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Abstract—This paper reports the simultaneous synthesis of gold nanoparticles (AuNPs) with a spherical and stable
structure using microbial fuel cell (MFC) biofilms. The green, facile, chemical stabilizers and capping-agent free AuNPs
synthesis allow the binder-free in situ decoration of AuNPs on MFC anode electrode with the help of special interac-
tions of biofilm. The MFC with AuNPs decorated carbon foam anode electrode produced 62.5% higher (46.37 Wm %)
power density than that of the MFC equipped with plain carbon foam anode (control). The AuNPs facilitated the good
adhesion of bacteria, amplified the conductivity, and reduced the internal resistance, resulting in improved overall MFC
performance. In addition, the peroxide-mimicking activity was evaluated and the MFC-synthesized AuNPs exhibited
significantly higher peroxidase mimicking activity than the chemically synthesized AuNPs, thereby, allowing the easy
and rapid colorimetric detection of hydrogen peroxide with a detection limit of 20 uM.
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INTRODUCTION

The use of fossil fuels has resulted in global warming and the
production of huge amounts of waste materials. The large consump-
tion of energy to treat industrial and domestic wastewater is a matter
of concern. Approximately 4% of the total electricity produced in
the USA is utilized in the entire process of water treatment [1].
Therefore, alternative energy sources, such as biological renewable
energy, can save energy and make the process environmentally sus-
tainable. A microbial fuel cell (MFC) is a bio-electrochemical device
that can convert chemical energy to electrical energy by consum-
ing organic substances through micro-organism activity. This pro-
cess can become an advanced renewable energy technology because
the microbial metabolism reduces the organic pollutants and pro-
duces electricity simultaneously. MFCs are a fascinating topic of
research, because of the potential applications, such as wastewater
treatment, energy production, synthesis of noble materials, desali-
nation of seawater, and remote sensors [2-5].

Although MFCs are an attractive technology, the production of
energy by MFCs is still too low compared to other types of fuel cells
due to ohmic losses and higher internal resistance [6]. Therefore,
systematic research is needed to overcome the barrier and explore
its multiple applications. Anode material used in an MFC plays a
vital role in power production. Therefore, modification of the anode
by increasing the electrical conductivity and biofilm growth on its
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surface is an attractive research topic [7]. Metal nanoparticles are
considered excellent catalysts to modify electrode surface. Com-
pared to other metal nanoparticles, gold nanoparticles (AuNPs)
exhibit the highest stability, good biocompatibility, high surface to
volume ratio, surface energy, and excellent conductivity. Accord-
ingly, AuNPs are used extensively to enhance the anode perfor-
mance of MFCs [8,9]. Guo et al. and Alatraktchi et al. reported the
modification of anode by AuNPs and found a significant increase
in the power output as compared to unmodified anode [9,10]. All
of the methods used for AuNPs modification are expensive and
multi-step utilizing chemical as a binder that blocks the active area
of nanoparticles. Therefore, in this work, a simple simultaneous syn-
thesis method of AuNPs in MFC and its in situ decoration on an
electrode by biofilm was employed and the result was investigated
by standard techniques.

AuNPs possess unique properties and have multiple applications,
such as drug delivery, biolabeling, biosensing, medical diagnostics,
and cancer radiotherapy [11,12]. Although AuNPs can be produced
by a wide range of methods, research is still being conducted to
allow easy production and obtain products suitable for sensitive
applications. The chemical synthesis method uses high tempera-
tures, pressures, and toxic chemicals as reductants, stabilizers, and
capping agents [13]. Therefore, it is essential to develop a biogenic
synthesis method for green chemistry and to avoid expensive haz-
ardous chemicals. Generally, plants, algae, bacteria, and fungi are
used as the reducing and stabilizing agents for green synthesis [14-
17]. Each method provides different AuNPs with a range of prop-
erties in terms of particle size and surface charge. Metal-reducing
bacteria Shewanella oneidensis MR-1 (S. oneidensis) can provide elec-
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trons to synthesize AuNPs that are highly stable, hydrophilic, and
homogeneously shaped [18]. S. oneidensis also generates excess elec-
trons and protons during MFC operation to produce electricity [19].
In addition, S. oneidensis multilayer aggregation to the electrode
produces biofilm and transfers electrons derived from organic sub-
stances. In this experiment, AuNPs were synthesized by an S. onei-
densis biofilm on the anode electrode of an MFC without using
any chemical capping and reducing agent. Moreover, the S. onei-
densis biofilms contain a matrix of “sticky” extracellular polymeric
substances (EPS) that can hold the AuNPs on its surface [20-22].
Therefore, an in situ coating of AuNPs on the anode with the help
of sticky EPS can be achieved together with the AuNPs solution.

AuNPs can provide rapid and simple colorimetric detection of
hydrogen peroxide (H,O,) by catalyzing the peroxidase substrate,
3,3,5,5-tetramethylbenzidine (TMB) [23]. The accurate and rapid
determination of H,O, is an important exercise often encountered
in pharmaceutical, clinical, food, environmental analysis, and indus-
trial laboratories [24,25]. Although colorimetric detection by AuNPs
is simple, the catalytic activities of AuNPs toward the peroxidase
substrate are dependent on its surface properties [23]. In this study,
the biogenic as-synthesized AuNPs were examined to determine
the intrinsic peroxidase-mimicking activity, compared to chemi-
cally synthesized AuNPs.

This study focused on the green synthesis of AuNPs by MFCs
along with their applications to the production of bioenergy and the
colorimetric detection of H,O,. To the best of the authors’ knowl-
edge, this is the first report of the simultaneous synthesis of AuNPs
by an S. oneidensis biofilm in an MFC anode and the in situ AuNPs
decoration of an anode for bioenergy production.

MATERIALS AND METHODS

1. Materials and Chemicals

Chloroauric acid (HAuCl,-4H,O) was procured from Wako Pure
Chemical Industries, Ltd., Japan. Hydrogen peroxide (H,0,), sodium
hydroxide (NaOH), and hydrochloric acid (HCI) were purchased
from Duksan Pure Chemical Co., South Korea. The peroxidase
substrate, 3, 3, 5, 5-tetramethylbenzidine (TMB), was supplied by
Sigma-Aldrich, Inc,, USA. All other chemicals were of analytical
grade and used as received. Deionized (DI) water was obtained
from a PURE ROUP 30 water purification system. Carbon paper
coated with a Pt catalyst (0.5 mg cm *) was purchased from Fuel
Cell Earth LLC, US.
2. Construction of MFC Reactor and Biofilm Development

Two sets of H-Type MFCs reactors were designed using 300
mL glass bottles (Corning Inc., NY, USA; 300 mL capacity) sepa-
rated by a proton exchange membrane (Nafion®117), as described
previously [26]. The membrane was clamped and fitted with rub-
ber gaskets. A piece of Pt coated carbon paper (2.5 cmx4.5 cm) was
used as the cathode and a three-dimensional nitrogen-doped car-
bon foam (2 cmx4 cmx0.5 cm) as the anode. The latter was pre-
pared using a procedure reported elsewhere [27]. Both electrodes
were connected with a titanium wire to complete the electrical cir-
cuit. The cathode chamber was filled with 250 mL of phosphate-
buffered saline (PBS) at pH 7 (NH,Cl 0.31g L™, KC1 0.13g L™/,
NaH,PO,2H,0 332 g L™, Na,HPO,-12H,0 1036 g L") and sparged
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with air continuously at 150 cm’min™" using an air pump. The MFC
setup and anode media, Luria Broth (LB), were autoclaved for 30
and 16 min, respectively, to eliminate contamination.

S. oneidensis strain were taken from —80 °C glycerol stock and
streaked onto LB agar plates, grown overnight at 30 °C. Single col-
ony was inoculated in LB broth in 250 mL flask and incubated
overnight at 37 °C with 250 rpm. Finally, S. oneidensis culture was
re-inoculated into the MFC anode chamber containing the LB
medium at a ratio of 1:100. During the experiment, a resistance
of 1,000 Q2 was provided to complete the circuit and the surround-
ing temperature was controlled to 30 °C. After two weeks of MFC
operation when the voltage became stable, the fully developed bio-
film attached to the carbon foam was used to synthesize the AuNPs.
Throughout the entire process, power generation was recorded using
a multimeter. All experiments were conducted in triplicate.

3. MFC-assisted Synthesis of AuNPs

After inoculation in anode chamber, S. oneidensis was attached
on the anode rough surface and colonized the open-porous scaf-
fold of carbon foam to form the biofilm. After two weeks of MFC
operation, stable voltage outputs were observed, indicating that the
biofilm was fully developed on anode electrode [28]. At that time
the anolyte was replaced with the gold precursor, a 1 mM HAuCl,-
4H,0 aqueous solution in 250 mL of DI water and kept under
magnetic stirring. Subsequently, sodium acetate (0.2 g) was added
to the solution as an electron donor with constant stirring. Within
9h, the initial yellow color began to change to purple. The reaction
mixture solution was stirred for a further 3 h to complete the reac-
tion. The as-synthesized AuNPs solution was then collected for
characterization.

Two controlled experiments were carried out to investigate the
role of the biofilm and sodium acetate in the AuNPs synthesis pro-
cess. In the first control, the MFC was assembled with a plain car-
bon foam anode and anolyte containing 1 mM HAuCl,-4H,0 and
0.2 g sodium acetate aqueous solution. In the second control MFC,
the biofilm developed on the carbon foam was used as the anode
and anolyte containing only a 1 mM HAuCl,-4H,0 precursor. No
color change was observed in both experiments during 12 hours
operation. This suggests that both the biofilm and sodium acetate
are involved in the synthesis of AuNPs.

4. MFC Performance using an AuNPs@carbon foam Anode

After complete synthesis of AuNPs in the MFC, the anode elec-
trode (AuNPs@carbon foam) was removed to assess its potential
for power generation in a new MFC. To explore the role of AuNPs
on the MFC performance, two sets of MFCs, one MFC with the
AuNPs@carbon foam anode and another MFC with plain carbon
foam anode (control), were set up simultaneously under the same
conditions. Both anode compartments contained 250 mL LB me-
dium inoculated with S. oneidensis. The cathode compartments
were filled with PBS 50 mM, pH 7 and commercial platinum-coated
carbon paper was used as the cathode.

5. Electricity Measurement

A digital multi-meter (Keysight 34972A, Keysight Technologies,
Inc., USA) connected to a personal computer was used to record
the DC voltage output during the experiment at 5min intervals.
After 14 days of continuous operation when the voltage had stabi-
lized, polarization curves were scanned by changing the external
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resistance from 100 to 6,000 Q2. The power (P=IV) output was cal-
culated from the data obtained from a Keysight 34972A and nor-
malized to the surface area of the anode.

6. Characterization of Biogenically Synthesized AuNPs

The surface plasmon resonance (SPR) of the AuNPs was mea-
sured by UV/Vis spectroscopy (Optizen 2120UV, Mecasys Co., Ltd,
Korea). The zeta potential was measured to determine the surface
charge by measuring the electrophoretic mobility using a Delta
Nano zeta potential (Beckman Coulter, USA). The nanoparticles
were examined by high-resolution transmission electron micros-
copy (HRTEM; Tecnai G2F20, FEI, USA) operating at an acceler-
ating voltage of 200kV equipped with an energy dispersive X-ray
(EDX) analysis system. Selected area electron diffraction (SAED)
images were recorded using the TEM instrument.

7. Characterization of AuNPs@carbon Foam

X-ray diffraction (XRD, PANalytical, X’pert-PRO MPD) was
carried out using Cu Ke radiation (4=0.15405 nm). The standard
compound JCPDS data file was used to compare the XRD data.
Scanning electron microscopy (SEM S-4800, Hitachi Ltd. Japan)
and EDX were used to further characterize the surface of the
AuNPs@carbon foam and confirm the existence of AuNPs in the
sample.

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were carried out using a potentiostat (Versa STAT 3,
Princeton Research, USA). A standard three electrode system with
a platinum plate as the counter electrode, Ag/AgCl in saturated KCI
as the reference electrode, and AuNPs@carbon foam or plain car-
bon foam as the working electrode was used for CV and EIS stud-
ies. Sterilized LB was used as the electrolyte and all experiments
were conducted at room temperature.

A biocompatibility test was performed by counting the colony-
forming units (CFU) on the electrodes to assess bacterial growth
on the anode materials [29]. Briefly, after 14 days of MFC opera-
tion, a plain carbon foam and AuNPs@carbon foam were removed
from the MFC and washed lightly to detach the loosely adhered

Biofilm

AuNPs@carbon foam

bacteria cells. A small portion of the electrode (1 cmx1cm) was
cut and sonicated for 5min in 10 mL of sterile phosphate buffer.
The bacterial suspension was then spread over the LB agar plates
and incubated overnight at 37 °C. The CFU was calculated after
counting the colonies on the agar plate. The experiment was con-
ducted under sterile conditions in duplicate.
8. Morphological Characterization of Electrodes

The surface morphology of the AuNPs@carbon foam and plain
carbon foam was examined by SEM. The analysis was conducted
after 14 days of MFC operation using the procedure described else-
where [30]. The anode-enriched biofilm was washed lightly with
the buffer solution (phosphate buffer pH=7) to remove the loosely
attached cells. The used anode was cut into small pieces, 0.4 cmx
0.4 cm in size, and incubated overnight at 4 °C in a buffer contain-
ing a 2.5% glutaraldehyde and 2% formaldehyde solution. Subse-
quently, the samples were washed with 0.2 M sodium phosphate
buffer and soaked in an osmium solution (1.5 mL of 0.2 M sodium
phosphate buffer, 3 mL of 2% OsO, and 3 mL deionized water) for
90 min. The samples were dehydrated with a graded series of eth-
anol (50, 70, 80, 90, 95, and 100%) in chronological sequence at
30 min intervals. The specimens were then incubated in amyl ace-
tate for 20 min and dried in a critical point dryer (HCP-2, Hitachi
Ltd., Japan). The samples were then coated with platinum for 90
seconds by ion sputtering (E-1030, Hitachi Ltd., Japan) for SEM
analysis.
9. Peroxidase-mimic Activity of Biogenic Synthesized AuNPs

The H,O, colorimetric detection protocol is described elsewhere
[31]. Briefly, 500 puL of 5 mM TMB, 200 pL of 6.58 nM AuNPs and
200 pL of H,0, at different concentrations (0.02 mM to 5 mM) were
mixed with 730 uL of 0.5M acetate buffer (pH 4). The solution
was incubated at room temperature for 5 min and the absorbance
was measured by UV/Vis spectroscopy. The peroxidase-mimick-
ing activity of biogenic-synthesized AuNPs (B-AuNPs) was com-
pared with that of chemically synthesized AuNPs using the Turkevich
method (C-AuNPs) [32]. The concentration of C-AuNPs was cal-
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Fig. 1. Schematic model of the synthesis of AuNPs in a MFC anode chamber.
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culated and presented in the supplementary information.
RESULTS AND DISCUSSION

1. Proposed Mechanism for the MFC-assisted Biogenic Syn-
thesis of AuNPs

Simple one-step green synthesis occurred at the anode biofilm,
which provided electrons from sodium acetate decomposition.
Sodium acetate oxidized to produce electrons and was used as the
organic electron donor [33]. The excess electrons reacted with chlo-
roauric acid and reduced Au™ ions to Au’, leading to AuNPs for-
mation. The formation of AuNPs in the anode chamber was in-
dicated by a yellow to purple color change within 12 h [16,34]. Fig.
1 presents a schematic model of the proposed AuNPs synthesis in
the anode chamber of MFC. The proposed method provides a
simple and one-step environmentally favorable approach that gov-
erns at room temperature without using toxic reducing agents.

The colloidal aqueous solution SPR was recorded by UV-vis
spectroscopy and showed a gradual increase in the SPR peak cen-
tered at 540 nm (Fig. 2), indicating the formation of AuNPs [35].
The absorbance spectra of the as-synthesized AuNPs was tested
every week and provided the same results, even after a one month
reaction. This means that there was no ageing effect or Ostwald rip-
ening of the nanoparticles. The nanoparticle suspension remained
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Fig. 2. UV-vis spectroscopy showing a peak at 540 nm indicating the
formation of AuNPs.

stable without agglomeration for several months. This suggests that
the as-synthesized AuNPs by the S. oneidensis biofilm in the anode
chamber of the MFC are quite stable.

Zeta-potential analysis of the as-synthesized AuNPs showed that
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A

Fig. 3. (a) TEM image of AuNPs (b) particle size distribution of the as-synthesized AuNPs, (c) selected area electron diffraction (SAED), (d)
HRTEM image with a d-spacing of 0.236 nm between the lattice planes.
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the nanoparticles were negatively charged (—12.4 mV). The nega-
tively charged AuNPs repel each other, which may prevent aggre-
gation and promote dispersion over the anode surface.

TEM (Fig. 3(a)) showed that the spherical AuNPs were almost
uniform and separated from each other. The mean size of the as-
synthesized AuNPs particles was 12.5+4.28 nm (Fig. 3(b)). SAED
revealed bright circular rings, suggesting the as-synthesized AuNPs
were highly crystalline (Fig. 3(c)). Fig. 3(d) presents an HR-TEM
image at 5 nm resolution, illustrating lattice fringes on the spheri-
cal AuNPs. The calculated d-spacing of 0.236 nm is related to the
(111) plane of the AuNPs (JCPDS card no: 04-0784, supported
XRD information).

2. AuNPs@carbon Foam Characterization

XRD and EDX of AuNPs@carbon foam were conducted to con-
firm that the AuNPs had decorated the carbon foam successfully.
XRD of the anode electrode with Cu Ko radiation (Fig. 4) con-
firmed crystalline AuNPs formation where sharp XRD peaks were
observed between 10-80° 26, The prominent peaks were assigned
to the (111), (200), (220), and (311) planes of face-centered cubic
(fec) gold, respectively (JCPDS powder diffraction file no 4-0784)
and other two planes (002) and (100) related to graphitic carbon
[36,37]. No other peaks were observed on the XRD pattern, indi-
cating carbon foam had been decorated successfully with extremely
pure AulNPs.

The EDX analysis of AuNPs revealed Au peaks, providing strong
evidence of the presence of AuNPs on the carbon foam (Fig. 5).
The percentage of AuNPs was estimated to be approximately 6.13%.

CKal 2
Fig. 5. Energy dispersive X-ray (EDX) analysis of the AuNPs@carbon foam anode (a)-(b), distribution of Au nanoparticles and carbon (c)-(d).
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Fig. 4. XRD patterns of carbon foam and AuNP-decorated carbon
foam.

The elemental mapping of AuNPs@carbon, presented in Fig. 5(d),
revealed uniform distribution of Au over the carbon foam sur-
face. The simultaneous synthesis and in situ decoration of AuNPs
on the carbon foam anode were attributed to the strong electro-
static attraction of the nanoparticles towards the bacterial outer
membrane [38]. Moreover, a collection of surface-attached micro-
bial cells is called a biofilm, providing sorptive sponge capability to
bind the AuNPs to its surface [39].
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Fig, 6. (a) Cyclic voltammograms at a scan rate of 10 mVs ', (b) Nyquist plot of the AuNPs @carbon foam and plain carbon foam anode. (c)

An equivalent circuit from the Nyquist plots.

3. Electrochemical Activity of AuNPs@carbon Foam

The electrochemical behavior of the AuNPs@carbon foam as
an electrode material was examined by CV and EIS. CV defines the
electrode characteristics, and EIS defines the solution conductivity
at a current collector, conductivity between current collector active
material, and active material electrolyte interphase. Fig. 6(a) pres-
ents the CV carried out at a scan rate of 10 mVs ™' within a poten-
tial window of —1.0 to 0.8 V. The CV curve of the AuNPs@carbon
foam showed a larger area than the plain carbon foam, suggesting
the modified carbon foam has higher charge storage capacity than
its counterpart [40].

These results indicate the rapid current response to voltage rever-
sal (small contact resistance) and reveal the higher capacitive behav-
ior of the electrodes. Therefore, the CV curves show an ovoid shape,
which could be attributed to the electrode-inherent resistance [41].

EIS of the AuNPs@carbon was performed to understand the
charge process and transport properties of the AuNPs, as shown
in Fig. 6(b). In general, the complex impedance plot is normally
obtained as Z, vs. Z,,, generated from the resistance and capaci-
tance component of the electrochemical cell. The data is fitted using
a fitting algorithm by a Randles-type equivalent circuit (supplemen-
tary information). The electrical equivalent circuits contain a solu-
tion resistance, a charge transfer resistance and a constant phase
elements (CPE) [42]. The latter represents double-layer capaci-
tance [43]. The EIS fitting data values are recorded in Table 1 and
the experimental values obtained from the impedance data. In a
Nyquist plot, the intercept on the Z,, axis represents the internal
resistance (R,) at the high frequency end, related to the ionic resis-
tance of the electrodes, intrinsic resistance of the substrate and con-
tact resistance between active material and current collector. The
values of R; of the AuNPs@carbon foam were lower than that of
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Table 1. Fitting circuit values from equivalent circuit to analyze the

Nyquist plots
Sample & R CPE
p Qem®) (Qcm®) (Q'sncm?)
Plain carbon foam 29.72 109.69 0.3514 0.73
AuNPs @carbon foam  17.08 66.58 0.3976 0.48

plain carbon foam. This significant decrease in R, accelerated the
electron transfer rate between the electrode and electrolyte. The
interfacial charge (R,,) is related to the semicircular diameter of the
materials and small diameter suggest lower charge transfer resis-
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£
L
© 90
-

*

= 60 -
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(&
30 A l
0

AuNPs@carbon foam Carbon foam

Fig. 7. Colony-forming unit (CFU) of S. oneidensis on AuNPs@car-
bon foam and plain carbon foam.
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tance. The AuNPs@carbon foam exhibited lower charge transfer
resistance indicating good conductivity resulting acceleration of elec-
tron transfer rate. The AuNPs decorated on the electrode increases
the conductivity, providing a larger active area for the colonization
of bacteria and therefore better electrochemical performance.

4. Biocompatibility and Surface Morphology Analysis

The biocompatibility of the plain carbon foam anode and
AuNPs@carbon foam was examined by counting the S. oneidensis
colony formation on these electrodes. Fig. 7 shows the difference
in CFU on the AuNPs@carbon foam and plain carbon foam. The
number of viable bacteria cells attached to the AuNPs@carbon foam
was 127+20x10° CFU c¢m ™, which was three times higher than
that to the plain carbon foam (42.3+24x10° CFU cm ). The higher
CFU on AuNPs@carbon foam provides evidence that the carbon
foam modified with AuNPs contained a larger number of bacte-
ria cells than the plain carbon foam.

Fig. 8(a) and 8(d) present SEM images of the surface morphol-
ogy of two different anodes after 14 days of MFC operation. The
structured community of bacterial cells was much higher (Fig. 8(c)
and (d)) on the AuNPs@carbon foam surface than on the plain
carbon foam (Fig. 8(a) and (b)), which is in accordance with the
biocompatibility result. S. oneidensis covered not only the entire
surface but also the internal pores of the 3D carbon foam. The
larger amount of bacterial attachment to the AuNPs@carbon foam
leads to better MFC performance. The surface roughness of the
electrodes is one of the important factors for bacteria adhesion.
Emerson et al. and Wei et al. reported that AuNPs decoration on
the anode enhances the surface roughness and subsequently pro-

vides good adhesion for bacterial colonization [7,44]. The good con-
ductivity of AuNPs was also reported to accelerate electron transfer;
hence, S. oneidensis can attach to the electrode and donate elec-
trons easily, which is helpful for enhancing biofilm growth on the
electrode surface [45]. Moreover, the increase in surface rough-
ness might have kept the bacterial colony adhered and prevented
the detachment of loosely attached bacteria.

5. MFC Performance during AuNPs Synthesis

After two weeks operation, when MFC-1 (plain carbon foam
anode) produced a stable voltage and biofilm formation was fully
developed, the anode media was replaced with the gold precursor
(MFC-2). During 12 hours of AuNPs synthesis, 33.92 Wm ™ maxi-
mum power generation under this condition was also observed.
Fig. S1 (see Supplemental Information) presents a graph showing
that MFC-1 achieved the maximum voltage (0.37 V) at 109.5 hours
operation, whereas MFC-2 produced the same value at 9.5 hours
operation, which was 11.5 times shorter than that of the first stage
of the MFC.

The shorter time could be due to the following reasons. (i) The
gold precursor, chloroauric acid (pH 4), provided more protons in
the solution, which may have passed through the proton exchange
membrane, leading to a higher current as well as reduced internal
resistance and higher proton flux. (i) The acidic conditions pro-
vide a better environment to grow more bacterial cells. This may be
one of the reasons for the improved MFC performance. Several
studies have examined how acidity influences the performance of
metal-reducing bacteria. Justin et al. reported that acidity increases
the S. oneidensis cell concentration [46]. Gaboriaud et al. also showed

Fig. 8. S. oneidensis MR-1 attached to the surface of the carbon foam anode (a)-(b) and AuNPs@carbon foam anode (c)-(d) after running the

MECs for 14 days.

Korean J. Chem. Eng.(Vol. 37, No. 7)
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Fig. 9. (a) Polarization curve, (b) Power curve of MFCs with plain carbon foam and AuNPs @carbon foam anode.

that decreasing the pH from 10 to 4 affects the adhesion and physiol-
ogy of Shewanella sp., which improves the rate of electron transfer
during power production [47].
6. MFC Performance of the AuNPs@carbon Foam Anode
After in situ decoration of carbon foam as the anode by AuNPs
(AuNPs@carbon foam) in the MFC-2, further AuNPs@carbon foam
was applied in the new MFC to monitor its efficiency in the power
generation application. Fig. 9 represents the polarization and power
density versus the current density of the AuNPs@carbon foam and
compares them with the plain carbon foam anode electrode. The
MEC with the AuNPs@carbon foam anode generated a maximum
power density of 47.37, which was approximately 1.6-times higher
than that MFC using the plain carbon foam anode. This suggests
that the AuNPs enhance the MFC performance. The open circuit
voltage (OCV) of both electrodes was similar (0.77 V), indicating
that they have similar activation resistance. The voltage of the car-
bon foam decreased rapidly compared to the modified carbon foam
(Fig. 9(a)), showing the losses by mass transport and ohmic losses
were higher in the case of the plain carbon foam [48]. The power
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density peak method was used to determine the internal resis-
tance and according to this method; the internal resistance is equal
to the external resistance when the power density reached its peak
[49]. During that time, the internal resistance of the AuNPs@car-
bon foam MFC was 500 QQ, whereas that of the control MFC was
1,000 Q2. The lower internal resistance of the modified electrode
resulted in higher MFC performance.
7. Hydrogen Peroxide Detection

The MFC-assisted biogenic synthesized AuNPs (B-AuNPs) was
used to catalyze the oxidation of the peroxidase substrate, 3, 3, 5,
5-tetramethylbenzidine (TMB), to detect H,O,. The detection prin-
ciple is reported elsewhere [50]. Briefly; the negatively charged AuNPs
electrostatically attract two amino groups present in TMB, showing
strong affinity with TMB as a reaction substrate [7]. The AuNPs
catalyze the oxidation of TMB in the presence of H,O,, resulting
in the formation of a blue-charge transfer complex in a very short
time and provides the maximum absorbance at 655 nm.

To compare the colorimetric detection with the as-synthesized
B-AuNPs, chemically synthesized AuNPs (C-AuNPs) were pre-

(b)

Fig. 10. UV-vis absorption spectra (a), as seen by a naked eye examination of the colorimetric detection of H,0,, (b) (left to right: as-synthe-
sized biogenic AuNPs (B-AuNPs+TMB+H,0,), citrate-capped AuNPs (C-AuNPs+TMB+H,0,) and in the absence of catalyst (TMB+

H,0,)).
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pared using trisodium citrate salts as a reducing agent according to
previously published protocols [51]. The blue color developed in the
presence of B-AuNPs+TMB+H,0, was darker and faster (5 min-
utes) than in the presence of C-AuNPs+TMB+H,0, (10 minutes),
while there was no color change in the absence of a catalyst in
TMB+H,0, solution (Fig. 10(b)). The UV spectra in Fig. 10(a) also
showed that the absorbance of B-AuNPs+TMB+H,O, was high-
est compared to the others. Therefore, the peroxidase-mimicking
activity of B-AuNPs is higher than that of C-AuNPs.

The rapid and sharp H,0, detection in the case of B-AuNPs
catalyst compared to C-AuNPs can be attributed to the following
factors. (i) The B-AuNPs were smaller (12 nm) than the C-AuNPs
(17 nm) providing a larger surface-to-volume ratio. The higher sur-
face area allowed more contact with the substrate, resulting in higher
performance [10]. (ii) The citrate cap covered the active sites of the
nanoparticles, which may have weakened the catalytic activity. Wang
et al. examined the catalytic performance of the C-AuNPs and re-
ported that the presence of citrate decreased the peroxidase-mim-
icking catalytic activity of the AuNPs [7].

A selectivity test was conducted by replacing H,O, with oxidants,
such as potassium ferricyanide (K;Fe(CN),) and dissolved oxygen
(DO), respectively. The absorbances of K;Fe(CN), and DO were
too low; almost negligible, indicating the high sensitivity and speci-
ficity of B-AuNPs for H,0O, detection accordance with previous
published result (see Supplemental Information, Fig. S2(a)) [28].
Fig. S2(b) shows the calibration curve of the absorbance at 655 nm,
where H,0, detection was linear in the range, 20 UM to 5mM,
indicating that the catalytic performance of B-AuNPs is depen-
dent on the H,O, concentration. According the above result, B-
AuNPs were found to be a suitable catalyst for the detection of
H,O, with a detection limit of 20 pM.

CONCLUSION

Highly stable negatively charged AuNPs were synthesized within
12h by S. oneidensis biofilm on the anode of an MFC. This sim-
ple and ecofriendly method provides chemical capping or stabiliz-
ing agent-free AuNPs synthesis as well as in situ decoration on the
anode electrode without a binder. The MFC with the AuNPs dec-
orated anode electrode produced 62.5% higher power density (46.37
Wm ) than the plain carbon foam electrode-equipped MFC. The
decoration of AuNPs on carbon foam increased the conductivity,
decreased the internal resistance, and enhanced biofilm formation
on the anode, thereby improving the MFC performance. More-
over, the biogenic as-synthesized AuNPs solution exhibited peroxi-
dase-mimicking activity and allowed the rapid detection of hydrogen
peroxide at very low concentrations (20 puM). This MFC-assisted
synthesis of AuNPs provides an opportunity for binder-free elec-
trode modification and to produce large scale, chemical-free AuNPs,
which can be suitable for sensitive biomedical applications, such as
drug delivery, phototherapy cancer detection, and other related fields.
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