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Biologically synthesized palladium nanoparticles (bio-Pd) have attracted considerable interest as promising
green catalysts for environmental remediation. However, the mechanisms by which microorganisms produce bioPd remain unclear. In the present study, we investigated the roles of Shewanella oneidensis MR-1 and its NADH
dehydrogenases and hydrogenases (HydA and HyaB) in bio-Pd production using formate as the electron donor.
The roles of NADH dehydrogenases and hydrogenases were studied by inhibiting NADH dehydrogenases and
using hydrogenase mutants (ΔhydA, ΔhyaB, and ΔhydAΔhyaB), respectively. The results showed ~97% reduc
tion of palladium by S. oneidensis MR-1 after 24 h using 250 μM palladium and 500 μM formate. Electron mi
croscopy images showed the presence of bio-Pd on both the outer and cytoplasmic membranes of S. oneidensis
MR-1. However, the inhibition of NADH dehydrogenases in S. oneidensis MR-1 resulted in only ~61% reduction
of palladium after 24 h, and bio-Pd were not found on the outer membrane. The mutants lacking one or two
hydrogenases removed 91–96% of palladium ions after 24 h and showed more cytoplasmic bio-Pd but less
periplasmic bio-Pd. To the best of our knowledge, this is the first study to demonstrate the role of NADH de
hydrogenases of S. oneidensis MR-1 in the formation of bio-Pd on the outer membrane. It also demonstrates that
the hydrogenases (especially HyaB) of S. oneidensis MR-1 contribute to the formation of bio-Pd in the periplasmic
space. This study provides mechanistic insights into the production of biogenic metal nanoparticles towards their
possible use in industrial and environmental applications.

Abbreviations: Pd, palladium; bio-Pd, biogenic palladium nanoparticles; bio-Ag, biogenic silver nanoparticles; bio-Pt, biogenic platinum nanoparticles; HydA,
[FeFe] hydrogenase; HyaB, [NiFe] hydrogenase; FDH, formate dehydrogenase; FHL, formate-hydrogen lyase; CymA, cytoplasmic membrane protein A; MtrA/B/C,
metal-reducing protein A/B/C; OmcA, outer membrane cytochrome A; EET, extracellular electron transfer; NAD+ and NADH, oxidized form and reduced form of
nicotinamide adenine dinucleotide; NADH-DH, NADH dehydrogenases; ICP-OES, inductively coupled plasma optical emission spectrometry; PBS, phosphate-buffered
saline; Ctr, palladium reduction with no cells; Liv, palladium reduction by live wild type cells; Ht, palladium reduction by heat-killed wild type cells; NADH-DHinh,
palladium reduction by wild type cells with NADH-DH inhibited by rotenone; HydA− , palladium reduction by mutant ΔhydA; HyaB− , palladium reduction by mutant
ΔhyaB; HydA− HyaB− , palladium reduction by mutant ΔhydAΔhyaB; CDW, cell dry weight; SEM, scanning electron microscopy; EDX, electron-dispersive X-ray
detector; TEM, transmission electron microscopy; CM, cytoplasmic membrane; OM, outer membrane; Q and QH2, quinone and quinol.
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reduce various metallic elements such as Cr(VI), Fe(III), and Pd(II) (Han
et al., 2016; Shi et al., 2012; Dundas et al., 2018), they have focused
mainly on the electron transfer from CymA to metal ions or oxides with a
little attention to the electron transfer from an electron donor to CymA.
Formate is one of the most used electron donors for bio-Pd produc
tion, because of its feasible use in both laboratory researches and engi
neering applications (compared to hydrogen) and adaptability in a wide
range of Pd(II) concentration (compared to lactate, pyruvate, and
ethanol) (De Windt et al., 2005). Several studies have speculated that
the electrons from formate may be passed from FDH directly to the
quinone pool or CymA in S. oneidensis MR-1 (Kane et al., 2016; Luo et al.,
2016). Moreover, it has been reported that the FDH gene sequences in
S. oneidensis MR-1 resemble that in Escherichia coli (Kane et al., 2016);
however, the FDH in E. coli and other methylotrophic bacteria are
widely considered to catalyze formate oxidation into carbon dioxide in
combination with the reduction of NAD+ to NADH (Tishkov and Popov,
2004). The pair of NAD+/NADH serves as an important metabolic in
termediate of multiple electron donors such as pyruvate and lactate
(Pinchuk et al., 2011), and may pass electrons to the quinone pool via
NADH dehydrogenases (NADH-DH) in S. oneidensis MR-1 (Hirose et al.,
2018). These studies indicated that the difference between the two hy
pothetical pathways of electron transfer from formate to the quinone
pool and CymA is the participation of NADH-DH. On the other hand,
several studies have shown that the inhibition of NADH-DH in
S. oneidensis MR-1 retarded the reduction of metal acceptors such as Te
(IV), Cu(II), and Fe(III) (Kim et al., 2012; Shen et al., 2017; Liu et al.,
2018). However, to the best of our knowledge, none of the studies have
investigated the role of NADH-DH in S. oneidensis MR-1 during bio-Pd
formation.
Therefore, in the present study, we aimed to establish the roles of
S. oneidensis MR-1 and its NADH-DH and hydrogenases in bio-Pd for
mation using formate as the electron donor. We first examined the Pd(II)
reduction in the absence and presence of S. oneidensis MR-1. We then
assessed the roles of NADH-DH and hydrogenases in bio-Pd formation by
inhibiting NADH-DH and using hydrogenase mutants (ΔhydA, ΔhyaB,
and ΔhydAΔhyaB), respectively. It has been shown that the mutants
lacking NADH-DH grew very poorly due to poor energy metabolism
(Madson and TerAvest, 2019), hindering the collection of mutant cells
lacking NADH-DH in batch cultures. Hence, we finally used rotenone,
the NADH-DH-specific inhibitor, to block the quinone binding site of
NADH-DH for determining the role of NADH-DH in bio-Pd formation
(Chen et al., 2010; Le Laz et al., 2014; Mtimunye and Chirwa, 2014). The
Pd(II) concentration in the solution was measured by an inductively
coupled plasma optical emission spectrometry (ICP-OES; Prodigy, Tel
edyne Leemans Labs, USA). The localization of bio-Pd was observed via
electron microscopies. This study could help understand the formation
process of biogenic metal nanoparticles and inspire novel approaches for
the control of the final products as desired.

Z.N. Yang, H.Y. Cheng, S.J. Liu, and A.J. Wang conceived and
designed the project. Y.C. Yong constructed the hydrogenase mutants. Z.
N. Yang, Y.N. Hou, and B. Zhang designed and performed the experi
ments. Z.N. Yang, Y.N. Hou, W.Z. Liu, and J.L. Han analyzed the
experimental data. S.J. Liu, A.J. Wang, and H.Y. Cheng led the writing
and editing of manuscript. All authors contributed to discussions about
the results and the manuscript.
1. Introduction
Palladium (Pd) nanoparticles have attracted considerable interest as
catalysts for energy conversion, organic synthesis, and environmental
remediation (Begum et al., 2018; Chen et al., 2018; Yang et al., 2019).
Different methods like chemical and biological processes are used for the
synthesis of Pd nanoparticles (Saldan et al., 2015; Qazi et al., 2016).
Chemical methods usually involve the use of harsh, toxic, and expensive
chemicals (Ali et al., 2019). The development of reliable, non-toxic,
clean, and environment-friendly methods for the synthesis of Pd nano
particles is therefore needed, resulting in the emergence of biological
methods (Singh et al., 2020). Biogenic palladium nanoparticles (bio-Pd),
whose catalytic performance is comparable to that of commercial
palladium catalysts (Coker et al., 2010), are effective for the reductive
degradation of various recalcitrant contaminants such as hexavalent
chromium, azo dyes, and chlorinated hydrocarbons (Zhou et al., 2020;
Wang et al., 2018; Hosseinkhani et al., 2013). They are considered
promising if applied to environmental remediation in various scenarios,
including wastewater, groundwater, and soil (Gautam et al., 2019).
Besides, the bioreduction of Pd(II) and other metal ions also leads to the
development of innovative approaches in many fields of environmental
biotechnology, such as biomining, bioleaching, and bio-recovery (Poll
mann et al., 2018).
Various microorganisms can produce bio-Pd (Ali et al., 2019).
Among them, the facultative bacterium Shewanella oneidensis MR-1,
isolated from Oneida Lake sediments (Myers and Nealson, 1988), can
use many organic carbon sources (such as lactate, pyruvate, and
formate) as electron donors (De Windt et al., 2005) and reduce a variety
of metal ions into metal nanoparticles, such as bio-Ag, bio-Pt, and bio-Pd
(Ng et al., 2013a; Maes et al., 2017; De Windt et al., 2005). Several
possible roles of S. oneidensis MR-1 in bio-Pd formation have been pro
posed in previous studies. S. oneidensis MR-1 may serve as scaffolds for
bio-Pd growth by adsorbing Pd(II) ions (Rotaru et al., 2012; Xu et al.,
2018). Additionally, it may also facilitate Pd(II) reduction via enzymes
such as hydrogenases and c-type cytochromes (Ng et al., 2013b; Dundas
et al., 2018). Ng et al. (2013b) suggested that hydrogenases rather than
cytochromes play essential roles in Pd(II) reduction. On the contrary,
Dundas et al. (2018) claimed that cytochromes control Pd(II) reduction
and bio-Pd localization on bacterial membranes, whereas hydrogenases
have little impact. The roles of S. oneidensis MR-1 and its hydrogenases
and cytochromes in bio-Pd formation remain to be clarified.
There are two hydrogenases, a [FeFe]-hydrogenase (HydA) and a
[NiFe]-hydrogenase (HyaB), in S. oneidensis MR-1 (Ng et al., 2013b).
HydA collaborates with formate dehydrogenases (FDH) in the form of
formate-hydrogen lyase (FHL) that generates hydrogen from formate.
HyaB produces hydrogen from formate and oxidizes hydrogen as a
bifunctional hydrogenase (Meshulam-Simon et al., 2007). Pd(II) ions
may be reduced by hydrogen produced from formate by FDH and hy
drogenases in S. oneidensis MR-1 (Ng et al., 2013b).
Furthermore, the genomic analyses of S. oneidensis MR-1 have
identified 42 c-type cytochromes, such as CymA, MtrA/B/C, and OmcA
(Coursolle and Gralnick, 2010). Electrons can be transferred from CymA
on the cytoplasmic membrane to the cytochromes (such as OmcA and
MtrC) on the outer membrane, which is well known as the microbial
extracellular electron transfer (EET) (Shi et al., 2016). Though several
studies have reported the roles of cytochromes in S. oneidensis MR-1 to

2. Materials and methods
2.1. Chemicals and reagents
Peptone, sodium formate, 60% (w/v) aqueous sodium L-lactate,
rotenone, ethanol, acetone, and isoamyl acetate were obtained from
Shanghai Aladdin Bio-Chem Technology, China. Yeast extract was pur
chased from Alfa Aesar, China. Sodium chloride, sodium dihydrogen
phosphate, and disodium hydrogen phosphate were purchased from
Sinopharm, China. Epoxy resin kits were obtained from SPI-Chem, USA.
Disodium tetrachloropalladate (Na2PdCl4, 98% purity) was purchased
from Sigma-Aldrich, USA. All chemicals used were analytical grade. All
aqueous solutions were prepared with Milli-Q water (18.25 MΩ cm− 1).
2.2. Preparation of bacterial cells
Wild type S. oneidensis MR-1 was procured from the American-Type
2
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Culture Collection (ATCC, USA). Three mutants lacking hydrogenases
(ΔhydA, ΔhyaB, and ΔhydAΔhyaB) were constructed according to the
method of Meshulam-Simon et al. (2007) and verified based on the
hydrogen evolution assays (Sybirna et al., 2008). All cells were aerobi
cally cultured in 300 mL of Luria-Bertani (LB) medium (10 g L− 1
peptone, 5 g L− 1 yeast extract, and 10 g L− 1 NaCl; pH 7.0 ± 0.1) over
night at 30 ◦ C (Cheng et al., 2017). After centrifugation at 2265×g for
15 min, the cells were washed thrice with 50 mM autoclaved
phosphate-buffered saline (PBS; 11.55 g L− 1 Na2HPO4⋅12H2O and 2.77
g L− 1 NaH2PO4⋅2H2O; pH 7.0 ± 0.1). The washed cells were resus
pended in 10 mL of 50 mM PBS and purged with nitrogen gas for 20 min
to remove any oxygen.

Model 550i, IXRF systems, USA) (Hou et al., 2017).
After immersed in 2.5% glutaraldehyde and gradually dehydrated by
ethanol gradient as previously described, cells in 100% ethanol were
further treated for TEM observation. The immersion solution was
gradually replaced with 1:1 ethanol: acetone, and 100% acetone,
respectively (for 15 min, each). The latter was then replaced stepwise
with a mixture of acetone and EPON™ resin at ratios of 1:1 (1 h), 1:2 (3
h), and 1:3 (overnight). Polymerized cell blocks were obtained after
incubation at 60 ◦ C and sliced into 70 nm thick sections using an ul
tramicrotome (EMUC7, Lecia Microsystems, Germany). The sections
were observed under TEM at 80 kV accelerating voltage.
2.5. Statistical analysis of bio-Pd

2.3. Pd(II) reduction

Based on the TEM images, the diameters, particle numbers, and
distribution proportions of bio-Pd were measured via software ‘ImagePro Plus 6.0’ (Media Cybernetics, USA). The diameters of bio-Pd >500
counts in each group were randomly measured, and the average di
ameters of bio-Pd were calculated (Hou et al., 2017). Five cells in each
group were randomly selected to evaluate the particle number of bio-Pd
per μm cell wall and the distribution proportion of bio-Pd in the sub
cellular structure. The particle number of bio-Pd per μm cell wall was
obtained by dividing the total number of bio-Pd in the cell by the
perimeter of the cell (De Windt et al., 2006). The distribution proportion
of bio-Pd in the subcellular structure was evaluated by the percentage of
the cross-sectional areas of bio-Pd on the outer membrane, in the peri
plasmic space and the cytoplasm to the total cross-sectional areas of
bio-Pd in the cell (Hou et al., 2017).

Acellular Pd(II) reduction by formate was first investigated. A
concentrated Na2PdCl4 solution was injected into 10 mL of 50 mM PBS
(pH 7.0 ± 0.1) containing sodium formate. The final concentration of Pd
(II) was 1 mM, whereas those of formate were 500 μM, 1 mM, 2 mM, 5
mM, 10 mM, and 25 mM. The Pd(II) reduction rate was then compared
using a 1:2 M ratio of Pd(II) to formate. The Pd(II) concentrations were
250 μM, 500 μM, and 1 mM, whereas the corresponding formate con
centrations were 500 μM, 1 mM, and 2 mM.
The Pd(II) reduction was then evaluated in the absence or presence
of S. oneidensis MR-1 at different Pd(II) and formate concentrations. A
concentrated Na2PdCl4 solution was injected into 20 mL of 50 mM PBS
(pH 7.0 ± 0.1) containing formate and S. oneidensis MR-1. The biomass
concentration was 100 mg cell dry weight (CDW) per liter. The pairwise
Pd(II) and formate concentrations were 1 mM and 25 mM, 1 mM and 2
mM, and 250 μM and 500 μM, respectively.
The enzymatic roles of S. oneidensis MR-1 were explored using 20 mL
of 50 mM PBS containing 250 μM Pd(II), 500 μM formate, and 100 mg
CDW L− 1 biomass. An acellular control treatment (Ctr) was established
and various treatments with S. oneidensis MR-1 were set up including
live wild type cells (Liv), heat-killed wild type cells (Ht), live wild type
cells with NADH dehydrogenases inhibited by rotenone (NADH-DHinh),
mutant ΔhydA (HydA− ), mutant ΔhyaB (HyaB− ), and mutant
ΔhydAΔhyaB (HydA− HyaB− ). The Ht treatment was prepared by heat
ing wild type cells at 90 ◦ C for 15 min (Ng et al., 2013b). In the
NADH-DHinh treatment, rotenone was added into the solution with a
final concentration of 0.1% (Mtimunye and Chirwa, 2014).
All the solutions mentioned above were degassed with nitrogen for
20 min to remove any oxygen. All the experiments were conducted
under anaerobic conditions. The reaction mixtures were maintained at
30 ◦ C and shaken at 120 rpm. Samples in triplicate were drawn using
syringes at intervals. Sample aliquots were passed through 0.22 μm
membranes, and their Pd(II) concentrations were measured using ICPOES at 340.458 nm (Hou et al., 2017).

3. Results
3.1. S. oneidensis MR-1 accelerated Pd(II) reduction
We first examined the chemical reduction of Pd(II) by formate in the
absence of S. oneidensis MR-1. We changed the Pd(II): formate ratio
(1:0.5–1:25) using a fixed 1 mM Pd(II) concentration (Fig. S1a). After 24
h, the proportion of Pd(II) reduction reached 24–32% using a 1:0.5–1:2
Pd(II): formate ratio (0.5–2 mM formate). The proportion of Pd(II)
reduction dramatically increased to 47–99% after 24 h with the decrease
in Pd(II): formate ratio to 1:5–1:25 (5–25 mM formate). We observed
copious black precipitates in the solution at a Pd(II): formate ratio of
1:5–1:25, which was scant at the ratio of 1:0.5–1:2.
Further decreases in the Pd(II) and formate concentrations at a fixed
1:2 Pd(II): formate ratio continued to decrease the reduction of Pd(II) by
formate (Fig. S1b). After 24 h, the proportion of Pd(II) reduction
declined from ~32% to ~21% as the pairwise Pd(II) and formate con
centrations decreased from 1 mM and 2 mM to 500 μM and 1 mM. When
the Pd(II) and formate concentrations decreased to 250 μM and 500 μM,
respectively, the proportion of Pd(II) reduction was only ~2% after 24 h
and ~6% after 48 h.
Next, we investigated the effects of S. oneidensis MR-1 on Pd(II)
reduction using different Pd(II) and formate concentrations (Fig. 1).
When 1 mM Pd(II) and 25 mM formate were used, the Pd(II) reduction
was fast and slightly promoted by S. oneidensis MR-1. However, with a
further decrease in the Pd(II) and formate concentrations, the Pd(II)
reduction in the absence of S. oneidensis MR-1 was much slower than that
in the presence of S. oneidensis MR-1. The difference in the levels of Pd
(II) reduction between the experimental and control groups increased
from ~68% (1 mM Pd(II) and 2 mM formate) to ~95% (250 μM Pd(II)
and 500 μM formate) after 24 h along with the decreasing concentra
tions of Pd(II) and formate.

2.4. Microscopic observation of bio-Pd
Bio-Pd morphology and distribution were observed using scanning
electron microscopy (SEM; SU-8020, Hitachi, Japan) and transmission
electron microscopy (TEM; JEM-1400, JEOL, Japan). For SEM, the cells
were collected by centrifugation at 2417×g for 3 min, washed thrice in
100 mM PBS (18.25 g L− 1 Na2HPO4⋅12H2O and 7.65 g L− 1 NaH2
PO4⋅2H2O; pH 6.8 ± 0.1), fixed in 2.5% glutaraldehyde overnight,
washed thrice in 100 mM PBS, and gradually dehydrated in an ethanol
series (50%, 70%, 80%, and 90% for 10 min in each concentration and
twice in 100% ethanol for 10 min each time). The cells were then
immersed in 1:1 ethanol: isoamyl acetate followed by 100% isoamyl
acetate for 15 min, each. Subsequently, the cells were desiccated by
critical point drying (HCP-2, Hitachi, Japan). The samples were applied
to conducting resin on the sample stage with no gold spray and observed
under SEM at 3 kV accelerating voltage. Elemental analysis of the cell
surface was performed with an electron-dispersive X-ray detector (EDX;

3.2. NADH-DH and hydrogenases facilitated Pd(II) reduction
We explored the roles of S. oneidensis MR-1 enzymes in Pd(II)
reduction using 250 μM Pd(II) and 500 μM formate (Fig. 2). In the
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the Pd(II) reduction by S. oneidensis MR-1. The solutions of all the three
hydrogenase mutant groups (HydA− , HyaB− , and HydA− HyaB− ) turned
black within 6 h. The proportion of Pd(II) reduction in HydA− was
~96% after 24 h and resembled that in Liv. The proportions of Pd(II)
reduction in HyaB− and HydA− HyaB− were ~93% and ~91%, respec
tively, after 24 h, slightly lower than that in Liv.
3.3. Bio-Pd localization changed in response to NADH-DH and
hydrogenase inactivation
Next, we examined the bio-Pd formation using SEM (Fig. 3) and TEM
(high magnification in Fig. 4; low magnification in Fig. S3). The small
particles observed on the cell surfaces were confirmed as bio-Pd via EDX
analyses (Fig. S2). Based on the TEM images, the distribution pro
portions of bio-Pd in the subcellular structure were analyzed (Fig. 5). In
the Liv treatment, the SEM images showed that there were a large
number of bio-Pd on the cell surfaces (Fig. 3a), and the TEM images
showed that numerous spherical bio-Pd were densely coated the double
membranes (Fig. 4a). Almost two-thirds of the bio-Pd were stacked on
the cytoplasmic membrane facing the periplasm, whereas about onethird of the bio-Pd were distributed on the outer membrane (Fig. 5).
Only ~2% of the bio-Pd were attached to the cytoplasmic membrane
facing the cytoplasm. However, the bio-Pd in Ht were too small to be
found in the SEM images (Fig. 3b). The TEM images showed that the bioPd in Ht were scattered mainly on the cell surfaces (~62%) and in the
cytoplasm (~29%) (Figs. 4b and 5).
In the NADH-DHinh treatment, there were hardly any bio-Pd on the
outer membranes (Fig. 4c). About 97% and 3% of the bio-Pd aggregated
on the outer and inner sides of the cytoplasmic membranes, respectively
(Fig. 5). The bio-Pd in NADH-DHinh seemed to be covered by the outer
membrane in the SEM images (Fig. 3c). By contrast, in the three hy
drogenase mutant groups (HydA− , HyaB− , and HydA− HyaB− ), the bioPd were distributed widely across the whole cell (Fig. 3d–f). There
were 30–36% of the bio-Pd stacked on the outer membrane in the three
hydrogenase mutants, similar to the Liv treatment. However, the pro
portions of bio-Pd in the periplasmic space were ~56% in HydA− and
51–53% in HyaB− and HydA− HyaB− , lower than the Liv treatment. The
proportions of bio-Pd in the cytoplasm were ~8% in HydA− and 15–19%
in HyaB− and HydA− HyaB− , higher than the Liv treatment. Moreover,
the bio-Pd in the three hydrogenase mutants were dispersed separately
in the periplasmic and cytoplasmic spaces rather than adhered to both
the sides of the cytoplasmic membrane as in Liv (Fig. 4d–f).

Fig. 1. Pd(II) reduction by S. oneidensis MR-1. Experiments were conducted
in the absence or presence of S. oneidensis MR-1 (100 mg CDW L− 1 cells) in 50
mM PBS (pH 7.0) supplemented with various concentrations of Pd(II) and
formate. The data shown here were the means ± standard deviations of the
experiments done in triplicate.

acellular Ctr, there was only a slight decline in Pd(II) concentration
(~2%) after 24 h, and the solution remained clear yellow the entire
time. On the contrary, the rates of Pd(II) reduction differed across the
experimental groups. In the Liv treatment, wherein live wild type cells
were added, about 76% of the Pd(II) ions were reduced within the first 1
h. The color of the solution gradually changed from yellow to black
within 3 h. After 24 h, the Pd(II) concentration decreased by ~97%. In
contrast, in the Ht treatment supplied with heat-killed wild type cells,
there was negligible Pd(II) reduction following a sharp drop within the
first 30 min. The Pd(II) reduction in Ht was only ~37% after 24 h.
During the entire period, the Ht solution remained light yellow.
In the NADH-DHinh treatment wherein the NADH-DH of S. oneidensis
MR-1 were inhibited by rotenone, the Pd(II) concentration decreased
slowly after a rapid decrease within the first 30 min. The proportion of
Pd(II) reduction was ~61% after 24 h, and the solution turned gray.
Moreover, the rates of acellular Pd(II) reduction with and without
rotenone were similar, implying that rotenone had little influence on the
chemical reduction of Pd(II) by formate in the experimental conditions.
On the contrary, the lack of hydrogenases had only a minor influence on

Fig. 2. Roles of S. oneidensis MR-1 enzymes in Pd(II) reduction. (a) Pd(II) concentration in the solution and (b) changes in the solution color over time. The
experiments were conducted in 50 mM PBS (pH 7.0) containing 250 μM Pd(II), 500 μM formate, and 100 mg CDW L− 1 cells. Various treatments with S. oneidensis MR1 were set up including live wild type cells (Liv), heat-killed wild type cells (Ht), live wild type cells with NADH-DH inhibited by 0.1% rotenone (NADH-DHinh),
mutant ΔhydA (HydA− ), mutant ΔhyaB (HyaB− ), and mutant ΔhydAΔhyaB (HydA− HyaB− ). In Ctr, there were no cells in the solution. The influence of rotenone on
the chemical reduction of Pd(II) by formate was detected in 50 mM PBS (pH 7.0) containing 250 μM Pd(II), 500 μM formate, and 0.1% rotenone (Ctr, rotenone). The
data shown here were the means ± standard deviations of the experiments done in triplicate. (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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Fig. 3. SEM images of bio-Pd. Bio-Pd formation was observed after 24 h of treatment with (a) live wild type cells (Liv), (b) heat-killed wild type cells (Ht), (c) wild
type cells with NADH-DH inhibited by rotenone (NADH-DHinh), (d) mutant ΔhydA (HydA− ), (e) mutant ΔhyaB (HyaB− ), or (f) mutant ΔhydAΔhyaB (HydA− HyaB− )
in the presence of 250 μM Pd(II) and 500 μM formate in 50 mM PBS (pH 7.0). Scale bars in SEM images = 500 nm.

3.4. Bio-Pd particle sizes and numbers changed in response to NADH-DH
and hydrogenase inactivation

decrease in the bio-Pd diameters.
4. Discussion

We statistically analyzed the bio-Pd particle sizes in each group
(Table 1) as well as their size distribution (Fig. S4). The order of the bioPd particle sizes was Liv > NADH-DHinh > HydA− > HyaB− >
HydA− HyaB− > Ht. In the Liv treatment, the range of bio-Pd particle
sizes was 1.10–27.61 nm, with an average diameter of 8.55 ± 5.86 nm.
In contrast, the average diameter of bio-Pd in the Ht treatment (4.11 ±
1.93 nm) was the smallest. In the NADH-DHinh treatment, the average
and maximum bio-Pd diameters slightly were 8.09 ± 5.20 nm and 22.86
nm, respectively. The decreases of bio-Pd particle sizes in Ht and NADHDHinh could be related to the low levels of Pd(II) reduction. In the three
hydrogenase mutant groups (HydA− , HyaB− , and HydA− HyaB− ), how
ever, the average bio-Pd particle sizes were much smaller than that in
Liv. The average and maximum bio-Pd particle diameters were
6.19–6.82 nm and 13.89–18.97 nm, respectively.
The particle numbers of the bio-Pd per μm cell wall were shown in
Table 1. There were a large number of bio-Pd in the Liv treatment (134
± 29 μm− 1 cell wall). However, the particle numbers of bio-Pd in Ht and
NADH-DHinh were only 92 ± 29 μm− 1 cell wall and 105 ± 39 μm− 1 cell
wall, respectively. In the three hydrogenase mutant groups (HydA− ,
HyaB− , and HydA− HyaB− ), the particle number of bio-Pd increased
from 175 ± 17 μm− 1 cell wall to 328 ± 37 μm− 1 cell wall along with the

4.1. S. oneidensis MR-1 is both an adsorbent and a catalyst in the bio-Pd
formation
The results showed that formate could directly reduce Pd(II) ions, as
previously reported (Bunge et al., 2010). According to the Finke–Watzky
model, the synthesis of Pd nanoparticles begins with slow continuous
nucleation, followed by fast autocatalytic surface growth, and then
agglomeration over time (Zhou et al., 2016). The nucleation of Pd
nanoparticles is the rate-limiting step and related to both the Pd(II) and
formate concentrations (Besson et al., 2005). Hence, the decrease in Pd
(II) and formate concentrations slows down the nucleation rate and
subsequently the whole process.
S. oneidensis MR-1 could promote Pd(II) reduction with formate as
the electron donor. The promotion effect of S. oneidensis MR-1 on Pd(II)
reduction becomes more significant as the concentrations of Pd(II) and
formate decrease. When the Pd(II) and formate concentrations were 250
μM and 500 μM, respectively, the treatments, including Ctr, Ht, and Liv,
showed different Pd(II) reduction rates as well as bio-Pd localization. In
Ctr with no cells, the Pd(II) reduction was very slow, resulting in scarce
precipitates. By contrast in Liv, with the addition of live S. oneidensis MR5
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Fig. 4. TEM images of bio-Pd. Bio-Pd for
mation was observed after 24 h of treatment
with (a) live wild type cells (Liv), (b) heatkilled wild type cells (Ht), (c) wild type
cells with NADH-DH inhibited by rotenone
(NADH-DHinh), (d) mutant ΔhydA (HydA− ),
(e) mutant ΔhyaB (HyaB− ), or (f) mutant
ΔhydAΔhyaB (HydA− HyaB− ) in the presence
of 250 μM Pd(II) and 500 μM formate in 50
mM PBS (pH 7.0). CM, cytoplasmic mem
brane; OM, outer membrane. Scale bars in
TEM images = 100 nm.

Table 1
Particle sizes and numbers of bio-Pd.

Fig. 5. Distribution proportion of bio-Pd in the subcellular structure. BioPd formation was observed after 24 h of treatment with live wild type cells
(Liv), heat-killed wild type cells (Ht), wild type cells with NADH-DH inhibited
by rotenone (NADH-DHinh), mutant ΔhydA (HydA− ), mutant ΔhyaB (HyaB− ),
or mutant ΔhydAΔhyaB (HydA− HyaB− ) in the presence of 250 μM Pd(II) and
500 μM formate in 50 mM PBS (pH 7.0). The distribution proportion of bio-Pd
was evaluated by the percentage of the cross-sectional areas of bio-Pd on the
outer membrane, in the periplasmic space and the cytoplasm to the total crosssectional areas of bio-Pd in the cell based on the TEM images. The data shown
here were the means ± standard deviations of five random cells in each group.

Statistics

Liv

Ht

NADHDHinh

HydA−

HyaB−

HydA−
HyaB−

Maximum
diameter
(nm)
Minimum
diameter
(nm)
Average
diameter
(nm)
Particle
number
(μm− 1 cell
wall)

27.61

8.76

22.86

18.97

14.89

13.89

1.10

1.11

1.13

1.12

1.14

1.13

8.55
± 5.86

4.11
±
1.93
92 ±
29

8.09 ±
5.20

6.82 ±
4.00

6.32 ±
3.32

6.19 ±
3.17

105 ±
39

175 ±
17

227 ±
34

328 ±
37

134 ±
30

Note: Bio-Pd were obtained after 24 h of treatment with live wild type cells (Liv),
heat-killed wild type cells (Ht), wild type cells with NADH-DH inhibited by
rotenone (NADH-DHinh), mutant ΔhydA (HydA− ), mutant ΔhyaB (HyaB− ), or
mutant ΔhydAΔhyaB (HydA− HyaB− ) in the presence of 250 μM Pd(II) and 500
μM formate in 50 mM PBS (pH 7.0). The diameters of >500 bio-Pd were
measured. Five cells in each group were randomly selected to evaluate the
particle number of bio-Pd per μm cell wall by dividing the total number of bio-Pd
in the cell by the perimeter of the cell. The data shown here were means ±
standard deviations.
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1, the Pd(II) reduction reached completion in around 3 h. Large numbers
of bio-Pd were distributed on the cell membranes. However, in Ht with
the addition of heat-killed S. oneidensis MR-1 whose enzymes were
inactive (Yates et al., 2013), the Pd(II) concentration decreased slowly
after a sharp drop caused by adsorption (Xu et al., 2018), resulting in the
formation of a few tiny bio-Pd. The differences between Ctr, Ht, and Liv
demonstrated that S. oneidensis MR-1 not only adsorbs Pd(II) ions onto
its surface but also facilitates Pd(II) reduction via enzymes (Xu et al.,
2018; Ng et al., 2013b).
The process of bio-Pd formation by S. oneidensis MR-1 is inferred to
be similar to that by E. coli and Desulfovibrio desulfuricans (Deplanche
et al., 2010; Yong et al., 2002). Initially, S. oneidensis MR-1 adsorbs Pd
(II) ions owing to its abundant negatively charged groups on its cell
surface (Xu et al., 2018). Heterogeneous nucleation of bio-Pd in the
presence of cells is more energetically efficient than homogeneous
nucleation of Pd nanoparticles in the absence of cells (Thanh et al.,
2014). Unlike conventional scaffolds such as graphene and carbon
nanotubes, S. oneidensis MR-1 also facilitates the Pd nucleation by
enzymatically accelerating electron transfer from formate to Pd(II) ions
(Hu et al., 2017; Dundas et al., 2018). It is inferred that the Pd nucleus
may grow into bio-Pd by both enzymatic catalysis and autocatalysis
(Zhou et al., 2016).

to produce a large number of small bio-Pd in the periplasmic space. By
contrast, the lack of hydrogenases in bacteria equipped with fewer cy
tochromes such as D. fructosivorans and E. coli leads to the formation of
an increasing number of intracellular bio-Pd but less bio-Pd in the
periplasmic space (Mikheenko et al., 2008; Deplanche et al., 2010).
Based on the distribution above, it is deduced that S. oneidensis MR-1
can produce bio-Pd on the outer membrane by NADH-DH and cyto
chromes and that in the periplasm by hydrogenases in Liv. By contrast in
Ht, the enzymes are inactive, and the membranes are broken. S. onei
densis MR-1 mainly serve as scaffolds for bio-Pd growth (Rotaru et al.,
2012). The Pd(II) ions may be adsorbed on the outer membrane or enter
the cytoplasm without passing through the double membranes, resulting
in the formation of the bio-Pd mainly on the outer membrane and in the
cytoplasm via the chemical reduction of Pd(II) by formate.
4.3. Proposed bio-Pd formation pathways
Here, two pathways are proposed for bio-Pd formation in
S. oneidensis MR-1 with formate as the electron donor (Scheme 1).
Pathway I consists of FDH, NADH-DH, quinone pool, and cytochromes,
while Pathway II consists of FDH and hydrogenases. The differences of
Pd(II) reduction between the Liv, NADH-DHinh, and HydA− HyaB−
treatments implied that Pathway I contributes more than Pathway II to
Pd(II) reduction. However, there were more bio-Pd in the periplasmic
space than the outer membrane in the Liv treatment, implying that some
of the bio-Pd in the periplasmic space might be attributed to CymA or
other cytochromes. In other words, the bio-Pd on the outer membrane
are produced by Pathway I, whereas those in the periplasmic space may
be produced by both pathways.
The two pathways might play different physiological roles in
S. oneidensis MR-1 according to the metabolic characteristics of NADHDH and hydrogenases. NADH-DH provides energy by generating ATP
from the coupling of NADH oxidation with proton translocation (Mad
sen and TerAvest, 2019). In contrast, hydrogenases remove excess
formate by producing hydrogen (Sawers, 2005). It is inferred that
Pathway I may provide energy for S. oneidensis MR-1, whereas Pathway
II may help consume excess formate in the system. Ng et al. (2013b)
have shown that the absence of hydrogenases resulted in a greater
decline in Pd(II) reduction than the absence of CymA by increasing the
formate concentration to 20 mM. It implied that Pathway II might have a

4.2. Roles of NADH-DH and hydrogenases in bio-Pd formation
The inhibition of NADH-DH in S. oneidensis MR-1 significantly
retarded the reduction rate of Pd(II). There were almost no bio-Pd on the
outer membrane in NADH-DHinh, indicating that NADH-DH are indis
pensable to the electron transfer from formate to Pd(II) ions adsorbed on
the outer membrane. It is inferred that the formation of extracellular
bio-Pd involves FDH, NADH-DH, quinone pool, and cytochromes. FDH
oxidizes formate to CO2 while NAD+ is reduced to NADH (Tishkov and
Popov, 2004). Via NADH-DH, the electrons from NADH are passed to the
quinone pool and then to CymA on the cytoplasmic membrane. Next, the
electrons are transferred from CymA to the cytochromes on the outer
membrane (Shi et al., 2016), and the Pd(II) ions adsorbed on the outer
membrane are then reduced to bio-Pd. In the NADH-DHinh treatment
with NADH-DH inhibited, the Pd(II) ions adsorbed on the outer mem
brane cannot be reduced by the pathway, which involves NADH-DH.
However, the Pd(II) ions in the periplasmic space may be reduced to
bio-Pd by enzymes, such as hydrogenases, leading to a significant
decrease in the Pd(II) and formate concentrations (~61%) in the solu
tion. According to the Finke–Watzky model, it makes the chemical
reduction of Pd(II) ions adsorbed on the outer membrane more difficult
due to the decrease of the Pd(II) and formate concentrations in the so
lution (Zhou et al., 2016). As a result, no bio-Pd on the outer membrane
were found until 24 h. In addition to the Pd(II) reduction by S. oneidensis
MR-1, NADH-DH are also involved in Cu(II) reduction by E. coli and U
(VI) reduction by facultative anaerobic bacteria (Rodríguez-Montelongo
et al., 2006; Mtimunye and Chirwa, 2014).
Furthermore, it was observed that the deletion of hydrogenases
slowed down the reduction rate of Pd(II). The Pd(II) ions may be
reduced by hydrogen, which was produced from formate by hydroge
nases in combination with FDH (Ng et al., 2013b). In S. oneidensis MR-1,
HyaB has a greater activity than HydA in hydrogen production, which is
constant with the decreases of Pd(II) reduction rate in HydA− and HyaB−
(Meshulam-Simon et al., 2007). HyaB in S. oneidensis MR-1 also shows a
higher contribution than HydA to Tc(VII) reduction (Shi et al., 2011).
Besides, the bio-Pd in the hydrogenase mutants of S. oneidensis MR-1
were scattered in the whole cell rather than aggregated on the mem
branes. The number of bio-Pd in the periplasm decreased, while that in
the cytoplasm increased. It implied that hydrogenases are important for
reducing Pd(II) ions in the periplasmic space and preventing them from
passing through the cytoplasmic membrane. The intracellular bio-Pd
may be produced by cytoplasmic metalloenzymes (Omajali et al.,
2015). The lack of hydrogenases may allow the abundant cytochromes

Scheme 1. Bio-Pd production by S. oneidensis MR-1 with formate as the
electron donor. Black arrows, electron flow; gray arrows, proton flow. FDH,
formate dehydrogenase; NADH-DH, NADH dehydrogenases; CymA, cyto
plasmic membrane protein A; Q and QH2, quinone and quinol; MtrA/B/C,
metal-reducing protein A/B/C; OmcA, outer membrane cytochrome A; HydA,
[FeFe] hydrogenase; HyaB, [NiFe] hydrogenase. The electron transfer from
formate to Pd(II) ions may be achieved by Pathway I (FDH, NADH-DH, quinone
pool, and cytochromes) and Pathway II (FDH and hydrogenases) (Meshu
lam-Simon et al., 2007; Kane et al., 2016; Shi et al., 2016; Madson and Ter
Avest, 2019).
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higher contribution than Pathway I to Pd(II) reduction at an increased
concentration of formate. The characteristics of enzymes in the two
pathways under different experimental conditions need to be further
investigated through transcriptome analysis and immunoblot analysis
(Hernández-Eligio et al., 2020).
The mechanism proposed in the present study could promote the
understanding of bio-Pd formation with other electron donors such as
hydrogen and lactate. For example, hydrogen has a much stronger
reducing power than formate towards Pd(II) ions (De Windt et al.,
2005). The bio-Pd formation with hydrogen as the electron donor should
be dominated by chemical reduction rather than enzymatic reduction
via hydrogenases (De Windt et al., 2005). Similarly, the chemical
reduction of Pd(II) by formate could also surpass enzymatic reduction
when the concentrations of Pd(II) and formate are relatively high (such
as 1 mM Pd(II) and 25 mM formate in the present study). In this case,
bacteria may serve mainly as adsorbents for Pd(II) ions like conventional
scaffolds (Bunge et al., 2010; Rotaru et al., 2012). On the contrary, the
rate of Pd(II) reduction by S. oneidensis MR-1 was quite low when lactate
was supplied as the sole electron donor (Dundas et al., 2018). The main
metabolic product of lactate in S. oneidensis MR-1 is NADH (Pinchuk
et al., 2011), implying that Pathway I should be the main pathway to
produce bio-Pd. Therefore, cytochromes rather than hydrogenases
contribute to the bio-Pd formation in Dundas et al.’s study with lactate
as the electron donor (Dundas et al., 2018).
Furthermore, the mechanism proposed in the present study could
also bring some inspiration to control the distribution of bio-Pd on the
outer membrane or in the cytoplasm as desired. Generally, the bio-Pd on
the outer membrane are widely pursued for the degradation of envi
ronmental pollutants in water treatment (Hou et al., 2017). A high
proportion of extracellular bio-Pd could be obtained by promoting
Pathway I, such as assembling exogenous NADH regeneration genes and
introducing soluble redox shuttles instead of knocking out hydrogenases
(Dundas et al., 2018). Therefore, we would like to explore the feasible
and reliable approaches for the formation of extracellular bio-Pd to
better deal with environmental pollutants. Superior to conventional
supported Pd catalysts, bio-Pd can also combine with intracellular en
zymes (such as monoamine oxidase) as a whole-cell catalyst for re
actions (such as enantioselective deracemization) (Foulkes et al., 2011).
In this case, a high proportion of intracellular bio-Pd may be preferred to
cooperate with intracellular enzymes, and the hydrogenase mutants of
bacteria such as E. coli might be an appropriate choice for producing
intracellular bio-Pd (Deplanche et al., 2010).
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