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Inward-to-outward assembly of amine-functionalized carbon dots and 
polydopamine to Shewanella oneidensis MR-1 for high-efficiency, 
microbial-photoreduction of Cr(VI) 

Jian Li a,1, Feng Wang a,1, Jing Zhang d, Honghui Wang d, Chongyuan Zhao a, Lielin Shu a, 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel photosensitized biohybrid was 
fabricated using inward-to-outward as
sembly of NCDs and PDA to S. onei
densis MR-1. 

• Biohybrids enhance the bulk electron 
flux by harvesting reducing equivalents 
and photoelectrons and reducing 
powers. 

• Increased interfacial conductivity en
sures rapid intracellular/extracellular 
charge transport in biohybrids. 

• Biohybrids withstand high Cr(VI) expo
sure and achieve highly efficient 
microbial-photoreduction of Cr(VI).  
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A B S T R A C T   

A novel photosensitized living biohybrid was fabricated by inward-to-outward assembly of amine-functionalized 
carbon dots (NCDs) and polydopamine (PDA) to Shewanella oneidensis MR-1 and applied for high-efficiency, 
microbial-photoreduction of Cr(VI). Within a 72 h test period, biohybrids achieved a pronounced catalytic 
reduction capacity (100%) for 100 mg/L Cr(VI) under visible illumination, greatly surpassing the poor capacity 
(only 2.5%) displayed by the wild strain under dark conditions. Modular configurations of NCDs and PDA 
afforded biohybrids with a large electron flux by harvesting extracellular photoelectrons generated from illu
minated NCDs and increasing reducing equivalents released from an enlarged intracellular NADH/NAD+ pool. 
Further, increased production of intracellular c-type cytochromes and extracellular flavins resulting from the 
modular configuration enhanced the biohybrid electron transport ability. The enhancement of electron transport 
was also attributed to more conductive conduits at NCDs-PDA junction interfaces. Moreover, because NCDs are 
highly reductive, the enhanced Cr(VI) reduction was also attributed to direct reduction by the NCDs and the 
direct Cr(VI) reduction by sterile NCDs-assembled biohybrid was up to 20% in the dark. Overall, a highly 

* Corresponding author. School of Public Health and Management, Wenzhou Medical University, Wenzhou, 325035, People’s Republic of China. 
E-mail address: chenzheng_new@163.com (Z. Chen).   

1 These authors were considered as the co-first authors. 

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.135980 
Received 29 June 2022; Received in revised form 27 July 2022; Accepted 5 August 2022   

mailto:chenzheng_new@163.com
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.135980
https://doi.org/10.1016/j.chemosphere.2022.135980
https://doi.org/10.1016/j.chemosphere.2022.135980
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.135980&domain=pdf


Chemosphere 307 (2022) 135980

2

efficient strategy for removal/transformation of Cr(VI) by using NCD-assembled photosensitized biohybrids was 
proposed in this work, which greatly exceeded the performance of Cr(VI)-remediation strategies based on 
conventional microbial technologies.   

1. Introduction 

Microbial transformation of Cr(VI) is purported to be an effective, 
economical and technologically feasible biotechnology for removal of Cr 
(VI) from wastewater, whereby highly toxic Cr(VI) is reduced to insol
uble and less toxic Cr(III)-bearing precipitates (Verma et al., 2015; Khare 
et al., 2016). Shewanella is a representative electrically active bacteria 
(EAB) capable of reducing Cr(VI) through an extracellular electron 
transfer (EET) pathway (Li et al., 2019; Luo et al., 2019). However, 
inherent inefficient EET abilities and a fragile biological tolerance of 
most natural EABs limit their practical applications. These limitations 
result in an insufficient electron flux for efficient Cr(VI) reduction and a 
sluggish electron-exporting efficiency between EABs and extracellular 
Cr(VI) within the natural EET pathway, as well as a low tolerance/r
esiliency of bacteria to withstand high Cr(VI) exposure. Therefore, more 
investigations are warranted to overcome the drawbacks of Cr(VI) re
movals strategies using traditional EABs. To increase the extracellular 
electron flux, novel artificial biohybrids may be fabricated by harnessing 
specific semiconductor nanoparticles (NPs) on the surface of an EAB’s 
cell to harvest electrons generated by light illumination (Cestellos-
Blanco et al., 2020; Fang et al., 2020). Since photoelectrons have a lower 
potential, they are more effectively accepted by Cr(VI) for reduction 
(Khare et al., 2018; Anand et al., 2019). As such, Cr(VI) reduction is 
enhanced by the synergistic cooperation between microbial reduction 
and photoelectric reduction in the presence of semiconductor 
NPs-coated biohybrids. 

A variety of biohybrids have been successfully configured by pairing 
various host EABs with specific semiconductors (e.g., CdS, TiO2 and InP 
NPs) (Dong et al., 2020a, 2020b). However, inherent defects in bio
hybrids assembled with metal-based semiconductors NPs often render 
them ineffective in application. For instance, a strong dependency on 
high-intensity light sources (e.g., UV-irradiation) for effective excitation 
of the metal-based semiconductor NPs having a wide range of band gaps 
creates a strong potential for damage to living cells (Svitkova et al., 
2017). Further, high-intensity illumination may induce photocorrosion 
to the biohybrids assembling with metal-based semiconductor NPs and 
trigger leaching of toxic metals (Ding et al., 2019; Huang et al., 2019). 
Among a variety of nano-sized photosensitizers used for photocatalysis, 
the favorable properties of high water solubility, photostability and 
tunability of semiconducting carbon dots (CDs) are desirable when 
working with engineered advanced living biohybrids (Saini et al., 2020; 
Aggarwal et al., 2022). Further, positive surface charge and reducibility 
of amine-functionalized carbon dots (NCDs) provide added benefits to 
immobilize NCDs to surfaces of negatively charged bacteria and 
generate more reducing powers to aid Cr(VI) reduction (Guo et al., 2019; 
Thirumalaivasan and Wu, 2020). Thus, full exploitation of the intrinsic 
properties of NCDs has the potential to appreciably enhance the capa
bilities of living biohybrids for use in removal of Cr(VI) by reduction. 

To improve the overall bioelectrochemical efficiency of biohybrids, 
modular configurations for all living/nonliving electron transfer ma
chineries must be considered in constructing a reliable hybrid system 
that integrates a flexible conformational structure with sufficient ener
getic catalysis efficiency (Chen et al., 2022). Considering the orientation 
specificity of charge transport (Apetrei et al., 2019), the connections 
between living and non-living machineries in cell-semiconductor hybrid 
systems require a stable/efficient interfacial connector to optimize 
charge transduction similar to natural systems. This implies that for
mation of interfacial connector requires an extremely close and high 
surface area contact between cells and NCDs to maintain cellular 
viability and semiconductor properties (Sytnyk et al., 2017). Therein, 

employing charged polymers for layer-by-layer coating will create an 
effective configuration to sustain the compatibility between the abiotic 
and biotic components (Park et al., 2014; Nguyen et al., 2018). Thus, the 
engineered architecture should assure effective charge transport at 
interfacial connectors while also serving as an effective shield to sustain 
the survival of EAB cells. 

Herein, we fabricated a living photosensitive biohybrid comprise of 
Cr(VI)-reducing bacteria, polydopamine (PDA) and NCDs in an inward- 
to-outward assembly configuration and evaluated its efficacy for 
removal of Cr(VI) by reduction in wastewaters. We further tested the 
applicability of the constructed living biohybrid incorporating a natural 
Shewanella genus under harsh environmental conditions with higher Cr 
(VI) exposure concentrations than previous investigated. The electron 
flux contributed from different pathways (e.g., biotic vs abiotic) and the 
production of cellular electron transfer machineries, such as outer- 
membrane c-type cytochromes (c-cyts), NADH/NAD+ pool and flavins, 
were further determined to elucidate the mechanisms responsible for 
boosting the Cr(VI) reduction capacity of the biohybrid system. 

2. Methods and materials 

2.1. Cultivation of Cr(VI)-reducing strain 

Prior to anaerobic Cr(VI) bioreduction experiments, a wild Cr(VI)- 
reducing strain of S. oneidensis MR-1 was cultured on a Luria–Bertani 
(LB) agar plate, then propagated using aerobic LB medium at 30 ◦C in a 
shaker (200 rpm) for 12 h. Throughout the entire incubation period, the 
biomass and cell density of bacterial cells were monitored on a dry cell 
weight basis and optical density at 600 nm (OD600). The bacterial 
growth curve displaying OD600 value versus growth time is reported in 
Fig. S1. To measure dry cell weight, 1.0 mL of bacterial fluid was 
extracted from the inoculums and centrifuged at 5000 g for 3 min to 
harvest the cell cluster. The cell cluster was washed three times with 
deionized water and dried (60 ◦C) to constant weight. The correlation 
between dry cell weight and OD600 is shown in Fig. S2. 

2.2. An inward-to-outward construction of concrete cells 

The procedure for inward-to-outward assembly of NCDs to 
S. oneidensis MR-1 (denoted as SW) cells was divided into three steps: (1) 
intracellular internalization with NCDs, (2) PDA-coating at abiotic/bi
otic junction interfaces, and (3) NCDs-anchoring to the outermost shell 
(Fig. 1). The NCDs (band gap at 2.31 eV and average size of 1–3 nm) 
were purchased from Janus New-Materials Co., China. The procedure 
for intracellular internalization with NCDs followed by Liu et al., (2020) 
and Yang et al., (2020). In brief, 204 μL wild strain enrichment was 
aerobically activated in 20 mL LB medium (which contained 100 mg/L 
NCDs) at 30 ◦C in a shaker (200 rpm in the dark) for 16 h to obtained a 
NCDs-internalized bacteria-rich fluid (denoted as ISW cells and OD600 ≈

1.8). Then, the proliferated cells were harvested through centrifugation 
at 5000 g for 5 min and re-suspended in 1.0 mL Bis-Tris propane (BTP) 
(10 mM, pH 7.0) with a high purity nitrogen atmosphere for 30 min. 
Next, 1.0 mL of 4.0 g/L PDA was added to the anaerobic bacterial 
resuspension for in-situ polymerization (denoted as ISW@PDA cells). 
Finally, 0.245 mL of 2.0 g/L NCDs stock solution was injected into 
ISW@PDA mixtures and purged with a nitrogen atmosphere for 2 h at 
30 ◦C in the dark to harvest the hybrid cells that were coated on the 
NCDs-shell (denoted as ISW@PDA@NCDS cells). The resulting bio
hybrids were collected by centrifugation at 5000 g for 3 min and washed 
two times with 2.0 mL BTP solution (10 mM). To examine the 
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survivability of different concreted cells, an equal density of biomasses 
(OD600 ≈ 0.3) were transferred to Cr(VI)-free anaerobic mediums 
(which contains 20 mM lactate, and the compositions are listed in 
Table S1) for a 72 h proliferation period at 30 ◦C in the dark. The OD600 
values for each treatment were recorded over time to contrast the 
growth rates of the different engineered strains. 

2.3. 2.3 assays design 

We used a higher Cr(VI) exposure level than previous investigations 
to determine toxicity impacts on the Shewanella genus. An initial con
centration of 100 mg/L Cr(VI) was used for the toxicity assays, which 
was twice that of the maximal suitable Cr(VI) concentration deemed 
survivable by the Shewanella genus in previous studies (Li et al., 2019, 
2020; Luo et al., 2019). To investigate the efficacy of Cr(VI) removal by 
different concreted cells under given illuminated conditions (light vs 
dark), batch experiments were conducted by incubating a given biomass 
(corresponding to OD600 ≈ 0.3) in 40.0 mL anaerobic medium con
taining 100 mg/L Cr(VI) in 50.0 mL serum bottles. In detail, the biotic 
assays were amended with (1) SW cells + dark, (2) ISW@PDA@NCDs 
cells + dark, (3) SW cells + illumination, and (4) ISW@PDA@NCDs +
illumination. Additionally, abiotic assays were conducted by incubating 
with inactivated cells under otherwise parallel incubation conditions. 
Each amendment was performed in triplicate and cultured at 30 ◦C. 
Thus, a total of 24 samples were in turn incubated in biotic (12 samples) 
and abiotic (12 samples) amendments. All amendments were deoxy
genated with high purity N2 atmosphere for 60 min: the first 30 min into 
the liquid phase and another 30 min into the headspace above the liquid 
phase; then the bottles were sealed. 

Prior to usage, inactivated cells and sterile anaerobic mediums were 
deoxygenated with high purity N2 for 1 h and then autoclaved for 20 min 
at 120 ◦C. All incubation and procedures were strictly anaerobic and 
performed in an anaerobic glovebox. To create a platform for visible- 
light photocatalysis, a visible light source was supplied with white 
LED belt irradiation, with an approximate light energy of 80 μmol/m2⋅s. 
Throughout the entire incubation period, aliquots of approximately 2.0 
mL supernatant were extracted using a sterilized syringe and then pass 
through a 0.22-μm filter (polyethersulfone, Jinteng Co., Ltd, China) to 
quantify concentrations of Cr(VI), Cr(T) (total chromium), DOC and 
biomass. The sampling processes were also conducted in an anaerobic 
glovebox. 

2.4. 2.4 Analytical methods 

2.4.1. Determination of Cr and DOC 
Concentrations of Cr(VI) and Cr(T) were determined using the 1,5- 

diphenylcarbazide (DPC) spectrophotometric method and ICP-MS 
(NexION, 2000; PerkinElmer, USA), respectively (Han et al., 2017). 
Prior to analysis, 1.5 mL supernatant was extracted from serum bottles 

using a sterilized injector and then filtered through a 0.22-μm filter. 
Further, the precipitate deposited at the bottom of serum bottles was 
collected and washed twice using 70% ethyl alcohol and then 
vacuum-dried to identify the speciation of Cr using a Quantum-2000 
(USA) X-ray photoelectron spectroscopy microprobe (Mullet et al., 
2007). The dissolved organic carbon extracted from the supernatant was 
measured using a TOC analyzer (Shimadzu, TOC-L CPH, Japan) to es
timate the degradation of organic carbon that was associated with the 
supply of bio-electrons and photoelectrons. Prior to determination of 
DOC, the supernatant was filtered through a 0.45 μm membrane filter 
(Millipore, USA). 

2.4.2. Determination of c-cyts 
Outer-membrane c-cyts of EABs serve as critical carriers for directly 

transporting intracellular electrons to extracellular electron acceptors 
(Richardson et al., 2012; Liu et al., 2015). Our previous findings also 
demonstrated that heterojunctions of specific carbon-based nano
materials (such as graphene) could up-regulate the expressions of spe
cific c-cyts of EABs (Li et al., 2020). Herein, the total production of c-cyts 
for SW, ISW and ISW@PDA@NCDs cells was determined using the 
protocols for the c-cyt ELISA Kit (Shanghai Lanpai Biotechnology, 
China) (Dong et al., 2021). Briefly, a 10 μL test sample and 40 μL sample 
diluent were firstly added in a 96-well plate and then mixed using a 
homogenizer for 3 min. Thereafter, the resulting mixture in each well 
received 100 μL of HRP-conjugate reagent, covered with an adhesive 
strip and incubated at 37 ◦C for 60 min. Then the samples were rinsed 5 
times with Mili-Q water (400 μL per time) while ensuing a complete 
removal of liquid after each rinse. Chromogen solutions A (50 μL) and B 
(50 μL) were then added to each well, gently mixed and incubated for 15 
min at 37 ◦C in the dark. Next, c-cyts production of all samples was 
recorded within 15 min using a microtiter plate reader (PerkinElmer, 
EnSpire, USA) and quantified according to the standard curve for c-cyts 
concentration versus OD values at 450 nm. Finally, the production of 
c-cyts was normalized to the weight of biomass in each amendment. 

2.4.3. Quantification of extracellular flavins 
Electrically active redox flavin compounds secreted by Shewanella 

genera are a key factor accelerating extracellular electron transport in a 
cyclic fashion through shuttling electron transfers between the cell 
surface and substrate (Brutinel and Gralnick, 2012). Hence, the secre
tion of extracellular flavins from modified S. oneidensis MR-1 in different 
concreted systems were quantified. Flavin production was monitored 
using a fluorescence spectrophotometer (FS5, Edinburgh, UK) (Sivaku
mar et al., 2014). Approximately 1.0 mL of bacterial fluid from each 
concrete preparation system (illustrated in section 2.2) was extracted 
and centrifuged at 12,000 g for 10 min at 4 ◦C. Flavin compounds in the 
supernatant were measured by determining the fluorescence intensities 
of the maximal emission peak at 525 nm by fixing the excitation 
wavelength at 440 nm. Next, the fluorescence intensity of the anaerobic 

Fig. 1. Schematic for the fabrication of living photosensitive biohybrids in an inward-to-outward assembly of NCDs and PDA, in which S. oneidensis MR-1 cells are 
firstly internalized with NCDs in LB medium culture at 30 ◦C for 16 h. Then, PDA-coating was conducted to NCDs-internalized bacteria-rich fluid under N2 at
mosphere. Finally, NCDs-outward configuration was carried out by adding 0.245 mL of 2.0 g/L NCDs stock solution into ISW@PDA mixtures and purged under N2 
atmosphere for 2 h at 30 ◦C in the dark. 
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medium was used as a blank control to eliminate the fluorescent 
disturbance from background substrates. Finally, the production of fla
vins was reported on a per unit weight of biomass basis for all 
amendments. 

2.4.4. Quantifications of intracellular NADH and NAD + levels 
Intracellular NADH and NAD+ levels in raw SW and ISW@P

DA@NCDs cells were quantified at time 0 and 48 h during the in
cubations according to protocols for the NAD(H) Quantification Assay 
Kit (Bioss Co., China). In brief, 5 mL bacterial fluid was collected by 
centrifugation (10,000 g at 4 ◦C for 5 min) and immediately re- 
suspended in 1.0 mL of acid extract (for NAD+) or alkaline extract (for 
NADH) (Yong et al., 2014; Li et al., 2018a). The re-suspended mixtures 
were firstly ultra-sonicated at 20% intensity for 1 min in an ice-bath, 
then heated with cap sealed at 95 ◦C for 5 min, and finally collected 
by centrifugation (10,000 g at 4 ◦C for 10 min) after cooling in an 
ice-bath. Next, 500 μL supernatant from the previous step was neutral
ized with 500 μL alkaline extract (for NAD+) or acid extract (for NADH), 
then fully homogenized, and collected by centrifugation (10,000 g at 
4 ◦C for 10 min). The final supernatants were stored in an ice-bath to 
determine the levels of NAD+ and NADH by using an ultraviolet and 
visible spectrophotometer. Additionally, cell concentrations for each 
NAD+ and NADH sample were was detected by plate counts on LB agar 
(Li et al., 2018a). 

2.5. Data analysis 

A pseudo-first order reaction kinetic model was employed to describe 
Cr(VI) reduction rates as shown in Eq. (1), where k is the first-order rate 
constant. Cr(VI) reduction efficiency (u) was calculated to report the 
average Cr(VI) removal degree by individual cells and reaction time (Eq. 
(2)). C0 and Ct are the Cr(VI) concentrations at time O and t, while t and 
m are the incubation times and corresponding accumulated biomass, 
respectively. DOC loss per unit biomass for SW and ISW@PDA@NCDs 
cells involved in the processes of photodegradation & physical adsorp
tion (Tp) and microbial consumption (Tm) was used to estimate the 
degradations of organic carbon associated with the supply of bio- 
electrons and photoelectrons. The respective relative DOC contribu
tions were weighted according to Eq. (3) and Eq. (4). T0’ and Tt’ are the 
DOC concentrations at time O and t during the biotic assays incubated 
with a given inoculum (i.e., SW or ISW@PDA@NCDs cells) under a 
given illuminated condition (i.e., light or dark). Similarly, T0 and Tt are 
the DOC concentrations at time O and t in the abiotic assays using the 
same inoculum under the same illuminated conditions as with the biotic 
assays. 

k =
LnC0 − LnCt

t
(1)  

u=
C0 − Ct

m × t
(2)  

Tp =
T0 − Tt

m
(3)  

Tm =
(T ′

0 − T ′

t ) − (T0 − Tt)

m
(4) 

Data were analyzed and visualized using Origin 9.0, Microsoft Excel 
2016 and SPSS 20.0 software. Each data point represents the average 
value of at least three measurements. The standard deviations of the 
triplicate analyses were reported as error bars in the corresponding 
graphs. Statistical comparisons were determined by analysis of variance 
using SPSS with a 95% confidence level (P < 0.05). 

3. Results and discussion 

3.1. Characterization of living ISW@PDA@NCDs biohybrids 

Bacterial fluids cultured in NCD-containing LB medium and the PDA- 
NCDs mixed dispersion culture system were characterized by TEM and 
SEM observations. Compared to SW cells in the control sample 
(Fig. 2e–f), TEM characterization (Fig. 2g–h) showed that NCDs were 
densely implanted into the intracellular membranes of ISW cells, 
revealing a successful internalization of NCDs in bacterial intracellular 
interfaces. Measurement of micro-dimensions by TEM indicated a pre
cise match of particle size with the NCD size, confirming the concretion 
of NCDs into cells (Fig. 2h). SEM image of ISW@PDA cells is depicted in 
Fig. 2c and reveals that a unique shell-like structure created by PDA is 
coating the surface of the outer membrane (Fig. 2a–b) of bacterial cells. 
Further, SEM and TEM images (Fig. 2d and j) of ISW@PDA@NCDs cells 
showed a large number of tiny NCD nanospheres were densely inlaid 
into the PDA layer, demonstrating a successful formation of dual shells 
incorporating a PDA layer and NCDs with ISW@PDA cells (Fig. 2c and i). 
The color (Fig. 2k) of ISW@PDA@NCDs bacterial fluids was similar to 
that of the blue-emission NCDs under purple light irradiations, 
compared to the contrasting colors in ISW (violet) and SW (purple) 
samples. These results substantiate the successful configuration of the 
ISW@PDA@NCDs biohybrid. 

Surface modifications of bacterial cells were apparent in changes to 
bacterial surface charge. Zeta potential measurements show that NCD- 
concretion to bacterial cells increased positive charge on bacterial sur
faces (Table S2), owing to a shift from − 27.8 ± 2.5 mV (SW cells) to 
− 11.8 ± 1.2 mV (ISW@PDA@NCDs cells). Different hybrid bacterial 
fluids with the same initial biomass were injected into a Cr(VI)-free 
anaerobic medium to test the survival/growth of different concreted 
cells. Throughout the 72-h anaerobic incubation, the configurations of 
NCDs and/or PDA appeared more favorable to the growth of the 
concreted cells compared to the growth trend of natural SW cells 
(Fig. S3). Notably, the treatment with NCD-internalization was most 
favorable to bacterial growth among all treatments. This favorable 
tendency is likely associated with enhanced metabolism due to the 
presence of NCDs (Yang et al., 2020). 

3.2. Cr(VI) removal by concreted cells with illumination 

Among the eight treatments, Cr(VI) removal in illuminated treat
ments was sharply increased compared to that of dark treatments 
(Fig. 3a and Fig. S4). More than 50% of Cr(VI) was removed within 72 h 
in the illuminated assays. This compares to a maximum Cr(VI) removal 
efficiency in dark treatments of only 37% after 192 h. These results stress 
the importance of photoreduction in the removal of Cr(VI) (Bhati et al., 
2019). Under the same illuminated conditions, microbial reduction gave 
a distinct boost to Cr(VI) reduction. For instance, the treatment with 
illumination plus with active bacterial cells result in 0.4–0.6 fold of 
enhancements in Cr(VI) reduction than that of abiotic assays, and nearly 
0.4–0.8 fold of enhancements in Cr(VI) reduction are also achieved by 
the dark treatment with active bacterial cells. Further, NCD-concretion 
promoted Cr(VI) removal compared to NCD-free assays. Notably, 
treatment with ISW@PDA@NCDs plus illumination exhibited the 
highest capacity for Cr(VI) removal among all treatments, with a 
virtually complete removal (100%) after 72 h. The removal kinetics 
followed a pseudo-first-order reaction rate with a rate constant of 
0.0373 h− 1 (depicted in Fig. 3a–b). 

Extremely poor Cr(VI) removal of only 2.5% was achieved in pure 
strain-incubated assays under dark conditions. In contrast, the sterile 
ISW@PDA@NCDs biohybrids in the dark contributed appreciable 
reducing powers for Cr(VI) reduction and surprisingly outperformed the 
ability of active SW cells with a Cr(VI) reduction performance up to 3.5 
times that of active SW cells in the dark. We ascribe this performance 
enhancement to the concretions having a positive charge and the 
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reductive capacity of NCDs in ISW@PDA@NCDs biohybrids inducing 
adsorption of the Cr(VI) anion and a rapid reduction of Cr(VI) facilitated 
by the reductive capacity of NCDs. Thus, the unique hybrid structures 
endowed within ISW@PDA@NCDs biohybrids generate a greater bulk 
electron flux to facilitate the reduction/removal of Cr(VI). 

Based on the trends for Cr(T) removal, a comparable high removal 
(nearly 18–53%, shown in Fig. 3c) of soluble Cr(T) was found in the 
presence of ISW@PDA@NCDs biohybrids, regardless of abiotic or biotic 
conditions. Since the NCD-derived shell in biohybrids is positively 
charged (Table S2), negatively charged Cr(VI) anions are absorbed to 
biohybrids through electrostatic adsorption. The Cr(T) concentrations 
were also sharply decreased in illuminated systems. This infers that 
photoreduction is involved in the rapid conversion of soluble Cr(VI) to 
insoluble Cr(III) precipitates. The solid-phase precipitates separated 
from the ISW@PDA@NCDs biohybrids plus illumination treatment were 
characterize to determine the oxidation/coordination status of Cr using 
XPS. A pair of representative peaks located at 579.3 and 585.4 eV for 
Cr3+ 2p3/2 and Cr3+ 2p1/2 (Fig. 3d) displayed a downward shift in the 
Cr 2p spectra (Li et al., 2019), demonstrating that the initially present Cr 
(VI) was substantively transformed to Cr(III). These results demonstrate 
that ISW@PDA@NCDs biohybrids offer distinct advantages compared to 
SW, namely a higher Cr(VI) reduction ability and a stronger survival 
tolerance to higher Cr(VI) exposure concentrations (>50 mg/L). 

3.3. Enhanced Cr(VI) reduction efficiency by ISW@PDA@NCDs cells 

Based on changes in OD600 values, hybrid concretions promoted 
bacterial growth compared to their respective control groups under the 
same illumination conditions (Fig. 4a). This might result from the 

specific shell structure of biohybrids offering a protective effect to SW 
cells (Song et al., 2017). Moreover, bacterial growth may be influenced 
by exposure to high Cr(VI) concentrations. Since Cr(VI) reduction was 
greater in illuminated versus dark treatments (Fig. 3a), the resulting 
lower Cr(VI) concentrations in illuminated treatments will reduce po
tential toxicity impacts. The reduction in toxicity potential provides a 
more favorable habitat for bacterial survival and reproduction in illu
minated versus dark treatments. This inference is supported by the 
higher OD600 values in the illuminated treatments. 

The Cr(VI) reduction efficiency was calculated per unit biomass 
(Fig. 4b) to demonstrate that the enhanced Cr(VI) reduction was related 
to differences in the Cr(VI) reduction capability of specific individual 
cells rather than a greater bacterial biomass. Therein, the overall trend 
for Cr(VI) reduction efficiency among the four biotic amendments fol
lowed the order: ISW@PDA@NCDs (light) > SW (light) > ISW@P
DA@NCDs (dark) > SW (dark). Specifically, the maximum Cr(VI) 
reduction efficiency of the ISW@PDA@NCDs (light) treatment was 1.6, 
2.6 and 4.1 times higher than that of the SW (light), ISW@PDA@NCDs 
(dark) and SW (dark) treatments (Fig. 4c), respectively. Collectively, the 
high first-order rate constant and Cr(VI) reduction efficiency displayed 
by the illuminated ISW@PDA@NCDs biohybrids (Figs. 3b and 4c) 
demonstrate the prominent performance of illuminated ISW@P
DA@NCDs biohybrids to generate a high bulk electron flux and rapidly 
transfer these electrons for Cr(VI) reduction. 

3.4. Energy harvesting by ISW@PDA@NCDs cells in dark versus 
illuminated conditions 

To examine electron flux contributions from abiotic versus biotic 

Fig. 2. SEM images of SW cell (a), ISW cell (b), ISW@PDA cell (c) and ISW@PDA@NCDs cell (d). TEM images of SW cell (e and f), ISW cell (g and h), ISW@PDA cell 
(i) and ISW@PDA@NCDs cell (j). A color comparison (k) for the bacterial fluids resulting from different concretions under purple light irradiation. The yellow, blue 
and green arrows indicate the presence of PDA layer, NCDs and outer membrane (OM), respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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pathways, the consumption of DOC was measured for all amendments 
(Fig. 5a). Very limited removal (1.4–3.4%) of DOC occurred in abiotic 
treatments compared to that of biotic treatments (3.2–12.5%). For 
active ISW@PDA@NCDs and SW cells, DOC consumption was higher in 
the dark than under illuminated conditions. Among biotic treatments, 
DOC consumption for the ISW@PDA@NCDs samples under illuminated 
and dark conditions represented opposing extremes. Based on the 72 h 
sampling time, DOC consumption by ISW@PDA@NCDs was up to 12.5% 
in the dark, whereas DOC consumption was only 4.4% under illumina
tion. By contrasting with respective active control groups, the con
sumption of organic substrate is starkly decreased by 52% in illuminated 
active biohybrid cells, whereas the consumption is increased by 18% in 
dark condition. A remarkably increased consumption may be attributed 
to an intensive metabolism enhancement including intracellular charge 
production, ATP level and extracellular secretion due to the NCDs-fed 
treatment (Yang et al., 2020). 

We further calculated the DOC consumption by active SW or 
ISW@PDA@NCDs cells on a per unit biomass basis after incubating for 
72 h (Fig. 5b). In terms of relative consumption of DOC by microbial 
metabolism, ISW@PDA@NCDs cells incubated in the dark showed the 
highest dependency on DOC consumption (nearly 1.5-fold of SW cells 
incubated in the dark), whereas the dependency on DOC consumption 
by illuminated ISW@PDA@NCDs cells was only 25% that of the illu
minated SW cells. Under illuminated conditions, photodegradation of 

organic substrates in the anaerobic medium contributed a limited elec
tron flux, as inferred from the similar DOC consumption by illuminated 
ISW@PDA@NCDs and SW cells. This implies that the enhanced Cr(VI) 
reduction was attributable to more photoelectrons and reducing powers 
supplied from the illuminated NCDs. These findings indicate that 
ISW@PDA@NCDs cells exhibit a unique flexibility in harvesting energy 
as a function of illumination to facilitate in the Cr(VI) reduction process. 
Hybrid concretions stimulated microbial metabolism processes in SW 
cells to produce bio-electrons in the dark to participate in Cr(VI) 
reduction, whereas illuminated ISW@PDA@NCDs cells preferentially 
utilized photoelectrons for Cr(VI) reduction. 

3.5. Increased production of c-cyts and flavins in ISW@PDA@NCDs cells 

The enhanced Cr(VI) reduction rates by ISW@PDA@NCDs cells 
(supported by Fig. 4b) indicate a mechanism for accelerated electron 
transport in ISW@PDA@NCDs cells. Intracellular c-cyts may serve as an 
important transmembrane electron-export carrier and extracellular fla
vins may enhance shuttling of inward-to-outward delivered electrons 
(Lin et al., 2018; Heidary et al., 2020). Consistent with the finding by 
Yang et al., (2020), the production of c-cyts was significantly 
up-regulated by 2.2- and 5.7-fold in ISW and ISW@PDA@NCDs cells 
compared to SW cells (Fig. 6a). Likewise, higher flavins (Fig. 6b) were 
secreted by ISW@PDA@NCDs cells (increased by 0.7-fold versus SW 

Fig. 3. Removal dynamics of Cr(VI) (a), pseudo-first-order kinetic fitting of Cr(VI) removal (b) and Cr(T) removal dynamics (c) by treatments with active/inactive 
SW or ISW@PDA@NCDs cells with or without visible light illumination (n = 3; error bars indicate SD). XPS characterization of Cr 2p (d) for precipitates collected 
from assays incubated with active ISW@PDA@NCDs cells under light illumination. 
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cells), which is likely due to the PDA-coating that adsorbs extracellular 
flavin molecules (Liu et al., 2019a). Conductive NCDs may promote 
charge transfer at junction interfaces providing a more conductive 
pathway (Dhenadhayalan et al., 2020). Thus, multiple reinforcements at 
interfacial connectors harness more electron-transfer conduits, that in 
turn attenuate electron escape or sluggish electron-transfer/export 
across the complicated abiotic/biotic interfaces between engineered 
cells and extracellular Cr(VI). Moreover, the increased productions of 
c-cyts and flavins may also allow the coordination of electron-exporting 
at both internal and external sides of membranes, creating a long-range 

EET network/pathway in those electron-transfer conduits where 
conductive c-cyts are closely bound to outer-flavins (Li et al., 2018c). 

3.6. Increased intracellular reducing equivalents by an enlarged NADH/ 
NAD+ pool 

Since NADH and NAD+ are the pivotal cofactors participating in 
microbial metabolism of organic substrates, they serve as important 
intracellular electron carriers and sources in EET processes (Chen et al., 
2014; Yong et al., 2014). Hence, enlarging the NADH/NAD+ pool would 

Fig. 4. Based on the entire incubation period, changes in OD600 values (a), Cr 
(VI) reduction efficiency calculated on a per unit weight biomass basis (b) and 
the maximum Cr(VI) reduction efficiencies (c) for SW and ISW@PDA@NCDs 
cells with or without light illumination (n = 3; error bars indicate SD); different 
lower case letters indicate treatment are significantly different at P < 0.05. 

Fig. 5. Overall consumption (a) of TOC by treatments of active/inactive SW or 
ISW@PDA@NCDs cells with or without light illumination (error bars indicate 
SD). Mean ± SD (b) of the relative contribution of TOC per unit biomass for SW 
and ISW@PDA@NCDs cells that were incubated for 72 h with or without light 
illumination (n = 3); different lower case letters among treatment groups 
indicate a significant difference at P < 0.05. Herein, the TOC from microbial 
consumption by illuminated ISW@PDA@NCDs cells was set as the reference 
value of 1. 
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be expected to enhance the intracellular electron flux delivered to the 
outer membrane. We found that the intracellular NAD+, NADH, and 
NAD(H/+) concentrations were increased in the ISW@PDA@NCDs cells 
compared to raw SW cells (Fig. 6c). This augmented effect for ISW@P
DA@NCDs cells was also verified in subsequent 48 h-incubations con
ducted under the same illumination conditions (Fig. 6d). The impact of 
illumination on NADH/NAD+ levels expressed in SW or ISW@P
DA@NCDs cells showed a similar pattern to the trends for Cr(VI) 
reduction rates (Fig. 4b–c). Compared to SW cells in the dark, ISW@P
DA@NCDs cells had a 1.1-fold increase in the intracellular NAD+ level, 
which consequently increased the regeneration of NADH (a typical 
carrier of intracellular electrons) by 1.4-fold. Notably, NADH, NAD+ and 
NAD (H/+) levels were augmented 2.5-, 1.7- and 2.0-fold in illuminated 
ISW@PDA@NCDs cells, respectively, compared to that of SW cells 
incubated in the dark. The enlarged capacity of NADH/NAD+ pool in 
biohybrid system after light illumination showed a similar trend with 
the performance of Cr(VI) bioreduction under the same illuminated 
condition (Fig. 4b–c). These findings suggested that the photoelectrons 
generated by NCDs under light irradiation could be transferred to bac
teria, leading to the production of NADH, a reducing equivalent for the 
biosynthetic reactions leading to Cr(VI) reduction. 

As microbial metabolism depends on organic substrates, the main 

intracellular reducing equivalents are primarily delivered to cofactor- 
oxidized NAD+ to generate the reduced form of NADH. The NADH 
then serves as a major releasable intracellular electron carrier and 
contributes to microbially-facilitated reduction reactions (Wang et al., 
2017). With a vigorous actuation of intracellular cofactors, an outward 
transport of electrons is facilitated, owing to the excessive intracellular 
reducing equivalents that were originally stored in lactate (Li et al., 
2018b). We found an increased size of the NAD(H/+) pool that triggered 
a high efficiency NADH regeneration and correspondingly donated more 
releasable intracellular electrons that were supplied from 
NADH-dependent pathways. Hence, the enhanced Cr(VI) reduction 
found in the presence of illuminated ISW@PDA@NCDs cells might be 
partially contributed by the elevated intracellular reducing equivalents. 
Improvements in the intracellular redox balance on the headend would 
be expected to contribute to the performance of EET processes on the 
backend. 

3.7. Mechanisms for visible light-enhanced microbial-photoreduction of 
Cr(VI) 

To the best of our knowledge, this is the first example of a successful 
modification of the Shewanella genus to develop a high-efficiency, 

Fig. 6. Production levels (mean ± SD) of intracellular c-cyts (a) and extracellular flavins (b) in different concreted cells (n = 3); concentrations (mean ± SD) of 
NADH, NAD+ and NAD(H/+) for SW and ISW@PDA@NCDs cells at the start of the incubation (c) and after 48 h of incubation with or without light illumination (d) 
(n = 3); different lower case letters among treatment groups indicate a significant difference at P < 0.05. 
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microbial-photoreduction system for Cr(VI) in which the modified cells 
are able to survive/function at Cr(VI) concentrations greater than 50 
mg/L. Compared to previous investigations (Table 1), we developed a 
novel S. oneidensis MR-1 biohybrid with high-efficiency Cr(VI) reduction 
capacity at Cr(VI) concentrations up to 100 mg/L. Especially using an 
incubation with a comparably lower biomass to withstand a higher Cr 
(VI) exposure, our study achieved a higher Cr(VI) reduction effect (up to 
100%) versus most of other peer works (are mostly below 50 mg/L). 
Although the reduction efficiency (1.4 mg/(L⋅h)) was lower than that 
(5.2 mg/(L⋅h) of some peer works integrating with illumination, a 
stronger adaptability with a lower biomass derived from our method
ology is considered more superior than that of peer works. Mitigation of 
Cr(VI) cellular toxicity is ascribed to multiple protection strategies 
associated with the chassis of living biohybrids that are supported from a 
PDA-coated shell and direct reduction and/or indirect photoreduction of 
Cr(VI) mitigating injury. The high Cr(VI) reduction efficiency of our 
biohybrid system was superior to recent published studies, and dem
onstrates strong efficacy for use in harsh environments contaminated 
with high Cr(VI) levels. Overall, the design of living photosensitive 
biohybrids for high yield/efficiency electron generation and transport to 
strengthen Cr(VI) reduction encompass (i) the liberations of intracel
lular electrons, (ii) foreign supply of extracellular reducing powers, and 
(iii) flexible modulation of charge transport at junction interfaces 
(Fig. 7a). 

Overall, the mechanism of visible light-enhanced microbial-photo
reduction of Cr(VI) in the presence of ISW@PDA@NCDs biohybrids is 
illustrated in Fig. 7b. Since quantum sized and positively charged NCDs 
are easily anchored into cytoplasm, periplasmic membranes or pili of SW 
cells (Guo et al., 2019; Liu et al., 2020), conductive NCD-internalization 
ensures rapid charge transport across NCD-tethered hybrid orbits (Kor
temme et al., 2003; Der et al., 2012). With increased expression of c-cyts 
in NCD treatments, intrinsic sluggish electron transport in the original 
dynamic protein is liberated through more conductive c-cyts-NCD 
junction channels (Ha et al., 2021). With elevated levels of intracellular 
NADH/NAD+, intracellular and extracellular Cr(VI) reduction is facili
tated due to an enhancement of inward-to-outward transport of more 
releasable reducing equivalents. Thus, optimization of the 
NCD-internalized biological chassis fills the gaps originally lacking in 

sufficient intracellular protein-cyt c complexes, redox carriers and/or 
reducing equivalents in natural cells. These characteristics create an 
efficient transmembrane electron-export capacity, as well as docks for 
subsequent extracellular reaction processes. Next, extracellular Cr(VI) 
reduction pathways are launched through acceptance of photoinduced 
electrons, illuminated NCD-produced photoelectrons and bio-electrons, 
as well as NCD-induced direct reduction. Due to the dense NCD surface 
coating and increased production of extracellular flavins, additional 
electron-exporting conduits and electron-shuttling orbits are harnessed 
within living biohybrids. 

The biocompatible PDA layer serves as a key abiotic-biotic junction 
connector within the biohybrid architecture. It not only creates a bulk 
shell to immobilize NCDs, but it also offers a protective shield to 
immediately scavenge photo-holes, which helps biohybrids resist dam
age from ROS. This unique self-defensive system endows ISW@P
DA@NCDs biohybrids with greater resiliency/adaptability without 
adding any sacrificial agents (such as cysteine), which are frequently 
added to quench photo-holes in many conventional semiconductor NP- 
assembled biohybrids (Sakimoto et al., 2016). Further, the PDA-coating 
retains extracellular flavins, which might initiate a unique electron 
transport channel connected by double mediators (PDA and flavin) (Liu 
et al., 2019a). Hence, more efficient and biocompatible electronic con
figurations at intracellular/extracellular interfaces generate an efficient 
configuration framework and provide synergist potentials to ISW@P
DA@NCDs biohybrids, wherein each component (abiotic and biotic) 
contributes respective advantages while offsetting respective weak
nesses. A highly effective microbial-photoreduction system adaptable to 
harsh Cr(VI) exposure is the result of this synergetic relationship. The 
resulting ISW@PDA@NCDs cells integrate multiple functions between 
the abiotic/biotic components making them highly efficient for Cr(VI) 
reduction, with the potential for adaptation to other pollutant remedi
ation systems. 

4. Conclusions 

Illuminated ISW@PDA@NCDs biohybrids obtained an outstanding 
Cr(VI) reduction performance with a high efficiency (up to 100%) for 
100 mg/L Cr(VI) within 72 h, which is 40 times of that of wild strain in 

Table 1 
Comparison of recent investigations examining Cr(VI) reduction by the Shewanella genus.  

Species Incubation 
biomass 

Initial Cr(VI) 
exposure (mg/ 
L) 

Reduction 
efficiency (mg/ 
(L⋅h)) 

Bioreduction 
effect (%) 

Mediating material Illumination 
condition 

Operating 
condition 

Reference 

S. loihica PV-4 Unrecorded 52.0 0.080 ≈91.2 Pure strain alone Dark Anaerobic Wang et al., 
(2017) 

S. oneidensis 
MR-1 

1 g/L 52.0 4.2 ≈65.0 Goethite-humic acid 
complex 

Dark Anaerobic Mohamed 
et al., (2020) 

S. oneidensis 
MR-1 

2 g/L 52.0 3.9 ≈75.0 Impregnated Ca-alginate 
capsule 

Dark Anaerobic Yu et al., 
(2020) 

S. oneidensis 
MR-1 

OD600 ≈ 0.2 10.4 0.87 ≈50.0 Hematite NPs Light Anaerobic Cheng et al., 
(2021) 

S. oneidensis 
MR-1 

OD600 ≈ 0.1 13.0 1.6 ≈100 reduced Graphene Oxide 
(rGO)+Pd NPs 

Dark Anaerobic Chen et al., 
(2020) 

S. xiamenensis 
BC01 

OD600 ≈ 0.3 50.0 1.4 ≈100 Graphene oxide (GO)/ 
Polyvinyl alcohol (PVA) 
composites 

Dark Aerobic Luo et al., 
(2019) 

S. xiamenensis 
BC01 

OD600 ≈ 0.3 50.0 0.42 ≈100 rGO/PVA film Dark Anaerobic Li et al., 
(2020) 

S. xiamenensis 
BC01 

OD600 ≈ 0.3 50.0 0.69 ≈100 2-hydroxy-1,4- 
naphthoquinone/GO/PVA 
composites 

Dark Anaerobic Li et al., 
(2019) 

S. oneidensis 
MR-1 

108 CFU/mL 20.0 0.12 ≈100 Anthraquinone-2,6- 
disulfonate + Fe(OH)3 

Dark Anaerobic Liu et al. 
(2019b) 

S. oneidensis 
MR-1 

0.5 g/L 52.0 5.2 ≈100 Hematite NPs Light Anaerobic Yu et al., 
(2022) 

S. oneidensis 
MR-1 

OD600 ≈ 0.3 100 1.4 ≈100 PDA + NCDs Light Anaerobic Present study 

Note: according to the relationship between OD600 and biomass values (Fig. S2), the biomass with an OD600 of 0.3 in this work corresponds to ~0.38 g/L. 
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the dark. Architecture of inward-to-outward modular assemblies of 
NCDs, PDA and S. oneidensis MR-1 supplies more foreign electrons 
harvested from illuminated NCDs and reducing powers to boost Cr(VI) 
reduction and simultaneously circumvents low efficient electron trans
fers at electronic abiotic/biotic interfaces. Meanwhile, the productions 
of c-cyts, flavins and NADH/NAD+ pool in ISW@PDA@NCDs cells were 
more than 6.7, 1.7 and 1.2 times higher than that of wild strain. These 
improvements will harness more electron-transfer conduits or electron- 
shuttling orbits to living biohybrids. The improvement ensures an effi
cient efficiency-configuration framework aiming to promote electron- 
exporting capability. Our study gives a boost to the Cr(VI)- 
remediation strategy based on traditional microbial technology. 
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Fig. 7. Schematic of the visible light-enhanced, mi
crobial-photoreductive Cr(VI) process in the presence 
of illuminated ISW@PDA@NCDs biohybrids based on 
mechanisms proposed by Martinez and Alvarez, 
(2018), Li et al., (2019) and Li et al., (2020). In 
Fig. 7b, the dotted boxes, lines and arrows in red 
indicate the increased electron flux, and the dotted 
boxes, lines and arrows in green indicate the process 
or key interface of rapid charge transfer. (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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