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1. Introduction

Converting pollutants present in wastewater into electricity
and valuable chemicals is one of the main challenges of the
coming decades. Fortunately, a technological solution is al-
ready at hand. In fact, bioelectrochemical systems (BESs) ex-
ploit the unique ability of certain microorganisms to oxidize
the metabolic substrates present in wastewater and deliver the
liberated electrons to insoluble electron acceptors outside the
cell in a process called anode respiration.[1] Unfortunately, BES-
based technologies need to be scaled up and their performan-
ces need to improve significantly so as to play a role in the
global production of sustainable energy. To do this, fundamen-
tal research unraveling the functioning of BESs is warranted.
However, characterizing the many different properties of mi-
crobial cells attached to an electrode, forming a multilayered
aggregation denoted as a microbial biofilm, is not always
straightforward. This is the case of biofilm thickness. This pa-
rameter, which is crucial to understand the fundamentals of
long-range electron transfer, the effect of biofilm aging, and
the accumulation of metabolic products inside the biofilm, is
not always reported in research papers. This is because few re-
searchers have access to microscopic techniques and—most

importantly—even fewer possess the expertise to treat the
sample and process the data correctly. For instance, in the case
of scanning electron microscopy (SEM), the biofilm must be re-
moved from solution, dehydrated with a series of chemical
procedures, and sputtered with a metal.[2] Confocal fluores-
cence spectroscopy requires biofilm staining,[3] whereas confo-
cal resonance Raman microscopy, which does not require any
biofilm manipulation, needs a specialist for data interpreta-
tion.[4] Surprisingly, even though confocal techniques are af-
fected by severe aberrations, which lead to a considerable un-
derestimation of the biofilm thickness, these limitations are
seldom taken into account in research papers on electroactive
microbial biofilms.[5, 6] Moreover, not all electrochemical setups
allow for the facile removal of the electrode and its placement
under a microscope. Along with these microscopy-based meth-
odologies, electrochemical methods are also available. On the
one hand, as the biofilm thickness is proportional to the
charge density measured during biofilm growth, one can use
the area below the chronoamperometric trace monitoring bio-
film growth to estimate this parameter.[4] However, this ap-
proach requires calibrating the system with one of the micro-
scopic methods mentioned above to obtain the proportionali-
ty factor linking the charge density to biofilm thickness. On
the other hand, the use of microelectrodes piercing the bio-
films to map its pH and the redox potential profiles remains
a niche application in the field of BESs.[7] To overcome the
above limitations, I propose a new strategy to measure the
thickness of electroactive biofilms based on chronoamperome-
try (CA) alone. This electrochemical technique is used to pro-
mote and monitor biofilm growth and is, thus, possible in all
laboratories studying electroactive microbial biofilms. Impor-
tantly, contrary to the charge density method, it does not re-
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quire any calibration before use. The proposed strategy con-
sists of exposing an anode-respiring biofilm to a chemical
agent that suppresses its electrocatalytic activity. Fitting the
CA trace obtained during chemically induced biofilm inactiva-
tion allows the extraction of the time constant, which is linked
to biofilm thickness through a simple relation.

2. Results and Discussion

In this work, a mixed culture biofilm and O2 were chosen as
the electroactive microbial biofilm and the inactivating agent,
respectively. Biofilm growth was monitored with CA and cyclic
voltammetry (CV) (see the Supporting Information), revealing
an electrochemical behavior consistent with mixed culture and
Geobacter sulfurreducens biofilms.[8, 9] The biofilm-coated elec-
trode was then removed from the growth vessel and placed
inside a gas-tight spectroelectrochemical cell operating in
a three-electrode configuration and equipped with a flow
system, allowing for rapid exchange of the working solution.[10]

The electrode was kept at the constant potential of �0.085 V
versus a SCE under a flow of N2-saturated buffer solution con-
taining the metabolic substrate acetate. When current produc-
tion reached a plateau, the working solution of the spectro-
electrochemical cell was quickly replaced with O2-saturated
buffer solution.

As shown in Figure 1, bathing the biofilm with O2-saturated
buffer solution leads to a rapid loss of current production. It is
worth noting that suppression of electrocatalytic activity for
acetate oxidation is not attributed to biofilm removal, because
electrocatalytic activity recovers completely after removing O2

from the cell compartment (see Figure S4). This important fea-
ture shows that this method is nondisruptive and several inac-

tivation/recovery cycles may be performed on the same elec-
trode sample. Importantly, biofilms were exposed to O2 for
a limited span (ca. 2–5 min for each cycle), which was sufficient
to suppress the electrocatalytic activity for acetate oxidation
without producing toxic effects. Longer exposures to O2 may
damage the biofilm irreversibly.[11] The CA trace fits to a mono-
exponential decay curve (Figure 1, dotted trace). This indicates
that the rate-limiting step of biofilm inactivation is a one-step
process. I, thus, hypothesized that this rate-limiting process is
O2 diffusion through the biofilm. The expression correlating
biofilm thickness with the time required for a noninteracting
chemical agent to diffuse through the biofilm is shown in
Equation (1):

L2 ¼ 0:97t90De ð1Þ

where L [cm] is the biofilm thickness, t90 [s] is the time required
for a solute added to the solution bathing a biofilm to attain
90 % of the bulk fluid concentration at the base of a biofilm,
and De [cm2 s�1] is the effective diffusion coefficient of the
solute in the biofilm.[12, 13] Equation (1) can be derived from the
diffusion equation, as explained in the Supporting Information.
Applying Equation (1) requires knowledge of the concentration
of O2 at the biofilm–electrode interface, which is linked to the
shape of the CA trace during inactivation. In fact, under the hy-
pothesis that O2 diffusion is the rate-limiting step of biofilm in-
activation, one can tentatively correlate the loss of current pro-
duction in the CA profile of biofilm inactivation to the increase
in O2 concentration inside the biofilm. Electrochemical detec-
tion of O2 inside the biofilm shows that O2 reaches the bottom
of the biofilm in the time span predicted by Equation (1), and
that its concentration at t> t90 is the same as in the bulk (see
Supporting Information). Thus, t90 becomes the time required
for O2 to diffuse through a flat biofilm and suppress 90 % of its
electrocatalytic activity for acetate oxidation.

De is lower than the diffusion coefficient of the solute in
water, owing to the presence of the biofilm. This reduction is
described by the ratio De/Daq, where Daq is the diffusion coeffi-
cient of the solute in pure water. According to the literature,
for light gases such as O2, De/Daq is 0.6.[12] Therefore, assum-
ing Daq [O2]19 8C = 17.1 � 10�6 cm2 s�1, De [O2]19 8C is 10.3 �
10�6 cm2 s�1.[14] A practical table reporting the values of Daq at
different temperatures is shown in the Supporting Information.
Even though biofilms may not have an even thickness and uni-
form composition, this approach considers them as such. The
validity of this approximation is supported by several studies
and gives conservative estimates of biofilm thicknesses, as
demonstrated in this work (see below).[12, 13] Equation (1) de-
scribes the penetration of a noninteracting chemical agent. By
noninteracting, it is meant that the chemical agent does not
undergo reactions or sorption within the biofilm. Even though
chemical reactions may occur in this case, their impact on the
determination of biofilm thickness is likely to be negligible, as
shown by the excellent correlation between biofilm thickness-
es obtained with different methods (see below).

The best way to illustrate how to extract the biofilm thick-
ness from the CA trace is by performing a calculation based on

Figure 1. Representative CA trace of a mixed culture biofilm electrochemi-
cally grown on a smooth Ag electrode (biofilm growth was stopped at
s= 90 C cm�2). Throughout the experiment, the biofilm was kept at a con-
stant potential of �0.085 V versus SCE. Before O2 injection (t<510 s), the
electrode was subjected to a flow rate of 0.01 mL min�1. During O2 injection
(t�510 s), the flow rate was kept at 10 mL min�1 to allow fast and complete
exchange of the working solution of the cell (internal volume of the cell is
ca. 50 mL). The N2- and the O2-saturated working solutions had the following
chemical composition: 20 mm sodium phosphate buffer, 6 mm NH4Cl, 4 mm

KCl, and 10 mm sodium acetate (pH 7). Black dots represent the CA data,
whereas the dotted line is the monoexponential fitting to the experimental
data. The coefficient of determination R2 is >0.99.

ChemElectroChem 2015, 2, 288 – 291 www.chemelectrochem.org � 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim289

Articles

http://www.chemelectrochem.org


the dataset shown in Figure 1. The monoexponential fitting of
the experimental points (Figure 1, dotted line) gives a relaxa-
tion time constant t= 0.83 s. By definition, this value is the
time at which the electrocatalytic activity for acetate oxidation
is reduced to 37 %. To obtain the time at which 90 % of the
sample is inactivated, one must multiply t by 2.31 (see the
Supporting Information). Accordingly, t90 = 2.31t= 1.92 s. Intro-
ducing these data (t90 = 1.92 s and De [O2]19 8C = 10.3 �
10�6 cm2 s�1) in Equation (1) gives L = 43.8 mm.

Figure 2 reports the biofilm thicknesses measured from the
CA traces of biofilms whose growths were stopped at different
charge densities s. As expected, the biofilm thickness increases

as a function of s.[4] After an initial phase of exponential
growth, the biofilm thickness reaches a plateau at s>

200 C cm�2, corresponding to approximately 150 mm, which is
the self-determined thickness achieved by these biofilms in
this case.[4, 15] Moreover, the obtained L values fall within those
reported for mixed culture and pure Geobacter sulfurreducens
biofilms.[4, 7, 16]

These findings are already indicative of the reliability of the
proposed electrochemical methodology. However, to further
asses its accuracy, I used an optical method to estimate the

biofilm thickness. The method consisted of 1) removing the Ag
tip with the attached biofilm from the electrode holder,
2) scraping part of the biofilm with a scalpel until the underly-
ing Ag surface becomes fully visible so as to form a step be-
tween the biofilm and the Ag surface, and 3) fixing the tip
with the biofilm facing the objective of a light microscope.
Then, using a motorized stage, I moved the air-exposed Ag tip
on the Z axis, focusing first on the biofilm and then on the
bare Ag surface. The distance between these focal points gave
the biofilm thickness (Figure 2, L[mic]). The data points of the
L[O2] versus L[mic] plot lay on a straight line, passing through
the origin and having a slope of 0.95 (Figure 2 B). This excellent
correlation between biofilm thicknesses obtained with differ-
ent methods proves the accuracy of my measurements and
supports the correctness of the initial assumption on the ap-
plicability of Equation (1) for noninteracting chemical agents.
In fact, when a chemical agent reacts in a biofilm, its penetra-
tion can be retarded, giving higher t90 values and an expected
L[O2]>L[mic] .[16] However, this is not the case, as shown by the
slope of the straight line in Figure 2 B, which is <1. Notewor-
thy, m consecutive inactivation cycles (3�m�5) performed on
the same electrode sample give a percentage error below 10 %
(not shown). Therefore, the relatively large error bars associat-
ed with L[O2] in Figure 2 reflect the different thicknesses of
biofilms grown under similar conditions rather than the preci-
sion of the analytical method. Finally, the excellent correlation
between the values measured with different methods together
with the monoexponential fit of the CA trace (Figure 2 B and 1,
respectively) justify the initial hypothesis, assuming O2 diffu-
sion through the biofilm as the rate-limiting process of biofilm
inactivation in the studied system.

3. Conclusions

This work is a proof-of-concept study of a new experimental
strategy to measure the thickness of flat electroactive microbial
biofilms attached to electrodes. In addition to the basic elec-
trochemical setup already available in all laboratories studying
these biofilms, the presented method requires only the ability
to introduce a sufficient amount of O2 into the working solu-
tion bathing the biofilm. Even though the method was hereby
tested for mixed culture biofilms inactivated by O2, it is, in
principle, also applicable to other biofilms and inactivating
molecules, such as CO, CN� , and other antibiotics, but only if
1) diffusion is the rate-limiting step of biofilm inactivation,
2) the CA trace fits to a monoexponential function with a coeffi-
cient of determination R2>0.99, 3) De is properly chosen,
4) the inactivating agent suppresses the electrocatalytic current
completely, and 5) its penetration is not retarded by sorption
or chemical reactions. Accuracy and flexibility are the main fea-
tures of this new strategy that may, thus, become a powerful
analytical tool in the hands of researchers working in the field
of BESs who do not have access to expensive microscopic
setups or need nondisruptive methods to monitor biofilm
thickness during growth.

Figure 2. A) Increase in biofilm thickness, obtained by using the electro-
chemical method (L[O2]), versus the charge density s at which biofilm
growth was stopped. The sigmoid fit to the experimental data points is
shown to help the eyes. B) L[O2] versus biofilm thickness obtained by using
the optical method L[mic] . The linear fit has a slope of 0.95, which is very
close to the expected value of 1, and has a linear correlation of 0.98. Each
data point represents the average of multiple experiments on n indepen-
dent biofilms (3�n�4). The origin data point comes from three independ-
ent blank experiments performed on Ag electrodes without a biofilm.
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Experimental Section

Microbial Inoculum and Growth Medium

The source of the microbial inoculum was primary wastewater col-
lected from the Waternet Wastewater Treatment Plant, Amsterdam
West (The Netherlands). The bacterial growth medium (1 L) con-
tained acetate (10 mm), sodium phosphate buffer (20 mm), NH4Cl
(6 mm), KCl (4 mm), trace metals (12.5 mL), and vitamin solutions
(12.5 mL) having the composition described by Kim et al.[17] All sol-
utions were purged with N2 before biofilm growth.

Primary and Secondary Biofilm Formation

For primary biofilm formation, 5 mL of wastewater per 1 L of bac-
terial growth medium were inoculated in a sealed electrochemical
cell incubated at 35 8C under anaerobic conditions, operating in
batch mode.[18] A constant potential of + 0.15 V versus SCE (Amel,
Italy) was applied to the working electrode (graphite rods, Mersen,
France) by using a mAutolab potentiostat (Metrohm, Utrecht, The
Netherlands) to promote biofilm formation. Afterwards, the pri-
mary biofilm enriched in Geobacter species[19] scraped from the
carbon electrode under anaerobic conditions was used as inocu-
lum for the secondary biofilm formation, following a similar proce-
dure on homemade Ag disks (purity >99.99 %, diameter = 2.5 mm)
at the applied potential of �0.085 V versus. SCE. These polycrystal-
line Ag electrodes have a removable tip, allowing for fast and leak-
age-free tip exchange, which could rapidly be fixed under the mi-
croscope for optical measurements (SMARTIP Electrodes, VU Uni-
versity). Immediately before biofilm formation, the Ag electrodes
were polished as described elsewhere.[20] After biofilm formation,
the Ag electrodes were quickly transferred from the cell to the
spectroelectrochemical cell operating in flow mode.

Electrochemical Setup

Electrochemical measurements on the microbial biofilm were car-
ried out in a homemade spectroelectrochemical cell, operating in
a three-electrode configuration and controlled by a PGSTAT101 po-
tentiostat (Metrohm, Utrecht, The Netherlands). The cell was
equipped with a flow system controlled by a HPLC pump K-501
(Knauer, Germany), allowing for fast exchange of the solution in
contact with the biofilm.[10] Current densities are expressed with re-
spect to the projected electrode area of the working electrode.
Biofilm growth was performed in a thermostated glass vessel,
using a Pt coil and a SCE as the counter and the reference electro-
des, respectively. All potentials provided in the manuscript are re-
ferred to the SCE reference electrode (+ 0.244 V vs. SHE).

Optical Setup

Optical measurements where performed on a Renishaw Raman
setup (Wotton-under-Edge, United Kingdom) equipped with
a Leica light microscope with 5 � air objective and a Renishaw MS
20 Encoded Stage 100 nm motorized stage.

Data Fitting

The CA traces were fitted to the exponential decay using an Origin
Pro software (OriginLab, Northampton, MA), applying built-in non-
linear curve fitting routines.
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