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Abstract

The electroactive microorganism Geobacter sulfurreducens can couple organic electron donor
oxidation to the respiration of electrode surfaces, colonizing them in the process. These microbes
can also reduce soluble metal ions, such as soluble Pd, resulting in metallic nanoparticle (NP)
synthesis. Such NPs are valuable catalysts for industrially relevant chemical production; however,
their chemical and solid-state synthesis are often energy intensive and result in hazardous
biproducts. Utilizing electroactive microbes for precious metal NP synthesis has the advantage of
operating under more sustainable conditions. By combining G. sulfurreducens’ ability to colonize
electrodes and synthesize NPs, we performed electrode cultivation ahead of biogenic Pd(0) NP
synthesis for the self-assembled fabrication of a biohybrid cell-Pd material. G. sulfurreducens
biofilms were grown in electrochemical reactors with added Pd(Il), and electrochemistry,
spectroscopy, and electron microscopy were used to confirm (1) metabolic current production
before and after Pd(Il) addition, (2) simultaneous electrode respiration and soluble Pd reduction
over time, and (3) biofilm-localized Pd NP synthesis. Utilizing electroactive microbes for the
controlled synthesis of NPs can enable the self-assembly of novel cell-nanoparticle biohybrid
materials with unique electron transport and catalytic properties.

Keywords: Biofilms; Biomineralization; Palladium nanomaterials; Biohybrid materials;
Microbial electrochemistry; Extracellular electron transport

Synopsis
Simultaneous electrode respiration and soluble Pd reduction by G. sulfurreducens biofilms enables
biofilm-localized Pd(0) nanoparticle formation.

Introduction

Electroactive microbes can couple the oxidation of organic electron donors to the respiration of
external solid minerals as well as electrode surfaces inaprocess referred to as extracellular electron
transport (EET)*2. To overcome the hurdle of electron transport at this biotic-abiotic interface,
these microorganisms utilize a series of multiheme cytochromes that carry charge from the inner
membrane to the outer membrane, and then ultimately to external surfaces®®. In the model
electroactive bacterium Geobacter sulfurreducens, a suite of inner membrane, outer membrane,
and excreted cytochromes enable it to perform EET with a variety of external electron acceptors
11 When cultivated on electrode surfaces, individual G. sulfurreducens cells form current
producing biofilms tens of microns thick, with these biofilms being made up of on the order of
tens of cell layers, with the ability to produce up to approximately 1 mA/cm? of current 2. In
addition to electrode respiration and cultivation, G. sulfurreducens is reported to also be capable
of using its multiheme cytochromes to reduce metal ions such as soluble Pd for the
biomineralization of elemental Pd nanoparticles (NPs) 1317,

Pd nanomaterial synthesis specifically is of interest as Pd serves as an important catalyst
harnessed for decades by pharmaceutical and agricultural industries to produce technological
relevant chemicals'®. Additionally, because of the waste runoffs of such industries, soluble Pd
reclamation is of environmental interest as its recollection limits its toxic presence in the
environment and enables the reuse of Pd catalysts'®. However, current solid-state and chemical
methods for Pd synthesis and reclamation remain energy intensive and give off hazardous chemical
waste biproducts®®2°, In contrast, electroactive microbes can interact with a diverse range of metal
and chalcogen ions, for energy generation and detoxification, leading to the precipitation of
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technological relevant nanomaterials, including Pd nanoparticles by G. sulfurreducens, under
physiological temperature, pressure, and pH?-2%. Thus, biomineralization does not require
expensive fabrication equipment, harsh environmental conditions, nor does it produce the harmful
chemical waste of traditional solid-state and chemical fabrication methods 2°2¢. Semiconductor
nanomaterials biomineralized by electroactive microbes have recently been harvested and used in
the fabrication of functional field-effect transistors, while metallic biofabricated nanoparticles
have been used as catalysts to drive industrially relevant chemical processes 2?7, Electroactive
microbes used in some previous biomineralization work have also been genetically modified,
allowing experimenters to tune the morphology and optical properties of biomineralized
semiconductor nanomaterials 222°, So far, with a few exceptions, many biomineralization studies
using electroactive microorganisms have been performed with planktonic cell cultures, where
individual cells are free floating in media, rather than in biofilm containing cultures®. Specifically,
to the best of the authors’ knowledge, all previous studies of Pd NP synthesis by G. sulfurreducens
have focused on planktonic cells?22°, More recently, utilizing Shewanella oneidensis, another
electroactive model organism, biofilm-localized Pd nanomaterial formation was used for the
construction of self-assembled hybrid Pd-cell biomaterials capable of catalyzing chromium
reduction for water detoxification. This work highlights the importance of biofilm-localized NP
synthesis for localized material formation in biohybrid film synthesis. The study also discusses
how biofilms, which are more robust in the face of toxins than single cells, could enable higher
NP production rates by protecting the biomass from the toxic effects of metal ions during material
synthesis3!32,

Building on previous works that harnessed planktonic G. sulfurreducens cells for
nanomaterial synthesis, we characterize the soluble Pd reduction capabilities of actively electrode-
respiring G. sulfurreducens PCA biofilms for the first time for the self-assembly of a biohybrid
cell-Pd nanomaterial film. In bioelectrochemical reactors, biofilms were cultivated on graphite
working electrodes (WE) and on Au interdigitated array (IDA) WEs. Cyclic voltammetry (CV)
scans were performed at various time points to show the viable electrochemical activity of the
biofilms before and after Pd(Il) addition. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was used to monitor the soluble Pd concentration over time in these
reactors and in relevant controls to show G. sulfurreducens biofilms were indeed capable of
simultaneously respiring WEs and reducing soluble Pd. And finally, scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) was used to confirm that after the addition of
Pd(Il) into G. sulfurreducens reactors, precipitated Pd NPs were localized to the surface of biofilms
cultivated both on graphite and Au IDA WEs, leading to the creation of a biohybrid cell-Pd
nanomaterial film. This work adds to the collection of very few studies investigating the
biomineralization capabilities of electrode-respiring biofilms. The resulting self-assembled
biohybrid materials may be able to be used for their possible unique electrical or catalytic
properties. Additionally, by taking advantage of other cell localization strategies, moving forward,
biofilm patterning and biofilm-driven biomineralization could be combined for the spatially
controlled deposition of biogenic nanomaterials in more complex geometries.

Experimental Section

Cell growth protocols. From a frozen dimethyl sulfoxide (DMSO) stock, Geobacter
sulfurreducens PCA was streaked out onto plates of semisolid (1% agar, v/v) defined medium
(referred to as NB medium), with added 20 mM sodium acetate and 40 mM fumaric acid, under
an N2/COz/H, (75:20:5) atmosphere in an anaerobic chamber (Bactron 300, Sheldon
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Manufacturing Inc.) and incubated at 30°C. NB medium supplemented with fumaric acid and
sodium acetate is referred to as NBFA. NB medium supplemented with only acetate is referred to
as NBA. Under the N2/CO./H; atmosphere of an anerobic chamber, single colonies were plucked
from the streaked plates and were used to inoculate microcentrifuge tubes containing 1 mL of
NBFA. The microcentrifuge tubes were then incubated at 30°C. Once thick red clouds of cells
were observed in the microcentrifuge tubes, typically after about three days of incubation, the
contents were transferred to sterile, anaerobic serum tubes containing 10 mL of NBFA, referredto
as NBFAL. Newly inoculated NBFAL tubes were removed from the anaerobic chamber and placed
in a 30°C incubator with no agitation. Growth was measured in the serum tubes by the culture
optical density at 600 nm (ODegoonm) using a spectrophotometer (VWR V-1200
Spectrophotometer). At stationary phase, about ODsgonm: 0.7, 1 mL of each NBFA1 was used to
inoculate a second set of sterile, anaerobic serum tubes containing 10 mL NBFA, referred to as
NBFA2. NBFA2 tubes were incubated at 30°C with no agitation and at late log phase, about
ODsoonm: 0.6, 10 mL of the NBFA2 tubes were used to inoculate sterile, anaerobic reactors already
containing 10 mL of NBA, for a final inoculated reactor volume of 20 mL.

Defined NBFA media recipe. Per liter, the defined NB medium consisted of 0.38 g KClI, 0.2 g
NH4CI, 0.069 g NaH;PO4-H,0, 0.04 g CaCl,-2H,0, 0.2 gMgS0O4-2H,0, and 10 mL of trace
minerals mix. Per liter, the trace mineral mix contained 1.5 g C¢HsNNazOs, 0.1 g MnCI2-4H,0,
0.5 g FeS04-7H20, 0.17 g CoCl;-6H,0, 0.1 g ZnCl;, 0.03 g CuSQO4-5H,0, 0.005 g
AIK(S04),-12H,0, 0.005 g H3BOs3, 0.09 g NazMo0Q4, 0.05 g NiCly, 0.02 g NaWO,-2H20, and
0.10 g Na2SeO,. The medium was adjusted to a pH of 6.8 with NaOH before 2.0 g of NaHCO3
was added. All serum tubes and bottles used in G. sulfurreducens experiments were degassed using
N2/CO; (80:20), passed over a heated copper column to remove trace oxygen, for ten minutes
(tubes) and 30 minutes (bottles) before being sealed with butyl rubber stoppers and autoclaved.

Bioelectrochemical reactor construction for anaerobic electrochemistry.
The bioelectrochemical reactor (referred to just as reactor) design used in this work was adapted
from the G. sulfurreducens reactors used in the Daniel Bond Laboratory at the University of
Minnesota-Twin Cities3:. The reactors consisted of glass cones (BASi MF-1084) where their
openings were sealed between custom polyether ether ketone (PEEK) plastic rings and lids. The
lids contained electrode, gas exchange, and sampling ports. The lids were screwed shut with rubber
O-rings sandwiched between the lids and the rim of the glass cones to maintain an airtight seal.
The reference electrode (RE) connections consisted of glass tubes (6-8 cm long, with a 4 mm outer
diameter) with porous glass frits heat sealed to the ends and with syringes, without their plungers,
connected to the other ends. The counter electrodes (CEs) consisted of Pt wires (at least 2.5 cm
long, with a 0.25 mm diameter) with one end sealed within glass tubes and soldered, inside the
glass, to copper wires extending out of the other end of the tubes. Two different types of working
electrodes (WEs) were used. For assessing the initial capabilities of G. sulfurreducens to remain
electrochemically active following Pd(Il) addition and to simultaneously respire an electrode
surface and reduce soluble Pd, polished graphite electrodes were used, with surface areas of 3 cm?2.
To confirm biofilm-localized Pd nanoparticle formation could occur when G. sulfurreducens was
grown on a different type of electrode, Au interdigitated array (IDA) electrodes (ALS Japan
012125), with a surface area of 0.026 cm?, were also used as the reactor working electrodes (WES).
Graphite electrodes were polished on each face with 1500 grit sandpaper and then sonicated
in DI water at least three times for ten minutes. The spent DI water was exchanged for fresh DI
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water between each sonication. WE connecters for the polished graphite were constructed in the
same way as the Pt CEs, except a Pt loop was exposed at one end of a glass tube instead of a free
hanging Pt wire. After sonication, the graphite electrodes were screwed onto the Pt loops of the
WE connectors through a hole in the electrodes, using nylon nuts (Grainger model: 4AGF1) and
bolts (Grainger model: 4DFJ6). The Au IDAs consisted of 65 pairs of interdigitated electrode
fingers where each pair was separated by a 5 um gap and each electrode finger was 10 um wide
and 2 mm long. The IDA electrodes, except for the interdigitated area and the contact pads, were
passivated with a polymer layer. To wire the IDAs, the exposed ends of two thin, insulated copper
wires were silver painted (Product number: 16035 TED PELLA, Inc.) onto the two WE contact
pads of the IDAs. Then, the contact pad area was sealed with insulating resin (3M Scotchcast
Flame-Retardant and Electrical Insulating Compound 2131).

The PEEK parts and the glass cones for the reactors were soaked in 4 M HCI for at least
24 hours and then rinsed in DI water before being used. O-rings and plastic gas inlet and outlet
fittings were rinsed and then soaked in DI water for at least 24 hours before being used. Assembled
reactors, with the RE connectors removed, were filled alternatingly with1 M NaOH and then 1 M
of HCI. This was done three times for each solvent, with a ten-minute soaking time. The RE
connectors were then inserted into the reactors prior to the final 1 M HCI soak. The reactorswere
then rinsed and filled with DI water, lightly sealed, and then autoclaved. For experiments using
the Au IDAs as working electrodes, the electrodes were left out of the above cleaning and
sterilization procedure. To sterilize the IDAs, they were carefully dipped into 10% bleach for 10
seconds such that only the interdigitated area of the IDAs were submerged. Then, the interdigitated
area of the IDAs was dipped into sterile DI water for 20 seconds. Finally, the entire IDA electrode,
including the part covered in resin, was rinsed with sterile DI water. The IDA wires were also
wiped with sterile DI water. At a laminar flow bench, after autoclaving, the reactors were opened
and the cleaned and wired IDAs were carefully inserted in. The reactors were then resealed.

After sterilization, and after WE insertion in the cases where the IDAs were used, a solution
of 1 % agar and 0.1 M Na,SO, was heated and then carefully added into the RE connectors using
a long metal needle, to act as a salt bridge. Once the salt bridge solidified, 1 mL of 1 M Na;SO4
was added on top of it. The DI water in the reactors was removed through the sampling port and
10 mL of sterile, anaerobic NBA medium was added to each reactor. The reactors were then set to
purge with N2/CO; (80:20) flowing over a heated copper column to remove trace oxygen. The gas
also passed through a 0.2 um filter and an anaerobic (N2/CO), sterile DI water containing
humidifier serum bottle before entering each reactor. A consistent flow of N2/CO- through the
reactors was maintained for the duration of all electrochemical experiments.

Microbial electrochemistry and Pd(Il) addition workflow. Microbial electrochemistry was
used to investigate whether G. sulfurreducens biofilms could remain electrochemically active
following Pd(Il) addition and if they were capable of simultaneously respiring an electrode and
reducing added Pd(Il). Once N2/CO; had been flowing through the reactors for at least an hour, 1
M KCI Ag/AgCl reference electrodes (RES) were rinsed with ethanol and DI water and then placed
into the 1 M Na,SO, electrolyte on top of the salt bridges in each reactor RE connector. Note: all
potentials listed in this manuscript are vs 1 M KCI Ag/AgCl unless stated otherwise. A four
channel Squidstat potentiostat (Admiral Instruments, Inc.) was used for all chronoamperometry
(CA) measurements and for cyclic voltammetry (CV) measurements performed on the graphite
electrode reactors. Sterile, cell-free NBA medium cyclic voltammetry (CV) scans were performed
on each graphite electrode reactor after they achieved a sufficiently anaerobic environment. In the
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case where IDA working electrodes were used, sterile, cell-free NBA medium electrochemical
gating scans were performed, instead of CV scans, using two Gamry Reference 600 potentiostats
linked with a synchronization cable and operating in bipotentiostat mode. CA scans were started
immediately after the cell-free CV scans. For all CV scans, the working electrodes (WE) were
scanned between -0.650 V and 0.350 V for three cycles at a scan rate of 1 mV/sec. For the case
where IDAs working electrode were used, the same parameters were used, except there was a 20
mv gating offset applied between the two electrodes. For all CA scans, the WE potentials were
held fixed at 0.3 V. For the case where IDAs were used as the working electrodes, the two WEs
were shorted together and held at 0.3 V during the CAs. Once CA current reached a steady
background value in sterile, cell-free NBA media, the reactors were inoculated with 10 mL of late
log G. sulfurreducens. For graphite electrode biofilm cultivation, reactor stir bars were set to about
1000 RPM and leftstirring during all CV scans. For the IDA electrode biofilm cultivation, stir bars
were set to about 200 RPM and were turned off during gating scans as the stirring affected the
measurement.

Inductively coupled optical emission spectroscopy (ICP-OES) for monitoring soluble Pd
reduction. ICP-OES samples were collected from reactors and sterile media bottle control
experiments over time to monitor soluble Pd reduction. One to two mL of solution was removed
periodically from the reactors or bottles after the addition of 0.5 mM Na,PdCl,, with the first
sample being taken immediately after the addition of Pd(Il). The removed samples were then 0.2
um filtered, placed into cryovials or microcentrifuge tubes, and then frozen at -20°C to prevent
unwanted chemical reactions from occurring before the ICP measurements could be made. Before
ICP measurements, the samples were thawed at room temperature and then suspended in 5% HCI.
A series of standard soluble Pd concentrations spanning the range of concentrations expected were
created by diluting a stock ICP standard Pd solution (Product number: 77091 Millipore Sigma).
All samples and standards were suspended in a final concentration of 5% HCI to ensure the Pd
was soluble and matched the HCI concentration of the undiluted stock ICP standard Pd solution.
A Thermo Fischer iCAP 7400 ICP-OES was used for all these measurements.

Scanning electron microscopy and energy dispersive spectroscopy for the observation and
elemental analysis of biofilm-localized palladium nanomaterial formation. To confirm
biofilm-localized Pd nanoparticle formation, scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS), were used. All biofilm-electrode SEM and EDS samples
underwent a series of ethanol dehydrations followed by critical point drying so that the cells did
not deform under vacuum. Working electrodes (WEs) were submerged in 25% ethanol for 15
minutes, 50% ethanol for 15 minutes, 75% ethanol for one hour, and 100% ethanol for at least 15
minutes. The WEs were then subjected to critical point drying using a Tousimis Autosamdri-815.
Imaging was performed with either a JEOL JSM 7001F SEM or an FEI Nova NanoSEM 450.
Elemental analysis was performed with a JEOL JSM 7001F SEM using an accelerating voltage of
9 kV and a probe current of 12.

Results and Discussion
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Figure 1. Representative chronoamperometry and cyclic voltammetry, of a triplicate set, taken before and after Pd(ll)
addition to the G. sulfurreducens reactors. (A) Chronoamperometry shows current production throughout the biofilm
cultivation and Na2PdCl, addition experiment. Workflow is identified by number markers. (B) Cyclic voltammetry
shows that while current production changes throughout the Pd(Il) addition experiment, the electron transport at the
electrodes observed in (A) is metabolic in nature, with the midpoint potential of the voltammograms occurring at the
formal potential of outer membrane G. sulfurreducens cytochromes. Markers in (B) correspond to the time points
marked in (A) when those voltammograms were taken.

G. sulfurreducens biofilms can retain electrochemical activity following Pd(I1) addition. To
determineif G. sulfurreducens biofilms remained electrochemically active following the addition
of Pd(Il) to reactors, we first cultivated cells in anaerobic reactors on graphite working electrodes
(WEs) with the electrodes acting as the sole electron acceptors inthe culture. Chronoamperometry
(CA) was performed to monitor the current produced by the cells as the biofilms formed on the
WEs. In a CA scan, the potential of a working electrode in an electrochemical reactor is held at a
fixed potential that is favorable for electron transport between an electroactive microbe and the
WE, allowing for electrode cultivation®3. Here, current was used as an approximate indicator of
cell viability and biofilm growth 33-3%, As current production began to plateau, cyclic voltammetry
(CV) scans were performed to assess the electrochemical activity of the biofilm prior to adding
Pd(Il). Ina CV scan, the potential of the WE inan electrochemical reactor is swept across a defined
range while current is measured at the WE, giving mechanistic information about the WE electron
transport3336, About 24 hours after adding Pd(ll), a CV scan was performed again to assess the
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activity of the biofilm following the expected reduction of the added Pd(Il). A Pd-free media
exchange was then performed to see if any toxic affects experienced by the biofilm after the Pd(l11)
addition step could be removed. A final CV scan was then performedto assess the activity of the
biofilm after the media exchange. A simplified workflow overview is listed on the right in Figure
1A.

In Figure 1A, in between markers 1 and 2, we observed an exponential increase in current
after inoculation, indicating an exponential phase in cell growth and biofilm formation at the WEs.
At the time point indicated by marker 2, the green CV scan in Figure 1B shows the expected
metabolic activity of G. sulfurreducens biofilms as they respire the provided electrodes to gain
energy. Here, the observed sigmoidal shape of the CV indicates acetate (electron donor) oxidation
is couple to electrode (electron acceptor) respiration®’. Additionally, the green CV scan confirms
that the electrode respiration is occurring at the formal potential of the G. sulfurreducens
extracellular electrontransport (EET) proteins as the center of the wave shaped portion of the plot
is around -400 mV vs 1 M KCI Ag/AgCI®. In Figure 1A, after the addition of Pd(Il) at marker 3,
current was observed to first sharply decrease and then to slowly decrease over 24 hours to
approximately 10% of the original value. With the known initial added Pd(Il) concentration and
the time for complete soluble Pd reduction (Figure 2), and assuming the soluble species is Pd(ll),
the amount of current needed for this reaction was calculated to be on the order of 600 uA, roughly
75% of what the biofilm was producing just prior to the Pd(Il) addition. This indicates that the
immediate loss in current observed upon Pd(ll) addition could be due to the soluble Pd acting as
an alternate electron sink. However, since there is also a persistent loss in current lasting many
hours after the complete reduction of the soluble Pd, there could be an additional toxic effect of
the soluble Pd on the biofilm, as metal ions can be harmful to microbes above certain quantities
which vary by organism 394°, Thus, the addition of Pd(Il) into the reactors resulted in a dramatic
loss in electrochemical activity that could either be due to the soluble Pd acting as an alternate
electron sink or due to inhibition of activity. Since 10 mM of sodium acetate was added to the
reactors along with the Pd(Il), the observed drop in current was not due to electron donor
limitation. The blue CV scan in Figure 1B taken 24 hours after Pd(Il) addition and immediately
before the media exchange still shows that electrode reduction is taking place at the formal
potential of the cells’ EET proteins, however, the decrease in current magnitude reflects the
hinderance in EET seen between markers 3 and 4 in Figure 1A.

After the media exchange at marker 4 in Figure 1A, current was observed to increase
exponentially. This increase in current as well as the CV scan performed at marker 5 in Figure 1A
and displayed in red in Figure 1B shows that the media exchange was able to restore the
electrochemical activity lost after the addition of Pd(ll). This recovery following a media exchange
shows that the soluble Pd-associated inhibition in biofilm current production did not cause long-
term issues in electrochemical activity. Here, the implementation of electrochemistry enabled a
real-time readout of cell activity before and after Pd(I1) addition, allowing us to observe how cells
were affected by the soluble Pd and the subsequent media exchange. From our results, we show
that G. sulfurreducens biofilms can recover electrochemical activity following Pd(Il) addition.
Additionally, as discussed in the introduction, the data suggest that our biofilms acted to protect
the cells after Pd(Il) addition, albeit with reduced activity, allowing for the observed recovery
following a change to more favorable conditions.
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Figure 2. Soluble Pd concentration measured over time via inductively coupled plasma optical emission spectroscopy
(ICP-OES) in sterile NBA media, in a cell-free reactor with sterile NBA mediaand a poised working electrode (WE),
and in an electrochemical reactor where a biofilm was cultivated on the electrode. The soluble Pd concentrations
displayed at each time pointare an average of a triplicate set and the error bars represent the standard deviation of that
triplicate set. 0.5 mM Na2PdCl4, approximately 50 ppm, was added to each condition andthe first time point was taken
immediately after the addition of the Pd(Il).

G. sulfurreducens biofilms are capable of simultaneous electrode respiration and soluble Pd
reduction. Between the timepoints indicated by markers 3 and 4 in Figure 1A, small volumes of
solution were periodically taken from G. sulfurreducens reactors after the addition of 0.5 mM
Na,PdCl4 to monitor the concentration of soluble Pd as a function of time via inductively couple
plasma optical emission spectroscopy (ICP-OES). As controls, 0.5 mM Na,PdCl4, was added to
sterile media in anerobic bottles and to sterile, cell-free reactors with the WEs held at the biofilm
cultivation potential of 0.3 V. The initial concentration of 0.5 mM Na,PdCl, is roughly equal to
50 ppm of Pd(I1). In the control experiments, small volumes of the solution were also periodically
removed to monitor the soluble Pd concentration over time, also via ICP-OES. These cell and cell-
free soluble Pd reduction measurements were performed in triplicate. In Figure 2, while there was
an initial drop in soluble Pd concentration observed in all cases, only for the case where a biofilm
was present was there a complete reduction of the added soluble Pd over time. In the two control
cases, after the initial concentration drop, the concentration of soluble Pd remained roughly
constant over the same timescale during which the biotic condition removed the soluble Pd. The
initial drop in concentration could be due to some abiotic reduction of soluble Pd by media
components. Since the biofilm-based soluble Pd reduction took place while partial current
production was still observed in the chronoamperometry and since metabolic electrode reduction
could be observed in the cyclic voltammogram after soluble Pd removal, we conclude that G.
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sulufurreducens biofilms are capable of simultaneously respiring electrodes and reducing soluble
Pd in solution. In a previous study where planktonic G. sulfurreducens were used for Pd NP
synthesis, NPs were separated from cell cultures following synthesis and the cells were reused in
Pd NP synthesis®®. Since we show that our biofilms recover electrochemical activity following
soluble Pd reduction, they could similarly potentially be used in subsequent soluble Pd removal
experiments.
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Figure 3. Representativescanning electron microscopy (SEM) and an energy dispersive spectroscopy (EDS) spectrum
for G. sulfurreducens biofilms following biogenic soluble Pd reduction. (A) Zoomed outand (B) zoomed in SEM
image of G. sulfurreducens grown on a graphite electrode with added Pd(I1). The Pd NPs, some identified with red
arrows, appear as white spheres unevenly peppering the biofilm. (C) Zoomed out and (D) zoomed in SEM image of
G. sulfurreducens grown on an Au interdigitated array (IDA) electrode. The Au bands of the IDA can be seen to the
left of the biofilmin (C). In (D), spherical Pd NPs can be observed, some identified with red arrows, encrusting the
cellsin the biofilm on the IDA. (E) A different location of the same biofilm shown in (C) and (D) where the EDS
spectrum (arbitrary unit y-axis) shows that Pd is present throughout the surface. (A) Scale bar is 5 um. (B) Scale bar
is 1 um, (C) Scale bar is 50 um. (D) Scale bar is 2 um. (E) Scale bar is 50 um.
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Biofilm-based soluble Pd reduction enables localized Pd(0) nanoparticle biomineralization.
Following the electrochemical measurements, the working electrodes (WEs) were analyzed via
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) to confirm
biofilm-localized Pd nanoparticle formation resulting from the soluble Pd reduction by the G.
sulfurreducens biofilms. In both the graphite and IDA experiments, a dense biofilm was observed
on the WEs (Figure 3A and 3C). This is expected as G. sulfurreducens is known to form tens of
microns thick biofilms on electrode surfaces 2. In these images, Pd nanoparticles (NPs) appear as
bright white precipitate and can be observed decorating the cells within the biofilms. Zoomed in
images show that some of these precipitate-crusted cells are completely covered in NPs with
diameters on the order of less than 10 nanometers (Figures 3B and 3D). These images confirm that
the biofilm-based soluble Pd reduction observed in the results of the previous section resulted in
biofilm-localized Pd NP precipitation. However, in these images, an uneven distribution of Pd NPs
can be seen, with some cells completely covered in nanomaterials while some are uncovered or
sparsely covered. This could be due to uneven activity of cells on the biofilm surface, as seen in
experiments that mapped metabolic activity of G. sulfurreducens cells as a function of their
position in electrode grown biofilms 2. Biofilm roughness at the solution-facing surface as well
as the ability of soluble Pd to diffuse to that biofilm surface could have resulted in varied soluble
Pd exposure at the cell-solution interface.

To confirm the presence of Pd more directly, EDS was used to perform elemental analysis
on a precipitate crusted IDA grown biofilm. An EDS spectrum was collected from a large, about
200 um by 300 um, region of the IDA grown G. sulfurreducens biofilm (Figure 3E). From the
EDS spectrum, Pd was detected in the scanned region of the biofilm. The additional elemental
peaks observed (e.g. C, N, O, and P) are expected as they are essential building blocks of living
organisms as well as essential components of the growth media 4. These results further confirm
that Pd NP formation did occur at the biofilm surface and that it occurred over a large region of
the biofilm. Following the electrochemistry and ICP-OES results, our SEM and EDS analysis
confirm the biogenic synthesis of Pd nanoparticles by electrode cultivated biofilms enables
localized nanomaterial formation on cells.

Conclusions

From our electrochemical measurements, we showed that G. sulfurreducens biofilms were capable
of simultaneously respiring WEs and reducing soluble Pd, where partial EET capability was
observed after Pd(Il) addition and full EET capability was restored following a media exchange.
Additionally, we showed that the biofilm presence within the electrochemical reactors is required
for the complete removal of the added Pd(Il). Finally, from our electron microscopy results, we
showed that following soluble Pd reduction, Pd NPs had precipitated onto the surface of G.
sulfurreducens biofilms cultivated on either graphite or Au interdigitated array (IDA) WEs,
confirming biofilm-localized nanomaterial biomineralization. With these results, we expand on
what little work has been done on electroactive biofilm-based metal ion reduction and
biomineralization. This work has applications in localizing biomineralized nanomaterials for the
construction of hybrid metal-cell biomaterials for potential uses in catalysis®'. With localized Pd
NP biomineralization observed on a G. sulfurreducens biofilm cultivated on an IDA, this process
could also be used for biofilm doping with potential applications in modifying the conduction and
catalytic activity of biofilm-based microbial electrochemical energy systems#243, Additionally,
combining the biofilm-based controlled nanomaterial synthesis discussed here with biofilm
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patterning techniques could enable the biogenic deposition of nanomaterial or cell-nanomaterial
films in complex geometries**. Finally, with the G. sulfurreducens biofilms remaining
electrochemically active following Pd(Il) addition and biomineralization, these biofilms could
ostensibly be used for repeated soluble Pd removal as planktonic G. sulfurreducens cells have been
used in previous works*3. Thus, such work opens the door to multiple avenues of investigation into
fundamental and applied sustainable microbial-based technologies.
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