm

The x-ray fluorescence tomography indicates that the deposition lo-
cation of CdS aggregates exhibits a preference. To gain a more com-
prehensive understanding of the localization of Cd/S aggregates
within the bacterial cells, we prepared cross-sectional samples of bi-
ohybrids through microtoming. STEM images of cross-sectional
samples (Fig. 3A and fig. S9A) revealed that the biomineralized
Cd/S aggregates had an average size of ~29.3 nm (fig. S9B), and
they were primarily located between the IMs and the outer mem-
branes (OMs), which correspond to periplasmic space (fig. S9C).
STEM-energy dispersive x-ray spectroscopy (STEM-EDS)
mapping showed that the aggregates were composed of Cd and S
elements (Fig. 3B and fig. S10), whose locations are highly correlat-
ed. STEM images and selected-area electron diffraction (SAED) of
the individual Cd/S aggregates show low-crystallinity or almost
amorphous structures (Fig. 3C), suggesting that the building
blocks of biominerals are nanoclusters. Furthermore, after collect-
ing the aggregates by cell lysis and centrifugation, we found that the
biominerals dissociated into smaller particles with an average size of
~6.02 nm (Fig. 3D and figs. S11 and S12), suggesting that the asso-
ciations between the nanoclusters in the periplasm are largely due to
the peptidoglycan matrix (i.e., the biomineralization template).
Notably, the removal of the periplasmic components from the ag-
gregates increases the crystallinity and forms Zincblende-phase

crystallites (Fig. 3D and fig. S13), likely through oriented attach-
ment or other nonclassical crystallization pathways (43). These ob-
servations, in conjunction with the Cd/S ratio provided by x-ray
fluorescent tomography (Fig. 2F), indicate that CdS is the primary
material mineralized in the periplasm. The CdS nanoclusters in bac-
teria give the biohybrids fluorescence properties, as indicated by
fluorescence imaging (Fig. 3E) and microspectrofluorometry mea-
surements from a few cells (Fig. 3F). Biohybrids show a defect-dom-
inant fluorescence spectrum, characterized by a broad distribution
of emissions around ~700 nm, which differs notably from the band
edge emission of bulk CdS (i.e., ~510 nm). Together, these results
suggest that CdS nanoclusters mineralized in the periplasm are
metastable and mainly disordered and defect-rich aggre-
gates (Fig. 3G).

Biomineralization is mediated by an H,S-

producing pathway

The bacteria must be alive for the CdS precipitation to occur (fig.
S14), suggesting that both the active cellular behavior (e.g., enzy-
matic activities) and the passive physiochemical properties of the
periplasm are essential for biomineralization. To probe the potential
cellular processes, we performed a transcriptomic study on Cd**/
cysteine-treated E. coli samples (with CdS nanocluster formation)
and the control Cd**-treated E. coli samples (without CdS
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Fig. 3. Biomineralization occurs in the periplasm, and the nanoclusters are metastable. (A) Cross-sectional STEM images showing that the aggregates are predom-
inantly located between the IM and OM. Scale bar, 500 nm. (B) STEM image and EDS maps confirming the Cd and S composition for the aggregates. Scale bar, 100 nm. (C)
Zoom-in STEM images and SAED showing that the aggregates display low crystallinity and are nanoclusters. Scale bars, 30 nm and 3 nm. (D) STEM image and SAED of the
minerals (with TEM) after cell lysis and particle extraction, showing smaller particle sizes and improved crystallinity. Scale bar, 3 nm. (E) Bright-field and fluorescence
optical microscopy images of the biohybrids (excitation wavelength, 488 nm). Scale bars, 20 um. (F) Ultraviolet-induced microspectrofluorometry spectra showing that
the bacteria with CdS nanoclusters have defect-dominant fluorescent properties with a broad emission peak. (G) A schematic showing the transformation of low-crys-
tallinity nanoclusters to high-crystallinity nanoparticles upon periplasmic material removal, suggesting the metastable nature of the biomineralized nanoclusters. a.u.

arbitrary units.
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nanocluster formation; figs. S15 and S16). We found that several key
genes related to H,S production, including cysK, dcyD, cysM, metB,
metC, and sufS, were up-regulated in Cd**/cysteine-treated samples
compared to Cd**-treated samples (Fig. 4A and fig. S17A). The
cysK, dcyD, cysM, and metC genes are directly involved in different
biological pathways that convert cysteine into hydrogen sulfide
(H,S; Fig. 4B and fig. S18). The additional quantitative polymerase
chain reaction (QPCR) experiments confirmed that cysteine alone is
capable of up-regulating genes related to H,S production, and the

Fig. 4. Biomineralization is driven by enzy-

>

presence of Cd*" in conjunction with cysteine appears to have a syn-
ergistic effect, further enhancing the up-regulation of specific genes.
(fig. S19). Notably, we conducted knockout experiments for several
genes involved in H,S production, specifically targeting cysK, cysM,
and metC. The mutants’ experiments suggest functional redundan-
cy of multiple genes involved in H,S synthesis (fig. S20). The up-
regulation of efflux-related genes in transcriptomic study, including
tolC, cueO, and macA (Fig. 4A and fig. S17B), suggested the efflux of
Cd*" into the periplasmic space following uptake by the E. coli cells
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independent experimental groups, while C_1,
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Schematic illustrating how E. coli synthesizes the
CdS nanoclusters in the periplasm. (C) Schematic
showing that E. coli can use different heavy metals
(M™), including Cd?*, Pb*, and Hg?**, from flask
cultures to form metal sulfides. (D) Plot summa-
rizing individual heavy metal ion removal upon
biomineralization. The metal conversion rates of
Cd?*, Pb?*, and Hg?" (0.3 mM each) are 99.28%,
94.72%, and 95.68%, respectively. The cysteine
concentration is fixed at 1T mM. The data points
represent means * SD (n = 4). (E) Plot illustrating
the simultaneous removal of heavy metal ions
upon multiplex biomineralization. The metal
conversion rates of Cd**, Pb?*, and Hg?* (0.1 mM
each) are 98.91%, 98.43%, and 97.10%, respec-
tively. The cysteine concentration is fixed at 1 mM.
The data points represent means + SD (n = 4). (F)
STEM image and EDS map showing that E. coli can
biosynthesize Cd,Pb,Hg,S (x +y +z ~ 1), as the
locations for different elements are highly corre-
lated in space. Scale bar, 200 nm. (G) Schematic
showing a process of forming high-entropy
nanoclusters through periplasm-supported bio-
mineralization. (H) Schematic illustrating biomi-
neralization over a replaceable living membrane,
composed of E. coli and filter paper, in a contin-
uous bioprocessing reactor. The solid or dashed
arrows suggest the flow pattern throughout the
bioreactor and its accessories. The green matrix
beneath the bacteria is filter. (I) Plot showing the
metal conversion of Cd**, Pb?*, and Hg*" in the
continuous bioprocessing reactor. The semi-
transparent background shows the actual 3D
design of the bioreactor. The data points repre-
sent means = SD (n = 3).
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(Fig. 4B) (44—46). H,S is a highly lipophilic molecule that freely pen-
etrates the cell membrane (47, 48). To validate the ability to generate
H,S, we conducted experiments with multiple benchmark samples
to measure H,S production following a reported methodology (49).
We discovered that cysteine is essential for detectable H,S produc-
tion over a 24-hour experiment (fig. S21). In the presence of cyste-
ine, H,S became detectable after 1 hour, whereas it took more than 2
hours for the sample containing both Cd** and cysteine, and the
group with both cysteine and Cd*" produced less detectable H,S
over a 24-hour experiment (fig. $22). The H,S produced in Cd**
and cysteine might be used for the biomineralization of Cd**
within the bacterial cells (50, 51), resulting in reduced detectable
H,S within the microbial culture. Taking into account all the afore-
mentioned data, it strongly indicates that the reaction between H,S
and Cd*" for the precipitation of CdS nanoclusters primarily occurs
within the periplasmic space. (Fig. 4B); this is further supported by
the up-regulation of multiple genes encoding proteins that are typ-
ically located in the periplasmic space (fig. S23).

H,S can react with Cd*" to precipitate CdS particles in various
biological systems, such as bacteria (50, 51), yeast (49), and fungi
(52). Given the fact that bacteria must be metabolically active for
the biomineralization to occur (fig. S14) and the transcriptomic
results (Fig. 4A and figs. S15 to S18 and S23), we conclude in this
case that (i) the cysteine can be converted into H,S and (ii) ca*t
may enter the cell and even reach the cytoplasm, but they mainly
interact with H,S to form CdS nanoclusters within the periplasmic
space because of the efflux (Fig. 4B).

In addition, we discovered that the formation of CdS could
induce high oxidative stress, as evidenced by the up-regulation of
dps, gor, grxB, and oxyR genes under the OxyR regulon (fig. S17C)
and multiple oxidative stress-responsive genes, including msrA,
sodA, sodB, sodC, sufA, sufD, uspE, ygiW, and yodD (fig. S17D).
The induced oxidative stress could induce the fimbria and pilus for-
mation (53, 54), as confirmed with the major fimbrial subunit gene
fimA (14.46 fold) and major curli subunit gene csgA (3.36 fold), cor-
responding to the fimbria formation (Fig. 1E and fig. S17E).

Biomineralization is compatible with multi-elements and
flow-based systems

We used the flask culture to further extend the biomineralization
using different metal ions (Fig. 4C). The bacteria can use most of
Cd** (99.28%), Pb>" (94.72%), and Hg*" (95.68%) within 24
hours for biohybrids synthesis (Fig. 4D), and the concentrations
of metals can be as high as 0.3 mM. Using cross-sectional STEM
images and EDS maps, we confirmed the presence of PbS (fig.
S24A) and HgS (fig. S24B) aggregates within the periplasm in bac-
terial cells. Similar to what we observed for metastable CdS (Fig. 3D
and fig. S11), these biosynthetic PbS and HgS aggregates can also be
extracted from the periplasm and transformed into crystalline and
smaller nanocrystals (figs. S11 to S13 and S25).

Besides single-metal element sulfide formation, we also explored
multi-metal element biomineralization simultaneously. At individ-
ual ion concentration of 0.1 mM, 98% of Cd**, 98% of Pb>", and
97% of Hg”" can be simultaneously removed from the mixture
within 24 hours (Fig. 4E). The slight difference in removal efficiency
between Cd**, Pb>*, and Hg** may be due to the different affinity of
E. coli cells for each metal ion (55). STEM imaging (Fig. 4F), EDS
mapping (Fig. 4F), and EDS spectrum analysis (fig. S26) confirm
the findings. The different ions are mainly colocalized (i.e.,
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precipitating as Cd,Pb,Hg.S, with x + y + z ~ 1) in the periplasm
(Fig. 4F), as opposed to forming separate sulfide nanoclusters (i.e.,
precipitating as CdS, PbS, and HgS in different periplasmic
regions). The morphologies of bacterial cell are similar upon both
single-metal and multiple-metal ion precipitations (Figs. 3B and 4F
and fig. S27). This suggests that a single bacterium can simultane-
ously use Cd**, Pb**, and Hg** to form high-entropy (56) sulfide
aggregates with multiple elements simultaneously (Fig. 4G).

Besides flask culture, we have also constructed replaceable mem-
branes that contain living bacteria and filter membranes and
mounted them onto a 3D printed bioreactor for continuous pro-
cessing (Figs. 4, H and I, and fig. $28). The bioreactor was supplied
with 200 ml of M9 medium containing Cd**, Pb**, and Hg** (0.1
mM each), and Cd*" and Pb*" had already reached 79.1% and
91.2% utilization efficiency after 2 hours, respectively. After 24
hours, the metal conversation rate of Cd**, Pb**, and Hg*"
reached 98.7%, 98.1%, and 87.3%, respectively (Fig. 4I). Without
further optimization, this small living composite membrane (diam-
eter, 25 mm) could process up to 200 ml of medium for biominer-
alization. The continuous system (Fig. 4H, left) may be further
scaled up and integrated with programmable and self-regulating
systems for application in modulation biointerface and synthetic
biology (57).

Optically modulate the periplasm-based biointerfaces for
semi-artificial photosynthesis

The transcriptomic studies, in addition to providing information
related to H,S production and oxidative stress (Fig. 4A), show the
up-regulation of dehydrogenase genes in the presence of periplas-
mic CdS, including expression of formate dehydrogenases, reduced
form of nicotinamide adenine dinucleotide dehydrogenases, glycer-
aldehyde-3-phosphate dehydrogenases, pyruvate oxidase, p-lactate
dehydrogenase, and glucose dehydrogenase (Fig. 5, A and B, and
fig. S29A), as well as up-regulation of terminal reductase and
oxidase genes (Fig. 5, A and B, and fig. S29B). Moreover, periplas-
mic CdS biomineralization also resulted in the up-regulation of
seven of eight adenosine triphosphate (ATP) synthase subunit
genes, including atpA, atpC, atpD, atpE, atpF, atpG, and atpH
(Fig. 5, A and B, and fig. S29C). On the basis of these up-regulations,
an accelerated bacterial respiratory efficiency and a higher rate of
ATP synthesis may be possible. Nanocrystalline CdS is known to
produce photoelectrons in bilayer lipid membranes (58). Given
that the metastable CdS nanoclusters remain optically active
(Fig. 3F) and are physically close in proximity to the electron trans-
fer chain (which is located within the IM of E. coli; Fig. 5B), we next
explored the possibility of optically modulating microbial processes
using the periplasmic biointerfaces.

We incubated E. coli with in situ synthesized CdS nanoclusters
under light illumination. We found that ATP level in E. coli under
light was 8.1 times of that in the dark condition (Fig. 5C). Repeating
the same experiment in E. coli without CdS nanocluster mineraliza-
tion, the ATP level under light was only 1.4 times that of the dark
condition (Fig. 5C). This benchmark experiment suggested that the
CdS nanoclusters may contribute to accelerated bacterial respiration
and ATP level.

Bioproduction is dependent on the intracellular supply of ATP.
Hence, establishing a cell factory that enhances ATP level under ar-
tificially controlled conditions is a promising strategy for improving
bioproduction yields. To this end, we use the production of malate
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Fig. 5. Periplasmic semiconductor biointerface may couple with electron transport chain for semi-artificial photosynthesis. (A) A heatmap from transcriptomic
analysis indicates that CdS biomineralization up-regulates genes related to the electron transport chain, including dehydrogenases, terminal reductases and oxidases,
and ATP synthases. (B) Schematic showing the electron transport chain with up-regulated genes highlighted in red letters. The red arrow indicates the direction of
electron transport, while the purple arrow indicates proton transport. (C) Production of ATP in E. coli cells with biomineralized CdS nanoclusters under light is 8.1
times of the ATP production in cells in the dark. The data points represent means + SD (n = 4). P values (<0.001) are determined by unpaired two-tailed t test. White
light intensity, 6.25 mW/cm?; duration, 24 hours. (D) Schematic of an artificial power system derived from biohybrids to assist ATP production and speed up the pro-
duction of high-value biochemicals (e.g., malate). PPS, phosphoenolpyruvate synthase; PEPC, PEP carboxylase; PC, pyruvate carboxylase; MDH, malate dehydrogenase.
(E) Production of malate in E. coli with CdS nanoclusters increases from 1.9 mg/liter (in the dark) to 12.1 mg/liter (under light). The data points represent means + SD (n =
5). P values (<0.001) are determined by unpaired two-tailed t test. Notably, E. coli without CdS nanoclusters produces no significant difference in malate production in
light or in the dark. P values (0.3121) are determined by unpaired two-tailed t test. The data points represent means + SD (n = 4). White light intensity, 6.25 mW/cm?;

duration, 24 hours.

as a test system to determine whether our biohybrids can enhance
biosynthesis under light stimulation. Malate is a four-carbon dicar-
boxylic acid identified as an optimal building block that could be
derived from biomass (59), and it is widely used in fine chemical
synthesis precursors and food industry additive (60). The reductive
tricarboxylic acid pathway uses ATP to generate malate (61). Specif-
ically, increasing ATP levels may activate the enzymes phospho-
enolpyruvate synthase and pyruvate carboxylase, which would
then redirect carbon flux from pyruvate to malate (Fig. 5D). The
CdS nanocluster biomineralization increases the malate production
from 1.87 to 12.10 mg/liter under light stimulation (Fig. 5E), while
the biomass of flask cultures [optical density of 600 nm (ODggy)] is
similar (fig. $30). The light-to-malate conversion efficiency (exter-
nal quantum yield) is estimated to be about 1.7%. However, the
control bacterial group without CdS nanocluster does not have stat-
istically significant differences in malate production with and
without light stimulation (Fig. 5E). We also performed benchmark
experiments with malate production at various conditions, and it
confirmed that cysteine alone cannot enhance malate bioproduc-
tion with light stimulation (fig. S31). The results suggest that semi-
conductor-based biointerfaces in periplasm could be used for semi-
artificial photosynthesis. Notably, the fact that the semiconductor
nanoclusters are defect-rich and metastable (Fig. 3) suggests that
modulation biointerfaces may not necessarily need high-quality
components if efficient coupling can be achieved (in this case, via
the periplasmic in situ biomineralization), which hold promise for
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the biohybrid to be used for semi-artificial photosynthesis in a sus-
tainable manner.

DISCUSSION

The intersection of materials science, semiconductor-enabled tech-
nologies, and synthetic biology is likely to become a major focus of
research in the coming years, as it offers distinctive opportunities
for addressing pressing sustainability challenges (62—65). In this
work, we show that the periplasm, an underappreciated subcellular
region in materials research, can offer a nongenetic pathway for bio-
mineralization of metastable semiconductor nanoclusters. This
process can be applied to the construction of a continuous bioreac-
tor based on living materials for multi-element conversion. Under
light stimulation, the metastable semiconductor nanoclusters could
couple with the electron transport chain to increase ATP level and
enhance malate production. By using the biohybrid for semi-artifi-
cial photosynthesis, we do not have to discard the defect-rich (i.e.,
low-grade) biomineralized semiconductors with their cellular hosts.
The current demonstration of semiconductor-based biointerfaces
in the periplasm and the use of hybrid living materials provide a
valuable path toward programmable and adaptable systems where
existing cellular chassis and a wide range of nanocluster-cell com-
binations can be used. Using the E. coli strain as a model, the current
system to develop periplasmic biointerface for enhanced solar-to-
chemical production might be extended to other bacterial cells to
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potentially endow additional sustainability level to the bioremedia-
tion applications (66). Incorporating semiconductors, additional
genetic tools, and existing microbial models, periplasmic biohybrid
platforms will enable the preparation of valuable targets in a cost-
effective manner.

MATERIALS AND METHODS

Growth of E. coli with CdS nanoclusters

E. coli K12 MG1655 was cultured overnight in LB medium at 37°C.
Then, 1% bacterial culture was inoculated in 50 ml fresh LB medium
and grown at 37°C for ~3 hours to an ODg of ~0.6. The cells were
centrifuged and resuspended in modified M9 medium containing
NH,CI (1 g/liter), NaCl (0.5 g/liter), tris-HCI buffer (10.99 g/liter;
pH 7.5), thiamine (340 mg/liter), 0.4% (v/v) glycerol, glucose (4 g/
liter), 2 mM MgSQO,, and 0.1 mM CaCl,. In a typical experiment, the
E. coli cells were inoculated at 37°C, and 0.3 mM CdCl, and 1 mM
cysteine were added to the culture. The samples were collected for
electron imaging, x-ray imaging, RNA sequencing (RNA-seq), and
intracellular ATP measurement at specific time points.

Growth of E. coli with different concentrations of CdCl,

E. coli were cultured overnight in LB medium at 37°C. Then, 1%
bacterial culture was transferred to 50 ml of fresh LB medium and
grown at 37°C for ~3 hours. Cells were centrifuged and resuspended
in a modified M9 medium to an ODgg of ~0.1. The E. coli cells were
cultured in a 96-well plate reader with or without 1 mM cysteine and
CdCl, at concentrations of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 mM.
The growth of E. coli cells was determined according to the absor-
bance at 600 nm.

Construction of E. coli mutants

The E. coli mutants were constructed via CRISPR-Cas9 system ac-
cording to reported protocols (67). The E. coli competent cells con-
taining pCas were prepared following previous literature (68).
pTargetT series DNA (pTargetT,,x, pTargetT s, pTargetTa,p,
and pTargetT,,.,c) contains single guide RNA, and donor template
DNA was constructed (67). Arabinose (10 mM) was added to the
culture for A-red induction. For electroporation, 50 ul of cells was
mixed with 100 ng of pTargetT series DNA; electroporation was
done in a 2-mm Gene Pulser cuvette (Bio-Rad) at 2.5 kV, and the
product was suspended immediately in 1 ml of ice-cold LB medium.
Cells were recovered at 30°C for 1 hour before being spread onto LB
agar containing kanamycin (50 mg/liter) and incubated overnight at
30°C. Transformants were identified by colony PCR and DNA se-
quencing. The pTargetT and pCas plasmid were cured according-
ly (67).

Critical point drying

To image the bacterial samples using an electron microscope or x-
ray characterization in a vacuum environment, we first performed
critical point drying to dehydrate the bacterial samples. The bacte-
rial sample was first fixed using 3% glutaraldehyde in phosphate-
buffered saline at 4°C overnight. These samples were then sequen-
tially submerged into an ethanol series (30, 50, 70, 80, 90, 96, and
100%) at 25°C for 10 min each to remove the water content. A crit-
ical point dryer (Leica EM CPD300) was used to dry the samples
with supercritical carbon dioxide (304.13 K and 73.8 bar). Carbon
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dioxide was injected at low speed with a delay of 120 s, and it ex-
changed ethanol at speed 3 for 14 cycles.

Scanning electron microscopy

Bacterial samples or biofilm samples were dried by critical point
drying (CPD) and then imaged using SEM (Carl Zeiss, Merlin).
All samples were coated with a conductive layer of 10-nm-thick
platinum/palladium coating by sputter coating (Agar AGB7341)
before SEM imaging at an acceleration voltage of 2 kV. For each
sample, a minimum of 10 measurements were taken to confirm
the repeatability of the experiments.

X-ray fluorescence microscopy and tomography
Synchrotron-based x-ray fluorescence microscopy and tomography
were performed at the Bionanoprobe (69) located at beamline 9-1D-
B of the Advanced Photon Source at Argonne National Laboratory
to characterize the spatial distribution of CdS nanocluster in the
bacterial cells. Bacterial cells with CdS nanocluster were first fixed
with 3% glutaraldehyde and then immersed with a series of ethanol
solutions (30, 50, 70, 80, 90, 96, and 100%). A critical point dryer
(Leica EM CPD300) was used to fully dry the bacterial cells for x-ray
imaging. X-ray photons of 10.5 keV were focused using zone plate
optics onto a sample with a focal size of ~80 nm. The sample was
raster-scanned through the focused x-ray beam in a fly-scan mode
with a step size of 60 nm and 50-ms dwell time per pixel. A full spec-
trum was collected at each pixel to construct 2D elemental maps of a
single bacterial cell. A series of such 2D projections were acquired
while the sample rotated around a vertical axis from —68° to 63°
with respect to the incident x-ray beam with a 1° increment to
form a 3D tomography dataset. Per-pixel spectrum fitting and
quantification were performed using MAPS software on each pro-
jection (70). An AXO standard thin film (AXO products, Dresden,
Germany) was used for elemental concentration calibration. Before
performing a 3D volume reconstruction, the quantitative 2D maps
were further segmented using k-means clustering analysis to extract
features of interest. Tomography reconstruction was done using the
gridrec algorithm (7I) in an open source software named
TomoPy (72).

TEM and STEM

The particle suspension was dropped onto copper grids (Lacey
Formvar/Carbon; 200 meshes; Ted Pella Inc.) and imaged on
TEM FEI 30 with 300-kV acceleration voltage in the Advanced Elec-
tron Microscopy Facility at the University of Chicago after it was
thoroughly dried. After CPD treatment, bacterial samples were
dropped onto copper grids. The sample was imaged under FEI
F30 with 300-kV acceleration voltage and JEOL JEM-ARM200CF
with 200-kV acceleration voltage in the Electron Microscopy Core
at the University of Illinois at Chicago in STEM mode. For bacterial
cross-sectional samples, bacterial cells were collected and fixed with
glutaraldehyde and paraformaldehyde. The sample was then stained
with uranyl acetate, followed by dehydration, infiltration, and poly-
merization. Sections (thickness, 90 nm) were prepared with Leica
EM UC6. Bacterial cross-sectional samples were also imaged
under FEI F30 with 300-kV acceleration voltage and JEOL JEM-
ARM200CF with 200-kV acceleration voltage in the Electron Mi-
croscopy Core at the University of Illinois at Chicago in STEM
mode. EDS mapping was collected with JEOL JEM-ARM200C in
STEM mode. For each sample, more than 10 imaging
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measurements were performed to confirm the repeatability of the
experiments.

Fluorescence microscopy and microspectrofluorometry
Following bacterial cell culture with or without CdS, bacterial cells
are centrifuged and resuspended in a fresh M9 solution to maintain
the same fluorescent background. A drop of bacterial suspension
was then transferred to the microscope slide and sealed with a
glass coverslip and microscope nail polish (Fisher Scientific) to
prevent the evaporation of buffer. The fluorescent images of bacte-
ria with CdS were taken with a Nikon eclipse Ti2 inverted micro-
scope with the excitation light at 488 nm. Microspectrofluorometry
of bacterial culture was performed on an inverted microscope
(Olympus IX71) using an UPlanFL100x/1.30 (Olympus) oil lens.
A fluorescent X-Cite lamp (120PC Q, Lumen Dynamics) was
used as a light source for excitation. A U-MNUA?2 filter cube with
BP360-370 excitation filter and DM400 dichroic, but without emis-
sion filter, was used for spectrum recording. Residual scattering of
excitation wavelength has been filtered out using GG400 colored
glass filter (400 nm, long-pass; FGL400S, Thorlabs) before analysis
in the spectrometer. Spectra were recorded using a Fergie spectrom-
eter and LightField software (Princeton Instruments). The spectra
were corrected after measurement for detector quantum efficiency
and dichroic mirror and long-pass filter transmissions using data
obtained from technical specifications.

Biomineral extraction

E. coli were cultured with different metallic ions, and the bacterial
cells were harvested after 24 hours. The cells were concentrated by
centrifugation and resuspended in deionized (DI) water. Cell lysis
was performed via sonication in an ice bath for 2 hours with a probe
sonicator (Sonics Ultrasonic Vibra-Cell) under pulse mode. The
particles were collected by centrifuging the sample at 13,000 rpm
for 1 hour. Further surface chemical modification was applied to
further disperse the biosynthesized nanoparticles. In a typical ex-
periment, the particles were resuspended with Li,S/formamide sol-
ution (5 mg/ml) and sonicated for 15 min to obtain a uniform
solution. Then, didodecyldimethylammonium bromide (DDAB)/
toluene (50 mg/ml) was added to the top of the solution under con-
tinuous stirring. Following the overnight reaction, nanoparticles
underwent modification with DDAB in the upper layer of the sol-
ution (oil layer). Subsequently, they were collected and subjected to
three rounds of thorough washing with acetone and ethanol to
remove any excess DDAB. The dispersion was then centrifuged at
10,000 rpm for 10 min to obtain the precipitant, which was later
redispersed in toluene. The characterization of the nanoparticles in-
volved the use of TEM, STEM, and XRD.

X-ray powder diffraction

The extracted nanoparticle solution was drop-cast on silica sub-
strates as a thin film. Wide-angle powder x-ray diffraction patterns
were collected using a Bruker D8 diffractometer with a Cu Ka x-ray
source operating at 40 kV and 40 mA.

RNA extraction and RNA-seq analysis

Cells were cultured in 0.3 mM CdCl, with or without 1 mM cysteine
following the cultivation method described above and collected
after 6 hours. The total RNA was extracted using the TRIzol
Reagent (Invitrogen, catalog number 15596026), and the quality
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was determined using the Agilent 2100 Bioanalyzer (Agilent RNA
6000 Nano Kit). The ribosomal RN A was removed using the I Ribo-
Zero Magnetic Kit (Epicenter). The RNA was sheared and reverse-
transcribed using random primers to obtain cDNA, which was used
for library construction. Libraries were run on a BGISEQ-500
(BGI). All RNA-seq experiments were performed in biological trip-
licates from distinct samples.

Real-time PCR (qPCR) analysis

The RNA extraction was the same as RNA-seq experiments. The
product was quantified via real-time PCR using the CFX96
thermal cycler (Bio-Rad). The reaction mixture (20 ul) contained
Power SYBR Green PCR Master Mix (Bio-Rad) and 0.4 mM
gene-specific primers (table S1). The PCR parameters were 1
cycle of 95°C for 2 min, followed by 40 cycles of 95°C for 20 s,
60°C for 20 s, and 72°C for 15 s. The expression level of each
gene was normalized with the value for the housekeeping gene 168.

Detection of H,S

We adapted the measurement protocol from previous literature
(49). Quantitative H,S gas was monitored using the IFU Hydrogen
Sulfide Dréger-Tube (Drager, Germany). The E. coli strain was cul-
tured overnight in LB medium at 37°C. Then, 1% bacterial culture
was further transferred to fresh LB medium and grown at 37°C for
about 3 hours. Cells were centrifuged and resuspended with a mod-
ified M9 medium to an ODg of ~0.6. The bacterial cultures were
transfer into a seal-flask bottle and cultured under four different
conditions, including (i) cysteine + Cd**, (ii) cysteine only, (iii)
Cd** only, and (iv) control group without cysteine and Cd**. A
made-to-measure rubber stopper fitted by Drédger-Tube was
corked in 125-ml Erlenmeyer flasks containing 40 ml of cultures.
To quantify H,S gas production, the numbers on the Drager-
Tube were recorded at specific time points.

Flask culture for multi-element sulfide biosynthesis

E. coli were cultured overnight in LB medium at 37°C. Then, 1%
bacterial culture was further transferred to fresh LB medium and
grown at 37°C for about 3 hours. Cells were centrifuged and resus-
pended with a modified M9 medium to an ODgg of ~0.6. The bac-
terial culture was grown at 37°C with various metal ions (CdCl,,
HgCl,, and PbCl,) at a concentration of 0.1 mM with or without
1 mM cysteine. After 12 hours, the cells pellets were collected for
nanoparticle analysis, and the supernatants were collected for in-
ductively coupled plasma to evaluate the removal efficiency.

Inductively coupled plasma mass spectrometry

After incubating the bacteria in M9 minimal medium in the pres-
ence of heavy metal ions for different times, the heavy metal con-
centrations were characterized by inductively coupled plasma
(Agilent 700). The bacterial suspension is centrifuged at 13,000
rpm for half an hour, and the supernatant is collected for inductive-
ly coupled plasma measurement. High-purity concentrated nitric
acid (68 w/w%; TraceSELECT) was used to digest the sample and
then further diluted using DI water to the proper concentrations.
A multi-element standard solution (Sigma-Aldrich, 51844) was
used as the standard for all analyses. Four standard samples were
prepared, with concentrations of 0, 1, 5, and 25 parts per million
(ppm) for each element (Cd and Pb) being analyzed. These stan-
dards have the same concentration of nitric acid as the samples.
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For the analyses of the Hg atoms, 12.5 v/v% of 400-ppm gold (III)
chloride trihydrate solution was also added to both standard solu-
tion and samples to stabilize Hg atoms during the measurement. All
the experiments were repeated at least three times to confirm the
repeatability of the experiments.

Continuous bioprocessing reactor

Continuous bioprocessing systems are composed of a replaceable
living material membrane, a tower bioreactor, and a cyclic
pumping system. The living material membrane was composed of
E. coli biofilm on the filter membrane. Specifically, E. coli were cul-
tured overnight in LB medium at 37°C. Then, 1% bacterial culture
was further transferred to a 50-ml fresh LB medium and grown at
37°C for about 3 hours. Cells were harvested from shake flask cul-
tures at an ODggg of ~0.6. The cell culture was drop-cast on a filter
membrane (0.22-pm mixed cellulose ester membrane; MF-Milli-
pore) and gently vacuum-filtrated to leave a layer of cells on the
membrane. The membrane was later transferred onto an LB agar
plate and grown at 30°C for 48 hours. The biofilm, together with
the filter membrane, served as the living material membrane. The
tower bioreactor comprises three portions, and each of them was
printed by 3D printing (Ultimaker 3). The living membrane was in-
tegrated into the bioreactor before assembling. The structure of the
bioreactor is shown in fig. S21. The cyclic pump system was com-
posed of a pump (Fisherbrand Variable-Flow Peristaltic Pumps, 13-
876-2) and silicone tubes (Cole-Parmer, 06422-074) to cycle the
fluids in the bioreactor. Solution samples containing Cd**, Pb**,
and Hg*" with 0.1 mM each were pumped inside the bioreactor
and cycled at 37°C. We sampled the cyclic solution at different
time points, followed by centrifugation to collect the supernatant
for ICP-MS measurements to determine the metal conversion
efficiency.

Intracellular ATP assay in E. coli cells

E. coli cells were cultured and resuspended with a modified M9
medium. CdCl, (0.3 mM) and cysteine (1 mM) were added to the
culture, and the culture was grown at 37°C in a shaker at 220 rpm
with and without light stimulation (light intensity, 6.25 mW/cm?).
The same experiment was repeated for cell cultures without the ad-
dition of CdCl, and cysteine. Intracellular ATP levels in the cells
were measured using the Promega ATP assay kit. Specifically, we
collected 2 ml of bacterial culture medium and resuspended it in
0.2 ml of distilled water. Samples were boiled at 95°C for 5 min to
deactivate ATPases, and the supernatant was collected for ATP mea-
surement. ATP measurement was conducted by following the man-
ufacturer’s instructions. Meanwhile, the intracellular protein
concentrations of the collected bacterial samples were measured
using a Thermo Fisher Scientific BCA assay kit. ATP reading
values were adjusted by protein concentrations to avoid loading
amount variance. The intracellular ATP levels were presented as
in fold changes compared to samples without light stimulation.

Detection of malate

E. coli cells were cultured overnight in LB medium at 37°C. Then,
1% bacterial culture was inoculated in fresh LB medium and grown
at 37°C for ~3 hours to an ODg of ~0.6. Cells were centrifuged and
resuspended in a modified M9 medium to an ODg of ~0.5; then,
0.3 mM CdCl, and 1 mM cysteine were added. The E. coli cells were
cultured in a photoreaction flask at 37°C at 220 rpm with and
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without light stimulation (light intensity, 6.25 mW/cm?®). After 24
hours of cultivation, the supernatant was filtered and detected by
high-performance liquid chromatography (Agilent 1260 Infinity
II). Malate was determined with an Aminex HPX-87H column
(300 mm by 7.8 mm; Bio-Rad) at a wavelength of 210 nm. The
mobile phase was 5 mM H,SO,, and the flow rate was 0.6 ml/min.

External quantum yield calculation

The emission spectrum of the light-emitting diode light was inte-
grated to determine the photon flux. The measured power was
6.25 mW cm™2, and the estimated photon energy absorbed by
hybrid cells was about 0.558 umol hour™" with consideration of
light reflection and absorption by glass vials and cell concentrations
(8). The external quantum efficiency may be calculated as

1

number of e~ required to convert Pyr to malate

@ex =

total incident photons

([Cmalate]light - [Cmalate]dark) XV x3
Mnalate X 0.558 pumol hour™ x ¢

@ex =

where the [Cralate]light is the malate production in the medium from
light, [Cratate]dark is the amount in the dark under parallel condi-
tions, Mpajate = 132 g mol™! is the molar mass of malate, the
factor of 3 accounts for 3e~" molecules of pyruvate to convert to
malate, V is the culture medium volume for producing malate,
and ¢ is the total illumination time.

Supplementary Materials
This PDF file includes:

Table S1

Figs. S1 to S31
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