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Investigation of Electron Transfer by Geobacter
sulfurreducens Biofilms by using an Electrochemical Quartz

Crystal Microbalance

Jerome T. Babauta,”” Christopher A. Beasley,” and Haluk Beyenal*®

Both the short- and long-term electron-transfer processes of
electrode-respiring Geobacter sulfurreducens biofilms are dem-
onstrated by using an electrochemical quartz crystal microba-
lance (QCM). The QCM monitors the frequency shift from the
initial resonant frequency (background) in real time, while the
current increases, because of biofilm growth. In the short term,
the frequency shift is linear with respect to current for the bio-
film. In long-term biofilm growth up to the exponential phase,

1. Introduction

Electrode-respiring Geobacter sulfurreducens biofilms are widely
used as a model electrochemical system to gain a mechanistic
understanding of how electrons are conducted to the extracel-
lular space within a biofilm. Multiple studies have elucidated
the importance of relating the self-secreted electron-transfer
mediators of G. sulfurreducens biofilms, which are responsible
for extracellular electron transfer, to electrochemical tech-
niques, such as cyclic voltammetry (CV).” Such studies relate
the metabolic state of the biofilm to CV through either nu-
trient removal/addition or gene manipulation. Additionally, we
previously reviewed the use of coupled electrochemical tech-
niques as promising methods to study electrochemically active
bacteria.”’ For example, monitoring biofilm formation through
microscopy has yielded valuable information on the state of
biofilm self-secreted electron-transfer mediators and local
physicochemical environments.”! Another useful coupled tech-
nique to study bacterial attachment and biofilm formation is
the quartz crystal microbalance (QCM) technique,” which has
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a second linear region of frequency shift with respect to cur-
rent is observed. In addition to the frequency shift response at
constant polarization, the frequency shift response is coupled
to cyclic voltammetry experiments. During cyclic voltammetry,
a reproducible, negative increase in frequency shift is observed
at oxidizing potentials. The results suggest that a QCM can be
used in applications in which it is useful to find the most effi-
cient current producer.

been used previously to study the attachment of anodic bacte-
ria to anodes for microbial fuel cells® or, more generally, bio-
electrochemical systems.”” QCM has also been used to study
protein—-protein interactions of redox enzymes of Shewanella
oneidensis involved in extracellular electron transfer.®’ What has
been common to these QCM studies is the decreasing frequen-
cy shift of the oscillating quartz crystal with increasing bacteri-
al attachment, which is expected for increased mass loading
(see the Experimental Section).” However, there is difficulty in
relating the frequency shift to attached mass through the Sau-
erbrey relationship,""” because of the viscoelastic nature of bio-
films." Although complicated by viscoelastic properties, QCM
studies would vyield critical insights into the coupling of elec-
tron-transfer and mass-transfer gradients operating in G. sulfur-
reducens biofilms."?

G. sulfurreducens biofilms have been considered and treated
as conductive, metallic-like films adhering to an electrode sur-
face."™ However, it is also important to consider the commonly
accepted archetype in which biofilms are thought of as cells
surrounded by extracellular polymeric substances or simply
biopolymers."" Therefore, we looked to common examples of
conductive polymeric films and found similarity in electro-
deposited polyaniline (PANI) films for their ability to behave
with metallic-like conductivity." Although chemically distinct
from G. sulfurreducens biofilms, electrodeposited PANI films
suffer from similar electron-transfer limitations, such as mass-
transfer gradients within the film, and advantageously have
a well-established QCM-based literature. Of particular impor-
tance is the observation of the ingress/egress of charged spe-
cies, net neutral species, and solvent that Hillman et al. theo-
retically demonstrated in polymer films through the coupling
of CV and QCM.'™ Considering that G. sulfurreducens biofilms
are either redox-gradient driven or metallic-like, while suffering
mass-transfer limitations, we believe it is important to address
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whether these biofilms behave similar to conductive polymer
films in the coupling of CV and QCM. The goals of this research
were 1) to investigate the electron-transfer processes of G. sul-
furreducens in biofilms growing on a QCM surface and relate
the biofilm growth to the frequency shift, and 2) to compare
the biofilm results with well-known control systems as a
reference.

Herein, we quantified the frequency shift during both the in-
itial growth and exponential growth of electrode-respiring G.
sulfurreducens biofilms. Biofilms were grown on a QCM elec-
trode under constant polarization. The QCM monitored the fre-
quency shift from the initial resonant frequency (background)
in real time, while the current increased from biofilm growth.
In addition to the frequency shift at constant polarization, we
coupled the frequency shift to CV and demonstrated the simi-
larity of the biofilm to electrodeposited PANI films and its dis-
similarity to copper deposition. We also considered the viscoe-
lastic nature of the biofilm compared with those of both
copper and PANI films by using the deviation between the
series resonant frequency shift and the parallel resonant fre-
quency shift. Finally, we used ferricyanide reduction, a non-
film-forming electrochemical reaction, as a control.

2. Results and Discussion
2.1. Biofilm Growth on QCM Electrodes

Similar to previous bioelectrochemical systems, once the inoc-
ulum was added to the QCM cell, the cells attached to the
electrode face that was exposed to solution and the current
began to increase. Figure 1 shows the typical current response
of electrode-respiring G. sulfurreducens biofilm growth, consist-
ing of a lag phase, an exponential phase, and a stationary
phase, over a 115 h period (~5 days)."® The steady-state cur-
rent for the QCM electrode reached an average value of (127 +
8) uA (n=3) when polarized to 0mVygagq The current re-
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Figure 1. Typical electrode-respiring G. sulfurreducens biofilm growth on the
QCM electrodes. The inset shows a cyclic voltammogram after 115 h of
growth. The red arrow indicates the limiting current. Both the current re-
sponse and the cyclic voltammogram are characteristic of G. sulfurreducens
biofilms respiring on electrodes polarized at the limiting current (i.e. above
A2 —200 MVg/qc)-
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Biofilm

Figure 2. SEM images of a G. sulfurreducens biofilm grown on a QCM elec-
trode at A) 27 x (scale bar: 3 mm), B) 800 (scale bar: 100 um), and

C) 6000 (scale bar: 10 um) magnification. D) Photograph of the biofilm
before SEM sample preparation. G. sulfurreducens biofilms on QCM elec-
trodes appeared to cover the electrode surface uniformly.

sponse and cyclic voltammogram (inset in Figure 1) obtained
by using QCM electrodes were characteristic of G. sulfurredu-
cens respiring on electrodes polarized at the limiting current
(i.e. above = —200 mV,g/nqc). During biofilm growth, the QCM
electrodes were simultaneously operated while capturing cur-
rent response or cyclic voltammograms. This simultaneous op-
eration allowed us to obtain resonant frequency information
and the electrochemical activity of the biofilm at the same
time.

As shown in Figure 2, the biofilm only grew on the QCM
electrode; this demonstrated that the only electron acceptor
was the electrode. Figure 2 A shows that the biofilm generally
grew uniformly across the QCM electrode surface. Details of
the biofilm surface are shown at magnifications of 800x and
6000 in Figure 2B and C, respectively. Owing to the scanning
electron microscopy (SEM) sample preparation, cracks ap-
peared and revealed the dense packing of cells in the biofilm;
these are expected."” Figure 2D shows the QCM insert, which
consisted of an AT-cut quartz disk, a 7 mm gold-coated quartz
surface (the QCM electrode), and resin-coated quartz (inert).
The pink hue on the QCM electrode is typical of an attached
G. sulfurreducens biofilm. The SEM and digital camera images
shown in Figure 2 demonstrate the successful growth G. sulfur-
reducens biofilms on QCM electrodes, which allow us to study
the QCM response due to the growth of electrode-respiring G.
sulfurreducens biofilms.

2.2. Initial Biofilm Growth

Upon the addition of cells to the QCM cell, there was an imme-
diate response in both the current and series resonant fre-
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Figure 3. The current response and frequency shift during the initial biofilm
growth on the QCM electrode. The red arrows indicate the time of inocula-
tion. Upon inoculation, both current and frequency shift responded sharply.

quency of the oscillating crystal, which indicated cell attach-
ment and electron transfer. Figure 3 shows the current re-
sponse and frequency shift upon the addition of cells. Initially,
the current increased sharply from 100 to 130 nA with the ad-
dition of cells to the QCM cell. Simultaneously, the frequency
shift dropped sharply by 30 Hz from a baseline frequency shift
of 15 Hz. Within 6 h, the current and frequency shift reached
values of 580 nA and —250 Hz, respectively. We expected that
the frequency shift would decrease as the current increased.
As cells attached and the biofilm grew, the mass loading on
the oscillating crystal increased and caused the resonant fre-
quency to decrease. As more biofilm attached, the frequency
shift decreased further, which indicated that, even for small
current responses (< 1 uA), the QCM response could be detect-
ed. However, it was not immediately clear from the results
shown in Figure 3 what relationship current and frequency
shift held for what was essentially electrodeposition of G. sul-
furreducens biofilms. Bressel et al. observed through simultane-
ous QCM and CSLM measurements that essentially a monolayer
of biofilm (<5 um thickness) derived from a drinking water
source yielded a frequency shift of —780 Hz."® Rest potential
measurements showed that the QCM response occurred only
after irreversible attachment of cells to the surface and not
during reversible attachment. Similar behavior was observed in
mixed-culture wastewater biofilms.”) Therefore, we believe
that, in our case, the immediate change in frequency shift and
current correspond to irreversible attachment of G. sulfurredu-
cens cells to the QCM electrode. As G. sulfurreducens relies on
direct electron transfer to solid surfaces,'®'” it is reasonable to
conclude that cells immediately and irreversibly attach to the
QCM electrode surface to continue respiration and survive.

We looked to similar electrochemical analogues and found
that electrodeposition of conductive polymeric films could pro-
vide both similar and contrasting insights into the QCM re-
sponse observed in Figure 3. Electrodeposition of thin conduc-
tive polymeric films, such as PANI, is generally studied by using
monomers that are activated anodically and form complex
polymer chains on the electrode surface.'® Figure 4 shows the
electrodeposition of PANI from a solution of aniline HCl under

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrode potential and frequency shift during the electrodeposi-
tion of PANI under galvanostatic control at 1 pA for 20 min. The total charge
passed was 1.2 mC, including the initial charging current. The red arrow indi-
cates when the 1 pA current was applied.

galvanostatic control. The onset of PANI electrodeposition was
slightly below 0.6 Vagagq after 1 min of constant current. The
rise in potential from 0.28 Vygaqq to slightly below 0.6 Vagagq
reflects the charging of the electrode surface and is indicative
of transient, background, non-faradaic processes. During this
initial transient phase, the initial resonant frequency of the os-
cillating crystal did not change; subsequently, the frequency
shift remained stable at about 0 Hz. The change in electrode
potential without a frequency shift response affirms that series
resonant frequency changes occur only when additional mass
binds to the surface. Once the electrode potential stabilized
(beyond the initial transient phase), the anodic activation of
the aniline monomer and subsequent electrodeposition began.
After 20 min, the frequency shift decreased from baseline to
—390 Hz, which was qualitatively similar to previous electro-
deposited PANI on gold QCM electrodes.™ When we compare
PANI film growth and the biofilm growth in Figures 3 and 4,
we can simply state that film growth was accompanied by
a decrease in frequency shift and, in this sense, the two were
similar. However, because biofilms are preferably grown poten-
tiostatically and PANI galvanostatically (although deposition
using CV is common), this implies a fundamental difference in
film propagation between the two. The electrodeposition of
PANI was controlled and limited by current. Higher current
gives faster film propagation. The linear frequency shift re-
sponse with time in Figure 4 indicated that the total charge
passed and the frequency shift were proportional. Thus, the
amount of mass deposited depended entirely on the total
charge transferred. In contrast, initial G. sulfurreducens biofilm
growth was not limited by current; instead, it was limited by
other, unspecified, metabolic processes, such as the develop-
ment of self-secreted electron-transfer mediators/struc-
tures.'”? " Thus, if G. sulfurreducens biofilms were grown galva-
nostatically, the set current would have to be incrementally
and continuously adjusted to the new current, while monitor-
ing the electrode potential. It follows then that the potentio-
static mode is more practical. For current to increase, the
number of sites facilitating electron transfer must have in-
creased with increasing cell density and expression of biopoly-
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mers during initial growth. The initial contact of single cells of
G. sulfurreducens DL-1 with an electrode surface was estimated
to generate a current of 92 fA.”” As current is a necessary pre-
requisite for G. sulfurreducens biofilms on electrodes, propaga-
tion of the biofilm must be fundamentally a flux-based mecha-
nism of continuous respiration and electron transfer to the
electrode.

Figure 5A,B shows the differences between the biofilm and
PANI QCM responses: current is integrated over time and nor-
malized to total moles of electrons transferred (N,-). For similar
amounts of N,-, the frequency shift of the biofilm was approxi-
mately fivefold smaller than the PANI frequency shift. The bio-
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Figure 5. Frequency shift in response to the total moles of electrons passed
(N.) for A) the initial growth of Geobacter biofilm and B) PANI. C) Frequency
shift in response to current for initial biofilm growth showing a linear trend
(slope, —0.52 HznA™"; R?=0.99).
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film frequency shift shown in Figure 5A was nonlinear with re-
spect to N, and affirmed that the total charge passed was not
controlling. The PANI frequency shift shown in Figure 5B was
linear (slope, —16.6 Hznmol™'; R*=0.99) with respect to N, .
Thus, PANI propagation required stoichiometric amounts of
electrons to be deposited. When we consider that the biofilm
(and individual cells within it) requires a certain amount of
electron flux,”"" we expect frequency shift to be linear with cur-
rent. Figure 5C confirms our expectation: the frequency shift
of the biofilm deposition process was linear with respect to
current (slope, —0.52 HznA™'; R*=0.99). The linear response in
Figure 5C suggests that for G. sulfurreducens biofilms the mag-
nitude of the slope could be used to assess the ability of at-
tached cells to transfer electrons to an electrode surface. If we
consider that an individual cell will generate an individual cur-
rent of about 100 fA, the slope of —0.52 HznA™' can be con-
verted into a per cell basis of —5.2x107° Hz/cell. A slope of
this magnitude is unreasonably small for a cell, considering
that the theoretical calibration factor for the quartz crystals
here is 226 Hzcm?pg™' (assuming a Sauerbrey relationship).
The frequency shift magnitudes for initial biofilm growth are
more closely related to the adsorption of lipid bilayers,’® which
suggests that the slope is tracking the adhesion of biopoly-
mers to the QCM electrode surface.

2.3. Exponential Biofilm Growth on the QCM

Young G. sulfurreducens biofilms are markedly different from
older, thicker biofilms, because of the increasing density of
a biofilm with time.'® We would expect the accumulation of
extracellular polymeric substances to change the physical
structure of the biofilm and result in a change in frequency
shift. When the biofilm grew beyond the current of 600 nA, or
only 0.5% of maximum current, we observed a change in the
frequency shift/current slope. The extended frequency shift is
shown in Figure 6. Beginning at approximately 2 pA, the initial
slope deviates and shifts to a new linear region. Figure 6
shows two biological replicated biofilms: biofilm-1 and biofilm-
2. The slopes for biofilm-1 and biofilm-2 were —33 and
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Figure 6. Extended frequency shift/current trend for two G. sulfurreducens
biofilms up to 100 wA~". The slopes for biofilm-1 and biofilm-2 were —33
and —26 HzpA ™', respectively.
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—26 HzpA ™', respectively. The second linear region of the fre-
quency shift/current relationship for the biofilm coincides with
the exponential current increase. Compared with the initial tra-
jectory during initial attachment, the slope in the exponential
phase decreases over 15-fold, which suggests that more cur-
rent is produced with less biomass. This point has been
stressed previously in the literature: cells are said to “adapt” to
respiration on electrodes.”? Thus, we can hypothesize that the
two linear regimes signify two primary events that occur as
biofilms grow and respire on electrodes. First, initial attach-
ment of cells occurs, followed by the conditioning and rapid
growth of those cells on the electrode surface. We caution,
however, that the interpretation that more current is produced
from less biomass may be skewed by cells far from the QCM
electrode surface not being detected equally to those directly
adjacent to the QCM electrode surface. As Bressel etal.
found,”® the addition of further biomass, as indicated by a fre-
quency shift of the QCM, does not result in an equivalent
change in rest potential. Although G. sulfurreducens biofilms
are conductive such that cells are able to respire multiple cell
lengths away from the electrode surface,” the mass of those
cells may not be observed completely by the QCM. Therefore,
it is possible that the switch from the initial slope to the secon-
dary slope represents the transition from a thin (few cell
layers) to a thick (multiple cell layers) biofilm. By considering
this scenario, both slopes can be used to identify the growth
of G. sulfurreducens biofilms on QCM electrodes, depending on
whether young or older biofilms are used.

24.CV

As necessary, during biofilm growth in the QCM cell, polariza-
tion could be stopped and we could run CV. Interestingly, we
observed a resonant frequency response as the biofilm was
oxidized and reduced. In Figure 7A, three cyclic voltammo-
grams are shown, corresponding to before inoculation (no bio-
film), 11 h after inoculation, and 22 h after inoculation. The cur-
rent/potential response was typical of early stages of G. sulfur-
reducens biofilm growth.”?? When there was no biofilm, the fre-
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quency shift/potential response was flat and unchanging. After
11 h, a slight decrease in oxidizing potentials to —19 Hz was
observed. After 22 h, the frequency shift decreased further to
—100 Hz. This response was characteristic of all G. sulfurredu-
cens biofilms grown in the QCM cell. To better understand the
frequency shift/potential response, we removed a portion of
the visible biofilm, as shown in Figure SI-1 in the Supporting
Information. Figure 7B shows the resulting response as the
limiting current was reduced from 130 to 55 pA as about 50%
of the visible biofilm was removed and slightly above zero cur-
rent when 100% of the visible biofilm was removed. At the
same time, the frequency shift was reduced from —92 to
—32 Hz and finally to —4 Hz when about 50 and 100% of the
visible biofilm was removed, respectively. Therefore, from the
results shown in Figure 7A and B, it is clear that the decrease
in frequency shift towards oxidizing potentials (limiting cur-
rent) is related to the state of the biofilm. Increasing biofilm at-
tachment increased the frequency shift, and removal of biofilm
decreased the frequency shift. The decrease in frequency shift
upon current flow suggests that the biofilm is increasing in ap-
parent mass. Therefore, we suspected that either the biofilm
mass was changing or the structure (viscoelastic properties)
was changing during cyclic voltammograms similar to PANI
films.”* By considering the timescale of CV (<6 min), it is un-
likely that more biofilm attachment causes the change. When
the visible biofilm was removed, the overall frequency shift
changed correspondingly with the amount of visible biofilm
removed.

To assess whether electron flux was the cause of the fre-
quency shift during CV, we measured the frequency shift/po-
tential response under both turnover and nonturnover condi-
tions in which acetate (electron donor) was removed. Fig-
ure 8A shows a limiting current of 120 pA and a frequency
shift of —440 Hz at oxidizing potentials under turnover condi-
tions. When the biofilm was brought to nonturnover condi-
tions, the usual G. sulfurreducens biofilm CV was observed,
with multiple anodic and cathodic peaks.”® Although catalytic
current had decreased to background levels, a frequency shift
of —85Hz was still observed at oxidizing potentials. This
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Figure 7. Cyclic voltammograms (top) and corresponding frequency shift response (bottom) of G. sulfurreducens biofilm A) during initial growth and B) after

visible biofilm was removed.
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Figure 8. Cyclic voltammograms and corresponding frequency shift responses of G. sulfurreducens biofilm under A) turnover and B) nonturnover conditions.
C) Copper deposition in a solution of copper sulfate during CV. D) Cyclic voltammogram of electrodeposited PANI film.

means that, although the frequency shift/potential response
was predominately caused by electron flux through the biofilm
(A of 355 Hz), there was still a residual amount of frequency
shift caused by the change from a reduced to an oxidized
state of the biofilm. Furthermore, scanning as slow as
0.1 mVs™, as shown in Figure SI-2 in the Supporting Informa-
tion, did not remove the frequency shift response.

2.5. The Cause of this Frequency Shift Behavior in G.
sulfurreducens Biofilms

In an effort to elucidate the observed frequency response, we
considered three different electrochemical reaction systems:
1) metal deposition during CV, 2) PANI oxidation/reduction
during CV, and 3) ferri-/ferrocyanide oxidation/reduction during
CV. The choice of reaction systems was fairly clear, because the
first results in a thin, rigid metal film, the second results in
a thick, conductive polymer film, and the third is an example
of a diffusing, non-film-forming reaction. In Figure 8C, the fre-
quency shift is dominated by the plating of copper on the
gold surface as copper ions are reduced to solid copper. The
frequency remains depressed until the copper is stripped off
on the return scan. Notably, the frequency shift for the metal is
approximately —1700 Hz, which is much larger than the bio-
film response. In Figure 8D, the frequency is depressed at
more positive potentials when the PANI film is oxidized. As
PANI is p doped, solvent incorporation is primarily related to
the doping of the film, such that, when the PANI film is re-
duced, solvent is expelled.”” As no PANI can be electrodeposit-

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ed at these potentials (i.e. less than the steady potential in
Figure 4), the frequency shift is purely a consequence of
changes in the film properties with potential and not of the
deposition of mass. Thus, if we compare the biofilm to these
two opposite cases, we find that qualitatively the biofilm is
closer to the PANI film in frequency shift response during CV.
This tells us that G. sulfurreducens biofilms, similar to PANI
films, require a quantifiable amount of ingress/egress of sol-
vent during electron transfer or undergo significant structural
changes in the biofilm. Therefore, the similarity between the
two films during CV supports the need for researchers to con-
sider a change in film properties during electron transfer, com-
plicating electron-transfer mechanisms inside G. sulfurreducens
biofilms above what is already considered a multistep process.
Finally, less exciting and expected was the frequency shift/po-
tential response of the ferricyanide case shown in Figure SI-3
in the Supporting Information. Approximately —20 Hz was ob-
served at oxidizing potentials, which might have simply reflect-
ed the change in the double layer as the potential was swept.

2.6. Relating Frequency Shift to Diffusion Coefficients in G.
sulfurreducens Biofilms

We previously measured diffusion coefficients inside electrode-
respiring G. sulfurreducens biofilms by using electrochemical
NMR spectroscopy and showed that the dense nature of G. sul-
furreducens biofilms caused effective diffusion coefficients (D,)
to drop significantly."® Of particular interest to this study is
the observation that D, can be altered by simply halting the

ChemElectroChem 2014, 1, 2007 -2016 2012
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polarization and subsequently biofilm respiration. Under cur-
rent flow, D, increased; under no current flow, D, decreased.
This change was not caused by electromigration (see
Ref. [12b]) and was thought to be caused by a change in mor-
phology and the biofilm microstructure, which was left unde-
termined. As the incorporation of solvent would cause biofilm
density to decrease, the frequency shift response we observed
herein under turnover conditions was likely to be the same re-
sponse, in which D, increased with current. This means that
the mass flux inside the biofilm increases substantially, such
that these changes can be observed by using a QCM. There-
fore, QCM is a critical tool for assessing biofilm properties that
are not observed by using electrochemical means. Further-
more, under no current flow or nonturnover conditions, the
biofilm frequency shift was nonzero, which indicated that an
alteration of the film properties occurred. Such a finding could
allude to the protonation/deprotonation of key structures
inside  G.  sulfurreducens  biofilms, such as c-type
cytochromes. 2>

2.7. Frequency Shift and Apparent Mass of the Biofilm

The QCM provided an unprecedented amount of information
about the native state of electrode-respiring G. sulfurreducens
biofilms in relation to their initial attachment, growth, and oxi-
dation state. Generally, the Sauerbrey relationship""® [Eq. (1)] is
used to convert the changes in resonant frequency of an oscil-
lating QCM electrode into mass:

2f2
Af =——2—Am 1
N (1)

in which Af is the frequency shift (in Hz), f, is the principal
series resonant frequency (in Hz), A is the area between elec-
trodes (in cm?), 0q is the AT-cut quartz crystal density (in
gcm™), u, is the shear modulus of the AT-cut quartz crystal,
and Am is the mass change (in g). For mass (for which the
small load approximation applies) on a QCM that can be con-
sidered theoretically as an extension of the quartz crystal,
Equation (1) applies. For viscoelastic films, a viscosity correction
factor is used to modify Equation (1).?® In the absence of
bandwidth measurements, it is difficult to employ such correc-
tion factors. By considering Equation (1), however, we can qual-
itatively observe the change in biofilm elasticity over time. Fig-
ure 9A-C shows the series frequency shift and parallel frequen-
cy shift for copper deposition, PANI electrodeposition, and bio-
film growth. For all three cases, both initial series and parallel
frequency shifts follow each other closely. As mass is deposit-
ed, the parallel frequency shift tends away from the series res-
onant frequency shift. At a series resonant frequency shift of
—1000 Hz, the parallel frequency shifts for copper, PANI, and
the biofilm are —891, —721, and 741 Hz, respectively. The dif-
ferences between the series resonant frequency shift and par-
allel resonant frequency shift are then 108, 279, and 1741 Hz
for copper, PANI, and the biofilm, respectively. Essentially, bio-
films are not comparable with copper and PANI films, because

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the viscoelastic nature of the films.'"" The application of
Equation (1) to G. sulfurreducens biofilms should, thus, be
avoided.

Although we have discussed the implications of the visco-
elastic nature of G. sulfurreducens biofilms on QCM electrodes
and the inability to measure a quantitative mass value, the fact
that the series resonant frequency shift is linear with respect to
current implies that the QCM response can be used to assess
the film properties in addition to the electrochemical proper-
ties of a biofilm. In particular, we can use the QCM to interrog-
ate the coupled processes of ion flux during electron trans-
fer.™ The visible change in frequency shift during CV of G. sul-
furreducens biofilms points to the importance of the flux not

0| Cu deposition
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Figure 9. Series and parallel frequency shifts for A) copper deposition,

B) PANI electrodeposition, and C) biofilm growth. Rigid films on the QCM
surface exhibit small differences between series and parallel frequency shifts,
whereas nonrigid films exhibit large differences.
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only of charge species,**? but also of neutral species/solvent
as well."™ We present the first direct evidence, by using the
QCM, that the movement of solvent in G. sulfurreducens bio-
films plays an important role in the overall electron-transfer
rates. This is corroborated by previous measurements of diffu-
sion coefficients and biofilm imaging by using nuclear magnet-
ic resonance (NMR) spectroscopy methods."® Furthermore,
one potential application of the QCM for monitoring G. sulfur-
reducens and other electrochemically active biofilms is shown
in Figure 10. The frequency shift response with current can be

Current

>

Biofim #3

Frequency shift

Figure 10. Possible application of QCM to determine the most efficient cur-
rent producer for electrochemically active biofilms. Frequency shift could be
used to normalize current responses between different biofilm types.

assessed for multiple biofilm replicates, mutations of biofilm,
cross-species analysis, or multispecies analysis to determine
whether any changes in the film properties are the cause of
electron-transfer rate differences. This could also explain mac-
roscopic changes in microbial fuel cell performance, in which
shear stress improves the performance of the anode.”® These
changes could be observed by the QCM. If we define the most
efficient current producer to be the electrochemically active
biofilm that has the smallest frequency shift, then engineering
attempts could benefit from QCM studies. However, we realize
that significant effort is required to realize this application of
QCM to electrochemically active biofilms.

3. Conclusions

We grew G. sulfurreducens biofilms on QCM electrodes and
found that, in the short term, frequency shift was linear with
respect to current for the biofilm, which was different from
PANI, for which frequency shift was linear with respect to
charge. In long-term biofilm growth up to the exponential
phase, there was a second linear region of frequency shift with
respect to current. During CV, there was a reproducible, nega-
tive increase in frequency shift at oxidizing potentials. The fre-
quency shift was dependent on the steady-state current (bio-
film growth) and availability of an electron donor. However, it
did not disappear under nonturnover conditions, which indi-
cated that the oxidation state of the biofilm caused a change
in the film properties of the biofilm. The frequency response

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

during CV of the biofilm was most like the response of PANI.
As measured in both series and parallel frequency shifts, the
biofilm was qualitatively more viscoelastic than both copper
and PANI films. This meant that the Sauerbrey relationship was
not applicable for the biofilm and frequency shift should not
be represented as mass changes to avoid misleading state-
ments. QCM may be used in applications in which it is useful
to find the most efficient current producer.

Experimental Section
Abbreviated QCM Theory

QCM takes advantage of AT-cut quartz crystals operated near their
fundamental frequency of vibration, which can be visualized by ex-
amining the equivalent electrical circuit in Figure 11. We used
equivalent electrical circuits herein to facilitate a broader under-

Motional : """""""" 2 ;
unartz ! Lquartz Cquartzé :
I :
: !_—I
S hcosssvssusmmsasssimmspssssesses) il
- I | E—
1 Celectrodes 1
141 1
Static ] I :

Figure 11. Equivalent electrical circuit representation of the QCM crystal op-
erating at the fundamental frequency. The red dotted box represents the
source of the series frequency shift, and the blue dashed box represents the
source of the parallel frequency shift. Motional refers to the RLC behavior
caused by the quartz resonance (R: resistance, L: inductance, C: capacitance).
Static refers to the capacitance caused by the overlap between gold electro-
des, which is not caused by the quartz resonance.

standing of resonant frequencies without cumbersome derivations.
The derivation and theoretical treatment can be found elsewhere
in several forms.”? The origin of the resonance in QCM lies in the
series LC portion (red dotted box) of the motional branch in
Figure 11. In this electromechanical perspective, the inductance
refers to inertia and the capacitance refers to elasticity of the oscil-
lating crystal. The resistive element, representing viscous losses,
adds a damping factor characteristic of series RLC electrical circuits.
Celectrodes Tefers to the electrical capacitance formed between the
gold electrodes and the quartz crystal and is considered the static
branch. The inclusion of the parallel capacitance, Cyecrodes (Plue
dashed box), gives rise to a second resonant frequency. Thus, two
resonant frequencies, conveniently described as the series and par-
allel resonant frequencies, can be monitored. The series and paral-
lel resonant frequencies are related to a good degree of approxi-
mation® by Equation (2):

f p fs Cquartz
— nz__ 2
fs 2 Celectrodes ( )

in which f, is the parallel resonant frequency and f; is the series
resonant frequency. From Equation (2), the separation of f, and f
can provide qualitative clues about elastic changes to the oscillat-
ing crystal. We also note that a third parameter, the bandwidth of
the equivalent electrical circuit, can also be monitored by using
the method of QCM with dissipation (QCM-D).”!
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Frequency shift in QCM refers to changes in the resonant frequen-
cy of the oscillating crystal due to loading or attachment of a film,
such that the frequency shift is much smaller than the fundamen-
tal frequency of the crystal. Therefore, the impedance of the at-
tached film is much smaller than the impedance of the equivalent
electrical circuit in Figure 11 and this defines the small load approx-
imation.”” When the small load approximation is valid, the frequen-
cy shift will represent changes in the loading of the oscillating crys-
tal. Because biofilms exhibit viscoelastic behavior, the frequency
shift is likely to comprise changes in the mass, viscosity, and elas-
ticity of the biofilm. Herein, the qualitative changes in biofilm
properties were tracked with time through the frequency shifts of
both the series and parallel resonant frequencies. Although quanti-
tative determinations were not made herein, qualitative under-
standing of biofilm changes was acquired by using comparisons
with known systems, which include copper deposition, PANI elec-
trodeposition, and non-film-forming ferricyanide reduction.

Bioelectrochemical Cell

Biofilms were grown in a continuously fed, temperature-controlled
electrochemical cell, exactly as previously published,” except the
working electrode was the QCM electrode. Briefly, the working
electrode, on which G. sulfurreducens respired, was a gold disk
(0.385 cm?) that also functioned as one face of a 10 MHz Au crystal
(Gamry Instruments #971-00019). Only one face of the gold-coated
crystal was exposed to solution, whereas the rest of the surface
was insulated by a plastic coating. The QCM crystal was used as is
and was mounted in the cell by using a crystal holder (eSorption
Probe, Gamry Instruments #971-00018). The counter electrode was
a graphite rod (Sigma-Aldrich #496545), and the reference elec-
trode was a saturated Ag/AgCl reference. The electrochemical cell
(Gamry Instruments #990-00249) was modified to allow continuous
feeding. Norprene tubing (Cole-Parmer #EW-06404-14 and #EW-
06404-13) was used for the feed and waste streams, respectively.
Flow breakers were used in the feed and waste streams to prevent
back contamination. A 0.2 um filter was used at the gas inlet to
sparge a mixture of N,/CO, (80%/20%). The gas inlet pressure was
adjusted slightly above the water column pressure in the cell to
provide positive pressure without vigorous mixing by rising gas
bubbles. Another 0.2 um filter was used at the gas outlet to relieve
pressure buildup. The entire setup, except for the reference and
working electrodes, was autoclaved for 20 min at 121°C. The
growth medium was autoclaved separately in a 1L autoclavable
glass bottle for 100 min at 121 °C. Once the cell and growth media
cooled to room temperature, the growth medium bottle was asep-
tically connected to the cell feed stream. Working and reference
electrodes were placed in 70% v/v ethanol in deionized water for
45 min under UV exposure before being placed inside the cell.
A temperature controller was used to maintain a cell temperature
of 30°C by using the glass jacket. A mixture of N,/CO, (80%/20 %)
gas was then sparged for 24 h.

Growth Medium

The growth medium used to grow G. sulfurreducens strain PCA
(ATCC 51573) biofilms consisted of potassium chloride (0.38 gL™"),
ammonium chloride (0.2 gL™"), sodium phosphate monobasic
(0.069 gL™"), calcium chloride (0.04 gL™"), magnesium sulfate hep-
tahydrate (0.2 gL™"), sodium carbonate (2 gL™"), Wolfe's vitamin so-
lution (10mLL™"), and modified Wolfe’s mineral solution
(10 mLL™"). Acetate (20 mm) was provided as the electron donor.
No fumarate or other soluble electron acceptor was added to the
growth medium used to grow biofilms.

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

eQCM Operation

An eQCM 10M QCM (Gamry Instruments, #992-00083) was inter-
faced with a Gamry Series G300 potentiostat (Gamry Instruments,
Warminster, PA, USA) to simultaneously monitor series resonance
frequency, parallel resonance frequency, and current in real time.
Initially, the sterilized quartz crystal was placed inside the cell, fol-
lowed by the introduction of sterile growth medium. Background
series and parallel resonant frequencies were obtained while the
working electrode was polarized to 0 Vagagc. The polarization po-
tential was chosen to provide the limiting current (see Figure 1,
inset), at which 0 Vuyu,q was a few hundred millivolts beyond the
onset of limiting current. CV was run by using the same equipment
without any physical modification to the system.

Biofilm Growth

Once a steady background was observed for series resonance fre-
quency, parallel resonant frequency, and current, G. sulfurreducens
inoculum was added to the cell by following a previously pub-
lished method.” The cell volume was 115 mL. The dilution rate of
the cell was 0.01 h™" (or a flow rate of ~1mLh™"). Non-turnover
conditions were achieved after the medium was replaced with ace-
tate-free medium and the biofilm was starved for an additional
48 h. During nonturnover conditions, no catalytic current was gen-
erated. This was verified by CV. Overall, three independent biologi-
cal replicates were run, which gave the same conclusions present-
ed. For clarity, we show only representative data.

PANI, Copper Deposition, and Ferricyanide Experiments

Because these experiments were abiotic, they were conducted in
a static eQCM Teflon cell (Gamry, #971-00003) with similar gold-
coated quartz crystals (Gamry, #971-00006). The same eQCM setup
was used as that in the bioelectrochemical cell setup. For electro-
deposition of PANI, aniline HCl (Sigma-Aldrich #10414-50G-F) was
dissolved in 18 MQcm ™' water to a concentration of 0.1 M. The so-
lution of aniline HCl was added to the eQCM Teflon cell with a Pt
counter electrode and a saturated Ag/AgCl reference electrode.
Background series and parallel resonant frequency shifts were ob-
tained before galvanostatic deposition of PANI at a current of 1 nA
for the results shown in Figure 4 and 10 pA for the results shown
in Figure 5B. Series resonant frequency, parallel resonant frequen-
cy, and potential were recorded during electrodeposition. Once
electrodeposition had ended, the solution of aniline HCI was re-
placed with 0.1 M HCl and cyclic voltammograms of the PANI film
were obtained as series and parallel resonant frequencies were re-
corded. Solutions of 10 mm copper sulfate in 1 m H,SO, were used
to form copper films on the quartz crystal. Initially, no copper was
plated onto the QCM crystal. When the potential was swept at
50 mVs™' in the negative direction by using CV, Cu" was deposited
onto the surface. On the sweep back, Cu was released back into
solution. Ferricyanide was used as a control for a non-film-forming
electrochemical reaction. Potassium ferricyanide(lll) (Sigma-Aldrich
#244023-500G) was dissolved in 0.1m HCl to a final concentration
of 0.1 M. CV was run similar to the conditions in the PANI case.

SEM Sample Preparation

The QCM disk was removed from the cell with biofilm sample at-
tached and immediately placed into a fixation solution containing
2.5% gluteraldehyde and 2% paraformaldehyde in 0.1 M sodium
phosphate buffer. Fixation was performed overnight at 4°C. Prior
to dehydration, the fixation solution was gently removed and re-
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placed with 0.1 M sodium phosphate buffer. After 10 min incuba-
tion, the buffer was replaced. This was repeated to give three
buffer rinses. This was followed by dehydration with 10 min at
each of the following concentrations of ethanol: 30, 50, 70, and
95%. Finally, 3x10 min incubations at 100% ethanol were per-
formed. The sample was dried by removing the last ethanol rinse
and replacing it with hexamethyldisilizane (HMDS). This was left
overnight at room temperature. After the sample was critically
dried, a sputter coater was used to coat this sample with 150-
200 A of gold.
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