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ABSTRACT:Semiarti� cial photosynthetic systems have shown tremendous
potential to address global energy issues by combining the exceptional optical
properties of nanomaterials with biological whole-cell catalysts. To achieve
sustainable energy conversion between inorganic materials and whole cells in
semiarti� cial photosynthetic systems, it is highly desirable to introduce
biocompatible nanomaterials with broad light adsorption into the hybrid
catalysis system. Herein, we developed a whole-cell biohybrid catalyst with in
situ synthesized Ag2S QDs for visible-light-driven photocatalytic organic
pollutant degradation. With the synthesized Ag2S QDs on the surface of
engineeredEscherichia colicells, the biohybrid system showed superior
performance for the photocatalytic degradation of organic pollutants. The
photogenerated reactive oxygen species (• O2

� ) were con� rmed to play a
pivotal role in removing organic pollutants during the photocatalytic process. The enhanced photocatalytic activity of theE. coli-Ag2S
QD biohybrid system could be ascribed to the e� ective separation and transfer of the interfacial charge carriers. This whole-cell
biohybrid system could provide a promising approach for environmental issues in solar energy conversion.
KEYWORDS:whole-cell biohybrid catalyst, surface-display, Ag2S QDs, photodegradation, solar energy

1. INTRODUCTION

Solar-to-chemical conversion by semiarti� cial photosynthetic
systems has attracted signi� cant attention in recent years as a
newly emerging approach that uses solar energy to address
global energy and environmental challenges.1� 3 To this end,
several excellent semiarti� cial photosynthetic systems have
been exploited based on the di� erent combinations of light-
harvesting synthetic material and biological components,
which were employed as biohybrid catalysts for their
applications in di� erent� elds, such as CO2 reduction,4,5 H2

evolution,6� 8 and N2 � xation.9� 11 Among them, a signi� cant
breakthrough was made by Yang et al. who developed a
semiarti� cial photosynthetic system based on the combination
of biologically precipitated CdS nanoparticles and the non-
photosynthetic bacteriumMoorella thermoaceticafor light-
driven acetic acid production from carbon dioxide.12 Honda et
al. � rst demonstrated the semiarti� cial photosynthetic system
by using anatase TiO2 with an engineeredEscherichia colifor
biological hydrogen production.13 Inspired by these seminal
studies, we developed a surface-display biohybrid approach to
light-driven hydrogen production in air with in situ biosyn-
thesis of biocompatible CdS nanoparticles by engineeredE. coli
cells.14 These results provide important guidance for the
rational design of a biocompatible photosensitizer in semi-
arti� cial photosynthetic systems to address energy and
environmental issues in the future.

Although semiconductor-based photocatalysts such as CdS
(Eg = 2.51 eV, 405 nm) and TiO2 nanoparticles (Eg = 3.2 eV,
300 nm) show their photocatalytic activities in semiarti� cial
photosynthetic systems, the photodamage with increasing blue
light radiation is harmful to whole cells, which leads to the low
catalytic e� ciency of semiarti� cial photosynthetic systems.15,16

Biohybrid systems combining broad light absorption nanoma-
terials with whole cells in light-driven reactions could
overcome these limitations. Pioneering work by Strano et al.
demonstrated that the combination of single-walled carbon
nanotubes with broad light absorption and chloroplast greatly
improved the photosynthetic e� ciency in plants.17 Recently,
Jiang, Wang, and Wong et al. reported the iodine-doped
hydrothermally carbonized carbon@E. colibiohybrid system
that showed broad light absorption ability and visible-light-
enhanced hydrogen production.8 However, the synthesis of
these semiconductors still requires a complicated process. Ag2S
quantum dots (Ag2S QDs), as excellent photosensitizers,
demonstrate tremendous potential for biological applica-
tions.18,19 Compared to narrow band gap QDs with highly
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toxic components, such as PbS,20 CdSe/ZnS,21 and InAs,22

Ag2S QDs with no toxic heavy metal components exhibited
excellent biocompatibility inbiomedical applications.23,24

Notably, the signi� cant breakthrough was made by Wang et
al. who� rst reported the chemical synthesis of Ag2S QDs by
thermally decomposing a single-source precursor of Ag-
(DDTC) [(C 2H5)2NCS2Ag].25 Ag2S-based materials have
been widely in the� eld of photocatalysis due to their excellent
and e� cient photooxidative properties. Huang et al. reported
that Ag2S-deposited Cu2O cubes forming heterostructures
exhibited high photocatalytic activity for degradation of methyl
orange.26

Inspired by these pioneering works, here, we developed a
whole-cell biohybrid catalyst with the in situ synthesized Ag2S
semiconductor by using the surface-display approach inE. coli
for further applications utilizing solar energy. Based on our
previous studies,27 two components are essential for
constructing photosynthetic biohybrid systems: (1) in situ
synthesized Ag2S QDs, a biocompatible, light-harvesting
component, and (2) the well-studied microorganism E. coli,
engineered as a whole-cell biocatalyst.28 By integrating the
light-harvesting properties of Ag2S QDs with the self-repairing/
replicating potential of engineeredE. colicells, theE. coli-Ag2S
QD biohybrid system showed broad light absorption and
exhibited excellent performance for the photocatalytic
degradation of organic pollutants under visible light (Figure 1).

2. EXPERIMENTAL SECTION
2.1. Construction of Plasmids for Surface-Displayed Silver-

Binding Peptide on E. coli. According to the previously published
method,29 the expression gene of outer membrane protein A
(OmpA)� silver-binding peptide fusion protein was constructed in
three steps. The gene encoding OmpA, which has 159 amino acids,
was ampli� ed by the primers OmpA-1 and OmpA-2, and the genes of
the full-length silver-binding peptide with the FLAG-tag at theC-
terminus were synthesized. Two fragments were then joined together
by overlapping PCR using OmpA-1 and the silver-binding peptide.

After con� rmation by sequencing, the PCR product was digested with
BamHI and kpnI and then inserted into the pBAD vector to display
the silver-binding peptide on the surface ofE. colicells, and the
pBAD-OmpA plasmid served as a negative control. Finally, two
plasmids were transformed intoE. coliBL21(DE3).

2.2. SDS-PAGE and Western Blotting Analysis of Displayed
Fusion Proteins. The E. coliBL21(DE3) strain containing the
OmpA-silver-binding peptide plasmid and the negative control were
incubated overnight in LB medium containing ampicillin (50� g
mL� 1) at 37°C with shaking. After 1:100 dilution in LB medium, the
cells were grown in LB with ampicillin (50� g mL� 1) at 37°C to an
OD600 = 0.6� 0.8, induced overnight by arabinose (0.002%). Cells
were harvested by centrifugation (4500 rpm, 5 min) and resuspended
in lysis bu� er (PBS, pH 7.4). After sonication, the two fractions of the
supernatant and the cell membrane were separated by centrifugation
(14,000 rpm, 30 min). The cell membrane was resuspended in
TDSET bu� er (1% Triton X-100, 0.2% sodium deoxycholate, 0.1%
SDS, 10 mM tetrasodium EDTA, and 10 mM Tris/HCl). After
centrifugation (14,000 rpm, 10 min), the precipitate was resuspended
in 300 � L of PBS. Then, 50� L of the supernatant and the
resuspended precipitate fractions were resuspended in loading bu� er,
and the samples were heated to 95°C for 10 min. The samples were
loaded on 15% SDS-PAGE gels and electrophoresed at 50 V for 30
min and then at 150 V for 50 min. For Western blotting analysis, the
separated proteins were transferred onto polyvinylidene� uoride
membranes (Bio-Rad) at 4°C for 2 h (100 V, 250 mA). After
blocking at room temperature for 2 h in Blotto solution (5% nonfat
dry milk in 1× TBST), a monoclonal anti-FLAG tag (1:1000, Santa
Cruz Biotechnology) was added and incubated overnight at 4°C.
Horseradish peroxidase (HRP)-conjugated goat antimouse antibody
(Santa Cruz Biotechnology) was used as a secondary antibody at
room temperature for 2 h.

2.3. Synthesis of Ag2S QDs.The recombinantE. colistrains were
cultured as described above. When the OD600value of the cell culture
reached 0.8, 0.1 wt %L-cysteine was added to the medium. After
reacting for 4 h, 1 mM AgNO3 was added into the medium for a
further 16 h at 37°C for the synthesis of Ag2S QDs.

To measure the metal ion adsorption ability of the recombinantE.
colistrain, the silver-adsorbed cells were lyophilized to measure the
dry weight and subjected to wet ashing. Then, the samples were
analyzed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES).

2.4. Characterization of the E. coli-Ag2S QD Biohybrid.The
optical properties of theE. coli-Ag2S QD biohybrid were analyzed by
UV� Vis di� use re� ectance spectroscopy (DRS) using a Lambda 950
(PerkinElmer) spectrometer. The band gap of the obtained Ag2S was
calculated using Tauc plots. All images were obtained using� eld-
emission transmission electron microscopy (TEM, Tecnai G2 F20 S-
TWIN, FEI, USA) equipped with EDX spectroscopy. The samples
were washed three times using deionized water and then dried at
room temperature.

2.5. Evaluation of the Photocatalytic Activity of the E. coli-
Ag2S QD Biohybrid System. After silver ion adsorption, the
samples were harvested by centrifugation (4000 rpm, 15 min) and
then resuspended in PBS. The suspensions containing 2× 109 cells/
mL were then transferred to a cylindrical reactor (Beijing Perfect-
light). For visible light irradiation, a 300 W xenon lamp (PLS-
SXE300D, Beijing Perfectlight) equipped with a 420 nm cuto� � lter
was used as the light source. The light intensity is 1000 W m� 2. The
solution was then shaken continuously in the dark for 30 min to
ensure adsorption� desorption equilibrium between the sample and
methylene blue (MB, 20 mg L� 1). During the irradiation experiments,
the samples were collected at various times to monitor the removal of
MB using a UV� Vis spectrophotometer (UV-2700, Shimadzu, Kyoto,
Japan).

2.6. Identi� cation of Reactive Oxygen Species.According to
the previously described method,30� 32 free radical capture experi-
ments were performed by adding di� erent scavengers into the
reaction system. Isopropanol (IPA), sodium oxalate, and 1,4-
benzoquinone (BQ) were used as·OH, hole, and• O2

� scavengers,

Figure 1.Schematic representation of a biohybrid system as a whole-
cell biocatalyst by a surface-display approach for the photodegradation
of organic pollutants under visible light irradiation.
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respectively. These tests were performed following the same
photocatalytic experiment as mentioned above. Electron spin
resonance (ESR) tests were carried out at ambient temperature
using a Bruker EMX ESR spectrometer (Billerica, MA). A 300 W
xenon lamp equipped with a 400 nm cuto� � lter was used as the light
source. As a speci� c • O2

� scavenger, superoxide dismutase (SOD)
was used to catalyze the conversion of• O2

� into O2 in the
photocatalytic degradation. ESR spectra were obtained from theE.
coli-Ag2S QD biohybrid system containing 20 mM DMPO before and
after irradiation. All spectra were recorded after 4 min of irradiation.

3. RESULTS AND DISCUSSION

3.1. Construction and Characterization of the E. coli-
Ag2S QD Biohybrid.As described in previous works,27,33 we
selected a silver-binding peptide displayed on the surface of
engineeredE. colicells for the synthesis of Ag2S QDs (Figure
2a). The plasmid containing the fusion protein expression gene
encoding theE. coliOmpA and a silver-binding peptide was
transformed into theE. colistrain BL21(DE3). SDS� PAGE
and immunoblotting analyses were used to analyze the
expression of the surface-displayed silver-binding peptide. As
illustrated inFigure S1, the expressed recombinant protein had
a molecular weight of approximately 30 kDa according to
SDS� PAGE gel (calculated MW = 30.2 kDa), and the
identities of the proteins were further veri� ed by immunoblot
analysis with the anti-FLAG antibody. This result indicated
that the silver-binding peptide was successfully displayed on
the E. coli cell surface. Subsequently, we measured the
resistance ofE. coli with surface-displayed silver-binding
peptide against silver ions. Compared to the controls (without
induction or expressing only OmpA), theE. coliexpressing
silver-binding peptide showed enhanced tolerance to silver

ions, and the optimal concentration of the silver ions was 50
� M (Figure S2) which is higher than that of the undisplayed
samples. The toxic metals can be precipitated to form metal
complexes on the cell surface due to the detoxi� cation
mechanism ofE. coli.34 During this process, the induced
cysteine desulfhydrase in theE. colican catalyze the cysteine-
to-sul� de conversion, which will provide the basis for Ag2S
nanoparticle formation on the cell surface ofE. coli. According
to the optimized concentration of the silver ions, theE. coli-
Ag2S biohybrid system was constructed by adding 0.1 wt %
cysteine to the culture medium when the value of OD600
reached 0.8. As a result, the color of the hybrid system turned
brown, preliminarily indicating that theE. coli-Ag2S biohybrid
system was successfully fabricated. TEM� EDX was performed
to further investigate the morphology of the hybrid. Compared
to the images ofE. colicells alone (Figure S3), visibly dense
nanoparticles were more closely deposited on the surface ofE.
coli cells, and the formed nanoparticles were observed to be
smaller than 10 nm in size (Figure 2b). Moreover, the
characterization of EDS con� rmed that the primary elements
of the surface nanoparticles were Ag and S, and the Ag/S ratio
was close to 1.768:1 (Figure 2c), which was close to the
theoretical stoichiometric ratio of silver sul� de. Additionally,
high-angle annular dark-� eld scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive spectrom-
etry (EDS) mapping were carried out to reveal the surface
chemical composition of theE. coli-Ag2S biohybrid system. As
shown inFigure 2d� f, high densities of bright spots were
uniformly distributed on the surface of engineeredE. colicells.
Thus, the results con� rmed that Ag2S nanoparticles were
successfully fabricated and immobilized in theE. coli-Ag2S
biohybrid system. Furthermore, the optical properties of the

Figure 2.(a) Detailed diagram of silver-binding peptide displayed on the surface of an engineeredE. colicell by the outer membrane protein
OmpA. (b) TEM images of the synthesized Ag2S QDs on the surface of engineeredE. colicells. (c) Result of EDX analysis of the synthesized Ag2S
QDs. (d) HAADF-STEM images of theE. coli-Ag2S QD biohybrid system. (e,f) EDS mapping shows the Ag and S on the surface of the entire cell.
Scale bars in (b) 100 nm and 20 nm and (d� f) 2 � m.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c01955
ACS Appl. Nano Mater.XXXX, XXX, XXX� XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01955/suppl_file/an2c01955_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01955/suppl_file/an2c01955_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01955/suppl_file/an2c01955_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01955?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01955?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01955?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01955?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c01955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obtained Ag2S nanoparticles, such as absorption and photo-
luminescence spectra, are shown inFigure S4. The UV� vis
DRS spectrum of Ag2S nanoparticles showed a very broad
absorption spectrum ranging from the visible light to near-
infrared region (Figure S4a), implying the excellent light
utilization property. Interestingly, the PL spectra exhibited
near-infrared emission (around 1050 nm) under 808 nm
excitation and were observed in NIR imaging (Figure S5),
which was similar to that reported for Ag2S QDs.35 The results
indicated that Ag2S QDs were successfully synthesized by a
surface-displayed silver-binding peptide on the outer mem-
branes of engineeredE. colicells. In addition, the amount of
synthesized Ag2S QDs on the surface of engineeredE. colicells
was measured by ICP� mass spectrometry and reached 0.96±
0.02 � g 108 cells after 16 h (Figure S6), which was much
higher than that in cells not displaying the silver-binding
peptide.27

3.2. Photocatalytic Activity of the E. coli-Ag2S QD
Biohybrid System. The photocatalytic activity of theE. coli-
Ag2S QD biohybrid system was characterized by measuring the
removal rate of an organic pollutant under visible light
irradiation. We used MB as the model organic pollutant. As
shown inFigure 3a, a higher removal of MB was observed for

the treatment of theE. coli-Ag2S QD biohybrid system
illuminated under the same conditions compared with other
treatments. In particular, the removal e� ciency reached
approximately 70.8% after 100 min. Moreover, the degradation
performance of theE. coli-Ag2S QD biohybrid system belonged
to the pseudo-� rst-order model (Figure 3b). The rate constant
of the E. coli-Ag2S QD biohybrid system was 0.0126
min� 1(Figure 3c), which was higher than those of controls
(pristineE. colior Ag2S QDs alone).36 This may be attributed
to the outer membrane protein as an electron carrier to
facilitate electron transfer in the microbial decolorization
process.37 These results demonstrated that theE. coli-Ag2S QD
biohybrid system was highly e� cient in degrading organic
pollutants under visible light.

3.3. Mechanism of Photodegradation for the E. coli-
Ag2S QD Biohybrid System.To explore the mechanism of
the photocatalytic process mediated by theE. coli-Ag2S QD
biohybrid system, reactive species trapping experiments were
carried out to investigate the e� ects of the key reactive species.
IPA, BQ, and sodium oxalate were employed to capture
hydroxyl radicals (·OH), superoxide radicals (• O2

� ), and hole
radicals (h+), respectively.38 As shown inFigure 3d, the
removal rates after the addition of IPA, sodium oxalate, and
BQ decreased to 68.6, 15.6, and 6.0%, respectively, suggesting
that • O2

� and h+ are the dominant reactive species during the
MB degradation. However,the removal rate is nearly
unchanged after adding IPA to the photocatalytic reaction
compared to theE. coli-Ag2S QD biohybrid system with no
scavenger, suggesting that·OH is not the primary reactive
species in the degradation process. To further verify the
reactive oxygen radicals generated from theE. coli-Ag2S QD
biohybrid system under visible light irradiation, the ESR
method using DMPO as a spin-trapping reagent was carried
out. As depicted inFigure 4a,b no apparent• O2

� signal can be

detected in the ESR spectrum of theE. coli-Ag2S QD biohybrid
system under dark conditions, while the characteristic peaks
(1:1:1:1) of • O2

� are observed in theE. coli-Ag2S QD
biohybrid system under visible light irradiation, further
demonstrating that• O2

� is the key reactive oxygen radical
during this reaction. In contrast, the characteristic peaks of
DMPO/• OH (1:2:2:1) adducts were not observed under the
same conditions (Figure S7). Moreover, we found that the
signal intensity of DMPO/• O2

� increased with the amount of
the synthesized Ag2S QDs (Figure 4c), indicating that the
production of superoxide was directly related to the
concentration of Ag2S QDs. We also investigated the e� ect
of SOD on theE. coli-Ag2S QD biohybrid system as it can
convert• O2

� to O2. The signal intensity of DMPO/• O2
�

quickly diminished after adding SOD (Figure 4d), indicating

Figure 3.(a) Photocatalytic degradation and (b) kinetic� t curves for
the degradation of MB over theE. coli-Ag2S QD biohybrid system
under visible light irradiation. (c) Corresponding rate constants. (d)
E� ect of scavengers on the degradation e� ciency of MB over theE.
coli-Ag2S QD biohybrid system under visible light irradiation (5 mM
IPA, 1 mM sodium oxalate, and 1 mM BQ).

Figure 4.(a) ESR spectra of DMPO/• O2
� in the presence of theE.

coli-Ag2S QD biohybrid system under visible light irradiation. (b) ESR
spectra of DMPO/• O2

� after 4 min visible light irradiation. (c) ESR
spectra of DMPO/• O2

� with di� erent concentrations of Ag2S QDs.
Red lines represent 0.67± 0.03� g Ag2S QDs/108 cells, and black
lines represent 0.96± 0.02� g Ag2S QDs/108 cells. (d) ESR spectra of
DMPO/• O2

� before (black lines) and after (red lines) the addition of
SOD (3000 U L� 1).
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that • O2
� plays a signi� cant role in the photodegradation

process.
The proposed photocatalysis mechanism by which theE.

coli-Ag2S QD biohybrid system degrades organic pollutants
under visible light irradiation is shown inScheme 1. Under

visible light irradiation, electron� hole pairs are generated in
the conduction band (CB) and valence band (VB) of the
synthesized Ag2S QDs. The band gap of the Ag2S QDs is
calculated to be 1.53 eV from the UV� vis-DRS spectrum
(Figure S4b), which is higher than that of bulk Ag2S (0.9 eV)
due to quantum con� nement e� ects.39,40 Meanwhile, the
potential values of CB and VB of Ag2S QDs are calculated to
be � 0.31 eV (CB) and 1.22 eV (VB) according to previously
reported formulas.41,42 Due to the potential of O2/ • O2

�

(� 0.28 eV vs. NHE), electrons with a potential of� 0.31 eV
transfer from the CB of Ag2S QDs to O2 to generate• O2

� .
However, as the potential of• OH/H 2O (2.38 eV vs. NHE) is
lower than the VB of Ag2S QDs (1.22 eV vs. NHE), oxidative
species (• OH) cannot be generated, which is consistent with
the above mentioned ESR results. Instead, photogenerated
holes in the VB degrade organic pollutants directly. The
photogenerated electrons from the surface of Ag2S QDs are
quickly captured and react with the dissolved O2 in the system
to yield• O2

� , which in turn react with the organic pollutants
to degrade the organic pollutants. Meanwhile, the photo-
generated holes (h+) accumulated in the VB of Ag2S QDs
further accelerate the degradation process, eventually resulting
in clearly improved photocatalytic activity.

3.4. Biocompatibility of the E. coli-Ag2S QD Biohybrid
System.Although the e� cient photocatalytic performance of
the E. coli-Ag2S QD biohybrid system was promising, reactive
oxygen species produced in the photocatalytic degradation
process may a� ect the biocompatibility of the biohybrid
system. Cell surface-display system as a promising platform
avoids possible poisoning of the biohybrid catalyst through the
isolation of whole cells from the biohybrid catalyst displayed
on the cell surface.29,43 The cell membrane integrity and
viability of theE. coli-Ag2S QD biohybrid system during the
photocatalytic processes were observed by� uorescent
microscopy (Figure 5a,b). LIVE/DEAD BacLight viability kit
was utilized to evaluate the viability of bacteria.44 Compared to

damaged cells emitting red� uorescence,45 cells with intact
membranes exhibited green� uorescence, clearly indicating the
cell membrane integrity. To further con� rm this result, the
leakage of DNA and RNA experiments was performed using a
NanoDrop spectrophotometer, and the results showed no
obvious leaked nucleic acids during the photocatalytic process
(Figure 5c). Moreover, the cell viability of theE. coli-Ag2S QD
biohybrid system under visible light irradiation was inves-
tigated. As shown inFigure 5d, the cell population remained
almost unchanged after 100 min, suggesting that the light
intensity had no e� ect on cell growth. All these results
demonstrated the excellent biocompatibility of theE. coli-Ag2S
QD biohybrid system to ensure its potential application in
environmental remediation.

4. CONCLUSIONS
In summary, theE. coli-Ag2S QD photosynthetic biohybrid
system was successfully prepared based on a surface-display
approach for the degradation of organic pollutants under
visible light. The improved photocatalytic activity of theE. coli-
Ag2S QD biohybrid system is due to the e� ective separation
and transfer of photogenerated charge of Ag2S QDs. The
photocatalytic mechanism indicates the key reactive species in
degrading the organic pollutants under visible light irradiation.
Furthermore, our results con� rm that in situ synthesized Ag2S
QDs are capable of capturing light. This strategy could be
extended to other well-established organisms, such as bacillus
or yeast, to broaden its range of potential applications.
Together, in addition to chemical and physical treatments,
this biohybrid system based on bacterial surface-display
technology provided an alternative approach for bioremedia-
tion of organic pollutants in aqueous environments.
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