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SYNTHETIC BIOLOGY

Photocatalyst-mineralized biofilms as living bio-abiotic
interfaces for single enzyme to whole-cell

photocatalytic applications

Xinyu Wang'"t, Jicong Zhang>t, Ke Li*, Bolin An'?, Yanyi Wang'?, Chao Zhong"*3#

There is an increasing trend of combining living cells with inorganic semiconductors to construct semi-artificial
photosynthesis systems. Creating a robust and benign bio-abiotic interface is key to the success of such solar-to-
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chemical conversions but often faces a variety of challenges, including biocompatibility and the susceptibility of
cell membrane to high-energy damage arising from direct interfacial contact. Here, we report living mineralized
biofilms as an ultrastable and biocompatible bio-abiotic interface to implement single enzyme to whole-cell
photocatalytic applications. These photocatalyst-mineralized biofilms exhibited efficient photoelectrical responses
and were further exploited for diverse photocatalytic reaction systems including a whole-cell photocatalytic CO,
reduction system enabled by the same biofilm-producing strain. Segregated from the extracellularly mineralized
semiconductors, the bacteria remained alive even after 5 cycles of photocatalytic NADH regeneration reactions,
and the biofilms could be easily regenerated. Our work thus demonstrates the construction of biocompatible inter-
faces using biofilm matrices and establishes proof of concept for future sustainable photocatalytic applications.

INTRODUCTION

Living biological material systems, in contrast with their nonliving
counterparts, have an inimitable combination of features including
environmental adaption, self-propagation, responsiveness to envi-
ronmental stimuli, and self-repair ability (1-4). Inorganic systems,
particularly inorganic nanomaterials such as semiconducting nano-
particles (NPs), have their own unique properties such as high
surface-to-volume ratios, broad-range light-harvesting ability, and
extremely efficient photoelectrochemical properties (5-7). Thus, the
idea of combining biological and inorganic nanomaterial systems
has attracted much attention, with researchers in multiple areas ex-
ploring potentially vast application opportunities in areas including
catalysis (8), electronics (9), precision drug delivery (10), diagnostics
(11), and disease treatment (12). In particular, the combination
of living microbes with inorganic semiconductors has recently
become a research hotspot in the nascent materials research field
known as “semi-artificial photosynthesis” (13, 14). In semi-artificial
photosynthesis systems, the design of biocompatible interfaces to
hybridize microbial cells and inorganic semiconductors is viewed
as the key to achieve high-efficiency solar-driven fuel (such as H;
or liquid alcohol) (15, 16) or chemical production (such as complex
metabolite shikimic acid) (17).

Several strategies have been previously reported for the integra-
tion of microbial cells with semiconducting NPs for photoinduced
biocatalytic applications (13). Through CdS NP precipitation on the
cell surface of the bacterium Moorella thermoacetica, photoinduced
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CO; fixation to acetic acid was achieved using photogenerated elec-
trons as the reducing power (18). During the reaction procedure,
the oxidative holes produced by CdS upon light irradiation caused
cell damage and even complete cell rupture at higher light intensities.
An alternative method, the “nanobiohybrid organism” was developed
on the basis of the intracellular uptake of quantum dots (including
CdS, CdSe, and InP QDs) into bacteria (including Azotobacter
vinelandii and Cupriavidus necator) for photoinduced conversion
of CO,, Ny, and H,O into renewable biochemicals (such as butanediol
and poly-B-hydroxybutyric acid) (19). Despite having impressive
catalytic activities, these systems unfortunately lacked a sustainable
bio-abiotic interface for continuous solar-to-chemical conversion, as
intracellular QDs could also impair the cell viability originating from
the toxicity of the ligands (such as cysteamine or 3-mercaptopropionic
acid) modified on the surface of QDs (19) or the insertion of NPs
into the cell membrane (20). Thus, despite important progress,
creation of ideal interfaces between cells and nanomaterials, which
had both interfacial stability and minimum cell damage, was still an
unresolved challenge due to functional differences between biolog-
ical and inorganic nanosystems (21, 22).

Biofilms are natural consortia of microbial cells embedded in
their secreted extracellular matrix, composed of amyloid fibers
exhibiting superior resilience to external environmental stresses
(23, 24). Here, inspired by the vast application potential of bacterial
biofilms as engineered living materials (2) and biocatalysts (24), we
developed an in situ mineralization strategy for the construction of
photocatalyst-mineralized biofilms and harvested such mineralized
biofilms as living bio-abiotic interfaces to implement diverse photo-
catalytic applications. Specifically, we first fused A7 peptides, con-
taining two cysteines having strong affinity toward transition metal
ions, to the C terminus of the Escherichia coli curli major subunit
CsgA protein to construct functional CsgA a7 nanofibers, which
site-specifically promoted the in situ extracellular mineralization
of CdS NPs. Then, we used functional Tcgeceiver/CsgA a7 biofilms to
generate photocatalyst-mineralized biofilms through in situ mineral-
ization of CdS NPs on E. coli biofilm nanofibers, thereby retaining
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the attractive photocatalytic potential of the hybrid catalyst while
alleviating impairment through segregation of CdS NPs from bacterial
cells (Fig. 1). The CdS NPs within photocatalyst-mineralized biofilms
generated electrons upon light irradiation, and the electrons were
used and transferred to the redox centers of catalytic enzymes via
electron mediators [such as methyl viologen (MV) or nicotinamide
adenine dinucleotide (NAD)]. Last, we successfully achieved single
enzyme to whole-cell photocatalytic applications including photo-
catalytic trimethylpyruvic acid (TMP) reduction using purified
leucine dehydrogenase (LDH) enzyme (Fig. 1A) and photocatalytic
CO; reduction using a single whole cell coexpressing extracellular
CsgA 7 fibers and intracellular formate dehydrogenase (FDH)
(Fig. 1B). In particular, the cells remained alive even after 5 cycles of
photocatalytic NADH (reduced form of NAD") regeneration reac-
tions. The proof-of-concept demonstration of cyclable photocata-
lytic applications suggested that the biofilms can serve as excellent
platforms for the construction of biocompatible bio-abiotic interfaces
for sustainable production of chemicals and stocks. Our constructed
photocatalyst-mineralized biofilms exhibited alleviated injuries
through segregation and higher catalytic efficiency through more
active site exposure. The design expands the frontier of semi-
artificial photosynthesis and has the potential to drive further re-
search that can solve future energy and environmental issues.

RESULTS

Photocatalyst-mineralized biofilms produced by in situ
mineralization of CdS NPs on biofilm nanofibers

We adopted a modular genetic design strategy (25) to generate func-
tional Tcreceiver/CsgA a7 biofilms expressing recombinant CsgA 7
nanofibers under the control of a tetracycline (Tc)-induced promoter
(Fig. 2A and fig. S1). We first verified the extracellular production

of functional Tcgeceiver/CsgA a7 biofilms. Transmission electron
microscope (TEM) analysis showed that recombinant functional
curli nanofibers were expressed upon Tc induction in M63 culture
for 2 days (Fig. 2A and fig. S2), and selected-area electron diffraction
(SAED) analysis indicated that the curli nanofibers did not form
any obvious crystalline structures (Fig. 2A, bottom left). Congo red
(CR) binding assays and crystal violet (CV) staining supported the
amyloid nature of the secreted nanofibers (fig. S3). We next added
precursors CdCl, and excess Na,$ to the culture medium to induce
the formation of photocatalyst-mineralized biofilms. The in situ
mineralization of CdS NPs on recombinant CsgA 47 nanofibers was
designed to synchronize with biofilm formation, and TEM revealed
that agglomerates had formed on the curli fibers after 2 days of culti-
vation (Fig. 2B). The resulting photocatalyst-mineralized biofilms
exhibit a clear diffraction ring assigned to the (100) plane from the
SAED results (Fig. 2B, bottom left), apparently corresponding to the
0.35-nm space lattice of CdS structures revealed by high-resolution
TEM (HRTEM) (Fig. 2C, bottom left).

We used high-angle annular dark-field scanning TEM (HAADF-
STEM) and energy-dispersive x-ray spectroscopy (EDS) map-
ping to further characterize the photocatalyst-mineralized biofilms
(Fig. 2, C and D, and fig. S4), and the presence of both Cd and S
confirmed successful in situ mineralization of the desired CdS NPs
on the CsgA 47 nanofibers. X-ray photoelectron spectroscopy (XPS),
a technique that can measure the elemental composition of a material,
confirmed the presence of Cd (405 and 411.7 eV) and S (163.3 eV)
in the CdS-mineralized biofilms (Fig. 2, E and F, and fig. S5), sup-
porting our initial EDS mapping results. The signals for O, N, and P
came from biological components within the CdS-mineralized biofilms.

We further used inductively coupled plasma optical emission
spectrometry (ICP-OES) to monitor the free Cd** ion concentration
at different cultivation intervals during the mineralization process

A
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Fig. 1. Schematic of living photocatalyst-mineralized biofilms explored for single enzyme to whole-cell photocatalysis. The A7 peptides within the biofilms are
functional peptides specifically displayed on the CsgAa7 nanofibers that can be mineralized via in situ formation of CdS NPs generating photocatalyst-mineralized biofilms.
The mineralized biofilms harbor the CdS NPs that can produce electrons upon light irradiation; the electrons are then harnessed and transferred to the catalytic centers
of redox enzymes through electron mediators (MV or NAD) for various photocatalytic applications including reduction of TMP into L-tert-leucine coupling with purified
LDH (A) and CO; reduction coupling with a single cell coexpressing CsgAa; fibers and FDH (B).
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Fig. 2. Characterization of the functional biofilms mineralized with CdS NPs. (A) Schematic of the formation process for Tcgeceiver/CsgAa7 biofilms and their TEM and
SAED images. (B) Schematic of the in situ mineralization process on biofilm curli nanofibers and TEM and SAED (inset) images of the CdS-mineralized biofilms. The mineral-
ized biofilms exhibited a clear diffraction ring, whereas the Tcpeceiver/CsgAa7 biofilms did not. The (100) corresponds to the space lattice of 0.35 nm for the CdS NPs in (C).
(C and D) HRTEM, HAADF-STEM, and EDS mapping images of the nanofiber/CdS composites in the mineralized biofilms. The green represents Cd atoms, and the orange
represents S atoms. (E and F) XPS spectra of CdS-mineralized biofilms, which confirmed the presence of Cd and S atoms, in accordance with the EDS mapping results. The
red curves were fitted curves to accurately determine the peak value position. (G) Inductively coupled plasma optical emission spectrometry (ICP-OES) results for mea-
surement of free Cd®* ion concentrations in the supernatant during the process of in situ mineralization of CdS NPs on biofilms in M63 cultivation medium over a 2-day
period. (H and 1) TEM (H) and SAED (I) images for the Tcgeceiver/OMpAa7 sample mineralized with CdS NPs. (J and K) TEM images for the CdS-mineralized biofilms (J) and

CdS-mineralized Tcgeceiver/OMpAay cells (K) after irradiation for 24 hours by an artificial blue light. The red arrows pointed to the damaged cell parts.

(Fig. 2G). We set the starting Cd?" concentration as 9.88 + 0.078 uM
in the culture medium. There was a marked decrease in Cd** con-
centration in the supernatant of the culture medium with the in-
creasing cultivation time, with Cd*" in the culture medium with
3.05% (0.30 = 0.015 uM) and 1.71% (0.17 + 0.023 pM) remaining
after 24 and 48 hours of cultivation, respectively. These observations
support that the in situ mineralization of CdS NPs on recombinant
CsgAa7 nanofibers was synchronized with the biofilm formation.
The CdS NPs did not cause detectable damage to the biofilms, as
integral cell structures were evident in the TEM images (Fig. 2B and
fig. S6). Furthermore, we recultivated both photocatalyst-mineralized
biofilms and nonmineralized control Tcgeceiver/CsgAaz biofilms. Both
mineralized and nonmineralized samples displayed nearly equal
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growth curves, further indicating that the formation of CdS NPs did
not cause obvious toxicity to the cells (fig. S7).

We next constructed another strain (Tcreceiver/0OmpA7) that could
display A7 peptides on the cell membrane under the induction of Tc
and carried out the same in situ mineralization experiments to deter-
mine whether mineralized structures in biofilms would substantially
minimize the potential high-energy damage caused to cells under
light illumination. We selected artificial blue light arrays with emis-
sions at 455 to 460 nm to test the protective ability of biofilms on
cells because mineralized CdS NPs had absorption below 515 nm in
the blue light region (Fig. 3, A and B). TEM images showed that,
after in situ mineralization, the cells were surrounded by mineral-
ized NPs (Fig. 2H and figs. S8 and S9). The identity of the NPs was
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Fig. 3. Photoelectric properties of the photocatalyst-mineralized biofilms.
(A) Ultraviolet-visible (UV-vis) spectra of the Tcreceiver/CsgAa7 biofilms and the
photocatalyst-mineralized biofilms. (B) The bandgap of the CdS NPs formed within
the photocatalyst-mineralized biofilms. A is the normalized absorption value, h is
the Planck’s constant (6.626 x 107>* J.s), and v is the frequency. (C) Transient photo-
current curves measured through a three-electrode system, where FTO-conductive
glass deposited with biofilm samples served as the working electrode and a platinum
wire served as the counter electrode; there was also a Ag/AgCl reference electrode.
The blue curve represents the photocurrent of the FTO glass (1 cm by 1 cm) deposited
with photocatalyst-mineralized biofilms, upon illumination (light on) or shielding
(light off) from a Xe lamp. The red and black curves represent the photocurrent of
the FTO glass (1 cm by 1 cm) deposited with Tcgeceiver/CsgAa7 biofilms or bare FTO
glass, respectively. (D) Schematic of photocatalytic electron transfer to MV via the
photocatalyst-mineralized biofilms. The 3-ml tris-HCl reaction solution was put into
a cuvette containing 1 mM MV?* (as the electron mediator), 1.5% TEOA (as the
sacrificial agent), and the photocatalyst-mineralized biofilms. The reaction solution
was irradiated for 12 hours, during which colorless MV2* was converted to violet MV*",
(E) UV-vis spectra for MV?* and its reduced form MV*. In (A and C), “CsgAn;" refers to
TCReceiver/CsgAa7 biofilms. “CsgAa7/CdS" refers to photocatalyst-mineralized biofilms.

verified as CdS by the clear diffraction ring of the (100) plane (Fig. 2I).
Both CdS-mineralized Tcpeceiver/ CsgA a7 biofilms and CdS-mineralized
T CReceiver/OMpA 7 cells were collected and exposed to an artificial
blue light for 24 hours, followed by streak plating experiment, TEM
analysis, and live/dead staining. The biofilm samples had more living
cells (survival rate of 86.8 + 0.6%) indicated by the clear appearance
of individual colonies on the plate, while Tcgeceiver/0OmpA 7 cells
had minimal colonies (survival rate of 48.6 + 2.2%) germinated
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(fig. S10) in accordance with live/dead staining results (fig. S11). In
addition, the cells in the biofilms were almost integral, while the
surface-displayed bacterial cells were partially damaged or even
fractured, as clearly shown by TEM images (Fig. 2, ] and K, and
fig. S12). Green (emissions at 520 to 525 nm) and red (620 to 625 nm)
light imposed minor injuries to bacterial cells due to an inefficient
energy supply for CdS activation to generate electron-hole pairs
(figs. S13 and S14). These results indicated that a biocompatible
bio-abiotic interface could be enabled by mineralized biofilms. Thus,
we achieved in situ mineralization of CdS NPs on engineered curli
fibers, allowing construction of a biocompatible living bio-inorganic
interface for subsequent photocatalytic applications.

Photoelectric properties of the

photocatalyst-mineralized biofilms

CdS NPs are nanoscale materials with potential for various catalysis
applications (7). Therefore, we experimentally verified whether our
CdS-mineralized biofilms would have excellent photoelectric prop-
erties. First, we characterized the CdS bandgap by recording ultra-
violet and visible diffuse reflectance spectra (UV-vis DRS) using
dried CdS-mineralized biofilms prepared through vacuum drying.
The photocatalyst-mineralized biofilms had broader absorbance in
the visible region compared with Tcreceiver/ CsgA a7 biofilms (Fig. 3A).
We then plotted the (Ahv)®® (with hv) values and calculated the
CdS NP bandgap on the basis of the inflection point for the pro-
cessed curve (Fig. 3B): The bandgap of the CdS NPs presented in
the photocatalyst-mineralized biofilms was determined to be 2.41 eV
in correspondence to the absorption at 515 nm, similar to the value
found in previous reports (7, 26, 27).

We next used both transient photocurrent and MV reduction tests
to determine whether the photoinduced electrons from the CdS
NPs within photocatalyst-mineralized biofilms could be transferred
and harnessed for our desired applications. Biofilm samples were
collected from 20 ml of M63 culture medium and resuspended in
1 ml of ddH,O. An fluorine doped tin oxide (FTO)-conductive glass
(1 cm by 1 cm) substrate was exposed to the sample solution con-
taining different biofilms and was dried in an incubator at 37°C for
12 hours. We adopted a three-electrode system to record the photo-
induced transient current, where the biofilm sample-coated FTO
was used as the working electrode, a platinum wire as the counter
electrode, and a Ag/AgCl electrode as the reference electrode; the
system used 0.5 M Na,SOj as the electrolyte solution, and the irra-
diation was from a Xe lamp (Fig. 3C and fig. S15). A transient current
of 2.4 pA commenced upon illumination of the photocatalyst-
mineralized biofilms: a value much larger than for the bare FTO glass
(0.08 nA) or the Tcreceiver/ CsgA a7 biofilm-coated FTO glass (0.3 pA).
These results strongly support the photocurrent-induced transfer of
electrons from the photocatalyst-mineralized biofilms to the elec-
trode and indicate their potential for photocatalytic applications.

MYV is a commonly used electron mediator agent in photocata-
Iytic applications (26). Having detected photoinduced electron trans-
ference with electrodes, we next verified whether the electrons could
be transferred to MV from the irradiated CdS NPs within the
photocatalyst-mineralized biofilms. Our reaction solution was placed
in a cuvette with 1.5% triethanolamine (TEOA) as the sacrificial
agent. Upon light illumination, the CdS NPs generated electrons
that transformed MV from the colorless MV>* form into its violet
MV™ form (Fig. 3D). The UV-vis spectra clearly exhibited two peaks
between 300 to 400 nm and 500 to 700 nm (Fig. 3E), confirming
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MV™ formation upon illumination. Note that MV alone was not
sufficient to form MV radicals under irradiation of 365-nm UV light
(fig. S16). These results collectively establish a proof of concept for the
use of our photocatalyst-mineralized biofilms to achieve electron
export upon light irradiation, supporting that our system works as
designed and should be suitable for use in photocatalytic applications.

Photocatalytic reduction of TMP into L-tert-leucine using
purified LDH enzyme

Having shown that our photocatalyst-mineralized biofilms can
transfer electrons from the extracellular CdS NPs to an electron
mediator compound, we next turned to explore bioproduction
applications requiring reductants. Here, focusing on producing the
coenzyme NADH to support reduction of TMP into L-tert-leucine,
we replaced MV as the electron mediator with the Rh complex
(fig. S17), which has been reported to efficiently generate biologically
active NADH (28). Our reaction design combined the Rh complex
with our photocatalyst-mineralized biofilms and included the addi-
tion of purified LDH enzyme (Fig. 4A). In this design, light irradia-
tion should cause transfer of electrons from the CdS NPs within
the photocatalyst-mineralized biofilms to drive the conversion of
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Fig. 4. Photocatalytic reduction of TMP into L-tert-leucine coupling with purified
LDH enzyme. (A) Schematic of the TMP reduction process, where CdS NPs within
the photocatalyst-mineralized biofilms absorb light and produce electrons. (B) NAD*
reduction under different reaction systems using artificial blue light-emitting diode
(LED) arrays as the light source. “CsgAa7 biofilm (light)” refers to the reaction system
using TCgeceiver/CSgAa7 biofilms; “CsgAa7/CdS (dark)” refers to the reaction system
without illumination. (C) Relative activity comparison for five consecutive reactions,
for which the photocatalyst-mineralized biofilms were recycled for use each time
after 3 hours of illumination. These 1-ml reaction solutions (in tris-HCl solution,
pH 8.0) contained 1 mM NAD", 1.5% TEOA, 0.25 mM [Cp*Rh(bpy)H,0]%*, and the
recycled photocatalyst-mineralized biofilms (with pellets were originally collected
from 20 ml of M63 culture medium and recovered via centrifugation and resuspen-
sion after each of the reactions). (D) Reduction of TMP to L-tert-leucine under different
reaction systems using artificial blue LED arrays as the light source. The 1-ml tris-HCl
reaction solution (pH 8.0) contained LDH (1, 2, or 3 mg/ml), 1.5% TEOA, NAD" (1, 5, or
10 mM), 0.25 mM [Cp*Rh(bpy)HZO]“, 10 mM TMP, 10 mM NH,4Cl, and photocatalyst-
mineralized biofilms. Each experiment was repeated three times. Student’s ¢ test,
**P<0.01, and ***P <0.001.
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[Cp*Rh(bpy)H,0]*" (Rh*") to [Cp*Rh(bpy)H]" (Rh"), which can,
in turn, reduce NAD" to form NADH; subsequently, the substrate
TMP can be reduced to L-tert-leucine by LDH assisted by the
coenzyme NADH.

We first assessed the generation of NADH in reactions combin-
ing the photocatalyst-mineralized biofilms, 1 mM NAD", 0.25 mM
Rh*", and 1.5% of TEOA (the sacrificial agent) in 1 ml of tris-HCI
solution upon illumination (fig. S18). NADH generation was mon-
itored at 340 nm (figs. S19 and S20): We found that the NADH con-
centration reached a plateau at 0.68 mM within 3 hours, representing
afinal NAD" to NADH conversion efficiency of 68% (Fig. 4B). Only
negligible NADH was detected under dark conditions or in the
reaction system with the nonmineralized Tcgeceiver/ CsgA a7 biofilms
(Fig. 4B). We further tested the recyclability of our photocatalyst-
mineralized biofilms by centrifugation. For easy comparison, we
defined the relative activity as the concentration ratios of each cycle
to the first cycle. After 5 cycles of reaction, our functional biofilms
retained nearly 60% of the initial activity (Fig. 4C and fig. S21).
Notably, we found that CdS NPs were still anchored on the biofilms
and that parts of the cells remained integral and alive compared
with their pristine states revealed by TEM images, strain streak plating
experiments, and live/dead staining experiments (survival rate of
47.2 + 3.2% for the first cycle and 13.5 + 4.2% for the fifth cycle)
(figs. S22 to S24).

After detecting successful NADH generation, we tested a reac-
tion system comprising LDH enzyme, TEOA, NAD", Rh**, the two
cosubstrates (TMP and NH,4CI), and the photocatalyst-mineralized
biofilms in 1 ml of tris-HCI solution. The nuclear magnetic reso-
nance (NMR) peak for the methyl group moved from 1.195 to
1.059 parts per million (ppm), supporting the production of
L-tert-leucine from TMP (fig. S25). We found that concentrations
of both NAD and LDH coaffected the production of r-tert-leucine
(Fig. 4D and fig. 526). The highest output of 3.23 mM of L-tert-leucine
was achieved with the 10 mM NAD" and LDH system (3 mg/ml).
These experiments demonstrate the successful reduction of TMP to
form 1-tert-leucine and establish the capacity of our photocatalyst-
mineralized biofilms for multicomponent redox bioproduction
applications.

Photocatalytic CO, reduction

The use of biofilms for bioproduction and other industrial applica-
tions is desirable because it can support the use of whole cells (24),
representing a highly scalable platform for achieving solar-driven
chemicals. We explored whole-cell photocatalytic systems based
on our photocatalyst-mineralized biofilms. Beyond the capacity for
easy scale-up, another attractive aspect of whole cell-based systems
is the ability to genetically engineer additional functionalities into a
single strain. Therefore, we designed a single-strain system for an
additional photocatalytic application: reduction of CO, to HCOOH
using MV as the mediator (Fig. 5A and fig. S27). We constructed
the engineered E. coli TcReceiver/ CsgAa7-FDH system, which had
two benefits. First, the expressed biofilms were used as nucleator for
CdS mineralization, which could expose more active sites for catalysis
compared with the system established with exogenously added
carboxyl-capped CdS NPs. Second, the expression of intracellular
FDH enzymes could occur simultaneously to simplify the system
setup and fulfill whole-cell catalysis with the same biofilm-producing
strain, thus substantially outperforming a two-strain catalytic system
based on our previous reports (29).
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Fig. 5. Whole cell-enabled photocatalytic CO, reduction. (A) Schematic of a
photocatalytic CO, reduction system based on a single strain coexpressing CsgAay
nanofibers for CdS mineralization and FDH enzymes for CO, reduction. (B) TEM
image of the photocatalyst-mineralized biofilms through in situ mineralization on
TcReceiver/CsgAa7-FDH biofilms. (C) SDS-PAGE image, Western blot image, and LC-MS
spectrum for the purified FDH enzymes from Tcgeceiver/CsgAa7-FDH biofilms.
(D) Photocatalytic CO, reduction under different reaction conditions. “Light” refers
to a reaction system comprising 5 mM MV, 10 mM ascorbic acid, 100 mM NaHCOs,
and the photocatalyst-mineralized biofilms in PBS solution (pH 7.4) under normal
illumination condition. “Dark” refers to the same reaction system but lacking illumi-
nation. “—FDH"refers to an illuminated reaction system without expression of FDH
enzymes. “—CdS" refers to an illuminated reaction system with Tcpeceiver/CsgAa7-FDH
biofilms that were not mineralized with CdS NPs. “—MV” refers to an illuminated
reaction system without MV.

Here, the Tcreceiver/CsgAa7-FDH biofilm-producing strain was
engineered to coexpress CsgA 7 nanofibers and FDH enzymes
under the control of the Tc-induced promoter and the constitutive
J23108 promoter, respectively (fig. S28) (30). TEM and SAED
analysis confirmed that this strain produced CsgA a7 nanofibers
that could be in situ mineralized with CdS NPs (Fig. 5B and fig.
S$29). Furthermore, after collecting and lysing the biofilms, SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), Western blot, and
liquid chromatography-mass spectrometry (LC-MS) results con-
firmed that the cells expressed the engineered FDH enzymes with
the anticipated molecular weight of 80.73 kDa (Fig. 5C and fig. S30)
in accordance with previous report (31). The bands of FDH was
absent in the supernatant after biofilm collection, which implied no
secretion of FDH enzymes (fig. S31A). We also constructed Tcgeceiver/
CsgA a7-enhanced green fluorescent protein (mEGFP)-FDH cells to
express mMEGFP-FDH enzymes. The green fluorescence appeared
clearly within the bacterial cells, which further supported the intra-
cellular expression of FDH proteins in E. coli (fig. S31B). These
results demonstrated the successful coproduction of CsgA,7 curli
nanofibers and FDH enzymes in our constructed single whole cell.

We conducted reactions using the reaction system containing
MYV as the electron mediators, ascorbic acid as the sacrificial agent,
NaHCOj as the CO; source, and the photocatalyst-mineralized bio-
films in phosphate-buffered saline (PBS) solution. The presence of
the characteristic peak for formic acid in the "H NMR spectrum at
8.44 ppm (fig. S32) (32) supported the quantification of the formic
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acid concentration from our system. The production of formic acid
reached 0.84 mM within 8 hours under illumination with the Xe lamp
(Fig. 5D and fig. S32), corresponding to the apparent quantum yield
of ca. 0.13% in 8 hours, which was close to the efficiency of natural
plants (33). There was negligible amount of formic acid production
in the control reaction systems with nonmineralized Tcreceiver/
CsgAa7-FDH biofilms, without illumination or without FDH ex-
pression. Furthermore, there was a 36% increase compared with the
control group without MV addition, implying that uncharacterized
electron transfer routes may occur between semiconductors and
bacterial cells. We also performed photocatalytic CO; reduction
combining carboxyl-capped CdS NPs with bacteria cells expressing
FDH enzymes (fig. $33). The mineralized system had a 2.5-fold
enhancement in formic acid production over that of the mixed sys-
tem, where the higher efficiency probably originated from increased
active site exposure due to low ligand occupation.

Compared with individual cells, bacterial biofilms are featured
with large specific surface area, enhanced environmental tolerance
under harsh conditions, and ease of functional modification through
genetic engineering. The whole-cell photocatalysis coordinated single
strain illustrates both conceptual and practical advances compared
with the previous two-strain system, showing the potential for ex-
ploiting biofilm-enabled semi-artificial photosynthesis systems for
sustainable solar-to-chemical conversions. The more precise tun-
ability of semiconductors and exquisite gene regulations enabled
by our benign biofilm-semiconductor systems would allow scalable
value-added chemical production in the future.

DISCUSSION

The design of biocompatible interfaces between microbes and semi-
conductors holds great promise for diverse applications, especially
for sustainable production of chemicals through technologies from
the emerging area of semi-artificial photosynthesis (14). Seeking to
alleviate the possible damage that can occur at the cell-inorganic
interfaces in photocatalytic systems (18, 20), we here produced
living bio-abiotic interfaces where E. coli biofilms engineered with
CsgA 7 curli nanofibers as scaffolds for mineralization with CdS
NPs were used to construct bio-abiotic interfaces that spatially seg-
regate the mineralized CdS NP component from the bacterial cells.
After mineralization, these NPs retained their useful photoelectric
properties and functioned as efficient semiconductors. We showed
that our photocatalyst-mineralized biofilms can achieve photocata-
lyzed transfer of electrons to diverse electron mediator compounds.
We then exploited these photoinduced electrons for diverse photo-
catalytic applications, including redox-based synthesis of L-tert-leucine
with an exogenously applied enzyme, and reduction of CO; to gen-
erate formic acid using a single engineered bacterial strain produc-
ing both the CsgA a7 nanofibers and the FDH enzyme.

Previous attempts for the design of bio-abiotic interfaces include
anchoring QDs on E. coli biofilms for photocatalytic H, production
(29) and growing Sporomusa ovata biofilms on the silicon nanowire
array electrode for acetate production coupling with a photovoltaic
device (34). The preparation of QDs and silicon nanowire arrays
necessarily involves the use of toxic reagents and harsh reaction con-
ditions, while the coupling of the biofilm chassis with biomediated
synthesis of nanomaterials, introduced in the current work, rep-
resents an important advantage over previous approaches owing to
the simple, mild, and environmentally friendly reaction conditions
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(35, 36). Furthermore, our initial demonstration clearly illustrates the
utility of this approach for enabling seamless integration of inorganic
and biological materials while protecting delicate cells from damage
by high-energy state semiconductor for photocatalytic applications.

Given that diverse types of amyloid nanofibers are widespread in
nature, for example, in the Gram-positive Bacillus subtilis (37) or
the facultative Shewanella oneidensis famous for its electron con-
ductive capacity (38), the design principles demonstrated in the
present study could be extended to other biofilm systems. In partic-
ular, the capacity to engineer the genomes of the various host strains
should support the transfer of additional metabolic modules for
applications in additional areas of semi-artificial photosynthesis or
other pathways that require extensive local generation of reductants
(e.g., NADH and NAD phosphate).

MATERIALS AND METHODS

Chemicals used in this study

Luria-Bertani (LB) medium (MdBio), chloramphenicol (Aladdin),
M63 medium (AMRESCO), MgSO4 [analytical reagent (AR);
Sinopharm], glucose (ABCONE), Tc¢ (Energy Chemical), K,WO,
(Aladdin), Na,S (Macklin), CdCl, (Aladdin), 3-mercaptopropionic
acid (Aladdin), glycerol (Aladdin), isopropyl-p-p-thiogalactoside
(IPTG; Aladdin), carbenicillin (Macklin), tris-HCI (Promega), lyso-
zyme (BBI), Na,SO4 (AR; Sinopharm), [Rh(Cp*)Cl,], (Tansoole),
methanol (Adamas), 2,2’-bipyridyl (Sinocompound), diethyl ether
(AR; Sinopharm), triethanolamine (TEOA; Aladdin), NAD"
(Solarbio), TMP (Adamas), NH4Cl (AR; Sinopharm) MV (Aladdin),
ascorbic acid (AR; Sinopharm), NaHCOj3 (Aladdin), CR (Aladdin),
CV (BBI), PBS (ABCONE), uranyl acetate (Zhongjingkeyi Tech-
nology), BaSO, powder (Aladdin), D,0 (J&K), and 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS; Aladdin).

Plasmid and strain construction

Construction of Tc-inducible plasmid
(pZA-CmR-rr12-pL(tetO)-CG-csgAA7)

The pZA-CmR-rr12-pL(tetO)-CG plasmid was used as a starting
point (39). Recombinant gene combining CsgA and its biological
secretion signal sequence with appended C-terminal A7 tag was ob-
tained by standard PCR (polymerase chain reaction). The gene was
then cloned into the pZA-CmR-rr12-pL(tetO)-CG vector through
One-step Isothermal Gibson Assembly to produce the recombinant
plasmid pZA-CmR-rr12-pL(tetO)-CG-csgA 47. Plasmid sequences
were confirmed by restriction digest and sequenced by Genewiz. The
gene and protein sequences were included in tables S1 and S2.
Construction of recombinant plasmid surface displaying

A7 peptides (pZA-CmR-rr12-pL(tetO)-ompAA7)

The pZA-CmR-rr12-pL(tetO) plasmid was used as the starting point.
The ompA47 gene was obtained through standard PCR. The gene
was cloned into the pZA-CmR-rr12-pL(tetO) vector through One-step
Isothermal Gibson Assembly to produce the recombinant plasmid
PZA-CmR-rr12-pL(tetO)-ompA 4,. Plasmid sequences were con-
firmed by restriction digest and sequenced by Genewiz. The gene
and protein sequences were included in tables S1 and S2.
Construction of plasmid expressing LDH (pET22b-LDH)

The LDH gene was synthesized and then inserted into pET22b to form
the recombinant plasmid pET22b-LDH. The obtained plasmid was
sequenced by Genewiz. The gene and protein sequences were in in-
cluded tables S1 and S2.
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Construction of recombinant plasmid ptet-csgAA7-FDH
expressing CsgAA7 and FDH

The ptet-CsgA 47 plasmid was used as the starting point and linearized
through standard PCR reaction. The FDH fragment with a consti-
tutive expression promoter J23108 was obtained through standard
PCR reaction. Last, the recombinant plasmid ptet-CsgA 47-FDH was
constructed by fusion of linearized ptet-csgA 47 and FDH fragment
through Gibson assembly. The obtained plasmid was sequenced
by Genewiz. The gene and protein sequences were included in
tables S1 and S2.

Construction of recombinant plasmid ptet-csgAA7-mEGFP-FDH
expressing CsgAA7 and mEGFP-FDH

The ptet-csgAa7-FDH plasmid was used as the starting point and
linearized through standard PCR reaction. The mEGFP fragments
were obtained through standard PCR reaction. Then, the recombi-
nant plasmid ptet-csgA4,-mEGFP-FDH was constructed by fusion
of linearized ptet-csgAs,-FDH and mEGFP fragment through
One-step Isothermal Gibson Assembly. The obtained plasmid was
sequenced by Genewiz. The gene and protein sequences were in-
cluded in tables S1 and S2.

Strain construction

Cell strains used in this study were created by transforming the con-
structed plasmids into corresponding competent cells. MG 1655
PRO AcsgA ompR234 cells harboring a pZA-CmR-rr12-pL(tetO)-
csgA a7 plasmid were referred as E. coli Tcreceiver/ CsgAa7 cells in this
study. MG 1655 PRO AcsgA ompR234 cells harboring a ptet-csgA a7-
FDH plasmid were referred as E. coli Tcreceiver/ CsgAa7-FDH cells in
this study. MG 1655 PRO AcsgA ompR234 cells harboring a ptet-
csgAa7-mEGFP-FDH plasmid were referred as E. coli Tcreceiver/
CsgAa7-mEGFP-FDH cells in this study. MG 1655 PRO AcsgA ompR234
cells harboring a pZA-CmR-rr12-pL(tetO)-ompA 47 plasmid were
referred as E. coli Tcreceiver/OmMpA 47 cells in this study. BL21(DE3)/
LDH represents E. coli BL21(DE3) cell harboring the pET-22b-LDH
plasmid in this study.

Biofilm cultivation

Seed cultures (Tcreceiver/CsgAA7 OF TCRreceiver/ CsgAa7-FDH) were
inoculated from frozen glycerol stocks and grown in LB medium
using chloramphenicol antibiotics (34 pg/ml). The cultures were
grown for 12 hours at 37°C in 14-ml culture tubes (Falcon) with the
220 rpm shake speed. Cells were centrifuged and resuspended in the
same volume of M63 medium, supplemented with 1 mM MgSOy,
0.2% (w/v) glucose, chloramphenicol (34 ug/ml), and Tc (250 ng/ml)
as inducer (hereafter referred to glucose-supplemented M63). The
resuspended cells were used as seeds and added to M63 culture me-
dium at a volume ratio of 1:100. The biofilm growth was performed
by putting the experimental cultures into an incubator (Shanghai
Yiheng) and cultivating for 48 hours at 30°C without shaking. The
control experiments were carried out using glucose-supplemented
M63 culture medium without Tec.

When using Tcreceiver/ CsgAa7-FDH cells, the M63 culture was
supplemented with extra 10 uM K;WO,. This system would allow
the coproduction of CsgA 47 nanofibers and FDH enzymes in the
cultivation process.

Production of photocatalyst-mineralized biofilms

Seed cultures (Tcpeceiver/ CSgAA7 TCreceiver/ CsgAA7-FDH, and Tcpeceiver/
ompA »7) were inoculated from frozen glycerol stocks and grown in LB
medium using chloramphenicol antibiotics (34 pg/ml). The cultures
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were grown for 12 hours at 37°C in 14-ml culture tubes (Falcon) with
the shake speed of 220 rpm. Cells were centrifuged and resuspended
in the same volume of glucose supplementary M63 culture medium.
The resuspended cells were used as seeds and added to glucose sup-
plementary M63 culture medium at a volume ratio of 1:100. A total
of 100 pl of Na,S (0.1 M) and 100 ul of CdCl, (0.01 M) were added
to a petri dish (90 mm; BBI) with 20 ml of glucose-supplemented
M63 culture medium. The petri dish was put into the incubator
(Shanghai Yiheng) and cultivated at 30°C without shaking. The
samples cultivated for 2 days were scraped and collected through
centrifugation. The collected photocatalyst-mineralized biofilms
were directly used for the subsequent experiment.

When using Tcgreceiver/ CsgAa7-FDH cells, the culture was sup-
plemented with extra 10 uM K;WO,. This system would allow the
coproduction of CsgA 57 nanofibers and FDH enzymes in the culti-
vation process.

When preparing for the ICP-OES measurement, 20 pl of Na,S
(0.1 M) and 20 ul of CdCI, (0.01 M) were added to 20 ml of M63
culture medium for the synthesis of CdS NPs. The concentration of
Cd?** in the supernatant was measured at different time interval using
ICP-OES iCAP 7400 (Thermo Fisher Scientific).

LDH expression and purification

LDH expression

Seed cultures [BL21(DE3)/LDH] were inoculated from frozen glycerol
stocks and grown in LB medium with carbenicillin (50 ug/ml). The
cultures were grown for 12 hours at 37°C in 250-ml flasks, with a
constant shake speed of 220 rpm. The seed cells were added to LB
medium supplemented with carbenicillin (50 ng/ml) at a volume
ratio of 1:50. The strains were grown for 3 hours at 37°C with a
constant shaking speed at 220 rpm. The LDH expression was in-
duced by adding 1 mM IPTG for 12 hours at 28°C with a shake
speed of 220 rpm. The pellets were collected by centrifugation and
stored at —80°C.

LDH purification

Five grams of cell pellets was suspended in 50 ml of tris-HCI solu-
tion [20 mM tris and 250 mM NaCl (pH 8.0)] with lysozyme
(100 pg/ml). The cell suspensions were sonicated for 1 hour using
an ultrasonicator (FB120220, Fisher Scientific). The supernatant
was collected through centrifugation at 15,000¢ for 30 min and
mixed with 5 ml of Ni-nitrilotriacetic acid (Ni-NTA) beads
(GenScript). The beads were washed with tris-HCl solution two times
after incubation at 4°C for 1 hour and then put into an affinity
chromatography column (12 ml; Sangon Biotech). The impure pro-
teins were removed using 6 ml of wash buffer (20 mM imidazole in
tris-HCI solution) three times. The LDH proteins were collected by
10 ml of elution buffer (300 mM imidazole in tris-HCI solution).
The LDH samples were kept at 4°C ready for subsequent photo-
catalytic TMP reduction.

FDH expression and purification

Seed cultures (Tcreceiver/ CsgAa7-FDH) were inoculated from frozen
glycerol stocks and grown in LB medium with chloramphenicol an-
tibiotics (34 pug/ml). Cells were centrifuged and resuspended in the
same volume of glucose supplementary M63 culture medium. The
resuspended cells were used as seeds and added to glucose supple-
mentary M63 culture medium with 10 pM K,WO, at a volume ratio
of 1:100. The strains were grown for 3 days at 30°C without shaking
for FDH expression induced by the constitutive promoter J23108.
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The pellets were collected and resuspended in tris-HCI buffer. The
cells were completely broken using a high-pressure homogenizer
(JNBIO) at 1500 MPa. The supernatant was collected through cen-
trifugation (Beckman Coulter) at 20,000g for 40 min and incubated
with Ni-NTA beads (GenScript) at 4°C overnight. The impure pro-
teins were removed using wash buffer (20 mM imidazole). The target
proteins were collected through gradient elution with 100, 200, and
500 mM imidazole. The collected samples were kept at 4°C for
SDS-PAGE and Western blot experiments.

SDS-PAGE

Fifteen microliters of purified protein solution was mixed with 5 pl
of 4x loading buffer (Life Technologies). The mixed solution was
boiled for 10 min for protein denaturation. The processed solution
was added to the lane of 12% polyacrylamide gel (GenScript), which
was put into tris-Mops-SDS running buffer (GenScript) with an
applied 120-V voltage for 60 min and then stained using 0.25%
Coomassie Brilliant blue. The SDS image was obtained by the
ChemiDoc MP system (Bio-Rad).

Western blot

The proteins in polyacrylamide gel were blotted on nitrocellulose
membrane using iBlot 2 Gel Transfer Device (Life Technologies).
The nitrocellulose was blocked with 5% nonfat dry milk (Solarbio)
in Tween 20 supplemented with tris (TBST) buffer for 30 min and
washed with TBST buffer two times. The membrane was incubated
in primary anti-His antibody (TransGen Biotech) for 2 hours and
washed with TBST buffer two times, followed by incubation with
second anti-horseradish peroxidase antibody (TransGen Biotech)
for 1 hour and washed with TBST buffer three times. The resultant
membrane was incubated with Clarity Western ECL Substrate
(Bio-Rad) solution in a dark environment at room temperature for
1 min and imaged through the ChemiDoc MP system (Bio-Rad).

Transient photocurrent test

The photocatalyst-mineralized biofilms or unmineralized CsgA 47
biofilms were collected through centrifugation from 20 ml of cul-
ture medium (after 2 days cultivation) and resuspended in 200 pl
of ddH,0. The solution was dropped onto FTO-conductive glass
(10 mm by 10 mm). Then, FTO was put into the incubator at 37°C
overnight and served as the working electrode. A three-electrode
system was adopted for the measurement of transient photocurrent.
The platinum wire was used as the counter electrode, while the Ag/
AgCl was used as the reference electrode. Na,SO4 (0.5 M) was used
as the electrolyte solution. The solution was purged by N, flow
for 30 min. The measurements were conducted at room tempera-
ture with a constant N, flow under the illumination of a Xe lamp
(CEL-HXF300) with the intensity of 0.31 W (PL-MW2000 Photo-
radiometer, Perfect Light). The data were collected using an electro-
chemical station (Chi 660E).

Synthesis procedure for [Cp*Rh(bpy)H,0]**

[Rh(Cp*)CL;]; (7.7 mg) was dissolved in 4 ml of methanol in a
vial with the orange color. 2,2'-Bipyridyl (3.9 mg) was added to the
vial to make a yellow solution. Ten milliliters of diethyl ether was
added to the solution. Then, the mixed solution was evaporated
through a rotary evaporator (PC 3001 VARIO, VACUUBRAND)
to form the compound [Cp*Rh(bpy)Cl]**. A 2.5 mM [Cp*Rh(bpy)
H,0]* solution was obtained through the addition of 5 ml of
ddH,0, and the solution was kept in the 4°C refrigerator under
dark condition.
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Photocatalytic reduction of NAD*

NAD" reduction

The 1-ml reaction system contained 1.5% TEOA, 1 mM NAD",
0.25 mM [Cp*Rh(bpy)H20]2+, and the photocatalyst-mineralized
biofilms (the pellets were collected from 20 ml of M63 culture
medium) in tris-HCl solution (pH 8.0). The reaction was performed
under the illumination of artificial light-emitting diode (LED) (455
to 460 nm) arrays with the intensity of 0.013 W (PL-MW2000 Photo-
radiometer, Perfect Light). The absorption at 340 nm for the super-
natant was monitored with a 0.5-hour interval using a microplate
reader (Cytation 5, BioTek).

Repeated reduction of NAD*

In this experiment, the 1-ml reaction solution was composed of
1 mM NAD?, 1.5% TEOA, 0.25 mM [Cp*Rh(bpy)H,0]**, and the
photocatalyst-mineralized biofilms (the pellets were collected from
20 ml of M63 culture medium) in tris-HCI solution (pH 8.0). The
absorption of the supernatant at 340 nm after centrifugation was
recorded after 3 hours under the illumination of artificial LED (455 to
460 nm) arrays with the intensity of 0.013 W (PL-MW2000 Photo-
radiometer, Perfect Light). The absorption at 340 nm for the super-
natant was monitored using a microplate reader (Cytation 5, BioTek).
Then, the precipitate was redispersed in the reaction solution. The
reaction proceeded for another 3 hours until the end. The same ex-
periments were repeated four times to assess the recyclability of the
system. The absorption value of each cycle is divided by the first one
as the relative activity. The instrument setup was shown in fig. S18.

Photocatalytic reduction of TMP into L-tert-leucine

The reaction system was 1 ml of tris-HClI solution containing LDH
(1, 2, or 3 mg/ml), 1.5% TEOA, NAD" (1, 5, or 10 mM), 0.25 mM
[Cp*Rh(bpy)H,0]*", 10 mM TMP, 10 mM NH,C], and the photo-
catalyst-mineralized biofilms (the pellets were collected from 20 ml
of M63 culture medium). The reaction vials were placed in the 1-liter
beaker supplemented with 800 ml of ddH,O, and the reaction was
performed for 48 hours under the illumination of artificial LED
(455 to 460 nm) arrays with the intensity of 0.013 W (PL-MW2000
Photoradiometer, Perfect Light). The supernatant after centrifuga-
tion was collected for NMR experiment to determine the concentra-
tions of L-tert-leucine. The instrument setup was shown in fig. S18.

Photocatalytic reduction of MV?*

The reaction system contained 1 mM MV?*, 1.5% TEOA, and the
photocatalyst-mineralized biofilms (the pellets were collected from
20 ml of M63 culture medium) in 3 ml of tris-HCI solution. The
cuvette was put into a hood under the white light illumination with
the intensity of 52 pW (Model 1918-R, Newport). The UV-vis spectra
were recorded after 12 hours of illumination.

Synthesis of carboxyl-capped CdS NPs

We synthesized carboxyl-capped CdS NPs following a modified
protocol based on a previous literature (40). Briefly, 3.87 ul of
3-mercaptopropionic acid was dissolved in 100 ml of deionized
water, followed by slow addition of 100 ul of 2 M Cd(NO3), solution
with continuous stirring (300 rpm) at room temperature. Then, the
pH was adjusted to 9 with ammonium hydroxide (NH4OH). Next,
a clear yellowish suspension of CdS NPs was obtained by quick
addition of 150 pl of 2 M Na,S$ solution with constant stirring
(300 rpm). Last, the solution was concentrated to 20 ml by rotary
evaporator at 40°C.
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Photocatalytic reduction of CO,

The 5-ml reaction solution containing 5 mM MV, 10 mM ascorbic
acid, 100 mM NaHCOj3, and the photocatalyst-mineralized biofilms
(the pellets were collected from 20 ml of M63 culture medium or
0.2 mM synthesized CdS NPs and Tcgeceiver/ CsgAa7-FDH cells ex-
pressing only FDH enzymes) in PBS solution (pH 7.4) was added to
a vial, which was illuminated under the xenon lamp (CEL-HXF300,
CEAULIGHT) with a 420-nm optical filter for 8 hours. The intensity
of the lamp was measured to be 0.12 W (PL-MW2000 Photo-
radiometer, Perfect Light). The distance from the reaction vial to
light source was set at 26 cm. The supernatant after centrifugation
was collected for NMR test to determine the concentrations of
formic acid. The instrument setup was shown in fig. S27.

CR binding and CV staining assay
TcReceiver/ CsgA a7 seed cells were added to 20 ml of glucose-
supplemented M63 culture medium and then cultivated for 72 hours
at 30°C without shaking. Then, the biofilms were collected through
centrifugation.
CR binding
The collected biofilms were resuspended in 1-ml PBS solution
(pH 7.4). Ten microliters of CR solution (25 mg/ml) was added to
the biofilm solution (1 ml). Then, the mixed solution was incubated
for 10 min at room temperature. After centrifugation, the absorbance
of the supernatant at 495 nm designated as A was measured using
Cytation (BioTek), while the absorbance of CR (25 mg/ml) desig-
nated as Ay was also measured. The CR binding to biofilms was cal-
culated through subtraction of A; from A,.
CVstaining
The collected biofilms were resuspended in 4-ml PBS solution
(pH 7.2). Thirty microliters of CV solution (0.1%) was added to the
biofilm solution (1 ml). Then, the mixed solution was incubated for
10 min at room temperature. After centrifugation, the absorbance
of the supernatant at 550 nm designated as A, was measured using
Cytation (BioTek), while the absorbance of 0.1% CR designated as
A was also measured. The CV staining to biofilms was calculated
through subtraction of A, from A,.

The control experiments were performed without Tc in the
culture medium. Each test was repeated four times. The data were
presented in fig. S3.

Live/dead staining

The bacterial samples were collected through centrifugation and re-
suspended in 0.85% NaCl solution at a final optical density at 600 nm
of 1. The dye mixtures containing 1.5 ul of SYTO9 and 1.5 pl of
propidium iodide (LIVE/DEAD BacLight Bacterial Viability Kits,
Thermo Fisher Scientific) were added to 1 ml of bacterial suspen-
sion. Then, the solution was mixed and incubated at dark condition
for 15 min. Last, 5 pl of the stained samples was dropped and trapped
between a slide and a 18-mm square coverslip. The fluorescence
images were observed using Olympus FV3000.

Transmission electron microscopy

The sample solution was dropped on the TEM grid (Zhongjingkeyi
Technology) directly, which was incubated at ambient environment
for 5 min. The excessive sample solution was wicked away with
filter paper, and the grid was rinsed with ddH,O two times by drop-
ping on TEM grid and quickly wicking off with filter paper. The sam-
ple was negatively stained with 10 pl of uranyl acetate (2 weight %)
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for 1 min. The excessive uranyl acetate was wicked off, and the sample
was desiccated for 20 min under an infrared lamp (Zhongjingkeyi
Technology). TEM images were obtained on a FEI T12 TEM operated
at 120-kV accelerating voltage. HRTEM, SAED, HAADF-STEM,
and EDS mapping were performed on a JEM-F200 operating at
200-kV accelerating voltage or a JEM-ARM300F(w_d) electron
microscope operating at 300-kV accelerating voltage.

UV-vis spectra

The biofilm samples were collected and washed with ddH,O two times
then dried through freeze-drying using a vacuum freeze dryer
(Labconco FreeZone 2.5). Then, the samples were grinded with
BaSO,4 powder using a mortar under the infrared lamp. UV-vis DRS
were recorded using a UV-vis-NIR (near-infrared) spectrometer
(Agilent Cary 5000) with samples in integrating sphere. For samples
in the solution, the UV-vis spectra were directly recorded using a
UV-vis-NIR spectrometer (Agilent Cary 5000).

Nuclear magnetic resonance

NMR was carried out to measure the production of r-tert-leucine
and formic acid. The test solution was a 0.5-ml PBS solution con-
taining 50 ul of D,0, 50 pl of DSS (5 mM) as internal standard, 50 pl
of sample solution, and 350 pl of PBS solution. The NMR data were
recorded using AVANCE NEO 400 or AVANCE III HD50 (Bruker).
The collected data were processed and integrated using Bruker
TopSpin software.

Inductively coupled plasma optical emission spectrometer
To monitor the free Cd*" ion concentration during the prepara-
tion process of the photocatalyst-mineralized biofilms, the super-
natant after centrifugation collected at different time intervals
was preserved in a 4°C refrigerator for subsequent measurement.
ICP-OES measurements were performed using ICP-OES iCAP
7400 (Thermo Fisher Scientific). The collected data were processed
using the Origin software. The experiments were repeated at least
three times.

X-ray photoelectron spectroscopy

The freeze-dried samples were pressed into thin pieces by the tablet
machine for subsequent measurement. The pressed samples were
placed in the sample stage and transferred to the vacuum chamber
of ESCALAB 250Xi (Thermo Fisher Scientific). Then, the data were
collected using a spot size of 400 um with charge compensa-
tion. The data were exported using the Avantage software and pro-
cessed using the Origin software. The spectra were calibrated by
284.8 eV of Cls.

LC-MS spectra

LC-MS experiment was carried out in positive ion mode with a
quadrupole time-of-flight mass spectrometer (Agilent QTOF 6550)
equipped with a high-performance LC (Agilent 1260). Last, de-
convolution was performed with Agilent MassHunter Qualitative
Analysis B.06.00 software with BioConfirm workflow. The plot was
redrew using the Origin software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7665

View/request a protocol for this paper from Bio-protocol.
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